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SARS-CoV-2 infection of human pluripotent
stem cell-derived vascular cells reveals
smooth muscle cells as key mediators of
vascular pathology during infection
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% Check for updates Although respiratory symptoms are the most prevalent disease manifestation of
infection by Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2),
nearly 20% of hospitalized patients are at risk for thromboembolic events. This
prothrombotic state is considered a key factor in the increased risk of stroke,
which is observed clinically during both acute infection and long after symp-
toms clear. Here, we develop a model of SARS-CoV-2 infection using human-
induced pluripotent stem cell-derived endothelial cells (ECs), pericytes (PCs),
and smooth muscle cells (SMCs) to recapitulate the vascular pathology asso-
ciated with SARS-CoV-2 exposure. Our results demonstrate that perivascular
cells, particularly SMCs, are a susceptible vascular target for SARS-CoV-2
infection. Utilizing RNA sequencing, we characterize the transcriptomic chan-
ges accompanying SARS-CoV-2 infection of SMCs, PCs, and ECs. We observe
that infected SMCs shift to a pro-inflammatory state and increase the expression
of key mediators of the coagulation cascade. Further, we show human ECs
exposed to the secretome of infected SMCs produce hemostatic factors that
contribute to vascular dysfunction despite not being susceptible to direct
infection. The findings here recapitulate observations from patient sera in
human COVID-19 patients and provide mechanistic insight into the unique
vascular implications of SARS-CoV-2 infection at a cellular level.

Over the past 20 years, human coronaviruses have been responsible  global pandemic caused by the Severe Acute Respiratory Syndrome
for severe outbreaks worldwide, including the Severe Acute Respira- Coronavirus 2 (SARS-CoV-2) has led to over 700 million documented
tory Syndrome (SARS) outbreak of 2003 and the Middle East cases and nearly 7 million deaths as of January 2023% Although the
Respiratory Syndrome (MERS) outbreak of 2012". Most recently, the  primary symptoms of SARS-CoV-2 infection are associated with the
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respiratory system, severe illness is also associated with devastating
vascular complications’. The most notable of these complications is a
shift to a prothrombotic state, with 20% of hospitalized patients
reporting thromboembolic events and an increased risk for blood clot-
related issues, such as heart attack and stroke, which can last up to a
year after infection*”. The frequency of these complications during
and after SARS-CoV-2 infection is significantly higher than after
infection with other respiratory viruses, suggesting this pathology is
induced by effectors unique to SARS-CoV-2°,

Indicators of endothelial cell (EC) activation and dysfunction,
such as oxidative stress, hyperpermeability, endothelial-to-
mesenchymal transition (EndoMT), hypercoagulability, and thrombo-
sis have all been observed in SARS-CoV-2 infected patients’. However,
in vivo, direct infection of ECs remains controversial”'°. Infection has,
however, been detected in epithelial cells in the lower respiratory tract
as well as vascular smooth muscle cells and pericytes" ™. Previous
studies have shown that the infection of respiratory epithelial cells
triggers a cascade of inflammatory responses, involving macrophages
and monocytes, which can lead to widespread endothelial damage and
dysfunction®". Additionally, these immune cells can secrete a variety
of pro-inflammatory cytokines and chemokines that exacerbate
endothelial cell activation and dysfunction™". It is likely the infection
or activation of multiple cell types in close proximity contributes to
endothelial dysfunction.

Blood clot initiation begins with endothelial cells through both
extrinsic and intrinsic pathways. The extrinsic pathway is initiated
through tissue factor expression in perivascular cells, including
smooth muscle cells. In addition, recently published data demonstrate
that vascular smooth muscle cells are crucial mediators of endothelial
cell function”®, Here, the extensive crosstalk between vascular
endothelial cells and adjacent SMCs prompted us to examine if
infection of SMCs cells could be the trigger for the endothelial cell
dysfunction and thromboembolic events associated with infection.

In this report, we built off previously published approaches?° to
generate a new protocol to produce uniform populations of ECs and
perivascular cells, including SMCs and pericytes (PCs) from human
pluripotent stem cells (hPSCs). We specifically developed this
approach using a serum-free and common defined media for all three
cell types to isolate the effects of culture conditions away from the
cellular responses to SARS-CoV-2. Using these cells, we modeled SARS-
CoV-2 vascular infection under defined conditions and investigated
the cell-type specific response of vascular cells to SARS-CoV-2 expo-
sure. Our results show a preferential tropism for perivascular cells over
ECs and that SMCs are likely potent sites of SARS-CoV-2 infection. In
addition, exposure to SARS-CoV-2 transforms SMCs into activators of
coagulation signaling in ECs which may, in turn, contribute to the
devastating vascular complications observed with SARS-CoV-2 infec-
tion in human patients. Finally, our system provides a physiologically
relevant platform for further studies on drug development and mod-
eling vascular pathogenesis in a defined system.

Results

A fully defined, efficient, and serum-free protocol allows for
differentiation, culture, and maintenance of ECs, PCs, and SMCs
from hPSCs with a single common medium

We established a step-wise protocol to generate and maintain both
perivascular cells (PC and SMC) and ECs in high purity (>97%) using a
defined media (Fig. 1A-F). Similar to previously published
approaches'®?°, the approach to generate ECs begins with mesendo-
derm specification using CHIR99021-mediated WNT activation and
bone morphogenetic protein 4 (BMP4), followed by endothelial spe-
cification using vascular endothelial growth factor (VEGF), forskolin,
and inhibition of platelet-derived growth factor receptor (PDGFR) and
transforming growth factor beta (TGFf) signaling, and a last stage of
purification with n-cadherin inhibition, and continued PDGFR and

TGFp inhibition, and maturation with sphingosine-1-phosphate (S1P)
(Fig. 1A, Supplemental Fig. 1A-B). Alternatively, after mesendoderm
and early vascular specification, platelet-derived growth factor (PDGF-
BB) addition with TGFf inhibition or TGF( addition with PDGFR inhi-
bition allowed for the derivation of PCs and SMCs (Fig. 1B-E),
respectively, in the same culture medium comprised of vascular base
media comprising of Gibco Vascular SFM™, heparin, B27, epithelial
growth factor (EGF), basic fibroblast growth factor (bFGF), and
L-ascorbic acid-2-phosphate. All cells could be maintained and freeze-
thaw recovered in the same common medium with the addition of
PDGF-BB for PCs and VEGF for ECs.

For ECs, these steps resulted in >85% purity as measured by VE-
Cadherin (VE-Cad/CD144) and PECAMI1 (CD31) (Fig. 1D, Supplemental
Fig.1C), which could be enriched further via FACS and maintained after
recovery to greater than 98% purity (Fig. 1D, Supplemental Fig. 1C). In
addition, the ECs expressed canonical endothelial-related genes at
levels similar to primary endothelial cells (Fig. 1B, Supplemental Fig. 11).
Our hPSC-ECs also expressed elevated levels of embryonic-restricted
ETS variant transcription factor 2 (ETV2), a critical transcriptional
factor expressed by endothelial cells specifically during vasculogenesis
before capillary networks are formed?, relative to HUVECs or the
starting hPSC population (Supplemental Fig. 1C). SMCs and PCs are
two perivascular cell types that have been previously classified as
contractile and non-contractile perivascular cells and characterized as
both being PDGR positive. The delineation between the two is made
through high or low levels of expression of smooth muscle actin
(SMA)**% (Fig. 1D-E). Similarly, we captured these differences via
gene expression in the two perivascular cell populations derived here
with higher levels of contractile-related genes ACTA2 and CNNI in
SMCs and higher levels of PDGFRa and angiopoietin-1 (ANGPT1) in PCs
(Fig. 1B). PC expression of PDGFRb, PDGFRa as well as the expression
of the vascular adhesion molecules VCAM1 and ICAM1 was similar to
levels observed in primary PCs (Supplemental Fig. 1I). To further
characterize our hPSC-derived vascular cell populations we performed
principal component analysis (PCA) comparisons of these cell popu-
lations to each other and the primary cell counterparts (Fig. 1C). These
results show that the stem cell-derived ECs group with HUVECs, while
the stem cell-derived SMCs and pericytes cluster with bronchial SMCs
and primary pericytes. We then further resolved the mural cell popu-
lations in separate PCA analyses without hPSCs and ECs (Fig. 1C).
Euclidean distance comparisons showed that hPSC-SMCs are closer to
BSMCs and hPSC-PCs to primary brain vascular pericytes (Supple-
mental Fig. 1G-H).

