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Patients with coronavirus disease 2019 (COVID-19) present increased risk for
ischemic cardiovascular complications up to1year after infection. Although

the systemic inflammatory response to severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection likely contributes to this increased
cardiovascular risk, whether SARS-CoV-2 directly infects the coronary
vasculature and attendant atherosclerotic plaques remains unknown. Here
we report that SARS-CoV-2 viral RNA is detectable and replicates in coronary
lesions taken at autopsy from severe COVID-19 cases. SARS-CoV-2 targeted
plaque macrophages and exhibited a stronger tropism for arterial lesions
than adjacent perivascular fat, correlating with macrophage infiltration
levels. SARS-CoV-2 entry was increased in cholesterol-loaded primary
macrophages and dependent, in part, on neuropilin-1. SARS-CoV-2 induced
arobustinflammatory response in cultured macrophages and human
atherosclerotic vascular explants with secretion of cytokines known to
trigger cardiovascular events. Our data establish that SARS-CoV-2 infects
coronary vessels, inducing plaque inflammation that could trigger acute
cardiovascular complications and increase the long-term cardiovascular risk.

Coronavirus disease 2019 (COVID-19), caused by severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2), is uniquely marked by
extraordinary tissue tropism and an array of clinical presentations,
from asymptomaticinfectiontoacute respiratory distress, multi-organ
failure and death’. Ischemic cardiovascular events, such as acute myo-
cardialinfarction (AMI) and stroke, due to the underlying disruption of
achronically inflamed atherosclerotic plaque?, are established clinical
complications of COVID-19 (refs.1,3). AMIl and stroke can be triggered
by several acute respiratory viral infections, including influenza virus®.
However, patients with COVID-19 are >7-fold more likely to have a stroke

than patients with influenza®, and their risk for both AMI and stroke
remains high for up to 1 year after infection®. The extreme inflamma-
tory response that occurs in severe cases of COVID-19, also known as
cytokine storm’, is likely a contributor to the increased risk for AMI
and stroke. However, the possibility that SARS-CoV-2 directly affects
the coronary vasculature, as documented for other distant organs (for
example, kidney, gut, brain, adipose tissue and myocardium)?®, remains
largely unexplored. Inthe lungs, tissue damage is aggravated by potent
inflammasome activationin macrophages sensing SARS-CoV-2 virus’.
Asimilar responsein macrophagesinfiltrating arterial vessels affected
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by the virus could boost plaque inflammation and risk for AMI and
stroke in patients with COVID-19. Here we show, in coronary autopsy
specimens from patients with COVID-19, that infiltrating macrophages
wereinfected by SARS-CoV-2. Lipid-laden macrophages (foam cells), a
hallmark of atherosclerosis at all stages of the disease'’, were more sus-
ceptible to SARS-CoV-2 infection than other macrophages, and this was
dependent onthereceptor neuropilin-1(NRP-1). SARS-CoV-2induced a
strong pro-atherogenicinflammatory response in both macrophages
andfoamcells, which was largely recapitulated inanex vivo SARS-CoV-2
infection of human vascular explants. This response may contribute to
theischemic cardiovascular complications in patients with COVID-19.

Spatial Al detects SARS-CoV-2 RNA in coronary
macrophages

We analyzed coronary autopsy specimens (n =27) from eight patients
with RT-PCR-confirmed diagnosis of COVID-19 between May 2020 and
May 2021. Demographics and clinical characteristics, including past
medical history, cardiovascular risk factors and other relevant clini-
calinformation, were obtained from the patients’ electronic medical
records and autopsy reports (IRBi21-01587) (Fig. 1a and Supplementary
Tables 1and 2). The mean age was 69.6 years (median, 71; 59-84), and
75% of patients were male (6/8). Patients had coronary artery disease
(8/8); three or more cardiovascular risk factors, such as hypertension
(8/8), overweight or obesity (7/8), hyperlipidemia (7/8), type 2 diabetes
(6/8) and chronickidney disease (4/8); and some had a history of either
myocardial infarction (1/8) or ischemic stroke (1/8) (Fig. 1a and Sup-
plementary Table1). Acute myocardial ischemia was diagnosed during
hospitalizationin three patients; one patient developed stroke; and four
patients were found to have coronary stenosis (>50%) at autopsy. The
patients, with the exception of one who was pronounced dead before
admission, were hospitalized for an average of 17.6 d (range, 8-31)
(Supplementary Table 2). One patient (Pt. 1) was hospitalized three
times (for a total of 31 d) after the first diagnosis. Pt. 1 developed AMI
and died during the third hospitalization, approximately 140 d after
testing negative for COVID-19 (Fig. 1a and Supplementary Table 2).
The clinical presentation, in-hospital course of the disease, COVID-19
treatments as well as macroscopic and microscopic autopsy pathol-
ogy obtained from hospital medical records and autopsy reports are
summarized in Supplementary Table 2.

Sections of coronary arteries from all autopsies were stained
with hematoxylin and eosin (H&E) and classified by a clinical car-
diovascular pathologist (N.N.) as adaptive intimal thickening (AIT;
n=4), pathological intimal thickening with macrophage infiltration
(PIT; n=10), fibrocalcific plaque (n =10) and fibroatheroma (n =3)
(Fig.1a,b, Extended Data Fig.1a, Supplementary Fig.1and Supplemen-
tary Table 3) according to established criteria2. Detailed pathological
features, including presence of lipid pool, necrotic core and adventitial
inflammation, were noted (Extended Data Fig. 1a). Imnmunohistochemi-
cal (IHC) staining for CD68" cells showed that CD68" cell count and
frequencies were not significantly different among PIT, fibrocalcific
lesions and fibroatheromas, whereas a larger positive stained area
that corresponded to the necrotic cores was seen in fibroatheromas
(Fig.1b, Extended DataFig. 1b,c and Supplementary Table 3).

Toidentify SARS-CoV-2 viral RNA (vVRNA) in the autoptic coronary
vasculature from patients with COVID-19, we performed RNA fluores-
cenceinsitu hybridization (RNA-FISH) analysis for the VRNA encoding
the spike (S) protein. To establish whether SARS-CoV-2 infected the
human coronary vasculature, we also probed the antisense strand of
the S gene (S antisense), which is only produced during viral replica-
tion. A CD68 probe was used to identify macrophages infiltrating the
coronary vesselsin the same sections and establish the cellular locali-
zation of SARS-CoV-2 vVRNA. Given the ability of SARS-CoV-2 to infect
fat depots and accumulate vRNA in adipose tissue to trigger a strong
pro-inflammatory response'*", we used a neural network artificial
intelligence (Al) approach to classify the coronary arterial wall and

perivascular fatineach sample and nuclei segmentation to quantify the
RNAscope probes in cells infiltrating the two tissues (Fig. 1c,d). In the
coronary arterial wall, vVRNA encoding the S protein and the antisense
strand of the S gene were detected to different degrees in all the sec-
tions from all patients, indicating the presence of VRNA and replicative
activity of the virus. SARS-CoV-2 S gene copy number was similar across
Al PIT, fibrocalcific and fibroatheroma coronary lesions (Fig. 1e).
However, PIT coronaries showed asignificantly higher copy number of
the antisense strand of the S gene (S antisense), indicating higher viral
replication in the vascular wall of these lesions (Fig. 1e). In particular,
CD68’ cells expressing both the SARS-CoV-2 S and the antisense strand
of Sweressignificantly higher in the vasculature of PIT coronaries versus
other pathologies (Fig. 1f). In perivascular fat, vVRNA encoding the S
protein was detected in 20 of the 21 sections, and the S antisense was
detectedin19 of the 21sections (Fig.1a). Overall, each patient presented
at least one section positive for S and S antisense VRNA (Fig. 1ae,f).
Notably, theamount of Sand S antisense strand VRNA was significantly
lower in perivascular fatthaninthe corresponding arterial wall across
all samples (Fig. 1g). The accumulation of viral protein material in the
coronaries was confirmed by immunofluorescence (Fig. 1h).

PIT arterial lesions, which appeared more susceptible to
SARS-CoV-2 infection, contained significantly more cells than other
types of lesions and 4.8-fold more cells than corresponding perivascu-
lar tissue (2,691.8 + 288.7 versus 697.6 + 159.3 cells per mm?; P < 0.0001)
(Extended Data Fig.1d). The number of CD68 RNA" cellsin the coronary
vasculature was significantly higher in both PIT and fibroatheromas
than in other lesions (Extended Data Fig. 1e), which corresponded to
a higher number of CD68 RNA' cells in perivascular fat of PIT lesions
than fibrocalcific lesions and similar to fibroatheromas (Extended
DataFig.1e), suggesting acontributory role of directinfection of mac-
rophagesin the coronary susceptibility to SARS-CoV-2 infection. This
possibility was further suggested by the significantly higher frequency
of CD68" cells expressing the S antisense strand of VRNA in PIT lesions
and the corresponding perivascular fat (Extended Data Fig. 1f) as well
as the significant association among SARS-CoV-2 vRNA copies with
CD68 copy numberinboth arterial walland perivascular fat (Extended
Data Fig. 1g). The accumulation of SARS-CoV-2 VRNA encoding the S
protein was higher in both the whole tissue and in the coronary wall
from patients with COVID-19 with acute cardiovascular manifestations
(Extended Data Fig. 1h).

To investigate the potential extension of SARS-CoV-2 infection
to other cells, we focused on vascular smooth muscle cells (VSMCs),
based on the spatial distribution of most SARS-CoV-2" cells within the
arterial wall of the coronaries, and we conducted additional RNAscope
analyses that were guided by analyses of human and mouse single-cell
RNA sequencing (scRNA-seq) datasets. An analysis, using sSCRNA-seq
data from diseased human coronaries (Gene Expression Omnibus
(GEO): GSE131780)", revealed that VSMCs express significantly higher
levels of ACTA2 compared to myeloid cells, whereas CD68 expression
was specific to macrophages (Extended Data Fig. 2a). Additionally, we
analyzed scRNA-seq data of lineage-tagged smooth-muscle-derived
cells (VSMCs), isolated from the atherosclerotic aortic arches of
ApoE™ Tomato mice'. This analysis revealed that VSMCs in ath-
erosclerotic lesions did not express significant levels of Cd68 and
maintained a high level of Acta2 expression, although its expression
was reduced compared to non-atherosclerotic conditions (Extended
DataFig. 2b). Based on these results, we used ACTA2 probe to identify
VSMCs and macrophages of VSMC origin as ACTA2", and we included
probes for the Sand S antisense VRNA in the analysis toidentify ACTA2"
infected cells. Notably, this analysis identified S'TACTA2" cells and S
antisense’ACTA2" cells in human coronaries (Extended Data Fig. 2¢);
however, the median of the frequency of SARS-CoV-2-infected VSMCs
(~0.14%) in human coronary was -8 times lower than that of infected
macrophages (-1.2%). These results show that, although SARS-CoV-2
caninfect VSMCs, the number of infected VSMCs in human coronaries
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was lower compared to the number of infected macrophages. To fur-
therinvestigate SARS-CoV-2infection of VSMCs and lipid-laden VSMCs,
which are associated with atherosclerosis
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human aortic VSMCs, as well as VSMCs loaded with cyclodextrin-
cholesterol complexes (Extended Data Fig. 2d), with the SARS-CoV-2
USA WA1/2020 isolate. Approximately 18% of cultured VSMCs and

1720 we infected primary
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Fig.1|SARS-CoV-2 vRNA in human coronary arteries from deceased
individuals with COVID-19 is identified using Al-based spatial analysis.

a, Categorical heat map of coronary autopsy specimens (n = 27) from deceased
individuals with COVID-19 (n = 8) displays their sex, age and pathology
classification into AT, PIT, fibrocalcific plaques and fibroatheromas. The
clinical history for each patient is shown. Summary of acute cardiovascular (CV)
manifestations during COVID-19 disease progression, coronary stenosis (no:
<50%; yes: >50%), hospitalization duration and time to death after COVID-19
diagnosis are also depicted. RNA copy numbers of Sand S antisense VRNA
normalized to vasculature and perivascular fat area (mm?) are shown. NE, not
evaluated. b, Representative images of coronary samples stained with H&E and
CDé68 staining for each pathological classification. ¢, Representative images of in
situ RNA-FISH Al-based analysis. After semi-automatic annotations, an Al-based
neural network was used to classify the vasculature (yellow) and perivascular fat
(green). Background and artifacts (red) were removed from the analysis. Next,
nuclei segmentation classifier analysis and RNA quantification were performed

using HALO Al and spatial analysis workflow. d, Representative images of spatial
analysis showing the location of CD68RNA, SARS-CoV-2S* or Santisense” cells
and CD68" SARS-CoV-2 RNA double-positive cells. e, Bar plots showing total
SARS-CoV-2 VRNA copies of Sand S antisense normalized by tissue area (mm?)
inAIT (n=4), PIT (n=5), fibrocalcific (n = 8) and fibroatheroma (n = 3) coronary
samples. f, Bar plots showing total CD68" SARS-CoV-2S* or Santisense” cells in
the vasculature or perivascular fat regions normalized by tissue area (mm?) in
AIT (n=4), PIT (n=5), fibrocalcific (n =10) and fibroatheroma (n = 3) coronary
samples. One-way analysis of variance (ANOVA) statistical analysis with post hoc
Tukey’s test for multiple comparisons was performed. g, SARS-CoV-2Sand S
antisense quantification in vasculature and perivascular fat normalized by tissue
area (mm?). Wilcoxon matched-pairs signed-rank test was performed (n = 20 per
group). h, Representative images of of SARS-CoV-2 NP, CD68 and merge in human
coronary. White arrow indicates CD68* SARS-CoV-2 NP cell, and yellow arrow
indicates CD68" cell. Pt., patient.

