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Objectives: Our objective was to examine coronary endothelial and myocardial 
programming in patients with severe COVID-19 utilizing digital spatial 
transcriptomics.

Background: Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) has 
well-established links to thrombotic and cardiovascular events. Endothelial cell 
infection was initially proposed to initiate vascular events; however, this paradigm 
has sparked growing controversy. The significance of myocardial infection also 
remains unclear.

Methods: Autopsy-derived cardiac tissue from control (n = 4) and COVID-19 
(n = 8) patients underwent spatial transcriptomic profiling to assess differential 
expression patterns in myocardial and coronary vascular tissue. Our approach 
enabled transcriptional profiling in situ with preserved anatomy and unaltered 
local SARS-CoV-2 expression. In so doing, we examined the paracrine effect of 
SARS-CoV-2 infection in cardiac tissue.

Results: We observed heterogeneous myocardial infection that tended to 
colocalize with CD31 positive cells within coronary capillaries. Despite these 
differences, COVID-19 patients displayed a uniform and unique myocardial 
transcriptional profile independent of local viral burden. Segmentation of tissues 
directly infected with SARS-CoV-2 showed unique, pro-inflammatory expression 
profiles including upregulated mediators of viral antigen presentation and immune 
regulation. Infected cell types appeared to primarily be capillary endothelial cells 
as differentially expressed genes included endothelial cell markers. However, 
there was limited differential expression within the endothelium of larger coronary 
vessels.

Conclusion: Our results highlight altered myocardial programming during severe 
COVID-19 that may in part be associated with capillary endothelial cells. However, 
similar patterns were not observed in larger vessels, diminishing endotheliitis, and 
endothelial activation as key drivers of cardiovascular events during COVID-19.
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Introduction

The unprecedented COVID-19 pandemic caused by severe 
acute respiratory syndrome coronavirus-2 (SARS-CoV-2) has 
resulted in immeasurable personal and global loss. With over 
50 million confirmed infections, and a death toll eclipsing 1 million 
people, the COVID-19 pandemic has caused the deadliest period 
in US history (data from the Centers for Disease Control and 
Prevention). Infection with SARS-CoV-2 is characterized by 
pneumonia, acute lung injury, and subsequent multiorgan failure 
(1). Unique from other viral pneumonias, the virulence of SARS-
CoV-2 is due, in part, to its ability to induce thrombotic and 
cardiovascular events (2). Such complications were speculated to 
result from direct myocardial injury via viral myocarditis and/or 
damage to the vascular endothelium (3). Despite such assertions, 
we  have poor understanding of the molecular mechanisms by 
which SARS-CoV-2 causes vascular inflammation, cardiovascular 
collapse, and ultimate death. More importantly, we  have little 
mechanistic evidence explaining why patients with underlying 
cardiovascular diseases or risk factors appear to suffer the most 
severe complications.

Disseminated intravascular coagulation (4) and cardiovascular 
injury associated with SARS-CoV-2 infection was initially 
postulated to be a consequence of uncontrolled inflammation and 
direct endothelial damage induced by SARS-CoV-2 infection (5). 
Endothelial expression of the Angiotensin Converting Enzyme 2 
(ACE2) receptor for SARS-CoV-2 entry (6, 7) was thought to 
mediate endothelial injury. This assertion was supported by initial 
case series which proposed endothelial cell infection and associated 
endotheliitis within a wide variety of endothelial cells in COVID-19 
patients (3). Despite such clinical observations, validating this early 
hypothesis has proven challenging. While SARS-CoV-2 has been 
observed to infect the endothelial cells of mice expressing 
humanized ACE2 (8), subsequent translational efforts have failed 
to observe similar findings. Notably, McCracken et al. reported a 
lack of ACE2 expression and replicative infection by SARS-
CoV-2 in human endothelial cells (9), while more recent autopsy 
analysis of COVID-19 patients failed to observe coronary 
endothelial activation (10). Such discrepancies between pre-clinical 
animal models and translational results beg the question as to 
whether direct endothelial mechanisms exist linking COVID-19 to 
cardiovascular events.

