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Abstract

Introduction: Autoimmune encephalitis (AE) is caused by autoantibodies attacking
neuronal cell surface antigens and/or synaptic antigens. We previously demonstrated
that S100A6 was hypomethylated in patients with AE and that it promoted B lym-
phocyte infiltration through the simulated blood-brain barrier (BBB). In this study, we
focused on the epigenetic regulation of S100Aé6, the process by which S100A6 affects
B lymphocyte infiltration, and the therapeutic potential of S1I00A6 antibodies.
Methods: We enrolled and collected serum from 10 patients with AE and 10 healthy
control (HC) subjects. Promoter methylation and 5-azacytidine treatment assays were
conducted to observe the methylation process of S100Aé6. The effect of S1I00A6 on
B lymphocytes was analyzed using an adhesion assay and leukocyte transendothe-
lial migration (LTEM) assay. A LTEM assay was also used to compare the effects of
the serum of HCs, serum of AE patients, S100A6 recombinant protein, and S100A6
antibodies on B lymphocytes.

Result: The promoter methylation and 5-azacytidine treatment assays confirmed that
S100A6 was regulated by DNA methylation. The adhesion study demonstrated that the
addition of S100A6 enhanced adhesion between B lymphocytes and a BBB endothelial
cell line in a concentration-dependent manner. The LTEM assay showed that the serum
of AE patients, as well as S100A6, promoted B lymphocyte infiltration and that this
effect could be attenuated by S100A6 antibodies.

Conclusion: We clarified that SI00A6 was under epigenetic regulation in patients with
AE and that it helped B lymphocytes to adhere to and infiltrate the BBB endothelial
layer, which could be counteracted by S100A6 antibodies. Therefore, the methylation
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1 | INTRODUCTION

Autoimmune encephalitis (AE) is caused by autoantibodies that attack
the neuronal cell surface or synaptic antigens (Leypoldte et al., 2015).
The disease usually presents with prodrome symptoms such as fever,
headache, or upper respiratory infection that resemble a viral infec-
tion (Jang et al., 2020). Therefore, it is easily confused with infectious
encephalitis due to the similar initial presentation (Lin et al.,2019), and
it may be harmful if not treated promptly. Although the diagnosis of AE
is aided by expert opinion-based consensus criteria (Graus et al., 2016),
autoimmune tests, and/or the response to immunotherapy (Jang et al.,
2020; Zuliani, 2012), there are still limitations with these methods, and
the diagnosis can still be challenging (Abboud et al., 2017; Graus et al.,
2016). Consequently, there is an unmet need for biomarkers to predict
the presence of AE or monitor its activity.

How aberrant autoimmunity develops in AE is still unknown. It is
presumed, similar to other autoimmune diseases, that a complex inter-
action of genetic background, environmental exposure, and epigenetic
process all contribute to the development of AE (Kim et al., 2014). The
epigenetic process is defined as the influence of genetic activity with-
out changing the DNA sequence, including DNA methylation, histone
modification, nucleosome positioning, and microRNAs (Funes et al.,
2021). In multiple sclerosis, an archetypal autoimmune disease of the
central nervous system (CNS), the DNA methylation pattern has been
reported to differ among different blood cells (Kiselev et al., 2021).
To the best of our knowledge, only a few studies have investigated
the epigenetic process of AE. We previously explored the role of DNA
methylation in AE using a genome-wide methylation microarray and
identified that the coding region for S100A6 was hypomethylated in
AE patients, compared with healthy controls (HCs; Tsai et al., 2019). In
the present study, we further investigated the function of S100A6 on
endothelial cells and the therapeutic potential of targeting S100A6 in
patients with AE. Altered expressions of genes could serve as a poten-
tial marker to aid in the diagnosis of AE or develop new therapies for
AE. Since S100A6 promotes the infiltration of B lymphocytes through
the blood-brain barrier (BBB; Tsai et al., 2019), we hypothesized that
this effect could be counteracted by S100A6 antibodies.

2 | MATERIALS AND METHODS
2.1 | Study subject enrollment

We enrolled adult subjects with AE who were treated at Kaohsiung
Chang Gung Memorial Hospital, Taiwan. All subjects gave informed
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profile of S100A6 could be a marker of the activity of AE, and countering the effect of
S100A6 may be a potential treatment target for AE.

autoimmune encephalitis, B lymphocyte infiltration, DNA methylation, leukocyte-endothelial

consent for inclusion before they participated in the study. The study
was conducted in accordance with the Declaration of Helsinki, and the
protocol was approved by the Institutional Review Board of Kaohsi-
ung Chang Gung Memorial Hospital (IRB approval No. 202000505B0).
The patients were diagnosed with AE according to experts’ consensus
(Graus et al., 2016) as follows:

1. Asubacute onset of neurological deficit including working memory
deficits, change of mentality status, or psychiatric symptoms that
progressed for fewer than 3 months.

