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Abstract
Background Neuromyelitis optica (NMO), multiple sclerosis (MS) and autoimmune glial fibrillary acidic protein
(GFAP) astrocytopathy belong to autoimmune diseases incentral nervous system mainly manifestate
encephalomyelitis. The glycocalyx (GLX), consists of several membrane-bound macromolecules, is located on the
luminal side of the endothelium and mediates the blood and the vessel interaction. Until now, there is still lacking a
holistic understanding of the GLX degradation in autoimmune encephalomyelitis. Aim This study aimed to detect
the shedding levels of GLX components, heparan sulfate (HS) and hyaluronic acid (HA) in serum and cerebrospinal
fluid (CSF), correlate them with the severity and assess the diagnostic value of them, and evaluate their
correlations with pro-inflammatory cytokines. Methods Serum and CSF samples were obtained from 24 NMO
patients, 15 MS patients, 10 autoimmune GFAP astrocytopathy patients, and 18 controls without non-inflammatory
neurological diseases. Soluble HS, HA and IFN-γ, IL-17A, matrix metalloproteinase (MMP)-1 were detected by
enzyme linked immunosorbent assay ELISA. Results Besides levels of serum and CSF levels of HS, HA and related
cytokines were significantly elevated in these diseases. Notably, HS, HA in NMO, MS patients, and autoimmune
GFAP astrocytopathy diseases were widely correlated with EDSS scores. Importantly, the ROC curve analysis
suggested a potential diagnostic role of HS or HA . Conclusions The results here suggested the GLX degradation
and inflammation in NMO, MS and autoimmune GFAP astrocytopathy. Moreover, increased shedding of HS or HA
may indicate worse clinical situation. Importantly, CSF HS and HA may be informative diagnostic biomarkers for
telling autoimmune encephalomyelitis from the non-inflammatory neurological controls. Furthermore, therapeutic
strategy for protecting GLX may be effective to these diseases.

