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Background: Neuromyelitis optica (NMO), multiple sclerosis (MS) and autoimmune glial
fibrillary acidic protein (GFAP) astrocytopathy are idiopathic inflammatory demyelinating
diseases (IIDDs) that mainly present as encephalomyelitis. Heparan sulfate (HS) and
hyaluronic acid (HA) are two components of glycocalyx, a carbohydrate-rich layer on the
surface of blood vessels that mediates interaction with blood. Degradation of glycocalyx in
NMO is poorly understood.

Purpose: To detect the serum and cerebrospinal fluid (CSF) levels of shed HS and HA
and to correlate these levels with disease severity to determine their diagnostic value.

Methods:We obtained serum and CSF samples from 24 NMO patients, 15 MS patients,
10 autoimmune GFAP astrocytopathy patients, and 18 controls without non-inflammatory
neurological diseases. Soluble HS and HA, and IFNg, IL17A, and matrix metalloproteinase
(MMP) 1 were detected via ELISA.

Results: Serum and CSF levels of HS, HA and related cytokines but not of plasma MMP1
were significantly elevated in these diseases. Notably, HS and HA levels were positively
correlated with Expanded Disability Status Scale scores.

Conclusions: Our results indicate glycocalyx degradation and inflammation in NMO, MS
and autoimmune GFAP astrocytopathy. Moreover, increased shedding of HS or HA may
indicate a worse clinical situation. Furthermore, therapeutic strategies that protect
glycocalyx may be effective in these diseases.
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INTRODUCTION

Idiopathic inflammatory demyelinating diseases (IIDDs) are
devastating neurological diseases that affect both neurological
and psychiatric functions and lead to poor quality of life (1).
Neuromyelitis optica (NMO) and multiple sclerosis (MS) are two
representative immune-mediated IIDDs (2). Recently, a new
IIDD with unclear pathogenesis and no accurate diagnostic
criteria was identified and defined as autoimmune GFAP
astrocytopathy (3). Typically, the pathological changes of these
diseases involve lymphocyte infiltration, astrocytopathy, and
autoantibodies targeting receptors in the brain or spinal cord
(4–6).

The blood-brain barrier (BBB) has long been accepted to
prevent entry of immune cells and antibodies into the CNS (7).
In IIDDs, neuro-inflammation occurs causing breakdown of the
BBB (8) and the interplay between neuro-inflammation and BBB
dysregulation can result in serious neurological disturbance (9–
11). The condition of the BBB in NMO, MS and autoimmune
GFAP astrocytopathy is not well described, and investigation of
this issue may facilitate understanding of these diseases and
indicate novel therapies. Glycocalyx, a delicate membrane-bound
network attached to the luminal side of the BBB endothelium,
is the first barrier between blood and the BBB (12). Thus, levels
of glycocalyx shedding can quickly reflect the extent of
BBB damage.

HS and HA are two representative glycosaminoglycans
present in glycocalyx that can indicate endothelial glycocalyx
degradation (12–14). Under pathological conditions, such as
inflammation, hypertension or edema, glycocalyx components
can be rapidly fragmented and released into the CSF or
bloodstream (15–17). Indeed, previous studies of non-IIDDs,
such as sepsis, brain edema, stroke, and trauma, have confirmed
the shedding of HS and HA in the acute stage (18–20). In
response to pathological conditions, extracellular proteases are
rapidly activated and mediate the shedding of glycocalyx
components, resulting in vascular permeability barrier
breakdown, mechanotransduction impairment and endothelial
cell dysfunction. These changes further enhance glycocalyx
degradation in a feed-forward manner (20). To date, most
studies that have assayed glycocalyx have focused on vascular
diseases and cancer. Some studies, however, have linked
glycocalyx components with encephalitis in NMO, experimental
autoimmune encephalomyelitis, and anti-NMDA receptor
encephalitis (21–23), although a holistic understanding of
glycocalyx degradation in IIDDs is lacking.

In the early stage of an immune response, T cells secrete pro-
inflammatory cytokines that stimulate the generation and
maturation of matrix metalloproteinases (MMPs), which can
act on glycocalyx (24–26). Thus, plasma and CSF concentrations
of HS and HA can reflect glycocalyx damage and, indirectly,
disruption of the BBB in the acute stage of a disease. No studies
Abbreviations: CNS, central nervous system; CSF, cerebrospinal fluid; EDSS,
Expanded Disability Status Scale; HA, Hyaluronic acid; HS, Heparan sulfate; MS,
multiple sclerosis; NMO, Neuromyelitis optica; GFAP, autoimmune glial fibrillary
acidic protein.
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have detailed the shedding of glycosaminoglycans, particularly
HS and HA, into CSF or serum in patients with NMO.

