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Abstract

Endothelial dysfunction is implicated in the thrombotic events
reported in patients with coronavirus disease (COVID-19), but the
underlying molecular mechanisms are unknown. Circulating levels
of the coagulation cascade activator PAI-1 are substantially higher
in patients with COVID-19 with severe respiratory dysfunction
than in patients with bacterial sepsis and acute respiratory distress
syndrome. Indeed, the elevation of PAI-1 is recognized as an early
marker of endothelial dysfunction. Here, we report that the rSARS-
CoV-2-S1 (recombinant severe acute respiratory syndrome
coronavirus 2 [SARS-CoV-2] viral envelope spike) glycoprotein
stimulated robust production of PAI-1 by human pulmonary
microvascular endothelial cells (HPMECs). We examined the role
of protein degradation in this SARS-CoV-2-S1 induction of PAI-1
and found that the proteasomal degradation inhibitor bortezomib
inhibited SARS-CoV-2-S1–mediated changes in PAI-1. Our data
further show that bortezomib upregulated KLF2, a shear-
stress–regulated transcription factor that suppresses PAI-1
expression. Aging and metabolic disorders are known to increase
mortality and morbidity in patients with COVID-19. We therefore
examined the role of ZMPSTE24 (zinc metallopeptidase STE24), a
metalloprotease with a demonstrated role in host defense against
RNA viruses that is decreased in older individuals and in metabolic

syndrome, in the induction of PAI-1 in HPMECs by SARS-CoV-2-
S1. Indeed, overexpression of ZMPSTE24 blunted enhancement of
PAI-1 production in spike protein–exposed HPMECs. In addition,
we found that membrane expression of the SARS-CoV-2 entry
receptor ACE2 was reduced by ZMPSTE24-mediated cleavage and
shedding of the ACE2 ectodomain, leading to accumulation of
ACE2 decoy fragments that may bind SARS-CoV-2. These data
indicate that decreases in ZMPSTE24 with age and comorbidities
may increase vulnerability to vascular endothelial injury by
SARS-CoV-2 viruses and that enhanced production of endothelial
PAI-1 might play role in prothrombotic events in patients with
COVID-19.
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The recent coronavirus disease (COVID-19)
pandemic threatens global health and the
global economy. To date, severe acute

respiratory syndrome coronavirus 2 (SARS-
CoV-2) has infected more than 107 million
people and caused more than 2.34 million

deaths worldwide. Most current and planned
therapies, including antivirals and vaccines,
target viral entry or viral replication (1).

Clinical Relevance

Findings from current work provide new insights into
mechanisms of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2)–mediated severe acute lung
injury and respiratory failure with this infection.

(Received in original form November 30, 2020; accepted in final form April 13, 2021)

This article is open access and distributed under the terms of the Creative Commons Attribution Non-Commercial No Derivatives License 4.0.
For commercial usage and reprints, please e-mail Diane Gern.

Supported by an American Heart Association Scientist Development Grant and National Institutes of Health grant R56 HL139736 (D.P.). Dr. Sujatha
Kannan, Vice Chair of Research, Department of Anesthesiology and Critical Care Medicine at Johns Hopkins University, provided research funds to
support this study.

Author Contributions: Conception and design: M.H. and D.P. Analysis and interpretation: M.H. and D.P. Drafting the manuscript for important
intellectual content: M.H. and D.P.

Correspondence and requests for reprints should be addressed to Deepesh Pandey, Ph.D., Department of Anesthesiology and Critical Care
Medicine, Johns Hopkins University, 1721 East Madison Street, Ross Building, Room 345, Baltimore, MD 21205. E-mail: dpandey2@jhmi.edu.

This article has a related editorial.

