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Editorial on the Research Topic
Biomarkers in autoimmune diseases of the central nervous system

Autoimmune diseases of the central nervous system (CNS) represent a group of complex
and disabling disorders characterized by the immune system mistakenly targeting the brain
and spinal cord. This results in structure damage and functional impairment. The pathogenesis
of these diseases involves immune cells, autoantibodies and immune molecules directly or
indirectly attacking the CNS, leading to neuronal or axonal injury, myelin loss and other
neuropathological changes. Although CNS autoimmune diseases account for a small portion
of neurological disorders, patients may exhibit extensive involvement and various
manifestations, posing significant challenges in diagnosis and treatment. In the past two
decades, there has been a rapid expansion in the understanding of CNS autoimmune diseases,
particularly CNS inflammatory demyelinating diseases and autoimmune encephalitis. While
notable discoveries have shed light on the autoimmune basis of these conditions, the exact
pathogenesis remains unclear, and further in-depth research is needed.

Biomarkers are of great value in our understanding and management of CNS
autoimmune diseases. They reflect the presence, nature, and intensity of certain immune
responses triggered by both genetic and environmental factors. Biomarkers are of great
importance in clinical diagnosis, estimating disease risk or prognosis, evaluating disease
severity, and monitoring treatment response and disease progression (1). For instance, the
detection of disease-specific antibodies aids in accurate diagnosis and precise treatment.
Furthermore, the identification of diverse biomarkers holds the potential to advance
personalized medicine.

To provide a platform for sharing the latest research advances in this field, we have
organized this Research Topic. The Research Topic comprises 21 manuscripts, including 13
original research articles, 4 brief research reports, 1 review, 1 meta-analysis and systematic
review and 2 case reports. These papers have broadened the contemporary knowledge and
understanding of biomarkers of autoimmune CNS disorders. In this Editorial, we highlight
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the representative articles contributing to this Research topic and
summarize their main findings.

CNS inflammatory demyelinating diseases are a category of
autoimmune-mediated disorders sharing the basic pathological
hallmark of myelin loss and neuroinflammation. These diseases
occur throughout the world and preferentially affect young adults,
with multiple sclerosis (MS), neuromyelitis optica spectrum disorder
(NMOSD), and myelin oligodendrocyte glycoprotein (MOG)
antibody-associated disease (MOGAD) being the main
representatives (2, 3). CNS inflammatory demyelinating diseases
have distinct clinical characteristics, and involve biomarkers with
important clinical implication. Liu et al. analyzed circulating antigen-
specific memory T cell subsets, to explore their association with disease
activity of MS. Their findings revealed positive regulatory roles for CD8
+ memory T cell populations in MS, which established a valuable
foundation for identifying potential serological biomarkers and
exploring novel treatment approaches. A study by Karimi et al
focused on the regulatory transcriptional gene network underlying
MS. The results demonstrated that the LASP1, S100A6 and TUBA1C
genes were most likely to play a biological role in the development of
MS and might serve as potential diagnostic and therapeutic
biomarkers. Yadav et al. conducted the study using a humanized
spontaneous experimental autoimmune encephalomyelitis model to
investigate the underlying biology of MS-associated gut inflammation.
They observed that gut infiltration of Th17 cells and recruitment of
neutrophils were linked with the development of gut dysbiosis and
intestinal inflammation, and suggested that fecal Lcn-2 level was a
sensitive biological indicator for gut dysbiosis in MS. In addition, Zhou
et al. recruited 30 Eastern patients with MS and comprehensively
evaluated the cerebral blood flow (CBF) features using the arterial spin
labeling technique and their relationship with multiple clinical
parameters for the first time. The authors concluded that CBF could
be a potential quantitative neuroimaging marker associated with
disease severity. Miyamoto et al. performed a retrospective analysis
of serum complement factors in 21 patients with NMOSD and 25
patients with Guillain-Barré syndrome. The study revealed that
complement biomarkers (e.g., Ba, sC5b-9, and complement factor H)
in peripheral blood could contribute to the pathogenesis and
pathological status of NMOSD. Shi et al. collected 90 blood samples
from 59 patients with NMOSD and 31 healthy controls, aiming to
assess the correlation between granzyme B (GzmB) levels in CD8+T
cells and clinical characteristics. They found the involvement of GzmB-
expressing CD8+ T cells in the inflammatory response in NMOSD,
which could be considered a possible biomarker for therapeutic
effectiveness and disability progression. Chen et al. compared the
different immunological mechanisms between aquaporin 4 antibody-
positive optic neuritis (ON) and MOG antibody-positive ON based on
transcriptomics analysis of patients’ whole blood, providing novel
insights into the pathogenesis of these two diseases. Moreover, Sun
C. et al. retrospectively examined the neuroimaging and
clinicopathological differences between tumefactive demyelinating
lesions and sentinel lesions of primary central nervous system
lymphoma, designing to determine relevant biomarkers and improve
early accurate diagnosis.

Compared with CNS inflammatory demyelinating diseases,
autoimmune encephalitis is a relatively new field of research
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but recently becomes an active research hotspot in CNS
neuroimmunology. Autoimmune encephalitis is an umbrella term
for the non-infectious, immune-mediated inflammation of the
brain parenchyma, in which neural antibodies can be found in a
large proportion of patients (4). Neuronal surface antibody-
associated autoimmune encephalitis is the most common
subgroup, mainly including anti-N-methyl-D-aspartate receptor
(NMDAR) encephalitis and anti-leucine-rich glioma-inactivated 1
(LGI1) encephalitis (5). Shao et al. explored the coagulation
function in patients with anti-NMDAR encephalitis, identifying
serum D-dimer and neutrophil levels as effective predictors of
disease severity for anti-NMDAR encephalitis. Ma et al.
conducted a meta-analysis and systematic review, analyzing the
concentrations of cytokines/chemokines in the unstimulated
cerebrospinal fluid (CSF) or serum of patients with anti-NMDAR
encephalitis. Their findings highlighted the involvement of multiple
immune cell interactions mediated by cytokines/chemokines in the
central immune response, with T cells playing a pivotal role in the
immunopathogenesis of anti-NMDAR encephalitis. Li J. et al.
examined chitinase-3 likeprotein-1 (CHI3L1) and its correlation
with modified Rankin Scale score. They concluded that CHI3L1
level in CSF was associated with the severity and outcome of anti-
LGI1 encephalitis. Another study by Zhao-Fleming et al.
characterized the cardiac arrythmias among patients with anti-
LGII encephalitis, emphasizing the importance of identifying this
phenomenon despite the rarity and generally favorable prognosis.
Hara et al. investigated lymphocyte subset analyses of B cells and
circulating T follicular helper cells (cTth) in patients with
autoimmune encephalitis with seizures. The results revealed that
elevated frequency of plasmablasts and inducible T-cell co-
stimulator-expressing c¢Tfh17 shift in peripheral blood
mononuclear cells might provide a new indicator for the presence
of antibodies in patients with autoimmune encephalitis.
Additionally, Sun Y. et al. enrolled 10 patients with anti-
amphiphysin encephalitis and described the clinical and
paraclinical characteristics, treatment, and prognostic predictors.
Zhu et al. reported a case of anti-neurexin-3oi-associated
autoimmune encephalitis secondary to contrast-induced
encephalopathy. Li Y. et al. presented a patient with the dual
positivity of anti-NMDAR antibody and anti-metabotropic
glutamate receptor 5 antibody, along with bilateral ovarian
teratomas and reversible splenial lesion syndrome. As the most
important diagnostic biomarker for autoimmune encephalitis,
precise antibody test and comprehensive result interpretation are
crucial. Munoz-Sanchez et al. assessed the clinical performance of
two indirect immunofluorescent cell-based assays (IIF-CBA) using
paired serum/CSF in a large cohort of patients with anti-LGI1
encephalitis. They pointed out that both serum and CSF samples
should be examined if using a commercial IIF-CBA for antibody
confirmation to reduce false negative results in suspected anti-LGI1
encephalitis. Zong et al. evaluated the anti-glutamate decarboxylase
65 (GAD65) antibody levels measuring by different detection
methods and reconfirmed that GAD65 antibody levels were
significantly higher in patients with neuropsychiatric disease than
in patients with diabetes. Furthermore, Nagata et al. addressed the
clinical relevance of currently available commercial rat brain
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immunohistochemistry and the immunostaining patterns of
neuronal surface antigens. The authors stated that tissue-based
assay is clinically helpful for screening neuronal surface antibody
and glial fibrillary acidic protein antibody, and neuronal surface
antigen specific immunoreactivity can be regarded as a useful
biomarker of autoimmune encephalitis.

Finally, the well-rounded review of this Research Topic by
Zhang et al. summarized the biomarkers in autoimmune diseases
of the CNS and their potential clinical significance and application
prospects. These biomarkers were usually classified into diagnostic,
drug monitoring and safety and outcome predictive purpose based
on clinical need, containing CNS injury markers, humoral markers,
cytokines and cell markers in serum or CSF. They concluded that
promising biomarkers had a significant impact on early
intervention and prevention of future disability.

In summary, the collection of articles in this Research Topic expands
the current knowledge regarding biomarkers in autoimmune diseases of
the CNS. These studies provide novel scientific evidence and highlight
recent progress in this continually evolving field.
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Objective: It is still a challenge to distinguish sentinel lesions of primary central
nervous system lymphoma (PCNSL) from atypical tumefactive demyelinating
lesions (TDLs) in clinical practice. We aimed to investigate potential differences
of clinical features, neuroimaging findings and pathological characteristics
between PCNSL and TDLs, improving early accurate diagnosis.

Methods: It was a retrospective study involving 116 patients with TDLs and 150
patients with PCNSLs. All cases were pathologically confirmed. Clinical
features, neuroimaging findings and pathological characteristics between
two groups were analyzed.

Results: The onset age was 37 + 14 years in TDLs and 58 + 13 years in PCNSL
(p=0.000). Main onset symptom was headache in TDLs, while cognitive
impairment was frequently noted in PCNSL. CT brain scan image showed
hypodense lesions in most cases of TDL (110/116, 94.8%), while approximately
80% patients (120/150) with PCNSL had hyperdense lesions. Furthermore, we
found that the presence of Creutzfeldt-Peters cells (might be misdiagnosed as
tumor cells) may serve as an important feature in TDLs.
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Conclusions: Onset age of patients with TDLs was younger than PCNSL.
Neuroimaging features on brain CT scan might provide clues to make a
differential diagnosis. Pathological features of PCNSL with sentinel lesions or
following steroids therapy might mimic TDLs. Dynamic neuroimaging
pathological and follow-up information were essential for an accurate diagnosis.

KEYWORDS

tumefactive demyelinating lesions, primary central nervous system lymphoma,
sentinel lesions, pathology, neuroimaging, diagnosis

Introduction

Tumefactive demyelinating lesions (TDLs), also called
demyelinating pseudotumor (DPT), was first described by van
der Velden and colleagues (1). TDLs are special inflammatory
demyelinating lesions (> 20 mm in diameter) in the central
nervous system (CNS), causing a variety of clinical
manifestations. During an early disease stage, some patients
only presented with cognitive impairment and TDLs (with
surrounding edema or/and enhanced lesions) can be detected
incidentally on magnetic resonance imaging (MRI) even. So TDLs
are easily made as a suspected diagnosis of tumor (such as primary
central nervous system lymphoma (PCNSL) or high-grade
glioma) (2-4). PCNSL is a rare disease condition representing
6% of intracranial neoplasms and 1-2% of systemic lymphoma,
with the plaques usually being involved the midline structure and
white matter areas (5),. Main therapeutic approaches for PCNSL
and TDLs are different. Shrinking PCNSL lesions can be noted
following corticosteroids and TDLs can be easily misdiagnosed as
PCNSL causing unreasonable treatment. Some PCNSL lesions can
be appeared as demyelinating lesions during an early disease stage,
described as a ‘sentinel lesion’ (6-8). Brain lesions following
corticosteroids in PCNSL and sentinel lesions share similar
pathological features and the final diagnosis is still challenging
even after multiple times of biopsies. Previous studies regarding
sentinel lesions of PCNSL and atypical TDLs were limited in
reviews, case reports or small sample sizes (9-12). Therefore,
investigating potential differences of clinical features,
neuroimaging findings and pathological characteristics between
PCNSL and TDLs is of importance.

Methods
Ethics statement

This study was conducted at the Sixth Medical Center of
PLA General Hospital, Beijing, China. The patients/participants
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provided their written informed consent to participate in this
study. This study was reviewed and approved by The Six Medical
Center of PLA General Hospital, China.

Patient information

A total of 116 patients with TDLs and 150 patients with
PCNSL who were treated in the Sixth Medical Center of PLA
General Hospital between January 1%, 2010 and January 1° 2022
were included in this study. Detailed history including sex, onset
age, onset neurological symptoms and treatment regimens were
retrospectively reviewed and analyzed.

Neuroimaging information

All patients were examined with a GE lightspeed 16-slince CT
and GE Signa 1.5 or 3. 0 T MRI (General Electric, Milwaukee, W1,
USA). The CT scan ranged from the canthomeatal line to
calvarium. Brain window (window level: 35Hu, window width:
80hu) and bone window (window level: 450Hu, window width:
1500Hu). Scan parameters included tube voltage 130Kv, tube
current:270mAs, 4.8mm slice thickness, andcontinuous scan 16
layers. The matrix was 512 * 512. Imaging slice thickness and
interslice gap were same in all participants. Conventional imaging
techniques were used: turbo spin-echo sequences for T, Weighted
imaging (T,WI) (TR 4,660 ms; TE 110 ms; 6-mm slice thickness
with a 2-mm interslice gap), FLAIR imaging (TR 9,000 ms; TE 120
ms; TT 2,200 ms, matrix 256 x 192, field of view (FOV) 240 mm; 6-
mm slice thickness with a 2-mm interslice gap), T;-weighted
(T;WI) T1-weighted imaging (TR 2415 ms; TE 13.9 ms; TT 750
ms; 6-mm slice thickness with a 2-mm interslice gap) and diffusion-
weighted imaging (DWI) (TR 7000ms; TE 83.7 ms, b = 1,000 sec/
mm?2, 6-mm slice thickness with a 2-mm interslice gap). Contrast
T, WI (TR 400-600 ms; TE 6-10 ms; matrix 256 x 224, field of view
(FOV) 240 mm; 6-mm slice thickness with a 2-mm interslice gap).
A bolus of gadolinium diethylenetriamine pentaacetic acid (Gd-
DTPA 0.1 mmol/kg) was used.
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Immunohistochemistry

Immunohistochemical staining was performed using the
EnVisionTMSystems (Dako, Glostrup, Denmark) according to
the manufacturer’s instructions. In brief, primary antibodies
(mouse anti-human LCA (M 0701), CD34 (Kit-0004), CD20
(M 0755) and CD68 (IS 609); rabbit anti-human S-100 (GA
504), CD3(Kit-0003), PAX 5(312R-1) and GFAP (Z 0334)) were
incubated with brain sections followed by incubation with
secondary antibodies. The sections of staining were
photographed under an optical microscope (BX51, Olympus,
Tokyo, Japan) and photos were captured by the software DP2-
BSW(Olympus). All antibodies were purchased from Dako
except that anti-CD3 and CD34 were purchased from Maixin
Biotechnology Corp. Ltd (Fuzhou, China), PAX 5 was purchased
from Sigma-Aldrich (Shanghai) Trading Co. Ltd.

Evaluation of
immunohistochemical staining

Immunohistochemical staining was evaluated by two
experienced pathologists. Both the distribution (the percentage
of positive cells) and the intensity of staining were assessed in a
semi-quantitative manner. The following score system was used
for recording positive cells: none (not stained) =0, focal (less
than one-third of cells stained) =1, multifocal (less than two-
thirds of cells stained) =2, and diffuse (most cells stained) =3.
The intensity of staining was graded as follows: none (not
stained) =0, mild (between 0 and 2) =1, and strong (clearly
identified under scale bar 50um) = 2. The scores for distribution
and intensity were added and graded as follows: 0-2 = (-,
negative), 3-5 = (+, positive).

Statistical analysis

SPSS 22.0 software was used for statistical analysis of
the data:

1. Kollomogorov-Smirnoff test was used and all
measurement conformed to normal distribution. Data
characteristics were described by x = s.

2. Pearson Chi-Sqrare test was used for enumeration data:
@ Four-table table, if the theoretical frequency of more
than 20% cells was between 1 and 5(1<T<5), correction
for continuity of chi-square test was used. And if the
theoretical frequency of more than 1 cell was less than 1
(T<1), Fisher’s test was used. @RxC table, if T< 1 or
more than 20% of the cells had T< 5, the likelihood ratio
was used.
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3. P<0.05 mean statistically significant.

Results

Clinical profiles of the patients with TDL
and PCNSL

We summaried the distinguishment between TDLs and
PCNSL in Table 1. The onset age in the TDL group was 37 +
14 years old (Table 2). One of patients with TDLs was initially
diagnosed as PCNSL or metastatic tumor and then treated with
the gamma knife and glucocorticoid. However, a relapse
occurred eight years later and demyelinating lesions
complicated with radiation encephalopathy were confirmed by
the brain biopsy.

The onset age in the PCNSL group was 58 + 13years, older
than age in the TDLs group (p=0.000, Table 2). Multiple biopsies
were performed in a total of 4 cases for the definite diagnosis,
and 15 cases received glucocorticoid treatment before biopsy,
which might change histopathological features and lead to
the misdiagnosis.

There was no significantly statistical difference in onsets of
TDL and PCNSL (P=0.094) (Table 2), suggesting that tumor was
not the only diagnosis if onsets of patients with intracranial
space-occupying lesions were headache, limb weakness,
numbness, or reduced vision.

Neuroimaging of TDL and PCNSL

The lesions of TDLs and PCNSL mainly involved in the
white matter, such as lateral ventricles and centrum ovale. Upon
brain CT scans, 110 cases of TDLs had hypointense lesions, and
6 cases of TDLs showed isodense lesions. Approximately 80%
patients (120/150) with PCNSL had hyperdense lesions, while 12
cases had hypointense lesions with central lesion enhancement
(Figure 1). Regarding MRI, all brain lesions of TDLs and PCNSL
showed hyperintense on T,WTI and fluid attenuated inversion
recovery (FLAIR) sequences. On diffusion-weighted imaging
(DWI) sequence, brain lesions in TDLs showed hyperintense,
while lesions in PCNSL appeared slightly hyperintense. Brain
lesions in TDLs showed flake, ‘comb sign’(Figure 2D), ring or ‘C’
like enhancement (Figures 2A, B) and the ‘C’ opening toward
grey matter which differentiated from PCNSL (Figures 2B, 3C).
Acute lesions of TDLs (Figure 2C) could be easily misdiagnosed
as PCNSL since its lesions showed the patchy, clump or ball-like
enhancement (Figure 3). Furthermore, shrinking lesions
following corticosteroids in PCNSL might lead to misdiagnose
as TDLs, and brain lesions in TDLs with a mass effect and
obvious enhancement could be easily misdiagnosed as PCNSL.
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TABLE 1 The distinguishment between TDLs and PCNSL.

TDLs

clinical identification

10.3389/fimmu.2022.986473

PCNSL

Older age
insidious onset or slow progressive, rarely acute onset

Relatively mild, slow progressive motor involvement, even if the pyramidal
tract is involved, the onset symptoms are mostly epilepsy
Mainly cognitive impairment and memory loss, but also headache and

vision loss

It is more likely to involve midline structures such as the thalamus,
brainstem, corpus callosum, and lateral ventricle triangle, and bilateral
hemisphere involvement is common

Onset age Average age is 36
Onset time 1/4-1/3 acute onset, mostly chronic onset
Clinical mild symptoms in the initial stage, but more obvious than tumors, and the
features movement disorder is more obvious if the pyramidal tract is involved
Onset Mainly apathy, headache, partial limb weakness and vision loss
symptoms
Involved common white matter involvement, but cortical and subcortical white
location matter can also be involved; lesions can be single or multiple, most lesions
are not connected, and the corpus callosum is generally not thickened
CSF The pressure is common normal
the protein is normal or increased, and MBP is positive.
Glucocorticoid The lesions gradually reduced or disappeared
the symptoms continued improved
neuroimaging
CT Hypointense or isodense lesions and finally hypointense lesions in the
increasing stage but no enhancement
MRI TIWT hypointense and T2WT hyperintense;
clear lesion boundary;
ring-like or C-like enhancement in acute or subacute phase, and a few
clump-like enhancement; enhancement becomes less and less obvious with
time flies;
after 3 months goes spinal cord lesions become more obvious
enhancement, TDLs are not considered;
DWI in acute or subacute phase is mostly hyperintensity, and the
hyperintensity gradually decreases with time flies; SWT generally has no
microbleeds; the perfusion of the lesion shows hypoperfusion.
Pathology

inflammatory demyelination with relative preservation of axons.
Creutzfeldt-Peters cells are key features but easily as tumor cells

TABLE 2 Statistical between TDL and PCNSL.

TDLs PCNSL P

Number of subjects 116 150

Age(years) 37+ 14 58 +13 0.000
Gender 0.661
Male 55 90

Famale 61 60

onset 0.094
headache 42 (36.2%) 35 (23.3%)

weakness 18 (15.5%) 25 (16.7%)

numbness 18 (15.5%) 10 (6.7%)

reduced vision 11 (9.5%) 10 (6.7%)

Pathological features of TDL and PCNSL

Telangiectasia with hemorrhage and perivascular infiltrates were
observed in patients with TDL (Figure 4A). The presence of
Creutzfeldt-Peters cells was another key feature in the TDL group
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The pressure is normal

the protein is normal

MBP is negative or slightly positive

and the IL-6 and IL-10 are increased, especially the ratio.

Temporarily significantly reduced or disappeared (ghost cells), but new
lesions may appear in other intracranial locations.

Hypointense or isointense at the beginning of the onset, and develop into
hyperintensity as the disease progresses, and spheroid enhancement

Lymphoma cells have obvious enhancement, and the enhancement
becomes more pronounced over time, manifesting as “clenched fist” and
“notch sign”, rarely “ring” or “semi-ring” enhancement, sometimes
involving subcortical “U”-shaped fibers, along the cortical infiltrating, and
“semi-ring” enhancement may appear. Sometimes necrotic cyst may appear
“ring” on DWI but the enhancement is often homogeneous or mixed
significant solid; in the early stage, it is mostly hypointense or isointense on
DWI, and gradually become hyperintense over time; microbleeds are rarely
seen on SWI; the perfusion scan shows hyperperfusion.

Intracerebral demyelinating lesions appear at the beginning of the onset or
after glucocorticoid treatment called “sentinel lesions” and then tumor cells
slowly grow.

(Figure 4B), with reactive astrocytes being seen in active
inflammatory diseases. LCA-, CD20- and CD3-positive cells were
detected in areas around the blood vessels (Figures 4C-F). Marked
perivascular lymphocytic infiltrates were detected in TDLs. A few
scattered atypical lymphocytes were observed in one case of TDLs
and clinical symptoms were aggravated following corticosteroids,
which made PCNSL as a possible diagnosis. However, widely
depigmented myelin and positive LCA, CD20 and CD3 staining
suggested a diagnosis of TDL.

Tumor cells were absent in sentinel lesions of PCNSL which were
easily misdiagnosed. Multiple biopsies were performed in some cases
of PCNSL due to atypical pathological features. Hypercellular
plaques of PCNSL were characterized by axonal damaged
associated with perivascular lymphocytic cuffing, perilesional
edema and focal degeneration. However, demyelination and tumor
cells were absent. The diagnosis of TDLs was challenging. For
example, a 68-year-old man in our study was received three times
of biopsies. Pathological profiles of previous two biopsies showed
tissue edema, focal spongiform degeneration, profound perivascular
and parenchymal infiltration composed mainly of lymphocytes with
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FIGURE 1
(A) Isodense lesion (white arrow) were detected on CT during an early disease. (B) One months later, brain lesions appeared hyperintense (white
arrow). Pathological examinations indicated a diagnosis of PCNSL

FIGURE 2
Hyperintense lesions in TDLs. (A) A Balo-like lesion (white arrow). (B) The 'C’ like enhancement lesion (white arrow). (C) The lesions of TDLs
without thickened corpus callosum (white arrow). (D) “comb sign” enhancement (white arrow)
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FIGURE 3

Hyperintense lesions in PCNSL. (A)The diffuse infiltrating lesions on T2 sequences. (B)The clump lesions with a ring-like enhancement. (C) The
‘C’ opening was not toward grey matter which differentiated from TDLs. (D) "kidney type"(White arrow) and “raindrop”-like (Red arrow)
enhancement with thickened corpus callosum, while the lesions of TDLs without thickened corpus callosum.

the nuclear division. Immunohistochemical staining showed CD20-
positive cells around the blood vessels. The patient was treated based
on the diagnosis of TDL, which was not effective. The patient’s
symptoms gradually deteriorated, and he thus received the third
biopsy. The pathology showed that atypical lymphocytes were
infiltrated around blood vessels (Figure 5A) and CD20-positive
cells (Figure 5B). Furthermore, the cells were CD3-negative,
indicating a diagnosis of PCNSL.

Discussion

In our study, we disclosed neuroimaging and clinicopathological
differences between TDLs and sentinel lesions of PCNSL. Onset age
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of patients with TDLs was younger than PCNSL. Neuroimaging
features on brain CT might provide clues to make a differential
diagnosis. Pathological features of PCNSL with sentinel lesions or
following steroids therapy might mimic TDLs. We found that the
presence of Creutzfeldt-Peters cells (could be misdiagnosed as tumor
cells) may serve as an important feature in TDLs. Dynamic
neuroimaging pathological and follow-up information are essential
for an accurate diagnosis.

Recent studies have suggested that TDLs may be a group of
relatively independent diseases, or an early manifestation of
demyelinating diseases, such as multiple sclerosis (MS),
neuromyelitis optica spectrum disorder (NMOSD), acute
disseminated encephalomyelitis (ADEM), myelin oligodendrocyte
glycoprotein antibody-associated disease (MOGAD) and clinically
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FIGURE 4

(CD3, scale bar =200um).

isolated syndrome (CIS) (13-15). Clinical manifestations mainly
depend on the location and scope of the lesions. Symptoms may
gradually increase or aggravate during active phase, but rarely only
show epileptic seizures. Onsets of headache, slurred speech, and
weakness are more common (16). In early stage, some patients may
only present mental and cognitive impairment such as memory loss,
unresponsiveness, apathy, which are ignored and inadvertently take
MRI to find large intracranial lesions, even accompanied by
peripheral edema and mass or/and enhanced lesions (17). Mass-
occupying lesions are easily diagnosed as a tumor, such as PCNSL or
high-grade glioma (9, 14, 18, 19). During the phase of TDLs is
progressing, symptoms may gradually increase or worsen, and
reduced vision may also present. When TDLs lesions are diffuse or

Frontiers in Immunology

Pathological features of TDL. (A) Telangiectasia with hemorrhage and perivascular inflammatory cuff (hematoxylin and eosin, scale bar =200um);
(B) Creutzfeldt-Peters cells (white arrow, hematoxylin and eosin, scale bar =50um);(C) LCA™ lymphocytes around the blood vessels (LCA, scale
bar =200um); (D) CD20™" B lymphocytes around the blood vessels (CD20, scale bar =200um); (E) CD3* T lymphocytes around the blood vessels
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multiple, cognitive impairment and voiding dysfunction appear, and
some can occur. Although TDLs is a rare type of CNS inflammatory
demyelinating disease, many different diseases need to be
differentially diagnosed. Therefore, a detailed understanding of
clinical imaging characteristics of TDLs will be helpful to
distinguish them from tumors, avoiding unnecessary traumatic
surgery and radiation therapy. Ultimately, pathological diagnosis is
also the key point.

Our study included 116 patients with TDLs and 150 patients
with PCNSL. All of them were pathologically confirmed in our
hospital. These valuable resources might help us to further
understand the characteristics of TDLs and PCNSL, especially
distinguishing sentinel lesions of PCNSL from TDLs. The onset
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FIGURE 5

cells (CD20; scale bar =200um).

age of PCNSL was older than that of TDLs. PCNSL with
isodense lesions on brain CT scans need to be differentiated
from TDLs. Atypical pathological features in PCNSL might be
related to the use of corticosteroids.

It was worth noting that hyperdensity in CT and boundary
definition of lesions in T1 and T2 in the differences between TDLs
and PCNSL. The characteristic “comb-tooth sign”, C-type or ring
enhancement, double-layer enhancement, and density of DWI
changes in MRI should be useful to diagnose TDLs. On the
contrary, relatively uniform and significant sheet-like or spherical
enhancement, “notch sign”, “pointy angle sign”, “
and “raindrop”-like enhancement implied PCNSL.

kidney type”,

Conclusion

Distinguishing sentinel lesions of PCNSL and TDLs during
an early disease stage remains a challenge. Due to pathological
features of PCNSL are dynamic and can be associated with
disease evolution, corticosteroid is not recommended for PCNSL
before a definite diagnosis being made. Furthermore, repeated
biopsies may be needed in some patients with PCNSL and TDLs
for a definitive diagnosis.

Frontiers in Immunology

Pathological features of PCNSL. The first biopsy (A, B). (A) demyelinated lesions as well as perivascular and parenchymal infiltration mainly
composed lymphocytes (hematoxylin and eosin, scale bar =50um). (B) CD20-negative cells (CD20, scale bar =200um). The third biopsy
(C) atypical lymphocyte infiltration around blood vessels (hematoxylin and eosin; scale bar=200um) (D) CD20" B lymphocytes and typical tumor
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Limitation

Although the large sample was analyzed in our research, a
single-center design should be stated as a limitation. Limited
clinical profiles, imaging profiles, laboratory, and pathological
findings in patients with TDL and PCNSL prevented further
analysis. In future, we will continue to collect patients from
multiple centers for further analysis.
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Characterization of cardiac
bradyarrhythmia associated
with LGI1-1gG autoimmune
encephalitis
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Objective: To evaluate and characterize cardiac arrythmias associated with LGI1-
IgG (Leucine-rich glioma inactivated 1-IgG) autoimmune encephalitis (AE).

Patients and methods: In this retrospective descriptive study, we identified
Mayo Clinic patients (May 1, 2008 — December 31, 2020) with LGI1-1gG AE who
had electrocardiogram proven bradyarrhythmias during the initial presentation.
Inclusion criteria were 1) LGI1-1gG positivity with a consistent clinical
syndrome; 2) electrocardiographic evidence of bradyarrhythmia; and 3)
sufficient clinical details. We excluded patients who were taking negative
ionotropic agents at the time of their bradyarrhythmias. We collected
demographic/clinical data including details of bradyarrhythmia (severity,
duration, treatments), and neurologic and cardiac outcomes.

Results: We found that patients with LGI1-IgG AE had bradyarrhythmia at a
frequency of 8% during the initial presentation. The bradyarrhythmia was often
asymptomatic (6/11, 55%); however, the episode was severe with one patient
requiring a pacemaker. Outcome was also generally favorable with the majority
(8/11, 73%) having full resolution without further cardiac intervention. Lastly, we
found that mouse and human cardiac tissues express LGI1 (mRNA and protein).

Conclusion: LGI1-IgG AE can be rarely associated with bradyarrhythmias.
Although the disease course is mostly favorable, some cases may require
pacemaker placement to avoid devastating outcomes.

KEYWORDS

LGI1-1gG, autoimmune encephalitis, cardiac bradyarrhythmia, outcomes, seizures
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Introduction

A population-based epidemiology study based in Olmsted
County demonstrated that autoimmune encephalitis is as common
as infectious encephalitis. (1) Furthermore, over the last few decades
recognition of this potentially treatable conditions has exponentially
increased, primarily because of widespread utilization of neural
autoantibody evaluation as diagnostic markers. Leucine-rich glioma
inactivated 1 (LGI1) IgG is one of the most common pathogenic
neural specific autoantibodies associated with autoimmune
encephalitis in adults. (2) Few cases of bradyarrhythmia in
association with LGI1 autoimmune encephalitis have been
reported. (3, 4) However, larger cohort studies analyzing cardiac
rhythm dysfunction are lacking, suggesting that this may be an under
reported phenomenon. In this study, we characterize the episodes of
bradyarrhythmias among LGI1 encephalitis patients and evaluate
LGII expression in cardiac tissue.

Methods
Study approval and patient consents

The Mayo Clinic Institutional Review Board approved this
study and all patients consented to the use of their medical
records for research purposes.

Patient identification

We retrospectively identified Mayo Clinic patients from May 1,
2008 to December 31, 2020 through Advanced Cohort Explorer, an
electronic retrieval system that interrogates the electronic medical
record, and this was cross referenced with our prior studies on LGI1
antibody encephalitis. The inclusion criteria included: (1) LGI1
antibody positivity in serum and/or CSF; (2) patient evaluated at
Mayo Clinic (Minnesota, Florida, Arizona); (3) clinical syndrome
consistent with LGI1 IgG autoimmunity; and (4)
electrocardiographic (ECG) documentation of bradycardia
(defined as heart rate less than 60 beats per minute). Our
exclusion criteria was 1) when bradycardia was not a part of the
LGII antibody encephalitis presentation and 2) cases where there
was concurrent negative ionotropic agents used. These medications
include diltiazem, amiodaron, propranolol, metoprolol, midazolam
and carvedilol. Mayo Clinic medical records of all included cases
were reviewed by three physicians (H.H.Z., A.Z., and D.D.)
independently. Detailed cohort identification process is outlined
in Figure 1. Demographic and clinical data along with MRI brain,
electrocardiography findings and clinical outcomes were collected.
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LGI1-1gG assay

LGII autoantibodies were detected by transfected cell-based
immunofluorescence assay (CBA; EUROIMMUN, Lubeck,
Germany) in Mayo Neuroimmunology Laboratory, as
previously described (5).

Quantitative real-time PCR

mRNA was extracted from isolated C57BL/6 (The Jackson
Laboratory) mouse cardiomyocytes with the RNeasy Plus Mini
Kit (Qiagen, Cat. No: 74134). The mRNA was then reverse
transcribed to cDNA using SuperScriptTM IIT First-Strand
Synthesis SuperMix (Invitrogen, Cat. No: 18080-400). This
cDNA is then amplified using taq polymerase (Denville
Scientific, Cat. No: 1091201), and PCR primer: LGI-1 primers:
5 TCC TCG AAG GAT TTC GAT TG 3’(forward), 5 ACA
TGG TCC CAT TCA AGG AA 3’(reverse). GAPDH primers: 5'-
TGCCAAGGCTGTGGGCAAGG-3' (forward) and 5'-
TGGGCCCTCAGATGCCTGCT-3" (reverse). Thermocycling
was done as follows: initial denaturation at 94°C for 5
minutes, 35 cycles of denaturation at 94°C for 30 seconds,
primer annealing at 58°C for 30 seconds, and extension at 72°
C for 30 seconds, followed by final extension at 72°C for
5 minutes.

Immunoprecipitation

Human heart tissue from an organ donor was ground into
powder with mortar and pestle in liquid nitrogen. This was made
into a solution with RIPA buffer (in mM): Tris 50, NaCl 150,
NaF 2, EDTA 1, EGTA 1, NavVO4 1, and 1% Triton X-100
containing protease inhibitor cocktail (Complete Mini,
EDTAfree; Roche Diagnostics GmbH, Germany) and placed
on ice for 1 hour. Then, the homogenate was centrifuged at 8700
rpm at 4°C for 10 min. The supernatant (200 ug in 200 pl) was
pre-cleared with Protein G Plus-agarose beads (Santa Cruz
Biotechnology, Santa Cruz, CA) at 4°C for 1 hour, and the
pre-cleared supernatant was incubated with mouse anti-LGI1
antibodies (2 pg/200 pg protein, Invitrogen, S283-7) at 4°C
overnight. The next day, the samples were incubated with 30
ul Protein G Plus-agarose at 4°C for 3 h with rotation. After
washing the beads with RIPA/protease inhibitor buffer, the
immunoprecipitates were collected and eluted with 30 pl SDS-
PAGE loading buffer per tube. The immunoprecipitates were
resolved by SDS-PAGE (4-15% gel) and blotted against anti-
LGI1 antibody with 1:1000 dilution.
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Mayo Clinic patients with
LGI1 encephalopathy and
positive LGI1 Ab (n=138)

l

Screened positive
for key words

10.3389/fimmu.2022.948479

(n=37)

Primary medical

Excluded (n=16)

- Documented bradycardia
was not a part of the initial
LGI1 encephalopathy
presentation (12)

- Not enough clinical
information (4)

indications for
cardiac
bradyarrhythmia
(n=21)

Excluded (n=10) — Concurrent negative
ionotropic medication

Cardiac arrythmia
associated with LGI1
encephalitis (n=11)

FIGURE 1

Flowchart depicting search strategy for identification of patients cardiac arrythmia within 6 months of LGI1 neurological autoimmunity.

Results

Patient cohort and frequency of cardiac
arrythmia

Among 137 cases we found 11 cases with LGI1 IgG
seropositivity to have a cardiac bradyarrhythmia that is not
otherwise explained by medical co-morbidities, representing a
frequency of 8%. The median age of our cohort was 64 years old
(range 18-82 years), and 8/11 (73%) of our cohort was male. In
our cohort, (121/137, 88%) had cardiac rhythm measured by
ECG, (71/121, 59%) with 12-lead ECG, and (50/121, 41%) with 1-
2 lead ECG within an electroencephalogram (EEG) evaluation. Of
the 50 patients whose cardiac rhythm was monitored only within
the EEG, only 8 (16%) had EEG reports that commented on the
heart rate specifically. Only two of these 11 patients had history of
structural heart disease (one had coronary artery disease and the
other had mitral regurgitation). Other medical comorbidities
included hypertension (n=7), hyperlipidemia (n=6), diabetes
mellitus (n=3) and obstructive sleep apnea (n=2). Four patients
had inhouse echocardiograms done after the bradycardia event,
none of which demonstrated any ischemic cardiac changes. Two
patients had neurology notes mention outside echocardiogram
performed and was unremarkable. Five patients did not have
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internal or external echocardiograms. Three of our patients had a
history of autoimmunity (Hashimoto thyroiditis, prior acute
inflammatory demyelinating polyneuropathy, and interstitial
lung disease). Three of our patients had a history of cancers,
none of which were active at the time of LGI1 encephalitis
(prostate cancer and melanoma, prostate cancer and basal cell
carcinoma of the skin, and squamous cell carcinoma of the skin).
Further details of our patient population, as well as certain details
of their cardiac episode are described in Table 1.

Clinical information of the cardiac
arrythmia event

In all 11 patients, cardiac arrhythmia was a part of their
initial presentation. Although hyponatremia was common
during the encephalitic episode (64%), it was not common at
the time of bradycardia capture (10%, Table 1). When available,
other electrolytes were also within normal levels (potassium
levels available in 10/11 patients and magnesium levels available
in 3/11 patients). Neurological presentation was most commonly
seizures (6/11, 55%), followed by encephalopathy (2/11, 18%)
and both seizures and encephalopathy (2/11, 18%), and one
patient presented with neuropathic pain involving the lower
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TABLE 1 Demographics, co-morbidities, details of cardiac episode,
treatments and outcomes of symptomatic bradycardiac associated
with LGI1 encephalopathy.

LGI1-IgG positive patients with bradycardia (n=11)
Demographics
Age at onset - Median (range, years) 64 (18-82)

8/11 (73%)
11/11 (100%)

- Sex, male (%)

- Ethnicity, Caucasian (%)
Sodium levels

7/11 (64%)

- Lowest sodium level during episode — Median (range, mmol/ 131 (114-
L) 138)

1/10 (10%)

- Hyponatremia® anytime during episode

- Hyponatremia at time of bradycardia capture”
ECG findings

- Sinus bradycardia (%)

- Sinus bradycardia with PVCs (%)

- Bradycardia with 1st degree AV block (%)
EEG findings®

- Ictal discharges (%)

7/11 (64%)
2/11 (18%)
1/11 (9%)

5/10 (50%)
2/10 (20%)
3/10 (30%)

- Interictal discharges/slowing (%)
- Normal (%)

Bradycardia onset/detection

- After onset of seizures 5/11 (45%)
3/11 (27%)

3/11 (27%)

- Preceding onset of seizures
- During same presentation
MRI findings

5/11 (36%)
2/11 (18%)
4/11 (36%)

- Medial temporal T2 hyperintensity, n (%)
- Other abnormalities

- Unremarkable findings (%)

Immunotherapies

- Corticosteroids 6/11 (55%)
- PLEX 0/11 (0%)
- IVIG 2/11 (18%)

Cardiac Outcome

8/11 (73%)
1/11 (9%)
1/11 (9%)

- No evidence of continued bradycardia
- Continued bradycardia

- Pacemaker placement

Neurologic outcome at last follow-up

- Seizure free on antiepileptic 3/11 (27%)
4/11 (36%)
3/11 (27%)
1/11 (9%)
2/11 (18%)

- Seizure free on immunomodulation
- Residual cognitive deficits
- Persistent seizures and cognitive decline

- Unknown

*Hyponatremia defined as serum sodium levels less than 135 mmol/L, "One patient did
not have sodium documented at bradycardia capture, “One patient without EEG
documented.
AV, atrial ventricular; ECG, electrocardiogram; EEG, electroencephalogram; IVIG,
intravenous immunoglobulins; PLEX, plasma exchange; PVC, premature ventricular
contraction.

extremities. All the cardiac episodes were associated with
seizures within 8 months. Seizure semiology was most
commonly focal sensory aware (4/11, 36%), followed by focal
sensory with impaired awareness (2/11, 18%), focal motor aware

Frontiers in Immunology

21

10.3389/fimmu.2022.948479

(2/11, 18%), focal motor/sensory with impaired awareness (2/11,
18%), and focal motor/sensory aware (1/11, 9%). In 6/11 (55%)
of our patients, faciobrachial dystonic seizures were additionally
noted. EEG showed interictal discharges or slowing in 2/10
patients (one patient had bi-hemispheric slowing and the
other had epileptiform changes in the right temporal head
region) and temporal lobe ictal discharges in 5/10 patients.
Three patients had other documented evidence of autonomic
dysfunction (all orthostatic dysfunction), with one patient
having objective evidence of orthostatic intolerance on
autonomic reflex testing. Notably, at the time of the
bradycardia capture, 6 patients were taking antiseizure
medications, 5 of whom were taking sodium channel blockers,
specifically lacosamide, valproic acid, phenytoin, and
oxcarbazepine. The one patient in our cohort who had
persistent bradycardia was on phenytoin during initial
bradycardia episode.

ECG findings of bradyarrhythmia were most commonly
asymptomatic (6/11, 55%), median heart rate on initial ECG
was 55 (range 37-59). In our patients who were symptomatic in
association with their bradyarrhythmia, symptoms were either
mild (generalized tremulousness) or more severe (presyncope,
syncope, and exercise intolerance). In one of our patients,
the bradycardia led to sinus arrest, requiring placement
of a pacemaker, 2 months prior to the development of
encephalopathy and subsequent LGI1-IgG evaluation. One
patient was noted to have bradycardia during routine EEG
without associated ictal discharges.

Most patients had favorable outcomes from neurological
perspective. All patients achieved seizure freedom (Table 1).
Three of our patients had continued cognitive deficits, including
memory deficits and word finding difficulties. Two patients were
still on a corticosteroid taper at last follow-up with cognitive
deficits thought to be secondary to the active autoimmune
encephalitis, while one patient had persistent cognitive deficit,
thought to be the sequelae of prior encephalitis and
immunomodulation was not offered.

From a cardiac perspective, one patient required pacemaker
placement and another patient had persistent asymptomatic
bradycardia at last follow-up 9 months after initial presentation,
but she did not require additional management. Lastly, another
LGI1 encephalitis patient who had arrythmia at the time of initial
presentation, presented to the emergency department at an
outside hospital with syncopal episodes, followed by unexpected
sudden death three days later.

LGI1 expression in vivo

We found that LGI1 mRNA is expressed in wild type mouse
cardiomyocytes by RT-PCR (Figure 2A). We also found that
LGI1 protein is expressed in human cardiomyocytes via
immunoprecipitation and western blotting (Figure 2B).
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Discussion

In this study, we described a cohort of LGI1-IgG seropositive
patients who had bradycardia at presentation. Few cases had
bradycardia preceding the onset of encephalopathy. The
outcomes of the bradycardia were generally positive, with 73%
recovering completely. One patient had continued bradycardia
without the need for further intervention, and another patient
required pacemaker placement. The general demographics,
including age, sex, and ethnicity of the cases included in this
study are like prior studies, (6) suggesting that this is not a sub-
specific group pre-disposed to cardiac arrythmias. The incidence
of sinus bradycardia in our cohort is 8% and appears to be higher
than that of the general population which is estimated to be 0.8
per 1000 person-year, although the true incidence of sinus node
dysfunction in the general population is unknown. (7, 8)

Several mechanisms for cardiac arrythmias associated with
seizure disorders have been proposed in the past, such as
temporal lobe seizures causing ictal bradycardia (9) and
involvement of the insular cortex contributing to
bradyarrhythmias (10). Even among the cases included in this
study we cannot exclude effect of temporal or insular discharges
on cardiac arrythmias. However, as all cardiac dysrhythmias in
our study were not temporally related to the seizures an
alternative pathophysiology such as a potential direct role of
LGI1 IgG on cardiac myocytes is possible. LGI1, an extracellular
component of the voltage-gated potassium channel (VGKC)
complex, is tightly complexed with Kvl channels and LGI1
antibodies are thought to bind to LGIl1 and alter neuronal
excitability and synaptic transmission. (11) LGI1 has been
reported to co-assemble with Kvl.4 and KVf1, slowing
channel inactivation through inhibition of the effects of Kvp1.
(12) It is intriguing that Kv1.4 is known to be present in the
heart. (13) Whether LGI1 antibodies would affect the function of
Kvl.4 in the heart is unknown. Our finding that LGI1 is

M  LGI1 GAPDH Marker
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expressed in cardiac tissue raises the possibility of direct
cardiac effect of the LGI1-IgG as a potential etiology for these
cardiac manifestations.

Patients with asymptomatic sinus bradycardia in the general
population are not associated with incident cardiovascular
diseases or mortality. (14) Although most of our patients had
favorable cardiac outcomes, one patient with focal motor
seizures presented to the emergency department with a
syncopal episode while corticosteroids were being tapered. Due
to lack of access to outside facility records presence of persistent
cardiac arrythmia could not be confirmed at/around the time of
syncope. He unfortunately died suddenly three days later
without a clear cause.

Sudden cardiac death has also been previously reported in
LGI1 encephalitis. (15) In the reported case, no arrythmia was
documented because the event happened outside the hospital
setting. Pathology showed no significant coronary disease or
evidence of myocardial ischemia, further highlighting the
importance of understanding the rare but potential fatal
cardiac dysfunction in LGI1 AE. Furthermore, in a large study
on sudden death in epilepsy, the authors found that heart rate
variability derangement is significantly more pronounced in
epilepsy patients prior to their sudden death when compared
with the surviving epileptic controls, suggesting a strong cardiac
rhythm component in sudden death in epilepsy. (16)

Studies have demonstrated that the anti-seizure medications
(ASMs) working primarily through sodium channel blockade
may be more efficacious than other ASMs with other
mechanisms of action for managing seizures associated with
LGI1 AE. (17) However, some sodium channel blocking
medications, such as lacosamide, can cause or potentially
worsen bradyarrhythmias. (18, 19) Sodium channel blocking
drugs are known to be proarrhythmic in patients with history of
coronary artery disease and structural heart disease. (20) Indeed,
five of our patients were taking sodium channel blockers during

Marker  LGI1 pull down

FIGURE 2

Cardiomyocytes express LGI1 mRNA and protein. (A) gt-PCR showing LGI1 and GAPDH (control) mRNA expression in mouse cardiomyocytes;
(B) western blot of human heart ventricle lysate demonstrates binding of commercial LGI1 commercial antibodies to ~50 kD protein (B1);
immunoprecipitation and western blot screening of human heart ventricle lysates with LGI1 commercial antibody also demonstrates a ~50 kD

molecular weight band (B2).
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their bradycardia episode, therefore among these cases adverse
effect of anti-seizure medications cannot be completely excluded.
Pre-screening LGI1 AE patients with an electrocardiogram may
help identify patients with bradyarrhythmias, which will aid in
the ASM selection.

Our study has some potential limitations including its
retrospective design. There is likely under detection of cardiac
arrythmias if the patient did not exhibit overt cardiac symptoms
such as syncope prompting an ECG. Indeed, only 71/137 (52%)
of our cohort had their cardiac rhythms accessed by a 12-lead
ECG at the time of their initial presentation. Although more of
our cohort did have heart rate monitoring as a part of their EEG
study, only 16% of the EEG reports commented on heart rates in
particular. Lastly, our cohort was 73% male with a median age of
64 years, which is the demographic prone to cardiovascular
comorbidities. (21) Although we excluded patients with known
alternate cardiac causes for arrhythmias, we cannot exclude the
possibility that our patients had preclinical or undiagnosed
cardiac comorbidities. Indeed, five of our patients did not have
any cardiac echocardiogram documented after their
bradycardiac episode. However, temporal association of
detection of arrythmias with onset of neurological dysfunction
and demonstration of LGI1 protein expression in the cardiac
tissue supports the presence of this rare but potentially fatal
cardiac manifestation of LGI1 autoimmunity.
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Yizongheng Zhang*, Xinyun Huang?®, Hongping Meng?,
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Tong University School of Medicine, Shanghai, China, *Co-innovation Center of Neuroregeneration,
Nantong University, Nantong, China, *Department of Neurology, Xinrui Hospital, Wuxi, China

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous
system that is rare in China. At present, there are no widespread quantitative
imaging markers associated with disease severity in MS. Despite several
previous studies reporting cerebral blood flow (CBF) changes in MS, no
consensus has been reached. In this study, we enrolled 30 Eastern MS
patients to investigate CBF changes in different brain regions using the
arterial spin labeling technique and their relationship with disease severity.
The average CBF in MS patients were higher than those in health controls in
various brain regions except cerebellum. The results indicated that MS patients
with strongly increased CBF showed worse disease severity, including higher
Expanded Disability Status Scale (EDSS) scores and serum neurofilament light
chain (sNfL) values than those with mildly increased CBF in the parietal lobes,
temporal lobes, basal ganglia, and damaged white matter (DWM). From another
perspective, MS patients with worse disease severity (higher EDSS score and
sNfL values, longer disease duration) showed increased CBF in parietal lobes,
temporal lobes, basal ganglia, normal-appearing white matter (NAWM), and
DWM. Correlation analysis showed that there was a strong association among
CBF, EDSS score and sNfL. MS patients with strongly increased CBF in various
brain regions had more ratio in relapsing phase than patients with mildly
increased CBF. And relapsing patients showed significantly higher CBF in
some regions (temporal lobes, left basal ganglia, right NAWM) compared to
remitting patients. In addition, MS patients with cognitive impairment had
higher CBF than those without cognitive impairment in the right parietal lobe
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and NAWM. However, there were no significant differences in CBF between MS
patients with and without other neurologic dysfunctions (e.g., motor
impairment, visual disturbance, sensory dysfunction). These findings expand
our understanding of CBF in MS and imply that CBF could be a potential
quantitative imaging marker associated with disease severity.

KEYWORDS

cerebral blood flow, multiple sclerosis, quantitative imaging marker, disease severity,
EDSS, eastern population, neuroimaging

Introduction

Multiples sclerosis (MS) is a chronic inflammatory disease of
the central nervous system characterized by progressive
neurologic degeneration, eventually leading to irreversible
disability and impaired cognition in around 60% of patients
(1). It is known that MS occurs mostly in high latitude regions,
such as northern Europe. However, MS is still a rare disease in
the Chinese population. The reported age- and sex-adjusted
incidence of MS from population surveys in China is 0.235 per
100,000 person-years (2). The mean age at onset in Chinese MS
patients is around 30 years, with few cases younger than 20 years
(1, 2). Because of the young age of onset and inability to work,
the disease burden caused by MS is considered heavy.

Although studies have proposed various imaging measures
and laboratory markers as biomarkers for diagnosis and clinical
assessment of MS, these biomarkers are not available for
widespread clinical use due to their poor correlation with
clinical disability (3). Useful biomarkers will likely emerge that
will enable us to assess clinical severity and predict and monitor
disease progression. At present, magnetic resonance imaging
(MRI) is the most important tool for diagnosis and prognosis
evaluation of MS. White matter (WM) lesions in MS patients
can be visualized by T2ZW MRI, and acute inflammation can be
detected by gadolinium contrast enhancement due to the breach

Abbreviations: ARR, annualized relapse rate; ASL, arterial spin labeling;
Basal_L, left basal ganglia; Basal_R, right basal ganglia; CBF, cerebral blood
flow; Cereb_L, left cerebellum; Cereb_R, right cerebellum; DWM, damaged
white matter; EDSS, Expanded Disability Status Scale; FA, flip angle; Fron_L,
left frontal lobe; Fron_R, right frontal lobe; GM, grey matter; HC, healthy
control; MRI, magnetic resonance imaging; MS, multiple sclerosis; NAWM,
normal-appearing white matter; NAWM_L, left normal-appearing white
matter; NAWM_R, right normal-appearing white matter; Occi_L, left
occipital lobe; Occi_R, right occipital lobe; Pari_L, left parietal lobe; Pari_R,
right parietal lobe; pASL, pulsed arterial spin labeling; sNfL, serum
neurofilament light chain; TE, echo time; Temp_L, left temporal lobe;
Temp_R, right temporal lobe; TI, inverse time; TR, repetition time; WM,

white matter.
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of the blood-brain barrier. Besides damaged white matter
(DWM), the widespread and subtle changes occur in normal-
appearing white matter (NAWM) and grey matter (GM), which
may be accompanied by alterations in vascular function (4).
Although growing evidence suggests that vascular aspects play
an important role in the disease, brain perfusion changes in MS
patients have received little attention (5). Brain perfusion is
primarily observed by the measurement of cerebral blood flow
(CBF). With the development of imaging technology,
researchers can use non-invasive methods to safely and
accurately assess intracranial blood flow difference in MS
patients. Dynamic susceptibility contrast-enhanced MRI,
arterial spin labeling (ASL) technique, computed tomography,
and radionuclide imaging can be used to provide cerebral
perfusion parameters (6). Despite several studies about brain
perfusion changes in MS patients, no consensus has been
reached. Some studies reported hypoperfusion in DWM,
NAWM, and GM in MS patients (7, 8), while others reported
increased CBF in multiple brain regions (9, 10).

Although there is agreement that perfusion changes
represent an important component of MS process, the
relationship between CBF changes and clinical parameters in
MS, such as Expanded Disability Status Scale (EDSS), annualized
relapse rate (ARR), motor impairment, and cognitive
impairment, is still not clear. Moreover, the CBF distribution
in different brain regions in MS patients is varied. It remains
unclear if CBF in different brain regions changes with clinical
parameters. Thus, correlation analysis between CBF in different
brain regions and clinical parameters can provide clues for the
evaluation of clinical severity and therapeutic effects. In addition,
research on Eastern populations is limited (11). Zhang et al.
found that MS patients had reduced CBF in the occipital cortex
and increased CBF in the right putamen (11). The potential
value of CBF changes in MS remains controversial and
poorly understood.

To shed light on these questions, this study evaluated CBF
characteristics in a sample of Eastern patients with MS to
comprehensively study its association with disease severity and
multiple clinical parameters for the first time.
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Methods
Patients

A total of 30 Eastern MS patients and eight healthy controls
(HCs) participated in this study. The inclusion criteria were as
follows: 1) being a healthy individual or having a MS diagnosis
according to the revised 2017 McDonald criteria and a relapsing-
remitting course; 2) between 18-60 years old. The exclusion
criteria were: 1) cardiovascular and/or metabolic diseases; 2)
psychiatric disorders and/or neurologic disease other than MS;
3) body mass index (weight/height”) higher than 30; or 4)
pregnancy. Disability in MS patients was quantified with EDSS
administered by an experienced neurologist within two weeks of
MRI scan. Cognitive status was assessed using Montreal
Cognitive Assessment (MoCA) test and Mini-Mental State
Examination (MMSE). Cognitive impairment was defined as
both MoCA score < 26 and MMSE score < 25. Motor function
was assessed with muscle strength testing based on Medical
Research Council (MRC) grades. Patients were classified as
motor impaired if they had muscle strength weakness. Follow-
up was conducted 18 months after imaging examinations to
observe relapse. The study was approved by the Ethics
Committee of Ruijin Hospital, and it was performed in
accordance with the principles of the Helsinki Declaration.
Written informed consent was obtained from all participants.

MRI protocol and data processing

MRI acquisition was performed using a Biograph mMR
system (Siemens, Erlangen, Germany). Single inverse time 2D
pulsed arterial spin labeling (pASL) data were acquired with the
following parameters: bolus duration = 1675 ms, inverse time
(TT) = 1800 ms, repetition time (TR) = 2500 ms, echo time
(TE) = 11 ms, flip angle (FA) = 90°, field of view = 192 x 192
mm?, voxel size =3 x 3 x 5 mma, slices = 16, measurements =
150, and acquisition time = 6:27 min.

ASL data preprocessing was performed to eliminate
systematic and subject-related bias before CBF quantification.
First, motion correction was applied on labeled and control
images using MCFLIRT tool found in the FMRIB’s Software
Library (FSL) (12). To reduce intensity inhomogeneity in the coil
sensitivity, we implemented the field correction algorithm
termed N4ITK in Advanced Normalization Tools (13).

DWM tissue was segmented on MNI space T2-weighted
image using a lesion prediction algorithm in the Lesion
Segmentation Tool (LST) toolbox (14). For NAWM tissue
segmentation, we first performed bias correction algorithm on
MNI space T1 images using N4ITK before the WM tissue
segmentation (13). A unified segmentation model in Statistical
Parametric Mapping (SPM12) software was performed on
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unbiased 3D T1 images for tissue segmentation (15). WM
tissue probabilistic maps could be obtained. Regions where the
probabilistic map is greater than 0.95 and is not DWM are
defined as NAWM. We checked each segmentation results after
the segmentation process.

CBF quantification included the following steps: 1) To
eliminated static tissue signal, seventy-five difference images
were obtained by subtracting the labeled images from the
control image. 2) Perfusion-weighted images were generated
by averaging the difference images. 3) Relative CBF images were
calculated by general kinetic modelling using the BASIL FSL
toolbox (16). 4) Absolute CBF was calibrated by surrogate M,
images calculated from the averaged control images (17).

Quantitative CBF images were registered to MNI space using
FMRIB’s Linear Image Registration Tool and FMRIB’s
Nonlinear Image Registration Tool for statistical analysis (18).
Firstly, ASL space T1 image was obtained by linear registration
of 3D-T1 image into surrogate MO images calculated from the
averaged control ASL images to compensate deviation due to
head motion. Secondly, ASL space T1 image was used to
generate the deformation field from ASL space to MNI space.
Finally, we applied the derived deformation field to ASL space
quantitative CBF images, thus obtaining MNI space quantitative
CBF images. We double checked the registration results of each
step using ITK-SNAP (19). All the MNI space quantitative CBF
image were well aligned with MNI template.

Statistical analysis

Statistical analysis was performed using SPSS 19.0 (IBM,
New York, USA). A p-value of < 0.05 was considered statically
significant. Categorical data were compared using the % test.
Group comparisons were conducted via the paired t test or
analysis of variance (ANOVA). In cases where the variance
between groups was equal (p > 0.05) or unequal, the LSD test or
Dunnett’s t-test was performed, respectively. Correlations were
assessed using Spearman correlation. The data were presented as
the mean + standard deviation (SD).

Results

Demographic and diseases
characteristics

A total of 30 MS patients and 8 HCs were enrolled in the
study. There were no significant differences in sex or age between
MS patients and HCs. The average age was 40.07 + 11.20 years in
MS patients and 34.00 + 6.55 years in HCs. The MS patients
group included 16 males and 14 females, while the HC group
included 4 males and 4 females. The longest disease duration was
396 months and the shortest was 23 months. The EDSS score
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ranged from 1 to 7. The clinical data for MS patients and HCs
are shown in Table 1.

Regional distribution of CBF in
MS patients

The lowest CBF in the whole brain was observed in DWM
(0.0018 + 0.0012). CBF in NAWM was significantly higher than
that in DWM (p = 0.0024). Among different regions of GM, the
highest CBF was in the right temporal lobe (0.0073 + 0.0039),
and the lowest CBF was in the right basal ganglia (0.0036 +
0.0014) (Figures 1A, B).

Correlation analysis indicated that CBF values in DWM,
NAWM, and GM were positively correlated with each other
(Figure 1C). In addition, CBF in some GM regions (e.g., bilateral
parietal lobes, temporal lobes, and basal ganglia) and NAWM
showed a significantly positive correlation with CBF in DWM
(Figure 1D). These findings indicate that NAWM and GM in MS
patients show insidious changes.

The comprehensive investigation of CBF
changes in MS patients

The patients were divided into different groups respectively
(high vs. low EDSS; high vs. low serum neurofilament light chain
(sNfL); long vs. short disease duration; high ARR vs. low ARR)
based on the median value. We compared CBF among patients
with different clinical parameters (high vs. low EDSS; high vs.
low sNfL; long vs. short disease duration; in relapsing vs.

TABLE 1 Summary of MS patients and HCs.

MS patients HC
Number 30 8
Age, year 40.07 + 11.20 34.00 + 6.55
Gender (male/female) 16/14 4/4
EDSS 2.97 + 1.80 /
EDSS < 3 (n) 19 /
EDSS > 3 (n) 11 /
Disease duration (month) 85.30 + 90.29 /
Duration < 36 (n) 14 /
Duration > 36 (n) 16 /
sNfL (pg/ml) 20.25 + 7.10 /
Relapsing phase (n) 12 /
With new relapsing occurrences 9
ARR 0.54 £ 0.27 /
Cognitive impairment (n) 8 /
Motor impairment (n) 11 /
Sensory disturbance (n) 7 /
Visual impairment (n) 6 /
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remitting phase; high ARR vs. low ARR; with vs. without
cognitive impairment, motor impairment, visual disturbance,
or sensory dysfunction).

CBF was higher in the DWM, NAWM, basal ganglia,
parietal lobes, and frontal lobes of patients with high EDSS
scores (= 3, n = 14) compared to those with low EDSS scores (<
3, n = 16) and HCs (Figures 2A, D). However, there were no
significant differences in CBF between patients with low EDSS
scores and HCs. And MS patients with high sNfL had increased
CBF in DWM, bilateral NAWM, GM, bilateral basal ganglia,
bilateral temporal lobes, bilateral parietal lobes, and right frontal
lobe compared to those with low sNfL (Figures 2B, E).

MS patients with a long disease duration (> 36 months, n =
15) had higher CBF in bilateral parietal lobes (left: p = 0.19, right:
p =0.009), right basal ganglia (p = 0.035), and right frontal lobes
(p = 0.020) than those with a short disease duration (< 36
months, n = 15) and HCs (Figures 2C, F). However, MS patients
with a short disease duration did not show obvious CBF changes
compared with HCs.

Except for DWM, CBF values were affected in patients in the
relapsing phase. Specifically, the bilateral temporal lobes (left:
p = 0.033, right: p = 0011), right NAWM (p = 0.029), and left
basal ganglia (p = 0.018) CBF values were significantly increased
in relapsing patients compared to remitting patients
(Figures 3A-C).

We then tested whether MS patients with different
neurologic dysfunctions showed abnormal CBF in multiple
brain regions. Relative to MS patients without cognitive
disorder (n = 22), MS patients with cognitive disorder (n = 8)
had increased CBF in right parietal lobes (p = 0.016) and right
NAWM (p = 0.029) (Figure 3D). We compared CBF in MS
patients with/without some other neurologic dysfunctions
(motor impairment, visual disturbance, sensory dysfunction).
However, no significant differences were found in these
comparisons. We equally divided MS patients into two groups
(high ARR group and low ARR group) according to ARR values.
There were no significant differences between two groups in
various brain regions.

Association of CBF data with MS
clinical severity

Comparing with HCs, MS patients had significantly increased
CBF in right frontal lobe (p = 0.039). Although there were no
significant differences, MS patients had slightly higher CBF than
HCs in the other brain regions except cerebellum. The 30 MS
patients were equally divided into strongly increased CBF (CBF >
median, n = 15) and mildly increased CBF (CBF < median, n = 15)
groups based on the median CBF in different regions. EDSS scores
in MS patients with strongly increased CBF were significantly
higher than those in patients with mildly increased CBF in some
regions (e.g., bilateral parietal lobes, bilateral temporal lobes, left
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basal ganglia, and DWM) (Figures 4A, 5). In MS patients,
elevation in sNfL is linked to worse neurologic function, greater
clinical disability, and lower brain volumes (20, 21). Our results
showed that MS patients with strongly increased CBF had
significantly higher sNfL than patients with mildly increased
CBF in some regions, namely the bilateral parietal lobes,
bilateral temporal lobes, left basal ganglia, DWM, NAWM, and
global GM (Figures 4B, 5).

Next, we used the XZ test to compare the ratio of MS
patients in the relapsing phase, with cognitive impairment,
motor impairment, visual disorder, sensory disturbance, and
with new relapsing occurrences in 18-month follow-up
between the strongly and mildly increased CBF groups for
global GM, DWM, and NAWM. Of 30 MS patients, 12 were in
the relapsing phase when they underwent the neuroimaging
examination and 18 were in the remitting phase. The strongly
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increased CBF group had a significantly higher ratio of
relapsing MS patients than the mildly increased CBF group
in global GM, DWM, and NAWM (Figure 6). At 18-months
follow-up after the neuroimaging examination, nine MS
patients suffered from relapse. The low GM CBF group had
more patients experiencing relapse than the high GM CBF
group (Figure 6D). However, there were no significant
differences in cognitive impairment, motor impairment,
visual disorder, or sensory disturbance (Figure 6).
Furthermore, the strongly and mildly increased CBF groups
showed no significant differences in ARR for the brain regions.

Correlation analysis revealed that CBF in GM (R = 0.48, p =
0.0074), bilateral parietal lobes (left: R = 0.52, p = 0.003, right:
R =0.57, p=0.0011), bilateral temporal lobes (left: R = 0.56, p =
0.0013, right: R = 0.60, p = 0.00052), bilateral basal ganglia (left:
R=0.55, p=0.0018, right: R=0.53, p = 0.0025), DWM (R = 0.55,
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p = 0.0018), and NAWM (left: R = 0.53, p = 0.0023, right: R =
0.58, p = 0.0007) were positively correlated with EDSS score
(Figure 7), while CBF in GM (R = 0.52, p = 0.003), bilateral
parietal lobes (left: R = 0.54, p = 0.0019, right: R = 0.57, p =
0.0009), bilateral temporal lobes (left: R = 0.58, p = 0.00081,
right: R=0.63, p = 0.00021), bilateral basal ganglia (left: R = 0.54,
p = 0.0023, right: R = 0.54, p = 0.0021), bilateral NAWM (left:
R =0.62, p = 0.00025, right: R = 0.65, p = 0.00011) and DWM

(R = 0.64, p = 0.00013) were positively correlated with
sNfL (Figure 8).
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Discussion

Limitations of conventional MRI in MS

MS is a chronic disabling disease of the central nervous system
characterized by the presence of focal white matter lesions,
inflammation, demyelination, and axon loss. The most
important method for MS diagnosis is MRI, which can
interrogate the entire central nervous system. Conventional MRI
(T1IWI and T2WI) can help assess lesion load and identify acute
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lesions, thus providing valuable information for diagnosis,
assessment of disease severity, and treatment effect. However, it
cannot provide quantitative analysis of brain function in MS
patients and does not correlate strongly with clinical status (22,
23). Except the pathologic changes in DWM, growing evidence
suggests a more widespread and subtle form of disease activity also
occurs in NAWM and GM (24, 25), which may have an
association with clinical manifestation. Conventional MRI is not
sensitive to the pathology affecting CNS tissue outside DWM (i.e.,
in NAWM and GM).

Progress in quantitative imaging for MS

Due to the limitations of conventional MRI, some
quantitative imaging techniques have been developed, such as
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positron emission tomography (PET), diffusion tensor imaging
(DTI), perfusion MRI, relaxometry, myelin imaging, and
magnetization transfer, that could provide better quantification
of the extent, type, spatial distribution, and evolution of CNS
tissue damage in MS. These methods could contribute to better
assessment of disease severity, therapy response, and
stratification of disease burden. Furthermore, some
quantitative imaging techniques are more sensitive to subtle
alterations within or outside lesions compared with
conventional MRI. Our previous study demonstrated that
dynamic '®F-florberapir PET is a promising tool for
quantitatively monitoring myelin loss and recovery and
correlates closely with changes in EDSS (14, 26). DTI can be
used to assess CNS tissue integrity and provide information on
microstructure changes of DWM and NAWM in MS patients
(14). Previous studies have shown that brain perfusion changes
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MS patients with different CBF values showed different clinical severity. (A) EDSS scores in MS patients with strongly increased CBF were
significantly higher than those in patients with mildly increased CBF in the bilateral parietal lobes, bilateral temporal lobes, left basal ganglia, and
DWM; (B) MS patients with strongly increased CBF had significantly higher sNfL than patients with mildly increased CBF in the bilateral parietal
lobes, bilateral temporal lobes, left basal ganglia, DWM, bilateral NAWM, and global GM. *p < 0.05 and **p < 0.01 vs. mildly increased CBF group.

FIGURE 5
CBF map of MS patients. Patients with strongly increased CBF in the parietal lobes (B, F) had higher EDSS and sNfL than those with mildly

increased CBF (A, E). Patients with strongly increased CBF in the temporal lobes and basal ganglia (D, H) had higher EDSS and sNfL than those
with mildly increased CBF (C, G).
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play an important role in MS pathophysiology and precede the
initial blood-brain barrier breakdown and T2-weighted lesion
appearance (23, 27). Theoretically, brain perfusion MRI has the
ability to quantitatively assess disease status in MS. However, the
relationship between brain perfusion and clinical parameters is
still controversial (7, 8, 10, 28, 29). As these quantitative imaging
techniques have not reached clinical maturity, they are not
widely used in clinical practice.

Characteristics of CBF in an Eastern
sample of MS patients and their
relationship with clinical parameters

In this study, we first comprehensively investigated CBF
changes in Eastern MS patients using the ASL technique. We
observed CBF changes in different brain regions, including
DWM, NAWM, frontal lobes, parietal lobes, temporal lobes,
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Correlation between sNfL and CBF in different regions. CBF values in global GM (R = 0.52, p = 0.0030), bilateral parietal lobes (left: R = 0.54,
p = 0.0019, right: R = 0.57, p = 0.0009), bilateral temporal lobes (left: R = 0.58, p = 0.00081, right: R = 0.63, p = 0.00021), bilateral basal
ganglia (left: R = 0.54, p = 0.0023, right: R = 0.54, p = 0.0021), NAWM (left: R = 0.62, p = 0.00025, right: R = 0.65, p = 0.00011), and DWM

(R = 0.64, p = 0.00013) were positively related to sNfL

occipital lobes, basal ganglia, and cerebellum. The relationship
between CBF changes in various brain regions and multiple
clinical parameters (EDSS, sNfL, relapsing/remitting phase,
duration, cognitive disorder, ARR, motor impairment, sensory
disorder, visual disturbance) was then explored. MS patients with
strongly increased CBF in parietal lobes, temporal lobes, and basal
ganglia had worse clinical disability (higher EDSS scores and higher
sNfL) than those with mildly increased CBF. Increased CBF could
represent a physiologic response to an increased demand that was
secondary to increased inflammatory, and glial cell activity (6, 30).
In an inflammatory environment, the inducible form of NOS
(iNOS) is upregulated, producing more nitric oxide (NO) and
nitrogen reactive species. NO has the effect of vasodilation and can
alter BBB (31).

In addition, the group with strongly increased CBF in
DWM, NAWM, and GM had more patients in the relapsing
phase compare to the group with mildly increased CBF in these
regions, and the ratio of patients experiencing relapse at 18-
month follow-up was higher among the group with low GM CBF
relative to high GM CBF. At the same time, CBF in patients with
serious disability (high EDSS scores and high sNfL) was higher
than that in those with mild disability (low EDSS scores and low
sNfL) in multiple regions (e.g., DWM, NAWM, parietal lobes,
temporal lobes, and basal ganglia). There was a strong
correlation between EDSS scores, sNfL values, and CBF
changes in these regions.

Furthermore, we found that patients in the relapsing phase,
with a long disease duration, or with cognitive impairment had
higher CBF in certain brain regions (e.g., parietal lobes, temporal
lobes, basal ganglia and NAWM) than those in the remitting
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phase, with a short disease duration, or without cognitive
impairment. In contrast, no significant differences were found
in comparisons of other clinical phenotypes (ARR, motor
impairment, sensory disorder, visual disturbance). These
findings demonstrate that CBF is closely associated with MS
clinical severity.

The potential of CBF as a quantitative
imaging marker of disease severity

In MS, the identification of reliable imaging biomarkers will
facilitate early diagnosis and monitoring of disease severity (14).
Although some imaging biomarkers have been proposed,
various challenges limit their widespread adoption in clinical
practice (32, 33). For example, brain atrophy is strongly related
to disease progression. However, detection of brain atrophy is
dependent on complex measuring methods and long-term
observation, and it is not suitable for the prediction of early
progression (34). Although conventional MRI remains the main
imaging technique in MS, quantitative imaging techniques show
emerging applications. In the present study, we showed that
patients with strongly increased CBF in some regions (e.g.,
parietal lobes, temporal lobes, basal ganglia, DWM, and
NAWM) had worse EDSS scores or higher sNfL than patients
with mildly increased CBF, and that patients with high EDSS
scores or sNfL had increased CBF compared to those with low
EDSS scores or sNfL. Furthermore, strongly increased CBF
group had more patients in relapsing phase. Thus, increased
CBF suggests a high EDSS score, high sNfL, or acute attack.
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Due to the operating complexity and requirements for
advanced and expensive hardware or software, some
quantitative imaging techniques have poor inter-scanner
reproducibility and limited availability. ASL, which does not
require intravenous administration of gadolinium-based
contrast agents, is simple, noninvasive, and low-cost. As it
enables the measurement of CBF with high reproducibility, it
has good potential for clinical use. In summary, CBF is a
potentially useful quantitative imaging marker associated with
MS disease severity.

Future directions

With pharmaceutical developments, there are increasing
drugs available for MS. Therapeutic effects can be assessed by
monitoring changes in clinical symptoms and neuroimaging
lesions after administration of treatment. It is important that
clinicians can predict future response to treatment early after
disease onset and choose the most appropriate treatment. Since
the present study indicates that CBF measurement could be used
to monitor disease severity, it might also be applicable for
assessment of treatment effect and aid clinicians in adjusting
the treatment dose or treatment type. The identification of
imaging markers with prognostic value for disability
progression is also of considerable interest. CBF abnormalities
may be observed before lesions appear on conventional MRI (23,
27), and our results indicate that relapsing probability might be
higher in patients with mildly increased CBF in GM. Thus, CBF
measurement has the potential to predict disease progression,
prognosis, and treatment response. Due to the relative simplicity
and reproducibility of the ASL technique, CBF measurement
may have good prospects for clinical application and could be a
useful complement to conventional MRI.