13% of cholesterol-loaded VSMCs were S*, and the frequency of S
antisense’ACTA2 cells, indicating viral replication, was -2.6% (Extended
DataFig.2d,e). Taken together with ourinvitro findings, whichindicate
that more than 79% of macrophages and over 90% of foamcells are S+,
along with the discovery that more than 40% of both cell types are S
antisense+, these results show that, although SARS-CoV-2 can infect
VSMCs, macrophages are infected at a higher rate.

SARS-CoV-2 infection of human macrophages and
foamcells

The accumulation of cholesterol-laden macrophages (foam cells) is
a hallmark of atherosclerosis at all stages of the disease, from early
PIT to late fibroatheroma lesions'*". To investigate SARS-CoV-2 infec-
tion of both macrophages and foam cells, we differentiated human
monocytes derived from human peripheral blood mononuclear cells
into macrophages and treated them with oxidized low-density lipo-
protein (oxLDL) complexed with Dil dye (Dil-Ox-LDL) to differentiate
theminto foam cells. To experimentally confirm our observation that
SARS-CoV-2 caninfect human plaque macrophages, macrophages and
foamcells were infected either with icSARS-CoV-2mNeonGreen (mNG)
reporter virus,amodified virus that allows the use of mNG fluorescence
as asurrogate readout for viral replication”, or with SARS-CoV-2 USA
WA1/2020 isolate. mNG expression confirmed the ability of SARS-CoV-2
toreplicateinboth celltypes, although replication was higherinfoam
cells (Fig. 2a and Extended Data Fig. 3a). The significantly higher accu-
mulation of nucleoprotein (NP) in foam cells compared to macrophages
infected with SARS-CoV-2 USA WA1/2020 isolate (Fig. 2b and Extended
DataFig.3b) confirmed a higher susceptibility of foam cells to the virus.
Infact, although the frequency of NP* foam cells fell between 24 hours
post-infection (hpi) and 48 hpi, the proportion of SARS-CoV-2 NP*
foam cells remained significantly higher than that of NP* macrophages

(Fig. 2b). Foam cells also accumulated more SARS-CoV-2 S vVRNA than
macrophages (Fig. 2c). SARS-CoV-2 VRNA genome was detectable in
both macrophages and foam cells as early as 2 hpi, remained high
up to 24 hpi but was reduced at 48 hpi in both cell types (Fig. 2d and
Extended Data Fig. 3d). Notably, the expression of SARS-CoV-2 genes
declined significantly faster in macrophages than foam cells, with
significantly lower vRNA at 48 hpi (Fig. 2e). This dynamic temporal
decay in vRNA levels indicates that macrophages are able to clear the
virus faster than foam cells. Regardless, albeit being susceptible, both
macrophages and foam cells did not sustain a productive formation of
infectious viral particles as demonstrated by the results of the plaque
assay using modified Vero E6 cells expressing the transmembrane
protease serine 2 and human angiotensin-converting enzyme 2 (Vero
E6-TMPRSS2-T2A-ACE2). These assays showed a progressive decline
ofviraltiter conditioned media frominfected macrophages and foam
cells (Fig. 2f and Extended Data Fig. 3¢). These results are consistent
with abortive infection, acommon outcome of many viral infections,
withinfected cells not producing replication-competent virus despite
the production of VRNA?>%,

SARS-CoV-2 triggers pro-atherogenic
inflammatory responses

Based onthe observation that SARS-CoV-2 replication was abortivein
macrophages and foam cells and the evidence that the overreactive
inflammatory response to SARS-CoV-2is orchestrated by macrophages
in other tissues®*?, we investigated the immune response of mac-
rophages and foam cells to SARS-CoV-2. Differential gene expression
analysis of RNA-seq data from infected macrophages and foam cells
identified shared and unique transcriptional signatures (Fig. 2g).
As expected, the 1,254 shared genes included the SARS-CoV-2 viral
genes. Other commonly upregulated genes were involved with antiviral

Fig. 2| Differential IFN response and virus clearance dynamics in human
macrophages and foam cells after SARS-CoV-2 invitro infection.

a, Quantification of mNG reporter-positive macrophages and foam cells (n = 21
images per condition). b, Quantification of SARS-CoV-2-infected macrophages
(24 hpi, n =20; 48 hpi, n = 24) and foam cells (24 hpi, n =20; 48 hpi, n=18).
Representative images for aand b show results at 48 hpi. Scale bars, 20 um.
One-way ANOVA with post hoc Tukey’s test was performed. Data are presented
asmean values + s.e.m. ¢, RNA-FISH quantification of SARS-CoV-2 VRNA" cell
copies and frequency in macrophages (n = 37) and foam cells (n = 26). Data are
presented as mean values +s.e.m. Scale bars, 20 pm. Mann-Whitney U-test was
performed. d, Heat map of SARS-CoV-2 viral genes reads in macrophages and
foam cells. e, Heat map of log,FC of SARS-CoV-2 viral genes in macrophages
versus foam cells. The Wald test from the DESeq2 package was used to test for
significance. Adjusted Pvalues < 0.05 (FDR =1%) were considered significant.
f, Viral titer quantification of SARS-CoV-2-infected macrophages and foam cell
culture supernatants (n = 6). Data are presented as mean values +s.e.m. One-way

ANOVA followed by Tukey’s post hoc test was performed. g, Venn diagram of
DEGs in infected versus non-infected macrophages, foam cells and shared genes.
The Wald test from the DESeq2 package was used to test for significance. Bar
plots show upregulated signaling pathways ranked by their combined score.
*P<0.05; **P < 0.01; ***P < 0.001. h, Heat maps of log,FC of IFN response genes in
macrophages and foam cells. The Wald test from the DESeq2 package was used
to test for significance. Adjusted Pvalues < 0.05 (FDR = 10%) were considered
significant. Asterisk in parenthesis indicates the comparison of interaction
between infection and timepoint terms of the model. *P < 0.05; **P < 0.01;

***P < (0.001.1i, Heat map of log,FC of SARS-CoV-2-infected macrophages versus
foam (n =3 biological replicates). The Wald test from the DESeq2 package

was used to test for significance. Adjusted Pvalues < 0.05 (FDR = 10%) were
considered significant. j, Longitudinal kinetic plots of combined IFN response
and SARS-CoV-2 genes scores. Data are presented as median and 25th-75th
quartile log,FCs of SARS-CoV-2-infected versus non-infected cells. Hypothesis
testing was performed using the Wilcoxon rank-sum test.
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Fig. 3| Analysis of cytokine release dynamics after SARS-CoV-2 infection.

a, Heat map of cytokines and chemokines secreted from SARS-CoV-2-infected
macrophages and foam cells. Data are shown as log,FC of infected versus
uninfected cells. Pvalues were calculated by two-tailed unpaired t-test, *P < 0.05;
*P < 0.01; **P < 0.001. Adjusted P values (Benjamini-Hochberg method) are
presented in parentheses. b, Kinetic plots show the AUC of cytokines secreted
by SARS-CoV-2-infected macrophages and foam cells versus non-infected cells

(n=4Dbiological replicates, technical duplicates). For AUC comparisons, one-
way ANOVA after Tukey’s multiple comparisons test was performed. Kinetics
differences were evaluated by two-way ANOVA followed by Sidak’s multiple
comparisons test. Data are presented as mean + s.e.m. Bar plots show the
quantification of the AUC for each cytokine. One-way ANOVA statistical analysis
after Tukey’s multiple comparisons test was performed.

associated with COVID-19 severity**®, was also upregulated in both
cell types (Fig. 2g and Extended Data Fig. 3e). Infected macrophages
expressed a unique transcriptional signature associated with clas-
sical complement cascade activation, complement cascade (Fig. 2g
and Extended DataFig. 3f) as well as IFN-y signaling and its regulation
and IL-27 signaling, which induces IFN/STAT1-dependent genes®’ and
regulation of cytokine pathways (Fig. 2g). We also observed a signifi-
cantupregulation of certain lysosomal genesin infected macrophages
compared to foam cells at 2 hpi and 8 hpi (Extended Data Fig. 3g,h),

revealing a more robust lysosomal response in macrophages that
can contribute to the more efficient viral clearance observed in mac-
rophages. Our analysis showed a significant increase in genes encod-
ing proteins involved in lipid uptake in infected macrophages versus
foam cells (Fig. 2g and Extended Data Fig. 3i). These included CD36,
encoding for the CD36 receptor for oxLDL, as well as LDLR, encoding
LDL receptor, which is the primary cholesterol-carrying lipoprotein
in plasma and facilitates the uptake of LDL into cells through endo-
cytosis. In contrast, genes encoding proteins associated with lipid
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efflux (thatis, ABCGI and ABCAI) were significantly downregulatedin
infected macrophages compared to foam cells (Extended DataFig. 3i).
Lipids and lipid droplets play crucial roles in viral lifecycle, including
SARS-CoV-2 (refs. 30-32). By promoting lipid uptake and accumulation
in macrophages, SARS-CoV-2 may create a cellular environment that
is favorable for viral infection.

Theuniqueinfected foam cell transcriptional signature included
570 genes (Fig. 2g and Extended Data Fig. 2e). The top upregulated
signaling pathways involved the downregulation of major histocom-
patibility complex class1 (MHC-I), aresponse induced by many viruses
to evade immune recognition®**. Infected foam cells also upregulated
processes and signaling pathways involved in the regulation of lipid
metabolism that may facilitate viral entry and replication®.

Theactivation ofatypelIFN response inboth SARS-CoV-2-infected
macrophages and foam cells was consistent with the upregulation of
several genes, with the strongest response observed at 8 hpi (Fig. 2h
and Extended Data Fig. 3e). Inmacrophages, significantly upregulated
genes included /RF1, a transcriptional activator of IFN-a and IFN-f3,
as well as genes induced by IFN-«, IFN- and IFN-y; MX1, encoding a
GTP-binding protein Mx1 that has antiviral activity against RNA viruses,
including SARS-CoV-2 (refs. 35,36); as well as STATI and STAT2. IRF7,
known to induce type I IFN responses, and the viral restriction factor
IFITMI (ref. 37), were also upregulated in SARS-CoV-2-infected mac-
rophages (Fig. 2h). The IFN response in SARS-CoV-2-infected foam
cells was similar, although there was a delayed upregulation of MX1
that occurred only at 48 hpi, consistent with the higher vRNA and
protein accumulation seen in foam cells, and only foam cells upregu-
lated IRF4, whichinhibits MyD88 signaling and is expressed in M2-like
macrophages®®. Moreover, the expression of STATI and STAT2were not
significantlyincreased (Fig. 2h), suggesting adistinct IFN-induced JAK/
STAT signaling regulationin infected macrophages. A direct compari-
sonbetweeninfected macrophages and infected foam cells confirmed
astronger IFN response in macrophages compared to foam cells with
asignificant upregulation of JAK1 at 2 hpiand of MAVS, encoding mito-
chondrial antiviral signaling protein that is essential for antiviralinnate
immunity**, at 8 hpi (Fig. 2i).

Theanalysis of the dynamic changesin the IFN-Iresponse between
macrophages and foam cells using an IFN and SARS-CoV-2 gene signa-
turescoring method (Methods) revealed importantkinetic differences
in the IFN response and SARS-CoV-2 gene expression between mac-
rophages and foam cells (Fig. 2j). Although from 2 hpi to 24 hpi there
was no significant difference inthe SARS-CoV-2 genome score between
infected macrophages and foam cells, at 48 hpiasignificant reduction
in the SARS-CoV-2 genome score was observed in macrophages but
not in foam cells, indicative of differential vRNA stability. In parallel,
the IFN-I score increased in both infected macrophages and foam
cells, but foam cells displayed a significant decline in the IFN-I score
at 24 hpiand 48 hpi. Given the well-established knowledge that type |
IFN reduces SARS-CoV-2 infection and replication, thereby promot-
ing viral clearance**, the robust and sustained type I IFN response
in macrophages likely contributes to decreased viral persistence. In
addition, macrophages and foam cells did not show differences in
apoptotic pathway activation, such as Caspase-8 secretion (Extended
DataFig. 3j). Several pro-inflammatory and pro-atherogenic cytokine
and chemokine genes were significantly upregulated in bothinfected
macrophages and foam cells (Extended DataFig.4a,b). These included
CCL7, TNFSFIO (alsoknownas TRAIL), CXCL10 and CCL3. Infected mac-
rophages uniquely upregulated CXCL9, CXCL12and CLECIIA, whereas
foam cells upregulated TNFA, CCL5 and CCL2.