Am J Respir Cell Mol Biol Vol 65, Iss 3, pp 300–308, September 2021

Copyright © 2021 by the American Thoracic Society

Originally Published in Press as DOI: 10.1165/rcmb.2020-0544OC on May 18, 2021

Internet address: www:atsjournals:org

300 American Journal of Respiratory Cell and Molecular Biology Volume 65 Number 3 | September 2021

http://crossmark.crossref.org/dialog/?doi=10.1165/rcmb.2020-0544OC&domain=pdf&date_stamp=2021-08-30
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:Diane Gern
mailto:dpandey2@jhmi.edu
http://dx.doi.org/10.1165/rcmb.2021-0208ED
http://dx.doi.org/10.1165/rcmb.2020-0544OC
http://www.atsjournals.org


Mortality and infection continue to rise at
alarming rates, and therapies to boost innate
hostdefensecouldoffer importantalternatives
or adjuncts to vaccines and antivirals.
Pulmonary microthrombi are prevalent in
hospitalized patients with COVID-19, and
correlate with disease severity andmortality,
yet it is not known whether SARS-CoV-2
modulates host molecular thrombolytic
mechanisms (2).We report that productionof
the critical thrombosis-regulating protein
endothelial PAI-1 in human pulmonary
microvascular endothelial cells (HPMECs) is
induced by SARS-CoV-2-S1 (SARS-CoV-2
viral envelope spike).

PAI-1 is a member of the serine protease
inhibitor (serpin) superfamily and is the main
physiologic inhibitor of tissue-type
plasminogen andurokinase-typeplasminogen
activator. PAI-1 blocks the conversion of
precursor plasminogen to active plasmin (a
serine protease involved in the dissolution of
fibrin blood clots) (3). A very recent study
reported that PAI-1 levels were significantly
higher in patients with COVID-19with severe
respiratory dysfunction than in patients with
bacterial sepsis and acute respiratory distress
syndrome (4). Endothelial cells (ECs) are an
important source of circulating PAI-1 (5, 6),
andmolecules that induce EC injury, such as
TNFa (7),TGFb (7),AngII (angiotensin II) (8,
9), and thrombin (10), all induce endothelial
PAI-1 production. Furthermore, elevated
levels of PAI-1 have been implicated in the
pathogenesis of several diseases that are caused
by endothelial dysfunction (11), including
atherosclerosis, endothelial senescence
(12–14), and pathologic angiogenesis (15, 16).
Interestingly, adipose tissue is the major
contributorofcirculatingPAI-1,andgiventhat
obesity is associated with a marked increase in
adipocytes, this factcouldexplainthe increased
risk for venous thromboembolism,
hospitalization,anddeathduetoCOVID-19 in
patients with obesity (17, 18).

Todetermine themechanismunderlying
enhancedproductionof PAI-1 in SARS-CoV-
2-S1–exposed HPMECs, we examined the
impact of proteasomal mediated degradation.
In addition, we investigated the role of the
ACE2 receptor (angiotensin-converting
enzyme 2) in the SARS-CoV-2-S1–mediated
activation of HPMECs to produce higher
levels of PAI-1. Binding of the S1 glycoprotein
toACE2on the target cell surface is a common
entrymechanism into target cells for the RNA
viral family that includes SARS-CoV-2 and
Middle East respiratory syndrome
coronavirus (19–21). IFITMs (IFN-induced

transmembrane proteins), the innate immune
system’s first line of defense against viral
infection in vertebrates, have been shown to
modulate ACE2-mediated entry of SARS-
CoV andMiddle East respiratory syndrome
coronavirus (22–25). Affinity purification
coupled with mass spectrometry has enabled
identification of ZMPSTE24 (zinc
metallopeptidase STE24) as a major binding
partner of IFITM3 (26). ZMPSTE24 is a
transmembrane metalloprotease with a
demonstrated role in host defense against
RNA viruses. It is dependent on IFITM (26,
27) and is decreased in cells that are affectedby
metabolic disorders and aging (28–30).
Furthermore, morbidity andmortality from
COVID-19 are strikingly higher in older
patients and patients with preexisting
metabolic diseases (27). ZMPSTE24-deficient
mice display higher viral burdens, enhanced
cytokine production, and increased mortality
after influenza infection (27). Increased
susceptibility to viral infection is therefore a
likely consequence of insufficient ZMPSTE24
in ECs (31). Therefore, we hypothesized that
enhanced SARS-CoV-2 entry into ECs
stimulates production of abnormally high
levels of endothelial PAI-1 and that strategies
for augmentation of ZMPSTE24 expression
and activity may provide protection against
COVID-19–mediated vascular injury.