Herein, we focus on the role of glycocalyx in NMO, MS and
autoimmune GFAP astrocytopathy. To assess the severity of BBB
injury on the severity of these neurological disorders, and to
identify potential factors affecting the integrity of BBB
glycocalyx, we detected the levels of two glycocalyx molecules,
HS and HA, in both CSF and serum. We then correlated these
levels with CSF levels of pro-inflammatory factors IFNg and
IL17A, the sheddase, MMP1, and Expanded Disability Status
Scale (EDSS)·scores. CSF and plasma concentrations of HS and
HA, and levels of CSF IFNg, IL17A, and MMP1 were
significantly elevated in these three idiopathic inflammatory
demyelinating diseases. More importantly, the levels of shed
glycocalyx molecules in CSF positively affected the severity of
NMO, MS and autoimmune GFAP astrocytopathy, and the
degree of inflammation may aggravate the disruption of the
blood-brain barrier. However, the dynamic concentrations of HS
and HA and their relationships with the severity of these
disorders remain unknown. Of note, CSF HS and HA may be
reliable markers for the diagnosis of NMO. Furthermore,
therapeutic strategies focused on preservation of glycocalyx
may improve outcomes of these neurological disorders.
MATERIALS AND METHODS

Patients and Clinical Assessments
All subjects were enrolled from the Department of Neurology of
Nanfang Hospital, Southern Medical University, China,
including 24 NMO patients, 15 MS patients, 10 patients with
autoimmune GFAP astrocytopathy and 18 controls without
inflammatory or autoimmune neurological diseases (peripheral
neuropathy=10, movement disorder=6, Alzheimer’s disease=2).
Diagnoses of autoimmune encephalitis were confirmed by two
doctors on the basis of diagnostic criteria (3, 27, 28). All controls
were negative for specific CSF and serum antibodies. EDSS scores
were used to evaluate disease severity. Relevant demographic and
medical data were also collected and are shown in Table 1. This
study was approved by the Ethics Committee of the Nan Fang
Hospital and all subjects provided informed consent.

Measurement of HS, HA and
Related Cytokines
We obtained CSF and serum samples from all subjects within 3
days of admission and before immunotherapy therapies were
commenced. All samples were centrifuged at 1,000 g for 10 min.
Then the supernatant was packed into polypropylene tubes and
stored at -80°C until the detection. Take one small tube for each
test to avoid repeated freezing and thawing. Enzyme-Linked
Immunosorbent Assay (ELISA) kits were used to measure the
concentrations of HS (ELH-CD44-1, RayBiotech, Atlanta, USA),
HA (DHYAL0, R&D, Minnesota, USA), IFNg, IL17A andMMP1
(IFNg: KSC4021, IL17A: BMS2017, MMP1: EHMMP1,
ThermoFisher, Massachusetts, USA). All detections were
performed in accordance with the manufacturer’s instructions
and every standard and sample were assayed in duplicate.
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TABLE 1 | Demographic and clinical features of the patients and controls.

CLTs (n = 18) NMO (n = 24) MS (n=15) autoimmune GFAP astrocytopathy (n = 10)

Gender (female/male) 11/7 16/8 11/4 6/4
Age (years)a 35.43±10.32 34.37±15.24 36.27±14.75 33.46±17.27
EDSS scoresb – 4.0 (3.13, 4.88) 2.5 (2.00, 3.00) 2.75 (2.38, 3.50)
Serum HS (ng/mL)b 236.8 (164.2, 320.5) 429.4 (292.7, 523.8)*** 321.6 (254.6, 390.0)* 395.8 (316.3,508.4)***
CSF HS (ng/mL)b 96.9 (74.9, 135.2) 219.4 (148.2, 272.5)*** 183.7 (133.5, 202.4)*** 207.6 (158.2,259.7)***
Serum HA (ng/mL)b 26.5 (24.4, 37.2) 70.4 (50.0,88.4)*** 66.8 (51.10, 85.9)*** 71.9 (48.6, 76.9)***
CSF HA (ng/mL)b 32.5 (26.9, 36.0) 48.1 (40.75, 57.02)*** 49.04 (39.71, 56.14)*** 47.5 (28.6, 61.6)
Serum IFN-g (pg/mL)b 8.2 (5.7, 14.2) 63.6 (37.6, 93.0)*** 54.4 (34.9, 94.8)*** 57.2 (41.6, 84.0)***
CSF IFN-g (pg/mL)b 8.7 (5.4,12.6) 73.0 (43.5, 86.4)*** 44.8 (24.5, 80.6)*** 38.8 (29.4, 58.6)***
Serum IL-17A (pg/mL)b 2.7 (2.55,3.2) 5.5 (4.5, 7.7)*** 5.3 (3.7,9.2)*** 7.0 (4.5, 7.6)***
CSF IL-17A (pg/mL)b 3.2 (3.1, 3.4) 4.21(3.4,10.2)*** 5.2 (4.6,8.6)*** 6.1 (3.7, 10.3)***
Serum MMP-1 (pg/mL)b 598.8 (236.3,1050.0) 548.3 (341.5,1512.0) 992.7 (491.2,2837.0) 631.1 (354.3, 976.9)
CSF MMP-1 (pg/mL)b 14.8 (13.3,15.7) 17.8 (15.3, 23.7)** 19.28 (16.49, 20.4)*** 22.6 (18.3, 30.8)***
NMO-IgG
Positive 0 23 0 0
GFAP-IgG
Positive 0 0 0 10
Frontiers in Immunology | www
.frontiersin.org
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Age (years) refers to age at sample collection. CTLs, controls; n, number; IL, interleukin; TNF, tumor necrosis factor; CSF, Cerebrospinal Fluid; EDSS, Expanded Disability Status Scale;
NA, not available; HS, heparan sulphate; HA, hyaluronic acid; NMO, neuromyelitis optica; MS, multiple sclerosis. GFAP, glial fibrillary acidic protein.
aData were presented as mean ± SD. SD, standard deviations.
bData were presented as medians (IQRs-interquartile ranges).
P values were calculated from the difference between CLTs and NMO, MS or autoimmune GFAP astrocytopathy.*P < 0.05, **P < 0.01, ***P < 0.001.
A B

