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Abstract 
Multisystem inflammatory syndrome in children (MIS-C) represents a rare but severe complication of severe acute respira-
tory syndrome coronavirus 2 infection affecting children that can lead to myocardial injury and shock. Vascular endothelial 
dysfunction has been suggested to be a common complicating factor in patients with coronavirus disease 2019 (COVID-19). 
This study aims to characterize endothelial glycocalyx degradation in children admitted with MIS-C. We collected blood and 
urine samples and measured proinflammatory cytokines, myocardial injury markers, and endothelial glycocalyx markers in 
17 children admitted with MIS-C, ten of which presented with inflammatory shock requiring intensive care admission and 
hemodynamic support with vasopressors. All MIS-C patients presented signs of glycocalyx deterioration with elevated levels 
of syndecan-1 in blood and both heparan sulfate and chondroitin sulfate in the urine. The degree of glycocalyx shedding 
correlated with tumor necrosis factor-α concentration. Five healthy age-matched children served as controls. Patients with 
MIS-C presented severe alteration of the endothelial glycocalyx that was associated with disease severity. Future studies 
should clarify if glycocalyx biomarkers could effectively be predictive indicators for the development of complications in 
adult patients with severe COVID-19 and children with MIS-C.

Key messages 

• Children admitted with MIS-C presented signs of 
endothelial glycocalyx injury with elevated syndecan-1 
and heparan sulfate level.

• Syndecan-1 levels were associated with MIS-C severity 
and correlated TNF-α concentration.

• Syndecan-1 and heparan sulfate may represent potential 
biomarkers for patients with severe COVID-19 or MIS-C.
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Introduction

The coronavirus disease (COVID-19) pandemic caused by 
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) represents one of the most prominent global health 
threat of this century, with more than 350 million infected 
individuals and 5.5 million deaths worldwide [1]. While 
adults have suffered the highest rates of morbidity and 
mortality related to COVID-19, children were thought to 
be mostly spared, with 90% being either asymptomatic or 
mildly affected [2]. Reports of children presenting with 
severe inflammatory shock and multiple organ dysfunc-
tion mimicking both Kawasaki Disease and Toxic Shock 
Syndrome [3–6] emerged in the later phase of the first 
wave. This new syndrome was later referred as Multisys-
tem Inflammatory Syndrome in Children (MIS-C) [7, 8] or 
pediatric multisystem inflammatory syndrome [9]. While 
the pathophysiology of MIS-C remains largely unknown, 
current evidence from clinical studies suggests a post-
infectious process characterized by a dysregulated immune 
response in genetically and immunologically susceptible 
hosts [10–15]. A common feature of children presenting 
with MIS-C is the involvement of the cardiovascular sys-
tem, with elevated myocardial injury markers, N-terminal 
probrain natriuretic peptide (NT-proBNP) and cardiac tro-
ponin, and abnormal echocardiographic findings with left 
ventricular systolic and diastolic dysfunction and coronary 
artery abnormalities [3].

The endothelial glycocalyx (from now on simply referred 
to as “glycocalyx”), which covers the luminal surface of 
endothelial cells, plays a key role for the maintenance of vas-
cular homeostasis, including, but not limited to, the negative 
charges provided by the glycosaminoglycan chains of proteo-
glycans, e.g., heparan sulfate and chondroitin sulfate, which 
form a shield around cells but also provide sites for multi-
ple interactions. If the glycocalyx is damaged, glycocalyx-
shedding products can be measured in the plasma, typically 
syndecan-1, proteoglycan, and heparan sulfate. Several studies 
have shown that the amount of glycocalyx-shedding products 
correlates with the severity of ischemia/reperfusion injury in 
patients after major vascular surgery or acute myocardial 
infarction [16, 17].

Damage to the glycocalyx has been reported in trauma and 
septic patients [18–20] but also lately in adult patients with 
severe COVID-19 [21–25]. Recent reports and commentaries 
have suggested that a dysregulated endothelium might play a 
central role in the pathogenesis of acute respiratory distress 
syndrome (ARDS) and multiple organ failure in COVID-
19. Interestingly, a recent study demonstrated the presence 
of autoantibodies against endothelial and cardiac tissue in 
MIS-C patients suggesting that damage to the endothelium 
may also play a role in the pathogenesis of MIS-C [26].

The overall aim of this hypothesis-generating study was 
to characterize glycocalyx alterations in children admitted 
with MIS-C. Our specific objectives were as follows: (1) to 
compare plasma and urinary glycocalyx markers in MIS-C 
patients presenting with shock to MIS-C patients without 
shock and healthy volunteers; (2) to determine the correla-
tion of syndecan-1 levels and myocardial injury and proin-
flammatory markers.

Materials and methods

Study participants

Between April 1, 2020, and April 2, 2021, we prospec-
tively enrolled all children (0–16 years old) admitted to the 
Geneva University Hospitals with a diagnosis of MIS-C 
according to World Health Organization (WHO) case defi-
nition. Real-time polymerase chain reaction (RT-PCR) for 
SARS-CoV-2 and SARS-CoV-2 immunoglobulin A (IgA) 
and immunoglobulin G (IgG) serologies were performed 
according to Grazioli et al. [27]. Demographic, labora-
tory, and physiological variables were documented for 
each participant at hospital admission and during hospi-
tal stay. Detailed patient characteristics at study inclusion 
as well as a description of the subsequent clinical course 
for a subset of the patients enrolled in the present study 
were recently published in two case series [27, 28]. MIS-C 
patients were categorized into MIS-C with shock or with-
out shock as per Goldstein 2005 definition of cardiovas-
cular failure [29]. The number of organ dysfunction was 
evaluated using the modified pediatric logistic organ dys-
function (PELOD)-2 score [30]. Five healthy age-matched 
children served as controls. All blood and urine samples 
were collected as part of standard clinical care. Immedi-
ately after centrifugation, plasma or serum aliquots were 
frozen and kept at − 80 °C. Urinary creatinine analysis was 
performed as standard routine. Clinical laboratory test val-
ues at the time of hospital admission and during hospital 
stay were included in our analysis, when available.

Circulating markers of glycocalyx dysfunction, 
inflammation, and myocardial injury

Plasma or serum levels of syndecan-1 were measured 
using commercially available enzyme-linked immunosorb-
ent assay kits (human anti-CD138 ELISA kit, Diaclone, 
France) according to the manufacturer’s instruction. Urine 
samples were filtered (0.22 µm, Millipore, USA) and kept 
frozen at − 20 °C. Centrifugation at 2000 rpm for 10 min at 
4 °C was performed on thawed samples (Eppendorf model 
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5804, USA) to eliminate possible cryoprecipitates before 
the isolation of glycosaminoglycans. Heparan sulfate and 
chondroitin sulfate were purified from urine by diethyl-
aminoethanol-sephadex (GE Healthcare) and concentrated 
desalted fractions were analyzed by enzymatic depolym-
erization and reverse-phase ion-pairing high-performance 
liquid chromatography [31]. Troponin-T, D-dimer, NT-
proBNP, albumin, tumor necrosis factor α (TNF-α), and 
interleukin-6 (IL-6) were measured as part of clinical rou-
tine at admission and then repeatedly, according to clini-
cal evolution in the laboratory of the Geneva University 
Hospitals as previously described [27].

Statistical methods

Data are presented as absolute numbers, percentages, and 
medians with interquartile range (IQR). Continuous vari-
ables were compared using either the Mann–Whitney U test 
or the Kruskal–Wallis test, as appropriate, and categorical 
variables were compared using Fisher exact and chi-square 
tests. To correct for multiple testing in comparisons of 
syndecan-1 levels per participant group, we used the false 
discovery rate (FDR) approach of Benjamini, Krieger, and 
Yekutieli, setting a q-value < 0.05 as significant. Two-way 

repeated analysis of variance (ANOVA) with Tukey post hoc 
t-test was performed to determine difference in heparan sul-
fate and chondroitin sulfate disaccharides between healthy 
controls, non-shock, and shock MIS-C patients. Correlations 
between syndecan-1 and biological markers or outcome 
measurements were tested using Spearman rank correlation 
test. All the tests were two-sided and P values less than 0.05 
were considered statistically significant. SPSS version 24 
(IBM Corporation, Armonk, NY, USA) and GraphPad Prism 
version 9 (GraphPad Prism Software Inc., San Diego, CA, 
USA) were used for statistical analyses and preparation of 
figures.