Wedemonstrate that PAI-1 expression is
greatlyamplifiedby the spikeproteinofSARS-
CoV-2 viruses in HPMECs and that
ZMPSTE24may be protective against viral
entry into these cells. These findings provide
clues for amelioration of the devastating
thrombotic events that are seen in patients
with COVID-19 andmay also offer insights
regarding the vulnerability of aging
individuals with other comorbidities to
increased COVID-19 severity.

Methods

Reagents and Cell Culture
HPMECs were purchased from Promo
Cell. rSARS-CoV-2-S1 (recombinant
SARS-CoV-2-S1) protein was purchased
from Creative Diagnostics. The ACE2
antibody was purchased from R&D
Systems (catalog numbers mab933 and
AF933), PAI1 and GAPDH antibodies
were purchased from Proteintech, the
ZMPSTE24 antibody was purchased from
Invitrogen (PA1-16965), the SARS-CoV-
2-S1 protein antibody was purchased from
Sino Biological, Inc. (catalog number

40591-MM42), and the HA antibody was
purchased from Cell Signaling (catalog
number 2999S). The lamin A/C antibody
was purchased from Santa Cruz
Biotechnology (catalog number sc-6215),
and the prelamin A antibody was a gift
from Dr. Susan Michaelis (Department of
Cell Biology, Johns Hopkins University).
Unless otherwise stated, all other reagents
were obtained fromSigma.HeLa cells were
transfected with ACE2 plasmid using
Lipofectamine 2000 (Life Technologies) as
per the manufacturer protocol. Crispr/
Cas9-mediated ZMPSTE24-knockout
(KO) HeLa cells were a kind gift from Dr.
Fabio Martinon (Department of
Biochemistry, University of Lausanne).
Cigarette smoke extract was purchased
from Murty Pharmaceuticals, and 80 mg/
mlwas added toECs for 24hours.Cigarette
smoke extract, which consists of 40 mg/ml
of smoke condensate and 6% nicotine, was
prepared by using a smoke machine to
extract smoke from the University of
Kentucky’s 3R4F Standard Research
Cigarettes as per the manufacturer’s
instructions.

Generation of Adenoviruses
Encoding shRNA
Adenoviruses encoding control scrambled
shRNA (sh) and adenoviruses encodingKLF2
shRNAwere generated by using a
pAdBLOCK-iT kit (Life Sciences). Briefly,
oligonucleotides targetingthecodingregionof
human KLF2 and the nontargeted sequence
(scrambled) were designed with proprietary
software from Life Sciences and cloned into
pU6-ENTR vector. Sequences used were as
follows: nontargeted: top, 59-CACCGATGG
ATT GCACGCAGG TTC TCGAAAGAA
CCTGCGTGCAATCCATC-39;bottom,59-
AAAAGA TGGATT GCACGCAGG TTC
TTT CGAGAACCTGCG TGCAAT CCA
TC-39 and KLF2 sh: top, 59-CAC CGC TGC
ACA TGAAACGGCACA TCGA-39;
bottom, 59-AAA AGC TGCACA TGAAAC
GGCACA TTT C-39. The resulting pU6-
sh–nontargeted and pU6-KLF2 sh plasmids
were tested for function in transient
transfection experiments with 293A cells. The
constructs that showed the greatest inhibition
were subjected to in vitro recombination with
pAD/BLOCK-iTDEST vector (Invitrogen)
usingGateway LR clonase enzyme to generate
pAd-KLF2 shRNA. Viruses were amplified,
purified, and concentrated by using a
Millipore kit.
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Adenovirus Production
Adenoviruses encoding HA-tagged KLF2
andKLF2 sh were constructed by subcloning
the sequences into entry PENTR1a vector by
using restriction enzymes followed by LR
recombination with the destination vector
PDEST. The resulting PDEST DNA was
digested with PacI, ethanol precipitated, and
transfected into HEK-293 cells. After a
cytopathic effect was achieved, adenoviruses
were collected and purified via three
freeze–thaw cycles and a Millipore
adenovirus purification kit.

