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Summary 

Severe COVID-19 is associated with epithelial and endothelial barrier dysfunction within the lung 
as well as in distal organs. While it is appreciated that an exaggerated inflammatory response is 
associated with barrier dysfunction, the triggers of this pathology are unclear. Here, we report that 
cell-intrinsic interactions between the Spike (S) glycoprotein of SARS-CoV-2 and 
epithelial/endothelial cells are sufficient to trigger barrier dysfunction in vitro and vascular leak in 
vivo, independently of viral replication and the ACE2 receptor. We identify an S-triggered 
transcriptional response associated with extracellular matrix reorganization and TGF-β signaling. 
Using genetic knockouts and specific inhibitors, we demonstrate that glycosaminoglycans, 
integrins, and the TGF-β signaling axis are required for S-mediated barrier dysfunction. Our 
findings suggest that S interactions with barrier cells are a contributing factor to COVID-19 
disease severity and offer mechanistic insight into SARS-CoV-2 triggered vascular leak, providing 
a starting point for development of therapies targeting COVID-19 pathogenesis. 
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Introduction  

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) is an emerging human 
pathogen belonging to the Coronaviridae family and the causative agent of coronavirus disease 
2019 (COVID-19). Outcomes of SARS-CoV-2 infection range from asymptomatic to non-severe 
COVID-19 with flu-like symptoms that can progress to severe cases associated with acute lung 
injury and acute respiratory distress syndrome (ARDS) (1-3). The lung pathology of severe 
COVID-19 involves pulmonary edema stemming from endothelial and epithelial barrier 
dysfunction believed to be induced by an exacerbated inflammatory response (4-6); however, the 
specific triggers of this inflammatory response and the involvement of particular viral factors in 
this pathology are not completely understood.  

SARS-CoV-2 possesses a ~30-kb positive-sense RNA genome encoding for ~29 proteins 
including four structural proteins: spike (S), nucleocapsid (N), matrix (M), and envelope (E) (7, 8). 
Homotrimers of the S glycoprotein coat the SARS-CoV-2 virion and engage the viral receptor, 
angiotensin converting enzyme 2 (ACE2), on the surface of susceptible cells to mediate viral entry 
(9, 10). S consists of two subunits, S1 -- containing the receptor-binding domain (RBD) that 
engages ACE2, and S2 -- containing the fusion machinery required for virus-cell membrane fusion 
(7, 11, 12). Two cleavage sites, S1/S2 and S2’ separate S1 and S2 and must be cleaved by host 
proteases for S to mediate virus-cell fusion. Furin-like proteases, cathepsin L, and TMPRSS2 are 
able to cleave these sites, making them essential host factors for SARS-CoV-2 infection (10, 13-
15). RBD engagement of ACE2 triggers conformational changes in S that result in S1 shedding 
and insertion of the fusion peptide into the host membrane (16, 17).  

In addition to ACE2, the SARS-CoV-2 S glycoprotein has been reported to engage numerous 
cell-surface host factors, including heparan sulfate-containing proteoglycans (HSPG) and 
integrins, which are proposed to serve as attachment factors promoting SARS-CoV-2 entry (18-
20). Beyond facilitating viral entry, the engagement of S with these host factors may mediate 
signaling pathways contributing to lung pathology. Indeed, it was demonstrated that engagement 
of ACE2 by SARS-CoV-1 S results in depletion of ACE2 from the cell surface, leading to an 
imbalance in the renin-angiotensin system and thus promoting inflammatory responses, barrier 
dysfunction, and lung injury (21-23). A comparable ACE2-dependent pathway has been described 
for SARS-CoV-2 S (24-26). A unique element of the SARS-CoV-2 entry cascade is that the RBD-
containing S1 portion of S can be shed from the surface of virions following engagement of the 
ACE2 receptor, suggesting that shed-S1 may also promote pathology via interactions with 
epithelial and endothelial cells independently of the virion (16, 17). While interactions between 
the SARS-CoV-2 S glycoprotein and the cell surface may promote pathology such as barrier 
dysfunction, the mechanisms by which this occurs and the host factors involved are not well 
understood.  

We and others have recently described a phenomenon by which viral proteins, such as the 
flavivirus non-structural protein 1 (NS1), interact with endothelial cells to trigger signaling 
cascades that mediate disruption of cellular structures required for endothelial barrier integrity, 
including the endothelial glycocalyx layer (EGL) and intercellular junctional complexes (27-32). 
This has led to the designation of flavivirus NS1 protein as a “viral toxin” that can mediate barrier 
dysfunction and promote viral dissemination and pathogenesis (33). Here, we investigated this 
possibility for SARS-CoV-2 S by studying the contribution of S to endothelial and epithelial barrier 
dysfunction in vitro and vascular leak in vivo. Our study revealed that full-length S and the RBD 
from SARS-CoV-2 were sufficient to mediate barrier dysfunction and vascular leak in an ACE2-
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independent manner. Further, transcriptional analyses showed that S modulates expression of 
transcripts involved in regulation of the extracellular matrix (ECM), revealing a mechanism in 
which glycosaminoglycans (GAGs), integrins, and transforming growth factor beta (TGF-β) 
signaling are required for barrier dysfunction. These data uncover the role of SARS-CoV-2 S in 
promoting barrier dysfunction and provide critical mechanistic insight into COVID-19 
pathogenesis, highlighting new avenues for therapeutic intervention.  

 

Results 

SARS-CoV-2 S mediates endothelial and epithelial hyperpermeability 

To determine whether SARS-CoV-2 S can mediate barrier dysfunction independently from SARS-
CoV-2 infection, we initially utilized a trans-epithelial/endothelial electrical resistance (TEER) 
assay. Using TEER, we measured the electrical resistance across a monolayer of human 
pulmonary microvascular endothelial cells (HPMEC) or human lung epithelial cells (Calu-3) 
seeded in the apical chamber of transwells as a proxy of barrier permeability (Figure 1A). We 
selected HPMEC as a representative endothelial cell because of the lung pathology associated 
with COVID-19 and because they do not endogenously express ACE2 and are not permissive to 
SARS-CoV-2 infection, thus allowing us to separate viral infection from S-mediated barrier 
dysfunction (Figures S1A and S1B). We produced recombinant soluble trimeric S and RBD in-
house for experiments, which we determined were of high purity (Figures S1C-E).  

Parental HPMEC were treated with soluble trimeric SARS-CoV-2 S, as well as dengue virus 
(DENV) NS1 and vascular endothelial growth factor (VEGF) as positive controls. As seen 
previously, treatment of HPMEC with DENV NS1 led to a reversible decrease in barrier resistance 
that peaked around 6 hours post-treatment (hpt) (Figure 1B). Interestingly, SARS-CoV-2 S also 
triggered a reversible barrier dysfunction in parental HPMEC but with distinct temporal kinetics, 
reaching a peak ~24 hpt. Since HPMEC do not endogenously express ACE2, these data suggest 
that S triggers barrier dysfunction in a manner independently of ACE2 (Figure 1B). Given that S-
triggered endothelial hyperpermeability peaked at 24 hpt, we utilized this timepoint for subsequent 
experiments. We next treated both parental HPMEC or HPMEC overexpressing human ACE2 
(HPMEC/ACE2) with soluble trimeric SARS-CoV-2 S and found that S triggered endothelial 
hyperpermeability in a dose-dependent manner (Figure 1C). We found that S triggered barrier 
dysfunction comparably in both parental HPMEC and HPMEC/ACE2, further suggesting that this 
phenotype is independent of ACE2 (Figure 1C). To determine whether virion-bound S was also 
able to trigger endothelial hyperpermeability, we utilized vesicular stomatitis virus (VSV) 
pseudotyped with SARS-CoV-2 S (VSV-S), along with VSV expressing VSV glycoprotein (VSV-
G) or no glycoprotein (VSV-bald) as negative controls. Comparable to soluble S and the VEGF 
positive control, VSV-S also triggered endothelial hyperpermeability in a dose-dependent manner, 
whereas VSV-G and VSV-bald had no effect on barrier function. Again, no significant differences 
were observed in relative TEER values when comparing results for HPMECs and HPMEC/ACE2 
(Figure 1D). Further, we found that recombinant SARS-CoV-2 S RBD was sufficient to trigger a 
drop in TEER in HPMEC in a dose-dependent manner (Figure 1E). We next tested the capacity 
of S to trigger epithelial hyperpermeability of Calu-3 cells in a TEER assay and found that full-
length trimeric S and the RBD were indeed sufficient to trigger epithelial hyperpermeability 
(Figure 1F). To confirm that the phenotype was specific to S, we measured the ability of anti-S 
antibodies to inhibit S-induced barrier dysfunction and found that a cocktail of two anti-S 
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antibodies abolished S-mediated endothelial hyperpermeability (Figure 1G). Taken together, 
these data indicate that SARS-CoV-2 S and its RBD can facilitate barrier hyperpermeability in 
both human lung endothelial and epithelial cells.     

SARS-CoV-2 S triggers disruption of the endothelial and epithelial glycocalyx layer 
Cell surface proteins on epithelial and endothelial surfaces are surrounded by a dense mesh of 
glycans termed the epithelial/endothelial glycocalyx layer (EGL). The EGL includes sialic acid and 
glycosaminoglycans (GAGs) and serves as a critical determinant of barrier function, protecting 
epithelial and endothelial cells from shear stress (34). Previous work has demonstrated that 
flavivirus NS1 glycoproteins mediate endothelial dysfunction through disruption of the EGL via 
activation of EGL-degrading enzymes (28, 30). To determine if SARS-CoV-2 S disrupts the EGL, 
we treated HPMEC and Calu-3 cells with S and measured the surface levels of key EGL 
components, including sialic acid (SIA), heparan sulfate (HS), hyaluronic acid (HA), and 
chondroitin sulfate (CS) by immunofluorescence assay (IFA). We also measured the levels of 
hyaluronidase and neuraminidase, which degrade hyaluronan and sialylated glycans, 
respectively. We found that S treatment of both HPMEC and Calu-3 cells resulted in a significant 
decrease in EGL components compared to control conditions, and conversely, led to upregulation 
of EGL-degrading enzymes (Figures 2A-H). These data suggest that, like flavivirus NS1, SARS-
CoV-2 S mediates disruption of the EGL.  