Debate also continues as to whether SARS-CoV-2 causes a 
classic viral-mediated myocarditis. Acute systolic heart failure of 
varying severity has been associated with COVID-19 infection, 
including as many as 10% of hospitalized patients having severe left 
ventricular dysfunction (11). However, evidence of direct SARS-
CoV-2 cardiomyocyte infection has been variable. Investigators 
from the COVID-19 tissue atlas (12) reported little evidence of viral 
replication in cardiac tissue; however, COVID-19 has been linked 
with transcriptional alterations in both patient samples (13) and 
models of COVID-19 myocarditis (14). These incongruent findings, 
in combination with our limited understanding of SARS-CoV-2-
induced vascular inflammation, hinders our ability to treat 
cardiovascular conditions associated with COVID-19. Sadly, despite 
ongoing COVID-19 vaccine distribution, novel variants are likely 
to become endemic, posing a long-term danger to at risk 
populations (15). Hence, the urgency to discover new diagnostic 
and therapeutic options against this deadly disease cannot 
be understated.

Our group recently uncovered differential transcriptional 
signatures associated with severe SARS-CoV-2 lung injury when 
compared to classical H1N1 influenza pneumonia (16). Using a novel 
spatial transcriptomic platform, we identified robust transcriptional 
signatures of inflammation, extracellular remodeling, and alternative 
macrophage activation which had previously not been identified in 
other SARS-CoV-2 transcriptome studies. These differences extended 
to the pulmonary vasculature where coagulation pathways were 
markedly upregulated. These findings are significant, as they 
implicate potential endothelial-specific differences that may directly 
contribute to increased cardiovascular complications associated with 
SARS-CoV-2 infection.

Herein, we report the first spatial transcriptomic analysis of the 
coronary endothelium from COVID-19 patients. We  conducted 
spatial mapping of the myocardium and coronary vasculature of 
autopsy specimens collected from patients who died because of 
severe COVID-19 infection. Our approach enabled us to spatially 
resolve differential expression patterns of coronary endothelial cells 
and cardiac tissue without disruption of tissue architecture within 
preserved patient samples. In so doing, we examined the paracrine 
effect of SARS-CoV-2 expression on myocardial and coronary 
endothelial expression profiles.

Methods

Materials and data availability

Anonymized datasets generated during this study are available 
on Mendeley Data (Payne, Gregory; Margaroli, Camilla (2023), 
“Spatial transcriptomic profiling of coronary endothelial cells in 
SARS-CoV-2 myocarditis”, Mendeley Data, V1, doi: 10.17632/
f2v7g9v97j.1). Other requests for resources and reagents are available 

Abbreviations: SARS-CoV-2, Severe acute respiratory syndrome coronavirus-2; 

ACE2, Angiotensin converting enzyme 2; ROIs, Regions of interests; LOQ, Limit 

of quantification; PCA, Principal component analysis; HLA, Human leukocyte 

antigen; B2M, β2 Microglobulin gene; IFITM2, Transmembrane protein 2; A2M, 

Alpha-2 macroglobulin; PECAM1/CD31, Platelet endothelial cell adhesion molecule; 

ENG, Endoglin; CEACAM3, Carcinoembryonic antigen-related cell adhesion 

molecule; FN1, Fibronectin-1 gene.

https://doi.org/10.3389/fmed.2023.1118024
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Margaroli et al. 10.3389/fmed.2023.1118024

Frontiers in Medicine 03 frontiersin.org

from the corresponding author upon reasonable request. Requests 
should be directed to and will be fulfilled by Dr. Gregory Payne. This 
study did not generate new or unique reagents. See the Major 
Resources Table in the Supplementary material for detailed 
experimental reagents.

