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Introduction
The severe acute respiratory syndrome (SARS) coronavirus disease 2019 (COVID-19) is a crippling public 
health crisis caused by SARS coronavirus 2 (SARS-CoV-2). COVID-19 is responsible for > 49.7 million cases 
and 1.2 million deaths globally (1). An exacerbated immune response (2, 3) is strongly implicated as driving 
damage to the airspaces and extrapulmonary symptoms, including acute kidney injury (4, 5), acute cardiac 
injury (6), coagulopathy (7), thrombosis (8), platelet hyperreactivity (9, 10), and circulatory shock (11). Patients 
with cardiovascular risk factors such as obesity, diabetes, and hypertension are at increased risk of severe com-
plications (12–14), including acute respiratory distress syndrome (ARDS), and chronic vascular endotheli-
al injury is often present in patients with these comorbidities. Findings of endotheliopathy (15), evidence of  
SARS-CoV-2 infection of pulmonary (16–18) and extrapulmonary (19) endothelial cells (ECs), reports of vire-
mia (20, 21), and multiorgan injury lead to the hypothesis that COVID-19 is, in part, a vascular illness.

Under healthy conditions, the endothelium possesses endogenous antiinflammatory, anticoagulant, and 
vasodilatory mechanisms that balance factors that promote inflammation, coagulation, and vasoconstriction. 
However, in aged individuals and those with cardiovascular disease such as diabetes and hypertension, the 2 
most prevalent comorbidities in COVID-19, homeostatic endothelial functions become impaired (22). Clinical 
studies provide evidence that endothelial dysfunction is a major determinant of severe COVID-19, and patients 
have markers of endothelial injury, including increased levels of fibrinogen, fibrin degradation products, D-di-
mer, von Willebrand factor (23, 24), and soluble thrombomodulin (15), as well as signatures of impaired endo-
thelial function such as apoptotic ECs (17), decreased nitric oxide availability (25), and vascular leakage (26).

Vascular injury has emerged as a complication contributing to morbidity in coronavirus disease 
2019 (COVID-19). The glycosaminoglycan hyaluronan (HA) is a major component of the glycocalyx, a 
protective layer of glycoconjugates that lines the vascular lumen and regulates key endothelial cell 
functions. During critical illness, as in the case of sepsis, enzymes degrade the glycocalyx, releasing 
fragments with pathologic activities into circulation and thereby exacerbating disease. Here, we 
analyzed levels of circulating glycosaminoglycans in 46 patients with COVID-19 ranging from 
moderate to severe clinical severity and measured activities of corresponding degradative enzymes. 
This report provides evidence that the glycocalyx becomes significantly damaged in patients with 
COVID-19 and corresponds with severity of disease. Circulating HA fragments and hyaluronidase, 
2 signatures of glycocalyx injury, strongly associate with sequential organ failure assessment 
scores and with increased inflammatory cytokine levels in patients with COVID-19. Pulmonary 
microvascular endothelial cells exposed to COVID-19 milieu show dysregulated HA biosynthesis and 
degradation, leading to production of pathological HA fragments that are released into circulation. 
Finally, we show that HA fragments present at high levels in COVID-19 patient plasma can directly 
induce endothelial barrier dysfunction in a ROCK- and CD44-dependent manner, indicating a role for 
HA in the vascular pathology of COVID-19.

https://doi.org/10.1172/jci.insight.147472
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At the vascular surface, the glycocalyx plays an essential role in the regulation of  barrier integrity, nitric 
oxide production and vasorelaxation, resistance to oxidative stress, coagulation, and inflammation  (27, 28). 
The glycocalyx is a complex network composed of  the glycosaminoglycans (GAGs) hyaluronan (HA), hepa-
ran sulfate (HS), chondroitin sulfate (CS) and other glycoconjugates at the interface between the cell surface 
and the extracellular environment. The glycocalyx undergoes constitutive remodeling, and homeostasis is 
maintained by a balance of  synthesis and degradation. However, infection, inflammation, ischemia/reper-
fusion, and hyperglycemia lead to destruction of  the glycocalyx and release of  bioactive fragments, which 
exacerbate disease (29, 30). In bacterial sepsis, glycocalyx degradation associates with the presence and 
severity of  disease and is a causative element in recruitment of  immune cells, barrier disruption, and devel-
opment of  ARDS (31–34). The glycocalyx is degraded at the cell surface by the activity of  endo-β-glucuro-
nidases, which regulate the availability of  HA or HS chains for receptor binding by cleaving these polymers 
and thereby controlling several important ligand-binding interactions with known roles in leukocyte recruit-
ment, neutrophil function, endothelial behavior, and cytokine and growth factor release  (33, 35–39). Hyal-
uronidases predominantly degrade HA, while heparanase predominantly degrades HS; both exhibit limited 
activity toward CS, which has no known specific degradation enzyme in mammals (40, 41). These enzymes 
are primarily regulated at the transcript level and expressed in many cell types, including ECs, leukocytes, 
mast cells, and platelets. Degradation products of  HA and HS act as endogenous danger signals capable 
of  amplifying proinflammatory responses both in vitro and in murine models of  disease (42–45). Recent 
reports suggest that endothelial damage and glycocalyx injury are present in COVID-19 (46–48). However, 
whether direct viral infection or cytokine release are the underlying mechanisms leading to glycocalyx injury, 
and how glycocalyx fragments contribute to the pathology of  COVID-19, are not known.

In this prospective study, we examined the concentrations of  circulating GAGs and the activities of  
GAG-degrading enzymes in acutely ill patients with COVID-19 compared with patients with sepsis and 
matched healthy donors. Analysis of  plasma isolated from SARS-CoV-2–infected patients revealed signifi-
cantly increased concentrations of  circulating GAGs, and this was accompanied with elevated hyaluroni-
dase and heparanase activities. Circulating HA and HS fragments associate with severity of  disease, and 
HA and hyaluronidase were also associated with clinical parameters and concentrations of  plasma cyto-
kines. Stimulation of  human pulmonary microvascular ECs with plasma from patients with COVID-19 
promotes release of  HA into culture media, increased hyaluronidase activity, and transcriptional activation 
of  HA biosynthesis and degradation when compared with plasma from healthy donors. Analysis of  circu-
lating HA isolated from patients, and HA from cells exposed to COVID-19 patient plasma, demonstrates 
that pathological HA degradation products are significantly increased during disease. Finally, treatment of  
ECs with HA fragments purified from the plasma of  infected patients, but not HA from healthy donors, 
promotes disruption of  endothelial barrier integrity in a Rho-associated protein kinase (ROCK) and 
CD44-dependent manner. Our data provide evidence that SARS-CoV-2 infection is characterized by deg-
radation of  the endothelial glycocalyx, that COVID-19 cytokine milieu stimulates aberrant synthesis and 
degradation of  HA in pulmonary ECs, and that HA fragments present at high concentrations in COVID-19 
patient plasma are capable of  directly mediating endothelial dysfunction.

Results
COVID-19 patient cohort. Patients with COVID-19 were matched by age, sex, and race to critically ill patients 
with sepsis and to healthy donors (Table 1). SARS-CoV-2 virus was uniformly detected in patients diagnosed 
with SARS-CoV-2 by PCR. Approximately 36% of patients with COVID-19 were in the ICU and 35% required 
mechanical ventilation due to respiratory failure. Hospitalized non-ICU and ICU patients with COVID-19 had 
comorbidities of hypertension, diabetes, and obesity, consistent with previous observations (13). Mortality rate 
was ~17% among all patients with COVID-19, consistent with hospitalized mortality rates (13.4%) in patients 
with COVID-19 in Utah per the Utah Department of Health as of November 8, 2020.

Circulating GAGs are increased in patients with COVID-19 and associate with disease severity. Endothelial glycoc-
alyx degradation has been increasingly implicated in the pathogenesis of critical illnesses, including as sepsis 
and influenza (49). To determine the extent of injury to the endothelial glycocalyx in COVID-19, we quantified 
circulating HA, HS, and CS in plasma from 36 patients with COVID-19 (23 non-ICU, 13 ICU) and 18 matched 
healthy donors recruited from the greater Salt Lake City area (Utah, USA). As shown in Figure 1, A–C, this 
analysis revealed significant increases in mean plasma concentrations of HA (5.8-fold), HS (4.3-fold), and CS 
(1.3-fold) in patients with COVID-19 in comparison with healthy donors. To evaluate whether the levels of  

https://doi.org/10.1172/jci.insight.147472
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circulating GAGs in COVID-19 were comparable with other critical illnesses, we compared our COVID-19 
patient cohort with patients with clinical sepsis (n = 23; Figure 1, A–C). We observed that plasma concen-
trations of HA and HS are significantly increased in plasma from patients with sepsis (9.3-fold and 9.2-fold, 
respectively) when compared with healthy donors and are also increased in patients with sepsis as compared 
with measurements in patients with COVID-19, but CS concentrations were not significantly different. Because 
patients with COVID-19 — as well as patients with sepsis — in our cohort were treated with derivatives of hep-
arin, a highly sulfated form of HS, we evaluated whether the treatment might confound accurate detection of  
HS. We observed that the addition of pharmacologic concentrations of enoxaparin to patient plasma had no 
significant influence on detection of HS levels in patients (Supplemental Figure 1; supplemental material avail-
able online with this article; https://doi.org/10.1172/jci.insight.147472DS1). We next evaluated whether cir-
culating GAG levels associate with COVID-19 disease severity and found that circulating levels of HA and HS 
were significantly increased in ICU-admitted patients, while CS levels were decreased compared with non-ICU 
admitted patients (Figure 1, D–F). Taken together, these data suggest that wide-spread endothelial glycocalyx 
injury is a characteristic of COVID-19 and that mean concentrations of HA and HS in ICU-admitted patients 
are comparable with circulating concentrations detected in patients with sepsis.