Although our parental HPMEC are not permissive to SARS-CoV-2 infection and had no detectable 
levels of ACE2 as determined by western blot, we utilized CRISPR-CAS9 to introduce double-
stranded breaks in the ACE2 gene to rule out the possibility that low levels of ACE2 present on 
the cell surface could be contributing to our phenotype. We found that S-mediated EGL disruption 
was comparable in HPMECs transduced with lentivirus encoding ACE2-targeting guide RNAs or 
non-targeting guides (NT), further supporting that SARS-CoV-2 S-triggered barrier dysfunction 
can occur independently of ACE2 (Figures S1F and S1G). Finally, we tested whether S from 
multiple SARS-CoV-2 variants of concern could trigger barrier dysfunction and found that, 
comparable to S protein from the ancestral Wuhan variant, S derived from alpha, beta, gamma, 
and delta variants could all facilitate EGL disruption of HPMEC, indicating that this phenomenon 
is not specific to one variant, but instead is a generalizable property of SARS-CoV-2 S (Figures 
S1H and S1I).  

SARS-CoV-2 S triggers vascular leak in vivo 

To determine whether SARS-CoV-2 S could mediate vascular leak in vivo, we utilized our 
previously characterized dermal leak model, which involves local intradermal injection of 
compounds into distinct spots in the dorsal dermis of mice followed by intravenous administration 
of dextran conjugated to Alexa fluor 680 to serve as a tracer. Following a 2-hour incubation, mice 
were euthanized and the local relative accumulation of dextran-680 in the dorsal dermis was 
measured by a fluorescent scanner (29, 31, 35). Given our observations that SARS-CoV-2 S 
mediates barrier dysfunction in an ACE2-independent manner, we utilized WT C57BL/6J mice 
that do not express human ACE2 and are not permissive to infection by most SARS-CoV-2 
variants including the Wuhan and Washington isolates (9, 36). We observed that, comparably to 
the DENV NS1 positive control, SARS-CoV-2 S induced vascular leak in the dorsal dermis of 
mice above control conditions, indicating that SARS-CoV-2 S is sufficient to trigger vascular leak 
in vivo (Figures 3A and 3B). To test if SARS-CoV-2 S could mediate vascular leak when 
administered in a more physiologically relevant route, we administered S intranasally and then 
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measured accumulation of dextran-680 in various organs to evaluate both local (lungs) and distal 
(spleen, small intestine, liver, and brain) vascular leak. We found that SARS-CoV-2 S significantly 
induced vascular leak locally in the lungs as well as distally in the spleen and small intestine, with 
trending but non-significant leak measured in the liver and brain, as determined through 
accumulation of dextran-680 (Figures 3C-H and Figures S2A-D).    

Glycosaminoglycans are required for S-mediated barrier dysfunction 
Given that S interactions with HSPGs enhance infectivity of SARS-CoV-2 (20, 37), we 
hypothesized that cell surface GAGs are also required for S-mediated barrier dysfunction. We 
measured the capacity of heparin, a highly charged linear polysaccharide analogous to heparan 
sulfate, to antagonize S-mediated endothelial hyperpermeability and found that heparin 
decreased S-induced endothelial hyperpermeability in a TEER assay, supporting our hypothesis 
that interactions with sulfated glycans on the cell surface contribute to S-mediated barrier 
dysfunction (Figure 4A). To further test the contributions of glycans to S-mediated barrier 
dysfunction, we utilized recombinant enzymes to remove specific glycans from the surface of 
endothelial cells, including HS (heparin lyases), HA (hyaluronidase), CS (chondroitinase), or sialic 
acid (neuraminidase) and tested the ability of S to trigger barrier dysfunction under each of these 
conditions. We found that removal of HS, HA, or CS, but not sialic acid, inhibited S-mediated 
endothelial hyperpermeability, further supporting a role for GAGs in S-mediated barrier 
dysfunction (Figures 4B and S3A) as measured by TEER. Removal of HS and HA was also 
sufficient to abrogate S-mediated EGL disruption (Figure 4C and 4D). To genetically investigate 
the contribution of HS to this phenotype, we utilized CRISPR-Cas9 technology to produce cell 
lines with two genes individually knocked out that are involved in the HS proteoglycan biosynthetic 
pathway; namely, SLC35B2 and XYLT2 (37-40). We confirmed that these KO cell lines possessed 
less detectable HS on the cell surface as compared to the NT controls (Figure S3B and S3C). 
When we treated these cell lines with S, we found that they were less susceptible to S-mediated 
barrier dysfunction compared to the NT controls, providing further evidence of the involvement of 
GAGs in this pathway (Figure 4E and 4F).  

Extracellular matrix modulating-components contribute to SARS-CoV-2 S-mediated barrier 
dysfunction 

We next hypothesized that components reported to be critical for flavivirus NS1-mediated EGL 
disruption may contribute to S-mediated EGL disruption. Therefore, we investigated the 
involvement of several endogenous enzymes and factors known to regulate the homeostasis of 
the ECM, including cathepsin L, heparanase (HPSE), A Disintegrin And Metalloprotease 17 
(ADAM17), IL-6R, and matrix metalloproteinase 9 (MMP9). Cathepsin L, HPSE, and MMP9 are 
known to be critical for flavivirus NS1-mediated endothelial barrier dysfunction (28, 29, 41, 42). 
MMP9 is reported to be involved in release of the ECM-modulating TGF-β (43). ADAM17 has 
been implicated in modulation of COVID-19 pathogenesis through regulation of ACE2 shedding, 
IL6 signaling, and TGF-β signaling (44, 45). We produced KO HPMEC for each of these factors 
and found that HPMECs genetically deficient in HPSE, ADAM17, and MMP9 were no longer 
sensitive to S-mediated barrier dysfunction. In contrast, HPMEC deficient for cathepsin L and 
IL6R displayed comparable barrier dysfunction to NT control HPMEC (Figures 4G and S3D-H). 
These data highlight the requirement of critical modulators of the EGL for S-mediated barrier 
dysfunction and further reveal differences by which S and flavivirus NS1 mediate barrier 
dysfunction. 
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Transcriptional analysis reveals SARS-CoV-2 S modulation of genes involved in 
extracellular matrix homeostasis 
To gain further insight into the effects of S on endothelial cells, we conducted RNA sequencing 
(RNA-seq) to measure the global transcriptional profile of HPMEC and HPMEC/ACE2 following 
treatment with S. In S-treated HPMEC, we identified 65 differentially expressed genes (DEGs) 
compared to untreated controls, including 45 upregulated and 20 downregulated genes; in S-
treated HPMEC/ACE2, there were 42 DEGs, with 34 upregulated and 7 downregulated compared 
to untreated controls. Further, the DEGs obtained from HPMEC and HPMEC/ACE2 were similar, 
indicating ACE2 expression has minimal impact on the HPMEC transcriptional response to S. 
(Figures 5A, 5B, S4A, and S4B, Table S1, and S2). We observed numerous genes encoding 
ECM components, including proteoglycans, collagens and integrins, as well as genes coding for 
proteins involved in ECM degradation, such as CAPN2 (calpain), an endothelial cysteine 
protease, and HTRA1, which is responsible for degradation of fibronectin and proteoglycans, in 
agreement with our observations that S disrupts the EGL (46). Upregulation of XYLT2 
(xylosyltransferase 2), an enzyme responsible for biosynthesis of CS, HS, and dermatan sulfate 
proteoglycans, is potentially involved in an EGL recovery pathway, post-S-mediated barrier 
dysfunction. Transcriptome profiling also showed activation of the TGFβ signaling pathway, 
demonstrated by upregulation of TGFBI, LTBP2, LTBP3, SERPINE1, FBLN5, POSTN, FN1, 
THBS1, BGN, ITGB5, and ITGA4 genes. TGF-β is a well-known mediator of cellular 
differentiation, proliferation, and migration, with an important role in the regulation of vascular 
permeability and inflammatory responses (47). We next conducted a protein-protein interaction 
network analysis of upregulated genes from parental HPMEC to examine the relationships 
between these DEGs. We found that S-upregulated genes form a highly interconnected matrix 
with predicted protein interactions, pinpointing 31 genes of ECM or ECM-associated proteins, 
including numerous components of the focal adhesion complex that connects the cytoskeleton of 
barrier cells to the ECM via integrins (48) (Figure 5C). Given these observations, we 
hypothesized that S-mediated barrier dysfunction requires integrins, which in turn promote TGF-
β maturation and signaling. 

Integrins are required for S-mediated barrier dysfunction  

Integrins are transmembrane proteins that are critical for maintaining barrier function by 
connecting cells to the ECM (49). Integrins interact with factors regulating ECM homeostasis, 
such as the latency associated peptide (LAP), which non-covalently binds to TGF-β, maintaining 
it in an inactive form (50). LAP releases the active form of TGF-β in response to diverse stimuli, 
including mechanical stress, or through competition with integrin-binding factors (resulting in the 
release of LAP from the ECM) (50). Integrins mediate these interactions via a small peptide motif 
(RGD) on interacting proteins (50, 51). Recombinant RGD peptides are commonly used as 
integrin-binding motifs that can compete for integrin binding with other RGD-containing proteins 
like LAP and TGF-β (52). Further, it has been reported that SARS-CoV-2 S has evolved an RGD 
motif within its RBD (19). However, although SARS-CoV-2 S has been shown to bind to integrins, 
the functional relevance of this motif is unclear (18). To test for a role of integrins in S-mediated 
barrier dysfunction, we measured the capacity of an integrin inhibitor (ATN-161) to inhibit S-
mediated hyperpermeability in both a TEER assay and an EGL disruption assay. We found that 
ATN-161 treatment of cells abrogated S-mediated barrier dysfunction relative to control conditions 
in a dose-dependent manner, while having no effect on barrier function alone (Figures 6A, 6B, 
S5A, and S5B). The dependence of S-mediated barrier dysfunction on integrins was independent 
of ACE2 expression, as S-mediated TEER drop was equivalently abrogated by ATN-161 in both 
HPMEC and HPMEC/ACE2 cells (Figure 6A). To confirm the role of integrins in S-mediated 
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vascular leak in vivo, we tested the capacity of ATN-161 to inhibit leak in the intradermal leak 
model. We found that ATN-161 significantly inhibited S-mediated vascular leak while not 
mediating leak by itself, relative to a PBS control (Figures 6C and 6D). We next tested whether 
a recombinant RGD peptide, mimicking the RGD motif within the SARS-CoV-2 S RBD, was 
sufficient to mediate endothelial hyperpermeability and EGL disruption in HPMEC. We utilized a 
KGD peptide (mimicking the corresponding sequence in SARS-CoV-1 S) as well as a DRG 
scrambled peptide as negative controls. Intriguingly, we found that RGD was sufficient to trigger 
endothelial hyperpermeability and EGL disruption comparably to S, whereas the effect of KGD 
and DRG on barrier function was comparable to the untreated control conditions (Figures 6E, 6F, 
and S5C). Next, we tested the ability of the RGD peptide to trigger vascular leak in vivo in the 
intradermal leak model and found that, in agreement with the corresponding in vitro data, the RGD 
peptide was sufficient to trigger vascular leak in a dose-dependent manner and at comparable 
levels to full-length S (Figures 6G and 6H). To genetically confirm a role for integrins, we used 
CRISPR-Cas9 to KO two RGD-binding integrins shown to interact with S, integrin alpha-5 (α5) 
and integrin beta-1 (β1) (Figure 6I). We found that S-mediated barrier dysfunction was 
significantly inhibited in both KO HPMEC lines relative to the NT control HPMEC, with the caveat 
that relative barrier function was lower, compared to NT controls, in ITGA5 KO HPMECS (Figures 
6J, 6K, and SD). Taken together, these data indicate that integrins play a critical role in S-
mediated barrier dysfunction and that the RGD of SARS-CoV-2 is an active motif contributing to 
pathology. 