Additionally, immunohistochemistry of PCs and SMCs showed
lower levels of expression in SMA and higher levels of NG2 and
PDGFRb in PCs relative to SMCs (Fig. 1D-E). Importantly, relative to
previously published protocols?°, both of these perivascular cells
were derivable in high purity (>97%), as shown in Fig. 1D-E and Sup-
plemental Fig. 1E-F. PCs additionally expressed intermediate levels of
both PDGFRa and PDGFRb relative to fibroblasts and the starting hPSC
population Fig. 1E and Supplemental Fig. 1E-F. We also examined the
ability of our hPSC-derived PCs and SMCs to support microvascular
network (MVN) formation with hPSC-derived ECs. Our results show
that both cell populations closely associated with hPSC-EC vascular
networks (Supplemental Fig. 1)). Taken together, the Euclidean dis-
tance measurements with PDGFRo/f3 expression comparison of the
hPSC-derived SMCs and PCs to their primary cell counterparts, the
examination of perivascular-specific genes such as ANGPTI, and their
ability to support in vitro vascular formation collectively help to
establish the authentic identity of the hPSC-derived mural cells
(Fig. 1C-E & G-J). Furthermore, this parallel derivation in the same
serum-free and defined base media specifically allowed for the com-
parative infection studies in one common infection medium without
the confounding variables of different or undefined media
formulations.
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SARS-Cov-2 demonstrates preferential tropism for human
perivascular cells

To assess the potential of hPSC-derived SMCs, PCs, and ECs to be
infected by SARS-CoV-2, we exposed the differentiated cells to live
SARS-CoV-2 and collected media at 24 and 48 hours post-exposure. We
quantified the amount of infectious virus via plaque assays and found
increased infectious virus in the media from SMCs and PCs, indicating

EC ®PC ' SMC ®hPSC
HUVEC @Primary PC ®BSMC

DAPI VWF  DAPI PECAM1

DAPI VE-Cad

DAPI SMA DAPI PDGFR-B  DAPI NG2

DAP| PDGFR-B DAPI NG2

that both cell types were productively infected with SARS-COV-2
(Fig. 2A). Notably, SMCs showed the highest amount of released virus
over a 48-hour infection (Fig. 2A). Conversely, exposure of ECs to
SARS-CoV-2 resulted in no subsequent release of infectious virus in the
media, suggesting that these cells are not productively infected with
SARS-CoV-2 (Fig. 2A). Double-stranded RNA (dsRNA) is produced
during SARS-CoV-2 genome replication®. In agreement with the
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Fig. 1| Derivation of hPSC-derived vascular endothelial cells, smooth muscle
cells, and pericytes. A Schematic of directed differentiation of hPSCs to vascular
endothelial cells (ECs), smooth muscle cells (SMCs), and pericytes (PCs) (Created
using BioRender). B Bulk RNA sequencing was performed on hPSC-derived ECs,
PCs, and SMCs. The normalized expression values of known EC, PC, or SMC marker
genes were quantitated over three biological replicates. The values plotted repre-
sent scaled normalized expression values for each gene across samples (C) (left)
Principal component analysis (PCA) on bulk-RNA sequencing data from hPSCs,
hPSC-ECs, hPSC-PCs, and hPSC-SMCs and primary endothelial cells (HUVECs),
primary pericytes, and primary bronchial smooth muscle cells (BSMCs). (right)
Mural cell-only PCA analysis (Primary pericytes, BSMCs, hPSC-PCs, and hPSC-SMCs)
(D) Expression of PECAML1 and VE-Cadherin was quantitated by flow cytometry on
hPSCs or on two independent differentiations of ECs. Data points on the bar graph

represent values from two independent differentiations. Expression of VE-Cad-
herin, VWF, and PECAML in hPSC-derived ECs was observed by immuno-
fluorescence. E Expression of NG2 was quantitated by flow cytometry on hPSCs or
on two independent differentiations of PCs. Data points on bar graph represent
values from two independent differentiations. Expression of PDGFR-B, and PDGFR-
A was quantitated by flow cytometry on HEK293 cells, human dermal fibroblast
(hDF) and two independent PC differentiation. Expression of SMA, PDGFR-B, and
NG2 in hPSC derived PCs was observed by immunofluorescence. F Expression of
PDGFR-B or SMA was quantitated by flow cytometry on hPSCs or on two inde-
pendent differentiations of SMCs. Data points on the bar graph represent values
from two independent differentiations. Expression of SMA, PDGFR-B, and NG2 in
hPSC-derived SMCs was observed by immunofluorescence. Scale bar = 50 um for all
immunofluorescence images.

plaque assay data, we detected dsRNA in a subset of hPSC-derived
PCs and SMCs, indicating active viral replication, but not in ECs
(Fig. 2B). To further confirm that ECs were not productively infected
by SARS-CoV-2, we quantitated both positive- and negative-sense
viral genome copies in ECs following exposure to SARS-CoV-2. The
negative-sense genome copy is generated specifically during viral
replication and, thus, should not be present in the input virus*. Our
data showed that in ECs exposed to live SARS-CoV-2, levels of both
positive- and negative-sense viral genomes were comparable to
those in ECs exposed to heat-inactivated virus (Supplemental
Fig. 3A), strongly suggesting an absence of active infection. In
contrast, smooth muscle cells (SMCs) exhibited robust replication,
with significantly increased levels of both positive- and negative-
sense copies only after exposure to live SARS-CoV-2, and not to
heat-inactivated virus (Supplemental Fig. 3A). Collectively, these
data support published reports that primary endothelial cells are
likely not primary targets of SARS-CoV-2 infection’. To determine if
the expression of known SARS-CoV-2 receptors could account for
the observed differences in tropism between hPSC-derived SMCs,
PC, and ECs, we examined the expression of ACE2, TMPRSS2, and
NRP1, which have all been reported to contribute to SARS-CoV-2
entry”?, Expression of ACE2 and TMRPSS2 was higher in SMCs, and
PCs, relative to ECs (Fig. 2C). ECs showed the highest expression of
NRP1 amongst the three cell types (Fig. 2C). This result was perhaps
not surprising given the known role of NRP1 in endothelial
angiogenesis”. NRP1 can also bind to the SARS-CoV-2 Spike protein.
Critically, previous studies have shown that the expression of NRP1
alone is not sufficient to make cells susceptible to SARS-CoV-2
infection®. These data suggest that the expression of ACE2 and
TMPRSS2 may contribute to the increased susceptibility of SMCs
and PCs to SARS-CoV-2 infection. The striking differences in the
susceptibility of SMCs, PCs, and ECs to SARS-CoV-2 infection
prompted us to compare the transcriptional response of these cell
types to SARS-CoV-2 exposure.

SARS-CoV-2 exposure drives divergent transcriptomic respon-
ses in human SMCs, PCs and ECs

To identify the transcriptional changes induced by SARS-CoV-2 infec-
tion, we performed bulk RNA sequencing on hPSC-derived ECs, PCs,
and SMCs exposed to SARS-CoV-2. Although our results showed that
ECs are not productively infected with SARS-CoV-2, previous reports
have demonstrated that exposure to SARS-CoV-2 proteins is sufficient
to impair EC function®, In the model developed here, human ECs, PCs,
and SMCs exposed to live SARS-CoV-2 showed significant changes in
gene expression (Fig. 3A-C). Notably, only SMCs showed a strong
induction of inflammatory signaling pathways following exposure to
live SARS-CoV-2 (Fig. 3B), while ECs showed a strong upregulation of
genes relating to reactive oxygen species production (Fig. 3A). Sur-
prisingly, PCs exposed to SARS-CoV-2 showed a unique transcriptional
profile with few pathways significantly upregulated in infected
PCs (Fig. 3C).

The vascular complications associated with SARS-CoV-2 infection
were most significant following infection with the WA-1/2020 strain of
SARS-CoV-2, while later variants, which appeared in the spring of 2022,
were associated with less severe clinical outcomes®. To determine if
reduced activation of innate immune signaling in SMCs could con-
tribute to these differences, we examined the transcriptional response
of SMCs to infection with the Omicron BA5.1 variant of concern (VOC).
BAS5.1 infection of SMCs induced inflammatory signaling, however, the
enrichment of interferon-a and interferon-y response pathways was
reduced relative to the induction following infection with the WA-1/
2020 strain of SARS-CoV-2 (Fig. 3A, Supplemental Fig. 2).

To identify transcriptional changes unique to productive
infection with SARS-CoV-2, we compared the transcriptional
response of ECs and SMCs following exposure to live SARS-CoV-2 or
heat-inactivated SARS-CoV-2. Heat inactivation has previously been
shown to disrupt the SARS-CoV-2 virion, resulting in a non-
infectious but intact virion®’. In ECs, the changes in gene expres-
sion appeared to primarily reflect their response to SARS-CoV-2
virions, as there were few differentially expressed genes in EC
exposed to live vs. heat-inactivated (HI) SARS-CoV-2 (Supplemental
Fig. 3B). We do observe that, in ECs exposed to live SARS-CoV-2
compared to those exposed to heat-inactivated SARS-CoV-2, there
is a positive enrichment of gene sets associated with metabolic
processes (e.g. oxidative phosphorylation, adipogenesis, and cho-
lesterol homeostasis), cell cycle (Myc targets), and cell death (DNA
repair) pathways. (Supplemental Fig. 3B). Although we see no evi-
dence of productive infection of ECs by SARS-CoV-2 it is possible
that heat-inactivation alters the conformation of viral proteins in a
way that reduces their potential to activate these pathways in ECs.
Similarly, treatment with free viral spike and nucleocapsid proteins
alone was also not able to recapitulate the activation of metabolic,
cell cycle, or cell death pathways observed following exposure to
live SARS-CoV-2 (Supplemental Fig. 3C).