To further investigate the inflammatory profile of macrophages
andfoam cellsinresponse to SARS-CoV-2infection, we quantified the
secretion of cytokines and chemokines for up to 48 hpi (Fig. 3 and
Extended DataFig.4b). Several pro-inflammatory and pro-atherogenic
cytokines (for example, IL-6, CCL7, IL-1B, B-NGF, IL-3, LIF, MIF, CXCL9,
IFN-a and IFN-y) were released by both infected macrophages and foam

cells (Fig.3a). Among these are key cytokines known to trigger ischemic
cardiovascular events, includingIL-6, a candidate therapeutic targetin
ongoing clinical trials*, and IL-1B, whose inhibition reduced secondary
cardiovascular events in high-risk post-myocardial infarction patients*
(Fig.3b).Moreover, the release of macrophage migrationinhibitory fac-
tor (MIF), apro-atherogenic and inflammatory cytokine that has been
implicated in intima-media thickening, lipid deposition and plaque
instability*s, was increased in both cell types after infection. This analy-
sisalsorevealed differential expression patterns of secreted cytokines
by macrophages and foam cells in response to SARS-CoV-2 infection,
suggesting distinct inflammatory responses between macrophages
and foam cells. For example, the pro-atherogenic cytokine IL-18
(ref. 49) was significantly released by infected macrophages but not
foam cells, whereas IFN-a2, atype I IFN response cytokine that inhibits
viral replication’®, was significantly released by infected foam cells
but not macrophages (Extended Data Fig. 4b). Notably, we detected
significant differences in release of many of these cytokines over time
between uninfected macrophage and foam cells, suggesting that dif-
ferencesinthebaselineinflammatory status of each cell type influence
their responses to the virus (Fig. 3b and Extended Data Fig. 4b).

SARS-CoV-2 boosts inflammation of
atherosclerotic vascular explants

To determine whether the macrophage and foam cell pro-inflammatory
response to SARS-CoV-2 that we observedinvitroalso occursinhuman
vascular tissue, we infected human atherosclerotic vascular explants
with SARS-CoV-2 USA WA1//2020 isolate (Fig. 4a). SARS-CoV-2 VRNA
encoding the structural proteins spike (S), envelope (E), membrane (M)
and nucleocapsid (N), as well as open reading frames (ORFs) encoding
non-structuralaccessory proteins, were detectableininfected plaques
asearly as 24 hpiand for up to 72 hpi (Fig. 4b). Sand N protein expres-
sionand virus-like particles were observed ininfected atherosclerotic
plaques (Extended DataFig. 5a,b). However, viral titer decreased over
time with no infectious virus isolated from the conditioned media of
either infected cells or tissues using a plaque assay up to 72 hpi, sug-
gesting abortivereplicationinthe vascular explants (Fig. 4c). Regard-
less, SARS-CoV-2infectioninduced a strong type I IFN transcriptional
responseininfected plaquesreflected by the early upregulation of tran-
scriptionfactorsand genes involved inresponse to viral infections, such
asIRF7,JAKI and IFITMI1 at 2 hpi; IFNAR, IRF4, IRF1, MX1, PTPN6, IFNAI,
STATI and STAT2 at 24 hpi; IRF1, IFNA7 and IFI35 at 48 hpi; and IFNA16
at 72 hpi. Genes involved in the negative regulation of IFN signaling
(thatis, SOCS1and SOCS3) were also upregulated, likely reflecting the
activation of regulatory signaling (Fig. 4d). Interestingly, SARS-CoV-2
infection triggered the expression of viral receptors and entry factors,
such as ACE2, NRP1, FURIN, TMPRSS4, TMPRSS11A and CTSB at 24 hpi,
suggesting that the virus facilitates its own entry in host cells (Fig. 4€).
SARS-CoV-2alsoinitiated a transcriptional pro-inflammatory response
thatlargely recapitulated that seenin cultured macrophages and foam
cells. Thisincluded the upregulation of pro-atherogenic cytokines, such
asIL1B,IL6, MIF, ILB, TNF, IL7 and CCLS5, as well as chemokines, such
as CCL2, CCL3, CCL4, CCLS, CXCLY9, CCL27,CCL7,CCL6, CXCL1, CXCLS,
CXCL9and CXCL12. Anti-inflammatory cytokines,suchas/LI0and /L13,
were downregulated, further supporting a strong pro-atherogenic
inflammatory response to SARS-CoV-2 infection in human athero-
sclerotic plaques (Fig. 4f and Extended Data Fig. 5c). Analysis of the
secretome of infected plaques revealed similar pro-inflammatory pro-
tein changes (Fig. 4g). SARS-CoV-2-infected plaques released several
pro-atherogenic cytokines and chemokines, including IL-6, IL-1f and
IFN-a2, aswellas CCL2, CCL3, CCL4 and CCL7 (Fig.4g). The release of
cytokines and chemokines was substantially higher at 72 hpi. How-
ever, only IL-6, IL-1f3, IFN-a2 and CCL3 were secreted at significantly
higher amounts over time calculated as area under the curve (AUC)
(Fig.4h and Extended Data Fig. 5d). A stronger inflammatory response
was observed in SARS-CoV-2-infected atherosclerotic plaques versus
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Fig.4 |Hostimmune response to SARS-CoV-2 infection of human
atherosclerosis vascular explants. a, Schematics of experimental approach

of human carotid vascular explants infection with SARS-CoV-2. b, Heat map of
SARS-CoV-2viral reads in carotid vascular explants at baseline (0 hpi), 24 hpi,

48 hpiand 72 hpi. ¢, Infectious viral titer quantification of SARS-CoV-2-infected
carotid plaque culture supernatants (n = 3 biological samples, technical
duplicates). Data are presented as mean values + s.e.m. One-way ANOVA followed
by Tukey’s post hoc test was performed. d, Heat map showing the standardized
z-scored expression of IFN response genes in SARS-CoV-2-infected carotid vascular
samples at different times after infection. e, Heat map of standardized z-scored
expression of selected host viral receptors and entry factors in SARS-CoV-2-
infected human carotid vascular samples. f, Heat map of standardized z-scored
gene expression of cytokine and chemokine genes in SARS-CoV-2-infected
human carotid vascular explants at different times after infection. g, Heat

map of cytokines and chemokines secreted from SARS-CoV-2-infected human

&
>

atherosclerotic plaques. Data are shown as log,FC of infected versus non-infected
samples. Pvalues were calculated by two-tailed paired ¢-test, *P < 0.05; **P < 0.01;
***P < 0.001. Pvaluesin parentheses were adjusted using the Benjamini-
Hochberg method. h, Kinetic plots show the AUC of cytokines and chemokines
secreted by non-infected or SARS-CoV-2-infected carotid plaques (n =3 donors,
technical duplicates). Data are presented as mean values * s.e.m. Two-way ANOVA
statistical analysis after Sidak’s multiple comparisons test was performed. Paired
t-test was performed to compare the AUC of two groups. i, Plot showing the
relative expression of secreted cytokines and chemokines between SARS-CoV-2-
infected atherosclerotic plaque versus vascular margins. Relative expression is
represented in log,FC colored scale. Statistical significance is expressed as dot
size. Statistically significant values are represented as circles, and non-significant
changes are represented as diamonds. Pvalues were calculated by two-tailed
unpaired ¢t-test. Pvalues were adjusted using the Benjamini-Hochberg method.

non-atherosclerotic paired surgical margins, as shown by the signifi-
cantly higher release of several cytokines (for example, IFN-y, IFN- a2,
IL-1B, IL-17, TNF-&, TNF-f3, CCL3, CCL4 and CCL7) frominfected plaques
mainly at 48 hpi (Fig. 4i). These findings suggest that SARS-CoV-2 infec-
tiontriggers ahyperactivated immune response mainly within athero-
sclerotic lesions, a response that could contribute to the increased
risk of ischemic cardiovascular events in patients with COVID-19 with
underlying atherosclerosis.

NRP1' macrophagesincrease plaque
susceptibility to SARS-CoV-2

Toelucidate the vascular susceptibility to SARS-CoV-2infection, we eval-
uated the expression of the main viral entry receptors and co-factors
inthe aorta, coronary and tibial arteries using gene expression data

publicly available from the Genotype-Tissue Expression (GTEX) pro-
ject (https://gtexportal.org/home/). The lung, heart tissue and whole
blood were also included in this analysis (Extended Data Fig. 6a,b).
We specifically focused on ACE2, encoding the first reported receptor
for SARS-CoV-2 entry into human cells; neuropilins (NRP1 and NRP2);
and the proteases TMPRSS2, FURIN, cathepsin B (CTSB) and cathepsin
L (CTSL), required to cleave the S protein for viral entry and replica-
tion®'*. Bulk RNA sequencing (RNA-seq) analysis showed a similar
expression pattern for ACE2, NRP1, NRP2, FURIN and CTSB and CTSL
inthe aorta, coronary and tibial arteries compared to the lung, with
the exception of TMPRSS2, which was expressed at lower levels in the
arteries (Extended Data Fig. 6b).

To investigate the cellular expression of SARS-CoV-2 receptor
and entry factors in the human atherosclerotic tissue, we performed
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an integrated scRNA-seq analysis of human carotid plaques from
10 patients undergoing carotid endarterectomy (CEA) and athero-
sclerotic coronary data obtained from seven coronary samples from
four heart transplant cases publicly available in the GEO (GSE131780)
(Fig.5a)"”. The two datasets were merged using the Harmony algorithm,

Merge

NRP1 quantification

\O O OO
R O'b\@;
O L3
O &°

resulting in 16 subclusters of immune cells that corresponded to
all major immune population infiltrating human atherosclerotic
plaques (Extended Data Fig. 6¢). The SARS-CoV-2 entry receptors
and host entry factors such as NRPI, a SARS-CoV-2 receptor that can
bind FURIN-cleaved S protein to facilitate SARS-CoV-2 viral entry,
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Fig. 5|Single-cell expression of SARS-CoV-2 receptor and entry factorsin
human atherosclerotic tissue. a, sScRNA-seq of human carotid (n=10) and
coronary (GSE131780) (n = 7) tissue samples. b, UMAP visualization of myeloid
cell subclusters from coronary (1,960 cells) and carotid (2,900 cells) samples.
Bar plot shows the frequency of each myeloid cluster. ¢, Neighborhood

graph of the results from MiloR differential abundance testing. Nodes
represent neighborhoods, colored by their log,FC between carotid (red) and
coronary (blue) samples. Non-differential abundance neighborhoods are
inwhite (FDR =10%), and node size reflects the total number of cellsin each
neighborhood. Beeswarm plots show the log,FC distribution of neighborhoods
between tissue type (FDR =10%).d, Dot plot of the SARS-CoV-2 viral entry factor
average gene expression and percent of expression in each myeloid subcluster.

e, Dot plots showing the frequency of cells expressing SARS-CoV-2 viral entry
factors colored by average expression in atherosclerotic plaque lesions and
paired vasculature margins. f, Representative images of H&E and spatial analysis
of PIT coronary sample showing the location of CD68"NRPI" cells, CD68*NRPI*
SARS-CoV-2S*or S antisense” cells. g, Bar plots showing total NRPI* SARS-CoV-2
VRNA*and CD68'NRPI* SARS-CoV-2 VRNA' cells normalized by tissue area (mm?)
in AIT (n=3), PIT (n = 6), fibrocalcific (n = 8) and fibroatheroma (n = 3) coronaries.
h, Representative images and RNA-FISH quantification of frequency of NRPI*
cells and average NRPI copies per cell in non-infected macrophages (n = 27)

and foam cells (n = 28). Scale bars, 20 pm. Statistical analysis was performed
using unpaired two-tailed Student’s t-test. Avg, average; Mac, macrophages;
Mon, monocytes.