TGF-β signaling is essential for SARS-CoV-2 S-mediated barrier dysfunction 

Integrins are key regulators of TGF-β maturation and signaling (47, 53). Given the critical role of 
integrins for SARS-CoV-2 S-mediated barrier dysfunction as well as our RNA-Seq data revealing 
S-mediated TGF-β transcriptional upregulation, we hypothesized that the RGD motif of SARS-
CoV-2 S engages integrins, releasing mature TGF-β, which in turn activates signaling via 
interactions with the TGF-β receptor (TGFBR) and results in barrier dysfunction. To test this 
hypothesis, we measured levels of TGF-β in the supernatant of HPMECs treated with S and 
observed a significant increase in TGF-β in supernatants of S-treated cells compared to untreated 
control conditions (Figure 7A). To determine the functional consequence of this TGF-β 
production, we treated HPMECs with recombinant TGF-β and found that this was sufficient to 
trigger endothelial hyperpermeability (Figure 7B). To determine the contribution of TGF-β 
signaling to S-mediated endothelial dysfunction, we antagonized TGF-β signaling via antibody 
blockade of TGFBR1 and found that cells treated with anti-TGFBR1 were less sensitive to S-
mediated endothelial hyperpermeability compared to control IgG conditions (Figures 7C and 
S6A). Importantly, the anti-TGFBR1 antibody did not trigger endothelial hyperpermeability on its 
own (Figure S6A). We next utilized a small-molecule inhibitor of TGF-β signaling (SB431542) 
and found that cells treated with this molecule were less responsive to S-mediated TEER drop 
and EGL disruption compared to the vehicle control-treated cells (Figures 7D, 7E and S6C). 
Finally, we utilized CRISPR-Cas9 to produce TGFBR1 KO HPMECs (Figure 7F). We found that 
these KO cells were less sensitive to S-mediated barrier dysfunction relative to the NT control 
cells (Figures 7G, 7H, and S6D). Taken together, these data demonstrate that SARS-CoV-2 S 
triggers enhanced release of TGF-β from HPMEC and highlight a critical role for TGF-β signaling 
in S-mediated barrier dysfunction. 
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Discussion  

Our study reveals the capacity and mechanism by which SARS-CoV-2 S mediates barrier 
dysfunction in epithelial and endothelial cells in vitro and vascular leak in vivo, thus suggesting 
that S alone can mediate barrier dysfunction independently from viral infection (33). Our work 
indicates that levels of S observed in clinical samples from COVID-19 patients are sufficient to 
mediate barrier dysfunction (250 ng/ml) (54, 55). Our findings suggest a contribution of integrins 
to COVID-19 pathology, in addition to functioning in S-mediated viral entry (18, 56). Further, our 
study offers a mechanistic explanation for the overproduction of TGF-β during COVID-19, which 
has been correlated with disease severity, and argues that this is a major trigger of vascular leak 
and barrier dysfunction associated with severe COVID-19 (57, 58). Thus, our work defines a new 
mechanism for S-triggered barrier dysfunction and vascular leak and uncovers potential new 
therapeutic avenues for COVID-19 treatment, targeting the role of S in pathogenesis in addition 
to its role in viral entry. 

The source of S that interacts with endothelial and epithelial cells to mediate barrier dysfunction 
during SARS-CoV-2 infection is unclear, but our data suggest that virion-associated full-length S, 
soluble trimeric S, the recombinant RBD of S, and even cell-bound S (data not shown) are 
sufficient to mediate barrier dysfunction. Thus, we propose that SARS-CoV-2 can trigger barrier 
dysfunction through multiple avenues, including (1) during infection of virus-permissive cells, (2) 
through shedding of soluble S1 after enzymatic cleavage following ACE2 interactions on a cell, 
(3) through expression of S on the surface of infected cells that can interact with neighboring cells, 
and (4) through interactions with ACE2-negative non-permissive cells. Further investigation of 
clinical samples as well as in vivo experiments are required to explore these possibilities, which 
are essential to determine which species of S could be targeted for therapeutic intervention.   

Based on our genetic data defining host factors required for S-mediated barrier dysfunction, we 
propose a model by which SARS-CoV-2 S first engages GAGs on the cell surface via positively 
charged surfaces in the RBD acquired specifically by SARS-CoV-2 (20). Once bound to the cell 
surface, S can engage integrins, such as α5β1 via a RGD integrin-binding motif within the RBD 
(18). Engagement of integrins can serve to displace LAP, which maintains TGF-β in an inactive 
state, thus resulting in the release of mature TGF-β that then engages the TGFBR to mediate 
signaling pathways regulating cell growth and transient barrier dysfunction (Figure 7I). This 
compromise of barrier function is likely a result of activation of key enzymes such as HPSE, 
hyaluronidases, neuraminidases, MMP9, and ADAM17, which have distinct roles in disruption of 
the EGL and intercellular junctional complexes. Further, MMP9 and ADAM17 have separate 
reported roles in mediating maturation of TGF-β, and thus they may also contribute to S-mediated 
barrier dysfunction through this process (43, 44). While this investigation begins to shed light on 
the mechanisms by which SARS-CoV-2 S triggers barrier dysfunction, further studies are required 
to define additional host factors as well as to determine the relative contribution of each factor to 
this pathway.  

Our study uncovers a new potential pathogenic role of S beyond ACE2 binding and viral entry, 
and many critical questions remain. First and foremost is how S-mediated barrier dysfunction 
influences outcome of SARS-CoV-2 infection. Previous data indicate that NS1-mediated vascular 
leak can exacerbate a sublethal DENV infection, providing a direct link to soluble NS1 promoting 
DENV pathogenesis (27, 59). In addition to inflammatory responses directly triggered by DENV 
NS1 (59), one hypothesis by which NS1 promotes pathogenesis is through facilitating 
dissemination of blood-borne flaviviruses from the blood and into distal tissues where the virus 
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can replicate to high titers (30, 33, 41, 60). Thus, we speculate that the contribution of S-mediated 
barrier dysfunction to COVID-19 pathogenesis is to promote dissemination of SARS-CoV-2 from 
the lung to the blood, and then into distal organs where virus-permissive cells reside. This is 
exemplified through the observation that administration of S into the lungs of mice results in 
systemic leak in the spleen and small intestine (Figure 3). This could help explain the diverse 
clinical manifestations observed in COVID-19 patients. Further, the surface of the lungs is covered 
with a dense EGL comprising many glycans and proteoglycans, with a primary constituent being 
mucus composed of membrane-tethered and gel-forming mucins. It has been recently 
demonstrated that these mucins aid cells to be refractory to SARS-CoV-2 infection due to steric 
hindrance of virus-cell interactions; thus, S-mediated barrier dysfunction disrupting the EGL may 
make virus-permissive epithelial cells more accessible to invading virus (61, 62). 

Our observation that S is sufficient to mediate endothelial dysfunction and vascular leak allows a 
direct comparison with the flavivirus NS1 protein. Such a comparison will contribute to our 
understanding of how viruses activate signaling pathways to mediate barrier dysfunction, and 
leads to the concept of development of pan-leak therapeutics that may be able to target pathology 
caused by multiple soluble viral proteins. Both similarities and distinctions are apparent in the 
mechanisms by which S and NS1 mediate endothelial barrier dysfunction (33). Our mechanistic 
investigation uncovered the contributions of GAGs (HS, CS, HA), MMP9, ADAM17, HPSE, 
integrins, and TGF-β signaling to S-mediated barrier dysfunction. GAG binding and activation of 
enzymes like MMP9, HPSE, hyaluronidase, and neuraminidases are common requirements for 
both NS1- and S-mediated endothelial dysfunction. In contrast, cathepsin L appears to be 
essential only for NS1 pathogenesis (28, 29), while S-mediated dysfunction requires engagement 
of integrins and TGF-β signaling. These differences may explain the distinct kinetics of our in vitro 
hyperpermeability assays, with NS1 causing a peak of leak ~6 hours post-NS1 treatment while 
the S-mediated peak of leak occurs ~24 hpt with no perturbation of barrier function observed at 6 
hpt. One potential reason for this may be due to the requirement for TGF-β production and 
signaling as a second messenger for S-mediated endothelial dysfunction, which is not required 
for flavivirus NS1-induced leak. Further comparative investigations between the mechanisms of 
S- and NS1-mediated barrier dysfunction are needed to fully understand what makes these 
pathways activated by SARS-CoV-2 S and flavivirus NS1 similar yet distinct which will be critical 
for development of pan-viral anti-barrier permeability therapeutics.  

It is important to note that our working hypothesis is not that S mediates disease pathogenesis 
alone, but rather that the reversible vascular leak triggered by S serves to promote viral 
dissemination of SARS-CoV-2 into distal tissues of infected patients, which can lead to severe 
disease manifestations. Indeed, although we observe significant vascular leak in mice 
administered S, they do not overtly display signs of morbidity. Importantly, our findings suggest 
that the amounts of S circulating in patients following COVID vaccination (pg/mL levels) are too 
low to trigger vascular leak given that our phenotype requires ng-µg/mL levels that mimic the 
levels observed during severe COVID-19 cases (54, 55). Taken together, our study and available 
literature (63) indicate that S-mediated vascular leak would not result from COVID-19 vaccination 
and therefore it is not correlated with vaccine adverse events. 