DC

FIGURE 1 | Serum and CSF levels of HS and HA. Serum levels of HS (A) and HA (C) in controls (CTLs) and patients with NMO, MS and autoimmune GFAP
astrocytopathy. CFS levels of HS (B) and HA (D) in controls (CTLs) and patients with NMO, MS and autoimmune GFAP astrocytopathy. p-values are indicated within
each analysis.
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Statistical Analyses
All statistical analyses were conducted using SPSS version 24.0
(IBM, Armonk, NY, US). Data are displayed as the mean ± SD or
the median with interquartile range according to normality test
results. The Kruskal–Wallis test was used to analyze the
differences in CSF HS, CSF HA, SE HS and SE HA levels
among the subgroups. The Pearson’s test were used to evaluate
the correlations between CSF HS, CSF HA, SE HS and SE HA
levels and EDSS scores. The Spearman test was used to evaluate
correlations between CSF glycocalyx molecules and other
cytokine parameters. p<0.05 was taken as statistically
significant. Graphs were plotted using GraphPad Prism 9
(GraphPad, La Jolla, CA, US). All analyses were performed in
a blinded manner.
RESULTS

Demographic and Clinical Characteristics
The data from patients with NMO (n = 24), MS (n = 15),
autoimmune GFAP astrocytopathy (n=10) and 18 controls are
presented in Table 1. The median EDSS score (with IQR) was
4.0 (3.13, 4.88) for the NMO group, 2.5 (2.00, 3.00) for the MS
group and 2.75 (2.38, 3.50) for the autoimmune GFAP
astrocytopathy group (Table 1). Among the patients with
Frontiers in Immunology | www.frontiersin.org 4
autoimmune GFAP astrocytopathy, no patients with tumors
were identified after routine tumor screening. There were no
statistically significant differences in sex or age among groups.

Increased HS, HA and Related Cytokine
Levels in Serum and CSF in Patients With
NMO, MS and Autoimmune GFAP
Astrocytopathy
As shown in Table 1, the median concentrations of IFNg and
IL17A in CSF and serum of NMO, MS and autoimmune GFAP
astrocytopathy patients were higher than those of the control
group (All p<0.001). For MMP1, CSF concentrations but not
serum were elevated in patients with NMO, MS and autoimmune
GFAP astrocytopathy compared with those of the control group
(CSF: p<0.01; Serum: p>0.05). To further assess the severity of
BBB injury in these autoimmune encephalitis patients, we
compared the levels of HS and HA among patients with NMO,
MS and autoimmune GFAP astrocytopathy and controls.
Concentrations of HS and HA in plasma and CSF were
elevated in the autoimmune encephalitis group compared with
those in the control group (serum HS: NMO p<0.001, MS
p=0.022, GFAP p<0.001, respectively, Figure 1A; CSF HS:
NMO p<0.001, MS p<0.001, GFAP p< 0.001, respectively,
Figure 1B. serum HA: NMO p < 0.001, MS p<0.001, GFAP
p<0.001, respectively, Figure 1C; CSF HA: NMO p<0.001,
A B

D

E F

C

FIGURE 2 | Correlations between levels of CSF and plasma HS and HA and EDSS scores in patients with NMO, MS and GFAP encephalitis. (A–B) In NMO, the CSF
and plasma levels of HS and HA were positively correlated with EDSS scores. (C–D) In MS, the levels of HS and HA in CSF were significantly correlated with EDSS
scores, while no correlations were found between plasma HS or HA levels and EDSS scores. (E–F) In autoimmune GFAP astrocytopathy, the CSF and plasma levels
of HS were significantly correlated with EDSS scores, while no correlations were found between CSF and plasma HA levels and EDSS scores. The p and r-values are
indicated within each analysis.
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MS p<0.001, GFAP p=0.057, respectively, Figure 1D). However,
no significant differences in levels of serum or CSF glycocalyx
molecules or other cytokine parameters were found among
NMO, MS and autoimmune GFAP astrocytopathy patients. To
assess relationships between the levels of glycocalyx molecules in
CSF and serum, correlation tests were performed in autoimmune
encephalitis subgroups. Positive correlation between CSF and
serum levels was only present for HS in NMO and HA in MS
(NMO HS: p=0.029, r=0.447; MS HA: p=0.005, r=0.696).

