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Background. 'The coronavirus disease 2019 (COVID-19) pandemic caused by the novel severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) continues to threaten public health globally. Patients with severe COVID-19 disease progress to acute respi-
ratory distress syndrome, with respiratory and multiple organ failure. It is believed that dysregulated production of proinflammatory
cytokines and endothelial dysfunction contribute to the pathogenesis of severe diseases. However, the mechanisms of SARS-CoV-2
pathogenesis and the role of endothelial cells are poorly understood.

Methods.
SARS-CoV-2 infection. We measured the susceptibility to infection, immune response, and expression of adhesion molecules in
human pulmonary microvascular endothelial cells (HPMVECs) exposed to conditioned medium from infected epithelial cells. The
effect of imatinib on HPMVECs exposed to conditioned medium was evaluated.

Results. We demonstrated the production of interleukin-6, interferon gamma-induced protein-10, and monocyte chemoat-
tractant protein-1 from the infected human airway cells after infection with SARS-CoV-2. Although HPMVEC:s did not support pro-
ductive replication of SARS-CoV-2, treatment of HPMVECs with conditioned medium collected from infected airway cells induced
an upregulation of proinflammatory cytokines, chemokines, and vascular adhesion molecules. Imatinib inhibited the upregulation

Well-differentiated human airway epithelial cells were used to explore cytokine and chemokine production after

of these cytokines, chemokines, and adhesion molecules in HPMVECs treated with conditioned medium.

Conclusions.

We evaluated the role of endothelial cells in the development of clinical disease caused by SARS-CoV-2 and the

importance of endothelial cell-epithelial cell interaction in the pathogenesis of human COVID-19 diseases.
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A novel coronavirus, severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) emerged and caused human infection
in 2019. Clinical manifestations of severe coronavirus disease
2019 (COVID-19) include sepsis, acute respiratory distress
syndrome, and multiple organ failure [1, 2]. Autopsy analysis
demonstrates correlations between inflammation and diffuse
alveolar and endothelial dysfunction [2], indicating that there is
an uncontrolled innate immune response that contributes to the
severity of COVID-19. Published data show low induction of
interferons (IFNs) by SARS-COV-2 infection in susceptible cells
and in post-mortem lung tissues [3]. Since immune cells such as
macrophages, which are potent cytokine inducers, do not sup-
port productive replication of SARS-CoV-2 virus in vitro, the
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source of proinflammatory cytokines and chemokines remains
unclear. Endothelial cell damage has been reported in autopsy
studies of COVID-19 [2]. Furthermore, plasma collected from
patients with mild and severe COVID-19 led to damaged endo-
thelial integrity [4]. Although a large number of treatment regi-
mens have been tried, there is no approved specific therapeutic
intervention for COVID-19 to date. A better understanding of
the pathophysiology of COVID-19 in terms of the induction of
proinflammatory immune responses thus provides important
information to better identify targeted therapeutic strategies
and reveal potential intervention targets.

Imatinib (also known as Gleevec) is a US Food and Drug
Administration-approved drug for the treatment of patients
with various types of leukemia and tumors [5] and is also an
effective treatment for edema, inflammation, and vascular
leakage in mouse models of acute lung injury [6, 7]. It also in-
hibits SARS-CoV and Middle East respiratory syndrome coro-
navirus (MERS)-CoV with low cytotoxicity [8]. Two phase 3
clinical trials to evaluate the use of imatinib to treat COVID-19
patients are in progress [9, 10], but there is not much informa-
tion on the role of imatinib in SARS-CoV-2 infection, except for
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a single study that identified imatinib as an entry inhibitor of
SARS-CoV-2 in lung and colonic organoids [11].