Glycocalyx-degrading enzyme activities are elevated in patients with COVID-19. The increased concentrations 
of  circulating GAGs observed in COVID-19 are suggestive of  increased activity of  enzymes known to 
release GAG fragments into circulation. We therefore measured hyaluronidase, heparanase, and chon-
droitinase activities in plasma of  patients with COVID-19 compared with either healthy controls or 
patients with sepsis. Plasma activities of  hyaluronidase and heparanase were significantly elevated in both 
COVID-19 and patients with sepsis compared with healthy controls (Figure 2, A and B), and no difference 
in chondroitinase activity was observed between patient groups (Figure 2C). We next compared activity 
levels of  GAG-degrading enzymes in non-ICU– and ICU-admitted patients with COVID-19 and observed 
that ICU-admitted patients show elevated circulating hyaluronidase (Figure 2D) and heparanase (Figure 
2E), as well as a trend toward increase in chondroitinase activity (Figure 2F). Only hyaluronidase levels 
were found to be significantly different between ICU- and non-ICU patients (Figure 2D). In addition to 
direct degradation of  GAGs, the activated endothelium may also release proteases contained within Wei-
bel-Palade bodies and secretory lysosomes that promote proteolytic shedding of  proteoglycan core pro-
teins. We therefore measured the activities of  matrix metalloproteinases (MMP2/9) and cathepsin D — 
proteases with known roles in endothelial injury (50) — and found that MMP (Supplemental Figure 2A) 

Table 1. Clinical characteristics of healthy donors and hospitalized patients with COVID-19 and sepsis

Healthy donors  
(n = 18)

COVID-19 
(n = 46)

Sepsis 
(n = 23)

P value

Age (mean, ±SD) 53.2 (±12.8) 54.4 (±13.8) 57.8 (±17.0) 0.644
Male (%) 61% 48% 57% 0.585
Hispanic/Latino (%) 5.5% 37% 30% 0.097
BMI (mean, ±SD) NR 33.5 (±9.4) 34.8 (±15.2) 0.643
Diabetes (%) 0% 45.7% 25.0% 0.123
Hypertension (%) 0% 34.8% 52.3% 0.199
Chronic lung disease 0% 21.7% 26.1% 0.765
SOFA score (mean ± SD) – 3.2 (±1.4) 6.3 (±2.1) <0.0001
ARDS (%) – 41.3% 21.7% 0.179 
Mechanical ventilation (%) – 17.3% 4.3% 0.25
Survival (90-day follow up) (%) – 82.6% 95.6% 0.252
Platelet count (K/μL, mean, ±SD)A – 242.5 (± 70.8) 230 (± 98.1) 0.729
White blood count (K/μL mean, ±SD)B – 6.7 (± 2.5) 20.8 (± 20.9) <0.0001
Bilirubin (mg/dL mean, ±SDC) – 0.61 (± 0.3) 2.42 (± 3.7) 0.308
Anticoagulation 0% 89.1% 95.7% 0.661
Low–molecular weight heparin 0% 80.4% 34.7% 0.0004
HeparinD 0% 4.3% 56.5% <0.0001
AReference range: 159–439 K/μL. BReference range: 4.3–11.3 K/μL. CReference range: 0.2–1.2 mg/dL. DThree patients with sepsis were on therapeutic 
heparin. Study participants were a subset of subjects previously reported. NR, not recorded.
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and cathepsin D (Supplemental Figure 2B) activities are significantly increased in patients with COVID-19 
compared with healthy donors.

Circulating HA and hyaluronidase activity correlates with clinical and inflammatory signatures of  COVID-19. 
Circulating GAGs have been shown to associate with lung injury (32), clinical parameters in ARDS 
(51, 52), and other forms of  organ injury in sepsis (53, 54). We therefore evaluated whether circulating 
levels of  GAGs or degrading enzyme activities associate with clinical assessments in patients with 
COVID-19. We found that plasma HA levels show a significant positive correlation with sequential 
organ failure assessment (SOFA) score, an index of  illness severity in patients with COVID-19 (Figure 
3A) and in patients with sepsis (Figure 3B), similar to previous reports (55). Similarly, hyaluronidase 
activity also was found to have a significant positive correlation with SOFA score in patients with 
COVID-19 (Figure 3C) and trended toward significance in patients with sepsis (Figure 3D). We found 
no correlation with severity of  illness for HS, CS, heparanase, or chondroitinase activity in patients 
with COVID-19 (Supplemental Figure 3, A–C), though HS shows a strong positive association in our 
septic patient population (Supplemental Figure 3C) similar to previous reports (32, 33). We next per-
formed intercorrelation analysis between plasma HA levels and hyaluronidase activity with previously 
published plasma cytokine levels (56) that we determined to be significantly increased in our patients 
with COVID-19 compared with healthy controls (Figure 3E and Supplemental Table 1). This analysis 
shows that plasma levels of  HA and hyaluronidase in patients with COVID-19 each are correlated with 
inflammatory cytokines known to have roles in either HA synthesis or degradation such as IL-6, IL-8, 
MCP-1, TNF-α, and IP10. Regulation of  HA synthesis and degradation are typically inversely associ-
ated. Unexpectedly, of  all 19 cytokines compared, only IP10, a biomarker and mediator of  Kawasaki 
disease pathology (57), shows a significant positive correlation with both HA and hyaluronidase in 
patients with COVID-19 but not in healthy donors (Supplemental Figure 3D and Supplemental Table 
2). Interestingly, some children infected with SARS-CoV-2 develop a severe inflammatory disease with 
characteristics of  Kawasaki disease (58).

Figure 1. Circulating glycosaminoglycans are increased in patients with COVID-19 and associate with disease severity. Circulating glycosaminoglycans were 
measured in plasma collected from patients with COVID-19 (n = 46) and patients with sepsis (n = 23) within 72 hours of ICU admission or age-, race-, and 
sex-matched healthy donors (n = 18) as described in Methods. (A–C) Levels of HA (A), HS (B), and CS (C) in COVID-19 compared with healthy patients and 
patients with sepsis. (D–F) Comparison of HA (D), HS (E), and CS (F) levels by disease status in ICU- (n = 20) and non-ICU–admitted (n = 23) patients with 
COVID-19. A thick dashed line indicates the median, and thin dashed lines indicate either quartile. Data are reported as mean ± SEM; *P < 0.05 and ***P < 
0.001. Differences between multiple groups were calculated using 1-way ANOVA (Kruskal-Wallis test) with Dunn’s correction for multiple comparisons. 

https://doi.org/10.1172/jci.insight.147472
https://insight.jci.org/articles/view/147472#sd
https://insight.jci.org/articles/view/147472#sd
https://insight.jci.org/articles/view/147472#sd
https://insight.jci.org/articles/view/147472#sd
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Treatment with COVID-19 plasma induces HA synthesis and degradation in lung microvascular ECs. Based 
on our observation that cytokines present in patients with COVID-19 associate with circulating HA and 
hyaluronidase levels, we next explored whether plasma from infected patients might promote dysregulated 
synthesis and degradation of  HA in human lung microvascular ECs (LMVECs). We found that treatment 
of  cultured ECs with plasma from patients with COVID-19 led to decreased cellular HA (Figure 4A) and 
increased cell-associated hyaluronidase activity (Figure 4B) when compared with cells treated with healthy 
donor plasma and normalized against plasma alone. Analysis of  media from cells exposed to COVID-19 
plasma revealed a corresponding increase in HA (Figure 4C) but not hyaluronidase activity (Figure 4D), 
as compared with cells treated with healthy plasma. We examined the media of  treated LMVECs for shed-
dase activity that might be induced by plasma cytokines and observed increased MMP2/9 and cathepsin 
D activities in the media of  cells exposed to COVID-19 plasma compared with healthy controls when nor-
malized against plasma alone, suggesting release by ECs themselves (Supplemental Figure 2, C and D). We 
next asked whether plasma from patients with COVID-19 could alter transcription of  genes responsible for 
HA synthesis or degradation and found that treatment with COVID-19 patient plasma significantly increas-
es mRNA expression of  HA synthase-3 (HAS3), hyaluronidase-1 (HYAL-1), and HYAL-2 compared with 
treatment with healthy donor plasma (Figure 4, E and F). Given the reports of  SARS-CoV-2 infection of  
ECs, we next sought to determine whether the observed activation of  ECs by COVID-19 plasma was due 
to activation by humoral factors or by infection with SARS-CoV-2 that might be present in COVID-19 plas-
ma samples. Examination of  ECs cultured in the presence of  COVID-19 plasma indicates that transcripts 
corresponding to the SARS-CoV-2 N1 gene are undetectable as compared with tracheal aspirates from 
patients with COVID-19 (Supplemental Figure 4). These findings suggest that cytokines associated with 
COVID-19, rather than only direct viral infection, promote dysregulated biosynthesis and degradation of  
endothelial HA by the pulmonary microvasculature.