Correlations Between CSF and Plasma HS
and HA Levels and EDSS Scores
To assess possible links between CSF and plasma glycocalyx levels
and the severity of these three disorders, we examined
correlations among them (Figure 2). In patients with NMO,
MS or autoimmune GFAP astrocytopathy, we detected a
significant positive correlation between concentrations of CSF
HS and HA and EDSS scores (NMO HS: p=0.001, r=0.640; MS
HS: p=0.003, r=0.717; autoimmune GFAP astrocytopathy HS:
p=0.021, r=0.711; NMO HA: p=0.000, r=0.717; MS HA: p=0.007,
r=665). For serum levels and EDSS scores, we only found
significant correlation between serum HS and HA and EDSS
scores in the NMO and GFAP group (NMO SE HS: p=0.02,
r=0.473; NMO SE HA: p=0.019, r=0.477; GFAP SE HS: p=0.025,
Frontiers in Immunology | www.frontiersin.org 5
r=0.699). Positive correlations between other serum levels and
EDSS scores were detected but they did not reach statistical
significance (MS SE HA: p=0.096, r=0.445).

Associations Between CSF Glycocalyx
Molecules and Other Cytokine Parameters
Previous studies have found elevated levels of pro-inflammatory
cytokines in CSF of patients with NMO, MS and autoimmune
GFAP astrocytopathy. Here, we detected associations
among CSF glycocalyx molecules and IFNg, IL17A and MMP1
(Figure 3). Interestingly, there was a general positive correlation
between HS and IFNg, IL17A, and MMP1 concentrations in the
CSF of NMO patients (IFNg, p=0.004, r=0.570; IL17A, p=0.036,
r=0.431; MMP1, p=0.024, r=0.460.) (Figure 3A). Moreover,
significant positive correlations were also found between CSF
HA and IFNg (p=0.008, r=0.530) and CSF HA and MMP1
(p=0.034, r=0.434) in the NMO group (Figure 3B). CSF HS
and IL17A (p=0.041, r=0.533), CSF HS and MMP1 (p=0.022,
r=0.586),CSF HA and IFNg (p=0.012, r=0.629), CSF HA
and MMP1 (p=0.016, r=0.607) were also found significant
positive correlations in the MS group (Figures 3C, D). In
the GFAP group, there was no significant correlation between
CSF glycocalyx molecules and other cytokine parameters
(Figures 3E, F).
A B

D

E F

C

FIGURE 3 | Correlations between the CSF levels of HA and HS and CSF levels of IFNg, IL17, and MMP1 in patients with NMO, MS and autoimmune GFAP
astrocytopathy. (A, B) In NMO, the CSF levels of HS were positively correlated with IFNg and MMP1, while the CSF levels of HA was positively correlated with
MMP1. (C, D) In MS, the CSF levels of HS were positively correlated with MMP1, while the CSF levels of HA was positively correlated with IFNg. (E, F) In
autoimmune GFAP astrocytopathy, the CSF levels of HS were positively correlated with MMP1, while the CSF levels of HA was positively correlated with IL17. The p
and r-values are indicated within each analysis.
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Receiver Operating Characteristic (ROC)
Curve Analysis
We performed ROC analysis for CSF and plasma HS and HA to
distinguish NMO patients from control patients in Figure 4. The
area under curve (AUC) for CSF HS in NMO patients to
distinguish from CTL patients was 0.819 (95% CI: 0.791-
0.9853, P <0.0001) (Figure 4A), the AUC for CSF HA was
0.8519 (95% CI: 0.7331-0.9707, P= 0.0001) (Figure 4B). The
AUC for SE HS was 0.8102 (95% CI: 0.6832-0.9371) (Figure 4C),
the AUC for SE HA was 0.905((95% CI: 0.811-0.9991,
P <0.0001) (Figure 4D).
DISCUSSION

This study focused on the extent of GLX disruption in three
typical idiopathic inflammatory demyelinating diseases, NMO,
MS and autoimmune GFAP astrocytopathy. We determined the
levels of HS and HA shed into in plasma and CSF and we
propose diagnostic roles for HS and HA in these three
autoimmune diseases.
Frontiers in Immunology | www.frontiersin.org 6
The BBB prevents certain plasma components, such as
inflammatory factors and immune cells, from entering the
central nervous system (15, 17, 29) and, therefore, plays a crucial
role in maintaining cerebral homeostasis. Evidence indicates
breakdown of the BBB in autoimmune diseases of the CNS (30),
but the early changes to the BBB milieu are poorly characterized in
idiopathic inflammatory demyelinating diseases (IIDDs), especially
in the newly identified autoimmune GFAP astrocytopathy.
Importantly, effective therapies that protect the BBB in other
diseases, such as brain edema, indicate potential therapies for
NMO, MS and autoimmune GFAP astrocytopathy (20).