and the proteases CTSB and CTSL were highly expressed in myeloid
subclusters, whereas ACE2 and the transmembrane serine proteases
TMPRSS2, TMPRSS4, TMPRSS11A and TMPRSS11Bwere either undetect-
able or expressed at low levels (Extended Data Fig. 6d). Based on this
observation, we subclustered myeloid cells (Fig. 5b and Extended
DataFig. 6e) and identified two clusters of dendritic cells (DCs), three
clusters of monocytes/macrophages, one cluster of mixed myeloid
cellsand four clusters of macrophages/foam cells that were annotated
based onthe expression of canonical markers (Extended Data Fig. 6f).
To identify significant differences in the abundance of myeloid cells
between carotid and coronary arteries, we performed Milo differential
neighborhood abundance testing™. This analysis revealed that TREM2"
macrophages were enriched in coronary tissue, whereas VCAN" mono-
cytes/macrophages and CD1c* DCs were enriched in carotid samples.
CD16" monocytes, inflammatory monocyte/macrophages, ILIB* DCs
and CD36" mixed myeloid cells were exclusively present in carotid sam-
ples, whereas LYVEI" macrophages were present in coronaries. SPPI*
macrophages were present in both tissues (Fig. 5c). Overall, NRP1 was
strongly expressed in TREM2', SPP1*, LYVEI" and IFN-stimulated gene
(ISG)'TREM2+ macrophages, clusters that also expressed FURIN. ACE2
and TMPRSS2were undetectable in the analyzed myeloid cells (Fig. 5d).
NRPI1and FURIN gene expression was higher in human atherosclerotic
plaques compared to paired normal margins (Fig. 5e), suggesting akey
role for NRP-1in mediating SARS-CoV-2 infection of the atherosclerotic
vasculature. Spatial RNA-FISH analysis of human coronary autopsy
specimens from patients with COVID-19 confirmed that macrophages
expressing NRPI1 (CD68'NRPI" cells) infiltrated coronary lesions and
that these cells also expressed SARS-CoV-2 S vVRNA and the antisense
strand of the S gene, indicating viral replication (Fig. 5f,g). A higher
number of NRPI* macrophages expressing the antisense strand of the
Sgenewere foundin PIT coronary lesions, consistent with the greater
susceptibility of PIT lesions to infection (Fig. 5g).

Given that NRPI was highly expressed in TREM2® macrophages,
which are considered foamy plaque macrophages®®, and it was sig-
nificantly higher in foam cells versus macrophages in vitro (Fig. 5h),
we performed additional experiments using silencing RNA (siRNA)

to specifically inhibit NRP-1 expression and investigate its impact
on SARS-CoV-2 infection (Fig. 6a,b and Extended Data Fig. 7a-f). We
achieved efficient reduction (-80%) of NRPI gene expression in both
macrophages and foam cells, which was confirmed by westernblotting
and RNAscope analysis (Extended Data Fig. 7a-d and Supplementary
Fig.2). Upon NRPIsilencing of infected cells, we observed asignificant
decreaseinthe frequency of SARS-CoV-2 S antisense” macrophages and
foam cells as well as a reduced frequency of SARS-CoV-2 S* foam cells
(Fig. 6a and Extended Data Fig. 7e). These findings were confirmed
using EG00229, a small molecule that prevents SARS-CoV-2 binding
to the B1 domain of NRP-1and reduces SARS-CoV-2 infection of cell
lines™** (Fig. 6b and Extended Data Fig. 7f).

We next asked whether NRPI silencing or blocking using EG00229,
which reduced the infection of macrophages and foam cells in vitro,
would reduce the inflammatory response to SARS-CoV-2. The results
revealed that NRP1silencing increased the baseline inflammatory
state of uninfected macrophages and, to alesser extent, of foam cells,
as evidenced by the release of several cytokines and chemokines
(Extended Data Fig. 8a). Notably, this inflammatory state persisted
upon SARS-CoV-2 infection, with infected NRPI-silenced cells exhib-
iting higher levels of cytokines induced by the virus, such as IL-6
and MIF, compared to non-infected NRP1-silenced cells (Fig. 6¢c and
Extended Data Fig. 8a). In foam cells, NRP-1silencing had more mod-
est effects on both uninfected and infected cells, with the release of
inflammatory cytokines primarily driven by SARS-CoV-2 infection
(Fig. 6 and Extended Data Fig. 8a). The results are consistent with the
anti-inflammatory functions of NRP-1in myeloid cells and increased
inflammation when NRP1 expression is lost*”*®, Interestingly, the use
of EG00229 yielded similar inflammatory patterns, but some differ-
ences may suggest potential off-target effects associated with this
inhibitor (Fig. 6d). To investigate the potential modulation of TGF-f3
by NRPI inhibition, we examined the secretion of TGF-f in infected
macrophages and foam cells (Extended Data Fig. 8b). Although, in
macrophages, TGF-f3 expression was unaffected by SARS-CoV-2 infec-
tion, and the inhibition of NRP-1 did not influence its expression, we
observed an increase in TGF-f levels in infected foam cells due to

Fig. 6| Abrogation of NRP-1-mediated SARS-CoV-2 infection. a, Representative
images of Al-based RNA-FISH quantification showing NRPI RNA, SARS-CoV-2
Sand S antisense’ cells. Scale bars, 50 pm. Quantification of the frequency of
SARS-CoV-2S"and SARS-CoV-2 S antisense® cells in macrophages and foam

cells treated with non-targeting siRNA control or siRNA NRP1at 24 hpi. Data

are presented as mean values + s.e.m. Statistical analysis was performed using
unpaired two-tailed Student’s t-test. b, Representative images of RNA-FISH
quantification showing NRP1RNA, SARS-CoV-2 S and S antisense” cells. Scale
bars, 20 pm. Quantification of the frequency of SARS-CoV-2S* and SARS-CoV-2S
antisense” cellsin macrophages and foam cells with and without NRP1inhibition
(EG00229 trifluoroacetate) at 24 hpi. ¢, Heat map of differentially secreted
cytokine and chemokine levels from SARS-CoV-2-infected macrophages and
foam cells (n = 4-5) after treatment with siRNA control or siRNA NRP1at 24 hpi.
Adjusted Pvalues < 0.05 were considered significant. Asterisk indicates an
adjusted Pvalue < 0.05 for the comparison of SARS-CoV-2 infected and treated

with NRP1siRNA versus infected and siRNA control. Asterisks in parentheses
indicate nominal P < 0.05 for the comparison between macrophages versus foam
cells, *P < 0.05; **P < 0.01; **P < 0.001. d, Heat map of differentially secreted
cytokine and chemokine levels from SARS-CoV-2-infected macrophages and
foam cells after NRP1blocking (EG00229 trifluoroacetate). Results are shown as
log,FCbetween infected and non-treated conditions. Adjusted P values < 0.05
were considered significant. Asterisk indicates an adjusted Pvalue < 0.05 for the
comparison of SARS-CoV-2infected and treated versus infected and vehicle-
treated conditions. Asterisks in parentheses indicate nominal Pvalue < 0.05 for
the comparison between macrophages versus foam cells, *P < 0.05; **P < 0.01;
**P < 0.001. e, Plot showing the relative expression of secreted cytokines and
chemokines from NRP1blocking (EG00229 trifluoroacetate) treated versus
untreated SARS-CoV-2-infected atherosclerotic plaques at 48 hpi. Relative
expression is represented in log,FC colored scale. Circles represent statistically
significant results, and non-significant changes are represented as diamonds.
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SARS-CoV-2 infection that was partially reduced by NRP-1inhibition.
NRP-1blocking increased the release of secreted IL-6 and CCL2 from
SARS-CoV-2-infected human atherosclerotic vascular explant tissue.
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The release of IL-1f and IL-18 was also increased but not significantly
(Fig. 6¢e). Taken together, these findings suggest that atherosclerotic
plaques are particularly susceptible to SARS-CoV-2 infection, which
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triggers a hyperactivated immune response that could contribute to
the increased risk of ischemic cardiovascular events in patients with
COVID-19 with underlying atherosclerosis. Althoughinhibiting the host
entry factor NRP-1 expressed by macrophages infiltrating coronary
lesions in humans reduced SARS-CoV-2 infection, it also induced a
strong inflammatory response, indicating that alternative strategies
will be necessary to prevent SARS-CoV-2 infection of coronary vessels
and its downstream consequences.

Discussion
Although SARS-CoV-2 is considered a respiratory virus, patients with
COVID-19 have been shown to be at increased risk of cardiovascular
complications, including myocardial infarction and stroke. Our study
provides evidence of SARS-CoV-2 presence in human coronary vascula-
ture and demonstrates viral tropism for vascular lesion macrophages
inindividuals with severe COVID-19. We found evidence of SARS-CoV-2
replicationinallanalyzed humanautopsy coronaries regardless of their
pathological classification, although viral replication was highestin PIT
coronary lesions—early-stage lesions that progress to more advanced
atherosclerotic plaques™™. Itis well established that, as lesions progress
to more advanced stages, such as fibroatheromas and fibrocalcific
plaques, macrophages and foam cells become dysfunctional due to pro-
longed exposure tolipids and aninflammatory microenvironment™ In
early PIT lesions, macrophages attempting to clear inflammatory lipids
(forexample, oxLDLs) accumulate excess cholesterol, and triglycerides
within cytoplasmic lipid droplets' may be more prone to viral infection.
SARS-CoV-2 showed a stronger tropism for the arterial lesions than
corresponding perivascular fat, which was related to the degree of mac-
rophage infiltration, consistent with the higher viral replicationin PIT
lesions and fibroatheromas, where macrophages are more prevalent.
Others previously reported the presence of SARS-CoV-2 VRNA within
the heart and the aorta as well as other distant organs®'***°, Our data
conclusively demonstrate that SARS-CoV-2is capable of infecting and
replicatinginmacrophages within the coronary vasculature of patients
with COVID-19. Furthermore, SARS-CoV-2 preferentially replicates in
foam cells compared to other macrophages, duetoareduced typelIFN
response that leads to VRNA and viral protein accumulation, suggesting
that these cells mightact as areservoir of SARS-CoV-2 viral debrisinthe
atherosclerotic plaque. Our results demonstrate that, although type
IFN response remained elevated in SARS-CoV-2-infected macrophages,
indicating a sustained antiviral state, infected foam cells exhibited
only atransient expression of type I IFN gene expression. Together
with the reduced expression of lysosomal genes and lower inflamma-
tory response to SARS-CoV-2 infection, the reduced type I IFN may
contribute to the persistence of SARS-CoV-2 observed in the analyzed
atherosclerotic autopsy specimens. Macrophages residing in vascular
tissue can undergo self-renewal, contributing to their long-term mainte-
nance®, and, in heart transplantstudies, it has been shown that cardiac
macrophages have a half-life of 8.8 years®>. Therefore, it is possible that
macrophages may act as reservoirs of SARS-CoV-2 vRNA in atheroscle-
rotic plaques. We also identified infected VSMCs in coronary autopsy
specimens. Although the number of infected VSMCs was lower than
that of infected macrophages, VSMCs have a half-life of 270-400 d**
and may contribute to SARS-CoV-2 persistence in the arterial wall.
SARS-CoV-2 infection of macrophages and foam cells pro-
moted a strong inflammatory response characterized by release of
cytokinesimplicated in both the pathogenesis of atherosclerosis and
the increased risk of cardiovascular events, such as stroke and myo-
cardial infarction***”¢*, Using an ex vivo model of viral infection of
human vascular explants, we found that atherosclerotic tissue could be
directly infected by SARS-CoV-2, confirming our observationin tissues
of patients with COVID-19. Asin cultured macrophages and foam cells,
SARS-CoV-2 infection of vascular tissue triggered an inflammatory
response and induced the secretion of key pro-atherogenic cytokines,
suchasIL-6 andIL-1B. Considering that plaque inflammation promotes

disease progression and contributes to plaque rupture, our results
provide a molecular basis for how SARS-CoV-2 infection of coronary
lesions can contribute to the acute cardiovascular manifestations of
COVID-19, such as myocardial infarction®. SARS-CoV-2 infection of
coronaries was unrelated to pre-existing clinical characteristics, stage
of COVID-19 by illness days, duration of hospitalization at the time of
death or comorbidities. However, we found a higher accumulation of
SARS-CoV-2SandS antisense VRNAin the coronary vasculature of the
three patients with acute ischemic cardiovascular manifestations,
including posterior myocardial infarction (Pt.1) and type Il myocardial
infarction (Pt. 2 and Pt. 3). Although evidence of coronary occlusion
was not detected at autopsy for two patients with clinical diagnosis of
myocardial infarction, these data suggest that SARS-CoV-2 coronary
infection may increase cardiovascular risk. A systematic analysis of
GTEx, amulti-tissue gene expression dataset thatincludes donors who
died from cerebrovascular disease (>22%) and heart disease (>40%),
revealed a similar expression pattern of SARS-CoV-2 receptors and
co-factorsinthe humanvasculature as that found in the lungs. In par-
ticular, although ACE2 expression was low in the aorta and the tibial
artery, its expression levelsin the coronary artery are similar to those
in the lung, suggesting that the coronary vasculature may be more
susceptible to SARS-CoV-2 viral infection than other vascular beds.
At the single-cell level, expression of SARS-CoV-2 receptors and fac-
tors confirmed our coronary vasculature autopsy findings. Although
ACE2 expression was not detectable by scRNA-seq, NRPI and FURIN
were highly expressed in two TREM2" macrophage clusters, known to
correspond to plaque foamy macrophages*®, as well as in clusters of
SSPI" macrophages and LYVEI* macrophages. We further found that
SARS-CoV-2infects NRP1 macrophages within human coronary tissue
atautopsy and thatviral replication was greater in NRP1* macrophages
present in PIT lesions. Experimentally, both silencing of NRPI gene
and a specific inhibitor of the interaction between the bl domain of
NRP-1and the SARS-CoV-2 S1CendR**** reduced SARS-CoV-2 infectiv-
ity of human primary macrophages and foam cells, confirming that
SARS-CoV-2 infection of macrophage and foam cell is, in part, NRP-1
dependent. However, an aberrant pro-inflammatory response asso-
ciated with NRP-1inhibition limits the potential therapeutic use of
NRP-1inhibitor. This pro-inflammatory effect, although unexpected
in the context of SARS-CoV-2 infection, is consistent with previous
findings of a protective role of NRP-linsepsis and theincreased release
of pro-inflammatory cytokines (for example, IL-6) from NRP-1 null
macrophages™.