In sum, our study reveals the role of S in COVID-19-associated pathologies such as vascular leak 
and provides mechanistic insight into how S mediates pathology independently from viral infection 
and the ACE2 receptor, suggesting that therapeutics that blockade interactions between S and 
GAGs, integrins, or the TGF-β-signaling axis may serve to decrease COVID-19 disease severity 
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through inhibition of a SARS-CoV-2 virulence factor, or viral toxin, as has been demonstrated for 
flavivirus NS1 (35, 64). Although much work remains to be done to fully understand the structural 
basis of this mechanism as well as the evolutionary implications for this pathway in pathogenesis 
in humans during SARS-CoV-2 infection and even infection of future emerging viruses, this work 
provides a foundation for future investigations by beginning to define the contribution of S to 
COVID-19-associated vascular leak. 
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Figures 

 
Figure 1. SARS-CoV-2 S triggers endothelial and epithelial barrier hyperpermeability. (A) 
Schematic depicting S-triggered barrier dysfunction measured by a trans-endothelial/epithelial 
electrical resistance assay (TEER; left) and an endo/epithelial glycocalyx layer (EGL) assay 
(right). (B) Time course TEER assay measuring the barrier function of HPMEC monolayers over 
time with the indicated treatments, including DENV2 NS1 (5 µg/mL), VEGF (50 ng/mL), and 
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SARS-CoV-2 S (10 µg/mL). Data are from n=2 biological replicates. (C) A TEER assay measuring 
the barrier of monolayers of HPMEC and HPMEC/ACE2 at 24 hours after the indicated 
treatments. VEGF positive control (50 ng/mL). Data are from n=3 biological replicates. (D) Same 
as C but treated with the indicated VSV pseudotyped particles at the indicated dilutions. VSV-
bald and VSV-G are diluted 1:30. Data are from n=3 biological replicates. (E) Same as C but 
treated with the indicated concentrations of SARS-CoV-2 RBD. Data are from n=3 biological 
replicates. (F) Same as C but measuring the barrier of Calu-3 cell monolayers. Data are from n=2 
biological replicates. (G) A TEER inhibition assay measuring the capacity of a cocktail of anti-S 
antibodies to inhibit S-mediated endothelial hyperpermeability. S (10 µg/mL) and the antibody 
cocktail (15 µg/mL for each antibody; 1A9 [Genetex] and CR3022 [Absolute Antibody]) were 
added simultaneously to the upper chamber of transwell inserts to a monolayer of HPMEC or 
HPMEC/ACE2 and TEER was measured 24 hours post-treatment (hpt). Data are from n=2 
biological replicates. In all panels, the dotted line is the normalized TEER value of the untreated 
control condition. All data are plotted as mean +/- SD. For all panels, values are compared to 
untreated controls by ANOVA with multiple comparisons with *p<0.05, **p<0.01, ***p<0.001, and 
n.s. p>0.05. 
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Figure 2. SARS-CoV-2 S facilitates disruption of the endothelial and epithelial glycocalyx 
layer. (A) An immunofluorescence microscopy-based EGL disruption assay measuring levels of 
the indicated glycans on the surface of HPMEC. After 24 h of SARS-CoV-2 S (10 µg/mL) 
treatment, cells were fixed then stained without permeabilization. Displayed are representative 
images from n=3 biological replicates. (B) Same as A, but cells were permeabilized before 
staining for the indicated EGL disrupting enzymes. Displayed are representative images from n=3 
biological replicates. (C) Quantification of A. (D) Quantification of B. (E) Same as A but measuring 
EGL disruption of Calu-3 cell monolayers. Displayed are representative images from n=3 
biological replicates. (F) Same as B but measuring expression of EGL-disrupting enzymes in 
Calu-3 cells. Displayed are representative images from n=3 biological replicates. (G) 
Quantification of E. (H) Quantification of F. For all images, nuclei were probed with Hoechst in 
blue and the indicated glycans in green with scale bars at 100 µm. Dotted lines are the normalized 
untreated control conditions. MFI is mean fluorescence intensity. All data are plotted as mean +/- 
SEM with * p<0.05, ** p<0.01, *** p<0.001, and n.s. p>0.05 by unpaired t-test. 
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Figure 3. SARS-CoV-2 S triggers vascular leak in vivo. (A) A representative mouse back from 
a dermal leak experiment. The dorsal dermises of mice were injected intradermally with the 
treatments and doses indicated. Mice then received a dextran-680 tracer molecule intravenously. 
Mouse dermises were collected 2 h post-treatment and quantification of local dermal leak was 
assessed by a fluorescent scanner. (B) Quantification of A from mice treated with PBS (n=27), 
DENV2 NS1 (15 µg; n=5), S (10 µg; n=25), and S (25 µg; n=5). (C) Representative lung images 
from a SARS-CoV-2 S systemic vascular leak assay. Mice were administered 50 µg of SARS-
CoV-2 S or ovalbumin intranasally as indicated, and 22 hpt were administered a dextran-680 
tracer intravenously as in A. Organs of mice were collected 2 hours post dextran-680 
administration (24 hours post-S treatment), and accumulation of dextran-680 was measured with 
a fluorescent scanner. (D) Quantification of C from n=6 mice. (E) Same as C except 
representative images of spleens. (F) Quantification of E from n=6 mice. (G) Same as C except 
representative images of small intestine. (H) Quantification of G from n=5 mice. MFI is mean 
fluorescence intensity. All data are plotted as mean +/- SEM with *p<0.05, **p<0.01, and 
***p<0.001 by unpaired t-test. 
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Figure 4. Glycosaminoglycans and EGL modulating enzymes are required for SARS-CoV-
2 S-mediated barrier dysfunction. (A) TEER inhibition assay on monolayers of HPMEC or 
HPMEC/ACE2 treated with heparin (10 µg/mL), S (10 µg/mL), or both simultaneously. TEER 
readings were taken 24 hpt. Data are from n=2 biological replicates. (B) A TEER inhibition assay 
where monolayers of HPMEC were treated with recombinant hyaluronidase (10 µg/mL), heparin 
lyases I and III (5 mU/mL each), neuraminidase (1 U/mL), or chondroitinase (25 mU/mL) 
simultaneously with S (10 µg/mL) treatment. TEER readings were taken 24 hpt. Data are from 
n=2 biological replicates. (C) EGL inhibition assay on HPMEC treated with hyaluronidase (10 
µg/mL) or heparin lyases I and III (5 mU/mL each) and simultaneously treated with S (10 µg/mL) 
and fixed 24 hpt.  (D) Quantification of C from n=2 biological replicates. Statistics are comparisons 
of indicated conditions to the S-only control condition. (E) Representative images from an EGL 
disruption assay of HPMEC transduced with lentiviruses encoding the indicated gene-targeting 
guide RNA. Cells were treated with 10 µg/mL S, and sialic acid was visualized by IFA 24 hpt. (F) 
Quantification of E from n=3 biological replicates. Control guide data from this panel are from the 
same experiment as Figure S1G. (G) Same as E and F but using the indicated guide RNAs. Non-
target (NT) data are pooled from two cell line replicates. Control guide data from this panel are 
from the same experiments as Figure 7G. For all panels, sialic acid is stained with Wheat Germ 
Agglutinin in green and nuclei are stained with Hoechst in blue with scale bars at 100 µm. MFI is 
mean fluorescence intensity. Dotted lines are the normalized untreated control conditions. All data 
are plotted as mean +/- SD (TEER) or SEM (EGL) with *p<0.05, **p<0.01, ***p<0.001, and n.s. 
p>0.05 by ANOVA with multiple comparisons. 
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Figure 5. RNA-Sequencing analysis of SARS-CoV-2 S-treated HPMEC and HPMEC/ACE2. 
(A) A volcano plot of differentially expressed genes (DEGs) detected in HPMEC treated with 10 
µg/mL of SARS-CoV-2 S at 24 hpt. (B) Same as A but displaying DEGs from HPMEC/ACE2 
treated with 10 µg/mL SARS-CoV-2 S. Dotted lines indicate the threshold for significance. (C) A 
STRING protein-protein interaction network of DEGs identified between S-treated and untreated 
conditions for HPMEC. 
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Figure 6. Integrins are required for SARS-CoV-2 S-mediated endothelial barrier 
dysfunction. (A) TEER inhibition assay of HPMEC and HPMEC/ACE2 monolayers treated with 
S (10 µg/mL) and the indicated concentrations of the integrin inhibitor ATN-161. TEER readings 
were taken 24 hpt with ATN-161 and S added simultaneously to cells. Data are from n=2 biological 
replicates. (B) EGL inhibition assay detecting sialic acid on the surface of HPMEC monolayers 
treated with S and ATN-161 as in A. Data are from at least n=2 biological replicates. (C) 
Representative back from an intradermal leak assay of mice with the indicated treatments; S (10 
µg/mL) and ATN-161 (1 µM) injected simultaneously. (D) Quantification of C from n=7 mice. (E) 
TEER assay of HPMEC and HPMEC/ACE2 monolayers treated with the indicated peptides at 0.4 
µM. TEER readings were taken 24 hpt. Data are from n=2 biological replicates. (F) Same as E, 
but an EGL assay detecting sialic acid on the surface of HPMEC monolayers. Data are from n=3 
biological replicates. (G) Representative back from an intradermal leak assay of mice with the 
indicated treatments with S (10 µg/mL) and the indicated doses of RGD peptide. (H) Quantification 
of G from n=4 mice. (I) Western blot analysis of HPMEC transduced with the indicated lentivirus-
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encoding guide RNA. Actin was used as a loading control. (J) TEER assay of HPMEC transduced 
with lentivirus-encoding guide RNAs targeting the indicated genes as in I. Cell were treated with 
10 µg/mL of S and TEER was read 24 hpt. Data are from n=2 biological replicates. (K) EGL assay 
detecting sialic acid on the cell surface of transduced HPMECs as in J. Data are from n=3 
biological replicates. MFI is mean fluorescence intensity. Dotted lines are the normalized 
untreated control conditions. All data are as plotted as mean +/- SD (TEER) or SEM (EGL) with 
*p<0.05, **p<0.01, ***p<0.001, and n.s. p>0.05 by ANOVA with multiple comparisons. 
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Figure 7. SARS-CoV-2 S triggers production of TGF-β, and TGF-β signaling is required for 
S-mediated barrier dysfunction (A) Commercial ELISA detecting TGF-β in medium without cell 
conditioning (Media), medium from untreated HPMEC, and medium from HPMEC treated with 10 
µg/mL SARS-CoV-2 S. Data are from n=3 biological replicates. (B) TEER assay measuring the 
effect of recombinant TGF-β on barrier function of HPMEC at the indicated concentrations. TEER 
readings were taken 24 hpt. Data are from n=2 biological replicates. (C) TEER assay measuring 
the capacity of an anti-TGFBR antibody, at the indicated concentrations, to abrogate S-mediated 
(10 µg/mL) endothelial hyperpermeability of HPMEC and HPMEC/ACE2. TEER readings were 
taken 24 hpt. Data are from n=2 biological replicates. (D) TEER assay measuring the capacity of 
TGFBR inhibitor SB431542 (1 µM) to inhibit S (10 µg/mL) function. Data are from n=2 biological 
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replicates. (E) Same as D, except an EGL assay measuring sialic acid. Data are from n=3 
biological replicates. (F) Western blot analysis of HPMEC transduced with lentivirus-encoding 
guide RNAs targeting the indicated genes. Actin was used as a loading control. Data are one 
representative experiment from n=3 biological replicates. (G) TEER assay on the same HPMEC 
as in F treated with 10 µg/mL of S and measured 24 hpt. Data are from n=3 biological replicates. 
(H) EGL disruption assay on HPMECs from F, treated with 10 µg/mL S and imaged 24 hpt. Control 
guide data from this panel are from the same experiment as Figure 4G. Data are from n=3 
biological replicates. (I) Graphical abstract summarizing the ACE2-independent pathway by which 
SARS-CoV-2 S triggers barrier dysfunction. Interactions with proteoglycans, glycosaminoglycans, 
and integrins are required for S-mediated release of TGF-β, which is required for S-mediated 
barrier dysfunction via TGFBR signaling. Solid lines represent steps with direct experimental 
evidence while dotted lines represent hypothesized steps. For all figures, dotted lines in graphs 
are the normalized untreated control conditions. MFI is mean fluorescence intensity. All data are 
plotted as mean +/- SD (TEER) and SEM (EGL) with *p<0.05, **p<0.01, ***p<0.001, and n.s. 
p>0.05 by ANOVA with multiple comparisons.  
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Supplemental Figures 