Human subjects

The study was approved by an institutional review board 
(UAB-IRB 300005258, VA-IRB 1573682). Summary demographic 
and clinical data are presented in Supplementary Tables S1, S2. 
Autopsy authorization from next of kin included consent for use of 
the tissue for research. SARS-CoV-2 samples were collected from 
patients who died due to pneumonia and acute respiratory failure 
between March and June of 2020. All SARS-CoV-2 participants had 
chest imaging consistent with findings of pneumonia and positive 
nucleic acid amplification test (PCR) for SARS-CoV-2 indicating 
COVID-19 pneumonia. Myocardial specimens were stained for 
SARS-CoV-2 nucleocapsid and stratified into quartiles based upon 
relative mean fluorescent intensities (MFI). The bottom quartile 
(<25% MFI) was defined as SARS-CoV-2 “Low,” while the top 
quartile (>75% MFI) was defined as SARS-CoV-2 “high.” Separately, 
four deceased patients without infection or known cardiovascular 
disease who died before the existence of SARS-CoV-2 were included 
as control subjects (all died prior to 2020). All participants were 
grouped according to COVID-19 status and myocardial SARS-CoV-2 
expression as discussed.

Histology and immunofluorescence

The presence of myocardial infection with SARS-CoV-2 was 
determined prior to GeoMX digital spatial profiling by 
immunofluorescence to the viral nucleocapsid as previously 
described (16). Briefly, all myocardial tissue specimens for IHC 
staining were fixed with 10% neutral buffered formalin (Fisher 
Scientific) at room temperature for 24 h. Samples were then 
dehydrated, and paraffin embedded prior to serial 5 μm thick 
sectioning. Sections were dried overnight at 60°C, deparaffinized and 
hydrated using graded concentrations of ethanol to de-ionized water. 
Tissue sections for IHC were subjected to antigen retrieval by 0.01 M 
Tris-1 mM EDTA buffer (pH 9) in steamer for 5 min (buffer preheated 
with the steam setting for 20 min). Following antigen retrieval, all 
sections were washed gently in deionized water. Sections were soaked 
in PBS for at least 10 min. 3% BSA was then applied on sections for 
40 min at RT to block non-specific binding followed by “blot dry” (no 
rinse after blocking at this step). Anti-SARS-CoV-2 nucleocapsid 
(GeneTex, GTX135361; 1:500) and anti-CD31 (Abcam, ab9498, 
1:200) antibodies were directly conjugated to fluorescent markers 
(see GeoMX digital spatial profiling below) and diluted in 3% BSA 
prior to application in a dark incubation chamber for 1 h at 
RT. Sections were then rinsed with PBS 5 min, three times with 
agitation and then blotted dry. Nuclei were counter stained with 
DAPI (Biolegend, stock 100 ng/ml and 1:1,000  in PBS working 
solution) for 15 min in the dark. Finally, sections were washed with 
PBS prior to addition of mounting media with DAPI (ThermoFisher, 
ProLong Gold antifade) and coverslip. Confocal immunofluorescence 

images were acquired using the Nikon A1R confocal microscope. 
Myocardial tissue from patients without SARS-CoV-2 were used as 
negative controls for Anti-SARS-CoV-2 nucleocapsid and showed no 
appreciable signal.

GeoMX digital spatial profiling

Supplementary Figure S1 illustrates the work-flow utilized for 
digital spatial profiling. Paraffin embedded tissues were processed 
and analyzed using a combination of fluorescently labeled anti-
SARS-CoV-2 nucleocapsid and anti-CD31 antibodies. Anti-
SARS-CoV-2 was conjugated to PE/R-Phycoerythrin (Expedeon 
Lightning-Link R-PE Conjugation Kit/Abcam, ab102918), while anti-
CD31 was linked to Alexa Fluor 488 (Abcam, Lighting-Link 
ab236553). Nuclei were counterstained with SYTO61 (ThermoFisher, 
S11343, 1:1000  in PBS working solution). Fluorescent antibodies 
were combined with the GeoMX Cancer Transcriptome and 
COVID-19 Immune Response Atlas gene sets with custom probes 
specific for SARS-CoV-2 lung infection and tissue responses (see 
Supplementary Table S3 for SARS-CoV-2 related gene list), totaling 
1,860 genes. Regions of interest (ROIs) were selected based on (1) 
immunostaining of viral antigens, (2) cellular immunofluorescent 
profile and anatomic features consistent with coronary vascular 
tissue, and (3) histologic features consistent with myocardial tissue 
observed in the hematoxylin and eosin (H&E) stained sections. 
Supplementary Figure S2 illustrates the distribution of all ROIs for 
COVID-19 patients. At least 50 cells per ROI were utilized 
for analyses.