Overall, our datademonstrate that SARS-CoV-2 replicates in mac-
rophages within human coronaries of patients who died from severe
COVID-19. Our study is limited to the analysis of asmall cohort of older
individuals with COVID-19 and pre-existing atherosclerosis and other
medical conditions and comorbidities. Therefore, our observations
cannotbe extrapolated to younger, healthy individuals. Our studyis also
limited to cases that occurred during the early phases of the COVID-19
pandemic, and the findings that SARS-CoV-2 replicates in the athero-
sclerotic coronary vasculatureis pertinent only to the viral strains that
circulated in New York City between May 2020 and May 2021. Despite
these limitations, our study highlights the hyperinflammatory response
orchestrated by SARS-CoV-2-infected plaque macrophages and foam
cellsasamechanistic linkbetween infection of atherosclerotic coronary
vessels and acute cardiovascular complications of COVID-19.

Methods

Ethical approval for the use of human autopsy specimens was obtained
from the institutional review board (IRB) of NYU Langone Health
(NYULH) (IRBi21-01587) in compliance with all relevant ethical regula-
tions. Patients undergoing CEA who signed a writteninformed consent
wereenrolledinthe ATHERO-IN study approved by the IRBs of the Icahn
School of Medicine at Mount Sinai (IRB11-01427) and NYULH (IRB i21-
00429). The reported demographic information and clinical history

Nature Cardiovascular Research | Volume 2 | October 2023 | 899-916

910


http://www.nature.com/natcardiovascres

Article

https://doi.org/10.1038/s44161-023-00336-5

are de-identified and covered by the patients’ consent to publish such
datain compliance withIRB 11-01427 and IRB i21-00429.

Coronary autopsy specimens from patients with COVID-19
Formalin-fixed, paraffin-embedded coronary artery specimens (n = 27)
from eight deceased patients diagnosed with COVID-19 were obtained
from NYULH and the NYU Grossman School of Medicine’s Center for
Biospecimen Research and Development (CBRD). Demographic infor-
mation and clinical history were obtained from the hospital medical
records (Supplementary Table 1). Data on the clinical course of the
infection and COVID-19-associated pathology were obtained from
both the hospital medical records and autopsy pathology reports
(Supplementary Table 2).

RNAscopeinsitu hybridization

The RNAscope 4-plex assay was performed on coronary tissue sections
using LS Multiplex Reagent Kit and RNAscope LS 4-plex Ancillary Kit
(ACD Bio-Techne). SARS-CoV-2-specific RNAscope probes were used
tovisualize the SARS-CoV-2 vRNA encoding the S proteinand to detect
direct viral replication using a sense probe that targets the antisense
strand of the S gene. Negative and positive control probes were used
to assess tissue RNA integrity. RNAscope probes used for detecting
CD68,ACTA2and NRPI transcripts, SARS-CoV-2 S viral gene, antisense
strand of S gene and other reagents are detailed in Supplementary
Table 5. Tissue sections were scanned at x40 magnificationin the Vec-
tra Polaris Automated Quantitative Pathology Imaging System using
a MOTIF workflow. For the in vitro experiments, human peripheral
blood mononuclear cell-derived macrophages, macrophage-derived
foam cells, primary aortic VSMCs and cholesterol-loaded VSMCs were
infected with SARS-CoV-2 before performing RNAscope ISH Multiplex
Fluorescent V2 Assay protocol according to the manufacturer’sinstruc-
tions. Images were acquired with a Keyence BZ-X800 microscope.

RNAscope insitu hybridization analysis

Images were annotated in Phenochart whole slide viewer (Akoya Bio-
sciences). Whole slide scan ‘.qptiff’ files were stamped for InForm
batch on Phenochart (version 1.1). Spectral unmixing of all images
was performed using InForm’s automated algorithm. The stamped
images were processed through InForm (PerkinElmer, version 2.6), and
‘component_data.tif” files were exported for quantification using the
HALO image analysis platform (version3.5.3577) and HALO Al (version
3.6.4134) (IndicaLabs) using the classifier module, neural network clas-
sifier module and spatial analysis module. The algorithms used were
Area Quantification (version 2.4.2 and version 2.4.3), Area Quantifica-
tion FL (version 2.3.3 and version 2.3.4), Deconvolution (version 1.1.7
and version 1.1.8) and FISH (version 3.2.3). Al was trained-by-example
to classify the regions of the tissue. HALO Al trained Mininet deep
learning classifier was used to classify the coronary wall and corre-
sponding perivascular fat in all sections and to remove background
autofluorescence. Cell segmentation was performed by training Al
nuclei segmentation network classifier with DAPI-stained nuclei on
boththe stitched images of whole coronary tissue and in vitro experi-
ments’ images. Quantification of the probes was based on color and
constant image intensity thresholding, maintaining parameters con-
stant across samples. HALO imaging analysis algorithms and spatial
analysis workflow were used to quantify the number of positive dots
per cell and the frequency of positive cells divided by total cells.

IHC

H&E and chromogenic IHC were performed by the NYULH CBRD. IHC
for the quantification of macrophages was performed on a Ventana
Medical Systems Discovery Ultra platform using rabbit anti-human
CD68 (ref. 65) (Ventana Medical Systems). Images were acquired in the
Vectra Polaris multimodal digital pathology. Histopathology assess-
ment and coronary pathology reports were performed by a blinded

clinical cardiovascular pathologist. Quantification of percentage
of CD68" area was performed with the hybrid cell count module of
the Keyence BZ-X800 microscope. CD68" cell count and frequency
were obtained using HALO imaging analysis algorithms and Al nuclei
segmentation.

Immunofluorescence

Autopsy coronary sections were stained with primary antibodies at
4 °C overnight and with secondary antibodies at room temperature
for 2 h, and cell nuclei were stained with DAPI. Autofluorescence was
quenched with TrueBlack Lipofuscin Autofluorescence Quencher
(Biotium). Cultured macrophages and foam cells were stained with a
mouse anti-SARS-CoV-2 NP antibody (ProScience) overnight at 4 °C,
followed by a goat anti-mouse Alexa Fluor 488 (Invitrogen) for 2 h at
room temperature. Images were acquired using a Keyence BZ-X800
microscope. Primary and secondary antibodies used are listed in Sup-
plementary Table 5.

scRNA-seq of human carotid arteries

Carotid plaques were obtained from patients undergoing CEA (n=10)
enrolled in the Athero-IN study (IRB 11-01427 and IRB i21-00429).
Exclusion criteria for patient enrollment were as follows: active infec-
tion, autoimmune diseases, active or recurrent cancer and severe renal
failure requiring dialysis. Supplementary Table 4 summarizes the clini-
caland demographic characteristics of the study cohort. Plaques were
classified by a clinical cardiovascular pathologist (N.N.) as fibrocalcific
(n=3) and fibroatheroma (n=4). Three of 10 plaque tissues were not
classified owing to insufficient tissue.

Cellisolation from carotid atherosclerotic tissues

Fresh plaque specimens were placed immediately in DMEM (Gibco)
and processed within 30 min to obtain single-cell suspension using
a digestion protocol previously described®®. In brief, the specimens
were washed and digested in DMEM containing 10% FBS (Gibco,
10082147); collagenase type IV (Sigma-Aldrich, C5138) at a final con-
centration of 1 mg ml™; and DNase I (Sigma-Aldrich, DN25), hyaluro-
nidase (Sigma-Aldrich, H3506), collagenase type XI (Sigma-Aldrich,
C7657) and collagenase type Il (Sigma-Aldrich, C6885), each at a final
concentration of 0.3 mg ml™ for 40 min in a gentleMACS Octo Disso-
ciator (Miltenyi Biotec). The digested tissue was sequentially filtered
through 70-pm and 40-pum cell strainers (Thermo Fisher Scientific,
22363547 and 22363548) and centrifuged at 300gfor 8 min. Dead cells
were removed with the EasySep Dead Cell Removal (Annexin V) Kit
(STEMCELL Technologies, 17899), and leukocytes were isolated with
the EasySep Release Human CD45 Positive Selection Kit (STEMCELL
Technologies, 100-0105) according to the manufacturer’sinstructions.
Live cells were counted with the automatic cell counter Cellometer
Auto 2000 (Nexcelom), and cells were loaded to the Chromium Con-
troller (10x Genomics). scRNA-seq libraries were prepared using the
Chromium Single Cell 3’ Library v3 reagent, Gel Bead and Multiplex
Kit and Chip Kit (10x Genomics). DNA library quantity and quality
were measured with Qubit dsSDNA HS fluorometric assay (Qiagen) and
Bioanalyzer (Agilent) and sequenced on a NovaSeq 6000 sequencer
(Illumina). scRNA-seq data from six samples were previously pub-
lished®® and are available in the GEO (GSE224273). Four extra samples
were processed to obtainadditional scRNA-seq data (GEO: GSE235437).

Computational analysis of coronary and carotid scRNA-seq

CellRanger Single-Cell Software Suite (version 3.1.0) was used to demul-
tiplex and align to the human genome reference version GRCh38. A
total of 20,639 CD45" cells were analyzed as were Cell Ranger outputs
from the CEA scRNA-seq datawith anaverage 0f104,351 meanreads per
celland 3,128 median unique molecular identifier (UMI) counts per cell.
AnscRNA-seqdataset (GSE131780) comprising human atherosclerotic
coronary samples was obtained from the GEO dataset repository®”.
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A total of 12,200 coronary cells from seven tissue samples obtained
from four patients were analyzed. Cell Ranger outputs had an average
of 62,328 mean reads per cell and 2,703 median UMI counts per cell.

Theoutput filtered gene expression matrices were analyzed using
the Seurat package (version 4.0.3)*”. Mitochondrial genes >10% to
>20%, <200 genes and <10,000 to <20,000 UMIs were filtered out.
Gene expression matrices were normalized using the SCTransform
function, and robust principal component analysis was used for inte-
gration. The RunPCA functionwas used to compute the top 30 principal
components using variably expressed genes. FindIntegrationAnchors
served to identify anchors between carotid samples and were input-
ted into the IntegrateData function to correct for batch effects. Cells
were assigned a cell cycle score using the CellCycleScoring function
to regress out unwanted variation. RunUMAP with FindNeighbors
and FindClusters functions were used for cell clustering. Integration/
co-clustering of carotid and coronary single cells was performed using
Harmony®®. The dimensionality reduction generated by Harmony was
used to calculate uniform manifold approximation and projection
(UMAP) and graph-based clustering with a resolution of 0.7. FindAll-
Markers was used to find differentially expressed genes (DEGs) using
the Wilcoxon rank-sum statistical test,and major cell populations were
annotated using DEGs and canonical marker genes. Subclustering
analysis of myeloid cells was performed with same approach described
above. MiloR package (version 1.3.1)* was used to test for differential
abundance between carotid and coronary. Cell neighborhoods were
defined onak-nearest neighbor (kNN) graph (k =20, d =30), and testing
for differential abundance was done using a negative binomial general
linear model framework. Cell neighborhoods were annotated to their
clusters, and differential abundance was expressed as log fold changes
(FCs) displayed in abeeswarm plot.

