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Abstract

Background and purpose
The mechanism underlying the pathology of neuromyelitis optica spectrum disorder (NMOSD) remains
unclear even though increased expression of the water channel protein aquaporin-4 (AQP4) on astrocytes
plays an important role. Our previous study revealed that dysbiosis was detected in the faecal microbiota
of NMOSD patients. In this study, we further investigated whether the intestinal barrier and mucosal �ora
balance were also interrupted in NMOSD patients.

Methods
Sigmoid mucosal biopsies were collected via endoscopy from six patients with NMOSD and compared
with those from three patients with multiple sclerosis (MS) and �ve healthy controls (HCs). These
samples were processed for electron microscopy and immunohistochemistry to investigate changes in
ultrastructure and in the number and size of intestinal in�ammatory cells. Changes in mucosal �ora were
also analysed by high-throughput 16S ribosomal RNA gene amplicon sequencing.

Results
The intercellular space between epithelia of the colonic mucosa became wider in MS and NMOSD
patients compared to the HCs (P < 0.01), and the expression of tight junction proteins in MS and NMOSD
patients signi�cantly decreased compared to that in the HCs. Activation of microphages with many
inclusions inside the cytoplasm and enlarged plasmocytes with more particles were found in the NMOSD
group. Quantitative analysis showed that the percentage of small-size CD 38 + and CD138 + cells was
lower but that of larger-size cells became higher in NMOSD patients, and 16S data showed that the
abundance of Streptococcus and Granulicatella was dramatically increased in NMOSD patients.

Conclusions
NMOSD patients exhibited a disrupted intestinal barrier and intestinal dysbiosis and activation of
intestinal in�ammation, which suggested a potential pathophysiological mechanism of NMOSD
underlying intestinal in�ammation.

Introduction
Neuromyelitis optica spectrum disorder (NMOSD) is recognized as a distinct clinical entity from multiple
sclerosis (MS) based on the disease-speci�c serum autoantibody aquaporin-4 (AQP4)-IgG. Molecular
mimicry, which can occur when a foreign protein that shares structural or amino-acid sequence homology
with a self-antigen elicits cross-reactive immunity, is implicated in the pathogenesis of several
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rheumatologic and autoimmune disorders in the central nervous system (CNS). One search of bacterial
and viral proteins revealed extensive homology in NMOSD[1]. The brain-gut axis reveals multiple and
complicated connections among the gut microbiota, intestinal barrier and immune system in
autoimmune diseases[2]. Pathogenic bacteria and their abnormal metabolites can directly cause an
abnormal number of immune cells in the intestinal mucosa[3]. In addition, the intestinal microbiota can
indirectly in�uence intestinal in�ammation by damaging the intestinal barrier. Since tight junction (TJ)
proteins are the major ingredients of the intestinal barrier, commensal bacteria may enter the lamina
propria, leading to pathological consequences after the TJ proteins and epithelial barrier are breached[4].

Several studies[5–7] have reported that faecal microbes may not accurately represent the engraftment
colony in the gastrointestinal tract. The microbiota of the intestinal mucosa and faeces as well as their
relevance to diseases are largely different. For example, data from patients with in�ammatory bowel
diseases or chronic constipation[6] suggested that the evaluation of the mucosal microbiota is better
than that of faecal microbiota. Recently, our group[8, 9] and others[10, 11] reported that faecal microbiota
were associated with the severity of NMOSD and MS. However, the role of the mucosal microbiota and
intestinal barrier in NMOSD remains unclear. In the present study, we further investigated the pathological
changes in the colonic mucosa, including the intestinal barrier, mucosal �ora and in�ammatory response,
in NMOSD patients.

Methods

2.1 Research participants
Six Chinese NMOSD patients who ful�lled the criteria of Wingerchuk and were seropositive for AQP4-IgG
were consecutively recruited from the Multiple Sclerosis Center. Three Chinese MS patients ful�lling the
McDonald diagnostic criteria[13] were enrolled as controls, and �ve healthy controls (HCs) were recruited
from the Health Examination Center of the Third A�liated Hospital, Sun Yat-sen University, from July
2019 to October 2019. The participants in the patient group had no history of intravenous
methylprednisolone therapy or disease-modifying therapies for six months. The control group was
matched for body mass index (BMI), age, and sex. Subjects consuming probiotics or antibiotics within 1
month before admission were excluded. The severity of NMOSD and MS subjects was assessed using
the Expanded Disability Status Scale (EDSS) score, which was divided into three classes (< 3,3–5, > 5).