Introduction
Neuromyelitis optica (NMO), multiple sclerosis (MS) and autoimmune glial fibrillary acidic protein (GFAP)
astrocytopathy belong to autoimmune diseases incentral nervous system [1]. NMO and MS are two representative
immune-mediated AE [2]. Autoimmune GFAP astrocytopathy is a newly with unclear pathogenesis and no accurate
diagnostic criteria [3]. Typically, the denominator of these antibody-mediated diseases involves lymphocyte
infiltration, astrocytopathy and autoantibodies targeting the receptors in the brain or spinal cords [4, 5]. Considering
the integrity of blood-brain barrier (BBB) prevents the entry of immune cells and antibodies into the CNS [6].
Moreover, diverse neuro-inflammation is the basic pathologic change of NMO, MS and autoimmune GFAP
astrocytopathy closely linked to the breakdown of BBB [7], the interplay of neuro-inflammation and BBB
dysfunction may seriously result in neurological disturbance [8, 9]. To date, the state of BBB in these diseases is
not fully demonstrated, and the exploration of this issue may facilitate the understanding of these diseases and
offer novel therapies.
Glycocalyx (GLX), a layer consisted of polysaccharides and proteoglycans and attached to the luminal side of
endothelium of blood-brain barrier (BBB), acts as the first barrier between blood flow and the BBB [10]. Under the
physiological conditions, GLX is in a state of dynamic equilibrium that is continuously degraded and continuously
synthesized [11, 12]. Because of the vulnerability to various pathological conditions like inflammation,
hypertension and edema, components of GLX will be sensitively and quickly fragmented and released into CSF or
bloodstream [13–15]. Once the dynamic equilibrium is broken, diverse diseases such as vascular, renal, and
inflammatory diseases may be aggravated [13, 16]. In response to pathological conditions, extracellular proteases
quickly get activated and mediates the shedding of components of GLX, resulting in vascular permeability barrier
break, mechanotransduction impairment and endothelial cell dysfunction, and these changes conversely enhanced
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the degradation of glycocalyx in a vicious circle [17]. Till now, most researches concerning GLX focus on vascular
diseases and cancer. Though a few papers have connected the components of GLX with encephalitis like NMO,
EAE and anti-NMDAR encephalitis [18–20], there is still lacking a holistic understanding of the GLX degradation in
autoimmune encephalomyelitis.
Glycocalyx is a delicate membrane-bound network whose components includes glycosaminoglycans (GAGs) and
proteoglycans (PGs). HS and HA are two representative molecules belongs to GAGs and their degradation
indicating endothelial glycocalyx degradation [10, 21, 22]. In the early stage of immune attack, pro-inflammatory
cytokines can be immediately derived from T cells and their activation quickly stimulate the generation and
maturation of MMPs, a kind of known protease for GLX [23–25]. Indeed, previous studies concerning other
diseases like sepsis, brain edema, stroke, and trauma have confirmed the GLX shedding in diseases’ acute stage
[17, 26, 27]. Thus, plasma and CSF concentrations of HS and HA can largely reflex the damage of GLX, and
indirectly the disruption of BBB in acute stage. Until now, no studies have published the detailed information on
shedding of the glycosaminoglycans (GAGs), particularly HS and HA, in CSF and serum in patients with
encephalomyelitis of NMO, MS and autoimmune GFAP astrocytopathy.
Herein, we focus on the role of glycocalyx in encephalomyelitis of NMO, MS and autoimmune GFAP
astrocytopathy, three typical antibody-dependent astrocytic disorders. To assess the influence of the severity of
BBB injury on the severity of these neurological disorders, and find out the potential factors affecting the integrity
of BBB glycocalyx, we detected the levels of two molecules of glycocalyx, HS and HA, in both CSF and serum,
correlated them with CSF levels of pro-inflammatory factors and sheddases, IFN-γ, IL-17A, MMP-1, or EDSS scores.
Our results showed a dramatic increase of CSF and plasma concentrations of HS and HA, and elevated levels of
CSF IFN-γ, IL-17A, MMP-1 in these three autoimmune encephalomyelitis. More importantly, the shedding levels of
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 relationship with severity in different course of these disorders remain
unknown. Of note, CSF HS and HA may be reliable markers for the diagnosis of encephalomyelitis of NMO, MS and
autoimmune GFAP astrocytopathy. Further more, therapeutic strategies focused on preservation of glycocalyx may
improve outcomes of these neurological disorders.

2. Methods And Materials
2.1 Patients and clinical assessments
All subjects were enrolled from the Department of Neurology of Nanfang Hospital, Southern Medical University,
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). The diagnoses of the above autoimmune encephalitis were confirmed blindly by two
doctors based on the diagnostic criteria [3, 28, 29]. All controls were negative for specific CSF and serum
antibodies. EDSS score was used to evaluate the severity of patients. In addition, relevant demographic and
medical data were also collected, shown in Table 1. By the way, this study was approved by the Ethics Committee
of the Nan Fang Hospital and all the above subjects have signed the informed consent.
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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-γ
(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-γ
(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)***

0

23

0

0

0

0

0

10

NMO-IgG
Positive
GFAP-IgG
Positive

Age (years) refers to age at sample collection. 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.
a. Data were presented as mean ± SD. SD: standard deviations.
b. Data were presented as medians (IQRs-interquartile ranges).
* P < 0.05, ** P < 0.01, *** P < 0.001.
Page 4/14

2.2 Measurement of HS, HA and related cytokines
We obtained both the CSF and serum samples from all subjects within the 3 days after admission and before the
Immunotherapy therapies were applied. Then all samples went through a mild centrifuge and stored at − 80 °C
until assay. Concentrations of HS, HA and related cytokines like IFN-γ, IL-17A and MMP-1 were detected by
Enzyme-Linked Immunosorbent Assay (ELISA) kits (R&D Systems). All detections were performed in accordance
with the manufacturer's instructions and every standard and sample were assayed in duplicate.
All statistical analyses were conducted using SPSS version 24.0 (IBM, Armonk, NY, US). Data were displayed as the
mean ± SEM or median (IQRs-interquartile ranges) according to the normality test results. Kruskal-Wallis plus
Dunn’s test or one-way analysis of variance (ANOVA) with Tukey post hoc analysis were performed accordingly. p <
0.05 was taken as statistically significant. Graphs were plotted by GraphPad Prism 8 (GraphPad, La Jolla, CA, US).
All analyses were performed in a blinded manner.