Western Blotting
HPMECs were washed with cold PBS and
incubated on ice for 1 hour in cold
radioimmunoprecipitation assay lysis buffer
(20mMTRIS-HClatapHof7.5,150mMNaCl,
1mM EDTA, 1mMEGTA, 1% tergitol-type
NP40, 1% sodium deoxycholate, 1mM
Na3VO4, 2.5mM sodium pyrophosphate,
1mM b-glycerophosphate, 1mg/ml of
leupeptin, and a 1:1,000-diluted protease
inhibitor cocktail from Sigma). Samples were
vortexed briefly every 10minutes. Then, after
the remaining tissue was discarded, the
samples were sonicated briefly (four times) at
power level of 4 and centrifuged at 4�C for 30
minutes at 20,0003 g. Protein in the
supernatant was quantified by using a protein
quantification assay kit (Bio-Rad). For each
sample, 20mg of protein was combined with
23 Laemmli sample buffer (Bio-Rad), boiled
for 5 minutes at 95�C, and separated by using
SDS-PAGE. Proteins from conditioned cell
culture media were precipitated with
chloroform andmethanol. Briefly, one-fourth

volume of chloroform and one volume of
methanol were added to themedia, whichwas
then centrifuged at 13,5003 g for 5 minutes
at room temperature. The pellet was air dried,
suspended in 13 Laemmli buffer, and then
boiled for 5 minutes at 95�C. After
electrophoresis,proteinsweretransferredfrom
the gel onto a polyvinylidene difluoride
membrane, which was blocked in 5% milk
beforebeing incubatedovernightwithprimary
antibodies and thenbeing incubated for1hour
with secondary antibodies. Protein bandswere
visualized by using horseradish
peroxidase–conjugated secondary antibodies
(Invitrogen).

Lentivirus Production
HA-tagged ZMPSTE24 was cloned into
lentiviral vector pLenti-CMV-MCS-GFP-SV-
puro, a gift from Paul Odgren (32) (Addgene
plasmid number 73582; http://n2t.net/
addgene:73582; Research Resource Identifier
[RRID]:Addgene_73582),byusinganexisting
ZMPSTE24 construct and directional TOPO
cloning (Invitrogen). HEK-293T cells were
transfected by using Effectene transfection
reagent (Qiagen) together with lentiviral
packaging constructs pspax andMD2.G,
whichwere gifts fromDidierTrono (Addgene
plasmid number 12259; http://n2t.net/
addgene:12259;RRID:Addgene_12259).GFP
epitope–tagged progerin was a gift from Tom
Misteli (33) (Addgeneplasmidnumber17663;
http://n2t.net/addgene:17663; RRID:
Addgene_17663). Lentiviral medium was
collected after 48 and 72 hours of transfection
and then concentrated and purified by using
Lenti-X (Takara Bio).

Statistical Analysis
Statistical significance was determined by
using a Student’s t test or one-wayANOVAas
appropriate, with a post hoc Tukey test being
used for multiple comparisons. Prism
8 software (GraphPad) was used for all
calculations. P, 0.05 was set as the criterion
for statistical significance.

Results

rSARS-CoV-2-S1 Stimulates
Endothelial PAI-1
Recent reports have shown that patients
with COVID-19 have marked endothelial
injury and widespread thrombosis (blood
clotting), which is associated with severe
respiratory failure, multiorgan failure, and
increased mortality (34, 35). Endothelial
dysfunction is implicated in the thrombotic
events reported in patients with COVID-
19, but the underlying molecular
mechanisms of this devastating
complication are unknown. PAI-1 levels
are abnormally high in patients with severe
COVID-19 and severe respiratory
dysfunction (4). Therefore, to determine
whether SARS-CoV-2 spike protein
infection modulates endothelial PAI-1
expression, we exposed HPMECs to
purified rSARS-CoV-2-S1 for 24 hours.
After exposure, HPMECs exhibited robust
induction of PAI-1 (Figure 1B). An
antibody against SARS-CoV-2-S1 protein
detected an abundance of spike
glycoprotein in the cell lysates (Figure 1A)
that increased in a dose-dependent
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Figure 1. SARS-CoV-2-S1 (severe acute respiratory syndrome coronavirus 2 [SARS-CoV-2] viral envelope spike) protein enters human pulmonary
microvascular endothelial cells (HPMECs) and robustly increases PAI-1 levels. (A) Lysates from HPMECs that were exposed to 0, 30, or 50 mg of rSARS-
CoV-2-S1 (recombinant SARS-CoV-2-S1) protein for 24 hours were immunoblotted with anti–SARS-CoV-2-S1 and anti-GAPDH antibodies. *P , 0.05
versus untreated control and #P, 0.05 versus 30 mg–treated group (n = 3). (B) HPMECs were treated with or without rSARS-CoV-2-S1 protein (50 mg) for
24 hours. Lysates were immunoblotted with anti–PAI-1, anti–SARS-CoV-2-S1, and anti-GAPDH antibodies. ***P , 0.001 versus control (PBS) (n = 4).