SMCs responded more significantly to live SARS-CoV-2 infection
with respect to differentially expressed genes, with, as expected, SARS-
CoV-2 RNA being enriched in the infected SMC upregulated genes
(Supplemental Fig. 4A). SMCs exposed to live SARS-CoV-2 showed a
robust enrichment in the interferon-a and interferon-y innate immune
response pathways compared to SMCs exposed to heat-inactivated
SARS-CoV-2 (Supplemental Fig. 4B) suggesting that productive infec-
tion amplifies inflammatory signaling. Robust inflammatory signaling
continued to be observed even at 72 hours after exposure to live SARS-
CoV-2 (Supplemental Fig. 4C), further supporting the hypothesis that
the observed inflammatory response was due to prolonged infection
and not only the result of initial activation by extracellular viral
particles.

To confirm the finding that EC exposure to SARS-CoV-2
increased the generation and response to reactive oxygen species
(ROS), ECs were then incubated with CellROX Green Reagent to
detect the generation of ROS by immunofluorescence. A significant
increase in ROS signal was detected in ECs exposed to both live and
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Fig. 2 | hPSC-derived ECs, PCs, and SMCs show selective susceptibility to SARS-
CoV-2 infection. A 10e* hPSC-derived ECs, SMCs, and PCs were infected at an MOI
of 0.1 (10e* PFU) with SARS-CoV-2. The amount of infectious virus released into the
media at the indicated time post-infection was quantitated by plaque assay in three
independent experiments. Titers of EC 48 h.p.i samples were below the limit of
detection of 10 plaque forming units. Data are presented as mean values +/- SD.

B hPSC-derived ECs, SMCs, and PCs were infected at an MOI of 0.1 with SARS-CoV-2
and fixed at 48 hours post-infection. Fixed cells were stained with an antibody

directed against dsRNA as well as antibodies directed against SMA or VE-Cadherin
and imaged by immunofluorescence. The experiment was performed three times
with similar results. Representative images from a single experiment are shown.
C Expression of known SARS-CoV-2 receptors ACE2, TMPRSS2, and NRPP1 was
quantitated by bulk sequencing on hPSC-derived ECs, PCs, and SMCs. Values shown
are from three independent biological replicates. Scale bar = 50 um for all immu-
nofluorescence images.
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live SARS-CoV-2 resulted in nearly a 50% increase in dextran release
to the lower chamber (Fig. 4C). Collectively, these data both sup-
port our initial finding that SMCs are the susceptible vascular cell to
SARS-CoV-2 infection as well as further show that infection and the
presence of virions amplifies the divergent responses in ECs and
SMCs, specifically of reactive oxygen species and induction of
innate immune signaling respectively.

heat-inactivated SARS-CoV-2 for 48 hours (Fig. 4A,B). Induction of
ROS has the potential to increase vascular permeability”. To
determine if exposure to SARS-CoV-2 reduced endothelial cell
barrier function, we measured permeability to FITC-dextran at
48 hours post-infection (Fig. 4C). 10-kDa FITC-tagged dextran was
added into the apical Transwell chamber, and accumulation into the
lower chamber was quantified. Our results showed that exposure to
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Fig. 3 | hPSC-derived ECs, SMCs, and PCs display unique responses to SARS-
CoV-2 exposure. Bulk RNA sequencing was performed on RNA isolated from hPSC-
derived vascular ECs, PCs, and SMCs 48 hours after virus exposure (MOI =1). For all
volcano plots, effect sizes were estimated using DESeq2, with (two-tailed) p-values
computed using the Wald statistic. A full list of differentially expressed genes can
be found in the Source Data file. A Volcano plots showing differential gene
expression in ECs exposed to live SARS-CoV-2 compared to control uninfected ECs.
Gene set enrichment analysis (GSEA)”® was performed on differentially expressed
genes to analyze the transcriptional response to infection. Dot plots show gene-sets
from the Hallmark collection® of the MSigDB that were enriched (FDR < 0.05).

B Volcano plots showing differential gene expression in SMCs exposed to live
SARS-CoV-2 compared to control uninfected SMCs. GSEA was performed on dif-
ferentially expressed genes to analyze the transcriptional response to infection. Dot
plots show gene-sets from the Hallmark collection® of the MSigDB that were
enriched (FDR < 0.05). C Volcano plots showing differential gene expression in PCs
exposed to live SARS-CoV-2 compared to control uninfected PCs. GSEA was per-
formed on differentially expressed genes to analyze the transcriptional response to
infection. Dot plots show gene-sets from the Hallmark collection of the MSigDB
that were enriched (FDR < 0.05).
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Fig. 4 | SARS-CoV-2 exposure induces reactive oxygen species production and
decreases barrier function of hPSC-derived ECs. A ECs were mock-infected or
exposed to live or heat-inactivated SARS-CoV-2 for 48 hours (MOI =1). CellROX
green reagent was added at a final concentration of 5 uM, incubated for 30 minutes,
and cells were analyzed by fluorescence microscopy. Green fluorescent signal
showed the ROS-mediated oxidation of the reagent. The fluorescence intensity was
measured for five cells for each condition for three independent experiments. For
each experiment, the value plotted is the average fold change in florescence
intensity relative to mock-infected cells for that experiment. Conditions were
compared using a one-way ANOVA with Dunnett’s multiple comparisons test, with a

single pooled variance. B Representative images of CellRox staining at 48 hours
post-infection from a single experiment (Scale bar = 50 um). C Transcytosis of
FITC-tagged 10-kDa dextran across a monolayer hPSC-derived ECs. ECs were pla-
ted in transwells and infected with SARS-CoV-2 (MOI =1) or mock-infected for

48 hours. FITC-dextran was added to the upper chamber and the fluorescence
intensity of media the lower chamber was quantitated four hours after FITC-
dextran addition. Three independent experiments were performed. All results are
expressed as a fold change relative to the average value for mock-infected ECs.
Conditions were compared using an unpaired t-test.

SMC-secreted factors induce inflammatory signaling in ECs

As shown in our data above, exposing hPSC-derived ECs directly to
SARS-CoV-2 virions did not induce significant innate immune signaling
(Fig. 3A, and Supplemental Fig. 3A). However, elevated inflammatory
signaling is a key component of endothelial cell activation observed
during SARS-CoV-2 infection®. We have demonstrated here that SMCs
are a target for SARS-CoV-2 infection, and the crosstalk between SMCs
and ECs has been previously shown to contribute to the pathology of
vascular disease”. We hypothesized that ECs could be impacted by
factors secreted by nearby infected SMCs. To test this hypothesis, we
exposed ECs to media collected from infected SMCs (CoV-2 SMC CM)
(Fig. 5A). In addition, we collected media from SMCs exposed to HI
SARS-CoV-2 (HI SMC CM) to identify any changes in ECs that result
from the SMC response to viral particles alone (Fig. 5A). Exposure of
ECs to either CoV-2 SMC CM or HI SMC CM resulted in significant

changes in gene expression when compared to control ECs (Fig. 5B-C,
Supplemental Fig. 5).

We again performed GSEA and observed that both treatment
conditions demonstrated induction of pathways that could poten-
tially contribute to vascular dysfunction via the effects on ECs by
infected neighboring perivascular cells such as SMCs. As before, we
observed upregulation of genes associated with reactive oxygen
species (Fig. 5D,E); however, treatment with live or HI CoV-2 SMC CM
increased the normalized enrichment scores for this pathway. Unlike
the direct infection effects described in Fig. 3A,C and Supplemental
Fig. 3A, this model, which mimics the effect of SMC secreted factors
on ECs, now induced inflammatory signaling pathways in ECs,
including IFN-a and IFN-y response pathways, and TNFa signaling via
NF-kB (Fig. 5D,E, Supplemental Fig. 6). Notably, the induction of
many genes in the interferon response pathways was significantly
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higher in EC exposed to CoV-2 SMC CM compared to EC exposed to
HI SMC CM (Supplemental Fig. 7). Lastly, both transfer conditions
resulted in further upregulation of the previously observed meta-
bolic pathways as well as an increase in TGFfB-signaling known to
regulate EndoMT*>** and apoptosis (Fig. 5D,E). Notably, exposure of
ECs to SMC infection media without SMC conditioning did not result
in induction of up-regulation of the inflammatory or coagulation
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pathways we observed with SMC-conditioned media (Supplemental
Fig. 8). To determine if factors secreted by SMCs infected with BAS5.1
could also induce an inflammatory response in ECs, we performed
similar experiments using BAS5.1 SMC conditioned media (BA5.1 SMC
CM). While we did observe an upregulation in IFN-a and IFN-y
pathways in ECs treated with BA5.1 SMC CM, the differential
expression of many of the key regulators of the innate immune
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Fig. 5| SMCs exposed to SARS-CoV-2 release factors that alter EC gene
expression. A Schematic of the experiment examining the effect of SMC-secreted
factors on ECs (Created using BioRender). B-E Bulk RNA sequencing was per-
formed on RNA isolated from ECs 48 hours after exposure to SMC-conditioned
media. For all volcano plots, effect sizes were estimated using DESeq2, with (two-
tailed) p-values computed using the Wald statistic. A full list of differentially
expressed genes can be found in the source data file. B Volcano plot of differentially
expressed genes in ECs exposed to media from SARS-CoV-2 infected SMCs (CoV-2
SMC CM) compared to control ECs (Control). C Volcano plot of differentially
expressed genes in ECs treated with media from SMCs exposed to heat-inactivated