2. One of the following must be presented:

3. New focal neurological findings of the CNS.

4. New-onset seizures or seizures cannot be attributed to a previously
known seizure disorder.

5. The white blood cell count of cerebrospinal fluid is more than
5 cells/mms3.

6. Encephalitis is suggested by magnetic resonance imaging.

7. Reasonable exclusion of alternative causes.

In addition to AE subjects, volunteer adult subjects without a history
of neurological or systemic autoimmune disorders were also enrolled
to form the HC set.

All patients who fulfilled these criteria were tested for the presence
of antibodies against neuronal surface antigens, including anti-N-
methyl-D-aspartate(NMDA), alpha-amino-3-hydroxy-5-methyl-4isoxa
zolepropionic acid(AMPA), leuine-rich, glioma inactivated 1(LGl1),
contactin-associated protein-like 2(CASPR2), and gamma-aminobut
yric acid(GABA)-B receptors, using a commercial kit (Autoimmune
Encephalitis Mosaic 6 Assay, EUROIMMUN). We enrolled patients who
fulfilled the diagnostic criteria for AE and tested positive for antibodies
against neuronal surface antigens. Patients with negative assay results
but who fulfilled the diagnostic criteria for AE were enrolled only if they

responded to immunotherapy.

2.2 | Serum enrichment, ELISA, and cell culture

Total blood was collected from the enrolled AE patients and HC
subjects, and the serum was enriched and stored at —80°C before
assay. We conducted enzyme-linked immunosorbent assay (ELISA)
to measure the protein level of S100A6 in subject serum samples
by referring to the protocol of the S100A6 ELISA kit (ARG82251,
Arigo biolaboratories). We also cultured one B cell line (Toledo, CRL-
2631, ATCC) one neutrophil-like cell line (HL-60, 60027, BCRC), one
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BBB endothelial cell line (human cardiac microvascular endothelial
cells(hCMEC)/D3, Millipore Cat. #SCC066), and one human embry-
onic kidney cell line (293T). These cells were cultured according to the
manufacturer’s instructions. Briefly, Toledo cells were cultured in the
following medium: 90% Roswell Park Memorial Institute(RPMI) 1640
medium with 2 mM L-glutamine adjusted to contain 1.5 g/L sodium
bicarbonate, 4.5 g/L glucose, 10 mM N-2-hydroxethylpiperazine-N-
2-ethane sulfonic acid(HEPES), and 1.0 mM sodium pyruvate + 10%
fetal bovine serum. hCMECs were cultured with vascular endothelial
growth factor(VEGF)-free EndoGRO-MV culture medium. HL-60 was
differentiated into the neutrophil-like cell by the induction of 1.3%
dimethyl sulfoxide(DMSQ)(Sigma-Aldrich).

2.3 | Promoter methylation assay

We conducted a promoter methylation assay as previously described
(Yang et al., 2016). In brief, the putative promoter region of the
S100A6 gene was polymerase chain reaction (PCR)-amplified, fol-
lowed by digestion with the restriction enzyme Hindlll and cloning
into the pGL4.21 luciferase expression vector (Promega). The vector
was then subjected to in vitro methylation using M. Sssl, M. Hhal,
and M. Hpall methyltransferase enzymes (Invitrogen), which recog-
nize the sequence patterns CG, CGCG, and CCGG, respectively. These
three enzymes catalyze in vitro cytosine methylation at the recog-
nized sequence pattern. Finally, a luciferase assay was conducted with
the 293T cells using a Dual-Glo luciferase reporter assay system kit
(Promega) 24 h after transfection.

2.4 | 5-azacytidine treatment and gPCR assay

After differentiating into neutrophil morphology, HL-60 cells were
treated with 5-azacytidine (Sigma-Aldrich) with the dosages of 5,
10 uM/L for 96 h by referring to a previous study (Wang et al., 2010).
Then, the treated and untreated HL-60 cells were subjected to RNA
extraction and qPCR assay by referring to our previous study (Tsai et al.,
2019). The forward and reverse primers for S100A6 were TTCCA-
CAAGTACTCCGGCA and ACCTCCTGGTCCTTGTT, respectively. The
forward and reverse primers for S18 (internal control) were individu-
ally GTAACCCGTTGAACCCCATT and CCATCCAATCGGTAGTAGCG.

2.5 | Endothelial cell adhesion assay

We conducted an endothelial cell adhesion assay as previously
described (Zhang et al., 2021). In brief, we first treated Toledo cells
with different concentrations of S100A6 recombinant protein for 24 h,
including O pg/ml, 11pg/ml (20% of the mean concentration in eight
AE patients), or 22pg/ml (40% of the mean concentration in eight
AE patients). The Toledo cells were also treated with 20% pooled
serum of either HC control or AE patients. Then, the treated Toledo
cells were subjected to staining with 2'7’-Bis(2-carboxyethyl)-5(6)-

carboxyfluorescein(BCECF) dye (0.5 mM, carrying green fluorescence)

for 30 min. In addition, 3*10°> hCMEC cells were seeded in a 12-well
plate for 24 h. After staining, 1*10° Toledo cells were cultured with
hCMECs by placing the Toledo cells on a plate in which the hCMECs had
been seeded 24 h in advance. After co-culture for 1 h, the plates were
washed with Hank’s Balanced Salt Solution(HBSS) buffer to remove
unadhered Toledo cells. Finally, the plates were examined with a fluo-
rescence reader (FLx800, BioTek) to record fluorescence intensities. In
addition to fluorescence intensity, we also used a camera to record the

number of cells emitting green fluorescence.