Limitations

This study is subject to several limitations. First, as MS is
relatively rare in China, the enrolled sample is not large enough.
The sensitivity and effectiveness of CBF as a quantitative imaging
marker requires further evaluation larger patient groups.
Second, the value of CBF in predicting disease progression was
not evaluated due to the lack of long-term follow-up. The
longitudinal observation is needed to explore the predictive
ability of CBF. Third, because of limited sample size some
clinical parameters (e.g., different DMTs, cerebrospinal fluid
NfL) were not included in the present study. In the future, we
will recruit more MS patients and perform long-term follow-up
to deepen our understanding of CBF.
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Conclusion

It is the first study to comprehensively depict the relationship
between CBF changes and multiple clinical parameters in Eastern
MS patients, enriching the data of CBF in this population.
Increased CBF was observed in multiple brain regions,
especially NAWM, parietal lobes, temporal lobes, and basal
ganglia. Furthermore, there was a strong association between
CBF and disease severity. These findings expand our
understanding of CBF in MS and suggest that CBF has
potential as a quantitative imaging marker associated with
disease severity.
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Fecal Lcn-2 level is a
sensitive biological indicator
for gut dysbiosis and
intestinal inflammation in
multiple sclerosis

Sudhir K. Yadav?’, Naoko Ito*, John E. Mindur™, Hetal Kumar?,
Mysra Youssef'? Shradha Suresh®, Ratuja Kulkarni®,

Yaritza Rosario®, Konstantin E. Balashov®,

Suhayl Dhib-Jalbut™** and Kouichi Ito™*

‘Department of Neurology, Rutgers-Robert Wood Johnson Medical School, Piscataway,

NJ, United States, 2Department of Clinical and Chemical Pathology, National Research Centre,
Dokki, Egypt, *Department of Neurology, Rutgers-New Jersey Medical School, Newark,

NJ, United States

Multiple Sclerosis (MS) has been reported to be associated with intestinal
inflammation and gut dysbiosis. To elucidate the underlying biology of MS-
linked gut inflammation, we investigated gut infiltration of immune cells during
the development of spontaneous experimental autoimmune
encephalomyelitis (EAE) in humanized transgenic (Tg) mice expressing HLA-
DR2a and human T cell receptor (TCR) specific for myelin basic protein peptide
(MBP87-99)/HLA-DR2a complexes. Strikingly, we noted the simultaneous
development of EAE and colitis, suggesting a link between autoimmune
diseases of the central nervous system (CNS) and intestinal inflammation.
Examination of the colon in these mice revealed the infiltration of MBP-
specific Thl7 cells as well as recruitment of neutrophils. Furthermore, we
observed that fecal Lipocalin-2 (Lcn-2), a biomarker of intestinal
inflammation, was significantly elevated and predominantly produced by the
gut-infiltrating neutrophils. We then extended our findings to MS patients and
demonstrate that their fecal Lcn-2 levels are significantly elevated compared to
healthy donors (HDs). The elevation of fecal Lcn-2 levels correlated with
reduced bacterial diversity and increased levels of other intestinal
inflammation markers including neutrophil elastase and calprotectin. Of
interest, bacteria thought to be beneficial for inflammatory bowel disease
(IBD) such as Anaerobutyricum, Blautia, and Roseburia, were reduced in fecal
Lcn-2-high MS patients. We also observed a decreasing trend in serum acetate
(a short-chain fatty acid) levels in MS Lcn-2-high patients compared to HDs.
Furthermore, a decrease in the relative abundance of Blautia massiliensis was
significantly associated with a reduction of acetate in the serum of MS patients.
This study suggests that gut infiltration of Thl7 cells and recruitment of
neutrophils are associated with the development of gut dysbiosis and
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intestinal inflammation, and that fecal Lcn-2 level is a sensitive biological
indicator for gut dysbiosis in multiple sclerosis.

KEYWORDS

multiple sclerosis, gut dysbiosis, colitis, neutrophils, lipocalin-2 (LCN-2), experimental
autoimmune encephalomyelitis (EAE), biomarker

Introduction

Multiple sclerosis (MS) is an immune-mediated
neuroinflammatory disease that causes demyelination and
axonal loss in the central nervous system (CNS) (1). Recent
studies suggest that gut dysbiosis is a risk factor for disease
progression (2, 3). For example, a significant decrease in
Clostridium clusters XIVa and IV was observed in patients
with RRMS (4). Clostridium clusters have the potential to
induce Foxp3™ T regulatory cells (Tregs), which suppress
inflammatory conditions, by metabolizing fiber into short-
chain fatty acids (SCFAs) (5-7). Therefore, decreases in the
abundance of Clostridium clusters may potentially increase
susceptibility to relapsing-remitting multiple sclerosis (RRMS)
(4). The abundance of other SCFA-producing gut bacteria
including Butyricimonas and Prevotella which promote Foxp3+
Treg development, are also decreased in RRMS patients (8). In
contrast, mucin-degrading bacteria Akkermansia Muciniphila,
Th17-inducing bacteria Streptococcus mitis, and
Methanobrevibacter are reportedly increased in RRMS patients
compared to healthy donors (HDs) (8-10). These studies suggest
that gut microbiome imbalance between anti-inflammatory and
pro-inflammatory bacteria may increase the risk for
autoimmune diseases including MS.

The homeostasis of gut bacteria is regulated in part by the
immune system. Under steady state conditions, an excessive
activation of immune cells against gut bacteria is suppressed by
regulatory immune cells induced by microbial-derived signals
(11). However, microbial homeostasis in the alimentary tract can
sometimes break under the influence of environmental factors,
including diet, infection, antibiotics, and stress, leading to the
onset of gut dysbiosis (12). When pathobionts expand in the
setting of gut dysbiosis, innate and adaptive immune cells
become primed to eliminate them. Neutrophils are a critically
important cell subset for responding to pathobionts that favor
gut dysbiosis. These innate leukocytes are recruited to the gut in
an IL-17A- and CXCR2-dependent manner in response to the
IL-17A produced by activated innate and adaptive immune cells
in the gut mucosa (11, 13). NOD2 signaling induced by
pathobionts also recruits neutrophils (14). The recruited
neutrophils eradicate pathobionts by producing antimicrobial
proteins, such as elastase and reactive oxygen species (ROS) (15,
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16). Neutrophils that have infiltrated the gut mucosa also
produce lipocalin-2 (Lcn-2)/neutrophil gelatinase associated
lipocalin (NGAL), an innate immune factor that suppresses
the proliferation of pathobionts by interacting with bacterial
siderophores to limit iron acquisition and subsequent
bacterial growth (17, 18). Lcn-2 also enhances phagocytic
bacterial clearance in macrophages and promotes
antimicrobial activity by preserving myeloperoxidase activity
in neutrophils (19, 20). Therefore, Lcn-2 produced by
infiltrated neutrophils serves as a biological indicator of gut
dysbiosis. In addition, pro-inflammatory cytokines including
IFN-y, TNF-a, IL-17A, IL-6, and IL-1P, which are secreted
during gut inflammation, can augment the production of Len-
2 in an NF-kB-dependent manner in epithelial cells,
macrophages, and infiltrated neutrophils (21). Thus, fecal Len-
2 is a secreted innate factor that appears to serve as both a
biomarker of gut dysbiosis and intestinal inflammation (22-24).

While the activation of neutrophils is critical for eliminating
expanding pathobionts, neutrophil activation can also function
as a double-edged sword by inducing tissue damage in the gut.
Activated neutrophils release oxidants and proteases, such as
matrix metalloproteases and elastase, that can cause tissue injury
(25). Inflammatory bowel disease (IBD) is thought to be
triggered by the activation of intestinal immune cells against
gut microbes. A hallmark sign of active IBD is neutrophil
infiltration in intestinal tissues, although whether infiltrated
neutrophils play a harmful or protective role is controversial
(26, 27). Of note, MS is reportedly associated with IBD based on
epidemiological studies which highlight their reciprocal
comorbidity (28-33). Moreover, shared genetic risk factors
between MS and IBD have also been described (34). Likewise,
recent murine studies revealed that Th17 cells infiltrate the gut
during the development of EAE, and that stem-like intestinal
Th17 cells, which are maintained by gut microbes, can give rise
to pathogenic effector T cells that traffic to the CNS (35-37). The
enrichment of Th17 cells in the gut was also previously reported
during MS progression (2). Therefore, we hypothesized that IL-
17A produced in the gut prior to or during the onset of CNS
autoimmunity mediates the infiltration of neutrophils, which
contribute to MS-associated gut dysbiosis and intestinal
inflammation. To test this hypothesis, we assessed whether the
infiltration of neutrophils and production of Len-2 are linked to
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EAE- and MS-associated gut dysbiosis, intestinal inflammation,
and alteration in short-chain fatty acids.

Materials and methods
Animals

All experiments were carried out in compliance with the
Rutgers Institutional Animal Care and Use Committee
guidelines (Protocol number: 999900130). 3A6/DR2a Tg mice
were created using a 3A6 T cell clone isolated from an MS
patient (38). The development of spontaneous EAE was
monitored from the age of 3-weeks-old until 30-weeks-old.
Clinical scores were measured as follows: 0: no signs of
disease; 1: limp tail; 1.5: paresis of one hindlimb; 2: paresis
of both hindlimbs; 2.5: paralysis of one hindlimb; 3.0: paralysis
of both hindlimbs; 3.5: paralysis of both hindlimbs and one
forelimb paresis; 4: hindlimb paralysis and both forelimb paresis;
5: no mobility/moribund. Fecal samples were collected by
placing individual mouse in an empty container for 1-2 hours,
and 5-10 fecal pellets were collected for Len-2 ELISA and 16S
rRNA sequencing.

TABLE 1 Demographics of study subjects.

10.3389/fimmu.2022.1015372

Human subjects

Institutional Review Board approval (Approval number:
20160001256) was obtained from Rutgers-Robert Wood
Johnson Medical School (RWJMS), and all subjects were
provided written informed consent. RRMS subjects as defined
by the 2017 revised McDonald Criteria were recruited from the
RWJMS Multiple Sclerosis Center (39). Healthy controls were
recruited from local New Jersey residents. All patients and
controls were recruited from the same geographic region. All
enrollees were between the ages of 18 and 60. Exclusion criteria
were: use of any antibiotics within 6 months; use of probiotics
within 2 months; inflammatory bowel disease; use of probiotics
within 2 months before collection of fecal samples. One
participant in each of the MS and HD groups were eating a
vegetarian diet; other participants were eating a western diet.
Participants were provided with a stool collection kit including
an airtight container, commode stool collection container, ice
packs, and an anerobic sachet. Once the sample is collected in
the stool collection container, it is placed in the airtight container
with the anerobic sachet and ice pack. Then, samples were
brought into the research laboratory within 24 hours of stool
collection. Human fecal samples were aliquoted in 2 mL

MS patients (n=14) P value

43.52 + 9.61 0.055
0.721
4 (29%)
10 (71%)
>0.999

Parameters Healthy donors (n=18)
Age (years) 36 +11.22
Gender
Male (%) 7 (39%)
Female (%) 11 (61%)
Race/ethnicity
Caucasian 13
African American 3
Hispanic 2
MS type
RRMS Not Applicable
PMS Not Applicable
PMS Not Applicable
Disease duration (years) Not Applicable
Symptom when fecal samples were collected
Flare-up Not Applicable
Remission Not Applicable
Therapy

Glatiramer acetate
Dimethyl fumarate
Triflunomide
Interferon beta-1la
Azilect

None
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Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable

8.6+/-5.7
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cryovials in an anaerobic chamber (Sheldon Manufacturing,
Cornelius, Oregon) and rapidly frozen using liquid nitrogen.
Then, cryovials were kept in -80 °C for long term storage.
Demographic information of the study cohort is provided
in Table 1.

Isolation of mouse lamina propria cells
from intestines

The small and large intestines were flushed with PBS and cut
longitudinally along its length before being cut into smaller
pieces. After three washes, intestinal pieces were transferred to a
50 mL tube in 30 mL Hank’s balanced salt solution (HBSS)
without calcium and magnesium. EDTA (0.5 M) and DTT (1 M)
were then added, and the tissue suspension was incubated under
gentle shaking at 37°C for 30 min. Epithelial cells and
intraepithelial lymphocytes (IEL) were separated by passing
supernatant through a 70-micron strainer. The remaining
tissue was washed with RPMI media containing 5% FBS and
transferred to a new 50 mL tube. 30 mL RPMI media containing
5% FBS was added into the tissue and digested with 100U/mL
collagenase IV (Worthington Biochemical Corporation,
Lakewood, NJ) and 50 U/mL DNase (Sigma, St.Louis, MO)
with shaking at 37°C for 30 min. Lamina propria (LP) cells were
isolated from the flowthrough by filtering through a 70-micron
strainer, followed by isolation of lamina propria cells using 40%
Percoll. Lamina propria cells were obtained as a pellet, which
was then washed and suspended in RPMI media containing 10%
FBS for further analysis.

Flow cytometry

Anti-CD4, -CD45, -IFN-y, and -IL-17 mAbs were all
purchased from eBioscience, San Diego, CA. The mAbs
against human TCR V5.1 were purchased from Beckman
Coulter. Flow cytometry analysis was performed on Gallios
and analyzed by Kaluza Software (Beckman Coulter, Brea,
CA). Mononuclear cells from the CNS and lamina propria of
large and small intestines were stimulated with MBP87-99 (10
pg/mL) and stained with mAbs against CD45, CD4, IFN-v, IL-17
and human TCR Vp5.1. CD45" V[B5.1" cells were gated for
analysis of Th1 (CD4" IFN-Y"), and Th17 (CD4" IL-17A™) cells.
To measure the total number of infiltrated cells (CD4" V[(35.17,
CD4" VB5.1" IFN-y", and CD4" VB5.1*IL-17A%) in the CNS,
mononuclear cells isolated from the brain and spinal cord were
counted and then stained with anti-CD45, CD4, V[35.1, IFN-y,
and IL-17 A antibodies. The cell number was calculated based on
a percentage of CD45°CD4" Vf35.1%, CD45"CD4" VB5.1" IFN-
v", and CD45*CD4" VB5.1*IL-17A".

For the migration of MBP-specific Tg T cells into the large
intestine, spleen cells isolated from spontaneous EAE mice were
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labeled with CellTrace Violet (Thermofisher, Waltham, MA)
and 1x107 cells were injected into healthy 3A6/DR2a Tg mice.
Migration of 3A6 TCR Tg T cells (VB5.1"CD3") into the spleen,
MLN (mesenteric lymph nodes), CLN (cervical lymph nodes),
CNS (brain and spinal cord), SI (small intestine), and LI (large
intestine) was analyzed by gating CellTrace Violet" CD45" cells.

Immunohistology

Animals were anaesthetized and perfused intracardially with 30
mL ice-cold PBS, followed by 100 mL of 4% paraformaldehyde
(PFA). Colon was removed, luminal content was cleaned using PBS,
and tissue was kept in 4% paraformaldehyde for 24 hrs. Then, tissue
was soaked in 30% sucrose/PBS for 3 days. Cryoblocks of the colon
were made by using optimal cutting temperature (O.C.T)
(Thermofisher, Waltham, MA) and were cut at a thickness of 10
pum by cryostat and stained with goat anti-Lcn-2 Ab (Abcam,
Cambridge, MA) and rat anti-Ly6G Ab (Calbiochem, St. Louis,
MO). Donkey anti-goat IgG Rhodamine, and donkey anti-rat IgG
Alexa 488 (Jackson Immunoresearch Laboratories, West Grove,
PA) were used as secondary antibodies. Cell nuclei were
counterstained with DAPI. Digital images of sections were
captured by Leica DMi8 fluorescent microscope using LAS X
software (Leica, Wetzlar, Germany). Large and small intestines
were divided into 4 equal sections and stained. Number of Len-27,
Ly6G" and Len-2"Ly6G* double positive cells and tissue area for
each section were determined using QuPath software (40). The
number of infiltrated cells within the section is presented using

number of cells/mm?.

Evaluation of colitis

To evaluate the severity of colitis in 3A6/DR2a mice,
H&E staining of colonic sections was prepared at AML
Laboratories (Augustine, FL), and colitis severity was scored
by Jackson Laboratory pathology service as follows; Normal = 0,
Minimal = 1 (generally focal affecting 1-10% of mucosa, or if
diffuse then minimal), Mild = 2 (generally focal affecting 11- 25%
of mucosa, or if diffuse then mild), Moderate = 3 (26-50% of
mucosa affected with areas of gland loss replaced by
inflammatory cell infiltrate, milder in remaining areas of
mucosa), Marked = 4 (51-75% of mucosa affected with areas
of gland loss replaced by inflammatory cell infiltrate, milder in
remaining areas of mucosa), Severe = 5 (76-100% of mucosa
affected with areas of gland loss replaced by inflammatory cell
infiltrate, milder in remaining areas of mucosa) (41).

Analysis of cytokine production

Human PBMCs were isolated from whole blood by using
lymphocyte separation medium (Thermo Fisher Scientific,
Waltham, MA). The freshly isolated PBMCs were cultured at

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1015372
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yadav et al.

2 x 10%/ml cell density unstimulated or with LPS (In vivoGen,
San Diego, CA) at 5 ug/ml, or CD3/CD28 mAbs (Biolegend, San
Diego, CA) at 2 ug/ml for 3 days, and cytokine production was
examined by ELISA (Biolegend, San Diego, CA). The remaining
cells were frozen and stored in liquid nitrogen.

ELISA assay for Lcn-2, neutrophil
elastase, and calprotectin

To measure the levels of Lcn-2, calprotectin, and elastase,
fecal samples (~200 mg) were suspended in 0.5 mL of 0.01%
Tween 20 in PBS solution, homogenized using sterile disposable
pellet pestles (Fisher Scientific, Waltham, MA), and vortexed.
The supernatant was collected by centrifugation at 12000 rpm
for 10 min, and Lcn-2 concentration in the fecal supernatants
was measured by mouse or human Lipocalin-2/NGAL
Quantikine kit (R&D systems, Minneapolis, MN). Human
fecal calprotectin was measured using an ELISA kit
(Raybiotech, Peachtree Corners, GA). Human fecal neutrophil
elastase was measured using an ELISA kit (Immundiagnostik
AG, Bensheim, Germany). Total protein of fecal supernatant was
measured by the Pierce " BCA Protein Assay Kit
(ThermoFisher, Waltham, MA). Lcn-2, calprotectin, and
elastase levels were presented by ng per mg of total fecal
protein. Serum endotoxin activity was measured using Human
endotoxin (ET) ELISA Kit (MyBioSource, San Diego, CA)
according to the manufacturer’s recommendation.

16S ribosomal RNA sequencing

Fecal DNA was purified by the Fast DNA Stool Mini Kit
(QIAGEN, Hilden, Germany) according to the manufacturer’s
instructions. The concentration of extracted DNA was determined
by Nanodrop 1000 (Thermo Scientific, Waltham MA). For
human gut microbiota study, 16S rRNA gene sequencing was
done by Zymo Research (Irvine, CA) using custom designed
primers to provide the best coverage of the V3-V4 region of 16S
rRNA gene while maintaining high sensitivity. The final library
was sequenced on Mlumina® MiSeqTM with a v3 reagent kit (600
cycles). The sequencing was performed with 10% PhiX spike-in.
An average of 33811 sequences per sample were obtained (S.D. +
8876). Unique amplicon sequence (ASV) variants were inferred
from raw reads using the DADA2 pipeline (42). Chimeric
sequences were also removed with the DADA2 pipeline.
Taxonomy assignment was performed using Uclust from
QIIMEI (v.1.9.1) with the Zymo Research Database, a 16S
database that is internally designed and curated (43), and any
unassigned taxa were further identified by NCBI sequence
databases. Alpha and beta-diversity analysis was performed
based on rarefied abundance matrix. Taxonomy that has

Frontiers in Immunology

41

10.3389/fimmu.2022.1015372

significant abundance among different groups were identified by
performing statistical tests on relative abundance across groups.

SCFAs analysis

Fecal and serum SCFAs were measured by microbiomeinsights
(Richmond, BC, Canada) and Creative proteomics (Shirley, NY,
USA), respectively.

Statistical analysis

GraphPad Prism Software version 9 (GraphPad Software, Inc.,
San Diego, CA) and R version 4.0.2 were used for statistical analyses.
Spontaneous EAE clinical scores were evaluated by the non-
parametric Mann-Whitney U test. Multiple comparisons were
performed with one-way ANOVA with Tukey’s Multiple
Comparison Test or Kruskal Wallis test with Dunn’s Multiple
Comparison test. Student’s ¢ test (unpaired) or Mann-Whitney U
test was used to assess the differences between two groups. Fisher exact
test was used for categorical variables. The Spearman correlation or
Pearson correlation test was used to analyze correlation between
parameters. All p-values < 0.05 were considered statistically significant.

Results

MBP-specific T cells increase in the large
intestine during the development of
spontaneous EAE

3A6/DR2a Tg mice harbor T cells expressing the MBP-
specific human 3A6 TCR and an MS-linked MHC class II
restriction element, HLA-DR2a (38). These mice develop EAE
spontaneously during the period of adolescence and young
adulthood (44). Since we previously demonstrated that gut
dysbiosis was highly associated with spontaneous EAE in 3A6/
DR2a Tg animals (44), we analyzed the development and/or
infiltration of Thl and Th17 cells in both the gastrointestinal
tract and central nervous system (CNS) in these mice.
Expectedly, an enrichment of MBP-specific Thl and Thl7
cells was observed in the CNS upon development of
spontaneous EAE (Figures 1A, B). Interestingly, MBP-specific
Th1 and Th17 cells were also enriched in the large intestines of
these mice (Figures 1C-E). This enrichment was more
significantly pronounced in the large intestine compared to the
small intestine. To investigate whether MBP-specific T cells can
migrate into the large intestine in 3A6/DR2a Tg mice,
splenocytes were isolated from animals with spontaneous EAE,
labeled with CellTrace Violet, and injected into naive 3A6/DR2a
Tg mice. As shown in Figure 1F, MBP-specific CD4" T cell
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Infiltration of MBP-specific T cells in the large intestine during the development of spontaneous EAE in 3A6/DR2a mice. (A) Infiltration of CD4"*
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(C, D) Enrichment of CD4* MBP-TCR (VB5.1)* Tg T cells in the large intestine in EAE or non-EAE mice and the percentage of their population
within CD45" leukocytes (n = 4 in each group). (C, E) Enrichment of MBP-specific Th1 (CD4" IFN-y*) and Th17 (CD4" Th17A") cells in the large
and small intestines upon development of EAE and their frequency within CD45" leukocytes (n = 3-4 in each group). (F) Migration of MBP-TCR
Tg T cells (VB5.17CD3™) into the large intestine. The spleen cells isolated from spontaneous EAE were labeled with CellTrace Violet and 1x10”
cells were injected into healthy 3A6/DR2a Tg mice. Migration of MBP-TCR Tg T cells (VB5.1*CD3") into the spleen, MLN (mesenteric lymph
nodes), CLN (cervical lymph nodes), CNS (brain and spinal cord), small intestine, and large intestine is shown. SI, small intestine; LI, large

intestine. Mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

infiltration into the large intestine was detected based on the
CellTrace Violet signal. Taken together, our data suggest that the
infiltration and/or proliferation of MBP-specific Thl and Th17
cells in the large intestine increases during the development of
spontaneous EAE in 3A6/DR2a Tg mice.

Intestinal inflammation is associated with
the development of EAE

The expansion of Th17 cells in the gut is observed during
intestinal inflammation (45). Hence, we examined the association
between EAE and intestinal inflammation in 3A6/DR2a Tg mice.
Since fecal Len-2 is a sensitive biomarker of intestinal inflammation
(23, 24), we assessed levels of fecal Lcn-2 in EAE and non-EAE
mice. Notably, an increase in fecal Len-2 levels was significantly
associated with the development of spontaneous EAE (Figure 2A),
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and a time course experiment showed that an increase in fecal Len-
2 levels began one week before symptom onset (Figure 2B). Since
Len-2 is produced by infiltrated Ly6G" neutrophils during gut
inflammation (46, 47), we examined the gut infiltration of Ly6G"
cells by immunohistology. Of interest, a massive infiltration of
Ly6G" neutrophils were observed in the large intestine of EAE mice
(Figures 2C, D), and Lcn-2 was mainly produced by Ly6G*
neutrophils (Figures 2C, E, F). Together, these data indicate that
Len-2" neutrophils localize in the large intestines of 3A6/DR2a Tg
mice that develop spontaneous EAE.

Since large intestinal neutrophil infiltration is associated with
colitis (48, 49), we examined colitis development in EAE mice. The
large intestinal epithelium was markedly hyperplastic, which
coincided with swelling of the colon tissue, a feature of chronic
colitis (Figure 3A). Histopathological examination yielded expanded
inflammatory cells in the lamina propria of the large intestine
(Figure 3B). Furthermore, higher colitis scores were associated
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Fecal Lcn-2 is a biomarker for the development of spontaneous EAE in 3A6/DR2a mice. (A) Association between increase in fecal Lcn-2 levels
(ng/mg total protein) and development of spontaneous EAE (Non-EAE; n = 62, EAE; n = 18).(B) Time course of development of spontaneous
EAE (e) and fecal Lcn-2 levels (m) in 3A6/DR2a Tg mice. Fecal Lcn-2 levels before and after clinical EAE onset are shown. Mean + SEM (n =6)
(C) Immunohistopathology showing increase in Lcn2* Ly6G* cells in the large intestine upon development of EAE. (D) Increase in neutrophil
(Ly6G™) cells in the large intestine (LI) upon development of EAE. (E, F) Large intestines (E) and small intestine (F) were stained with anti-Lcn-2
mAb and anti-Ly6G mAb, and number of Lcn-2*(red), Ly6G* (green), and Len-2* Ly6G* (yellow) cells were quantified. Mean + SEM. *P < 0.05,

***P < 0.001.

with the development of EAE in 3A6/DR2a Tg mice (Figure 3C). In
sum, these data highlight the coincident development of CNS and
gut inflammation in 3A6/DR2a Tg mice. Since fecal Len-2 levels
were increased before EAE onset (Figure 2B), intestinal

inflammation probably preceded the onset of EAE.

Fecal Lcn-2 levels are increased in
patients with RRMS

To examine the association between RRMS and gut dysbiosis,
serum and fecal Len-2 levels of RRMS patients and healthy donors
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(HDs) were analyzed. No significant difference in serum Lcn-2
levels was observed between the two groups (Figure 4A). Cytokine
secretion assays indicated that the production of pro-inflammatory
cytokines, such as IEN-y, IL-6, and IL-1f, and an anti-inflammatory
cytokine, IL-10, in PBMCs was also not significantly different,
except for IL-17A which was elevated in the RRMS patients
compared to HDs (Supplementary Figure 1). On the other hand,
fecal Len-2 levels were significantly higher in the RRMS group
compared to the HD group (Figures 4B-D), and the increase in
fecal Len-2 levels significantly correlated with a decrease in
microbial alpha diversity (Figures 4E-G). Since we observed fecal
Len-2-high (>50 ng/mg total protein) and Lcn-2-low groups in
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RRMS patients, we examined microbial diversity in HDs, MS Len-
2-low, and MS Lcn-2-high groups. Alpha diversity (Faith
phylogenetic diversity) was reduced in the MS Lcn-2-high group
compared to the HD and MS Len-2-low groups (Figure 4G right
graph), although a significant distance between MS Lcn-2-high and
the MS Lcn-2-low/HD groups was not observed by UniFrac
distance analysis (Figures 41, ]). Interestingly, serum endotoxin
levels were increased in the MS Lcn-2-high group compared to the
MS Len-2-low group (Figure 4H right graph), suggesting an
association between intestinal inflammation and gut permeability.
Since fecal calprotectin and neutrophil elastase are other biomarkers
of intestinal inflammation (50, 51), we examined their levels in fecal
samples. As expected, fecal calprotectin and neutrophil elastase
levels were increased in the MS Lcn-2-high group compared to the
MS Len-2-low and HD groups (Figures 5C, D). Furthermore, fecal
calprotectin and neutrophil elastase levels correlated significantly
with fecal Len-2 levels (Figures 5E, F). We also examined the
correlation between alpha diversity and these two biomarkers of
intestinal inflammation. As shown in Supplementary Figure 2, the
increase in fecal Len-2 was mostly significantly correlated with a
decrease in alpha diversity among the biomarkers of intestinal
inflammation. Collectively, these data suggest that increase in fecal
Len-2 levels is associated with gut dysbiosis in MS patients.

Fecal Lcn-2 levels and microbial
composition in RRMS

To determine the association between fecal Lcn-2 levels and
microbial abundance, we first evaluated microbial abundance in

EAE

Non-EAE

FIGURE 3

Non-EAE

10.3389/fimmu.2022.1015372

RRMS patients and HDs. 16S rRNA gene sequencing showed a
decrease in Alistipes finegoldii, Alistipes shahii, Bifidobacterium
adolescentis, Anaerobutyricum (Eubacterium) hallii, Blautia
massiliensis, Coprococcus catus, Ruminococcaceae NA sp 34859 and
Ruminococcaceae NA sp 35056, and an increase in Blautia brookingsii
in RRMS compared to HDs (Figure 6A). Notably, Alistipes finegoldii
and Bifidobacterium adolescentis have been reported as bacteria that
can suppress intestinal inflammation (52, 53), and Coprococcus catus
and Anaerobutyricum (Eubacterium) hallii are short-chain fatty acid
(SCFA)-producing bacteria that are found reduced in IBD patients
(54-56). Next, we examined which bacteria are depleted in MS Len-
2-high patients. While Alistipes finegoldii, Alistipes shahii, and
Bifidobacterium adolescentis were depleted in both MS Len-2-low
and MS Lcn-2-high patients, we found that Anaerobutyricum
(Eubacterium) hallii, Blautia massiliensis, Clostridium hylemonae,
and Roseburia sp 32368 were depleted only in MS Len-2-high patients
(Figure 6B and Supplementary Figure 3). These data suggest that
certain types of beneficial bacteria are depleted in RRMS patients and
that the additional depletion of Anaerobutyricum (Eubacterium)
hallii, Blautia massiliensis, Clostridium hylemonae, and Roseburia sp
32368 may favor the development of intestinal inflammation in
RRMS patients.

Decrease in the relative abundance of
Blautia massiliensis was associated with
a reduction in blood SCFA levels

A recent study showed that blood SCFA levels are directly
linked to health maintenance during MS and metabolic diseases

Development of colitis in spontaneous EAE mice. (A) Swollen colon in spontaneous EAE mice. (B) H&E histopathology of swollen colon isolated
from spontaneous EAE and non-EAE mice. (C) Colitis score was evaluated by immunopathological analysis in non-EAE (n = 11) and EAE mice

(n=10) as described in materials and methods. Mean + SEM. ****P <0.0001.
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(57, 58); therefore, we examined the association between serum
SCFA levels and underlying MS-linked intestinal inflammatory
activity using Len-2 as a readout. Interestingly, we observed a
decreasing trend in serum acetate levels in MS Len-2-high patients
compared to HDs (Figure 7A). Since blood serum SCFA levels are
determined based on the initial production of SCFAs by gut
microbes and local absorption of SCFAs by the colonic
epithelium, fecal SCFA levels were also examined. Interestingly,
the level of fecal SCFAs was increased in the MS Lcn-2-high
participants (Figure 7B) as observed in metabolic diseases (59, 60).
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Since intestinal inflammation suppresses the gene expression of
SCFA transporters in the intestinal epithelium (61, 62),
underlying intestinal inflammation might be actively
suppressing SCFA absorption, thereby decreasing the blood
circulation of SCFAs. Among MS-associated bacteria, a decrease
in the relative abundance of Blautia massiliensis was most
significantly associated with a reduction in acetic acid in the
serum (Figure 8 and Supplementary Figure 4). Since Blautia
massiliensis is a highly abundant bacterium (relative abundance:
8.3 * 4.1% in HDs versus 3.7 + 3.4% in RRMS), its reduced
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abundance in MS may significantly impact the reduction in blood
SCFA levels mediated by underlying intestinal inflammation.

Discussion

In this study, we show that Lcn-2 produced by infiltrated gut
neutrophils is a fecal biomarker for EAE- and MS-associated gut
dysbiosis. Since peripheral T cells migrate into the gut under
steady conditions (63), increases in peripheral pro-inflammatory
T cells may lead to increased infiltration of cells into the gut
during CNS autoimmune disease. Accordingly, we observed the
infiltration and/or expansion of MBP-specific Th17 cells in the
large intestine during EAE development in our animal model
(Figures 1C-E). This is consistent with earlier studies showing
that MOG-specific Th17 cells can migrate into the gut during the
development of EAE (35, 36). Interestingly, the enrichment of

10.3389/fimmu.2022.1015372

Th17 cells in the gut was also reported in RRMS patients (2). The
augmented production of IL-17A coordinates neutrophil
infiltration into the gut (64), and infiltrated neutrophils can
eliminate luminal microbes that translocate the epithelium and
invade the mucosa. Indeed, we observed that neutrophils
infiltrate the large intestines of 3A6/DR2a Tg mice that
develop spontaneous EAE. In the setting of MS, similar
mechanisms may be involved in the recruitment of
neutrophils via IL-17A produced by Th17 cells.

Neutrophils mediate pathogenic microorganism removal by
phagocytosis, neutrophil extracellular trap (NET) formation,
and by the release of reactive oxygen and nitrogen species and
antimicrobial factors, such as neutrophil elastase, Len-2, and
calprotectin (65). Therefore, antimicrobial mediators produced
by infiltrated neutrophils could be involved in the induction of
gut dysbiosis. Indeed, increased levels of fecal Lcn-2, neutrophil
elastase, and calprotectin levels were associated with reduced
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Fecal calprotectin and elastase levels in HDs and RRMS patients. (A, B) Fecal calprotectin levels (A) and fecal
and HDs (n = 18) are shown. (C, D) The levels of fecal calprotectin (C) and fecal

elastase levels (B) in RRMS (n = 14)
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and MS Lcn-2-high (>50 ng/mg total protein) subjects are shown. (E, F) Spearman correlation between fecal Lcn-2 and fecal calprotectin (E) or
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intestinal microbiota diversity in RRMS patients. Among these
three mediators, fecal Len-2 levels were most significantly
associated with MS-linked gut dysbiosis (Supplementary
Figure 2). Neutrophils additionally participate in gut
inflammation by producing high levels of reactive oxygen
species (ROS), proteases, and pro-inflammatory factors (IL-8,
TNF-a, and leukotriene B4) that damage the epithelial barrier
and recruit monocytes into the gut (65). NETSs released from
neutrophils are also associated with inflammation and are
involved in permeabilizing the gut (66-68). Furthermore,
elastase released by infiltrated neutrophils has been implicated
in the pathogenesis of inflammatory bowel disease (IBD) and
reflects disease activity during ulcerative colitis (69-71).
Therefore, the coordinated gut infiltration of Th17 cells and

10.3389/fimmu.2022.1015372

neutrophils may be contributing to the pathogenesis of mucosal
inflammation in CNS autoimmune diseases.

MS has been reported to be associated with IBD (28-32, 72,
73), and the prevalence of IBD is increased in MS patients
compared to the general population (72, 73). Increased
prevalence of demyelinating diseases was also observed in IBD
patients (31). This linked association suggests a bidirectional
comorbidity between MS and IBD. Furthermore, genome-wide
association studies involving ulcerative colitis and Crohn’s
disease have identified shared risk loci between MS and IBD
(34), which suggests that common pathological mechanisms
affect both conditions. Our observation that 3A6/DR2a Tg
mice co-develop EAE and colitis is consistent with
observations made in humans (Figure 3). Furthermore, we
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previously reported that the expansion of Bacteroides vulgatus
was significantly associated with spontaneous EAE in 3A6/DR2a
Tg mice (44). B. vulgatus is a bacterium which localizes in the
large intestine and is associated with colitis (74, 75). It is possible
that the chronic infiltration of neutrophils and production of
pro-inflammatory mediators induced by B. vulgatus may trigger
colitis in 3A6/DR2a Tg mice. In addition, the expression of MBP
in enteric glial cells (76, 77) and 3A6/DR2a Tg animals’ partial
immunodeficiency stemming from allelic exclusion, which is
caused by the expression of a transgenic TCR, may promote the
development of colitogenic T cells in 3A6/DR2a Tg mice.

Since Len-2 is induced by pro-inflammatory cytokines in a
NF-kB-dependent manner, Len-2 is suited to be a biomarker of
inflammation (21). An increased concentration of Lecn-2 in MS
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patients’ plasma and cerebrospinal fluid suggests a pathological
role for Len-2 in MS (78). The expression of Len-2 in microglia
and astrocytes is increased in EAE mice, and disease severity is
reduced in Len-2 null mice compared to wild-type mice (79).
Len-2 can also promote the development of Th1 and Th17 cells
(79) and M1 microglia (80). In addition, Len-2 can suppress
remyelination (81) and induce apoptosis in neurons (82). These
data suggest that Lcn-2 could play a pathological role in MS.
However, the protective and pathological roles of Len-2 in colitis
are still controversial. Len-2 prevents intestinal inflammation
and spontaneous colitis in IL-10 null mice by enhancing
phagocytic bacterial clearance in macrophages and changing
microbial composition, suggesting a protective role in colitis (19,
83). In contrast, Len-2 deficiency can protect mice from dextran
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sodium sulfate and Salmonella Typhimurium-induced colitis,
suggesting a pathogenic role of Lcn-2 in colitis (84, 85).
Therefore, Len-2 may possess a dual function in the
pathogenesis of colitis.

We examined serum and fecal Len-2 levels in MS patients
and HDs. Although we observed an increasing trend of serum
Len-2 levels in MS patients compared to HDs (Figure 4A), fecal
rather than serum Lcn-2 levels were significantly associated with
MS (Figures 4B, C). Production of pro- and anti- inflammatory
cytokines in PBMCs was also not significantly different except
for IL-17A (Supplementary Figure 1). The decreased
inflammatory responses in peripheral blood could be
attributed to the use of disease-modifying therapies (DMT) in
most of the RRMS participants (Table 1). As fecal calprotectin,
elastase, and Lcn-2 are well-known biomarkers of intestinal
inflammation (23, 51, 86), we examined the levels of these
factors in fecal samples collected from RRMS patients and

10.3389/fimmu.2022.1015372

HDs. Fecal Len-2 levels were more significantly associated
with RRMS than fecal calprotectin and elastase levels
(Figures 4B, C, 5A-D). A subset of RRMS patients recorded a
higher fecal Len-2 concentration ranging between 2.6-6.7 pg/gm
(Figure 4C). This range of Lcn-2 levels indicates a mild activity
of intestinal inflammation according to previous studies (22, 24).
Since fecal Len-2 is a sensitive biomarker for intestinal
inflammation compared to other biomarkers (24), MS-
associated intestinal inflammation and gut dysbiosis can be
detected by the fecal Len-2 assay. Taxonomy analysis showed
that the increase in fecal Len-2 levels was associated with a
decrease in alpha diversity among intestinal microbiota
(Figures 4E-G). Reduced alpha diversity has previously been
observed in autoimmune diseases, including MS and IBD (87,
88), and has also been associated with low-grade inflammation
(89). Therefore, measuring fecal Len-2 levels could be helpful in
monitoring MS-related gut dysbiosis and intestinal
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inflammation. Microbial abundance analysis also showed that
Alistipes finegoldii, Alistipes shahii, and Bifidobacterium
adolescentis were depleted in both Lcn-2-low and Len-2-high
MS patients, whereas Anaerobutyricum (Eubacterium) hallii,
Blautia massiliensis, Clostridium hylemonae, and Roseburia sp
32368 were depleted only in MS Lcn-2-high patients (Figure 6B
and Supplementary Figure 3). These data suggest that
Anaerobutyricum (Eubacterium) hallii, Blautia massiliensis,
Clostridium hylemonae, and Roseburia sp 32368 may play a
pivotal role in MS-associated intestinal inflammation.

Recent studies have proposed that blood SCFA levels are
more directly linked to health maintenance than fecal SCFA
levels (57). A decrease in SCFA levels is also associated with an
increase in pathogenic immune cells in MS patients (58).
Therefore, we examined the effect of gut dysbiosis-mediated
intestinal inflammation (fecal Len2 levels) on SCFA levels in the
blood and feces. Since intestinal inflammation suppresses the
expression of SCFA-transporter expressed on the intestinal
epithelium (61, 62), intestinal inflammation could suppress the
absorption of SCFA and decrease SCFA levels in the blood. We
observed a decreasing trend in acetate and butyrate in the blood,
while an increasing trend in acetate, butyrate, and propionate in
the fecal samples of Len-2 high MS patients (Figures 7A, B).
Since more than 95% of SCFA produced by intestinal microbiota
are absorbed in the gut, the decrease in SCFA absorption by
dysbiosis-mediated intestinal inflammation may lead to an
increase in SCFA levels in fecal samples. Indeed, recent studies
have also shown that increased fecal SCFA levels are associated
with gut dysbiosis in metabolic diseases (59, 60). It is worth
pointing out that previous studies showed lower fecal SCFA
levels in fecal samples collected from MS patients compared to
HDs (3, 90). The contrast with our study could be due to
differences in dietary habits and genetic background that may
affect the growth of SCFA-producing bacteria and expression of
the SCFA transporter. A recent study also indicated that fecal
and blood SCFA levels in MS patients vary by the disease
modifying therapies used (91). Therefore, several factors could
contribute to the variations in levels of SCFA in the feces and
blood among different studies. We also examined intestinal
bacteria that are associated with a decrease in serum SCFA
levels and found that depletion of Blautia massiliensis was
significantly associated with a reduction in serum levels of
acetic acid, butyric acid and propionic acid (Figure 8 and
Supplementary Figure 4). Blautia massiliensis is the third most
abundant intestinal bacteria in the participants. Since Blautia
massiliensis is a newly identified strain (92) and its role in human
health is not well understood, further studies are required to
explore the involvement of Blautia massiliensis in MS-mediated
intestinal inflammation/gut dysbiosis and disease activation.

In summary, we demonstrated in a humanized spontaneous
EAE model of MS that CNS and gut inflammation can coexist
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and that they are mechanistically associated with gut-infiltration
of pathogenic T cells and recruitment of Len-2* neutrophils. The
observations we describe in MS patients support the findings in
EAE and indicate that fecal Lcn-2 is a sensitive biological marker
for gut dysbiosis in MS. It is often difficult to characterize gut
dysbiosis and identify the specific bacteria linked to MS due to a
heterogenous microbiome caused by genetic factors, dietary
habits, and/or environmental exposures. Therefore, analysis of
fecal Len-2 levels together with taxonomic evaluation could be a
useful method to examine intestinal microbial homeostasis in
MS. In the future, it is important to explore the association
between fecal Len-2 levels and clinical parameters including MS
relapse rate and disease progression in a larger sample size
prospective study.
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Granzyme B in circulating CD8+
T cells as a biomarker of
immunotherapy effectiveness
and disability in neuromyelitis
optica spectrum disorders
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Mu Yang®* and Hongyu Zhou™

‘Department of Neurology, West China Hospital, Sichuan University, Chengdu, China, 2Centre for
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Medicine, University of Electronic Science and Technology of China, Chengdu, China

Background and objective: Neuromyelitis optica spectrum disorders (NMOSD)
are chronical inflammatory demyelinating diseases of the central nervous
system (CNS) and the underlying mechanism remains unclear. Several recent
studies have demonstrated that T cells play a pivotal role in the pathogenesis of
NMOSD.In this study, we investigated CD8+ T cell phenotypes and levels of the
cytotoxic protein granzyme B (GzmB), as well as their potential clinical
application in NMOSD.

Methods: In this study, 90 peripheral blood samples were collected from 59
NMOSD patients with seropositive anti-aquaporin-4 (AQP4) antibodies and 31
sex- and age-matched healthy donors (HDs). Flow cytometry was used to
detect circulating levels of GzmB and CD8+ T cell subpopulations, including
naive (T, CCD7+CD45RA+), central memory (Tcu, CCD7+CD45RA-), effector
memory (Tgm, CCD7-CD45RA-), terminal differentiation effector memory cells
(Temra, CCD7-CD45RA+) in both groups. The associations between GzmB
levels in CD8+T cells and clinical characteristics of NMOSD were evaluated.

Results: NMOSD patients exhibited significantly decreased proportions of CD8
+Tyn cells and increased proportions of highly differentiated CD8+4T cells
(Temra) compared with HDs. In addition, levels of GzmB in CD8+ T cells were
markedly higher in NMOSD patients than in HDs. Moreover, we observed that
high proportions of GzmB-expressing CD8+ T cells were more common in
patients with a poor response to immunotherapies, and showed a good
potential to distinguish poor responders from responders (ACU=0.89).
Clinical correlation analysis indicated that high levels of GzmB in CD8+ T
cells were not only related to severe disability but also significantly associated
with increased serum levels of neurofilament light (NFL) and glial fibrillary acidic
protein (GFAP). Multivariate linear regression analyses further suggested that
GzmB expression in CD8+ T cells was predominantly associated with disability

frontiersin.org
54


https://www.frontiersin.org/articles/10.3389/fimmu.2022.1027158/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1027158/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1027158/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1027158/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1027158/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.1027158&domain=pdf&date_stamp=2022-11-09
mailto:zhouhy@scu.edu.cn
mailto:mu.yang@uestc.edu
https://doi.org/10.3389/fimmu.2022.1027158
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.1027158
https://www.frontiersin.org/journals/immunology

Shi et al.

10.3389/fimmu.2022.1027158

and immunotherapy effectiveness in NMOSD, independent of the sex, age, and
disease phase. Transcription factor T-bet in CD8+ T cells were also significantly
elevated in NMOSD and were associated with increasing number of circulating
CD8+Tgmra cells and GzmB-expressing CD8+T cells.

Conclusions: Our study support the involvement of GzmB-expressing CD8+ T
cells in the inflammatory response in patients with NMOSD and provide a
potential biomarker for disease immunotherapy effectiveness and disability

progression.

KEYWORDS

neuromyelitis optica spectrum disorders, NMOSD, granzyme B, GzmB, CD8, T

cells, biomarker

Introduction

Neuromyelitis optica spectrum disorders (NMOSDs) are
inflammatory demyelinating diseases of the central nervous
system (CNS) characterized by acute optic neuritis and
transverse myelitis (1). Most cases are caused by serum
pathogenic anti-aquaporin-4 (AQP4) antibodies that attack
astrocytes of the optic nerve and spinal cord. Recurrence and
disability rates are high in NMOSD patients, 90% of whom
relapse within 3 years, and more than half of patients develop
irreversible visual and/or motor disability within 5 years without
treatment (2, 3). Numerous studies have shown that
conventional immunosuppressants and immunomodulators
can reduce the annual relapse rate and risk of disability in
NMOSD patients; however, more than one third of patients
still experience recurrent attacks and disability progression after
immunotherapy (4, 5). Notably, three emerging therapies
(eculizumab, satralizumab, and inebilizumab) have been
demonstrated to be beneficial in preventing relapse of
NMOSD in randomized controlled trials (6). Nevertheless,
there is considerable heterogeneity in the response of different
individuals to different therapies and a lack of biomarkers for
predicting the efficacy of NMOSD drugs. Thus, there is an urgent
need to explore the mechanisms underlying the NMOSD and
identify new therapeutic targets and biomarkers for predicting
disease progression.

T cells play a crucial role in the pathogenesis of NMOSD.
Serum autoantibodies against the water channel protein
aquaporin-4 (AQP4) are T-cell-dependent antibodies in most
NMOSD patients. Autoreactive T cells have been observed in
the peripheral blood and within the inflammatory CNS lesions (7-
9). Furthermore, animal models have suggested that autoreactive
T cells are sufficient to induce NMO-like lesions in the absence of
anti-AQP4 antibodies (10), indicating that autoreactive T cells
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play a pivotal role in NMOSD pathogenesis. Thus, understanding
the role of T cells and related cytokines in NMOSD may aid in
identifying potential treatment targets and novel biomarkers for
predicting disease progression. Previous studies of T cells in
NMOSD have mainly focused on CD4+ T cells, while the key
role of CD8+ T cells has been largely overlooked. Increasing
evidence suggests that cytotoxic CD8+ T cells play an important
role in CNS autoimmune diseases including multiple sclerosis
(MS), Susac syndrome, and NMOSD (11-13).

In addition to secreting pro-inflammatory cytokines that
promote CNS inflammation, cytotoxic CD8+ T cells can also
induce target cell death by releasing serine protease granzyme B
(GzmB). Previous studies have indicated that cytotoxic CD8+ T
cell infiltration in the brain lesions of MS patients mediates
axonal injury and neuronal death, and that inhibition of this
damage induces neuroprotection in vitro and in vivo (14, 15).
Similarly, researchers have observed that suppression of GzmB
expression can effectively reduce inflammatory lesions and
disease severity in patients with autoimmune skin diseases (16,
17). These findings support the notion that cytotoxic CD8+T
cells expressing GzmB promote autoimmune and neurological
processes, highlighting their potential as a therapeutic target and
biomarker of disease progression. However, the regulatory
mechanisms underlying phenotypic differentiation and
functional expression of CD8+ T cells remain unclear.

T-bet is a key transcription factor that regulates CD8+ T-cell
activation and differentiation (18). In chronic infection, T-bet
promotes CD8+ T cell transfer from central memory (Tcy) to
effector memory (Tgy) and terminally differentiated effector
memory (Tgyra) cells and sustains virus-specific CD8+ T cell
responses, including increases in the expression of cell lysis-
related protein (GzmB) and the pro-inflammatory cytokines
interferon y (IFNY) and tumor necrosis factor o. (TNFo) (19, 20).
Although the regulation of CD8+ T phenotypic differentiation
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and functional expression by T-bet has been studied in the field
of viral infection and cancers, knowledge of its regulatory role in
NMOSD remains unknown (21, 22).

Previously, we observed increasing proportions of activated
CD8+ T cells in the peripheral blood of NMOSD patients, along
with elevated levels of INFy and TNFo, indicating that CD8+ T
cells may be involved in the peripheral inflammation associated
with NMOSD (13). In this study, we further investigated the
potential clinical value of CD8+ T cell phenotypes and levels of
GzmB in NMOSD patients. Our findings indicated that the
proportions of CD8+ Tgpyra cells in the peripheral blood were
significantly increased in NMOSD patients who also exhibited
high levels of the cytotoxic protein GzmB. Notably, these
increased proportions of GzmB+CD8+ T cells were
significantly associated with Expanded Disability Status Scale
(EDSS) scores, serum neurofilament light (NFL), serum glial
fibrillary acidic protein (GFAP) levels, as well as immunotherapy
efficacy in NMOSD patients. In conclusion, our findings suggest
GzmB+CD8+ T cells as a potential biomarker treatment
effectiveness and disability in NMOSD patients.

Materials and methods
Participants

This study was approved by the Medical Ethics Committee
of the West China Hospital, Sichuan University and all
participants given informed consent prior to their inclusion in
this study. Patients diagnosed with NMOSD were recruited from
the West China Hospital of Sichuan University between January
2021 and December 2021 (n=59). All patients met the 2015
diagnostic criteria and were seropositive for anti-AQP4

TABLE 1 Demographic and clinical characteristics of participants.

10.3389/fimmu.2022.1027158

antibodies (EUROIMMUN AG, Luebeck, Germany) (23). Sex-
and age-matched healthy donors (HDs) were also enrolled
(n=31). EDSS scores were used to assess disability status in
each patient with NMOSD (24). The acute phase was defined as
within 2 months of onset, while the remission phase was defined
as greater than 2 months after attack. Detailed clinical
characteristics are summarized in Table 1, including age, sex,
disease phases, EDSS scores, and treatments. NMOSD patients
were divided into a response group and a poor response group
according to their response to immunosuppressive or
immunomodulatory therapies (IMT) during remission
(treatments lasting for at least 12 months). A response to IMT
was defined as relapse free or only 1 mild relapse during
treatment, while a poor response to IMT was defined as > 2
relapses or 1 severe relapse (25).

Flow cytometry

Peripheral blood samples from patients with NMOSD and
HDs were prepared as single-cell suspensions and stained for
flow cytometry, as previously described (13). Single-cell
suspensions were stained with the selected antibodies for
30 min after incubation with Human TruStain FcX'™
(BioLegend) at 4°C. Anti-human CD3-APC (OKT3), CD8a-
PerCP (RPA-T8), CD45RA-PE (HI100), and CCR7-APC/
Cyanine7 (G043H7) (BioLegend) were used to label the
surface markers of the CD8+ T cells. Granzyme B-FITC
(QA16A02) and Tbet-PE/Cyanine7 (4B10) (BioLegend) were
used for intracellular staining after fixation and permeabilization
with the Foxp3/Transcription factor staining buffer (Invitrogen).
Samples were acquired using an FACS Canto II flow cytometer
(BD Biosciences), and the original data analysis was performed

HD (n=31) NMOSD (n=59) P values

Gender, Female (%) 26 (84%) 52 (90%) 0.745
Age, mean + SD, years 42.6 +13.29 45.87 + 14.53 0.250
EDSS scores, median (range) 4 (0-8.5)
Disease phases, n

Relapse (<2 months) 27

Remission (>2months) 32
Treatments, n

Untreated 12

Steroids 8

IMT (AZA/MMF/RTX)* 39 (4/27/8)

Responders 14
(AZA/MMF/RTX) (2/11/1)

Poor responders 12
(AZA/MMF/RTX) (0/715)

HD, healthy donors; NMOSD, neuromyelitis optica spectrum disorders; EDSS, Expanded Disability Status Scale; IMT, immunosuppressive or immunomodulatory therapies; AZA,
azacytidine, 2mg/kg per day; MMF, mycophenolate mofetil, 20mg/kg per day; RTX, rituximab, 500-1000mg per 6 months. aExclude 8 NMOSD patients with treatment less than 1 year, and

5 NMOSD patients with irregular treatment.
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using FlowJo v10 (BD Biosciences).

Neurofilament light (NFL) and
GFAP detection

Serum samples were centrifuged at 2,000 g for 10 min at
room temperature and stored at -80°C for later use. Serum levels
of NFL and GFAP were measured in patients with NMOSD
(n=18) using a commercial Simoa Human Neurology 2-Plex B
assay (N2PB) kit in accordance with the manufacturer’s protocol
(serum 1:4 dilution) (26).

Statistical analysis

Statistical analyses were performed using GraphPad Prism
V8.0 (GraphPad Software, San Diego, California, USA) and/or
SPSS software V25.0 (IBM Corp., Armonk, NY, USA). Continuous
variables are described as mean with standard deviation (SD) and/
or median with range. Categorical variables are presented as
numbers and percentages. The Mann-Whitney U-test was used
to compare continuous variables between two groups, while the
Kruskal-Wallis test with Dunn’s test for multiple comparisons was
used for comparisons among three or more groups. The chi-square
test was used to compare categorical variables between groups.
Comparisons of CD8+ T cell subpopulations and cytotoxic
function between the groups were adjusted for age and sex using
linear regression models. Receiver operating characteristic (ROC)
curves were performed to evaluate the accuracy of the GzmB-
expressing CD8+T cell subsets in distinguishing immunotherapies
responders from poor responders. Spearman correlation analysis
was used to evaluate the correlation of GzmB levels in CD8+ T cell
subsets with EDSS score, serum NFL, and GFAP. Multivariate
linear regression analysis was used to estimate the correlation
between levels of GzmB in CD8+ T cell subsets and clinical
characteristics, including sex, age, EDSS scores, disease phase,
and treatments. The level of statistical significance was defined as
a two-tailed p value < 0.05.

Results

Demographic and clinical characteristics
of participants

The demographic and clinical characteristics of the
participants are summarized in Table 1. A total of 90
peripheral blood samples were collected from 59 patients with
NMOSD and 31 HDs. There were no significant differences in
sex or age between the NMOSD and HD groups. During sample
collection, 12 patients with NMOSD were admitted without any
immunotherapy, eight patients were treated with glucocorticoids
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(GC), and 39 patients were treated with IMT (azacytidine
[AZA], n=4; mycophenolate mofetil [MMF], n=27; and
rituximab [RTX], n=8). Among the patients who received
IMT, 26 received treatment for more than 1 year. These
patients were further divided into responder (n=14) and poor
responder (n=12) according to their response to IMT.

Circulating CD8+T cells exhibit high
differentiation and increased GzmB
expression in patients with NMOSD

We compared the memory and/or effector characteristics of
peripheral CD8+ T cells in the NMOSD and HD groups based on
the expression of CCR7,CD45RA, and GzmB (27) (Figure 1).
Based on the gating strategy of flow cytometry, CD8+ T cells were
divided into four subgroups: naive (Ty, CCR7+CD45RA+),
central memory (Tcy, CCR7+CD45RA-), effector memory
(Tgm>, CCR7-CD45RA-), and terminally differentiated effector
memory (Tgymra, CCR7-CD45RA+) cells (Figure 1A). Our
results revealed that patients with NMOSD had significantly
lower proportions of CD8+ Ty cells than HDs (median, 24.9%
vs. 36.5%, P=0.0185) (Figure 1C). In contrast, the highly
differentiated CD8+ T cell subpopulation (CD8+ Tgyra) was
more strongly expressed in patients with NMOSD than in HDs
(median: 56.9% vs. 42.3%, P=0.0019) (Figure 1D). However, the
subpopulations of Tcy and Tgy were comparable between
patients with NMOSD and HDs (Figures 1B, E). These findings
indicate that highly differentiated CD8+ T cells are more common
in the blood of patients with NMOSD than in that of HDs.

To explore the cytotoxic function of CD8+ T cells in each
group, we further investigated the expression of the cytolytic
protein GzmB in CD8+T cells and their effector subsets (Tgy
and Tgyra) (Figure 1F). Compared with HDs, patients with
NMOSD exhibited significantly increased proportions of GzmB
+CD8+ T cells (50.2% vs. 27.1%, P<0.0001) and GzmB+CD8+
Temra cells (64% vs. 49.4%, P=0.0062) (Figures 1G, I).
Nevertheless, levels of GzmB+CD8+ Tgy cells did not
significantly differ between the NMOSD and HD groups
(Figure 1H). Our data further demonstrated that CD8+ T cells
in the blood of patients with NMOSD are not only highly
differentiated but also express a large amount of GzmB,
suggesting that CD8+ T cells are involved in the peripheral
inflammation associated with NMOSD.

GzmB-expressing CD8+ T cells as
potential biomarkers for predicting the
effectiveness of immunotherapies in
patients with NMOSD

To assess the effect of immunotherapies on levels of GzmB
expression in CD8+ T cells, we divided patients with NMOSD
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FIGURE 1

Circulating CD8+ T cell subpopulations and GzmB expression in patients with NMOSD and HD. Peripheral blood was collected from healthy
donors (HD) (n=31) and patients with neuromyelitis optica spectrum disorder (NMOSD) (n=59). (A) The flow cytometric gating strategy for CD8+
T cell subpopulations. Central memory (Tcn, CCD7+CD45RA-), naive (T, CCD7+CD45RA+), effector memory (Tgm, CCD7-CD45RA-), and
terminal differentiation effector memory T cells (Tgmra, CCD7-CD45RA+). (B—E) Comparison of CD8+ T cell subsets between HD and NMOSD.
(F—1) Proportions of GzmB-expressing CD8+ T, CD8+ Tgm, and CD8+ Tgmra cells were further measured by flow cytometry. ****P<0.0001,

**P < 0.01, *P < 0.05 and ns (not significant) by Mann—Whitney U-test

into untreated patients (n=12), responders to immunotherapies
(n=14), and poor responders to immunotherapies (n=12). The
proportions of GzmB+CD8+ T cells in untreated patients and
poor responders were comparable, and both were significantly
higher than those in responders (P=0.0033 and P=0.0002,
respectively) (Figure 2A). Similarly, proportions of GzmB
+CD8+ Tgmra cells were also significantly higher in poor
responders than in responders, but not those in untreated
patients (Figure 2C). No significant differences in the
proportions of GzmB+CD8+ Tgy; cells were observed among
the three groups (Figure 2B). In addition, we further compared
the proportions of circulating GzmB-expressing CD8+T cells
between responders to MMF (n=11) and poor responders to
MMEF (n=7), and showed that proportions of GzmB+ CD8+T
cells were significantly higher in poor responders (P=0.034)
(Supplementary Figure 1A). GzmB+CD8+Tgy and GzmB
+CD8+Tgymra showed the similar trends, although there was
no statistically significant difference (Supplementary
Figures 1B, C).
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Given that GzmB levels in CD8+ T cells significantly differed
between patients with good and poor responses to
immunotherapies, we next performed a receiver operating
characteristic (ROC) curve analysis to assess the percentage of
GzmB+CD8+ T cells as a potential biomarker for differentiating
the response to immunotherapies. As expected, the percentage of
GzmB+CD8+ T cells exhibited good diagnostic potential in
distinguishing poor responders from responders (area under
the curve [AUC]=0.89, P=0.001), whereas GZMB+CD8+ Tgpyra
had a relatively lower AUC of 0.86 (P=0.002) (Figure 2D).
Subsequently, ROC curve analysis further indicated that the
cut-off values for %GzmB+CD8+ T cells and %GZMB+CD8+
Temra cells were 49.65% and 71.55%, respectively, and that 75%
of the patients above the cut-off value exhibited poor responses
to immunotherapies (Figure 2E). Our data suggest that high
levels of GzmB in CD8+ T cells are associated with a poor
response to immunotherapies in patients with NMOSD,
highlighting their potential as a biomarker for predicting the
effectiveness of immunotherapies.
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FIGURE 2

Increasing proportions of GzmB-expressing CD8+ T cells in poor responders with NMOSD. (A-C) Patients with neuromyelitis optica spectrum
disorder (NMOSD) were divided into three groups according to the response to immunotherapies, including untreated (NT) patients (n=12),
responders (n=14), and poor responders (n=12). Poor responders exhibited a significant increase in GzmB+CD8+ T% (A) and GzmB+CD8+
Temra% (C), but not in GzmB+CD8+ Tem% (B). (D) Receiver operating characteristic (ROC) curve for evaluating the diagnostic sensitivity and
specificity of GzmB-expressing CD8+ T cells in responders and poor responders. Diagnostic accuracy was assessed based on the area under
the curve (AUC). (E) Percentages of patients with levels of GzmB-expressing CD8+ T cells over the cut-off value in responders and poor
responders. GzmB: granzyme B **P<0.01, ***P<0.001, and ns (not significant) by Kruskal-Wallis test with Dunn’s multiple comparisons test.

High proportions of GzmB-expressing
CD8+ T cells are associated with
disability in patients with NMOSD

Because GzmB levels in peripheral CD8+ T cells were
significantly increased in patients with NMOSD, we explored
whether high levels of GzmB play an active role in the disease
process. First, we examined the relationship between disability
(EDSS scores) and the proportions of GzmB+CD8+ T cell
subsets in the NMOSD group (n=59). Spearman correlation
analysis indicated that EDSS scores were moderately correlated
with the proportions of GzmB+CD8+ T cells in patients with
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NMOSD (r=0.476, P<0.001)(Figure 3A), and similar
relationships were also observed in GzmB+CD8+ Tgy and
GzmB+CD8+ Tgymra subpopulations (Figures 3B, C).
Subsequently, we further explored the correlation between
GzmB expressions of CD8+T cells and disability under
different treatment conditions (Figure 3D-F). As results, we
found a significant association between proportions of GzmB
+CD8+ T cells and EDSS scores mainly in the poor-response
group (r=0.682, P=0.013), and the same trend was observed in
untreated patients, although the difference did not reach
statistical significance (r=0.600, P=0.055) (Figure 3D).
However, we did not find this association in response group,
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correlation analysis). GzmB: granzyme (B) ns (not significant) by Mann—Whitney U-test. * indicates statistical significance (P<0.05).

suggesting that effective immunotherapy may inhibit GzmB
expression in CD8+T cells, thereby eliminating the correlation
between GzmB levels and disability in NMOSD.

Next, we evaluated the association between the clinical
characteristics of NMOSD and GzmB expression in circulating
CD8+ T cells and their effector subsets (Tgy and Tryra) using
multivariate linear regression models. In the NMOSD cohort,
the proportion of GzmB+CD8+ T cells was independently
associated with EDSS scores (f=4.47, P=0.005) and treatments
(B=-10.01, P=0.010) (Table 2). However, no significant
correlations were observed between GzmB+CD8+ T cells and
sex, age, or disease stage. In the analysis of GzmB expression
levels in effector subsets of CD8+ T cells, we found that the

proportion of Gzmb+CD8+ Tgyra cells exhibited a trend of
positive correlation with EDSS scores ($=3.23, P=0.056)
(Table 2). These results indicate that levels of GzmB
expression in CD8+ T cells are not only closely related to
disability but are also influenced by immunotherapie.
Increased serum NFL and GFAP concentrations are
correlated with CNS damage and have been regarded as
biomarkers of disease activity and disability in patients with
NMOSD (26). Therefore, serum samples and PBMC were
simultaneously collected from 18 patients with NMOSD to
evaluate the relationship between GzmB expression in CD8+ T
cells and serum levels of NFL and GFAP. The mean
concentrations and standard deviation (SD) of serum NFL and

TABLE 2 Associations between GzmB levels in CD8+ T subpopulations and clinical characteristics of NMOSD patients.

GzmB+CD8+T GzmB+CD8+Tgym GzmB+CD8+Tgyra
B 95% CI P values B 95% CI P values f 95% CI P values

Sex

Male Reference

Female -8.21 -22.38,5.96 0.246 0.10 -16.70,16.90 0.991 -7.74 -23.34,7.85 0.319

Age, years 0.18 -0.30,0.66 0.443 -0.07 -0.64,0.50 0.812 0.18 -0.35,0.71 0.486
Disease phases

Remission Reference

Relapse -5.88 -18.62,6.85 0.354 2,72 -12.37,17.82 0.716 -3.67  -17.68,10.34 0.597

EDSS scores 4.47 1.46,7.48 0.005 225 -0.1.32,5.81 0.209 3.23 -0.08, 6.54 0.056

Treatments -10.01  -17.40,-2.62 0.010 -5.14 -13.90,3.62 0.240 -0.83 -8.96,7.30 0.836

1=Untreated, 2=Poor responders, 3=Responders

NMOSD, neuromyelitis optica spectrum disorders; EDSS, Expanded Disability Status Scale. The F values and P-values of multivariate linear regression models for GzmB+CD8+T (F=7.26,
P<0.001), GzmB+CD8+TEM (F=1.183, P=0.340), and GzmB+CD8+TEMRA (F=2.111, P=0.091). The bold indicates statistical significance (P<0.05).
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GFAP were 16.6 + 14.87 pg/mL and 97.78 + 31.83 pg/mL,
respectively. Correlation analyses revealed that serum NFL levels
were positively associated with %GzmB+CD8+ T cells (r=0.515,
P=0.029) (Figure 4A), but not with %GzmB+CD8+ Ty, cells or
%GzmB+CD8+ Tgymra cells (Figures 4B, C). Moreover, serum
GFAP levels were positively correlated not only with %GzmB
+CD8+ T cells (r=0.505, P=0.033), but also with %GzmB+CD8+
Temra cells (r=0.523, P=0.026), although there was no
significant correlation with %GzmB+CD8+ Tgy cells
(Figures 4D-F). These findings further support our hypothesis
that high GzmB expression in CD8+ T cells is closely related to
disease progression and may be used as a peripheral biomarker
of CNS injury in NMOSD.

Up-regulation of T-bet is associated with
increased levels of GzmB in circulating
CD8+ T cells

Transcription factor T-bet plays an important role in the
activation and functional expression of CD8+ T cells. In this
study, we investigated whether high GzmB expression in CD8+
T cells is associated with the un-regulation of the transcription
factor T-bet in patients with NMOSD. Flow cytometry analysis
was performed to detect the expression of T-bet in CD8+ T cells
in patients with NMOSD and HDs (Figure 5A). Compared with
HDs, patients with NMOSD exhibited a significant increase in
the percentage of T-bet+CD8+ T cells (24.8% vs. 41.25%,

>
®
g

100 r=0.515,P=0.029

®
o

80 o .
60

40

N » (-3
o o o
L ]
L]
‘ L ]
L ]
GZmB+CD8+Teyra%

GzmB+CD8+T%
L]
*
(]
L]
GzmB+CD8+Tey%

r=0.366,P=0.135

10.3389/fimmu.2022.1027158

P=0.015) (Figure 5B). Furthermore, patients who responded to
immunotherapies exhibited significantly lower percentages of T-
bet+CD8+ T cells than poor responders (29.12% vs. 56.85%,
P=0.005), while no significant difference was observed between
untreated patients and poor responders (Figure 5C). Further
correlation analysis revealed that T-bet+CD8+ T cell were
significantly related to highly differentiated CD8+T cell
subpopulations (Tgmra) (r=0.744, P<0.0001) (Figure 5D) and
GzmB+CD8+ T cells (r=0.765, P<0.0001) (Figure 5E).

These findings suggest that levels of T-bet+CD8+ T cells are
increased in the peripheral blood in patients with NMOSD and
are associated with hyper differentiation and enhanced cytotoxic
function of CD8+ T cells. Thus, inhibiting CD8+ T cell
activation and cytotoxicity may reduce peripheral
inflammatory responses in patients with NMOSD.

Discussion

It is widely accepted that autoreactive T cells are activated in
the periphery and migrate to the CNS through the blood-brain
barrier (BBB) to participate in CNS inflammatory demyelination
(28). Although previous studies on CNS autoimmune diseases
have mainly focused on CD4+ T cells, histopathological findings
from autopsy and biopsy studies suggest that CD8+ T cells are
the predominant immune cells infiltrating CNS lesions and
exhibit tissue-resident memory and cytotoxicity (29, 30). Our
previous study found that circulating CD8+ T cells were
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abnormally activated in patients with NMOSD and expressed
high levels of the pro-inflammatory cytokines IFNy and TNFo,
which may be involved in peripheral inflammatory responses
and promote disease progression (13). In the current study, we
further demonstrated that CD8+ T cells in the peripheral blood
of patients with NMOSD exhibited a highly differentiated
phenotype (Tgmra) and expressed considerable levels of the
cytolytic protein GzmB. Furthermore, the increasing numbers of
GzmB-expressing CD8+ T cells were associated with a poor
response to immunotherapies and severe disability in the
NMOSD group. Levels of the transcription factor T-bet in
circulating CD8+ T cells were also significantly elevated in
patients with NMOSD and contributed to increasing of
terminal differentiation of CD8+ T cells and high expression
of GzmB. Our data provide insight into a novel biomarker for
predicting the effectiveness of immunotherapies and disability in
patients with NMOSD, as well as a potential target
for treatments.

Although T cells are considered to be involved in the
pathogenesis and development of NMOSD, the key role of
CD8+ T cell phenotypes and function in disease progression
remains poorly understood. In this study, we observed
significantly elevated proportions of CD8+ Tgyra cells and

10.3389/fimmu.2022.1027158

significantly enhanced expression of the neurotoxic mediator
GzmB in the peripheral blood of patients with NMOSD.
Increasing evidence suggests that cytotoxic CD8+ T cells are
involved in the development of multiple autoimmune diseases.
Blanco et al. reported a significant increase in CD8+ Tgpra cells
expressing high levels of GzmB in the peripheral blood of
patients with systemic lupus erythematosus (SLE), which was
significantly associated with the clinical activity of the disease
(31). In addition, abnormal amplification of cytotoxic CD8+ T
cells has been observed in the peripheral blood and brain lesions
of patients with Susac syndrome, in whom secreted GzmB
adhered to CNS microvessels in different lesion regions,
resulting in vascular endothelial cell injury, BBB disruption,
and microbleeding (12). Intervention with GzmB significantly
improved disease progression in the mouse model of Susac
syndrome. Furthermore, Fransen et al. found that increased
clustering of CD8+ T cells in the perivascular space correlated
with inflammatory lesion activity and demyelinated lesion load
in patients with chronic progressive MS (29). These studies
imply that activated CD8+ T cells in the peripheral blood may
enter the CNS by disrupting the BBB and participating in
neuroinflammatory responses and lesion activity. Additionally,
evidence from EAE models demonstrates that treatment with a
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of CD8+ Tgmpa cells (D) or GzmB+CD8+ T cells (E) in patients with NMOSD. GzmB, granzyme B; NMOSD, neuromyelitis optica spectrum

disorder. *P<0.05, **P<0.01, and ns (not significant).
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GzmB inhibitor (Serpina3n) can effectively reduce cytotoxic
CD8+T cell-mediated axonal and neuronal damage in the
CNS, as well as T-cell-mediated neuropathic pain (15). These
findings strongly suggest that cytotoxic CD8+ T cells promote
inflammatory responses and disease progression in a variety of
autoimmune and neurological diseases by secreting GzmbB,
making GzmB a potential therapeutic target for these diseases
and NMOSD.

In addition to GzmB-expressing CD8+T cells, the role of
Gzmb-producing B cells has also been widely noticed in
autoimmune diseases. GzmB-producing B cells are considered
a type of regulatory B cells that have been found to be involved in
the pathogenesis of multiple autoimmune diseases. Serval
studies have revealed that GzmB-producing regulatory B cells
are decreased in peripheral blood of systemic lupus
erythematosus (SLE), lupus nephritis, and rheumatoid arthritis
(RA), which are closely associated with poor prognosis of these
diseases (32-34). On the other hand, a recent study found that
circulating Gzmb+CD8+T cells and Gzmb+CD19+ B cells were
significantly increased in MS patients during fingolimod and
natalizumab treatments (35), suggesting that B cells may exhibit
cytotoxic behavior similar to CD8" T lymphocytes in MS
patients under different treatments. These results imply that
circulating GzmB-expressing B cells and GzmB-expressing CD8
+T cells seem to play different or even opposite roles in the
pathogenesis of autoimmune diseases, but whether they interact
and how the mechanism is still unknown in NMOSD. We
believe that further study of circulating GzmB-releasing from
CD8+T cells and B cells in NMOSD is warranted and
interesting, which will help us to have a deeper understanding
of the mechanism of T cell-B cell interaction in this disease.

Immunotherapies, including AZA, MMF, and RTX, are
currently the most used agents for preventing relapse and
disability in patients with NMOSD. However, studies have
shown that more than 30% of patients still experience frequent
relapse and disability progression under the first-line
immunotherapies, and there are no biomarkers that can reflect
the effectiveness of immunotherapies (4, 5). In this study, we
discovered that a high proportion of GzmB-expressing CD8+ T
cells was significantly associated with a poor response to
immunotherapies and showed good potential for predicting
the efficacy of immunotherapies (AUC=0.89). Moreover, our
study provides a cut-off value of %GzmB+CD8+ T cells for
distinguishing patients who are sensitive to immunotherapies.
Based on this cutoff value, 75% of poor responders and only 8%
of responders were classified as having high GzmB status. Our
study not only confirms that GzmB+CD8+ T cells are involved
in NMOSD, but also provides insight into a novel biomarker for
predicting the efficacy of first-line immunotherapies,
highlighting the need for validation in longitudinal cohort
studies. In the future study, it remains necessary to evaluate
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the role of GzmB-expressing CD8+ T cells in monitoring
response to different immunotherapies in NMOSD.

Additionally, our correlation analysis indicated that elevated
levels of GzmB in CD8+ T cells were markedly associated with
severe disability in patients with NMOSD, independent of sex,
age, or disease phase. The significant association between GzmB
levels in CD8+ T cells and EDSS scores suggests that GzmB
levels in CD8+ T cells are potential biomarkers of disability in
NMOSD. Serum levels of NFL and GFAP are widely considered
biomarkers of neuroaxonal damage and astrocyte injury,
respectively, both of which can reflect disease activity and
disability in NMOSD (26). Notably, our study revealed that
GzmB levels in CD8+ T cells were positively correlated with
serum concentrations of NFL and GFAP, indicating that GzmB
expression on peripheral CD8+ T cells may reflect CNS injury in
patients with NMOSD. These results support our hypothesis
that cytotoxic CD8+ T cells mediate CNS injury by secreting the
neurotoxic mediator GzmB and are involved in peripheral and
central inflammatory responses in patients with NMOSD.

The differentiation and functional expression of CD8+ T
cells are affected by the transcription factor T-bet in the context
of chronic infectious disease. Therefore, we further investigated
the relationship between T-bet and peripheral CD8+ Tgpra and
GzmB+CD8+ T cells in the NMOSD group. Our data revealed
that the proportion of T-bet+CD8+ T cells in the peripheral
blood was significantly higher in patients with NMOSD than in
HDs, whereas it was significantly decreased in patients with a
good response to immunotherapies. These findings indicate that
levels of T-bet are elevated in the peripheral blood of patients
with NMOSD and are regulated by immunotherapy drugs.
Importantly, our data further demonstrated that those with
high levels of T-bet in CD8+ T cells displayed an increasing
proportion of CD8+ Tgygra cells and GzmB expression. In
chronic viral infection, T-bet represses the expression of
programmed cell death protein 1 (PD-1) and other related
inhibitory receptors and sustains functional CD8+ T cell
responses (19). Evidence from epigenetic studies and
chromatin mapping of human CD8+ T cells via ATACT-seq
has verified that levels of T-bet and proximity effector genes
(Gzmb and Prfl) are upregulated in circulating CD8+ Tgpra
cells (27). These data are consistent with our findings, suggesting
that T-bet enhances the differentiation and cytotoxic function of
CD8+ T cells and promotes disease progression and
deterioration in inflammatory CNS diseases such as NMOSD.
Taken together, our results suggest that increases in the
proportion of CD8+ Tgygra cells and the related effector
molecules T-bet and GzmB are associated with poor outcomes
in patients with NMOSD. Thus, T-bet and GzmB represent
potential therapeutic targets for NMOSD.