The present research was approved by the ethics committee of the Third A�liated Hospital of Sun Yat-
sen University. Informed written consent was obtained from the patients.

2.2 Mucosal Specimen Collection
Previous studies[14, 15] reported that there was no signi�cant difference in the microbiota associated
with ileal, caecal and rectal mucosa. Sigmoid mucosal biopsies were collected via endoscopy in the
present study. A limited, prepped sigmoidoscopy was performed using a standard adult �bro-
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colonoscope to 20–25 cm from the anal verge. Biopsies were taken from pink mucosa without visible
faeces at the sigmoid colon approximately 20 cm from the anal verge and were either snap frozen at
-80 °C or processed with 2.5% glutaric dialdehyde, protein preservation solution (Kingmed Diagnostics,
Guangzhou, China) and 10% formalin �xation in the endoscopy room.

2.3 Electron Microscopy And Data Analysis
After washing in phosphate buffered saline solution, the sample was placed in osmium tetroxide for 2 h.
Then, the samples were dehydrated in a series of ethanol solutions of increasing concentrations until
100%, in�ltrated with propylene oxide, embedded in pure resin (Epon812, TED PELLA, America) and
solidi�ed. Localization of the mucosa was obtained under an Olympus optical microscope (model: BX41,
Olympus, Hamburg, Germany), and then 1-micron thick semi-thin sections were cut under a Leica
ultrathin microtome (model: UC-7, Leica Microsystems, Wetzlar, Germany). After the tissue of the whole
section was observed, ultrathin sections (50–70 nm) were cut on the same microtome. The ultrathin
sections were stained with 2% uranium dioxide acetate (SPI Supplies, West Chester, America) and lead
citrate (TED PELLA, America). Images were observed and obtained under a transmission electron
microscope (JEM-1400 PLUS, Japan Electron Optics Laboratory Co., Ltd, Japan).

2.4 Immuno�uorescence Staining
Sigmoid colon mucosal specimens were post�xed in protein preservation �xative (Kingmed Diagnostics,
Guangzhou, China) and then washed twice with protein preservation cleaning solution (Kingmed
Diagnostics, Guangzhou, China) for 10 min each. Sections of 4 µm were cut from frozen mucosa on a
cryostat (serial no. 0325; Thermo Scienti�c, Cheshire, UK) and �xed in 4℃ acetone for 10 min. A circle
was drawn around the sections on a slide by a Dako pen (code no. S2002; Dako, Glostrup, Denmark) to
prevent the antibody from �owing out. Then, the sections were incubated for 40 min at 37 °C with primary
antibodies against zonula occludens-1 (ZO-1) (rabbit anti-ZO1 antibody 1:50, Abcam, ab96587), occludin
(OCC) (rabbit anti-occludin antibody 1:50, Abcam, ab235986), and claudin-1 (CLA) (rabbit anti-claudin 1
antibody 1:50, Abcam, ab15098) separately. After washing in 0.01 M PBS 3 times for 5 min each, the
sections were incubated with Alexa Fluor-conjugated secondary antibody (Goat Anti-Rabbit IgG H&L
1:400, Abcam, ab150077). Finally, the sections were covered with glycerine and a glass coverslip.