2.6 | In vitro leukocyte transendothelial migration
(LTEM) assay

We examined the transendothelial infiltration ability of Toledo cells
using an LTEM assay as previously described (Huang et al., 2018). To
mimic the BBB endothelial layer, 2*10° hCMECs were first seeded
into gelatin-coated hanging inserts (Merck). After 24 h of culture, the
inserts were then placed into 24-well culture plates. Two separate
experiments were conducted. First, the Toledo cells were treated with
either 20% HC serum or 20% AE serum to observe the impact of differ-
ent serums on the Toledo cells. The second experiment was to observe
if treatment targeting the S100A6 protein could alter the effect of dis-
ease on the Toledo cells. The Toledo cells were first treated with 20%
AE serum followed by either IgG control (UB276978, Thermo), S100A6
antibodies (MA5-32511, Invitrogen), or human immunoglobulin (IVIG;
3740501374, TBSF, Taiwan). The dosages of Immunoglobin-G(IgG)
control, S100A6 antibody, and IVIG were all 11 pg/ml, which is almost
equal to 20% of the mean concentration of S100A6 serum protein
(54.99*0.2 = 11.00) in the 10 AE patients. Human immunoglobulin
(IVIG) is an effective first-line immunotherapy for patients with AE
(Trewin et al., 2022). Then, 1*10° Toledo cells were placed in the inserts
for 2 h to penetrate the BBB endothelial layer. The Toledo cells that
had migrated onto the culture plate were collected, stained with CD19-
FITC (BD Biosciences), and quantified using LSRII flow cytometry (BD
Biosciences).

3 | RESULTS

3.1 | Subjects information

A total of 10 (six male and four female) AE patients and 10 (six male
and four female) HC subjects were enrolled, and their clinical charac-
teristics are shown in Table 1. There was no significant difference in
average age between the HC subjects and AE patients (44.5 + 12.3 vs
48.0 + 27.4 years; t-test p-value of .97). There was also no significant

difference in sex between the two groups (chi-square p-value of .46).

3.2 | S100A6 was regulated by DNA methylation

In our previous study, we observed that hypomethylation at the pro-

moter regions of S100A resulted in higher gene expression levels in



. Brain and Behavior
“? L WILEY [Open ccess3

Open Access

LIN ET AL.

TABLE 1 The demographic characteristics and clinical symptoms of the enrolled subjects

Healthy controls (n = 10)
Age (years) 445+ 25.3
Sex 50% (male)

Clinical symptoms

Autoimmune encephalitis patients (n = 10) p-value*
480+ 274 97
60% (male) 46

Short-term memory loss (40%)
Altered mental status (80%)
Psychiatric symptoms (20%)
Seizures (80%)

Involuntary movement (60%)
MRI features suggestive of
encephalitis (40%)

CSF pleocytosis (20%)

New focal CNS findings (60%)

Abbreviations: CNS, central nervous system; CSF, cerebrospinal fluid; MRI, magnetic resonance imaging.

*The t-test was used for age, and the chi-square test was used for sex.

the white blood cells of AE patients (Tsai et al., 2019). To further
investigate whether S100Aé6 is indeed regulated by the methylation of
these promoters, we conducted a promoter methylation assay com-
bining promoter cloning and in vitro DNA methylation. As shown in
Figure 1, we cloned the promoter region of SI00Aé6 and ligated it with
the luciferase gene. As they recognize different target sites, M. Sssl
M. Hhal, and M. Hpall caused different extents of DNA methylation in
the promoter regions. Following in vitro methylation, the efficiency of
each CpG methylation was confirmed by restriction enzyme digestion
(Supplementary Figure S1). Figure 1 demonstrates that higher DNA
methylation resulted in lower luciferase expression, reflecting a neg-
ative correlation between DNA methylation and gene expression. In
addition, the activities of M. Hhal-methylated and M. Hapll-methylated
promoters were almost the same as the M. Sssl-methylated pro-
moter. This implied that partial CpG methylation could silence S100A6
expression and that M. Hhal-methylated or M. Hapll CpG at the
S100A6 promoter may play a vital role in modulating ST00A6 promoter
activity.

In addition to the methylation promoter assay, we also conducted
5-azacytidine treatment and gPCR assays. As shown in Figure 2a, com-
pared with the control set (non-treatment), 5-azacytidine treatment
significantly induced higher S100A6 mRNA expression levels in HL-
60 cells in a dosage-dependent manner. Taken together, the in vivo
findings of our previous study (Tsai et al., 2019) and the in vitro find-
ings in the present studies (Figures 1 and 2a) confirmed that the gene
expression of S100A6 was indeed regulated by DNA methylation.

We also conducted ELISA to measure the protein level of S1I00A6
in subject serum samples. As shown in Figure 2b, AE serum had a
significantly higher S100A6 level than HC serum.