Well-differentiated human airway epithelial cells (wd-Calu-3)
possess epithelial integrity and polarity with the development of
a tight junction, cilia, and mucus secretion at the apical sur-
face [12]. They are susceptible for both influenza viruses and
SARS-CoV infection [13, 14]. In this study, we used wd-Calu-3
cells in an air-liquid interface (ALI) system to assess the viral
replication, cytokine and chemokine production by the 3 path-
ogenic coronaviruses. We further demonstrate the interaction
between pulmonary epithelial cells and endothelial cells during
SARS-CoV-2 infection. Induction of cytokine and adhesion
molecules from human pulmonary microvascular endothelial
cells (HPMVECs) were detected via paracrine signaling by the
treatment of conditioned medium from SARS-CoV-2-infected
wd-Calu-3. Treatment with imatinib significantly reduced some
of the elevated cytokines, chemokines, and adhesion molecules
in these HPMVECs.

METHODS

Viruses

SARS-CoV-2  (BetaCoV/Hong  Kong/VM20001061/2020,
SCoV2) [15], SARS-CoV (strain HK39849/2003, SCoV) [15],
MERS-CoV (human Erasmus Medical Center [EMC] proto-
type MERS-CoV, MCoV) [15], H5N1 virus isolated from a fatal
human case (A/Hong Kong/483/1997, H5N1) [15], and pan-
demic influenza virus (A/Hong Kong/415742/2009, HIN1pdm)
[15] were used (see Supplementary Materials). The experiments
were carried out in a biosafety level 3 facility.

Differentiation of Calu-3 and Monolayer Calu-3 Culture

Human airway epithelial Calu-3 cells (American Type Culture
Collection HTB-55), derived from human lung adenocarci-
noma, were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 15% fetal bovine serum and 1% penicillin/
streptomycin. Differentiation of Calu-3 cells was modified as
reported previously [12, 16]. Cells were seeded on transwell
inserts with 0.4-pm pore size at a density of 100 000. After
reaching confluency, the cells were maintained at the ALI and
the medium was changed every 48 hours. The wd-Calu-3 cul-
tures were subjected to virus infection after 21 days of ALI
culture.

Isolation and Maintenance of Endothelial Cells

HPMVECs were isolated from human lung tissues using anti-
CD31-tagged dynabeads (Thermo Fisher) as described previ-
ously (see Supplementary Materials) [17, 18]. Cells were seeded
on transwell inserts and subjected to infection or treatment after
5 days. The donor characteristics are listed in Supplementary
Table 1. Approval to use human lung tissues was granted by the
University of Hong Kong and the Hospital Authority (Hong
Kong West) Institutional Review Board.

Virus Infection, Conditioned Medium Treatment, and Drug Treatment
Cells in transwell inserts were infected with viruses at a mul-
tiplicity of infection (MOI) of 0.1 for viral replication kinetics
at the apical side or basolateral side. Viral titers in supernatant
were determined using median tissue culture infectious dose
(TCID,) assay. Infection was done at MOI 2 and cell lysates
were collected at 24 and 96 hours post-infection (hpi) for the
mRNA expression using real-time polymerase chain reac-
tion (RT-PCR) analysis. Mock-infected cells served as negative
controls. At 96 hpi, cleaved-caspase 3 was stained.

Culture supernatants from the basolateral side of wd-Calu-3
cells infected with SARS-CoV-2 at a MOI of 2 for 96 hours
were filtered. Mock-infected culture supernatants served as
the control medium. HPMVECs were treated with condi-
tioned medium from mock (CM-MK), SARS-CoV-2-infected
cells (CM-SARS2), or directly infected by SARS-CoV-2 virus.
HPMVECs were treated with cytomix—a mixture composed of
interleukin (IL)-1p, tumor necrosis factor (TNF)-a, and IFN-y
at 50 ng/mL, which impaired epithelial integrity previously [19].

Detailed methods of virus infection, conditioned medium
treatment and drug treatment, cytometric bead array (CBA),
immunofluorescence staining of caspase-3, quantitative
RT-PCR, and statistical analysis are described in Supplementary
Materials.