SARS-CoV-2 (HI SMC CM) compared to control ECs (Control). D GSEA results of ECs
treated with media from SARS-CoV-2 infected SMCs compared to control ECs
(Media Transfer) plotted together with GSEA results for ECs exposed to live SARS-
CoV-2 compared to control ECs (Direct Infection) (E) GSEA results of ECs treated
with media from SMCs exposed to heat-inactivated SARS-CoV-2 compared to
control ECs (Media Transfer) plotted together with GSEA results for ECs exposed to
live SARS-CoV-2 compared to control ECs (Direct Infection). In (D) and (E), the
Hallmark collection® of gene-sets from the MSigDB was used and gene-sets were
plotted only when FDR < 0.05 for enrichment in at least one of the between-
condition comparisons.

response that we observed as upregulated following exposure to
CoV-2 SMC CM was significantly reduced in treatment with BA5.1
SMC CM (Supplemental Fig. S9, Table 1).

SARS-CoV-2 productively infected pericytes; however, we did not
observe induction of inflammatory signaling following infection
(Fig. 3C). To determine whether factors secreted from SARS-CoV-2
infected pericytes induced inflammatory signaling in ECs we performed
a parallel experiment using media conditioned by pericytes exposed to
SARS-CoV-2 (CoV-2 PC CM). We observed enrichment in IFN-ac and IFN-y
response pathways in CoV-2 PC CM exposed ECs compared to control
ECs (Supplemental Fig. 10); however, with the exception of HELZ2, none
of the major mediators of inflammatory signaling that we observed
upregulated in ECs treated with CoV-2 SMC CM were significantly
upregulated in ECs treated with CoV-2 PC CM (Table 1, Supplemental
Fig. 6, and Supplemental Fig. 10B). Taken together, these data indicate
that, while no substantial responses outside of increased reactive oxy-
gen species-related gene signaling were detected after direct exposure,
ECs can be impacted by factors released from nearby, infected peri-
vascular cells. In particular, we observed upregulation in pathways with
a potential connection to vascular dysfunction (innate immune signal-
ing, metabolic disruption, TGF3-signaling, and cell death) in response to
SMC- and PC-secreted factors.

SMC-secreted factors increase the expression of known coagu-
lation pathways in ECs

In addition to the enriched pathways described above, we also
observed that exposing ECs to media from infected or Hl-exposed
SMCs significantly upregulated the expression of multiple genes
involved in coagulation (Figs. 5D,E and 6A,B). Included in the coagu-
lation gene set* was SERPINEL, a known inhibitor of plasminogen
(PA-1) and a blood biomarker of which elevated plasma levels have

Table 1 | Differential expression of key regulators of innate
immune signaling in ECs exposed to conditioned media from
SARS-CoV-2 infected SMCs (CoV-2 SMC CM), SARS-CoV-2
infected PC (CoV-2 PC CM), or BA5.1 infected SMCs (BA5.1
SMC CM) compared to control ECs

CoV-2 SMC CM CoV-2 PCCM BA5.1 SMC CM
Gene Log,FC  Adj. Log,FC  Adj. Log,FC  Adj.
Name p value p value p value
MX1 7.46 2.6e™ 0.79 0.534 1.94 0.024
BST2 8.07 2.15¢? -0.72 0.042 1.03 0.002
DDX58 3.03 1.5e™ -0.69 0.19 -0.61 0.180
IRF7 3N 3.43%° -0.43 0.207 0.14 0.683
ISG15 3.84 5.62e™ -0.48 0.087 0.25 0.852
HELZ2 2.43 2.98¢e™ 1.05 0.044 2.10 2.55e®
OAS1 4.78 0.008 0.94 0.709 0.97 0.766
EPS1 5.55 3.78e™ 0.39 0.735 0.16 0.706
LYGE 3.65 4.29¢™ -0.42 0.135 0.31 0.429

Effect sizes were estimated using DESeq2, with (two-tailed) p-values computed using the Wald
statistic. A full list of differentially expressed genes can be found in the source data file.

been observed in patients with severe SARS-CoV-2 infection®
(Fig. 6A,B). To determine if the exposure of ECs to media from infected
SMCs also increased protein secretion, we measured SERPINE1 protein
levels in the media from ECs exposed to SARS-CoV-2 infected SMCs for
48 hours (CoV-2 SMC-Exposed). CoV-2 SMC-exposed ECs released
significantly more SERPINE1 than ECs exposed to media from mock-
infected SMCs (Mock SMC Exposed) (Fig. 6C). Similar to SERPINE1,
increased plasma levels of von Willebrand Factor (vVWF), a blood gly-
coprotein involved in clotting released from activated ECs and a
common biomarker for coagulopathies®, has been observed in
patients with severe SARS-CoV-2 infection®*’. ECs exposed to media
from SARS-CoV-2 infected SMCs (CoV-2 SMC Exposed) also released
significantly more vVWF into the media than ECs exposed to media from
mock-infected SMC media (Mock SMC Exposed) (Fig. 6D). Interest-
ingly, ECs exposed to media from BAS.1 infected SMCs did not show
significant upregulation of the coagulation gene set compared to
control ECs (Supplemental Fig. 9A). In addition, we observed no sig-
nificant release of VWF or SERPINEI into the media in ECs exposed to
conditioned media (CM) from BAS5.1 infected SMCs relative to ECs that
had been exposed to CM from mock-infected SMCs. (Supplemental
Fig. 11). Although ECs exposed to media from SARS-CoV-2 infected PCs
did show anincreased expression of genes within the coagulation gene
set (Supplemental Fig. 10A), we did not observe increased release of
VWF or SERPINEL into the media following exposure to CoV-2 PC CM
(Supplemental Fig. 12). We propose that these data suggest that the
observed coagulopathy-related vascular dysfunction observed in
human patients infected with SARS-CoV-2 may be related, in part, to
the paracrine effects induced by neighboring infected SMCs and the
resulting increased prothrombotic signaling from ECs.

Infection of SMCs with SARS-CoV-2 results in significant
induction of IFN-a and IFN-y signaling pathways (Fig. 3, Supple-
mental Fig. 4). To determine if activation of these inflammatory
pathways could contribute to the release of factors that promote
activation of coagulation pathways in ECs, SMCs were treated
with IFN-a or IFN-y for 24 hours. The media was then replaced
with fresh media without cytokines for 48 hours, at which point
the media was collected. ECs were then incubated with IFN-a or
IFN-y SMC-conditioned media, and the levels of vVWF or SERPINE1
released into media were quantitated relative to ECs treated with
media conditioned by untreated SMCs or PCs. ECs exposed to
media from IFN-a treated SMCs showed a significant increase in
the release of VWF as well as increased release of SERPINE1
(Supplemental Fig. 13A). We performed similar experiments using
media conditioned by IFN-a or IFN-y treated PCs. Treatment of
ECs with media from IFN-a or IFN-y PCs did not cause an increase
in release of VWF or SERPINE1 (Supplemental Fig. 13B). Collec-
tively, these findings suggest that activation of inflammatory
signaling in SMCs may contribute to the release of factors that
promote activation of coagulation cascades in ECs.

