
Stem Cell Reports

Article
A human pluripotent stem cell-based model of SARS-CoV-2 infection reveals
an ACE2-independent inflammatory activation of vascular endothelial cells
through TLR4
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SUMMARY
To date, the direct causative mechanism of SARS-CoV-2-induced endotheliitis remains unclear. Here, we report that human ECs barely

express surface ACE2, and ECs express less intracellular ACE2 than non-ECs of the lungs. We ectopically expressed ACE2 in hESC-ECs

to model SARS-CoV-2 infection. ACE2-deficient ECs are resistant to the infection but are more activated than ACE2-expressing ones.

The virus directly induces endothelial activation by increasing monocyte adhesion, NO production, and enhanced phosphorylation

of p38mitogen-associated protein kinase (MAPK), NF-kB, and eNOS in ACE2-expressing and -deficient ECs. ACE2-deficient ECs respond

to SARS-CoV-2 through TLR4 as treatment with its antagonist inhibits p38 MAPK/NF-kB/ interleukin-1b (IL-1b) activation after viral

exposure. Genome-wide, single-cell RNA-seq analyses further confirm activation of the TLR4/MAPK14/RELA/IL-1b axis in circulating

ECs ofmild and severe COVID-19 patients. Circulating ECs could serve as biomarkers for indicating patients with endotheliitis. Together,

our findings support a direct role for SARS-CoV-2 in mediating endothelial inflammation in an ACE2-dependent or -independent

manner.
INTRODUCTION

Although primarily affecting the lungs, the SARS-CoV-2 vi-

rus is thought to cause vascular dysfunction as it has been

well acknowledged that its entry receptor, ACE 2 (ACE2)

(Hoffmann et al., 2020; Monteil et al., 2020), is ubiqui-

tously expressed in the vasculature (Hamming et al.,

2004). Detectable viral load is also found in the heart, liver,

kidneys, and brain, which are highly vascularized organs

(Puelles et al., 2020). Besides, mounting evidence identifies

endotheliitis in rhesus macaques after SARS-CoV-2 infec-

tion (Aid et al., 2020) and in patients with fatal COVID-

19 (Ackermann et al., 2020; Varga et al., 2020). There is

also an unexplained association of the fatal systemic

vascular disease, now termed as multisystem inflammatory

syndrome in children, in pediatric patients with COVID-19

(Belhadjer et al., 2020). Furthermore, the vascular endothe-

lium is responsible for recruitment of immune cells during

inflammation, which are key drivers of cytokine release

syndrome or cytokine storm, widespread intravascular coa-

gulopathy, and complement-induced thromboembolism

that are life-threatening complications leading to acute res-
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piratory distress syndrome, systemic inflammation, and

multi-organ failure in severe cases (for review, see Evans

et al., 2020; Perico et al., 2020). These characteristic hyper-

inflammatory and procoagulatory features further suggest

a critical role of the endothelium in the underlying patho-

genesis of severe COVID-19.

During the systemic inflammatory response, including

cytokine dysregulation possibly in fatal cases of COVID-

19, the endothelium is directly exposed to pro-inflamma-

tory cytokines that initiate the transcriptional programs

to induce expression of chemokines and adhesion mole-

cules, such as VCAM-1, to direct the migration, prolifera-

tion, and activation of immune cells (Chousterman et al.,

2017). During the amplification cascade of inflammation,

endothelial cells (ECs) might also synthesize pro-inflam-

matory cytokines including interleukin-1b (IL-1b) and IL-

6 (Chousterman et al., 2017) that have been reported as

features of cytokine storms in COVID-19 (Chen et al.,

2020; Huang et al., 2020). In fact, our previous work has

also demonstrated that immune cells and pro-inflamma-

tory cytokines can directly cause EC inflammation,

dysfunction, and apoptosis (Leung et al., 2018b; Liang
hor(s).
ecommons.org/licenses/by-nc-nd/4.0/).
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et al., 2020). Therefore, systemic inflammation in the

severe cases as a result of SARS-CoV-2-mediated cytokine

dysregulation could further worsen endothelial barrier

function and increase vascular permeability leading to

sepsis and organ damage. Nevertheless, whether endothe-

liitis and endothelial dysfunction observed in severe

COVID-19 patients are direct consequences of SARS-CoV-

2 infection or secondary to systemic inflammation or

both remain uninvestigated. A better understanding of

the direct effects of SARS-CoV-2 infection on endothelial

biology is, therefore, urgently required.

It is noteworthy that ACE2 has a specialized function in

theendothelium. It is a carboxypeptidase that cleavesangio-

tensin (Ang)-II to Ang (1-7). In the classical renin-angio-

tensin-aldosterone system, the ACE/Ang-II/angiotensin

type 1 receptor signaling has been implicated in vascular

inflammation, vasoconstriction, and hypertension, leading

toorgan injury;whereas theACE2/Ang (1-7)/Mas-1 receptor

signaling protects tissues through vasodilation and anti-in-

flammatory responses (for review, see Zhang et al., 2020a). It

has been previously reported that genetic knockout of ACE2

results in accumulation of Ang-II and cardiac injury (Yama-

moto et al., 2006). In fact, internalization of both the virus

and ACE2 has been observed in COVID-19 patients (South

et al., 2020); whether ACE2 is required for SARS-CoV-2-

mediated endothelial inflammation and dysfunction re-

mains elusive. The molecular mechanisms underlying the

pathogenic effects of SARS-CoV-2 in human ECs remain

largely uninvestigated.