Glycocalyx, a jelly-like layer, covers the luminal surface of the
endothelium and is thought to be the first defensive layer of the BBB
(12, 20, 31). If this surface matrix is disrupted, the homeostasis of
endothelial permeability is damaged, resulting in leakage of
inflammatory cytokines, immune cells and even antibodies from
serum into cerebrospinal fluid, which aggravates inflammation and
the severity of diseases (11, 32, 33). Thus, high concentrations of
soluble glycocalyx components in body fluids, especially CSF,
indicate glycocalyx damage and, indirectly, disruption of the BBB.
Here, we show substantial increases in soluble HS and HA in
A B

DC

FIGURE 4 | The ROC curve analysis of CSF and plasma HS and HA in NMO patients to distinguish from CTL (A–D). The area under curve (AUC) for CSF HS in NMO
patients to distinguish from CTL patients was 0.819 (95% CI: 0.791-0.9853, P <0.0001) (A), the AUC for CSF HA was 0.8519 (95% CI: 0.7331-0.9707, P= 0.0001) (B).
The AUC for SE HS was 0.8102 (95% CI: 0.6832-0.9371) (C), the AUC for SE HA was 0.905 (95% CI: 0.811-0.9991, P <0.0001) (D). CI, confidence interval.
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plasma and CSF in the acute stages of NMO, MS and autoimmune
GFAP astrocytopathy, indicating degradation and disruption of
glycocalyx and the BBB. Notably, the CSF levels of both HS and HA
were positively associated with the severity of the diseases.
Moreover, under inflammatory conditions, glycocalyx shedding
occurs in response to mediators and activation of MMPs (24, 26,
34, 35), resulting in release of HS and HA fragments into the
circulation. We also found elevated levels of MMP1 in CSF and CSF
HS and HA were positively associated with NMO, MS and
autoimmune GFAP astrocytopathy.

The current study also focused on the extent of neuro-
inflammation. The release of inflammation-mediated cytokines
can stimulate the process of glycocalyx shedding (15, 17). Of
note, IL17A and IFNg, two pro-inflammatory factors involved in
many autoimmune disorders, were activated in NMO, MS and
autoimmune GFAP astrocytopathy (36). Moreover, MMPs can
be induced under inflammatory conditions (37, 38). Notably,
positive correlations were found between concentrations of CSF
HS and those of IFNg, IL17A, and MMP1 in these diseases.
Therefore, the release of pro-inflammatory cytokines may
interact with MMPs and result in glycocalyx dysfunction.
Conversely, disruption of endothelial glycocalyx can cause
damage to the BBB, which in turn exacerbates the extent of
inflammation and the activation of MMPs.

Difficulties with patient follow up meant that we were unable to
perform certain detailed assessments, such as dynamic monitoring
of HS and HA shedding, and determining the association between
the degree of glycocalyx destruction and disease severity in
different courses of the diseases. Therefore, further clinical and
animal studies are warranted to address these issues.

In conclusion, we have demonstrated elevated levels of shed HS
andHA in plasma and CSF, indicating that glycocalyx degradation
occurs in the acute stage of NMO. Moreover, CSF HS and HA
levels were correlated with the severity of these diseases.
Importantly, CSF HS and HA are potential indicators for the
diagnosis of these three idiopathic inflammatory demyelinating
diseases. We also showed activation of inflammation. Further
investigations measuring dynamic glycocalyx shedding in
different courses of diseases are worthwhile. Importantly,
therapeutic strategies that protect glycocalyx may be effective for
these diseases.
Frontiers in Immunology | www.frontiersin.org 7
DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/supplementary material.
ETHICS STATEMENT

This study was approved by the Ethics Committee of the Nan
Fang Hospital and all the above subjects have signed the
informed consent. Written informed consent to participate in
this study was provided by the participants’ legal guardian/next
of kin.
AUTHOR CONTRIBUTIONS

HW conceived this study and designed the experiments. QZ, SP,
JC, YP, ZZ and ZW collected the samples and clinical data. QZ,
JC, SP performed the experiments, analyzed the data, and wrote
the manuscript. All authors contributed to the article and
approved the submitted version.
FUNDING

Financial support came from the National Natural Science
Foundation of China (No.81301028, 8167395, 82060905,
81760902, 81901239), Guangxi Natural Fund Project (No.
2019GXNSFAA245079), Guangdong Provincial Science and
Technology plan projects (2017A020215182), Natural Science
Foundation of Guangdong Province (2019A1515011434), and
Guangzhou Science and Technology Plan Project (202102020434).
ACKNOWLEDGMENTS

This manuscript has been released as a pre-print at https://www.
researchsquare.com/article/rs-12759/v1.
REFERENCES
1. Hu W, Lucchinetti CF. The Pathological Spectrum of CNS Inflammatory