RESULTS

SARS-CoV-2 Predominantly Releases Infectious Virus Particles from the
Apical Surface of Human Airway Epithelial Cells

We developed wd-Calu-3 and directly compared the viral rep-
lication efficiency of 3 human coronaviruses, SARS-CoV-2,
SARS-CoV, and MERS-CoV, together with 2 influenza A con-
trol viruses, pandemic HINI and highly pathogenic avian
H5N1 viruses, which replicate efficiently in wd-Calu-3. The
latter shows a high cytokine induction phenotype [20]. Viral
titers of SARS-CoV-2 increased by 4 log,  at the apical side at
24 hours post-infection, which was significantly higher than for
SARS-CoV and MERS-CoV but similar to that of HIN1 and
H5N1 (Figure 1A). By calculating the area under curve (AUC)
from 24- to 72-hour viral titers, SARS-CoV-2 had a viral repli-
cation efficiency similar to that of SARS-CoV (Figure 1B). Both
SARS-CoV-2 and SARS-CoV had a lower viral replication effi-
ciency than the 2 influenza viruses (Figure 1B). A relatively low
level of infectious viral titers was detected in the basolateral side
(Figure 1C, 1D). Monolayers of Calu-3 did not support repli-
cation of SARS-CoV-2 or SARS-CoV, but MERS-CoV, HINI,
and H5N1 viruses replicated to titers more than 10° TCID,/
mL and had higher AUCs than SARS-CoV-2 and SARS-CoV
(Supplementary Figure 1A, 1B). When compared with mono-
layers of Calu-3 cells, the expression of angiotensin-converting
enzyme 2 (ACE2), human airway trypsin-like protease (HAT),
and transmembrane protease serine 2 (TMPRSS2) was 20-, 2.9-,
and 2.3-fold in wd-Calu-3 cells (Supplementary Figure 2).
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Figure 1. Viral replication kinetics of coronaviruses and influenza A viruses in well-differentiated-Calu-3 (wd-Calu-3) cells. wd-Calu-3 cells were infected with SCoV2, SCoV,
MCoV, HIN1pdm, and H5N1 viruses at multiplicity of infection 0.1 from the apical side. Viral load in culture supernatants from the apical compartment (A and B) and basal
compartment (Cand D) were determined at indicated time points by TCID, . Aand C, Graphs show the mean virus titer pooled from 3 independent experiments + standard
deviation of the mean. The horizontal dotted line denotes the limit of detection in the TCID50 assay. *, P<.05; **, P< .01; ***, P<.001, compared with SCoV2; #, P< .05;
##, P<.01; ###, P< .001, compared with SCoV; +, P<.05; ++, P< .01; +++, P<.001, compared with MCoV. Band [0, Graphs show the AUC (24—72 hours) with data points
pooled from 3 independent experiments + standard deviation of the mean. *, P<.05; **, P< .01; ***, P<.001. Abbreviations: AUC, area under the curve; H1N1pdm, pan-
demic influenza A; HoN1, influenza A H5N1; MCoV, Middle East respiratory syndrome coronavirus; SCoV, severe acute respiratory syndrome coronavirus; SCoV2, severe acute

respiratory syndrome coronavirus 2; TCID, tissue culture infectious dose.

Cytokine and Chemokine Production by SARS-CoV-2 at the Basolateral
Side of the Airway Epithelium

Kumaki et al reported that SARS-CoV produces chemokine
interferon gamma-induced protein (IP)-10 in Calu-3 cells
and that the expression peaks at 96 hours after infection [21].
Therefore, we measured proinflammatory cytokine and che-
mokine production after infection at MOI 2. At 96 hours post-
infection, but not at 24 hours (data not shown), SARS-CoV-2
released higher levels of IL-6, IP-10, and monocyte chemoat-
tractant protein-1 (MCP-1) in the basal compartment than in
the apical chamber, while HIN1 did the reverse. H5N1 had sim-
ilar levels of IP-10 and regulated on activation normal T-cells
expressed and secreted (RANTES) in both surfaces, while IL-6
and TNF had higher concentrations in the apical chamber than
in the basal chamber (Supplementary Figure 3).