2.5 Immunohistochemistry
All biopsy samples from the HCs and NMOSD and MS patients were processed for immunohistochemical
staining to detect antigens of CD3, CD20, CD38, CD68, and CD138. Blocks of colonic mucosa were �xed
by formalin, embedded in para�n and then cut into 4 µm thick sections. After xylene dewaxing, gradient
ethanol rehydration and high-pressure antigen retrieval, tissue sections were stained with the selected
streptavidin–biotin–peroxidase (SP) staining method. Guided by the Novolink Detection Kit instructions
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(Leica Novocastra, Re7280-k, Germany), the following operations were carried out: all sections were
treated with primary antibodies at 4 °C overnight. These antibodies included anti-CD3 and anti-CD20
antibodies (1:200, from rabbit, Dako Denmark, Glostrup, Denmark) and anti-CD38 (1:400), anti-CD68
(1:800), and anti-CD138 (1:600) antibodies (from rabbit, Leica Microsystems, Deer�eld, IL, USA). Then,
these sections were incubated with biotin-conjugated anti-rabbit secondary antibody for 30 min at 37 °C
followed by the enzyme substrate 3′,3-diaminobenzidine tetrahydrochloride (DAB reagent kit, Re7163,
Germany) for colour development. Images were observed and obtained by an Olympus microscope
(model: BX43, Olympus, Hamburg, Germany).

2.6 Quantitative Analysis

2.6.1 Analysis of intercellular spaces
Fluorescent images were taken using a Zeiss confocal microscope (LSM700, Zeiss, Germany), and
images in different channels were overlaid using Adobe Photoshop (v. CS3, Adobe, San Jose, CA)
software. The intercellular space, including TJs, adhering junctions and desmosomes between two
epithelial cells, was measured randomly from 5 pictures per specimen by ImageJ. An intercellular space
was de�ned as the gap from one border of one epithelium to another border of the adjacent epithelium,
excluding the dense adherent structures. The measurement was performed by double blinding.

2.6.2 Analysis of the density and size of in�ammatory cells
(1) The density of in�ammatory cells: In the present study, we employed 5 antibodies to detect the
activation of in�ammation: CD3, a marker for T lymphocytes; CD20, a marker for B lymphocytes; CD38,
expressed on B lymphocytes and plasma cells; CD68, a marker for monocytes and macrophages; and
CD138, a marker for plasma cells. The density and percentage of in�ltrated in�ammatory cells were
assessed according to the methods described by Ma et al.[16]. First, the density of positive cells was
determined by immunohistochemical staining colour and graded as 4 levels: 0 (no colour), 1 (light
yellow), 2 (light brown), and 3 (brown). Second, the number of positive cells (the percentage of area
covered by coloured cells/image area) was graded as 0 (< 5%), 1 (5–25%), 2 (25–50%), 3 (51–75%), or 4
(> 75%). Third, the two grades were then added together, and the grade scores were used to evaluate the
in�ammatory reaction of the colonic mucosa in each group. In�ammatory in�ltrates were graded as 0 (no
in�ammatory cell in�ltration), 1 (mild in�ammatory cell in�ltration), 2 (moderate in�ammatory cell
in�ltration or < 50 aggregated in�ammatory cells), 3 (> 50 aggregated in�ammatory cells as an organized
“focus”), and 4 (more than one focus). A representative section was evaluated for each sample by two
skilled pathologists at different times, averaging the scores.

(2) The size of in�ammatory cells
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We randomly selected 30–50 CD3-, CD20-, CD38-, CD68-, and CD138-positive cells from each specimen
and measured the area of these cells at high power (X400) to assess the cell functional status by ImageJ
(National Institutes of Health, USA, Version 1.51 k). Based on the data of the area, we classi�ed these
cells into �ve levels and made comparisons among the different levels of cells.

2.7 Microbiota Analysis
Bacterial DNA was extracted from colonic mucosal samples with the QIAamp Power Fecal DNA Kit
(Qiagen, Germany) according to the manufacturer’s instructions. Construction of sequencing libraries and
paired sequencing (2 × 250 bp) was performed on an Illumina MiSeq platform at Biomarker Technologies
Co, Ltd (Beijing, China) according to standard protocols. Custom Perl and Bash scripts were used to
demultiplex the reads and assign barcoded reads to individual samples. Reads were kept only when the
sequence included a perfect match to the barcode and the V4 16S rRNA gene primers and were within the
length expected for the V3–V4 variable region. The raw data were merged using FLASH[17]. Sequences
were quality �ltered using Trimmomatic[18], and chimaera sequences were removed using a UCHIME
algorithm[19].