Quantification

Libraries of the oligo tags collected with the Nanostring GeoMx 
platform were quantified as previously described (16). Please see 
Supplementary methods for detailed experimental protocol.

Statistical analysis

Clinical data are expressed as mean ± SD or n (%) unless otherwise 
indicated. One-way ANOVA or Chi square test used to measure 
differences between groups for continuous and categorical values, 
respectively. For digital spatial profiling, comparison of all groups (e.g., 
Control, SARS-CoV-2 Low, and SARS-CoV-2 High) was performed by 
comparing the technical replicates from each biological group. This 
approach was taken given the heterogeneous vascularity and presence 
of endothelial ROIs available per myocardial tissue section. Each figure 
illustrates replicate ROIs for a given patient sample size. Similar 
statistical analyses were performed per patient (n  = 4 patients per 
group) without any difference to the final conclusions (see results 
below). Counts were normalized to log2 and statistical comparisons 
were performed using a mixed linear model with Benjamini–Hochberg 
correction to account for false discovery rate. p value threshold for 
differential gene expression was set at p = 0.02 and log2 fold change of 
0.4. All details for the statistical analyses and number of replicates can 
be found in the figure legends. All analyses for the volcano plots can 
be found in the Supplementary Data Set file.
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Independent data access and analysis

Drs. Camilla Margaroli and Gregory Payne had full access to all the 
data in the study and take responsibility for its integrity and analysis.

Results

Cohort characteristics

Clinical characteristics are presented by group in 
Supplementary Table S1. Briefly, participants were 67 ± 13 years old, 
75% male, and 67% reported a prior cardiovascular diagnosis. 
Participants were severely ill with a PaO2/FiO2 ratio at the time of 
ICU admission of 210 ± 194 and APACHE II score 19 ± 10. Half of the 
subjects received systemic corticosteroids during their hospital 
course and one (8%) received Remdesivir. Acute events that occurred 
between the time of ICU admission and death are reported in 
Supplementary Table S2. These did not differ by group.

SARS-CoV-2 infects the myocardium with 
severe COVID-19

Histologic review by an independent clinical anatomic 
pathologist of H&E stained myocardium failed to observe 
inflammatory cell infiltration in either group (Figure  1A and 
Supplementary Figure S2). Given the uncertainty surrounding SARS-
CoV-2 myocarditis, we  first tested for viral infection via 
immunofluorescent staining of SARS-CoV-2 nucleocapsid on 
myocardial tissue sections. Heterogeneous expression of SARS-
CoV-2 nucleocapsid was noted within myocardial tissue of 
COVID-19 patients. When present, however, SARS-CoV-2 
nucleocapsid was observed to colocalize with CD31 stained coronary 
endothelial cells (Figure 1B). This observation was most noticeable 
within the capillary bed adjacent to the myocardium. Based upon 
these findings, we sub-grouped the COVID-19 cohort into SARS-
CoV-2 “Low” or SARS-CoV-2 “high.”