SARS-CoV-2 released higher levels of IL-6 and IP-10 from
the basal compartment than the other 2 coronaviruses and
HIN1 and had a higher MCP-1 concentrations than MERS-
CoV and HIN1 (Figure 2). However, SARS-CoV-2 induced less
IL-6, IP-10, RANTES, and TNF when compared with H5N1
(Figure 2). It also induced less MCP-1 from the apical side than

HIN1 and less IL-6, IP-10, RANTES, and TNF than H5N1
(Figure 2). In monolayer Calu-3 cells, H5N1 induced the highest
levels of IL-6, IP-10, and RANTES among all the tested viruses
(Supplementary Figure 1C). The expression of cleaved-caspase
3, which is an apoptotic cell death marker, was assessed by im-
munofluorescence staining in both mock and SARS-CoV-2-in-
fected wd-Calu-3 cells at MOI 0.1 or 2 for 96 hours. Percentages
of cells with caspase 3 staining were similar between mock and
SARS-CoV-2-infected cells (Supplementary Figure 4).

IFN and IFN-Stimulated Gene Profile in SARS-CoV-2-Infected Airway
Epithelium

Both SARS-CoV-2 and SARS-CoV upregulated the mRNA
expression of IFN-B, IFN-A1, interferon-stimulated gene 15
(ISG15), and myxovirus resistance protein 1 (MxA) at 24 hours
post-infection in wd-Calu-3 cells (Figure 3A-3E). However,
SARS-CoV-2 induced higher expression of these genes and the
viral gene (ORF1b) than SARS-CoV and MERS-CoV. Higher
expression of IFN-f was found in SARS-CoV than MERS-
CoV-infected cells, while MERS-CoV induced higher level of
ISG15 than SARS-CoV (Figure 3B, 3D). The expression of viral
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Figure 2. Production of cytokines and chemokines by SCoV2 in well-

differentiated Calu-3 (wd-Calu-3) cells. wd-Calu-3 cells were infected with
SCoV2, SCoV, MCoV, HINTpdm, and H5N1 viruses at multiplicity of infection
2 from the apical side. At 96 hours post-infection, concentrations of cytokines
and chemokines in the culture supernatants from both apical and basal cham-
bers were measured by cytometric bead assay. Results are the calculated mean
from 3 independent experiments + standard deviation of the mean. *, P< .05; **,
P<.01; ***, P<.001. Abbreviations: HIN1pdm, pandemic influenza A; H5N1,
influenza A H5N1; IL, interleukin; IP, interferon gamma induced protein; MCoV,
Middle East respiratory syndrome coronavirus; MCP, monocyte chemoattractant
protein; RANTES, regulated on activation normal T-cells expressed and secreted;
SCoV, severe acute respiratory syndrome coronavirus; SCoV2, severe acute respi-
ratory syndrome coronavirus 2; TNF, tumor necrosis factor.

genes was similar between SARS-CoV and SARS-CoV-2 at 96
hours post-infection (Figure 3F). SARS-CoV-2 and MERS-CoV
upregulated the mRNA expression of IFN-f, IFN-A1, ISGI5,
MxA, IL28-receptor o (RA)2, and RA3, while only SARS-CoV-2
upregulated the expression of IL28-RAI (Figure 3G-3M).
SARS-CoV induced lower expression levels of IFN-f and ISG15
than SARS-CoV-2, while there was no significant differences in
MxA level among the 3 viruses (Figure 3G, 31, 3]).

The mRNA expression of ACE2, the receptor of SARS-CoVs,
was dramatically suppressed by SARS-CoV-2 infection as early
as 24 hours and at 96 hours post-infection (Supplementary
Figure 5A, 5D). A similar level of suppression of ACE2 expres-
sion was observed in SARS-CoV-2- and SARS-CoV-infected
cells at 96 hours post-infection (Supplementary Figure 5A,
5D). HAT expression was upregulated by MERS-CoV infection
only (Supplementary Figure 5B, 5E), while the expression of
TMPRSS2 was not affected (Supplementary Figure 5C, 5F).