Results

During the study period, 17 children/adolescents were 
admitted to the hospital with a diagnosis of MIS-C. Ten 
patients presented with shock requiring pediatric intensive 
care unit (PICU) admission and hemodynamic support with 
vasopressors. Demographic and clinical characteristics of 
the patients are summarized in Table 1 and Supplemental 
Table S1. Of the patients, 88% were male with a median 
age of 11 years. In total, 29% of MIS-C patients were 

Table 1  Admission 
characteristics of patients 
reported with multisystem 
inflammatory syndrome in 
children (MIS-C)

Data are presented as median (interquartile range) for continuous variables or no (%) for binary variables
BMI body mass index, ER emergency room, LVEF left ventricular ejection fraction
a Non-shock MIS-C vs shock MIS-C, Mann–Whitney U test, or Fisher exact test

Characteristic MIS-C (total)
(n = 17)

Non-shock MIS-C
(n = 7)

Shock MIS-C
(n = 10)

P  valuea

Age 11 (8–13) 13 (8–13) 11 (8–13) .552
Male 15 (88.2) 7 (100) 8 (80) .505
BMI 18.3 (14.8–24.9) 14.9 (14.1–18.6) 20.3 (16.7–27) .064
Comorbidities 0 0 0
Day of illness at admission 6 (5–8) 6 (4–8) 6 (5–7) .764
Symptoms on presentation
  Fever 17 (100) 7 (100) 10 (100)
 Respiratory symptoms 12 (70.6) 3 (42.9) 9 (90) .1
 Gastrointestinal manifestations 15 (88.2) 6 (85.7) 9 (90) 1
 Mucocutaneous symptoms 12 (70.6) 4 (57.1) 8 (80) .593
 Neurological symptoms 8 (47.1) 2 (28.6) 6 (60) .335

Echocardiography
 LVEF < 55% 6 (35.3) 2 (28.6) 4 (40) 1
 Coronary abnormalities 3 (17.6) 1 (14.3) 2 (20) 1

Interventions
 ICU admission 12 3 9
 Nb of organ dysfunction 2 (0–3.5) 0 (0–1) 3 (2.8–5)  < .001
 Invasive mechanical ventilation 2 (11.8) 0 2 (20) .485
 Vasopressors 9 (64) 0 9 (100)
 Fluid bolus at ER (ml/kg) 10 (0–25) 0 21 (14–34) .002
 Dialysis 1 (5.9) 0 1 (10) 1.0
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considered obese based on the WHO definition and chil-
dren presenting with shock had higher median body mass 
index as compared to children without shock, which did 
not reach statistical significance (14.9 [14.1–18.8] vs 20.3 
[16.7–26.9]; P = 0.064). As expected, when compared to 
controls, all patients presented in hyperinflammatory state 
characterized by elevated C-reactive protein (CRP), pro-
calcitonin, IL-6, and TNF-α (Table 2). Proinflammatory 
markers procalcitonin, IL-6, and TNF-α but not CRP were 
significantly more elevated in MIS-C patients with shock as 
compared to MIS-C patient without shock. Furthermore, as 

compared to MIS-C patients without shock, MIS-C patients 
presenting with shock had lower platelet counts, higher 
d-dimers concentration, and lower albumin levels at admis-
sion. None of the 17 MIS-C patients met the International 
Society on Thrombosis and Haemostasis diagnostic criteria 
for disseminated intravascular coagulation (≥ 5 points) [32] 
but MIS-C patients with shock presented higher median 
scores as compared to MIS-C patient without shock (3 
[3–3.25] vs 2 [2]; P = 0.001).

All MIS-C patients presented signs of myocardial 
injury with elevated troponin and NT-proBNP levels, with 

Table 2  Laboratory data 
of patients reported with 
multisystem inflammatory 
syndrome in children (MIS-C)

Data are presented as median (interquartile range) for continuous variables or no (%) for binary variables
CRP  C-reactive protein, PCT  procalcitonin, IL-6  interleukin-6, TNF-α  tumor necrosis factor α, NT-
proBNP  N-terminal probrain natriuretic peptide, PT  prothrombin time (percentage activity), PTT  partial 
thormoboplastin time, INR international normalized ratio
a Non-shock MIS-C vs shock MIS-C, Mann–Whitney U test, or Fisher exact test
b Missing NT-proBNP data in 2 patients in the non-shock MIS-C group and 1 patient in the shock-MIS-C 
group

Laboratory values MIS-C (total)
(n = 17)

Non-shock MIS-C
(n = 7)

Shock MIS-C
(n = 10)

P  valuea

WBC count (×  109/L) 7.9 (6.5–10.35) 8.1 (7.2–8.7) 7.6 (5.6–13) .845
Neutrophil count (×  109/L) 6.9 (4.65–10.1) 6.9 (4.4–8) 6.8 (4.7–10.7) .625
Lymphocyte count (×  109/L) 0.6 (0.2–1.2) 0.74 (0.5–2.2) 0.52 (0.16–0.83) .118
Platelets (×  109/L) 145 (113.5–207.5) 199 (151–235) 127 (100–146.8) .019
CRP (mg/mL) 214(181–286) 198 (136–265) 233 (190–329) .143
PCT(μg/L) 8 (1.7–19.3) 1.8 (1.1–5.5) 13.9 (7.4–43.9) .006
Il-6 (pg/mL) 93.5 (34.2–229.4) 74.6 (3.9–94.4) 129.5 (88.8–928) .03
TNF-α (pg/mL) 19.8 (11.2–28.7) 11 (4.7–13.9) 27.7 (20.4–43.2) .001
INR 1.08 (1–1.17) 1.06 (1–1.25) 1.09 (1.04–1.16) .660
PT (%) 86 (72.5–97.5) 80 (62–100) 85 (74.3–92.5) .590
PTT (sec) 36.9 (31.9–40) 35.3 (31–37) 38.3 (34.1–41) .241
Fibrinogen (g/L) 5.3 (5–7.4) 5.6 (5.1–8.1) 5.1 (4.5–6.5) .101
D-dimers (g/L) 3924 (2071–7539) 1969 (1527–2677) 6433 (3908–9178) .002
Albumin (g/L) 30 (26–33) 32 (30–37) 27 (25–31) .028
NT-proBNP (ng/mL)b 5422 (2591–21,204) 2722 (1334–3978) 15,724 (4217–32,485) .02
Troponin (ng/mL) 65 (31–214) 133 (35–199) 51 (27–246) .696

Table 3  Treatment and outcome 
of patients reported with 
multisystem inflammatory 
syndrome in children (MIS-C)

Data are presented as median (interquartile range) for continuous variables or No (%) for binary variables
ICU intensive care unit, IVIG intravenous immunoglobulin
a Non-shock MIS-C vs shock MIS-C, Mann–Whitney U test, or Fisher exact test

Characteristic MIS-C (total)
(n = 17)

Non-shock MIS-C
(n = 7)

Shock MIS-C
(n = 10)

P  valuea

Treatment
  IVIG 14 (82.4) 5 (71.4) 9 (90) .537
  Corticosteroids 14 (82.4) 5 (71.4) 9 (90) .537
  Biologics 6 (35.3) 1 (14.3) 5 (50) .304

Outcome
  ICU length of stay (days), 5 (2–7) NA 7 (4–10)
  Hospital length of stay (days) 7 (7–10) 6 (5–7) 10 (7–14) .008
  Survival to discharge 14 (100) 5 (100) 9 (100)
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significantly higher NT-proBNP levels in MIS-C patients 
with shock as compared to MIS-C patients without shock. 
Echocardiographic examinations were abnormal in 6 
patients, with a decreased left ventricular ejection fraction 
in two patients from the non-shock group and 4 patients 
from the shock group (Table 1). In addition, one patient from 
the non-shock group and two patients from the shock group 
presented coronary artery dilation.