3.3 | S100A6 enhanced adhesion between B
lymphocytes and BBB endothelial cells

Leukocyte infiltration is initiated by leukocyte rolling in the vessel
lumen, followed by adhesion to vascular endothelial cells and fur-

ther penetration of the endothelial barrier. In our previous study, we
concluded that S100A6 promoted B lymphocyte penetration through
the BBB (Tsai et al., 2019). Therefore, we hypothesized that S100A6
may enhance the initial adhesion between B lymphocytes and BBB
endothelial cells. To test this hypothesis, we labeled Toledo cells (B
lymphocyte line) with green fluorescence to recognize the Toledo
cells adhering to hCMEC cells (BBB endothelial cell line). Figure 3a
illustrates the positions of Toledo cells (the middle column, green fluo-
rescence) and hCMECs (the left column, bright field) within the plates.
As more S100A6 recombinant protein was applied, more Toledo cells
adhered to the hCMEC layer after washing with buffer. For qualita-
tive analysis, the number of Toledo cells in the plates was counted.
Figure 3b demonstrates that significantly more Toledo cells adhered to
the hCMEC layer as the applied concentration of S100A6 increased.
In addition to cell count, quantification of the intensities of green
fluorescence emitted from each plate also suggested that S100A6
enhanced adhesion between B lymphocytes and BBB endothelial cells
(Figure 3c). Since AE patients had a significantly higher SI00A6 serum
level than HC subjects, we wonder whether serum treatment leads to
similar results. Therefore, we also had Toledo cells treated with 20%
serum from HC subjects or AE patients. Consistent with the results in
Figure 3b,c, AE serum treatment also enhanced adhesion between B

lymphocytes and BBB endothelial cells (Figure 3d,e).

3.4 | The promoted B lymphocyte infiltration could
be attenuated with the treatment of S100A6-specific
antibodies

We previously demonstrated that S100A6 promoted B lymphocyte
infiltration through the BBB endothelial layer using LTEM assays (Tsai
et al,, 2019). Based on this finding, we further investigated whether
S100A6 could be a target to reduce B lymphocyte infiltration. We
treated Toledo cells with pooled patient serum (pooling the serum sam-
ples from the 10 enrolled subjects) to mimic the disease, followed by
LTEM assays. As shown in Figure 4a, compared with serum from the
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FIGURE 1 Theresults of promoter methylation. The putative promoter fragment (chromosome 1:153535942-153536943) of the upstream
region of S100A6 was inserted into the pGL4.21 vector (which lacks a promoter). The PGL4.21-S100A6 promoter construct was methylated by
M.Sssl, M. Hhal, or M. Hpall. After in vitro methylation, the efficiency of each methylating plasmid was confirmed through restriction enzyme
digestion (Supplementary Figure S1). The construct was further expressed in 293T cells to measure the activity of luciferase. The vertical lines
denote the locations of CG, CGCG, and CCGG motifs, which were the targets of M. Sssl, M. Hhal, and M. Hpall methyltransferase enzymes,
respectively. After treatment with the methyltransferase enzyme, the promoter regions resulted in an increase in luciferase activity. Data were

presented as mean + SD. * ** *** and **** denote p-values of <.05,.01,.001, and .0001, respectively. This applies to all figures.
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FIGURE 2 The results of 5-azacytidine treatment and ELISA. (a) We had HL-60 cells treated with 5-azacytidine for 96 h, followed by a gPCR
assay to examine S100A6. mRNA level was quantified with 2=22Ct by using 18S as an internal control. 5-azacytidine treatment significantly
enhanced the expression of S100A6 gene in a dosage-dependent manner (N = 9, three replications * three rounds of assay). (b) Autoimmune
encephalitis (AE) serum contained a significantly higher concentration of S100A6 protein than healthy control (HC) serum did (N = 8).
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FIGURE 3 The results of the adhesion assay. Toledo cells were treated with different concentrations of S100A6 recombinant proteins, 0%,
20%, or 40% of the average concentrations in the AE patients. Toledo cells carrying green fluorescence were seeded on plates that had been
coated with hCMECs in advance. After 2 h of co-culture, the plates were washed with buffer to remove the Toledo cells that had not adhered to the
hCMEC layer. More Toledo cells adhering to the hCMEC layer denoted higher adhesion ability. (a) The bright field and fluorescence columns
illustrate the positions of hCMECs and Toledo cells, respectively. (b, c) An increase in S100A6 concentration caused a significant increase in
adhesion ability (N = 3). (d, e) AE serum also caused a significant increase in adhesion ability than the control serum (N = 3).

HC subjects, AE serum significantly enhanced the LTEM activity of
Toledo cells and promoted their infiltration. AE serum-treated Toledo
cells were then treated with IgG control, S100A6 antibodies, or IVIG(a
clinical treatment for AE). The LTEM assays showed that S100A6
antibodies and IVIG significantly reduced the LTEM infiltration activity

of Toledo cells compared to IgG control (Figure 4b).