ORIGINAL RESEARCH

302 American Journal of Respiratory Cell and Molecular Biology Volume 65 Number 3 | September 2021

http://n2t.net/addgene
http://n2t.net/addgene
http://n2t.net/addgene
http://n2t.net/addgene
http://n2t.net/addgene


manner, suggesting that recombinant spike
protein was able to enter the cells.

Upregulation of PAI-1 by SARS-CoV-2-
S1 Is Dependent on Proteasomal
Degradation of the Transcription
Factor KLF2
A previous study suggested that the
proteasomal inhibitor bortezomib has
thromboprotective effects that aredependent
on the transcription factor KLF2 (36). We
first testedwhetherbortezomibcouldprevent
induction of PAI-1 expression by SARS-
CoV-2-S1. Strikingly, not only did
bortezomib block upregulation of PAI-1
expression, but it also nearly abolished the
expression of PAI-1 in these cells (Figure
2A). Furthermore, bortezomib
augmented the expression ofKLF2 (Figure
2B), which thereby obliterated the
expression of PAI-1 in HPMECs (Figure
2C). Overexpression of KLF2 completely
blocked the PAI-1 induction mediated by
SARS-CoV-2-S1 (Figure 2D), whereas
KLF2 silencing by adenovirally delivered

KLF2-specific sh (Figure 2F) increased
PAI-1 levels and blocked the
downregulation of PAI-1 by bortezomib
(Figure 2E). Together, these findings
suggest that bortezomib blocks the
stimulatory effect of SARS-CoV-2-S1
on PAI-1 expression in lung
microvascular endothelium by
upregulating the transcriptional
regulator KLF2.

Loss of ZMPSTE24 Preserves Cellular
Expression of ACE2 Receptor by
Blocking Cleavage Leading to
Ectodomain Shedding
SARS-CoV-2 has been reported to gain entry
to cells via the receptorACE2 (37, 38). To test
whether ACE2 is required for recombinant
spike protein entry, we incubated HeLa cells
with recombinant spikeprotein, asHeLacells
do not endogenously express ACE2.
Interestingly,wedetectedSARS-CoV-2-S1 in
HeLa cell lysates, suggesting that the
recombinant spike protein was not solely
dependent on ACE2 receptor for entry

(Figure 3). However, rSARS-CoV-2-S1
significantly reduced ACE2 levels in HeLa
cells ectopically transfected with ACE2
cDNA (Figure 3). This finding suggests that
the rSARS-CoV-2-S1 indeed interacts with
ACE2 receptor and reduces its abundance
upon entry.