In this study, we re-assess the distribution of the surface

receptor ACE2 in human ECs of both adult and fetal vascu-

larized organs including the heart, lung, liver, umbilical

cord, and placenta derived from the Chinese population,

as well as that of common experimental human EC lines,

such as umbilical vein ECs (HUVEC), lung microvascular

ECs (HMVEC-L), and embryonic stem cell-derived ECs

(hESC-ECs). Importantly, we demonstrate that the major-

ity of human ECs do not express surface ACE2 and are resis-

tant to SARS-CoV-2 infection; however, ectopic expression

of ACE2 in hESC-ECs confers viral entry, replication, and

infectivity. We also show that SARS-CoV-2 is capable of

inducing endothelial inflammation without host cell

entry through activation of the Toll-like receptor (TLR)

4/p38 mitogen-associated protein kinase (MAPK)/NF-kB

signaling pathway. ACE2-independent endothelial activa-

tion is abolished by a TLR4 inhibitor or dexamethasone.
Figure 1. Surface ACE2 is expressed by few human arterial and ca
(A) Flow cytometric analysis showing distribution of ACE2 on CD144+CD
lungs (n = 10), liver (n = 5), umbilical cord (n = 5), and placenta (n = 5
respectively, derived from these adult and fetal organs. (C) Western b
CD31+ than CD31� lung cells (n = 5). Data are presented as mean ± SD
post hoc test. *p < 0.05
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Genome-wide, single-cell RNA sequencing (scRNA-seq) an-

alyses further demonstrate activation of the TLR4/MAK14/

RELA/IL1B signaling axis in circulating ECs collected

from COVID-19 patients with mild or severe symptoms

compared with that of the control cohort. Our results pro-

vide new clinically relevant insights into understanding

the pathogenesis underlying SARS-CoV-2-induced vascular

disease.
RESULTS

Surface ACE2 is expressed by few human arterial and

capillary ECs

We first re-assessed whether all human ECs express ACE2

on cell surface by collecting human adult and fetal ar-

teries and vascularized tissues (Table S1), respectively,

for flow cytometric analyses at a single-cell resolution.

The aorta, lung, and liver tissues were derived from adult

patients, whereas the fetal umbilical cord and placenta

were collected from pregnant women after delivery.

We analyzed ACE2 expression in two distinct subsets

of human ECs, including CD144+CD31+ cells that

were observed in all except the liver samples, and

CD144�CD31+ cells that were found in all samples (Fig-

ure 1A). Our results showed that the majority of

CD144+CD31+ and CD144�CD31+ cells did not express

surface ACE2. Further quantification revealed that ACE2

was only expressed by 0.53% ± 0.41%, 0.07% ± 0.05%,

2.70% ± 2.17%, 0.34% ± 0.32%, and 1.00% ± 0.61% of

total CD31+ cells, including all EC subsets of the aorta

(n = 5), lung (n = 10), liver (n = 5), umbilical cord

(n = 5), and placenta (n = 5), respectively (Figure 1B).

To further verify whether ACE2 is expressed in human

lung ECs, we performed western blotting using an anti-

ACE2 antibody of the same clone as the one used for

flow cytometry. Antibody specificity was confirmed by

western blotting targeting a recombinant human ACE2

protein (Figure S1). Our results showed that ACE2 expres-

sion was detected in human CD31+ lung ECs, albeit at a

significantly lower level than that of CD31� cells of the

lungs (Figure 1C). Altogether, our findings suggest that

human ECs of large arteries and capillaries of adult and

fetal tissues rarely express surface ACE2, respectively,

but intracellular ACE2 expression was detected in human

lung ECs.
pillary ECs
31+ and CD144�CD31+ EC subsets derived from human aorta (n = 5),
). (B) Quantification of (A) showing %ACE2+ cells in total CD31+ ECs,
lotting analyses showing significantly reduced ACE2 expression in
. Differences were determined by one-way ANOVA and Tukey’s HSD



Figure 2. ACE2 expression is required for SARS-CoV-2 infection in human ECs
(A) Flow cytometry, (B) western blotting, and (C) qRT-PCR analyses respectively, showing a lack of cell surface and cellular expression of
ACE2 in HUVEC, HMVEC-L, hESC-ECs, or hESCs compared with that of hESC-ECs after lentiviral vector-mediated ACE2 expression (ACE2 OE).
(D) qRT-PCR analysis showing the lack of nucleocapsid (N) gene expression at 24, 48, and 72 h after inoculation with SARS-CoV-2 in

(legend continued on next page)
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ACE2 expression is required for SARS-CoV-2 infection

in human ECs

To model SARS-CoV-2 infection in human ECs in vitro, we

examined the expression levels of ACE2 in common exper-

imental cell lines.Weusednon-ECs such ashESCs as a nega-

tive control, and ACE2-expressing hESC-ECs (hESC-ECs,

ACE2 OE) after lentiviral vector-mediated overexpression

as a positive control. Compared with the controls, flow cy-

tometry (Figure 2A), western blotting (Figure 2B), and qRT-

PCR (Figure 2C), respectively, showed that HUVEC,

HMVEC-L, and hESC-ECs did not naturally express surface

or intracellular ACE2. With reference to the previous work

in which hESC-derived blood vessels were used for ACE2-

targeted drug screening without ectopic ACE2 expression

(Monteil et al., 2020), our results highlighted the caution

in experimental design and data interpretation as hESC-

ECs derived from our protocol did not express ACE2.

Given that all human EC cell lines under investigation

did not express ACE2, we asked whether SARS-CoV-2 is

able to infect them. If infection is possible, ACE2 may

not be the only entry receptor for SARS-CoV-2 in human

ECs. We respectively inoculated HUVEC, HMVEC-L,

hESC-ECs, ACE2-expressing hESC-ECs, and hESCs with

SARS-CoV-2 at a multiplicity of infection (MOI) of 0.1 for

1 h followed by refreshment with culture medium. The

cells were allowed to grow and the culture supernatants

were collected at 24, 48, and 72 h after inoculation for viral

quantification by qRT-PCR and bymedian tissue culture in-

fectious dose assay, respectively. qRT-PCR data showed that

viral RNA transcription of nucleocapsid (N) gene of SARS-

CoV-2 was detected in ACE2-expressing hESC-ECs but

not in ACE2-deficient ones after viral exposure (Figure 2D).

Moreover, increased viral titers were detected in culture su-

pernatants of ACE2-expressing but not ACE2-deficient

hESC-ECs (Figure 2E). Taken together, our data revealed

that ACE2 was required to confer replication and infec-

tivity of SARS-CoV-2 in human ECs. Ectopic expression of

ACE2 in hESC-ECs was, therefore, employed to model

SARS-CoV-2-mediated endothelial dysfunction for more

in-depth mechanistic studies below.