Figure 2. Glycocalyx-degrading enzyme activities are elevated in patients with COVID-19. Activity of glycosaminoglycan-degrading enzymes were 
measured in plasma collected from patients with COVID-19 (n = 46) and patients with sepsis (n = 23) within 72 hours of ICU admission or age-, race-, 
and sex-matched healthy donors (n = 18). (A–C) Level of enzymatic activity degrading HA (A), HS (B), and CS (C) in COVID-19 compared with nor-
mal and septic patients. (D–F) Comparison of enzymatic activity degrading HA (D), HS (E), and CS (F) levels by disease status in ICU- (n = 20) and 
non–ICU-admitted (n = 23) patients with COVID-19. A thick dashed line indicates the median, and thin dashed lines indicate either quartile. Data are 
reported as mean ± SEM; **P < 0.01 and ***P < 0.001. Differences between multiple groups were calculated using 1-way ANOVA (Kruskal-Wallis test) 
with Dunn’s correction for multiple comparisons.
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Circulating HA is present as pathological low–molecular weight fragments in COVID-19 patient plasma. Many 
of  the biological responses governed by HA are dependent upon polymer size, with high–molecular weight 
(HMW) HA and low–molecular weight (LMW) HA exhibiting differing signaling properties (59). Circulat-
ing HA is reported to be in a mass range of  from 1 × 105 to 2 × 105 Da in healthy individuals, and cleavage 
of  HA from the EC surface results in fragments of  varying mass ranges, which stimulate angiogenic and 
inflammatory responses (60–62). To determine whether LMW-HA degradation products are present in 
patients with COVID-19, we fractionated HA from plasma of  healthy donors or patients with COVID-19 
and determined that the majority of  HA purified from healthy donor plasma is > 100 kDa, while 74.8% 
of  plasma HA isolated from SARS-CoV-2–infected patients is present as sub–50 kDa species (Figure 5A).

We next asked whether HA released into the media of  treated cells might also be present as LMW deg-
radation products and found that cells treated with plasma from patients with COVID-19 release 55.7% of  
HA into the media as LMW fragments, compared with ~10.11% in cells treated with control plasma (Fig-
ure 5B). During inflammation, HA may become covalently modified with the heavy chains (HCs) of  inter-α 
inhibitor protein (IαI), and this unique modified form of  HA (HA-HC) enhances immune cell recruitment 
(35, 63–65) and associates with lung injury in mice and humans (66–68). Measurement of  plasma HA-HC 
revealed that patients with COVID-19 have significantly higher levels of  HA-HC compared with control 
subjects (Figure 5C). These data suggest that circulating HA in COVID-19 is present in the form of  degra-
dation products with inflammatory activities.

HA fragments present in COVID-19 plasma disrupt endothelial barrier integrity. Circulating HA concen-
trations in COVID-19 patient plasma are significantly elevated compared with healthy controls (Figure 
1A) and are present as LMW-HA fragments (Figure 5A) known to have barrier-disrupting effects on ECs 
(28). We next examined whether treatment of  LMVECs with HA purified from the plasma of  infected 
patients had a direct effect on EC barrier function. Using a transwell assay in which confluent LMVECs 
form a tight monolayer over a semipermeable membrane, we observed an increase in the permeability 
of  ECs to HMW dextran after treatment with HA purified from SARS-CoV-2–infected patients, as com-
pared with HA purified from healthy controls (Figure 6A). Importantly, the barrier-disrupting effects 
of  HA fragments are significantly decreased by complete digestion with exogenous hyaluronidase that 
reduces HA to disaccharides, indicating that the increase in permeability is attributable to HA and not 
impurities from purification. HA purified from biological samples is a mixture of  polymer lengths, and 
we next examined whether biosynthetic HA fragments of  defined masses could reproduce the effects 

Figure 3. Circulating levels of HA and hyaluronidase activity correlate with clinical and inflammatory signatures of COVID-19. (A–D) Correlation analysis 
severity of sequential organ failure assessment (SOFA) scores with plasma HA concentration and hyaluronidase activity levels in COVID-19 (n = 46) (A and C) 
and sepsis (n = 23) (B and D) patients. (E) Spearman correlation matrix of plasma HA, hyaluronidase (HA’ase) activity, and cytokines in patients with COVID-19 
(n = 46) demonstrated to be statistically significant (*P < 0.05) between healthy controls and patients with COVID-19. Yellow indicates a positive correlation, 
and purple indicates a negative correlation. Pearson correlation coefficient was used to determine the r value of the correlation between the 2 groups.
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we observed with HA purified from COVID-19 plasma. Our data show that LMVECs incubated with 
LMW-HA species < 60 kDa demonstrate a size-dependent increase in barrier disruption, with HA frag-
ments of  approximately 4 kDa demonstrating the largest effect compared with control-treated cells (Sup-
plemental Figure 5). We further analyzed cells treated with HA fragments of  4 kDa molecular weight 
(HA4k) for changes in the mRNA levels of  HA receptors, observing a significant increase in layilin (6.3-
fold) and Hyal2 (8.8-fold) expression in HA4k-treated cells compared with untreated cells, but we found 
no significant changes in CD44, ICAM-1, or HYAL1 (Supplemental Figure 6).

The transmembrane HA receptors CD44 and layilin both contain extracellular HA-binding domains 
and intracellular cytoplasmic motifs, which enable association with the actin cytoskeleton and are 
therefore poised to recognize and transmit signals involved in maintenance, formation, or disruption of  
intercellular contact. Interaction of  HMW-HA by CD44 can promote barrier-enhancing effects in cul-
tured ECs via AKT activation (69), while small HA fragments recognized by CD44 or layilin are known 
to disrupt cell-cell junctions in a RhoA/ROCK-dependent mechanism (70). Next, we tested whether 
RhoA/ROCK activation might mediate HA fragment–induced barrier disruption in lung endothelium 
by culturing LMVECs in the presence or absence of  a ROCK inhibitor (Y27632 ) prior to treatment with 
either biosynthetic HA4k or COVID-19 HA fragments. As shown in Figure 6B, ROCK inhibition led 

Figure 4. COVID-19 plasma induces HA synthesis and degradation in lung microvascular ECs. Primary human pulmonary microvascular endothelial cells 
were exposed to 1.5% plasma from patients with COVID-19 or healthy donors and measured for changes in HA biosynthesis and degradation. (A–D) After 16 
hours, levels of HA and hyaluronidase activity associated with the cell layer (A and B) or in conditioned media (C and D) were measured, and levels present 
in 1.5% plasma alone was subtracted as background. (E and F) qPCR of HA biosynthetic (E) and HA degrading (F) enzyme transcript levels in cells treated 
with either COVID-19 or control plasma for 2 hours. In all figures, a thick dashed line indicates the median and additional thin dashed lines indicate either 
quartile. Data are reported as mean ± SEM; **P < 0.01 and ***P < 0.001, using unpaired Student’s t test, 2 tailed, with at least 5 independent experiments 
of at least 5 patients each. Circles represent individual patient plasma samples.
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to significant reduction of  HA4k-induced (85.5%) and COVID-HA–induced (63.3%) permeability as 
compared with treatment of  barrier disrupting HA fragments alone. We then examined VE-cadherin by 
immunostaining of  LMVECs exposed to HA purified from healthy donors, patients with COVID-19, or 
LMW HA4k with or without pretreatment with ROCK inhibitor. We observed a loss of  immunostaining 
for VE-cadherin in cells treated with HA purified from COVID patients or biosynthetic LMW-HA frag-
ments compared with cells treated with HA purified from healthy donors (Figure 6, C and D), indicating 
that inhibition of  ROCK signaling diminishes HA-mediated loss of  VE-cadherin.

To determine the receptor that mediates barrier disruption in response to COVID 19–derived HA, 
we cultured LMVECs in the absence or presence of  either scramble siRNA or siRNA targeting specific 
receptors with known activities regulated by LMW-HA and measured knockdown (Supplemental Figure 
7). We then cultured siRNA-treated cells in the presence of  HA purified from patients with COVID-19 
and observed a significant loss in HA-induced barrier permeability in cells treated with CD44 siRNA, 
while knockdown of  either layilin or TLR4 showed no statistically significant difference. We next pre-
treated LMVEC with an anti-CD44 antibody known to antagonize HA binding prior to incubation with 
HA purified from patients with COVID-19 and observed a similar inhibition of  HA-induced barrier dis-
ruption to that in cells subject to CD44 knockdown (Figure 6E). Together, our data provide evidence that 
HA fragments present in the plasma of  SARS-CoV-2–infected patients induce endothelial permeability 
through interaction with CD44 on the surface of  LMVECs in a ROCK-dependent manner.

Discussion
Here, we demonstrate for the first time to our knowledge that the COVID-19 cytokine storm results in 
aberrant degradation of  endothelial glycocalyx, resulting in HA fragments capable of  directly mediating 
endothelial dysfunction. Pathological loss of  the glycocalyx during sepsis, ischemia-reperfusion injury, 
and other hyperinflammatory conditions is known to induce local endothelial dysfunction and release 
biologically active GAG and proteoglycan fragments into circulation (31, 71). Our data show that circu-
lating GAGs are uniformly increased in COVID-19, along with corresponding activities of  degradative 
enzymes, and are similar to those observed in patients with sepsis. Plasma levels of  HA and hyaluronidase 
associate with SOFA scores in COVID-19 and patients with sepsis, as well as with levels of  plasma cyto-
kines known to alter HA metabolism present at elevated levels in patients with COVID-19. Importantly, 
we found that treatment of  pulmonary microvascular ECs with plasma from patients with COVID-19 pro-
motes HA synthesis and degradation, and this effect is due to transcriptional activation of  HA synthesis 
and hyaluronidases. We show that the majority of  HA present in COVID-19 patient plasma is present as 
LMW degradation products and that these HA fragments are also released into the media by cells exposed 
to COVID-19 plasma. Circulating GAG fragments are known to function as damage-associated molecular 
patterns and can affect EC activation and inflammation (28, 62). Finally, we provide mechanistic evidence 

Figure 5. Circulating HA is present as pathological low–molecular weight fragments. The molecular weight profile of HA was fractionated stepwise and 
measured by competitive ELISA assay. (A and B) HA from patient plasma (A) or pulmonary microvascular endothelial cells stimulated with either healthy 
donor or COVID-19 patient plasmas (B) is reported as the relative abundance of LMW-HA fragments (<50 kDa, n = 5 patients each). (C) ELISA measure-
ment of HA-HC in plasma from patients with COVID-19 (n = 46) or healthy donors (n = 18). A thick dashed line indicates the median, and thin dashed lines 
indicate either quartile. Data are reported as mean ± SEM; ***P < 0.001, using unpaired Student’s t test, 2 tailed.
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that circulating HA fragments generated during SARS-CoV-2 infection can contribute to endothelial inju-
ry by inducing barrier dysfunction in a CD44- and ROCK-dependent manner.