Next, we examined whether
downregulation of ZMPSTE24, a critical
component of IFITM3-mediated defense
against coronaviruses (26, 27), can
modulateACE2 receptor expression.ACE2
ectodomain sheddinghasbeen suggested to
confer protection against previous
coronaviruses (SARS-CoV) by acting as a
decoy receptor that binds to the viruses and
restricts their entry (39). In ZMPSTE24-
KO HeLa cells, the ectopic expression of
ACE2 as detected by FLAG antibody was
significantly higher than it was in wild-type
HeLa cells (Figure 3A). Hence, ZMPSTE24
may cleave the ACE2 ectodomain and
promote ACE2 “shedding” (40). Either or
both of these processes would explain the
low levels of ACE2 expression that we
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Figure 2. SARS-CoV-2–mediated increases in endothelial PAI-1 are completely blocked by the proteasomal inhibitor bortezomib via transcription factor
KLF2. (A) HPMECs were incubated with or without rSARS-CoV-2-S1 protein (50 mg, 24 h) in the presence of bortezomib (proteasomal inhibitor) or DMSO
(control). Lysates were immunoblotted with anti–PAI-1, anti–SARS-CoV-2-S1, and anti-GAPDH antibodies. *P , 0.05 versus DMSO without recombinant
spike protein. #P , 0.05 versus DMSO with recombinant spike protein (n = 4). (B) HPMECs expressing HA epitope–tagged KLF2 were treated with
bortezomib or DMSO (control), and cell lysates were immunoblotted with anti-HA and anti-GAPDH antibodies. *P, 0.05 versus DMSO (n = 3). (C) HPMECs
transduced with or without adenoviruses encoding KLF2 were immunoprobed with anti–PAI-1, anti-HA, and anti-GAPDH antibodies (n = 3). (D) HPMECs
transduced with adenoviruses encoding either empty vector or KLF2 were treated with or without SARS-CoV-2-S1, and cell lysates were immunoblotted with
anti–PAI-1, anti-HA, and anti-GAPDH antibodies. *P , 0.05 versus untreated cells without KLF2 overexpression and #P , 0.05 versus recombinant spike
protein with empty vector transduction (n = 3). (E) HPMECs transduced with an adenovirus encoding control scrambled shRNA (Ad.Consh) or an
adenovirus encoding KLF2 shRNA (Ad.KLF2sh) were treated with bortezomib or DMSO, and cell lysates were immunoblotted with anti–PAI-1, antiubiquitin,
and anti-GAPDH antibodies. *P, 0.05 versus DMSO and Ad.Consh. #P, 0.05 versus bortezomib and Ad.Consh. $P, 0.05 versus DMSOwith Ad.KLF2sh
(n = 3). (F) HPMECs overexpressing HA epitope–tagged KLF2 were transduced with either Ad.Consh or Ad.KLF2sh, and cell lysates were immunoblotted
after 72 hours with anti-HA and anti-GAPDH antibodies. *P , 0.05 versus Ad.Consh (n = 3). Ad.HA.KLF2 = adenovirus encoding HA-KLF2.
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detect in cell lysates of wild-type HeLa cells
(with normal levels ofZMPSTE24). Indeed,
we found abundant ACE2 levels in
conditioned media of ACE2-transfected
wild-typeHeLa cells and nearly noACE2 in
ACE2-transfected ZMPSTE24-KO HeLa
cells using antibodies raised against the
N-terminal ectodomain of ACE2 (Figure
4B). Furthermore, the ectodomain
antibody also detected a cleaved ACE2
species in wild-type HeLa cells that was
absent in ZMPSTE24-KO HeLa cells
(Figure 4C). Interestingly, the cleavage site
forACE2 shedding (39) has a highdegree of
homology with the ZMPSTE24 cleavage
site in prelamin A (28). Identical features
include two leucine residues at the cleavage
site and an arginine residue that occurs
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three residues earlier (Figures 4C and 5A).
To determine whether the effects of
ZMPSTE24 deletion on ACE2 levels are
mediated by the accumulation of
unprocessed prelamin A, a previously
known substrate of ZMPSTE24, we
conducted experiments to test the effect of

progerin (internally deleted form of
prelamin A) overexpression on ACE2 levels
inHeLacells cotransfectedwith eitherACE2
andGFP (control) orACE2 andGFP-tagged
progerin. We found no significant
differences in ACE2 levels between these
conditions (Figure 4E).

ZMPSTE24 Function Declines in
HPMECs after Exposure to Injury from
Cigarette Smoke Extract and
with Aging
Wewere intrigued by reports that a greater
severity of COVID-19 and higher rates of
death were correlated with older age and
comorbidities such as cigarette smoking.
ZMPSTE24 has been shown to defend against
envelopedRNAviruses likeSARS-CoV-2, and
studies indicate that loss of ZMPSTE24
function can lead to premature aging
syndromes (progeria) (31). We found that
HPMECsexposed tocigarette smokeextract, a
well-described injury stimulus for lung and
endothelial injury, significantly decreased
ZMPSTE24 expression and concomitantly
increased unprocessed prelamin A (Figures
5A and 5B). Furthermore, in an in vitromodel
of EC aging, prelaminA accumulated in high-
passage (passage 10) ECs, indicating a decline
in ZMPSTE24-mediated cleavage (data not
shown).