COVID-19 induces a unique global 
myocardial transcriptomic profile

To investigate similarities and regional differences in COVID-19 
myocarditis, we utilized the GeoMX digital spatial profiling platform 
to sequence specific ROIs from myocardial tissues (see 
Supplementary Figure S1 for experimental workflow). Our approach 
enabled the selection of unique ROIs based upon anatomy and SARS-
CoV-2 tissue expression (Supplementary Figures S1, S2) from control 
and COVID-19 patient samples. Utilizing an RNA in situ 
hybridization gene platform, we  initially examined global 
transcriptional changes (independent of ROIs or nucleocapsid 
expression) in myocardial tissue by combining all myocardial ROI 
results based upon COVID-19 status. Among the 1,860 genes tested, 
1,454 genes were above the limit of quantification. Compared to 
controls, principal component analysis (PCA) of the unsupervised 
data revealed significant pattern clustering and distinct variation in 
transcriptional programming among COVID-19 patient samples 
(Figure  1C). Specific gene-expression analysis (Figures  1D,E) 

observed 25 differentially expressed genes (differential expression 
was defined as p = 0.02 and log2 fold change of 0.4, genes listed in 
Supplementary Table S4). As expected, genes associated with SARS-
CoV-2 viral entry (ACE2, FURIN, and S—spike protein) and viral 
replication (ORF1ab_REV) were upregulated in the myocardium of 
patients with COVID-19. DHX58 and IL10RB, both of which are 
associated with immune regulation, were also differentially expressed. 
CT45A1 and ID1 were the only genes noted to be downregulated with 
SARS-CoV-2 infection. Interestingly, the burden of SARS-CoV-2 
expression (i.e., SARS-CoV-2 “High” vs. “Low”) did not alter global 
myocardial expression patterns (Supplementary Figure S3). These 
results did not differ when data was analyzed per patient 
(Supplementary Figure S4A). Such observations highlight unique 
transcriptional programming within the myocardium of COVID-19 
patients, independent of local viral load, and support the hypothesis 
that SARS-CoV-2 directly infects cardiac tissue.

SARS-CoV-2 infection induces cell specific 
inflammation of coronary capillary 
endothelial cells

To further investigate myocardial transcriptional patterns, 
we  examined regional differences based upon SARS-CoV-2 
nucleocapsid expression among COVID-19 patients. Specifically, 
we leveraged the selective power of ROI segmentation to isolate areas 
where expression of the SARS-CoV-2 nucleocapsid was evident 
(labeled positive, Figure 1F). Compared to regions without SARS-
CoV-2 nucleocapsid expression (i.e., negative), PCA of SARS-CoV-2 
positive tissue revealed pattern clustering (Figure 1G) and differential 
gene expression patterns (Figure  1H). Interestingly, local SARS-
CoV-2 infection upregulated mediators of viral antigen presentation 
including human leukocyte antigen (HLA) complex genes HLA-B, 
HLA-I, and HLA-DRB, as well as the β2 microglobulin gene (B2M). 
Additionally, the immunomodulatory genes transmembrane protein 
2 (IFITM2) and alpha-2 macroglobulin (A2M) were both upregulated 
in regions of viral infection. Infected cell types appeared to primarily 
be capillary endothelial cells as differentially expressed genes included 
the endothelial cell markers platelet endothelial cell adhesion 
molecule (PECAM1/CD31) and endoglin (ENG). While these 
measurements did not specifically isolate transcripts from infected 
capillary endothelial cells, our combined genomic and anatomic 
assessment implicates coronary capillaries to be the predominant 
cellular structure infected by SARS-CoV-2 in the myocardium.

Severe COVID-19 is not associated with 
differential programming of coronary 
arterial or venous endothelium

Based upon our finding that SARS-CoV-2 infection induces 
capillary specific inflammation, we attempted to isolate coronary 
vascular endothelial cells for gene expression analysis among the 
three patient groups. Unique from recent investigations of endothelial 
function during acute SARS-CoV-2 infection (8, 9, 13, 17), our 
approach enabled us to investigate endothelial programming in 
native myocardial tissue without disruption of the surrounding 
anatomy or cellular microenvironment. Coronary arterial and venous 
endothelial cells were identified by anti-CD31 staining and isolated 
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for spatial transcriptomics (Figure  2A). As previously discussed, 
samples were stained for SARS-CoV-2 nucleocapsid and stratified 
into quartiles based upon relative MFI with the bottom quartile 
defined as SARS-CoV-2 “Low” and the top quartile defined as SARS-
CoV-2 “high” (See Human Subjects). Among the 1,860 genes tested, 
1,302 genes were above the limit of quantification. Despite marked 
heterogeneity in viral burden, PCA failed to show unique expression 
patterns between patient cohorts (Figure 2B). These findings were 