Infection of  cultured cells by measles virus, respiratory syncytial virus, and Epstein-Barr virus, as well 
as treatment of  cells with viral mimetic and infection of  mice with influenza, all promote synthesis of  an 
inflammatory HA matrix (63, 65, 72, 73). In mice infected with influenza, excessive levels of  luminal HA 
impairs lung function and is reversible by exogenous hyaluronidase administration (73). Recent reports 
indicate that HA is also elevated in the airway and respiratory secretions of  patients with COVID-19 (74, 
75). While our data are suggestive that the cytokine milieu associated with COVID-19 drives dysregu-
lated HA metabolism and subsequent endothelial dysfunction, it is also possible that SARS-CoV-2 viral 
components themselves could induce endothelial injury. Our data share several intriguing parallels with 
a study of  dengue virus, a hemorrhagic fever characterized by vascular leakage. The authors demonstrate 
that elevated HA correlates with disease severity and that dengue nonstructural protein 1 directly induces 
endothelial injury, release of  HA-fragments, and disruption of  endothelial barrier function dependent on 

Figure 6. HA fragments present in COVID-19 plasma promote endothelial dysfunction. (A) LMVEC were seeded on permeable supports (3 μm pore size) 
placed into a 24-well plate and grown to confluence. Cells were treated with or without HA purified from patient plasma samples (750 ng HA) or 1.5% 
patient plasma for 16 hours at 37°C to induce endothelial barrier disruption. The upper chamber was replaced with FITC-conjugated dextran (1 mg/mL, 40 
kDa) in PBS, and medium from the lower chamber was measured after 1 hour. (B) LMVECs were grown to confluence in a transwell chamber and coincubat-
ed in the presence or absence of the ROCK inhibitor Y27632 (10 μM), in the presence or absence of biosynthetic 4 kDa HA (1000 ng), or in the presence or 
absence of HA purified from patient plasma for 16 hours at 37°C to induce endothelial barrier disruption, and barrier function was measured as above. (C) 
LMVEC were grown on coverslips until confluency in the presence or absence of Y27632 prior to treatment with either HA purified from healthy donor plas-
ma, COVID-19 patient plasma, or LMW-HA (4 kDa). Cells were fixed, permeabilized, and stained with an antibody against VE-cadherin. Scale bar: 20 μm. 
(D) VE-Cadherin immunostaining was quantified by using 3 independent experiments and normalized to the number of endothelial cells per field using 
ImageJ. (E) LMVECs were treated for 48 hours in the presence or absence of siRNA (10 nM) or a CD44-HA blocking antibody (KM114, 1 μg) prior to treatment 
with HA and measurement of barrier function. In some experiments, HA was digested with Streptomyces hyaluronidase (HA’ase) as a specificity control. 
Data are reported as mean ± SEM; n = 5 independent experiments of at least 4 patients each, 1-way ANOVA followed by Tukey’s multiple comparison 
tests. Different alphabetical superscripts are significantly different from each other; P < 0.05.
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CD44 (76). Treatment of  vascular ECs with COVID-19 patient plasma has been demonstrated to induce 
endotheliopathy (77), and it is plausible that SARS-CoV-2 nonstructural proteins might also mediate 
these effects in a mechanism similar to those observed with dengue virus.

The precise mechanisms that initiate glycocalyx breakdown are not fully understood, and though we 
demonstrate a role for ECs in vitro, multiple cell types are likely involved during disease, including platelets 
that become hyperactivated in COVID-19 and are known to release HA fragments from the EC surface 
using HYAL-2 (35, 60). Interestingly, coagulopathy and platelet activation are also characteristic of  Kawa-
saki disease (78). Increased serum levels of  syndecan-1 and HA are known to be elevated in the acute phase 
of  Kawasaki patients, and serum HA predicts future coronary artery lesion development, possibly implicat-
ing that similar mechanisms could occur in COVID-19 (79).

Our data raise several questions about the nature and consequence of  glycocalyx degradation in critical 
illnesses. While cytokine release syndrome is a shared characteristic between COVID-19 and sepsis, we 
show that HA and HS are present at lower concentrations in COVID-19 than those observed in patients 
with sepsis. Plasma GAGs are removed from circulation by clearance receptors present on liver sinusoi-
dal ECs such as stabilin-2, and injury or infection of  the liver is associated with increases in circulating 
GAGs as in the case of  hepatitis (80). Liver damage is frequently observed in patients with sepsis, but it is 
uncommon in COVID-19 and may explain the differences in plasma GAG concentrations observed. This 
explanation is supported in part by elevated bilirubin in our sepsis cohort compared with COVID-19 and 
by similar activities of  GAG-degrading enzymes in both disease groups.

It should be noted that our study has some important limitations. First, as an observational study, we 
cannot conclude that the associations between glycocalyx shedding, markers of  endothelial activation, and 
clinical outcomes are causal elements of  disease progression or specific for infection with SARS-CoV-2, 
and we cannot exclude the possibility of  remaining unmeasured potential confounders. Second, many of  
our patients were enrolled early in the pandemic, and we were unable to perform longitudinal examination 
of  whether glycocalyx components exhibit a temporal dependence of  shedding and if  fluid resuscitation in 
patients with COVID-19 contributes to increased levels of  released GAGs. Third, the number of  patients 
studied represents a low sample size, especially regarding some parameters including age and race, and 
we were only able to examine plasma samples from patients, limiting our ability to determine the cellular 
source of  GAG degradation. Fourth, due to the fact that many of  our patients were referred to our hospital 
for care at various stages of  disease progression, we were unable to obtain blood pressure measurements 
for many of  our patients at the time of  admission and before administration of  hemodynamic support. 
This represents an important gap in our study, as hypertension is associated with endothelial glycocalyx 
dysfunction (81, 82) and is among the most common comorbidities found in hospitalized patients with 
COVID-19 — and because unstable blood pressure control is associated with greater risks of  ICU admis-
sion and mortality in patients with COVID-19 (83, 84). Nevertheless, differences in several indices of  gly-
cocalyx degradation, including HA and hyaluronidase activity, are very pronounced and correlate well 
with severity of  disease. Technical limitations of  our study pertain to the evaluation of  heparanase, where 
recent reports are conflicting. A small study suggests that heparanase activity is unchanged in COVID-19, 
despite evidence of  glycocalyx injury (85), while a recent, cross-sectional report indicates that heparanase 
activity strongly associates with COVID-19 severity (46). However, interpretation of  these data and ours 
may be complicated by prophylactic use of  LMW heparin. In our study, 80.4% of  patients with COVID-19 
and 30.4% of  patients with sepsis received LMW heparin, and LMW heparin treatment is associated with 
reduced heparanase activity in COVID-19 (46).

A growing number of  studies underscore the importance of  proteoglycans and GAGs of  the gly-
cocalyx as endogenous regulators of  thrombosis, immune cell adhesion, and maintenance of  vascular 
integrity, which become dysregulated in severe cases of  influenza, endotoxemia, and systemic inflam-
mation. We show that glycocalyx injury itself  is a pathological manifestation capable of  exacerbating 
disease and that the cytokine storm associated with COVID-19 is a driver of  GAG-degradation by the 
pulmonary microvasculature. However, the spike glycoprotein of  SARS-CoV-2 (86) and related corona-
viruses (87, 88) contain a GAG binding motif  (89) capable of  mediating attachment to the cell surface 
via HS. It is, therefore, plausible that GAG-degrading activities could be protective mechanisms early in 
infection that, if  unchecked, contribute to disease. The results of  our investigation provide compelling 
evidence that prevention of  enzymatic degradation of  HA and other GAGs may be a treatment modality 
to reduce vascular permeability observed in ARDS and critically ill patients with COVID-19.

https://doi.org/10.1172/jci.insight.147472


1 1

R E S E A R C H  A R T I C L E

JCI Insight 2021;6(17):e147472  https://doi.org/10.1172/jci.insight.147472

Methods

Study design
Patients with SARS-CoV-2 infection (n = 46) requiring hospitalization due to acute illness were recruited from 
the University of  Utah Health Sciences Center in Salt Lake City (Utah, USA). We prospectively collected and 
analyzed data on patients with SARS-CoV-2 infection confirmed by reverse transcription PCR (RT-PCR), 
in accordance with current standards. ACD-anticoagulated whole blood from hospitalized patients with 
COVID-19 was collected from March 17–June 5, 2020. Patients with COVID-19 were recruited under study 
protocols approved by the IRB of the University of  Utah. Healthy age- and sex-matched donors were recruit-
ed and enrolled under a separate IRB protocol. Enrollment criteria included age > 18, respiratory symptoms 
including cough and shortness of  breath, fever, hospital admission, positive SARS-CoV-2 testing, and written 
informed consent. All patients with COVID-19 were hospitalized and were further stratified into non-ICU 
and critically ill ICU patients with COVID-19. We also enrolled critically ill patients with sepsis (n = 23) for 
comparisons. Enrollment criteria for patients with sepsis included age > 18, SEPSIS-3 criteria (a clinical con-
sensus definition for classifying patients), and ICU admission. All patients underwent clinical investigation to 
identify the pathogen causing the infection and include: Streptococcus (11%), Staphylococcus (9%), E. coli (6%), 
and Influenza A/H1N1 (3%). The site or organ of  the primary infection included pneumonia (34%), skin and 
soft tissue infection (26%), urosepsis (23%), intraabdominal infection (9%), blood (6%), or unknown (2%). 
Patients were a subset of  subjects enrolled in previous studies (56, 90). Demographic characteristics, clinical 
characteristics, and illness severity data including SOFA scores are summarized in Tables 1 and 2.