3. Results
3.1 Demographic and Clinical characteristics
The data derived from patients with NMO (n = 24), MS (n = 15), GFAP (n = 10) and 18 controls were presented in
Table 1. The median (IQRs) EDSS score 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 GFAP group (Table 1). No statistically significant differences on sex or age in each
group.
3.2 Increased HS, HA and related cytokine levels in serum and CSF in patients with autoimmune encephalomyelitis
As shown in Table 1, the median plasma concentrations of IFN-γ and IL-17A were all obviously elevated in patients
with NMO and MS in comparison with that of the control subgroup (IFN-γ: p < 0.001, p < 0.001, respectively; IL-17A:
p < 0.001, p < 0.001, respectively; MMP-1: p < 0.001, p < 0.001, respectively). For autoimmune GFAP astrocytopathy,
plasma concentrations of IFN-γ and IL-17A but not MMP-1 were higher than that of controls (IFN-γ: p < 0.001; IL17A: p < 0.001). Similarly, the median CSF concentrations of IFN-γ, IL-17A and MMP-1 were all obviously elevated
in patients with NMO, MS and GFAP in comparison with that of the control subgroup (IFN-γ: p < 0.001, p < 0.001, p <
0.001, respectively; IL-17A: p < 0.001, p < 0.001, p < 0.001, respectively; p; MMP-1: p < 0.001, p < 0.001, p < 0.001,
respectively). To further assess the BBB permeability injury severity in these autoimmune encephalitis patients, we
compared the levels of HS and HA in patients with NMO, MS and autoimmune GFAP astrocytopathy as well as
controls. The results shown in Fig. 1 demostrated that concentrations of both HS and HA in plasma and CSF were
elevated in the autoimmune encephalitis group compared with the control group (Serum HS: p < 0.001, p = 0.022, p
< 0.001, respectively; CSF HS: p < 0.001, p < 0.001, p < 0.001, respectively; Serum HA: p < 0.001, p < 0.001, p < 0.001,
respectively; CSF HA: p = 0.057, p < 0.001, p < 0.001, respectively). However, no significant differences were found in
levels of serum or CSF glycocalyx molecules and other cytokine parameters among NMO, MS and autoimmune
GFAP astrocytopathy patients. Further, to find out the relationship between levels of CSF and plasma glycocalyx
molecules, correlations were tested in autoimmune encephalitis subgroups, of which only HS in NMO and HA in
MS appeared a positive correlation between CSF and serum levels (NMO HS: p = 0.029, r = 0.447; MS HA: 0.005,
0.696) (S 2).
3.3 Correlations between levels of CSF and plasma HS and HA and EDSS scores
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To assess the possible link between CSF and plasma glycocalyx molecules and the severity of these three
disorders, we then examined the correlations (Fig. 2). Of note, in patients with NMO, MS or autoimmune GFAP
astrocytopathy, we discovered a significant positive correlation between concentrations of CSF HS, HA and EDSS
(NMO HS: p = 0.024, r = 460; MS HS: p = 0.004, r = 707; GFAP HS: p = 0.047, r = 650; NMO HA: p = 0.010, r = 514; MS
HA: p = 0.030, r = 568; GFAP HA: p = 0.037, r = 675). As for associations between plasma profiles levels and EDSS
scores, we only found a significant correlation between serum HS and EDSS in NMO subgroup (p = 0.043, r =
0.417). Results showed positive correlations between other serum levels and EDSS, though they did not quite reach
statistical significance (NMO HA: p = 0.051, r = 403; MS HS: p = 0.064, r = 495; GFAP HS: p = 0.241, r = 409; MS HA:
p = 0.104, r = 440; GFAP HA: p = 0.065, r = 613).
3.4 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 further detected the associations between CSF glycocalyx molecules
and IFN-γ, IL-17A and MMP-1 (Fig. 3). Interestingly, in the CSF of patients with NMO, MS and autoimmune GFAP
astrocytopathy, there was a universal positive correlation between concentrations of HS and that of MMP-1 (NMO,
p = 0.032, r = 0.483; MS, p = 0.024, r = 0.586; GFAP, p = 0.025, r = 0.711) (Fig. 3A, C, E). Moreover, significant positive
correlations were also found between CSF HS and IFN-γ (p = 0.022, r = 0.465) and CSF HA and MMP-1 (p = 0.001, r
= 0.622) in NMO subgroup (Fig. 3A, B), CSF HS and IL-17A (p = 0.043, r = 0.533) and CSF HA and IFN-γ (p = 0.014, r
= 0.629) in MS subgroup (Fig. 3C, D), and CSF HA and IL-17A (p = 0.035, r = 0.685) in autoimmune GFAP
astrocytopathy subgroup (Fig. 3F).
3.4 Diagnostic values of soluble HS and HA for the assessment of disease activity
To measure the diagnostic value in distinguish controls and NMO, MS and autoimmune GFAP astrocytopathy, we
conducted ROC curve analysis. As shown in Fig. 4, both CSF HS and HA showed good area under the curve (AUC)
values (NMO HS, 0.891; MS HS, 0.880; GFAP, 0.919; NMO HA, 0.852; MS HS, 0.885; GFAP, 0722), among which the
AUC of CSF HS in autoimmune GFAP astrocytopathy and CSF HA in MS were the supreme, whose optimal cut-off
values were 155.9 and 37.72 ng/mL, indicating the highest diagnostic potential of CSF HS for autoimmune GFAP
astrocytopathy and CSF HA for MS. In the comparison of patients with NMO, MS and GFAP encephalitis, the AUC
were 0.658, 0.504, 0.660 for CSF HS and 0.502, 0.563, 0.573 for CSF HA, respectively. Of note, HS and HA in CSF
did not show an improved diagnostic value for distinguishing NMO, MS and GFAP (S 1).