Infected SMCs release factors that increase brain microvascular
endothelial cell permeability

A recent study has shown disruption of the blood-brain barrier in
patients during acute SARS-CoV-2 infection as well as in patients

Nature Communications | (2024)15:10754


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54917-4

(A)
EC: CoV-2 SMC CM vs. Control
Coagulation b
20
e
>
Le)
10 CTSB
}iid
""""""""""""" Creferemer
‘~ TRA1
0 i
3 20 10 0 10 20 30
log,(Fold change)
(€) (D)

SERPINE1 (PAI-1)

I
=)
1

0.0298

-
[3]
1

-
=]
1

e
2
1

g
o
I

Mock SMC CoV-2 SMC
Exposed Exposed

PAI-1 concentration (ng/ml)
VWF concentration (ng/m

Fig. 6 | SARS-CoV-2 exposed SMCs release factors that promote clotting and
reduce barrier function in ECs. A Volcano plot for differential gene expression in
ECs exposed to media from SARS-CoV-2 infected SMCs (CoV-2 SMC CM) compared
to control ECs (Control). For all volcano plots, effect sizes were estimated using
DESeq2, with (two-tailed) p-values computed using the Wald statistic. A full list of
differentially expressed genes can be found in the source data file. B Volcano plot
for differential gene expression in ECs exposed to media from SMCs exposed to
heat-inactivated SARS-CoV-2 (HI SMC CM) compared to control ECs (Control). In
both (A) and (B), genes highlighted in red correspond to the “coagulation” gene-set
from the Hallmark collection® of the MSigDB, with GSEA “leading edge” genes
labeled by name. C-E ECs were exposed to media from SARS-CoV-2- infected SMCs
(CoV-2 SMC Exposed) or exposed to media from mock-infected SMCs (Mock SMC
Exposed) for 48 hours. C The amount of SERPINEI(PAI-1) ECs released into the
media 48 hours after CM exposure was quantitated by ELISA. Media was collected
from three independent experiments and analyzed in parallel. Bar graph is the
average value for each condition, and data points show the individual values from
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each experiment. Error bar shows +/- SD. Conditions were compared using an
unpaired t-test. D The amount of von Willibrand Factor (VWF) ECs released into the
media 48 hours after CM exposure was quantitated by ELISA. Media was collected
from three independent experiments and analyzed in parallel. Bar graph is the
average value for each condition, and data points show the individual values from
each experiment. Error bar shows +/- SD. Conditions were compared using an
unpaired t-test. E Transcytosis of FITC-tagged 10-kDa dextran across a monolayer
hPSC-derived ECs. ECs were plated in transwells and exposed to media from SARS-
CoV-2 infected SMCs (CoV-2 SMC CM) or media from mock-infected SMCs (Mock
SMC Exposed) for 48 hours. FITC-dextran was added to the upper chamber, and the
fluorescence intensity of media in the lower chamber was quantitated four hours
after FITC-dextran addition. Three independent experiments were performed. All
results are expressed as a fold change relative to the average value for mock-
exposed ECs. Each dot represents the value from an independent experiment and
lines show mean value across all three experiments. Conditions were compared
using an unpaired t-test.

suffering from long COVID cognitive impairment®, hPSC-derived brain
microvascular endothelial cells (nBMECs) recapitulate much of the
unique physiology of the brain microvascular endothelial cells in the
blood-brain barrier’**°. As we observed clear dysfunction in the more
peripheral-like ECs after exposure to factors secreted by infected
perivascular cells, we modeled exposure of hBMECs to factors released
from infected perivascular cells. Similar to the peripheral ECs, hBMECs
exposed to live virus for 24 or 72 hours and stained with an antibody
against dsRNA showed little to no infection, indicated by rare dsRNA-
positive cells at the 72-hour time point (Supplement Figure 14A). These
data are in agreement with a previous report that showed a low level of
infection by 72 hours in primary BMECs*. As our findings here have
indicated (Fig. SD and Supplemental Fig. 6), infected SMCs release
factors that promote inflammatory signaling in ECs, we hypothesized
that similar signaling would result in decreased barrier integrity in
hBMECs. Transendothelial electrical resistance (TEER) provides a
quantitative measurement of junctional tightness*”. TEER was mea-
sured in hBMECs that were plated in transwell plates and exposed to
media from either mock-infected SMCs (Mock CM-Exposed) or SMCs
infected with live SARS-CoV-2 (CoV-2 SMC-Exposed) or heat-
inactivated SARS-CoV-2 (HI SMC Exposed) over the course of

72 hours. We observed a significant reduction in TEER values over time
in CoV-2 SMC Exposed hBMECs (Supplemental Fig. 14B), whereas no
reduction was observed in HI SMC Exposed hBMECs (Supplemental
Fig. 14C).

hPSC-derived SMCs increase tissue factor expression and activ-
ity in response to SARS-CoV-2 infection and constitute a plat-
form for identifying targeted antiviral therapies

Tissue factor (TF) is a key initiator of the extrinsic blood coagulation
pathway expressed in vascular smooth muscle cells following injury*
and in the lungs of patients with severe SARS-CoV-2 infection***. To
determine if SARS-CoV-2 infection of SMCs resulted in increased TF
expression, SMCs were exposed to either live SARS-CoV-2 or heat-
inactivated SARS-CoV-2 and stained with an antibody against TF.
Exposure to live SARS-CoV-2 resulted in an increase in TF staining in
SMCs (Fig. 7A,B), which appeared to correlate with dsRNA-positive
cells (Supplemental Fig. 15). Quantifying the average intensity of SMCs
expressing TF, we observed that this increase was specific to live SARS-
CoV-2 infection (Fig. 7C). To further determine whether the increased
surface expression of TF indicated functional activation, we employed
an enzyme-linked immunosorbent assay (ELISA) to quantitate TF
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activity from lysate of SMCs exposed to live or heat-inactivated SARS-
CoV-2. We observed significantly higher TF activity in the lysate from
SMCs infected with SARS-CoV-2 (Fig. 7D). Collectively, these data
suggest that the upregulation of TF is a direct effect of infection and
gives additional cellular mechanistic insight into how SARS-CoV-2
infection and the tropism shown here might cause the unique vascular
dysfunction observed in COVID-19 patients.

Given that our data here suggest that infection of SMCs may be
one of the major initiating factors in the development of the vas-
cular pathology associated with infection, we sought to determine
whether inhibiting known viral infection pathways in perivascular
cells would blunt this as a proof-of-principle of this model’s use in
drug development in infectious disease with vascular complica-
tions. The sphingolipid synthesis pathway has been shown to play a
critical role in the replication of viruses and regulation of the innate
immune response* and is involved in the development and
maturation of blood vessels**, Modulation of this pathway has
been proposed as a potential therapeutic treatment for severe

infection®. To determine if inhibition of sphingolipid signaling in
SMCs could reduce SARS-CoV-2 infection, SMCs were treated with
N,N-Dimethyl-D-erythro-sphingosine (DMS), which inhibits the
phosphorylation of sphingosine to form sphingosine 1-phosphate.
Treatment with DMS resulted in a dose-dependent reduction of
infectious virus production in SMCs, which could not be accounted
for by the toxicity of the drug (Supplemental Fig. 16A). We com-
pared the transcriptional response of SARS-CoV-2 infected SMCs
with and without treatment with DMS during infection. We
observed increased activation of inflammatory pathways in DMS-
treated SARS-CoV-2 infected SMCs, which may in part, account for
the reduced level of viral infection (Supplemental Fig. 16A-B). To
determine if EC viability was impacted by treatment with DMS at a
concentration that reduced viral infection in SMCs while not redu-
cing SMC viability (Supplemental Fig. 16A), we additionally per-
formed the CellTiter Glo viability assay on ECs 72 hours after DMS
exposure and observed no reduction in EC viability relative to
control DMSO-exposed ECs (Supplemental Fig. 16C).
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Discussion

The SARS-CoV-2 pandemic has impacted millions of people worldwide.
The vascular complications that arise from severe infection continue
to devastate patients long after the peak of infection. One year after
infection, patients who were infected with SARS-CoV-2 are 63% more
likely to have cardiovascular issues and have a 52% increased risk of
stroke’. In this report, we present a model system to study the tropism
and pathology associated with SARS-CoV-2 vascular infection. Our
data demonstrate that within the vasculature, perivascular cells,
including pericytes and smooth muscle cells, are major targets for
SARS-CoV-2 infection. Also consistent with previous reports’, our
results here show no evidence of productive viral infection in human
ECs. These data are particularly relevant in light of recent studies using
patient biopsy samples that showed evidence of the spread of infec-
tion through the bloodstream during an early viremic phase'. This
systemic spread likely results in virus throughout the body following
infection of the respiratory tract'.

To enable this study, we developed a new, defined, and serum-free
protocol to derive endothelial cells and multiple mural cell popula-
tions from hPSCs using a single common medium. This approach
produced high-purity vascular cells that expressed canonical markers
corresponding to their respective vascular identities®’. Specifically, the
perivascular cell populations, representing pericytes and smooth
muscle cells, exhibited varying levels of RNA expression of key markers
such as PDGFR-A, PDGFR-B, NG2, TAGLN, and SMA*® While specific
definitions of perivascular cell identities remain important areas of
investigation in vascular biology, critically, these cells were function-
ally capable of supporting vascular network formation via hPSC-ECs
when exposed to flow (Supplemental Fig. 1)) and expressed specific
makers associated with vessel support and maintenance such as
ANGPT1*** (Fig. 1). Moreover, PCA of RNA sequencing of these cells
and Euclidean distance comparisons with their primary counterparts
showed that the SMCs clustered with primary bronchial smooth
muscle cells and PCs with primary pericytes, respectively (Fig. 1B). The
additional criteria of generating these populations of cells in a com-
mon and standardized defined medium for all cell types enabled the
comparisons between these cell types under uniform infection culture
conditions and, combined with the ability to form vascular networks in
these defined conditions, collectively illustrate the utility of this new
derivation method for the broad study of vascular biology using
human pluripotent stem cells.