GAG purification and measurement
Plasma and media samples were proteolyzed at 55°C with 1.8 U/mL proteinase K for 16 hours to digest 
proteins, including those with GAG-binding function. After proteolysis, GAGs were purified stepwise by 
anion exchange spin columns (Thermo Fisher Scientific) using solutions of  increasing concentrations of  
NaCl (0.15M–0.8M), were eluted, and were desalted by using 2 kDa, 50 kDa, or 100 kDa molecular weight 
cut off  ultrafiltration devices (Thermo Fisher Scientific).

Quantification of  plasma GAGs and culture mediums were measured serially using a competitive ELI-
SA-like assay for HA (Echelon Biosciences), HS (JM403, AMSbio), and CS (LSbio). Plasma HA-HC modi-
fication was measured in nonproteolyzed plasma by in-house ELISA with HA binding protein (MilliporeSig-
ma) and anti–rabbit IαI (DAKO, A020) antibody as previously described (91). Spike experiments to determine 
HS specificity were performed with the addition of  200 ng Lovenox added to patient plasma samples.

For cell treatments, HA was isolated from protease-digested plasma samples by incubation with strepta-
vidin magnetic beads (Thermo Fisher Scientific) complexed with biotinylated versican G1 domain (Ech-
elon Biosciences) for 24 hours at room temperature on a rocker. Beads were placed on a magnet, washed 
3 times with PBS, and boiled at 95°C for 15 minutes to release bound HA. All samples were assayed for 
residual protein contamination by Rapid Gold BCA protein assay kit (Thermo Fisher Scientific).

Enzyme activity assays
Enzyme activity was measured from equal volumes of  plasma or media diluted in assay buffer. Hyal-
uronidase activity was measured as previously described (35). Heparanase activity measurements were 
performed using a FRET-based assay as described previously (92). Chondroitinase activity was measured 
using 10 μM CS-A (AMS Bio) as a substrate as described previously (93). Digestion with Streptomyces hyal-
uronidase (HA’ase, 0.1 mU/mL), recombinant human heparanase (1 μg/mL, R&D Systems), and Chon-
droitinase ABC (P. vulgaris, 100 ng/mL, R&D Systems) for 1 hour at 37°C was used as a reference standard 
to calculate units of  activity. MMP2/9 and Cathepsin D activity were measured using fluorometric assay 
kits containing specific inhibitors according to manufacturer’s instructions (Anaspec).

Primary cell culture
Human LMVECs were obtained from Lonza, cultured on fibronectin-coated dishes (R&D Systems), and 
maintained in EGM2-MV (Lonza) growth medium. Cells were incubated at 37°C in 5% CO2 and 95% 
humidity. Plasma samples were pretreated with 10 mM CaCl2 and defibrinated prior to addition of  1.5% 
plasma to culture media. Cells were incubated in the presence of  plasma for 2 hours to measure changes in 
mRNA levels, and for 16 hours for measurement of  HA or enzyme activities.
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Transwell permeability assay
LMVEC were seeded on permeable supports (3 μm pore size, Corning) placed into a 24-well plate, and grown 
to confluence. Cells were treated with or without HA purified from patient plasma samples (750 ng HA) or 
1.5% patient plasma for 16 hours at 37°C to induce endothelial barrier disruption. The upper chamber was 
replaced with FITC-conjugated dextran (1 mg/mL, 40 kDa, MilliporeSigma) in PBS, and a sample of  medi-
um from the lower chamber was measured after 1 hour.

HA receptor knockdown
Cells were grown to 70% confluency in EMG2-MV in 6-well cell culture plates and then treated with 
scramble, CD44, LAYN, or TLR4 siRNA (10 nM, 48 hours) using the RNAiMax transfection reagent 
according to the manufacturer’s instructions (Thermo Fisher Scientific). After 48 hours, cells were 
harvested and examined by quantitative PCR (qPCR) and Western blot. Immunodetection (1:1000 
dilution) and antibody blockade (1 μg) of  CD44 was performed using clone KM114 (BD Biosciences). 
Actin (Abcam) was used as a loading control. Quantification of  knock-down was measured by den-
sitometry analysis using ImageJ. Replicate cultures were reseeded into transwell chambers for subse-
quent assays.

Plasma preparation. Whole blood was collected from patients using a 21 g needle vacutainer butterfly 
into acid/citrate/dextrose-anticoagulant. Whole blood was centrifuged (150g, 20 minutes, room tem-
perature) to generate platelet-rich plasma (PRP). PRP was centrifuged at 1500g for 20 minutes at room 
temperature to produce platelet-poor plasma, and it was flash frozen in liquid nitrogen and stored at 
–80°C. Plasma from patients with COVID-19 or sepsis and healthy donors were isolated in a similar 
manner with respect to blood draws, centrifugations, and time from blood draw to freezer.

HA size estimation
To estimate HA size ranges, human plasma samples were purified as described above. Following NaCl 
elution, and desalting, fractions were quantified measured by competitive HA-ELISA to determine 
the relative abundance of  LMW HA (<50 kDa) as a function of  total HA isolated from plasma spec-
imens and culture mediums. Purified HA was quantified using an ELISA-like assay for HA (Echelon 
Biosciences).

Table 2. Clinical characteristics of COVID-19 ICU and non-ICU patients

COVID-19 ICU  
(n = 20)

COVID-19 Non-ICU  
(n = 26)

P value

Age (mean ± SD) 62.1 (±13.7) 47.6 (±16.1) 0.277
Male (%) 55% 42% 0.553
Hispanic/Latino (%) 45% 29% 0.537
BMI (mean ± SD) 31.4 (±8.9) 34.1 (±9.5) 0.129
Diabetes (%) 65% 30.8% 0.036
Hypertension (%) 40% 30.8% 0.548
Chronic lung disease (%) 30% 15.4% 0.292
Smoker, current/former (%) 41% 36% 0.408
SOFA score (mean ± SD) 4.9 (±1.4) 1.9 (±1.1) <0.0001
ARDS (%) 85% 14.4% <0.0001
Mechanical ventilation (%) 40% 0% <0.0001
Survival (90-day follow up) (%) 65% 96.1% 0.008
Platelet Count (K/μL, mean ± SD) 247.7 (±71.4) 239.5 (±122) 0.4003
White blood count (mean ± SD) 8.1 (±2.5) 5.7 (±2.1) <0.0001
PT (s, mean ± SD 14.4 (±3.0) 13.0 (±0.9) 0.964
aPTT (s, mean ± SD) 42.0 (±24.8) 32.5 (±3.5) >0.999
Anticoagulation (prophylactic) 100% 80.7% 0.023
Hydroxychloroquine 25.0% 15.4% 0.473
Remdesivir 35.0% 19.2% 0.314

Study participants were a subset of subjects previously reported. s, seconds; aPTT, activated partial thromboplastin time; PTT, partial thromboplastin time.
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IHC
Cells were grown in 8-well chamber slides coated with fibronectin and maintained at confluency for 5 
days to allow for tight junction formation. LMVECs were then treated for 16 hours in the presence or 
absence of  purified HA or biosynthetic HA with or without addition of  ROCK inhibitor Y27632. Cells 
were fixed with 4% paraformaldehyde, washed 3 times with PBS, and blocked for 1 hour in HBSS + 2% 
FBS. For VE-cadherin detection, affinity purified monoclonal antibody (1:100, Clone BV9, BioLegend) 
was diluted in HBSS +2% FBS and incubated at 4°C overnight in a humidified chamber. After primary 
exposure, cells were washed with HBSS 3 times for 5 minutes each and incubated with donkey anti–
mouse Alexa Fluor 488 secondary detection antibody diluted in HBSS + 2% FBS for 1 hour. Slides were 
then incubated with HBSS + Hoechst 33342 (Thermo Fisher Scientific) for 10 minutes, washed with 
HBSS 3 times for 5 minutes each, mounted under cover glass with Prolong Glass (Thermo Fisher Scien-
tific), and sealed with nail polish. Images were obtained using an EVOS FL Auto Cell imaging system 
with integrated dual camera system; system-specific software equipped with a 40×/1.42 NA objective 
was used. Sixteen-bit monochrome images were further analyzed, and changes were quantified using 
Adobe Photoshop CS6 and ImageJ (NIH).

Plasma cytokine analysis
Plasma samples were analyzed using a Human Cytokine/Chemokine Panel I Multiplex Array (Milli-
poreSigma, HCYTMAG60PMX41) according to manufacturer’s instructions on a Luminex 200 instru-
ment. Plasma samples from 14 healthy adults were used as controls for cross-comparison.

qPCR
RNA was extracted from LMVEC and tracheal aspirates using the Direct-zol RNA kit (Zymo Research) 
according to the manufacturer’s protocol. The RNA was eluted into 30 μL of  H2O. After digestion of  
genomic DNA by DNase, reverse transcription using the Superscript VILO kit (Thermo Fisher Scien-
tific) was completed in accordance with the manufacturer’s instructions. The cDNA product was stored 
at −20°C before qPCR analysis. Validated primers with conjugated 6-carboxyfluorescein (FAM) probes 
for HAS1-3, HYAL1, HYAL2, CD44, Layilin, ICAM1, CD44, LAYN, TLR4, SARS-CoV-2 N1, and 
HPRT1 rRNA were purchased from Applied Biosystems (Invitrogen). The real-time PCR amplifications 
were performed in 10 μL reaction volumes that contained TaqMan gene expression Master Mix, primers 
and fluorogenic probes (Invitrogen), and cDNA. All reactions were performed with 4 replicate reactions 
using a Bio-Rad C1000 Touch Thermal Cycler with attached CFX96 Real-Time System (Bio-Rad). The 
real-time PCR reaction conditions were 50°C for 2 minutes and 95°C for 10 minutes, followed by 50 
cycles of  95°C for 15 seconds and 60°C for 60 seconds. Changes in gene expression were calculated using 
the Livak (ΔΔCT) method.