Our study was limited by the cross-sectional design and lack
of longitudinal follow-up information. Therefore, a prospective
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cohort study is required to confirm the prognostic predictive
value of cytotoxic CD8+ T cells in patients with NMOSD. In
addition, patients receiving immunotherapies were not excluded
when detecting serum concentrations of NFL and GFAP in this
study, thus the association with circulating GzmB-expressing
CD8+T cells might be affected. Therefore, it is necessary to
include more untreated patients in the future study to clarify the
relationship between GzmB-expressing CD8+T cells and serum
NFL and GFAP. Nonetheless, our findings support the
involvement of cytotoxic CD8+ T cells in the inflammatory
response to NMOSD and provide insight into a potential
biomarker for the effectiveness of immunotherapies and
disability progression in NMOSD.
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Purpose: We aimed to explore the difference in coagulation function between
healthy individuals and patients with anti-N-methyl-D-aspartate receptor
(anti-NMDAR) encephalitis and its relationship with disease severity.

Methods: We retrospectively compared coagulation function in 161 patients
with first-attack anti-NMDAR encephalitis and 178 healthy individuals. The
association between D-dimer levels and disease severity was analyzed using
binary logistic regression. Receiver operating characteristic (ROC) curves were
used to analyze the predictive value of D-dimer levels for the severity of
anti-NMDAR encephalitis.

Results: Compared to control individuals, patients with anti-NMDAR
encephalitis had higher D-dimer levels (median 0.14 vs. 0.05 mg/L, p < 0.001),
blood white blood cell (WBC) count (median 8.54 vs. 5.95 x 10%/L, p < 0.001),
and neutrophil count (median 6.14 vs. 3.1 x 109/L, p < 0.001). D-dimers
(median 0.22 vs. 0.10 mg/L, p < 0.001), blood WBC count (median 9.70 vs.
7.70 x 10%/L, p < 0.001), neutrophil count (median 7.50 vs. 4.80 x 10%/L, p
< 0.001), and C-reactive protein (median 2.61 vs. 1.50 mg/l, p = 0.017) were
higher; however, eosinophils (median 0.02 vs. 0.06 x 109/L, p < 0.001), and
blood calcium (median 2.26 vs. 2.31 mmol/L, p = 0.003) were lower in patients
with severe forms of anti-NMDAR encephalitis than in those with mild to
moderate forms, and were associated with initial modified Rankin Scale scores.
Multivariate analysis showed that D-dimer levels were significantly associated
with severity [odds ratio =2.631, 95% confidence interval (Cl) = 1.018-6.802,
p = 0.046]. The ROC curve was used to analyze the predictive value of D-
dimer levels for disease severity. The area under the curve was 0.716 (95% Cl =
0.64-0.80, p < 0.001), and the best cut-off value was D-dimer = 0.147 mg/L
(sensitivity 0.651; specificity, 0.705).

Conclusion: Serum D-dimer and neutrophil levels were independent
predictors of disease severity in patients with first-attack anti-
NMDAR encephalitis.

anti-N-methyl-D-aspartate receptor encephalitis, D-dimer, inflammation, neutrophil,
eosinophils, calcium
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Introduction

Autoimmune encephalitis is a class of encephalitis caused
by an immune response to central nervous system antigens
mediated by autoimmune mechanisms. Among these, anti-N-
methyl-D-aspartate receptor (anti-NMDAR) encephalitis is the
most common type, which places a huge economic burden
on patients (1). The main clinical symptoms are abnormal
(psychiatric) behaviors, cognitive dysfunction, speech disorders,
epilepsy, motor disorders, reduced awareness, and autonomic
nerve dysfunction, etc. (2). Currently, few biomarkers can
felicitously assess the severity of anti-NMDAR encephalitis.

Routine blood and coagulation functions are the most
common laboratory indicators in clinics. However, white
blood cells (WBC), neutrophils and C-reactive protein (CRP)
are also indicators of systemic inflammation. D-dimer is a
soluble fibrin degradation product, the expression of which
elevated in arterial or venous thrombosis, disseminated vascular
coagulation, advanced age, surgery, trauma, tumors, pregnancy,
infection, chronic inflammation, liver disease, and kidney
disease (3-5). Recent studies have found that D-dimer is
associated with disease severity in autoimmune diseases such
as lupus (6), rheumatoid arthritis (7), and granulomatosis
with polyangiitis (8). In addition, several recent studies have
highlighted the importance of activating the coagulation cascade
in neuro-inflammation (9-11). Therefore, coagulation tests
may be useful in identifying severe cases of anti-NMDAR
encephalitis. No clinical research on anti-NMDAR encephalitis
and coagulation function has been conducted to date. The
aim of the present study was to investigate the differences
in coagulation function between healthy people and patients
with anti-NMDAR encephalitis and their relationship with
disease severity.

Methods

Patients

This study was ratified by the Ethics Committee of
Zhengzhou University (2019-KY-018). In this retrospective
study, we registered 230 patients with first-attack anti-NMDAR
encephalitis who were treated at the First Affiliated Hospital
of Zhengzhou University between April 2014 and April 2021,
all of whom met the standard of diagnosis for anti-NMDAR
encephalitis (12) (Chinese expert consensus on the diagnosis and
management of autoimmune encephalitis 2017).

The exclusion criteria were as follows: (i) complications
with tumors, severe liver and kidney dysfunction, blood
system diseases, arteriovenous thrombosis, severe infection,
(ii)

immunotherapy such as plasma exchange, corticosteroids,

and other diseases affecting coagulation function;

intravenous immunoglobulin, and immunity inhibitor within
6 months before admission; (iii) anticoagulant thrombolytic
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therapy within 3 months before admission; (iv) age > 80 years;
and (v) missing coagulation function results or inconsistent test
reporting units. Gender- and age-matched healthy individuals
(n = 178) were comprised in the control group. In total,
161 patients with anti-NMDAR encephalitis and 178 control
individuals were included in this study (Figure 1).

Data collection

Data related to baseline clinical information, demographic
characteristics, medical history, clinical symptoms, laboratory
test results, and imaging characteristics were collected from the
case reports.

Blood samples were collected on an empty stomach during
the early hours of the 2nd day after admission. Coagulation
function, CRP, and blood calcium were tested and routine
blood tests were performed in the biochemical laboratory of
the First Affiliated Hospital of Zhengzhou University. Blood
WBC count (3.5-9.5 x 10%/L), red blood cell (RBC) count (3.8-
5.1 x 10%2/L), platelet count (125-350 x 10°/L), hemoglobin
(115-150 g/L), neutrophil count (1.8-6.3 x 10°/L), lymphocyte
count (1.1-3.2 x 10%/L), monocyte count (0.1-0.6 X 10°/L),
eosinophil count (0.02-0.52 x 10°/L), basophil count (0-0.06
x 10°/L), prothrombin time (PT; 8.8-13.65), activated partial
thrombin time (APTT; 26-40s), fibrinogen (2-4 g/L), thrombin
time (TT; 10-18s), D-dimer (0-0.3 mg/L DDU), CRP (0-10
mg/L), and blood calcium (2.0-2.7 mmol/L) was performed.
Blood counts were analyzed using an automated analyzer. PT,
APTT, TT, and fibrinogen were coagulation markers, and D-
dimer was used for immune turbidimetry. Scatter turbidimetry
was used to measure the CRP levels. Calcium ion colorimetry
was also performed.

Cerebrospinal fluid analysis and cerebral magnetic
resonance imaging (MRI) were performed prior to treatment.
Serum and cerebrospinal fluid samples from patients were
used to determine their anti-NMDAR status at the Neurology
Laboratory of the First Affiliated Hospital of Zhengzhou
University using cell-based assays. MRI was performed using a
3.0 T Philips Healthcare (Best, Netherlands).

At least two professional neurologists carefully reviewed
the patients’ clinical records to calculate the extended modified
Rankin Scale (m-RS) scores at admission and discharge. The
initial and discharge m-RS scores were recorded, and the former
was used to evaluate disease severity. The m-RS scores were
converted into categorical variables. Patients with an initial m-
RS score of >3 at admission were defined as the severe group,
and those with an initial m-RS score <3 were defined as the
mild-to-moderate group.

First-line immunotherapy includes plasma exchange,
corticosteroids, and intravenous immunoglobulin; second-
line immunotherapy includes rituximab and intravenous
cyclophosphamide; and long-term immunotherapy includes
mycophenolate mofetil and azathioprine.
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Patients with anti-NMDAR encephalitis
from April 2014 to April 2021(n=230)

Complicated with diseases affecting
coagulation function (n=36)

(n=15)

Previously took other immunotherapy

,|  Missing coagulation function results

(n=18)
v
Final included patients for analysis
(n=161)
FIGURE 1
Patients selection process. Anti-NMDAR encephalitis, anti-N-methyl-D-aspartate receptor encephalitis.
TABLE 1 Clinical characteristics of the patients with anti-NMDAR encephalitis and healthy controls.
Clinical characteristics Anti-NMDAR encephalitis Control P
(n=161) (n=178)
Age, years, median (IQR) 25 (16-37) 27 (17-39.25) 0.623
Gender, female, n (%) 73 (45.34) 85 (47.75) 0.657
Hypertension, # (%) 14 (8.70) 11 (6.18) 0.376
Diabetes, 1 (%) 4(2.48) 3(1.68) 0.605
PT, median (IQR; s) 11.0 (10.2-11.6) 10.5 (10.1-11.1) <0.001*
APTT, median (IQR; s) 28.8 (26.05-31.45) 32.1 (29.68-34.50) <0.001*
Fibrinogen, median (IQR; g/L) 2.78 (2.32-3.35) 2.45(2.17-2.89) <0.001*
TT, median (IQR; s) 14.60 (13.45-16.00) 14.95 (14.18-16.03) 0.021*
D-dimer, median (IQR; mg/L) 0.14 (0.07-0.36) 0.05 (0.038-0.08) <0.001*
WBC, median (IQR; 10°/L) 8.54 (6.60-11.60) 5.95 (4.96-6.90) <0.001*
RBC, mean + SD (10'#/L) 4344053 4534048 0.001*
Hemoglobin, mean = SD (g/L) 130.20 £ 16.55 135.37 £ 15.00 0.001*
Platelet, median (IQR; 10°/L) 240 (197-308) 233 (190.75-282.25) 0.15
Neutrophil, median (IQR; 10°/L) 6.14 (3.96-8.91) 3.10 (2.55-4.00) <0.001*
Lymphocyte, median (IQR; 10°/L) 1.56 (1.13-2.46) 2.02 (1.65-2.46) <0.001*
Monocytes, median (IQR; 10°/L) 0.56 (0.43-0.75) 0.41 (0.35-0.51) <0.001*
Eosinophils, median (IQR; 10°/L) 0.04 (0.01-0.10) 0.11 (0.07-0.18) <0.001*
Basophil, median (IQR; 10°/L) 0.03 (0.01-0.04) 0.03 (0.02-0.04) 0.026*

Normally distributed variables were presented as mean =+ SD and compared using t-tests. Non-normally distributed variables were presented as median (IQR = 25-75th percentile) and
were contrasted using the Mann-Whitney U-test. Categorical variables were described as number (percentage), and the chi-square test or Fisher’s exact test was used for comparison

between groups.

Anti-NMDAR encephalitis, anti-N-methyl-D-aspartate receptor encephalitis; PT, prothrombin time; APTT, activated partial thrombin time; TT, thrombin time; WBC, white blood cell;

RBC, red blood cell.
*p < 0.05.
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TABLE 2 Clinical characteristics of the patients with anti-NMDAR encephalitis severe group and mild to moderate group.

Clinical characteristics Total Mild to moderate group Severe group P
(n=161) (n=178) (n=283)

Age at onset, years, median (IQR) 25 (16-37) 27 (17.75-42) 24 (15-33) 0.283
Gender, female, n (%) 73 (45.34) 29 (37.18) 44 (53.01) 0.044*
Hospital stays, days, median (IQR) 26 (18-41) 24 (17.75-35.25) 32 (18-48) 0.025%
ICU admission, n (%) 88 (54.66) 18 (23.08) 70 (84.34) <0.001*
Hypertension, n (%) 14 (8.70) 9(11.54) 5(6.02) 0.215
Diabetes, 1 (%) 4(2.48) 2(2.56) 2 (2.41) 1
Decreased level of consciousness, 7 (%) 74 (45.96) 8(10.26) 66 (79.52) <0.001*
Abnormal (psychiatric) behavior, 1 (%) 121 (75.16) 47 (60.26) 74 (89.16) <0.001*
Cognitive dysfunction, n (%) 73 (45.34) 34 (43.59) 39 (46.99) 0.665
Speech dysfunction, n (%) 72 (44.72) 29 (37.18) 43 (51.81) 0.062
Movement disorder, n (%) 62 (38.51) 17 (21.79) 45 (54.22) <0.001*
Seizures, 1 (%) 105 (65.22) 45 (57.69) 60 (72.29) 0.052
Autonomic dysfunction, n (%) 48 (29.81) 15 (19.23) 33 (39.76) 0.004*
PT, mean =+ SD (s) 11.08 £ 1.16 10.84 £ 0.89 11.25 £ 1.31 0.027*
APTT, median (IQR; s) 28.75 (26.13-31.43) 29.4 (27.275-32) 28.1 (25.675-31.325) 0.068
Fibrinogen, median (IQR; g/L) 2.85(2.40-3.41) 2.88(2.25-3.51) 2.85(2.45-3.25) 0.266
TT, median (IQR; s) 14.45 (13.30-15.93) 14.60 (13.23-16.00) 14.40 (13.45-15.75) 0.351
D-dimer, median (IQR; mg/L) 0.15 (0.08-0.40) 0.10 (0.05-0.19) 0.22 (0.12-0.54) <0.001*
WBC, median (IQR; 10°/L) 8.53 (6.60-11.58) 7.70 (6.05-9.50) 9.70 (7.32-12.90) <0.001*
RBC, mean =+ SD (10'?/L) 4.3540.53 4.39 4 0.54 4.3140.52 0.307
Hemoglobin, median (IQR; g/L) 130.30 (119.03-139.75) 134.00 (125.15-144.60) 128.00 (119.00-135.00) 0.026*
Platelet, median (IQR; 10°/L) 239.5 (197-307.75) 245 (199.5-307.5) 238 (192-310) 0.489
Neutrophil, median (IQR; 10°/L) 6.13 (3.98-8.89) 4.80 (3.59-7.45) 7.50 (4.70-10.80) <0.001*
Lymphocyte, median (IQR; 10°/L) 1.56 (1.13-2.20) 1.70 (1.40-2.23) 1.43 (0.78-2.05) 0.002*
Monocytes, median (IQR; 10°/L) 0.56 (0.43-0.75) 0.52 (0.42-0.70) 0.59 (0.45-0.77) 0.249
Eosinophils, median (IQR; 10°/L) 0.04 (0.01-0.10) 0.06 (0.03-0.13) 0.02 (0.01-0.07) <0.001*
Basophil, median (IQR; 10°/L) 0.03 (0.01-0.04) 0.03 (0.02-0.05) 0.03 (0.01-0.04) 0.055
Calcium, median (IQR; mmol/L) 2.29 (2.21-2.38) 2.31(2.26-2.42) 2.26 (2.17-2.35) 0.003*
CRP, median (IQR; mg/L) 1.73 (0.79-7.03) 1.50 (0.50-5.00) 2.61 (1.00-8.32) 0.017*
Initial m-RS score, median (IQR) 4(3-5) 3(2-3) 5(4-5) <0.001*
Discharge m-RS score, median (IQR) 2(1-3) 1(1-2) 2(1-4) <0.001*
MRI abnormality, n (%) 62 (44.60) 31 (44.29) 31 (44.93) 0.939
First-line immunotherapy, n (%) 156 (96.89) 75 (96.15) 81 (97.59) 0.957
Second-line immunotherapy, n (%) 9 (5.59) 3(3.85) 6(7.23) 0.497
Long-time immunotherapy, n (%) 15(9.32) 7 (8.97) 8(9.64) 0.885

Normally distributed variables were presented as mean + SD and compared using t-tests. Non-normally distributed variables were presented as medians (IQR = 25-75th percentile)

and were contrasted using the Mann-Whitney U-test. Categorical variables were described as number (percentage), and the chi-square test or Fisher’s exact test was used for comparison

between groups. Severe group, patients with an initial m-RS score of >3 at admission; mild-to-moderate group, patients with an initial m-RS score <3.

Anti-NMDAR encephalitis, anti-N-methyl-D-aspartate receptor encephalitis; ICU, intensive care unit; PT, prothrombin time; APT'T, activated partial thrombin time; T'T, thrombin time;
WBC, white blood cell; RBC, red blood cell; CRP, C-reaction protein; m-RS, modified Rankin Scale scores.

“p < 0.05.

Statistical analysis

Data were analyzed using SPSS software (version 26.0;
International Business Machines Corporation, Chicago, IL,
USA). Graphs were generated by GraphPad Prism 8.3
(GraphPad Inc., Harvey Motulsky, USA).
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Normality tests were performed using the Kolmogorov-

Smirnov test. If the continuous variables fit a normal

distribution, they were expressed as means and standard
deviations (SD) and compared using t-tests. Non-normally
distributed data were presented as medians (interquartile
ranges) and were contrasted using the Mann-Whitney
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U-test. Categorical data were presented as frequency
(percentage), and the chi-square test or Fisher’s exact test
was used for comparison between groups. Spearman’s
correlation coefficient was calculated to assess the
correlations. Univariate and multivariate analyses were
used to evaluate the factors potentially related to disease
severity in first-attack anti-NMDAR encephalitis patients.
The receiver operating characteristic (ROC) curve was used
to calculate the predictive value of D-dimer levels for disease
severity. All tests were two-sided with a significance level

of 0.05.

Results

Clinical characteristics of the patients
with anti-NMDAR encephalitis and
healthy individuals

Seventy-three (45.34%) female patients aged 25 years on
average (16-37) were included in the anti-NMDAR encephalitis
group (n = 161). In the control group (n = 178), 85 female
patients (47.75%) aged 27 years on average (17-39.25) were
included. There were no obvious differences in age or gender
between the two groups (p > 0.05), indicating comparability.
The platelet count and incidence of hypertension and diabetes
did not differ significantly between the two groups. Our findings
indicated that PT (median 11.0 vs. 10.5s, p < 0.001), fibrinogen
(median 2.78 vs. 2.45 g/L, p < 0.001), D-dimer (median 0.14
vs. 0.05 mg/L, p < 0.001), blood WBC count (median 8.54
vs. 595 x 10°/L, p < 0.001), neutrophil count (median 6.14
vs. 3.10 x 109/L, p < 0.001), and monocyte count (median
0.56 vs. 0.41 x 10°/L, p < 0.001) were higher in patients
with anti-NMDAR encephalitis than in healthy individuals.
In contrast, the APTT levels (median 32.1 vs. 28.8s, p <
0.001), TT (median 14.95 vs. 14.60s, p = 0.021), RBC count
(average 4.53 vs. 4.34 x 10'2/L, p < 0.001), hemoglobin
(average 135.37 vs. 130.20 g/L, p < 0.001), lymphocyte count
(median 2.02 vs. 1.56 x 10°/L, p < 0.001), eosinophil count
(median 0.11 vs. 0.04 x 10%/L, p < 0.001), and basophil count
(median 0.03 vs. 0.03 x 10°/L, p = 0.026) were significantly
higher in healthy controls than in patients with anti-NMDAR
encephalitis (Table 1).

Clinical characteristics of the patients
with anti-NMDAR encephalitis with
different severity

In the current study, the severe group had a higher
proportion of female patients (53.01 vs. 37.18%, p = 0.044),
intensive care unit admission rates (84.34 vs. 23.08, p <
0.001), and longer hospital stays (median 32 vs. 24, p =
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TABLE 3 Spearman correlation analysis between D-dimer and i-mRS
in patients with anti-NMDAR encephalitis.

i-mRS
r P
Age at onset —0.132 0.096
Gender —0.164 0.038*
PT 0.160 0.042*
APTT —0.115 0.148
Fibrinogen 0.004 0.965
TT —0.037 0.644
D-dimer 0.367 <0.001*
WBC 0.311 <0.001*
RBC —0.109 0.168
Hemoglobin —0.188 0.017*
Platelet —0.070 0.380
Neutrophil 0.340 <0.001*
Lymphocyte —0.266 0.001*
Monocytes 0.152 0.055
Eosinophils —0.310 <0.001*
Basophil —0.163 0.039*
Calcium —0.268 0.001*
CRP 0.206 0.016*

Anti-NMDAR encephalitis, anti-N-methyl-D-aspartate receptor encephalitis; PT,
prothrombin time; APTT, activated partial thrombin time; TT, thrombin time; WBC,
white blood cell; RBC, red blood cell; CRP, C-reaction protein; i-mRS, initial modified
Rankin Scale scores.

“p < 0.05.

0.025). Furthermore, patients in the severe group exhibited a
significantly higher incidence of decreased consciousness (79.52
vs. 10.26 %, p < 0.001), abnormal (psychiatric) behaviors (89.16
vs. 60.26%, p < 0.001), movement disorders (54.22 vs. 21.79%,
p < 0.001), and autonomic dysfunction (39.76 vs. 19.23%, p
= 0.004) than those in the mild to moderate group. The PT
(median 11.25 vs. 10.84s, p = 0.027), D-dimer (median 0.22
vs. 0.10 mg/L, p < 0.001), blood WBC count (median 9.70
vs. 7.70 x 10°/L, p < 0.001), neutrophil count (median 7.50
vs. 4.80 x 10°/L, p < 0.001), and CRP (median 2.61 vs. 1.50
mg/l, p = 0.017) in the severe group was higher than that
in the mild to moderate group (hemoglobin: median 128.00
vs. 134.00 g/L, p = 0.026; lymphocytes: median 1.43 vs. 1.70
X 109/L, p = 0.002; eosinophils: median 0.02 vs. 0.06 X
10%/L, p < 0.001, and blood calcium: median 2.26 vs. 2.31
mmol/L, p = 0.003). The difference in APTT, fibrinogen, RBC,
platelets, monocytes, and basophils between the two groups
was insignificant. In addition, significant differences in m-RS
between the two groups were present at discharge (median
2 vs. 1, p < 0.001), along with insignificant differences in
MRI abnormality proportion, and treatment options, as shown
in Table 2.
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TABLE 4 Univariate and multivariable logistic regression models of disease severity.

Univariate analysis

OR (95% CI)

Age at onset 0.993 (0.973-1.013

)
Gender 1.906 (1.015-3.579)
Hypertension 0.491 (0.157-1.537)
Diabetes 0.938 (0.129-6.828)
PT 1.332 (1.027-1.726)
APTT 0.994 (0.954-1.036)
Fibrinogen 1.004 (0.814-1.238)
TT 0.967 (0.826-1.131)
D-dimer 2.557 (1.116-5.856)
WBC 1.195 (1.084-1.317)
RBC 0.733 (0.405-1.328)
Hemoglobin 0.987 (0.968-1.006)
Platelet 0.999 (0.995-1.003)
Neutrophil 1.233 (1.111-1.368)
Lymphocyte 0.865 (0.680-1.100)
Monocytes 0.892 (0.623-1.276)
Eosinophils 0.003 (0-0.168)
Basophil 0.004 (0-14.446)
Calcium 0.098 (0.011-0.901)
CRP 1.018 (0.988-1.049)

Multivariable analysis

OR (95% CI) p

0.493

0.045*

1.644 (0.80-3.378) 0.176

0.222

0.950

0.031*

1.109 (0.823-1.494) 0.496

0.777

0.971

0.672

0.026*

2.631 (1.018-6.802) 0.046*

<0.001*

0.306

0.170

0.627

<0.001*

1.2 (1.07-1.345) 0.002*

0.236

0.531

0.005*

0.099 (0.002-5.024) 0.249

0.189

0.040*

0.328 (0.038-2.799) 0.308

0.249

WBC were not included in the multivariate analysis because of the strong correlation between WBC and neutrophils (r = 0.933, p < 0.001).
CI, confidence interval; PT, prothrombin time; APTT, activated partial thrombin time; T'T, thrombin time; WBC, white blood cell; RBC, red blood cell; CRP, C-reaction protein.

*p < 0.05.

Correlations between D-dimer and
disease severity in patients with
anti-NMDAR encephalitis

Spearman correlation analysis showed that PT (r = 0.160, p
= 0.042) and D-dimer levels (r = 0.367, p < 0.001), WBC count
(r = 0.311, p < 0.001), hemoglobin (r = —0.188, p = 0.017),
neutrophils (r = 0.340, p < 0.001), lymphocytes (r = —0.266,
p < 0.001), eosinophils (r = —0.310, p < 0.001), basophils (r
= —0.163, p = 0.039), calcium (r = —0.268, p = 0.001), CRP
(r = 0.206, p = 0.016), and the female ratio (r = —0.164, p =
0.038) were significantly correlated with the initial m-RS score of
patients with anti-NMDAR encephalitis. There was no obvious
correlation between age at onset, APTT, fibrinogen, TT, RBC
count, platelet count, monocyte count, and disease severity (p
> 0.05; Table 3).

Univariate logistic regression analysis showed that the
gender (OR = 1.906, 95% CI = 1.015-3.579, p = 0.045), PT (OR
= 1.332, 95% CI = 1.027-1.726, p = 0.031), D-dimer (OR =
2.557, 95% CI = 1.116-5.856, p = 0.026), WBC (OR = 1.195,
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95% CI = 1.084-1.317, p < 0.001), neutrophils (OR = 1.233,
95% CI = 1.111-1.368, p < 0.001), eosinophils (OR = 0.003,
95% CI = 0-0.168, p = 0.040), and calcium (OR = 0.098, 95%
CI =0.011-0.901, p = 0.040), were significantly correlated with
disease severity. However, age, hypertension, diabetes, APTT,
fibrinogen, TT, blood RBC, hemoglobin, platelets, lymphocytes,
monocytes, basophil count, and CRP level were not significantly
correlated with disease severity. In the multivariate model,
D-dimer level (OR = 2.631, 95% CI = 1.018-6.802, p =
0.046) and neutrophils (OR = 1.2, 95% CI = 1.07-1.345, p
< 0.001) were independent risk factors for disease severity.
WBC were excluded from the multivariate analysis due to the
strong correlation between WBC and neutrophils (r = 0.933,
p < 0.001; Table 4).

The ROC curve was used to analyze the predictive value of
D-dimer levels for disease severity. The area under the curve
was 0.716 (95% CI = 0.64-0.80, p < 0.001), the best cut-
off value was D-dimer = 0.147, the sensitivity was 0.651, and
the specificity was 0.705, showing a good predictive ability for
disease severity (Figure 2).
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FIGURE 2

Receiver operating characteristic curve showing the predictive
ability of D-dimer for disease severity.

TABLE 5 Spearman correlation between D-dimer levels and other
Laboratory indicators in patients with anti-NMDAR encephalitis.

r P
Age at onset 0.297 <0.001*
Gender 0.087 0.272
PT 0.011 0.89
APTT —0.318 <0.001*
Fibrinogen 0.253 0.001*
TT —0.008 0.921
WBC 0.294 <0.001*
RBC —0.175 0.027*
Hemoglobin —0.183 0.020*
Platelet —0.110 0.163
Neutrophil 0.301 <0.001*
Lymphocyte —0.292 <0.001*
Monocytes 0.065 0.416
Eosinophils —0.109 0.165
Basophil —0.170 0.031*
Calcium —0.249 0.002*
CRP 0.265 0.002*

Anti-NMDAR encephalitis, anti-N-methyl-D-aspartate receptor encephalitis; PT,
prothrombin time; APTT, activated partial thrombin time; TT, thrombin time; WBC,
white blood cell; RBC, red blood cell; CRP, C-reaction protein.

“p < 0.05.

Correlation between D-dimer levels and
other laboratory indicators in patients
with anti-NMDAR encephalitis

Spearman correlation analysis showed that age (r = 0.297,
p < 0.001), APTT levels (r = —0.318, p < 0.001), fibrinogen
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(r = 0.253, p = 0.001), WBC (r = 0.294, p < 0.001), RBC (r
= —0.175, p = 0.027), hemoglobin (r = —0.183, p = 0.020),
neutrophils (r = 0.301, p < 0.001), lymphocytes (r = —0.292,
p < 0.001), basophils (r = —0.170, p = 0.031), calcium (r
= —0.249, p = 0.002), and CRP (r = 0.265, p = 0.002) were
significantly correlated with D-dimer levels in anti-NMDAR
encephalitis. There was no obvious correlation between gender
and PT, platelets, monocytes, eosinophils, and D-dimer levels (p
> 0.05; Table 5).

Discussion

Previous studies have demonstrated the role of D-
dimer levels in the severity of immune-related diseases.
In this study, we compared the differences in routine
blood test results and coagulation function between healthy
individuals and patients with anti-NMDAR encephalitis. We
evaluated the effect of D-dimer on disease severity in anti-
NMDAR encephalitis. We discovered that high D-dimer
and neutrophil levels were associated with a more severe
disease at onset. D-dimer levels were positively correlated with
neutrophils, leukocytes, and CRP and negatively correlated
with eosinophil and calcium levels in patients with anti-
NMDAR encephalitis. Furthermore, D-dimer levels were found
to be an independent predictor of the severity of anti-
NMDAR encephalitis.

This study showed that patients with anti-NMDAR
had APTT D-dimer
levels, and the latter was correlated with disease severity.

encephalitis shorter and higher
Anti-NMDAR encephalitis is an autoimmune mediated
inflammatory disease. Inflammatory phenomena that occur
in anti-NMDAR encephalitis are closely associated with
a prothrombotic state. Previous studies have shown that
systemic inflammation is a potent prethrombotic stimulus
and inflammatory mechanisms contribute to activating
coagulation  factors, reducing natural anticoagulants,
and inhibiting fibrinolytic activity (13). Fibrinogen levels
increase in inflammation conditions because they promote
fibrinogen synthesis, unless consumptive
(14). with  anti-NMDAR

had elevated fibrinogen levels in this study, which is

coagulopathy

occurs Patients encephalitis
consistent with the above results. This may indicate that
with anti-NMDAR

inflammation

higher D-dimer levels in patients

encephalitis are associated with rather
than thrombosis.

In this study, neutrophil levels were significantly increased
in patients with NMDAR encephalitis, which correlated
with disease severity and D-dimer levels. Neutrophils, as an
important part of innate and adaptive immunity, affect the
maturation and function of other leukocytes by secreting
cytokines or cell-cell contact, and play an important role

in disease occurrence and progression, including infections,
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chronic inflammation, tumor and autoimmunity (15, 16).
Massberg et al. showed that neutrophils prevent tissue
dissemination of pathogens by increasing fibrin formation
(17). Studies reported that neutrophil extracellular vesicles
and neutrophil extracellular traps (NETs) contribute to
thrombosis (18). Kamba et al. demonstrated that neutrophils
through NETs,
generation, and promote hypercoagulation
(19, 20). Recent observations have demonstrated that NETs
blocked by
heparin in coronavirus disease 2019 (21). These findings

release tissue factors induce thrombin

in vasculitis
were therapeutic-dose low-molecular-weight
may provide new therapeutic strategies for the treatment of
anti-NMDAR encephalitis.

Inflammatory cytokines induce apoptosis and eosinophil
degranulation, causing excessive loss of eosinophils (22).
Eosinophils secrete diverse proteins in response to stimuli,
including eosinophil cationic protein, which produces
endogenous thrombin and promotes thrombus formation
(23). In patients with NMDARs, eosinophil levels were
lower, which may be associated with hypercoagulability.
Eosinophils are the main storage site of tissue factor in
blood vessels, and tissue factor is the initiation factor of
the extrinsic coagulation pathway (24). Patients in the
severe group had lower eosinophil levels and prolonged
PT. Eosinophils were consistently negatively correlated with
PT in patients with anti-NMDAR encephalitis. Eosinophils
can induce the activation of M2 microglia by secreting IL-
4 and IL-13 to promote the elimination of inflammation
and play the neuroprotective role of microglia (25). This
may explain why patients in the severe group had lower
eosinophil levels.

Previous studies have shown that the cytokines produced
by systemic inflammatory responses can lead to hypocalcemia
(26, 27). The hypocalcemia effect may be caused by
upregulation of the calcium-sensing receptor by IL-1p and
IL-6 (28-30). In this study, patients with severe forms of
the disease had higher inflammation levels and lower blood
calcium levels than those in the mild-to-moderate group.
Calcium is a key component of the coagulation cascade
(31). According to our results, serum calcium level was
negatively correlated with PT and D-dimer level in patients
with anti-NMDAR encephalitis. However, serum calcium
levels are closely related to vitamin D and serum albumin
levels and are also affected by the concentration of other ions.
Thus, its significance in anti-NMDAR encephalitis requires
further study.

Our study has some limitations. First, this was a single-
center retrospective study. Therefore, our results should
be confirmed in a large, multicenter study. In addition,
owing to the limitations of retrospective studies, other
laboratory indicators such as fibrinogen degradation products
and coagulation factor could not be studied in relation to
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disease severity and inflammatory response. Finally, the exact
mechanism underlying the elevation of D-dimer levels in
patients with anti-NMDAR encephalitis, particularly whether
it is a mere result of inflammation or a part of disease
pathogenesis remains unclear. Anticoagulant therapy has been
explored in patients with central nervous system autoimmune
diseases (32).

Conclusion

D-dimer and neutrophil levels can be used as predictors
of anti-NMDAR encephalitis severity. These factors can help
clinicians identify severely ill patients early enough to take
appropriate treatment measures. This study indicated that D-
dimer may be considered an effective biomarker for anti-
NMDAR encephalitis. The mechanism underlying the effect
of serum D-dimer levels on disease progression requires
further elucidation.
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Autoimmune epilepsy (AE) is an inflammatory disease of the central nervous
system with symptoms that have seizures that are refractory to antiepileptic
drugs. Since the diagnosis of AE tends to rely on a limited number of anti-
neuronal antibody tests, a more comprehensive analysis of the immune
background could achieve better diagnostic accuracy. This study aimed to
compare the characteristics of anti-neuronal antibody-positive autoimmune
epilepsy (AE/Ab(+)) and antibody-negative suspected autoimmune epilepsy
(AE/Ab(-)) groups. A total of 23 patients who met the diagnostic criteria for
autoimmune encephalitis with seizures and 11 healthy controls (HC) were
enrolled. All patients were comprehensively analyzed for anti-neuronal
antibodies; 13 patients were identified in the AE/Ab(+) group and 10 in the
AE/Ab(-) group. Differences in clinical characteristics, including laboratory and
imaging findings, were evaluated between the groups. In addition, the
immunophenotype of peripheral blood mononuclear cells (PBMCs) and CSF
mononuclear cells, particularly B cells and circulating Tfh (cTfh) subsets, and
multiplex assays of serum and CSF were analyzed using flow cytometry.
Patients with AE/Ab(+) did not show any differences in clinical parameters
compared to patients with AE/Ab(-). However, the frequency of plasmablasts
within PBMCs and CSF in patients with AE/Ab(+) was higher than that in patients
with AE/Ab(-) and HC, and the frequency of cTfh17 cells and inducible T-cell
co-stimulator (ICOS) expressing cTfh17 cells within cTfh subsets was higher
than that in patients with AE/Ab(-). Furthermore, the frequency of
ICOSM9"cTfh17 cells was positively correlated with that of the unswitched
memory B cells. We also found that IL-12, IL-23, IL-6, IL-17A, and IFN-y levels
were elevated in the serum and IL-17A and IL-6 levels were elevated in the CSF
of patients with AE/Ab(+). Our findings indicate that patients with AE/Ab(+)
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showed increased differentiation of B cells and cTfh subsets associated with
antibody production. The elevated frequency of plasmablasts and ICOS
expressing cTfhl7 shift in PBMCs may be indicative of the presence of
antibodies in patients with AE.
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Introduction

Epilepsy is a chronic debilitating disease affecting 0.5-1.0% of
the world’s population (1). The etiology of epilepsy varies and
remains unknown. It has been reported that some cases in which
seizures are refractory to antiepileptic drugs can be suppressed by
immunotherapy (2). In these cases of patients with autoimmune
epilepsy (AE), autoantibodies targeting neuronal surface and
intracellular antigens, also called as anti-neuronal antibodies,
have been identified. Antibodies against neuronal surface
antigens are not only diagnostic markers but also pathogenic
factors (3). The incidence of AE is estimated to be approximately
5-7% in adults with epilepsy (4). Diagnosis and treatment tend to
be delayed because diagnostic antibody tests depend on a cell-
based assay (CBA) that involves a highly sensitive and specific
antibody analysis with limited availability.

Recently, APE2 and ACES scores have been reported as
diagnostic criteria for autoimmune epilepsy as a predictor of anti-
neuronal autoantibodies (5, 6). However, more inclusive criteria for
autoimmune encephalitis proposed by Graus et al. in 2016 are
widely used to avoid misdiagnosis of treatable autoimmune epilepsy
(7). Some cases of epilepsy refractory to antiepileptic drug that meet
Graus’s criteria for possible autoimmune encephalitis are negative
for anti-neuronal antibodies, and even include noninflammatory
temporal lobe epilepsy with newly developed seizures or epilepsy
that is often difficult to distinguish (8-11). This could lead to a false
negative result due to the timing of analysis, other unknown anti-
neuronal antibodies, or noninflammatory etiology. In clinical
practice, some patients who are negative for anti-neuronal
antibody respond to immunotherapy, but the psychological side
effects of corticosteroid may make it difficult to accurately determine
the effects of treatment (9, 10). Nevertheless, aggressive
immunotherapy is necessary, especially when anti-neuronal
antibodies against cell surface antigens are positive (11). To
decrease the discrepancy between bedside and bench, new
biomarkers are required to distinguish the presence of anti-
neuronal antibodies in cases of suspected autoimmune epilepsy.
However, little is known about the immunopathological
background of anti-neuronal antibody-positive autoimmune
epilepsy during the active period. It has been reported that anti-
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neuronal antibodies and other autoantibodies are produced by
plasmablasts and long-lived plasma cells with the support of T
follicular helper cells (Tth) (12) Tth are defined as CD4" T cells that
express C-X-C motif chemokine receptor 5 (CXCR5) in secondary
lymphoid tissues (13), and there is considerable clonal overlap
between Tth from lymphoid tissues and circulating T follicular
helper cells (cTfth) from peripheral blood mononuclear cells
(PBMCs) (14). Generally, cTth cells are classified into three
subsets: cTthl (C-X-C motif chemokine receptor 3(CXCR3)+ and
C-C chemokine receptor 6(CCR6)—, cTth2 (CXCR3—-CCR6-), and
cTth17 (CXCR3—-CCR6+). The ¢Tth2 and cTth17 classes switch
naive B cells to promote IgG production (15). In several antibody-
associated autoimmune diseases, cTth shift to ¢Tth17 or ¢Tth2 (16—
20) and increase the c¢Tth17/cTthl cells ratio (21). Notably, the
expression of inducible T-cell co-stimulator (ICOS) in cTth and
subset changes in cTth have been identified as factors that promote
B cell differentiation and antibody production (15, 22, 23). Here, we
performed comprehensive antibody and lymphocyte subset
analyses of B cells and cTth in 23 patients with suspected
autoimmune epilepsy who met Graus’s criteria for possible
autoimmune encephalitis. The results were compared with
clinical evaluations, and diagnostic biomarkers in the active phase
of antibody-positive autoimmune epilepsy were discussed.

Materials and methods
Patients

This prospective multicenter study was conducted in Japan
between January 2016 and May 2022. We recruited patients who
visited the Division of Neurology, Kobe University Graduate
School of Medicine, Kobe, Japan; Department of Neurology,
Kobe City Medical Center and, General Hospital, Kobe, Japan;
Department of Neurology, Hyogo Prefectural Amagasaki
General Medical Center, Amagasaki City, Japan. Patients who
met the following criteria were included in the study:1) had
seizures and adequate clinical evaluation to differentiate
autoimmune epilepsy, 2) met Graus’s criteria for possible
autoimmune encephalitis (7), 3) had been comprehensively
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analyzed for known anti-neuronal antibodies in cerebrospinal
fluid (CSF) or serum, and 4) did not receive oral steroid therapy
or immunosuppressive therapy. We recruited age- and sex-
matched healthy controls (HC). Patients with active phase
epilepsy underwent brain MRI and electroencephalography
(EEG), and their peripheral blood and CSF samples were
collected before initiating intravenous methylprednisolone
therapy. The exclusion criterion was previous intravenous
corticosteroid treatment within three months before sampling.
MRI abnormalities were defined as hyperintense signals on
T2WT or fluid-attenuated inversion recovery in multiple
regions, including the medial temporal lobe, gray matter, white
matter, or all, reflecting inflammation. EEG abnormalities were
defined as focal epileptic or slow-wave activities.

Anti-neuronal antibody analysis

Anti-neuronal antibodies were analyzed as follows. CSF was
analyzed using a CBA for the N-methyl-D-aspartate receptor
(NMDAR) antibody (Euroimmun AG, Liibeck, Germany) and
leucine-rich glioma-inactivated protein 1 (LGI1) antibody
(Cosmic Corporation, Tokyo, Japan). Serum samples were
analyzed using a CBA for myelin oligodendrocyte glycoprotein
(MOG) antibody (Cosmic Corporation, Tokyo, Japan) and
ELISA for GAD antibody (SRL, Tokyo, Japan). If the results
were negative, we performed a screen immunohistochemistry
using rat brain, as previously reported (24, 25). In brief, fresh rat
brains were fixed by 4% paraformaldehyde for 30 min, following
dehydrated in 40% sucrose in PBS and keep in 4°C overnight.
Then, brains were frozen in liquid nitrogen, and sliced into 7 um
sections on a cryostat, and transferred onto coverslips. The brain
slice on coverslips were treated with 0.3% H202 in PBS after
wash, and blocked with 5% goat serum, followed by incubation
with patients’ serum at 1:200 or CSF at 1:4 in blocking solution
overnight in 4°C. The coverslips were washed and incubated
with goat anti-human IgG (H+L) biotinylated antibody (#¥BA-
3000, Vector, CA, USA), followed by staining with the ABC Elite
Kit (#PK6100, Vector, CA, USA). The sections were analyzed by
at least two conditions blinded experienced investigators using a
Zeiss Axioscope (Zeiss, CA, USA).

Samples positive for rat brain screen with immunohistochemistry
were further investigated for reactivity against specific neuronal
antigens including o-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid receptor (AMPAR), y-aminobutyric acid type B
receptor (GABARR), contactin-associated protein-like 2 (CASPR2),
Delta/Notch-like epidermal growth factor-related receptor (DNER),
Zic4, dipeptidyl-peptidase-like protein 6 (DPPX), collapsin response
mediator protein 5 (CRMP-5/CV2), Hu, Yo, Ri, Ma, and
amphiphysin. To this end, we used standardized commercially
available test kits [immunofluorescence tests with tissue, fixed
transfected cells, enzyme-linked immunosorbent assay, and
immunoblotting appropriately (Euroimmun, Lubeck, Germany)].
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We defined patients with antibodies to these known antigens as
antibody-positive autoimmune epilepsy: AE/Ab(+), and those with
antibodies negative for rat brain immunohistochemistry but who met
the inclusion criteria: AE/Ab(-).

Flow cytometry

PBMC:s were separated by density centrifugation using a Ficoll-
Paque PLUS (GE Healthcare, Uppsala, Sweden). PBMCs were
stained for B cell and cTth subsets, and CSF samples were stained
for B cell subsets using antibodies (Supplementary Table 1). Data
were obtained using a FACSVerse or LSRFortessa X-20 (BD
Biosciences, Franklin Lakes, NJ, USA). Negative expression was
defined as the fluorescence minus one control. All fresh samples
were analyzed within 24 h of collection.

Circulating B-cell subsets (plasmablasts, CD19™CD27"eh
CD38""CD180- B cells; naive B cells, CD19+CD27-IgD+ B cells;
unswitched memory B cells, USM, CD19+CD27+IgD+ B cells;
switched memory B cells, SWM, CD19+CD27+IgD- B cells; double
negative B cells, DN, CD19+CD27-IgD— B cells) circulating
Tth subsets (circulating follicular helper T cells, cTth, CD3+CD4
+CXCR5+ T cells; ¢Tfhl, CXCR3+CCR6-CXCR5+CD4
T cells; cTfh2, CXCR3-CCR6—-CXCR5+CD4 T cells; cTth17,
CXCR3—-CCR6+CXCR5+CD4 T cells), and their expression rate of
ICOS (ICOS"™"cTfh, CD3+CD4+CXCR5+ICOS"#"CD4 T cells;
ICOS""cTfh1, CXCR3+CCR6-CXCR5+ICOS"¢"CD4 T
cells; ICOS™8"cTfh2, CXCR3-CCR6-CXCR5+ICOS™"CD4
T cells; ICOS"®cTfh17, CXCR3-CCR6+CXCR5+ICOS""CD4
T cells) were analyzed. The phenotypes of B cell and cTth subsets
are shown in Supplementary Table 2.

Serum and CSF cytokine and
chemokine levels

Serum and CSF samples were collected during the active phase
before intravenous methylprednisolone administration. Both serum
and CSF were frozen at —80°C. Cytokine/chemokine production
was measured using the LEGENDplex Human Inflammation Panel
1 (BioLegend, San Diego, CA) and BD"™ CBA Flex Set System (BD
Bioscience) using an LSRFortessa X-20 cell analyzer (BD
Biosciences) and BD"" Human Soluble Protein Master Buffer Kit
(BD Bioscience) according to the manufacturer’s instructions. IFN-
Y, IL-6, IL-12p70, IL-17A, and IL-23 levels were analyzed using the
LEGENDplex Human Inflammation Panel 1 and IL-4 levels were
analyzed using the BD"™ CBA Flex Set System.

Data analysis

Flow cytometry data were analyzed using FlowJo software
ver. 10.8.1 (BD Biosciences). Statistical analyses were performed
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using GraphPad Prism 9 software (GraphPad Software, San
Diego, CA, USA). In addition, the two-sided unpaired f-test,
two-sided Mann-Whitney U test, and Spearman’s correlation
test were used as appropriate.

Standard protocol approval, registration,
and patient consent

This study was approved by the ethics committee of Kobe
University Hospital (Nos.1381 and B190152), and signed
informed consent was obtained from all participants.

Results
Patient characteristics

We included 23 patients with suspected autoimmune epilepsy
and 11 HC. The patient subgroups are summarized in Table 1.
Among the 23 patients, 13 (57%) showed the presence and 10
(43%) showed the absence of anti-neuronal antibodies, categorized
as the anti-neuronal antibody-positive autoimmune epilepsy (AE/

TABLE 1 Characteristics of patients with autoimmune epilepsy and HC.

Antibody-positive
autoimmune
epilepsy (n=13)

Antibody-negative

epilepsy* (n=10)

Age(y), mean = SD 43.8+18.0 50.2+19.2
Sex, female, n (%) 5(38) 3 (30)
Anti neuronal- NMDA 5 (38) -
antibody, n (%) MOG 4 (31)

LGI1 4 (31)
Abnormal MRI 9 (69) 10 (100)
findings, n(%)
Bilateral abnormal 4 (31) 4 (40)
MRI findings, n(%)
CSF pleocytosis 3(23) 1 (10)
(> 54, n (%)
Elevated CSF 6 (46) 5 (50)
protein
(> 40 mg/dl), n (%)
Elevated IgG index 1(8) 0 (0)
> 0.7, n (%)
Oligoclonal 4 (31) 1 (10)
banding in CSF, n
(%)
Abnormal EEG 9 (69) 10 (100)
findings, n (%)
Tumor association, 3(23) 2(20)

n (%)

HC  Antibody-positive autoimmune
suspected autoimmune (n=11)

34.1+6.7
4 (36)

10.3389/fimmu.2022.1048428

Ab(+)) group and antibody-negative suspected autoimmune
epilepsy (AE/Ab(-)) group, respectively. No samples tested
positive in rat brains and negative in a CBA. The mean age was
43.8 £ 18.0, 50.2 + 19.2, and 34.1 + 6.7 (mean * SD) for patients
with AE/Ab(+), AE/Ab(-), and HC, respectively. Five patients with
AE/Ab(+) (38%) were positive for anti-neuronal antibodies against
the N-methyl-D-aspartate (NMDA) receptor, four patients (31%)
had antibodies against myelin oligodendrocyte glycoprotein
(MOG), and four patients (31%) against leucine-rich glioma-
inactivated 1 (LGIL). All patients with MOG antibodies had
unilateral cortical FLAIR-hyperintense lesions in MOG-associated
encephalitis with seizures subtypes of MOG-associated disease (26).
There were no differences or bilateral abnormalities on MRI, several
CSF abnormalities (cell counts, levels of protein, IgG index,
oligoclonal bands), EEG, or tumor comorbidity between the AE/
Ab(+) and AE/Ab(-) groups.

Proportion of plasmablasts was
increased in patients with AE/Ab(+)

To elucidate the differences between the two groups, we
analyzed the immune phenotype of B cells. The gating strategy

Antibody-positive
autoimmune epilepsy
vs. HC, p value

epilepsy vs. antibody-negative
suspected autoimmune
epilepsy, p value

0.44 0.15

0.97 0.78

>0.99 -

>0.99 -

0.10 -

0.86 -

HC, healthy controls; NMDA, N-methyl-D-aspartate; MOG, myelin oligodendrocyte glycoprotein; LGI1, leucine-rich glioma-inactivated protein 1; CSF, cerebrospinal fluid, the two-sided

unpaired t-test or Mann-Whitney U test were used for comparisons appropriately.

*Antibody-negative suspected autoimmune epilepsy, patients with antibodies negative for rat brain immunohistochemistry but met inclusion criteria and suspected autoimmune epilepsy.
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for the B cell subsets is shown in Supplementary Figure 1. The
frequency of plasmablasts in the B cells of PBMCs was higher in
patients with AE/Ab(+) than in those with AE/Ab(-) and HC
(Figures 1A, B). Next, we compared the AE/Ab(+) group
positive for antibodies against the neuronal surface antigen
(NSA) (NMDAR or LGI1 antibody-positive group) and MOG
antibody-positive group (MOG). The frequency of plasmablasts
in the B cells of PBMCs in patients with NSA was higher than
that in patients with AE/Ab(-) and HC (Figure 1C).
Furthermore, we found that the frequency of B cells and
plasmablasts within B cells of the CSF was elevated in patients
with AE/Ab(+) compared to that in patients with AE/Ab(-)
(Figures 1D, E). There were no differences among patients with
AE/Ab(+), AE/Ab(-), and HC with respect to the frequencies of
naive B cells, USM, SWM, and DN in the PBMCs (Figure 1F).

ICOS expressing cTfh and cTfh subsets
shifted to cTfhl7 were prominent in
patients with AE/Ab(+)

Since we found an increase in differentiating B cell subsets in
patients with AE/Ab(+), we analyzed cTth subsets and their
ICOS expression in PBMCs (Figure 2A). The gating strategy for
the cTth subsets is shown in Supplementary Figure 1. The
frequency of cTth did not differ between patients with AE/Ab
(+), AE/Ab(-) and HC (Figure 2B). In contrast, the frequency of
ICOS™#"cTth in cTfh was higher in patients with AE/Ab(+) than
in those with AE/Ab(-) and HC (Figure 2C). In the subset
analysis of cTfh, the frequency of cTth17 in cTth was higher in
patients with AE/Ab(+) than in those with AE/Ab(-) and HC
(Figure 2D), and the frequency of ICOS"®"cTfh17 in cTth was
particularly elevated in patients with AE/Ab(+) than in those
with AE/Ab(-) and HC (Figure 2E). Furthermore, the ¢Tth17/
cTthl cells ratio was higher in patients with AE/Ab(+) than in
those with AE/Ab(-) and HC (Figure 2F). The ICOS™MecTth17/
ICOS™M"cTfh1 cells ratio did not differ between each
group (Figure 2G).

The frequency of USM was associated
with that of ICOS"9"cTfh17

We then compared the immune phenotypes of AE/Ab(+)
patients with their clinical manifestations. Our data showed an
association between plasmablasts in B cells of PBMCs and the
modified Rankin Scale (mRS) in patients with AE/Ab(+) on
admission (Figure 3A). Furthermore, we analyzed whether the
frequency of cTth subsets was correlated with B cell subsets and
found a positive correlation between USM in B cells of PBMCs
and ICOS"8"¢Tth17 in cTth of patients with NSA (Figure 3B).
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Proportion of plasmablasts and
ICOS™9"cTfh17 was increased in
patients with NSA antibody positive
autoimmune epilepsy

To assess the consistency of our results in each disease entity
with NSA, we compared the phenotypes of B cell and cTth
subsets of patients with NSA. The frequency of plasmablasts in B
cells of PBMCs was higher in patients with NMDA antibodies
than in those with AE/Ab(-) and HC (Supplemental Figure 2A).
Furthermore, the frequency of ICOS™€"cTth17 in cTth was
higher in patients with NMDA and LGI1 antibodies than HC
and was higher in patients with NMDA antibodies than patients
with AE/Ab(-) (Supplementary Figure 2B).

Proinflammatory cytokine levels were
elevated in the serum and CSF of
patients with AE/Ab(+)

Finally, we measured the proinflammatory cytokine profile
in the serum and CSF of patients with AE/Ab(+) and AE/Ab(-).
Although the levels of cytokines were heterogeneous in the
serum, IL-6, IL-23, IL-17A, IL-12p70, and IFN-y levels were
elevated in patients with AE/Ab(+) compared to those in
patients with AE/Ab(-) (Figure 4A). In the CSF, IL-6 and IL-
17A levels were elevated in patients with AE/Ab(+) compared to
those with AE/Ab(-) (Figure 4B).

Discussion

Currently, more than 20 anti-neuronal antibodies support
the diagnosis of AE. Recent advances in these findings have
facilitated recognition of AE cases. AE is a subtype of
autoimmune encephalitis with seizure as a clinical symptom.
Since anti-neuronal antibody tests are not always available,
efforts have been made to diagnose AE without anti-neuronal
antibodies testing based on clinical symptoms, imaging, and
laboratory testing (5, 6); however, a more comprehensive
analysis would be more accurate in preventing misdiagnosis of
treatable diseases. Understanding multiple immune cell
responses in disease pathogenesis could be a more appropriate
strategy to improve the efficacy of AE diagnosis. In this study, we
compared antibody-positive and antibody-negative patients
with suspected autoimmune epilepsy. We did not observe any
differences in clinical parameters, such as MRI findings, CSF
markers, EEG findings, and age and sex, between the groups. In
contrast, lymphocyte subset analysis of PBMCs showed that
plasmablasts were elevated in the antibody-positive group, and
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Prominent plasmablasts were found in patients with AE/Ab(+). (A) Representative flow cytometry analysis of CD19+CD27-1gD+ (naive), CD19
+CD27-1gD~ (DN), CD19+CD27+IgD+ (USM), CD19+CD27+IgD~ (SWM), and CD19"™CD27"9"CD38"9"CD180~ (plasmablasts) in PBMCs of HC,
patients with AE/Ab(-) and AE/Ab(+). (B, C) The frequency of plasmablasts in B cells of PBMCs of each group. NSA is defined as the patients
group of NMDA receptor antibody-positive autoimmune epilepsy and LGI1 antibody associated autoimmune epilepsy. (D) The frequency of B
cells within lymphocytes in the CSF of patients with AE/Ab(-) and AE/Ab(+). (E) The frequency of plasmablasts within B cells in the CSF of
patients with AE/Ab(-) and AE/Ab(+). (F) The frequency of SWM, USM, naive, and DN within B cells in PBMCs of each group. HC (n=11), AE/Ab(-)
(n=10), and AE/Ab(+) (n=11).Values are expressed as the mean + SEM. *p < 0.05 and **p < 0.01; two-sided unpaired t-test or Mann-Whitney U
test, as appropriate. HC, healthy controls; AE/Ab(-), antibody-negative suspected autoimmune epilepsy; AE/Ab(+), antibody-positive
autoimmune epilepsy; SWM, switched memory B cell; USM, unswitched memory B cell; DN, double negative B cell; naive, naive B cell; NSA,
neuronal surface antigen; NMDA, N-methyl-D-aspartate; LGI1, leucine-rich glioma-inactivated 1; MOG, myelin oligodendrocyte glycoprotein;

PBMCs, peripheral blood mononuclear cells.

the subset of cTth cells was altered to stimulate B cell antibody
production. In a previous study on antibody-positive and
antibody-negative cases of autoimmune epilepsy or limbic
encephalitis, antibody-positive cases were more likely to show
MRI changes in the medial temporal lobes, and antibody-
negative cases were more frequent in older men (8, 9). There
were no differences in MRI changes, age, or sex between the
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antibody-positive and antibody-negative groups. These results
highlight the difficulty in clinically diagnosing patients with
autoimmune epilepsy.

We found that plasmablasts in PBMCs were elevated in
patients with AE/Ab(+) compared to those in patients with AE/
Ab(-) and HC. Elevated levels of plasmablasts are involved in the
pathogenesis of some autoantibody-associated autoimmune
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Mann-Whitney U test, as appropriate. HC, healthy controls; AE/Ab(-), antibody-negative suspected autoimmune epilepsy; AE/Ab(+), antibody-
positive autoimmune epilepsy; cTfh, circulating follicular helper T cell; ICOS, inducible T-cell co-stimulator.
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FIGURE 3

Frequencies of B cell subsets were associated with clinical severity and Tfh subsets in patients with AE/Ab(+). (A) Scatter plot of the frequency of
plasmablasts within B cells in PBMCs or CSF and mRS on admission of patients with AE/Ab(+) (n = 11). The frequency of plasmablasts within B
cells in PBMCs were associated with mRS (Spearman correlation coefficient, r = 0.67, p = 0.025). (B) Scatter plot of the frequency of B cell
subsets within B cells in PBMCs and the frequency of ICOS™9"cTfh17 within cTfh cells in PBMCs of patients positive for antibodies against NSA
(n = 6). The frequency of USM within B cells in PBMCs were associated with the frequency of ICOSMNcTfh17 (Spearman correlation coefficient,
r=0.93, p = 0.0059). PBMCs, peripheral blood mononuclear cells; mRS, modified Rankin scale; cTfh, circulating follicular helper T cell; ICOS,
inducible T-cell co-stimulator; naive, naive B cell; DN, double negative B cell; USM, unswitched memory B cell; SWM, switched memory B cell.

diseases such as systemic lupus erythematosus (SLE),
neuromyelitis optica spectrum disorder (NMOSD), and IgG4-
related disorders (27-29). Especially in NMOSD, an
autoantibody-associated autoimmune disease of the central
nervous system (CNS), plasmablasts are elevated in PBMCs
and CSF (27) and produce pathogenic autoantibodies (30, 31).
Emerging evidence showing the dynamics of plasmablasts
related to disease activity in autoantibody-associated
autoimmune diseases highlights the potential of this B cell
subset as a representative immune phenotype, which may be
called “autoimmune plasmablastosis”. In a study on NMDAR
encephalitis, plasmablasts were reported to be elevated in the
active phase of the disease in PBMCs and decreased after
rituximab administration (32). In another report involving
four cases of NMDAR encephalitis, plasma cells in the CSF
were elevated in the active phase of the disease and decreased
after treatment (33). In line with these previous findings, in our
study, patients with AE/Ab(+) showed elevated plasmablasts in
PBMCs and CSF, and the former were associated with global
physical disability (mRS) upon admission, which may highlight
the increase in plasmablasts as an outcome of the immune
response of patients with AE/Ab(+). Of note, one patient with
AE/Ab(-) and one HC showed a relative increase in plasmablasts
in PBMCs, which may reflect heterogeneity of the frequency of
plasmablasts in peripheral circulation. Otherwise, other
unknown autoantibodies may be present in patients with AE/
Ab(-). Further investigation focusing on B cell phenotypes,
regardless of anti-neural antibodies, would be worthwhile in
future studies.

Frontiers in Immunology

We further found that cTth in patients with AE/Ab (+)
strongly expressed ICOS. ICOS is preferentially expressed on
Tth; it is required for active regulation of B cell responses by
interacting with ICOS ligands on B cells and is involved in IgG
production (34, 35). Although ICOS™¢"cTth has been reported
to be elevated in myasthenia gravis and idiopathic
thrombocytopenic purpura (16, 36), elevated ICOS™M8McTth
levels in autoimmune epilepsy found in this study may reflect
a common immunological feature of these diseases. Notably,
cTth was shifted to cTth1l7 in the present study. cTthl7 is
characterized by the production of the cytokine IL-17 and
expression of the transcription factor ROR-yt, which has been
shown to have a potent stimulatory effect on plasmablasts that
produce IgG in autoimmune diseases, such as dermatomyositis
(15). Several reports have shown that cTth shifts to a subset of
cTthl7 or c¢Tfh2 in autoantibody-associated autoimmune
diseases (16-19) that is consistent in patients with AE/Ab(+).
Moreover, the cTth17/cTth1 cells ratio correlates with enhanced
humoral immune response (20). In line with this, our data
showed that cTth shifted to cTth17 in patients with AE/Ab(+),
and the cTth17/cTfhl ratio increased. Indeed, ICOS"¢"cTth17
within cTth were elevated in the patients with NMDA and LGI1
antibodies positive autoimmune epilepsy compared with AE/Ab
(-) patients or HC. The ICOS™#"cTth17/1COS™M8"cTth1 ratio did
not differ in each group, but It might be because ICOS is widely
expressed among cTfh cell subsets in patients with AE/Ab
(+).These results suggest that AE/Ab(+) shares a similar
immune background with other autoantibody-associated

autoimmune diseases.
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In our study, the frequency of ICOS"®"cTth17 within cTth
cells correlated with USM among the B cell subsets in patients
with NSA. USMs are B-cell subsets that enter the germinal center
and have the potential for early differentiation into plasmablasts
supported by Tth (37, 38). It has recently been reported that an
increase in USM in the peripheral circulation is associated with
IgG1/IgM responses to SARS-CoV?2 results in earlier COVID-19
recovery (39). Furthermore, a parallel increase in circulating USM
with cTth has been reported in cancer patients who respond well
to immune checkpoint therapy (40). Such an immune response in
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infection and cancer, in turn, potentially suggests an association
between USM and cTth in the autoimmune response in patients
with NSA. Notably, this trend was not observed in patients with
MOG antibodies, which requires further investigation for the
immune background of their autoantibody production. In
contrast, USM decreases during the active phase of established
disease in SLE and rheumatoid arthritis and is negatively
correlated with disease severity (41, 42). Although we did not
find a decrease in USM but rather an increase in patients with AE/
Ab(+), the differences may reflect that we enrolled patients in
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initial disease stages before the establishment of pathologically
switched memory B cells.

Next we found IL-12p70, IL-23, IL-6, IL-17A, and IFN-y levels
were elevated in the serum, and IL-6 and IL-17A levels were elevated
in the CSF of patients with AE/Ab(+) compared to those of patients
with AE/Ab(-). Some studies have reported that cytokine changes in
autoimmune encephalitis have focused on the CSF. Elevated levels of
IL-6, IL-17A, and CXCL13, which is a ligand of CXCR5 and is a
known B-cell-attracting chemokine in CSF, have been reported in
NMDAR encephalitis (43, 44). Elevated IL-17A levels in the CSF
have also been reported in non-NMDA autoimmune encephalitis
(45), suggesting that CSF IL-17A is likely to play an important role in
autoimmune encephalitis. In this study, we found elevated IL-6 and
IL-17A levels in the CSF, similar to previous reports, and cytokine
changes in the serum. IL-12 and IL-23, which are elevated in the
serum, activate STAT4 and STATS3, respectively, and promote T-cell
differentiation into the Tth lineage (12, 46). IL-12 also induces Th1
differentiation and IFN-y production in T cells (47). Elevated levels
of IL-12 and IL-23 may induce subset changes in cTth cells. IL-17 is
a pro-inflammatory cytokine produced not only by Th17 cells, but
also by Tth17 (12). IL-17 downregulates tight junction molecules
and facilitates leukocyte passage through the blood-brain barrier. IL-
6 is also a pro-inflammatory cytokine that is elevated in CNS
autoimmune diseases such as NMO, stimulates B cell
differentiation (48), promotes plasmablasts survival, and enhances
antibody secretion (30). Importantly, the levels of cytokines were less
uniform in our AE/Ab(+) cases, which was probably due to the
complex immune response in the active phase of AE. Our deeper
immune phenotype analysis revealed clearer characteristic cTth and
B cell phenotypes relevant to changes in proinflammatory cytokines.

The shift in cTth subsets, elevated plasmablasts, and cytokine
changes that support their differentiation in peripheral blood
suggest that the differentiation of B cells into plasmablasts in AE/
Ab(+) takes place outside the CNS. In fact, among autoimmune
encephalitis, NMDAR encephalitis does not form lymphatic
follicles in brain pathology, but teratomas develop into tertiary
lymphatic follicles, and teratoma-derived lymphocytes or the
peripherally circulating B cells differentiate into plasmablasts and
produce NR1 antibodies specific to NMDAR encephalitis (43, 49,
50). In LGI1 encephalitis, B cells in the CSF and plasmablasts of
PBMC:s have been reported to be clonally related (51). On the basis
of these evidences, Dalmau et al. proposed the pathophysiology of
autoimmune encephalitis. Naive B cells experience neuronal
antigens in regional lymph nodes outside the CNS and then
differentiate into memory B cells and antibody-producing cells via
Tth or other pathways. Memory B cells migrate to the CNS and
differentiate into antibody-producing cells (52, 53). Our results
support these hypotheses and further extend them as there is an
alternative pathway for B cell differentiation in peripheral
lymphoid organs.

This study had some limitations. First, it was a small-scale
study. Although it is the same antibody-related autoimmune
disease, the phenotype of each anti-neuronal antibody was
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difficult to compare due to limited number of available patients
would require further evaluation in the future. Moreover, since
this study was performed in cross-sectional way, we may need to
evaluate patients in multiple points longitudinally to see future
immune alteration that did not found in the initial evaluation.
Second, the low number of cells in the CSF precluded the
comparison of the subset analyses of cTth in CSF. Third, we
were unable to analyze patients with antibodies against
intracellular antigens. Hence, a long-term prospective study is
needed to determine the phenotype of each antibody in a large
number of patients, and to consider the clinical manifestations of
cTthl7, ICOSM8hcTh1 7, and plasmablasts. Nevertheless, immune
phenotype alterations with increased levels of proinflammatory
cytokines in the serum highlighted the role of the autoimmune
response in the peripheral lymphoid organs during the active
phase of patients with AE/Ab(+).

Conclusion

Given the changes in the subsets of B cells and cTth cells that
promote antibody production observed in the PBMCs of patients
with antibody-positive autoimmune epilepsy, our data provide
immune-related markers for representing antibody-positive
autoimmune epilepsy. In particular, elevated plasmablasts levels
and ICOS-expressing cTthl7 shift may provide a new diagnostic
and therapeutic indicator for antibody-positive
autoimmune epilepsy.
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encephalitis varies with the type
of immunodetection assay and
sample examined
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Detection of Leucine-rich glioma inactivated 1 (LGI1) antibodies in patients with
suspected autoimmune encephalitis is important for diagnostic confirmation
and prompt implementation of immunomodulatory treatment. However, the
clinical laboratory diagnosis can be challenging. Previous reports have
suggested that the type of test and patient’'s sample (serum or CSF) have
different clinical performances, however, there are no studies comparing
different diagnostic tests on paired serum/CSF samples of patients with anti-
LGI1 encephalitis. Here, we assessed the clinical performance of a commercial
and an in house indirect immunofluorescent cell based assays (IIF-CBA) using
paired serum/CSF of 70 patients with suspected anti-LGI1 encephalitis and
positive rat brain indirect immunohistochemistry (IIHC). We found that all
(100%) patients had CSF antibodies when the in house IIF-CBA was used, but
only 88 (83%) were positive if the commercial test was used. In contrast, sera
positivity rate was higher with the commercial test (94%) than with the in house
assay (86%). If both serum and CSF were examined with the commercial IIFA-
CBA, 69/70 (98.5%) patients were positive in at least one of the samples. These
findings are clinically important for centers in which rat brain IIHC and in house
IIFA-CBA are not available. Moreover, the observation that all patients with anti-
LGI1 encephalitis have antibodies in CSF is in line with the concept that these
antibodies are pathogenic.

KEYWORDS

neuronal antibodies, Lgil, diagnostic test, autoimmune encephalitis (AE),
immunofluorescent assay
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Highlights

All patients with anti-LGI1 encephalitis harbor LGI1
antibodies in CSF. These antibodies are detectable by indirect
immunofluorescence cell based assay (IIF-CBA) on cells co-
expressing LGI1 and ADAM23.

In patients with suspected autoimmune encephalitis, both
serum and CSF should be examined if a commercial ITF-CBA is
used for antibody determination.

Introduction

Autoimmune Encephalitis constitutes a group of inflammatory
brain diseases that are characterized by prominent neuropsychiatric
symptoms associated with autoantibodies against neuronal cell-
surface proteins, ion channels or neurotransmitter receptors (1).
Anti-LGI1 associated encephalitis has an estimated annual
incidence of 0.83 per 1 million persons, and it represents the
most common cause of autoimmune encephalitis of adults older
than 40 years (2). Patients usually develop difficulty in forming new
memories, confusion, or generalized seizures, often preceded by
subtle focal seizures or faciobrachial dystonic seizures (2).
Substantial cognitive response to steroids and immunotherapy
occur in about 70% of patients at 24 months follow up (3).
Despite the good functional status, long-term follow-up shows
that 65% patients have mild cognitive impairment (4).

Leucine-rich glioma inactivated 1 (LGI1) is a neuronal
secreted synaptic linker protein that interacts with the
presynaptic disintegrin and metalloproteinase domain-
containing protein 23 (ADAM23) and with the postsynaptic
protein ADAM22, that are associated with Kv1.1 voltage-gated
potassium channels and AMPA receptors, respectively (5, 6).
Anti-LGI1 antibodies prevent the binding of LGI1 to ADAM23
and ADAM22, decreasing the synaptic levels of Kvl.1 and
AMPA receptors and promoting neuronal hyperexcitability
with increased glutamatergic transmission (6).

Anti-LGI1 antibody detection is important for the diagnosis
of the encephalitis and prompt treatment with immunotherapy
(7). Most clinical laboratories use the same commercial cell-
based indirect immunofluorescence assay on transfected cells
with LGI1 anchored to the cell membrane (Autoimmune
Encephalitis Mosaic 6 kit; Euroimmun, Liibeck Germany).
Several studies have reported that when using CSF, a negative
result was found in 37%-47% of patients with anti-LGI1
encephalitis (2, 8, 9). These studies suggested that anti-LGI1
encephalitis, unlike other encephalitis mediated by antibodies
against neuronal surface antigens, can occur without antibodies
in CSF, and that the sensitivity of antibody detection is superior
in serum than CSF. Contrary to this concept, our preliminary
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experience using more comprehensive techniques suggests that
most of these patients have antibodies in CSF, and some do not
have antibodies detectable in serum (10). Here, we examined in a
large cohort of patients with anti-LGI1 encephalitis the
performance of two indirect immunofluorescent cell-based
assays (ITF-CBA) in which the LGI1 protein is expressed
differently on the cell surface. The findings are important
because suggest that current clinical testing misses the
diagnosis in some patients.

Materials and methods
Patients and samples

We retrospectively examined 70 consecutive patients with
available paired serum and CSF known to be LGI1 antibody
positive by IIHC in at least one of the samples and a clinical
suspicion of autoimmune encephalitis according to Graus et al.
(7). All 140 samples were tested by 1) rat brain tissue indirect
immunohistochemistry, 2) commercial cell-based IIF
(Autoimmune Encephalitis Mosaic 6 kit; Euroimmun, Liibeck
Germany) in which cells are only transfected with LGI1 and
3) in-house cell-based IIF in which cells are co-transfected with
LGI1 and one of its natural synaptic ligands (ADAM?23). All
studies were examined by two independent observers.

Rat brain indirect immunohistochemistry

Rat brain tissue indirect immunohistochemistry was
performed in all CSF and sera as previously described (11).
Briefly, adult Wistar rats were euthanized in a CO2 chamber and
the brain was removed without previous tissue perfusion. Brains
were sagittally split in two hemispheres, immersed in 4%
paraformaldehyde for 1h at 4°C, cryoprotected with 40%
sucrose for 48h, and snap frozen in chilled isopentane. Frozen
sections were air-dried for 30 min and sequentially treated with
hydrogen peroxide 30% in PBS for 15 minutes. Brain sections
were blocked with 5% normal goat serum in PBS for 1h at room
temperature and incubated with patients’ sera (diluted 1:200) or
CSF (1:2) overnight at 4°C. Biotinylated goat anti-human IgG
(Vector Labs, Burlingame, CA, USA) was added for 2 h, followed
by incubation with the avidin-biotin immunoperoxidase
complex (Vector Labs, Burlingame, CA, 114 USA) for 1 h. The
reaction was developed with 0.05% diaminobenzidine (Sigma, St.
Louis, MO, USA). Animal studies were approved in accordance
with European (2010/63/UE) and Spanish (RD 53/2013)
regulations by the ethics committee of Hospital Clinic
of Barcelona.
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Indirect immunofluorescence
cell-based assays

All samples were subsequently examined with two types of
IIF-CBA: 1) a commercial assay, Autoimmune Encephalitis
Mosaic 6 kit (Euroimmun, Liibeck Germany), following
manufacturer’s instructions and recommended dilutions
(undiluted CSF and 1:10 serum), to test IgG antibodies against
N-methyl-D-aspartate (NMDA) receptor (GluN1), a-amino-3-
hydroxyl-5-methyl-4- isoxazole-propionate (AMPA) receptor
(GluAl, GluA2), gamma-aminobutyric (GABA) B receptor
(B1 and B2 subunits), contactin-associated protein-like 2
(CASPR2), leucine-rich glioma-inactivated protein 1 (LGI1)
and dipeptidyl-peptidase 6 (DPPX), and 2) in-house IIF-CBA
in which Human Embryonic Kidney 293 (HEK293) cells were
transfected with DNA constructs to express LGI1 together with
ADAM23 (12). Briefly, sera and CSF were diluted in PBS-1%
BSA (1:2 CSF and 1:10 serum) and incubated with stored pre-
fixed transfected cells overnight. Immunodetection was
performed using an goat anti-human IgG antibody conjugated
with AF488 (A11013, Invitrogen,Waltham, MA, USA) for 1 h.
ITF-CBA results were observed in an Axio-Imager 2 microscope
(Carl Zeiss, Jena, Germany).

The study was approved by the ethics committee of Hospital
Clinic of Barcelona. Patients’ samples were coded and clinical
information was anonymized prior to analysis.

Results
Study cohort

The median age of the patients was 62 years (range, 26-83
years), and 27 (40%) were women (no demographic information
available from 3 patients). From the 66 patients with available
information, the most common clinical findings were seizures
(70%), followed by cognitive impairment (62%), memory loss
(59%) and behavioral changes (38%) (Box 1. Representative
Case). Brain MRI studies showed abnormalities compatible with
limbic encephalitis in 38 out of 49 (78%) patients. EEG was
abnormal in 27 out of 38 (71%) patients. CSF pleocytosis was
found in 4 out of 41 (10%) patients. One patient had ovarian

Box 1 Representative case.

10.3389/fimmu.2022.1069368

teratoma and another patient had invasive thymoma. Two
patients had concurrent neuronal surface antibodies (one
against the GABAjy receptor and another against CASPR2).

LGI1 antibody detection

Among the 70 sera examined, 69 (98.5%) were positive by
brain indirect immunohistochemistry, 66 (94%) by commercial
ITF-CBA, and 60 (86%) by in-house IIF-CBA. Regarding the 70
paired CSF samples, 68 (97%) were positive by brain indirect
immunohistochemistry, 58 (83%) by commercial IIF-CBA, and
70 (100%) by in-house IIF-CBA.

47 (67%) patients were positive for LGI1 antibodies in both
samples (CSF and serum) with the three indicated techniques,
brain immunohistochemistry, commercial IIF, and in-house IIF
(concordant patients). The other 23 (33%) patients showed
discordant findings (discordant patients) that resulted from the
technique employed (commercial vs in-house assay) or the
sample tested (serum or CSF) (Table 1). A comprehensive
analysis of the results from discordant patients showed that
the commercial assay missed LGIl antibodies in CSF more
frequently than in serum (12 [52%] vs. 4 [17%]), and one
patient was negative in both serum and CSF. In contrast, the
in-house assay missed LGI1 antibodies in serum more frequently
than in CSF (10 [43%] vs. 0 [0%]). All samples negative by one of
the assays were positive by the other. No clinical differences were
found between concordant and discordant groups of patients
(Supplementary Table 1). Patients’ samples were negative by ITF-
CBA with HEK293 cells expressing only ADAM23 (not shown).