2.8 Statistical Analysis
Statistical analysis was performed in SPSS (version 20.0) and GraphPad Prism 6.0 software. After
passing equal variance testing, the intercellular spaces, immunohistochemical intensity staining scores
and average optical density (AOD) of CLA, OCC, and ZO-1 were analysed by the Kruskal-Wallis test, and
the size of cells was analysed by the T-test. All data are presented as the mean ± SEM. α-diversity (Chao1
richness estimator, Shannon-Wiener diversity index, Simpson diversity index) was calculated based on
rare�ed operational taxonomic unit (OTU) counts. Principal coordinate analysis (PCoA) was coordinated
from the weighted UniFrac distance; the linear discriminant analysis (LDA) effect size (LEfSe) pipeline[20]
and Metastats[21] were employed to differentially identify microbes that distinguished patients from HCs.
The effective sequences were binned into OTUs using USEARCH software with a cut-off of 97% identity in
16S[22]. A value of p < 0.05 was considered statistically signi�cant in the compared groups.

Results

3.1 Information collected from HCs and from MS and
NMOSD subjects
Information regarding the number, sex, age, BMI, AQP4-IgG status, and disease severity of all subjects is
presented in Table 1.
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Table 1
Demographic and clinical features of NMOSD, MS and HCs.

  NMOSD MS HCs p-value

N 6 3 5  

Female, n (%) 6 (100%) 3 (100%) 5(100%)  

Age, years 41.67 ± 14.95 30.67 ± 7.09 36.40 ± 11.26 0.475

BMI, kg/m2 21.19 ± 3.49 23.82 ± 3.08 20.95 ± 2.08 0.396

AQP4-IgG, n (%) 6(100%) - -  

Disease severity

EDSS

< 3

3–5

> 5

2 (33.33%)

1 (16.67%)

3 (50.00%)

3(100%)

0

0

   

NMOSD: neuromyelitis optica spectrum disorders; MS: mutiple sclerosis; HCs: healthy controls; BMI:
body mass index; AQP4: aquaporin-4; EDSS:Expanded Disability Status Scale; IgG: Immunoglobulin
G.

3.2 The width of intercellular spaces increased in the
colonic mucosa of MS and NMOSD patients
Our previous studies have shown a disturbance in the �ora of faeces of MS and NMOSD patients, with
Streptococcus being dominant[8, 9]. Because these bacteria can produce streptococcal toxin, which is
harmful to human cells and tissues[23], we hypothesized that streptococcal toxin produced by
Streptococcus in the intestine may �rst attack the epithelium of mucosa because epithelial cells directly
contact the contents of the lumen of the intestine. Epithelial cells are connected by gap junctions, which
ensure epithelial barrier integrity and regulate paracellular permeability. Therefore, in the present study, we
employed electron microscopy to investigate changes in intercellular space. Under an electron
microscope (EM), we observed three typical types of gap junctions between two adjacent epithelia of the
colonic mucosa in all subjects: TJs, adherent junctions (AJs) and desmosomes (Fig. 1A, arrows). The TJ
was located nearest the lumen, and the gap space was narrow (Fig. 1A, B & C). Compared to the HC and
MS subjects, some TJs of NMOSD patients were separated (Fig. 1C, arrow). The AJ featured a wider gap
space and linear densi�cations along parts of the junction (Fig. 1A, B & C). The desmosomes were
characterized by a wider intercellular space and dense plates on each side of the desmosome (Fig. 1A).
From the EM photos, we found that many dense plates of desmosomes became pale or lost when
comparing HC and MS subjects (Fig. 1A, B & C, asterisks). The quantitative analysis data showed that the
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width of the intercellular space was signi�cantly increased in MS (61.71 ± 5.10 nm) and NMOSD (47.78 ± 
2.90 nm) patients compared with HC (35.72 ± 2.09 nm) subjects (p < 0.01) (Fig. 1D).