4 | DISCUSSION

Combining the results of the current and our previous study (Tsai et al.,
2019), we demonstrated that the difference in hypomethylation at the
promotor regions of SI00A6 between HCs and AE patients resulted in
the increased expression of S100A6. In addition, ST00A6 enhanced the
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FIGURE 4 Theresults of leukocyte transendothelial migration (LTEM) assay of S100A6 antibody attenuation. We first treated pooled serum
(20% serum) of the AE patients to mimic the disease, followed by S100A6 attenuation. (a) Compared with the serum from HC subjects (20% HC
serum treatment), 20% AE serum treatment significantly enhanced the LTEM activity of Toledo cells (N = 3). (b) Compared with IgG control (AE
serum + 1gG), S100A6 antibodies (AE serum + antibody) attenuated the LTEM activity promoted by AE serum, resulting in an effect similar to

human immunoglobulin (AE serum+IVIG; N = 3).

adhesion of B lymphocytes on BBB endothelial cells, which promoted
the subsequent infiltration of B lymphocytes through the BBB. More-
over, we found that B lymphocyte infiltration through the BBB could
be attenuated by S100A6 antibodies.

S100A6 is a member of the S100 protein family (Donato et al.,
2017), which in turn belongs to the CaZ*-binding protein family that
acts as intracellular regulators and extracellular signaling proteins
(Donato et al., 2013). S100A6 has been suggested to be involved in
cell-cycle progression (Matsuzawa & Reed, 2001), cellular response to
stress(Spiechowicz et al., 2007), cytoskeleton dynamics (Golitsinaet al.,
1996), and binding to the transmembrane receptor for advanced gly-
cation end products (RAGE; Leclerc et al., 2007). However, it remains
unclear how S100Aé6 participates in promoting B lymphocyte infiltra-
tion in AE. There is evidence showing that S100A6 can change cellular
motility, and knocking out S100A6 from NIH-3T3 fibroblastic cells
was shown to cause reorganization of the actin cytoskeleton thereby
impairing cell adhesion and migration (Slomnicki & Lesniak, 2010). In
previous studies of cancer cells, the effect of SI00A6 on motility either
facilitated or inhibited cellular migration (Luu et al., 2005; Nedjadi et al.,
2009). In the present study, we found that the adhesion of B lympho-
cytes on the BBB endothelial layer and infiltration of B lymphocytes
through the LTEM were all enhanced by applying S100A6. This sug-
gests that SI00A6 changes the motility of B lymphocytes, and further
studies are warranted to investigate the underlying mechanism of this
phenomenon.

Hypomethylation of the promotor region of S100A6 has also been
found in rheumatic arthritis (Svendsen et al., 2016). An altered gene
expression pattern can serve as a potential marker of the activity
of an autoimmune disease. This has been demonstrated by using
interferon-regulated chemokine genes to predict flare-ups in patients
with systemic lupus erythematosus. It was first shown by the upreg-
ulated expression of interferon in these patients (Baechler et al.,

2003) and subsequently in another study that confirmed that some

interferon(IFN)-regulated chemokines could predict disease activity
(Bauer et al., 2009). Few studies have investigated epigenetic control
in AE, however, a similar epigenetic mechanism may also be present
in AE. In our previous study, hypomethylation of three individual CpG
sites within the S100A6 promoter region was significantly negatively
correlated with S100A6 expression in AE patients (Tsai et al., 2019).
In the present study, we further confirmed that promoter methylation
inhibited the expression of SI00Aé6 in an in vitro methylation exper-
iment. This finding suggests that promoter methylation can silence
S100A6 expression. Our results partially explain the epigenetic regu-
lation related to AE. Further studies may lead to a clearer picture of
the epigenetic process of AE and a better understanding of the disease
mechanism, which may then be used to develop a prediction model for
the activity of AE.

S100A6 interacts with a wide range of protein ligands, some of
which are related to immunological response (Filipek & Lesniak, 2018),
including RAGE (Filipek & Lesniak, 2018; Xie et al., 2013). S100A6 has
been shown to be increased in the serum of patients with systemic
sclerosis, and this has been correlated with disease activity (Balanescu
et al.,, 2021). Integrin, a transmembrane receptor that facilitates cell-
cell and cell-extracellular matrix adhesion, has also been shown to
interact with S100A6 (Jurewicz et al., 2014). The expression of inte-
grin in circulating human B cells has been shown to assist their entry
into the simulated BBB barrier (Alter et al., 2003). In this study, we
showed that by blocking the effect of SI00A6 with its antibody, the
infiltration of B lymphocytes through the LTEM was attenuated. It is
unclear whether S100A6 acts through the RAGE or integrin pathway
tofacilitate the penetration effect of B lymphocytes through LTEM, and
further studies are warranted to clarify this issue. Our observations
suggest that SI00A6 may be a new therapeutic target or marker for
AE.

The major limitation of this study is that LTEM simulated only the
endothelial layer of the BBB. The integrity of the BBB is maintained
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by a multicellular structure including pericytes, vascular smooth mus-
cle cells, various glial cells, and the basement membrane (Sweeney
et al.,, 2019). Importantly, the basement membrane limits the trans-
migration of leukocytes (Sixt et al., 2001); therefore, penetrating the
endothelial layer does not guarantee the initiation of the inflamma-
tory process. Moreover, neural tissue by itself also provides an anti-
inflammatory environment that hinders the survival of immune cells
(Irani et al., 1996; Strle et al., 2001). The complex interactions between
the BBB and its surrounding tissues are difficult to imitate; however, we
demonstrated the regulatory role of S100A6 in the invasion of the BBB
endothelial layer, which has been postulated to be a potential route for
entering aberrant immune cells (Platt et al., 2017). The participation
of other inflammatory mediators is also likely to be involved in dam-
aging the BBB, and further studies are warranted to investigate this

issue.