 
Figure S1. In-house produced S is pure and mediates barrier dysfunction in an ACE2-
independent manner (Related to Figure 1 and Figure 2). (A) Western blot analysis of ACE2 
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expression in HPMEC, HPMEC/ACE2, and Calu-3 cells. The arrowhead points to the predicted 
size of ACE2, while the arrow points to a smaller truncated band. Actin was used as a loading 
control. Shown is one representative experiment from n=3 biological replicates. (B) Growth curve 
of HPMEC, HPMEC/ACE2, and Calu-3 cells infected with SARS-CoV-2 at an MOI of 0.005, titered 
by TCID50 at the indicated time-points. Data displayed are from n=3 biological replicates. The 
dotted line is the limit of detection (LOD) of the assay. (C) Western blot analysis of home-made 
full-length trimeric spike and RBD detected by an anti-6xHIS antibody. (D) SDS-PAGE visualized 
by silver stain of home-made full-length trimeric spike and RBD. (E) Size-exclusion 
chromatography of in-house-produced full-length trimeric spike (top) and RBD (bottom). (F) Sialic 
acid EGL assay on HPMEC transduced with lentivirus-encoding guide RNAs targeting the 
indicated genes, treated with 10 µg/mL of S and imaged at 24 hpt. Shown are representative 
images from n=3 biological replicates. (G) Quantification of F; Control guide data from this panel 
are from the same experiment as Figure 4F. (H) Sialic acid EGL disruption assay of HPMEC 
treated with SARS-CoV-2 S (10 µg/ml) from the indicated variants. Data are from n=3 biological 
replicates. (I) Quantification of H. For all panels, sialic acid is stained in green and nuclei are 
stained with Hoechst in blue with scale bars at 100 µm. MFI is mean fluorescence intensity. Dotted 
lines are the normalized untreated control conditions. All data are plotted as mean +/- SEM with 
*p<0.05, **p<0.01, ***p<0.001, and n.s. p>0.05 by ANOVA with multiple comparisons. 
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Figure S2. SARS-CoV-2 S triggers vascular leak in vivo (Related to Figure 3). (A) 
Representative liver images from a SARS-CoV-2 S systemic vascular leak assay. Mice were 
administered 50 µg of SARS-CoV-2 S or ovalbumin as indicated, and 24 hpt were administered 
dextran-680 intravenously as in Figure 3. Organs from mice were collected, and accumulation of 
dextran-680 was measured with a fluorescent scanner. (B) Quantification of A from n=6 mice. (C) 
Same as A except representative images of brains. (D) Quantification of C from n=3 mice. 
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Figure S3. Glycans and EGL-modifying enzymes are required for S-mediated barrier 
dysfunction (Related to Figure 4). (A) TEER assay of HPMEC treated with recombinant 
hyaluronidase (10 µg/mL), heparin lyases I and III (5 mU/mL each), neuraminidase (1 U/mL), or 
chondroitinase (25 mU/mL). Data presented are control conditions from Figure 4B. Data are from 
n=2 biological replicates. (B) Representative IFA images of HPMEC transduced with lentivirus 
encoding the indicated guide RNAs and stained for heparan sulfate. Data presented are controls 
for Figure 4E. Displayed is one representative image from n=3 biological replicates. (C) 
Quantification of C. (D) A sialic acid EGL assay of HPMEC transduced with lentivirus encoding 
the indicated guide RNAs. HPMECs were treated with S (10 µg/mL) and stained 24 hours post-
treatment. Data are representative IFA images from Figure 4G with n=3 biological replicates. (E-
H) Western blot analyses for HPMECs from Figure 4G and Figure S3D probed for (E) heparanase 
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(HPSE), (F) matrix metalloproteinase 9 (MMP9), (G) a disintegrin and metalloprotease 17 
(ADAM17), and (H) Cathepsin L (CTSL). Actin was used as a loading control for all. All blots are 
from at least n=2 biological replicates. For all panels, heparan sulfate or sialic acid are stained in 
green and nuclei are stained with Hoechst in blue with scale bars at 100 µm. MFI is mean 
fluorescence intensity. All data are plotted as mean +/- SD (TEER) or SEM (EGL) with *p<0.05, 
**p<0.01, ***p<0.001, and n.s. p>0.05 by ANOVA with multiple comparisons. 
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Figure S4. RNA-Seq of HPMEC and HPMEC/ACE2 treated with SARS-CoV-2 S (Related to 
Figure 5). (A) Heat map of DEGs identified in HPMEC treated with 10 µg/mL S for 24 hours. (B) 
Same as A except HPMEC/ACE2. The group designation refers to the cluster where the gene 
belongs after performing unsupervised hierarchical clustering. The color scale represents the z-
score of normalized gene expression values. DEGs with BH-corrected p value <0.05 were 
included. 
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Figure S5. Integrins are required for SARS-CoV-2 S-mediated barrier dysfunction. (Related 
to Figure 6). (A) TEER assay of HPMEC treated with the indicated concentration of the integrin 
inhibitor ATN-161 for 24 hours. Dotted line is the normalized untreated control condition. These 
data are controls from Figure 6A and are from n=2 biological replicates. (B) Sialic acid EGL assay 
of HPMEC treated with 10 µg/mL of S and the indicated concentration of ATN-161. EGL was 
visualized 24 hpt. Data are representative images from Figure 6B and from at least n=2 biological 
replicates. (C) Sialic acid EGL assay as in B but treated with the indicated small peptides at 0.4 
µM or S at 10 µg/mL. Data are representative images from Figure 6F from n=3 biological 
replicates. (D) Sialic acid EGL assay as in B but with the indicated CRISPR KO HPMECs. Data 
are representative images from Figure 6K with n=3 biological replicates. For all panels, sialic acid 
is stained in green and nuclei are stained with Hoechst in blue with scale bars at 100 µm. All data 
are plotted as mean +/- SD. 
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Figure S6. TGF-β signaling is required for SARS-CoV-2 S-mediated barrier dysfunction. 
(Related to Figure 7). (A) TEER assay of HPMEC treated with the indicated antibody and 10 
µg/mL SARS-CoV-2 S. Data are control conditions from Figure 7C from n=2 biological replicates. 
(B) Same as A but treated with TGFBR inhibitor SB431542 (1 µM). Data are control conditions 
from Figure 7D from n=3 biological replicates. (C) Data are representative images from Figure 7E 
from n=3 biological replicates. (D) Data are representative images from Figure 7H from n=3 
biological replicates. For all panels, sialic acid is stained in green and nuclei are stained with 
Hoechst in blue with scale bars at 100 µm. Dotted lines are the normalized untreated control 
conditions. All data are plotted as mean +/- SEM with ***p<0.001 by ANOVA with multiple 
comparisons. 
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Methods 

EXPERIMENTAL MODELS AND SUBJECT DETAILS 

Mice 
Six- to eight-week-old wild-type C57BL/6J female mice were purchased from the Jackson 
Laboratory and housed at the University of California, Berkeley Animal Facility under specific 
pathogen-free conditions. Mice were housed in temperature-controlled environments on a 12-
hour light and dark cycle, with food and water provided ad libitum. All experiments and procedures 
were pre-approved by the UC Berkeley Animal Care and Use Committee, Protocol AUP-2014-
08-6638-2. 
 
Cell Lines 
HEK293T cells used for lentivirus production were obtained from ATCC and maintained in DMEM, 
high glucose, and GlutaMAXTM (Gibco) supplemented with 10% FBS (Corning) and 1% 
penicillin/streptomycin (Gibco) (D10 medium) at 37°C with 5% CO2. Calu-3 human lung epithelial 
cells were obtained from the UC Berkeley Cell Culture Facility and maintained in D10 medium at 
37°C with 5% CO2. Human pulmonary microvascular endothelial cells (HPMEC) [line HpMEC-
ST1.6R] were a gift from Dr. J.C. Kirkpatrick at Johannes Gutenberg University, Germany. These 
cells were isolated from an adult human male donor, and an immortalized clone was selected that 
displayed all major phenotypic makers of pulmonary endothelial cells (65). HPMEC were cultured 
in endothelial cell growth basal medium 2 supplemented with an Endothelial Cell Growth Medium-
2 (EGM-2TM) supplemental bullet kit (Lonza). Cells were maintained at 37°C with 5% CO2. This 
study produced several genetically modified versions of these parental cells, including HPMEC 
overexpressing the human ACE2 (hACE2) gene (HPMEC/ACE2) as well several knockout cell 
lines. The hACE2 encoding plasmid was a gift from Hyeryun Choe (Addgene plasmid #1786; 
http://n2t.net/addgene:1786; RRID:Addgene_1786) (66). Vero-E6 cells were used for SARS-
CoV-2 titration and maintained in D10 media at 37°C with 5% CO2. 
 