ZMPSTE24 Attenuates SARS-CoV-2-
S1–induced PAI-1 Production
by HPMECs
We hypothesized that declining abundance
and/or function of endothelial ZMPSTE24
could decrease the ability of ECs to defend
against SARS-CoV-2 viral entry and its
consequences, including enhanced expression
of the procoagulant gene product PAI-1.
Indeed, overexpression of ZMPSTE24 in
HPMECs via lentivirally mediated gene
delivery significantly blocked the SARS-CoV-
2-S1–mediated induction of PAI-1 (Figure 6).
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Intriguingly, SARS-CoV-2-S1 levels were
higher in ZMPSTE24-overexpressing cells,
although the expression of PAI-1 induced by
SARS-CoV-2-S1 was blunted. We therefore
examinedwhetherSARS-CoV-2-S1decreased
ZMPSTE24 levels. Indeed, we found
significantly reduced ZMPSTE24 expression
in HPMECs exposed to SARS-CoV-2-S1
(Figure 6B).

Discussion

In this study, we found that rSARS-CoV-2-
S1 crossed the HPMEC plasma membrane
barrier and elicited cellular responses,
including augmentation of PAI-1
production. Interestingly, the stimulatory
effect of spike protein on endothelial PAI-1
production was completely blocked by
bortezomib, a proteasome inhibitor that
blocks ubiquitin-mediated protein
degradation. Our data further suggest that
the KLF2 transcription factor is a potential
target of bortezomib in blocking the effect of
rSARS-CoV-2-S1; bortezomib robustly
increased KLF2 levels, and KLF2
overexpression obviated the increase in
PAI-1 levels in HPMECs that were exposed
to SARS-CoV-2-S1. This finding is
supported by a previous study, which
suggested that thromboprotective effects
of bortezomib may be dependent on
KLF2 (36).

Our data further indicate that SARS-
CoV-2-S1 obliterated membrane expression
of theACE2 receptor and that this ismediated
byZMPSTE24.ZMPSTE24has an established
role in defending eukaryotic cells from RNA
viruses. In addition, ZMPSTE24 is negatively
regulated by cigarette smoke extract, an injury
stimulus that causes endothelial dysfunction
and lung injury. Finally, increased expression
of ZMPSTE24 attenuated spike
protein–triggered overproduction of PAI-1 in
HPMECs.

Accumulating evidence suggests that
enhanced widespread intravascular
coagulation and intussusceptive angiogenesis
leadingto localhypoxiaaremajorcontributors
to disease severity andmortality from
COVID-19. Although EC injury has been
proposed as a mechanism for increased
clotting, specific EC targets have not yet been
described. In our study, we showed that
rSARS-CoV-2-S1 was sufficient to activate
PAI-1 synthesis in lung microvascular ECs.
ECs are a major source of circulating PAI-1,
which inhibits processes that lyse blood clots.

Thus, the fourfold increase in PAI-1 that we
report here is of great interest. Elevated PAI-1
levels can cause endothelial dysfunction (11)
and lung injury by inducing cellular
senescence (12–14) and thereby promoting
local hypoxia (15, 16).

It is unclearwhether the augmentationof
PAI-1 was mediated through the ACE2
receptor. When we attempted to address this
question by silencing the ACE2 gene with an
siRNA approach, we were surprised to find
thatACE2 endogenous expressionwas almost
undetectable in quiescent HPMEC lysates,
despite our use of two different specific
antibodies that were highly effective in
detecting ACE2 inHeLa cells transfected with
ACE2 plasmid (Figure 5A). Notably, the
expression of ACE2 was robust in
ZMPSTE24-KOHeLa cells. This finding
suggests that the absence of ZMPSTE24
preservedthepresenceofACE2receptor inthe
cell membrane. The predicted ectodomain
consensus sequence of ACE2 is strikingly
similar to theZMPSTE24cleavagesequence in
prelamin A. This similarity suggests that
ZMPSTE24 catalyzes ACE2 cleavage and
triggers its secretion from ECs. The secreted
ACE2, which lacks a transmembrane domain

and cytoplasmic tail, could act as a decoy for
SARS-CoV-2virusandpreventviral entryand
injury to HPMECs (Figure 7) (40).