GTEx dataset analysis

Gene expression analysis of SARS-CoV-2 entry factorsinaorta, coronary
andtibial arteries, heart (atrial appendage and left ventricle), lung and
whole blood was performed using GTEx data (version V8, dbGaP acces-
sionnumber phs000424.v8.p2), which contains 17,382 RNA-seq tissue
samplesin total from 948 deceased donors (67.1% males). The cohort
includes Caucasian (84.6%), African American (12.9%), American Indian
(0.2%), Asian (1.3%) and unknown (1.1%) ancestry. The registered causes
of death are traumatic injury, cerebrovascular disease (>22%) or heart
disease (>40%). Results are shown as alogarithmic scale of transcripts
per million (log,, TMP™).

Computational analysis of murine scRNA-seq data

Sequencing data from ref. 16 were extracted from BioProject acces-
sion number PRJNA626450. Quality control of scRNA-seq data was
performed using FastQC (version 0.11.7). Reads were aligned to the
GRCm39 (mm39) reference genome using STAR (version 2.6.1d). Fea-
tureCounts from the subread package (version 1.6.3) was employed
and normalized counts used for downstream analysis using the Seurat
R package (version4.3.0). Highly variable genes were identified using
the FindVariableFeatures function. RunUMAP function with default set-
tings was used with FindNeighbors and FindClusters functions for cell
clustering. Differential gene expression analysis was performed using
the FindMarkers function toidentify differences between single-color
Tomatoreporter (Myh11-CreERT2, Rosa26tdTomato/tdTomato, ApoE ™"~
mice) fed a high-fat diet (21% anhydrous milk fat, 19% casein and 0.25%
cholesterol) for 18 weeks versus control mice. The Benjamini-Hoch-
berg method was applied to control for the false discovery rate (FDR).

Experiments in Biosafety Level 3

Studies involving SARS-CoV-2 infection were approved by the
Institutional Biosafety Committee (IBC21-000079) of the NYU
Grossman School of Medicine. All Biosafety Level 3 procedures
were conducted in accordance with the Biosafety Manual and

standard operating procedures of the NYU Grossman School of Medi-
cine High-Containment Facility.

Cellsand viruses

Vero E6 cells (American Type Culture Collection, CRL-1586) were main-
tained in DMEM culture media containing 10% FBS (Gibco), 2 mM
L-glutamine and 100 U ml™ penicillin-streptomycin. Vero E6 Express-
ing Transmembrane Protease, Serine 2 and Human Angiotensin-
Converting Enzyme 2 (Vero E6-TMPRSS2-T2A-ACE2) were obtained
from BEI Resources (NR-54970). Vero E6-TMPRSS2-T2A-ACE2 cells
were grown in DMEM medium with 4 mM L-glutamine, 4,500 ml of
glucose, 1 mMsodium pyruvate and1,500 mg L™ sodium bicarbonate,
10% FBS and 10 pg ml™ puromycin. All cells were verified to be free of
mycoplasma contamination.

SARS-CoV-2isolate USA-WA1/2020 (BEIResources, NR52281) was
amplified once in Vero E6 cells infected at a multiplicity of infection
(MOI) of 0.01as previously described®. Virus was collected at 72 hpi
upon observation of cytopathic effect. Debris was removed by cen-
trifugation and passage through a 0.22-um filter, and the supernatant
was then aliquoted and stored at —80 °C. Virus titer was calculated
by plaque assay on Vero E6 cells and informed as particle-forming
units per milliliter (PFU ml™). Virus stocks were Sanger sequenced
during viral stock production. A PCR amplicon covering the S gene
(FW: gttcagagtttattctagtgcgaataattgcacttttg, RV: gcagtaaggatg-
gctagtgtaactagcaagaataccac) was purified using the Nucleospin
PCR and Gel Extraction Kit (Macherey-Nagel) and Sanger sequenced
(GENEWIZ) with the following primers (FW: ggttttaattgttactttcc
and FW: ctacaggttctaatgtttttc). icSARS-CoV-2 mNG reporter virus
was obtained from the UTMB World Reference Center for Emerging
Viruses and Arboviruses®.

In vitro SARS-CoV-2 infection of human primary cells

Human primary monocytes were differentiated into macrophagesin
the presence of 20 nM human macrophage colony-stimulating factor
(M-CSF, PeproTech) in DMEM culture media supplemented with 10%
FBS,2 mML-glutamine and 100 U ml™ penicillin-streptomycin for 5 d.
Macrophages were then treated with 10 pg mi™ of either Dil-oxLDL or
ox-LDL (Invitrogen) for 1 h before infection and kept throughout the
experiment. Human aortic smooth muscle cells (PromoCell, C-12533)
were cultured in complete Smooth Muscle Cell Growth Medium with
0.05 ml/ml FCS, 0.5 ng mI™* recombinant human epidermal growth
factor, 0.2 ng ml” recombinant human basic fibroblast growth factor
and 5 pg ml™ recombinant human insulin and treated with 10 pg ml™
Cholesterol-methyl-B-cyclodextrin (Sigma-Aldrich) overnight before
infection with SARS-CoV-2 virus USA-WA1/2020 isolate at MOl 0.1 in
infection media with 2% FBS. Mock-infected cells were used as con-
trols. Cell culture supernatants were inactivated with UV irradiation
for 15 min and stored at —80°C. Cells were collected in either TRIzol
(Invitrogen) or 10% buffered formalin. Macrophages and foam cells
were treated with EG00229 trifluoroacetate (Tocris, 6986) at 100 pM
final concentration for 1 h before infection.

Lipid staining with OilRed O

VSMCs treated with 10 pg ml™ of Cholesterol-methyl-B-cyclodextrin
or vehicle for 48 h were fixed with 10% buffered formalin for 1 h and
incubated with 60% isopropanol for 1 min. Staining with Oil Red O
(Sigma-Aldrich) working solution was performed for 20 min before
hematoxylin counterstain for 1 min. Images were acquired with aKey-
ence BZ-X800 microscope.

Ex vivo SARS-CoV-2 infection of human vascular explants

Carotid plaque specimens were thawed, cut into pieces (approximately
3 x3 mm) and cultured in DMEM culture media supplemented with 10%
FBS,2 mML-glutamine and 100 U mI™ penicillin-streptomycin for 2 h.
Tissue specimens were infected with 10° PFU ml™ of SARS-CoV-2 virus
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USA-WA1/2020 isolate. Non-infected tissues were used as controls.
Culture media samples were collected at 24 hpi, 48 hpi and 72 hpi
and inactivated by UV irradiation for 15 min. Tissue specimens were
fixed overnight with either 4% paraformaldehyde forimmunofluores-
cenceor 3% glutaraldehyde for electron microscopy. Tissues used for
bulk RNA-seq were stored in 1 ml of TRIzol reagent. For NRP-1 block-
ing experiments, tissues were pre-treated with NRP1 blocking agent
(EG00229 trifluoroacetate) at a final concentration of 100 uM for1h
beforeinfection.

Infectious particle quantification by plaque assay

Ten-fold dilutions of conditioned culture media were added to Vero
E6-TMPRSS2-T2A-ACE2 cell monolayers for 1 hand gently shaken every
15 min. Afterincubation, cells were overlaid with 0.8% agarose in DMEM
containing 2% FBS and incubated for 36 h. After fixation, agarose plugs
were removed, and plaques were visualized by crystal violet solution
staining. Plaques were counted, and the results were expressed as
PFU ml™. Plaque assays using Vero E6 cells were performed witha72-h
incubation period.

Silencing of NRP1in human macrophages and foam cells
Transient knockdown of NRP1 was achieved using a pool of
pre-designed siRNA FlexiTube GeneSolution for NRP1silencing (Qia-
gen, GS8829; Hs_NRP1_8, ACGGTCATAGACAGCACCATA; Hs_NRP1_7,
CACGCGATTCATCAGGATCTA; Hs_NRP1_12, ACAGCCT TGAATGCACT-
TATA; Hs_NRP1_11, CTCCCAGATCACATCATCCAA) and non-targeting
negative control (Qiagen, AllStars Negative Control siRNA). In brief,
3l of Lipofectamine RNAIMAX (Invitrogen) and siRNA oligos 10 nM
final concentration were added to afinal volume of 200 pl of OptiMEM
reduced serum medium (Gibco). The mix was incubated at room tem-
perature for 20 min. Plated cells (60-80% confluence) were transfected
by addingoligos/Lipofectamine RNAIMAX complexesinafinal volume
of 1 mlwith DMEM without serum or antibiotics overnight (-16 h) before
replacing the medium with complete DMEM medium with10% FBS for
24 h. After 24 h, half of the cells were treated with 10 pg mI™ oxLDL for
2 hbeforeinfection with SARS-CoV-2 virus USAWA1/2020 isolate MOI
0.1in infection media (2% FBS DMEM) for 24 h. Cells were harvested
for RNA and protein analysis, and cell culture supernatants were UV
inactivated for 15 min. Cells were fixed with10% buffered formalin for
1hbefore RNAscope staining.

Protein quantification and western blot analysis

Protein lysates, obtained using RIPA buffer containing phosphatase
and protease inhibitor cocktail (100x), were processed to quantify
protein concentration using the Pierce BCA Protein Assay Kit. The fol-
lowing antibodies were used for western blot analysis: anti-NRP1 rabbit
monoclonal antibody (Cell Signaling Technology), anti-p-actinmouse
monoclonal antibody (Sigma-Aldrich) and anti-rabbit and anti-mouse
HRP-conjugated secondary antibodies (ProteinSimple). All reagent
informationis listed in Supplementary Table 5. Molecular weight mark-
ersand samples were runthrough the ProteinSimple WES System, and
images were analyzed using the Compass for Simple Western software
(version 6.2.0).

RT-qPCR

RNA was extracted using TRIzol reagent and Direct-zol RNA Microprep
Kits (Zymo Research) or RNAeasy MiniKit (Qiagen). Reverse transcrip-
tion (High-Capacity cDNA Reverse Transcription Kit, Applied Biosys-
tems) was carried out at 37 °C for 1 h, and the reaction was stopped by
heating to 95 °C for 5 min and hold at 4 °C. RT-qPCR was performed
using gene-specific primers (Supplementary Table 5) using the TagMan
Fast Advanced Master Mix and the Applied Biosystems QuantStudio 6
Pro detection system. The thermal cycling conditions were 50 °C for
2 min, followed by a step at 95 °C for 2 min and 40 cycles at 95 °C for
1sand 60 °C for 20 s. The relative quantification of the SARS-CoV-2

NP gene was calculated using the 272 method in Design and Analy-
sis Software version 2.6. FCs in gene expression were normalized to
housekeeping control gene and calculated log,,FC relative to control
sample (2 h after viral inoculum). For NRP1 silencing in vitro experi-
ments quality control, FCs in gene expression of the NRPI target gene
were normalized to the GAPDH housekeeping control gene. Relative
quantification was performed using the 274 method, and samples
were normalized by the endogenous controls.

Bulk RNA-seq

RNA from primary macrophages and foam cells was extracted using
TRIzol reagent and Direct-zol RNA Microprep Kits following the
manufacturer’s instructions. Total RNA from human atherosclerotic
tissue was isolated using QIAzol Lysis Reagent (Qiagen) and the gen-
tleMACS Octo Dissociator (Miltenyi Biotec) homogenizer, combined
with RNA cleanup using the RNAeasy MiniKit (Qiagen). Quality control
was performed with Agilent RNA 6000 Nano and Pico Kits (Agilent
Technologies) using the Agilent 2100 Bioanalyzer system. For in vitro
experiments, poly(A) library preparation was performed using Illu-
mina Stranded mRNA Preparation and Ligation (Illumina). For human
atherosclerotic plaque ex vivo experiments, the Revelo RNA-Seq High
Sensitivity library preparation kit was used (Tecan). Libraries were
quantified using KAPA Library Quantification Kit (Roche), pooled
at 2 nM equimolar concentration and sequenced using an Illumina
NovaSeq 6000 sequencer.