Treatment with intravenous immunoglobulin (IVIG) and 
corticosteroids were given to 82% of the patients without differ-
ence according to the mode of presentation with shock or with-
out shock (Table 3). Six patients received immunomodulatory 
treatments for persistent fever and worsening of clinical picture 
with three patients receiving Anakinra, two patients receiving 
Tocilizumab, and one patient receiving both Anakinra and 
Tocilizumab. All of the children were treated at admission with 
broad spectrum antibiotics that could be discontinued at 48 h 
for negative blood cultures. No patients developed secondary 
bacterial or viral infection despite the different immunomod-
ulatory treatments they received. Because of an increased 
risk for thrombosis, all MIS-C patients received prophylactic 

anticoagulation with either unfractionated heparin (UFH) (at 
a dose of 10 UI/kg/h intravenous) or low molecular weight 
heparin (LMWH) (such as enoxaparin at a dose of 0.5 mg/kg/
dose, maximal dose of 40 mg subcutaneous q 24 h) during their 
hospital stay until discharge.

All MIS-C patients survived to discharge and had a 
median hospital length of stay of 7  days, with MIS-C 
patients with shock staying longer as compared to MIS-C 
patients without shock.

Syndecan-1 concentration measured at admission is 
illustrated in Fig. 1. Because of the limited availability of 
plasma samples, syndecan-1 was measured in either plasma 
or serum (MISC07–MISC14). Preliminary data comparing 
syndecan-1 concentration measured in plasma and serum 
samples from healthy volunteers showed a lower median 
syndecan-1 concentration in serum samples as compared 
to plasma samples (11.7 [7.3–14.4] vs 16.8 [11.9–26.3]; 
P = 0.0625). Therefore, to avoid the confounding effect of 
the type of sample (serum vs plasma), we compared synde-
can-1 concentration at admission only on plasma samples. 
We found that syndecan-1 median (IQR) concentration at 

Fig. 1  Syndecan-1 concentration increases in children with MIS-C. a 
Admission level of syndecan-1 (ng/ml) in healthy, MIS-C without shock, 
and MIS-C with shock patients. Data represent median with interquar-
tile range of plasma and serum samples. **P < 0.01, Mann–Whitney 
test (non-shock MIS-C vs shock-MIS-C), and (healthy controls vs total 
MIS-C patients). Black open circle = serum sample and red full cir-
cle = plasma sample. b Time course of syndecan-1 plasma concentration 

in children admitted with MIS-C since hospital admission. The limit of 
detection of the ELISA is represented by a dotted line. Control data are 
the average of three control samples. c Correlation of plasma syndecan-1 
with NT-proBNP, IL-6, and TNF-α. Spearman correlation test. IL-6, 
interleukin-6; MIS-C, multisystem inflammatory syndrome in children; 
NT-proBNP, N-terminal probrain natriuretic peptide; TNF-α, tumor 
necrosis factor α
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admission was significantly elevated in all MIS-C patients 
as compared to healthy matched controls (144 [105–547] 
vs 50 [15–71] ng/mL; P = 0.001), with higher levels in 
MIS-C patients with shock as compared to MIS-C patients 
without shock, without reaching statistical significance 
(514 [122–1123] vs 113 [99–151] ng/mL; P = 0.2). Fur-
thermore, to correct for the different response and to nor-
malize results, syndecan-1 levels were also expressed as 
ratio on the relative healthy control (serum or plasma) used 
in each test (Supplemental Fig. S1a). Accordingly, higher 
syndecan-1 ratios in shock patients compared to non-shock 
patients (14.5 [6.6–21.7] vs 2.6 [2.2–4.0]; P = 0.0012) were 
observed. Interestingly, the syndecan-1 value of patient 
MISC06 at admission was similar to levels of healthy 
patients (68.6 ng/mL, ratio 1.3) but increased to shock lev-
els the following day (767 ng/mL, ratio 13.8). There was 
no correlation between admission syndecan-1 levels and 
hospital length of stay (R = 0.389 and P = 0.122) but a trend 
toward a correlation between syndecan-1 levels and the 
number of organ dysfunction (R = 0.481 and P = 0.0523).

For some patients, it was possible to monitor syndecan-1 
during the hospitalization until complete recovery. Syndecan-1 
increased after admission, peaked around day 10–15 of illness 
with four patients presenting levels above 1000 ng/mL, and 
returned to normal value in all monitored patients at a median 
time (IQR) of 109 days (72–145 days) following symptom 
onset (Fig. 1b and Supplemental Fig. S1b, c).

Because of the temporal relationship between the increase 
in inflammatory mediators, NT-proBNP, and syndecan-1, 
we explored the correlation between syndecan-1 plasma lev-
els and those biomarkers (Fig. 1c) at admission and demon-
strated their time course in three MIS-C patients presenting 
with shock (Fig. 2). Although NT-proBNP and syndecan-1 
levels appeared to follow a similar time course over time, 
there was no significant correlation between those two mark-
ers at admission (rho = 0.60, P = 0.166). Among inflammatory 
cytokines, only TNF-α was positively correlated with synde-
can-1 (rho = 0.73, P = 0.02). Of note, in all three patients, CRP 
levels started to decrease early, while NT-proBNP, syndecan-1, 
and cytokine concentration were still at their peak level.

Fig. 2  Time course of syndecan-1 concentration according to NT-
proBNP, CRP, IL-6, and TNF-α plasma concentration in three MIS-C 
patients with shock. Control data are the mean of three control sam-

ples. CRP, c-reactive protein; IL-6, interleukin-6; MIS-C, multisys-
tem inflammatory syndrome in children; NT-proBNP, N-terminal 
probrain natriuretic peptide; TNF-α, tumor necrosis factor α
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To further investigate glycocalyx degradation in MIS-C 
patients, urinary levels of heparan sulfate and chondroitin 
sulfate and their structural composition were measured by 
reverse-phase ion-pairing high-performance liquid chro-
matography analysis after digestion of isolated glycosa-
minoglycans into constituent disaccharides. The analysis 
was performed on those patients for which urine samples 
were available. A significant higher median concentration 
of heparan sulfate and chondroitin sulfate was detected 
in urine samples from MIS-C patients as compared to 
healthy controls (Table 4). Despite being collected at dif-
ferent time point of illness, urinary levels of both gly-
cosaminoglycans were more elevated in MIS-C patients 
presenting with shock as compared to non-shock patients 
without reaching statistical significance. Since all patients 
were treated with either UFH or LMWH, the potential 
presence of heparin in the urine could have affected uri-
nary heparan sulfate quantification. However, the patients 
received only prophylactic dose of LMWH or UFH with 
activated partial thromboplastin time (aPTT) remaining 
under the therapeutic range (46–79 s) [33] indicating low 
level of heparin activity. Furthermore, given enoxaparin’s 
half-life of 5–7 h with an anticoagulant Xa effect of nearly 
12 h [34], we did not expect to find enoxaparin in urine 
samples collected 12 h after subcutaneous administration. 
Moreover, to exclude the possible interference of enoxa-
parin treatment with urinary levels of heparan sulfate, we 
compared the concentration of heparan sulfate measured 

immediately before (MISC16) or 12 h after the adminis-
tration of enoxaparin (MISC17) in patients from the same 
category and found no significant difference (Table 4 and 
Supplemental Fig. S2). Since traces of UFH might have 
been present in shock patients under continuous heparin 
infusion, namely MISC05, we subtracted the contribution 
on heparin’s main disaccharide NS2S6S and recalculated 
the content of the other disaccharides accordingly. Cor-
rected data of heparan sulfate for patient MISC05 were 
still in the range of shock patients, higher than both non-
shock and control subjects (Supplemental Fig. S3).