Deletion of ZMPSTE24, a protease
responsible for nuclear scaffold prelamin A
cleavageandmaturation, causesaccumulation
of unprocessed prelamin A and misshapen
nuclei (41, 42). Studies also indicate that a loss-
of-function mutation in ZMPSTE24 can lead
toprematureagingsyndromes(progeria) (31).
Intriguingly, patients with premature aging
syndromes have severe metabolic syndrome
(lipodystrophy and low leptin levels), spine
curvature (kyphosis), profuse weight and hair
loss, and accelerated atherosclerosis that
causes death in the early teen years from heart
disease (28–30). Furthermore, ZMPSTE24
expression has been shown to decline with
aging (43), and patients with a ZMPSTE24
mutation present with hypertriglyceridemia,
early onset of type 2 diabetes, and obesity (30).
It is notable that in a COVID-19 model
produced by infecting Syrian hamsters with
live SARS-CoV-2, the hamsters exhibited a
very similar phenotype to that of ZMPSTE24-
KOmice or a prematurely aging patient (i.e.,
progressive weight loss, hunched posture, and
ruffled hair or fur). This evidence further
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strengthens our hypothesis that ZMPSTE24
function is critical to EC defense against
COVID-19.One limitation of our study is that
we still do not know whether accumulated
unprocessed prelamin A played any role in
enhancing ACE2 levels and reversing the
S1-mediated ACE2 downregulation in cells
with ZMPSTE24 deletion.We examined the
effect of progerin, a splice mutant of prelamin
A that causes classical progeria syndrome, on
ACE2 expression and found no significant
effect. Hence, the effects of ZMPSTE24 on
ACE2 appear to be independent of
unprocessed lamin A. However, this aberrant
splicing form of prelamin Amay occur only
rarely in an individual without disease.
Therefore, additional studies are needed
that use unprocessed and permanently
farnesylated prelamin A (an uncleavable
form of lamin A, Leucine648 to Arginine
mutant) as a trigger for enhanced ACE2 levels
in ZMPSTE24-KO cells.

SARS-CoV-2 is believed to enter cells via
the ACE2 receptor. We found that rSARS-
CoV-2-S1 significantly reduced ACE2
expression in HeLa cells that had been

ectopically transfectedwithACE2cDNA.This
phenomenonhas also been describedwith the
previous coronaviruses (SARS-CoV) that use
ACE2 receptor for cell entry (40, 44). The
reduction in ACE2 could explain the
compromised lung function of patients with
COVID-19, as ACE2 has been reported to
protect against acute lung injury in several
modelsof acute respiratorydistress syndrome.
ACE2 exerts its protective effect by degrading
AngII to angiotensin1–7.AngII triggersmany
adverse effects, including increased
coagulation,endothelialdysfunction,oxidative
stress, inflammation, hypertension, lung
injury, fibrosis, and pulmonary hypertension
(45–48). Downregulation of ACE2 by SARS-
CoV-2-S1providesevidence that thisproteinis
intrinsic to the endothelial injury described in
the lungs of patients with COVID-19. ACE
inhibition with ramipril has been shown to
decrease plasma levels of PAI-1 andmay find
use as an adjunctive therapy to attenuate the
induction of PAI-1 by SARS-CoV-2.

In summary, our findings yield new
insights into themechanisms bywhich SARS-
CoV-2 infects lung tissue (Figure 7). The

pathogenesis of severe acute lung injury and
respiratory failure with COVID-19 suggests a
quantifiable means for assaying vulnerability
to these severe manifestations in key target
subpopulations. Our results also imply that
bortezomib may be repurposed from existing
therapeutics (for multiple myeloma) to blunt
complications from intravascular coagulation
and endothelial dysfunction and hasten
recovery from SARS-CoV-2 and similar
infections. Pharmacologic inhibitors of PAI-1,
such as PAI-039 andMDI-2268, have been
shown to inhibit atherosclerosis in mice with
obesity and metabolic syndrome (49). Future
studies are warranted to determine whether
PAI-1 inhibitors could ameliorate
thromboembolism andmortality in patients
with COVID-19.�
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