SARS-CoV-2 can directly activate human ECs without

pro-inflammatory stimulus

Next, we determined whether inflammation regulates

ACE2 expression in hESC-ECs by western blotting. Treat-

ment with pro-inflammatory cytokines including IL-1b,

IL-6, tumor necrosis factor alpha (TNF-a), or interferon

gamma (IFN-g) for 48 h did not induce ACE2 expression
ACE2-deficient HUVEC, HMVEC-L, hESC-ECs, or hESCs compared with t
dose (TCID50) analysis showing a time-dependent increase in the infec
(C–E) Data are presented as mean ± SD, n = 5 in (C) and n = 3 in (D and
post hoc test, **p < 0.01.
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in ACE2-deficient ECs (Figure 3A). On the other hand,

treatment with IL-1b and TNF-a for 48 h significantly

increased, whereas IFN-g significantly reduced, endothelial

ACE2 expression in ACE2-expressing ECs (Figures 3B and

3C). Moreover, SARS-CoV-2 did not induce ACE2 expres-

sion in ACE2-deficient ECs; nor did it promote its expres-

sion in ACE2-expressing ECs compared with the mock

infection controls at 48 and 72 h after inoculation, respec-

tively (Figures 3D and 3E). To examine whether the virus

induces apoptosis of hESC-ECs during our study period,

we performed immunostaining for the apoptotic marker

cleaved caspase-3 (cCASP3, Figure S2) at 48 and 72 h after

viral inoculation. Our data revealed that SARS-CoV-2 did

not promote apoptosis of ACE2-deficient and -expressing

ECs at 48 h (Figure 3F) or 72 h (Figure 3G) after inoculation,

the duration of this study.

Endothelial dysfunction is commonly characterized by

increased permeability as a result of the loss of integrity

and/or increased immune cell adhesion, including circu-

lating monocytes through induction of adhesion mole-

cules and cytokines. We asked whether SARS-CoV-2 can

directly induce endothelial dysfunction at 72 h after inoc-

ulation as more significant viral replication and infection

was observed at this time point (Figures 2C and 2D). We

used FITC-labeled 70-kDa dextran to examine EC junc-

tional alterations in transwell assays. At 72 h after viral

inoculation, hESC-ECs at the upper chambers were supple-

mented with FITC-dextran for 30 min and the aggregated

FITC at the lower compartment was measured thereafter.

Surprisingly, significantly reduced levels of aggregated

FITC indicated reduced apical to basolateral extravasation

in ACE2-expressing ECs after viral inoculation compared

with mock-infected cells (Figure 3H), suggesting that

SARS-CoV-2 did not impair endothelial barrier integrity af-

ter cell entry. On the other hand, increased numbers of hu-

man monocyte THP-1 adhered to ACE2-deficient ECs that

were even more significant to ACE2-expressing ones after

viral inoculation comparedwith their respectivemock con-

trols (Figures 3I and 3J). Furthermore, we performed qRT-

PCR to examine the gene expression levels of pro-inflam-

matory cytokines in hESC-ECs after viral inoculation.

Significantly elevated levels of IL1B (Figure 3K) were de-

tected in both ACE2-deficient and -expressing ECs, respec-

tively, at 48 h after viral inoculation compared with their

respective mock infection controls. Altogether, our data re-

vealed that SARS-CoV-2 directly induced endothelial acti-

vation and monocyte adhesion in a microenvironment

without pre-existing inflammation.
hat of hESC-ECs with ACE2 OE. (E) Median tissue culture infectious
tivity of SARS-CoV-2 in ACE2-expressing but not -deficient hESC-ECs.
E), differences were determined by one-way ANOVA and Tukey’s HSD



Figure 3. SARS-CoV-2 can directly activate human ECs without pro-inflammatory stimulus
Western blotting analysis showing (A) a lack of pro-inflammatory cytokine-mediated ACE2 expression in hESC-ECs; or (B) pro-inflammatory
cytokine-mediated ACE2 expression in hESC-ECs after ectopic expression of ACE2 at 48 h after treatments. (C) Quantification of (B)

(legend continued on next page)
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SARS-CoV-2 activates human ECs through p38 MAPK/

NF-kB with or without ACE2

In fact, we did not expect to find upregulated IL1B expres-

sion in ACE2-deficient ECs after viral inoculation given

that they were resistant to SARS-CoV-2 infection. To better

understand the underlying molecular mechanisms by

which SARS-CoV-2 mediated human endothelial activa-

tion and inflammation after viral exposure, we performed

western blotting to determine the expression and phos-

phorylation levels of p38 MAPK, nuclear factor kB (NF-

kB) p65, IL-1b, and endothelial nitric oxide synthase

(eNOS), which are associated with endothelial inflamma-

tion and function at 72 h after viral exposure in both

ACE2-deficient and -expressing hESC-ECs compared with

their respective mock infection controls (Figure 4A).

Expression levels of p38 MAPK were significantly upregu-

lated in ACE2-deficient ECs (Figure 4B); its phosphoryla-

tion levels at Thr180/Tyr182 were also significantly

elevated in both types of ECs (Figure 4C); and phosphory-

lated/total p38 MAPK protein levels were significantly

increased in both types of ECs after viral exposure (Fig-

ure 4D). In addition, expression levels of NF-kB p65 were

not significantly different after viral exposure compared

with mock controls in both types of ECs (Figure 4E); but

its phosphorylation levels at Ser536 (Figure 4F) and,

thereby, phosphorylated/total protein levels (Figure 4G),

were significantly increased after viral exposure in both

types of ECs. Moreover, expression levels of IL-1b were

also significantly upregulated in ACE2-deficient ECs after

viral exposure (Figure 4H). Furthermore, expression levels

of eNOS were significantly increased in ACE2-deficient

ECs (Figure 4I); its phosphorylation levels at Ser632 were

significantly upregulated in both types of ECs (Figure 4J);

and phosphorylated/total protein levels were significantly

elevated in ACE2-expressing ECs after viral exposure

(Figure 4K).