RNA-seq data processing, analysis and visualization

Quality control of RNA-seq data was performed using FastQC2 (ver-
sion 0.11.7). Raw sequenced reads were trimmed using fastp3 (ver-
sion 0.20.1) for quality control of bases and to eliminate sequencing
adaptors. Raw reads were aligned using STAR (version 2.6.1d) to
the combined human (Homo sapiens) genome assembly GRCh38
from the Genome Reference Consortium (GCA_000001405.15
GCF_000001405.26) and SARS-CoV-2 Washington isolate (USA
WA1/2020) genome (GenBank: MN985325.1). The gene-level expres-
sion counts were computed with the featureCounts function in
the Subread package (version 1.6.3; parameters: -g gene_id -s 2)
using the human gene annotations from GENCODE release 33. Dif-
ferential expression was performed using the R package DESeq2
(version 1.30.1). To model differences in gene expression between
SARS-CoV-2-infected versus non-infected primary macrophages
and foam cells, a model including infection status, timepoint and
donor as dependent variables was used. To identify differences in
gene expression between infected macrophages and infected foam
cells, amodel including cell type, timepoint and donor as depend-
ent variables was used. To analyze gene expression variation across
timepoints and infection status in macrophages and foam cells, we
employed a model that incorporated infection status, timepoint,
donorandaninteraction between infection status and timepoint as
dependent variables for each sample type separately. The IFN and
SARS-CoV-2 scores were calculated as log, values of IFN response
genes and SARS-CoV-2 genes comparing macrophage and foam
cell response at O hpi, 2 hpi, 8 hpi, 24 hpi and 48 hpi. Standardized
data (z-scores) were calculated for each feature by subtracting the
estimate mean and dividing by the estimate s.d. For hierarchical
clustering, data were plotted using the pheatmap package (version
1.0.12) in R. Differential expression analysis of SARS-CoV-2-infected
atherosclerotic plaque samples was performed using the R package
DESeq2 with timepoint and donor included as dependent variables.
For hierarchical clustering analysis, normalized values were stand-
ardized and plotted using the pheatmap package (version1.0.12) in
R. Pvalues were adjusted using Benjamini-Hochberg correction and
denoted as an asterisk. Gene set enrichment analysis using Reactome
Knowledgebase 2022 and Gene Ontology Biological Process 2021 of
the top 300 DEGs was performed using Enrichr (https://maayanlab.
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cloud/Enrichr/)’*"". Bar plots represent the combined score of 10 top
relevant pathways with statistical significance (*P < 0.05,**P < 0.01;
**+P<0.001).

Cytokine and chemokine protein secretion

Ascreenof 48 human cytokines and chemokines was performed using
UV-inactivated culture supernatants by using the Bio-Plex Pro Human
Cytokine Screening Panel (Bio-Rad) and the Luminex 200 platform of
the Immune Monitoring Laboratory Division of Advanced Research
Technologies of the NYU Grossman School of Medicine. Luminex data
were log transformed; statistically significant differences were calcu-
lated using unpaired two-sided t-tests; and Pvalues were adjusted using
Benjamini-Hochberg correction. Empirical Bayes batch correction
(Combat) was used to remove batch effects before log transforming
the data. Statistical analysis was performed using R (version 4.0.3).
Cytokines showinglog,FC > O were upregulated, and cytokines show-
ing log,FC < 0 were downregulated. Secreted TGF-B1 and Caspase-8
were measured by ELISA (Invitrogen) in clarified culture media super-
natant, according to the manufacturer’s instructions.

Transmission electron microscopy

After 48 hpi and 72 hpi, ex vivo SARS-CoV-2-infected atherosclerotic
samples were fixed with 3% glutaraldehyde/PBS (pH 7.4) at 4 °C. Sam-
ples were prepared for electron microscopic evaluation by the NYU
Grossman School of Medicine’s Microscopy Laboratory following
standard operating procedures. The specimens were examined by
transmission electron microscopy. Stained grids were imaged with a
Talos L120C transmission electron microscope and recorded using a
Gatan OneView Camera (4 K x 4 Kresolution) with Digital Micrograph
software (Gatan Microscopy Suite).

Statistical analysis

Statistical analyses not described above were performed using Graph-
Pad Prism version 9.0, and details are included in the figure legends.
Statistical Pvalues were calculated and reported on graphs,and P < 0.05
was considered significant.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

scRNA-seq data from the six human carotid arteries were previously
published and are available in the GEO (GSE224273). Four additional
carotid plaques were processed to obtain sc-RNAseq data depos-
ited in the GEO (GSE235437). scRNA-seq data coronary lesions were
obtained from the GEO (GSE131780). Bulk RNA-seq data from mac-
rophages and foam cell experiments and the plaque tissues infected
with SARS-CoV-2 are deposited in the GEO (GSE235437). GTEx data
used are version V8, dbGaP accession number phs000424.v8.p2, and
available at the GTEx portal (https://gtexportal.org/home). Murine
scRNA-seq datafromref. 16 were extracted from BioProject accession
number PRJNA626450. Human (Homo sapiens) genome assembly
GRCh38 (hg38) was obtained from the Genome Reference Consortium
(GCA_000001405.15 GCF_000001405.26). SARS-CoV-2 Washington
isolate (WA1/2020) genome was obtained from the NIH repository
(GenBank: MN985325.1). The following reagent was deposited by the
Centersfor Disease Control and Prevention and obtained through BEI
Resources, NIAID, NIH: SARS-Related Coronavirus 2, Isolate hCoV-
19/USA-WA1/2020, NR-52281. The following reagent was obtained
through BEIResources, NIAID, NIH Cercopithecus aethiops Kidney Epi-
thelial Cells Expressing Transmembrane Protease, Serine and Human
Angiotensin-Converting Enzyme 2 (Vero E6-TMPRSS2-T2A-ACE2,
NR-54970). All other data supporting the findings in this study are
includedinthe main article and associated files. Source data files are

available on GitHub at https://github.com/giannarelli-lab/SARS-CoV
-2-infection-triggers-pro-atherogenic-inflammatory-response
s-in-human-coronary-vessels.

Code availability

Code used for data analysis is available on GitHub at https://github.
com/giannarelli-lab/SARS-CoV-2-infection-triggers-pro-atherogen
ic-inflammatory-responses-in-human-coronary-vessels.
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Extended Data Fig. 1| Pathology assessment and RNA-FISH analysis of
coronary arteries from deceased individuals with COVID-19. a) Bar plot (left)
shows the number of adaptive intimal thickening (AIT; blue, n = 4), pathological
intimal thickening (PIT; magenta, n=10), fibrocalcific (orange, n =10) and
fibroatheroma (red, n = 3) specimens. Bar plot (right) shows the proportion

of coronaries that presented pathological features of lipid pool, calcification,
necrotic core, adventitial inflammation, and thrombus. b) Bar plot showing the
percentage of CD68" area. Non-parametric Kruskal-Wallis test with Dunn’s test
for multiple comparisons was performed. ¢) Bar plot showing the quantification
of frequency and total count of CD68" cells in AIT (n =4), PIT (n =10), fibrocalcific
(n=8)and fibroatheroma (n =3). Dataare presented as mean values £ s.e.m.
Non-parametric Kruskal-Wallis test with Dunn’s test for multiple comparisons
was performed. d) Bar plots of total cell number normalized by the area (mm?)
ofvasculature and perivascular fat. Each dot represents a tissue section from
AIT (n=12), PIT (n=15), fibrocalcific (n = 24) and fibroatheroma (n=9). Dataare
presented as mean values +s.e.m. One-way ANOVA with post-hoc Tukey’s test

for multiple comparisons was performed. e) Bar plots of total number of CD68
RNA’ cells quantified in the arterial wall and perivascular fat. Dots represent
individual tissue sections from AIT (n = 6), PIT (n =12), fibrocalcific (n = 16)

and fibroatheroma (n = 6). Data are presented as mean values * s.e.m. One-way
ANOVA followed by Holm-Sidék’s test for multiple comparisons was performed.
f) Bar plots of frequency of CD68" SARS-CoV-2 Spike* and CD68" Spike antisense”
cellsin AIT (n=3), PIT (n = 6), fibrocalcific (n = 8) and fibroatheroma (n = 3)
coronaries. Non-parametric Kruskal-Wallis test followed by uncorrected Dunn’s
test for multiple comparisons was performed. g) Scatter plot of Spearman’s

rank correlation (95% confidence interval) of total CD68 RNA copies with total
SARS-CoV-2 spike and Spike antisense copies (n = 20). h) SARS-CoV-2Sand S
antisense quantificationin total tissue, vasculature, and perivascular fat from
patients with (n =7 samples) versus without CV manifestations (n =13 samples).
Data were normalized by tissue area (mm?) and presented as mean values +s.e.m.
Rout method (Q =1%) was used to remove outliers. Unpaired Mann-Whitney test
was performed.
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Extended Data Fig. 2| Analysis of SARS-CoV-2 tropism for human vascular
smooth muscle cells. a) Differential gene expression analysis of ACTA2 and CD68
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atherosclerotic coronary samples. Wilcoxon Rank-Sum test was used to compare
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shown. b) Differential gene expression analysis of Acta2 mRNA and Cd68 mRNA
inlineage-tagged (Tdt") SMC-derived cells dissociated from the aortic arches of
atherosclerotic single-color Tomato reporter (MyhlI-CreERT2, Rosa26tdTomato/
tdTomato, ApoE”~ mice) mice fed high fat diet (HFD) for 18 weeks versus control
mice. Wilcoxon Rank-Sum test was used to compare groups and adjusted
p-values with BH correction method are shown. ¢) Representative images of
spatial analysis of PIT coronary samples, and fibrocalcific and fibroatheroma
(FCFA) samples showing the location of ACTAZ" cells, ACTA2" SARS-CoV-2 Spike*
cells or ACTA2* SARS-CoV-2 Spike antisense” cells. Bar plots showing the number
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and frequencies of ACTA2" cells/mm? ACTAZ2'SARS-CoV-2 Spike VRNA* and
ACTA2' SARS-CoV-2 S antisense® cells normalized by tissue area (mm?) inintimal
thickening (PIT; n = 6) versus fibrocalcific and fibroatheroma (n = 3) coronaries.
Mann-Whitney test (two-tailed) was performed. d) Representative images of

Oil Red-O staining of human VSMCs treated with 10 pg/mL of Cholesterol-
methyl-B-cyclodextrin (Chol:MBCD) or vehicle overnight before infection and
kept for 48 h. e) Bar plots showing the frequencies of SARS-CoV-2 Spike VRNA®,
ACTA2'SARS-CoV-2 Spike VRNA®, SARS-CoV-2 S antisense”and ACTA2* SARS-
CoV-2 Spike antisense’ cells in vehicle and Chol:MBCD conditions after infection
with SARS-CoV-2 USA-WA1/2020 for 24 h. n = 20 of vehicle and n = 25 Chol:MBCD
treated VSMCs in Spike vVRNA quantification experiment, n = 21 of vehicle and
n=24Chol:MBCD treated VSMCs in Spike antisense quantification experiment.
Mann-Whitney test (two-tailed) was used.
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Extended Data Fig. 3| SARS-CoV-2 in-vitro infection of human primary
macrophages and foam cells. a) Representative images of not-infected and
infected macrophages and foam cells cultured with mNG reporter virus (MOI

0.1) at 24 hpi. Scale bar, 20 pm. b) Representative images of not-infected and
SARS-CoV-2infected macrophages and foam cells at 24 hours post-infection
(hpi). Scale bar, 20 pm. ¢) Representative images of plaque assay in VERO E6-
TMPRSS2-T2A-ACE2 cells of culture supernatants of macrophages and foam cells
cultured with SARS-CoV-2 USA- WA1/2020 at 2 hpi, 8 hpi, 24 hpi, and 48 hpi. Serial
dilutions are represented from left to right (-1to -6). d) Bar plot showing the log,,
FC of SARS-CoV-2 NP RNA levels normalized by 2 hpi samples (n = 4 biological
replicates) ininfected macrophages and foam cells. ) Bar plots showing the
combined score of Gene Ontology (GO) Biological Process 2021 enrichment

analysis of upregulated genes in infected macrophages, foam cells and or both vs.

non-infected counterparts. P< 0.05. * P< 0.05; **, P< 0.01;***, P< 0.001.f) Heat

map of log, FCin complement genes between SARS-CoV-2 infected macrophages
(n=3)and SARS-CoV-2infected foam cells (n=3) at 0 hpi, 2 hpi, 8 hpi, 24 hpiand
48 hpi. Adjusted P-values < 0.05 (FDR =10%) were considered significant. g) Heat
map of Log, fold changes in lysosomal genes in SARS-CoV-2 infected cells vs. not
infected cells at 2 hpi, 8 hpi, 24 hpi and 48 hpi. h) Heat map of Log, fold changes
inlysosomal genes in SARS-CoV-2 infected macrophages vs. foam cells at 2 hpi,

8 hpi, 24 hpiand 48 hpi. P-values < 0.05 were considered significant. P < 0.05.