Recombinant Proteins 
Sequences encoding for full length, stabilized SARS-CoV-2 S ectodomain and RBD (based on 
the Wuhan-Hu-1 sequence) (67) were expressed and purified from stably transformed 293 cells, 
as previously reported (68). Purified proteins were formulated at ~1 mg/mL in PBS and stored in 
aliquots at -80˚ C. Recombinant DENV serotype 2 NS1 was purchased from the Native Antigen 
Company and characterized previously (Dengue virus serotype 2 NS1 [accession # P29990.1, 
Thailand/16681/84]) (35). SARS-CoV-2 S stabilized trimers from diverse viral variants were 
purchased from the Native Antigen Company including B.1.1.7 (Alpha variant, product 
#REC31924), B.1.351 (Beta variant, product #REC31963), B.1.1.28/P.1 (Gamma variant, product 
#REC31944), and B.1.617.2+AY.1+AY.2+AY.3 (Delta variant, product #REC31975). 
Recombinant VEGF (V7259) and TGF-β1 (100-21) was purchased from Sigma and PeproTech, 
respectively, and resuspended/stored in accordance with the manufacturer’s instructions. 
 
Vesicular Stomatitis Virus (VSV) Spike Pseudotype Virus Production and Infection 

SARS-CoV-2 S pseudotyped virions were produced using the VSV-∆G-rLuc system, originating 
from the VSV Indiana serotype full-length complementary DNA clone in which the G glycoprotein 
was exchanged for a Renilla Luciferase reporter gene. In brief, 15-cm2 dishes of HEK293T cells 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 13, 2021. ; https://doi.org/10.1101/2021.12.10.472112doi: bioRxiv preprint 

http://n2t.net/addgene:1786
https://doi.org/10.1101/2021.12.10.472112
http://creativecommons.org/licenses/by-nd/4.0/


 33 

were transfected with a plasmid encoding SARS-CoV-2 S (Wuhan-Hu-1, Accession 
#QHD43416.1) using 45 µg total DNA. At 24 hours post-transfection, VSV-G expressing VSV-
∆G-rLuc pseudotyped virions were used to infect the transfected HEK293T cells. Medium was 
harvested 48 hours post-transfection and ultracentrifuged for 1.5 hours at 110,000 x g in a 20% 
sucrose cushion in NTE buffer (150 mM NaCl, 40 mM Tris-HCl, and 1 mM EDTA, pH 8.0). For 
viral resuspension, NTE Buffer was supplemented with 5% sucrose, and viral aliquots were stored 
at -80 °C. 
 
SARS-CoV-2 Stock Production and Infection 
Stocks of SARS-CoV-2 were produced as previously described (69). In brief, the USA-WA1/2020 
strain of SARS-CoV-2 was obtained from BEI Resources and passed through a 0.45 μM syringe 
filter. Five μL of this filtered stock was added to T-175 flasks of Vero-E6 cells to produce virus 
passage 1. Cytopathic effect (CPE) was monitored daily and flasks were frozen down when ~70% 
cytopathic effect was evident (~48 hpi). Thawed lysates were then collected, and cell debris was 
pelleted at 3000 rpm for 20 min. Clarified viral supernatant was then aliquoted, and infectious 
virus was quantified by TCID50. To produce passage 2, SARS-CoV-2 working stocks, 5 μL of the 
passage 1 stock was inoculated onto T175 flasks of Vero-E6 cells as described above. Viral titers 
obtained ranged from 1 × 106–5 × 106 TCID50 units/mL. 
 
METHOD DETAILS 
Lentivirus Production and Transduction 
Lentivirus particles encoding human ACE2 or CRISPR guide RNAs targeting the genes indicated 
in the figures were produced using a second-generation lentivirus system as reported previously 
(70). In brief, lentivirus vectors were transfected into 293T cells using a lipofectamine 3000 
transfection protocol according to the manufacturer’s instructions, along with a packaging vector 
(psPAX2) and a pseudotyping vector (pMD2.G). Medium was replaced on transfected cells 12 
hours post-transfection. Lentivirus released into the medium of transfected cells was collected at 
24-, 36-, and 48-hours post-transfection, and pooled lentivirus-containing media was filtered 
through a 0.45 µM syringe filter (Millipore). Target HPMEC were incubated with lentivirus for 48 
hours and then selected with 2 µg/mL puromycin (Sigma) for 3 passages.  
 
Trans-Epithelial/Endothelial Electrical Resistance Assay 
Epithelial and endothelial barrier disruption (hyperpermeability) was measured through a Trans-
Epithelial/Endothelial Electrical Resistance (TEER) Assay as previously described (35). In brief, 
6x104 HPMEC or 2x105 Calu-3 were seeded in 300 µL into the apical chambers of 24-well 
transwell polycarbonate membrane inserts (Transwell permeable support, 0.4 µM, 6.5 mm insert; 
Corning) and 1.5 mL of medium was added to the basolateral chamber. Medium was changed 
daily from both the apical and basolateral chambers until cells formed a complete monolayer 
measured through maximal barrier resistance (~3 days for HPMEC and ~15 days for Calu-3). On 
the day of the experiment, TEER of each transwell was measured to ensure that cell resistance 
levels were at a minimum value and roughly equivalent (within 5 ohms). Transwells with outlier 
resistance values were excluded from the experiment. Treatments (indicated in the figures) were 
added to the apical chamber of the transwells. Electrical resistance values were measured in 
ohms (Ω) at the time-points indicated in the figures using an Epithelial Volt Ohm Meter (EVOM) 
with a “chopstick” electrode (World Precision Instruments). Inserts with untreated cells, as well as 
inserts with no cells containing medium alone (blank), were used as negative controls to calculate 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 13, 2021. ; https://doi.org/10.1101/2021.12.10.472112doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.10.472112
http://creativecommons.org/licenses/by-nd/4.0/


 34 

the baseline electrical resistance. Relative TEER was calculated as a ratio of resistance values 
as (Ω experimental condition-Ω blank)/(Ω untreated cells-Ω blank). 
 
Endothelial/Epithelial Glycocalyx Layer (EGL) Disruption Assays 
To measure the capacity of protein treatments to mediate EGL disruption, 6x104 HPMEC or 2x105 
Calu-3 cells were seeded on 0.2% gelatin- (Sigma) coated glass coverslips in 24-well plates. Cells 
were allowed to form a fully confluent monolayer over three days (HPMEC) or ~15 days (Calu-3), 
with medium changes every other day. On the day of the experiment, the treatments indicated in 
the figures were added directly to wells. Treatments and cells were allowed to incubate for the 
indicated times (generally 24 hours for S treatments) and then cells were washed twice with 1X 
PBS and fixed with 4% formaldehyde/PBS (Thermo Fisher Scientific). Coverslips were mounted 
onto microscope slides on a drop of ProLong Gold (Thermo Fisher Scientific) and imaged using 
a Zeiss LSM 710 inverted confocal microscope (CRL Molecular Imaging Center, UC Berkeley). 
EGL disruption was assessed by monitoring surface levels of sialic acid on the cell surface using 
the sialic acid-specific lectin, Wheat Germ Agglutinin (WGA) conjugated to Alexa Fluor 647 
(Thermo Fisher Scientific, W32466), hyaluronic acid (Abcam ab53842), heparan sulfate (amsbio, 
clone F58-10E6, 370255-s), or chondroitin sulfate (Thermo Fisher Scientific, clone CS-56, ma1-
83055). EGL disrupting enzyme expression were assessed on saponin permeabilized cells for 
hyaluronidase (Abcam, clone PH20, ab196596) and neuraminidase 2 (Thermo Fisher Scientific, 
pa5-35114). For staining, HPMEC were live cell stained at 100 µg/mL of WGA-647 diluted in the 
medium of live cells 1 hour pre-fixation. All other GAGs (HA, HS, CS) were stained on fixed cells 
with the coverslip turned onto a 15-µl drop of antibody containing staining buffer. Nuclei were 
stained by adding Hoechst 33342 (Immunochemistry) at a dilution of 1:200. All microscopy 
images were captured at 20x magnification.  
 
In Vivo Dermal Vascular Leak Assay  
A murine dermal leak model was utilized to investigate vascular leak triggered by the S 
glycoprotein as previously described (35). In brief, the dorsal dermises of 6-7-week-old WT 
C57BL/6J female mice (purchased from Jackson Labs) were shaved. After 3-4 days, the indicated 
treatments (typically 10 µg of SARS-CoV-2 S) were injected intradermally (ID) into discrete spots 
in the shaved mouse dermis (50 µL/injection site). Immediately following ID injections, 150 µL of 
10-kDa dextran conjugated to Alexa Fluor 680 (1 mg/mL; Sigma) was delivered intravenously 
(IV). Two hours post-injections, mice were euthanized, and the dorsal dermises were removed 
and placed in petri dishes. Fluorescence signal accumulation in the mouse dermises was 
visualized using a fluorescence scanner (LI-COR Odyssey CLx Imaging system) at a wavelength 
of 700 nm. Leakage was quantified around the injection sites using Image Studio software (LI-
COR Biosciences). For small molecule inhibitor experiments, the inhibitor was mixed with SARS-
CoV-2 S for 30 minutes before the ID injection.   
 
In Vivo Systemic Leak 
To investigate systemic vascular leak triggered by SARS-CoV-2 S, we conducted a modified 
systemic vascular leak assay as described previously (30). In brief, 50 µg of SARS-CoV-2 S or 
OVA were administered to mice intranasally. Twenty-two hpt, mice received an IV injection of 10-
kDa dextran conjugated to Alexa Fluor 680 (150 µL, 1 mg/mL; Sigma). This tracer dye was 
allowed to circulate in mice for 2 hours, at which time mice were euthanized and organs (lungs, 
spleen, liver, small intestine, and brain) were collected and placed on petri dishes. Fluorescence 
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signal accumulation in organs was visualized using a fluorescence scanner (LI-COR Odyssey 
CLx Imaging system) at a wavelength of 700 nm. Leakage was quantified using Image Studio 
software (LI-COR Biosciences).   
 