More intriguingly, our data also revealed that endothelial

ACE2 appeared to mitigate SARS-CoV-2-mediated p38

MAPK/NF-kB activation in human ECs as demonstrated
showing significantly increased ACE2 expression in IL-1b or TNF-a; bu
hESC-ECs. The relative protein expression level of each sample was co
blotting analysis showing SARS-CoV-2-mediated ACE2 expression in A
ulation, respectively. (E) Quantification of (D) showing that SARS-CoV
did it promote its expression in ACE2-expressing hESC-ECs compared
nostaining for cleaved caspase-3 (cCASP3) showing a lack of SARS-CoV
at (F) 48 h and (G) 72 h after inoculation, respectively. (H) FITC-labele
CoV-2-mediated endothelial extravasation in ACE2-deficient and -ex
adhesion assays showing significantly increased numbers of adhered
pressing hESC-ECs compared with the mock infection controls at 72
200 mm. (K) qRT-PCR assays showing significantly increased gene expr
compared with their respective controls at 48 h after inoculation. (C, E
determined by one- or two-way (if more than one factor) ANOVA and
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by significantly reduced expression (Figures 4B and 4E)

and phosphorylation (Figures 4C and 4F) of p38 MAPK

and NF-kB, respectively, after viral exposure in ACE2-ex-

pressing than that of ACE2-deficient ECs. Likewise, expres-

sion levels of IL-1b (Figure 4H) and eNOS (Figure 4I) were

also significantly reduced in ACE2-expressing than -defi-

cient ECs after viral exposure. Therefore, our findings

revealed that SARS-CoV-2 directly activated the pro-inflam-

matory signaling pathways in bothACE2-deficient and -ex-

pressing human ECs through p38 MAPK, NF-kB p65, and

eNOS activation, as well as increased IL-1b production.

Nonetheless, total protein expression levels of p38 MAPK,

NF-kB p65, IL-1b, and eNOS were not significantly elevated

in human ECs with ACE2 after SARS-CoV-2 infection, sug-

gesting its potential protective role against SARS-CoV-2

infection.

To functionally validate whether the observed molecular

activation of the p38 MAPK/NF-kB pathway would lead to

inflammation of hESC-ECs, we performedmonocyte adhe-

sion and NO production assays at 72 h after viral exposure.

Although the majority of human ECs did not express

ACE2, we speculated that they were still able to recognize

SARS-CoV-2 directly through other cell surface receptors

even without cell entry. Indeed, IL-1b is a downstream

effector of TLR4 signaling in ECs (Dayang et al., 2019;

Zeuke et al., 2002). As a member of the innate immune sys-

tem, ECs also express pattern-recognition receptors, path-

ogen-associated molecular patterns, including TLR4.

Therefore, we also treated hESC-ECs with a TLR4 inhibitor

CLI095 or dexamethasone that has been reported to block

TLR4-mediated endothelial inflammation (Goodwin et al.,

2013), and examined if the virus-induced endothelial acti-

vation was mediated through TLR4. Our data revealed that

the virus moderately increased the numbers of human

monocytes THP-1 adhered to hESC-ECs that were signifi-

cantly reduced after treatment with CLI095 or dexametha-

sone (Figures 4L and 4M). Nevertheless, increased NO

production was not noticed in hESC-ECs after viral expo-

sure compared with mock infection controls but that was
t significantly reduced expression in IFN-g-treated ACE2-expressing
mpared with its mock infection control with a value 1. (D) Western
CE2-deficient and -expressing hESC-ECs at 48 and 72 h after inoc-
-2 did not induce ACE2 expression in ACE2-deficient hESC-ECs; nor
with the mock infection controls, respectively. (F and G) Immu-
-2-mediated apoptosis of ACE2-deficient and -expressing hESC-ECs
d 70 kDa dextran-based permeability assays showing a lack of SARS-
pressing hESC-ECs at 72 h after inoculation. (I and J) Monocyte
fluorescence-labeled human monocytes, THP-1 (red), to ACE2-ex-
h after inoculation. DAPI (blue) indicates cell nuclei. Scale bar,
ession levels of (K) IL1b in ACE2-deficient and -expressing hESC-ECs
–H, J, K) Data are presented as mean ± SD, n = 6–8, differences were
Tukey’s HSD post hoc test, *p < 0.05, **p < 0.01, ***p < 0.001.



(legend on next page)

Stem Cell Reports j Vol. 17 j 538–555 j March 8, 2022 545



significantly reduced after treatment with CLI095 (Fig-

ure 4N), indicating that TLR4 regulated NO production in

hESC-ECs. Taken together, SARS-CoV-2 activated hESC-

ECs through p38MAPK/NF-kBwith or without ACE2; how-

ever, its effects on monocyte adhesion and NO production

were not significantly demonstrated in hESC-ECs.
ACE2-deficient human ECs can recognize and be

activated by SARS-CoV-2 through TLR4

Since hESC derivatives have been generally acknowledged

as less mature than their human counterparts, we, there-

fore, employed HUVEC as an additional cell model to

examine whether SARS-CoV-2 could induce inflammatory

activation of human ECs without ACE2. We performed

western blotting to compare the degree of TLR4 pathway

activation in ACE2-deficient hESC-ECs and HUVEC

at 72 h after viral exposure (Figure 5A). The levels of

p38 MAPK expression (Figure 5B), phosphorylation at

Thr180/Tyr182 (Figure 5C), and phosphorylated/total pro-

tein levels (Figure 5D); NF-kB p65 expression (Figure 5E),

phosphorylation at Ser536 (Figure 5F), and phosphory-

lated/total protein levels (Figure 5G); IL-1b expression

(Figure 5H); as well as eNOS expression (Figure 5I),

phosphorylation at Ser632 (Figure 5J), and phosphory-

lated/total protein levels (Figure 5K) appeared to be more

significantly elevated in hESC-ECs and HUVEC after viral

exposure compared with their respective mock infection

controls. Importantly, expression levels and activities of

p38 MAPK/NF-kB/eNOS were more significantly elevated

in HUVEC than that of hESC-ECs after viral exposure.