Discussion

In this study, we show that using an IIF-CBA co-expressing
LGI1 and ADAM?23 all patients with LGI1 autoimmune
encephalitis had LGI1 antibodies in CSF. Thus, the concept
that in this type of autoimmune encephalitis the antibodies
predominantly occur in serum should be reconsidered. The
reason why one IIF-CBA performs better than the other
depending on the type of sample (serum or CSF) is unclear.
We postulate that the repertoires of antibodies in serum and CSF

A 62-year-old woman developed confusion, dizziness and rapid cognitive decline over 3 weeks. Symptoms substantially worsened during the last week and her family
described strange behavior and episodes of aggression. Two days before admission to the hospital, she developed faciobrachial dystonic seizures (3-4 per day). At

admission, the MRI showed increased FLAIR/T2 signal predominantly involving the left hippocampus, and the EEG showed slow activity. Blood chemistry was

normal except for hyponatraemia (128 mEq/L), and the CSF showed mild pleocytosis with 7 leukocytes/mm?>. CSF testing using the Autoimmune Encephalitis Mosaic
6 kit (Euroimmun) was negative for all antibodies (NMDA receptor, AMPA receptor, GABA-B receptor, CASPR2, LGI1 and DPPX). Given the suspicion for
autoimmune encephalitis, a sample of CSF was sent to our center for further analysis. The CSF sample was tested by rat brain ITHC, showing robust immunostaining

of the hippocampus in a pattern highly suggestive of LGI1 antibodies (Figure 1A). However, the same CSF sample was negative in the commercial assay (Figure 1B).

Subsequently, CSF and serum were tested by in-house IIF-CBA, confirming the presence of LGI1 antibodies in both samples (Figure 1C).
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A In-house IIHC
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B Commercial lIF-CBA

4

a-human IgG

c In-house IIF-CBA

a-ADAM23

FIGURE 1

a-human IgG

LGI1 antibody detection using different tests. (A) Patient's CSF showing LGI1 immunoreactivity with rat brain tissue (IIHC), including
hippocampus (left) and cerebellum (right). (B)image showing the lack of reactivity of the patient’'s CSF with HEK293 cells expressing LGI1
(commercial indirect immunofluorescent cell based assay) (C) In-house IIF-CBA show the reactivity of the same sample with HEK293 cells co-
expressing LGI1 and ADAM23: Left, expression of ADAM23 confirmed with a commercial antibody (a-ADAM23); Middle, reactivity of patient's
antibodies with LGI1; Right, merge. Patient's CSF did not react with HEK293 cells expressing only ADAM23 (not shown). IIF-CBA: indirect
immunofluorescent cell based assay; ADAM23: disintegrin and metalloproteinase domain-containing protein 23

are different and that when using CSF, the expression of LGI1
with its natural ligand facilitates the detection of antibodies.
Irrespective of these or other unsuspected reasons the findings
have important diagnostic implications.

Previous studies suggested that up to 47% of patients with
anti-LGI1 encephalitis only have detectable LGI1 antibodies in
serum (2, 8, 9) (Table 2). These studies used the IIF-CBA
technique that expresses LGI1 anchored to the cell membrane
instead of the IIF-CBA that co-expresses LGI1 with ADAM?23. In
addition, most studies do not use brain immunohistochemistry
with CSF, which unambiguously shows intensive immunostaining
in a pattern characteristic of LGI1.

The implications of our findings are not only clinical but also
pathogenic, challenging the concept that the mechanism of this
disease, regarding antibody synthesis, is different from most
autoimmune encephalitis in which the prevalence of antibodies
is higher in CSF. In autoimmune encephalitis, CSF samples
represent better the immune dysregulation that takes places
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within the CNS than serum samples, and the importance of
CSF for antibody detection has been demonstrated in most of
these disorders (14). This is well illustrated in anti-NMDA
receptor encephalitis where given the risk of false-negative
results using serum, most investigators have adopted CSF
antibody testing (15, 16). Moreover, in some autoimmune
encephalitis, the clinical significance of the detection of
antibodies only in serum is unclear; for example, serum
GABA, receptor or glycine receptor antibodies may occur in
patients with a wide variety of diseases or symptoms that are not
immune-mediated or do not respond to immunotherapy
(17, 18).

In the present study we show that screening of any sample
(CSF or sera) by ITHC and subsequent confirmation of
antibodies in CSF with the ITF-CBA that co-expresses LGI1
with ADAM23 is the best approach to detect LGI1 antibodies.
All patients included in our cohort (N=70) were positive with
this approach. Although the commercial IIF-CBA with LGI1
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TABLE 1 Findings in serum and CSF of patients with anti-LGI1 encephalitis and discordant results in the indicated tests.

Brain ITHC

Discordant CSF Serum CSF
Patient

1 + + +
2 + + +
3 + + +
4 + + +
5 + + +
6 + + +
7 + + +
8 + + -
9 + + -
10 + + -
11 + + -
12 + + -
13 + + -
14 + + -
15 + + +
16 + + +
17 + + +
18 + + -
19 + + -
20 - + -
21 - + -
22 + - +

23 + + -

Commercial ITF-CBA
(LGI1 expressed in HEK293 cells)

In-House ITF-CBA
(LGI1/ADAM23 expressed in
HEK293 cells)

Serum CSF Serum
+ + -
+ + -
+ + -
+ + -
+ + -
+ + -
+ + -
+ + +
+ + +
+ + +
+ + +
+ + +
+ + +
+ + +
- + +
- + +
- + +
+ + -
+ + -
+ + -
+ + +
+ + +
- + +

ITHC, Indirect Immunohistochemistry; CSF, Cerebrospinal Fluid; ITF-CBA, immunofluorescence cell-based assay using HEK293 cells expressing LGI1. In the commercial assay LGI1 is
expressed on the cell surface with a transmembrane domain, whereas in the in house assay the LGI1 is co-expressed with disintegrin and metalloproteinase domain-containing protein 23

(LGI1/ADAM23).

alone was more sensitive in serum than our ITF-CBA expressing
LGI1-ADAM23, the commercial assay performed substantially
worse with CSE. Moreover, the diagnosis of 4 patients would
have been missed using serum with the commercial ITF-CBA,
which is the standard diagnostic test for LGI1 antibodies in most
clinical laboratories. In practice, some of these cases are later

TABLE 2 Reported results for LGI1 antibody detection in CSF by IIF-CBA.

Study

Type of IIE-CBA

diagnosed in research laboratories due to the persistence of
symptoms and high level of clinical suspicion, but delays in
treatment can affect outcome (3, 19, 20). Therefore, clinical
laboratories using the commercial IIF-CBA as screening
method, should consider including CSF testing if serum is
negative and no alternative diagnosis is identified.

LGI1 antibodies in CSF (%)

van Sonderen A, et al. (2)
(Neurology, 2016)

Gadoth A, et al. (8)
(Ann Neurol, 2017)

Muiiz-Castrillo S, et al. (13)
(Neurol Neuroimm Neuroinfl, 2021)

McCracken L, et al. (9)
(Neurology, 2017)

Present Study
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Commercial (LGI1)
Commercial (LGI1)

In-house (LGI1 co-transfected with ADAM?22)
Commercial (LGI1)

Commercial (LGI1)
in-house (co-expression of LGI1 and ADAM?23)

9/17(53%)

24/38 (63%)

105/134 (78%)

4/7 (57%)

58/70 (82%)
70/70 (100%)
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In our experience, brain tissue IIHC is a useful complementary
test for antibody detection in autoimmune encephalitis. As shown
here, this is particularly important for LGI1 antibodies because the
brain tissue ITHC with either serum or CSF is highly sensitive and
produces a pattern of hippocampus and cerebellum
immunostaining that is very suggestive of these antibodies (12).

A task for the future is to determine the repertoire of LGI1
antibody specificities in serum and CSF. We postulate that
autorreactive B cells present in CNS are in prolonged contact
with the antigen and undergo somatic hypermutation and
affinity maturation, facilitating the selection and expansion of
auto-reactive B cell clones that specifically recognize LGI1 linked
to its natural ligands. Our study suggests heterogeneity among
patients’ antibodies regarding LGI1 epitope recognition and
provides the best strategy to reduce false negative results with
tests currently available.
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CHI3L1 in the CSF is a potential
biomarker for anti-leucine-rich
glioma inactivated 1 encephalitis
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Shengjun Wang™ and Ling Li*

tDepartment of Neurology, Qilu Hospital, Cheeloo College of Medicine, Shandong University,
Jinan, Shandong, China, 2Department of Neurology, Qilu Hospital, Cheeloo College of Medicine,
Shandong University, Qingdao, Shandong, China

Objective: Anti-leucine-rich glioma inactivated 1(LGI1) encephalitis is one rare
autoimmune encephalitis which is accompanied by inflammatory responses.
(Anti-leucine-rich glioma inactivated 1 (anti-LGl1) encephalitis is an
autoimmune disease mediated by inflammatory responses.)This study aimed
to investigate the Chitinase 3-like 1(CHI3L1) in anti-LGllencephalitis patients
and evaluate its association with modified Rankin Scale (mRS) score in anti-LGI1
encephalitis at admission and 6 months follow-up.(This study looked into the
relationship between Chitinase 3-like 1 (CHI3L1) and the modified Ranking
Scale (mRS) score in anti-LGI1 encephalitis patients at admission and 6 months
later.)

Methods: Thirty-five patients with anti-LGI1 encephalitis and 22 patients with
non-inflammatory neurological disease were enrolled in this study. (We
enrolled 35 patients with anti-LGI1 encephalitis and 22 patients with non-
inflammatory neurological disease.)Cerebrospinal fluid (CSF) and serum levels
of CHI3L1 were measured by enzyme-linked immunosorbent assay. (We
quantified CHI3L1 in the serum and cerebrospinal fluid (CSF) by performing
an enzyme-linked immunosorbent assay.)Patients were evaluated for mRS
score at admission and at 6 months follow-up.(We recorded the mRS score
of the patients at admission and 6 months later.)

Results: CHI3L1 levels in CSF and serum were highly elevated in patients with
anti-LGI1 encephalitis at admission compared those with the controls.(At
admission, patients with anti-LGI1 encephalitis had elevated CHI3L1 levels in
the CSF and serum.) Additionally, patients presenting with cognitive impairment
had significantly higher CSF CHI3L1 levels and mRS scores than those without
cognitive impairment symptoms. Patients presenting with only faciobrachial
dystonic seizures at admission had lower CSF CHI3L1 levels than those with
other symptoms. Finally, CSF CHI3L1 levels were positively correlated with CSF
lactate levels.
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Conclusion: CHI3L1 levelin CSF is correlated with the severity and prognosis of
anti-LGI1 encephalitis. (CSF CHI3L1 levels are correlated with the severity and
prognosis of anti-LGI1 encephalitis.)

KEYWORDS

LGI1 encephalitis, cerebrospinal fluid, chitinase 3-like 1, modified rankin

scale, proghosis

Introduction

Anti-leucine-rich glioma inactivated 1 (anti-LGI1)
encephalitis is a type of rare autoimmune encephalitis (1). The
main clinical manifestations of anti-LGI1 encephalitis are
memory loss, seizures, mental behavioral abnormalities and
faciobrachial dystonic seizures(FBDS) (2-4). Chitinase-3 like-
protein-1 (CHI3L1), a chitinase-like protein, is generated and
released by various cells, including macrophages, microglia,
including macrophages, microglia, neutrophils, synoviocytes,
chondrocytes, fibroblast-like cells, smooth muscle cells, and
tumor cells (5-8). CHI3L1 forms a multimeric complex with
interleukin-13 receptor 0.2 and interacts with transmembrane
protein 219 (TMEM219), activating the Erk, Akt, and Wnt-
linked signaling pathways and suppressing inflammatory cell
apoptosis (5, 9, 10). Some studies have shown that patients with
anti-N-methyl-d-aspartate receptor (NMDAR) encephalitis
have higher CHI3LI levels in the cerebrospinal fluid (CSF)
than viral encephalitis patients or healthy people (11, 12). The
study showed thatCSF CHI3L1 levels were positively correlated
with the modified Rankin Scale (mRS) score and serum
interleukin-6(IL-6) in anti-NMDAR encephalitis (12),
suggesting that CSF CHI3L1 level may be positively correlated
with the severity of anti-NMDAR encephalitis. However, few
studies have documented serum and CSF CHI3L1 levels in
patients with anti-LGI1 encephalitis. Thus, we investigated the
changes in serum and CSF CHI3L1 levels in anti-LGI1
encephalitis patients and their relationship with severity and
prognosis. In parallel, this study analyzed the association
between clinical characteristics and mRS score at admission
and 6 months later.

Material and methods
Patients and controls

We retrospectively studied 35 patients with anti-LGI1
encephalitis. All included patients met the diagnostic criteria

Frontiers in Immunology

for anti-LGI1 encephalitis (13). The control group comprised 22
noninflammatory neurological disorder patients, which included
migraine (n = 5), anxiety disorder (n=8), cervical/lumbar disc
herniation (n=5), ischemic cerebrovascular disease (n=4). All
patients underwent a lumbar puncturewithin 7 days after
admission for a cerebrospinal fluidCSF examinationanalysis
before starting their immunosuppressants treatment. (Table 1)
We assessed the patients’ neurological status by recording their
mRS score (14) at admission and 6 months after discharge.

The local ethics committee at the Qilu Hospital of Shandong
University approved this study, and all participants provided
written informed consent.

Quantification of serum and CSF CHI3L1

CSF and serum samples were centrifuged immediately after
collection and then stored at —80°C for testing. Commercially
available sandwich ELISA kits were used according to the
manufacturer’s instructions to quantify CHI3L1 in the CSF
and serum. (Elabscience Biotechnology Co. Ltd).

Statistical analysis

All statistical analyses were performed using SPSS 26.
Continuous variables of normally distributed data were
presented as the mean +* standard deviation. Non-normally
distributed datawere presented as the median and interquartile
range (IQR). Groups were compared using Student’s t-test. Since
CHI3L1 concentrations are non-normally distributed, we
compared the anti-LGI1 encephalitis group and the control
group using the Mann Whitney U. Spearman’s test was used to
assess the correlation between CSF CHI3L1 levels and mRS scores.
Correlations between the CHI3L1 levels and the clinical data were
analyzed by multiple linear regression. Receiver operator
characteristic (ROC) curves were used to assess the
discriminating power of CHI3L1 levels in anti-LGI1 encephalitis
patients. A value of p < 0.05 was considered statistically significant.
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TABLE 1 Clinical data and laboratory findings of anti-LGI1 encephalitis patients (n=35)and controls (n=22).

Anti-LGI1 encephalitis Control

Age of onset (years, mean + SD) 6191 + 11.20 59.70 £ 11.73
male/Female 27/8 13/9
CSF samples(%) 30/35(85.71) 22/22 (100)
Serum samples(%) 30/35(85.71) 22/22 (100)
Clinical features(%)

Psychiatric/behavioral problems 14/35(40.00)

cognitive disturbance 22/35(62.86)

Seizures 14/35(40.00)

FBDS 20/35(57.14)

Initial mRS (median,IQR) 2 (1-3)

6-months follow-up mRS (median, IQR) 1(1-2)

Abnormal EEG(%) 23/33(69.70)

Abnormal brain MRI(%)
CSF WBC count (x106, median, range)
CSF Protein (g/L, median, IQR)

Anti-LGI1 antibodies in CSF(%)

15/34(44.12)
1.6 (1-4) 1(1-2)
0.38(0.27-0.50) 0.40 +0.18

34/35(97.14)

Anti-LGI1 antibodies in Serum(%)

32/33(96.97)

Hyponatremia(%)

20/35(57.14)

CSF CHI3L1 (pg/ml)

Serum CHI3L1 (pg/ml)

1216.30(511.78-1750.24)

919.86(600.09-3110.75)

493.93(354.90-735.98)

610.01(388.66-1355.32)

CSF, Cerebrospinal fluid; FBDS, faciobrachial dystonic seizures; mRS, modified Rankin Scale scores; IQR, Inter quartile range; EEG, Electroencephalogram; MRI, Magnetic Resonance

Imaging; WBC, white blood cell; CHI3L1, Chitinase 3-like 1.

Results
Clinical features and demographics

Table 1 lists the clinical features of the included patients. The
mean age of the patients with anti-LGI1 encephalitis was 61.91 +
11.20 years, and that of the control group was 59.70 + 11.73
years. The male to female ratio of patients recruited with anti-
LGI1 encephalitis versus controls was 27/8 and 13/9 respectively.
The median mRS score during the onset of anti-LGI1
encephalitis patients was 2 (1-3). The median mRS score
during the 6 months follow-up of anti-LGI1 encephalitis
patients wasl (1-2). All anti-LGI1 encephalitis patients were
treated with methylprednisolone alone or combined with
intravenous immunoglobulin during phase of disease, followed
by a gradual reduction of the prednisone dose.
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Clinical features related to mRS at
admission and 6 months later in anti-
LGI1 encephalitis patients

A Simple linear regression analysis revealed that the mRS score
at admission was positively associated with hyponatremia(=0.468,
p=0.003) and negatively associated with FBDS ($=-0.426, p=0.005).
The multiple linear regression analysis also revealed that the mRS
score at admission was positively associated with hyponatremia
(B=0.364, p=0.025) and negatively correlated with FBDS (3=-0.395,
p=0.016). The mRS score at admission was not associated with
serum/CSF LGI1 antibody titers, abnormal brain MRI, CSF protein
concentrations, CSF white blood cell count, CSF immunoglobulin
G, A, and M titers, and CSF lactate levels.

Meanwhile, the simple linear regression analysis and
multiple linear regression analysis revealed that mRS score at
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the 6-month follow-up examination was not associated with
serum/CSF LGI1 antibody titers, abnormal brain MRI,
hyponatremia, FBDS, CSF protein concentrations, CSF white
blood cell count, CSF immunoglobulin G, A, and M titers, and
CSF lactate levels.

Increased CSF and serum CHI3L1 levels
in anti-LGI1 encephalitis patients

We quantified CHI3L1 in CSF (1 =30) and serum samples (n
=30) from patients with anti-LGI1 encephalitis (n =35), and
controls (n = 22) using an ELISA assay. Patients with anti-LGI1
encephalitis had significantly higher CHI3L1 levels in the serum
and CSF than controls. (p=0.0026 and p=0.0331, respectively;
Figures 1A, B).

Next, we evaluated whether CHI3L1 levels could be used to
identify anti-LGI1 encephalitis patients using ROC curves. The
area under the ROC curve (AUC) of CSF and serum CHI3L1
levels were 0.7377 and 0.6742, respectively (Figures 1C, D). The
optimal cut-off values for CSF and serum levels were 868.6 pg/
mL and 712.12pg/mL, respectively.
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Anti-LGI1 encephalitis patients with
cognitive impairment symptoms had
high CSF levels and mRS scores

Patients with anti-LGI1 encephalitis presenting with
cognitive impairments (n = 18) had significantly higher CSF
CHI3L1 levels than those without cognitive impairment
symptoms (n = 12, p = 0.022, Figure 2A), but these two
groups had similar serum CHI3L1 levels (Figure 2B). Patients
with anti-LGI1 encephalitis who presented with cognitive
impairments had significantly higher mRS scores on admission
(p < 0.001, Figure 2C) and at the 6-month follow-up
examination (p = 0.018, Figure 2D) than those without
cognitive impairment symptoms.

Next, patients with other symptoms, such as psychotic
behavior abnormalities or seizures, and those without these
symptoms had similar CHI3L1 levels. Interestingly, anti-LGI1
encephalitis patients who presented with only FBDS at
admission (n = 6) had significantly lower CSF CHI3LI levels
than those without FBDS symptoms (n = 24, p = 0.029;
Figure 2E). However, these two groups had similar serum
CHI3L1 levels (p = 0.481; Figure 2F).
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(C), (D)Receiver operating characteristic curves for CSF and serum CHI3L1 to discriminate anti-LGI1 encephalitis patients from control patients
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CHI3L1 level difference in serum and cerebrospinal fluid of LGI1 patients with different clinical presentations. Cerebrospinal fluid (A) and serum
(B) CHI3LL levels in anti-LGI1 encephalitis patients with and without cognitive impairment; mRS scores at admission (C) and at 6-month follow-
up (D) of anti-LGI1 antibody encephalitis presenting with cognitive impairment and those without cognitive impairment symptomes;
Cerebrospinal fluid (E) and serum (F) CHI3L1 levels in anti-LGI1 encephalitis patients presenting with only FBDS and other symptoms; ClI
Patients presenting with cognitive impairments, Non-ClI: Patients presenting without cognitive impairments.

Clinical features related to increased CSF
CHI3L1 concentrations in anti-LGI1
encephalitis patients

The CSF CHI3L1 level were correlated with the patients’
mRS scores at admission(r =0.516, p= 0.004; Figure 3A) and 6
months later (r=0.552, p=0.002; Figure 3B). Meanwhile, serum
CHI3L1 concentrations and other clinical features were not
associated with the patients’ mRS score of the patients at
admission (r=0.086, p=0.652; Figure 3C) and 6 months later
(r=-0.003, p=0.988; Figure 3D).

The simple linear regression analysis revealed that CSF CHI3L1
levels were positively correlated with the patients’ mRS scores at
admission (=0.448, p=0.013), and 6-months later (=0.450,
p=0.013) and with the patients’ CSF lactate levels ($=0.451,
p=0.014). The multiple linear regression analysis showed that CSF
CHIBLI levels were positively correlated with the patients’ mRS
score at the 6-month follow-up examination ($=0.422, p=0.011)
and the patients’ CSF lactate levels ($=0.420, p=0.012).

However, the simple linear regression analysis and multiple
linear regression analysis revealed no correlation between serum
CHI3LI levels and the mRS score of the patients at onset and 6-
months follow-up and other clinical features.

Discussion

Autoimmune encephalitis is often accompanied by
inflammatory cell activation and cytokineproduction during
pathogenesis (15, 16). Anti-LGI1 encephalitis patients have
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elevated neurofilament light chain protein, glial fibrillary acidic
protein and chemokine ligand 13 levels and reduced Visinin-like
protein 1, Synaptosomal Associated Protein-25 (SNAP-25) and
neurogranin levels in the serumand CSF (17-21). However, none of
these biomarkers reflect microglia activation. CHI3L1, also has been
named YKL-40 in humans, is produced by macrophages, microglial
cell and neutrophils (5, 22). As a pro-inflammatory factor, CHI3L1
inhibits inflammatory cell apoptosis and death by inducing PKB/
Akt phosphorylation, inhibiting Fas expression (23). Moreover,
CHI3LI promotes the activation and differentiation of immune
cells, such as macrophages, dendritic cells and T lymphocytes (24).

Some studies have indicated that elevated CSF CHI3L1 are
associated with Alzheimer’s disease, multiple sclerosis and
Parkinson’s disease (22, 25-29). One study has shown that
CHI3L1 levels are significantly elevated in the CSF of patients
with anti-LGI1 encephalitis. However, that study only included
seven patients (21) Patients with anti-NMDAR encephalitis also
have elevated CSF CHI3L1 levels (11, 12). Additionally, CSF
CHI3LI levels are associated with the mRS score both at
admission and 6 months later (11, 12, 16) An [18F]-DPA714
PET/CT scan study revealed that one patient with recurrent anti-
LGI1 encephalitis had activated microglia in the left medial
temporal lobe indicating that microglia play a major role in the
pathogenesis of anti-LGI1 encephalitis (30). Active microglia
might increase CHI3L1 levels in the CSF. Furthermore, CHI3L1
increases T lymphocyte levels, particularly Th2 cells in type 2
inflammatory responses (31). Additionally, neutrophils and
endothelial cells also secrete CHI3L1 and may, therefore,
contribute to the elevation of CSF CHI3L1 levels in LGI1
patients (32, 33).
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The present study, that patients with anti-LGI1 encephalitis
had elevated serum and CSF CHI3L1 levels. CSF CHI3LI levels
were correlated with mRS scores at admission and 6 months
later. Moreover, CSF CHI3LI levels were higher in anti-LGI1
encephalitis patients presenting with cognitive impairment than
those without cognitive impairment symptoms. Note-worthily,
patients presenting with only FBDS at admission had
significantly lower CSF CHI3L1 levels than patients with
other symptoms.

These results imply that CSF CHI3L1 levels were associated
with severity and outcomes. Most patients presenting with only
FBDS at admission did not suffer from serious anti-LGI1
encephalitis. A recent Mayo Clinic study have reported that more
than half of patients with anti-LGI1 encephalitis presented with
FBDS (34). Those patients with FBDS have no obvious
inflammatory responses in the CSF at the early disease stage (35).
In these patients, early immunotherapy usually yields good results
(36, 37).

Our results revealed that the mRS score at admission was
positively correlated with hyponatremia, suggesting that
hyponatremia is also related to the severity of the disease.
One study demonstrated that the prognosis of anti-LGI1
encephalitis patients with hyponatremia is poor (38). In this
study, CSF CHI3L1 levels were correlated with CSF lactate
levels. These results suggest that metabolic and inflammatory
factors are both involved in the pathogenesis of patients with
anti-LGI1 encephalitis.
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There are some limitations to our study. First, the patients
population remains relatively small. Second, the serum and CSF
samples obtained in the follow-up examination were not studied.

Conclusion

CSF CHIBLI levels are correlated with the severity and
prognosis of anti-LGI1 encephalitis.
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Case report: Autoimmune
encephalitis with multiple
auto-antibodies with reversible
splenial lesion syndrome and
bilateral ovarian teratoma
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Anhui University of Science and Technology (First People’'s Hospital of Huainan), Huainan, China

Background: Reversible splenial lesion syndrome (RESLES) is a spectrum of disease
radiologically characterized by reversible lesions caused by multiple factors,
primarily involving the splenium of the corpus callosum (SCC). The most
common causes of RESLES include infection, antiepileptic drug use and
withdrawal, and severe metabolic disorders. Nevertheless, cases of autoimmune
encephalitis (AE) are uncommon.

Case presentation: A 26-year-old female computer programming engineer with
no previous medical or psychiatric history reported to the psychiatric hospital due
to a 3-day episode of irritability, babbling, limb stiffness, sleepwalking,
hallucinations, and paroxysmal mania. Brain MRI revealed abnormal signals of
the SCC. Lumbar puncture was performed and further testing for auto-antibodies
was conducted in both the CSF and serum. CSF of the patient was positive for anti-
NMDAR (titer of 1:3.2) antibodies, and serum was also positive for anti-NMDAR
(titer of 1:32) as well as mGIluRS5 (titer of 1:10) antibodies. Enhanced CT of the pelvis
showed an enlarged pelvic mass; bilateral ovarian teratomas (mature teratoma and
immature teratoma) were evaluated, which were pathologically confirmed after
transabdominal left adnexal resection, right ovarian biopsy, and ovarian
cystectomy. The patient considerably improved after intravenous administration
of steroids, immunoglobulin, oral prednisone, surgical treatment, and
chemotherapy. A follow-up MRI revealed completely resolved lesions. During a
3-month follow-up, the patient experienced complete resolution of symptoms
without any sign of recurrence and tumors. The titer of the anti-NMDAR antibody
decreased to 1:10 in serum.
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Conclusion: Herein, we report a rare case of AE with overlapping auto-antibodies,
along with RESLES and bilateral ovarian teratomas. The current case provides the
possibility of the concurrence of mGIUR5 antibodies in anti-NMDAR encephalitis.
However, the underlying mechanism remains elusive. Furthermore, we provide
additional evidence that overlapping antibodies-related pathology may be one of
the many causes of RESLES. Nonetheless, caution should be observed in
interpreting the observation, considering that this is a single-case study.

KEYWORDS

reversible splenial lesion syndrome, autoimmune encephalitis, ovarian teratomas, anti-N-
methyl-D-aspartame receptor (anti-NMDAR) encephalitis, anti-metabotropic glutamate
receptor 5 (MGLluR5) encephalitis

Introduction

Anti-N-methyl-D-aspartame receptor (anti-NMDAR) encephalitis
is the most commonly known type of autoimmune encephalitis (AE),
accounting for 6% to 10% of all encephalitis. It is characterized by
severe neuropsychiatric manifestations, particularly psychiatric
symptoms (1-3). Unlike other AE, the disease is characterized by the
presence of an IgG1 antibody directed against the NR1 subunit of the
NMDAR on the neuronal cell surface or synapses in the cerebrospinal
fluid (CSF); however, 14.4% to 28.6% of patients have a negative serum
antibody test (4, 5). Other auto-antibodies, including anti-alpha-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
(AMPAR), anti-leucine rich glioma inactivated 1 (LGI1), anti-
gamma-aminobutyric-acid B receptor (GABABR), and anti-
contactin-associated protein 2 (CASPR2) antibodies are also common
(6-9). The occurrence of mGluR5 auto-antibodies was initially reported
in 2 young patients with Ophelia syndrome, an encephalitis associated
with Hodgkin’s lymphoma characterized by psychosis, memory
deficits, and a dreamy state (10). Of note, co-existing antibodies may
produce an overlap of clinical symptoms in patients with AE, increasing
the probability of potential malignancy (11). Literature reports indicate
that anti-NMDAR encephalitis occurs mostly in women with an
average onset age of approximately 21 years and is frequently related
to tumors, especially ovarian teratomas (12-14). A recent systematic
review of anti-NMDAR encephalitis found that the most common
brain magnetic resonance imaging (MRI) outcome was abnormal
temporal lobe signals in the medial temporal lobe with hyperintensity
on fluid-attenuated inversion recovery (FLAIR), followed by cortical
gray matter changes and subcortical white matter changes.
Furthermore, soft meningeal enhancement, followed by cortical
enhancement was the most common dynamic contrast-enhanced
MRI outcome (15). Reversible splenial lesion syndrome (RESLES) is
a clinico-radiological syndrome characterized by reversible lesions in
the splenium of corpus callosum (SCC) and commonly caused by
infection, antiepileptic drugs use, antiepileptic drugs withdrawal, and
severe metabolic disorders (16). Overlapping auto-antibodies and
RESLES rarely occur together in AE. Here, we report a rare case of
AE with anti-NMDAR as well as anti-mGluR5 antibodies in the serum
and anti-NMDAR only in the CSF with RESLES and bilateral
ovarian teratomas.
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Case presentation

A 26-year-old female computer programming engineer with no
previous medical or psychiatric history visited the psychiatric hospital
on December 4, 2021, following a 3-day episode characterized by
irritability, babbling, stiffness of the limbs, sleepwalking,
hallucinations and paroxysmal mania, all of which had a significant
impact on her life. The parents of the patient attributed the episode
partially to her recent work stress and breakup. The patient had no
history of headache, dizziness, fever, seizures, and dyskinesia, and was
diagnosed with schizophrenia by a psychiatrist. During
hospitalization, the patient was prescribed olanzapine 5mg twice
daily, and sertraline 50mg once daily, but the symptoms were
poorly controlled. On the 8th day after initial symptoms, a head
computed tomography (CT) scan was performed, and no significant
abnormalities were observed. An electroencephalogram (EEG)
revealed a diffused slow wave. On the 17th day after initial
symptoms, the abnormal signals of the SCC were characterized by
slight hypo-intensity on T1-weighted image (T1WI), hyper-intensity
on T2-weighted image (T2WI), FLAIR, and diffusion-weighted
imaging (DWI) imaging, and hypo-intensity on apparent diffusion
coefticient (ADC) map (Figures 1E-I). Despite the treatment, the
condition of the patient progressed and was transferred to the
department of the neurological department on the 20th day after
initial symptoms (Admission Day). Neurological examination
showed drowsiness, difficulty with attention, or difficulty with serial
7s. The muscle strength of her limbs was approximately graded 5/5,
with normal muscle tone and tendon reflexes; the remaining physical
and neurological examination results were not significant. On
admission day, a lumbar puncture was performed, showing
homogeneous and uniform light red CSF in the anterior and
posterior canals, normal opening pressure and glucose levels,
increased CSF protein levels (1195.4 mg/L), normal white cell count
(4x1076/L), and high red blood cell count (1.2x1079/L). After
centrifugation, the supernatant of the CSF remained light red, and
was positive for an occult blood test; crenocytes could be observed
under a light microscope (x800 magnification) (Supplementary
Material). No abnormalities were observed in the CSF
bacteriological tests, CSF Gram stain, and CSF virus tests (herpes
simplex virus, varicella-zoster virus, enterovirus, cytomegalovirus,
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FIGURE 1

The gynecological ultrasound, pelvic CT, and cranial MRI results of the patient. (A) The gynecological ultrasound showed a mixed echogenic mass (8.3
cm x 5.9 cm) in the left ovary. (B) Pelvic CT showed an irregular cystic mass (10.2 cm x 8.4 cm) with a few calcifications and fatty components in the
posterior aspect of the bladder. (C) Enhanced CT of the pelvis revealed a large cystic-solid mass in the anterior aspect of the uterus with no
enhancement of the cystic component, fat and calcification, and mild enhancement of the solid component; A mass of uneven density on the right side
of the uterus with a predominantly solid component, mild enhancement of the solid component and no enhancement of the fatty component. (D) The
repeated gynecological ultrasound demonstrated no abnormal echogenicity. Initial cranial MRI exhibited an isolated splenium of the corpus callosum
(SCCQ) lesion (arrows) with slight hypointensity on TIWI (E), hyperintensity on T2WI (F), FLAIR (G), and DWI (H), and hypointensity on the ADC map (I). On
day 52 after onset, repeated MRI demonstrated the lesion of SCC lesion was completely resolved on TIWI (J), T2WI (K), FLAIR (L), DWI (M), and ADC (N)

rubella virus, and Epstein-Barr virus). Furthermore, we performed
additional hospital-related examinations, including a coagulation
function test. As a consequence, the mild elevation of D-Dimer was
2.93 mg/L (normal range, 0-0.55 mg/L) and the mild elevation of
fibrinogen degradation products was 7.58 mg/L (normal range, 0-5
mg/L). Besides, alanine aminotransferase 56 U/L (normal range, 8-40
U/L), other biochemical indicators, complete blood cell count
(including a white blood cell count of 8.5x1076/L and red blood
cell count of 5x10712/L), routine urine and stool tests, homocysteine,
thyroid-stimulating hormone, antithyroglobulin, antithyroperoxidase
antibodies, cortisol, vitamin B12, erythrocyte sedimentation rate, and
female tumor markers were normal. Serology for syphilis, hepatitis B,
mycoplasma, human immunodeficiency virus antibody, herpes
simplex virus, hepatitis C virus antibody, varicella, cytomegalovirus,
mumps, measles, and Epstein-Barr virus was negative. Moreover,
anti-nuclear, anti-SM, anti-SSB, anti-double-stranded DNA, anti-
SSA, anti-JO-1, and all other auto-antibody tests were negative.
Considering the probability of AE, an antibody test of CSF using a
cell-based assay combined with a tissue-based assay (EUROIMMUN
Medical Diagnostics company) was also performed on the second day
of admission (Figures 2A-F). The anti-NMDAR (titer of 1:3.2)
antibody was positive. Serum analysis revealed positive anti-
NMDAR (titer of 1:32), and anti-mGluR5 (titer of 1:10) antibodies,
but negative anti-AMPA1, anti-AMPA2, anti-GABA-B, anti-LGI 1,
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anti-GAD65, anti-CASPR2, anti-DPPX, and anti-IgLON5 antibodies.
In addition, CNS demyelinating antibodies, including AQP4, MOG,
and MBP were also negative. Given the concern for AE, the patient
was administered intravenous methylprednisolone (1 g per day,
intravenously, for 5 days, 500 mg per day for 3 days, 250 mg per
day for 3 days) and intravenous immunoglobulin (0.4 g/kg body
weight for 5 days) on the 2nd day after admission. At the same time,
olanzapine improved psychiatric symptoms. After 5 days of
treatment, the symptoms gradually improved, her mental state
improved, and could communicate. One month after the initial
symptoms, the patient had not experienced sleepwalking, her
mental and behavioral symptoms had largely disappeared, her
memory had gradually recovered, and her arithmetic skills had
improved significantly unlike before. The Mini-Mental State
Examination (MMSE) scores and Montreal Cognitive Assessment
(MoCA) scores were 22 and 18, respectively. We further examined for
tumor evidence and a gynecological ultrasound revealed a mixed
echogenic mass in the left ovary (Figure 1A). Malignancy screening,
including a CT of the chest, abdomen, and pelvis was performed to
further assess the tumors, which demonstrated an irregular cystic
mass (10.2 cm x 8.4 cm) with a few calcifications and fatty
components in the posterior region of the bladder; ovarian
teratoma was suspected (Figure 1B). Subsequently, a gynecologist
recommended surgical removal of the pelvic mass, however, the
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FIGURE 2

Immunofluorescence staining of monkey cerebellar tissues. Cryosections of the monkey cerebellum were incubated with patient serum and CSF in the
first step and with FITC-labeled goat anti-human IgG in the second step. Immunofluorescence of anti-NMDAR and anti-mGluR5 antibodies in the CSF
and serum of the patient. Anti-mGIuR5 and anti-NMDAR antibodies bound on mGIuR5 and NMDAR antigens expressed in HEK293 cells, respectively, and
visualized by the immunofluorescence of fluorescein on the second antibody. (A) Tissue-based indirect immunofluorescence assay of CSF displayed
anti-NMDAR antibody presenting as granular fluorescence in monkey cerebellar granular layer cells. X200 magnification. (B) Positive reaction with
transfected HEK293 cells expressing NMDAR after incubation with the patient’s first CSF (B) (titer 1:3.2). X200 magnification. (C, 1) Negative reaction with
transfected HEK293 cells expressing mGIUR5 after incubation with the patient's first CSF (C) and the repeated CSF (I). x200 magnification. (D, G, J, M)
Tissue-based indirect immunofluorescence assay of the patient’s first serum (D), second CSF (G), second serum (J), and third serum (M) showed no
specific form of fluorescence in the monkey cerebellum. (E, K, N) Positive reaction with transfected HEK293 cells expressing NMDAR after incubation
with the patient's first serum (titer 1:32) (E), second serum (titer 1:32) (K), and third serum (titer 1:10) (N). (F) Positive reaction with transfected HEK293
cells expressing mGIluR5 after incubation with the patient’s first serum (F) (titer 1:10). x200 magnification. (H) Negative reaction with transfected HEK293
cells expressing mGIluR5 after incubation with the repeated CSF (H). X200 magnification. (L) Negative reaction with transfected HEK293 cells expressing

mGIUR5 after incubation with the repeated serum (L). X200 magpnification

patient temporarily postponed the surgical treatment for personal
reasons, and thus was discharged from the hospital on the 19nd day
after admission. At this time, the patient had transitioned to
prednisone 60 mg, reduced by 5 mg every 2 weeks, with anticipated
treatment lasting 6 months. At 1 month follow-up, her mental and
behavioral symptoms improved completely, with a score of 30 for
both MMSE score and MoCA scores. A follow-up MRI scan
(Figures 1J-N) indicated that the lesion in SCC had completely
resolved 2 weeks after discharge.

The patient was admitted to our gynecology department on May
16, 2022 (Admission Day), due to intermittent pain in the left lower
abdomen for 3 months. A systematic abdominal and neurological
examination was performed, revealing abdominal distension,
increased abdominal wall tension, and a palpable abdominal mass
on the lower abdominal surface; the remaining physical and
neurological examination results were not significant. After
admission, relevant examinations were performed again. No
abnormality was detected by routine blood, urine, and stool tests,
biochemical indicators, coagulation, and thyroid functions. Tumor
markers were investigated on the 2nd day after admission, and the
results revealed alpha-fetoprotein of 51.6 ng/ml (normal range, 0-20
ng/ml) and carbohydrate antigen 125 of 266.8 U/ml (normal range, 0-
35 U/ml).

Furthermore, malignancy screening, including the enhanced CT
of the abdomen and the pelvic mass was performed to re-evaluate the
tumors on the 4nd day after admission. Enhanced CT of the pelvis
revealed: a large cystic-solid mass (19 cm x 11 cm) in the anterior
region of the uterus with no enhancement of the cystic component, fat
and calcification, and mild enhancement of the solid component; A
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mass (3.3 cm x 2.9 cm) of uneven density on the right side of the
uterus with a predominantly solid component, mild enhancement of
the solid component and no enhancement of the fatty component
(Figure 1C). Transabdominal left adnexal resection, right ovarian
biopsy, and ovarian cystectomy were performed under general
anesthesia on the 9nd day after admission.

Intraoperatively, irregular tissue of the left adnexa was observed,
with a size of approximately 27*21*7 cm (Figure 3A), and the right
ovary was slightly enlarged; a papillary bulge was visible on the
surface of the ovary, with a size of approximately 1*0.5*0.5 cm
(Figures 3I, J). The pathology report showed: immature cystic
teratoma (histological grade 2, clinical stage IC) in the left ovary,
comprising neuroglia, primitive neural tube, Infantile neural tissue,
choroid plexus tissue, naive enamel organ, epidermis, hair follicle and
salivary gland tissue (Figures 3B-H); Mature cystic teratoma in the
right ovary, consisting of mature neuroglial, mature brain tissue,
respiratory epithelium, mature adipose tissue and keratocysts
(Figures 3K-N). Surgical intervention was followed by three cycles
of a combined chemotherapy regimen of bleomycin + etoposide +
cisplatin (BEP) on June 4. The patients achieved complete resolution
of abdominal pain without any sign of recurrence and tumors during
a 1-month follow-up. Tumor markers revealed CA125 of 22.2 U/ml
(normal range, 0-35 U/ml) and AFP of 1.8/ul (normal range, 0-20ng/
ml). The gynecological ultrasound demonstrated no abnormal
echogenicity (Figure 1D). Anti-mGluR5 antibody in the serum and
anti-NMDAR antibody in the CSF were negative, respectively, and
the titer of the anti-NMDAR antibody in the serum remained 1:32
(Figures 2G-L). At the 3-month follow-up, although her titer of anti-
NMDAR antibodies in serum had decreased to 1:10 (Figures 2M, N),
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FIGURE 3

The pathology results and surgical specimen of the patient. The specimen showed immature ovarian teratoma, consisting of neuroglia, primitive neural
tube, infantile neural tissue, choroid plexus tissue, naive enamel organ, epidermis, hair follicle, and salivary gland tissue by H&E staining. The arrows
indicate lesions in (B—H). (B) Neuroglia. (C) Primitive neural tube. (D) Infantile neural tissue. (E) Choroid plexus tissue. (F) Naive enamel organ. (G)
Epidermis and hair follicle. (H) Salivary gland tissue. (A) The immature ovarian teratoma after surgical resection. The specimen showed mature ovarian
teratoma, consisting of mature neuroglial, mature brain tissue, respiratory epithelium, mature adipose tissue, and keratocysts by H&E staining. The arrows
indicate lesions in (K=N). (K) Mature neuroglial. (L) Mature brain tissue. (M) Respiratory epithelium. (N) Mature adipose tissue and keratocysts. (I, J) The

mature ovarian teratoma after surgical resection.

her daily life was not significantly affected and she resumed work. The
entire course of the disease and the therapeutic modalities used have
been summarized as a graphical abstract (Figure 4).

Discussion

For the first time, we report a rare case of a patient diagnosed with
overlapping auto-antibody syndromes with RESLES and bilateral
ovarian teratoma. The patient was a young woman, with abnormal
behavior (hallucinations and agitation) with irritability, followed by
speech dysfunction, dyskinesias, and a drop in consciousness level.
Based on positive anti-NMDAR antibodies in both CSF and serum,

Frontiers in Immunology

this case satisfied the criteria of definite anti-NMDAR encephalitis
(17). So far, few reports exist on mGluR5-associated encephalitis; only
13 cases of mGluR5-associated encephalitis have been reported, with
main clinical manifestations comprising abnormal psychiatric
behavior, cognitive impairment, sleep disturbance, seizures,
decreased level of consciousness, and movement disorder (10, 18—
21). In the present case, the clinical manifestations of psychiatric and
cognitive disorders could be simultaneously attributed to anti-
mGIuR5 and anti-NMDAR antibodies. Sleepwalking could be
associated with anti-GluR5 antibodies. The presence of mGluR5 in
anti-NMDAR encephalitis suggests the possibility of an overlapping
autoimmune complex. Thus far, no case report of the simultaneous
presence of the anti-mGluR5 and anti-NMDAR antibodies similar to
our case has been published in PubMed.
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FIGURE 4

Timeline with clinical manifestation, treatment progression, and diagnosis time

Glutamate is a major excitatory neurotransmitter of the central
nervous system and modulates many key neuronal functions (22).
However, glutamate overload can cause massive neuronal death and
excitatory brain damage due to excessive glutamate receptor
activation. Glutamate receptors (GluRs) are primarily classified into
ionotropic (iGluRs), which act as glutamate-gated ion channels, and
metabotropic (mGluRs), which are G protein-coupled receptors that
span seven transmembranes, coupling to G proteins and activating
intracellular signaling (23, 24). NMDARs are ligand-gated cation
channels that regulate synaptic transmission and plasticity. They are
localized in the postsynaptic membrane of neurons and
predominantly found in the forebrain and limbic system,
specifically the hippocampus. The pathogenesis of anti-NMDAR
encephalitis may be attributed to antibody cross-linking and
capping and internalization of NMDARs, causing decreased
receptor density and reduced synaptic function of neurons (25, 26).
mGluR5 is mainly found in the postsynaptic terminals of neurons and
microglia. mGIuR5 signals through Gg/Gl11 coupling to activate
phospholipase C, leading to calcium mobilization and activation of
protein kinase C, mainly expressed in the hippocampus and
amygdala. These antibodies cause a decrease in mGluR5 cluster
density at both synaptic and extrasynaptic locations, although the
exact mechanism by which these antibodies alter receptor density
remains unknown (20). Notably, glutamate exerts its important effects
through mGluR5s and NMDARs. Antibodies against these two
receptors cause anti-NMDA receptor encephalitis and anti-mGluR5
receptor encephalitis, both of which can result in overlapping auto-
antibody syndromes.

Autoimmune antibodies can be divided into two types, i.e ., (1)
antibodies directed against intracellular proteins (e.g. anti-Hu, Yo,
and Ri antibodies) ; (2) antibodies acting on neuronal cell-surface
receptors or synaptic proteins (e.g. anti-NMDAR, mGluR5,
GABABR, LGI1, and AMPAP antibodies), some of which can
occasionally overlap with each other, such as the combination of
anti-NMDAR antibodies with anti-GABABR antibodies, anti-
NMDAR antibodies with anti-IGI1 antibodies, and anti-NMDAR
antibodies with anti-AMPAP antibodies (12, 27, 28). Of note, it is
unclear why both antibodies are present in our patient, given their
uncommon coexistence. The propensity for overlapping
autoantibody syndromes also needs further exploration to elucidate
whether either or both antibodies are pathogenic.

The clinical features of overlapping auto-antibody neurological
syndromes may be common for each antibody-mediated disease,
which individually combine into a single, distinct presentation that is
atypical for any one antibody. For example, patients with anti-
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mGluR5 antibodies combined with positive anti-SOX1 antibodies
have symptoms of cerebellar ataxia (20). Hoftberger et al. (27)
reported a case of anti-GABABR encephalitis combined with
positive anti-NMDAR antibodies, in which the psychiatric
symptoms were more pronounced. They reported a similar case but
combined with positive anti-GAD65 antibodies accompanied by
refractory epilepsy. The titer of anti-mGluR5 antibodies in our case
history was low and was only found in serum. It is unlikely that they
represented true neurological autoimmunity in this situation.
Nevertheless, it may be a marker of increased auto-antibodies
produced in response to tumor cell breakdown and antigen release
or represents a low titer “false positive” result, as seen in 8% of the
general population (29). Since patient serum samples were evaluated
three times and the serum anti-NMDAR antibodies remained positive
during follow-up with decreasing antibody titers, we hypothesized a
relatively low likelihood of a false-positive result for anti-
NMDAR antibodies.

The initial brain MRI showed an abnormal signal in the splenium
of the corpus callosum (SCC) and repeated MRI revealed complete
resolution of the lesion, and the case met the diagnostic criteria for
RESLES (16). RESLES commonly occur in children and young adults
due to a number of factors, including metabolic disorders, high
altitude cerebral edema, infections, and rare causes such as
Kawasaki disease, acute poisoning, vitamin B12 deficiency, systemic
lupus erythematosus, anorexia nervosa and cerebral venous
thrombosis (30-33). Besides, it is commonly reported in patients
under antiepileptic drugs, especially after drug withdrawal (16).
However, the patient had no previous history of epilepsy, no
epileptoid seizure, vomiting, and other symptoms during the onset
of the disease, as well as no disorders including hypoglycemia,
malnutrition, and liver or kidney failure. Therefore, epilepsy and
metabolic disorders (hyponatremia, hypoglycemia, nutritional
deficiency, etc.) could not have caused RESLES. Furthermore, the
patient had no fever or other signs of infection, and microbiological
tests in serum and CSF were negative; therefore, the probability of
viral or other pathogenic infection was low. In addition,
demyelinating antibodies in the CSF, biochemical indicators,
vitamin B12 levels, thyroid function, and rheumatic function tests
showed normal metabolic function and no other signs of autoimmune
or demyelinating diseases. Repeated MRI revealed complete recovery
of the lesion, thus excluding ischemic stroke.

The causative mechanism of RESLES is unclear. It is generally
considered to be transient cytotoxic edema of SCC caused by various
etiologies, which can be inferred by restricted diffusion on DWI and
low ADC values (16). Studies on the relationship between RESLES
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and anti-neuronal antibodies are extremely rare. It has only been
described previously in cases of anti-NMDAR encephalitis, anti-
VGKC encephalitis, anti-GFAP encephalitis, and anti-Yo
encephalitis, respectively (34-37). A patient presented with both
RESLES and auto-antibodies against voltage-gated potassium
channels; the authors suggested a potential causal role for voltage-
gated potassium channel autoantibodies, causing changes in
potassium concentration within the myelin sheath (37). This may
cause hyperpolarization, increased ion concentration, and
excitotoxicity, ultimately leading to intramedullary edema
manifesting as splenic lesions with diffusion restriction on MRI. A
previous study found differences in fractional anisotropy (a measure
of diffusion in MRI) in the SCC of patients with systemic lupus, which
might be a relationship between more general autoimmune processes
and changes detectable by diffusion imaging (38). In addition, the
reason why the SCC is a favored site remains unknown. This may be
because the enriched vascular supply of SCC, mainly provided by the
vertebrobasilar system, could have resulted in increased delivery of
auto-antibodies to this region and brought about an inflammatory
infiltrate, causing the lesion of SCC (39). A previous case reported
RESLES in a patient with anti-NMDAR antibody encephalitis, but the
exact mechanism was unknown. In contrast, our case showed
overlapping auto-antibodies with RESLES, and repeated CSF anti-
NMDAR autoantibodies returned to normal.

The patient in this case had an excellent treatment response.
Therefore, her complete recovery from cognitive impairment, the
fact that her daily life remained significantly unaffected, and that she
resumed normal work constitute a significant strength of this study.
Nevertheless, the study has some limitations. First, this is a case
study of one individual and therefore no generalizable conclusions
or recommendations may be adopted. Secondly, the patients failed
to undergo timely surgical treatment for personal reasons,
increasing tumor size. Although the patient recovered extremely
well, we did not perform a fourth serum anti-NMDAR antibodies
test to establish whether the titer of antibodies decreased to
normal levels.

In conclusion, this was a rare case of AE with overlapping auto-
antibodies, along with RESLES and bilateral ovarian teratomas. The
current case hints a possibility of the concurrence of mGluR5
antibodies in anti-NMDAR encephalitis, however, the underlying
mechanism remains elusive. We suggest that anti-NMDAR
antibodies may be mechanistically linked to the RESLES as
described above. Nevertheless, the possibility that anti-mGluR5
autoantibodies might cause RESLES cannot be excluded.
Furthermore, we provide additional evidence that overlapping
antibodies-related pathology may be one of the many causes of
RESLES. However, caution should be observed in interpreting the
observation, considering that this is a single-case study. Therefore,
additional future studies with a large number of cases may be
necessary to improve the understanding of RESLES.
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Neuronal surface antigen-
specific immunostaining
pattern on a rat brain
Immunohistochemistry in
autoimmune encephalitis

Naomi Nagata, Naomi Kanazawa, Tomomi Mitsuhata,
Masaki lizuka, Makoto Nagashima, Masaaki Nakamura,
Juntaro Kaneko, Eiji Kitamura, Kazutoshi Nishiyama
and Takahiro lizuka*

Department of Neurology, Kitasato University School of Medicine, Sagamihara, Japan

A variety of neuronal surface (NS) antibodies (NS-Ab) have been identified in
autoimmune encephalitis (AE). Tissue-based assay (TBA) using a rodent brain
immunohistochemistry (IHC) is used to screen NS-Ab, while cell-based assay
(CBA) to determine NS antigens. Commercial rat brain IHC is currently available
but its clinical relevance remains unclear. Immunostaining patterns of NS
antigens have not been extensively studied yet. To address these issues, we
assessed a predictive value of "neuropil pattern” and "GFAP pattern” on
commercial IHC in 261 patients, and characterized an immunostaining
pattern of 7 NS antigens (NMDAR, LGI1, GABAaR, GABAbR, AMPAR, Caspr2,
GluK?2). Sensitivity and specificity of “neuropil pattern” for predicting NS-Ab
were 66.0% (95% CI 55.7-75.3), and 98.2% (95% Cl| 94.8-99.6), respectively.
False-positive rate was 1.8% (3/164) while false-negative rate was 34.0% (33/
97). In all 3 false-positive patients, neuropil-like staining was attributed to high
titers of GAD65-Ab. In 33 false-negative patients, NMDAR was most frequently
identified (n=18 [54.5%], 16/18 [88.9%] had low titers [< 1:32]), followed by
GABAaR (n=5). Of 261 patients, 25 (9.6%) had either GFAP (n=21) or GFAP-
mimicking pattern (n=4). GFAP-Ab were identified in 21 of 31 patients examined
with CBA (20 with GFAP pattern, 1 with GFAP-mimicking pattern).
Immunostaining pattern of each NS antigen was as follows: 1) NMDAR
revealed homogenous reactivity in the dentate gyrus molecular layer (DG-
ML) with less intense dot-like reactivity in the cerebellar granular layer (CB-GL);
2) both GABAaR and GluK2 revealed intense dot-like reactivity in the CB-GL,
but GABAaR revealed homogenous reactivity in the DG-ML while GluK2
revealed intense reactivity along the inner layer of the DG-ML; and 3) LGI,
Caspr2, GABAbR, and AMPAR revealed intense reactivity in the cerebellar ML
(CB-ML) but LGI1 revealed intense reactivity along the middle layer of the DG-
ML. Whereas, Caspr2, GABAbR, and AMPAR revealed similar reactivity in the
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DG-ML but some difference in other regions. TBA is useful not only for
screening NS- or GFAP-Ab but also for estimating NS antigens; however,
negative results should be interpreted cautiously because “neuropil pattern”
may be missed on commercial IHC when antibody titers are low. Antigen-
specific immunoreactivity is a useful biomarker of AE.

KEYWORDS

autoimmune encephalitis, immunohistochemistry, autoantibodies, neuronal surface
antigens, tissue-based assay, cell-based assay

1 Introduction

Autoimmune encephalitis (AE) is a form of encephalitis that
occurs as a result of a brain-specific immune response and usually
associates with an antibody against a neuronal or glial, cell surface
antigen (1). A variety of neuronal surface (NS) antibodies (NS-Ab)
have been identified in patients with AE or related disorder (2).
Glial fibrillary acidic protein (GFAP) antibodies (GFAP-Ab) have
also been reported concurrently with NMDA receptor (NMDAR)
antibodies (NMDAR-Ab) without association with distinct clinico-
radiologic features (3). Tissue-based assay (TBA) using a rodent
brain immunohistochemistry (IHC) adapted to NS antigens is used
to screen NS-Ab, while cell-based assay (CBA) using human
embryonic kidney (HEK) 293 cells expressing target antigens on
the cell surface membrane is used to determine the NS antigens (4).
Live hippocampal neuronal cultures are also used to confirm the
presence of NS-Ab. However, these studies are mainly performed at
research laboratories (1).

In clinical practice; however, it is difficult to measure all NS-
Ab identified to date. A commercial fixed CBA is currently
available for many but not for glycine receptor (GlyR), Y-
aminobutyric acid A receptor (GABAaR), or glutamate kainate
receptor subunit 2 (GluK2), and limitations of the commercial
CBA as a diagnostic test of AE have been reported (5). It is an
issue which NS antigen should be examined with CBA in the
individual cases. Immunostaining patterns highly characteristic
of NS antigens have been described (3) but not extensively
studied yet. A commercial IHC is also currently available but
its clinical relevance remains unclear. If TBA reveals individual
NS-antigen-specific immunostaining pattern, it will facilitate
identification of the target antigen by choosing appropriate
CBA, ultimately leading to early diagnosis and early initiation
of appropriate treatment.

To address these issues, we conducted this study to clarify 1)
whether the commercial THC is clinically useful for screening
NS- or GFAP-Ab (Part I), and 2) whether TBA reveals an
immunostaining pattern highly characteristic of major individual
NS antigens (Part II).
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2 Materials and methods

2.1 Patient selection and
antibody measurement

First, we retrospectively reviewed the clinical information of
622 patients with suspected AE or related disorder, who
underwent a testing for NS-Ab between January 1, 2007 and
October 31, 2022. These patients were admitted to Kitasato
University Hospital or other hospitals between January 1, 1999
and September 30, 2022 with suspected AE or related disorder;
in 7 patients who were admitted to Kitasato University Hospital
before January 1, 2007, archived cerebrospinal fluid (CSF)/sera
obtained at the onset of disease were used for antibody assays.
The CSF/sera obtained from 388 patients (62.4%) of this cohort
were referred from other 145 hospitals widely distributed in
Japan to Kitasato University to examine NS-Ab. The detailed
clinical information was provided from each physician to TI (a
primary investigator of the study).

The inclusion criteria of the patients who underwent a testing
for NS-Ab are as follows: 1) AE or related neurological disorder is
highly suspected based on clinical assessment; 2) detailed clinical
information that supports the clinical diagnosis is available for
review by TI, including clinical course from the onset of symptoms
or prodromal viral-like illness, past history, family history, a habit of
smoking or drinking, regular medications, neuropsychological
assessment on admission, laboratory test results [blood, CSF,
brain or spinal MRIs, body CT, electroencephalography, needle or
surface electromyography (when suspected of having stiff-person
spectrum disorder, Morvan syndrome, or Isaacs’ syndrome)], and
subsequent course of the disease when available; and 3) written
informed consent is obtained from the patients or their proxies.
When all the criteria were fulfilled, we accepted measurement of
NS-Ab. However, reasonable exclusion of alternative cause was not
considered mandatory at the time of collection of sera/CSF samples.
Therefore, we included patients in whom alternative cause had not
been completely excluded yet. The sera/CSF samples mainly
obtained at the acute phases and kept frozen until antibody testing.
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NS-Ab were measured at the laboratory of Josep Dalmau
(University of Pennsylvania, Philadelphia, or IDIBAPS Hospital
Clinic, Barcelona) with a rat brain in-house IHC adapted to NS
antigens and CBA (6-14); they included antibodies against the
NMDAR, o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptor (AMPAR), GABAaR, y-aminobutyric acid B
receptor (GABADbR), metabotropic glutamate receptor 5
(mGluR5), metabotropic glutamate receptor 1 (mGluR1),
dipeptidyl peptidase-like protein 6 (DPPX), contactin-
associated protein-like 2 (Caspr2), leucine-rich glioma-
inactivated 1 (LGI1), neurexin 3, GlyR or GluK2. Both serum
and CSF were examined in all patients except 9 (only CSF [n=5]
or serum [n=4] was available). These NS antigens were measured
with CBA mainly based on the clinical phenotypes of each
patient and/or immunostaining pattern on in-house IHC
performed at the laboratory of Josep Dalmau.

In addition to NS-Ab, myelin oligodendrocyte glycoprotein
(MOG) and aquaporin-4 (AQP4) antibodies were examined with
CBA in patients with overlapping encephalitis and demyelinating
syndrome (15). GFAP-Ab were also subsequently examined in CSF
at the laboratory of Josep Dalmau with established CBA (3) in
patients who were clinically suspected of having GFAP-positive
meningoencephalomyelitis or when TBA performed at Kitasato
University revealed immunoreactivity suggesting GFAP.
Autoantibodies against classical paraneoplastic intracellular
antigens (CV2/CRMP5, Ma2, Ri, Yo, Hu, amphiphysin) were
measured in serum at Kitasato University or referring hospital
with immunoblot (Euroimmun AG), when clinically considered
necessary. Glutamate decarboxylase (GAD) antibodies (GAD-ADb)
were also measured in serum with either radioimmunoassay,
enzyme-linked immunosorbent assay (ELISA), or enzyme
immunoassay (EIA).

Next, we selected 265 patients (42.6%), whose archived CSF was
examined with commercial IHC at Kitasato University between
August 1, 2020 and October 31, 2022 to evaluate an
immunostaining pattern, irrespective of NS-Ab-positivity. In this
study, the results of IHC using sera were not included in the
evaluation of immunostaining pattern because it is sometimes
difficult to evaluate NS-antigen-specific pattern due to concurrent
high background reactivity, intravenous immunoglobulins
administered before the collection of the sera, or concurrent
antibodies to intracellular antigens, of which clinical relevance in
AE is unclear. After exclusion of 4 patients (see Figure 1), 261 (152
female 58.2%), median age at onset 46 years [range, 5-91 years])
were included in Part I. We also performed in-house THC adapted
to NS antigens in 54 patients to compare immunostaining pattern
between in-house and commercial IHC.

In Part II, among NS antigens identified in the CSF, we selected
7 major antigens (NMDAR, AMPAR, GABAaR, GABADR, LGI1,
Caspr2, and GluK2). The GlyR was not included because it is

Frontiers in Immunology

10.3389/fimmu.2022.1066830

difficult to see the reactivity with GlyR on the hippocampus or
cerebellum section (1). The DPPX was also not included because no
DPPX antibodies were identified in our cohort. After exclusion of
164 NS-Ab-negative patients and 12 NS-Ab-positive patients (5
with antibodies against NS antigen not characterized yet, 5 with
antibodies against more than one NS antigen, 2 with GIyR
antibodies [GlyR-Ab]), 85 were finally selected for Part II. An
immunostaining pattern was evaluated with both in-house and
commercial IHC in each group of NS antigen (Figure 1).

2.2 In-house and commercial rat
brain IHC

In-house THC was performed at Kitasato University with
patients’ CSF (diluted 1:2) using a standard technique (16, 17). In
brief, Wistar female rats at 10 weeks of age were anesthetized and
euthanized by decapitation without tissue perfusion. Brains were
removed, fixed in 4% paraformaldehyde for 1 hour at 4°C,
cryoprotected in 40% sucrose for 48 hours at 4°C, embedded in
freezing media, and snap frozen in isopentane chilled with liquid
nitrogen. Ten micron-thick sections were incubated with 0.3%
H,0, and blocked with 10% goat serum, and then incubated
with patient’s CSF (diluted 1:2) overnight at 4°C. The sections
were incubated with a secondary biotinylated goat anti-human IgG
for 1 hour, and the reactivity developed with the avidin-biotin-
peroxidase method (Figures 2A-C). The animal study was reviewed
and approved by the Animal Experimentation and Ethics
Committee of the Kitasato University School of Medicine (2022-
031) and were performed in accordance with institutional
guidelines for animal experimentation, which are based on the
Guidelines for Proper Conduct of Animal Experiments published
by the Science Council of Japan.

Commercial IHC was also performed at Kitasato University
using a kit (Euroimmun AG, product No: FA 111m-3) following
the instruction of the company with indirect immunofluorescent
assay (IIFA). The kit consists of 4 biochips per field containing
the NMDAR-transfected cells (Figure 2D), control-transfected
cells (Figure 2E), cerebellum (Figure 2F), and hippocampus
(Figure 2G). IIFA was evaluated with an Olympus BX53
fluorescence microscope (Olympus, Japan). In this study, we
evaluated an immunostaining pattern using CSF (diluted 1:2)
that was used in in-house THC.

2.3 Evaluation of “neuropil pattern” on
commercial rat brain I[HC

In Part I, we assessed a predictive value of a pattern of neuropil
reactivity (“neuropil pattern”) suggesting the presence of NS-Ab. In
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Flowchart

Patients with suspected AE or related disorders examined with commercial IHC between
Aug. 2020 and Oct. 2022 (n= 265)

NS-Ab positivity unclear (n=1)
NS-Ab positive in serum but not in CSF (n=3)

' Neuropil pattern + (n= 67) — NS-Ab + (n=64, 95.5%) NS-Ab - (n=3, 4.5%)

Neuropil pattern - (n=194) — NS-Ab + (n=33, 17.0%) NS-Ab - (n=161, 83.0%)

Part | (n=261) | oo
GFAP pattern + (n=21) — GFAP-Ab + (n=20, 95.2%) GFAP-Ab - (n=1, 4.8%)

GFAP-suspected pattern - (n=6) —— GFAP-Ab + (n=0, 0%) GFAP-Ab - (n=6, 100%)

g GFAP-mimicking pattern + (n=4) —— GFAP-Ab + (n=1,25.0%) GFAP-Ab - (n=3, 75.0%) ;

——— NS-Ab-negative patients (n=164)

NS-Ab-positive patients (n=97)

NS-Ab positive but antigen not characterized yet (n=5)
—— NS-Ab positive but more than one NS antigen (n=5)
GlyR-Ab positive (n=2)

* NMDAR (n=60) Commercial IHC (n= 60) In-house IHC (n= 11)
« LGI (n=9) Commercial IHC (n=9) In-house IHC (n=4)
* GABAaR (n=8) Commercial IHC (n= 8) In-house IHC (n= 6)
+ AMPAR (n=3) Commercial IHC (n= 3) In-house IHC (n= 3)
Part 1l (n=85) * GABADbR (n=3) Commercial IHC (n= 3) In-house IHC (n= 3)
P Caspr2 (n=1) Commercial IHC (n= 1) In-house IHC (n=1) ,
« Gluk2 (n=1) Commercial IHC (n= 1) In-house IHC (n=1)

FIGURE 1

This figure shows a diagram of the study conducted including Part | and Part . In Part |, a predictive value of a "neuropil pattern” suggesting NS-Ab and a pattern suggesting GFAP-Ab were mainly
investigated, whereas in Part Il, an immunostaining pattern of the pre-selected 7 NS antigens are evaluated based on the subjects listed here. The number of patients is shown in parentheses. AE,
autoimmune encephalitis; Ab, antibodies; GFAP, glial fibrillary acidic protein; IHC, immunohistochemistry; NS, neuronal surface
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In-house IHC, commercial IHC, and commercial fixed CBA

FIGURE 2

100p

CB-ML CB-GL

100im

100pm.

This figure shows the results of immunostaining pattern using in-house IHC (A-C) and commercial kit, which consists of 4 biochips per field
containing the NMDAR-transfected cells (D), control-transfected cells (E), cerebellum (F), and hippocampus (G). Note intense reactivity with NS
antigen in the DG-ML (A, B, G), less intense dot-like reactivity in the CB-GL but no apparent reactivity on the CB-ML (C, F). This staining pattern
is consistent with NMDAR. (D) shows intense staining on NMDAR-transfected cells but not on control-transfected cells (E), confirming the
diagnosis of anti-NMDAR encephalitis. Antibody assay was performed using CSF (diluted 1:2) obtained from a patient with anti-NMDAR
encephalitis (antibody titer 1:2048), with in-house IHC adapted to NS antigens (A—C), commercial fixed CBA (D, E), and commercial IHC

(F, G). See Text. CBA, cell-based assay; CB-GL, cerebellar granular layer; CB-ML, cerebellar molecular layer; DGC, dentate granule cells; DG-ML,
dentate gyrus molecular layer; IHC, immunohistochemistry; NMDAR, NMDA receptor; NS, neuronal surface; SLM, stratum lacunosum
moleculare; SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum; WM, white matter.

this study, the “neuropil pattern” was considered positive when
apparent reactivity with NS antigens was visually identified on
commercial THC at the level of hippocampus and cerebellum
section. Immunostaining pattern was initially assessed
independently by 3 observers (NK, NN, and TI), and only
patients whose CSF samples (diluted 1:2) were finally judged to
be positive by all of them were considered positive with neuropil
pattern. A pattern suggesting reactivity with glial surface antigens
(AQP4 or MOG) was not included in the “neuropil pattern”. The
NS-Ab-positivity or negativity was determined based on the final
report from the laboratory of Josep Dalmau. Then, we determined
sensitivity and specificity of the “neuropil pattern” for predicting
NS-Ab as well as false-negative (NS-Ab positive but “neuropil
pattern” negative) or false-positive rate (NS-Ab negative but
“neuropil pattern” positive). In Part I, we did not exclude patients
with autoantibodies against multiple NS antigens or antigens not
characterized yet.

To assess factors potentially associated with false-negative
results, we measured antibody titers in CSF using fixed CBA
(Euroimmun AG) in patients with NMDAR-Ab because
NMDAR was most frequently identified in the false-negative
patients. We also performed in-house IHC in some of the
patients to evaluate whether in-house THC can reveal the
“neuropil pattern” in the false-negative patients.
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2.4 Evaluation of “GFAP pattern” on
commercial rat brain IHC

In Part I, we also assessed a predictive value of a pattern
suggesting the presence of GFAP-Ab. We considered “GFAP-
suspected”, when either of the following patterns was seen: 1)
“GFAP pattern”, which is a pattern of GFAP reactivity showing a
cactus thorn-like or filamentous reactivity consistent with GFAP
(Figure 3E), or 2) “GFAP-mimicking pattern”, which is a pattern
atypical of GFAP but has liner or reticular reactivity. We also
reviewed GFAP pattern on in-house THC. GFAP-Ab were
examined with established CBA at the laboratory of Josep
Dalmau, when the patient had either GFAP or GFAP-mimicking
pattern, or had clinico-radiologic features (such as radial
periventricular enhancement on brain MRI) which were reported
in patients with GFAP-positive meningoencephalomyelitis known
as autoimmune GFAP astrocytopathy (18).

2.5 Evaluation of immunostaining pattern
characteristic of individual NS antigens

In Part II, we evaluated an immunostaining pattern in NS-
Ab-positive patients (n=85): NMDAR (n=60), LGI1 (n=9),
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False-positive/false-negative “neuropil pattern” and “GFAP pattern”

Negative control

In-house IHC: CSF (1:2) Commercial IHC: CSF (1:2)

DG-ML

DGC
100um.

Cerebellum

Hippocampus

GABAaR-Ab
In-house IHC: CSF (1:2)

Hippocampus

C
Commercial IHC: CSF (1:2)

CB-ML

Cerebellum Cerebellum

GFAP-Ab
Commercial IHC: CSF (1:2)

[rrs— [Frs——

DG-ML ML

Hippocampus Cerebellum Hippocampus Cerebellum

FIGURE 3

B GADG65-Ab

In-house IHC: CSF (1:2) Commercial IHC: CSF (1:2)

CB-GL.

soum Soum

Hippocampus Cerebellum

NMDAR-Ab
In-house IHC: CSF (1:2) Commercial IHC: CSF (1:2)

stym S

Hippocampus Cerebellum Cerebellum

NMDAR-Ab, GFAP-Ab, and MOG-Ab
Commercial IHC: CSF (1:2)

Hippocampus

Hippocampus Cerebellum

(A) does not show apparent “neuropil pattern” with negative control, but (B) reveals some reactivity mimicking “neuropil pattern” in the middle
and outer layers of the DG-ML. Reactivity in the surroundings of the DGC, Purkinje cells, and CB-GL are consistent with a pattern of GAD65
reactivity. (C, D) did not reveal apparent “neuropil pattern” on commercial IHC but visually recognizable reactivity on in-house IHC. (E, F) reveal
a cactus thorn-like or filamentous staining consistent with a pattern of GFAP reactivity. Note that GFAP pattern is more clearly shown on
commercial IHC than on in-house IHC (E). (F) shows intense reactivity with GFAP and MOG but not apparent “neuropil pattern”. CB-GL, cerebellar
granular layer; CB-ML, cerebellar molecular layer; DGC, dentate granule cells; DG-ML, dentate gyrus molecular layer; WM, white matter

GABAaR (n=8), AMPAR (n=3), GABADR (n=3), Caspr2 (n=1),
and GluK2 (n=1) (Figure 1).

In each pre-selected NS antigen, we characterized the
immunostaining pattern at the level of the hippocampus and
cerebellum, by focusing on the reactivity with NS antigens
expressed on the following regions: dentate gyrus molecular
layer (DG-ML), dentate hilus, cerebellar molecular layer (CB-
ML), cerebellar granular layer (CB-GL), and cerebellar white
matter (CB-WM), all of which are included in the commercial
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THC biochips. We also paid attention to antigen-specific laminar
reactivity in the DG-ML whether there is difference in intensity
along the inner, middle, or outer molecular layers.

The immunostaining pattern characteristic of the individual
NS antigens was determined mainly based on the results that
showed a robust “neuropil pattern” on both in-house and
commercial IHC (Figures 1, 4) while excluding antibody-
positive CSF samples with low titer to ensure a more accurate
staining pattern. A series of illustrations was finally created by TI
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NS antigen-specific immunostaining patterns on in-house and commercial IHC

Negative control B NMDAR-Ab
In-house IHC: CSF (1:2) Commercial IHC: CSF (1:2) In-house IHC: CSF (1:2) Commercial IHC: CSF (1:2)

CB-GL:

DGC
CB-ML

100m

Hippocampus Cerebellum Hippocampus Hippocampus [

C GABAaR-Ab D
In-house IHC: CSF (1 Commercial IHC: CSF (1:2) In-house IHC: CSF ( Commercial IHC: CSF (1:2)

DG-ML
# Inner, "
Hilus

WM G pem b 4

sopan

Hippocampus ebe } Hippocampus Cerebellum Hippocampus [ Hippocampus Cerebellum

E LGI1-Ab F Ab
In-house IHC: CSF (1:2) Commercial IHC: CSF (1:2) In-house IHC: CSF (1:2) Commercial IHC: CSF (1:2)

DG-ML

Hippocampus Cerebellum Hippocampus Cerebellum Hippocampus Hippocampus Cerebellum

GABAbR-Ab H AMPAR-Ab
In-house IHC: CSF (1:2) Commercial IHC: CSF (1:2) In-house IHC: CSF (1:2) Commercial IHC: CSF (1:2)

CB-GL. SOpm.

Cerebellum Hippocampus Cerebellum Hippocampus Cerebellum Hippocampus Cerebellum

FIGURE 4

TBA reveals an immunostaining pattern highly characteristic of the individual NS antigen. (See Text). These preselected 7 NS antigens reveals
intense reactivity with NS antigen "neuropil pattern”, among NS antigens, two reveal antigen-specific laminar reactivity, along the inner layer in
GluK2 (D, arrows) and the middle layer in LGI1 (E, arrows). The first 3 NS antigens (NMDAR, GABAaR, GluK2) have dot-like reactivity on the CB-
GL (B—-D), while the other 4 (LGI1, Caspr2, GABAbR, AMPAR) have homogenous reactivity on the CB-ML with some different immunoreactivity
on the hilus, CB-GL, or Purkinje cells (see Text). CB-GL, cerebellar granular layer; CB-ML, cerebellar molecular layer; DGC, dentate granule
cells; DG-ML, dentate gyrus molecular layer; ML, molecular layer; WM, white matter
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to make it easy to follow the difference of immunostaining
pattern in each NS antigen using Adobe Illustrator (Adobe Inc.).

2.6 Standard protocol approvals,
registrations, and patient consents

The study was approved by Institutional Review Boards of
Kitasato University (B20-280). Written informed consent was
obtained from the patients or their proxies. Information on
symptoms, CSF, MR, EEG, and treatments were obtained from
the authors or referring physicians.

2.7 Statistical analysis

Statistical analyses were performed using JMP, version 14.2.0
(SAS Institute Inc.). The Fisher exact test was performed for
comparison of categorical variables, and the Mann-Whitney test
was used for continuous variables. The statistical significance
was set at p < 0.05. The sensitivity and specificity of the
commercial THC were determined with 2-way contingency
table analysis using a statistical calculator (MedCalc Software
Ltd. https://www.medcalc.org/calc/diagnostic_test.php
[Version 20.116]).