consistent across SARS-CoV-2 Low and High groups, and in keeping 
with our results of global myocardial profiling 
(Supplementary Figure S3). These results did not differ when data 
was analyzed per patient (Supplementary Figure S4B). Similarly, 
minimal differences in transcriptional programming were observed 
as only nine endothelial genes were differentially expressed between 
Controls and all COVID-19 patients (Figure  2C). Of note, 
carcinoembryonic antigen-related cell adhesion molecule 

A B

C E

D F

G H

FIGURE 1

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) infects the myocardium and promotes differential expression patterns in patients with 
severe COVID-19. Histological analysis of the myocardium stained by H&E (A) or by immunofluorescence for SARS-CoV-2 nucleocapsid and CD31 
expression (B). Circles highlight representative ROIs. Heterogeneous expression of SARS-CoV-2 was noted among COVID-19 samples. Initially, global 
transcriptional changes (independent of ROIs) were examined in myocardial tissue by combining all myocardial ROI results based upon COVID-19 
status. 1,454 Genes were above the limit of quantification. Compared to controls, PCA of unsupervised data revealed pattern clustering and differential 
expression within COVID-19 patients (C), data presented per ROI. Gene-expression analysis (D), observed 25 differentially expressed genes from 
myocardial tissues (differential expression was defined as p = 0.02 and log2 fold change of 0.4). A gene heatmap (E), illustrates the greatest differentially 
expressed genes. Following global analysis, marker-defined ROIs were segmented by SARS-CoV-2 nucleocapsid expression for gene-expression 
analysis (F), representative image for “positive” ROI. Among COVID-19 patients, PCA of SARS-CoV-2 positive tissue revealed pattern clustering (G), 
enrichment of endothelial cell markers, and upregulation of key inflammatory genes (H). COVID-19 (n = 8 patients, 25 ROIs) and control (n = 4 patients, 
nine ROIs). Scale bars are 250 μm for each image.
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(CEACAM3) has been implicated in COVID-19 severity by regulating 
cell–cell communication of circulating neutrophils (18), and was one 
of two upregulated endothelial genes measured during our study. 
Nonetheless, our findings highlight the coronary capillary bed, as 
opposed to arterial or venous systems, as potential mediators of 
myocardial injury and cardiovascular events associated with severe 
COVID-19.

Discussion

Cardiovascular events are frequent complications associated with 
COVID-19 (2, 7). To date, investigations have centered on understanding 

the effect of SARS-CoV-2 on endothelial and myocardial function. While 
initial hypotheses suggested SARS-CoV-2 may induce a viral-mediated 
endotheliitis (3, 8), recent evidence suggest otherwise (9). Similarly, 
contrasting observations of direct SARS-CoV-2 infection of the 
myocardium have been reported. These discordant observations 
provided the rationale for our investigation seeking to characterize direct 
endothelial and/or myocardial mechanisms linking severe COVID-19 to 
reported cardiovascular events.

To our knowledge, this investigation is the first to measure 
transcriptional profiles of coronary endothelial cells from patients 
with COVID-19 using a novel spatial transcriptomics platform. As 
such, our findings represent the first in situ assessment of the 
transcriptome in coronary endothelial cells in the presence of 