Furthermore, CLI095 or dexamethasone significantly

reduced SARS-CoV-2-mediated expression/activation

levels of p38 MAPK (Figures 5B–5D), NF-kB p65 (Figures

5E–5G), and IL-1b (Figure 5H), suggesting that the virus

directly induced endothelial inflammation via the TLR4/

p38 MAPK/NF-kB signaling axis. Nevertheless, neither

CLI095 nor dexamethasone mitigated the virus-induced

eNOS activation in HUVEC (Figures 5I–5K).
Figure 4. SARS-CoV-2 activates human ECs through p38 MAPK/NF
(A) Western blotting analysis at 72 h after viral exposure showing that
both ACE2-deficient and -expressing hESC-ECs, respectively, compare
activation of p38 MAPK and NF-kB pathways were significantly attenua
at Thr180/Tyr182, (D) p-p38 MAPK/MAPK, (E) NF-kB, (F) p-NF-kB a
Ser632, and (K) p-eNOS/eNOS. Data are presented as mean ± SD, n = 6
controls (value = 1) of each time point, differences were determined
0.01, ***p < 0.001. (L and M) Monocyte adhesion assays showing incre
ECs at 72 h after inoculation compared with mock infection controls
(blue) indicates cell nuclei. Scale bar, 200 mm. Data are presented as m
Tukey’s HSD post hoc test, *p < 0.05, **p < 0.01. (N) NO production as
treated with virus and CLI095 compared with the virus alone group or m
the relative probe intensities were compared with that of the mock inf
ANOVA and Tukey’s HSD post hoc test, *p < 0.05.
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Next, we examined whether the observedmolecular acti-

vation of TLR4/p38 MAPK/NF-kB would lead to inflamma-

tion of HUVEC through monocyte adhesion and NO

production assays at 72 h after viral exposure. In contrast

to hESC-ECs (Figure 4L–N), SARS-CoV-2 directly and signif-

icantly increased the numbers of adhered THP-1 (Figures 5L

and 5M) as well as NO production (Figure 5N) in HUVEC

after viral inoculation compared with mock infection con-

trols. More importantly, the virus-inducedmonocyte adhe-

sionwas aborted byCLI095 or dexamethasone (Figure 5M);

and the virus-mediated NOproduction was also blocked by

CLI095 (Figure 5N). Taken together, SARS-CoV-2 directly

promoted inflammatory activation, monocyte adhesion,

and NO production of HUVEC through TLR4 activation.
Genome-wide transcriptomic profiling reveals

activation of the TLR4/p38 MAPK/NF-kB/IL1B axis in

circulating ECs of COVID-19 patients

To date, circulating ECs are rare cells released from blood

vessels during vascular damage, remodeling, or dysfunc-

tion, which have been regarded as non-invasive bio-

markers of cardiovascular disease (Smadja et al., 2009).

Essentially, they have also been demonstrated as bio-

markers of endothelial injury in severe COVID-19 patients

(Guervilly et al., 2020). To validatewhether our in vitrofind-

ings are recapitulated in vivo after SARS-CoV-2 exposure to

human ECs, we analyzed a droplet-based scRNA-seq data-

set of 139,848 peripheral bloodmononuclear cells (PBMCs)

derived from a sex- and age-matched cohort containing 50

samples of 8mild, 9 severe COVID-19 patients, and 14 sam-

ples of 13 controls (Schulte-Schrepping et al., 2020).

We further analyzed the data using a total of 2,236

CD31+CD45� circulating ECswithin the PBMCpopulation

after filtering. Expression analysis of TLR4 projected

on Uniform Manifold Approximation and Projection

(UMAP) (Figure 6A) and dot plots (Figure 6B) demonstrated

increased numbers of TLR4-expressing circulating ECs in

mild and severe COVID-19 patients compared with the
-kB with and without ACE2
p38 MAPK, NF-kB, and eNOS pathways were significantly elevated in
d with their respective mock infection controls; but the degrees of
ted by endothelial ACE2 expression. (B) p38 MAPK, (C) p-p38 MAPK
t Ser536, (G) p-NF-kB/NF-kB, (H) IL-1b, (I) eNOS, (J) p-eNOS at
, the relative protein levels were compared with the mock infection
by one-way ANOVA and Tukey’s HSD post hoc test, *p < 0.05, **p <
ased numbers of adhered fluorescence-labeled THP-1 (red) to hESC-
that were significantly reduced by CLI095 or dexamethasone. DAPI
ean ± SD, n = 8, differences were determined by one-way ANOVA and
says showing significantly reduced NO probes detected in hESC-ECs
ock infection control group. Data are presented as mean ± SD, n = 4,
ection controls (value = 1), differences were determined by one-way
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controls. Importantly, the majority of circulating ECs of

COVID-19 patients or controls demonstrated no or low

expression levels of ACE2 (Figure 6B), further supporting

our data in Figure 1. Moreover, increased numbers of circu-

lating ECs with increased expressing levels of genes down-

stream of TLR4, including MYD88; MAPK11, MAPK12,

MAPK13, and MAPK14 encoding p38 MAPK; NF-kB1,

NFkB2, REL, RELA, and RELB encoding NF-kB; and IL1B

were observed in both mild and severe COVID-19 patients

compared with controls (Figure 6B). Of note, genes encod-

ing IFN-a and IFN-bwere not detected in circulating ECs of

all groups (data not shown), and expression levels of IL-6,

IL-10, TNF-a, and IFN-g were not significantly increased

in COVID-19 patients compared with the controls (Fig-

ure 6B), suggesting that endothelial expression of these cy-

tokines might not be specific to COVID-19 pathogenesis.

Furthermore, increased expression levels of MYD88 (Fig-

ure 6C),MAPK14 (Figure 6D), and RELA (Figure 6E) encod-

ing NF-kB p65, and IL1B (Figure 6F), were found in circu-

lating ECs of mild and severe COVID-19 patients

compared with that of the controls, supporting inflamma-

tory activation of the TLR4/p38 MAPK/NF-kB/IL1B

signaling axis after endothelial exposure to SARS-CoV-2.

To delineate the heterogeneity of circulating ECs during

COVID-19 progression, we further performed unsuper-

vised analyses that did not rely on known subset markers

as described previously (Leung et al., 2018a; Li et al.,

2019, 2020a, 2020b; Liang et al., 2020). UMAP and high-

resolution cell-type classification further identified 17

distinct clusters of circulating ECs of COVID-19 patients

and controls (Figure 6G, C1–C17). We then extracted the

information regarding significantly and differentially ex-

pressed genes of each cluster by comparing gene expression

levels of the cluster with that of the rest of clusters, and per-

formed gene ontology (GO) functional annotations as

demonstrated by both upregulated (Table S2) and downre-

gulated (Table S3) pathway analyses (Figure S3). Circular

GOplot showed some functional association with these
Figure 5. Human ECs can recognize and be activated by SARS-CoV
(A–K) (A) Western blotting analysis at 72 h after viral exposure show
increased in ACE2-deficient hESC-ECs and HUVEC compared with their
NF-kB pathways were aborted by TLR blockade through CLI095 or dex
Tyr182, (D) p-p38 MAPK/MAPK, (E) NF-kB, (F) p-NF-kB at Ser536, (G)
p-eNOS/eNOS. (B–K) Data are presented as mean ± SD, n = 3–6, the
controls (value = 1), differences were determined by two-way ANOVA a
the same cell type; or #p < 0.05, ##p < 0.01, ###p < 0.001 compared w
Monocyte adhesion assays showing significantly increased numbers o
inoculation compared with mock infection controls that were significa
nuclei. Scale bar, 200 mm. Data are presented as mean ± SD, n = 8, dif
hoc test, *p< 0.05. (N) NO production assays showing significantly
compared with mock infection controls that were significantly aborte
probe intensities were compared with that of mock infection control
Tukey’s HSD post hoc test, *p < 0.05.
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clusters (Figure 6H). In particular, circulating ECs of mild