4. Discussion
This study focused on the disruption extent of glycocalyx (GLX) in three typical autoimmune encephalomyelitis,
NMO, MS and autoimmune GFAP astrocytopathy, which was reflexed by the shedding levels of HS and HA in
plasma and CSF here. Further, we found the diagnostic role of HS and HA in these three autoimmune diseases in
CNS .
As is known to us all, the BBB prevents certain substances like inflammatory factors and immune cells in plasma
from entering the central nervous system [13, 15, 30], thus BBB plays a crucial role in keeping cerebral
homeostasis. Moreover, evidence have suggested the breakdown of BBB in autoimmune diseases of CNS [31], but
the early changes of BBB milieu still largely remain unclear in encephalomyelitis, in particular the newly identified
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autoimmune GFAP astrocytopathy. Importantly, the effective therapeutic protecting the BBB in other diseases like
brain edema indicated the potential therapy for NMO, MS and autoimmune GFAP astrocytopathy [17].
GLX, a jelly-like layer, encompasses the luminal surface of the endothelium and has been taken as the first defense
of BBB [10, 17, 32]. Once this surface matrix is disrupted, the homeostasis of endothelial permeability will be
broken, resulting in leakage of inflammatory cytokines, immune cells and even antibodies from serum to
cerebrospinal fluid, which finally aggravates the infiltration of inflammation and severity of diseases [8, 33, 34].
Thus, high concentrations of soluble components of GLX in body fluid, especially CSF, implicates the damage
degree of GLX, and indirectly the disruption of BBB. Here, our results showed dramatically increase of soluble HS
and HA in plasma and CSF in the acute stage of NMO, MS and autoimmune GFAP astrocytopathy, indicating the
degradation and disruption of GLX and BBB. Notably, the CSF levels of both HS and HA were positively associated
with the severity of these three typical encephalomyelitis. Moreover, studies have announced that under
inflammatory conditions, shedding of the GLX occurs in response to mediators and activation of MMPs [24, 25, 35,
36], resulting in release of fragments like HS and HA into the circulation. Our results also found the elevated
expression of CSF MMP-1 in CSF and it positively associated with CSF HS or HA in NMO, MS and autoimmune
GFAP astrocytopathy.
The current study also focused on the neuro-inflammation extent. Considerable evidence has implicated that the
release of inflammation-mediated cytokines can stimulate the process of glycocalyx shedding [13, 15]. Of note, IL17A and IFN-γ, two pro-inflammatory factors already proved to be involved in many autoimmune disorders, were
activated NMO, MS and autoimmune GFAP astrocytopathy. Moreover, researchers have pointed out that MMPs can
be induced under the inflammatory condition [37, 38]. Notably, a universal positive correlation was found between
concentrations of CSF HS and that of IFN-γ, IL-17A, MMP-1 in these diseases. Therefore, the release of proinflammatory cytokines may interact with MMPs and result in glycocalyx dysfunction. Conversely, the disruption of
endothelial GLX can cause damage to BBB and in turn exacerbate the extent of inflammation and the activation of
MMPs.
Due to the difficulty of follow up and clinical situation in this study, some precise work has been limited, like
dynamic monitoring the time duration of HS and HA shedding and assess the association between degree of
glycocalyx destruction and disease severity in different course of these neurological disorders. Therefore, a further
research in response to the above issues is worthy in the future clinical and animal experiments.
In conclusion, our findings demonstrated the glycocalyx degradation occurred in the acute stage of NMO, MS and
autoimmune GFAP astrocytopathy, which was implicated by elevated shedding levels of HS and HA in plasma and
CSF here. Moreover, CSF HS and HA were correlated with the severity of these diseases. Importantly, CSF HS and
HA may act as potential indicators for the diagnosis of these three typical autoimmune encephalomyelitis. In
addition, inflammation was also activated. Further investigations targeting measuring dynamic concentrations of
glycocalyx shedding in different courses of diseases are worthy. Importantly, therapeutic strategy for protecting
GLX may be effective to these diseases.
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Figures