Statistics
Variables from all experiments were assessed for normality with skewness and kurtosis tests using 
GraphPad Prism (Anderson-Darling, D’Agostino-Pearson, Shapiro-Wilk, and Kolmogorov-Smirnov 
tests). For analyses comparing 2 groups, a parametric 2-tailed unpaired Student’s t test was used, 
and differences between multiple groups were calculated using 1-way ANOVA (Kruskal-Wallis 
test) with Dunn’s correction for multiple comparisons. When data were not normally distributed, a 
Mann-Whitney U test was used when 2 groups were analyzed. For correlations, we performed simple 
linear regression, Pearson correlation, or Spearman correlation. Summary statistics were used to 
describe the study cohort, and clinical variables are expressed as the mean ± SD or as a number and 
percentage where relevant. Statistical analyses were performed by using GraphPad Prism (version 8). 
Outliers were removed using the ROUT method with a maximum FDR set to 1%. All experiments 
were performed at least in triplicate, and data are represented as means ± SEM. P < 0.05 was consid-
ered statistically significant.

Study approval
All studies were approved by the IRB of  the University of  Utah (nos. 00102638, 00093575, 0051506), 
and all participants or their legally authorized  representatives completed written informed consent.

https://doi.org/10.1172/jci.insight.147472


1 4

R E S E A R C H  A R T I C L E

JCI Insight 2021;6(17):e147472  https://doi.org/10.1172/jci.insight.147472

Author contributions
KQ, RAM, EAM, IP, BKM, FD, EJB, RAC, and ACP designed and performed experiments; KQ, EAM, 
EJB, MTR, and RAC, analyzed results and made the figures; EAM, RAC, and ACP wrote the paper; and all 
authors reviewed and critically edited the manuscript.

Acknowledgments
The authors acknowledge the figure preparation expertise of  Diana Lim and assistance with participant 
recruitment from Antoinette Blair, Macy Barrios, Amber Plante, Jordan Greer, Amy DeNardo, Amanda 
Bailey, and Lindsey Waddoups. This work was supported by the following NIH grants: National Heart, 
Lung, and Blood Institute grant R00HL135265 (ACP); National Institute on Aging grant K01AG059892 
(RAC); National Institute on Aging grants R01AG048022 and R56AG059877; and National Heart, Lung, 
and Blood Institute grant R01HL130541 and R01HL142804 (MTR); and National Institute of  Neuro-
logical Disorders and Stroke grant U24NS107228 (FD). This work was supported by startup funds from 
the University of  Utah (ACP). This work was supported in part by Merit Review Award Number I01 
CX001696 from the United States Department of  Veterans Affairs Clinical Sciences R&D (CSRD) Ser-
vice. This material is the result of  work supported with resources and the use of  facilities at the George E. 
Wahlen VA Medical Center, Salt Lake City, Utah, USA.

Address correspondence to: Aaron C. Petrey, Assistant Professor of  Microbiology & Immunology, Universi-
ty of  Utah Health Sciences Center, Eccles Institute of  Human Genetics, 15 North 2030 East, Bldg 533, Suite 
4250A, Salt Lake City, Utah 84112, USA. Phone: 801.213.2064; Email: aaron.petrey@u2m2.utah.edu.

 1. World Health Organization. COVID-19 Weekly Epidemiological Update — 10 November 2020. https://www.who.int/docs/
default-source/coronaviruse/situation-reports/20201110-weekly-epi-update-13.pdf ?sfvrsn=24435477_15&download=true. 
Accessed July 26, 2021.

 2. Pedersen SF, Ho YC. SARS-CoV-2: a storm is raging. J Clin Invest. 2020;130(5):2202–2205.
 3. Shi Y, et al. COVID-19 infection: the perspectives on immune responses. Cell Death Differ. 2020;27(5):1451–1454.
 4. Cheng Y, et al. Kidney disease is associated with in-hospital death of  patients with COVID-19. Kidney Int. 2020;97(5):829–838.
 5. Hirsch JS, et al. Acute kidney injury in patients hospitalized with COVID-19. Kidney Int. 2020;98(1):209–218.
 6. Guzik TJ, et al. COVID-19 and the cardiovascular system: implications for risk assessment, diagnosis, and treatment options. 

Cardiovasc Res. 2020;116(10):1666–1687.
 7. Giannis D, et al. Coagulation disorders in coronavirus infected patients: COVID-19, SARS-CoV-1, MERS-CoV and lessons 

from the past. J Clin Virol. 2020;127:104362.
 8. Connors JM, Levy JH. COVID-19 and its implications for thrombosis and anticoagulation. Blood. 2020;135(23):2033–2040.
 9. Denorme F, et al. COVID-19 patients exhibit reduced procoagulant platelet responses. J Thromb Haemost. 2020;18(11):3067–3073.
 10. Manne BK, et al. Platelet gene expression and function in patients with COVID-19. Blood. 2020;136(11):1317–1329.
 11. Gupta A, et al. Extrapulmonary manifestations of  COVID-19. Nat Med. 2020;26(7):1017–1032.
 12. Lax SF, et al. Pulmonary arterial thrombosis in COVID-19 with fatal outcome: results from a prospective, single-center, clinico-

pathologic case series. Ann Intern Med. 2020;173(5):350–361.
 13. Stefan N, et al. Obesity and impaired metabolic health in patients with COVID-19. Nat Rev Endocrinol. 2020;16(7):341–342.
 14. Poissy J, et al. Pulmonary embolism in COVID-19 patients: awareness of an increased prevalence. Circulation. 2020;142(2):184–186.
 15. Goshua G, et al. Endotheliopathy in COVID-19-associated coagulopathy: evidence from a single-centre, cross-sectional study. 

Lancet Haematol. 2020;7(8):e575–e582.
 16. Ackermann M, et al. Pulmonary vascular endothelialitis, thrombosis, and angiogenesis in Covid-19. N Engl J Med. 

2020;383(2):120–128.
 17. Varga Z, et al. Endothelial cell infection and endotheliitis in COVID-19. Lancet. 2020;395(10234):1417–1418.
 18. Menter T, et al. Postmortem examination of  COVID-19 patients reveals diffuse alveolar damage with severe capillary conges-

tion and variegated findings in lungs and other organs suggesting vascular dysfunction. Histopathology. 2020;77(2):198–209.
 19. Colmenero I, et al. SARS-CoV-2 endothelial infection causes COVID-19 chilblains: histopathological, immunohistochemical 

and ultrastructural study of  seven paediatric cases. Br J Dermatol. 2020;183(4):729–737.
 20. Myhre PL, et al. SARS-CoV-2 viremia is associated with inflammatory, but not cardiovascular biomarkers, in patients hospital-

ized for COVID-19. J Am Heart Assoc. 2021;10(9):e019756.
 21. Fajnzylber J, et al. SARS-CoV-2 viral load is associated with increased disease severity and mortality. Nat Commun. 

2020;11(1):5493.
 22. Libby P, Luscher T. COVID-19 is, in the end, an endothelial disease. Eur Heart J. 2020;41(32):3038–3044.
 23. Tang N, et al. Abnormal coagulation parameters are associated with poor prognosis in patients with novel coronavirus pneumo-

nia. J Thromb Haemost. 2020;18(4):844–847.
 24. Panigada M, et al. Hypercoagulability of  COVID-19 patients in intensive care unit: a report of  thromboelastography findings 

and other parameters of  hemostasis. J Thromb Haemost. 2020;18(7):1738–1742.
 25. Dominic P, et al. Decreased availability of  nitric oxide and hydrogen sulfide is a hallmark of  COVID-19. Redox Biol. 

2021;43:101982.

https://doi.org/10.1172/jci.insight.147472
mailto://aaron.petrey@u2m2.utah.edu
https://doi.org/10.1172/JCI137647
https://doi.org/10.1038/s41418-020-0530-3
https://doi.org/10.1016/j.kint.2020.03.005
https://doi.org/10.1016/j.kint.2020.05.006
https://doi.org/10.1093/cvr/cvaa106
https://doi.org/10.1093/cvr/cvaa106
https://doi.org/10.1016/j.jcv.2020.104362
https://doi.org/10.1016/j.jcv.2020.104362
https://doi.org/10.1182/blood.2020006000
https://doi.org/10.1111/jth.15107
https://doi.org/10.1182/blood.2020007214
https://doi.org/10.1038/s41591-020-0968-3
https://doi.org/10.7326/M20-2566
https://doi.org/10.7326/M20-2566
https://doi.org/10.1038/s41574-020-0364-6
https://doi.org/10.1161/CIRCULATIONAHA.120.047430
https://doi.org/10.1016/S2352-3026(20)30216-7
https://doi.org/10.1016/S2352-3026(20)30216-7
https://doi.org/10.1056/NEJMoa2015432
https://doi.org/10.1056/NEJMoa2015432
https://doi.org/10.1016/S0140-6736(20)30937-5
https://doi.org/10.1111/his.14134
https://doi.org/10.1111/his.14134
https://doi.org/10.1111/bjd.19327
https://doi.org/10.1111/bjd.19327
https://doi.org/10.1038/s41467-020-19057-5
https://doi.org/10.1038/s41467-020-19057-5
https://doi.org/10.1093/eurheartj/ehaa623
https://doi.org/10.1111/jth.14768
https://doi.org/10.1111/jth.14768
https://doi.org/10.1111/jth.14850
https://doi.org/10.1111/jth.14850
https://doi.org/10.1016/j.redox.2021.101982
https://doi.org/10.1016/j.redox.2021.101982


1 5

R E S E A R C H  A R T I C L E

JCI Insight 2021;6(17):e147472  https://doi.org/10.1172/jci.insight.147472

 26. Schaller T, et al. Postmortem examination of  patients with COVID-19. JAMA. 2020;323(24):2518–2520.
 27. Reitsma S, et al. The endothelial glycocalyx: composition, functions and visualization. Pflugers Arch. 2007;454(3):345–359.
 28. Lennon FE, Singleton PA. Hyaluronan regulation of  vascular integrity. Am J Cardiovasc Dis. 2011;1(3):200–213.
 29. Becker BF, et al. Degradation of  the endothelial glycocalyx in clinical settings: searching for the sheddases. Br J Clin Pharmacol. 