COVID patients were distinguished by enrichment of C3,

C7, and C9; of which, C3 was distinguished by increased

lipopolysaccharide (LPS)-mediated signaling pathway (Ta-

ble S2, GO:0031663) and reduced viral transcription

(Table S3, GO:0019083); C7 was characterized by positive

regulation of IkB kinase/NF-kB signaling (Table S2,

GO:0043123) and reduced platelet degranulation (Table

S3, GO:0002576); and C9 was described by increased nega-

tive regulation of transcription from RNA polymerase II

promoter (Table S2, GO:0000122), enhanced response to

LPS (Table S2, GO:0032496) and reduced viral transcription

(Table S3, GO:0019083). Moreover, circulating ECs of se-

vere patients were distinguished by enrichment of C1,

C2, and C16; of which, C1 was marked by positive regula-

tion of NO biosynthesis (Table S2, GO:0045429), increased

cellular response to LPS (Table S2, GO:0071222) and

reduced viral transcription (Table S3, GO:0019083); C2

was characterized by increased type-I IFN signaling

pathway Table S2, GO:0060337) and reduced viral

transcription (Table S3, GO:0019083); and C16 was

described by increased platelet degranulation (Table S2,

GO:0002576), aggregation (Table S2, GO:0070527), and

activation (Table S2, GO:0030168). Furthermore, circu-

lating ECs of control individuals were characterized by

enrichment of C5 (Figure 6G) with increased immune

response (Table S2, GO:0006955) and reduced viral tran-

scription (Table S3, GO:0019083). Therefore, circulating

ECs of mild and severe COVID-19 patients also demon-

strated increased LPS-mediated signaling that is operated

via the TLR4/NF-kB signaling axis.

Taken together, our genome-wide transcriptomic ana-

lyses further supported our in vitro findings that the

TLR4/p38 MAPK/NF-kB/IL1B signaling axis was activated

in human ECs after exposure to SARS-CoV-2.Moreover, hu-

man ECs could be the major contributors of IL1B during

COVID-19 progression. Circulating ECs could also serve

as biomarkers for indicating severe COVID-19 patients
-2 through TLR4
ing that p38 MAPK, NF-kB, and eNOS pathways were significantly
respective mock infection controls; and activation of p38 MAPK and
amethasone in HUVEC. (B) p38 MAPK, (C) p-p38 MAPK at Thr180/
p-NF-kB/NF-kB, (H) IL-1b, (I) eNOS, (J) p-eNOS at Ser632, and (K)
relative protein levels were compared with hESC-EC mock infection
nd Tukey’s HSD post hoc test, *p < 0.05, **p < 0.01 compared within
ith the same treatment conditions of another cell type. (L and M)
f adhered fluorescence-labeled THP-1 (red) to HUVEC at 72 h after
ntly blocked by CLI095 or dexamethasone. DAPI (blue) indicates cell
ferences were determined by one-way ANOVA and Tukey’s HSD post
increased NO probes detected in HUVEC at 72 h after inoculation
d by CLI095. Data are presented as mean ± SD, n = 4, the relative
s (value = 1), differences were determined by one-way ANOVA and
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who demonstrated increased endothelial expression of

genes related to NO biosynthesis, platelet degranulation,

aggregation, and activation.
DISCUSSION

In the field of cardiovascular studies, COVID-19 has been re-

garded as an endothelial disorder (Libby andLuscher, 2020).

SARS-CoV-2 was detected in both adult (Varga et al., 2020)

and pediatric (Colmenero et al., 2020) endothelial tissues.

It has been widely acknowledged that ACE2 is ubiquitously

expressed in the vasculature, including small and large ar-

teries and veins of all human organs studied (Hamming

et al., 2004). A recent study has also demonstrated that ECs

derived from human pluripotent stem cells (hPSCs) express

ACE2 (Yang et al., 2020). However, another report showed

the lack of ACE2 expression and replicative infection by

SARS-CoV-2 in human ECs through analyzing the RNA-seq

experiments on ENCODE datasets (McCracken et al.,

2021).Moreover, it has been documented that the endothe-

lium of human lungs was not infected by SARS-CoV-2 in

ex vivo cultures (Hui et al., 2020).These controversiesprompt

us to re-assessACE2expression inhumanadult and fetal ECs

lining large vessels, such as the aorta and umbilical cord, as

well as capillaries in various vascularized organs, including

the lungs, liver, and placenta. Our studies demonstrated

that the majority of adult and fetal human ECs rarely ex-

pressed ACE2 on cell surfaces, although intracellular ACE2

was detected in primary lung ECs. Experimental EC lines,

including hESC-ECs, also did not express ACE2, as demon-

strated by flow cytometry, western blotting, and qRT-PCR.