Demyelinating Diseases. Semin Immunopathol (2009) 31:439–53.
doi: 10.1007/s00281-009-0178-z

2. Kawachi I, Lassmann H. Neurodegeneration in Multiple Sclerosis and
Neuromyelitis Optica. J Neurol Neurosurg Psychiatry (2017) 88:137–45.
doi: 10.1136/jnnp-2016-313300

3. Fang B, McKeon A, Hinson SR, Kryzer TJ, Pittock SJ, Aksamit AJ, et al.
Autoimmune Glial Fibrillary Acidic Protein Astrocytopathy: A Novel
Meningoencephalomyelitis. JAMA Neurol (2016) 73:1297–307. doi: 10.1001/
jamaneurol.2016.2549

4. Peng Y, Liu B, Pei S, Zheng D, Wang Z, Ji T, et al. Higher CSF Levels of
NLRP3 Inflammasome Is Associated With Poor Prognosis of Anti-N-Methyl-
D-Aspartate Receptor Encephalitis. Front Immunol (2019) 10:905. doi:
10.3389/fimmu.2019.00905
5. Hausser-Kinzel S, Weber MS. The Role of B Cells and Antibodies in Multiple
Sclerosis, Neuromyelitis Optica, and Related Disorders. Front Immunol
(2019) 10:201. doi: 10.3389/fimmu.2019.00201

6. Popescu BF, Lucchinetti CF. Pathology of Demyelinating Diseases. Annu Rev
Pathol (2012) 7:185–217. doi: 10.1146/annurev-pathol-011811-132443

7. Banks WA. The Blood-Brain Barrier in Neuroimmunology: Tales of Separation
and Assimilation. Brain Behav Immun (2015) 44:1–8. doi: 10.1016/
j.bbi.2014.08.007

8. Luo Y, Yan W, Zhou Z, Liu B, Wang Z, Chen J, et al. Elevated Levels
of NLRP3 in Cerebrospinal Fluid of Patients With Autoimmune
GFAP Astrocytopathy. Front Neurol (2019) 10:1019. doi: 10.3389/fneur.
2019.01019

9. Bennett J, Basivireddy J, Kollar A, Biron KE, Reickmann P, Jefferies WA, et al.
Blood-Brain Barrier Disruption and Enhanced Vascular Permeability in the
Multiple Sclerosis Model EAE. J Neuroimmunol (2010) 229:180–91.
doi: 10.1016/j.jneuroim.2010.08.011
July 2021 | Volume 12 | Article 705536

https://www.researchsquare.com/article/rs-12759/v1
https://www.researchsquare.com/article/rs-12759/v1
https://doi.org/10.1007/s00281-009-0178-z
https://doi.org/10.1136/jnnp-2016-313300
https://doi.org/10.1001/jamaneurol.2016.2549
https://doi.org/10.1001/jamaneurol.2016.2549
https://doi.org/10.3389/fimmu.2019.00905
https://doi.org/10.3389/fimmu.2019.00201
https://doi.org/10.1146/annurev-pathol-011811-132443
https://doi.org/10.1016/j.bbi.2014.08.007
https://doi.org/10.1016/j.bbi.2014.08.007
https://doi.org/10.3389/fneur.2019.01019
https://doi.org/10.3389/fneur.2019.01019
https://doi.org/10.1016/j.jneuroim.2010.08.011
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Zhang et al. Shedding of Glycocalyx Components in NMO
10. Ortiz GG, Pacheco-Moises FP, Macias-Islas MA, Flores-Alvarado LJ, Mireles-
Ramirez MA, Gonzalez-Renovato ED, et al. Role of the Blood-Brain Barrier
in Multiple Sclerosis. Arch Med Res (2014) 45:687–97. doi: 10.1016/j.arcmed.
2014.11.013

11. Liu Z, Chen J, Wang Z, Wang Y, Zheng D, Wang H, et al. The CSF Levels of
Neutrophil-Related Chemokines in Patients With Neuromyelitis Optica. Ann
Clin Transl Neurol (2020) 7:1245–51. doi: 10.1002/acn3.51094

12. Reitsma S, Slaaf DW, Vink H, van Zandvoort MA, oude Egbrink MG. The
Endothelial Glycocalyx: Composition, Functions, and Visualization. Pflugers
Arch (2007) 454:345–59. doi: 10.1007/s00424-007-0212-8

13. Mende M, Bednarek C, Wawryszyn M, Sauter P, Biskup MB, Schepers U, et al.
Chemical Synthesis of Glycosaminoglycans. Chem Rev (2016) 116:8193–255.
doi: 10.1021/acs.chemrev.6b00010

14. Tarbell JM, Cancel LM. The Glycocalyx and its Significance in Human
Medicine. J Intern Med (2016) 280:97–113. doi: 10.1111/joim.12465

15. Kolarova H, Ambruzova B, Svihalkova Sindlerova L, Klinke A, Kubala L.
Modulation of Endothelial Glycocalyx Structure Under Inflammatory
Conditions. Mediators Inflamm (2014) 2014:694312. doi: 10.1155/2014/
694312