3 Results

3.1 Part I-1. Sensitivity and specificity of
“neuropil pattern”

We found “neuropil pattern” in 67 of 261 patients (25.7%),
while NS-Ab were identified in 97 patients (37.2%) (Figure 1).
NS antigens identified in the CSF included NMDAR (n=62),
LGI1 (n=11), GABAaR (n=8), GABAbR (n=5), AMPAR (n=4),
GlyR (n=3), Caspr2 (n=2), GluK2 (n=1), and NS antigen not
characterized yet (n=7); 5 patients had antibodies against more
than one NS antigen. The “neuropil pattern” was seen in 64 of
the 97 NS-Ab-positive patients (66.0%) but not in any of the 3
GlyR-Ab-positive patients. The “neuropil pattern” was seen in
all 7 pre-selected major NS antigens as follows: GluK2 (1/1,
100%), Caspr2 (1/1, 100%), LGI1 (8/9, 88.9%), NMDAR (42/60,
70.0%), AMPAR (2/3, 66.7%), GABADR (2/3, 66.7%), and
GABAaR (3/8, 37.5%); the 5 patients with multiple NS-Ab
were not included in the evaluation of frequency of the
“neuropil pattern” in each NS antigen.

NS-Ab were more frequently identified in patients with
“neuropil pattern” than those without (64/67 [95.5%] vs 33/
194 [17.0%], p <.0001). Sensitivity and specificity of the
“neuropil pattern” for predicting NS-Ab were 66.0% (95% CI
55.7-75.3), and 98.2% (95% CI 94.8-99.6), respectively. False-
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positive rate was 1.8% (3/164) while false-negative rate was
34.0% (33/97).

All 3 false-positive patients had high titers of GAD
antibodies in their sera (> 2,000 U/mL, reference < 5), in all of
them, the commercial ITHC revealed neuropil-like reactivity in
the DG-ML, but a pattern of synaptic staining in the CB-ML,
CB-GL, and the axon hillocks of Purkinje cells (PC) which are
highly characteristic of GAD65 (1) (Figures 3A, B). No NS-Ab
were found in either serum or CSF in the 3 patients. We also
confirmed the presence of GAD65-Ab in their CSF with
GADG65-transfected CBA in the 3 patients. The neuropil-like
staining was finally considered attributed to high titers of
GADG65 antibodies. High titers of GAD antibodies were also
found in the other 5 patients, without apparent “neuropil
pattern” but a pattern of GAD65 reactivity was seen in the
5 patients.

Among the identified NS antigens in the false-negative
patients (n=33), NMDAR was most frequently found (n=18,
54.5%), followed by GABAaR (n=5), GlyR (n=3, 1 with
concurrent GABAbR), GABAbR (n=1), LGI1 (n=1), AMPAR
(n=1), and not characterized yet (n=4).

To elucidate the factors potentially related to the false-
negative results, we added in-house IHC in 3 false-negative
patients with GABAaR-Ab (n=1), LGI1-Ab (n=1), or NMDAR-
Ab (n=1). In the all 3 patients, in-house IHC revealed visually
recognizable reactivity with corresponding NS antigens
(Figures 3C, D). In patients with NMDAR-AD, the frequency
of low antibody titers (< 1:32) was higher in “neuropil-negative”
patients than in “neuropil-positive” patients (16/18 [88.9%] vs 1/
42 [2.4%]) (p <.0001). It was also noted that false-negative rate
was higher in GABAaR than in LGI1 (5/8 [62.5%] vs 1/9
[11.1%]), p = 0.0498) but not significantly than in NMDAR
(5/8 [62.5%] vs 18/60 [30.0%], p = 0.1088). However, antibody
titers were not measured in GABAaR because no commercial
CBA is available.

3.2 Part I-2. Clinical relevance of “GFAP
pattern” on commercial IHC

Of 261 patients, 25 (9.6%) had either GFAP (n=21) or
GFAP-mimicking pattern (n=4) (Figure 1). GFAP-Ab were
examined in 31 patients including 6 who did not have either
pattern but clinico-radiologic features reported in GFAP-
positive meningoencephalomyelitis, and were identified in 21
patients (67.7%): 20 of the 21 patients (95.2%) with GFAP
pattern, 1 of the 4 patients (25.0%) with GFAP-mimicking
pattern, but not in any of the other 6 patients. Sensitivity and
specificity of “GFAP pattern” for predicting GFAP-Ab were
95.2% (95% CI 76.2-99.9) and 90.0% (95% CI 55.5-99.8),
respectively. The GFAP pattern was more clearly seen on
commercial THC than on in-house IHC (Figure 3E). In

frontiersin.org


https://www.medcalc.org/calc/diagnostic_test.php
https://doi.org/10.3389/fimmu.2022.1066830
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Nagata et al.

addition to GFAP pattern, the commercial IHC revealed intense
reactivity along the cerebellar white matter, which was later
confirmed due to concurrent MOG antibodies (Figure 3F).

In this cohort, the GFAP-Ab-positive patients were male
predominant (13 male [61.9%]), with a median age at onset of 55
years (range, 18-79 years). Their main clinical features consisted
of diverse phenotypes, including meningoencephalomyelitis
(n=8), meningoencephalitis (n=3, 1 with diffuse sulcus
enhancement), encephalitis (n=4, 1 with diffuse white matter
MRI abnormalities, 1 with concurrent EBV DNA), myelitis
(n=1), ADEM-like syndrome (n=2), stiff-person spectrum
disorder-mimicking syndrome (n=1), encephalopathy (n=1),
or overlapping anti-NMDAR encephalitis and MOG-positive
demyelinating syndrome (n=1).

In one patient, GFAP-Ab were not identified in either serum
or CSF despite the presence of apparent “GFAP pattern” on
commercial ITHC. The patient presented with acute onset of
memory and psychobehavioral alterations associated with
persistent fever of unknown etiology. CSF examination
revealed mild pleocytosis (< 70 white blood cells/uL), without
oligoclonal band detection. A brain MRI showed only mildly
increased diffusion-weighted image/fluid-attenuated inversion
recovery signal in the left insular cortex and ipsilateral fimbria,
without abnormal enhancement, and an EEG revealed periodic
lateralized epileptiform discharges in the left cerebral
hemisphere, but no NS-Ab were identified in either serum or
CSFE. The clinico-radiologic features were not particularly
suggestive of GFAP-Ab; however, GFAP-pattern was seen on
commercial THC (Supplementary Figure 1). In order to clarify
whether the filamentous immunoreactivity is consistent with
GFAP, we performed double immunolabeling of rat brain THC
using the patient’s antibodies and commercial GFAP
monoclonal antibody (Clone GA5; Invitrogen), which revealed
colocalization of reactivities, indicating that the patient’s IgG
recognizes GFAP (Supplementary Figure 1).

3.3 Part Il. Immunostaining patterns of
individual NS antigens

TBA revealed an immunostaining pattern highly characteristic
of each NS antigen on both commercial and in-house IHC in a
similar distribution (Figure 4). TBA did not reveal apparent
“neuropil pattern” in NS-Ab-negative CSF (Figure 4A). The
immunostaining pattern of each NS antigen was as follows:

NMDAR revealed homogenous reactivity in the DG-ML
with less intense dot-like reactivity in the CB-GL (Figure 4B).
The regional intensity in the DG-ML was homogenous but more
intensely stained in the surroundings of the dentate granule cells
compared with the middle or outer molecular layer.

Both GABAaR and GluK2 revealed intense dot-like
reactivity in the CB-GL (more densely stained in GluK2 than
in GABAaR), but GABAaR revealed homogenous reactivity in
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the DG-ML (Figure 4C) while GluK2 revealed laminar reactivity
in the DG-ML with strongest reactivity along the inner
molecular layer (Figure 4D, arrows).

LGI1, Caspr2, GABAbR, and AMPAR revealed intense
homogenous reactivity in the CB-ML but LGII revealed
laminar reactivity in the DG-ML with strongest reactivity
along the middle layer, that is highly contrast to a pattern of
GluK2 reactivity. Whereas Caspr2, GABAbR, and AMPAR
revealed homogenous reactivity in the DG-ML. The dentate
hilus was intensely stained in LGI1 but only mildly in Caspr2,
GABADbR, and AMPAR (Figures 4E-H). The CB-GL was not
apparently stained in LGI1 but mild to moderately as a reticular
pattern in Caspr2 and GABADR, and mild to moderately as a
dot-like pattern in AMPAR; there was intense reactivity with
cytoplasmic protein in the PC (Figure 4H, arrows) in 1 of the 3
patients with AMPAR antibodies with “neuropil pattern” but no
reactivity with the PC in patients with other NS-Ab. Distinctive
staining patterns were noted between NS antigens, but Caspr2
and GABADR revealed much similar staining pattern (Figures 4,
5, and Table 1).

4 Discussion

This study reveals that 1) the commercial THC is useful for
screening NS-Ab, but the negative results should be interpreted
cautiously because the “neuropil pattern” may be missed in up to
one-thirds of the NS-Ab-positive patients particularly when
antibody titers are low or due to other reasons, 2) the commercial
THC also provides an easily recognizable “GFAP pattern”, and 3)
this study confirmed the previous observation that individual NS
antigens have antigen-specific immunostaining pattern, which can
be used as a biomarker to estimate the target NS antigen.

TBA has been used to identify autoantibodies against not
only classical paraneoplastic neuronal (intracellular) antigens
but also NS antigens (synaptic receptors or other membrane
proteins) (1, 2). However, the brain tissue processing is quite
different between intracellular and cell-surface antigens (16, 19,
20). To detect NS-Ab, a tissue processing adapted to cell surface
or synaptic proteins is required to preserve the native
conformation of the target antigen (1). Tissue perfusion
should not be performed before decapitation, and it is
recommended that the non-perfused brains are fixed in 4%
paraformaldehyde for 1 hour at 4°C (16), as described above.
Such THC has mainly been used at research laboratories. NS-Ab
is known to produce “neuropil pattern”, but individual staining
pattern has not been extensively studied. Therefore, we
conducted this study.

Sensitivity and specificity of the “neuropil pattern” identified on
commercial THC for predicting NS-Ab were 66.0% and 98.2%,
respectively. All 3 false-positive patients had high titers of GAD65
antibodies, thus, the neuropil-like pattern seen on TBA was
considered to reflect abundant GAD65 immunoreactivity in the
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NS antigen-specific immunostaining patterns based on findings on TBA

A Negative control B NMDAR-Ab

GABAaR-Ab

Outer & middle DG-ML
Inner DG-ML

LGI1-Ab

SR

Outer DG-MLSLM
Middle DG-ML
Inner DG-ML

G GABADR-ADb H AMPAR-Ab

Hippocampus Cerebellum Hippocampus Cerebellum

FIGURE 5

A series of illustrations are created as simple as possible to make it easy to follow individual staining pattern at the level of hippocampus and
cerebellum. See Text and Figure 4. CB-GL, cerebellar granular layer; CB-ML, cerebellar molecular layer; DGC, dentate granule cells; DG-ML,
dentate gyrus molecular layer; PC, Purkinje cells; SLM, stratum lacunosum moleculare; SO, stratum oriens; SP, stratum pyramidale; SR, stratum
radiatum; WM, white matter.

axon terminals (21). GAD-AD are easily examined with ELISA or disorder. However, relatively high false-negative rate (34.0%)

EIA and show a synaptic pattern characteristic of GAD65. cannot be ignored in clinical practice.

Therefore, such mild reactivity mimicking “neuropil pattern” is To evaluate factors involved in the false-negative results, we
less likely to cause confusion in the diagnosis of AE or related added in-house THC. In at least 3 false-negative patients, the
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TABLE 1 Immunostaining pattern highly characteristic of major neuronal surface antigens.

Purkinje cells

NS Dentate
antigen hilus
NMDAR Homogenous None
GABAaR Homogenous None to mild
GluK2 Laminar: inner layer > middle or outer Mild

layer
LGn Laminar: middle layer > inner or outer Intense

layer
Caspr2 Homogenous Mild
GABAbR Homogenous Mild
AMPAR Homogenous Mild

None Dot-like, mild None None
Mild Dot-like, moderate to None None
intense
Mild Dot-like, intense None None
Intense  Reticular, very mild None None
Intense Reticular, mild to moderate | None None
Intense Reticular, mild to moderate | None None
Intense Dot-like, mild to moderate | None Cytoplasmic but not
always

CB-GL, cerebellar granular layer; CB-ML, cerebellar molecular layer; CB-WM, cerebellar white matter; DG-ML, dentate gyrus molecular layer.

“neuropil pattern” was visually identified on our in-house IHC,
suggesting that the “neuropil pattern” may be more clearly
shown in our in-house IHC adapted to NS antigen compared
with the commercial IHC, of which tissue processing is not
available due to industrial secrets, thus we do not know whether
the commercial THC is adapted to NS antigen or not. Further
study will be required to determine which one is better in terms
of detection of “neuropil pattern”.

To address the issue whether antibody titers influence
detection rate of “neuropil pattern”, we measured antibody
titers in 60 patients with anti-NMDAR encephalitis because
NMDAR consisted of 54.5% of NS antigens identified in the
false-negative patients. As expected, low antibody titers (< 1:32)
were more frequently found in false-negative patients compared
with “neuropil pattern”-positive patients, suggesting that low
antibody titers may be one of the major causes of the false-
negative results at least in NMDAR-AD. Thus, it should be kept
in mind that antibody titers may influence the detection rate of
the “neuropil pattern” on commercial IHC.

It is also important to note that the detection rate of
“neuropil pattern” was different among NS antigens. Although
we did not measure antibody titers in NS antigens other than
NMDAR, the detection rate may be lower in GABAaR than in
other NS antigens. At this point, the cause of higher false-
negative results in GABAaR compared with other NS antigen
remains speculative. We did not measure antibody titers; thus,
we cannot exclude a potential effect of low antibody titers on the
higher false-negative results; however, we also concern about a
technical difficulty during tissue preparation; we have sometimes
faced a difficulty in revealing “neuropil pattern” in GABAaR-Ab-
positive samples, even with in-house IHC adapted to NS antigen.
It seems to be more difficult to preserve the native conformation
of the epitope in GABAaR compared with other NS antigens
(such as NMDAR or LGI1). Further studies are required to
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conclude whether the detection rate is different among
NS antigens.

In Part I, we also evaluated a predictive value of “GFAP
pattern”. When GFAP-ADb are positive, IHC revealed reactivity
along the radial glia of Bergmann in the CB-ML and astrocytes
in the CB-GL. Although the number of patients examined with
CBA is quite small, most of the patients with a pattern of GFAP
reactivity were confirmed to have GFAP-Ab in their CSF.
Sensitivity and specificity of the “GFAP pattern” were 95.2%
and 90.0%, respectively, and a cactus thorn-like or filamentous
staining is easily recognizable on commercial THC. Although
“GFAP pattern” highly suggests the presence of GFAP-Ab, IgG
GFAP-Ab were not identified with CBA in either serum or CSF
in one of the 21 “GFAP pattern”-positive patients.

The reason why GFAP-Ab are not identified with CBA
despite the presence of “GFAP pattern” is unclear in the
patient, but the discrepancy between commercial IHC and
CBA may be explained by difference of GFAP isoform that the
patient’s IgG antibodies recognize. GFAP is an intermediate
filament protein expressed in astrocytes, and has 10 different
GFAP isoforms. Among those, GFAP o and d/¢ are the main
isoforms (22). After the discovery of GFAP-Ab in 2016 (18),
GFAP-0. isoform-transfected CBA has been used as a standard
test for antibodies against GFAP (23). Therefore, we performed
double immunolabeling of rat brain IHC using the patient’s
antibodies and commercial GFAP monoclonal antibody, which
revealed colocalization of reactivities (Supplementary Figure 1).
A previous study (24) reported that some of the GFAP-Ab-
positive patients may be positive for antibodies against only
GFAP §/e isoform; therefore, the false-positive results may be
due to IgG autoantibodies against GFAP isoform other than
GFAP o isoform. Immunoreactivity discrepancies observed
between recombinant GFAP proteins and rodent brain tissue
has also been reported, and possible explanations have been

frontiersin.org

121


https://doi.org/10.3389/fimmu.2022.1066830
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Nagata et al.

discussed, including posttranslational modification of GFAP-o.
antigenicity or obscuring of a dominant GFAP-o. epitope in
tissue by 3-dimensional in situ interaction between GFAP
isoforms and other intermediate filament proteins (18).

Although GFAP-Ab were identified in 21 of 31 examined
patients, GFAP is an intracellular autoantigen, thus the IgG
GFAP-Ab is unlikely pathogenic (1). GFAP-positive
meningoencephalitis is currently presumed to be T-cell
mediated (25), and the antibodies can be seen without
association of distinct clinical-radiological features (3), but the
presence of IgG GFAP-AbD provides a clue supporting immune-
mediated disorder as a biomarker of the disease.

In Part II, we characterized NS-antigen-specific immunostaining
patterns, and created a series of illustrations by simplifying their
staining patterns to make it easy for physicians or observers to
recognize antigen-specific pattern (Figure 5). A pattern recognition is
important in estimation of NS antigen based on the IHC. Based on
the results, we grossly divided the staining pattern into 2 groups; one
is a pattern of CB-GL predominant reactivity characterized by a dot-
like staining in the CB-GL and the other is a pattern of CB-ML
predominant reactivity characterized by homogenous intense
staining in the CB-ML as a common characteristic feature. The
NMDAR, GABAaR, and GluK2 are included in the former group,
while the LGI1, Caspr2, GABAbR, and AMPAR are in the latter one.

The remarkable finding is that this study revealed an
antigen-specific laminar reactivity in the DG-ML; strongest
reactivity was seen along the middle layer in LGI1 while along
the inner layer in GluK2. These patterns are easily recognizable
on commercial THC than on in-house IHC and can be used as a
diagnostic marker of NS antigen.

LGI1, Caspr2, GABADR, and AMPAR show similar intense
reactivity in the CB-ML, but there are some different reactivities
in the other regions. The dentate hilus is intensely stained in
LGI1, but only mildly in Caspr2, GABAaR, GluK2, and
GABADR, or not in NMDAR. Cytoplasmic antigen in the PC
may be stained in AMPAR, but not in the other 6 NS antigens.
Cytoplasmic staining of the PC may be non-specific and may not
be always seen even in AMPAR; however, the cytoplasmic
staining of PC has been described (7), and AMPAR subunits
are shown to be expressed by the PC (26). Thus, the presence of
apparent PC staining sparing the nucleus, with intense reactivity
in the CB-ML and sparse but dot-like staining in the CB-GL may
suggest AMPAR.

Intensity of the immunoreactivity is more likely to reflect
high antibody titers as well as preservation of the native
conformation of the epitope, while its distribution is more
likely to reflect the location of the target NS antigen expressed
in the rodent brain tissue. Although exact distribution of the
individual NS antigens has not been well characterized yet in a
rodent brain, the intense reactivity along the inner layer of the
DG-ML is consistent with expression of GluK2 (27). The dot-
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like immunoreactivity in the CB-GL seen in NMDAR, GABAaR,
GluK2, and AMPAR is presumed due to the reactivity with
corresponding NS antigen in the cerebellar glomeruli, which are
an intertwined cluster of nerve fibers surrounded by glia where
mossy fibers synapse with granule cell axons, where NMDAR,
GABAaR, GluK2 and AMPAR are all expressed on cell surface
membrane (28-31). Clarification of the distribution of each NS
antigen may help identification of novel antibodies against yet
unknown antigen.

This study has limitations; no detailed information is
available about the brain tissue processing in commercial IHC;
antibody titer was determined for NMDAR antibodies with
commercial fixed CBA but not with live CBA, and not
determined for other NS antigens; the number of patients
examined for GFAP-Ab is small; the number of patients
examined for immunostaining pattern is also small (1 or 3) in
each group of the NS antigen other than NMDAR;
immunostaining pattern examined with serum is not taken
into account in the analysis for immunostaining pattern; the
predictive value of the commercial IHC or in-house IHC is not
assessed in a prospective manner; and immunostaining pattern
was assessed for preselected 7 major NS antigens, but not for
other NS antigens identified to date.

Despite these limitations, this study demonstrates that both in-
house and commercial THC are clinically useful not only for
screening NS- and GFAP-AD, but also for estimating NS antigen.
However, the results of the commercial IHC should be interpreted
with caution while taking these limitations into consideration when
predicting the presence of NS-Ab or estimating NS antigen. The
strategy of the diagnosis of AE should be based on both clinical
information and immunostaining pattern on TBA. The
immunostaining pattern highly characteristic of NS antigens can
be used as a biomarker of AE.
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Maternal autoantibodies can be transmitted diaplacentally, with potentially
deleterious effects on neurodevelopment. Synapsin 1 (SYN1) is a neuronal
protein that is important for synaptic communication and neuronal plasticity.
While monoallelic loss of function (LoF) variants in the SYN1 gene result in X-
linked intellectual disability (ID), learning disabilities, epilepsy, behavioral problems,
and macrocephaly, the effect of SYN1 autoantibodies on neurodevelopment
remains unclear. We recruited a clinical cohort of 208 mothers and their
children with neurologic abnormalities and analyzed the role of maternal SYN1
autoantibodies. We identified seropositivity in 9.6% of mothers, and seropositivity
was associated with an increased risk for ID and behavioral problems. Furthermore,
children more frequently had epilepsy, macrocephaly, and developmental delay, in
line with the SYN1 LoF phenotype. Whether SYN1 autoantibodies have a direct
pathogenic effect on neurodevelopment or serve as biomarkers requires
functional experiments.

KEYWORDS

synapsin 1, antineuronal autoantibodies, transplacental transfer, maternofetal
autoimmunity, developmental delay, epilepsy, behavioral problems

Introduction

Synapsin 1 (SYN1) is a neuronal phosphoprotein encoded by the SYNI gene and plays an
important role in neurotransmitter release and neuronal plasticity (1, 2). Patients with loss of
function (LoF) variants in the SYNI gene have been associated with X-linked phenotypes
consisting of epilepsy, learning difficulties, intellectual disability (ID), macrocephaly,
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behavioral problems, and autism-spectrum disorders (ASD)
(MIM#300491, MIM#300115) (3-5).

In recent years, antineuronal autoantibodies have been
increasingly described to cause target-specific autoimmune
neurologic disorders, in some cases matching the clinical
phenotypes of patient carrying genetic variants of these targets. For
example, both patients with variants in GABA, receptor subunit
genes and those with GABA 4 receptor autoantibodies display epilepsy
as a common phenotype (6-8). Autoantibodies are usually regarded
as those generated within an individual; however, they can also be
transferred diaplacentally from mother to child (9). As the blood
brain barrier is not yet fully matured, these autoantibodies of
maternal origin can target the developing brain and thereby
potentially affect neurodevelopment (9). There is increasing
evidence that maternal immune activation through autoantibodies
can influence the occurrence of neurodevelopmental disorders, such
as ASD (9). In addition, multiple murine models have demonstrated
the direct deleterious effect of various antineuronal autoantibodies in
offspring through gestational transfer (10-13).

In previous studies, autoantibodies against SYN1 have been
identified in patients with neurologic and psychiatric disorders (14,
15). We have recently shown that SYN1 autoantibodies in pregnant
women are associated with abnormalities of fetal development
including intrauterine growth retardation (16). However, their role
in mothers of children with defined neurologic disorders has not been
studied so far. Thus, we assessed the prevalence of SYNI1
autoantibodies in mothers of a cohort of 208 pediatric patients with
neurological disorders.

Material and methods
Cell-based assay

Synapsin 1b (SYN1b) cell-based assay (CBA) was performed
using human embryonic kidney (HEK293T) cells which were
transfected with human SYN1b. Methanol-fixed cells were then
incubated with sera diluted 1:300. IgG AF488-antibody (Dianova,
#109-545-003), commercial rabbit SYN1/SYN2 antibody (Synaptic
Systems, #106002) and anti-rabbit IgG AF594-antibody (Jackson IR,
#111-585-003) were used to detect IgG binding. Two independent
investigators scored the CBA using the following semi-quantitative
score: 0, no binding; 1, unspecific signal (‘background’); 2, positive
(intensive binding). Sera were tested on control cells overexpressing
the NR1 subunit of the N-methyl-D-aspartate receptor (NMDAR),
contactin-associated protein 2 (Caspr2), and SYN1 CBA-positive sera
also on untransfected control HEK293T cells to exclude non-specific
binding (14, 16).

Enzyme-linked immunosorbent assay

For the ELISA, 200 ng of recombinant rat Synl-His-EGFP (17)
was diluted in PBS and incubated overnight at 4°C in 96-well high-
binding plates. Serum (1:200 diluted in PBS containing 1% BSA,
0.05% Tween) was incubated for one hour at room temperature, on
which HRP-coupled anti-human IgG antibody (Dianova, #109-035-
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003) was added for an additional hour. Ultra TMB substrate solution
was added, and reaction terminated after one minute with H,SO,.
Absorbance at 450 nm was measured and corrected with controls
(mean of wells without serum and reference absorbance at 630 nm).

Western blot

SDS-Page and Western blotting were performed as described
using cortices from Syn1/2/3 triple knockout (TKO) mice and wild
type (WT) mice (14). Sera of CBA with scores of 1-2 were diluted to
1:200 and used to incubate membranes. A rabbit polyclonal SYN1/2
antibody (Synaptic Systems, #106002) was used as positive control
and a mouse monoclonal antibody against glyceraldehyde-3-
phosphate dehydrogenase (GAPDH, Merck Millipore, #MAB374)
served as loading control.

Clinical data and statistical analysis

We studied a cohort of 208 mothers of pediatric patients with
neurological disorders treated at the Center for Chronically Sick
Children, Charité - Universititsmedizin Berlin, Germany. Healthy
mothers of children with unclear developmental disabilities were
approached regarding the study by a study team physician at their
child’s regular treatment appointment. Due to the exploratory
approach, no exclusion criteria were specified. Maternal sera were
prospectively collected and analyzed. The finding of SYNI
autoantibodies did not influence the treatment of the patients.
Patient data were collected retrospectively and blinded to the
maternal antibody levels using a standardized data collection sheet.
Statistical analysis was performed using R (RStudio version 4.2.1) and
the packages crosstable, ggplot2, UpSetR, and psych. Descriptive
statistics were performed to calculate percentages and frequencies.
Differences in categorical variables are reported as odds ratio and 95%
confidence interval. P values were calculated using the Chi-square test
and Fisher’s Exact Probability Test, as applicable. Test results with
p<0.05 were considered statistically significant. The study was
approved by the local ethics committee (approval no. #EA2/220/20).

Results

We screened sera for SYN1 autoantibodies in 208 mothers to
assess the relationship with neurodevelopment in children. Due to the
explorative approach, no exclusion criteria were set. Mothers gave
birth at an average age of 30.93 + 5.81 years. Children (male n=134,
64.1%) were 6.6 + 4.14 years old at testing. Developmental delay in the
domains speech (n=158, 75.7%) and motor skills (n=153, 73.1%) were
the most common findings. Furthermore, 135 patients had
intellectual disability (64.4%), and 83 patients had epilepsy (39.9%)
(Figure 1). Epilepsy (p=0.049), ASD (p=0.001) and behavioral
problems (p=0.008) were more common in male, while
microcephaly was more common in female patients (p=0.001).

In a first step, the patients’ mothers were screened using the
previously described CBA (14). We used a visual scoring system for
antibody binding in the CBA, and scores of 2 (intensive binding) were
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Phenotype of children of mothers tested for SYN1 autoantibodies. Developmental delay in the domains speech and motor skills were the most common
findings, often associated with intellectual disability and epilepsy. ID, intellectual disability; ASD, autism-spectrum disorder

considered as positive (Figure 2A). Positive binding was identified in
20 mothers (9.6%). In 30 mothers, unspecific binding was detected
while all others (n=158) showed no binding (Figure 2B). We further
analyzed the sera of mothers with a SYN1 ELISA. Here, we found only
a weak correlation between the CBA and ELISA results (r=0.29,
Figure 2C). Possibly, these differing results can be explained by the
binding of SYN1 autoantibodies to conformational epitopes that are
not detected by ELISA. Therefore, we performed Western blots using
the sera and cortex homogenates of wild-type and SynI/II/III triple
knockout mice. We detected IgG binding to wild-type mouse brain
homogenates in four of the 20 CBA-positive sera (Figure 2D). The
other sera did not show immunoreactive bands at the expected
molecular weight. These results point towards SYN1 IgG
autoantibodies binding to linear SYN1 epitopes in only a small
group, whereas autoantibodies against conformational synapsin
epitopes predominate.

We further analyzed children of mothers with a positive CBA
(Table 1). Most commonly the children had ID (n=18, 90%), speech
delay (n=17, 85%), motor delay (n=17, 85%), and epilepsy (n=12,
60%).
encephalopathy (DEE). Cranial MRI was performed in 15 patients,
with abnormalities detected in eight patients (53.3%, Table 1). Genetic
testing was carried out in 13 patients, with variants (n=7) and
microdeletions (n=1) identified in eight patients (61.5%). Of these
seven variants, one was classified as pathogenic (14.3%), three as

Seven patients had a developmental and epileptic

probably pathogenic (42.9%), and three as variants of unclear
significance (42.9%). Identified variants (gene, cDNA, ACMG
classification and NM number) are listed in Table 1 for each
patient. The four patients with IgG binding to wild-type mouse
brain, showed no striking phenotypic differences to patients
without binding (Table 1).
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We next analyzed the clinical data based on the results of the CBA.
While there was no association between CBA and age of mothers, age at
birth or children’s age, we found an increased risk for specific
phenotypes in patients of mothers with positive CBA. A positive
CBA was a significant risk factor in their children for the presence of
ID (OR: 5.46 [95% CI: 1.52 - 35.01], p = .0134) and behavioral problems
(2.71 [1.07 - 7.23], p = .0328). Furthermore, patients showed a tendency
for the presence of macrocephaly (3.11 [0.81 - 9.92], p =.0785), epilepsy
(2.47 [0.98 - 6.59], p = .0536), ASD (1.32 [0.36 - 3.89], p = .7493),
microcephaly (1.40 [0.47 - 3.72], p = .5882), and a developmental delay
in the domains speech (1.89 [0.60 - 8.34], p = .4167) and motor skills
(2.17 [0.69 - 9.55], p = .2223) (Figures 3A, B).

Discussion

In this study, we recruited a clinical cohort of 208 mothers and
their children and analyzed the prevalence of maternal SYNI
autoantibodies and their association with developmental
phenotypes. SYN1 IgG autoantibodies were detected through CBA
in 9.6% of mothers with neurologically sick children. Most of the
SYN1 CBA positive cases were negative on Western blots under
denaturing conditions, suggesting a conformational dependency of
their target binding, as similarly observed in other human
antineuronal autoantibodies (18). In a study by Holtje et al. that
analyzed SYN1 autoantibodies in a cohort of patients with various
psychiatric and neurological disorders, binding was detected in
immunoblots in about half of all patients (14). It is unclear whether
in less denaturing conditions more SYN1 CBA positive cases would
be positive. As in this study, we recently reported IgG binding in
immunoblots of 263 pregnant women screened for synapsin I
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TABLE 1 Phenotype of patients with positive maternal synapsin | (SYN1) autoantibodies.

sex ageattest ID Epilepsy; Seizures cDNA OMIM  Speech  Motor ASD Behavior MIC = MAC
(years) position skills

2 m 7.84 + CM DEE; focal-onset atonic seizures AIFM1 c.1465G>A III 004208.3 300169 + + - + - +

7 m 247 + HC DEE; generalized tonic-clonic 1,2,3 + + - + _ +
seizures

22 m 4.24 + n.p. - 1,2 + + + + - _

26 m 0.72 + PCH DEE; epileptic spasms n.p. + + - + + -

41 m 1.02 - peritrigonal localized - PTEN c441A>T v 000314 601728 + + - - - +

dysmyelination

42 f 0.34 + lissencephaly DEE; focal onset clonic seizures microdel. 247200, + + - - - -
without awareness 17p13.3 MDLS

46 m 1.26 + delayed myelination DEE; epileptic spasms 1,2,3 617057 + + + = + -

60 m 4.59 + NAD focal onset seizures without n.p. + + - + - -
awareness

71 f 13.77 + NAD generalized tonic-clonic seizures 1,2 + _ _ + _ _

72 m 10.07 + NAD DEE; focal onset seizures without n.p. + + - + + -
awareness

86 m 5.06 + NAD - DPYD c.623G>T 111 000110 612779 + + + + - -

94 m 3.92 + NAD - n.p. - + + - - -

106 f 12.28 + n.p. - ANOS5 c172C>T v 213599.2 608662 + + - + - +

146 | f 15.68 + infra- and DEE; focal onset myoclonic SCNIA ¢.3887T>C 111 001165963 182389, + + - - + -

supratentorial atrophy seizures without awareness DS

152 m 5.06 + n.p. - DDBI c.637G>A v 001923 600045 + + - - - -

158 m 4.06 + n.p. - n.p. + + - + _ _

159 f 3.97 + SBH focal onset myoclonic seizures DCX c.814C’T Vv 000555 300121 + + - - + -
without awareness

161 m 4.62 + n.p. - 1 + + - + - _

168 m 16.62 + NAD generalized tonic-clonic seizures n.p. - - - + + _

208 m 6.94 - | NAD epilepsy of unknow cause with n.p. - - - - . _
tonic clonic seizures

ASD, autism-spectrum disorder; CM, Chiari malformation; DEE, Developmental and epileptic encephalopathy; DS, Dravet syndrome; HC, Hydrocephalus communicans; ID, intellectual disability; MAC, macrocephaly; MIC, microcephaly; MDLS, Miller-Dieker-Lissencephaly
syndrome; NAD, no abnormality detected; n.p., not performed; PCH, Pontocerebellar hypoplasia; SBH, subcortical band heterotopia; Genetic analysis: 1, chromosome analysis; 2, microarray-based comparative genomic hybridization (Array-CGH); 3, trio whole-exome analysis.
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FIGURE 2

Detection of synapsin 1 (SYN1) autoantibodies. (A) Examples of immunofluorescence stainings, using human sera at a 1:300 dilution (green) with or
without binding to HEK cells overexpressing human SYN1b are shown in the top row and bottom row. Using a commercial SYN1/2 antibody, protein
expression is verified (red). DAPI is used to stain the nuclei (blue). Scale bar: 20 um. (B) In 9.6% of mothers SYN1 autoantibodies were detected using a
CBA. (C) CBA and in-house ELISA correlated weakly, with higher mean serum IgG levels in the CBA-positive group. (D) Representative immunoblots of
wild type (WT) and Syn1/2/3 triple KO (TKO) mice cortex homogenates with a commercial synapsin 1/2 antibody as positive control, and with sera (1:200
dilution) from a CBA-positive mother and a CBA-negative control. Major bands at 80-90 kDa corresponding to the molecular weight of synapsin 1a/lb
and additional bands at 50-55 kDa that could represent the synapsin 2b isoform or breakdown products of synapsin 1 were detected in wild type but not
in TKO mouse tissue by both the commercial antibody and the serum of the CBA-positive mother. Detection of GAPDH served as loading control. HEK
human embryonic kidney; CBA, cell-based assay; ELISA, enzyme-linked immunosorbent assay, WB, western blot.

autoantibodies in only 22.9% and found no correlation between and reserve pool. Furthermore, Synl moderates neuronal

ELISA and CBA antibody levels (16). development through neurite outgrowth and synaptogenesis (2).
SYN1 is member of the family of synapsins, encoded by the three  SynI mutant mice have severe epilepsy with generalized seizures (19).
genes SYNI, SYN2, and SYN3 in humans. SYN1 regulates the In this present study of 208 children with various neurologic

trafficking of synaptic vessels between the readily releasable pool  disorders, a positive maternal CBA showed a significant association
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FIGURE 3
Clinical phenotype in patients of mothers with autoantibodies against synapsin 1 (SYN1). (A, B) Forest plot and bar chart showing the significantly
increased risk for intellectual disability and behavioral problems. ID, intellectual disability; ASD, autism-spectrum disorder. * p < 0.05.
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with ID and behavioral problems, while there was and a trend towards
other abnormalities such as macrocephaly and epilepsy. This is
intriguing given that patients with LoF variants in SYNI display a
similar phenotype with epilepsy, ID, ASD, macrocephaly, and
behavioral abnormalities (3-5). The lack of a clear association to
these phenotypes may relate to the low statistical power of the study
and emphasizes to investigate larger cohorts.

When further analyzing the 20 CBA-positive patients, seven had
identified genetic variants/microdeletions of which one was
considered pathogenic and three as likely pathogenic variants. This
raises speculation as to whether genetic alterations in brain proteins
may lead to neoantigen formation and increased autoimmunity.
Autoantibodies arise from multilayered defects at immune
checkpoints due to dysregulated negative selection of B cells which
eventually develop into plasma cells or B memory cells (18). These
autoantibodies can act through target-specific mechanisms. For
example, in vitro experiments could show that SYN1 autoantibodies
can be internalized through FcylII/III-mediated endocytosis and
promote SYNI aggregation resulting in impairment of synaptic
transmission (20). Future experimental models will have to
elucidate the functional role of maternal SYN1 autoantibodies and
investigate whether they can reach the fetal brain and have a direct
pathogenic effect on fetal development in vivo or rather represent a
clinical biomarker of neuronal cell damage. Synaptic impairment by
maternal SYN1 autoantibodies with possible detrimental effects on
neurodevelopment may have a similar effect as other maternal
antineuronal autoantibodies such as NMDAR, Caspr2, and
aquaporin-4 antibodies, for which experimental studies have
demonstrated pathogenic effects (10-13). Further, Caspr2
autoantibodies present during pregnancy were associated with ID
and developmental disorders (21). However, functional studies on the
effects of SYN1 autoantibodies on neurodevelopment are lacking and
should be performed using patient-derived monoclonal
antibodies (22).

In addition, it is unclear to what extent SYN1 autoantibodies cross
the placenta and can be found in CSF. For this, functional
experiments are necessary, in which human monoclonal
autoantibodies are systemically applied into pregnant mice. It
would be further interesting to assess if children of mothers with a
positive CBA have SYNI autoantibodies also in their CSF.

The study has multiple limitations including heterogeneity of the
pediatric cohort. Other environmental factors, besides identified
genetic variants, can also have an influence on the phenotype of
these children. Furthermore, mothers were tested after pregnancy,
Thus, it is unclear whether they were also positive during pregnancy
which does not allow a direct statement about causality. To assess
whether SYN1 autoantibodies have an effect during pregnancy we
recently reported on a cohort of 263 pregnant women with
seropositivity for SYN1 autoantibodies in 13.3%, matching the
prevalence in this cohort (16). Seropositivity was associated with
abnormalities of fetal development including intrauterine growth
retardation, structural abnormalities and amniotic fluid disorders.
The next step is to accurately phenotype these patients to assess the
impact of SYN1 during pregnancy on the neurodevelopment of these
children. Furthermore, the results of this study need to be validated by
larger prospective multicentric studies with age-matched controls of
healthy patients to increase power and counteract selection bias.
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Despite these limitations, the study indicates a potential
influence of maternal SYN1 autoantibodies on neurodevelopment.
These results do not currently trigger any direct therapeutic or
diagnostic consequences, but could influence standard treatment of
pregnant women in the long term and possibly lead to new
therapeutic approaches.
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Cytokine/chemokine levels in the
CSF and serum of anti-NMDAR
encephalitis: A systematic

review and meta-analysis
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Yi Xie™" and Minjin Wang**'

Department of Laboratory Medicine, West China Hospital of Sichuan University, Chengdu, China,
2Department of Laboratory Medicine, The Third Hospital of Mianyang, Sichuan Mental Health Center,
Mianyang, China, *Department of Neurology, West China Hospital of Sichuan University,

Chengdu, China

Objectives: To summarize the cytokine/chemokine levels of anti-N-methyl-
Daspartate receptor encephalitis (NMDAR-E) and explore the potential role of
these molecules and immune cells in the pathogenic mechanism.

Methods: The PubMed, Cochrane Library, Embase, and Web of Science databases
were searched for various articles that assessed the concentrations of cytokines/
chemokines in the unstimulated cerebrospinal fluid (CSF) or serum of patients with
NMDAR-E in this systematic review and meta-analysis. The standardized mean
difference (SMD) and 95% confidence interval (Cl) were calculated by Statal7.0.

Results: A total of 19 articles were included in the systematic review from 260
candidate papers, and cytokine/chemokine levels reported in the CSF/serum were
examined in each article. This meta-analysis included 17 eligible studies comprising
579 patients with NMDAR-E, 367 patients with noninflammatory neurological
disorders, and 42 healthy controls from China, Spain, South Korea, Australia,
Czechia, and Sweden. The results indicated that the levels of different cytokines
interleukin (IL)-6, tumor necrosis factor (TNF)-a, IL-10, IL-13, IL-1B, IL-12, and IL-17
and chemokine C-X-C motif ligand (CXCL)10 in the CSF were significantly higher in
NMDAR-E patients with a large effect size. In addition, B cell activating factor
(BAFF), CXCL13, and interferon (IFN)-v levels in the CSF were higher in NMDAR-E
patients with a middle effect size. In contrast, levels of IL-2 and IL-4 in the CSF and
CXCL13 and BAFF in the serum did not show a significant difference between cases
and controls.

Conclusions: These analyses showed that the central immune response in NMDAR-E
is a process that involves multiple immune cell interactions mediated by cytokines/
chemokines, and T cells play an important role in the pathogenesis of immunity.

Systematic review registration: https://www.crd.york.ac.uk/PROSPERO/,
identifier (CRD42022342485).
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1 Introduction

Anti-N-methyl-D-aspartate receptor encephalitis (NMDAR-E) is
one of the most common types of autoimmune neurological
disorders, which affects young women more often than it does men
(1-3). The clinical manifestations are often variable, including
seizures, psychiatric behavior changes, and rapid cognitive decline
(2, 4, 5). The majority of NMDAR-E patients have intrathecal
antibody synthesis, which can cause a significant decrease in the
cell surface and synaptic NMDAR by specific immunoglobulin G
(IgG) antibodies against the GluN1 subunit on the neuronal
membrane (6). Clinically, it is generally assumed that the
progressive deficiency of the receptor function with increased
antibody titer can reflect the severity of the disease and/or may be
the primary cause of aggravation (7). However, since ongoing
intrathecal antibody production does not always signify active
encephalitis, this conclusion has certain limitations (8, 9).

Recently, few studies have reported that the key immune
pathogenesis of NMDAR-E is often accompanied by immune
dysregulation, which is inflammatory in nature. It is usually
characterized by massive infiltration of T cells, B cells, and other
immune cells into the central nervous system (CNS) (10, 11),
triggering substantial neuron damage, demyelination, or
neurodegeneration (12, 13). However, although the role of B cells
in NMDAR-E has already been demonstrated (7, 14, 15), whether T
cells can effectively react against NMDAR and their specific role in
disease development remain unclear (16). Moreover, the mechanisms
through which they can access the CNS compartment are unclear.
Additionally, because T cells are predominantly found in the
cerebrospinal fluid (CSF) of affected people while B cells are scarce
(17), some prior studies have suggested that NMDAR-E onset could
be potentially triggered by the activation of T cells in the periphery
and CNS (13). Indeed, current pathological examination and
postmortem reports further support the observation that the
different effector T helper (Th) cells, such as Thl and Thl7 cells,
could extensively be infiltrated in the tissues (11, 13, 14, 18). In
particular, previous studies have demonstrated that Th cells can
significantly enhance antibody-secreting cell (ASC)-mediated
antibody responses, as mice were actively immunized with
conformationally stabilized NMDAR protein and both ASCs and
CD4+ T cells demonstrated extensive infiltration into the
hippocampus (19). This finding indicated that the immune effects
of one or several T cells may be important for regulating disease
etiology and progression in NMDAR-E patients.

Cytokines/chemokines are low-molecular-weight polypeptides
with biological activity mainly derived from the diverse antigen-
presenting cells and mononuclear phagocytic cells (20, 21). As
important immunoregulatory factors, cytokines/chemokines play a
key role in the activation, differentiation, and migration of immune
cells (22). In addition, various studies have revealed that dysregulation
of the cytokine system plays a key role in neuroinflammatory
disorders, and the alteration of cytokine levels has been increasingly
linked to NMDAR-E. Interestingly, multiple studies including our
own have suggested that CSF cytokine/chemokine signatures, such as
elevated levels of interleukin (IL)-17, IL-6, or CXCLI10, also suggest
the possible involvement of T cells in the etiology of NMDAR-E (23-
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25). However, there is no broad consensus on these conclusions
among the scientific community. This systematic review and meta-
analysis focused on analyzing the previous studies related to CSF and
serum cytokines and chemokines of NMDAR-E. Our research not
only concentrated on the broad range of chemokines and cytokines
associated with T-cell activities and examined how their levels were
altered during the various clinical courses of NMDAR-E. More
importantly, the detailed investigation of these molecules is
expected to advance our comprehension of the disease’s
immune mechanisms.

2 Methods
2.1 Search strategy

This systematic review and meta-analysis were conducted
according to the preferred reporting items for systematic reviews
and meta-analyses (PRISMA) criteria recommended for reporting
items for systematic reviews and meta-analyses. This meta-analysis
has been registered on the PROSPERO (No. CRD42022342485). We
searched the PubMed, Web of Science, Embase, and Cochrane
Library databases to identify articles published up to 25 June 2022
using a combination of the following keywords: (Anti NMDA
Receptor Encephalitis OR anti-N-methyl-d-aspartate receptor
encephalitis OR Anti-NMDAR Encephalitis OR N-methyl-d-
aspartate antibody encephalitis OR NMDA receptor encephalitis
OR anti-N-methyl-d-aspartate receptor antibody encephalitis) AND
(cytokine OR interleukin OR interferon OR tumor necrosis factor-
alpha OR transforming growth factor OR chemokine). The detailed
search strategy used for each database has been described in the
Supplementary Methods.

2.2 Selection criteria

The inclusion criteria were as follows: 1) the types of studies
including cross-sectional, case-control, and cohort; 2) the level of
anti-NMDAR antibody was found to be positive in the serum or CSF;
3) other autoantibody tests of the specimen were negative; 4) assessed
the concentrations of the different cytokines/chemokines in the
unstimulated serum or CSF with noninflammatory neurological
disorder control or healthy control group.

The exclusion criteria were as follows: 1) reviews, case reports,
experiments on animals or cells, conference papers, and editorial
materials; 2) incomplete full text or nonconforming data; 3) different
studies that mainly used reduplicated data.

2.3 Study selection and data extraction

YM and JW, two reviewers, each separately searched the articles,
imported them into Endnote X9, and managed the search records.
Thereafter, by using the Newcastle-Ottawa Scale (NOS), we also
evaluated the quality of the papers that were included. The initial
author’s name, research period, location, the source of the control
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group, sample size, gender, mean/median age, and quality scores were
then collected as key data from a few selected studies.

The major results were the variation in the mean levels of
inflammatory cytokines and chemokines between each case group
and control group. The information about the number of participants,
mean levels, and the standard deviation (SD) for cytokines/
chemokines of NMDAR-E and control was obtained to calculate
the mean difference. If the mean or SD was not stated directly in the
articles, we could estimate them from the sample size and the
alternative measures, including median, range, and 95% confidence
interval (CI) or interquartile range, utilizing Wan and Luo’s online
data converter (26, 27). If these measures were not available, the data
were extracted from the figures and graphs by using an analogy to the
approach as described in Saghazadeh and Rezaei (28).

2.4 Statistical analysis

In our study, Statal7.0 was used for all data analyses. Meta-
analyses were performed when cytokine/chemokine data were
extracted from at least three studies. The standardized mean
difference (SMD) calculated by Hedges’ g was taken to analyze the
effect with measurement scale differences across the studies, and its
95% CI was used as the result of the pooled analysis. Then, by using
the SMD cutoff points of 0.2, 0.5, and 0.8, effect sizes were also broadly
classified as small, medium, and large. We used the random-effects
model (DerSimonian-Lard) for each meta-analysis to obtain a
satisfactory estimator of heterogeneity variance for the
continuous results.

Q statistic test was used to determine whether heterogeneity was
presented across the studies of each factor, and tau-squared (t*) was a
quantitative measurement of heterogeneity, while the I-squared (I%)
was the heterogeneity across the studies from the total heterogeneity.
The significance level was considered at P < 0.1.

10.3389/fimmu.2022.1064007

To ensure that the results were robust and reliable, a sensitivity
analysis was performed to determine whether the significance of the
calculated effect size was sensitive to the effect when every single study
was omitted. Thus, to assess the potential publication bias, if there
were more than 10 research studies published, we will use
a funnel plot and Egger test, where P < 0.05 was deemed
statistically significant.

3 Results
3.1 Literature search and selection

A total of 260 candidate articles were initially identified, and 36
studies were considered for further review after in-depth analyses of
all of the titles and abstracts. It was found that among these studies, 12
had no interesting data and five had no appropriate control group; 17
studies meeting the inclusion requirements were included in the
meta-analysis, and 19 studies were in the quantitative synthesis.
The detailed procedure of the selection has been illustrated
in Figure 1.

3.2 Characteristics of the included studies

Overall, 19 studies met the inclusion and exclusion criteria, and
we stipulated that if a certain cytokine or chemokine was measured in
more than three studies, then it can be included in the meta-analysis
(23, 24, 29-45). cluster of differentiation 146 (CD146) and high-
mobility group box protein 1 (HMGB1) concentrations of NMDAR-E
were only found in a single study each; these two studies were
excluded from the meta-analysis as a result of insufficient data (33,
43). In addition, there were a few studies about the serum cytokine
levels in NMDAR-E patients, and in some studies, which only

33 PubMed; 125 Embase; 11 Cochrane Library; 91 Web of Science
Records identified through database searching (n=260)

%[ 77 Reduplicative records ]

Records after duplicates removed (n=183)

G(ecords excluded (n=147)
35 Irrelevant topic

56 Review

3 Unavailable full text

(1=36)

Full-text articles assessed for eligibility

36 case report
17 Animal trials

Full-text excluded (n=17)
12 No interested data

@=19)

Studies included in qualitative synthesis

5 no appropriate control group

l

Studies included in quantitative
synthesis(meta-analysis) (n=17)

FIGURE 1
The procedures involved in study screening
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measured cytokine levels in the whole autoimmune encephalitis, data
about NMDAR-E could not be extracted from the overall data and
were also not available from the authors (46, 47). For these reasons, 37
cytokines/chemokines of the CSF and 21 cytokines/chemokines of the
serum were not analyzed for having less than three studies, including
a proliferation-inducing ligand (APRIL), cluster of differentiation 40
ligand (CD40L), C-C motif ligand(CCL)2 (CCL2), IL-8, granulocyte-
macrophage colony-stimulating factor (GM-CSF), CCL17, CCL19,
HMGBI, chitinase-3-like protein 1 (YKL-40), NOD-like receptor
thermal protein domain associated protein 3 (NLRP3), CD146,
osteopontin, etc. (23, 24, 30, 31, 33-35, 38, 40, 42, 43).

Meta-analyses of the different cytokines/chemokines in 13 CSF
and two serum studies were performed. The two cytokines found in
the CSF with the most studies were IL-17 and IL-6. A total of 579
NMDAR-E patients and 409 controls from China, Spain, South
Korea, Australia, Czechia, and Sweden were included. The
characteristics of the included subjects are summarized in
Supplementary Table S1. The studies selected in the meta-analysis
included cross-sectional, cohort ones. Based on the NOS, all of the
studies were moderate or high quality, with an average NOS of 7.06.
The details have been shown in Supplementary Table S2.

3.3 Meta-analysis of cytokines/chemokines

We divided the identified cytokines/chemokines into several
groups including the B-cell axis, T-cell axis, and broad spectrum
based on the distinct roles of associated lymphocytes in the

10.3389/fimmu.2022.1064007

pathogenesis of NMDAR-E. The outcomes of the meta-analysis
showed that the levels of 11 different cytokines/chemokines, BAFF,
CXCL13, CXCL10, interferon (IFN)-y, tumor necrosis factor (TNF)-
o, IL-17, IL-6, IL-10, IL-13, IL-1B, and IL-12, in the CSF were
significantly higher in NMDAR-E patients compared to those in
controls. However, levels of IL-2 and IL-4 in the CSF and CXCL13
and BAFF in the serum showed no significant difference. The details
are shown in Table 1 and Figure 2.

Thereafter, for optimal understanding of the results obtained for
each cytokine/chemokine, we generalized the key characteristics of
our data. Cytokines/chemokines were divided as not statistically
significant: the symbol “-” indicated the cytokines/chemokines for
which there was no significant evidence (P > 0.05) . Three asterisks
depicted large effect sizes (SMD 20.8); two asterisks, medium effect
sizes (0.5 < SMD < 0.8); one asterisk, small effect sizes (0.2 < SMD <
0.5). Significantly higher CSF cytokines/chemokines CXCL10, TNF-
o, IL-17, 1IL-6, IL-10, IL-13, IL-1B, and IL-12 were identified in
NMDAR-E patients in comparison with those in control subjects
associated with the T-cell axis and mononuclear macrophages,
dendritic cells, and other immune cells (Table 2).

3.3.1 Meta-analysis of B-cell axis
cytokines/chemokines

BAFF and CXCL13 can recruit and activate B cells, respectively.
NMDAR-E CSF BAFF and CXCLI13 levels were found to be
significantly higher than those of the control with a middle effect
size (BAFF: SMD = 0.75, 95% CI = 0.34-1.17, P < 0.001; CXCL13:
SMD = 0.64, 95% CI = 0.4-0.89, P < 0.001). Moreover, the serum

TABLE 1 Summary of the meta-analysis outcomes for the different cytokines/chemokines.

Main Effect Heterogeneity

Cytokine/chemokine Sample  Study  N(case/control) SMD 95%Cl z I? (%)
B cell axis BAFF Serum 3 87/50 026 010,061 142 0.155 <001 | <0.01 2 0767
CXCL13 Serum 4 115/64 027 0.04,058  1.69  0.090 <001 | <0.01 3 0447
BAFF CSF 3 59/48 0.75 034,117 359  <0.001 <001 | <0.01 2 0929
CXCL13 CSF 5 259/124 0.64 040,089 516  <0.001 <001 | <001 4 | 0410
Thl cell axis CXCL10 CSF 3 29/39 1.47 092,203 519  <0.001 <001 | <001 2 | 0991
IEN-y CSF 5 97/113 0.76 022,129 274 0001 021 58.91 4 0119
TNF-o. CSF 8 159/133 1.42 104,181 729  <0.001 0.14 48.81 7 0057
Th17 cell axis IL-17 CSF 10 214/238 112 086,137 845  <0.001 0.05 30.99 9 0157
IL-6 CSF 11 284/278 1.00 080,121 958 = <0.001 0.02 19.42 10 0259
Th2 cell axis IL-2 CSF 3 85/90 0.46 015107 148  0.101 0.18 62.97 2 0133
IL-4 CSF 3 29/43 0.07 042,056 027 0783 <001 | <0.01 2 os6ll
IL-13 CSF 3 29/43 1.08 015,200 227  0.040 043 64.65 2 0031
Treg cell axis IL-10 CSF 8 188/171 1.32 063,201 374 | <0.001 0.83 86.41 7 | <0.001
Broad spectrum IL-1B CSF 6 138/150 1.25 038,211 282 0.005 1.02 88.83 5 | <0.001
IL-12 CSF 3 29/43 1.43 025,261 237 0018 0.81 74.78 2 0019

SMD, standardized mean difference; Th, T helper; Treg, T regulatory; BAFF, B cell activating factor; CXCL, C-X-C motif ligand; IFN,interferon; TNF, tumor necrosis factor; IL, interleukin.
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FIGURE 2

The comparison of CSF and serum levels of the cytokines/chemokines
in NMDAR-E. Effect size estimates (SMD) and 95% confidence intervals
are represented by colored bars and black error bars, A represents

P < 0.05. SMD, standardized mean difference; Th, T helper; Treg, T
regulatory; BAFF, B cell activating factor; CXCL, C-X-C motif ligand;
IFN,interferon; TNF, tumor necrosis factor; IL, interleukin

BAFF and CXCL13 random-effects model meta-analysis indicated
that both did not differ significantly from those of the control (BAFF:
SMD = 0.26, 95% CI = -0.10 to +0.61, P = 0.155; CXCL13: SMD =
0.27, 95% CI = -0.04 to +0.58, P = 0.090) (Supplementary Figures
S1-S4).

Influence analyses suggested that the effect size for serum
CXCL13 was sensitive to the effect of the study reported by
Leypoldt et al. (29), and upon omitting this study, the effect size
was changed from 0.27 to 0.49, with the 95% CI lower limit changed
from -0.04 to 0.08. Thereafter, the case and control groups’ outcomes
differed in a significant way (SMD = 0.49, 95% CI = 0.08-0.91, P =
0.02). The study by Leypoldt et al. contained a larger sample size than
the other three studies and played a key role in a meta-analysis of
CXCL13 in the CSF (30) (Supplementary Figure S2). The sensitivity
analysis of other cytokines and chemokines was robust when omitting
either of these articles (Supplementary Figures S1, S3-S15).

3.3.2 Meta-analysis of Thl cell axis
cytokines/chemokines

In comparison to those of the control group, it was discovered that
the levels of NMDAR-E Thl axis-related cytokine TNF-o. and the
chemokine CXCL10 were significantly higher with a large effect size
(Figures 3A, B) and IFN-y with a middle effect size (IFN-y: SMD = 0.77,
95% CI = 0.31-1.24, P = 0.001; TNF-0:: SMD = 1.42, 95% CI = 1.04-1.81,
P < 0.001; CXCL10: SMD = 1.47, 95% CI = 0.92-2.03, P < 0.001).
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3.3.3 Meta-analysis of Thl7 cell axis
cytokines/chemokines

The levels of Thl7 axis-related cytokines IL-17 and IL-6 were
found to be significantly increased (Figures 3C, D) (IL-17: SMD =
1.12,95% CI = 0.86-1.38, P < 0.001; IL-6: SMD = 1.00, 95% CI = 0.80-
1.21, P < 0.001). As there were more than 10 studies related to the
cytokines IL-17 and IL-6, we performed publication bias assessment
for both IL-6 and IL-17. However, no evidence of publication bias was
detected for the meta-analysis of IL-6 (P = 0.861, k = 11) and IL-17
(P = 0.719, k = 10) by using Egger’s regression and the funnel
plots (Figure 4).

3.3.4 Meta-analysis of Th2 cell axis
cytokines/chemokines

The concentrations of IL-13 associated with the Th2 axis
increased with a large effect size, but those of IL-2 and IL-4 did not
differ significantly (IL-13: SMD = 1.08, 95% CI = 0.05-2.10, P = 0.040;
IL-2: SMD = 0.44, 95% CI =-0.09 to 0.96, P = 0.101; IL-4: SMD = 0.07,
95% CI = -0.42 to 0.56, P = 0.783) (Figure 3G). Furthermore, in the
IL-13 meta-analysis, included studies were found to be statistically
heterogeneous (I* = 71.17%), although the random-effects model
was used.

3.3.5 Meta-analysis of Treg cell axis
cytokines/chemokines

T regulatory (Treg) cell axis cytokine IL-10 was also found to be
significantly higher in comparison to that of the control with a large
effect size (Figure 3E) (SMD = 1.32, 95% CI = 0.63-2.01, P < 0.001).
The various included studies were statistically heterogeneous (I* =
86.41%), although the random-effects model was used.

3.3.6 Meta-analysis of the broad-spectrum
cytokines/chemokines

We defined IL-1f and IL-12 among the broad-spectrum cytokines,
as they are associated with diverse immune cells, and their levels were
found to be significantly higher in NMDAR-E compared with those in
the control with a large effect size (Figures 3F, H) (IL-1f: SMD = 1.24,
95% CI = 0.38-2.11, P = 0.005; IL-12: SMD = 1.43, 95% CI = 0.25-2.61, P
=0.018). The various included studies were statistically heterogeneous in
IL-1B and IL-12 as determined by the random-effects model (IL-1p: I* =
88.83%; IL-12: I* = 74.78%).

4 Discussion

In our systematic review and meta-analysis, we found that
multiple cytokines and chemokines were shown to be significantly
higher in NMDAR-E patients, but we specifically focused on those
alterations shown in our meta-analysis due to their higher levels of
evidence. We observed that the various cytokines IL-6, TNF-a, IL-10,
IL-13, IL-1PB, IL-12, and IL-17 and chemokine CXCL10 in the CSF
were significantly higher in patients with NMDAR-E, and they were
associated with T cells and macrophages and other immune cells (48—
50). Interestingly, significant heterogeneity was found in the
comparisons of IL-10, IL-1f, IL-12, and IL-13. This heterogeneity
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TABLE 2 Summary of the CSF/serum levels of the cytokines/chemokines in NMDAR-E vs. control subjects.

Group Cytokine/ Main Source

chemokine

Sample

Main function

Cytokine/chemokine Levels of
NMDAR-E vs. control

B cell BAFF Serum Mo, DC,T cells Regulates B-lymphocyte survival and maturation -
CXCL13 Serum Mg, DC Selective attraction of B cells -
BAFF CSF Mg, DC,T cells Regulates B-lymphocyte survival and maturation e
CXCL13 CSF Mg, DC Selective attraction of B cells e
Th1 CXCL10 CSF Mog,EC, Chemotaxis of Mg, NK cells, and DC; promotes T cell adhesion e
fibroblasts to endothelial cells
IFN-y CSF T cells, natural Promotes differentiation of ThO into Th1;stimulates Mo b
killers cells increases osteoclastogenesis
TNF-ou CSF Mo, T cells Increases PMN migration; up-regulates expression of IL-1f3,IL-6, b
and RANKL
Th17 1L-17 CSF Th cells Stimulates production of TNF-o,IL-6,and IL-1p; increases el
RANKL expression
IL-6 CSF Mo,EC,T cells Increases inflammatory cell migration; increases ok
osteoclastogenesis
Th2 IL-2 CSF T cells Promotes T cell proliferation and activation; increases NK -
proliferation
IL-4 CSF T cells, mast Increases ThO proliferation; increases IL-10 production; inhibits -
cells pro-inflammatory cytokines activity;
IL-13 CSF Th2 cells Induces differentiation of monocytes;induces B cell proliferation; s
Inhibits of inflammation
Treg IL-10 CSF Mo, Treg Inhibits Mo antigen-presenting capacity; activates OPG b
Broad IL-1B CSF Mo,EC, Increases inflammatory cell migration; increases e
spectrum fibroblasts,DC osteoclastogenesis
IL-12 CSF Mg, DC Promotes differentiation of ThO into Thl; increases NK e
proliferation

*#* - large (SMD = 0.8) and significant (p < 0.05) effect sizes; ** - medium (SMD = 0.5 and SMD < 0.8) and significant (p < 0.05) effect sizes; the symbol “-” was used to identify cytokines/chemokines
for which no good evidence could be found;M@, macrophages ;DC, dendritic cells;EC, epithelial cells;SMD, standardized mean difference; NK, natural killer; PMN, polymorphonuclear; RANKL,

receptor activator of nuclear factor-kappa B ligand; OPG, Osteoprotegerin.

could be caused by multiple factors, including age, gender,
population, and methodology, as well as the inconsistency of the
sample collection time and the healthy state of the control group.
However, heterogeneity could not be identified from which research
or factor due to the small number of studies included in the meta-
analysis. These results reinforced the clinical evidence that NMDAR-
E is primarily accompanied by an inflammatory response in the CNS
with infiltration of T cells and other immune cells in addition to B
cells. In this meta-analysis, we did not notice evidence for the
involvement of the cytokines IL-2 and IL-4, but it is possible that if
there are more studies related to the cytokines found in NMDAR-E
patients and a larger sample size can be used in the future, the results
of a new meta-analysis might be different. For the same reason, the
meta-analysis excluded several cytokines and chemokines that were
reported in less than three studies; however, their exclusion does not
imply that they are less clinically relevant. The levels of CD40L,
chitinase-3-like protein 1 (CHI3L1), OPN, sCD138, and sCD146 were
found to be elevated in the CSF of patients with NMDAR-E and may
be associated with severity and prognosis, but more studies to validate
their roles are still needed (35, 39, 40, 43, 45).

Frontiers in Immunology

The meta-analysis included 17 studies published between 2015
and 2021, three of which were published between 2015 and 2016, and
included patients only with positive anti-NMDAR antibodies in the
serum, which also had clinical features consistent with autoimmune
encephalitis. It has been established that patients with NMDAR-E
who are negative for antibodies in the CSF may have a delayed onset
of antibodies or titers of antibodies could be too low to detect. The
delayed onset of anti-NMDAR antibody was previously reported in a
2-year-old child with encephalitis presentation; however, the antibody
was always negative in the CSF or serum until 1 year later, and the
child developed severe neurological sequelae due to untimely
immunotherapy (51). Moreover, based on the findings of other
reports, we also found that most patients were probably affected
with NMDAR-E, as only antibodies were detected in the serum. They
were mostly children and young adults, often with cognitive deficits,
catatonia, and speech disturbance. It was found that after the
administration of immunotherapy, most of these patients were in
remission (52, 53). In addition, some cases only with positive anti-
NMDAR antibodies in the serum could also be CSF positive at an
early stage due to the time interval between the symptom onset and

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1064007
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ma et al. 10.3389/fimmu.2022.1064007
A Forest plot of CXCL10 in CSF B Forest plot of TNF-at in CSF C Forest plot of IL-17 in CSF D Forest plot of IL-6 in CSF
weg swp wegn s weight o y .
s () wihesna i w sty jow (W wnsshal
idy Ve %) Study year (%) ith 95% C1 Study year (%) with 95% ¢
Kavtha kot 2016 4408 1521068, 236 —— W ——— gk Byun , angkkbpn 2016 768 04s[07, 128 —W—
1 ) nglokBin 206 1156 0341048, 115  —B— kB 1 ) T
Zuzanalba 2016 2710 144] 037, 2.61) ———B———— KavithaKolhurt 2016 1159 153] 089, 2.38) J— KavthaKothurl 2016 880 0.60(-015, 1.36] —e A -
Jingwren Lin 2020 2883 1.45(0.41, 248 ———W—— Zuzanalba 2016 760 193[ 076, 3.10] R 2uzana Liba 2018 E14 1541 848, 250) - = SofiavYgberg 2016 310 “35:,“3‘,4: —
Overat 1471092, 203 ——— muchen 2018 1578 138 077, 18] - Sofavoberg 2016 451 083[060, 167 ——8—— e Foge e ik —
Heterogeneity: 1 * =0.00, 17 = 0.00%, H ™ = 1.00 Jiajia Zhu 2019 1394 223 1.53, 294 —— PAl 2017 1555 076( 028, 1.24] = Jinyu Chen 2018 1018 084] nﬂ‘ 141) -
Testof 8.+0; 02) = 0.2, p =099 soguenln 20 ses osal oot 156 ——@—— Baozhulu 2018 1230 131[ 072, 130] —.— Hedute G WA GTAE 15
Y i Chacsheng zeng 2018 1895 130( 081, 1.70] S 781 02, =
Testot 902 -516,p - 000 gz s7s 40l 073, 201 CialpZg 2018 1841 0881081, 127} =
e dayuli 2019 977 178[ 1.08, 2.48) —a— e 5 g
T % 3 s omu 221 1355 158 085, 230) . st we am el Soneth e 79 st 070 21l -
upeng ) ——
Randoneffects DerSamonan-Lad model overan ra2( 104, 101 o
B : 1o e - gy en L 2020 539 137 035, 240 —_— YoPung 215 815 1.91072,154 ==
Heterogeneity: 1" =014,1° = 4881%, H "= 195 Cong Zou 2020 965 1.14[ 055, 1.74] —_—l—
Testof 0.+ 0; Q(T) - 1366, p = 0.0 :‘"“ ir? 0" mm":‘ "‘i'; . h QngLi 221 668 1691 035, 242 —_——
Testof0-0:2729,p+0.00 erogenety. 7 =005, 31.40% W'+
T 1T I Testof 8=6;Q(9) = 1312,p=0.16 Ours 1.00( 080, 1.21) ->
Feterogeney: 1 002,1" - 19.42%, W' =124
Testol 80z 842,900
Random eftects DerSinonian-Latd model T e e peoz
Testof 8202 =958, =
Random-effects DerSimonian-Laird model festof 0=0:2=0.58, p= 000
N
Random effecs DerSimonian-Lakd model
E Forest plot of IL-10 in CSF F Forest plot of IL-1B in CSF G Forest plot of IL-13 in CSF H Forest plot of IL-12 in CSF
wei sip et wegh 1D - v S0
Study year (%) wth 95% CI Study. year (%) with 95% CI Study_ year (%) with 95% CI idy year (%) wi
Jung-ick Byun 2016 1242 0.48(-034, 131) —M— Jung-ick Byun 2016 1593 121 0.32, 2.11) —— Jung-ckByun 2016 3631 0.33[-0.48, 1.15] —— Jung-lek Byt 2016 3096 278[ 160, 3.96]
KavihaKothur! 2016 1224 166 080, 252 — - KavihaKolhur! 2016 1660 0.99] 021, 1.77) . KavthaKothurl 2016 3457 197 106, 287] —— KavihaKothur! 2016 3751 088[ 020, 176  —f—
Sofiavgberg 2016 1059 0.79(-037, 195 ——— Sofiavgberg 2016 1452 004[-116, 108 —M— SollaYgberg 2016 2012 085(-023, 212  —M—— SoflaYgberg 2016 3153 064051, 1.79) ———
Jnyu Chen 2018 1267 282 204, 359] —— Chaosheng Zeng 2018 17.97 289( 237, 340] - Overall 108 005, 210] —— Overall . L iel0m e —eem—
Caosheng zeng 2018 1448 025(0.11, 0511 - sapus 2018 1225 1as] 078, 211 -m- Heterogeneay: 1 =058, 17 = 71.17%,H*=3.47 Heterogenety: 1 =081, 17 = 7478%, H =396
soguenlu 200 1188 107( 010, 208 —M— Vupang 21 17 070] 013, 121 - Testof 826 0(2) =694, p =03 Testor & =6; 012) =73, p 002
cong Zou 2020 1351 135[ 074, 195) - overall 124( 038, 211) — Testof §=0:2 =205, p=00¢ Tostof 9=0:2 =237, p=0.02
QngLi 2021 1252 249( 139, 300] —a— Heterogenety:1” = 1.02,1' = 88.83%, = 8.95 o0 1 2 3 0 2 L
Overall 1321 0.63, 2.01] e Test of =8 Q(5) = 44.76, p = 0.00 Random-effects DerSimonian-Laird model Randomeffects DerSimonian-Laird model
Heterogeneity: 1 = 0.83, 1" = 86.41%, H' =7.36 Testof 6=0:2=282,p=0.00
Testof 020, Q(7) 5152, p= 000 5 3
Testof0-0:2 -374,p-0.00 Randonseffects DerSinonian-Laid el
T 1 3 3 .
Random effecs DerSimonian-Lakd model

(A) Forest plot for the meta-analysis of the CXCL10 level in the CSF of NMDAR-E vs. control. (B) Forest plot for the meta-analysis of the TNF-a. level in
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CSF of NMDAR-E vs. control. (H) Forest plot for the meta-analysis of the IL-12 level in the CSF of NMDAR-E vs. control. CSF, cerebrospinal fluid;
NMDAR-E, anti-N-methyl-D-aspartate receptor encephalitis, CXCL, C-X-C motif ligand; TNF, tumor necrosis factor; IL, interleukin.

antibody detection (54). Interestingly, in a prior validation study of a
commercial diagnostic kit based on indirect immunofluorescence on
transfected cells, a false-positive rate of 1.4% has been reported for the
application of serum and cell-based assay (55). When autoantibodies
are detected only in the serum, confirmatory tests (e.g., in vivo
neuronal or tissue immunohistochemistry) should be included (2).
However, those people might not require immunotherapy. However,
in cases of false-positive antibody tests in the serum and delayed
presence in the CSF, it could be necessary to perform a CSF antibody
screening and tissue-based assay (2). For patients who are antibody
negative but probably suffering from autoimmune encephalitis, novel
biomarkers should be explored to aid in proper diagnosis.

B-cell responses have been reported to play a crucial role in the
establishment of an NMDAR-E mouse model, according to the

different previous studies (11, 19, 56), and its pathogenic
mechanism cannot be separated from the involvement of selected
cytokines/chemokines. CXCL13, also known as B-lymphocyte
chemokine, can effectively recruit B cells into the CNS in NMDAR-
E (20, 29, 57). Thereafter, IL-6 together with BAFF and APRIL can
exert common and complementary functions in promoting survival,
differentiation, and secretion of pathogenic IgG autoantibodies (58,
59). The findings of the meta-analysis indicated that high
concentrations of CXCL13, BAFF, and IL-6 in the CSF can
effectively lead to the enrichment and activation of B cells in the
CNS producing more IgG antibodies, which could explain the
reported observations about a higher detection rate of antibodies in
the CSF in comparison to that in the serum in NMDAR-E (11, 60).
Several selected studies have also shown that high concentrations of
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(A) Funnel plot for the meta-analysis of the IL-17 level in the CSF of NMDAR-E vs. control. (B) Funnel plot for the meta-analysis of the IL-6 level in the CSF of
NMDAR-E vs. control. CSF, cerebrospinal fluid; NMDAR-E, anti-N-methyl-D-aspartate receptor encephalitis; IL, interleukin; Cl, confidence interval
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CXCL13, BAFF, and APRIL in the CSF were related to poor prognosis
(29, 32, 61).

The pathological results in mice showed the infiltration of T cells,
B cells, and other immune cells into the CNS (11, 62, 63). In
NMDAR-E patients, we found that T cells also play a key role in
regulating immune pathogenesis by not only assisting B cells to
mature and effectively differentiate into plasma cells secreting
specific antibodies resulting in specific neuron lesions associated
with the extracellular GluN1 subunit but also forming nonspecific
inflammatory responses with other immune cells (10, 13). In addition,
the various cytokines/chemokines associated with T lymphocytes that
were found to be elevated in our meta-analysis also indicated that T
cells can play a key role in NMDAR-E. The different immune cells
infiltrating into the CNS can stimulate and constrain each other by
secreting diverse cytokines/chemokines, thus forming a complex
network of action (64, 65).

It has been found that with the help of Th1 and Th2 axis-related
cytokines, CD4+ T cells can differentiate into Thl and Th2, thus
maintaining immune regulation homeostasis (66-68). When the Th1/
Th2 cell balance is disrupted, Thl cells can secrete several pro-
inflammatory cytokines to further promote inflammation (69, 70).
Interestingly, based on the results of our meta-analysis, effect sizes of
Thl-related cytokines were significantly higher than those of
cytokines that were Th2 cell related, thus indicating that the Th1/
Th2 ratio was imbalanced in NMDAR-E patients. The chemokine
CXCLI10 can recruit Th1 cells to produce IFN-y and TNF-o, which
can further promote the release of varied cytokines/chemokines and
enhance the humoral immune response in the CNS, thus increasing
the persistence of the immune response in NMDAR-E (41). IL-17 can
damage the integrity of the blood-brain barrier by downregulating
the tight junction molecules and promoting astrocytes secreting
chemokines that can attract neutrophils to the endothelium (63,
71). Moreover, previous studies have reported that Th17 cells and
their secreted IL-17 are pathogenic in multiple sclerosis (MS) patients
(48). For NMDAR-E, IL-6 and IL-17 can enhance the differentiation
and maturation of Th17 cells and B cells, which can release a variety
of cytokines to further enhance the immune response and aggravate
the inflammatory response, with IL-17 being associated with poor
prognosis (30, 36). In addition, further investigations are needed to
evolve novel strategies to target Th17 cells and their associated
cytokines and to establish whether they can be used for treatment
and improve the prognosis. Treg cells are known for reducing
immune responses and tissue damage by encouraging macrophages
to secrete IL-10 through the release of IL-13 and for phagocytosing
apoptotic cells. The study showed that IL-10 was positively related to
the modified Rankin scale (mRS) score in NMDAR-E (41, 72, 73).

In the CNS and peripheral blood of NMDAR-E patients, there are
also a large number of immune cells that can generate various
cytokines and chemokines. Once the inflammatory response is
triggered, a series of immune cells such as endothelial cells,
astrocytes, and myeloid cells produce different pro-inflammatory
cytokines IL-6, IL-17, and TNF-o, which can synergistically
aggravate the inflammatory response (74-76). Furthermore, prior
studies in mouse models have revealed that autoimmune antibodies
can activate both astrocytes and microglia, and then these cells can
release cytokines such as IL-1f and IL-12 to promote the epileptic
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occurrence and enhance the immune eftects of Th1 cells (77, 78). In
addition, activated follicular helper T cells and follicular dendritic
cells can release CXCL13 to promote the immune response (18).
These immune cells can facilitate inflammation, especially in the early
stages of autoimmune encephalitis (30, 31).

In conclusion, the stimulation of the central immune response in
NMDAR-E is primarily a process of immune disorders mediated by
multiple immune cells composed of B cells, Th1 cells, Th17 cells, Treg
cells, and related cytokines/chemokines. Thl cells (related to
CXCL10, IFN-g, TNF-a) and Th17 cells (related to IL-17, IL-6),
which play key roles in promoting inflammation and promoting B-
cell differentiation to plasma cells. Further research should aim to
explore the immune pathogenesis process and identify novel
immunotherapeutic targets to reduce recurrence and
improve prognosis.