While we did not observe any productive infection of ECs, the RNA
seq data did show perturbation of EC gene expression by exposure to
SARS-CoV-2 (Fig. 3A), such as perturbations expression of in EGF-like
repeats and discoidin I-like domain genes that play a significant role in
endothelial cell adhesion and angiogenesis®. Specifically, our results
showed that exposure of ECs to SARS-CoV-2 resulted in significant
downregulation of EDIL3 (Fig. 3A). Consistent with this hypothesis, we
observed reduced EC barrier function following exposure to SARS-
CoV-2 (Fig. 4C). To better understand the direct effects on vascular
endothelium from SARS-CoV-2 exposure in the absence of infection,
we exposed ECs to both live and HI SARS-CoV-2 particles. The absence
of significant differences following live versus HI exposure in ECs
suggests the direct impact on vascular endothelium could be due to
interactions between ECs and the viral proteins present on the surface
of the viral particle. This finding is in line with a previous study in
hamsters using pseudotyped virus expressing SARS-CoV-2 spike
protein®. Lastly, these effects were not observed with free recombi-
nant nucleocapsid or spike protein, indicating viral particle presenta-
tion of these proteins may be required (Supplemental Fig. 3).

Our comparison of the transcriptional response in smooth muscle
cells (SMCs) to live versus heat-inactivated SARS-CoV-2 revealed the
specific upregulation of several inflammatory genes, including HELZ2,
MX1, and IFI6, during active infection. These genes play key roles in
orchestrating immune responses to viral infections and are notably

upregulated in patients with severe COVID-19°**°. The selective ele-
vation of these genes following exposure to live virus suggests that
active SARS-CoV-2 infection enhances antiviral signaling in SMCs
beyond what is triggered by viral proteins alone.

HELZ2, MX1, and IFI6 are also induced in endothelial cells (ECs)
after exposure to factors secreted from SARS-CoV-2-infected SMCs.
Since ECs are not directly infected by SARS-CoV-2, this data implies
that inflammatory signals from neighboring SMCs are sufficient to
activate expression in ECs. As all three genes are interferon-stimulated
genes (ISGs), whose expression is induced by interferon (IFN)
signaling”?, we hypothesize that infected SMCs may secrete IFNs,
which then activate these antiviral pathways in nearby ECs.

Consistent with in vivo findings®®®', our data support perivascular
cells as sites of active SARS-CoV-2 infection. An important question is
how viral infection could spread from the initial site of infection in the
respiratory tract to perivascular cells in the absence of endothelial cell
infection. During severe SARS-CoV-2 infection, the virus spreads sys-
temically through the bloodstream to peripheral sites of infection. Our
data show weakened EC barrier function following exposure to SARS-
CoV-2, which is consistent with patient data as well as in vitro
studies**>%*, The specific observed reduction in EIDL3 levels in our data
suggests a possible specific mechanism where EC exposure to SARS-
CoV-2 particles may have the potential to impair barrier functions via
weakened cell-cell adhesion and reduced angiogenesis, contributing
to extravascular dissemination of the virus during COVID19 and a route
to mural cell infection. We also observed the activation of ROS sig-
naling in ECs following SARS-CoV-2 exposure, which may further
contribute to reduced barrier function and increased vascular leakage.
Taken together, the results here demonstrate that EC exposure to
SARS-CoV-2 elicits numerous putative mechanisms of changes in gene
expression and cellular function that lead to a reduction in barrier
integrity and provide an access point for the virus to contact perivas-
cular cells and disseminate into tissues, contributing to the collective
understanding of COVID19 pathologies.

In identifying the sites of vascular infection, we also observed that
only a subset of SMCs and PCs were positive for dsRNA staining
(Supplemental Fig. 1 & Supplemental Fig. 7). This may be due to het-
erogeneity in receptor expression, or alternatively, the viral genomic
replication that produces dsRNA may be quickly dampened by the
host cell’s innate immune responses®. In vivo, it is likely that only a
small percentage of interactions between viral particles and cells
results in productive infection due to both the production of defective
viral particles® as well as interactions of infectious viral particles with
cells that are not susceptible to SARS-CoV-2 infection. However, our
results comparing the transcriptional response of SMCs and ECs
exposed to live virus versus heat-inactivated virus allowed us to dis-
criminate between transcriptional changes due to productive infection
and changes induced via exposure to viral particles without down-
stream infection. Our results suggest that the overall SMC response
may be sufficient to promote vascular dysfunction, and they prompted
us to expand our model to mimic the exposure of ECs to factors
released from infected SMCs.

Contrary to the limited dysfunction beyond endothelial ROS
responses observed in our initial model of direct infection, the new
model showed significant dysregulation of vascular gene pathways in
ECs. Specifically, we observed increased expression of genes in inter-
feron response pathways, further reactive oxygen species, and sig-
nificant cell death in ECs exposed to the SMC-secreted milieu.
Moreover, our RNA-seq data showed that SMCs exposed to heat-
inactivated SARS-CoV-2 alone, which cannot initiate infection, release
factors that promote coagulation signaling in ECs, suggesting that
exposure of SMCs to circulating viral particles may be sufficient for
activation of coagulation pathways through an SMC dependent
mechanism. Lastly, the conditioned media model provided mechan-
istic insights into how neighboring SARS-CoV-2 infected perivascular
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cells can contribute to vascular dysfunction, such as leakage and
edema, through decreasing barrier function.

To assess the in vivo relevance of our model system, we
explored several pathways that could underlie the vascular com-
plications seen in COVID-19, such as hypercoagulability and bleed-
ing disorders leading to exsanguination—events our data also
detected®**7%*%’ Notably, we observed an upregulation of
interferon-stimulated genes and coagulation mediators like SER-
PINE1 (encoding for plasminogen activator inhibitor-1) and vVWF in
ECs exposed to conditioned media from SARS-CoV-2-infected
SMCs. These are both key factors known to mediate thromboem-
bolic events® and have been observed at elevated levels in severe
COVID-19 patients associated with high thrombotic risk**?’, sug-
gesting fidelity of the model findings. In addition to this EC dys-
function driven by paracrine signaling, infected SMCs in our model
showed increased Tissue Factor activity, a primary driver of the
intrinsic coagulation cascade®*, further aligning with in vivo
reports of its upregulation in lung tissue from severe COVID-19
cases® and persistent systemic inflammation**. Beyond SMC-driven
effects, our model indicated that SARS-CoV-2 particles directly
impair EC barrier function even without productive infection,
potentially explaining the paradoxical bleeding and exsanguination
observed in severe cases®’. We identified significant disruptions in
ROS signaling in ECs following viral exposure, consistent with
increased vascular permeability seen in severe COVID-19°° and
supported by elevated NADPH oxidase activity in the micro-
vasculature of patients®®. Our concurrent observation of EIDL3
downregulation, with its potential role in weakening tight junctions
and compromising vascular integrity®, suggests a novel mechanism
by which SARS-CoV-2 may induce EC dysfunction. Given the align-
ment of our collective findings with established observations in
COVID-19 patients, further studies using human vascular tissue are
warranted to validate these possible EIDL3-dependent mechanisms.

The approach detailed here describes a highly efficient manner
for deriving pure perivascular and endothelial cells from hPSCs in a
defined and common media for use in disease modeling. Using the
defined and serum-free conditions for all cell types, this model could
be used to study the tropism of SARS-CoV-2 on cells of the vasculature.
The model and results described here add to the existing literature
that perivascular cells, not the endothelium, are the target sites of
infection. However, viral particles themselves can alter the state of ECs
in the absence of infection. Additionally, the defined common medium
format for all cell types allowed us to perform a set of conditioned
media experiments without the complications of different media
compositions and then probe the outcomes of changes in the EC
microenvironment from infection of neighboring perivascular cells.
This approach ultimately provided a potential intrinsic and extrinsic
mechanism for coagulopathies associated with SARS-CoV-2 and para-
doxical vascular leakage and edema. In summary, our findings provide
a highly efficient derivation of a fully defined and serum-free hPSC
vascular model and add to the knowledge of the relationship between
the unique vascular complications associated with SARS-CoV-2 infec-
tion and COVID-19 patients.