3.2.2 Protein expression of TJs decreased in the colonic
mucosa of MS and NMOSD patients
The integrity and permeability of TJs are regulated by several important proteins, such as OCC, CLA and
ZO-1. Therefore, we used immuno�uorescence staining methods to investigate the expression of these
proteins in different groups. Photomicrographs displayed positive staining for OCC, CLA and ZO-1 (Fig. 2,
Green). In the HC group, the distribution of OCC and CLA was at the epithelial surface and intercellular
space between epithelia of the colonic mucosa ((Fig. 2B). A1 & B1, arrows). However, the expression of
these two proteins in the intercellular space was barely detected ((Fig. 2B). A2 & B2), and only weak
positive signals were found in the epithelial surface of the colonic mucosa ((Fig. 2B). A3 & B3, arrows) in
the MS and NMOSD groups. Interestingly, ZO-1 was expressed only on the epithelial surface and the
intercellular space, even in the HC group ((Fig. 2B). C1, arrow), and weak positive signals occurred in MS
and NMOSD patients ((Fig. 2C). C2& C3, arrows). Consistent with the observation under confocal
microscopy, quantitative analyses showed that a dramatic decrease in OCC levels occurred in the MS
(AOD: 0.1104 ± 0.0069) and NMOSD (0.0854 ± 0.0772) groups when compared to the HC group (0.3185 ± 
0.0281), both p < 0.01 (Fig. 2A4). The expression of CLA in the MS (AOD: 0.1754 ± 0.0558) and NMOSD
(0.2778 ± 0.0471) groups was also decreased when compared with that in the HC group (0.4609 ± 
0.0353), both p < 0.01 (Fig. 2B4). Similarly, the ZO-1 level in the MS (AOD: 0.0765 ± 0.0063) and NMOSD
(0.0899 ± 0.0059) groups was also lower than that in the HC group (0.3271 ± 0.0270), both p < 0.01
(Fig. 2C4).

3.3 Activation of in�ammatory cells in MS and NMOSD
patients
When the epithelial barrier is damaged, toxins, such as streptococcal toxins[23], from harmful bacteria
elicit an in�ammatory pathology of the colonic mucosa. Therefore, we further investigated changes in
in�ammatory cells of the lamina proper of the colonic mucosa in all subsets of the three groups. Under
transmission electron microscopy (TEM), we observed that the normal lymphocytes had a dentate-like
nucleus with abundant dense heterochromatins forming aggregates close to the membrane (Fig. 3A (l)).
Plasma cells have a spherical nucleus surrounded by a pale zone (Fig. 3A (arrows)) with abundant rough
endoplasmic reticulum in the cytoplasm (Fig. 3A (asterisks)). In MS patients, we also observed
lymphocytes (Fig. 3B (l)) and plasma cells (Fig. 3B (P)). In addition, we found that macrophages engulfed
many dense bodies (Fig. 3B (mac)) and �brocytes with a longer and curved cytoplasmic tail (Fig. 3B (�b,
asterisks)). Some of the �brocytes underwent an apoptotic process, showing an interrupted cytoplasmic
tail (Fig. 3B (arrows)). For NMOSD patients, we found more macrophages with burdened inclusions of
different sizes (Fig. 3C & D (mac, asterisks)). In NMOSD patients, we also found eosinophils with larger
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and dense granules in the cytoplasm (Fig. 3C (eos, asterisks)), and plasma cells became larger with some
vesicles (Fig. 3D (P, arrows)).

Next, we employed immunohistochemistry staining to detect changes in in�ammatory cells with �ve
antibodies. As shown in Fig. 4, the three columns in Fig. 4 represent the HC, MS and NMOSD groups,
respectively, and the �ve transverse rows represent the CD3-positive cells (T lymphocytes, Fig. 4A1,
A2&A3); CD20-positive cells (B lymphocytes, Fig. 4B1, B2 & B3); CD38-positive cells (B lymphocytes and
plasma cells, Fig. 4C1, C2 & C3); CD68-positive cells (monocytes and macrophages, Fig. 4C). D1, D2 &
D3); and CD138-positive cells (plasma cells, Fig. 4E1, E2 & E3).