A

B C

FIGURE 2

Severe COVID-19 is not associated with differential programming of the coronary arterial or venous endothelium. Coronary vascular endothelial cells 
were identified by immunofluorescence and selectively sampled for spatial transcriptomics (A), white custom tracings illustrate representative replicate 
ROIs. In addition to control samples, COVID-19 patient samples were stained for SARS-CoV-2 nucleocapsid and stratified into quartiles based upon 
relative MFI with the bottom quartile defined as SARS-CoV-2 “Low” and the top quartile defined as SARS-CoV-2 “high.” 1,302 genes were above the 
limit of quantification. Despite marked heterogeneity in SARS-CoV-2 expression, principal component analysis failed to show pattern clustering (B). 
Similarly, minimal differences in transcriptional programming were observed as only nine genes were observed to be differentially expressed between 
control and COVID-19 coronary endothelium (C), data include ROIs from SARS-CoV-2 low and high samples. Differential gene expression was defined 
as p = 0.02 and log2 fold change of 0.4. COVID-19 (n = 8 patients, 30 ROIs) and Control (n = 4 patients, 15 ROIs). Scale bars are 250 μm for each image.
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SARS-CoV-2 virus. A critical observation from this work is the 
predominance of capillary endothelial infection and inflammation 
with SARS-CoV-2 as opposed to the endothelium of larger coronary 
vessels. Interestingly, diffuse endothelial activation was absent despite 
severe COVID-19 symptoms and confirmed viral infection of the 
surrounding tissue. As such, our work suggests that viral-mediated 
endotheliitis and endothelial activation is minimal and therefore 
unlikely to significantly modulate thromboembolic and 
cardiovascular events during COVID-19 infection. Other key 
observations from this work include (1) SARS-CoV-2 has variable 
expression patterns within the myocardium of COVID-19 patients, 
(2) viral infection induces a unique myocardial programming 
independent of local viral burden, and (3) myocardial tissues directly 
infected with SARS-CoV-2 have unique, pro-inflammatory 
expression profiles.

Similar to previous investigations (12), results from our study did 
not observe classic hallmarks of myocarditis including inflammatory 
cell infiltrates on histologic review of COVID-19 patients 
(Supplementary Figure S2). Despite heterogeneous viral expression, 
spatial transcriptomic analysis identified unique transcriptional 
programming associated with all COVID-19 patients when compared 
to controls (Figures 1C–E). Our analysis further revealed a genetically 
complex spatial composition of myocardial cells that was not evident 
by morphologic markers alone. While such changes have been 
previously reported within other patient cohorts (13) and models of 
COVID-19 myocarditis (14), our investigation presents the first such 
results from in situ tissue without technical manipulation. Our data 
show upregulation of genes within the myocardium associated with 
viral entry, viral replication, and immunomodulation. Notably, 
IL10RB encodes for interleukin (IL)—10 receptor subunit B, which 
has been associated with poor clinical outcomes and suggested to be a 
critical regulator of host susceptibility to SARS-CoV-2 (19). The 
observed programming was independent of viral burden within the 
tissue, as all COVID-19 patients clustered together on principle 
component analysis (Figure 1C) and differential expression was not 
observed between SARS-CoV-2 High and Low patient cohorts 
(Supplementary Figure S3). Such observations suggest that SARS-
CoV-2 may directly alter myocardial function, independent of 
classical hallmarks of myocarditis.

A unique aspect of our approach was the ability to selectively 
sample myocardial tissues with and without viral infection via 
segmentation. Interestingly, we  observed cell specific differential 
programming that was influenced by SARS-CoV-2. As would 
be expected, SARS-CoV-2 infection upregulated mediators of viral 
antigen presentation including HLA haplotypes HLA-B, HLA-I, and 
HLA-DRB. This observation is important as HLA-B and HLA-DRB 
have both been reported to influence COVID-19 disease severity (20, 
21) in association with preexisting medical comorbidities such as 
cardiovascular disease (22). B2M, a component of MHC class 1 
molecules, was also upregulated in infected cells and has been 
implicated as a risk marker for coronary heart disease and stroke (23). 
Together, these findings expand our recognition of HLA alleles and 
MHC class 1 components that may play a relevant role in 
cardiovascular complications associated with SARS-CoV-2 infection.