2015;80(3):389–402.
 30. Dogne S, Flamion B. Endothelial glycocalyx impairment in disease: focus on hyaluronan shedding. Am J Pathol. 

2020;190(4):768–780.
 31. Uchimido R, et al. The glycocalyx: a novel diagnostic and therapeutic target in sepsis. Crit Care. 2019;23(1):16.
 32. Schmidt EP, et al. The circulating glycosaminoglycan signature of  respiratory failure in critically ill adults. J Biol Chem. 

2014;289(12):8194–8202.
 33. Schmidt EP, et al. The pulmonary endothelial glycocalyx regulates neutrophil adhesion and lung injury during experimental 

sepsis. Nat Med. 2012;18(8):1217–1223.
 34. Schmidt EP, et al. Urinary glycosaminoglycans predict outcomes in septic shock and acute respiratory distress syndrome. Am J 

Respir Crit Care Med. 2016;194(4):439–449.
 35. Petrey AC, et al. Platelet hyaluronidase-2 regulates the early stages of  inflammatory disease in colitis. Blood. 2019;134(9):765–775.
 36. Morris A, et al. The role of  heparanase in pulmonary cell recruitment in response to an allergic but not non-allergic stimulus. 

PLoS One. 2015;10(6):e0127032.
 37. Coleman M, et al. Hyaluronidase impairs neutrophil function and promotes group B Streptococcus invasion and preterm labor in 

nonhuman primates. mBio. 2021;12(1):e03115–20.
 38. McDonald B, et al. Interaction of  CD44 and hyaluronan is the dominant mechanism for neutrophil sequestration in inflamed 

liver sinusoids. J Exp Med. 2008;205(4):915–927.
 39. Goldberg R, et al. Versatile role of  heparanase in inflammation. Matrix Biol. 2013;32(5):234–240.
 40. Peterson SB, Liu J. Multi-faceted substrate specificity of  heparanase. Matrix Biol. 2013;32(5):223–227.
 41. Stern R, Jedrzejas MJ. Hyaluronidases: their genomics, structures, and mechanisms of  action. Chem Rev. 2006;106(3):818–839.
 42. Teder P, et al. Resolution of  lung inflammation by CD44. Science. 2002;296(5565):155–158.
 43. Jiang D, et al. Regulation of  lung injury and repair by Toll-like receptors and hyaluronan. Nat Med. 2005;11(11):1173–1179.
 44. Johnson GB, et al. Receptor-mediated monitoring of  tissue well-being via detection of  soluble heparan sulfate by Toll-like recep-

tor 4. J Immunol. 2002;168(10):5233–5239.
 45. Johnson GB, et al. Cutting edge: an endogenous pathway to systemic inflammatory response syndrome (SIRS)-like reactions 

through Toll-like receptor 4. J Immunol. 2004;172(1):20–24.
 46. Buijsers B, et al. Increased plasma heparanase activity in COVID-19 patients. Front Immunol. 2020;11:575047.
 47. Fraser DD, et al. Endothelial injury and glycocalyx degradation in critically ill coronavirus disease 2019 patients: implications 

for microvascular platelet aggregation. Crit Care Explor. 2020;2(9):e0194.
 48. Rovas A, et al. Microvascular dysfunction in COVID-19: the MYSTIC study. Angiogenesis. 2021;24(1):145–157.
 49. Benatti MN, et al. Endothelial glycocalyx shedding in the acute respiratory distress syndrome after flu syndrome. J Intensive 

Care. 2020;8:72.
 50. Monickaraj F, et al. Cathepsin D plays a role in endothelial-pericyte interactions during alteration of  the blood-retinal barrier in 

diabetic retinopathy. FASEB J. 2018;32(5):2539–2548.
 51. Hallgren R, et al. Accumulation of  hyaluronan (hyaluronic acid) in the lung in adult respiratory distress syndrome. Am Rev 

Respir Dis. 1989;139(3):682–687.
 52. Esposito AJ, et al. Hyaluronic acid is associated with organ dysfunction in acute respiratory distress syndrome. Crit Care. 

2017;21(1):304.
 53. Smart L, et al. Endothelial glycocalyx biomarkers increase in patients with infection during emergency department treatment. 

J Crit Care. 2017;42:304–309.
 54. Nelson A, et al. Circulating glycosaminoglycan species in septic shock. Acta Anaesthesiol Scand. 2014;58(1):36–43.
 55. Anand D, et al. Evolution of  serum hyaluronan and syndecan levels in prognosis of  sepsis patients. Clin Biochem. 

2016;49(10–11):768–776.
 56. Petrey AC, et al. Cytokine release syndrome in COVID-19: innate immune, vascular, and platelet pathogenic factors differ in 

severity of  disease and sex. J Leukoc Biol. 2021;109(1):55–66.
 57. Ko TM, et al. CXCL10/IP-10 is a biomarker and mediator for Kawasaki disease. Circ Res. 2015;116(5):876–883.
 58. Alsaied T, et al. Review of cardiac involvement in multisystem inflammatory syndrome in children. Circulation. 2021;143(1):78–88.
 59. Tavianatou AG, et al. Hyaluronan: molecular size-dependent signaling and biological functions in inflammation and cancer. 

FEBS J. 2019;286(15):2883–2908.
 60. de la Motte C, et al. Platelet-derived hyaluronidase 2 cleaves hyaluronan into fragments that trigger monocyte-mediated produc-

tion of  proinflammatory cytokines. Am J Pathol. 2009;174(6):2254–2264.
 61. Takahashi Y, et al. Hyaluronan fragments induce endothelial cell differentiation in a DC44- and CXCL1/GR01- dependent 

manner. J Biol Chem. 2005;280(25):24195–24204.
 62. Taylor KR, et al. Hyaluronan fragments stimulate endothelial recognition of  injury through TLR4. J Biol Chem. 

2004;279(17):17079–17084.
 63. de La Motte CA, et al. Mononuclear leukocytes preferentially bind via CD44 to hyaluronan on human intestinal mucosal 

smooth muscle cells after virus infection or treatment with poly(I.C). J Biol Chem. 1999;274(43):30747–3055.
 64. Petrey AC, de la Motte CA. Thrombin cleavage of  inter-α-inhibitor heavy chain 1 regulates leukocyte binding to an inflammato-

ry hyaluronan matrix. J Biol Chem. 2016;291(47):24324–24334.
 65. de la Motte CA, et al. Mononuclear leukocytes bind to specific hyaluronan structures on colon mucosal smooth muscle cells 

treated with polyinosinic acid:polycytidylic acid: inter-alpha-trypsin inhibitor is crucial to structure and function. Am J Pathol. 
2003;163(1):121–133.

 66. Garantziotis S, et al. Serum inter-alpha-trypsin inhibitor and matrix hyaluronan promote angiogenesis in fibrotic lung injury. 
Am J Respir Crit Care Med. 2008;178(9):939–947.

https://doi.org/10.1172/jci.insight.147472
https://doi.org/10.1001/jama.2020.8907
https://doi.org/10.1007/s00424-007-0212-8
https://doi.org/10.1111/bcp.12629
https://doi.org/10.1111/bcp.12629
https://doi.org/10.1016/j.ajpath.2019.11.016
https://doi.org/10.1016/j.ajpath.2019.11.016
https://doi.org/10.1186/s13054-018-2292-6
https://doi.org/10.1074/jbc.M113.539452
https://doi.org/10.1074/jbc.M113.539452
https://doi.org/10.1038/nm.2843
https://doi.org/10.1038/nm.2843
https://doi.org/10.1164/rccm.201511-2281OC
https://doi.org/10.1164/rccm.201511-2281OC
https://doi.org/10.1182/blood.2018893594
https://doi.org/10.1371/journal.pone.0127032
https://doi.org/10.1371/journal.pone.0127032
https://doi.org/10.1084/jem.20071765
https://doi.org/10.1084/jem.20071765
https://doi.org/10.1016/j.matbio.2013.02.008
https://doi.org/10.1016/j.matbio.2013.02.006
https://doi.org/10.1021/cr050247k
https://doi.org/10.1126/science.1069659
https://doi.org/10.1038/nm1315
https://doi.org/10.4049/jimmunol.168.10.5233
https://doi.org/10.4049/jimmunol.168.10.5233
https://doi.org/10.4049/jimmunol.172.1.20
https://doi.org/10.4049/jimmunol.172.1.20
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/10.1007/s10456-020-09753-7
https://doi.org/10.1186/s40560-020-00488-7
https://doi.org/10.1186/s40560-020-00488-7
https://doi.org/10.1096/fj.201700781RR
https://doi.org/10.1096/fj.201700781RR
https://doi.org/10.1164/ajrccm/139.3.682
https://doi.org/10.1164/ajrccm/139.3.682
https://doi.org/10.1186/s13054-017-1895-7
https://doi.org/10.1186/s13054-017-1895-7
https://doi.org/10.1016/j.jcrc.2017.07.001
https://doi.org/10.1016/j.jcrc.2017.07.001
https://doi.org/10.1111/aas.12223
https://doi.org/10.1002/JLB.3COVA0820-410RRR
https://doi.org/10.1002/JLB.3COVA0820-410RRR
https://doi.org/10.1161/CIRCRESAHA.116.305834
https://doi.org/10.1161/CIRCULATIONAHA.120.049836
https://doi.org/10.1111/febs.14777
https://doi.org/10.1111/febs.14777
https://doi.org/10.2353/ajpath.2009.080831
https://doi.org/10.2353/ajpath.2009.080831
https://doi.org/10.1074/jbc.M411913200
https://doi.org/10.1074/jbc.M411913200
https://doi.org/10.1074/jbc.M310859200
https://doi.org/10.1074/jbc.M310859200
https://doi.org/10.1074/jbc.274.43.30747
https://doi.org/10.1074/jbc.274.43.30747
https://doi.org/10.1074/jbc.M116.755660
https://doi.org/10.1074/jbc.M116.755660
https://doi.org/10.1016/S0002-9440(10)63636-X
https://doi.org/10.1016/S0002-9440(10)63636-X
https://doi.org/10.1016/S0002-9440(10)63636-X
https://doi.org/10.1164/rccm.200803-386OC
https://doi.org/10.1164/rccm.200803-386OC