The following step was to perform a semiquantitative analysis to determine the in�ammatory response
by measuring the colour intensity of immunostaining. The results are shown in Table 2. The score
number in Table 2 indicates the severity of in�ammation: the higher the number is, the more severe the
in�ammation. Unfortunately, there was no signi�cant difference among subjects in the three groups by
the method. To obtain more detailed and more accurate information from these immunostaining-positive
cells, we randomly selected 30–50 cells of each type in each group to draw their areas by ImageJ. From
Fig. 5, we found a trend that the mean area of each type of cell increased in MS or NMOSD patients or
both but that there were no signi�cant differences except CD138-positive cells, which markedly increased
in the MS group (2151 ± 123 µm2) and in the NMOSD group (2225 ± 149 µm2) when compared with the
HC group (1817 ± 40 µm2), p < 0.05 (Fig. 5A1, B1, C1, D1, &E1). When we separated the cells into different
levels based on the size of the area, we found that the percentage of small (500–1000 µm2) CD3-positive
cells in the MS (15.2%±7.6) and NMOSD (29.0%±7.2) groups was signi�cantly lower than that in the HC
group (50.6%±5.5), p < 0.05, while the percentage of larger (> 2000 µm2) CD3-positive cells in NMOSD
patients (16%±11.5) was higher than that in HC subjects (1.9%±1.5), although there was no signi�cant
difference p > 0.05 (Fig. 5A2). However, the percentage of small (1000–2000 µm2) CD38-positive cells
(23.2.5%±3.8) and CD138-positive cells (41.3%±5.5) was markedly lower in the NMOSD group than in the
HC group (41.0% 6.8 and 63.5%±3.6, respectively), both p < 0.05 (Fig. 5C2 & E2). In contrast, the
percentages of larger (2000–3000 µm2) CD38-positive cells in NMOSD (47.5%±3.3) vs HC (36.5%±3.8%)
subjects and of CD138-positive cells in NMOSD (40%±1.7) vs HC (29.1%±1.8) subjects were signi�cantly
increased, both p < 0.05. The percentage of the largest (> 4000 µm2) CD38-positive cells in NMOSD vs HC
was 13%±4.4 vs 1.0%±0.6, and that of CD138-positive cells was 2.3%±1.0 vs 0%±0), both p < 0.05
(Fig. 5C2 & E2). However, there was no signi�cant difference between each size of CD20- and CD68-
positive cells (Fig. 5B2 & D2).
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Table 2
Immunohistochemical intensity staining scores in NMOSD, MS patients' and the

controls' mucosa(Fromowitz method).
Group NMOSD MS HCs P

1 2 3 4 5 6 1 2 3 1 2 3 4 5

CD3 5 5 4 4 4 4 6 5 4 5 5 5 5 5 0.11

CD20 2 5 2 3 2 2 1 4 2 4 5 5 3 2 0.23

CD38 5 7 4 7 3 7 6 6 6 7 6 6 6 5 0.98

CD68 5 5 4 4 4 4 4 4 4 4 5 5 5 5 0.12

CD138 4 5 7 3 4 4 4 4 4 4 4 4 6 4 0.97

Notes: P-values for comparisons between NMOSD, MS and the controls, by K-W test.

3.4 Intestinal mucosal dysbiosis in NMOSD patients
Our previous study showed that intestinal dysbiosis occurred in NMOSD patients by detecting the �ora of
faeces using 16S rRNA sequencing. To con�rm this, we took examples of the colonic mucosa to detect
16S rRNA sequencing in the present study. The results are shown in Fig. 6. Taxonomic classi�cation at
the phylum level revealed that the intestinal mucosal bacteria of these subjects mainly consisted of
Firmicutes, Bacteroidetes, and Proteobacteria (Fig. 6A). Based on the weighted UniFrac distance of 16S
rRNA sequence pro�les, the PCoA showed that the three groups generally clustered separately and that
the diversity of the three groups was signi�cantly different (Fig. 6B, P = 0.015 < 0.05, PERMANOVA test).
LEfSe and Metastats algorithms were employed to identify the differential distribution of microbiota
between NMOSD, MS and HC subjects. Two genera, Granulicatella and Faecalibacterium, were found to
be differentially distributed between NMOSD and HC subjects by LEfSe analysis (LDA Score(log 10) = 4)
(Fig. 6C). Thirty-eight differentially distributed genera were identi�ed by Metastats analysis between the
NMOSD and HC groups (p < 0.05). Combined with LEfSe results, we checked the quantitative analysis of
Granulicatella abundance, again by Metastats, and revealed a signi�cantly higher level in NMOSD
patients (Fig. 6D, NMOSD vs HC, p = 0.0028; NMOSD vs MS, p = 0.0136). In this process, Faecalibacterium
was excluded because it is a butyric acid-producing bacterium, which is considered a bene�cial
bacterium. On the basis of our previous faecal microbiota results[9], we paid attention to Streptococcus.
Interestingly, the results are consistent with differences in Streptococcus in faecal microbiota previously
published by our group, and the abundance of Streptococcus increased in NMOSD patients (Fig. 6E,
NMOSD vs HC, p = 0.023, NMOSD vs MS, p = 0.039).