AUTHOR CONTRIBUTIONS

All authors have read and approved the final manuscript. Conceptual-
ization: Chih-Hsiang Lin, Meng-Han Tsai, and Sung-Chou Li, Methodol-
ogy: Kuo-Wang Tsai, Sung-Chou Li, Ming-Hong Lin, Yuyu Lin, Pei-Hsien
Lin, and Meng-Han Tsai. Formal analysis: Sung-Chou Li, Ming-Hong Lin,
Yuyu Lin, and Pei-Hsien Lin. Investigation: Chih-Hsiang Lin, Chen-Jui
Ho, and Yan-Tin Lu. Writing-original draft preparation: Chih-Hsiang
Lin and Sung-Chou Li. Writing-review and editing: Chih-Hsiang Lin and

Meng-Han Tsai. Supervision: Meng-Han Tsai.

ACKNOWLEDGMENT

We thank the Genomics & Proteomics Core Laboratory, Department
of Medical Research, Kaohsiung Chang Gung Memorial Hospital for
technical support.

CONFLICTS OF INTEREST
The authors declare that there is no conflict of interest.

DATA AVAILABILITY STATEMENT
The datasets generated and analyzed during the current study can-
not be made openly due to ethical concerns but are available from the

corresponding author upon reasonable request.

ORCID

Chih-Hsiang Lin 2 https://orcid.org/0000-0003-1193-4485

https://orcid.org/0000-0002-4075-6983
https://orcid.org/0000-0002-4570-5712

Yan-Ting Lu
Meng-Han Tsai

PEER REVIEW
The peer review history for this article is available at https://publons.
com/publon/10.1002/brb3.2897.

REFERENCES

Abboud, H., Rossman, I., Mealy, M. A, Hill, E., Thompson, N., Banerjee, A.,
Probasco, J., & Levy, M. (2017). Neuronal autoantibodies: Differentiating
clinically relevant and clinically irrelevant results. Journal of Neurology,
264(11),2284-2292.

LIN ET AL.

Alter, A., Duddy, M., Hebert, S., Biernacki, K., Prat, A., Antel, J. P, Yong, V.
W., Nuttall, R. K., Pennington, C. J., Edwards, D. R., & Bar-Or, A. (2003).
Determinants of human B cell migration across brain endothelial cells.
Journal of Immunology, 170(9), 4497-4505.

Baechler, E. C., Batliwalla, F. M., Karypis, G., Gaffney, P. M., Ortmann, W. A,,
Espe, K. J., Shark, K. B., Grande, W. J.,, Hughes, K. M., Kapur, V., Gregersen,
P. K., & Behrens, T. W. (2003). Interferon-inducible gene expression sig-
nature in peripheral blood cells of patients with severe lupus. PNAS,
100(5),2610-2615.

Balanescu, P, Balanescu, E., Baicus, C., & Balanescu, A. (2021). S100A6,
calumenin and cytohesin 2 as biomarkers for cutaneous involvement in
systemic sclerosis patients: A case control study. Journal of Personalized
Medicine, 11(5), 368.

Bauer, J. W,, Petri, M., Batliwalla, F. M., Koeuth, T., Wilson, J., Slattery, C.,
Panoskaltsis-Mortari, A., Gregersen, P. K., Behrens, T. W., & Baechler, E.
C. (2009). Interferon-regulated chemokines as biomarkers of systemic
lupus erythematosus disease activity: A validation study. Arthritis and
Rheumatism, 60(10), 3098-3107.

Donato, R.,Cannon, B.R,, Sorci, G., Riuzzi, F.,Hsu, K., Weber, D. J., & Geczy, C.
L. (2013). Functions of S100 proteins. Current Molecular Medicine, 13(1),
24-57.

Donato, R., Sorci, G., & Giambanco, I. (2017). S100A6 protein: Functional
roles. Cellular and Molecular Life Sciences, 74(15), 2749-2760.

Filipek, A., & Lesniak, W. (2018). Current view on cellular function of
S100A6 and its ligands, CacyBP/SIP and Sgt1. Postepy Biochemii, 64(3),
242-252.

Funes, S. C., Fernandez-Fierro, A., Rebolledo-Zelada, D., Mackern-Oberti, J.
P, & Kalergis, A. M. (2021). Contribution of dysregulated DNA methyla-
tion to autoimmunity. International Journal of Molecular Sciences, 22(21),
11892.

Golitsina, N. L., Kordowska, J., Wang, C. L., & Lehrer, S. S. (1996). Ca2+-
dependent binding of calcyclin to muscle tropomyosin. Biochemical and
Biophysical Research Communications, 220(2), 360-365.