5 Limitations

This meta-analysis has several limitations. First, as the results of
only a small number of studies have been included for each cytokine/
chemokine, subgroup meta-analyses could not be conducted, and a
meta-regression to explain the high heterogeneity of some of the
selected cytokines/chemokines was not carried out. Second, for the
meta-analysis of several cytokines/chemokines, only three studies
were included, and hence, the results lack robustness. Third, since
access to the laboratory data and cytokine results for the individual
patient was not available, there may have been several cases with
negative CSF anti-NMDA antibodies among the included studies in
this meta-analysis. In conclusion, we suggest that multicenter
approaches may be necessary to analyze the function of different
cytokines/chemokines in the pathogenesis of NMDAR-E.
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Complement is involved in the pathogenesis of neuroimmune disease, but the
detailed pathological roles of the complement pathway remain incompletely
understood. Recently, eculizumab, a humanized anti-C5 monoclonal antibody,
has been clinically applied against neuroimmune diseases such as myasthenia
gravis and neuromyelitis optica spectrum disorders (NMOSD). Clinical
application of eculizumab is also being investigated for another neuroimmune
disease, Guillain-Barré syndrome (GBS). However, while the effectiveness of
eculizumab for NMOSD is extremely high in many cases, there are some cases of
myasthenia gravis and GBS in which eculizumab has little or no efficacy.
Development of effective biomarkers that reflect complement activation in
these diseases is therefore important. To identify biomarkers that could predict
disease status, we retrospectively analyzed serum levels of complement factors
in 21 patients with NMOSD and 25 patients with GBS. Ba, an activation marker of
the alternative complement pathway, was elevated in the acute phases of both
NMOSD and GBS. Meanwhile, sC5b-9, an activation marker generated by the
terminal complement pathway, was elevated in NMOSD but not in GBS.
Complement factor H (CFH), a complement regulatory factor, was decreased
in the acute phase as well as in the remission phase of NMOSD, but not in any
phases of GBS. Together, these findings suggest that complement biomarkers,
such as Ba, sC5b-9 and CFH in peripheral blood, have potential utility in
understanding the pathological status of NMOSD.

KEYWORDS

neuromyelitis optica spectrum disorders, Guillain-Barré syndrome, complement,
alternative pathway, sC5b-9, CFH, Ba
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Introduction

The complement system plays important roles in the innate
immune system, which protects the body from foreign pathogens
(1). However, when the regulatory mechanisms of complement
activation are disrupted, dysregulated complement activation
damages autologous cells and causes diseases such as paroxysmal
nocturnal hemoglobinuria (PNH) and atypical hemolytic uremic
syndrome (aHUS) (2, 3). Eculizumab, a humanized anti-C5
monoclonal antibody, is effective against PNH and aHUS (3). It
specifically inhibits production of anaphylatoxin C5a and
subsequent formation of the membrane attack complex (MAC),
suppressing pathological complement activation. Its effectivity has
been shown against neuroimmune diseases such as myasthenia
gravis (MG) and neuromyelitis optica spectrum disorders
(NMOSD) (4).

In MG (5) and NMOSD (6, 7), autoantibodies against
acetylcholine receptor and aquaporin-4 (AQP4), respectively,
activate the complement system, causing neurological symptoms
due to destruction of the nervous system by the terminal
complement pathway. Eculizumab is effective against these
diseases and has been clinically applied (8, 9). Guillain-Barré
syndrome (GBS) is also a neuroimmune disease, in which anti-
ganglioside autoantibodies are produced after infection with
Campylobacter jejuni or other organisms, and damage to the
myelin sheath causes peripheral neuropathy (10). Clinical
application of eculizumab for GBS is currently under
investigation (11). Although eculizumab is effective in MG and
GBS, some cases are non-responders, and the basis for non-
response is unknown (4).

In these diseases, autoantibody titers do not correlate with
disease pathology, and accurate biomarkers for complement
activation could be useful not only in determining disease
severity, but also in determining the potential utility of anti-
complement drugs. However, biomarkers that accurately reflect
complement activation in the pathogenesis of neurological diseases
have not yet been identified. NMOSD and GBS are characterized by
activation of the classical complement pathway. In the present
retrospective cohort study, however, we measured serum levels of
complement-activated markers and complement regulators
involved in the alternative or terminal complement pathway in
NMOSD and GBS for three reasons. First, eculizumab, which blocks
the C5 cleavage involved in the initiation of the terminal
complement pathway, is effective in these diseases, so activation
of the alternative complement pathway and the formation of MAC
in the terminal complement pathway would be expected to cause
development of these diseases. Second, although the autoantibodies
in NMOSD constantly exist in blood and may always activate the
classical complement pathway, symptoms of NMOSD appear
suddenly and recurrently, suggesting that the appearance of
symptoms requires further complement activation by the
alternative complement pathway in addition to the classical
complement pathway. Third, in transplant-associated thrombotic
microangiopathy (TA-TMA), which is thought to be a disease
involving the classical and lectin complement pathways, our
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group previously demonstrated that abnormally high levels of
plasma complement factor Ba fragment (Ba), a biomarker of
activation of the alternative pathway, can be used to predict TA-
TMA development and non-relapse mortality (12). We examined
whether biomarkers that predict activation of the alternative and
terminal complement pathways could therefore also be associated
with disease pathogenesis, prognosis, and status.

Methods
Patients and healthy controls

Patients with NMOSD and GBS treated at Wakayama Medical
University Hospital or Kindai University Hospital between 2016 and
2021 were included, and cases with both acute- and remission-paired
sera archived were retrospectively selected and enrolled. Medical
information was collected from medical charts. Diagnostic criteria
were the 2015 international diagnostic criteria for NMOSD (13) and
the Asberry diagnostic criteria for GBS (14). Seventy healthy Japanese
adults, consisting of 35 males (age, mean * SD: 45.7+ 10.3 years;
range: 26-68 years) and 35 females (age, mean + SD: 44.7+ 12.3 years;
range: 27-75 years) were enrolled as healthy controls (15).

Definitions of acute and remission phases
of NMOSD

NMOSD relapse was defined based on criteria from previous
clinical studies (8). Briefly, new onset or worsening neurologic
symptoms must persist >24 hours and should not be attributable
to confounding clinical factors. Remission was defined as a period
when neurologic symptoms were stable for at least one month, and
no new lesions shown on MRI imaging.

Evaluation of acute and remission phases
of GBS

The acute phase of GBS was defined as the peak of symptoms
prior to treatment. The stable phase was defined as a time when
symptoms became mild and stable following treatment. Disabilities
were evaluated using the Hughes functional grade scale (11).

Measurement of anti-AQP4 and anti-
ganglioside antibodies

Anti-AQP4 antibodies titers were analyzed using a cell-based
assay with live human embryonic kidney 293 cells stably transfected
with the M23 isoform of AQP4. Goat anti-human IgG Fc labelled
with DyLight 488 (Thermo Fisher Scientific, Waltham, MA) was
used as a secondary antibody after the transfected cells were
exposed to the patients’ diluted sera. Anti-ganglioside antibodies
were examined by ELISA. Serum IgG antibodies to 11 glycolipid
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antigens (GM1, GM2, GM3, GDla, GD1b, GD3, GT1b, GQlb,
GTla, Gal-C, and GalNAc-GDla) were analyzed.

Complement measurement

Serum samples obtained from patients and healthy controls
were stocked until analysis at -80°C. Serum levels of sC5b-9 and Ba
were measured using MicroVue SC5b-9 Plus EIA and MicroVue Ba
EIA, respectively (Quidel, San Diego, CA). Serum levels of
complement factor H (CFH) and complement factor I (CFI) were
measured using ELISA kits (Abnova, Taipei, Taiwan). Complement
data from 70 healthy Japanese volunteers (age: 26-75 years) were
used as healthy controls, and reference ranges of complement
markers (average levels + 2 S.D.) in their serum were defined as
previously described (15). The normal ranges of serum for sC5b-9
and Ba have been found to be greater than that of EDTA plasma,
but the ranges in serum stored at -80 °C until analysis confirmed
stability, even after five freeze-thaw cycles. In the present study, we
compared the patients data with previous data of 70 healthy
Japanese adults as controls.

Statistical analysis

Statistically significant differences were evaluated between three
groups (healthy controls, patients with NMOSD and patients with
GBS) using a one-way analysis of variance (ANOVA) and a Tukey-
Kramer test as a post hoc test, and between two groups (the acute
and remission phases) using a paired t-test. P < 0.05 (two-tailed)
was considered significant for all results. Pearson correlation
analysis was performed using JMP pro 16.0 software.

TABLE 1 Patient backgrounds.

10.3389/fimmu.2023.1090548

Results

We retrospectively analyzed 21 patients with NMOSD (19
females and 2 males) and 25 patients with GBS (14 females and 11
males) (Table 1). The mean age at the time of blood collection in
the acute phase of NMOSD was 48.0 years, mean duration of
illness was 5.1 years, and mean expanded disability status scale
(EDSS) was 5.3. Mean EDSS during NMOSD remission was 4.5.
The mean age at GBS onset was 50.8 years, and the mean severity
of illness was Hughes functional grade scale 3.4. Mean Hughes
functional grade scale during the remission phase of GBS (at
discharge) was 1.7. Anti-AQP4 and anti-glycolipid autoantibodies
were positive in 81% patients with NMOSD and 88% patients with
GBS, respectively.

sC5b-9, an activation marker generated by the terminal
complement pathway, was significantly higher in the acute phase
of NMOSD compared with in the acute phase of GBS (Figure 1A).
Activation of the complement system was thus indicated to have
progressed to the terminal complement pathway in the acute phase
of NMOSD. Serum Ba, an activation marker of the alternative
complement pathway, was also higher in the acute phases of both
NMOSD and GBS compared with healthy controls (Figure 1A).

Subsequently, we measured complement regulatory protein
levels in NMOSD and GBS. CFH was within the reference range
but significantly lower in patients with NMOSD than in healthy
controls or in patients with GBS (Figure 1A). However, CFI,
another complement regulatory protein, was higher in patients
with NMOSD and in patients with GBS than in healthy controls.

To determine the correlations of these biomarkers with each
other in NMOSD, we performed a correlation analysis
(Figure 1B). Ba and sC5b-9 levels (r=0.824, p<0.00010), and
CFH and CFI levels (r=-0.554, p=0.0092) showed positive and

NMOSD (€ p-values
(n=21) (n =25)
Sex (female/male) 19/2 14/11 < 0.01
Age, mean + SD 48.0 + 2.5 50.8 + 4.4 NS
[range] (y) [17-74] [14-77]
Disease duration, mean + SD [range] (y) 51+1.2 NA
[0-14]
Anti-aquaporin 4 antibody-positive 17 (81%) NA
Anti-glycolipid antibody-positive NA 22 (88%)
Optic nerve 4 (19.0%) NA
Lesions according to MRI findings Spinal cord 17 (81.0%) NA
Brain 2 (9.5%) NA
EDSS, Acute phase 53+ 2.1 [2-8.5] NA
Mean + SD [range]
Remission 4.5 + 2.2 [2-8.0] NA
Functional grade, Acute phase NA 34+10
Mean + SD (AU)
Remission NA 1.7 £0.8

NMOSD, neuromyelitis optica spectrum disorders; GBS, Guillain-Barrée syndrome; SD, standard deviation; EDSS, expanded disability status scale; MRI, magnetic resonance imaging; NA, not

applicable; NS, not significant.
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negative correlations, respectively. However, no other correlations
were detected in samples obtained from patients in the acute phase
of NMOSD.

The above-mentioned complement factors examined in the
acute phase were also analyzed for changes in the remission
phase. The main laboratory data did not change between the
acute and remission phases (Table 2). The sC5b-9 and Ba
markers, which were elevated in the acute phase of NMOSD,
decreased significantly in the remission phase (Figure 2).
Although CFH levels were increased in the remission phase of 12
patients with NMOSD, the average levels of CFH still remained
lower than the healthy control level during the remission phase as
well as during the acute phase. Moreover, in some patients, CFH
levels were markedly reduced in the remission phase. The levels of
CFI were decreased in 10 patients in the remission phase of
NMOSD, but the average levels of CFI were still higher than
those of healthy controls during the remission phase. To rule out
these changes of complement markers being due to previously-
received treatments, we analyzed complement markers in 10
patients that had not received any treatment at the time of
the first-episode of NMOSD and obtained similar results
(Supplementary Table 1, Supplementary Figures 1, 2). However,
in patients with GBS, sC5b-9, Ba, CFH, and CFI did not change
between the acute and remission phases, and Ba and CFI in the
remission phase remained higher than those in the healthy
controls (Figure 2).

We detected no correlations between levels of complement
markers and most of the clinical manifestations, disease severity,
or cerebrospinal fluid test values in the acute phase of NMOSD.

10.3389/fimmu.2023.1090548

There was, however, a moderate positive correlation between levels
of CFI and disease duration (r=0.520) (Supplementary Table 2).

Discussion

In the present study, we measured serum levels of Ba, sC5b-9,
CFH, and CFI in the acute and remission phases of NMOSD and
GBS. In NMOSD, we identified that sC5b-9 and Ba levels
correlated significantly with clinical stage, suggesting that
activation of the alternative and terminal complement pathways
contributes to exacerbation of NMOSD. The levels of sC5b-9 and
Ba may be influenced by the types of treatments and whether they
were obtained at the time of the first-episode or after some
treatments, but similar results were also obtained in the 10
patients who had not received any treatment at the time of the
first-episode. Furthermore, the increased levels of Ba and sC5b-9
were strongly correlated, suggesting that activation of the classical
complement pathway by autoantibodies in the periphery led to
activation of the alternative and terminal complement pathway. In
addition to increased levels of C5a in cerebrospinal fluid that were
previously reported as a biomarker of NMOSD (16), the present
findings suggest that sC5b-9 and Ba levels in peripheral blood
could be useful markers in determining whether NMOSD is in the
active stage. NMOSD is known to be caused by injury to astrocytes
which express AQP4 (17). Circulating anti-AQP4 antibodies must
destroy the brain-blood barrier (BBB) in order to reach astrocytes.
IL-6 (18), anti-glucose-regulated protein 78 autoantibodies (19),
and polymorphonuclear leukocytes (20) have been reported to be

A sC5hb-9 Ba CFH CFl
ng/ml ng/ml pg/ml pg/ml
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...". 20
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y=991.9586+0.8546837x

FIGURE 1

r=-0.554, p=0.0092

y=64.967254-0.103187x

(A) Serum levels of complement markers in the acute phases of neuromyelitis optica spectrum disorders and Guillain-Barré syndrome. Serum levels
of sC5b-9, Ba, complement factor H, and complement factor | in the acute phases of neuromyelitis optica spectrum disorders and Guillain-Barré
syndrome, together with those of healthy controls, are shown by box plots. **p < 0.01, and ***p < 0.001, ANOVA and Tukey-Kramer test as a post
hoc test. (B) Correlation analysis of complement markers in the acute phase of neuromyelitis optica spectrum disorders. The relevance of serum
levels of sC5b-9, Ba, complement factor H and complement factor | in the acute phase of neuromyelitis optica spectrum disorders were analyzed.
Ba and sC5b-9 (r=0.824, p<0.00010), and complement factor H and complement factor | (r=-0.554, p=0.0092) showed positive and negative

correlations, respectively.
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TABLE 2 Laboratory data and treatments of the patients with NMOSD.

10.3389/fimmu.2023.1090548

Acute phase Remission p-values
Blood Tests
‘White Blood Cells (/uL) 7223 + 2187 7499 + 3132 0.912
Neutrophils (/uL) 5138 + 2169 4803 + 2735 0.849
Lymphocytes (/uL) 1420 + 639 2019 + 1527 0.364
Monocytes (/uL) 544 + 354 548 + 253 0.983
Albumin (g/dL) 4.2 +04 3.8 +£0.6 0.807
CRP (mg/dL) 0.367 + 0.666 0.199 + 0.485 0.410
Cerebrospinal fluid test
Cell count (/mm?) 13.7 £ 28.7 3.0+3.0 0.621
Protein (mg/dL) 46.8 £ 37.4 36.6 £ 20.7 0.144
Treatments at blood collection
None 10 (47.6%) 8 (38.1%)
Steroids 6 (28.6%) 6 (28.6%)
Immunosuppressants 1 (4.8%) 2 (9.5%)
Steroids + Immunosuppressants 3 (14.3%) 4 (19.0%)
Plasma exchange 1 (4.8%) 1 (4.8%)
Data are shown as mean + standard deviation. CRP, C-reactive protein; NMOSD, neuromyelitis optica spectrum disorders.
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Changes of complement markers during the acute and remission phases of neuromyelitis optica spectrum disorders and Guillain-Barré syndrome.
Changes of serum levels of sC5b-9, Ba, complement factor H and complement factor | during the acute and remission phases of neuromyelitis
optica spectrum disorders and Guillain-Barré syndrome were analyzed. The dotted lines indicate changes in individual cases, and solid lines indicate
changes in average levels. The gray shadow indicates reference ranges in healthy Japanese adults (sC5b-9: 181-1266 ng/ml, Ba: 438-1546 ng/ml,

complement factor H: 238-663 pug/ml, complement factor I: 11-42 pg/ml) (15). *p < 0.01, paired t-test.
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involved in the disruption of BBB. Complement activation in the
periphery may also contribute to the destruction. The involvement
of peripheral complement activation in the pathogenesis of
NMOSD using animal models should be clarified in future studies.

CFH was decreased during both acute and remission phases of
NMOSD. There are three possible reasons for these decreased levels.
First, AQP4 is expressed not only in astrocytes, but also in muscle
and renal tubules, and anti-AQP4 antibodies react with them to
activate complement in the periphery. CFH may therefore be
consumed and reduced in NMOSD to control activation of the
complement system. In the present study, CFH levels in 12 patients
were increased in the remission phase. A second possible reason for
the decreased levels is that NMOSD could be originally caused in
individuals with low CFH levels and activation of alternative and
terminal complement pathways initiated by anti-AQP4
autoantibodies might not be adequately suppressed by low CFH
levels. Eculizumab, which blocks the C5 cleavage involved in the
initiation of the terminal complement pathway, is an effective
treatment for almost all NMOSD cases with anti-AQP4
autoantibodies (8). In patients with NMOSD, low CFH levels may
be a significant cause of complement activation in the periphery. A
third possible reason for the decreased levels could be that CFH
production may be suppressed by steroid or immunosuppressive
therapies. In some patients, remarkably decreased levels of CFH
were observed in the remission phase.

In NMOSD, modest increase of CFI levels was also observed, and
the levels of CFH and CFI had negative correlation.We detected a
moderate positive correlation between CFI levels and disease duration,
so CFI may increase by inflammation induced in the acute phase to
block activation of the complement system in the periphery.

In GBS, there were no significant differences in sC5b-9, Ba, CFH,
or CFI levels between the acute and remission phases. In addition, in
the acute phase of GBS, Ba was increased but sC5b-9 was unchanged,
suggesting that activation of classical complement pathway by
autoantibodies led to activation of the alternative pathway in the
periphery, but did not progress to the terminal complement
pathway. The levels of CFH and CFI remained high in both acute
and remission phases of GBS, suggesting that their regulatory functions
would be maintained. Therapies targeting complement pathways other
than the terminal complement pathway could therefore be effective in
cases of GBS without elevated sC5b-9 levels. Alternatively, anti-C5
antibodies could be effective in cases of GBS with elevated sC5b-9.

Comprehensive measurement of complement biomarkers such as
Ba, sC5b-9, and CFH could contribute to delineating the
pathogenesis and pathological status of NMOSD. The complement
biomarkers in cerebrospinal fluid should also be measured to clarify
the contribution to the pathogenesis of NMSD. We will also analyze
the complement biomarkers in patients treated with eculizumab in a
future study to determine whether these could be predictive
biomarkers for response to eculizumab treatment. The present
study was performed retrospectively using previously collected
serum samples, so the reference ranges were too broad to
determine valid cut-off values of Ba and sC5b-9 for prediction of
acute and remission phases. However, this study suggests that the
results should be validated in a future prospective study using plasma
treated with ethylenediaminetetraacetic acid-disodium salt.

Frontiers in Immunology

10.3389/fimmu.2023.1090548

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed and
approved by The study was approved by Research Ethics
Committee of Wakayama Medical University (approval number:
G154 and 3278) and Kindai University (approval number: 2021-
164). Written informed consent for participation was not required
for this study in accordance with the national legislation and the
institutional requirements.

Author contributions

KM, NI, and HI contributed to the conception and design of the
study. KM, MM, KO, NW, and MK contributed to acquisition and
analysis of data. KM, KK and NI contributed to drafting of the text
and preparation of the figures. HT contributed to statistical analyses
of data. All authors contributed to the article and approved the
submitted version.

Funding

This work was supported by JSPS KAKENHI Grant Numbers
JP17H04108, JP20H03580, JP20K07894, and JP22K07498, and a grant
on Priority Areas from Wakayama Medical University Research.

Acknowledgments

We thank the patients for their participation in the study and
Kazuko Watase and Fumiko Saito for their technical assistance. We
acknowledge proofreading and editing by Benjamin Phillis at the
Clinical Study Support Center at Wakayama Medical University.

Conflict of interest

KM received speaker honoraria from Alexion Pharmaceuticals,
Inc, Chugai Pharmaceutical Co. Ltd., Mitsubishi Tanabe Pharma
Corporation, and Teijin Pharma Ltd. KO received research support
from Asahikasei Pharma. NI received speaker honoraria from Alexion
Pharma Corporation, Novartis Pharmaceutical Corporation, UCB
Japan Co. Ltd., Sanofi, Chugai Pharmaceutical Co. Ltd. and Japan
Blood Products Organization and research support from Alexion
Pharmaceuticals, Inc. HI received from Alexion Pharmaceuticals, Inc.
and Teijin Pharma Ltd. KO, NW, and NI are councilors of The
Japanese Association for Complement Research. NW is a councilor of
the International Complement Society.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1090548
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Miyamoto et al.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the

References

1. Ricklin D, Hajishengallis G, Yang K, Lambris JD. Complement: a key system for
immune surveillance and homeostasis. Nat Immunol (2010) 11(9):785-97.
doi: 10.1038/ni.1923

2. Ricklin D, Reis ES, Lambris JD. Complement in disease: a defence system turning
offensive. Nat Rev Nephrol (2016) 12(7):383-401. doi: 10.1038/nrneph.2016.70

3. Garred P, Tenner AJ, Mollnes TE. Therapeutic targeting of the complement
system: From rare diseases to pandemics. Pharmacol Rev (2021) 73(2):792-827.
doi: 10.1124/pharmrev.120.000072

4. Dalakas MC, Alexopoulos H, Spaeth PJ. Complement in neurological disorders
and emerging complement-targeted therapeutics. Nat Rev Neurol (2020) 16(11):601-
17. doi: 10.1038/s41582-020-0400-0

5. Masi G, O’Connor KC. Novel pathophysiological insights in autoimmune
myasthenia gravis. Curr Opin Neurol (2022) 35(5):586-96. doi: 10.1097/
‘WCO0.0000000000001088

6. Weinshenker BG, Wingerchuk DM. Neuromyelitis spectrum disorders. Mayo
Clin Proc (2017) 92(4):663-79. doi: 10.1016/j.mayocp.2016.12.014

7. Pittock SJ, Zekeridou A, Weinshenker BG. Hope for patients with neuromyelitis
optica spectrum disorders - from mechanisms to trials. Nat Rev Neurol (2021) 17
(12):759-73. doi: 10.1038/s41582-021-00568-8

8. Pittock SJ, Berthele A, Fujihara K, Kim HJ, Levy M, Palace ], et al. Eculizumab in
aquaporin-4-Positive neuromyelitis optica spectrum disorder. N Engl ] Med (2019) 381
(7):614-25. doi: 10.1056/NEJM0al900866

9. Schneider-Gold C, Gilhus NE. Advances and challenges in the treatment of
myasthenia gravis. Ther Adv Neurol Disord (2021) 14:17562864211065406.
doi: 10.1177/17562864211065406

10. Kusunoki S, Willison HJ, Jacobs BC. Antiglycolipid antibodies in Guillain-barre
and Fisher syndromes: discovery, current status and future perspective. J Neurol
Neurosurg Psychiatry (2021) 92(3):311-8. doi: 10.1136/jnnp-2020-325053

11. Misawa S, Kuwabara S, Sato Y, Yamaguchi N, Nagashima K, Katayama K, et al.
Safety and efficacy of eculizumab in Guillain-barre syndrome: a multicentre, double-blind,

Frontiers in Immunology

148

10.3389/fimmu.2023.1090548

reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1090548/
full#supplementary-material

randomised phase 2 trial. Lancet Neurol (2018) 17(6):519-29. doi: 10.1016/S1474-4422
(18)30114-5

12. Okamura H, Nakamae H, Shindo T, Ohtani K, Hidaka Y, Ohtsuka Y, et al. Early
elevation of complement factor ba is a predictive biomarker for transplant-associated
thrombotic microangiopathy. Front Immunol (2021) 12:695037. doi: 10.3389/
fimmu.2021.695037

13. Wingerchuk DM, Banwell B, Bennett JL, Cabre P, Carroll W, Chitnis T, et al.
International consensus diagnostic criteria for neuromyelitis optica spectrum disorders.
Neurology (2015) 85(2):177-89. doi: 10.1212/WNL.0000000000001729

14. Asbury AK, Cornblath DR. Assessment of current diagnostic criteria for
Guillain-barre syndrome. Ann Neurol (1990) 27 Suppl:S21-4. doi: 10.1002/
ana.410270707

15. Ohtani K, Inoue N, Hidaka Y, Wakamiya N. The analysis of complement factors
and activation markers in normal Japanese individuals. J Jpn Assoc Comple Res (2019)
56(2):13-22.

16. Piatek P, Domowicz M, Lewkowicz N, Przygodzka P, Matysiak M, Dzitko K,
et al. C5a-preactivated neutrophils are critical for autoimmune-induced astrocyte
dysregulation in neuromyelitis optica spectrum disorder. Front Immunol (2018)
9:1694. doi: 10.3389/fimmu.2018.01694

17. Papadopoulos MC, Verkman AS. Aquaporin 4 and neuromyelitis optica. Lancet
Neurol (2012) 11(6):535-44. doi: 10.1016/S1474-4422(12)70133-3

18. Takeshita Y, Obermeier B, Cotleur AC, Spampinato SF, Shimizu F, Yamamoto
E, et al. Effects of neuromyelitis optica-IgG at the blood-brain barrier. vitro Neurol
Neuroimmunol Neuroinflamm (2017) 4(1):e311. doi: 10.1212/NXI.0000000000000311

19. Shimizu F, Schaller KL, Owens GP, Cotleur AC, Kellner D, Takeshita Y, et al.
Glucose-regulated protein 78 autoantibody associates with blood-brain barrier
disruption in neuromyelitis optica. Sci Transl Med (2017) 9(397):eaai9111.
doi: 10.1126/scitranslmed.aai9111

20. Winkler A, Wrzos C, Haberl M, Weil MT, Gao M, Mobius W, et al. Blood-brain
barrier resealing in neuromyelitis optica occurs independently of astrocyte
regeneration. J Clin Invest (2021) 131(5):e141694. doi: 10.1172/JCI141694

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1090548/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1090548/full#supplementary-material
https://doi.org/10.1038/ni.1923
https://doi.org/10.1038/nrneph.2016.70
https://doi.org/10.1124/pharmrev.120.000072
https://doi.org/10.1038/s41582-020-0400-0
https://doi.org/10.1097/WCO.0000000000001088
https://doi.org/10.1097/WCO.0000000000001088
https://doi.org/10.1016/j.mayocp.2016.12.014
https://doi.org/10.1038/s41582-021-00568-8
https://doi.org/10.1056/NEJMoa1900866
https://doi.org/10.1177/17562864211065406
https://doi.org/10.1136/jnnp-2020-325053
https://doi.org/10.1016/S1474-4422(18)30114-5
https://doi.org/10.1016/S1474-4422(18)30114-5
https://doi.org/10.3389/fimmu.2021.695037
https://doi.org/10.3389/fimmu.2021.695037
https://doi.org/10.1212/WNL.0000000000001729
https://doi.org/10.1002/ana.410270707
https://doi.org/10.1002/ana.410270707
https://doi.org/10.3389/fimmu.2018.01694
https://doi.org/10.1016/S1474-4422(12)70133-3
https://doi.org/10.1212/NXI.0000000000000311
https://doi.org/10.1126/scitranslmed.aai9111
https://doi.org/10.1172/JCI141694
https://doi.org/10.3389/fimmu.2023.1090548
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

:' frontiers ‘ Frontiers in Neurology

‘ ® Check for updates

OPEN ACCESS

EDITED BY
Honghao Wang,
Guangzhou First People’s Hospital, China

REVIEWED BY
Elanagan Nagarajan,

University of Tennessee at Chattanooga,
United States

Hsiuying Wang,

National Yang Ming Chiao Tung
University, Taiwan

*CORRESPONDENCE

Shujuan Dai
dssjl7@126.com

Qian Wu
gianwu@ydyy.cn

SPECIALTY SECTION

This article was submitted to

Multiple Sclerosis and Neuroimmunology,
a section of the journal

Frontiers in Neurology

RECEIVED 02 October 2022
AccepTeD 10 February 2023
PUBLISHED 06 March 2023

CITATION

Zhu L, Shang Q, Zhao CW, Dai S and Wu Q
(2023) Case report:
Anti-neurexin-3a-associated autoimmune
encephalitis secondary to contrast-induced
encephalopathy. Front. Neurol. 14:1060110.
doi: 10.3389/fneur.2023.1060110

COPYRIGHT

© 2023 Zhu, Shang, Zhao, Dai and Wu. This is

an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in

accordance with accepted academic practice.

No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiersin Neurology

TvPE Case Report
PUBLISHED 06 March 2023
Dol 10.3389/fneur.2023.1060110

Case report:
Anti-neurexin-3o-associated
autoimmune encephalitis
secondary to contrast-induced
encephalopathy
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and Qian Wu'*

!Department of Neurology, First Affiliated Hospital, Kunming Medical University, Kunming, Yunnan,
China, ?Department of Internal Medicine, St. Vincent's Medical Center, Bridgeport, CT, United States

A 54-year-old man complained of episodic stinging in his left eye along with
weakness and numbness in his right upper and lower extremities for 1 month.
The neurological examination was negative. MRI showed bilateral paraventricular
demyelination. CTA showed significant stenosis of the left internal carotid (60%)
and vertebral arteries (70%). He underwent left internal carotid stenting and was
intubated during the procedure. After the procedure, he did not wake up from
anesthesia, and he developed flexion and spasticity in the right arm immediately.
Thereafter, he was sent to the neurocritical unit (NCU). Anti-seizure treatment was
adopted due to recurrent general tonic-clonic seizures. Two days later (day 15
of hospitalization), brain edema and meningitis appeared in MRI, and contrast-
induced encephalopathy (CIE) was mainly considered, with the support of CSF
results. After 18 days (day 21 of hospitalization), serum anti-neurexin-3«a I1gG
was detected at a dilution of 1:10. Anti-neurexin-3«-associated encephalitis was
diagnosed. The patient was fully recovered 7 months after taking immunoglobulin,
steroids, mortimycophenate, and cyclophosphamide. Meanwhile, anti-neurexin-
3a antibody IgG was negative in both CSF and serum. MRI was also normal.
Although scarce evidence clarified the relationship between CIE and anti-
neurexin-3a-associated encephalitis, we inferred that the BBB damaged by CIE
may result in the anti-neurexin-3a antibody entrance into the CSF from serum,
which led to autoimmune encephalitis (AIE).

KEYWORDS

anti-neurexin-3a-associated autoimmune encephalitis, contrast-induced
encephalopathy (CIE), blood brain barrier, neuroimmunology, Qpp, (CSF/serum
albumin quotients)

Introduction

Contrast-induced encephalopathy (CIE) is a transient and reversible adverse reaction
of the nervous system to the use of contrast, characterized by seizures, cortical blindness,
global aphasia, focal neurological deficits, and chemical meningitis (1). The risk factors of
CIE include large contrast volume (80-400 mL), chronic hypertension, transient ischemic
attacks (TIAs), impaired cerebral autoregulation, impaired renal function, vertebral-basilar
arteriography, male gender, and previous adverse reactions to contrast (2-4). In 2016, Gresa
et al. first reported five patients diagnosed with anti-neurexin-3«-associated autoimmune
encephalitis (AIE) (5). Few cases of anti-neurexin-3a-associated AIE have been reported
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since then. Herein, we report a patient who was diagnosed
and subsequently recovered from anti-neurexin-3«-associated AIE
secondary to CIE.

Case report

A 54-year-old man with no significant history complained
of episodic stinging pain in his left eye along with weakness
and numbness in his right upper and lower extremities for
1 month. The episodes initially lasted for 3-5min each and
occurred only during the daytime but progressively increased in
frequency and duration to last up to 10-15min and occurred
during the night. The patient had not gone to the hospital until
he developed progressively worsening symptoms. His neurological
examination was unremarkable, and the brain MRI showed
bilateral paraventricular demyelination.

10.3389/fneur.2023.1060110

The episodes were suggestive of TIAs and the patient
underwent computed tomography (CT) angiography, which
showed significant stenosis of the left internal carotid (60%) and
vertebral (70%) arteries. He underwent left internal carotid artery
stenting following 200 ml of intravenous contrast administration
and was intubated during the procedure. After the procedure,
he did not regain consciousness, and half an hour later, he
developed flexion and spasticity in the right arm. His temperature
was 36.5°C, heart rate was 110/min, blood pressure was 148/106
mmHg, respiratory rate was 22/min, and SpO, was 98% (on
ventilator support). The pupillary diameter was 1.5 mm in ambient
light, and the pupillary light reflex was sluggish. On motor
examination, he had hypertonia in the extremities and trunk
and showed abnormal flexion to pain. His Glasgow Coma
Scale score was 4T (E1VTM3). The patient developed recurrent
generalized tonic-clonic seizures, lasting from 10s to several
minutes. The lactic acid in his blood was high (12.3 mmol/L).

FIGURE 1

Brain MRI performed at different times. MRI with red wireframe was performed 2 days after surgery (day 15 of hospitalization) and showed brain
edema and high signal in the meninges. MRI with yellow wireframe was performed on day 27 and showed improvement in abnormal findings

4 months 7 months

2 months
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TABLE 1 Laboratory data.

Laboratory data

10.3389/fneur.2023.1060110

Day 29 2months 4 months 7 months

CSF Pressure (mmH,0) 230 175 190 155 205 190
WBC (10°/L) 67 12 4 1 6 1
RBC (10°/L) 12 2 12 0 2 0
CI~ (mmol/L) 138.8 130.2 131.1 129.2 129.0 136.8
Glu (mmol/L) 6.32 5.74 3.54 3.05 3.41 4.57
Album (mg/L) 4423 233.4 134.2 248.2 285.8 192.7
Pro (g/L) 0.47 0.24 0.61 0.96 1 0.24
Anti-neurexin-3« antibody IgG / 1:10

Blood Anti-neurexin-3« antibody IgG / 1:10 - 1:32 1:10
Album (mg/L) 36.5 37 28.5 40.2 36.7 38.4
Glu (mmol/L) 8.9 7.5 6.8 6.5 / /
Glu (CSF/Blood) 0.71 0.76 0.52 0.47 / /
Qan (“/o0) 12.12 6.31 471 6.17 7.79 5.01

He was treated with midazolam and vecuronium. The Richmond
Agitation Sedation Scale score was —4. The control of seizures
required continuous intravenous infusion of midazolam for 48 h.
Subsequently, oral levetiracetam was administered to allow a
reduction in the midazolam dose. Several investigations were
performed 2 days later (day 15 of hospitalization): His brain
MRI showed edema and generalized high signal in the meninges
(Figure 1). His electroencephalogram showed low voltage with no
epileptiform discharges. The abdomen and testicle ultrasound were
normal; the CT chest was normal. Rheumatism immune-related
antibodies, including antinuclear antibody (ANA), antineutrophil
cytoplasmic antibody (ANCA), anti-ribonucleoprotein antibody
(anti-RNP), double-stranded DNA (anti-dsDNA), and Sjogren
syndrome-related antigens A and B (anti-SS-A/SS-B), were
negative. In addition, the T-cell-based test for tuberculosis
infection and the tuberculin skin test were negative. The
result of the cerebrospinal fluid (CSF) analysis is presented in
Table 1. The patient was empirically treated with the antiviral
medication acyclovir.

After 21 days of his hospitalization, serum anti-neurexin-3o
IgG came back positive with a ratio of 1:10. The anti-neurexin-
3a IgG antibodies were not detected in the CSF. The patient was
diagnosed with anti-neurexin-3a-associated AIE and treated with
a single dose of IV immunoglobulin (0.4 g/kg/day for 5 days). In
the following days, the patient developed psychiatric symptoms,
including agitation, auditory and visual hallucinations, cognitive
dysfunction, and significantly reduced sleep duration. His Bech—
Rafaelsen Mania Rating Scale score was 23, indicating severe mania.
He was treated with olanzapine to control psychiatric symptoms.
On day 28 of hospitalization, CSF analysis was repeated, which
was normal, except for raised proteins, and the anti-neurexin-3c
antibody was negative in both serum and CSF (Table 1). The brain
MRI showed improved both brain edema and high signal in the
meninges (Figure 1). Steroids were added to the patient’s treatment.

On day 35 of hospitalization, the patient was discharged
because of significant improvement and was asked to continue

Frontiersin Neurology

mycophenolate mofetil. The patient presented for follow-up after
2 months and reported significant improvement in the psychotic
symptoms, with only mild irritability and agitation. His CSF Qajp,
was 6.17, anti-neurexin3o IgG was positive at 1:10, and serum
anti-neurexin-3« antibody IgG was 1:32. Therefore, we added
cyclophosphamide for 2 months in addition to mycophenolate
mofetil. After 4 months, his CSF Qay, was 7.79, anti-neurexin-3a
antibody IgG was negative, serum anti-neurexin-3« antibody IgG
was 1:10, and the brain MRI was normal. Thus, the patient was
asked to continue mycophenolate mofetil. After 7 months, both the
CSF analysis and the brain MRI were normal (Figure 1), the anti-
neurexin-3« antibody IgG was negative in CSF and serum, and the
patient had a complete recovery and had been back to work for
several months. The case timeline was showed in Figure 2.

Discussion

The major clinical manifestations in our patient were first
considered as TIA-like symptoms in the emergency department.
He had critical stenosis of the internal carotid artery, for which
it was reasonable to perform endovascular treatment. The patient
received cerebral angiography due to repeated presentation of TIA-
like symptoms although his left internal carotid stenosis was only
around 60%. After the surgery, the patient progressed to develop
coma, myoclonic jerks, and psychotic symptoms after the surgery.
His brain MRI showed high signals in the meninges. The Qap
[CSF/serum albumin quotients, which is a marker of the blood-
brain barrier function with the upper reference limit 8 x 10~2 for
patients aged <60 years (6)] was increased (Table 1), suggesting
BBB damage. Initially, we speculated that the BBB was damaged
due to the contrast, which increased the BBB permeability, resulting
in coma and myoclonic jerks; therefore, the diagnosis of contrast-
induced encephalopathy (CIE) was considered. However, 20 days
later, anti-neurexin-3« antibody IgG was detected in serum, and
the patient developed extreme agitation, auditory and visual
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FIGURE 2
Case timeline.
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FIGURE 3
Schematic diagram of the proposed mechanism of disease for the patient. We speculated that neurexin-3« may be related to T-Js and the
neurexin-3«a antibody may promote BBB damage. As a vicious circle, the damaged BBB may allow more entrance of neurexin-3«a antibodies to the
CSF from serum. Contrast agents that destroyed the BBB would further assist manyfold neurexin-3« antibodies to enter the CSF, thereby disabling
the function of neurexin-3« in the presynaptic membrane, impairing the activity of calcium ion channels and eventually leading to a series of
neurological symptoms.
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hallucinations, and significantly reduced sleep duration; thus, the
patient was diagnosed with anti-neurexin-3«-associated AIE for
which he received immunotherapy. The repeat CSF test also
showed positive anti-neurexin-3« antibody IgG. The antibody
entered the brain from the blood due to the damaged BBB, which
impaired the activity of calcium ion channels and led to several
neurological symptoms, including agitation, auditory and visual
hallucinations, and significantly reduced sleep duration. To sum
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up, we inferred that the CIE may have led to BBB damage, which
allowed the antibodies to enter the CSF from the serum, eventually
leading to anti-neurexin-3a-associated AIE (Figure 3).

At present, there are no clear diagnostic criteria for CIE. Chu
et al. analyzed a group of patients with CIE and proposed that
CIE should be considered if symptoms worsen after endovascular
thrombectomy and brain imaging suggest edema and contrast
agent residue, especially in patients with renal dysfunction or
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previous stroke (7). Similarly, Monforte et al. reported a CIE
patient with previous chronic renal dysfunction who developed
altered consciousness and myoclonic jerks of the right arm after
left internal carotid stenting for critical stenosis (8). To sum up,
TIA and endovascular treatment were the risk factors of CIE in the
patient. Based on the clinical and MRI findings, we diagnosed CIE.

Currently, the specific mechanism underlying brain injury
caused by contrast agents is unclear. Some researchers have
proposed that the chemical toxicity of contrast agents can
cause the contraction of endothelial cells, destroy the close
connection between them, and promote endocytosis and extremes
of endothelial cells (9). Wang et al. found that a carotid injection
of iohexol damages the BBB in rats and caused dynamic variability
in BBB permeability, with progressively increasing permeability,
reaching a maximum at 6h after administration, and then
progressively decreasing. The underlying mechanism may be
related to the changes in the expression of tight junction (T-J)-
related proteins (ZO-1 and occludin) in the BBB (10).

Interestingly, the anti-neurexin-3o antibody was initially
detected in the patients serum and then in the CSF. Neurexins
are cell-surface glycoproteins encoded by NRX. Neurexin-3« is
the largest and most polymorphic member of the neurexin family.
Its C-terminus is involved in the regulation of Ca?™ channel
function and neurotransmitter release, whereas the N-terminus,
which is outside the presynaptic membrane binds to the adhesion
protein in the postsynaptic membrane (11, 12) to regulate the
formation and function of synapses. In neurexin-« knock-out mice,
the lack of function of the presynaptic Ca>* channel (11) leads
to severely reduced neurotransmitter release. Some scholars have
proposed that the neurexin and neuroligin complex may be related
to cognitive diseases, but the underlying mechanism remains to be
studied (13).

In 1996, Baumgartner et al. reported that neurexin IV was a new
member of the neurexin family located at the septate junctions (S-
Js) between the epithelial cells and glial cells; the loss of neurexin
IV in S-Js led to BBB destruction (14). The T-Js in vertebrates
correspond to the S-Js in invertebrates; thus, we speculated that
neurexin-3«a may be related to T-Js and the neurexin-3« antibody
may promote BBB damage. As a vicious circle, the damaged
BBB may allow more entrance of neurexin-3« antibodies to the
CSF from serum, thereby disabling the function of neurexin-3«
in the presynaptic membrane, impairing the activity of calcium
ion channels, and eventually leading to a series of neurological
symptoms. In addition, whether the initial TIA-like symptoms
might have been focal seizures that induced by AIE were impossible
to verify due to absence of immediate EEG and preoperative
antibody detection, but this diagnosis should also be taken into
consideration. If this assumption was right, contrast agents that
destroyed the BBB would further assist manyfold neurexin-3o
antibodies to enter the CSE thereby disabling the function of
neurexin-3« in the presynaptic membrane, impairing the activity
of calcium ion channels and eventually leading to a series of
neurological symptoms (Figure 3).

In conclusion, we should be vigilant against CIE in patients
who have a transient and reversible adverse reaction of the nervous
system after the use of contrast. In addition, AIE may be secondary
to or complicated by a neurological disease, especially in patients
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with immunosuppression. AIE should be considered when focal
neurological episodes presented a comprehensive work-up of MRI;
EEG and autoimmune antibody detection are helpful for diagnosis
and management. Moreover, this rare case deserves attention and
can provide a reference for clinicians.
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Different immunological
mechanisms between AQP4
antibody-positive and MOG
antibody-positive optic neuritis
based on RNA sequencing
analysis of whole blood
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Wenjun Zou**** and Ke Wang®®

tDepartment of Ophthalmology, Affiliated Wuxi Clinical College of Nantong University, Wuxi,
Jiangsu, China, ?Department of Ophthalmology, Jiangnan University Medical Center (JUMC), Wukxi,
Jiangsu, China, *Department of Ophthalmology, Wuxi No.2 People’s Hospital, Wuxi, Jiangsu, China,
“Department of Ophthalmology, The Affiliated Wuxi No.2 People's Hospital of Nanjing Medical
University, Wuxi, Jiangsu, China, *National Health Commission (NHC) Key Laboratory of Nuclear
Medicine, Jiangsu Key Laboratory of Molecular Nuclear Medicine, Jiangsu Institute of Nuclear
Medicine, Wuxi, Jiangsu, China, ®Department of Radiopharmaceuticals, School of Pharmacy, Nanjing
Medical University, Nanjing, Jiangsu, China

Purpose: To compare the different immunological mechanisms between
aquaporin 4 antibody-associated optic neuritis (AQP4-ON) and myelin
oligodendrocyte glycoprotein antibody-associated optic neuritis (MOG-ON)
based on RNA sequencing (RNA-seq) of whole blood.

Methods: Whole blood was collected from seven healthy volunteers, 6 patients
with AQP4-ON and 8 patients with MOG-ON, and used for RNA-seq analysis. An
examination of immune cell infiltration was performed using the CIBERSORTx
algorithm to identify infiltrated immune cells.

Results: RNA-seq analysis showed that the inflammatory signaling was mainly
activated by TLR2, TLR5, TLR8 and TLR10 in AQP4-ON patients, while which was
mainly activated by TLRI, TLR2, TLR4, TLR5 and TLR8 in MOG-ON patients.
Biological function identification of differentially expressed genes (DEGs) based
on Gene Ontology (GO) term and Kyoto encyclopedia of genes and genomes
(KEGG) pathway enrichment analysis, as well as Disease Ontology (DO) analysis,
showed that the inflammation in AQP4-ON was likely mediated by damage-
associated molecular pattern (DAMP), while which in MOG-ON was likely
mediated by pathogen-associated molecular pattern (PAMP). Analysis of
immune cell infiltration showed that the proportion of immune cell infiltration
was related to patients’ vision. The infiltration ratios of monocytes (rs=0.69,
P=0.006) and MO macrophages (rs=0.66, P=0.01) were positively correlated with
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the BCVA (LogMAR), and the infiltration ratio of neutrophils was negatively
correlated with the BCVA (LogMAR) (rs=0.65, P=0.01).

Conclusion: This study reveals different immunological mechanisms between
AQP4-ON and MOG-ON based on transcriptomics analysis of patients’ whole
blood, which may expand the current knowledge regarding optic neuritis.

KEYWORDS

optic neuritis, aquaporin 4, myelin oligodendrocyte glycoprotein, RNA-Seq, toll-
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1 Introduction

Optic neuritis (ON) is an inflammatory demyelinating disease
that mainly affects young people, and its prevalence rate is about 1
to 6 per 100,000 population (1). In patients with non-infectious ON,
12% were aquaporin 4-immunoglobulin G (AQP4-IgG) positive
and 10% were myelin oligodendrocyte glycoprotein-IgG (MOG-
IgG) positive (2). Patients with AQP4-IgG related ON (AQP4-ON)
have worse vision and usually develop blindness, while patients with
MOG-ON have a higher recurrence rate (3, 4).

AQP4, the target protein attacked by AQP4-IgG, is responsible
for maintaining water homeostasis and solute transfer, and can
provide a fast water transport channel for astrocytes (5).
Meanwhile, MOG, the target antigen recognized by MOG-IgG, is
involved in myelin sheath adhesion and maintaining the integrity of
the myelin sheath (6). Due to the distinct functions of AQP4 and
MOG, the clinical features and pathological lesions caused by
AQP4-IgG and MOG-IgG are different (7, 8). Besides, the co-
existence of MOG-IgG and AQP4-IgG is highly uncommon (rate of
0.06%), indicating that AQP4-ON and MOG-ON may be developed
through different immunological mechanisms (9, 10). However, to
date, there have been no reports on the difference between the two
types of immune-mediated ON.

We investigated the molecular mechanisms and therapeutic
targets of AQP4-ON and MOG-ON by bioinformatic analysis.
Whole blood samples from patients with AQP4-ON and MOG-
ON as well as healthy control (HC) subjects were subjected to RNA
sequencing (RNA-seq) analysis. The key differentially expressed
genes (DEGs) in AQP4-ON and MOG-ON patients were
comprehensively analyzed, and on this basis, the immune cell
infiltration rates in all patients were analyzed.

2 Materials and methods
2.1 Subjects and samples
All subjects were recruited at the Affiliated Wuxi Clinical

College of Nantong University from November 2020 to August
2022. The diagnosis of ON was made following the guidelines of the
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Optic Neuritis Treatment Trial (ONTT) study (11). The inclusion
criteria were (1): serum AQP4-IgG or MOG-IgG was positive (2),
the first attack of ON and in the stage of acute attack and (3) no
treatment with glucocorticoid and other drugs. Exclusion criteria
were (1) neurological disease such as encephalitis and myelitis (2),
other eye diseases except cataract, such as glaucoma, uveitis and
ischemic optic neuropathy. For high sensitivity and absolute
specificity, the AQP4-IgG was measured using an enzyme-linked
immunosorbent assay (ELISA) kit (RSR Ltd., Cardiff, UK)
according to the previous study (12) and results 3.0 u/mL were
considered as positive. The MOG-IgG was measured by indirect
immunofluorescence testing (IIFT) using a cell-based assay (CBA),
and the normal value was negative. For statistical analysis, the
Snellen best-corrected visual acuity (BCVA) was transformed to
logarithm of minimum angle of resolution (LogMAR) units (13).
The ethics committee of the Affiliated Wuxi Clinical College of
Nantong University approved the use of blood samples for scientific
research purposes (certificate No0.2021 Y-33), and all participants
signed written informed consent.

2.2 RNA extraction and library preparation

Peripheral venous whole blood was collected from patients and
HC subjects in vacuum tubes containing EDTA as an anticoagulant.
After blood collection, 4 mL of TRIzol reagent (Beyotime, Nantong,
China) was added to each blood sample and stored at —80°C for
subsequent RNA extraction. Subsequently, after collecting all the
samples, total RNA was extracted from each sample using the
TRIzol extraction method, following the manufacturer’s
instructions. After verifying its integrity, the total RNA was
reverse transcribed into ¢cDNA, and then the cDNA was size
selected to 250-300 bp using AMPure XP beads (Beckman
Coulter Inc., Brea, CA, USA). Following polymerase chain
reaction (PCR) amplification, the PCR product was once more
purified using AMPure XP beads to prepare the cDNA library. The
quality of the library was assessed using the Agilent 2100
bioanalyzer (Agilent Technologies Inc., Santa Clara, CA, USA),
and then sequenced using the Illumina NovaSeq 6000 platform
(Mumina Inc., San Diego, CA, USA).
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2.3 Data quality control and quantification

Cleaned data were obtained by filtering the original data, and
the cleaned reads were compared with the reference genome using
the HISAT2 v2.0.5 software (http://daehwankimlab.github.io/
hisat2/). The new genes were predicted by the StringTie (1.3.3b)
software, and the gene expression level was quantified by feature
counts (1.5.0-P3). The raw data have been submitted to GEO
database (GEO accession numbers: GSE217410).

2.4 DEGs analysis

The DESeq (1.20.0) software was used to analyze the DEGs
(relative to HC group) between the two groups of patients (http://
www.bioinformatics.babraham.ac.uk/pro-jects/trim_galore/). The
Benjamini and Hochberg method was used to adjust the P value
and the false discovery rate for multiple comparisons. The genes
with P value < 0.05 adjusted by DESeq2 were considered to be
differentially expressed.

2.5 Enrichment analysis of DEGs

Gene Ontology (GO) enrichment analysis (as implemented in
the cluster Profiler R package (3.8.1)), was performed on DEGs, in
which gene length bias was corrected. The ClusterProfiler (3.8.1)
software package in the R platform was used to perform the Kyoto
encyclopedia of genes and genomes (KEGG) pathway enrichment
analysis of DEGs. The Disease Ontology (DO) is a knowledge
database related to human diseases that describes the association
of human genes to diseases.

2.6 Protein-protein interaction
network analysis

The STRING software was used to predict the differential
protein-protein interaction (PPI) network from the interaction
relationship in the STRING protein interaction database, and
then Cytoscape V3.9.1 was used to visually edit it to find the
module network and prioritize the genes (14).

2.7 Immunocyte infiltration analysis

Cell-type identification by estimating relative subsets of RNA
transcripts (CIBERSORTX) (https://cibersortx.stanford.edu) is a
method to characterize the cell composition of complex tissues
from gene expression profiles (GEPs). The CIBERSORTXx algorithm
was used to analyze 22 immune cell subsets significantly differentially
expressed in all patients and control subjects. Then, the Immune Cell
Abundance Identifier (ImmuCellAI) gene set signature-based
method (http://bioinfo life hust.edu.cn/ImmuCellAT#!/) was used to
estimate the proportion of infiltrated immune cell types.
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2.8 Statistical analysis

Statistical analysis was performed using the IBM SPSS statistical
26.0. software for macOS (IBM Corporation, Armonk, NY, USA).
For statistics, Snellen visual acuity was converted to logarithm of the
minimum angle of resolution (logMAR). Counting fingers vision
was converted to a value of 2.0 logMAR, hand motion vision was
converted to a value of 2.5 logMAR, light perception vision was
converted to a value of 3.0 logMAR and no light perception vision
was converted to a value of 3.5 logMAR (15). Fisher’s exact test was
used for comparison of clinical characteristics among the groups.
One-way analysis of variance (ANOVA) was used to compare
normally distributed data, and the Kruskal-Wallis test was used
for non-normally distributed data. Spearman correlation analysis
was used to evaluate the relationship between data and vision. Data
are expressed as the mean + standard deviation (SD) or median, P <
0.05 was considered statistically significant. Graphs were plotted
using the GraphPad Prism 9 software (GraphPad Software Inc., San
Diego, CA, USA).

3 Results
3.1 Clinical features of included individuals

A flow chart of this study was shown in Figure 1. The clinical
manifestations in 6 AQP4-ON patients, 8 MOG-ON patients and 7
HC subjects were shown in Table 1. The mean age was 37.83 + 20.48
years for the AQP4-ON group, 38.25 + 17.21 years for the MOG-
ON group, and 41.42 + 3.99 years for HC group. At the beginning of
the disease, the BCVA (LogMAR) of the AQP4-ON group (2.13 +
0.97) was slightly worse than which of the MOG-ON group (1.20 +

llumina
sequencing

Total RNA
qualification

Mapping to
reference
Genome

Raw data

Gene Expression

Quantification

FIGURE 1

A workflow of this study. Age (years): age at the time of blood
sample collection. Antibody titers: anti-AQP4 antibody titers
detected by ELISA and the anti-MOG antibody titers detected by a
CBA before blood samples were collected.

frontiersin.org


http://daehwankimlab.github.io/hisat2/
http://daehwankimlab.github.io/hisat2/
http://www.bioinformatics.babraham.ac.uk/pro-jects/trim_galore/
http://www.bioinformatics.babraham.ac.uk/pro-jects/trim_galore/
https://cibersortx.stanford.edu
http://bioinfo.life.hust.edu.cn/ImmuCellAI#!/
https://doi.org/10.3389/fimmu.2023.1095966
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Chen et al.

10.3389/fimmu.2023.1095966

TABLE 1 Demographic data of AQP4-ON and MOG-ON patients and healthy controls (HCs).

AQP4-ON MOG-ON HC P value
Number 6 8 7 -
Sex (female/male) 6/0 5/3 5/2 0.36
Age(years) 37.83+20.48 38.25+17.21 41.42+3.99 0.90
IOP(mmHg) 15.75+5.74 16.15+3.67 NA 0.88
BCVA at diagnosis 2.13x0.97 1.20£0.71 NA 0.06
BCVA at the last follow-up 0.78+1.34 0.27+0.29 NA 0.31
AQP4 antibody titers 50.98+29.35 - NA -
MOG antibody titers - 46.50+44.92 NA -

Age: years at diagnosis; IOP, Intra-Ocular Pressure; BCVA: Snellen visual acuity was converted to logarithm of the minimum angle of resolution (logMAR). Counting fingers vision was converted
to a value of 2.0 logM AR, hand motion vision was converted to a value of 2.5 logMAR, light perception vision was converted to a value of 3.0 logMAR and no light perception vision was converted

to a value of 3.5 logMAR. NA, Not applicable.

0.71). The mean titer of anti-AQP4-IgG was 50.98 + 29.35, and
which of anti-MOG-IgG was 1:46.50 + 44.92. In patients with
AQP4-ON or MOG-ON, the thickness of the ganglion cell complex
(GCC) and retinal nerve fiber layer (RNFL) became thinner as
different degrees (Figure 2). In addition, one AQP4-ON patient and
one MOG-ON patient were positive for antinuclear antibodies
(ANA), and one MOG-ON patient had hypothyroidism.

3.2 Overview of RNA-Seq data and
differential gene expression profiles

The gene expression matrices of AQP4-ON and MOG-ON
patients and HC subjects were standardized, and the principal
component analysis (PCA) plot was drawn (Figure 3A). The PCA

p<5% Borderine.

E

s

pe5% Barderine

FIGURE 2

‘N y

results revealed (PCl = 30.95%) that there was no significant
difference among the three groups. Venn diagram showed that
there were five co-expressed genes among the three groups, 517
unique genes in the AQP4-ON group and 1,198 unique genes in the
MOG-ON group (Figure 3B). Heatmap analysis showed that there
were significant differences in gene expression among the three
groups (Figure 3C). For all DEGs, see Supplementary Document 1.
Further analysis of the DEGs among the three groups was
conducted (Figure 4). In the AQP4-ON group, the expressions of
AC099489.1, ADAMTS2, REM2, CXCLI and CACNAIE were
significantly increased, while the expressions of DDX3Y,
EEF1A1P6, PRKY, RPL2P4 and RPLI3AP25 were significantly
decreased, compared to the HC group. In MOG-ON group, the
expressions of SULTIBI, FNIP1, RAB5B, NECAB2, HBPI were
significantly increased, and the expressions of EEFIAIPS,

(A—C) A 25-year-old female complained of blurred vision in her left eye for 1 day. The BCVA (LogMAR) on presentation was 0.1 OD (Oculus Dexter)
and 2 OS (Oculus Sinister). Fundus examination (A) showed a mildly edematous optic disc on OS, and optical coherence tomography (OCT) showed
slight thickening of the retinal nerve fiber layer (RNFL) and thinning of the ganglion cell complex (GCC) at 1 month (B, C). The anti-AQP4 antibody
titer in this patient was 79.9 u/ml. (D—F) A 39-year-old female presented to our hospital with blurred vision in both eyes for 1 month, and the BCVA
(logMAR) was 0 OU (oculus uterque). According to fundus photographs (D), the optic disc of the right eye was almost normal, and the thicknesses of
the RNFL and GCC were within the normal range (E, F). The titer of the anti-MOG antibody in this patient was 1:10.
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e

(A) Principal component analysis (PCA). The green, red and blue dots represent the HC, AQP4-ON, and MOG-ON groups, respectively. (B) Co-
expression Venn diagram. (C) Cluster map of FPKM value of DEGs. The abscissa is the group name, and the ordinate is the gene name. The redder
the color, the higher the expression level, and the greener the color, the lower the expression level.

MARCO, HNRNPIAP48, MALATI and HNRNPIAPIO were
significantly decreased, compared to the HC group. Furthermore,
due to the important roles in innate immunity and adaptive
immunity, the expression of toll-like receptors (TLRs) was
compared among the three groups. Compared to the HC group,
TLR2, TLR5, TLR8 and TLRI0 were up-regulated in the AQP4-ON
group, and TLRI, TLR2, TLR4, TLR5 and TLRS8 were up-regulated
in the MOG-ON group. In addition, it was also found that the
expression of NLRP6 in AQP4-ON was increased and the
expression of TLR7 in MOG-ON was decreased. The differential
expression of TLRs and NODs might indicate the different
immunological mechanism involved in the pathogenesis of
AQP4-ON and MOG-ON (Figure 4C).

3.3 Biological significance of DEGs

For the biological functional analysis of DEGs, GO term
enrichment analysis, KEGG pathway enrichment analysis and DO
enrichment analysis were used to identify enriched GO functional
categories (Biological Process (BP)), KEGG pathways and human
diseases for DEGs. According to the GO term enrichment analysis
of DEGs associated with the 10 most significant GO terms
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(Figure 5), the DEGs in AQP4-ON were likely associated with
damage-associated molecular pattern (DAMP)-mediated
inflammation, including neutrophil degranulation, neutrophil
activation involved in immune response and neutrophil mediated
immunity, and the DEGs in MOG-ON were likely associated with
pathogen-associated molecular pattern (PAMP)-mediated
inflammation, including activation of innate immune response,
regulation of innate immune response and other biological
functions. According to KEGG pathway enrichment analysis of
the DEGs in AQP4-ON, they were mainly related to acquired
immunity, including IL-17 signaling pathway, TNF signaling
pathway and Thl and Th2 cell differentiation. The corresponding
KEGG enrichment analysis of the DEGs in MOG-ON revealed that
MOG-ON signaling pathways mainly involved Influenza A, Kaposi
sarcoma-associated herpesvirus infection, Herpes simplex infection
and Toll-like receptor signaling pathway. According to DO
enrichment analysis, the AQP4-ON group was mainly associated
with atherosclerosis, arteriosclerotic cardiovascular disease and
arteriosclerosis, while the MOG-ON group was associated with
Alzheimer’s disease, hypersensitivity reaction type II disease and
rheumatoid arthritis. The prediction of the interaction between
proteins performed by PPI analysis in the AQP4-ON group using
the STRING database revealed that TSPO and MAPKI14 were the
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(A) Volcano plots showing the DEGs in the AQP4-ON group and MOG-ON group. The left panel is the volcanic map of AQP4-ON group vs HC
group, and the right is the volcanic map of the MOG-ON group vs HC group. Red and green dots represent up-regulated and down-regulated
genes, respectively. (B) is the cluster map of FPKM value of the TLR genes. (C) The box plot of the TLRs and NLRs of the AQP4-ON and MOG-ON
groups according to the result of the statistical analysis of DEGs. The symbol * indicates that the p-value is less than 0.05, and the symbol **
indicates that the p-value is less than 0.01. (D) was according to the DEG analysis, GO term enrichment analysis and KEGG pathway enrichment
analysis, AQP4-ON and MOG-ON activate the NF-kB pathway through the promotion of the expression of different TLRs and NLRs. The mechanism
plot was drawn using the online tool Figdraw (www.figdraw.com). Red arrows indicate inhibition and black arrows indicate promotion.
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core genes (Figure 5B). Translocator protein (TSPO) has been
found to be up-regulated in inflammation diseases of central
nervous system, and according our results, TSPO may be an
important target for AQP4-ON (16). MAPKI4 is an important
player in a variety of nervous system diseases, and contributes to the
control of cerebrovascular and blood-brain barrier. The disruption
of the blood-brain barrier in AQP4-ON may be related to the
activation of MAPKI4 (17). Meanwhile the PPI analysis in the
MOG-ON group identified UBB and MAPKI4 as the most
significant targets. UBB is an important gene encoding ubiquitin,
and ubiquitination plays an important role in biological functions
such as antigen presentation, immune response and inflammation,
and according our results, UBB may be an important target for
MOG-ON (18).
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3.4 Cell type analysis based on gene
expression signature

The proportion of immune cells in the three groups showed
individual differences (Supplementary Table 1). The 22 types of
immune cells analyzed by CIBERSORTx showed no Macrophages
M1, mast cells activated and eosinophils infiltration in any subject, and
T cells CD4 naive was only found in one healthy control. Neutrophils
were the largest subset of cells in the subjects (22.6%~80.1%). B cells
memory infiltration was found only in A2, A4 and M5, T cells CD4
memory resting was found only in A1, A2 and a healthy control, T cells
gamma delta was found only in A4, and Macrophages M2 was found
only in A2 and A5. Finally, we found that Dendritic cells resting and
Dendritic cells activated existed almost in ON patients. Then, the PCA
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(A) GO functional enrichment analysis, KEGG pathway enrichment analysis and DO enrichment analysis of DEGs in the AQP4-ON group and MOG-
ON group. (B) PPI analysis of DEGs in the AQP4-ON group and MOG-ON group

based on the results of the CIBERSORTXx analysis revealed that except
for the sample from patient Al, the other samples showed obvious
intra group clustering and inter group differences (Figure 6A).
(Figure 6B, C) showed that there are differences in the proportion of
immune cells among the three groups

3.5 Correlation between immune cell
infiltration and clinical outcomes

The results of the ImmuCellAI analysis (Figure 7A) for AQP4-
ON, MOG-ON and HC group revealed that although there were
differences between the two methods in the classification of immune
cells, the proportion of infiltrated immune cell types was roughly
similar to that of CIBERSORTx. Thus, we analyzed the correlation
between the proportion of infiltrated immune cell types and the
clinical results of patients. A total of 14 patients were included in this
study, and the therapeutic regimen as well as the BCVA(LogMAR) at
the last follow up were shown in Table 2. The patient A4 refused to be
treated, and the BCVA (LogMAR) of the Oculus Dexter (OD)
recovered to normal levels in about 2 months after the onset, and
no recurrence has occurred to date. The data in Figure 5B revealed

Frontiers in Immunology

that there was almost no B cell infiltration in the peripheral blood,
which might explain the good prognosis of this patient. The AQP4-
IgG titer of patient A2 was only 10.37 u/ml; however, despite the
IVMP and oral prednisolone treatment, her vision was still very poor.
It showed that the proportion of neutrophil infiltration accounted for
the largest proportion of all subjects, which might indicate that her
severe inflammatory rection was the cause of irreversible damage of
her vision. The Spearman correlation analysis of the relationship
between the 22 kinds of immune cells and patients’ BCVA (LogMAR)
at diagnosis (Figure 7) showed that the infiltration ratios of
monocytes (rs=0.69, P=0.006) and M0 macrophages (rs=0.66,
P=0.01) were positively correlated with the BCVA (LogMAR).
Moreover, the infiltration ratio of neutrophils was negatively
correlated with the BCVA (LogMAR) (rs=0.65, P=0.01). No
significant correlation was found among the other 18 immune cell
subtypes (data not shown).

4 Discussion

Currently, most researchers in the field believe that although
MOG-ON is similar to AQP4-ON in clinical manifestations, unlike
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(A) PCA based on CIBERSORTX results. (B) The cumulative histogram of the proportion of 22 immune cell subtypes in each sample, and the total
proportion of the 22 immune cell subtypes is equal to 100%. (C) The specific heat map analysis of the 22 immune cell subtypes in each sample.

AQP4-ON, MOG-ON is not an immune subtype of neuromyelitis
optica spectrum disorder (NMOSD), but a subtype of MOG
antibody-related diseases (MOGAD) (19). Moreover, magnetic
resonance imaging (MRI) reveals obvious differences between the
cortical grey/juxtacortical white matter lesions on the brain of
patients with MOGAD and those of patients with AQP4-IgG
seropositive NMOSD (20). This finding indicates that the
immunological mechanism of AQP4-ON and MOG-ON may be
different. In this study, the RNA-seq analysis of whole blood from
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AQP4-ON and MOG-ON patients and HC subjects revealed that
there were significant differences in gene expression and cell
function among the three groups. In particular, the results
suggested that the AQP4-ON patients likely presented PAMP-
induced inflammation, and MOG-ON patients likely presented
DAMP-induced inflammation. In addition, cell type analysis
based on gene expression signature showed that the proportion of
immune cells was similar in the HC group, but was significantly
different between the AQP4-ON group and MOG-ON group.
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(A) Immune cell abundance analysis was performed on all patients and subjects using the ImmuCellAl software. Histogram of the proportions of the
24 immune cells in the AQP4-ON group, MOG-ON group and HC group. X-axis: ID of each subject; Y-axis: percentage of immune cell types.
Gamma_delta: yd T cell, NKT, natural killer T cell; CD8_T, CD8 + T cell; CD4_T, CD4 + T cell; NK, natural killer T cell; DC, dendritic cell. (B) Spearman
correlation analysis of the relationship be-tween immune cells and BCVA (LogMAR) at diagnosis. rs is the Spearman correlation coefficient, negative
number represents negative correlation and positive number represents positive correlation. P < 0.05 indicates statistical significance
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TABLE 2 Treatment and prognosis of patients.

10.3389/fimmu.2023.1095966

Patient Age . . Affected Therapeutic BCVA at diagno- Last follow-u
9 Sex  Antibody titer P glag P
ID (years) eyes methods sis BCVA
IVMP and oral
Al 71 Female = AQP4-IgG:>80u/ml  Right and ord 35 35
prednisolone
A2 45 Female A(12P4-IgG:10.37u/ Left Oral prednisolone 1.7 2
m
AQP4-IgG:67. IVMP 1
A3 11 Female = ~QPATEGO7I00 b VMP and ora 2 04
ml prednisolone
AQP4-1gG:40.83
A4 03 Female m? 8 Y Right None 0.6 0
IVMP and oral
A5 32 Female = AQP4-IgG:>80w/ml | Right ancora 25 02
prednisolone
A6 25 Female AQP4-1gG:26.8u/ Left IVMP- and oral 25 04
ml prednisolone
IVMP 1
M1 18 Male | MOG-IgG:1:10 Left VMP and ora 04 02
prednisolone
IVMP 1
M2 32 Female = MOG-IgG:1:10 Left VMP and ora 05 01
prednisolone
IVMP and oral
M3 57 Female ~ MOG-IgG:1:10 Left andor 11 04
prednisolone
IVMP and oral
M4 2 Female = MOG-IgG:1:100 Left andor 11 02
prednisolone
IVMP and oral
M5 39 Female | MOG-IgG:1:10 Right and ora 2 0
prednisolone
IVMP 1
M6 70 Female =~ MOG-IgG:1:100 Left and ora 2 0.1
prednisolone
IVMP
M7 35 Male | MOG-IgG:1:32 Right and oral 2 0.9
prednisolone
IVMP and oral
M8 31 Male | MOG-IgG:1:100 Right andor 0.5 0.2
prednisolone

Age: years at diagnosis; IVMP, intravenous pulses of methylprednisolone. BCVA: Snellen visual acuity was converted to logarithm of the minimum angle of resolution (logMAR). Counting
fingers vision was converted to a value of 2.0 logMAR, hand motion vision was converted to a value of 2.5 logMAR, light perception vision was converted to a value of 3.0 logMAR and no light

perception vision was converted to a value of 3.5 logMAR.

DAMPs are endogenous molecules released from the cell, which
serve as potent activators of the immune system (21). Cellular
stressors, including physical (trauma, radiation), chemical (toxins,
osmolarity), metabolic (ischemia/reperfusion), and infectious
(viruses, bacteria, protozoa) factors, can trigger DAMP release (21).
DAMPs are systemically and locally up-regulated in autoimmune
diseases, such as rheumatoid arthritis. PAMPs are derived from
microorganisms and recognized by pattern recognition receptor
(PRR)-bearing cells of the innate immune system (22). However,
the roles of DAMPs and PAMPs in AQP4-ON and MOG-ON have
never been reported. Biological function analysis of DEGs revealed
that DEGs in AQP4-ON patients were mainly involved in the
regulation of inflammatory cells, such as regulation of granular
chemotaxis, positive regulation of leucocyte chemotaxis, regulation
of leucocyte chemotaxis. and these over-represented terms are closely
related to DAMP-induced adaptive immunity. The analysis also
revealed that DEGs in MOG-ON patients were mainly involved in
the activation of inflammatory cells, such as neutrophil activation,
granulocyte activation, neutrophil activation involved in immune
responses, and the reaction to bacteria and viruses, such as response

Frontiers in Immunology

to bacteria, defense response to bacterium, response to LPS, and these
enriched terms fully indicate that MOG-ON is closely related to
PAMP-induced innate immunity. Currently, PAMPs and DAMPs
are known to bind to the receptors of TLRs to modulate their
activation and promote the synthesis of cytokines. TLRs are type I
transmembrane pattern recognition receptors which can recognize
molecules present on the surface of pathogen cells (23). Ten types of
TLRs have been identified in human, with different ligands. TLRs are
widely distributed on the surface of macrophages, dendritic cells and
epithelial cells. It has been found that the percentage of peripheral
CD4" T cells expressing TLR2, TLR4 and TLR9 in NMOSD samples
was significantly higher than that in healthy subjects (24). According
to our DEGs analysis, the expression of TLRs was clearly different
between the AQP4-ON and MOG-ON groups. Specifically, TLR2,
TLRS5, TLR8 and TLRI0 were significantly up-regulated in the AQP4-
ON group, while TLRI, TLR2, TLR4, TLR5 and TLR8 were
significantly up-regulated in the MOG-ON group. Both the TLR2
and TLR5 are only expressed on the cell surface of myeloid cells, such
as monocytes and macrophages, while TLR7 is found in intracellular
vesicles, where it is involved in identifying the nucleic acid

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1095966
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Chen et al.

components of microorganisms, and all of them can activate NF-kB.
TLRI10 is the most recently identified human TLR, and its function
and ligand are still unclear. TLR10 can inhibit other TLRs by
competing with dimers of TLR1, TLR2 and TLR6, which can
induce PI3K/AKT signaling, but other studies have reported that
TLR10 may stimulate and amplify the activity of TLR2 when it forms
an isomeric dimer with TLR2 (25). However, the detailed functions of
TLR10 in AQP4-ON need to be further investigated in animal
models. TLR4 is the main receptor of LPS, an important PAMP.
The binding of LPS to TLR4 activates signal transduction pathways in
two ways, namely through toll-interleukin-1 receptor domain
containing adaptor protein (TIRAP) and MyD88. TLR2/TLR4 have
emerged as targets for treating a wide array of autoimmune disorders.
Liu et al. reported that blocking TLR2/TLR4 in the experimental
autoimmune encephalomyelitis (EAE) model of multiple sclerosis
prevents the production of proinflammatory factors, which is
consistent with our clinical data (26). In addition to TLRs, Nod-
like receptors (NLRs) are also important PRRs for identifying PAMP
and DAMP. Our results showed that NLRP6 was significantly up-
regulated in AQP4-ON, which is different from other pro-
inflammatory mechanisms initiated by NLRs (27).

At present, it has been confirmed that T, NK and B cells play
important roles in the pathogenesis of AQP4-ON and MOG-ON.
The B cell-mediated humoral immune response by autoreactive IgG
antibodies against AQP4 or MOG is considered to be the driver of
NMOSD. Recently, other immune cells, such as T cells, have also
attracted the attention of researchers. However, their detailed
functions remain unclear. A previous study by Zhou et al.
analyzed non-coding RNAs in peripheral blood mononuclear cells
(PBMCs) from NMOSD patients using the online web tool xCell,
and found that the immune scores of CD8+ T cells, M1
macrophages and plasma cells in the NMOSD group were
increased, while that of M2 macrophages was decreased (28). The
traditional method uses immunohistochemistry to infer immune
subsets of cells to evaluate immune cell tissue invasion, but such a
method is often useful for solid tumors (29). At present, flow
cytometry is widely used for counting mixed cells, which is an
alternative method for quantitating immune infiltration that can
simultaneously measure multiple parameters (30). However, this
method requires processing samples in a timely and precise
manner, which may lead to loss of some cell types and distortion
of GEPs. Unlike flow cytometry, which relies on cell surface marker
antibodies as the basis for cell classification, our study applied
CIBERSORTx to quantify cell fractions from GEPs using a
deconvolution algorithm based on peripheral blood RNA-seq
data, and then accurately estimated the proportion of infiltrated
immune cells. CIBERSORTx immune cell infiltration results were
verified by fluorescent activated cell classification, and have been
widely used in a variety of tumors and immune diseases. Our
analysis of the correlation between the proportion of 22 types of
immune cells and BCVA (LogMAR) of patients at the last follow-up
showed that the ratio of monocytes or MO macrophages was
negatively correlated with BCVA (LogMAR), while the ratio
neutrophils was positively correlated with BCVA (LogMAR). In
other words, the infiltration ratio of monocytes or MO macrophages
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was negatively correlated with the prognosis of the visual acuity of
patients, and the infiltration ratio of neutrophils was positively
correlated with the prognosis of the visual acuity of patients.
Therefore, our study revealed that monocytes, MO macrophages
and neutrophils might serve as indicators of the visual prognosis
of patients.