Discussion
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To the best of our knowledge, the present study is the �rst report regarding changes in the intestinal
mucosal barrier and mucosal microbiota of NMOSD patients. In this study, we found a wider cellular
space of the epithelia of the colonic sigmoid mucosa, accompanied by the degradation of TJ protein and
activation of T lymphocytes, eosinophils and plasma cells in the lamina propria in the sigmoid mucosa.
In addition, intestinal mucosal dysbiosis with dominant harmful bacteria, Streptococcus and
Granulicatella, may contribute to intestinal in�ammation in NMOSD patients. Therefore, interruption of
the intestinal mucosal barrier may open the door to allow harmful bacteria and their toxins into the blood
and stimulate the pathogenesis of NMOSD.

As shown in NMOSD, defects in ZO-1, OCC and CLA expression could lead to abnormal permeability by
increasing paracellular permeability[24–27], and the deepened intercellular space further demonstrates
abnormal interepithelial junctions. TJ proteins are key molecules for maintaining the gut barrier and
blood-brain barrier (BBB) that could increase the invasion of pro-in�ammatory products. Perturbed gut
integrity and permeability may lead to microbial (bacterial) translocation, and the eventual leakage of
bacteria or their metabolites into the circulation can make the host susceptible to various types of
diseases by inducing chronic or acute in�ammatory responses[28]. This chronic in�ammation may
initiate NMOSD pathology through the broken BBB simultaneously or consecutively.

We found a chronic in�ammatory response and activated in�ammatory cells in all of the mucous
membranes, although we did not observe an increased number of in�ammatory cells compared to those
in the HCs. CD138 (syndecan-1), which is upregulated during maturation of antibody-secreting cells, is
required in a cell-intrinsic manner to mount an effective long-term humoural immune response following
immunization[28] and may be related to the production of pathogenic AQP4-IgG in NMOSD. Changes in
in�ammatory cell function render these cells poor killers of bacteria but potent producers of in�ammatory
cytokines, which ultimately contributes to the in�ammatory state[30]. Under normal circumstances,
translocating microbes and microbial products will be endocytosed within the lamina propria and
mesenteric lymph nodes[31]. However, if the host mucosal immune system is compromised, these
defence mechanisms may fail, thus permitting the evasion and survival of bacteria at distant,
extraintestinal sites[31, 32].

Consistent with our previous faecal microbiota study[9], the present study has also shown that
Streptococcus is increased in sigmoid mucosa microbiota. Overabundance of Streptococcus and
streptococcal toxin may elicit pro-in�ammatory AQP4-speci�c T-cell and B-cell responses that contribute
to the development of NMOSD. This result further supported the �nding that Streptococcus may play a
signi�cant role in the pathogenesis of NMOSD. In addition, Granulicatella was also abundant in NMOSD,
which may also contribute to intestinal in�ammation because it has been reported to participate in
several in�ammatory diseases, such as periodontitis[33], caries[34], and endocarditis[35].

There are several limitations in our study. First, we enrolled only 6 NMOSD patients owing to the di�culty
of sample collection and low incidence of NMOSD. Second, we observed activation of CD138+

plasmocytes in NMOSD; however, functional experiments are needed to con�rm their role. Last, our study
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could not explain the causal relationship between the colonic mucosa microbiota, physical barrier, and
immune response in NMOSD.