Graus, F,, Titulaer, M. J,, Balu, R., Benseler, S., Bien, C. G., Cellucci, T., Cortese,
I, Dale, R. C., Gelfand, J. M., Geschwind, M., Glaser, C. A, Honnorat, J.,
Hoftberger, R., lizuka, T, Irani, S. R., Lancaster, E., Leypoldt, F., Pruss, H.,
Rae-Grant, A, ... Dalmau, J. (2016). A clinical approach to diagnosis of
autoimmune encephalitis. Lancet Neurology, 15(4), 391-404.

Huang, L. H.,, Kuo, H. C,, Pan, C. T, Lin, Y. S, Huang, Y. H., & Li, S. C.
(2018). Multiomics analyses identified epigenetic modulation of the
S100A gene family in Kawasaki disease and their significant involvement
in neutrophil transendothelial migration. Clinical Epigenetics, 10(1), 135.

Irani, D. N., Lin, K. I, & Griffin, D. E. (1996). Brain-derived gangliosides regu-
late the cytokine production and proliferation of activated T cells. Journal
of Immunology, 157(10), 4333-4340.

Jang, Y., Kim, D. W,, Yang, K. |, Byun, J. |, Seo, J. G,, No, Y. J,, Kang, K. W.,
Kim, D., Kim, K. T.,, Cho, Y. W,, Lee, S. T,, & S. Drug Committee of Korean
Epilepsy. (2020). Clinical approach to autoimmune epilepsy. Journal of
Clinical Neurology, 16(4),519-529.

Jurewicz, E., Goral, A, & Filipek, A. (2014). S100A6 is secreted from Whar-
ton’s jelly mesenchymal stem cells and interacts with integrin betal.
International Journal of Biochemistry & Cell Biology, 55, 298-303.

Kim, H. Y., Kim, H. R, & Lee, S. H. (2014). Advances in systems biology
approaches for autoimmune diseases. Immune Network, 14(2), 73-80.
Kiselev, I. S., Kulakova, O. G., Boyko, A. N., & Favorova, O. O. (2021). DNA
methylation as an epigenetic mechanism in the development of multiple

sclerosis. Acta Naturae, 13(2), 45-57.

Leclerc, E., Fritz, G., Weibel, M., Heizmann, C. W., & Galichet, A. (2007).
S100B and S100A6 differentially modulate cell survival by interact-
ing with distinct RAGE (receptor for advanced glycation end prod-
ucts) immunoglobulin domains. Journal of Biological Chemistry, 282(43),
31317-31331.

Leypoldt, F., Armangue, T, & Dalmau, J. (2015). Autoimmune
encephalopathies. Annals of the New York Academy of Sciences, 1338,
94-114.


https://orcid.org/0000-0003-1193-4485
https://orcid.org/0000-0003-1193-4485
https://orcid.org/0000-0002-4075-6983
https://orcid.org/0000-0002-4075-6983
https://orcid.org/0000-0002-4570-5712
https://orcid.org/0000-0002-4570-5712
https://publons.com/publon/10.1002/brb3.2897
https://publons.com/publon/10.1002/brb3.2897

LIN ET AL.

Brain and Behavior

Lin, C. H, Lu, Y. T,, Ho, C. J,, Shih, F. Y., & Tsai, M. H. (2019). The different
clinical features between autoimmune and infectious status epilepticus.
Frontiers in Neurology, 10, 25.

Luu, H. H., Zhou, L., Haydon, R. C., Deyrup, A. T., Montag, A. G., Huo, D.,
Heck, R., Heizmann, C. W., Peabody, T. D., Simon, M. A,, & He, T. C. (2005).
Increased expression of S100Aé is associated with decreased metasta-
sis and inhibition of cell migration and anchorage independent growth in
human osteosarcoma. Cancer Letters, 229(1), 135-148.

Matsuzawa, S. I., & Reed, J. C. (2001). Siah-1, SIP, and Ebi collaborate in
a novel pathway for beta-catenin degradation linked to p53 responses.
Molecular Cell, 7(5), 915-926.

Nedjadi, T., Kitteringham, N., Campbell, F., Jenkins, R. E., Park, B. K,
Navarro, P, Ashcroft, F., Tepikin, A., Neoptolemos, J. P,, & Costello, E.
(2009). S100A6 binds to annexin 2 in pancreatic cancer cells and pro-
motes pancreatic cancer cell motility. British Journal of Cancer, 101(7),
1145-1154.

Platt, M. P, Agalliu, D., & Cutforth, T. (2017). Hello from the other side:
How autoantibodies circumvent the blood-brain barrier in autoimmune
encephalitis. Frontiers in Immunology, 8, 442.

Sixt, M., Engelhardt, B., Pausch, F., Hallmann, R., Wendler, O., & Sorokin, L. M.
(2001). Endothelial cell laminin isoforms, laminins 8 and 10, play decisive
roles in T cell recruitment across the blood-brain barrier in experi-
mental autoimmune encephalomyelitis. Journal of Cell Biology, 153(5),
933-946.