Our results highlighted the need of ectopic expression of

ACE2 in hPSC-derived ECs for modeling SARS-CoV-2-medi-

ated endothelial dysfunction. Given that endothelial ACE2

was barely expressed on the cell surface, at least at the phys-

iological state, how SARS-CoV-2 infects the endothelium re-

mains to be investigated. Nevertheless, ECs also express

other cell surface receptors including neuropilin-1, scav-

enger receptor B type 1 (SR-B1), and CD147, which have

been reported to assist SARS-CoV-2 cell entry (for review,

seeMa et al., 2021). Therefore, we askedwhether ACE2-defi-
Figure 6. Single-cell transcriptomic profiling reveals inflammator
circulating ECs of COVID-19 patients
(A) Visualization of scaled expression of TLR4 in CD31+CD45� circulatin
mild, 9 severe COVID-19 patients, and 13 controls recruited in the sam
Dot plot representation of scaled expression of ACE2, marker genes of T
circulating ECs of all samples. (C–F) Violin plots showing expression of
all samples. (G) UMAP visualization of 17 clusters of circulating ECs id
clusters. (H) Circular gene ontology (GO) plot representing a selec
associated to genes detected as significantly upregulated (p < 0.05)
differences were determined by Seurat’s implementation of the Wilco
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cient ECs can still be infected by SARS-CoV-2. We demon-

strated that ACE2 expression was indispensable for SARS-

CoV-2 entry, replication, and infectivity in human ECs as

ACE2-deficient ECs were not infected by the virus.

Since the majority of human ECs did not have surface

ACE2 expression, we then investigated whether endothe-

liitis observed in COVID-19 patients is a direct conse-

quence of SARS-CoV-2 infection. Essentially, activation of

the vascular endothelium and disruption of endothelial

barrier function contribute to production of pro-inflamma-

tory factors and vascular leakage, respectively, which are

early hallmarks of vascular disease and thrombosis in

SARS-CoV-2-infected rhesus macaques (Aid et al., 2020).

We showed that SARS-CoV-2 did not induce apoptosis or

impair vascular integrity directly, but promoted endothe-

lial activation as demonstrated by significantly increased

monocyte adhesion to human ECs accompanied by signif-

icantly enhanced expression and phosphorylation of p38

MAPK and NF-kB, as well as elevated production of the

COVID-19 cytokine IL-1b. Moreover, in contrast to the cur-

rent beliefs (Nagele et al., 2020), SARS-CoV-2 did not impair

but directly promoted eNOS activity and NO production in

human ECs. In fact, it has been demonstrated that eNOS

was activated in inflamed ECs (Lowry et al., 2013). In addi-

tion to blood vessels, NO also acts on other cells, such as

monocytes and macrophages, as exogenous NO can be

pro-inflammatory by inducing NF-kB activation and IL-6

production in macrophages (Connelly et al., 2001).

Interestingly, features of endothelial inflammation were

observed in both ACE2-expressing and -deficient ECs after

exposure to SARS-CoV-2. We, therefore, asked whether the

virus can activate human ECs through TLR4 without host

cell entry. In addition to their role in the circulatory system,

ECs are also innate immune cells that elicit antiviral immu-

nity after recognizingRNAviruses throughTLRs. Among the

known TLRs, TLR4 is expressed on the cell surface and is

involved in immune response against other RNA viruses,

suchas influenza (Shirey et al., 2013).Ourfindings indicated

that the expression/activation levels of p38 MAPK/NF-kB/

IL-1b were significantly enhanced in ACE2-deficient

human ECs in addition to ACE2-expressing ones after viral

exposure. Treatment with a TLR4 inhibitor, CLI095, or
y activation of the TLR4/p38 MAPK/NF-kB/IL1B axis in human

g ECs (2,236 out of 139,848 PBMCs) using UMAP; 50 samples from 8
e cohort of a previous study (Schulte-Schrepping et al., 2020). (B)
LR4/p38 MAPK/NF-kB and pro-inflammatory cytokines expressed in
(C) MYD88, (D) MAPK14, (E) RELA, and (F) IL1B in circulating ECs of
entified in all samples, cells are colored according to the identified
tion of one to three pathways of each cluster determined by GO
comparing expression levels of that gene with the rest of clusters,
xon rank-sum test.



Figure 7. A figure summarizing the
mechanisms by which SARS-CoV-2 acti-
vates the human endothelium
SARS-CoV-2 can enter human ECs via ACE2,
and can also be recognized by human ECs
through TLR4 without cell entry. Thereafter,
SARS-CoV-2 directly activates endothelial
inflammation through p38 MAPK/NF-kB
activation to promote production of the
COVID-19 cytokine IL-1b. Pharmacological
treatment with a specific TLR4 inhibitor
CLI095 or dexamethasone aborts SARS-CoV-
2-mediated inflammatory activation and
dysfunction of human ECs.
dexamethasone, aborted the virus-inducedmonocyte adhe-

sion andNOproduction inHUVECaccompanied by attenu-

ated activation of p38 MAPK and NF-kB, and reduced IL-1b

production. Interestingly, dexamethasone has been demon-

strated to lower the 28-daymortality among patients hospi-

talizedwithCOVID-19 receiving respiratory support (Group

et al., 2021), providing clinical benefit that could be ex-

plained by our data, as dexamethasone also blocked TLR4/

p38 MAPK/NF-kB activation in the endothelium. Alto-

gether, our findings suggest that human ECs were not pro-

tected from SARS-CoV-2-mediated activation by being

ACE2-deficient as they still recognized and responded to

the virus through TLR4 activation. TLR4 blockade via spe-

cific inhibitors, such as CLI095, could alsominimize side ef-

fects from general immunosuppression as a result of dexa-

methasone treatment.

We also examined whether endothelial ACE2 expression

is regulated by cytokines, and investigated its potential

role in SARS-CoV-2-mediated endothelial pathologies.

Pro-inflammatory cytokines, including IL-1b, IL-6, TNF-

a, or IFN-g did not induce ACE2 expression in ACE2-defi-

cient hESC-ECs; however, IL-1b and TNF-a significantly

upregulated its protein levels in ACE2-expressing hESC-

ECs. Since these cytokines are downstream effectors of

TLR4, there could also be a crosstalk between the ACE2

and TLR4 signaling pathways in ACE2-expressing ECs.

Nevertheless, the virus did not alter the expression levels
of ACE2 in ACE2-expressing hESC-ECs. Moreover, ectopic

or upregulated expression of endothelial ACE2 did not

further aggravate endothelial dysfunction as there was

no significant increase in the degree of vascular perme-

ability, monocyte adhesion, expression levels of p38

MAPK, NF-kB, IL-1b, and eNOS in ACE2-expressing and

-deficient hESC-ECs compared with their respective

mock infection controls after viral exposure. These data

might suggest that endothelial ACE2 could protect human

ECs from TLR4-mediated inflammatory responses. Indeed,

clinical evidence shows that the use of angiotensin-con-

verting enzyme inhibitors or Ang-II receptor blockers

that potentially increase ACE2 expression in COVID-19

patients with hypertension is associated with reduced

risk of all-cause mortality compared with nonusers (Zhang

et al., 2020b), further supporting our findings that ACE2

could be protective against SARS-CoV-2 infection at least

in human ECs.