Conclusions
In conclusion, NMOSD patients had a disrupted intestinal barrier and intestinal mucosal microbiota
dysbiosis. A study with a larger sample size is worthy of being performed in the future.
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Figures

Figure 1

EM photos and histogram showing changes in intercellular spaces of the epithelium. Under TEM, three
types of intercellular junctions can be found between the epithelium of colonic mucosa (A, B & C).
Examples of a TJ, AJ and desmosome (Des) are shown in an HC subject (A) and in MS (B) and NMOSD
(C) patients. From EM photos, we found that some TJs in NMOSD patients were separated between two
adjacent epithelia (C, arrow) and that the dense plates on each side of a Des became pale compared to
those in the HC and MS groups (A, B & C, asterisks). Quantitative data show that the intercellular space of
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these junctions becomes wider in MS and NMOSD patients than in the HC group (D, **p<0.01,
****p<0.0001). Scale bar (500 nm) in C is equal to A & B.

Figure 2

Photomicrograph and histogram showing changes in TJ proteins of the colonic mucosa. Positive
immunostaining (arrows, green) for OCC, CLA and ZO-1 of the sigmoid colonic mucosa in HC, MS and
NMOSD groups is seen in A1-A3, B1-B3, and C1-C3. The nuclei of the epithelium were counterstained with
DAPI (blue). The results of quantitative analysis of OCC, CLA and ZO-1 are found in A4, B4 and C4,
respectively. **p<0.01, ***p<0.001, ****p<0.0001 when compared with the control group. OCC: occludin;
CLA: claudin-1; ZO-1: zonula occludens-1; AOD: average optical density. The scale bar (20µm) in C3 is
equal to A1-A3, B1-B3 and C1-C3.
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Figure 3

EM photos showing changes in the morphology of interstitial in�ammatory cells in the lamina proper. l,
lymphocyte; p, plasmocyte; mac, macrophage; �b, �brocyte; apop, apoptotic �brocyte; eos, eosinophil.
The scale bar (2 µm) in D is equal to A, B and C.

Figure 4

Photomicrographs showing the immunohistochemical staining for in�ammatory cell markers using the
DAB visualization method. These markers include CD3 (a marker for T cells, A1, A2, & A3), CD20 (a
marker for B cells, B1, B2 & B3), CD38 (markers for activated lymphocytes and plasmocytes, C1, C2 & C3),
CD68 (a marker for microphage, D1, D2 & D3) and CD138 (a marker for plasmocytes, E1, E2 & E3). The
positive staining is brown in colour (black arrows). All slides were counterstained with haematoxylin
(blue). The scale bar (100 µm) in E3 is equal to all photos.
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Figure 5

Histogram showing changes in the size of CD3-, CD20-, CD38-, CD68-, and CD138-positive cells. The left
column indicates the mean area of total cells, and the right column shows the percentage of cells of
different sizes. *p< 0.05, **p < 0.01 when compared with the control group.
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Figure 6

Histogram and scatter diagram showing the distribution characteristics of the intestinal microbiota
among the three groups. (A) The distribution characteristics of the intestinal microbiota of the colonic
mucosa at the phylum level from the same species. (B) The result of PCoA analysis illustrating the
grouping patterns between NMOSD, MS patients and controls (p< 0.05, PERMANOVA test). Each point
represents the composition of the intestinal microbiota of one participant. (C) Based on LEfSe, the
phylogenetic distribution of intestinal mucosal bacteria associated with NMOSD comprised mainly
Faecalibacterium and Granulicatella (green). LDA scores revealed a signi�cant bacterial difference
between the three groups (LDA score (log 10) = 4), with uncultured bacteria in HC (red) subjects and no
differential bacteria in MS patients. (D) The relative abundance of Granulicatella in participants from the
three groups (NMOSD vs HC; *p<0.01, Metastats analysis). (E) Comparing the relative abundances of
Streptococcus among the three groups (NMOSD vs HCs; NMOSD vs MS; *p<0.05, Metastats analysis).