Over all, this study revealed different immunological mechanisms
between AQP4-ON and MOG-ON patients based on transcriptomics
analysis of patients’ whole blood, and found the proportion of
immune cell infiltration was closely related to patients’ vision.
However, there are still some limitations to this study. First, the
sample size is still small, which may lead to the deviation of the
results, and it needs to expand the sample size in the further study.
Then, future research is warranted to investigate the detailed
pathological mechanism responsible for AQP4-ON and MOG-ON
using in vitro and in vivo models based on transcriptomics data;
however, this is beyond the scope of the current study.

5 Conclusion

In conclusion, our study shows that AQP4-ON and MOG-
ON differ in the immune mechanism of activation of different
TLR-related pathways as well as the infiltration of different
immune cells, which not only provides novel insights into the
pathogenic mechanism of AQP4-ON and MOG-ON, but also
clues for the development of new therapeutic approaches for
these diseases.
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Introduction: Multiple sclerosis (MS), a non-contagious and chronic disease of
the central nervous system, is an unpredictable and indirectly inherited disease
affecting different people in different ways. Using Omics platforms genomics,
transcriptomics, proteomics, epigenomics, interactomics, and metabolomics
database, it is now possible to construct sound systems biology models to extract
full knowledge of the MS and recognize the pathway to uncover the personalized
therapeutic tools.

Methods: In this study, we used several Bayesian Networks in order to find
the transcriptional gene regulation networks that drive MS disease. We used
a set of BN algorithms using the R add-on package bnlearn. The BN results
underwent further downstream analysis and were validated using a wide range
of Cytoscape algorithms, web based computational tools and gPCR amplification
of blood samples from 56 MS patients and 44 healthy controls. The results were
semantically integrated to improve understanding of the complex molecular
architecture underlying MS, distinguishing distinct metabolic pathways and
providing a valuable foundation for the discovery of involved genes and possibly
new treatments.

Results: Results show that the LASP1, TUBAIC, and S100A6 genes were most
likely playing a biological role in MS development. Results from gPCR showed a
significant increase (P < 0.05) in LASP1 and S100A6 gene expression levels in MS
patients compared to that in controls. However, a significant down regulation of
TUBA1C gene was observed in the same comparison.

Conclusion: This study provides potential diagnostic and therapeutic biomarkers
for enhanced understanding of gene regulation underlying MS.

KEYWORDS

multiple sclerosis (MS), Bayesian network, transcriptome, Cytoscape, qPCR

1. Introduction

Multiple sclerosis (MS) is a multifocal inflammatory autoimmune disease (1). Even
though MS is usually considered a white matter disease, but several studies have
demonstrated the involvement of gray matter impairment in conjunction with cortical and
deep (2-6) leading to progressive neuronal damage in genetically sensitive hosts (1). MS
is a complex multicomponent demyelinating disease and its pathophysiology consist of
redox, autoimmune, vascular, and neurodegenerative systems, to name a few. The clear-cut
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mechanisms of MS triggering, its development, and progression
are still obscure. In MS, impairing of the myelin sheath of neural
axons in the Central Nervous System (CNS) is observed (7, 8). MS
shows a long range of symptoms e.g., from pathological processes to
severe physical disabling. Gender preferences, genetical factors, and
geographical differences have been reported for people suffering
from MS. Over outburst of MS, monocytes, which are a preserved
subset of white blood cells, are activated by interferon-p (IFN-f)
(7). MS study is quite vivid, using Omics data, many authors have
used gene networks to get some insight into molecular mechanisms
of MS (9-19). The integration of information gleaned from
a variety of resources encompassing transcriptomics, genomics,
proteomics and patient clinical data could boost our understanding
of the mechanism(s) underpinning the reason for this disease
(20). In this regard, we can explore the signaling pathways
involved in MS (21), apply logical networks to model signaling
pathways in MS (22) and use networks to combine information
on transcriptome-interactome data from MS studies (17). We can
also apply theory of biochemical systems for improving therapeutic
drugs in re-myelination (15), create molecular networks based
on transcription factors and genes expressed in mononuclear
cells in MS patients (23), and design reactive networks between
distinct miRNA and target genes in T cells (23). This approach
will help explain the molecular mechanisms of the MS disease
(12). Supplementary Table 1 shows some examples of network-
based studies used with different MS biological data. As one can
see, Bayesian Network (BN) modeling paradigms have rarely been
applied in this setting. BN uses probability theory to reason under
uncertainty. BN as a graphical scheme (directed acyclic graph)
consists of a qualitative part (structural model) and a quantitative
part (local probability distributions), which allow for a different
kind of probabilistic inference, and quantitatively measures even
the smallest impact of a variable or set of variables on others. This
sort of modeling is of great importance in transcriptomic studies,
since it can reveal both qualitative and quantitative elements of
learned gene networks. BN has previously been used in several
transcriptomic studies (10, 24, 25).

Many existing categories of gene networks identify groups
of related genes as gene sets, making experimental follow-up a
formidable task. With BN, it is possible to determine whether
a gene is a driving source of changes in its gene network or
not, since both in-degree and out-degrees of connectivity of
each gene can be readily verified. The more out-degree gene
has, the higher likelihood of being a possible regulator one.
This would be a crucial characteristic for example when looking

Abbreviations: BIC, Bayesian information criterion; BN, Bayesian Network;
CNS, central nervous system; DEGs, differentially expressed genes; DAG,
diacylglycerol; ER, endoplasmic reticulum; GEO, gene expression omnibus;
GWAS, genome-wide association study; IP3, inositol-1,4,5-triphosphate;
LASP1, The LIM and SH3 protein 1; MS, multiple sclerosis; NLS, nuclear
localization signal; NFATc3, nuclear factor of activated T cells 3; NF-
kB, nuclear factor-kappa B; PLC, phospholipase C; PPI, protein-protein
interaction; RIN, RNA integrity number; RRMS, relapsing-remitting MS; SPMS,
secondary progressive MS; TFs, transcription factors; TCR, T cell receptor;
YY1, Yiand Yang 1.
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for potential drug targets. However, it is likely that a specific
transcription factor defining a particular cell type that drives
pathology, may not have a large number of out-degrees while
still being crucial. To this end, if a particular gene is expressed
across different cell types, for example like SI00A6, then it may
be correlated with different genes, but this may be a spurious
correlation. Therefore, to leave off possible artifacts, we should
use extra source of information when interpreting the results.
Today, MS research is increasingly data-driven—a trend that
arguably shall continue at a much higher rate in times to
come. To tackle these large amounts of heterogeneous data,
and to derive insight into MS disease, many interdisciplinary
scientists have started using a variety of computational tools.
In this study, we aim to gain much insight into the regulatory
transcriptional gene network underlying MS using systems biology
approaches in the context of BN, that may yield mechanistically
interpretable results.

2. Methods

2.1. Network analysis

In this study, the Gene Expression Omnibus (GEO) database
(https://www.ncbinlm.nih.gov/geo/) was scanned wusing a
combination of several simple key words, and resulting DNA
microarray experiments related to MS, that fulfilled our criteria.
In the end, based on our criteria for choosing a suitable GEO
data set, the microarray series with accession number GSE17048
was downloaded from GEO using the GEO query package (26).
This accession was seen to have the highest number of arrays per
probe—a fact that would help minimize the rate of false positives
while training the regulatory gene BN. The GSE17048 contained 56
blood samples from MS group [44 patients were in the RRMS phase
(relapsing-remitting) and 12 patients were in the SPMS phase
(progressive-secondary)]. The control population was 44 healthy
people without any symptoms. The average age of the patients was
39.5 years old and the control group was 39.23 years old, and in
terms of gender, the MS included 29 women and 15 men (higher
prevalence of the disease in women) and 23 men and 21 women
were studied in the control group. In order to remove noise from
the data, probes with the highest variance were obtained and used
as an input to train the gene regulatory BN using bnlearn, an R
add-on package (27, 28). The following codes were used to filter
the probes with highest variances: gt <- quantile[t(datal); probs =
¢(0.0002,0.99)]; rowsl <- apply[t(datal), function(x) any(x < qt |
x > qt)]; data2 <- t(datal)[, rowsl]. We obtained the best fitted
BN model on our data using Bayesian information criterion (BIC)
and its adjacency matrix, with the help of the Cytoscape-based
aMatReader plugin, with the Cytoscape (29) environment used for
further downstream scrutiny.

2.2. Downstream analysis

This was accomplished with the following Cyfoscape add-
on packages. The jActiveModules were used to explore the
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concept of gene modules and find sub-networks (30); MCODE
to identify putative complexes by finding regions of significant
local density (31); CytoHubba to explore the protein-protein
interaction (PPI) network of hub genes using eleven different
methods (32). The NetworkAnalyzer was used to determine the
hub genes, taking into account the degree of topological criteria
(e.g., the number of nodes, edges, and connected components,
along with the network diameter, radius, density, centralization,
heterogeneity, clustering coefficient, the characteristic path length,
the distributions of node degrees, neighborhood connectivity,
average clustering coefficients, and shortest path lengths) (33).
The iRegulon was used to detect targets / motifs/paths from
a set of genes; and the CyTargetLinker to integrate regulatory
reactions in network analysis. In addition, we used Metascape (34)
to annotate the multiple gene lists in our study. Even though
transcriptomic statistical analysis is generally based on probe level
data, the probe names were converted to their corresponding
gene names using g:Profiler (https://biit.cs.ut.ce/gprofiler/gost) to
get better insight into the data. Results from the aforementioned
software were combined. Figure I shows the analysis used in
this study.

1 https://www.ncbi.nlm.nih.gov/geo/.

2 https://www.r-project.org/ (2022).

3 https://www.bioconductor.org/ (2003-2022).

4 https://cytoscape.org/ National Institute of General Medical Sciences
(NIGMS).
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2.3. Validation of LASP1, TUBA1C, and
S100A6 genes using quantitative real-time
PCR

2.3.1. Ethics statement

Following the bioinformatics analysis, validation of significant
differentially expressed genes (DEGs) (LASPI, TUBAIC, and
S100A6) was carried out using QRT-PCR. A total of 100 whole
blood samples (56 MS cases, mean age: 39.5 years and 44
controls, mean age: 39.5 years), obtained from MS Research
Center and Al-Zahra Hospital in Isfahan (http://alzahra.mui.ac.
ir) were used. All procedures were approved and carried out in
accordance with Medical Research Ethics Committee of Iran under
code IR.UL.REC.1399.076.

2.3.2. RNA extraction

Total RNA was extracted from each sample according to
the standard TRIzol protocol (Bio BASIC, Canada) according to
manufacturer’s instructions. RNA concentration and quality were
determined using both Nanodrop (Thermo Scientific Tm Nano
Drope One C model) and gel electrophoresis. The existence of two
sharp bands representing 18S and 28S ribosomal RNA on a 1%
(w/v) ethidium bromide stained agarose gel during electrophoresis
through TAE buffer (40 mM Tris-acetate, 1 mM EDTA, pH 8.0)
at 100V for 30 min confirmed the quality of the extracted RNAs.
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Those RNA samples with a RNA integrity Number (RIN) < 1.8
were excluded from further analysis. For all the RNA work DEPC-
Treated Water was used. High quality extracted total RNA was
stored at —70°C until cDNA synthesis.

2.3.3. cDNA synthesis

Initially, DNAse I (Fermentase Cat # ENO 521) treatment
was used to remove genomic DNA before ¢cDNA synthesis.
Next, cDNA synthesis was carried out using a commercial kit
provided by Yektatajhiz Company (Cat No.: YT4500) according
to manufacturer’s instructions. This involved keeping the samples
on ice under sterile conditions at 70°C for 5 mins, 37°C for 60
mins, 70°C for 5 mins, and finally storing all synthesized cDNAs
at —20°C.

2.3.4. Quantitative real time PCR analysis

To enable the validation of our candidate genes (LASPI,
TUBAIC, and SI100A6), SYBR Green -based QRT-PCR was
performed using a LightCycler® 96 (BioRad, Germany). The
sequence of all primers used are listed in the Table 1. These
were designed using the PRIMER3 program (http://frodo.wi.mit.
edu). QRT-PCR reactions were performed in duplicate and the
values of average cycle threshold (Ct) were determined for each
sample. The conditions of QRT-PCR amplification were: 1 cycle
at 95°C for 2min, 40 cycles at 95°C for 50s, 60°C for 30s. The
human beta-actin gene (ACTB_HUMAN) was used as the internal
control. Hence, all calculated concentrations are relative to the
concentration of the standard, expressed in arbitrary units and
the quantification cycle values were automatically calculated with
Rotor-Gene software version 6.1.

The results were analyzed using the 2722Ct method (35).
In this study, beta-actin gene (as a reference gene) and SI00A6,
TUBAIC, and LASPI genes [as target genes (TRG)] and CT data
from real-time expression of TUBAIC, LASPI, and SI00A6 were
statistically analyzed (P < 0.05) by REST 2009 software. After
checking the normality of data, using the Kolmogorov Smirnov test
and the unpaired t-test in GraphPad Prism 8 software, a significant
difference in the expression levels of genes LASPI, TUBAIC, and
SI00A6 was observed between patients and healthy individuals.

TABLE 1 Primers designed for QRT-PCR.

No. Gene Name Seq.(5-3) ™

1 H-TUBAIC | F TTCCACCCTGAGCAACTC 60
R AACCAAGAAGCCCTGAAG

2 H-S100A6 | F AGCACACCCTGAGCAAGA 60
R TCACCTCCTGGTCCTTGT

3 H-LASP1 F GAGCAGCAGCCTCACCAC 64
R TACCGCTTCCCGCCAC

4 B-actin F TGGAGGTACCACCATGTACC | 60
R CACATCTGCTGGAAGGTGGA
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3. Results

The fundamental idea behind this analysis was to shed some
light into gene-gene interactions underpinning MS disease with
regard to cause and effect (36). In this study, we reused GSE17048
experiment data which contained the profiled mRNA expression
for all known genes in whole blood from 144 health individuals,
99 with MS (43 PPMS, 36 RRMS, and 20 SPMS). As meta-
data of GSE17048 shows in the Gene Expression Omnibus-NCBI,
in the conducting the experimental design, whole blood mRNA
expression was compared between different types of MS and age-
matched healthy control. The nature of probability distribution
induced by a gene regulatory BN will allow diverse probabilistic
gene queries to be answered in linear time. This makes BN to be
practically appealing. The results of comparison of the network
structures determined from various algorithms, including Hill
Climbing, Tabu Search, Max-Min Hill Climbing, and Restricted
Maximize algorithms with different scoring functions, are shown
in Table 2. Some key properties of BN are fundamental in judging
estimated results.

Figure 2 shows some properties of trained BN gene networks.

Topological parameters can characterize the location of genes
in a gene network (37). Using NetworkAnalyzer, the following
network topological parameters were calculated in our data. This
was based on clustering coefficient (0.003), number of nodes
(1,707), connected components (857), network diameter (26),
network radius (1), shortest paths (192,463), characteristics path
(8.313), the average number of neighbors (1.992), network density
(0.0), isolated nodes (854), number of self-loops (0), multi-edge
node pairs (0), and analysis times (1.467). The nature of probability
distribution induced by a gene regulatory BN allowed diverse
probabilistic gene queries to be answered in linear time. However,
many structural BN parameters may be important. One of the
key parameters (shown in Table 2) is the branching factor. This
parameter plays a significant role in development of the gene
network. Each Node (gene) will have its own branching measure,
which will determine the out degree of that gene. If the branching
factor value is not uniform in the network, an average branching
factor can generally be calculated. This value turned out to be
different depending on the type of algorithm used. Max-Min Hill
Climbing returned a higher average than Restricted Maximize.
In terms of system level understanding of research, the higher
the branching factor, the more frequently gene regulators can be
identified in the network. Biological networks have a modular
architecture (38). MCODE can find connected and dense areas of
the gene network based on network topology measures. In our
analysis, 12 different modules were detected using MCODE, among
which, 7 modules had 3 nodes; 3 edges with different interaction
modes; 3 modules had 6 nodes and 7 edges; 1 module 15 nodes
and 17 edges and finally 1 module had 6 nodes and 6 edges
(Supplementary Figure 1). The active subnetworks were obtained
using jActiveModules. The jActiveModules comprised 5 modules,
where ILLMN_1742167 (TUBAIC), ILLMN_1665909 (LASPI),
and ILLMN_1713636 (S100A6) were seen to be enriched modules
(Figure 3). The number of modules detected by this method was
different than those identified with the MCODE based method.
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TABLE 2 Estimation of structural Bayesian network parameters with different algorithms.

Parameters Score based algorithm Hybrid algorithm
Hill climbing Tabu search Max-min hill climbing Restricted maximize
No. of Nodes 1,707 1,707 1,707 1,707
No. of Arcs 1,700 1,500 2,485 2,188
Undirected arcs 0 0 0 0
Directed arcs 1,700 1,500 2,485 2,188
Markov blanket 3.32 2.69 4.64 393
Neighborhood size 1.99 1.76 291 2.56
Branching factor 1 0.88 1.46 1.28
No. of tests 4,354,565 413,365 9,721,786 7,228,057
loglik-g —1,308,146 —1,308,146 —1,318,282 —1,313,436
AIC-g —1,312,560 —1,312,560 —1,323,884 —1,319,335
BIC-g —1,319,115 —1,319,115 —1,332,202 —1,328,094
loglik-g, The multivariate Gaussian log-likelihood (loglik-g) score; AIC-g, Akaike Information Criterion score; BIC-g, Bayesian Information Criterion score.
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FIGURE 2
Some topological measures of trained gene regulatory BN visualized by NetworkAnalyzer. (A) Shortest path length distribution. The path length is
the number of edges along the path. The distance dj between a pair of different nodes i and j is the length of the shortest path connection. (B)
Between-ness centrality. The Between-ness centrality of a node reflects the amount of control that this node exerts over the interaction of other
nodes in the network. (C) Distribution of in-degree gene connectivity measure. (D) Distribution of out-degree gene connectivity measure.
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Extracted molecular modules using jActiveModules.
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FIGURE 4
The MCC method captures essential genes in the top ranked list.

Figure 3 shows predicted modules in different modes of
interaction. Module-level analysis explores the organization of
biological systems and reconstructs module networks [A network
module is a group of nodes (hub genes) that work together.
Node or Vertex is a connection point or a branch point or
an end point in a connection. And the path that connects the
nodes to each other is called edge]. Figure 3 shows a module-
level view of our gene regulatory BN network that denotes
a high-level representation of the regulatory machinery of the
MS gene network topology. Dense module searching of two
MS Genome-Wide Association Study (GWAS) datasets identified
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several genes (GRB2, HDACI, IL2RA, JAK2, KEAP1, MAPKI,
RELA, and STAT3). These genes were enriched for glial cell
differentiation (14). CytoHubba provides a user-friendly interface
for discovering important nodes in biological networks (32).
CytoHubba considers the shortest path between groups of nodes.
Among the 11 proposed algorithms, MCC fitted better than the
others. In Figure 4 and Table 3, we present the top 10 identified
probes. Many of the genes, such as TUBAIC, LASPI, and S100A6
shown in Figure 4, are close to the hub genes and were actually
identified as hub genes by other algorithms such as CyTargetLinker.
The iRegulon software then allowed us to identify regulons using
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TABLE 3 The 10 top genes/probes identified by the MCC method.

Probe ID

Transcript ID

Gene Name

ILMN_2180682 ENSG00000105887 “MTPN”, myotrophin

ILMN_1797342 ENSG00000187239 “FNBP1”, formin binding protein 1

ILMN_1713636 ENSG00000197956 “S100A6”, S100 calcium binding
protein A6

ILMN_1663512 ENSG00000135940 “COXS5B”, cytochrome c oxidase
subunit 5B

ILMN_2333319 ENSG00000011304 “PTBP1”, polypyrimidine tract
binding protein 1

ILMN_1792150 | ENSG00000012779” | “ALOXS5”, arachidonate
5-lipoxygenase

ILMN_1682993 ENSG00000105374 “NKG7”, natural killer cell granule
protein 7

ILMN_1665909 ENSG00000002834 “LASPI”, LIM and SH3 protein 1

ILMN_1742167 ENSG00000167553 “TUBAIC”, tubulin alpha 1c

ILMN_1691611 ENSG00000227453 “HNRNPA1P63”, heterogeneous

nuclear ribonucleoprotein Al
pseudogene 63

TABLE 4 The top 10 transcription factors (TFs) estimated to affect hub
genes.

Transcription NES* AUC** Target genes
factors (TF)

STAT5A 3.017 0.043 LASPI, TUBAIC
NFATCI 3.12 0.044

MTA3 3.193 0.044

NFKBI 4005 0.037

ZNF362 3.381 0.026

SPII 6.961 0.037 LASPI, S100A6
GABPBI 4.865 0.03

DLXI 3.354 0.046 TUBAG, S100A6
YY1 6.592 0.036 LASPI, TUBAIC, S100A6
NFATC3 5.383 0.032

*Normalized enrichment score (NES). ** Area under the cumulative recover.

motif discovery in a set of regulated genes. Identified transcription
factors affecting the hub genes are listed in Supplementary Table 2
and Supplementary Figure 2 and their common factors identified
are given in Table 4. The most significant, the STAT5A protein,
mediates the responses of many cell ligands, such as IL2,
IL3 and different growth hormones. In this study, the gene
identifiers were uploaded to Metascape and used in conjunction
with KEGG pathways, GO biological processes, Reactome gene
complexes, canonical and CORUM pathways (39). The results of
the enrichment analysis, including descriptions, function, ontology,
expression, etc. are shown in Table 5, Supplementary Table 3, and
Supplementary Figure 3.

Genes were ranked from top to bottom based on degree,
[higher (hub),
betweenness (throat) and higher closeness centrality (shortest

closeness and betweenness degree higher
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distance with other genes in the network)]. In terms of these
parameters, three genes (LASP1, TUBAIC, and SI100A6) showed a
significant correlation with MS disease. These were thus identified
as hub genes (Supplementary Table4). In this study, probes
ILLMN_1665909, ILLMN_1742167, and ILLMN_1713636 had
high degrees of 15, 13, and 11, respectively and were identified as
hub probes. In total of 850 probes had zero input edges, 200 probes
had 1 in-degree. ILLMN_1665909, with the highest out-degree
(13 out-degree) and 2 in-degree (mapped to human LASPI) plays
an important role in regulating activity. Its encoded cytoplasmic
protein binds focal adhesion proteins and plays a role in cell
signaling, migration, and proliferation. ILLMN_1742167, with
12 out-degree and 1 in-degree mapped to the human tubulin
gene (TUBAIC), and ILLMN_1713636 with 9 out-degree and 2
in-degree mapped to the SI00A6 gene (Figure 2).

3.1. Real-time reverse transcription
polymerase chain reaction

As given in the Material and Methods section, we used RT-
PCR to validate the results of Bayesian gene network. RT-PCR,
that actually reflects product accumulation, is a routine lab-based
method to validate array based transcriptomic results. In this study,
the LASP1, TUBAIC, and S100A6 genes turned out to be playing
regulatory roles in MS. In validating aforementioned genes, using
RT-PCR experiment, it was indicated that the patterns of relative
gene expression for these genes (LASPI, TUBAIC, and S100A6)
were significant between MS cases and controls (P < 0.05). The
calculations based on the formula ~AAct shown the amount of
mRNA transcripts of LASPI and SI00A6 genes, increased (5.491
and 36.556 times respectively) in patients though a decrease (0.166
times) in TUBAIC gene expression was seen in MS patients (P <
0.05) (Table 6 and Figure 5).

The results after studying the normality of the distribution
of variables using the one sample Kolmogorov-Smirnov test and
unpaired t-test in GraphPad Prism 8 software show a significant
difference in expression levels of LASPI, TUBAIC, and S100A6
genes between patients and healthy controls. P-values were:
TUBAIC < 0.0001, S100A6 < 0.0001, LASP1 < 0.003. Mean
expression of TUBAIC, LASPI, and SI00A6 genes in patient
samples was 7.4, 5.6, and 2.9 respectively and 4.9, 8.1, and 8.0,
respectively in healthy individuals. Results from statistical analysis
also showed a decrease in TUBAIC gene expression and an increase
in LASPI and S100A6 gene expression in MS patients compared to
the control group (Figure 6).

4. Discussion

At present, the cause of MS is not fully understood, but
knowledge of the genetic factors involved is essential for effective
diagnosis and identification of the most appropriate MS therapeutic
interventions. In this study, three genes (LASPI1, TUBAIc, and
S100A6) with high degree, high closeness centrality and high
betweenness measures were highlighted as potential MS candidate
regulator markers. These three genes (LASPI, TUBAIc, and
SI00A6) seem to be the most significant in the MS disease
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TABLE 5 Metascape results LASP1, TUBA1C, and S100A6 genes.

10.3389/fneur.2023.1090631

InputID GenelD TaxID Gene symbol Description Biological process (GO) Subcellular location
(Protein atlas)
LASPI 3927 H. sapiens | LASPI LIM and SH3 GO: 0034220 ion transmembrane Cytosol; Plasma membrane
protein 1 transport; GO: 0009967 positive (Supported) Focal adhesion
regulation of signal transduction; GO: sites (Approved)
0023056 positive regulation of signaling
TUBAIC 84790 H. sapiens | TUBAIC tubulin alpha 1c¢ GO: 0030705 cytoskeleton-dependent Microtubules (Supported)
intracellular transport; GO: 0000226
microtubule cytoskeleton organization;
GO: 0051301 cell division
S100A6 6277 H. sapiens | SI100A6 $100 calcium GO: 0048146 positive regulation of Cytosol; Plasma membrane
binding protein fibroblast proliferation; GO: 0048145 (Enhanced)
A6 regulation of fibroblast proliferation; GO:
0007409 axonogenesis

TABLE 6 REST software data compared LASP1, TUBA1c, and S100A6 genes in MS patient and control groups.

Type Reaction efficiency = Expression Std. error 95% C.I. P(H1) Result
ACTB REF 1.0 1.000
LASPI TRG 1.0 5.491 1.183-32.843 0.335-266.871 <0.001 Up
TUBAIC TRG 1.0 0.166 0.058-0.523 0.027-1.417 <0.001 DOWN
10046 TRG 1.0 36.556 9.630-140.562 2.367-416.452 <0.001 UpP

P(H1), Probability of alternate hypothesis that difference between sample and control groups is due only to chance; TRG, Target; REF, Reference; Interpretation: LASP1 is UP-regulated in sample
group (in comparison to control group) by a mean factor of 5.491 (S.E. range is 1.183-32.843); LASP1 sample group is different to control group. P(H1) = 0.000. TUBA1c is DOWN-regulated in
sample group (in comparison to control group) by a mean factor of 0.166 (S.E. range is 0.058-0.523). TUBA1c sample group is different to control group. P(H1) = 0.000. $100a6 is UP-regulated
in sample group (in comparison to control group) by a mean factor of 36.556 (S.E. range is 9.630-140.562). SI00A6 sample group is different to control group. P(H1) = 0.000.
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FIGURE 5

represent the minimum and maximum observations.

Boxes represent the interquartile range, or the middle 50% of observations. The dotted line represents the median gene expression. Whiskers

process. S1I00A6 functions in a wide range of cell types as a
member of the S100 family and this family expression in MS
patients could be considered as a diagnostic biomarker for MS.
Its inhibition of demyelinating nerve cells suggests that S100
proteins could act as a candidate therapeutic target in MS (40).
Komatsu et al. reported increased expression of SI00A6 (Calcyclin),
a calcium-bound protein of the S100 family, in human colorectal
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adenocarcinoma (41). Peterova et al. reported an overexpression
of S100 protein-encoding mRNA in both colorectal cancer cell
lines and surgically resected specimens of colorectal cancer (42).
A study by Bartkowska et al. (43) showed that in response
to different stress conditions, the level of SI00A6 decreased in
several brain structures, indicating that SI00A6 may modulate
stress responses. The genome-wide methylation array has identified
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FIGURE 6
Validation of the expression of TUBA1C, LASP1, and S100A6 genes by real-time PCR. Unpaired t-test was used to detect differences in gene
expression between 2 groups patients & controls using the Graph Pad Prism 8 software. Significance: P-value TUBAL1C < 0.0001, P-value S100A6 <
0.0001, P-value LASP1 < 0.003.

a few hypomethylated immune-related genes, amongst them
S100A6 which shows up-regulation in autoimmune encephalitis
patients (44). Even though S100A6 is involved in many biological
phenomena, its biological activity is still unknown (45). At the
transcriptional level, upstream stimulatory factor and Nuclear
factor-kappa B (NF-kB) activates the SIO0A6 gene promoter,
although p53 might act indirectly to suppress transcription of the
S100A6 gene (46). TUBAIC is a member of Microtubules which
are vulnerable to degradation and disorganization in a variety of
neurodegenerative diseases (47-49). Malfunction of microtubules
(e.g., TUBAIC) is also considered as the central physiopathological
mechanism of neurodegenerative diseases. The abnormalities in
the regulatory pathways of microtubules disrupt the properties
and functions of microtubules, leading to nerve damage (50). A
decreased expression of the TUBAIC gene in Parkinson’s disease
has already been demonstrated by quantitative analysis of gene
expression (51). LASPI)The LIM and SH3 protein 1), a focal
adhesion adaptor protein, is an actin-binding, signaling pathway-
regulated phosphoprotein which localizes within multiple sites of
dynamic actin assembly. It has the potential to interact with various
molecules, and is highly expressed in the adult CNS. Microarray
data has revealed that alterations in LASP1 proteins affect cell
migration, adhesion, and cytoskeletal organization (52). LASPI,
significantly expressed by CNS neurons, is localized at synaptic
sites (53).

A couple of significant transcription factors (TFs) that interact
with these hub genes were identified in this study. The YY1
TF (Yi and Yang 1) is a multifactorial protein that, depending
on the cell tissue, can activate or suppress gene expression
(54). It is expressed in the nervous system. The YY1 promoter
lacks the usual TATA box but has a rich GC sequence and
therefore resembles a large subset of housekeeping and growth
regulator genes. These features suggest that it may play an
important role in development. In the CNS, myelination is
performed by oligodendrocytes. YY1 function in oligodendrocytes
was first reported by Berndt et al. (55). YY1 activates the
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promoter of myelin lipids and has been identified as an important
player in myelination of the central nervous system during
growth. In multiple neurodegenerative diseases, YY1 function
is degraded through distinct mechanisms, including protein
utilization, protein degradation, and ectopic nuclear/cytoplasmic
shuttle (N/C). These disorders inhibit YY1 transcriptional activity
and lead to gene transcriptional abnormalities that contribute
to disease pathogenesis. A future goal in YY1 research is to
discover other potential mechanisms that lead to YY1 dysfunction
in neurodegenerative diseases, such as ectopic changes after
translation (56). The other TF identified in study was Nuclear
Factor of Activated T Cells 3 (NFATc3), a member of NFAT
family. NFATc3 acts as signal integrators because their function
is to bind STAT3, c-Jun, CREB, and ATF3 factors at specific
DNA binding sites. NFATc3 cannot be regulated alone and act as
calcium-dependent transcription factors. The antigen-mediated T
cell receptor (TCR) mediates multiple signaling cascades, including
phospholipase C (PLC) -dependent pathways that are secondary
messengers of inositol-1,4,5-triphosphate (IP3) and diacylglycerol
(DAG). IP3 binds to the IP3 receptor in the endoplasmic reticulum
(ER) and releases Ca®t ions into the cytoplasm (57). In this way,
NFATc1-4, activates intracellular calcium via dephosphorylation
(35). The findings show that NFATc3 is defined as a marker of a
specific subset of astrocytes that are activated in response to lesions,
as well as some degree of heterogeneity among astrocytes that may
have consequences for cells in the nervous system (58). Preliminary
findings in neuroblast cells have shown that various treatments that
alter tubulin polymerization, such as reducing the mineral zinc,
prevent the transfer of NFATc3 to the nucleus. In agreement with
a functional relationship between NFAT and microtubules, it has
been observed that the degradation of several proteins that control
the proper organization of the microtubule network, and the actin-
cytoskeletal linker, disrupts the nucleus and transcriptional activity
of NFAT. Overall, it indicates the involvement of microtubules in
NFAT nuclear stimulation (59). The LASPI gene enhances NFAT2
nuclear translocation by activating the nuclear factor Akt (60).
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NFAT can affect processes such as axon growth, synaptogenesis,
Schwann cell differentiation, and myelination (58). In general,
it can be concluded that increase of the expression of LASPI
and SI00A6 genes and decrease the expression of the TUBAIC
gene in multiple sclerosis disrupts NFAT transcriptional activity.
Although the role of NFAT in regulating the immune system is well
established, our knowledge of NFAT in human disease is limited.
The function of NFAT in other aspects of human immune or
inflammatory diseases is also largely unknown (61).

The involvement of hub genes identified in this study in other
disorders have been reported as well. Patients with MS are known
to suffer from a number of digestive problems (62) and studies have
shown that LASPI (63) and SI00A6 genes have high expression in
the digestive system. A link can therefore be established between
the expression of these genes, MS, gastrointestinal problems and
possibly other types of human cancers (64). Also, LASPI plays
a crucial role in the growth and metastasis of gastric cancer
and other cancers (52, 63, 65-68). For example, LASPI can
cause the progression and metastasis of colorectal cancer (CRC),
but its mechanism is still unclear (69). A connection between
LASPI and S100A has reported underpinning LASPI binds to
the calcium-binding protein family (SI00A) and increases its
expression in colon cancer (Kappa = 0.347, P < 0.01) (70).
On this basis, the present study confirmed the importance of
three gene expression patterns (LASP1, S100A6, and TUBAIC) for
understanding the transcriptome complexity of MS. This leads us to
conclude that upregulation of LASPI and S100A6 genes along with
down-regulation of TUBAIC is central to MS pathology. To our
knowledge, this is the first report to evaluate the level of expression
of the above genes for discovery of a transcriptomic signature
for MS disease. These findings provide a potential mechanism for
some significant biomarkers responsible for the pathogenesis of
MS. However, we still have a long way to go to understand the larger
transcriptomic profile for this disease. This study provides initial
data to further investigate the possible role of these genes in the
pathogenesis of MS.

5. Conclusions

Results of the present study indicate that the analysis of gene
expression data based on gene-gene interaction networks can
provide opportunities to determine the genes involved in MS. The
importance of three candidate marker genes in this disease were
highlighted. These candidate marker genes, LASPI, TUBAIC, and
S100A6, identified by the biological systems approach, have been
further confirmed in the laboratory. The significant difference in
the expression of these three genes in patients with MS will help
further research on this disease and its treatment. This useful tool
can serve as a good starting point for identifying new therapies and
understanding the basic mechanisms controlling normal cellular
processes and disease pathologies. It is crucial to point out here
that for learning Bayesian gene network in this study, we did
not separate sets of possible signaling protein molecules and
transactional factors beforehand in our data, and consider them
to be parents (causatives) in the learned network. By doing so,
the learned Bayesian gene network probably would be biologically
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much more appealing. We aim to do this in a due course in
the future.
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Objective: An analysis of the clinical features of autoimmune encephalitis accompanied
by anti-amphiphysin antibodies.

Methods: The data of encephalitis patients with anti-amphiphysin antibodies
were retrospectively evaluated, including demographics, neurological and
laboratory findings, imaging, treatment, and prognostic predictions.

Results: Ten patients aged between 29 and 78 years (median age 52 years) were
included. The male: female ratio was 4:6. Limbic encephalitis was found in nine
patients while epileptic seizures were present in seven patients. All patients
showed anti-amphiphysin antibody positivity in sera while one ninth was positive
for CSF antibody. The EEG findings were abnormal, including reductions in
background activity, and the presence of diffuse slow waves, sharp waves, and
spikes and waves. Five patients showed signs of increased T2 signals in the medial
temporal lobe on MRI while PET showed either hyper- or hypo-metabolic
changes in several brain regions, including the temporal lobe, hippocampus,
basal ganglia, frontal and parietal cortices. Nine of ten patients were treated with
immunotherapy, with improvements of varying degrees. There was a significant
reduction in seizure frequency, and all patients were seizure-free at last
follow-up.

Conclusion: Autoimmune encephalitis with anti-amphiphysin antibodies has a
variety of clinical manifestations. The most common symptom is limbic
encephalitis. Although relief from seizures can be achieved relatively easily,
many patients suffer psychiatric, cognitive, and sleep sequelae. The disease
was found to be associated with a lower incidence of cancer than has been
previously reported for paraneoplastic neurologic syndromes.
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Introduction

Autoimmune encephalitis (AE) is a form of encephalitis
resulting from autoimmune reactions (1). It is generally acute or
subacute and has an annual incidence of approximately 0.8/100,000
(2). The typical presentation includes behavioral disorders,
psychiatric symptoms, cognitive impairment, seizures, and
impaired consciousness (1, 3). Since the first description of AE,
characterized as anti-N-methyl-d-aspartate receptor (NMDAR)
antibodies in 2007 (4), a variety of encephalitis-associated
autoantibodies directed against components of the neuron have
been discovered. These include antibodies against leucine-rich
glioma-inactivated 1 protein (LGIL), contactin-associated protein-
like 2 (CASPR2), y-aminobutyric acid B receptor (GABAgR), o-
amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid receptor
(AMPAR), glycine receptor (GlyR), and so on.

Amphiphysin is a Bin/Amphiphysin/Rvs (BAR) domain
containing protein that is involved in clathrin-dependent endocytosis
during inhibitory neurotransmission (5). Its SH3 domain acts as a
binding site during the formation of clathrin-coated intermediates (6).
Amphiphysin has been associated with paraneoplastic neurological
syndromes (PNS) in breast or small-cell lung cancers (7). The presence
of anti-amphiphysin autoantibodies is most commonly associated with
limbic encephalitis (LE) and stiff-person syndrome (8-10). Apart from
the above, a number of case reports and small case series have reported
a link between anti-amphiphysin antibodies and brainstem encephalitis
(11), myelopathy (12, 13), peripheral neuropathy (11, 14), and
cerebellar dysfunction (11). Anti-amphiphysin encephalitis is usually
treated in the same way as other AE. First-line therapies are
corticosteroids, intravenous gamma globulin (IVIG), and
plasmapheresis (PLEX) and second-line treatment involves the
addition of rituximab or cyclophosphamide in patients unresponsive
to first-line therapy (15). Immunotherapy is effective for treating
encephalitis patients with anti-amphiphysin antibodies, especially
those without tumors (15). Treatment of tumors should be
performed without delay to improve outcomes (1).

However, an in-depth understanding of amphiphysin-IgG-
associated encephalitis is lacking. Here, we describe the clinical
features of 10 anti-amphiphysin encephalitis patients and their
outcomes after immunotherapy. A literature review of
amphiphysin-antibody-associated neuropathy was also performed.

Materials and methods

Patients with anti-amphiphysin antibody positivity in serum or
cerebrospinal fluid (CSF) admitted to the Beijing Tiantan Hospital
between 2018 and 2022 were reviewed. Ten patients fitting the
criteria of autoimmune encephalitis updated in 2016 were
retrospectively enrolled (1).

Laboratory tests

Antibody testing of the sera and/or CSF of all patients with
suspected autoimmune encephalitis was performed. The spectrum
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of antibodies tested included all known neuronal autoantibodies
(NMDAR, LGI1, CASPR2, GABABR, AMPAR, and glutamic acid
decarboxylase 65 [GAD65]) and classical paraneoplastic antibodies
(Hu, Yo, Ri, Ma2, CV2, and amphiphysin). Samples were analyzed
semi-quantitatively by cell-based assays (Euroimmun, Liibeck,
Germany) and immunohistochemistry was performed by the
Neuroimmunology Laboratory of the Peking Union Medical
College Hospital (Beijing, China).

EEG and imaging

Routine long-term video-electroencephalography (EEG)
recording was performed with standard 10-20 system electrodes.
Magnetic resonance imaging (MRI) was performed on each patient
with a 3T MRI system (Signa HD xt 3T Volume, GE, GE Healthcare,
USA) while "*E-FDG positron emission tomography (PET) scans
were done using a PET/CT scanner in all except two patients due to
concerns of radiation exposure (Elite Discovery, GE HealthCare,
Fairfield, CT, USA).

Functional assessment and evaluation
of outcomes

For most patients (except Patients #4, #9, #10), the Montreal
Cognitive Assessment (MOCA) and the Mini-Mental State
Examination (MMSE) were used to evaluate cognition. The
modified Rankin Scale (mRS) was used for the assessment of
clinical outcomes at discharge and follow-up.

Literature review

A comprehensive literature search for articles published
between January 2002 and October 2022 was conducted in the
PubMed database using the search terms “Amphiphysin” and
“encephalitis”. All results of the literature search were reviewed
and relevant information was extracted and summarized. This
search yielded 42 publications, from which 13 papers were
included in the final review.

Results
Clinical characteristics

The ratio of males to females was 4:6 and the median onset age
was 52 years old (range 29-78 years old). Most patients did not
experience prodromal symptoms, with only one having fever and
headache (Patient #9). The details of the clinical presentations are
summarized in Table 1. Additionally, Patient #1 had a history of
invasive ductal carcinoma in the right breast that was completely
resected before the onset of encephalitis.

In this study, limbic encephalitis was the most common symptom.
Seven patients suffered from epileptic seizures, with four having more
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TABLE 1 Clinical manifestation of anti-amphiphysin encephalitis.

Patient Gender Age LE Stiffness  Pain Limb weakness/ Paresthesia | Ataxia Sleep disorder Dysautonomia
numbness
Seizure = Cognitive disorder =~ Mental and behavior
disorder
1 F 42 + (MMSE=28/ + + + + + (DIS) + (hidrosis)
MOCA=25)
2 M 54 + (MMSE=22/ + (apathy)
MOCA=13)
3 M 69 + + (MMSE=29/ + (RBD)
MOCA=24)
4 M 77 + + + (irritable) +
5 F 42 + + (MMSE=30/
MOCA=20)
6 M 59 + (MMSE=29/MOCA=29)
7 F 42 + + (MMSE=26/ + (anxiety, depression) + + +
MOCA=21)
8 F 78 + + (MMSE=27) + (DMS)
9 F 29 + + +
10 F 50 + +

DIS, difficulty initiating sleep; DMS, difficulty maintaining sleep; LE, limbic encephalitis; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; RBD, rapid-eye-movement sleep behavior disorder. a, anti-AMPAR and anti-CV2 antibodies were

positive in serum. ; +, positive.
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than one type of seizure. Four patients experienced focal and bilateral
tonic-clonic seizures, preceded by focal impaired awareness. One
patient had myoclonic seizures involving both arms (Patient #1).
Three of the seven patients suffered status epilepticus (Patients #4, #7,
and #10). One patient was admitted to the Intensive Care Unit (ICU)
due to hypoxemia during a seizure attack (Patient #10). In addition, 8
patients had cognitive disorder, of which 6 mentioned mild memory
loss. Mental and behavioral disorders were infrequently observed, with
only three patients reporting apathy, irritability, and anxiety-
depression, respectively. In addition, sleep disorders were reported
by patients #1, #3, and #8, which presented as difficulty initiating sleep
(DIS), rapid-eye-movement sleep behavior disorder (RBD), and
difficulty maintaining sleep (DMS).

None of the patients showed rigidity or spasm involving the
axial muscles, described as stiff-person syndrome (16). Only one
(Patient #1) showed episodic left upper limb extension with wrist
adducent stiffness, induced by massage and lasting 1-2 minutes each
time, always accompanied by sweating. Weakness and pain were
present when lifting the upper right limb during the attack.

Sensory neuronopathy was found in two patients. In one patient
(Patient #1), pruritus was easily induced by touching, usually on the
upper limbs, shoulder, and back. Another patient (Patient #7)
experienced soreness, numbness, and hyperalgesia in the right
limbs. Furthermore, one (Patient #9) experienced numbness of
the extremities, which was later confirmed by spinal cord MRI to
be myelitis. She also showed impaired vision in the right eye and the
visual acuities were 20/25 OD and 20/20 OS.

Cerebellar ataxia occurred in three patients (Patients #4, #7, and
#9). All showed unstable walking, with one showing right limbs

10.3389/fimmu.2023.1084883

ataxia on physical examination, while no dysarthria or postural
ataxia was observed.

Auxiliary examinations

Nine patients had both serum and CSF samples tested, with one
(Patient #8) not undergoing CSF testing due to rejection of the
lumbar puncture. All showed anti-amphiphysin antibody positivity
in the sera while positivity was only found in the CSF in one patient.
Anti-AMPAR and anti-CV2 antibodies were also present in the
serum of Patient #2. Detailed results of the laboratory tests are
shown in Table 2.

The CSF results showed evidence of central nervous system
(CNS) inflammation and abnormalities of the immune system. Two
of nine patients had elevated white blood cell (WBC) counts (>10 n/
UL) while five of nine patients had protein concentrations exceeding
45 mg/dL; the ranges of the WBC counts and protein levels were 1-
40 n/pl and 17.26-92.24 mg/dL, respectively. CSF-specific
oligoclonal bands were detected in most patients (7/8) and eight
of the 10 patients showed abnormal levels of tumor markers
(Table 2). One of these patients showed highly elevated PROGrp
(4297 pg/mL, normal range 0-65.7 pg/mL), indicating a high
likelihood of lung cancer, which was confirmed to be small-cell
lung cancer by subsequent PET-CT.

Five patients showed involvement of the hippocampus on MRI
(four unilateral, one bilateral). In Patient #4, to our surprise, the
structure of the bilateral thalamus was blurred, with T2 high-signal
lesions in the right thalamus (Figure 1). In addition, evidence of

TABLE 2 Laboratory and neuroimaging data of anti-amphiphysin encephalitis.

Patient CSF Tumor marker PET-CT
WBC  Protein SOB Brain/spinal Whole body
(n/ (mg/
ub) db)
1 4 50.21 + Normal Increased T2 signal in NA Right MTL hypermetabolism | Normal
right MTL
2 8 26.64 + NSE 65.5 ng/mL, Normal NA Right PL, bilateral FL Lung and
Cyfra21-1 6.9 ng/ hypometabolism, bilateral mediastinal mass
mL, PROGrp 4297 BG hypermetabolism with
pg/mL hypermetabolism
3 4 49.421 + CA19-9 27.22 U/ Increased T2 signal in Sharp waves in Left MTL hypometabolism Normal
mL, NSE 20.72 ng/ left MTL left MTL
mL, TPSA 4.31
ng/mL
4 6 46.71 + CA19-9 3.64 ng/ DWI showed diffusion NA Bilateral central cortex, left Normal
mL, TPSA 6.52 restriction in bilateral fronto-parietal para-sagittal,
ng/mL thalamus with blurred BG, right thalamus
structure hypermetabolism
5 1 17.26 - AFP 11.2 ng/mL Decreased volume of left | Sharp waves in Right MTL hypometabolism | Normal
hippocampus right MTL
6 34 22.85 + CA72-411.97 U/ Increased T2 signal in Normal Left MTL hypometabolism Normal
mL the left MTL
(Continued)
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TABLE 2 Continued

Patient CSF Tumor marker

Protein  SOB
(mg/

dL)

10.3389/fimmu.2023.1084883

PET-CT

Brain/spinal

Whole body

7 2 17.62 + NSE 21.2 ng/mL Normal Continuous Left MTL hypermetabolism NA
sharp waves in
the left central-
parietal area
8 NA NA NA Normal Normal NA NA NA
9 40 92.241 + CA19-9 28.42 U/ Increased T2 signal and NA Spinal cord Normal
mL enhancement in hypermetabolism
posterior horn of the
spinal cord (C2-7)
10 9 58.31 NA Normal Increased T2 signal in Normal NA NA

bilateral MTL

AFP, alpha-fetoprotein; BG, basal ganglia; CA, carbohydrate antigen; CSF, cerebrospinal fluid; Cyfra21-1, cytokeratin 19 fragment antigen2 -1;EEG, electroencephalogram; FL, frontal lobe; MTL,

medial temporal lobe; MRI, magnetic resonance imaging; NA, not applicable; NSE, neuron-specific enolase; PET-CT, positron emission tomography-computed tomography; PL, parietal lobe;
PROGrp, Progastrin-releasing peptide; TPSA, total prostate specific antigen; SOB, CSF-specific oligoclonal bands; WBC, white blood cell; +, positive; -, negative.

non-specific lacunar infarctions and white-matter lesions were
common in our older patients, although these were not AE-
related. Brain PET-CT revealed either hyper- or hypo-metabolic
changes in several brain regions including the temporal lobe,
hippocampus, basal ganglia, and the frontal and parietal cortices
(Figure 2). EEG was performed on a total of five patients, with

abnormal findings in 3/5 (60%), including diffuse slow waves and
sharp waves (Figure 3).

Furthermore, Holter electrocardiogram (ECG) examinations
revealed asymptomatic bradycardia in one patient (Patient #6).
Two patients received breast ultrasound examinations and were
found to have benign hyperplastic nodules (Patients #7 and #9).

FIGURE 1

MRI scans in anti-amphiphysin encephalitis. (A, B) Right FLAIR hyperintensities in the medial temporal lobes, including both the amygdala and
hippocampus (Patient #1). (C) The blurred structure of the bilateral thalamus (Patient #4). (D, E) Increased T2 signal and enhancement in posterior
horn of the spinal cord (C2-7) (Patient #9). (F) Restriction of DWI in the right thalamus (Patient #4)
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FIGURE 2

8F-FDG PET/CT scan in anti-amphiphysin encephalitis. (A) Glucose metabolism decreased in the right hippocampus (Patient #1). (B—D) High FDG
uptake in the bilateral central cortex, left fronto-parietal para-sagittal, bilateral caudate heads, putamen and right thalamus, while the remaining brain

cortex was diffusely and slightly decreased (Patient #4).

Treatment and prognosis

Nine patients were given first-line treatment, while one refused
immunotherapy due to concern about side effects (Patient #8). Of
the treated patients, five received IVIG administration only, three
were treated with IVIG combined with steroids, and one was treated
only with corticosteroids. In addition, patients received anti-seizure
medications (ASMs), including sodium valproate (VPA),
oxcarbazepine (OXC), levetiracetam (LEV), lacosamide (LCM),
and lamotrigine (LTG).

All patients were followed up for at least three months after
discharge, and the sequelae are summarized in Table 3. Patients #5,
#7, #9, and #10 undertook sequential oral corticosteroids after
discharge. None of the ten patients undertook second cycle of
IVIG or corticosteroids treatment. A comparison of the mRS scores
before and after treatment indicated the effectiveness of treatment,
as the scores of 7 patients had decreased by at least one point. The
seizure frequency was significantly reduced after treatment and all
patients retrieved seizure free at last follow-up. However, sleep
disorders, cognitive impairment and emotional disorders persisted
on follow-up.

Frontiers in Immunology

Discussion

We retrospectively enrolled 10 patients diagnosed with
amphiphysin-antibody-related encephalitis. The male: female
ratio was 4:6, which is consistent with previous studies showing a
greater frequency among female patients (17-19). The age of onset
was during middle or old age, consistent with previously published
data (17-19).

Anti-amphiphysin encephalitis has a variety of clinical
manifestations, including limbic encephalitis, stiffness, limb
weakness/numbness, paresthesia, ataxia, sleep disorders, and
dysautonomia, amongst others. Of these, limbic encephalitis is the
most common symptom. Notably, patients who conform to the AE
criteria should be suspected of having anti-amphiphysin antibodies
when presenting with stiffness or paresthesia, even though it is rare.

Stift-person syndrome (SPS) is a characteristic manifestation in
amphiphysin-antibody-positive cases, although it did not appear as
frequently as expected in our cohort (18-20). Amphiphysin-
antibody-related SPS involves neck and arm instead of axial
muscles of trunk and thus usually confused clinicians (18). One
patient in our study presented unilateral upper limb stiffness,

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1084883
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Sun et al. 10.3389/fimmu.2023.1084883
sens TC HF Pat Ref 2019012128 esketie k2 10s v [ o) LA M
ow - oas c[one PRBK | oFF [ 2ae0s | weeor 157 B Z‘ﬂ g = w *j b e
No= SILN L LN AN N2 B A ‘ A2A R A2 A5 LA IR AT
] 1s 150uv
Sens TC HF Pat Ref 2019n230  2FAd(E e 05 v R [y
B 7uv v [n.as v 70Hz vHi‘KJS# vHOFF v‘ 23:23:34 00:02:54 8 ‘j \ﬁ g éw ﬁ" >
IW I )
ZWW
SW
4 F4-AV
BMM/\\NWW"
6 C4-Av
8 P4-AV
. : S
10.92°AV N
12 88AV L L
! P
15
16 T6-AV
17 Fz-AV
‘BM%WW
wmjjﬂww‘ww
20 X6 = —
21 X1
ol X3-X4
FIGURE 3
EEG pattern in anti-amphiphysin encephalitis. (Patient #3). (A) Interictal EEG showed sharp and waves in the left anterior temporal region (F7, T3).
(B) Ictal EEG showed low-amplitude fast rhythmic activity with evolution originating from left temporal region.

TABLE 3 Treatment and prognosis of anti-amphiphysin encephalitis.

Treatment Prognosis
Patient :
mRS mRS in 3
Immunothera ASMs Symptoms left at last follow-u :
Py ymp P at discharge months
1 IVIG; chemotherapy o Right u.pper limb numbness, painful, and pruritus; lower limbs weakness; 4 4
sleep disorder (15 m)
) IVIG; chemotherapy o Hallucination, irritable, hyperhidrosis, urinary retention, and constipation 3 1
(14 m)
3 IVIG OXC Sleep disorder, anxiety-depression (33 m) 1 1
4 IVIG LEV Numbness of extremities, walking instable, anxiety-depression (10 m) 3 2
5 Corticosteroids LCM Anxiety-depression, anorexic; sleep disorder (restless sleep) (3 m) 2 1
6 IVIG LEV Memory loss (4 m) 2 1
IVIG + OXC, LEV, AP Lo
7 corticosteroids LTG Weakness of right limbs, walking instable (5 m) 3 2
8 (-) LCM Memory loss, sleep disorder (3 m) 1 1
IVI
9 G N X (-) Headache, back numbness (10 m) 2 1
corticosteroids
IVIG
10 . * X LEV, VPA Memory loss (17 m) 4 1
corticosteroids

ASMs, anti-seizure medications; IVIG, intravenous immune globulin; LCM, lacosamide; LEV, levetiracetam; LTG, lamotrigine; m, month; mRS, modified Rankin Scale; OXC, oxcarbazepine;

RBD, rapid-eye-movement sleep behavior disorder; VPA, valproic acid; (-), none; +, plus.
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accompanied by paresthesia and dysautonomia. She fitted the
diagnosis of progressive encephalomyelitis with rigidity and
myoclonus (PERM), a severe immunophenotype of stiff-person
spectrum disorder (SPSD) (21). This patient showed strong anti-
amphiphysin antibody positivity in her serum, much higher than
that seen in the other patients, suggesting a potential link between
higher antibody titers and SPS severity. However, the relationship
between antibody titers and the severity of clinical manifestation is
still not clear in AE and requires future in-depth research.

Patients also demonstrated symptoms of myelitis. In Patient #9,
the MRI showed the presence of a lesion in the posterior horn (C2-
7). Similarly, Galassi et al. reported longitudinally extensive
transverse myelitis (LETM) in a 40-year-old woman with
amphiphysin antibody positivity (22). A study also demonstrated
post-mortem histopathological evidence of the presence of CD8+ T
cell-mediated immune responses in the spinal cord and dorsal root
ganglia (17), confirming the involvement of the spinal cord.

Sensory neuronopathy has been found to be closely related to
the presence of amphiphysin antibodies by previous studies (23).
Our two patients, however, despite their complaints of paresthesia,
did not meet the criteria of sensory neuronopathy (24). Besides, it
had been considered that involvement of motor nerve or CSF
inflammatory may indicate a paraneoplastic origin (25).

Amphiphysin is an intraneuronal protein that is targeted in 5-
10% of PNS cases, and the presence of anti-amphiphysin antibodies
has been listed as a significant risk factor for tumor occurrence
(>80%) (23). Amphiphysin antibodies are widely known to be
associated with both breast and small-cell lung cancers.
Associations with other cancers have also been reported,
including angiosarcoma and thyroid adenoma (Supplementary
Table 1). Nevertheless, a much lower rate of cancer (2/10) was
found in this study (19). No new neoplasms were diagnosed after
discharge in our patient cohort. It is possible that insufficient
follow-up may partially account for our low detection rate.
Repeated screening every four or six months for two years is
recommended (23). Accordingly, the necessity of cancer screening
must be emphasized, and systemic tumor screening requires whole-
body PET-CT as the first choice.

Amphiphysin antibodies are usually detected by
immunoblotting, the gold standard for the identification of
intracellular antibodies. Previous studies have reported the co-
existence of amphiphysin antibodies with anti-neuronal nuclear
antibody type 1 (ANNA1) and CRMP5 antibodies (17, 19). Here,
we observed a co-occurrence of amphiphysin antibodies with CV2
and AMPAR antibodies. This overlap between amphiphysin
antibodies and other subtypes of autoantibodies suggests that AE
has both a complex etiology and mechanism. Furthermore,
although not included in the present study, we have noticed
amphiphysin antibody positivity in some AD (Alzheimer’s
disease) and PD (Parkinson’s disease) patients. Although
cognitive impairment may be a common manifestation, the
progressive course of the disease suggests neurodegeneration
rather than encephalitis. Thus, amphiphysin antibodies could be
either causative agents or nonpathogenic bystanders caused by
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other CNS diseases. In terms of clinical diagnosis, the
identification of this disease should thus be based on a thorough
understanding of amphiphysin antibody pathology as well as
clinical experience.

Patients with anti-amphiphysin encephalitis did not show
distinctive features on either EEG or brain MRI. Involvement of
the mesial temporal lobe was most common, which may mimic
other subtypes of AE. Furthermore, involvement of the thalamus
was found in one patient, consistent with the findings of a previous
report (10). PET-CT revealed evidence of abnormal metabolism in
several brain regions, although these were not specific. With the
development of imaging analyses, more attention focusing on
characteristic structural and functional imaging patterns is needed.

In our study, most patients received IVIG or corticosteroids
along with ASMs, and their mRS scores reduced at follow-up. In
animal experiments, animals exposed to purified amphiphysin
antibodies showed symptom relief after plasmapheresis (26, 27).
Clinically, a combination of immunotherapy and tumor treating is
required (28). Besides, responses to high-dose benzodiazepine have
also been noted (18). Follow-ups of the patients showed that the
duration of symptoms varied under standard therapy. Although the
seizure frequencies were observed to be reduced during follow-ups
of 1 to 33 months, there was minimal improvement in cognitive
impairment, sleep disturbances, or psychotic mood disorders. By
tracking for 13 years, Taube et al. observed a similar outcome in a
patient who was treated promptly with immunotherapy (29). As in
other forms of AE, anti-amphiphysin encephalitis presenting with
acute symptomatic seizures has a lower risk of subsequent
unprovoked seizure development, which perhaps explains the
disappearance of seizures in most patients.

There are some limitations in this study. Firstly, the sample size
may have been too small. Secondly, immunoblotting is a semi-
quantitative assay that does not show the exact titers of antibodies
and may be subject to false-positive or false-negative results. In
addition, in some cases, the absence of important examination
findings such as electromyography and polysomnography
hampered physician awareness of the disease and its treatment. In
the future, the sample size should be expanded for more in-
depth research.

Conclusion

Amphiphysin-antibody-related encephalitis is a rare type of
autoimmune encephalitis. The most common manifestation was
limbic encephalitis and a lower association with cancer was
observed compared with that reported in other PNS cohorts.
Although seizure frequencies declined in response to
immunotherapy, psychiatric and cognitive symptoms, as well as
sleep disturbances, often remained. The awareness of the clinical
features of amphiphysin antibody-related encephalitis provides
valuable information for a better understanding of the disease
and may help to facilitate its early diagnosis, treatment strategy,
and prognosis prediction.
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The autoimmune diseases of the central nervous system (CNS) represent
individual heterogeneity with different disease entities. Although clinical and
imaging features make it possible to characterize larger patient cohorts, they
may not provide sufficient evidence to detect disease activity and response to
disease modifying drugs. Biomarkers are becoming a powerful tool due to their
objectivity and easy access. Biomarkers may indicate various aspects of
biological processes in healthy and/or pathological states, or as a response to
drug therapy. According to the clinical features described, biomarkers are usually
classified into predictive, diagnostic, monitoring and safety biomarkers. Some
nerve injury markers, humoral markers, cytokines and immune cells in serum or
cerebrospinal fluid have potential roles in disease severity and prognosis in
autoimmune diseases occurring in the CNS, which provides a promising
approach for clinicians to early intervention and prevention of future disability.
Therefore, this review mainly summarizes the potential biomarkers indicated in
autoimmune disorders of the CNS.

KEYWORDS

autoimmune diseases, biomarkers, neurofilament light chain, glial fibrillary acidic
protein, Kappa free light chain, cytokines, CNS

Introduction

With the deep investigation on the pathogenic mechanisms of the CNS, the study of
biomarkers has become a particularly active research field because of its potential
application in clinical practice in disease diagnosis and prognosis evaluation. They are
easy to quantify and can well characterize the autoimmune diseases. Molecular biomarkers
combined with imaging tools largely contribute to the diagnosis, evaluation of the efficacy
of disease modifying drugs (DMDs), and prediction of disability in clinical practice. At
present, Biomarkers with clinical significance and prospects from blood and cerebrospinal
fluid (CSF) have been proposed one after another. Therefore, this review collates the
biomarkers related to CNS autoimmune diseases and potential clinical significance.
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Neurofilament light chain (NfL)

Neurofilament is the cytoskeleton component of neurons, which
is especially rich in axons and plays a structural role in maintaining
axon morphology. Neurofilament consists of three subunits, namely,
neurofilament light chain (NfL), neurofilament medium chain and
neurofilament heavy chain. NfL refers to the neurofilament chain
with molecular weight less than 68 kDa, which is the most widely
studied component of neurofilament. When axonal or neuronal
damage occurs, NfL could be released and can be detected in the
CSF and blood (1). Previous studies have found that CSF NfL is
associated with disease disability, disease activity, and the time since
the last relapse in patients with relapsing and remitting multiple
sclerosis (RRMS) (1-7). However, the previous study could only
accurately quantify NfL in CSF samples, because the sensitivity of the

TABLE 1 Overview of the biomarkers described in this review.

Biomarkers

CNS Injury Markers

Common Related Diseases

10.3389/fimmu.2023.1111719

detection technique is not accurate enough to quantify the level of
serum NfL (sNfL) (1). Because lumbar puncture is an invasive
operation, it is more suitable for clinical diagnosis and treatment
for the study of sNfL. At present, single molecular array (SIMOA) is
generally used to determine NfL. Current studies have shown that
there is a close correlation between sNfL levels and multiple sclerosis
(MS). SNfL is related to disease activity, treatment response, disease
and disability progression, and can be combined with magnetic
resonance imaging (MRI) to assist in disease diagnosis and
treatment (Table 1). However, NfL can be increased in any status
that leads to axonal damage, including normal aging. Therefore,
despite its high sensitivity, it is not an ideal biomarker for a single
diagnostic test (8).

As a biomarker of disease activity, NfL can be used to provide a
quick overview of disease activity. A large nested case-control study

Function

NfL MS, NMOSD
GFAP NMOSD
CNTN-1 MS

CHI3L1 MS

Humoral Markers

To monitor disease activity,

To monitor drug treatment response,
To predict disability progression,

To aid imaging diagnosis

To monitor disease activity and disability progression,
To monitor drug treatment response,
To aid differential diagnosis

To monitor disease activity,
To monitor drug treatment response

To predict disability progression

KFLC MS Diagnostic and prognostic markers,
To monitor disease changes and efficacy

KFLC Index MS To aid diagnosis and differential diagnosis
Prognostic markers

AQP4-1gG NMOSD Diagnostic markers

MOG-IgG MOGAD Prognostic markers

Autoimmune encephalitis associated antibody AE Diagnostic markers

Cytokines

1L-6 NMOSD, MS Prognostic markers

IL-17A AE To evaluate short-term severity

CXCL13 MS, NMDAR encephalitis Diagnostic and prognostic markers,

To monitor drug treatment response,

OPN MS To monitor disease activity and progression,
Diagnostic and prognostic markers
Cell Markers
Memory B cells and plasma cells NMOSD, MS To monitor drug treatment response
Eomes+ Th cells MS To monitor disease progression,

Prognostic markers

CNS, central nervous system; NfL, neurofilament light chain; GFAP, glial fibrillary acid protein; CNTN-1, Contactin-1; CHI3L1, chitinase3-like proteinl; KFLC, kappa free light chain; AQP4-
IgG, aquaporin-4-IgG; MOG-IgG, myelin oligodendrocyte glycoprotein-IgG; IL-6, interleukin-6; IL-17A, Interleukin-17A; CXCL13, chemokine (C-X-C motif) ligand 13; OPN, osteopontin; MS,
multiple sclerosis; NMOSD, neuromyelitis optica spectrum disorders; MOGAD, myelin oligodendrocyte glycoprotein-IgG associated disease; AE, autoimmune encephalitis; NMDAR, N-methyl

D-aspartate receptor.
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on patients with MS found that the elevation of sNfL was usually
several years earlier than the clinical onset of MS. The level of sNfL
increased close to the clinical attack and the onset itself was related
to the significant increase of sNfL. The inherent increase of sNfL
level before symptoms was related to the high risk of MS, suggesting
that MS may have a prodromal period lasting for several years,
during which axonal damage has occurred (9). Another study
showed that patients with higher sNfL levels had a higher risk of
relapse than patients with lower levels (10). In addition, sNfL also
has a prognostic value in patients with clinical isolation syndrome
(CIS) in the conversion to clinically defined MS (10).

As a marker of subsequent attacks, sNfL can also be used as an
index to monitor treatment response. It was found that DMD
treatment was an independent factor related to sNfL levels. The
sNI1L level of patients treated with DMD was lower compared with
untreated patients, and sNfL level decreased significantly during
follow-ups (11, 12). Compared with other treatments, high-
efficiency therapies may lead to a greater decline in sNfL levels
over time (10). After excluding the influence of confounding factors
such as age and body mass index on sNfL measurement, Benkert
and his colleagues established a reference database by using the
statistical methods of percentile and Z score (13). The results
showed that sNfL can be used as a biomarker to predict the
individual therapeutic effect and course of MS. In addition, sNfL
could be used as an additional measure of disease activity and sNfL
concentration could also be used to quantitatively compare the
long-term effectiveness of disease modification therapy (DMT) (13).
This study showed that in all patients with MS and patients with no
evidence of disease activity, a sSNfL Z score greater than 1.5 was
associated with an increased risk of future clinical or MRI disease
activity. And Z score was more accurate compared to the absolute
value of sNfL (13).

In addition, the level of sNfL was independently correlated with
the score of Expanded Disability Status Score (EDSS) (14, 15), and
could be used as a predictor of the long-term course of disability in
MS. Several studies found that baseline sNfL levels were
significantly correlated with EDSS scores, MS clinical phenotype
and treatment response (10). Another study also indicated that as
baseline sNfL levels increased (equal to or higher 7.3 pg/ml), the risk
of disability progression as measured by relapse-free EDSS-
progression also increased, and patients with lower sNfL levels
than 7.3 pg/ml were significantly less likely to experience disability
progression (16). Patients with secondary progressive MS (SPMS)
transition were more likely to show higher sNfL levels during
follow-up compared to baseline. The results showed that sNfL
measurement could predict disability progress and could
distinguish SPMS patients, thus promoting the early diagnosis of
patients at risk (16). In addition, some studies have also found that
sNfL was related to the EDSS score and seizure severity of myelin
oligodendrocyte glycoprotein-IgG associated disease (MOGAD),
and may predict the long-term prognosis of MOGAD (17). In a
prospective study, the relationship between sNfL levels and disease
severity and prognostic indicators of neuromyelitis optica spectrum
disorders (NMOSD) was evaluated. The results also showed that
sNfL level was positively correlated with EDSS score. Therefore,
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sNfL may be a biomarker of disease activity and disability in MS,
MOGAD and NMOSD (18).

The increase of sNfL level is also related to the loss of brain and
cervical spinal cord volume in MS patients (15), and the baseline
sNfL level is a predictor of brain atrophy (19). A large observation
cohort with a 12-year follow-up in a single center showed that sNfL
level was correlated with brain atrophy (10). In a recent study,
baseline sNfL predicted brain atrophy in the following 12 and 24
months, with the latter baring the stronger correlation (19). In a
group of newly diagnosed CIS and RRMS patients, it was found that
the sNfL level at the diagnosis time point was significantly
correlated with the baseline T2 lesion volume (20). Besides, a
higher baseline sNfL level can predict brain atrophy in the next 2
years (20). After 2 years, the brain volume of patients with higher
baseline sNfL decreased faster, and the volume of T2 lesions
increased faster (20). Furthermore, higher CSF and sNfL levels in
MS patients are associated with more severe gray matter atrophy
(21, 22), and CSF NfL concentration is an independent predictor of
gray matter volume in CIS (22).

High NfL concentration in serum and CSF is related to Gd
enhancement and the number of new/enlarged lesions on MRI,
which is not limited to RRMS, but also in patients with progressive
MS (8, 15). sNfL level was positively correlated with the existence
and number of Gd+ lesions which indicating acute inflammatory
neuron injury (20). Within 3 months after Gd+ injury, sNfL level
increased (23). In addition, sNfL seems to have the potential to
distinguish clinical recurrence with Gd+ lesions from clinical
recurrence without Gd+ lesions (23). Therefore, sNfL
measurement can be used as a tool in clinical practice to decide
when a patient needs MRI enhancement evaluation (20).

Glial fibrillary acid protein (GFAP)

GFAP is the main intermediate filament that makes up the
cytoskeleton of astrocytes, which maintains the integrity of cell
structure. It also plays a role in cell mitosis, astrocyte-neuron
communication and glial scar formation. The detection of GFAP
in CSF or serum reflects the damage of astrocytes (24, 25). There is a
close correlation between CSF and serum GFAP (sGFAP) levels in
patients with demyelinating diseases (26, 27).

Recently, a large number of studies have investigated the
potential of GFAP as an indicator of disability progression,
diagnosis and early disease activity in MS (24). One study
established a positive correlation between sGFAP and EDSS score
or recent attacks, but no therapeutic effect was detected in RRMS. In
RRMS, sGFAP levels were associated with the maximum EDSS
score indicating disease progression during the most recent attack,
but not with the remission between recent attack. In addition, the
study analyzed sera samples from 32 RRMS patients in remission
and found that the GFAP levels were not higher compared to
previous studies. The value of sGFAP to predict subsequent attack
in MS warrants further study (26). In addition, CSF GFAP is more
likely to be related to progressive MS compared to RRMS (28).
Therefore, GFAP may be not sufficient to be an appropriate
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biomarker for MS diagnosis and disease activity assessment alone,
and more biomarkers and imaging evidence are needed to
distinguish MS from other neurological diseases.

It was found that in patients with aquaporin-4 (AQP4)-IgG+
NMOSD, sGFAP was also significantly correlated with clinical
disability parameters. sSGFAP has a potential role as a biomarker
of disease severity and future disease activity in patients with AQP4-
IgG+NMOSD in clinical remission (29). In addition, sGFAP is not
only correlated with disease activity, but also with inebilizumab-
treatment response in NMOSD (30). In contrast, no association
between sGFAP and clinical disability parameters was observed in
patients with MOGAD (29). However, the correlation between sNfL
and clinical disability parameters and future disease activity in
AQP4-IgG+ patients is to be determined. The potential
correlation between sGFAP as a biomarker of disease severity and
prognosis of AQP4-IgG+NMOSD deserves further study in an
independent cohort of AQP4-IgG+NMOSD patients (29).
Another study found a strong correlation between sGFAP levels
and EDSS scores and recent attack rates, suggesting that sGFAP
levels are biomarkers of disability and disease activity in NMOSD,
regardless of age or sex (26). The level of sNfL in NMOSD was
higher in patients with higher EDSS score and older patients.
sGFAP is associated with recent myelitis attack, but not with
clinical disease activity from other anatomical attacks. The results
showed that sGFAP and sNfL may be good biomarkers of disease
activity and disability, while sGFAP/sNfL quotient at attacks may be
a potential diagnostic marker for NMOSD. Higher sGFAP/SNfL
quotient at attacks has a sensitivity of 73.0% and specificity of 75.8%
to distinguish NMOSD from MS (26). When the disease relapsed,
the level of sNfL in NMOSD and MS groups decreased with time,
but the decline rate in NMOSD group was slower compared with
MS patients. It seems that not sNfL but the combination of sGFAP
and sNfL helps distinguish NMOSD from MS (25).

SNfL and sGFAP can also be used as biomarkers of therapeutic
effect in NMOSD (31). A recent study showed, tocilizumab and
rituximab (RTX) significantly decreased the levels of sNfL and
sGFAP at the end of follow-up compared to corticosteroids (32).

Contactin-1 (CNTN-1)

Contact proteins are a group of cell adhesion molecules, which
are mainly expressed in the brain and are indispensable in axon
domain organization, axon orientation, neurogenesis, neuron
development, synaptic formation and plasticity, axon-glial cell
interaction and nerve regeneration. At present, enzyme-linked
immunosorbent assays (ELISAs) is generally used to detect the
concentration of CNTN-1 in CSF. A previous study showed that the
decrease of CSF CN'TN-1 level in patients with MS was associated
with disease progression, suggesting that CNTN-1 can be used as a
new marker of axonal injury (33). Compared with healthy controls,
the levels of CNTN-1 and CNTN-2 in RRMS and SPMS decreased
at most by 1.4 times, while in patients with CIS, CNTN-1 tended to
increase compared with controls. Baseline CNTN-2 levels also play
avital role in predicting longitudinal decline in cortical volume. CSF
CNTN-1 levels in SPMS patients were positively correlated with
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MRI standardized brain volume, but negatively correlated with T2
lesion load. As for RRMS and primary progressive multiple sclerosis
(PPMS), there was no correlation between CNTN-1 and CNTN-2 and
standardized brain volume or T2 lesion load (34). A recent study has
shown that serum CNTN-1 (sCNTN-1) can be used as a biomarker of
long-term disease progression in MS. According to a 3-year
prospective study, median sCNTN-1 levels were significantly lower
in RRMS patients with natalizumab-treated compared with healthy
controls. It also found that sSCNTN-1 levels in RRMS patients with
disability progression decreased significantly before and 12 months
after treatment compared with non-progressive patients (35).
Therefore, CNTN-1 can be used as a sensitive biomarker of disease
activity and also as a biomarker of therapeutic response (Table 1). It can
complement MRI and clinical evaluation in the process of diagnosis,
but more studies are needed to verify the pathogenesis of CNTN-1 and
its role in MS pathology.

Chitinase-3-like protein 1 (CHI3L1)

Chitinase3-like proteinl (CHI3L1), a secretory glycoprotein, is one
of the newly discovered markers of inflammation in recent years, which
can mediate inflammation, macrophage polarization, apoptosis and
carcinogenesis. But its physiological and pathophysiological role in the
development of cancer and neurodegenerative diseases is still unclear. In
human, CHI3L1 is also called chitin protein-40 (chitinaseprotein-40,
YKL-40), based on its three N-terminal amino acids, tyrosine (Y), lysine
(K) andleucine (L) (36). The relative molecular weight is about 40 kDa. It
is a chitin-binding lectin and belongs to the glycosyl hydrolase family 18
(36). In CNS disorders, CHI3L1 is expressed in astrocytes and microglia/
macrophages, mainly in active demyelinating areas. Levels of CHI3LI in
the CSF were reported to be increased during acute inflammation of
demyelinating disease (37). Patients with SPMS and PPMS had
significantly higher levels of CHI3L1 compared to RRMS and CIS in
CSF and blood samples. Patients with RRMS were more likely to show
high NfL with low CHI3LI levels (38, 39). However, the expression of
CHI3LI in peripheral blood was affected by many factors, and the
specificity for CNS disorders was lower compared to CHI3L1 in CSF. A
number of studies have shown that CHI3L1 in CSF is helpful to
distinguish the progressive MS and RRMS (38-40). The elevated level
of CHI3LI is a characteristic of progressive disease. In patients with
RRMS, high level of CHI3LI in CSF is an independent predictor of the
deterioration of neurological dysfunction and the progression of the
disease to SPMS. Therefore, CHI3L1 in CSF may predict the progression
of RRMS (37-40). In addition, CHI3LI has a good prognostic effect in
the early MS and has the potential to become a therapeutic target in MS
(38, 41).