Since glycosaminoglycan sulfation content may vary in 
inflammatory conditions [35], we also performed a struc-
tural analysis on glycosaminoglycan fragments. As detailed 
in Fig. 3, heparan sulfate disaccharides from healthy con-
trols were mostly non- and monosulfated, with minor pres-
ence of highly sulfated ones, which increased notably in 
shock patients. Consequently, higher degree of sulfation 
(ds, expressed as number of sulfates/disaccharide) could be 
observed in MIS-C patients presenting with shock (ds = 1.6) 
as compared to non-shock patients (ds = 1) or healthy con-
trols (ds = 0.9). Completely different profiles were observed 
for enoxaparin and heparin, mainly constituted by trisulfated 
(~ 67%) and disulfated disaccharides (~ 17%) with consequent 
high ds (2.5). The analysis of chondroitin sulfate structure 
demonstrated the presence of mainly 4-O-sulfated disaccha-
rides in all samples with similar ds between healthy, non-
shock, and shock patients (ds = 0.9 vs 0.8 vs 1, respectively).

Table 4  Urinary heparan sulfate (HS) and chondroitin sulfate (CS) isolated from patients with multisystem inflammatory syndrome in children 
(MIS-C)

* P < .05, Mann–Whitney test median heparan sulfate from all MIS-C patients vs median heparan sulfate from healthy controls and median chon-
droitin sulfate from all MIS-C patients vs median chondroitin sulfate from healthy controls

Sample Day of illness μg HS μg HS/mg creatinine μg CS μg CS/mg creatinine

Non-shock MIS-C
MISC15 6 8.7 1.5 34.5 5.8
MISC16 4 5.8 2.4 44.2 18.2
MISC17 7 7.9 1.4 34.3 6.2
Median (IQR) 7.9 (5.8–8.7) 1.5 (1.4–2.4) 34.5 (34.3–44.2) 6.2 (5.8–18.2)
Shock MIS-C
MISC05 11 11.3 6 47.7 24.6
MISC02 23 7.7 4.8 17.3 10.8
MISC18 7 48.7 5.7 116.4 13.6
Median (IQR) 11.3 (7.7–48.7) 5.7 (4.8–6) 47.7 (17.3–116.4) 13.6 (10.8–24.6)
Median (IQR)
All MIS-C

8.3 (7.2–20.7) *3.6 (1.5–5.8) 39.4 (30.1–64.9) *12.2 (6.1–19.8)

Healthy controls
CTRL1 - 3.9 0.4 14.1 1.4
CTRL2 - 6.9 0.7 17.1 1.7
CTRL3 - 4.6 0.5 11.9 1.2
Median (IQR) 4.6 (3.9–6.9) *0.5 (0.4–0.7) 14.1 (11.9–17.1) *1.4 (1.2–1.7)
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Discussion

In this study, we found that MIS-C patients presented sig-
nificant damage to the vascular glycocalyx as characterized 
by important syndecan-1 shedding. The extent of glycocalyx 
shedding was associated with disease severity, in particu-
lar hemodynamic instability, and correlated with TNF-α 
concentration.

Recent paraclinical and clinical studies have suggested 
that injury to the endothelium causing endothelial dys-
function may play a major role in COVID-19 pathogen-
esis and complications [36, 37]. An autopsy report from 
patients who died from COVID-19 found evidence of 
severe endothelial injury associated with intracellular 

SARS-CoV-2 virus inclusion causing endotheliitis in lung 
tissue [36]. The degree of coagulopathy in patients with 
severe COVID-19 characterized by increased d-dimer, 
fibrinogen degradation levels, and prolonged prothrombin 
time was associated with poor prognosis [38]. In line with 
our results, glycocalyx shedding has been also recently 
reported in adult patients with COVID-19 who presented 
elevated plasma or serum syndecan-1 levels, as compared 
to healthy subjects or non-COVID-19 ICU patients, that 
remained elevated up to 7 days after admission [21–24, 39, 
40]. The integrity of the glycocalyx is essential to maintain 
vascular homeostasis [41]; accordingly, dysfunction may 
contribute to tissue edema, aberrant vascular tone, and 
inappropriate inflammation, which are all characteristics 

Fig. 3  Sulfation pattern of urinary heparan sulfate and chondroitin 
sulfate from children with MIS-C. The percentage of variously sub-
stituted disaccharides is reported for HS in a and for CS in c. The 
overall sulfation degree (sulfates/disaccharide) is shown for HS in 
b and for CS in d. Data represent median with interquartile range. 
*P < 0.05, **P < 0.01, ***P < 0.001, two-way analysis of variance 
(ANOVA) with Tukey post hoc t-test (a and c); *P < 0.05, Kruskal–

Wallis test with FDR correction (b and d). ΔUA, unsaturated 
uronic acid ± 2-O-sulfation (2S); GlcNAc, N-acetylglucosamine; 
NS, N-sulfation; 6S, 6-O-sulfation; 4S, 4-O-sulfation; GalNAc, 
N-acetylgalactosamine; HS, heparan sulfate; CS, chondroitin sul-
fate; MIS-C, multisystem inflammatory syndrome in children; UA, 
uronic acid
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of COVID-19 complications in adults but also of MIS-C 
clinical presentation in children.

A significant proportion of children with MIS-C present 
clinical signs and symptoms overlapping with Kawasaki dis-
ease (KD), an acute systemic vasculitis affecting infants and 
small children. Although the exact mechanism for both MIS-C 
and KD remains unknown, it is hypothesized that they both 
represent a post-infectious inflammatory response affecting 
genetically susceptible children complicated by coronary 
artery abnormalities. Unlike KD patients, MIS-C patients 
tend to be older and present typically with a more pronounced 
proinflammatory response and signs of myocardial injury 
with shock. Interestingly, this clinical presentation of MIS-C 
is similar to a severe subtype of KD, i.e., Kawasaki disease 
shock syndrome, characterized by more severe proinflam-
matory cytokine production, IVIG non-responsiveness, and 
coronary artery abnormalities [42]. The utility of glycocalyx 
shedding markers in KD patients was recently evaluated by 
Ohnishi et al. [43]. They reported that circulating syndecan-1 
and hyaluronan were elevated in children with KD as com-
pared to febrile and non-febrile control children. Interestingly, 
children who developed coronary artery abnormalities pre-
sented significantly higher syndecan-1 and hyaluronan con-
centration during the acute phase before IVIG administration, 
as compared to KD children who did not develop coronary 
artery abnormalities. In our cohort of patients, three patients 
developed coronary artery dilatations with very elevated syn-
decan-1 concentration in one patient (1600 ng/mL) and mod-
erately elevated syndecan-1 in the two other patients (100 ng/
mL and 284.5 ng/mL). The clinical utility of serum glycoca-
lyx components as biomarkers to predict onset of coronary 
artery abnormalities will need to be evaluated in future larger 
clinical studies.

Heparan sulfate structure is remodeled by sulfatases and 
heparanase that change the sulfation and length of hep-
aran sulfate chains on cell-surface syndecans and conse-
quently of circulating fragments [44], therefore impacting 
both short-distance and long-distance interactions. For 
example, highly sulfated heparan sulfate fragments that 
circulate and interact with components of the bloodstream 
could contribute to the progression of the inflammation 
and consequent glycocalyx degradation. Indeed, heparan 
sulfate in serum from septic shock patients has been shown 
to induce mitochondrial dysfunction in cardiomyocytes in a 
Toll-like receptor 4 dependent manner [45]. Further inves-
tigation of the time course levels of glycosaminoglycans in 
MIS-C patients, together with other parameters (sulfatase, 
heparanase), would probably be necessary to confirm this 
hypothesis. Together with increased syndecan-1 levels in 
plasma, we observed significant increase of heparan sul-
fate in urine in MIS-C patients with shock, specifically 
sulfated fragments. A consideration that must be done is 
that while syndecan-1 can be easily detected by ELISA, 

the isolation of urinary heparan sulfate, followed by depo-
lymerization and structural analysis, is delicate in patients 
undergoing intravenous UFH treatment. Although aPTT 
was not increased to anticoagulated level in our patients, 
clearance of UFH could have contributed to augmented 
disaccharides observed in patient MISC05, while this is not 
the case for patients treated with enoxaparin. Indeed, the 
urinary excretion of enoxaparin represents around 8.7% of 
the subcutaneous administered dose [46], with negligible 
plasma anti-IIa activity 12 h post-subcutaneous injection 
and little anti-Xa activity, as reported by Fareed et al. [47] 
and Frydman et al. [48].