Slomnicki, L. P,, & Lesniak, W. (2010). S100A6 (calcyclin) deficiency induces
senescence-like changes in cell cycle, morphology and functional char-
acteristics of mouse NIH 3T3 fibroblasts. Journal of Cellular Biochemistry,
109(3),576-584.

Spiechowicz, M., Zylicz, A., Bieganowski, P, Kuznicki, J., & Filipek, A.
(2007). Hsp70 is a new target of Sgt1—An interaction modulated by
S100A6. Biochemical and Biophysical Research Communications, 357(4),
1148-1153.

Strle, K., Zhou, J. H., Shen, W. H., Broussard, S. R., Johnson, R. W., Freund, G.
G., Dantzer, R., & Kelley, K. W. (2001). Interleukin-10 in the brain. Critical
Reviews in Immunology, 21(5), 427-449.

Svendsen, A. J.,, Gervin, K, Lyle, R,, Christiansen, L., Kyvik, K., Junker, P,
Nielsen, C., Houen, G., & Tan, Q. (2016). Differentially methylated DNA
regions in monozygotic twin pairs discordant for rheumatoid arthritis:
An epigenome-wide study. Frontiers in Inmunology, 7, 510.

Sweeney, M. D., Zhao, Z., Montagne, A., Nelson, A. R., & Zlokovic, B. V.(2019).
Blood-brain barrier: From physiology to disease and back. Physiological
Reviews, 99(1),21-78.

Trewin, B. P, Freeman, |, Ramanathan, S., & Irani, S. R. (2022). Immunother-
apy in autoimmune encephalitis. Current Opinion in Neurology, 35(3),
399-414.

WILEY->*"

Tsai,M.H.,Lin,C.H., Tsai,K.W.,, Lin,M.H.,Ho, C. J,, Lu,Y.T., Weng,K.P, Lin, Y.,
Lin, P.H., & Li, S. C. (2019). S100A6 promotes B lymphocyte penetration
through the blood-brain barrier in autoimmune encephalitis. Frontiers in
Genetics, 10, 1188.

Wang, X. H., Zhang, L. H., Zhong, X. Y., Xing, X. F,, Liu, Y. Q, Niu, Z. J., Peng, Y.,
Du, H., Zhang, G. G, Hu, Y., Liu, N., Zhu, Y. B., Ge, S. H., Zhao, W.,, Lu, A. P,
Li, J. Y., & Ji, J. F. (2010). S100A6 overexpression is associated with poor
prognosis and is epigenetically up-regulated in gastric cancer. American
Journal of Pathology, 177(2), 586-597.

Xie, J., Mendez, J. D., Mendez-Valenzuela, V., & Aguilar-Hernandez, M. M.
(2013). Cellular signalling of the receptor for advanced glycation end
products (RAGE). Cellular signalling, 25(11),2185-2197.

Yang, C. M., Wang, T. H., Chen, H. C,, Li, S. C,, Lee, M. C,, Liou, H. H,, Liu, P.
F., Tseng, Y. K., Shiue, Y. L., Ger, L. P, & Tsai, K. W. (2016). Aberrant DNA
hypermethylation-silenced SOX21-AS1 gene expression and its clinical
importance in oral cancer. Clinical Epigenetics, 8, 129.

Zhang, D, Liu, L, Yuan, Y., Lv, T, Huang, X., & Tian, J. (2021). Oxidative
phosphorylation-mediated E-selectin upregulation is associated with
endothelia-monocyte adhesion in human coronary artery endothelial
cells treated with sera from patients with Kawasaki disease. Frontiers in
Pediatrics, 9, 618267.

Zuliani, L., Graus, F., Giometto, B., Bien, C., & Vincent, A. (2012). Central ner-
vous system neuronal surface antibody associated syndromes: Review
and guidelines for recognition. Journal of Neurology, Neurosurgery, and
Psychiatry, 83(6), 638-645.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Lin, C.-H., Li, S.-C,, Lin, M.-H.,Ho, C.-J.,
Lu, Y.-T,, Lin, Y., Lin, P-H., Tsai, K.-W., & Tsai, M.-H. (2023).
S100A6 participates in initiation of autoimmune encephalitis
and is under epigenetic control. Brain and Behavior, 13, e2897.
https://doi.org/10.1002/brb3.2897


https://doi.org/10.1002/brb3.2897

	S100A6 participates in initiation of autoimmune encephalitis and is under epigenetic control
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Study subject enrollment
	2.2 | Serum enrichment, ELISA, and cell culture
	2.3 | Promoter methylation assay
	2.4 | 5-azacytidine treatment and qPCR assay
	2.5 | Endothelial cell adhesion assay
	2.6 | In vitro leukocyte transendothelial migration (LTEM) assay

	3 | RESULTS
	3.1 | Subjects information
	3.2 | S100A6 was regulated by DNA methylation
	3.3 | S100A6 enhanced adhesion between B lymphocytes and BBB endothelial cells
	3.4 | The promoted B lymphocyte infiltration could be attenuated with the treatment of S100A6-specific antibodies

	4 | DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENT
	CONFLICTS OF INTEREST
	DATA AVAILABILITY STATEMENT

	ORCID
	PEER REVIEW

	REFERENCES
	SUPPORTING INFORMATION