Nonproductive Replication of SARS-CoV-2 in HPMVECs

Direct infection of HPMVECs with SARS-CoV-2 or SARS-
CoV led to less than 1 log,, increase in titers irrespective of
apical or basolateral side infection (Figure 4A, 4C). In contrast,
the 2 control viruses, MERS-CoV and H5N1, had significantly
higher viral titers as early as 24 hours post-infection (Figure 4A,
4C) from either apical or basolateral infection. Peak viral titers
of MERS-CoV increased more than 3 log, , from both the apical
and basolateral side, while H5N1 virus was mainly released
from the apical side (Figure 4A, 4C). MERS-CoV and H5N1
had significantly higher viral replication efficiencies in terms of
AUC than SARS-CoV-2 and SARS-CoV in HPMVECs, except
for the insignificant H5N1 virus release from the basolateral
side when infection was performed at the basolateral surface
(Figure 4B, 4D).

Paracrine Induction of Proinflammatory Cytokines and Leukocyte
Adhesion Molecules in HPMVECs

We collected the conditioned medium from SARS-CoV-2
or mock-infected wd-Calu-3 cells from the basal chamber at
96 hours post-infection and treated HPMVECs. Direct infec-
tion of HPMVECs with SARS-CoV-2 was included for parallel
comparison. We found that SARS-CoV-2-conditioned me-
dium induced significantly higher mRNA expression levels of
proinflammatory cytokines (IL-6 and IP-10) and biomarkers as-
sociated with vascular leakage, including vascular cell adhesion
molecule-1 (VCAM-1) and endothelial leukocyte adhesion mole-
cule (E-selectin), at 3 hours post-treatment when compared with
mock-conditioned medium-treated cells (Figure 5A-5D). Virus
infection induced mRNA expression of E-selectin and vascular
endothelial growth factor-A (VEGF-A), although there was no
evidence of productive replication in these cells (Figure 5D, 5E).
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Figure 3. Induction of IFNs, ISGs, and IL-28 receptors by coronaviruses and influenza A viruses in well-differentiated Calu-3 (wd-Calu-3) cells. wd-Calu-3 cells were infected

with SCoV2, SCoV, and MCoV viruses at multiplicity of infection 2 from the apical side. The mRNA expression of the viral gene (ORF1b gene of SCoV2 and SCoV; UpE gene
of MCoV), IFN-f3, IFN-A1, ISG15, and MxA after 24 hours (A to £) and 96 hours (Fto J) infection of SCoV2, SCoV, and MCoV were monitored using real-time PCR (polymerase
chain reaction). K'to M, The mRNA expressions of IL28-receptor alpha (RA)-1, RA-2, and RA-3 by virus infection for 96 hours were measured using real-time PCR. Results are
the calculated mean from 3 independent experiments + standard deviation of the mean. *, P<.05; **, P< .01; ***, P<.001. Abbreviations: IFN, interferon; IL, interleukin;
ISG, interferon-stimulated gene; MCoV, Middle East respiratory syndrome coronavirus; MxA, myxovirus resistance protein 1; SCoV, severe acute respiratory syndrome coro-
navirus; SCoV2, severe acute respiratory syndrome coronavirus 2.

Treatment lasting 24 hours with SARS-CoV-2-con-
ditioned medium upregulated the mRNA expression of
proinflammatory cytokines and chemokines (MCP-1, IL-1,
IL-6, IL-8, and IP-10; Figure 5F-5]) and biomarkers associated

with vascular leakage (E-selectin, VCAM-1, angiopoietin (Ang)-
1, and Ang-2; Figure 5K-5N). Moreover, the upregulation of
VCAM-1 increased from 8-fold to 17-fold from 3 hours to 24
hours post-treatment (Figures 3L, 5C). Cytomix treatment on
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data points from 3 individual donors + standard deviation of the mean. *, P<.05; **, P<.01; ***, P<.001. Abbreviations: H5N1, influenza A H5N1; MCoV, Middle East
respiratory syndrome coronavirus; SCoV, severe acute respiratory syndrome coronavirus; SCoV2, severe acute respiratory syndrome coronavirus 2; TCID,, tissue culture in-

fectious dose.