Numerous preclinical and clinical studies have shown that 
proinflammatory cytokines and excessive reactive oxygen 
species represent the main actors in glycocalyx degradation 
in sepsis via activation of proteinases and glycosidases [49, 
50]. Interestingly, animal models of sepsis have demonstrated 
that glycocalyx degradation involved the activation of 
endothelial heparanase, via TNF-α-dependent mechanisms 
[51]. Both severe COVID-19 and MIS-C are characterized by 
excessive or uncontrolled release of cytokines, suggesting the 
development of a cytokine storm triggered by viral infection 
[52]. Two recent studies have shown the implication of 
heparanase in glycocalyx shedding in adults with COVID-
19 [21, 24]. Furthermore, a recent inflammation profiling 
of COVID-19 patients reports the presence of a unique 
inflammatory profile in COVID-19 patients as compared to 
non-COVID-19 ICU patients characterized notably by early 
and sustained elevations in circulating TNF-α, granzyme B, 
and elastase 2 [53]. These data suggest that the mechanism 
of glycocalyx degradation in COVID-19 may be similar to 
sepsis through heparanase activation. Whether it is also the 
case in MIS-C remains to be determined.

The current management of MIS-C is extrapolated from 
Kawasaki disease and focus on restoration of immune 
homeostasis with IVIG, corticosteroids, and immunomod-
ulators and the prevention of vascular complications with 
antiplatelet therapy and anticoagulation. Recent evidence 
from COVID-19 literature [21–24, 39, 40], supported by 
our findings, raises the question whether the preservation 
and restoration of the glycocalyx should not be part of the 
therapeutic goals for those patients. It has been shown in 
both preclinical and clinical studies that hydrocortisone and 
heparin infusion could protect the glycocalyx from degrada-
tion during ischemia/reperfusion [54] and sepsis [49, 51]. 
Interestingly, heparin’s protective effect was mediated by 
blocking TNF- α activation of endothelial heparanase activ-
ity. We may therefore speculate that the positive response 
of MIS-C patients treated with IVIG and corticosteroids 
associated with antiplatelet therapy and prophylactic anti-
coagulation with heparin [55] may involve the preservation 
and restoration of glycocalyx in these patients. Our data 
showed that decrease in glycocalyx shedding corresponded 
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to clinical improvement, with syndecan-1 value normalizing 
over time in all patients.

Hypervolemia has been associated with increased glyco-
calyx degradation in sepsis [56] and preclinical studies sug-
gest that hypervolemia induces the release of atrial natriuretic 
peptide in response to mechanical wall stress, which in turn 
degrade the glycocalyx [57]. In our study, patients presenting 
with a more severe form of MIS-C received larger volume 
of fluid resuscitation at the emergency room and developed 
earlier and more pronounced fluid overload with very elevated 
NT-proBNP levels as compared to patients with a moderate 
form of MIS-C. Since hypervolemia may exacerbate glycoca-
lyx degradation, children with severe MIS-C may be particu-
larly more susceptible to fluid resuscitation and therapies with 
large volume such as IVIG.

There are some limitations to this study. First, it was an 
observational exploratory study from a small patient cohort 
restricted to 17 MIS-C patients and 5 healthy controls and 
therefore sensitive to confounders and selection bias, thus 
limiting the generalization of our findings. However, age, sex, 
and clinical presentation from this patient cohort are compa-
rable to larger observation MIS-C cohort [5] and the sample 
size was similar to most other exploratory MIS-C studies. Our 
results identified syndecan-1 as a potential useful biomarker 
to evaluate the severity of vascular injury and help in the iden-
tification of high-risk patients with MIS-C who require more 
aggressive treatment and monitoring. Secondly, this study was 
neither designed nor powered to test the performance of gly-
cocalyx markers for outcome prediction. Thirdly, all the blood 
and urine analysis of glycocalyx function were performed on 
samples collected as parts of clinical routine without prede-
termined timepoints, which precluded extended correlation 
analysis using the different glycocalyx markers. Therefore, 
these data should be regarded as exploratory and hypothesis-
generating clearly deserving validation in larger, prospective 
studies with serial blood drawings.

Conclusion

Our data suggest that syndecan-1 level correlating with 
increased soluble heparan sulfate and chondroitin sulfate 
reflects the severity of endothelial injury and represents a 
potential useful biomarker in patients with MIS-C. Whether 
glycocalyx damage plays a role in MIS-C pathophysiology 
or is simply a marker of illness severity remains to be clari-
fied. Through its central role to maintain vascular homeo-
stasis, endothelial glycocalyx represents an attractive thera-
peutic target for patients with severe COVID-19 or MIS-C.

Supplementary information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00109- 022- 02190-7.

Acknowledgements We acknowledge Christine Modoux and Marjan 
Mohidzadeh for cytokine measurements in Geneva. We are also thank-
ful to Oliver Karam for his diligent proofreading and critiquing of this 
manuscript. We also would like to thank the patients and families. 
We thank the Department of Women, Child and Adolescent’s COVID 
working group (Alain Gervaix, Laurence Lacroix, Selina Pinosch, 
Klara Posfay-Barbe, Kevin Haddad, Riccardo Pfister, Begona Martinez 
de Tejada, Barbara Widlhaber, Manuela Undurraga, Albane Maggio, 
and Isabelle Golard).

Author contribution N.V. and R.V. performed ELISA measurements, 
glycosaminoglycan purification, enzymatic depolymerization, and 
reverse-phase ion-pairing chromatography. N.V., R.V., G.B.R., A.G., 
N.W., M.R., M.B., A.D.A., and S.G. analyzed and discussed the data 
and generated the figure. N.V and S.G. wrote the manuscript; all 
authors proofread the manuscript.

Funding Open access funding provided by University of Geneva. 
This work was supported by the “Investissements d’avenir” program 
Glyco@Alps (ANR-15-IDEX-02) and by the Agence Nationale de la 
Recherche (ANR-17-CE11-0040).

Data availability The datasets generated during and/or analyzed dur-
ing the current study are available from the corresponding author on 
reasonable request.

Declarations 

Ethics approval The study was approved by the Institutional Review 
Board of the University of Geneva (CCER 2020–00835).

Consent to participate and for publication Each participant or their 
legal authorized representative gave written informed consent for 
study enrollment and publication in accordance with the Declaration 
of Helsinki.

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. John Hopkins University Coronavirus Resource (2020) Corona-
virus Resource Center. https:// coron avirus. jhu. edu/ map. html

 2. Dong Y, Mo X, Hu Y, Qi X, Jiang F, Jiang Z, Tong S (2020) 
Epidemiology of COVID-19 among children in China. Pediat-
rics. https:// doi. org/ 10. 1542/ peds. 2020- 0702

 3. Belhadjer Z, Meot M, Bajolle F, Khraiche D, Legendre A, Abakka 
S, Auriau J, Grimaud M, Oualha M, Beghetti M et al (2020) Acute 

744 Journal of Molecular Medicine (2022) 100:735–746

https://doi.org/10.1007/s00109-022-02190-7
http://creativecommons.org/licenses/by/4.0/
https://coronavirus.jhu.edu/map.html
https://doi.org/10.1542/peds.2020-0702


1 3

heart failure in multisystem inflammatory syndrome in children 
(MIS-C) in the context of global SARS-CoV-2 pandemic. Circula-
tion. https:// doi. org/ 10. 1161/ CIRCU LATIO NAHA. 120. 048360

 4. Dufort EM, Koumans EH, Chow EJ, Rosenthal EM, Muse A, 
Rowlands J, Barranco MA, Maxted AM, Rosenberg ES, Easton 
D et al (2020) Multisystem inflammatory syndrome in children in 
New York State. N Engl J Med 383:347–358. https:// doi. org/ 10. 
1056/ NEJMo a2021 756

 5. Feldstein LR, Rose EB, Horwitz SM, Collins JP, Newhams MM, 
Son MBF, Newburger JW, Kleinman LC, Heidemann SM, Martin 
AA et al (2020) Multisystem inflammatory syndrome in U.S. chil-
dren and adolescents. N Engl J Med 383:334–346. https:// doi. org/ 
10. 1056/ NEJMo a2021 680