EGL Enzyme Preparation and Digestion 
To test for a contribution of glycan components to S-mediated endothelial dysfunction, 
recombinant enzymes were used to digest specific glycan components, including hyaluronic acid, 
heparan sulfate, sialic acid, and chondroitin sulfate. Recombinant heparin lyases I and III were 
obtained from IBEX and HPMEC were treated with 5 mU/mL of each, recombinant hyaluronidase 
(Sigma, H3506) was treated at 10 µg/mL, recombinant neuraminidase (Sigma, N2876) was 
treated at 1 U/mL, and recombinant chondriotinase ABC (Sigma, C3667) was treated at 25 
mU/mL. All enzymes were added to HPMEC simultaneously with S and TEER/EGL assays were 
conducted 24 hpt as described above. 
 
CRISPR-Cas9 Knockout 
To produce gene-specific knockout cell lines, we utilized a CRISPR-Cas9 pipeline based on the 
lentiCRISPR v2 lentivirus construct obtained from Feng Zhang (Addgene plasmid # 52961; 
http://n2t.net/addgene:52961; RRID:Addgene_52961), as previously described (71). In brief, 
guide RNA targeting sequences were selected from the Brunello CRISPR KO guide library (72) 
and cloned into the lentiCRISPR v2 plasmid. Guide RNA sequences utilized in this study are 
summarized in Table S3. Lentivirus was produced as described above, and HPMEC were 
transduced and selected in EGM-2 medium containing 2 µg/mL of puromycin and passaged three 
times in selection. Polyclonal populations of cells were characterized for functional knockout 
through either a western blot to measure protein expression or through HS staining by IFA to 
confirm function (for HS biosynthetic pathway genes).   
 
RNA Sequencing 
To characterize the transcriptional response of cells treated with SARS-CoV-2 S, we conducted 
RNA-Sequencing. In brief, HPMEC and HPMEC/ACE2 were treated with 10 µg/mL SARS-CoV-
2 S, and cell lysates were collected in TRI reagent (Sigma) 24 hours post-treatment. Total RNA 
was extracted using a Direct-zol RNA miniprep kit (Zymo Research) per the manufacturer’s 
instructions. RNA was quantified using a Qubit Flex Fluorometer (ThermoFisher), and quality was 
measured by Bioanalyzer (RNA Pico; Agilent). 1 µg of RNA was used for library preparation with 
the SMARTer Stranded Total RNA Sample Prep Kit - HI Mammalian (Takara Bio), following the 
manufacturer’s instructions. Quality of prepared libraries was evaluated by Bioanalyzer (High 
Sensitivity DNA; Agilent) and sequenced on the NovaSeq 6000 (Illumina) using S4 flow cell and 
150-base pair paired-end sequencing at the UCSF Center for Advanced Technology. Following 
sequencing of sample libraries, quality control was performed on the fastq files to ensure that 
sequencing reads met preestablished cutoffs for number of reads and quality using FastQC 
(version 0.11.8) (73) and MultiQC (version 1.8) (74). Quality filtering and adapter trimming were 
performed using BBduk tools (version 38.76, https://sourceforge.net/projects/bbmap). Remaining 
reads were aligned to the ENSEMBL GRCh38 human reference genome assembly (release 33) 
using STAR (version 2.7.0f) (75), and gene frequencies were counted using featureCounts 
(version 2.0.0) within the Subread package (76). Comparative analysis of DEGs was performed 
using a negative binomial distribution model used by DESeq2 (version 1.28.1) (77) as 
implemented in R (version 4.0.3). All genes passing a Benjamini-Hochberg (BH)-adjusted P value 
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threshold of 0.05 were included. Hierarchical clustering of DEGs and visualization were performed 
using the ComplexHeatmap (version 2.4.2) and pheatmap package (version 1.0.12). The 
clustering method used is complete linkage, and clusters are based on Euclidean distance. 
Identified DEGs were analyzed by STRING to identify predicted protein-protein interaction 
networks as well as enriched pathway analysis (https://string-db.org/). 
 
TGF-β Enzyme Linked Immunosorbent Assay (ELISA) 
To measure levels of TGF-β1 in the supernatants of S-treated cells, we used the Human TGF-
beta 1 DuoSet ELISA (DY240, R&D Systems). In brief, cell supernatants were collected 24 h after 
treatment with SARS-CoV-2 S and activated with 1N HCl in order to detect immunoreactive TGF-
β1. After pH neutralization, samples and recombinant TGF-β1 standards were transferred to 
ELISA plates coated with mouse anti-human TGF-β1 capture antibody and incubated for 2 h at 
room temperature. Afterwards, plates were incubated with biotinylated chicken anti-human TGF-
β1 detection antibody and then with streptavidin-horseradish peroxidase (HRP) for signal 
detection with tetramethylbenzidine (TMB) substrate. The optical density of each well was 
determined using a microplate reader set to 450 nm. TGF-β1 levels were determined by 
interpolation from four-parameter logistic (4-PL) standard curves.  
 
Size-exclusion Chromatography with Multi-Angle Light Scattering (SEC-MALS) 
To characterize the purity and oligomeric state of soluble SARS-CoV-2 S and RBD, purified 
proteins were injected onto a SRT SEC-1000 column (4.6x300 mm, Sepax) at 0.35 mL/min in 
PBS (for S) or a Superdex 200 Increase column (3.2x300 mm, Cytiva) at 0.15 mL/min in PBS (for 
RBD). The column and the entire SEC-MALS system, which includes a 1260 Infinity II HPLC 
(Agilent), a miniDAWN TREOS II MALS detector (Wyatt) and a Optilab T-rEX refractive index 
detector (Wyatt), were equilibrated in PBS for at least 24 h prior to analysis. Molecular weights of 
S and RBD were determined using Astra (Wyatt).  

 

Small Molecule Inhibitors, Peptides, and Antibodies 
The following small molecule inhibitors and antibodies were used for TEER and EGL inhibition 
assays: ATN-161 (Sigma, SML2079), SB 431542 hydrate (Sigma, S4317), heparin (Sigma, 
H3393), anti-Spike (Genetex, 1A9, GTX632604), anti-Spike (Absolute Antibody, CR3022), rabbit 
anti-TGFBR1 (Thermo Fisher Scientific, PA5-32631). All chemicals and antibodies were 
resuspended and utilized per the manufacturer’s instructions. The RGD, KGD, and DRG peptides 
were synthesized by Sigma.   
 
SDS-PAGE and Western Blot  
Recombinant proteins or cell lysates were collected in protein sample buffer (0.1 M Tris pH 6.8, 
4% SDS, 4 mM EDTA, 286 mM 2-mercaptoethanol, 3.2 M glycerol, 0.05% bromophenol blue) 
and resolved by SDS-PAGE. Proteins were then transferred to nitrocellulose membranes and 
probed with primary antibodies diluted in PBS with 0.1% Tween20 (PBST) containing 5% skim 
milk. Membranes and antibodies were incubated overnight rocking at 4°C. The next day, 
membranes were washed three times with PBST before being probed with HRP-conjugated 
secondary antibodies diluted at 1:5,000 in 5% milk in PBST at room temperature for 1 hour. 
Membranes were then washed with PBST three more times before being developed with 
homemade ECL reagents and imaged on a ChemiDoc system with Image Lab software (Bio-
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Rad). The following antibodies were used in this study: goat anti-ACE2 (R&D Systems, AF933), 
rabbit anti-integrin alpha 5 (Abcam, ab150361), rabbit anti-ITGB1 (Thermo Fisher Scientific, PA5-
29606), rabbit anti-Heparanase 1 (Abcam, EPR22365-230, ab254254), rabbit anti-MMP-9 (Cell 
Signaling Technology, #3852), mouse anti-TACE/ADAM17 (Santa Cruz Biotechnologies, B-6, sc-
390859), mouse anti-Cathepsin L (Thermo Fisher Scientific, 33-2, BMS1032), rabbit anti-
TGFBR1 (Thermo Fisher Scientific, PA5-32631), mouse anti-His (MA1-21315, Thermo Scientific), 
mouse anti-β-actin HRP (Santa Cruz Biotechnologies, sc-47778 HRP), goat anti-mouse HRP 
(Biolegend, 405306), donkey anti-rabbit HRP (Biolegend, 406401), donkey anti-human HRP, 
Biolegend, 410902).  
 
Statistics 
All data were plotted and quantitative analyses performed using GraphPad Prism 8 software. 
Experiments were repeated at least 3 times, except when indicated otherwise. Experiments were 
designed and performed with both positive and negative controls, which were used for 
inclusion/exclusion determination. Researchers were not blinded during experiments. For 
immunofluorescence microscopy experiments, images of random fields were captured. For all 
experiments with quantitative analyses, data are displayed as mean ± SEM, except for TEER 
quantification, which displays mean ± SD. Statistical tests used in this study include ANOVA 
analysis with multiple comparisons test as well as t-tests, as indicated in the figures. Resultant p-
values from the above statistical tests are displayed as n.s., not significant p>0.05; *p<0.05; 
**p<0.01; ***p<0.001. All statistics not indicated are not significant. 
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Table S1: Table of all DEGs identified by RNA-seq for HPMEC. logFC is log2 fold change 
between S-treated and untreated HPMEC; lfcSE is standard error of logFC measurement; padj is 
the Benjamini-Hochberg adjusted p-value. DEGs sorted by padj in ascending order. 