HPMVECs upregulated tested cytokines, chemokines, and
biomarkers with higher magnitudes compared with SARS-
CoV-2-conditioned medium, except a downregulation of
Ang-2 was observed (Supplementary Figure 6). Except for the
directly infected cells, there was no viral ORF1b gene of SARS-
CoV-2 detected in cells treated with conditioned media after
24 hours incubation (Supplementary Figure 7). HPMVECs
treated with the conditioned medium did not enhance the in-
fection of SARS-CoV-2, demonstrated by a similar level of the
ORF1b gene (Supplementary Figure 8A) and no detection of
infectious particles by TCID,, assay (data not shown). IP-10
was upregulated in cells treated with SARS-CoV-2-condi-
tioned medium and subsequently infected with SARS-CoV-2
(Supplementary Figure 8B).

The induction of IL-6, MCP-1, IP-10, VCAM-1, and E-selectin,
but not IL-8, by SARS-CoV-2-conditioned medium treat-
ment was significantly suppressed by treatment with imatinib
(Figure 6) at a noncytotoxic concentration in HPMVECs
(Supplementary Figure 9).

DISCUSSION

Clinical manifestations of SARS-CoV-2-infected patients have
been attributed to abnormal cytokine release, the so-called cy-
tokine storm, especially those with severe disease [22]. The
production of proinflammatory cytokines and chemokines has
been demonstrated in airway epithelial cells after SARS-CoV-2
infection [23]. Even though damage to the endothelium in se-
vere COVID-19 has been demonstrated [24-27], the interac-
tion between respiratory epithelial and endothelial cells during
SARS-CoV-2 infection is not fully understood, and there is a
lack of information on the active role of endothelial cells in con-
tributing to the disease progression.

Wd-Calu-3 cells supported more robust productive rep-
lication of SARS-CoV-2 and SARS-CoV than undifferenti-
ated Calu-3 cells, and viruses were mainly released from the
apical side. The higher expression of ACE2 in wd-Calu-3 than
undifferentiated Calu-3 cells may explain the differential sus-
ceptibilities of the 2 models to SARS-CoV-2 infection. More im-
portantly, we found robust cytokine and chemokine production
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Figure 5. Paracrine effects of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-conditioned medium from Calu-3 cells on human primary pulmonary mi-
crovascular endothelial cells (HPMVECs). HPMVECs were treated with CM-MK and CM-SARS2 collected at 96 hours post-infection of SARS2 infection. Cell lysates were
harvested at 3 hours (A to £) and 24 hours (Fto N) post-treatment with conditioned medium or direct infection for determination of mRNA expression of IL-6, IP-10, MCP-1,
IL-1p. IL-8, VCAM-1, E-selectin, VEGF-A, Ang-1, and Ang-2. Results are the calculated mean from 3 individual donors + standard deviation of the mean. *, P<.05; **, P< .01;
**%, P<.001. Abbreviations: Ang, angiopoietin; CM-MK, conditioned medium from mock; CM-SARS2, conditioned medium from severe acute respiratory syndrome corona-
virus 2—infected cells; E-selectin, endothelial leukocyte adhesion molecule; IL, interleukin; IP, interferon gamma induced protein; MCP, monocyte chemoattractant protein;
VCAM, vascular cell adhesion molecule; VEGF-A, vascular endothelial growth factor-A.
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Figure 6. Inhibitory effects of imatinib on cytokines, chemokines, and adhesion molecules induction in human primary pulmonary microvascular endothelial cells (HPMVECs)
treated with severe acute respiratory syndrome coronavirus 2—conditioned medium. HPMVECs were treated with CM-MK or CM-SCoV2 collected at 96 hours post-infection
in the presence or absence of imatinib (IM) for 24 hours. Cell lysates were harvested for the mRNA expression measurement of IL-6, MCP-1, IP-10, VCAM-1, E-selectin, and
IL-8. Results are the calculated mean from 3 individual donors + standard deviation of mean. *, P< .05; **, P< .01; ***, P< .001. Abbreviations: CM-MK, conditioned medium
from mock; CM-SCoV2, conditioned medium from severe acute respiratory syndrome coronavirus 2—infected cells; E-selectin, endothelial leukocyte adhesion molecule; IL,
interleukin; IP, interferon gamma induced protein; MCP, monocyte chemoattractant protein; VCAM, vascular cell adhesion molecule.