1 6

R E S E A R C H  A R T I C L E

JCI Insight 2021;6(17):e147472  https://doi.org/10.1172/jci.insight.147472

 67. Lauer ME, et al. Analysis of  the heavy-chain modification and TSG-6 activity in pathological hyaluronan matrices. Methods Mol 
Biol. 2015;1229:543–548.

 68. Lauer ME, et al. Hyaluronan and its heavy chain modification in asthma severity and experimental asthma exacerbation. J Biol 
Chem. 2015;290(38):23124–23134.

 69. Singleton PA, et al. Transactivation of  sphingosine 1-phosphate receptors is essential for vascular barrier regulation. Novel role 
for hyaluronan and CD44 receptor family. J Biol Chem. 2006;281(45):34381–34393.

 70. Forteza RM, et al. Hyaluronan and layilin mediate loss of  airway epithelial barrier function induced by cigarette smoke by 
decreasing E-cadherin. J Biol Chem. 2012;287(50):42288–42298.

 71. Rehm M, et al. Shedding of  the endothelial glycocalyx in patients undergoing major vascular surgery with global and regional 
ischemia. Circulation. 2007;116(17):1896–1906.

 72. Stuhlmeier KM. Hyaluronan production in synoviocytes as a consequence of  viral infections: HAS1 activation by Epstein-Barr 
virus and synthetic double- and single-stranded viral RNA analogs. J Biol Chem. 2008;283(24):16781–16789.

 73. Bell TJ, et al. Defective lung function following influenza virus is due to prolonged, reversible hyaluronan synthesis. Matrix Biol. 
2019;80:14–28.

 74. Hellman U, et al. Presence of  hyaluronan in lung alveoli in severe Covid-19: an opening for new treatment options? J Biol Chem. 
2020;295(45):15418–15422.

 75. Kaber G, et al. Hyaluronan is abundant in COVID-19 respiratory secretions [preprint]. https://doi.org/10.1101/2020.09.11.201
91692. Posted on medRxiv September 11, 2020.

 76. Lin CY, et al. High levels of  serum hyaluronan is an early predictor of  dengue warning signs and perturbs vascular integrity. 
EBioMedicine. 2019;48:425–441.

 77. Rauch A, et al. Endotheliopathy is induced by plasma from critically ill patients and associated with organ failure in severe 
COVID-19. Circulation. 2020;142(19):1881–1884.

 78. Burns JC, et al. Coagulopathy and platelet activation in Kawasaki syndrome: identification of  patients at high risk for develop-
ment of  coronary artery aneurysms. J Pediatr. 1984;105(2):206–211.

 79. Ohnishi Y, et al. Circulating endothelial glycocalyx components as a predictive marker of  coronary artery lesions in Kawasaki 
disease. Int J Cardiol. 2019;292:236–240.

 80. Guechot J, et al. Serum hyaluronan as a marker of  liver fibrosis in chronic viral hepatitis C: effect of  alpha-interferon therapy. 
J Hepatol. 1995;22(1):22–26.

 81. Ikonomidis I, et al. Association of  impaired endothelial glycocalyx with arterial stiffness, coronary microcirculatory dysfunc-
tion, and abnormal myocardial deformation in untreated hypertensives. J Clin Hypertens (Greenwich). 2018;20(4):672–679.

 82. Perrin RM, et al. A role for the endothelial glycocalyx in regulating microvascular permeability in diabetes mellitus. Cell Biochem 
Biophys. 2007;49(2):65–72.

 83. Ran J, et al. Blood pressure control and adverse outcomes of  COVID-19 infection in patients with concomitant hypertension in 
Wuhan, China. Hypertens Res. 2020;43(11):1267–1276.

 84. Bhatraju PK, et al. Covid-19 in critically ill patients in the Seattle region — case series. N Engl J Med. 2020;382(21):2012–2022.
 85. Stahl K, et al. Injury to the endothelial glycocalyx in critically ill patients with COVID-19. Am J Respir Crit Care Med. 

2020;202(8):1178–1181.
 86. Clausen TM, et al. SARS-CoV-2 infection depends on cellular heparan sulfate and ACE2. Cell. 2020;183(4):1043–1057.
 87. Milewska A, et al. Human coronavirus NL63 utilizes heparan sulfate proteoglycans for attachment to target cells. J Virol. 

2014;88(22):13221–13230.
 88. Lang J, et al. Inhibition of  SARS pseudovirus cell entry by lactoferrin binding to heparan sulfate proteoglycans. PLoS One. 

2011;6(8):e23710.
 89. Kim SY, et al. Characterization of  heparin and severe acute respiratory syndrome-related coronavirus 2 (SARS-CoV-2) spike 

glycoprotein binding interactions. Antiviral Res. 2020;181:104873.
 90. Bouck EG, et al. COVID-19 and sepsis are associated with different abnormalities in plasma procoagulant and fibrinolytic activ-

ity. Arterioscler Thromb Vasc Biol. 2021;41(1):401–414.
 91. Yamaguchi Y, et al. Serum-derived hyaluronan-associated protein is a novel biomarker for inflammatory bowel diseases. Diges-

tion. 2017;95(2):146–155.
 92. Sistla JC, et al. Polymeric fluorescent heparin as one-step FRET substrate of  human heparanase. Carbohydr Polym. 

2019;205:385–391.
 93. Clemons TD, et al. An improved assay for the spectrophotometric determination of  chondroitinase ABC activity. New J Chem. 

2013;37(7):1944–1949.

https://doi.org/10.1172/jci.insight.147472
https://doi.org/10.1074/jbc.M115.663823
https://doi.org/10.1074/jbc.M115.663823
https://doi.org/10.1074/jbc.M603680200
https://doi.org/10.1074/jbc.M603680200
https://doi.org/10.1074/jbc.M112.387795
https://doi.org/10.1074/jbc.M112.387795
https://doi.org/10.1161/CIRCULATIONAHA.106.684852
https://doi.org/10.1161/CIRCULATIONAHA.106.684852
https://doi.org/10.1074/jbc.M801669200
https://doi.org/10.1074/jbc.M801669200
https://doi.org/10.1016/j.matbio.2018.06.006
https://doi.org/10.1016/j.matbio.2018.06.006
https://doi.org/10.1074/jbc.AC120.015967
https://doi.org/10.1074/jbc.AC120.015967
https://doi.org/10.1101/2020.09.11.20191692
https://doi.org/10.1101/2020.09.11.20191692
https://doi.org/10.1016/j.ebiom.2019.09.014
https://doi.org/10.1016/j.ebiom.2019.09.014
https://doi.org/10.1161/CIRCULATIONAHA.120.050907
https://doi.org/10.1161/CIRCULATIONAHA.120.050907
https://doi.org/10.1016/S0022-3476(84)80114-6
https://doi.org/10.1016/S0022-3476(84)80114-6
https://doi.org/10.1016/j.ijcard.2019.05.045
https://doi.org/10.1016/j.ijcard.2019.05.045
https://doi.org/10.1016/0168-8278(95)80255-X
https://doi.org/10.1016/0168-8278(95)80255-X
https://doi.org/10.1111/jch.13236
https://doi.org/10.1111/jch.13236
https://doi.org/10.1007/s12013-007-0041-6
https://doi.org/10.1007/s12013-007-0041-6
https://doi.org/10.1038/s41440-020-00541-w
https://doi.org/10.1038/s41440-020-00541-w
https://doi.org/10.1056/NEJMoa2004500
https://doi.org/10.1164/rccm.202007-2676LE
https://doi.org/10.1164/rccm.202007-2676LE
https://doi.org/10.1016/j.cell.2020.09.033
https://doi.org/10.1128/JVI.02078-14
https://doi.org/10.1128/JVI.02078-14
https://doi.org/10.1371/journal.pone.0023710
https://doi.org/10.1371/journal.pone.0023710
https://doi.org/10.1016/j.antiviral.2020.104873
https://doi.org/10.1016/j.antiviral.2020.104873
https://doi.org/10.1159/000456071
https://doi.org/10.1159/000456071
https://doi.org/10.1016/j.carbpol.2018.10.071
https://doi.org/10.1016/j.carbpol.2018.10.071
https://doi.org/10.1039/c3nj00168g
https://doi.org/10.1039/c3nj00168g