Recently, our group identified altered coagulation pathways in 
pulmonary vessels from patients with severe COVID-19 (16). While 
differential programming of endothelial cells may have contributed 
to our observations, investigations from McCracken et al. (9) and 

Johnson et al. (10) failed to observe significant replicative infection 
or activation of human endothelial cells by SARS-CoV-2. Our present 
investigation of the coronary endothelium suggests an interesting 
anatomic paradigm between local capillaries and larger coronary 
vessels in response to COVID-19. While we  did not observe 
significant changes in endothelial cell programming of coronary 
vessels (Figure 2), we did observe significant colocalization of the 
SARS-CoV-2 nucleocapsid and capillary endothelial cells suggesting 
potential viral infection (Figure 1). The endothelial genes PECAM1/
CD31 and ENG were both enriched in regions of viral infection, 
further supporting our assertion of viral infection at the capillary bed 
(Figure 1H). Importantly, these infected endothelial cells showed 
upregulation of fibronectin-1 gene (FN1), which has been extensively 
linked with thrombus formation in injured arterioles (24). Our 
results are aligned with prior investigations demonstrating increased 
ACE2/TMPRSS2 expression in capillaries of COVID-19 patients 
(25), and therefore support capillaritis as a prominent mediator of 
viral-induced myocardial injury. While these observations are 
notable, they fall short of supporting the original paradigm of large 
vessel endothelial activation as a mediator of cardiovascular events. 
Hence, despite upregulation of COVID-19 specific genes within the 
myocardium (e.g., ACE2, S-Spike, and Furin) we  still saw no 
differences in coronary endothelial cell programming to associate 
with clinical cardiovascular events. These results provide strong 
evidence that widespread endothelial activation is not a mediating 
component of cardiovascular events associated with COVID-19.

Our investigation has several limitations that are worth addressing. 
The most notable limitation is that all COVID-19 patients were likely 
infected with the alpha variant of SARS-CoV-2 as patient autopsies were 
conducted in 2020. While we speculate that our results are germane to 
more recent variants of SARS-CoV-2, our study was not designed to 
assess such differences. In addition, the minority of COVID-19 patients 
had documented thrombotic events and myocardial injury. While 
future studies could select more patients with cardiovascular events, the 
lack of observed differences in larger coronary vessels argues against the 
existence of meaningful biological differences.

Our observation of distinct capillary and arterial programming 
also warrants further discussion. Notably, pericytes adjacent to 
capillary endothelial cells have been reported to have relatively 
high ACE2 expression (compared to endothelial cells) and 
postulated to be  a significant mediator for SARS-CoV-2 
coagulopathy (9). This confounder is difficult to eliminate utilizing 
the digital spatial platform due to limited morphology markers to 
differentiate pericytes and endothelial cells as well as the inability 
to isolate single cells for profiling. While our approach fails to 
definitively identify altered capillary endothelial reprogramming, 
the results nonetheless highlight the need for future studies to 
investigate the differences in coronary capillary response to SARS-
CoV-2 infection.

Finally, our use of spatial transcriptomics limited the sample size 
of our investigation (n = 4 control and eight COVID-19). While this 
is an important limitation, the clustering of groups based on principal 
component analysis (Figures 1, 2) is reassuring that our analysis has 
not included significant outliers and may reflect true differences 
between control and COVID-19 patients. Future studies utilizing 
similar patient cohorts may help to extend our current observations.

In summary, presented data identify unique regional and viral 
dependent differences within the myocardium and capillary bed that 

https://doi.org/10.3389/fmed.2023.1118024
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Margaroli et al. 10.3389/fmed.2023.1118024

Frontiers in Medicine 08 frontiersin.org

may influence the risk of cardiovascular events associated with SARS-
CoV-2 infection. However, substantial differential expression patterns 
from the endothelium of larger coronary vessels were not observed. 
These results diminish endotheliitis and altered endothelial 
transcription as possible mechanisms for cardiovascular events 
associated with acute COVID-19.
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