at the basolateral side, including IL-6, IP-10, and MCP-1, by  could be explained by the cell type-specific phenotypes, differ-
SARS-CoV-2 infection at 96 hours post-infection. Although ences in infectious dosage, and time points after infection since
production of IL-6 and IP-10 by SARS-CoV-2 was lower than we used the ALI model of Calu-3 cells and we aimed at infecting
that following infection by H5N1, a number of reports indicate  the cells in a synchronizing manner with a high MOI. Our find-
that these cytokines and chemokines are associated with disease ~ ings reveal that SARS-CoV-2 induced a more robust innate
severity of COVID-19 [28-30]. Therefore, airway epithelial cells ~ immune response than SARS-CoV and MERS-CoV as early as

are most likely one of the sources of proinflammatory cytokines 24 hours; the differential expression was also seen at 96 hpi in

and chemokines with clinically important roles in the patho- wd-Calu-3 cells.

genesis of COVID-19 in SARS-CoV-2 infection. These findings There were minimal cytopathic effects in SARS-CoV-2-in-

are in line with reports using primary human airway epithelial ~ fected cells up to 96 hours post-infection. This phenotype pro-

cultures [23, 31]. vides long periods of time for virus release and cytokine and
There is a lack of information on direct comparison of the  chemokine production. Dramatic downregulation of ACE2

innate immune responses induced by the 3 coronaviruses. =~ was observed in SARS-CoV-2-infected cells. This is in line

Undetectable IFN mRNA was reported in monolayer cultures ~ with Patras report that the protein expression of ACE2 is
of human primary airway epithelial cells (HBEC) after SARS- downregulated upon SARS-CoV-2 infection in human lung ep-
CoV-2 infection [3, 23]. In ex vivo human lung explants, SARS- ithelial and liver epithelial cells [36]. The loss of ACE2 at the cell
CoV-2 failed to induce IFNs up to 48 hours post-infection, surface abolishes the degradation of extracellular angiotensin
while SARS-CoV induced detectable IFN mRNA at 48 hours  II, which is supported by the markedly increased level of an-
[32]. However, in line with our findings, induction of IFN-{ and giotensin II in the plasma samples from COVID-19 patients
IFN-A mRNA was observed in SARS-CoV-2-infected differen- [37]. A number of studies demonstrated that SARS-CoV in-
tiated HBEC [33] and Calu-3 cells [34, 35]. These discrepancies fection downregulated ACE2 expression, resulting in increased
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angiotensin II levels in blood samples; this contributed to acute
lung injury [38, 39].

Dysfunction of endothelial cells has been frequently reported
in severe COVID-19 [24-27]. Virus particles were occasionally
found in endothelial cells of COVID-19 patients in an autopsy
study [27]. However, we found that by using human primary
pulmonary endothelial cells [40], there was no productive
replication of SARS-CoV-2 in HPMVECs following infection
from the apical or basolateral side of the endothelium nor in
HPMVECs pretreated with conditioned medium from SARS-
CoV-2-infected airway cells. These findings suggest that al-
though SARS-CoV-2 virus can enter endothelial cells, it is not
able to produce infectious viral particles. This is in line with
reports that used an immortalized human endothelial cell line
and umbilical vein endothelial cells [41].