Kappa free light chain (KFLC)

Kappa chain (x chain) is a kind of Ig molecular light chain (L
chain), which is mainly produced in the sheath in the CNS. The
light chain of Ig includes Kappa chain (k chain) and Lambda chain
(A chain) (42). FLC in serum is mainly cleared by kidney, but this
process does not exist in CSF. Thus quantitative detection of FLC
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combined with blood-brain barrier function can reflect the
synthesis of intrathecal Ig, which can be used in the diagnosis and
prognosis of CSF inflammatory and infectious diseases (43).
Electrophoresis is generally used to detect KLFC in CSF.
Compared with oligoclonal band (OCB), CSF KFLC has higher
sensitivity in the diagnosis of MS/CIS, and there is no significant
loss of specificity. Studies have shown that the determination of CSF
KFLC is a valuable quantitative substitute or supplement for the
qualitative evaluation of OCB (43, 44). The total amount of
intrathecal KFLC synthesis can distinguish MS myelitis from
NMOSD myelitis. KFLC IF (intrathecal fraction) > 78% can
distinguish myelitis caused by MS and NMOSD, with a sensitivity
of 88.5% and a specificity of 88.9% (45). In addition, KFLC has high
stability and has additional advantages over OCB, such as
objectivity, easier standardization, faster speed, lower cost and so
on (43, 44). However, steroids have a significant effect on KFLC
levels (46), and further studies are needed to determine how much
steroid treatment affects KFLC levels.

KFLC index

KFLC index is a method for measuring the production of KFLC
in the sheath. The index is obtained by linear modeling to calculate
the concentration of KFLC in serum and CSF. The formula of KFLC
index is: FLC index = Q r1.c/Q aip With Q g1 = CSF FLC/serum FLC
and Q ., = CSF albumin/serum albumin (47). Similar to CSF KFLC,
KFLC index is better than OCB in the diagnosis of MS and
differentiation of MS and other inflammatory CNS disorders (44,
47, 48), so KFLC index may replace OCB as a first-line biomarker of
MS in clinical practice. The early initiation of DMDs in MS is
important to slow down progression in disability and cognitive
impairment. KFLC index predicted the second clinical attack in
patients with CIS in both space and time (47), and high KFLC index
was an independent risk factor for early further attacks. In a
prospective cohort study, a 10% increase in the KFLC index
indicates an increase in the risk of a second clinical attack of
about 13%. Patients with a high KFLC index (> 100) are twice as
likely to have a second clinical attack within 12 months as those
with a low KFLC index (49). Compared to OCB, KFLC index has
methodological advantages in the diagnosis of MS and is
independent of subjective interpretation (48). KFLC index may be
not affected by DMT, demographic factors, clinical demyelination
event types or MS phenotypes (47, 48). Young age, female sex and
evidence of disease activity are independent factors associated with
high KFLC index of MS (47). Current evidence suggests that the
KFLC index is a reliable prognostic biomarker that may replace the
OCB assay and bring us closer to the tailored drugs of MS.

Anti-AQP4-Antibody (AQP4-1gG)

AQP4 is a widely expressed water channel mainly expressed in
astrocytes of the CNS, especially in astrocytes involved in the
formation of the blood-brain barrier (50). AQP4-IgG positive
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NMOSD is marked by the destruction of astrocytes (51). Current
studies have shown that clinical, pathological and preclinical
evidence consistently support the pathogenic role of AQP4-IgG
in NMOSD. AQP4-1gG exists in up to 70% ~ 90% of NMOSD
patients and is highly specific for the disease (52, 53).The titer of
AQP4-IgG in serum is more than 500 times higher than that in
CSF, so only patients with negative serum should be considered
for CSF detection to improve sensitivity. The detection of AQP4-
IgG in serum is necessary in the diagnostic criteria of the
international expert group of NMOSD in 2015 (52). The
laboratory method with the highest sensitivity and specificity for
detecting AQP4-IgG is cell-based array (CBA) detection (54), with
a sensitivity and specificity of 76% and 99%, respectively.
However, limited evidence indicate that AQP4-IgG serum status
cannot be used as a biomarker to predict disease activity and
immunosuppressive drug response (52).

Anti-MOG-Antibody (MOG-1gG)

Myelin oligodendrocyte glycoprotein (MOG) is usually found
on the surface of mature oligodendrocyte and the myelin sheath of
the CNS, and its expression begins in the late stage of myelin
formation (53). It may play a structural role in microtubule stability,
myelin fiber adhesion and response to inflammation. MOG-IgG
usually belongs to IgG1 subclass. It can activate the complement
cascade and determine the disorder of the cytoskeleton of
oligodendrocytes, resulting in demyelination (52). At present, the
best method to detect MOG-IgG is CBA. In the past 40 years, the
pathogenicity of autoimmune response to MOG has been well
confirmed (55). Acute disseminated encephalomyelitis (ADEM) is
the most common clinical manifestation associated with anti-MOG
antibodies. Anti-MOG antibody was only briefly observed in
monophasic diseases such as ADEM, and its decrease was
associated with a good prognosis, but persisted in polyphasic
ADEM, NMOSD, relapsing optic neuritis or myelitis (56). The
titer of MOG-IgG fluctuates during the clinical course of the disease
and the level is higher in the acute attacks (57). However, the titer of
MOG-IgG was not related to the risk of relapses or the final clinical
outcome (58). In early studies, the lack of disease specificity was
revealed by testing MOG-IgG at low titers in MS patients or other
neurological diseases or even in healthy individuals (59). These
observations suggest that MOG-IgG in the serum may bind to
MOG and produce non-specific positive signals, or these antibodies
may belong to the natural antibody class that is relatively common
at low levels and will not be deleted by the B cell tolerance
mechanism, but do not cause disease (59). Some studies have
shown that MOG-IgG is associated with AQP4-IgG seronegative
NMOSD. Compared with AQP4-IgG seropositive patients, MOG-
IgG seropositive patients have a lower risk of further relapses and a
better visual field prognosis (54). MOG-IgG is associated with
clinical manifestations and younger age of onset of human
inflammatory demyelinating diseases, with the highest incidence
in pediatric patients (56, 59). The available evidence shows that
MOG-IgG can be used as a prognostic biomarker of MOGAD (54).
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Autoimmune encephalitis associated
antibody

Autoimmune encephalitis (AE) is characterized by the existence of
autoantibodies that directly attack the protein in or on the surface of
neurons, so the detection of protein-specific antibodies in CNS has
changed our understanding of AE and our ability to make an accurate
diagnosis (60). At present, the best method to detect these antibodies is
CBA. These antibodies target important brain proteins, including
neurotransmitter receptors, ion channels and related membrane
proteins (60). They are specific for a definite diagonis of AE. For
example, the only specific diagnostic test against N-methyl D-aspartate
receptor (NMDAR) encephalitis is to prove the IgG autoantibodies
targeting the GluN1 subunit of the NMDAR in CSF of patients (61).
The antibody of anti-LGI1 encephalitis is IgG antibody targeting
leucine-rich glioma-inactivated 1 (LGI1) protein (an extracellular
component of the voltage-gated Kvl potassium channel-complex)
(62). This study has confirmed that IgG4 is the major subclass of LGI1-
IgG, and a higher LGI1-IgG specific CSF index, that is, the index of
intrathecal antibody synthesis, is related to the poor prognosis of
patients with anti-LGI1 encephalitis (62). Autoimmune GFAP
astrocytopathy is a meningoencephalitis associated with GFAP-
specific IgG (63). GFAP-specific IgG can be used as a biomarker of
recurrent autoimmune meningoencephalitis that responds to
immunotherapy (64). Positive sGFAP specific IgG can distinguish
autoimmune GFAP meningoencephalitis from other diseases (64).
One of the types of AE that is difficult to diagnose is antibody-negative
AE, because there is no definite antibody or known AE syndrome to
explain this manifestation (65). In a cohort of children, antibody-
negative AE was associated with poor cognitive outcomes compared
with NMDAR encephalitis (66). The diagnosis of AE without antibody
recognition is usually made without alternative diagnosis, such as
neuroimaging, CSF analysis and electroencephalogram (EEG) (65).
Recognition of the characteristic examinations in the limbic system of
AE is an important clue to guide the diagnosis (67). Brain MRI may be
normal, non-specific, or show multifocal T2/FLAIR high signal
changes (68). EEG has no specific pattern association with most AE
subtypes, except for the extreme delta brush pattern found in NMDAR
encephalitis (69). EEG may help to distinguish organic and mental
pathology (70). EEG may also serve as abiomarker of disease severity to
guide treatment decisionmaking (70). CSF detection is very important
because classical CSF analysis provides more timely information, such
as CSF leukocyte count, total protein and OCB of CSF, which may
support the diagnosis of AE (71). The presence of specific CSF and
serum autoantibodies is extremely important for the final diagnosis of
AE. CSF antibody detection is more sensitive and specific, so it is better
than serum antibody detection (72).

Cytokines

Cytokines and chemokines have multiple effects on many
inflammatory cells, most of which have unique characteristics and
are elevated in many neuroimmune diseases of the CNS. Therefore,
cytokines and chemokines can be used as biomarkers for diagnosis
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of autoimmune disease and detection of intrathecal inflammation,
which can be used to evaluate disease activity and to predict disease
progression (73). Chemokine is a secretory protein that controls the
transport and localization of leukocytes to the target organ (74). At
present, ELISA is generally used to detect these biomarkers. Soluble
inflammatory mediators have long been studied as appropriate
biomarkers that can predict the process of MS (75). Some of
these soluble markers are not disease specific, and the challenge
of biomarker research is still lack of repeatability and sensitivity.
However, some candidate biomarkers have been studied and need
to be verified, and” omics “technology is developing rapidly,
providing a basis for future research (76).

IL-6

Interleukin-6 (IL-6) is considered to be an important cytokine
in inflammatory diseases of the CNS. It has multiple functions and
mediates many biological activities. It participates in acute
inflammation by inducing the synthesis of acute phase proteins,
so the increased concentration of IL-6 in CSF may represent a non-
specific marker of inflammation in the CNS (77). In addition, IL-6 is
also one of the B cell stimulating factors, which differentiate B cells
into plasma cells and lead to the production of immunoglobulin
(78). IL-6 is significantly increased in serum and CSF of NMOSD
patients, which may play a variety of roles in the pathophysiology of
NMOSD by promoting plasma cell survival, stimulating the
production of anti-AQP4 antibody, destroying the integrity and
function of blood-brain barrier and enhancing the differentiation
and activation of pro-inflammatory T lymphocytes (79). Blocking
IL-6 signal transduction with anti-IL-6 receptor monoclonal
antibody tocilizumab is very effective for refractory NMOSD
patients (80). The increased CSF IL-6 level at diagnosis is
associated with increased recurrence and disability in RRMS
patients during the 3-year follow-up (77). In addition, the ratio of
IL2:IL6 in CSF may be a prognostic biomarker of early MS and may
be helpful to predict the early relapsing activity of MS (81). CSF IL-
6 can also be used as a biomarker to distinguish NMO from MS
(82). Besides, the increase of serum IL-6 level in AE patients may
indicate the persistent proinflammatory state of AE and may lead to
poor prognosis (83). In anti-NMDAR encephalitis, with the
increase of cytokines including IL-6, the clinical symptoms are
aggravated (84). Therefore, IL-6 may be a new biomarker of anti-
NMDAR encephalitis.

IL-17A

Interleukin-17A (IL-17A) is an effective proinflammatory
cytokine produced by Th17 cells and IL-17-secreting CD8+T cells
(85). It promotes the pathophysiology of autoimmune diseases and
may mediate delayed inflammation by inducing neutrophils and
monocytes to recruit chemokines at inflammatory sites (85). A
recent study has shown that IL-17 impairs myelin regeneration and
promotes myelin damage through oligodendrocyte/myelin injury
mediated by increasing voltage-gated K+ channel 1 (86). Some
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researchers speculate that the level of IL-17A may increase in the
early stage of MS inflammation, and the level of IL-17A will
gradually decrease with the remission of inflammation, but this
speculation still needs further study (87). IL-17A may regulate
inflammatory immune response in NMOSD through PI3K-m
TOR signaling pathway, and promote disease progression (88).
The high expression of IL-17A in peripheral blood of patients with
relapsing NMOSD suggests that it may be related to relapse (88).
The concentration of pro-inflammatory IL-17A in CSF of AE
patients increased and correlated with the severity of the disease
at the time of onset (89). Therefore, IL-17A in CSF can be used to
evaluate the short-term severity of AE patients and can lead to early
immunosuppressive therapy (89).

CXCL13

Chemokine (C-X-C motif) ligand 13 (CXCL13) is an effective B
cell chemical attractor, which is essential for B cell migration and
the development of B cell follicles and secondary lymphoid
structures (73). CXCL13 is increased in patients with
autoimmune diseases and is related to the disease severity,
activity and prognosis (90). A meta-analysis shows that CSF
CXCL13 and blood IL-23 levels in patients with MS are always
different from those in healthy controls, and they may be used for
diagnostic purposes (91). Increased concentration of CXCL13 was
detected in blood, CSF and active demyelinating brain lesions in
patients with MS (90). Notably, in patients with RRMS, CSF
CXCL13 levels were associated with increased relapsing rates and
disease severity measured by the EDSS (90). The level of CSF
CXCL13 in MS patients decreased significantly after treatment
(91). Therefore, CSF CXCL13 may be used in the diagnosis of MS
in clinical practice, and may also become a biomarker of drug
treatment response and disease progression of MS (91). Further
research is needed to verify this. Besides, CXCL13 may also be a
promising biomarker for the course of AE (82). For example, it has
been shown that the increase of CSF CXCL13 in 70% of patients
with early anti-NMDAR encephalitis is associated with intrathecal
NMDAR antibody synthesis (82).

Osteopontin

Osteopontin (OPN), also known as secreted phosphoprotein-1
(SPP1), is mainly released by endothelial cells, microglia,
macrophages and dendritic cells in the brain (92). OPN mainly
reflects the activation of innate immune system and promotes
inflammation by increasing the production of IL-12, IL-17 and
interferon-y (IFN-y) and inhibiting the expression of IL-10 (93).
OPN tends to induce proinflammatory cytokines in NMOSD and
MS (94). Plasma OPN levels in patients with NMOSD were higher
than healthy controls, especially in the cases with attacks and severe
disability (95). High levels of OPN can be detected in CSF, serum or
plasma in patients with MS, indicating that the protein may be used
as a biomarker for monitoring disease activity and progression (95).
A meta-analysis showed that OPN levels in CSF and blood in

Frontiers in Immunology

10.3389/fimmu.2023.1111719

patients with MS were significantly elevated, and OPN levels in CSF
in active MS patients were significantly compared to non-active
patients (93). OPN may play a harmful role in the development of
MS (92) and is closely related to disease activity (92, 96). The levels
of tumor necrosis factor and OPN in CSF of patients with early
RRMS after dimethyl fumarate treatment are related to disease
activity (96). Therefore, the combined detection with OPN and
other markers can help clinicians make personalized treatment
strategies. Moreover, OPN in CSF can predict the development of
lesions and microstructural abnormalities within 10 years (97). The
increase of OPN concentration in CSF indicates the enlargement of
lateral and inferior ventricles in progressive MS, accompanied by
changes in cortical and subcortical gray matter and white matter
volume (94). Higher OPN levels in CSF indicate poor prognosis and
long-term disease progression and are associated with the
deterioration of the disease (94, 98). More and more evidence
shows that OPN can be used as a biomarker for clinical diagnosis
or prediction and prognosis.

Combined detection of cytokines

The combined detection of these cytokines may be more helpful
to the prediction and evaluation of diseases. Moreover, CSF
CXCL13, CXCL8 and IL-12p40 can be used as biomarkers to
predict the progression from CIS to MS (74). Increased
concentrations of IL-6, IL-17 and CXCL13 are considered to be
key factors in inducing the formation of NMO lesions (82). These
molecules have been shown to be associated with the severity of
NMO disease and EDSS scores (82). IL6, IL-17A, CXCL10 and
CXCL13 in CSF can be used to detect inflammation in acute stage of
AE (99). The elevated levels of cytokines such as CXCL-13, CXCL-
10, IL-6 and IL-17A are related to the clinical severity of anti-
NMDAR encephalitis (100). The levels of IFN- v, IL-17, IL-12 and
IL-23 in the CSF of AE patients with positive autoantibodies to cell
surface protein are higher than those of AE patients with positive
autoantibodies to intracellular antigens (101).

Cell markers
Memory B cells and plasma cells

The antigen presentation process not only activates autoreactive
T cells, but also induces the proliferation of presenting B cells and
their subsequent differentiation into memory B cells and antibody-
producing plasma cells (102). At present, flow cytomety is generally
used to detect cell markers. Memory B cells (CD19+/CD27+), as
part of the secondary immune response, can rapidly produce
immunoglobulins. Many studies indicate that CD19+/CD27+
memory B cells can be used as biomarkers for RTX treatment
monitoring and retreatment in patients with NMOSD. Class-
switched memory B-cells (CD19+/CD27+/IgM-/IgD-, SMB), an
early regenerated memory B cell subset, may also be a sensitive
biomarker of disease recurrence risk (103). By monitoring the
memory B cells or SMB cells in peripheral blood mononuclear
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cells, individualized RTX administration regimens for NMOSD
patients can be made without losing the efficacy while reducing
the cumulative dose and medical expenses of RTX (103-105).
Plasma cells (PCs) represent the terminal differentiation from
mature B cells and play a key role in effective short- and long-
term humoral immunity by producing a large number of antigen-
specific antibodies (106). A recent study shows that CSF
plasmablasts can distinguish MS from other neurological
diseases (107).

Eomes+ Th cells

Recent studies found that cytotoxic CD4+T cells expressing
Eomes (Eomes+ Th cells) may play an important role in the
pathogenesis of SPMS and have the potential value of
distinguishing biomarkers between SPMS and RRMS patients
(Table 1) (108). Eomes+ Th cells from experimental autoimmune
encephalomyelitis lesions and the blood of SPMS patients can
release cytotoxic granzyme B and IFN- y and up-regulate CD107a
(also known as lysosomal associated membrane protein 1)
(109, 110). Granzyme B released by Eomes+ Th cells binds and
activates protease-activated receptor-1 on the surface of neurons
and leads to neurodegeneration (109). Compared with healthy
subjects and RRMS patients, Eomes+ Th cells in peripheral blood
and CSF were significantly increased in SPMS patients (109). The
detection of Eomes+ Th cells is of great value for SPMS diagnosis
and prognosis monitoring. The accuracy of Eomes+ Th cell level as
a biomarker to predict the risk of disease progression in SPMS
patients was more than 80% (108). In addition, Eomes+ Th cells
may also be a potential therapeutic target for SPMS patients (109).

Conclusion

We have systematically reviewed the potential biomarkers of
CNS autoimmune diseases. With the improvement of diagnostic
methods, neurologists can make faster and more accurate diagnosis
of CNS autoimmune diseases, so as to significantly improve the
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Characterization of antigen-
specific CD8+ memory T cell
subsets in peripheral blood of
patients with multiple sclerosis

Pen-Ju Liu™, Ting-Ting Yang", Ze-Xin Fan', Guo-Bin Yuan®,
Lin Ma*, Ze-Yi Wang®, Jian-Feng Lu*, Bo-Yi Yuan®,
Wen-Long Zou*, Xing-Hu Zhang? and Guang-Zhi Liu™

Department of Neurology, Beijing Anzhen Hospital, Capital Medical University,, Beijing, China,
2Department of Neurology, Beijing Tiantan Hospital, Capital Medical University, Beijing, China

Background: Increasing evidence indicates the importance of CD8" T cells in
autoimmune attack against CNS myelin and axon in multiple sclerosis (MS).
Previous research has also discovered that myelin-reactive T cells have memory
phenotype functions in MS patients. However, limited evidence is available
regarding the role of CD8" memory T cell subsets in MS. This study aimed to
explore potential antigen-specific memory T cell-related biomarkers and their
association with disease activity.

Methods: The myelin oligodendrocyte glycoprotein (MOG)-specific CD8*
memory T cell subsets and their related cytokines (perforin, granzyme B,
interferon (IFN)-y) and negative co-stimulatory molecules (programmed cell
death protein 1 (PD-1), T- cell Ig and mucin domain 3 (Tim-3)) were analyzed
by flow cytometry and real-time PCR in peripheral blood of patients with
relapsing-remitting MS.

Results: We found that MS patients had elevated frequency of MOG-specific
CD8* T cells, MOG-specific central memory T cells (Tem), MOG-specific CD8™
effector memory T cells (Tgnm), and MOG-specific CD8" terminally differentiated
cells (Temra); elevated granzyme B expression on MOG-specific CD8" Tepm; and,
on MOG-specific CD8" Ty, elevated granzyme B and reduced PD-1 expression.
The Expanded Disability Status Scale score (EDSS) in MS patients was correlated
with the frequency of MOG-specific CD8* Tcu, granzyme B expression in CD8™
Tcm, and granzyme B and perforin expression on CD8* Tgy, but with reduced
PD-1 expression on CD8" Tgm.

Conclusion: The dysregulation of antigen-specific CD8" memory T cell subsets,
along with the abnormal expression of their related cytokines and negative co-
stimulatory molecules, may reflect an excessive or persistent inflammatory
response induced during early stages of the illness. Our findings strongly
suggest positive regulatory roles for memory T cell populations in MS
pathogenesis, probably via molecular mimicry to trigger or promote abnormal
peripheral immune responses. Furthermore, downregulated PD-1 expression
may stimulate a positive feedback effect, promoting MS-related inflammatory
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responses via the interaction of PD-1 ligands. Therefore, these parameters are
potential serological biomarkers for predicting disease development in MS.

KEYWORDS

multiple sclerosis, peripheral blood mononuclear cells, memory T cells,
oligodendrocyte glycoprotein, pentamer

Introduction

Multiple sclerosis (MS) is a chronic inflammatory
demyelinating disease of the central nervous system (CNS). The
disease frequently has a relapsing-remitting course and, in the later
phases, tends to cause irreparable and severe neurological disability.
Although its etiology remains uncertain, it is widely speculated that
autoreactive T cell responses directed against CNS myelin are
responsible for its pathogenesis (1). Importantly, several studies
have found that MS patients have different memory phenotypes of
myelin-reactive T cells.

Conventional CD4" and CD8" memory T cells can be divided
into CCR7"CD45RA™ central memory T cells (Tcum),
CCR7 CD45RA™ effector memory T cells (Tgym), and
CD45RATCCR7™ terminally differentiated cells (Tgyra), with
district homing and effector properties (2-4). Ty and naive cells
home to secondary lymphoid tissues in physiological
circumstances, whereas Ty and Tgyra traffick to non-lymphoid
organs that are inflamed and exert effects such as stimulating
interferon (IFN)-y secretion and causing potent cytotoxicities.
Tcwm, in contrast, are longer-lived with a greater proliferative
capacity (5, 6).

Mounting evidence indicates that CD8" T cells have a
significant role in autoimmune CNS attack in MS. CD8" T cells
are accumulated in white matter lesions. These cells frequently
outnumber CD4" T cells at this location, and are in a quiet
neibourhood close to oligodendrocytes and demyelinated CNS
axons (7-9), the latter of which are believed to produce early
neurological symptoms (10). CD8" T cells are present in immune
cell infiltrates in the early phases of MS cortical demyelinating
lesions (11). Strikingly, CD8" T cells with an effector-memory
phenotype have been found to accumulate in the MS lesions,
exhibiting inflammatory and cytotoxic potential due to enhanced
expression of granzyme B and interferon (IFN)-y (12, 13). In
parallel with these findings, we previously reported that MS

Abbreviations: AUC, area under the receiver operating characteristic curve;
CNS, central nervous system; EDSS, Expanded Disability Status Scale; HC,
healthy controls; IFN, interferon; MOG, myelin oligodendrocyte glycoprotein;
MS, multiple sclerosis; OND, other neurological disease; PBMC, peripheral blood
mononuclear cells; PD-1, programmed cell death protein 1; PCR, polymerase
chain reaction; ROC, receiver operating characteristic; RRMS, relapsing-
remitting multiple sclerosis; Tcy, central memory T cells; Tgy, effector
memory T cells; Tgyvra, terminally differentiated cells; Tim-3, T- cell Ig and

mucin domain 3.
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patients display elevated CD8"CCR7"CD45RA™ T¢yy, which tends
to decrease after treatment with the immunomodulatory agent IFN-
Blow (14). Together, these findings strongly suggest that a skewed
distribution of autoreactive CD8" memory T-cell subsets is involved
in the disease pathogenesis, given that an increased frequency of
circulating CD4" Ty has been demonstrated in MS patients after
specific antigen-driven stimulation. Notably, human leucocyte
antigen (HLA)-A*03:01 is associated with about a two-fold
increase in risk of developing MS—independent of HLA-DR2
(15-17).

However, further research is still required to understand the
distribution of memory T-cell subsets in the illness and the potential
contribution of abnormal T-cell homeostasis to the
pathophysiology of inflammation. Thus, we analyzed circulating
antigen-specific memory T-cell subsets using the pentamer, HLA-
A*03:01-RVVHLYRNGK (myelin oligodendrocyte glycoprotein
(MOG)46.55 peptide) and its related cytokines, to determine if
these cell populations are correlated with disease activity.

Patients and methods
Subjects

Twenty-four patients with definite MS (five men and 19
women; mean age 35.2 + 5.3 years) were included. All patients
experienced relapsing-remitting MS (RRMS) and had never been
using immunosuppressive medications, including
glucocorticosteroids, for more than 6 months prior to the
study. Five of these RRMS patients were chosen for serial
examination while receiving treatment with teriflunomide
(Aubagio®, Sanofi, Paris, France). Patients underwent clinical
neurological examination including expanded disability status
scale (EDSS), blood sampling before and after 2 and 4 weeks of
treatment (18).

Twenty-three patients with atherothrombotic stroke (6 men
and 17 women; mean age 36.7 + 5.9 years) were recruited as “other
neurological diseases” (OND) controls. Twenty-four healthy
individuals participated as the healthy controls (“HC”, six men
and 18 women; mean age 35.0 * 6.5 years). All participating subjects
were Han Chinese and tested positive for the A3 allele via HLA-A
genotyping using polymerase chain reaction (PCR) sequence-
specific primers (PCR-SSP). At the Department of Clinical
Chemistry, whole blood cell counts and leucocyte differential
analysis, were measured for patients and HC.
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Sample collection

Blood samples that had been heparinized were gathered
between 9 and 12 AM. Blood samples from teriflunomide-treated
individuals were taken before, and after 2 and 4 weeks of therapy as
part of a serial trial.

FACS-isolation of antigen-specific CD8*
memory T-cell subsets

To examine the expression of multiple cytokines (perforin,
granzyme B, IFN-y) and checkpoint receptor members
((programmed cell death protein 1 (PD-1) and T-cell Ig and
mucin domain 3 (Tim-3)) in the antigen-specific CD8" memory
T-cell subsets, PBMCs were isolated by density gradient
centrifugation and resuspended in phosphate buffer saline (PBS)
containing 2% fetal calf serum. Thereafter, CD8" Tcy;, Tem, and
Temra were isolated with allophycocyanin (APC)-labelled
ProSMHC Pentamer [HLA-A*03:01 MOGy4 55 pentamers-
RVVHLYRNGK] (Proimmune, Oxford, UK), phycoerythrin (PE)-
cy7-labelled anti-CCR7 (eBioscience, San Diego, CA), APC-cy7-
labelled anti-CD8 (BD Pharmingen, San Diego, CA, USA), and
peridinin chlorophyll protein (PerCP)-Cy5.5-labelled-anti-
CD45RA (Tonbo Biosciences, San Diego, CA) monoclonal
antibody (MoAb) via a flow sorter (Becton Dickinson, San Jose,
CA, USA).

Flow cytometry

Antigen-specific CD8" memory T-cell subsets were
characterized in peripheral blood mononuclear cells (PBMCs) of
the patients and controls by assessing PD-1 and Tim-3 expression
via four-color direct fluorescence staining and flow cytometry using
a FACScan (BD Biosciences, San Jose, CA, USA). After washing
with PBS (0.5% BSA, pH 7.2), the cells were resuspended in PBS, to
a final concentration of 1 x 10° cells/mL. The following MoAb were
added to 1 x 10° cells following the manufacturer’s instructions:
APC-cy7-labelled CD8; APC-labelled Pro5 MHC Pentamer [HLA-
A*03:01 MOGy4 55 pentamers-RVVHLYRNGK]; PE-cy7-labelled
anti-CCR7; PerCP-Cyanine5.5-labelled-anti-CD45RA, Super
Bright (SB)645-labelled anti-PD-1 (Thermo Fisher Scientific,
Waltham, MA, USA); SB600-labelled anti-Tim-3 (Thermo Fisher

TABLE 1 Primers used in the study.
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Scientific). After 30-min incubation at room temperature, the cells
were washed with PBS, fixed with 1% paraformaldehyde, and finally
analyzed using a FACScan.

To perform intracellular cytokine staining, 1 x 10° cells were
incubated with the Cell Stimulation Cocktail (Tonbo Bioscience) for
4-5h at 37°C in complete RPMI. Intracellular staining with eFluor
450-labelled anti-perforin (Thermo Fisher Scientific), Brilliant
Violet (BV)510-labelled anti-granzyme B (BD Biosciences), and
BV711-labelled anti-IFN-y (BD Biosciences) MoAbs was completed
following fixation/permeabilization according the manufacturer’s
instructions (Cytofix/Cytoperm, BD Biosciences).

RNA preparation and cDNA synthesis

RNA isolation was performed using RNeasy® Mini Kit (Qiagen,
Hilden, Germany), according to standard protocol. Reverse
transcription was conducted with HiScript III 1st Strand ¢cDNA
Synthesis Kit (Nanjing Vazyme Biotech Co. Nanjing, China) using
random hexamers and primer containing 50 uM oligio (dt). The process
was carried out at 25°C for 10 min, 48°C for 30 min, and 95°C for 5 min
on a T100 PCR system (Bio-Rad Laboratories, Hercules, CA, USA).

Real-time PCR

Perforin, granzyme B, IFN-y, PD-1, and Tim-3 mRNA were
quantified using cDNA-specific primers (Sangon Biotec, Shanghai,
China) as described elsewhere (Table 1) (19, 20). Twenty-five
nanograms of cDNA and 200 nM forward and reverse primers were
added to the PCR reactions using the AceQ Universal SYBR qPCR
Master Mix (Nanjing Vazyme Biotech, Nanjing, China). B-Actin was
chosen as the endogenous control. Real-time PCR was conducted using
an ABI PRISM 7500 sequencing detector (Applied Biosystems, Foster
City, CA, USA). Perforin, granzyme B, IFN- v, PD-1, Tim-3, and 18 S
PCR conditions were: hold at 50°C for 90 s, then 95°C for 10 min,
followed by 40 cycles at 95°C for 15 s, 60°C for 1 min, and 72°C for 45 s.

Statistics

Age, disease course, EDSS, and blood leukocyte count data are
shown as means + standard deviation. Memory T-cell subsets,
surface and intracellular expression of cytokines, PD-1, and Tim-

Sense primer (5-3)

Perforin GCAATGTGCATGTGTCTGTG
Interferon-y

Granzyme B GGGGAAGCTCCATAAATGTCACCT

GCATCGTTTTGGGTTCTCTTGGCTGTTACTGC

Antisense primer (5-3')
TTACCCAGGCTGAGTACTGCT
CTCCTTTTTCGCTTCCCTGTTTTAGCTGCTGG

TACACACAAGAAGGCCTCCAGAGT

PD-1 CAGGATGGTTCTTAGACTC TACCAGTTTAGCACGAAG
Tim-3 CAGATACTGGCTAAATGGG CTTGGCTGGTTTGATGAC
B-actin ATCTGGCACCACACCTTCTACATTGAGCTGCG CGTCATACTCCTGCTTGCTGATCCACATCTGC
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3 mRNA data are shown as medians with range. Categorical
variables (sex) are expressed as percentages. Normal distribution
data were analyzed using one-way ANOVA or a Pearson correlation
test. Non-normal distribution data were analyzed using Kruskal-
Wallis analysis or a Spearman correlation test. Categorical variables
were analyzed utilizing a chi-square test. Receiver operating
characteristic (ROC) curve analysis was conducted for
quantitative MOG-specific CD8" T¢cy, MOG-specific
CD8"granzyme-B* Tcy or Tpyv, MOG-specific CD8 perforin™
Tem> and MOG-specific CD8" PD-1" Ty frequency, followed by
the calculation of area under the ROC curve (AUC). P < 0.05 was
deemed statistically significant.

Results
Clinical and laboratory data

Table 2 shows the clinical and laboratory data gathered from
patients during blood sampling. There were no remarkable
differences among the three groups.

Memory T-cell subsets

Table 3 shows the comparison of MOG-specific CD8+ T cells,
naive T cells and memory T cell subsets in peripheral blood between
patients with MS,OND and HC.

MS Patients had an increased proportion of MOG-specific
CD8" T cells, MOG-specific CD8" Tcy (HLA-A*03:01/MOGyg_55
pentamers'CCR7*CD45RA™), MOG-specific CD8" Tgy
(HLA-A*03:01/MOGy4.55 pentamers' CCR7 CD45RA™), and
MOG-specific CD8" Tyyra (HLA-A*03:01/MOGyq.ss
pentamers"CCR7 CD45RA™) compared to OND patients and HC
via FACScan (Figure 1). In contrast, MS patients had a lower

10.3389/fimmu.2023.1110672

proportion of MOG-specific naive CD8" T cells either OND
patients or HC. After 2 and 4 weeks of therapy, five MS patients
showed a tendency for a gradual decrease in MOG-specific CD8"
Tcewm and Tgy (Figures 2B, C), while the remaining cell subsets
displayed minor or irregular alternations (Figures 2A, D).

Intracellular expression of perforin,
granzyme B and IFN-vy, and surface
expression of PD-1 and Tim-3

MS patients demonstrated elevated expression of granzyme B,
and reduced expression of PD-1, on MOG-specific CD8" Tgys,
compared to HC (Figures 3A, D), as well as increased expression of
granzyme B on MOG-specific CD8" Ty, when compared with HC
(Figure 3F). Although there was a slight increase in perforin
expression, no marked differences were found between these three
groups (Figures 3C, H). OND patients demonstrated slightly higher
expression of Tim-3 on MOG-specific CD8" Tgy and CD8" Tem
than HC, but did not reach statistical significance (Figures 3E, ]).
However, we did not measure the above cytokines or PD-1 and
Tim-3 on CD8" Tgyra, owing to the extremely low proportion of
this cell population in peripheral blood. Five MS patients treated
with teriflunomide exhibited a continuous increase in PD-1
expression on MOG-specific CD8" Ty, after 2- and 4-weeks
therapy (Figure 4D), while the expression of the remaining
cytokines or co-stimulatory molecules presented slight or
irregular changes (Figures 4A-C, E-]).

Quantification of perforin, granzyme B,
IFN-v, PD-1, and Tim-3 mRNA expression

Of the isolated CD8" memory T cell subsets, MOG-specific
CD8" Ty exhibited lower PD-1 and Tim-3 mRNA expression in

TABLE 2 Baseline characteristics of patients with multiple sclerosis (MS), other neurological disease (OND), and healthy controls (HC).

MS OND HC P value
(n=24) (n=23) (n=24)

Age (years) 352 +53 36.7 £ 59 35.0 £ 6.5 0.533
Sex (male / female) 15/19 16/17 16/18 0.904
Disease course (years) 25+ 1.3 - - -

EDSS 19+14 - - -

HLA-A*03:01 [n (%)] 24 (100%) 23 (100%) 24 (100%) 0.999
Leukocyte (x 103/}11) 570 £ 1.75 6.72 £ 1.62 6.53 + 1.56 0.086
Neutrophils (x 103/ul) 3.76 + 1.28 439 +1.08 436 + 1.44 0.162
Lymphocytes (x 103/}11) 1.63 £ 0.54 1.62 + 0.61 1.84 + 0.48 0.298
Monocytes (x 103/|J.1) 0.35 + 0.08 0.41 +£0.11 0.39 £ 0.13 0.101
Eosinophils (x 103/}11) 0.07 + 0.51 0.18 + 0.14 0.11 + 0.08 0.201
Basophils (x 103/}L1) 0.02 +0.01 0.03 £ 0.01 0.02 + 0.01 0.092

Data are mean + SD. EDSS, The Expanded Disability Status Scale.
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FIGURE 1

Region 1 (R1) was selected to set the mononuclear cell gate according to the forward light scatter (FSC) and side light scatter (SSC) properties.
Region 2 (R2) was used to set the second gate, to separate MOG-specific CD8" T cells for analysis of memory T cell subsets. Regions 3, 4, and 5
(R3-R5) were selected to set the central memory T cell (Tcwm), effector memory T cell (Tgm) and terminally differentiated cell (Temra) gates,
respectively, for perforin, granzyme B, interferon (IFN)-y, programmed cell death protein 1 (PD-1), and T- cell Ig and mucin domain 3 (Tim-3)

analysis.

MS patients than in HC, while PD-1 expression did not differ
significantly between MS and OND patients (Figures 5D, E). MS
patients displayed significantly higher mRNA expression of
granzyme B in MOG-specific CD8" T¢y than OND patients and
HC (Figure 5F). However, no significant difference in above
proinflammatory cytokines or PD-1 and Tim-3 mRNA expression
in Tgpmra Were found between MS patients and control groups.

ROC of selected MOG-specific CD8" T-
cell subsets as well as their expression of
cytokines and PD-1

ROC curves were generated to calculate the AUC on the basis of
the optimal cut-off value, as well as maximum sensitivity and
specificity. For the MOG-specific CD8" Tcy proportion, AUC
was 0.9089 (optimal threshold cutoff, 6.65%; sensitivity, 91.67%;
and specificity, 75%); for MOG-specific CD8"granzyme-B* Ty,
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AUC was 0.6528 (optimal threshold cutoff, 7.605%; sensitivity,
66.67%; specificity, 75%); for MOG-specific CD8"granzyme-B*
Tem, AUC was 0.691 (optimal threshold cut-off, 4.364%;
sensitivity, 100%; specificity, 29.17%); for MOG-specific
CD8"perforin® Tgy, AUC was 0.678% (optimal threshold cutoff,
0.5885%; sensitivity, 58.33%; specificity, 87.5%); for MOG-specific
CD8" PD-1" Tgy, AUC was 0.6918 (optimal threshold cutoff,
0.0415%, sensitivity 75%, specificity, 70.83%) (Figure 6).

Correlation analysis

In MS patients, EDSS score before treatment was correlated
with the frequency of MOG-specific CD8" Ty (r = 0421, P =
0.041); granzyme B expression in CD8" Ty (r = 0.507, P = 0.012);
and, for CD8" Tgyy, the expression of granzyme B (r = 0.512, P =
0.01), perforin (r = 0.446, P = 0.029), and PD-1 (r = —0.520, P =
0.009). EDSS score after treatment of teriflunomide was correlated
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Serial study of the MOG-specific memory T-cell subsets (A=D) in the peripheral blood from five patients with multiple sclerosis (MS) before and after

14 d and 28 d of treatment with teriflunomide.

with the frequency of MOG-specific CD8" Tgy (r = 0.975, P =
0.033). Moreover, EDSS score after 4 weeks of treatment with
teriflunomide was correlated with the granzyme B expression in
MOG-specific CD8" Tgy; (r = 0.975, P = 0.033).

Discussion

To the best of our knowledge, this is the first human-based
research utilizing MHC pentamers to identify myelin antigen-
specific CD8" T cells and their memory T cell subsets in MS
patients. As a result, MS patients had higher frequency of MOG-
specific CD8" T cells, MOG-specific CD8" Tcp, MOG-specific
CD8" Tgym, and MOG-specific CD8" Tgyra, in contrast to a
lower frequency of MOG-specific naive CD8+ T cells; elevated
granzyme B expression on MOG-specific CD8" Tcy; and, on
MOG-specific CD8" Ty, elevated granzyme B and reduced PD-1
expression. In MS patients, EDSS was correlated with the frequency
of MOG-specific CD8" Ty, granzyme B expression in CD8" Teyy,
and granzyme-B and perforin expression on CD8" Tgy, but with
reduced PD-1 expression on CD8" Tgy.

Our results indicate that MS patients have a skewed distribution
of antigen-specific CD8" memory T cell subsets, with more Tcyy,
Tem, and Teyra, and fewer naive CD8" T cells, than HC. These

findings validate the derangement of these cell populations during
the inflammatory process in MS. Together with our previous report
revealing elevated IL-15 release into circulation (14), our current
findings suggest that the differentiation of naive cells is what causes
the rise in CD8" TCM and TEM because IL-15 is generally
considered a central regulator of primary and memory antigen-
specific CD8" T cell production (21, 22). Interestingly, patients with
atherosclerotic stroke and HC do not differ in the frequency of
antigen-specific CD8" T cells and their memory T cell subsets, since
the former category of patients exhibits CD4" memory T cells and
CD8™ T cells in the atherosclerotic tissue from their carotid arteries
(23). Hence, further research is required to elucidate this.

Several sphingosine 1-phosphate (S1P1) receptor antagonists,
such as fingolimod (FTY720), have been commonly used for the
treatment of RRMS; these antagonists selectively retain CCR7"
naive T cells and Ty, and particularly autoreactive Th17 cells,
within the secondary lymphoid organs (24-26). Nonetheless, the
exact role of CD8" T cell subsets such as Tcy and Tgy in MS
remains elusive. However, in our recently published pilot study,
adoptive transfer of autoreactive CD8" Ty into Rag-1-/— mice
failed to induce EAE symptoms or EAE-related pathology (27).
Notably, a lower proportion of memory CD8" T cell subsets
(particularly effector memory and Tgyra) has been observed in
patients with untreated RRMS than in HC, probably due to inherent
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FIGURE 3

Peripheral blood expression of perforin, granzyme B, interferon (IFN)-y, programmed cell death protein 1 (PD-1), and T- cell Ig and mucin domain 3
(Tim-3) on MOG-specific CD8+ effector memory T cells (TEM) (A—E) and CD8+ central memory T cells (TCM) (F=J), in patients with multiple
sclerosis (MS), those with other neurological disease (OND), and healthy controls (HC). Horizontal lines: medians. * P < 0.05, ** P < 0.01.
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Serial analysis of perforin, granzyme B, interferon (IFN)-vy, programmed cell death protein 1 (PD-1), and T- cell Ig and mucin domain 3 (Tim-3) on
MOG-specific CD8+ central memory T cells (TCM) and CD8+ effector memory T cells (TEM) in the peripheral blood of five patients with multiple
sclerosis (MS) before and after 14 d and 28 d of treatment with teriflunomide (A-J).

(i.e., genetically determined) defects rather than a
pathophysiological effect of MS (28, 29). In our experiments,
despite an irregular change in total MOG-specific CD8" T cells in
MS patients, MOG-specific CD8" Ty and CD8" Ty exhibited a
decreasing trend at 14 and 28 d post-treatment with teriflunomide,
a well-known immunosuppressant agent (30). Together with a

recent MS study revealing markedly lower IFN-y and tumor
necrosis factor-o. levels on Tgyra and Tgy following 12 months
of teriflunomide use (31), our results indicate that these cell
populations play a positive regulatory role in disease
pathogenesis, presumably via a mechanism of molecular mimicry
to trigger or promote abnormal peripheral immune responses and,
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Peripheral blood mRNA expression of granzyme B, interferon (IFN)-vy, perforin, PD1, and TIM3 on CD8+ effector memory T cells (TEM) (A-E), CD8+
central memory T cells (TCM) (F=J), and terminally differentiated cells (TEMRA) (K-0), in patients with multiple sclerosis (MS), those with other
neurological disease (OND), and healthy controls (HC). Horizontal lines: medians.
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Receiver operating characteristic (ROC) curve analysis, in patients
with multiple sclerosis (MS), of the frequency of MOG-specific CD8*
central memory T cells (Tem), MOG-specific CD8*granzyme-B* Teym
or effector memory T cells (Tgm), MOG-specific CD8"perforin® Tgw,
and MOG-specific CD8" PD-1* Tgw.

consequently, aggravate neuroinflammation, and myelin and
axonal damage in the brain. The positive correlations that we
observed here between disease severity and the frequencies of
MOG-specific CD8" Tcy and MOG-specific CD8" granzyme B*
Tcwm or Try further support this view. More importantly, these
markers are potentially valuable in defining RRMS and secondary
progressive MS (SPMS), because growing evidence suggests the
involvement of distinct memory T cell subsets in different forms of
MS and/or at different disease stages (29, 32, 33).

As negative co-stimulatory molecules, Tim-3 and PD-1 are
expressed on the cell surface and negatively modulate the
immune response; their signaling impairs functional activities of
CD8" T cell, eventually leading to CD8" T cell exhaustion,
particularly in chronic viral infection and tumors (34, 35). Co-
expression of Tim-3 and PD-1 are characteristic of the most
severely exhausted CD8" T cell subset (36, 37). Blockade of Tim-
3 and PD-1 pathway can reverse this exhaustion and rescue the T-
cell function (38, 39). However, it is difficult to determine their
function on CD8 * T cells, since TIM-3 is implicated in both T cell
exhaustion and activation (35, 40-44). Here, MS patients showed a
significant reduction in PD-1 and slight reduction in Tim-3 surface
expression on MOG-specific CD8" Tgy;, compared to HC. This
suggests that the molecule dysregulation in CD8" memory T cells
might be more prevalent in CD8" Tgy than in CD8" Ty
However, these results should be interpreted with caution,
because the expression of PD-1 and Tim-3 are insufficient to
define the function of CD8" T cells in the absence of their

10.3389/fimmu.2023.1110672

ligands. Nevertheless, more efforts are needed to explore their
expression as well as the effects of these two costimulatory
pathways on CD8" T cells in our future study.

The reduced PD-1 and Tim-3 mRNA expression in MOG-
specific CD8" Tgy that we observed in MS patients further
substantiates our findings. Consistent with our results, a
previous study (45) reported that CD4" and CD8" T cells
stimulated by myelin basic protein demonstrated significantly
higher PD-1-positive cell frequency in stable than in acute MS.
Tim-3 activation, on the other hand, stimulates the formation of
effector T cells as evidenced by the acquisition of an activated
effector phenotype, elevated cytokine secretion, higher
proliferative activities, and a transcription program linked
with the differentiation of human antigen-specific CD8 T cells
(42). Indeed, there was a trend towards increased expression of
PD-1 on CD8" Tgy during 4 weeks of treatment with
teriflunomide. Taken together, these findings for MS suggest
aberrant PD-1 and Tim-3 co-stimulation in CD8" Ty, rather
than in CD8" T¢y. PD-1 may reduce the inflammation caused
by local cell-cell interactions, by halting co-stimulation of the
host immune cells such as lymphocytes, or by suppressing
apoptotic signaling via interaction with PD-1 ligands (40, 46).
Tim-3 may exert complex regulatory effects on the
immunoactivity of CD8" memory T cell subsets in different
stages of MS. Together with our ROC analysis of abnormal
antigen-specific memory T cell subsets, our findings strongly
suggest that dysregulated PD-1 and Tim-3 co-stimulation are
implicated in MS pathogenesis, and may therefore be useful for
assessing disease severity.

Conclusion

In conclusion, in MS patients, we observed remarkable
upregulation of antigen-specific CD8" Tgy Tpmra and Teowm,
with elevated intracellular expression of granzyme B and
reduced expression of PD-1 in MOG-specific CD8" Tgy;. This
may implicate a persistent chronic CD8" memory T cell-mediated
inflammatory response, potentially induced in the early stages of
this disorder. More strikingly, MS severity was at least partially
reflected in the elevated MOG-specific CD8" T¢y frequency and
granzyme B and perforin expression, and reduced PD-1
expression. These are therefore potential serological biomarkers

TABLE 3 Comparison of MOG-specific CD8* T cells and memory T cell subsets in peripheral blood between patients with multiple sclerosis (MS),

other neurological disease (OND) and healthy controls (HC).

Total CD8" (%)

Naive (%)

MS (n=24) 0.21 (0.12,0.37) **44 16.7(5.46,35.30)* 11.95 (9.38,13.88) **24 37.0 (25.33,44.98) 44 0.25 (0,4.22) 44
OND (n=23) ‘ 0.09 (0.03,0.11) 32.40(25.0,46.60) 3.14 (1.63,4.81) ‘ 12.30 (7.60, 28.60) 0 (0,0)
HC (n=24) ‘ 0.04 (0,0.1) 30.15(21.18,48.35) 4.65 (3.40,7.65) ‘ 10.90 (4.48,21.38) 0 (0,0)
P value <0.0001 0.0184 <0.0001 ‘ <0.0001 0.0018

Data are median with range. *p < 0.01 or *p < 0.05 for post hoc comparison with HC; “*p < 0.01 or “p < 0.05 for post hoc comparison with OND group. Tcy, central memory T cells;
Tewm effector memory T cells; Tpyra, terminally differentiated cells.
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for predicting the development of MS. Nevertheless, further
studies, such as those with a prospective cohort design, are
required. Given that other disorders (e.g., oncological
malignancies) also demonstrate dysregulated CD8" memory T
cells, it is necessary to evaluate their specificity, sensitivity,
cytotoxicity, and negative co-stimulation to demonstrate
whether these markers might be specific for MS. Other issues
should be addressed, such as their prognostic vs. non-prognostic
value in predicting acute episodes in patients diagnosed as
clinically isolated syndrome (CIS). Our findings strongly suggest
positive regulatory roles for memory T cell populations in MS
pathogenesis, probably via molecular mimicry to trigger or
promote abnormal peripheral immune responses. Furthermore,
downregulated PD-1 expression may stimulate a positive feedback
effect, promoting MS-related inflammatory responses via the
interaction of its ligands (PDLI1), although the expression of
PD-1 is not sufficient to define the function of CD8" T cells in
the absence of its ligand. Our discovery of antigen-specific CD8" T
cell subsets and PD-1 expression in MS paves the way for
identifying potential MS biomarkers and, more importantly, for
exploring a novel treatment approach against this disease through
intervention in the PD-1-PDL1 pathway.
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Background: Anti-GAD65 autoantibodies (GAD65-Abs) may occur in patients
with epilepsy and other neurological disorders, but the clinical significance is
not clear-cut. Whereas high levels of GAD65-Abs are considered pathogenic in
neuropsychiatric disorders, low or moderate levels are only considered as mere
bystanders in, e.g., diabetes mellitus type 1 (DM1). The value of cell-based assays
(CBA) and immunohistochemistry (IHC) for GAD65-Abs detection has not been
clearly evaluated in this context.

Objective: To re-evaluate the assumption that high levels of GAD65-Abs are
related to neuropsychiatric disorders and lower levels only to DM1 and to compare
ELISA results with CBA and IHC to determine the additional value of these tests.

Methods: 111 sera previously assessed for GAD65-Abs by ELISA in routine clinical
practice were studied. Clinical indications for testing were, e.g., suspected
autoimmune encephalitis or epilepsy (neuropsychiatric cohort; n=71, 7 cases were
initially tested positive for GAD65-Abs by ELISA), and DM1 or latent autoimmune
diabetes in adults (DM1/LADA cohort (n=40, all were initially tested positive)). Sera
were re-tested for GAD65-Abs by ELISA, CBA, and IHC. Also, we examined the
possible presence of GAD67-Abs by CBA and of other neuronal autoantibodies by
IHC. Samples that showed IHC patterns different from GAD65 were further tested
by selected CBAs.

Results: ELISA retested GAD65-Abs levelin patients with neuropsychiatric diseases
was higher than in patients with DM1/LADA (only retested positive samples were
compared; 6 vs. 38; median 47,092U/mL vs. 581U/mL; p=0.02). GAD-Abs showed
positive both by CBA and IHC only if antibody levels were above 10,000U/mL,
without a difference in prevalence between the studied cohorts. We found
other neuronal antibodies in one patient with epilepsy (mGluR1-Abs, GAD-Abs
negative), and in a patient with encephalitis, and two patients with LADA.

Conclusion: GAD65-Abs levels are significantly higher in patients with
neuropsychiatric disease than in patients with DM1/LADA, however, positivity in
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CBA and IHC only correlates with high levels of GAD65-Abs, and not with the

underlying diseases.

GADG6S5 autoantibodies, autoimmune encephalitis, epilepsy, diabetes type 1, neuronal
autoantibodies, ELISA, immunohistochemistry, cell-based assay

Introduction

Glutamate decarboxylase 65 (GAD65) is an intracellular enzyme
responsible for the synthesis of the inhibitory neurotransmitter
y-aminobutyric acid (GABA), which is present in neurons and also
in the beta-cells in the pancreas (I, 2). As such, autoantibodies
against GAD65 (GADG65-Abs) have been associated with not only
several neuropsychiatric conditions, including stiff-person syndrome
(SPS), epilepsy, limbic encephalitis, cerebellar ataxia, and
paraneoplastic neurological syndromes (3), but also with type-1
diabetes mellitus (DM1) and latent autoimmune diabetes in adults
(LADA), in which the presence of GAD65- Abs suggests autoimmune-
induced destruction of the insulin-producing beta-cells in
the pancreas.

GADG65-Abs levels are usually found to be much higher in the
mentioned neurological disorders than in DMI (1, 4, 5). Recently, a
study suggested that GAD65-Abs levels higher than 10,000 U/mL
could be used as a cut-off for immunotherapy in neurological
disorders (6). Such levels are derived from the comparison among
enzyme-linked immunosorbent assay (ELISA), cell-based assay
(CBA), and rat brain-based immunohistochemistry (IHC) with sera
from patients who initially tested positive for GAD65-Abs by ELISA,
while ELISA negatives were not included (7). Considering the fact that
CBA, or IHG, is able to identify autoantibodies that bind exclusively
to antigens that are expressed in their natural conformation in their
resident membranes, ELISA negative cases, in theory, have the chance
of being positive by CBA or THC.

It should be borne in mind, however, because of its intracellular
location, that GAD65 as a pathogenic autoimmune target might
be doubtful; GAD65-Abs could in fact be harmless bystander
immunoglobulins, while other, genuinely pathogenic, but unknown,
autoantibodies could be present in the same individual, causing an
autoimmune disease (8, 9). These yet unidentified autoantibodies can
be detected based on the sera staining on rat brain-based
immunohistochemistry (IHC) (9). Besides, it has been reported that
some cases had autoantibodies against GAD67, another isoform of
GAD, even in the absence of GAD65-Ab (10-12).

In this study, we compared the sera reactivity to GAD65-Abs by
CBA, THC, and ELISA in a previously described neuropsychiatric
cohort including ELISA positive and negative cases (13), with an
additional diabetes cohort as disease control. We aimed to re-evaluate
the background of the assumption that high GAD65-Abs levels are
related to neurological disorders and lower levels are related to
diabetes. To exclude other immunoreactivity and to evaluate the value
of these tests in this clinical situation, we also tested for autoantibodies
against conformational epitopes on GADG65, or solely against GAD67
by CBA, and neuronal autoantibodies that were not routinely tested
in the clinic after positive findings in THC.
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Methods
Cohort

We retrospectively included all patients from whom a GAD65-Abs
test was ordered at Maastricht University Medical Centre (MUMC+)
and Kempenhaeghe Epilepsy Centre between 2010 and 2014 (as
reported previously) (13). In the initial study, in total, the cohort
consisted of 117 patients with DM1/LADA and 119 patients with
(possible) neuropsychiatric disorders (mostly epilepsy and/or
encephalitis) who were tested for GAD antibodies during this period
(13). For the current retrospective study, samples of the patients were
selected in a process as shown in Figure 1. In brief, 40 GAD65-Abs
positive sera from DM1/LADA patients were retrieved when available.
Seventy six samples from patients with suspected autoimmune
encephalitis/epilepsy were retrieved including 10 positives for
GADG65-Abs, and 66 negatives for GAD65-Abs. We also took the
results of previous tests for other anti-neuronal antibodies (from
routine clinical practice) into account. We excluded three of these
patients with positive results in these tests because they had the typical
clinical presentation associated with the detected autoantibodies (one
with anti-Hu and GAD65-Abs, and 2 cases negative for GAD65 but
with anti-VGKC, and anti-NMDAR antibodies respectively). One
patient with anti-VGKC and GAD65-Abs was not excluded, because
the clinical syndrome was considered linked to the GAD65-Abs (and
not to the anti-VGKC). In 2 patients the GAD65-Abs were not deemed
to be related to the neuropsychiatric disease based on the initial and
the follow-up evaluations (reassessed by AMV and RPWR), which
were also excluded. This led to a final inclusion of 7 cases with
GADG65-Abs and 64 cases negative for GAD65-Abs in the
neuropsychiatric cohort (NP cohort) (Figure 1).

We retrieved the clinical symptoms at presentation, comorbidities,
and previous history from the electronic patient files [as previously
described in (13)]. The data are shown in Table 1. Ethical approval was
obtained from the medical ethical committees of the two participating
centers, MUMC+ and Kempenhaeghe (METC 15-4-002).

Autoantibody detection methods

ELISA

As mentioned in our previous study, during routine clinical
diagnosis, an ELISA for GAD65-Abs detection was performed at
different national reference laboratories (all accredited according to
national standards) using commercial ELISA Kkits following
manufacturers’ instructions (13). Due to possible inter-laboratory
differences, it is impossible to compare the levels of the used tests. To
be able to compare the levels of the GAD65-Abs, we retested all
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DM1/LADA cohort

117 cases with DM1/LADA

NP cohort

119 cases with NP diseases

1
[ ]

10 positive available

66 negative available

A 4

2 4 A

2 cases excluded:
Anti-VGKC+;
Anti-NMDAR+

3 cases excluded:
1 with Anti-Hu;
2 the profile does not fit

40 positive samples included

7 positive samples included

64 negative samples included

FIGURE 1

groups.

Procedure of the selection of blood samples and the basic subgroups for 3 different aims: (1) Comparison of the GAD-65 levels between positive
samples of DM1/LADA and NP by ELISA (re-evaluation); (2) Comparison of the GAD-65-Abs detection methods between ELISA, CBA and IHC using
both positive and negative cohorts. (3) Detection of GAD67-Abs by CBA and of other neuronal autoantibodies by CBA and IHC in all the mentioned

TABLE 1 Demographic and clinical characteristics of patients.

Main parameters DM1/LADA Neuropsychiatric cohort p-value
Previous GAD65-Abs ELISA result 40 positive 9 positive 64 negative

Age (mean/range) 38/4-68 33/15-64 40/1-83 NS
Sex

Female 18 (55%) 5 (55.6%) 32 (50%) NS
Male 22 (45%) 4 (44.4%) 32 (50%) NS
children (<18 years) 9 (22.5%) 1(11.1%) 8 (12.5%) NS
Indication for GAD65-Abs test request of the neuropsychiatric patients*

Refractory epilepsy 6 (66.7%) 28 (43.8%) NS
Other neuropsychiatric disorders (encephalitis, movement disorders, 3(33.3%) 36 (56.2%) NS
psychotic disorders)

Comorbid with DM1/LADA 6 (66.7%) 1(1.6%) 0.0001
Tumor 0 4 (6.3%) NS
Clinically diagnosed as GAD-Abs related neuropsychiatric disease 7(77.8%)

Treated with immunotherapy 4

Response to immunotherapy 4

GADG65-Ab, glutamate decarboxylase 65 autoantibodies; DM1/LADA, diabetes mellitus type 1 or latent autoimmune diabetes in adults; NS, no significant difference.

samples using the commercial ELISA kit (RSR Limited, Cardiff, UK)
in our laboratory following the same guidelines as above. Samples
with levels above 2000 U/mL were further diluted 1 in 100 with
phosphate-buffered saline (PBS) for a second test, and if still out of
range further diluted 1 in 100 in PBS (1/10,000). Levels were expressed
in units/mL (U/mL), levels below 5 U/mL were considered negative.

Cell-based assay for GAD65/67-Abs

Antigen-specific screening for autoantibodies against GAD65 and
GADG67 was performed, respectively, using CBA as described in our
previous study (14, 15). Basically, HEK293 cells were plated on
coverslips coated with poly-D-lysine (#P7280, Sigma, St. Louis,
United States) in 60 mm-culture plates (#628160, Greiner Bio-One,
Alphen aan den Rijn, NL) in Dulbecco’s Modified Eagle Medium with

Frontiers in Neurology

10% fetal calf serum, 4 mM L-glutamine and 100 U/mL penicillin-
streptomycin and incubated overnight to attach. Cells were transfected
with polyethyleneimine (#23966, Polysciences Inc. Warrington, PA,
United States) and 4 pg expression vectors encoding the according
antigen (plasmids pCMV6-XL5 containing human GADG65 or
GAD67, a kind gift of Dr. Francesc Graus) and expression allowed for
22-26h. Cells were fixed in 3.5% formaldehyde (#87837.180, VWR,
Amsterdam, NL) for 10 min and permeabilized with 0.3% Triton-X-
100 for 10 min. After blocking with 1% bovine serum albumin (BSA)
for 1h, cells were incubated with 40 pL human sera (diluted 1:40 in 1%
BSA) for 1h at room temperature. After that, secondary antibodies
goat-anti-human-IgG-Alexa488 (1:1,000, # A11013, Invitrogen,
Waltham, United States) were used for probing the autoantibody
staining. Lastly, cover glasses were mounted with7 pL DAPI mounting
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FIGURE 2
related neuropsychiatric disease and patients with DM1/LADA was significant (p=0.02, Mann—Whitney U test).

medium (#H-1200, vector laboratories, CA, United States) and the
results were evaluated with a BX51 Olympus microscope by two
observers of which one was blinded of the sample’s information. A
serum sample with antibodies both positive to GAD65 and GAD67
from a refractory epilepsy patient was used as positive control. The
positivity had been initially tested by CBA using transfected cells and
co-stained with antibodies from immunized rabbits specifically
targeting GAD65 or GAD67, respectively. The two antibodies were
rabbit anti-human GAD65 (1:1,000, 7309LB) and GAD67 (1:1,000,
10266/20B), a kind gift from Christiane Hampe (University of
Washington). Additionally, a serum sample from a healthy individual
was used as negative control (Supplementary Figure S1). Results were
graded as strong positive, positive, weak positive and negative. All
samples were tested once and positive samples were repeated at least
once more for verification.

Immunohistochemistry (IHC) on rat brain

Neuronal autoantibodies were identified by IHC on rat brain
tissue following standard procedures as described in our previous
studies (14, 15). Different from those reported by other groups that
focus mainly on cerebellum staining pattern (16), for the
GADG65-Abs detection by IHC, the hippocampus staining pattern
was focused since the cerebellum molecular layer staining is not
specific for GAD65, and not all the hillock area of the Purkinje cells
would be revealed clearly in each section. In our hands, the
hippocampus staining pattern gave specific results compared to the
negative control as shown in our previous study (15). In brief, rat
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brains were fixed for 1 h in 4% paraformaldehyde and cryoprotected
by incubating in 30% sucrose solution. Frozen brains were cut into
7-pm thick tissue sections using a Leica CM3050S cryostat and
stored at —80°C. Sections were subsequently blocked with 0.3%
H,O, for 15min followed by washing with PBS 3 times and
blocking with 5% goat serum for 1h at room temperature. Next,
sections were incubated with 200 pL diluted human serum (1:200 in
5% goat serum) overnight at 4°C, followed by incubation with
200 puL biotinylated goat anti-human IgG (1:1,000, 109-066-008,
Jackson laboratory) for 2h at room temperature, followed by
incubation with the same amount of ABC mixture (1:800 in TBS,
# PK 6100 vector laboratories, CA, United States), for 1 h at room
temperature and the reactivity developed using diaminobenzidine.
A negative control from a healthy individual and a positive control
serum for GAD65-Ab (serum from an autoimmune GAD65-Ab
encephalitis patient, which was tested GAD65 and GAD67-Ab
positive by CBA and gave a typical pattern on rat brain as compared
to previous studies (15, 17)) and also our rabbit- anti-GAD65
antibody, see Figure 2. Images were taken by the VENTANA iScan
HT slide scanner (20x objectives) and graded by 2 experienced
observers separately (S. Zong, C. Hoffmann, or M. Damas) using
the Ventana Image Viewer. Hippocampal reactivity of sera was
ranked as negative (0), borderline (1), weak positive (2), strong
positive (3), based on the intensity and contrast of the staining.
Staining was repeated and only if repeatedly found positive with
the same pattern by 2 observers, a final decision of positivity
was made.
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TABLE 2 Comparison of ELISA, CBA, and IHC results.

ELISA initially positive cases

10.3389/fneur.2023.1111063

ELISA initially negative cases

DM1/LADA (n=40) NP (N=7) NP (n=64)
ELISA retested GAD65-Abs+* 38 (95%) 6 (85.7%) 1 (1.6%)
CBA GADG65-Abs+ 8 (20%) 3 (42.9%) 0
THC GADG65-Abs+ 5 (12.5%) 3 (42.9) 0
THC positive for other Abs 2 (5%) 2(3.1%)

CBA GAD65-Abs+

CBA GAD65-Abs—**

DM1/LADA (1 =8) NP (N =3) DMI/LADA (1 =32) NP (N =4)
CBA GAD67-Abs+#%% 6 (75%) 3(100%) 0 0
THC GADG65-Abs+ 5 (62.5%) 3(100%) 0 0

*#*GADG65-Abs+: Positive for GAD65 autoantibodies;
#*GADG65-Abs—: Negative for GAD65 autoantibodies
#GADG67-Abs+: Positive for GAD67 autoantibodies.

Results

GAD-Abs levels are higher in patients with
neuropsychiatric disease than in patients
with diabetes

To evaluate if the GAD65-Abs levels are substantially different
between diabetes and GAD-related neurological disease,
we compared results from the newly performed ELISA tests.
We found that 38 out of 40 samples (95%) from the DM1/LADA
cohort, and 6 out of 7 samples (85.7%) from the NP cohort were
confirmed positive, whereas 63 out of 64 samples (98.4%) were
confirmed negative in our hands (Figure 2; Table 2). In the
neuropsychiatric group with confirmed positive ELISA results, 6
patients had a clinical diagnosis of GADG65-Abs related
neuropsychiatric disease (epilepsy or encephalitis). The
GADG65-Abs level in patients diagnosed with GAD-related
neuropsychiatric disease (n=6) was higher than in patients with
DMI1/LADA (n=38), with statistical significance: median
47,092U/mL vs. 581 U/mL; p=0.02, Mann-Whitney U test
(Figure 2).

Only samples with high levels of GAD65-Abs
by ELISA are positive by CBA and IHC

To assess a possible added value of CBA and IHC for the detection
of GADG65-Abs, all samples were further tested by these 2 methods;
the results were compared to the ELISA results between the two
studied cohorts (Figures 2, 3; Table 2). 42.9% (3 out of 7) of the ELISA
positive samples from NP patients were positive for both CBA and
THC (GADG65 Abs levels between 91,238 U/mL and 503,001 U/mL),
whereas 20% (8 out of 40) of ELISA positive samples from DM1/
LADA patients had positive CBA(the lowest GAD65 Abs level was
396 U/mL), 5 of which were also positive by IHC (the lowest GAD65
Abs level was 3,219 U/mL), with no significant prevalence difference
between the 2 cohorts. Notably, all samples (1 =7) with antibody levels
above 10,000 U/mL were positive by CBA and IHC, regardless of
cohorts difference (Figure 2). All (n=64) ELISA negative samples
were negative in IHC and CBA (Table 2).
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Besides GAD65-Abs, other neuronal
autoantibodies are present in both patient
groups

To test for the presence of other neuronal autoantibodies, all
samples were tested for GAD67-Abs by CBA and other neuronal
autoantibodies by IHC. Nine samples tested positive for GAD67-Abs;
all were also positive for GAD65-Abs by CBA (six were from the
DM1/LADA cohort and three from the NP cohort, Table 2).

Samples from four cases gave staining patterns different from
typical GAD65-Abs by IHC (Table 2; Figures 3D-G). Two cases were
patients with LADA (GAD65-Ab levels were 779 U/mL and 1,136 U/
mL, respectively). One of these patients had an anxiety disorder, and
by IHC there was mainly staining in the molecular layer of the dentate
gyrus (DG) and the subiculum regions; the other patient did not have
any neuropsychiatric symptoms and showed diffuse staining over the
hippocampus (Figures 3D,E; Table 3 case 1 and case 2, respectively).

Also, in the GADG65-Abs with the
neuropsychiatric disease, we could identify cases with reactivity in

negative patients

IHC. In case 3, there was strong reactivity in the CA3 and DG area of
the hippocampus and the molecular layer of the cerebellum (different
from the 2 patterns found in the LADA cases mentioned above, seen
in Figure 3F; Table 3 case 3). This patient had epilepsy. The staining
pattern was similar to anti-mGluR1 as previously reported (18) and
we confirmed this by mGluR1 CBA. The details of this case can
be found in our recently published case report (19). In case 4, the
patient had encephalitis, and the sample showed a staining pattern
similar to case 1 (Table 3).

Discussion

We found that patients with neuropsychiatric disease tend to have
higher levels of GAD65-Abs in their serum than DM1/LADA patients,
though there is a substantial overlap. This suggests that the antibody
levels may be a discriminative factor between the two clinical groups.
However, neither the results of IHC nor CBA assays show a significant
difference between the two groups.

Previously, studies showed that GAD65-Abs levels in patients with
confirmed GAD65-Abs related neuropsychiatric diseases were higher
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than those in patients with DM1. Baekkeskov et al. in 1990 firstly
described that the level of the GAD65-Abs in stiff person syndrome
was 10-200 times higher than in DM1 patients on the basis of an
immunoprecipitation method, and later Honnorat et al. in 2001 found

FIGURE 3

IHC staining patterns on rat brain hippocampus given by sera of
patients with DM1/LADA and neuropsychiatric disease. Commercial
antibodies to GAD65 or GAD67, or human sera were incubated on
rat brain slices, followed by biotinylated secondary antibodies, ABC
kit, and DAB to develop the color reaction. (A) Commercial
antibodies specific to GAD65 showed intracellular granular staining
in the hippocampus and neuropil staining in the outer layer of the
DG region. (B) The commercial antibody directed against GAD67 did
not give strong staining in the hippocampus region. (C) Positive
serum with high GAD65-Abs levels by ELISA (>10,000U/mL) gave the
same pattern as the commercial GAD65-Abs. (D—G) Two samples
from DM1/LADA patients (Case 1 and Case 2) and 2 samples with
neuropsychiatric disease (Case 3 and Case 4) gave strong neuropil
staining in the hippocampus (G represents staining performed at
another time point; therefore, the background staining is different).
(H) Negative control serum from a healthy individual showed overall
background staining (scale bar=500um).

10.3389/fneur.2023.1111063

similar results in patients with cerebellar ataxia compared to patients
with DM1 using RIA and IHC (with the staining pattern of
GADG65-Abs on rat cerebellum) (1, 20). In both studies, however, the
confirmation of the GAD65-Abs was done with two methods in
patients with neuropsychiatric disease, but only with one for patients
with DM1.

GAD-65 analysis in neuropsychiatric cohorts, e.g., epilepsy or
autoimmune encephalitis were tested but the quantification of the
results contradicted each other (4, 5). Since there are no clear criteria
to diagnose and define GAD-related neuropsychiatric disorders, the
selection procedures in these studies were different, which may have
contributed to the conflicting results. Within the inclusion cohort in
the present study, our findings tend to support that the cut-off value
of autoantibody levels (GAD65-Abs levels) for clinical significance
in patients with neuropsychiatric disease cannot be as strict as
claimed in earlier studies (7). The limitation of applying this cut-off
is that patients from DM1/LADA with high GAD65-Abs titers, if
combining with neurological or psychiatric disorders, might
be suspicions, while this is not supported by the current study
because only 2 of the 5 DM1/LADA patients with high titers GAD65
antibodies (positive for all the assays) had psychiatric disorders.
Furthermore, considering the relatively high comorbidity of DM1 in
patients with epilepsy (21), the clinical relevance of GAD65-Abs for
the neuropsychiatric disease (mainly epilepsy in this case) in these
patients remains doubtful.

Measurements of GAD65-Abs in cerebrospinal fluid (CSF) and
serum, as well as analysis of intrathecal synthesis were proposed to
be important to identify GAD associated autoimmunity (16), Based
on the dynamic turnover rate of immunoglobulin G (IgG) between
serum and CSE around 1% of the serum levels of these antibodies
would enter the CSF (18, 22). In case of disruption of the blood-brain
barrier, the CSF antibody levels would be higher. According to this
theory, diabetes patients with high antibody levels would also show
positive results in CSE. On the other hand, intrathecal synthesized
antibodies would leak to serum as well and lead to a relatively low but
positive serum antibody levels. Thus, as long as measurements of
GADG65-Abs in serum is the starting point in the clinical practice, a
positive result should always lead to further investigation, while the
level should not be used as an absolute marker for diagnosis. This is
partially supported when comparing the clinical features and
treatment response between the triple positive patients and the ELISA
only patients, of which no obvious correlation with the titers
(Supplementary file, Supplementary Tables S1, S2).

TABLE 3 Four Clinical characteristics of four cases with other neuronal autoantibodies identified by IHC.

GAI;:DL(ISSSA-\Ab gig65/67-Ab Diagnosis Comorbidity = Treatment thEZFt)::;;etto
Case 1 M 50 779.1 Negative Weak positive to LADA Anxiety n/a n/a
unknown antigens
Case 2 M 65 1136.5 Negative Weak positive to LADA No n/a n/a
unknown antigens
Case 3 F 51 34 Negative Anti-mGluR1 Refractory epilepsy (anti- No Valproic acid Seizure reduction;
mGluR1 encephalitis)* (IVIG)* (further reduction)*
Case 4 M 83 0.3 Negative ‘Weak positive to Encephalitis No Fenytoin, Seizure reduction
unknown antigens Levetiracetam

GAD65/67-Abs, glutamate decarboxylase 65/67 autoantibodies; ELISA, enzyme-linked immunosorbent assay; CBA, cell-based assay; IHC, immunohistochemistry; Anti-Hu, anti-Hu
autoantibodies; Anti-mGluR1, autoantibodies against metabotropic glutamate receptor 1; LADA, Latent Autoimmune Diabetes in Adults; n/a, not applicable.
*Anti-mGluR1 encephalitis was the final diagnosis of case 3 after the THC results confirmed by CBA, thus the patient was treated further.
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Another point is the possibility that in the different related
disorders the GADG65-Abs are directed against different antigenic
regions of GADG65 (8, 23). However, until now literature has not
provided a practical method to identify antibodies targeting different
antigen binding sites for a clear-cut diagnosis of GAD65-related
diseases. Here, we limit our discussion to the comparison of the
current clinical methods: CBA, and in some laboratories also IHC, are
used frequently in the detection of neuronal autoantibodies. We found
positive results only by CBA and IHC when the concentrations of
GADG65-Abs are high, and there was no additional value in the use of
THC or CBA to distinguish the 2 clinical groups. Apparently, the latter
assays seem to be less sensitive for GAD65-Abs.

Whether other co-existing autoantibodies might be more relevant
contributors to the disease than GAD65 should be assessed case by
case. The clinical relevance of neuronal autoantibodies, like anti-
NMDAr, anti-LGI1, and anti-GABAbr, is mostly clear, whereas
neuronal autoantibodies with only weak reactivity to the brain (in
THC) might be common and only related to aging (14, 24). In our
study, 2 cases with unknown IHC patterns had LADA and one of these
also suffered from anxiety. In these cases, further studies analyzing a
possible correlation between the unknown neuronal autoantibodies
and the anxiety symptoms in LADA are needed, because also clinically,
diabetes and anxiety disorders have high co-occurrence (25, 26).

Our study has some limitations: Firstly, the matched CSF samples
were not available for testing. Secondly, the rate of false positive IHC
results for detecting novel neuronal autoantibodies is unknown. Thus, the
autoantibodies found positive only by IHC would always need further
confirmation with more specific methods. Furthermore, we were
dependent on the availability of sera in the archives of the participating
centers, which led to a relatively small sample size of patients with
neurological GAD65-Abs related diseases leading to a somewhat skewed
comparison between the groups. Even though the rarity of this disease
makes it difficult to have substantial number of patient samples, a larger
sample size would increase the statistical power.

In conclusion, we reconfirmed a marked difference between
GADG65-Abs levels between patients with neuropsychiatric disease
and patients with DM1/LADA, whereas positive results in CBA and
THC overlap in both groups. Consequently, the clinical significance of
the identification of GAD65-Abs in patients with neuropsychiatric
disease remains unclear, even in patients with high levels of antibodies.
We also recommend a strict correlation to the clinical symptoms and
the demonstration of absence of other neuronal antibodies by practical
methods such as CBA and/or IHC.
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