16. Zeng Y. Endothelial Glycocalyx as a Critical Signalling Platform Integrating
the Extracellular Haemodynamic Forces and Chemical Signalling. J Cell Mol
Med (2017) 21:1457–62. doi: 10.1111/jcmm.13081

17. Zhang X, Sun D, Song JW, Zullo J, Lipphardt M, Coneh-Gould L, et al.
Endothelial Cell Dysfunction and Glycocalyx - A Vicious Circle. Matrix Biol
(2018) 71-72:421–31. doi: 10.1016/j.matbio.2018.01.026

18. Jiang X, Andjelkovic AV, Zhu L, Yang T, Bennett MVL, Chen J, et al. Blood-
Brain Barrier Dysfunction and Recovery After Ischemic Stroke. Prog
Neurobiol (2018) 163-164:144–71. doi: 10.1016/j.pneurobio.2017.10.001

19. Uchimido R, Schmidt EP, Shapiro NI. The Glycocalyx: A Novel Diagnostic
and Therapeutic Target in Sepsis. Crit Care (2019) 23:16. doi: 10.1186/s13054-
018-2292-6

20. Zhu J, Li X, Yin J, Hu Y, Gu Y, Pan S. Glycocalyx Degradation Leads to Blood-
Brain Barrier Dysfunction and Brain Edema After Asphyxia Cardiac Arrest in
Rats. J Cereb Blood Flow Metab (2018) 38:1979–92. doi: 10.1177/
0271678X17726062

21. DellaValle B, Manresa-Arraut A, HasseldamH, Stensballe A, Rungby J, Larsen
A, et al. Detection of Glycan Shedding in the Blood: New Class of Multiple
Sclerosis Biomarkers? Front Immunol (2018) 9:3389/fimmu.2018.01254.
doi: 10.3389/fimmu.2018.01254

22. Pei S, Zheng D, Wang Z, Hu X, Pan S, Wang H. Elevated Soluble Syndecan-1
Levels in Neuromyelitis Optica Are Associated With Disease Severity.
Cytokine (2018) 111:140–5. doi: 10.1016/j.cyto.2018.08.017

23. Zhu J, Li Y, Zheng D, Wang Z, Pan S, Yin J, et al. Elevated Serum and
Cerebrospinal Fluid CD138 in Patients With Anti-N-Methyl-D-Aspartate
Receptor Encephalitis. Front Mol Neurosci (2019) 12:3389/fnmol.2019.00116.
doi: 10.3389/fnmol.2019.00116

24. Ali MM, Mahmoud AM, Le Master E, Levitan I, Phillips SA. Role of Matrix
Metalloproteinases and Histone Deacetylase in Oxidative Stress-Induced
Degradation of the Endothelial Glycocalyx. Am J Physiol Heart Circ Physiol
(2019) 316:H647–63. doi: 10.1152/ajpheart.00090.2018

25. Kothur K, Wienholt L, Brilot F, Dale RC. CSF Cytokines/Chemokines as
Biomarkers in Neuroinflammatory CNS Disorders: A Systematic Review.
Cytokine (2016) 77:227–37. doi: 10.1016/j.cyto.2015.10.001
Frontiers in Immunology | www.frontiersin.org 8
26. Lipowsky HH. The Endothelial Glycocalyx as a Barrier to Leukocyte Adhesion
and its Mediation by Extracellular Proteases. Ann BioMed Eng (2012) 40:840–
8. doi: 10.1007/s10439-011-0427-x

27. Tan CT, Mao Z, QiuW, Hu X,Wingerchuk DM,Weinshenker BG. International
Consensus Diagnostic Criteria for Neuromyelitis Optica Spectrum Disorders.
Neurology (2016) 86:491–2. doi: 10.1212/WNL.0000000000002366

28. Thompson AJ, Banwell BL, Barkhof F, Carroll WM, Coetzee T, Comi G, et al.
Diagnosis of Multiple Sclerosis: 2017 Revisions of the McDonald Criteria.
Lancet Neurol (2018) 17:162–73. doi: 10.1016/S1474-4422(17)30470-2

29. Lipowsky HH. Protease Activity and the Role of the Endothelial Glycocalyx in
Inflammation. Drug Discov Today Dis Models (2011) 8:57–62. doi: 10.1016/
j.ddmod.2011.05.004

30. Platt MP, Agalliu D, Cutforth T. Hello From the Other Side: How
Autoantibodies Circumvent the Blood-Brain Barrier in Autoimmune
Encephalitis. Front Immunol (2017) 8:442. doi: 10.3389/fimmu.2017.00442

31. Kutuzov N, Flyvbjerg H, Lauritzen M. Contributions of the Glycocalyx,
Endothelium, and Extravascular Compartment to the Blood-Brain Barrier.
Proc Natl Acad Sci USA (2018) 115:E9429–38. doi: 10.1073/pnas.1802155115