 6. Whittaker E, Bamford A, Kenny J, Kaforou M, Jones CE, Shah P, 
Ramnarayan P, Fraisse A, Miller O, Davies P et al (2020) Clini-
cal characteristics of 58 children with a pediatric inflammatory 
multisystem syndrome temporally associated with SARS-CoV-2. 
JAMA 324:259–269. https:// doi. org/ 10. 1001/ jama. 2020. 10369

 7. Organization WH (2020) Multisystem inflammatory syndrome 
in children and adolescents with COVID-19. Retrieved October 
15, 2021, from https:// www. who. int/ news- room/ comme ntari es/ 
detail/ multi system- infla mmato ry- syndr ome- in- child ren- and- 
adole scents- with- covid- 19

 8. COVID-19-related inflammatory syndrome in children. https:// www. 
aappu blica tions. org/ news/ 2020/ 05/ 14/ covid 19infl amma tory0 51420

 9. Royal College of Pediatric and Child Health web page on Guid-
ance: pediatric multisystem inflammatory syndrome temporally 
associated with COVID-19. https:// www. rcpch. ac. uk/ resou rces/ 
paedi atric- multi system- infla mmato ry- syndr ome- tempo rally- 
assoc iated- covid- 19- pims- guida nce

 10. van der Made CI, Simons A, Schuurs-Hoeijmakers J, van den 
Heuvel G, Mantere T, Kersten S, van Deuren RC, Steehouwer 
M, van Reijmersdal SV, Jaeger M et al (2020) Presence of 
genetic variants among young men with severe COVID-19. 
JAMA. https:// doi. org/ 10. 1001/ jama. 2020. 13719

 11. Zhang Q, Bastard P, Liu Z, Le Pen J, Moncada-Velez M, Chen J, 
Ogishi M, Sabli IKD, Hodeib S, Korol C et al (2020) Inborn errors 
of type I IFN immunity in patients with life-threatening COVID-
19. Science 370:1–2. https:// doi. org/ 10. 1126/ scien ce. abd45 70

 12. Zhang A, Duan H, Zhao H, Liao H, Du Y, Li L, Jiang D, Wan B, 
Wu Y, Ji P et al (2020) Interferon-induced transmembrane protein 3 
is a virus-associated protein which suppresses porcine reproductive 
and respiratory syndrome virus replication by blocking viral mem-
brane fusion. J Virol 94:1–2. https:// doi. org/ 10. 1128/ JVI. 01350- 20

 13. Bastard P, Rosen LB, Zhang Q, Michailidis E, Hoffmann HH, Zhang 
Y, Dorgham K, Philippot Q, Rosain J, Beziat V et al (2020) Autoan-
tibodies against type I IFNs in patients with life-threatening COVID-
19. Science 370:1–2. https:// doi. org/ 10. 1126/ scien ce. abd45 85

 14. Diorio C, Henrickson SE, Vella LA, McNerney KO, Chase J, 
Burudpakdee C, Lee JH, Jasen C, Balamuth F, Barrett DM et al 
(2020) Multisystem inflammatory syndrome in children and 
COVID-19 are distinct presentations of SARS-CoV-2. J Clin 
Invest 130:5967–5975. https:// doi. org/ 10. 1172/ JCI14 0970

 15. Consiglio CR, Cotugno N, Sardh F, Pou C, Amodio D, Rodriguez 
L, Tan Z, Zicari S, Ruggiero A, Pascucci GR et al (2020) The 
immunology of multisystem inflammatory syndrome in children 
with COVID-19. Cell 183(968–981):e967. https:// doi. org/ 10. 
1016/j. cell. 2020. 09. 016

 16. Rehm M, Bruegger D, Christ F, Conzen P, Thiel M, Jacob M, Chappell 
D, Stoeckelhuber M, Welsch U, Reichart B et al (2007) Shedding of the 
endothelial glycocalyx in patients undergoing major vascular surgery 
with global and regional ischemia. Circulation 116:1896–1906. https:// 
doi. org/ 10. 1161/ CIRCU LATIO NAHA. 106. 684852

 17. Jung C, Fuernau G, Muench P, Desch S, Eitel I, Schuler G, Adams 
V, Figulla HR, Thiele H (2015) Impairment of the endothelial 

glycocalyx in cardiogenic shock and its prognostic relevance. Shock 
43:450–455. https:// doi. org/ 10. 1097/ SHK. 00000 00000 000329

 18. Johansson PI, Henriksen HH, Stensballe J, Gybel-Brask M, Cardenas 
JC, Baer LA, Cotton BA, Holcomb JB, Wade CE, Ostrowski SR 
(2017) Traumatic endotheliopathy: a prospective observational study 
of 424 severely injured patients. Ann Surg 265:597–603. https:// doi. 
org/ 10. 1097/ SLA. 00000 00000 001751

 19. Ostrowski SR, Haase N, Muller RB, Moller MH, Pott FC, Perner 
A, Johansson PI (2015) Association between biomarkers of 
endothelial injury and hypocoagulability in patients with severe 
sepsis: a prospective study. Crit Care 19:191. https:// doi. org/ 10. 
1186/ s13054- 015- 0918-5

 20. Smart L, Macdonald SPJ, Burrows S, Bosio E, Arendts G, 
Fatovich DM (2017) Endothelial glycocalyx biomarkers increase 
in patients with infection during emergency department treatment. 
J Crit Care 42:304–309. https:// doi. org/ 10. 1016/j. jcrc. 2017. 07. 001

 21. Buijsers B, Yanginlar C, de Nooijer A, Grondman I, Maciej-
Hulme ML, Jonkman I, Janssen NAF, Rother N, de Graaf M, 
Pickkers P et al (2020) Increased plasma heparanase activity in 
COVID-19 patients. Front Immunol 11:575047. https:// doi. org/ 
10. 3389/ fimmu. 2020. 575047

 22. Fraser DD, Patterson EK, Slessarev M, Gill SE, Martin C, Daley 
M, Miller MR, Patel MA, Dos Santos CC, Bosma KJ et al (2020) 
Endothelial injury and glycocalyx degradation in critically ill 
coronavirus disease 2019 patients: implications for microvascular 
platelet aggregation. Crit Care Explor 2:e0194. https:// doi. org/ 10. 
1097/ CCE. 00000 00000 000194

 23. Hutchings SD, Watchorn J, Trovato F, Napoli S, Mujib SF, Hopkins 
P, McPhail M (2020) Microcirculatory, endothelial and inflamma-
tory responses in critically ill patients with COVID-19 are distinct 
from those seen in septic shock: a case control study. Shock. https:// 
doi. org/ 10. 1097/ SHK. 00000 00000 001672

 24. Stahl K, Gronski PA, Kiyan Y, Seeliger B, Bertram A, Pape T, 
Welte T, Hoeper MM, Haller H, David S (2020) Injury to the 
endothelial glycocalyx in critically ill patients with COVID-19. 
Am J Respir Crit Care Med 202:1178–1181. https:// doi. org/ 10. 
1164/ rccm. 202007- 2676LE

 25. Varga Z, Flammer AJ, Steiger P, Haberecker M, Andermatt R, 
Zinkernagel AS, Mehra MR, Schuepbach RA, Ruschitzka F, 
Moch H (2020) Endothelial cell infection and endotheliitis in 
COVID-19. Lancet 395:1417–1418. https:// doi. org/ 10. 1016/ 
S0140- 6736(20) 30937-5

 26. Gruber C, Patel R, Trachman R, Lepow L, Amanat F, Krammer F, 
Wilson KM, Onel K, Geanon D, Tuballes K et al (2020) Mapping 
systemic inflammation and antibody responses in multisystem 
inflammatory syndrome in children (MIS-C). medRxiv. https:// 
doi. org/ 10. 1101/ 2020. 07. 04. 20142 752

 27. Grazioli S, Tavaglione F, Torriani G, Wagner N, Rohr M, 
L’Huillier AG, Leclercq C, Perrin A, Bordessoule A, Beghetti M 
et al (2020) Immunological assessment of pediatric multisystem 
inflammatory syndrome related to COVID-19. J Pediatric Infect 
Dis Soc. https:// doi. org/ 10. 1093/ jpids/ piaa1 42