* P<0.05;* P< 0.01;** P< 0.001.i) Heat map of log, FC in lipid metabolism genes
in SARS-CoV-2infected macrophages (n = 3) vs. foam cells (n=3) at 2 hpi, 8 hpi,
24 hpiand 48 hpi. Adjusted P-values < 0.05 (FDR = 0.1) were considered significant.
P<0.05.% P<0.05 *, P< 0.01;*** P< 0.001.) Quantification of Caspase-8
concentration in culture supernatants of not infected or SARS-CoV-2 infected
macrophages and foam cells. One-way ANOVA with post-hoc Tukey'’s test

were performed.
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an adjusted Pvalue < 0.05 for the interaction term of the model. % P< 0.05; **,

P<0.01;** P< 0.001.b) Kinetic plots showing the area under the curve (AUC)

of cytokines and chemokines in the supernatant of SARS-CoV-2 infected and

non-infected macrophages and foam cells (n = 4 biological replicates, technical
duplicates). For AUC comparisons, one-way ANOVA with Tukey’s test for multiple

ofinfected vs not infected at each timepoint. Asterisk in parentheses indicates

comparisons was used. Bar plots represent Mean + s.e.m. One-way ANOVA
followed by Sidak’s test for multiple comparisons was performed.
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Extended Data Fig. 5| Ex-vivo SARS-CoV-2 infection of human carotid
vascular explants. a) Representative images of human atherosclerotic plaque
tissuesinfected ex vivo with SARS-CoV-2 USA-WA1/2020 (10° PFU) versus mock
infected control shows the expression of spike protein and nucleoprotein (NP).
Scale bar,100 pm. b) Electron microscopy of human atherosclerotic carotid
plaque tissue infected ex vivo with the SARS-CoV-2. Scale bar, 1 pm. Black
arrows indicate coronavirus-like particles. ¢) Heat map of selected cytokine and
chemokine genes showing the log, FC in SARS-CoV-2 infected carotid vascular
explants versus not-infected tissues at different times post-infection. Wald test
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from DESeq2 package was used to test for significance. Pvalues were adjusted
using Benjamini-Hochberg correction (FDR =10%) and denoted as an asterisk *
P<0.05;*, P<0.01;** P< 0.001.d) Kinetic plots showing the AUC of selected
cytokines and chemokines secreted by non-infected or SARS-CoV-2 infected
carotid vascular explants (n =3 donors, technical duplicates) at different time
post-infection. One-way ANOVA with Sidak’s test for multiple comparisons was
performed. Bar plots represent mean + s.e.m. Unpaired ¢-test (two-tailed) was
performed and P < 0.05 was considered significant.
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Extended DataFig. 6 | Single cell RNA sequencing analysis of SARS-CoV-2
entry factors in vascular myeloid subclusters. a) Heat map shows transcripts
expression (median TPM, transcripts per million) of SARS-CoV-2 entry factors
identified inlung, whole blood, heart (left ventricle and atrial appendage), aorta,
and tibial and coronary arteries. b) Violin plots showing the log,, TMP + 1 of tissue
level expression of SARS-CoV-2 entry factorsin lung, aorta, tibial and coronary
artery identified. Data are presented as median +IQR (25%-75% quartiles) in the
box plot, violin plot defines density of datain whole range. ¢) UMAP embedding

ofintegrated totalimmune cells from carotid (n =10) and coronary (n =7) tissues.
d) Gene expression of SARS-CoV-2 viral entry factors and related genes projected
onto the UMAP of total immune cells. €) UMAP representation of myeloid cell
clusters colored by tissue origin. Dots represent individual cells belonging

to carotid (red) or coronary artery (blue). f) Heatmap displaying selected

z-score scaled genes (columns) across myeloid cell subclusters (rows) from
human coronary and carotid samples. Canonical genes were used for myeloid
subclusters annotations.
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Extended Data Fig.7 | Abrogation of SARS-CoV-2 interaction with host by
NRP-1small molecule inhibitor and silencing RNA. a) Dot plot showing the
relative expression levels of NRP1 RNA normalized by GAPDHRNA expression
inmacrophages and foam cells. Average percentage of NRP1 silencing efficacy
were calculated and depicted at the top (n = 4 biological replicates measured

by technical duplicate per cell type, condition). b) Representative image of
capillary western blot (Wes) was performed to evaluate the protein expression
levels of NRP1 after siRNA NRPI or siRNA control treatment. Target protein NRP1
(130-140 kD) and B-actin loading control blots (42 kD) are shown. ¢) Total NRP1
RNA copies were quantified in not-infected macrophages and foam cells treated
with either siRNA control or siRNA NRP1 (n = 31images of macrophages siRNA

control; n =26 macrophages siRNANRP1, n = 24 foam cells siRNA control, n =25
foam cells siRNA NRP1) at 24 hpi. d) Representative images and quantification

of RNA-FISH showing NRPI RNA in not-infected macrophages and foam cells.

e) Representative images of RNA-FISH showing SARS-CoV-2 spike VRNA and NRP1
RNA (left), SARS-CoV-2 spike antisense VRNA and NRPI RNA (right) ininfected
macrophages and foam cells treated with non-targeting siRNA control or siRNA
NRP1at 24 hpi. f) Representative images of RNA-FISH showing SARS-CoV-2S
VRNA and NRPI RNA (left), SARS-CoV-2 S antisense RNA and NRPI RNA (right) in
infected macrophages and foam cells with and without NRP1-blocking (EG00229
trifluoroacetate) at 24 hpi.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
n/a | Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  No software was used to collect data

Data analysis Statistical analyisis was performed in GraphPad Prism 9, Version 9.5.0 (525).
For pathology and spatial analysis the following softwares were used: HALO image Analysis platform and Al version 3.5.3577 and version
3.6.4134 (Indica Labs, Inc.).
Design and Analysis Software Version 2.6 (Applied Biosystems) were used for RT-PCR analysis.
Single-cell RNAseq, bulk RNAseq and Luminex were analyzed with Seurat package (v4.0.3), CellRanger (10X Genomics v3.1.0), FastQC2
(v.0.11.7), STAR (v.2.6.1d), R (v.4.0.3), R package DESeq2 (v1.30.1), pheatmap package (v1.0.12).
Pathway analysis was performed with Enrichr v3 hosted at https://maayanlab.cloud/Enrichr/.
Code used for data analysis is available on GitHub at https://github.com/giannarelli-lab/SARS-CoV-2-infection-triggers-pro-atherogenic-
inflammatory-responses-in-human-coronary-vessels.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Single cell RNA sequencing data from the 6 human carotid arteries were previously published and are available in Gene Expression Omnibus (GEO) NCBI
(GSE224273). Four additional carotid plagues were processed to obtain sc-RNAseq data deposited in GEO NCBI (GSE235437). scRNA-seq data coronary lesions were
obtained from GEO NCBI (GSE131780). Bulk RNA sequencing data from macrophages and foam cell experiments and the plaque tissues infected with SARS-CoV-2
are deposited in GEO repository (GEO:GSE235437). All other data supporting the findings in this study are included in the main article and associated files. Source
data files are available on GitHub at https://github.com/giannarelli-lab/SARS-CoV-2-infection-triggers-pro-atherogenic-inflammatory-responses-in-human-coronary-
vessels.

GTEx data used in Extended Data Figure 6 is available at the GTEx Portal (https://www.gtexportal.org/home) For this manuscript the data used was version V8,
dbGaP Accession phs000424.v8.p2.

Murine single-cell RNA-seq data used in Extended Figure 2 from from Wang et al. (2020) was extracted from BioProject Accession: PRINA626450 (https://
www.ncbi.nIm.nih.gov/bioproject/626450).

Human (Homo sapiens) genome assembly GRCh38 (hg38) was obtained from Genome Reference Consortium [GCA_000001405.15 GCF_000001405.26])
SARS-CoV-2 Washington isolate (WA1/2020) genome (GeneBank: MN985325.1) was obtained from the NIH repository https://www.ncbi.nlm.nih.gov/nuccore/
MN985325

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender We refer to biological sex in the manuscript, although we did not investigate sex differences in the current manuscript. We
did not actively select the sex or gender of the enrolled patients.

Population characteristics Supplementary Table S1 and S2 describe demographics and clinical history of cohort of COVID-19 patients. Patient cohort
consisted in 8 patients (75% male), ethnicity 62.5% non-hispanic or latino, 37.5% unknown or not reported, race 37.5% black
or african american, 37.5% unknown or not reported, 12.5% white and 12.5% more than one race.

Supplementary Table S4 describes the clinical history and demographics of patients enrolled in the study for single cell
RNAseq analysis. Patient cohort in 10 patients (90% male), ethnicity 90% non-hispanic or latino, 10% not reported, race 50%
white, 20 % african american, 20% asian and 10% more than one race or not reported, median age 68.5 years old (range
62-93).

Recruitment All adult patients are recruited that meet the study by the responsible research coordinators priot to carotid endarterectomy
surgery. Patients included in the study get a study ID and remain anonymous for the rest of the study. The recruitment
process for participants in this study is designed to minimize bias and ensure a comprehensive representation of eligible
individuals. All patients who meet the predetermined enrolling criteria and have provided informed consent are enrolled,
without any form of bias.

Ethics oversight Post-mortem coronary artery specimens from 8 patients diagnosed with COVID-19 were obtained from the NYU Langone
Health and NYU School of Medicine’s Center for Biospecimen Research and Development (CBRD), with approval by the
Institutional Review Board of NYU Langone Health for (IRB i21-01587).
Patients undergoing carotid endarterectomy (CEA) were enrolled in the ATHERO-IN study, an observational clinical study
approved by the Institutional Review Boards of the Icahn School of Medicine at Mount Sinai (IRB 11-01427) and the NYULH
(IRB i21-00429).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Sample size experiments.

Data exclusions  No samples were excluded from the analysis

Replication Experiments were replicated at least once for the immunohistochemical, immunofluorescence and RNAscope and in-vitro studies involving
NRP1 inhibitor and NRP1 siRNA analysis. For bulk-RNA and Luminex, a minimum of two/three samples per group or condition were used. All
attempts at experimental replication were successful.

Randomization  Randomization was not employed in this study due to the unique characteristics of our target population and the specific nature of the
interventions being investigated. The nature of our study design involved a specific target population with unique characteristics that could
not be easily randomized. For COVID-19 patients' post-mortem samples, samples were obtained from NYU Center for Biospecimen Research
and Development (CBRD) based on availability. For CEA studies we did not actively randomize our patients, as the samples were processed
from prospectively enrolled patients.

Blinding For the studies using human specimens, we used unbiased computational approaches to analyze the data. Bioinformatitians and investigators
are blinded to the study conditions and experimental designs for the analysis.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
n/a | Involved in the study n/a 7 Involved in the study
] Antibodies [] chip-seq
Eukaryotic cell lines [] Flow cytometry
[ ] palaeontology and archaeology [ ] MRI-based neuroimaging

[ ] Animals and other organisms
[ ] clinical data
X[ ] bual use research of concern

0
X
X
X

Antibodies

Antibodies used The following antibodies were used:
Mouse anti-human CD68 (KP1) 760-2037 Ventana Medical Systems (pre-diluted. Cat# 760-2931, Lot#'s H354244, H15799, RRID
AB_2335972); human Neuropilin-1 Antibody Cat. #AF3870 R&D Systems (1:100); CD68 Monoclonal Antibody (KP1), eBioscience Cat.
#14-0688-82 Invitrogen (1:100); Goat anti-Mouse 1gG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 594 Cat.
#A11032 Invitrogen (2:400); Goat anti-Rabbit 1gG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor Cat. #488 A-11008
Invitrogen (1:400); Goat anti-Mouse 1gG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 Cat. #A-11001 Invitrogen (1:400);
anti-SARS-CoV-2 Nucleocapsid Antibody clone 1C7 Cat. # 10-605 ProScience (1:100); goat anti-mouse Alexa Fluor 488 A11001
Invitrogen (1:400); anti-NRP1 rabbit monoclonal antibody 3725 Cell Signaling (1:50); anti-B-actin mouse monoclonal antibody A2228
Sigma Aldrich (1:500); anti-rabbit HRP conjugated antibody Cat. #042-206 Protein Simple; anti-mouse HRP conjugated antibody Cat.
#031-108 Protein Simple.

Validation All antibodies were validated for the applications in this manuscript by the correspondent manufacturer and the information is
located in their website. Our usage was described in the Methods section of the manuscript.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Cells used in this study are the following:
Vero E6 (American Type Culture Collection; Cercopithecus aethiops Kidney Epithelial Cells) obtained from ATC, Cat
#CRL-1586.
Vero E6 Expressing Transmembrane Protease, Serine 2 and Human Angiotensin-Converting Enzyme 2 (Vero E6-TMPRSS2-
T2A-ACE2) obtained from Biodefense and Emerging Infections Research Resources Repository (BEI Resources), Cat.
#NR-54970
Human Peripheral Blood Monocytes obtained from StemCell Technologies , Cat. #200-0167
Human Aortic Smooth Muscle Cells (HAoSMC) obtained from PromoCell, Cat. #C-12533

Authentication All cell lines were recently purchased from vendors. We did not do in-house authentication of cell lines.

Mycoplasma contamination Cell lines were confirmed to be negative for Mycoplasma contamination with MycoAlert Detection kit (Lonza).
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Commonly misidentified lines  no commonly misidentifed cell lines were used in this study according to ICLAC register of misidentified cell lines.
(See ICLAC register)
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