32. Chelazzi C, Villa G, Mancinelli P, De Gaudio AR, Adembri C. Glycocalyx and
Sepsis-Induced Alterations in Vascular Permeability. Crit Care (2015) 19:26.
doi: 10.1186/s13054-015-0741-z

33. Rahbar E, Cardenas JC, Baimukanova G, Usadi B, Bruhn R, Pati S, et al.
Endothelial Glycocalyx Shedding and Vascular Permeability in Severely
Injured Trauma Patients. J Transl Med (2015) 13:117. doi: 10.1186/s12967-
015-0481-5

34. Rempe RG, Hartz AMS, Bauer B. Matrix Metalloproteinases in the Brain and
Blood-Brain Barrier: Versatile Breakers andMakers. J Cereb Blood FlowMetab
(2016) 36:1481–507. doi: 10.1177/0271678X16655551

35. Rosenberg GA. Matrix Metalloproteinases and Neuroinflammation in Multiple
Sclerosis. Neuroscientist (2002) 8:586–95. doi: 10.1177/1073858402238517

36. Setiadi AF, Abbas AR, Jeet S, Wong K, Bischof A, Peng I, et al. IL-17A Is
Associated With the Breakdown of the Blood-Brain Barrier in Relapsing-
Remitting Multiple Sclerosis. J Neuroimmunol (2019) 332:147–54.
doi: 10.1016/j.jneuroim.2019.04.011

37. Deleon-Pennell KY, Altara R, Yabluchanskiy A, Modesti A, Lindsey ,M-O.
The Circular Relationship Between Matrix Metalloproteinase-9 and
Inflammation Following Myocardial Infarction. IUBMB Life (2015) 67
(8):611–8. doi: 10.1002/iub.1408

38. Fingleton B. Matrix Metalloproteinases as Regulators of Inflammatory
Processes. Biochim Biophys Acta Mol Cell Res (2017) 1864:2036–42. doi:
10.1016/j.bbamcr.2017.05.010

Conflict of Interest: The 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.

Copyright © 2021 Zhang, Pei, Zhou, Wang, Peng, Chen and Wang. 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.
July 2021 | Volume 12 | Article 705536

https://doi.org/10.1016/j.arcmed.2014.11.013
https://doi.org/10.1016/j.arcmed.2014.11.013
https://doi.org/10.1002/acn3.51094
https://doi.org/10.1007/s00424-007-0212-8
https://doi.org/10.1021/acs.chemrev.6b00010
https://doi.org/10.1111/joim.12465
https://doi.org/10.1155/2014/694312
https://doi.org/10.1155/2014/694312
https://doi.org/10.1111/jcmm.13081
https://doi.org/10.1016/j.matbio.2018.01.026
https://doi.org/10.1016/j.pneurobio.2017.10.001
https://doi.org/10.1186/s13054-018-2292-6
https://doi.org/10.1186/s13054-018-2292-6
https://doi.org/10.1177/0271678X17726062
https://doi.org/10.1177/0271678X17726062
https://doi.org/10.3389/fimmu.2018.01254
https://doi.org/10.1016/j.cyto.2018.08.017
https://doi.org/10.3389/fnmol.2019.00116
https://doi.org/10.1152/ajpheart.00090.2018
https://doi.org/10.1016/j.cyto.2015.10.001
https://doi.org/10.1007/s10439-011-0427-x
https://doi.org/10.1212/WNL.0000000000002366
https://doi.org/10.1016/S1474-4422(17)30470-2
https://doi.org/10.1016/j.ddmod.2011.05.004
https://doi.org/10.1016/j.ddmod.2011.05.004
https://doi.org/10.3389/fimmu.2017.00442
https://doi.org/10.1073/pnas.1802155115
https://doi.org/10.1186/s13054-015-0741-z
https://doi.org/10.1186/s12967-015-0481-5
https://doi.org/10.1186/s12967-015-0481-5
https://doi.org/10.1177/0271678X16655551
https://doi.org/10.1177/1073858402238517
https://doi.org/10.1016/j.jneuroim.2019.04.011
https://doi.org/10.1002/iub.1408
https://doi.org/10.1016/j.bbamcr.2017.05.010
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	High Level of Serum and Cerebrospinal Fluid of Heparan Sulfate and Hyaluronic Acid Might Be a Biomarker of Severity of Neuromyelitis Optica
	Introduction
	Materials and Methods
	Patients and Clinical Assessments
	Measurement of HS, HA and Related Cytokines
	Statistical Analyses

	Results
	Demographic and Clinical Characteristics
	Increased HS, HA and Related Cytokine Levels in Serum and CSF in Patients With NMO, MS and Autoimmune GFAP Astrocytopathy
	Correlations Between CSF and Plasma HS and HA Levels and EDSS Scores
	Associations Between CSF Glycocalyx Molecules and Other Cytokine Parameters
	Receiver Operating Characteristic (ROC) Curve Analysis

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