 logFC lfcSE padj 
TGFBI 1.371118 0.079699 3.56E-62 
FN1 0.953106 0.066069 2.54E-43 
VCAN 0.952346 0.087644 7.96E-24 
COL5A1 1.26353 0.124811 1.55E-20 
POSTN 1.383791 0.154461 9.37E-16 
TAGLN 1.961064 0.226242 1.05E-14 
THBS1 0.63853 0.073949 1.20E-14 
BGN 0.647704 0.077844 1.56E-13 
TTN -0.90536 0.109385 2.01E-13 
FBLN5 2.729718 0.334751 5.01E-13 
COL4A2 0.773955 0.10208 4.42E-11 
SPOCK1 1.286272 0.170702 5.80E-11 
CCDC80 0.739803 0.098474 6.36E-11 
ITGA4 0.594026 0.08376 1.35E-09 
LTBP2 0.679898 0.098004 3.80E-09 
EFEMP1 0.475991 0.069675 7.50E-09 
COL4A1 0.817672 0.135217 1.24E-06 
SERPINE1 0.409463 0.069775 3.49E-06 
SCG2 -0.60211 0.103482 4.46E-06 
GREM1 0.654721 0.117933 2.02E-05 
COL1A1 0.431159 0.078372 2.56E-05 
NNMT 0.600157 0.111027 4.20E-05 
AEBP1 0.930373 0.176007 7.76E-05 
PRRG2 8.333765 1.641456 0.000228 
CTGF 0.398347 0.081507 0.000569 
DPP4 -0.48372 0.099028 0.000569 
PDGFA 1.273166 0.261147 0.000575 
IGFBP5 0.706101 0.145405 0.000611 
MARCKSL1 0.701964 0.145904 0.000739 
SFRP1 -0.38668 0.081889 0.001112 
TUBB3 0.6127 0.13006 0.001136 
MX1 -0.76726 0.163872 0.001267 
LIPG 0.612031 0.134572 0.002311 
CYR61 0.366945 0.080743 0.002311 
IGFBP7 0.464181 0.104312 0.003505 
IFIT1 -0.55868 0.127617 0.004756 
OAS1 -0.79358 0.183505 0.005898 
PDPN 0.483369 0.112926 0.00701 
CALR 0.325416 0.076226 0.007127 
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SRPX2 0.446491 0.10468 0.007127 
OAS3 -0.51575 0.122883 0.009417 
OAS2 -0.66492 0.162087 0.013912 
PAG1 -0.71465 0.174574 0.0141 
VN1R1 6.9542 1.701353 0.014154 
CALU 0.41333 0.102276 0.016868 
KRT7 0.338055 0.084121 0.01817 
HYOU1 0.412395 0.102844 0.018456 
LRRC16B 7.396787 1.854452 0.019768 
XYLT2 0.503855 0.126489 0.019799 
TNFRSF1B -0.91591 0.230701 0.020517 
COL4A5 -0.37191 0.093873 0.02083 
ITGB5 0.361329 0.09158 0.021868 
SOCS3 1.176033 0.301821 0.025852 
FLVCR2 -0.53739 0.13793 0.025852 
FAP 1.371427 0.357547 0.032514 
ATP2B4 -0.34275 0.089574 0.033158 
NOVA1 -1.09926 0.28812 0.034076 
CAPN2 -0.38218 0.1007 0.035531 
VEGFA 0.511021 0.134666 0.035531 
CD82 -0.56799 0.149776 0.035531 
GDI1 0.416437 0.110753 0.039769 
ENDOD1 -0.37823 0.100823 0.040494 
IGF1 -7.02501 1.881955 0.042918 
CD177 -7.16087 1.922983 0.043724 
GALNT2 0.416722 0.112014 0.043724 
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Table S2: Table of all DEGs identified by RNA-seq for HPMEC/ACE2. logFC is log2 fold change 
between S-treated and untreated HPMEC; lfcSE is standard error of logFC measurement; padj is 
the Benjamini-Hochberg adjusted p-value. DEGs sorted by padj in ascending order. 

 logFC lfcSE padj 
FN1 1.155469 0.084239 1.11E-38 
VCAN 1.365061 0.10998 1.55E-31 
TGFBI 1.170262 0.104192 1.31E-25 
ARNT2 20.72869 2.82404 5.88E-10 
THBS1 0.677006 0.091917 5.88E-10 
LTBP2 0.700158 0.105644 7.83E-08 
FBLN5 3.224537 0.498445 1.94E-07 
COL4A2 0.849703 0.132168 2.21E-07 
TTN -0.86289 0.137856 5.91E-07 
TAGLN 2.00945 0.330354 1.63E-06 
POSTN 1.694383 0.281304 2.14E-06 
COL4A1 1.188305 0.198676 2.54E-06 
TUBA1A 0.843212 0.14226 3.26E-06 
COL5A1 0.965757 0.168631 1.00E-05 
MSN 0.387547 0.073553 0.000126 
SCG2 -0.6782 0.132551 0.000268 
CALU 0.527747 0.103945 0.00031 
CCDC80 0.590436 0.11718 0.000358 
COL1A1 0.525848 0.104801 0.000379 
SPOCK1 1.138718 0.231532 0.000599 
HYOU1 0.511391 0.104165 0.000599 
IGFBP7 0.679211 0.141543 0.000999 
ACE2 0.49024 0.103388 0.001268 
POPDC2 8.229141 1.764277 0.001776 
ITGB5 0.646374 0.138927 0.001804 
SERPINE1 0.365501 0.080207 0.002747 
BGN 0.757858 0.16736 0.003031 
FLNC -0.47501 0.105658 0.003409 
SERPINE2 0.818751 0.183007 0.003646 
SCRG1 8.387214 1.960532 0.008651 
PCDHGC4 4.979312 1.168255 0.008989 
TIAM1 -7.87209 1.861754 0.010127 
KLF15 7.792539 1.914317 0.019003 
FAT3 -7.76917 1.908722 0.019003 
C9orf163 7.877015 1.940926 0.019433 
ITGA4 0.58027 0.145971 0.02688 
EFEMP1 0.442293 0.112161 0.02948 
RPL26 -0.566 0.143645 0.02948 
RUNX1T1 -5.25768 1.340464 0.030956 
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PDPN 0.762492 0.194708 0.03097 
HTRA1 0.42207 0.110751 0.046464 
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Table S3: Primers used to clone guide RNA sequences into the lentiCRISPR v2 plasmid. 

Target Guide RNA Sequence 
gRNA_NTG_1_F CACCGTACTAACGCCGCTCCTACAG 
gRNA_NTG_1_R AAACCTGTAGGAGCGGCGTTAGTAC 
gRNA_NTG_2_F CACCGGATCCAGGAGTGATCGAGTA 
gRNA_NTG_2_R AAACTACTCGATCACTCCTGGATCC 
gRNA_ACE2_59272_1_F CACCGAACATCTTCATGCCTATGTG 
gRNA_ACE2_59272_1_R AAACCACATAGGCATGAAGATGTTC 
gRNA_ACE2_59272_2_F CACCGCAGGATCCTTATGTGCACAA 
gRNA_ACE2_59272_2_R AAACTTGTGCACATAAGGATCCTGC 
gRNA_CTSL_1514_1_F CACCGAGATGTTCCGGAAAACTGGG 
gRNA_CTSL_1514_1_R AAACCCCAGTTTTCCGGAACATCTC 
gRNA_CTSL_1514_2_F CACCGCAGTATGTTCAGGATAATGG 
gRNA_CTSL_1514_2_R AAACCCATTATCCTGAACATACTGC 
gRNA_HPSE_10855_1_F CACCGTAAAAATGTCCAATACATCA 
gRNA_HPSE_10855_1_R AAACTGATGTATTGGACATTTTTAC 
gRNA_HPSE_10855_2_F CACCGTGGCAATCTCAAGTCAACCA 
gRNA_HPSE_10855_2_R AAACTGGTTGACTTGAGATTGCCAC 
gRNA_TGFBR1_7046_1_F CACCGAGAACGTTCGTGGTTCCGTG 
gRNA_TGFBR1_7046_1_R AAACCACGGAACCACGAACGTTCTC 
gRNA_TGFBR1_7046_2_F CACCGATGGGCAAGACCGCTCGCCG 
gRNA_TGFBR1_7046_2_R AAACCGGCGAGCGGTCTTGCCCATC 
gRNA_ADAM17_6868_1_F CACCGAATCAGAATCAACACAGATG 
gRNA_ADAM17_6868_1_R AAACCATCTGTGTTGATTCTGATTC 
gRNA_ADAM17_6868_2_F CACCGACAAAATTTCAAGGTCGTGG 
gRNA_ADAM17_6868_2_R AAACCCACGACCTTGAAATTTTGTC 
gRNA_IL6R_3570_1_F CACCGCCGTGGCCAGAAACCCCCGC 
gRNA_IL6R_3570_1_R AAACGCGGGGGTTTCTGGCCACGGC 
gRNA_IL6R_3570_2_F CACCGTGGAAACTATTCATGCTACC 
gRNA_IL6R_3570_2_R AAACGGTAGCATGAATAGTTTCCAC 
gRNA_MMP9_4318_1_F CACCGACTACTCGGAAGACTTGCCG 
gRNA_MMP9_4318_1_R AAACCGGCAAGTCTTCCGAGTAGTC 
gRNA_MMP9_4318_2_F CACCGCCGCTATGGTTACACTCGGG 
gRNA_MMP9_4318_2_R AAACCCCGAGTGTAACCATAGCGGC 
gRNA_XYLT2_64132_1_F CACCGAGGACACAGACAGTTCAGCA 
gRNA_XYLT2_64132_1_R AAACTGCTGAACTGTCTGTGTCCTC 
gRNA_XYLT2_64132_2_F CACCGCCAGGGCTATGATAACGTGC 
gRNA_XYLT2_64132_2_R AAACGCACGTTATCATAGCCCTGGC 
gRNA_SLC35B2_347734_1_F CACCGCAGGTGTCTTATCTGACTTG 
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gRNA_SLC35B2_347734_1_R AAACCAAGTCAGATAAGACACCTGC 
gRNA_SLC35B2_347734_2_F CACCGCTGGGTCCATGACTCCGGAG 
gRNA_SLC35B2_347734_2_R AAACCTCCGGAGTCATGGACCCAGC 
gRNA_ITGA5_3678_1_F CACCGCCCCGAGTACCTGATCAACC 
gRNA_ITGA5_3678_1_R AAACGGTTGATCAGGTACTCGGGGC 
gRNA_ITGA5_3678_2_F CACCGTGGATCGGACCCCTGACGGG 
gRNA_ITGA5_3678_2_R AAACCCCGTCAGGGGTCCGATCCAC 
gRNA_ITGB1_3688_1_F CACCGAATGTAACCAACCGTAGCAA 
gRNA_ITGB1_3688_1_R AAACTTGCTACGGTTGGTTACATTC 
gRNA_ITGB1_3688_2_F CACCGGAACGGGGTGAATGGAACAG 
gRNA_ITGB1_3688_2_R AAACCTGTTCCATTCACCCCGTTCC 
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