Methods

Ethics

All research presented in this manuscript complied with all relevant
ethical regulations involving the use of human pluripotent stem cells
and was approved by the Committee on the Use of Humans as
Experimental Subjects (COUHES) and assigned IRB protocol number
#0612002068.

hPSC lines and maintenance
H1 (WAO1) embryonic stem cells were obtained from WiCell. hPSCs
were maintained in feeder-free conditions in mTeSR Plus media

(StemCell Technologies) on Matrigel (Corning) in 6-well tissue culture
dishes. For passaging, hPSCs were detached as clumps using Versene
Solution (Thermo Fisher Scientific) and replated at a ratio of 1:8-1:10.

Directed differentiation of hPSCs to endothelial cells

All media recipes are described in Supplemental Table 2. H1
hPSCs were cultured in E8 media (Thermo Fisher Scientific) and
dissociated using Accutase (Thermo Fisher Scientific) into a single
cell suspension and plated at 15,000 cells/cm? in E8 media with
Y-27632 (10pM) and onto Matrigel-coated tissue culture plates.
Y-27632 was removed after 24 hours, and cells were cultured in E8
media until they reached approximately 70% confluency, at which
point the media was replaced with MelM media; this is considered
day 0. On day 2, the media was replaced with EC1 media. On day
5, the media was replaced with EC2 media for 24 hours, and then
cells were passaged 1:1 onto fibronectin (FCO1010MG, Fisher
Scientific) coated tissue culture plates in EC3 media. Plates were
coated with fibronectin at 10 ug/ml for 30 minutes at 37 °C prior
to the addition of cells. After 48 hours, media was replaced with
EC4 media for 5days and then sorted for VE-Cadherin and
PECAMI1 double-positive cells using FACS. Sorted cells were pla-
ted back onto fibronectin and cultured for an additional 5 days in
EC4 before cryopreservation or extended expansion in EC5
medium.

Directed differentiation of hPSCs to pericytes

All media recipes are described in Supplemental Table 2. H1 hPSCs
were cultured in E8 media (Thermo Fisher Scientific) and dissociated
using Accutase (Thermo Fisher Scientific) into a single cell suspension
and plated at 15,000 cells/cm? in E8 media with Y-27632 (10pM).
Y-27632 was removed after 24 hours and cells cultured in E8 media
until they reached approximately 70% confluency at which point the
media was replaced with MelM media, this is considered day 0. On day
2 the media was replaced with PC/SMC1 media. On day 5 the media was
replaced with PC/SMC2 media for 24 hours and then cells were pas-
saged 1:3 on to fibronectin (FCO1010MG, Fisher Scientific) coated tis-
sue culture plates in PC3 media. Plates were coated with fibronectin at
10ug/ml for 30 minutes at 37 °C prior to the addition of cells. After
48 hours media was replaced with PC4 media. After 48 hours the media
was replaced with fresh PC4 and cells kept in culture for 7 days prior to
freezing.

Directed differentiation of hPSCs to smooth muscle cells

All media recipes are described in Supplemental Table 2. H1 hPSCs
were cultured in E8 media (Thermo Fisher Scientific) and dissociated
using Accutase (Thermo Fisher Scientific) into a single cell suspension
and plated at 15,000 cells/cm? in E8 media with Y-27632 (10puM).
Y-27632 was removed after 24 hours and cells cultured in E8 media
until they reached approximately 70% confluency at which point the
media was replaced with MelM media, this is considered day 0. On day
2 the media was replaced with PC/SMC1 media. On day 5 the media was
replaced with PC/SMC2 media for 24 hours and then cells were pas-
saged 1:3 on to fibronectin (FCO1010MG, Fisher Scientific) coated tis-
sue culture plates in SMC3 media. Plates were coated with fibronectin
at 10ug/ml for 30 minutes at 37 °C prior to the addition of cells. After
48 hours media was replaced with SMC4 media. After 48 hours the
media was replaced with SMCS5 and cells kept in culture for 7 days prior
to freezing.

Directed differentiation of hPSCs to brain microvascular
endothelial cells

The differentiation of H1 hPSCs to brain microvascular endothelial
cells was based on a previously published protocols**’°, Briefly,
hPSCs were dissociated using Accutase (Thermo Fisher Scientific)
into a single cell suspension and plated at 15,000 cells/cm?® in
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StemFlex media with Y-27632 (10uM). Y-27632 was removed after
24 hours and at 48 hours post-plating the media was replaced with
Unconditioned Media (UM) (100 ml Knock-out Serum Replacement
(Thermo Fisher Scientific), 5 ml non-essential ammino acids (Thermo
Fisher Scientific), 2.5ml GlutaMax (Thermo Fisher Scientific), 5 ml
Pen/Strep (Thermo Fisher Scientific), 3.5ul B-mercapto-ethanol
(Sigma), and 392.5ml DMEM/F12(1:1)), this was considered day
zero. The media was replaced daily with fresh UM. On day six the
media was changed to hESFM (Thermo Fisher Scientific) supple-
mented with 20 ng/mL bFGF (Peprotech), 10 uM retinoic acid (RA)
(Sigma), and 1:50 B27 (Thermo Fisher Scientific). The media was not
changed for 48 hours. On day eight, cells were washed once with
DPBS and incubated with Accutase for 30 minutes at 37 °C. Cells were
collected via centrifugation and plated onto either standard tissue
culture plates or transwell plates (Corning #3460). Both plates and
transwells were coated with 400 ug/mL collagen IV (Sigma Aldrich)
and 100 pg/mL fibronectin (Fisher Scientific) overnight with collagen
and fibronectin and washed 1X with PBS prior to the addition of cells.
For tissue culture plates, cells were plated at a density of 250,000
cells/cm?, whereas for transwell plates, cells were plated at a density
of 1.1 x10° cells/cm? on the transwell membrane. bFGF and RA were
removed from the medium 24 hours after plating.

Microvascular network formation

3D cell culture chips (idenTx, AIM Biotech) were utilized to generate
in vitro microvascular networks (MVN)s. AIM chips contain three parallel
channels: a central gel channel flanked by two media channels. Micro-
posts separate fluidic channels and serve to confine the liquid gelling
solution in the central channel by surface tension before polymerization.
The gel channel is 1.3 mm wide and 0.25mm tall, the gap between
microposts is 0.1 mm, and the width of media channels is 0.5 mm. For
vascular cell seeding, hPSC (iPS11)-derived ECs and PCs or SMCs were co-
seeded into the chip as previously described”. Briefly, ECs and respec-
tive mural cells were concentrated in defined SFM media minus heparin
containing thrombin (4 U/mL). Cell mixture solution was then further
mixed with fibrinogen (3 mg/mL final concentration) at a 1:1 ratio and
quickly pipetted into the chip through the gel inlet with a final con-
centration of 6 x10%mL for ECs and 1.5 x10%mL for mural cells. The
device was placed upside down to polymerize in a humidified tip box
and allowed to polymerize at 37 °C for 15min in a 5% CO, incubator,
before endothelial serum free media was introduced to the media
channels. After seeding, culture medium was added and changed daily
in the device. After 7 days, MVNs are ready for further experiments.

Cell characterization by bulk RNA sequencing and PCA

Primary HUVEC cells were obtained from VWR (Cat# 10171-906). Pri-
mary bronchial smooth muscle cells (BSMCs) were obtained from
PromocCell (Cat# C12561). Primary pericytes were obtained from Sci-
enCell (Cat#1200). RNA was extracted using the RNeasy Plus Mini kit
(QIAGEN) following the manufacturer’s protocol. For bulk RNA
sequencing of total RNA, libraries were prepared using the Swift RNA
library prep kit (Swift Biosciences). RNA sequencing reads were map-
ped to the human genome (version GRCh38) using the STAR aligner
(version 2.7.1a)’%. The mapped reads were assigned to the human genes
using featureCounts” with the parameters “-p -s 2’, suitable for paired-
end reversely-stranded libraries. Before performing PCA on the 5000
most variable genes, the normTransform function of DESeq2 (version
1.36.0)"* was used to normalize, center and log-transform (with a
pseudocount of 1) the counts matrix. The ‘prcomp’ function in R
(version 4.2.1) was used to carry out the PCA. PC2 and PC3 were used
for computing Euclidean distances for the BSMC comparison, while
PC1, PC2 and PC3 were used for the primary PC comparison. In the
table of between-sample Euclidean distances (shown in Source Data
file) each column is a comparison of samples from different condi-
tions. For computing pairwise Euclidean distances between pairs of

conditions (Supplemental Fig. 1G-H) each group includes three repli-
cates, so that there are 3 x 3=9 distance values corresponding to all
possible pairs. For making a heatmap visualization of the marker gene
expression, the normalized counts, c;, for gene i in cell type j were
standardized as z;; = (cij - pi) /0.