There are several reports of the cross-talk between lung ep-
ithelial and endothelial cells upon exposure to SARS-CoV-2
virus or protein. A recent study reported the induction of
IL-6 via spike protein expression in A549 cells and the induc-
tion of MCP-1 in liver endothelial cells by supernatants from
the SARS-CoV-2 spike protein-transfected A549 cells [36].
Another study showed the disruption of intracellular organelles
after SARS-CoV-2 infection in both human lung epithelial cells
and immortalized pulmonary endothelial cells in a co-culture
system, while the damage to endothelial cells is via an indirect
manner [42]. Damaged barrier function after prolonged SARS-
CoV-2 infection in umbilical vein endothelial cells was also re-
ported in a human chip model composed of nondifferentiated
Calu-3, endothelial, and mononuclear cells [41]. In contrast to
the reports mentioned above, our study applied a more phys-
iologically relevant cell model using of differentiated Calu-3
in an ALI system and primary HPMVECs. Furthermore, live
virus was used to infect from the apical side of the airway ep-
ithelial cells. We believe our findings reflect a more physiolog-
ical interaction between airway epithelial cells and pulmonary
endothelial cells. In line with the studies of Deinhardt, induc-
tion of proinflammatory and type I and III IEN responses by
SARS-CoV-2 was observed in airway epithelial cells [41].
However, we also compared cytokine and chemokine produc-
tion by SARS-CoV-2 with other pathogenic respiratory vir-
uses. Nonproductive replication of SARS-CoV-2 in endothelial
cells was observed in both studies. More importantly, only our
findings reveal the active contribution of endothelial cells to
the pathogenesis of COVID-19 via the induction of leukocyte
adhesion molecules and vascular leakage biomarkers. We dem-
onstrated that treatment with a conditioned media from SARS-
CoV-2-infected airway cells that contained proinflammatory
cytokines and chemokines, but not the virus, in HPMVECs
caused the elevation of proinflammatory cytokine, chemokine
(including MCP-1, IL-1B, IL-6, IL-8, and IP-10), and a number
of molecules involved in vascular leakage and dysfunction
(including E-selectin, VCAM-1, and Ang-2) [43-48]. These

findings suggest that the soluble mediators secreted from in-
fected airway cells have a more important impact on endothe-
lial cells in production of proinflammatory immune responses
than SARS-CoV-2 virus infection. These findings are supported
by the results from cytomix treatment composed of IL-1,
TNF-a, and IFN-y, which upregulated the tested genes listed
above, except Ang-2. Therefore, these findings reveal that endo-
thelial cells play a role in orchestrating the cytokine induction
and upregulation of adhesion molecules, which may recruit
immune cells to the inflammation sites and further elevate the
production of proinflammatory immune responses and, in
turn, contribute to the pathogenesis of COVID-19.

The robust expression of E-selectin and VEGF-A in endothe-
lial cells 3 hours following SARS-CoV-2 inoculation suggests
that these changes may be induced via virus infection processes
including virus attachment, cell entry, and fusion with the host
cell membrane, while the induction of E-selectin, VCAM-1,
Ang-1, and Ang-2 could be induced by soluble factors of SARS-
CoV-2-conditioned medium. The signaling pathways that lead
to the induction of these vascular leakage markers in the con-
text of SARS-CoV-2 infection warrant further study.

Imatinib has been studied in 2 phase 3 clinical trials as a
treatment for COVID-19 patients [9, 10]. However, there is
limited information on the role of imatinib and SARS-CoV-2
infection. Apart from antiviral effects, we report that imatinib
can act as an immunomodulator as it significantly reduced the
induction of proinflammatory cytokines, chemokines, and leu-
kocyte adhesion molecules in endothelial cells treated with con-
ditioned medium from SARS-CoV-2-infected airway cells. The
antiinflammatory effects observed are in line with a number of in
vivo acute lung injury studies that used imatinib as a therapeutic
strategy [49, 50]. In lipopolysaccharides (LPS) and ventilator-
induced lung injury study, imatinib decreased bronchoalveolar
lavage protein, immune cell influx, and TNF-a levels in mice [6].
Our findings highlight the antiinflammatory effect of imatinib in
endothelial cells during SARS-CoV-2 infection.

In summary, we showed nonproductive replication of SARS-
CoV-2 in HPMVECs. However, HPMVECs may play an ac-
tive and important role in orchestrating the cytokine storm,
recruiting leukocytes, and contributing to vascular damage
through epithelial-endothelial cell interaction. Furthermore,
we demonstrated the immunomodulatory role of imatinib
during SARS-CoV-2 infection, which supports its use for the
treatment of COVID-19. This study not only demonstrates the
cross-talk of pulmonary epithelial-endothelial cells but also re-
veals the important role of endothelial cells in the pathogenesis
of human SARS-CoV-2 infection.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors, so
questions or comments should be addressed to the corresponding author.
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