Figure 2
Serum and CSF levels of HS and HA. HS (A), HA (C) levels in the serum of controls (CTLs) and patients with NMO,
MS and GFAP encephalitis; HS (B), HA (D) levels in the CFS of controls (CTLs) and patients with NMO, MS and
GFAP encephalitis. The p-values were indicated within each analysis.
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Figure 3
Correlation between the levels of both CSF and plasma HS, HA and EDSS scores of patients with NMO, MS and
GFAP encephalitis. (A) In NMO, the levels of HS and HA in CSF and plasma HS were positively correlated with
EDSS scores, while no correlation was found between plasma HA levels and EDSS scores. (B) In MS, the levels of
HS and HA in CSF were significantly correlated with EDSS scores, while no correlation was found between plasma
HS, HA levels and EDSS scores. (C) In autoimmune GFAP astrocytopathy, the levels of HS and HA in CSF were
significantly correlated with EDSS scores, while no correlation was found between plasma HS and HA levels and
EDSS scores. The p and r-values were indicated within each analysis.
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Figure 5
Correlation between the CSF levels of HA, HS and IFN-γ, IL-17A, MMP-1 patients with NMO, MS and autoimmune
GFAP astrocytopathy. The p and r-values were indicated within each analysis.
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Figure 8
ROC curve analysis of CSF HS and HA in patients with NMO, MS and GFAP. (A, D) Diagnostic values of CSF HS and
HA for distinguishing NMO and controls. (B, E) Diagnostic values of CSF HS and HA for distinguishing MS and
controls. (C, F) Diagnostic values of CSF HS and HA for distinguishing GFAP and controls. AUC: area under the
curve; CI, confidence interval. CTL: controls.
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