SARS-CoV-2 propagation, titration, and inactivation

SARS-CoV-2 (isolate USA_WA1/2020) was obtained from BEI Resources.
BA.5.1 strain was obtained from a clinical isolate through the MassCPR
Variant Program and verified by whole genome sequencing. The virus
was propagated in Vero E6 cells (ATCC CRL-1586) cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 2% fetal calf serum
(FCS), penicillin (50 U/mL), and streptomycin (50 mg/mL). SARS-CoV-2
titer was determined in Vero E6 cells by plaque assay. work with SARS-
CoV-2 was performed in the biosafety level 3 (BSL3) at the Ragon Insti-
tute (Cambridge, MA) following approved SOPs. To generate heat-
inactivated SARS-CoV-2 a 1 ml aliquot of SARS-CoV-2 was heated to 85°C
for 15 minutes. For infection of SMCs, PCs, or ECs the cell culture media
was removed and replaced with inoculating virus diluted in a minimum
volume of culture media. The cells were placed at 37 °C for 1hour at
which point the inoculum was removed and replaced with EC, PC, or
SMC media or Infection media for conditioned media transfer experi-
ments. For all conditioned media experiments control ECs were treated
with infection media (unconditioned) for 48 hours.

Bulk RNA-sequencing of infected and exposed vascular cells
ECs, SMCs or PCs were infected at an MOI of 1 or exposed to condi-
tioned media. At the indicated time of collection RNA was extracted
using the RNeasy Plus Mini kit (QIAGEN) following the manufacturer’s
protocol. For bulk RNA sequencing of total RNA, libraries were pre-
pared using the Swift RNA library prep kit (Swift Biosciences) or the
SMARTerUltra-lowPOLYA-V4 (Takara Bio). Samples were sequenced
on a NovaSeq 6000 sequencer.

Analysis of gene expression

Paired-end reads (51x51bp) were mapped to a reference genome
using the STAR aligner (v. 2.7.1a)">. The reference genome was a
composite of the human genome (GRCh38) and that of the SARS-CoV-
2 coronavirus (GenBank MN988713.1). Counts for human protein
coding genes and IncRNAs (ENSEMBL release 93 annotations), toge-
ther with the viral genes, were tabulated using featureCounts”. Dif-
ferential expression of mRNAs was assessed for pairwise contrasts
between conditions using estimated fold-changes and the Wald sta-
tistic in DESeq2 (v.1.36.0)"*. Per-gene dispersions were estimated using
all conditions, as within-condition variance was observed to be rela-
tively uniform across conditions in exploratory analyses. Unless
otherwise noted, empirical Bayes shrinkage was applied to fold-change
estimates”. Gene-set enrichment analysis was carried out between
pairs of conditions using GSEA (v. 4.1.0)”° with counts that were nor-
malized by DESeq2 and 1000 gene-set permutations were used to
estimate p-values. Gene-sets that were tested for enrichment came
from the Hallmark collection at the MSigDB>*.

Flow cytometry

HEK293T cells were obtained from ATCC and cultured in DMEM +10%
FBS and P/S, and split with 0.05% Trypsin for passaging. Human dermal
fibroblasts (hDF) were obtained from Lonza and cultured in DMEM +
10% FBS and P/S, and split with 0.05% Trypsin for passaging. For live
surface marker staining, cells were trypsinized with TrypLE Express for
~5-7 or until cells detached. Cells were washed once with FACS staining
buffer consisting of 2mM EDTA and 0.5% BSA and centrifuged. Cells
were then resuspended and incubated in FACS staining buffer and the
respective fluorophore-conjugated antibodies for each cell type at the
concentrations listed in Supplemental Table 1. For SMC staining that
included intracellular SMA, cells were fixed with 1% PFA after the
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trypsinization and washing step listed above for 20 min at room tem-
perature. The cells were then permeabilized in 90% methanol in PBS at
-20C for at least 24 hr. After permeabilization, cells were washed in
FACS buffer and resuspended in FACS buffer containing 0.1% Triton
X-100 and the respective antibodies listed in Supplemental Table 1. All
antibodies were done for 20-30 min at 4 C and were followed by a wash
with FACS buffer. Stained cells were analyzed on a BD Fortessa UV/
Blue/Green/Red 4-laser flow cytometer. Cells were isolated as a
population and then selected for singlets before setting gates to
determine positive populations. Undifferentiated hPSCs served as
biological controls for all stains.

Immunofluorescence microscopy

Cells were fixed with 4% paraformaldehyde for 15 minutes at room
temperature. Fixed cells were permeabilized for 15 minutes using 0.1%
TX-100. Cells were then blocked with 3% BSA in PBS for 1 hour at room
temperature. Cells were incubated with primary antibodies (see Sup-
plemental Table 1) diluted in antibody buffer (0.01%TX-100 and 1%BSA
in PBS) overnight at 4 °C. Cells were washed with 0.05% Tween in PBS
and incubated for 1hour at room temperature with secondary anti-
bodies (see Supplemental Table 1) diluted in antibody buffer. FITC-
Phalloidin was added at 1:2000 and DAPI at 1:5000 with secondary
antibodies.

Imaging of reactive oxygen species production

Endothelial cells were exposed to SARS-CoV-2 for 48hours. At
48 hours post-infection the media was removed and replaced with
FluoroBrite media (A1896701, Thermo Fisher Scientific) supplemented
with 1:50 B27 and CellRox Green Reagent (C10444, Thermo Fisher
Scientific) at a final concentration of 5uM. Cells were incubated at
37°C for 30 minutes then washed 3times with PBS and imaged
immediately after washing. Cells were kept in FluoroBrite with B27
throughout imaging. The average intercellular florescence for five to
seven cells for each condition was measured in each experiment. Three
independent experiments were performed.

SERPINEI1 (PAI-1) and von Willebrand factor (VWF) release
measurements

Endothelial cells (ECs) were exposed to media from SARS-CoV-2
infected or mock infected SMCs or PCs for 48 hours at which point the
media was collected and analyzed for PAI-1 content using the Human
Serpin E1/PAI-1 Quantikine ELISA Kit (DSE100, R&D Systems) according
to the manufacturer’s protocol. The same media was analyzed for vVWF
content using the Human Von Willebrand Factor ELISA Kit (ab223864,
Abcam) according to the manufacturer’s protocol. For analysis on the
impact of SMC or PC treatment with IFNa or IFNy cells were plated in a
24-well plate and treated with 100 u/ml IFNa (ThermoFisher #111001)
or 20 ng/ml IFNy(R&D 285-IF) in 300 ul infection media for 24 hours at
which point the cells were washed once with infection media and
300 ul of fresh infection added and collected again 24 hours after SMC
or PC conditioning. ECs were then treated with this conditioned media
and the media was analyzed for VWF or SERPINE1 content as
described above.

Measurement of Tissue Factor Activity

At 48 hours post-infection SMCs were lysed and solubilized with
50 mM Tris-buffered saline (pH 8.0) containing 0.5% Triton X-100 or
0.1% Tween 20 at 4°C for 30 minutes. Samples were then cen-
trifuged at 10,000xg for 10 minutes, and the supernatant was col-
lected for analysis. Tissue factor (TF) activity was measured using a
human tissue factor activity assay kit (ab108906, Abcam) according
to the manufacturer’s protocol. Activity was normalized to total
protein contents using the Pierce BCA Protein Assay Kit
(FERA65453, Thermo Scientific).

Measurement of transendothelial electrical resistance

BMECs were plated onto three Transwell filters (Corning #3460) using
the procedure described in “Directed Differentiation of hPSCs to brain
microvascular endothelial cells”*® .48 hours after plating the media was
removed from the apical side of the Transwell and replaced with SMC-
conditioned media. At each time point, the TEER was measured in
three separate wells. All data are represented as mean + standard
deviation for these collective measurements. Following the medium
change on day O of subculture to remove bFGF and RA, no further
medium changes were performed for the duration of the experiments.

FITC-Dextran Permeability Assay

Endothelial cells were seeded in 12-well Transwell plates (Corning
#3460) at 5e5 cells/Transwell. 72 hours after seeding ECs were either
infected with SARS-CoV-2 (MOI 1) or treated with SMC conditioned
media. 48 hours after treatment the media on the basolateral side was
replaced with 1 ml of fresh EC media. FITC-tagged dextran (10 pM) was
suspended in 0.5 ml of EC medium and added to the apical side of the
Transwell. To determine the level of transcytosis following 2 hours of
incubation in a 37 °C incubator on a rotating platform, we collected
150 pl from the 1ml of EC medium on the basolateral side of the
Transwell. Fluorescence intensity in the collected media was measured
using a SpectraMax iD3 plate reader set to 495-nm excitation and
519 nm emission settings.

CellTiter Glo Viability Assay

Endothelial cells were plated in a 96 well plate at a density of 5e4
cells/well. 24 hours after plating the media was replaced with EC
media containing 1uM or 5 uM DMS or a matched volume of DMSO.
72 hours after treatment a CellTiter Glo 2.0 (Promega # G9241) assay
was performed according the manufacturer instructions.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RNA sequencing data generated in this study has been deposited
in the GEO database under accession code GSE240766. All additional
data generated in this study are provided in the Supplementary
Information/Source Data file. Source data are provided with this paper.
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