 28. Fouriki A (2020) Case report: Anakinra treatment in children with 
Multisystem Inflammatory Syndrome following SARS-CoV-2 
infection in Switzerland. Front Pediatr 10:3389

 29. Goldstein B, Giroir B, Randolph A, International Consensus Con-
ference on Pediatric S (2005) International pediatric sepsis con-
sensus conference: definitions for sepsis and organ dysfunction in 
pediatrics. Pediatr Crit Care Med 6: 2–8. https:// doi. org/ 10. 1097/ 
01. PCC. 00001 49131. 72248. E6

 30. Leteurtre S, Duhamel A, Salleron J, Grandbastien B, Lacroix J, 
Leclerc F, Groupe Francophone de Reanimation et d’Urgences P 
(2013) PELOD-2: an update of the PEdiatric logistic organ dys-
function score. Crit Care Med 41:1761–1773. https:// doi. org/ 10. 
1097/ CCM. 0b013 e3182 8a2bbd

745Journal of Molecular Medicine (2022) 100:735–746

https://doi.org/10.1161/CIRCULATIONAHA.120.048360
https://doi.org/10.1056/NEJMoa2021756
https://doi.org/10.1056/NEJMoa2021756
https://doi.org/10.1056/NEJMoa2021680
https://doi.org/10.1056/NEJMoa2021680
https://doi.org/10.1001/jama.2020.10369
https://www.who.int/news-room/commentaries/detail/multisystem-inflammatory-syndrome-in-children-and-adolescents-with-covid-19
https://www.who.int/news-room/commentaries/detail/multisystem-inflammatory-syndrome-in-children-and-adolescents-with-covid-19
https://www.who.int/news-room/commentaries/detail/multisystem-inflammatory-syndrome-in-children-and-adolescents-with-covid-19
https://www.aappublications.org/news/2020/05/14/covid19inflammatory051420
https://www.aappublications.org/news/2020/05/14/covid19inflammatory051420
https://www.rcpch.ac.uk/resources/paediatric-multisystem-inflammatory-syndrome-temporally-associated-covid-19-pims-guidance
https://www.rcpch.ac.uk/resources/paediatric-multisystem-inflammatory-syndrome-temporally-associated-covid-19-pims-guidance
https://www.rcpch.ac.uk/resources/paediatric-multisystem-inflammatory-syndrome-temporally-associated-covid-19-pims-guidance
https://doi.org/10.1001/jama.2020.13719
https://doi.org/10.1126/science.abd4570
https://doi.org/10.1128/JVI.01350-20
https://doi.org/10.1126/science.abd4585
https://doi.org/10.1172/JCI140970
https://doi.org/10.1016/j.cell.2020.09.016
https://doi.org/10.1016/j.cell.2020.09.016
https://doi.org/10.1161/CIRCULATIONAHA.106.684852
https://doi.org/10.1161/CIRCULATIONAHA.106.684852
https://doi.org/10.1097/SHK.0000000000000329
https://doi.org/10.1097/SLA.0000000000001751
https://doi.org/10.1097/SLA.0000000000001751
https://doi.org/10.1186/s13054-015-0918-5
https://doi.org/10.1186/s13054-015-0918-5
https://doi.org/10.1016/j.jcrc.2017.07.001
https://doi.org/10.3389/fimmu.2020.575047
https://doi.org/10.3389/fimmu.2020.575047
https://doi.org/10.1097/CCE.0000000000000194
https://doi.org/10.1097/CCE.0000000000000194
https://doi.org/10.1097/SHK.0000000000001672
https://doi.org/10.1097/SHK.0000000000001672
https://doi.org/10.1164/rccm.202007-2676LE
https://doi.org/10.1164/rccm.202007-2676LE
https://doi.org/10.1016/S0140-6736(20)30937-5
https://doi.org/10.1016/S0140-6736(20)30937-5
https://doi.org/10.1101/2020.07.04.20142752
https://doi.org/10.1101/2020.07.04.20142752
https://doi.org/10.1093/jpids/piaa142
https://doi.org/10.1097/01.PCC.0000149131.72248.E6
https://doi.org/10.1097/01.PCC.0000149131.72248.E6
https://doi.org/10.1097/CCM.0b013e31828a2bbd
https://doi.org/10.1097/CCM.0b013e31828a2bbd


1 3

 31. Henriet E, Jager S, Tran C, Bastien P, Michelet JF, Minondo 
AM, Formanek F, Dalko-Csiba M, Lortat-Jacob H, Breton L et al 
(2017) A jasmonic acid derivative improves skin healing and 
induces changes in proteoglycan expression and glycosaminogly-
can structure. Biochim Biophys Acta Gen Subj 1861:2250–2260. 
https:// doi. org/ 10. 1016/j. bbagen. 2017. 06. 006

 32. Taylor FB, Jr., Toh CH, Hoots WK, Wada H, Levi M (2001) Scien-
tific subcommittee on disseminated intravascular coagulation of the 
international society on thrombosis and haemostasis. Towards defini-
tion, clinical and laboratory criteria, and a scoring system for dissemi-
nated intravascular coagulation. Thromb Haemost 86:1327–1330

 33. Basu D, Gallus A, Hirsh J, Cade J (1972) A prospective study 
of the value of monitoring heparin treatment with the activated 
partial thromboplastin time. N Engl J Med 287:324–327. https:// 
doi. org/ 10. 1056/ NEJM1 97208 17287 0703

 34. Valentovic M (2007) Enoxaparin. In Enna SJ, Bylund DB (eds) 
xPharm: The Comprehensive Pharmacology Reference Elsevier, 
New York, pp 1–4

 35. El Masri R, Cretinon Y, Gout E, Vives RR (2020) HS and inflam-
mation: a potential playground for the sulfs? Front Immunol 
11:570. https:// doi. org/ 10. 3389/ fimmu. 2020. 00570

 36. Ackermann M, Verleden SE, Kuehnel M, Haverich A, Welte T, 
Laenger F, Vanstapel A, Werlein C, Stark H, Tzankov A et al 
(2020) Pulmonary vascular endothelialitis, thrombosis, and angio-
genesis in Covid-19. N Engl J Med 383:120–128. https:// doi. org/ 
10. 1056/ NEJMo a2015 432

 37. Zhang J, Tecson KM, McCullough PA (2020) Endothelial dys-
function contributes to COVID-19-associated vascular inflamma-
tion and coagulopathy. Rev Cardiovasc Med 21:315–319. https:// 
doi. org/ 10. 31083/j. rcm. 2020. 03. 126

 38. Tang N, Li D, Wang X, Sun Z (2020) Abnormal coagulation 
parameters are associated with poor prognosis in patients with 
novel coronavirus pneumonia. J Thromb Haemost 18:844–847. 
https:// doi. org/ 10. 1111/ jth. 14768

 39. Ding M, Zhang Q, Li Q, Wu T, Huang YZ (2020) Correlation 
analysis of the severity and clinical prognosis of 32 cases of 
patients with COVID-19. Respir Med 167:105981. https:// doi. 
org/ 10. 1016/j. rmed. 2020. 105981

 40. Rovas A, Osiaevi I, Buscher K, Sackarnd J, Tepasse PR, Fobker 
M, Kuhn J, Braune S, Gobel U, Tholking G et al (2020) Micro-
vascular dysfunction in COVID-19: the MYSTIC study. Angio-
genesis. https:// doi. org/ 10. 1007/ s10456- 020- 09753-7

 41. Becker BF, Jacob M, Leipert S, Salmon AH, Chappell D (2015) 
Degradation of the endothelial glycocalyx in clinical settings: 
searching for the sheddases. Br J Clin Pharmacol 80:389–402. 
https:// doi. org/ 10. 1111/ bcp. 12629

 42. Li Y, Zheng Q, Zou L, Wu J, Guo L, Teng L, Zheng R, Jung 
LKL, Lu M (2019) Kawasaki disease shock syndrome: clinical 
characteristics and possible use of IL-6, IL-10 and IFN-gamma 
as biomarkers for early recognition. Pediatr Rheumatol Online J 
17:1. https:// doi. org/ 10. 1186/ s12969- 018- 0303-4