One limitation of this study is the lack of animal experi-

mentations. Nevertheless, no mouse model recapitulates

all aspects of COVID-19 in humans, especially the unusual

features including vascular disease and hyperinflammatory

syndromes observed in adults and children (Munoz-Fon-

tela et al., 2020). In this study, we also provided in vivo

data by analyzing genome-wide, scRNA-seq data of

CD31+CD45� circulating ECs from a sex- and age-matched

cohort containing 50 samples of 8mild, 9 severe COVID-19
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patients, and 13 controls using PBMC data collected from a

previous study. We demonstrated increased numbers of

TLR4-expressing cells as well as increased TLR4 expression

levels in circulating ECs of mild and severe COVID-19 pa-

tients compared with that of the controls. Moreover, the

expression levels of its downstream targets, such as

MYD88, MAPK14, and RELA encoding NF-kB p65, and

IL1B, were also increased in circulating ECs of mild and se-

vere COVID-19 patients compared with controls, support-

ing the inflammatory activation of the TLR4/p38 MAPK/

NF-kB/IL1B signaling axis after endothelial exposure to

SARS-CoV-2. UMAP and high-resolution cell-type classifi-

cation further demonstrated the heterogeneity of circu-

lating ECs during COVID-19 progression, and identified

17 distinct clusters in these patients. Circulating ECs of

mild patients were distinguished by enrichment of C3,

C7, and C9; severe patients were marked by C1, C2, and

C16; whereas the controls were characterized by C5. Of

which, C3, C7, and C1 demonstrated upregulated re-

sponses to the TLR4 ligand, LPS, and increased IkB ki-

nase/NF-kB signaling. Furthermore, our analyses might

also provide some features of circulating ECs of severe pa-

tients, such as increased gene expression related to NO

biosynthesis, platelet aggregation, and activation, poten-

tially increasing the risks of thrombosis, suggesting that

circulating ECs could serve as biomarkers for indicating se-

vere COVID-19 patients.

Taken together, our findings suggest that most human

ECs could be resistant to SARS-CoV-2 infection by virtue

of the lack of surface ACE2 expression. However, they

were still susceptible to SARS-CoV-2-mediated inflamma-

tory activation and dysfunction through endothelial

TLR4 recognition. Therefore, in addition to ACE2, which

was rarely expressed on the human EC surface, targeting

endothelial TLR4 signaling could be necessary to combat

SARS-CoV-2-induced endothelial inflammation and

dysfunction (Figure 7).
EXPERIMENTAL PROCEDURES

For details of this section, please also refer to the supplemental

experimental procedures.
Human patients
Studies were approved by the Chinese University of Hong Kong

(CUHK)-Hospital Authority (NTEC) Joint Clinical Research Ethics

Committee. All procedures were performed in accordance with

the Declaration of Helsinki; and informed consent was obtained

from all patients. The aorta was derived from adult patients with

aortic dissection. Normal lung and liver tissues surrounding tu-

mors were excised from adult patients with malignancies. Fetal

umbilical cord and placenta were collected from healthy pregnant

women after delivery.
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SARS-CoV-2 infection
The SARS-CoV-2 virus (BetaCoV/Hong Kong/VM20001061/2020)

used in this study originated from a confirmed COVID-19 patient

in Hong Kong (Hui et al., 2020). The indicated types of human ECs

were seeded in 12-well plates and incubated with culture medium

(mock infection control) or culture medium containing SARS-CoV-

2 at anMOI of 0.1 for 1 h at 37�C.Virus inoculumwas then replaced

by fresh culturemedium, and incubated at 37�C throughout the ex-

periments. Infection was performed in triplicate. At the indicated

time points, culture supernatants were collected for viral quantifica-

tion, and cells were harvested for subsequent analysis. All the infec-

tiousworkwasconducted inabiosafety level3 (BSL-3) facilityatLiKa

Shing Faculty of Medicine, The University of Hong Kong.
scRNA-seq analysis and functional annotations
The scRNA-seq datasets were acquired from a published source

with the accession number EGAS00001004571 (Schulte-Schrep-

ping et al., 2020). We focused on the second cohort of 139,848

PBMCs obtained from 50 samples of 8 mild, 9 severe, and 13 con-

trols, and analyzed using R package Seurat for data scaling, trans-

formation, dimensionality reduction, clustering, visualization,

and differentially expressed gene analyses (Butler et al., 2018). In

brief, these samples were originally annotated as mild (WHO2-4)

or severe (5-7) COVID-19 disease according to the WHO ordinal

scale. Data were scaled, transformed and variable genes were iden-

tified using the SCTransform() function. Linear regression was per-

formed to remove unwanted variation due to cellular complexity

(number of genes per cell, number of UMIs per cell) or cell quality

(%mitochondrial reads, %rRNA reads). CD31+CD45� circulating

ECs were further filtered for downstream analyses based on the

expression of endothelial and haematopoietic marker genes,

CD31 and CD45, respectively, in each cell. Principal-component

(PC) analysis was performed using variable genes, and the first 50

PCs were used to perform UMAP to map the datasets into two di-

mensions, and to construct a shared nearest-neighbor graph,

which was used to cluster the datasets using a graph-based algo-

rithm.Cluster identitywas determined by finding differentially ex-

pressed genes of each cluster using Seurat’s implementation of the

Wilcoxon rank-sum test, followed by annotations using DAVID.

Circular GOplot was used to show the representative GO terms

that were most significantly upregulated in each cluster. Dot plots,

scatterplots, and violin plots of selected geneswere shownby using

the DotPlot(), FeaturePlot(), and VlnPlot() functions of Seurat.
Statistical analysis
The data are expressed as arithmetic mean ± SD of biological repli-

cates performed independently under the same conditions three

times. Statistical analysis was performed using the unpaired Stu-

dent’s t test with data from two groups, while data from more

than two groups were performed using an ANOVA followed by Tu-

key’s method for multiple comparisons. Significance was accepted

when p < 0.05.
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