 43. Ohnishi Y, Yasudo H, Suzuki Y, Furuta T, Matsuguma C, Azuma 
Y, Miyake A, Okada S, Ichihara K, Ohga S et al (2019) Circu-
lating endothelial glycocalyx components as a predictive marker 
of coronary artery lesions in Kawasaki disease. Int J Cardiol 
292:236–240. https:// doi. org/ 10. 1016/j. ijcard. 2019. 05. 045

 44. Vives RR, Seffouh A, Lortat-Jacob H (2014) Post-synthetic regu-
lation of HS structure: the yin and yang of the sulfs in cancer. 
Front Oncol 3:331. https:// doi. org/ 10. 3389/ fonc. 2013. 00331

 45. Martin L, Peters C, Schmitz S, Moellmann J, Martincuks A, Heussen 
N, Lehrke M, Muller-Newen G, Marx G, Schuerholz T (2015) Solu-
ble heparan sulfate in serum of septic shock patients induces mito-
chondrial dysfunction in murine cardiomyocytes. Shock 44:569–577. 
https:// doi. org/ 10. 1097/ SHK. 00000 00000 000462

 46. Collignon F, Frydman A, Caplain H, Ozoux ML, Le Roux Y, 
Bouthier J, Thebault JJ (1995) Comparison of the pharmacoki-
netic profiles of three low molecular mass heparins–dalteparin, 
enoxaparin and nadroparin–administered subcutaneously in 
healthy volunteers (doses for prevention of thromboembolism). 
Thromb Haemost 73:630–640

 47. Fareed J, Hoppensteadt D, Walenga J, Iqbal O, Ma Q, Jeske W, 
Sheikh T (2003) Pharmacodynamic and pharmacokinetic properties 
of enoxaparin : implications for clinical practice. Clin Pharmacokinet 
42:1043–1057. https:// doi. org/ 10. 2165/ 00003 088- 20034 2120- 00003

 48. Frydman AM, Bara L, Le Roux Y, Woler M, Chauliac F, Samama 
MM (1988) The antithrombotic activity and pharmacokinetics of 
enoxaparine, a low molecular weight heparin, in humans given 
single subcutaneous doses of 20 to 80 mg. J Clin Pharmacol 
28:609–618. https:// doi. org/ 10. 1002/j. 1552- 4604. 1988. tb031 84.x

 49. Uchimido R, Schmidt EP, Shapiro NI (2019) The glycocalyx: a 
novel diagnostic and therapeutic target in sepsis. Crit Care 23:16. 
https:// doi. org/ 10. 1186/ s13054- 018- 2292-6

 50. Miranda CH, de Carvalho BM, Schmidt A, Marin-Neto JA, Pazin-
Filho A (2016) Evaluation of the endothelial glycocalyx dam-
age in patients with acute coronary syndrome. Atherosclerosis 
247:184–188. https:// doi. org/ 10. 1016/j. ather oscle rosis. 2016. 02. 
023

 51. Schmidt EP, Yang Y, Janssen WJ, Gandjeva A, Perez MJ, Barthel 
L, Zemans RL, Bowman JC, Koyanagi DE, Yunt ZX et al (2012) 
The pulmonary endothelial glycocalyx regulates neutrophil adhe-
sion and lung injury during experimental sepsis. Nat Med 18:1217–
1223. https:// doi. org/ 10. 1038/ nm. 2843

 52. Mehta P, McAuley DF, Brown M, Sanchez E, Tattersall RS, 
Manson JJ, Collaboration HAS, UK (2020) COVID-19: con-
sider cytokine storm syndromes and immunosuppression. Lancet 
395:1033–1034. https:// doi. org/ 10. 1016/ S0140- 6736(20) 30628-0

 53. Fraser DD, Cepinskas G, Slessarev M, Martin C, Daley M, Miller 
MR, O’Gorman DB, Gill SE, Patterson EK, Dos Santos CC 
(2020) Inflammation profiling of critically ill coronavirus disease 
2019 patients. Crit Care Explor 2:e0144. https:// doi. org/ 10. 1097/ 
CCE. 00000 00000 000144

 54. Chappell D, Jacob M, Hofmann-Kiefer K, Bruegger D, Rehm M, 
Conzen P, Welsch U, Becker BF (2007) Hydrocortisone preserves 
the vascular barrier by protecting the endothelial glycocalyx. 
Anesthesiology 107:776–784. https:// doi. org/ 10. 1097/ 01. anes. 
00002 86984. 39328. 96

 55. Ouldali N, Toubiana J, Antona D, Javouhey E, Madhi F, Lorrot M, 
Leger PL, Galeotti C, Claude C, Wiedemann A et al (2021) Asso-
ciation of intravenous immunoglobulins plus methylprednisolone 
vs immunoglobulins alone with course of fever in multisystem 
inflammatory syndrome in children. JAMA. https:// doi. org/ 10. 
1001/ jama. 2021. 0694

 56. Puskarich MA, Cornelius DC, Tharp J, Nandi U, Jones AE (2016) 
Plasma syndecan-1 levels identify a cohort of patients with severe 
sepsis at high risk for intubation after large-volume intravenous 
fluid resuscitation. J Crit Care 36:125–129. https:// doi. org/ 10. 
1016/j. jcrc. 2016. 06. 027

 57. Bruegger D, Schwartz L, Chappell D, Jacob M, Rehm M, Vogeser 
M, Christ F, Reichart B, Becker BF (2011) Release of atrial 
natriuretic peptide precedes shedding of the endothelial glyco-
calyx equally in patients undergoing on- and off-pump coronary 
artery bypass surgery. Basic Res Cardiol 106:1111–1121. https:// 
doi. org/ 10. 1007/ s00395- 011- 0203-y

Publisher's note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

746 Journal of Molecular Medicine (2022) 100:735–746

https://doi.org/10.1016/j.bbagen.2017.06.006
https://doi.org/10.1056/NEJM197208172870703
https://doi.org/10.1056/NEJM197208172870703
https://doi.org/10.3389/fimmu.2020.00570
https://doi.org/10.1056/NEJMoa2015432
https://doi.org/10.1056/NEJMoa2015432
https://doi.org/10.31083/j.rcm.2020.03.126
https://doi.org/10.31083/j.rcm.2020.03.126
https://doi.org/10.1111/jth.14768
https://doi.org/10.1016/j.rmed.2020.105981
https://doi.org/10.1016/j.rmed.2020.105981
https://doi.org/10.1007/s10456-020-09753-7
https://doi.org/10.1111/bcp.12629
https://doi.org/10.1186/s12969-018-0303-4
https://doi.org/10.1016/j.ijcard.2019.05.045
https://doi.org/10.3389/fonc.2013.00331
https://doi.org/10.1097/SHK.0000000000000462
https://doi.org/10.2165/00003088-200342120-00003
https://doi.org/10.1002/j.1552-4604.1988.tb03184.x
https://doi.org/10.1186/s13054-018-2292-6
https://doi.org/10.1016/j.atherosclerosis.2016.02.023
https://doi.org/10.1016/j.atherosclerosis.2016.02.023
https://doi.org/10.1038/nm.2843
https://doi.org/10.1016/S0140-6736(20)30628-0
https://doi.org/10.1097/CCE.0000000000000144
https://doi.org/10.1097/CCE.0000000000000144
https://doi.org/10.1097/01.anes.0000286984.39328.96
https://doi.org/10.1097/01.anes.0000286984.39328.96
https://doi.org/10.1001/jama.2021.0694
https://doi.org/10.1001/jama.2021.0694
https://doi.org/10.1016/j.jcrc.2016.06.027
https://doi.org/10.1016/j.jcrc.2016.06.027
https://doi.org/10.1007/s00395-011-0203-y
https://doi.org/10.1007/s00395-011-0203-y

	Endothelial glycocalyx degradation in multisystem inflammatory syndrome in children related to COVID-19
	Abstract 
	Key messages 
	Introduction
	Materials and methods
	Study participants
	Circulating markers of glycocalyx dysfunction, inflammation, and myocardial injury
	Statistical methods

	Results
	Discussion
	Conclusion
	Acknowledgements 
	References


