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Abstract

Coronavirus disease 2019 (COVID‐19) is an infectious disease caused by severe

acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2), which led to

the current pandemic. Many factors, including age and comorbidities,

influence the severity and mortality of COVID‐19. SARS‐CoV‐2 infection

can cause pulmonary vascular dysfunction. The COVID‐19 case‐fatality rate in
patients with pulmonary arterial hypertension (PAH) is higher in comparison

with the general population. In this study, we aimed to identify pathobiolo-

gical processes common to COVID‐19 and PAH by utilizing the human

protein–protein interactome and whole‐genome transcription data from

peripheral blood mononuclear cells (PBMCs) and from lung tissue. We found

that there are significantly more interactions between SARS‐CoV‐2 targets and
PAH disease proteins than expected by chance, suggesting that the PAH

disease module is in the neighborhood of SARS‐CoV‐2 targets in the human

interactome. In addition, SARS‐CoV‐2 infection‐induced changes in gene

expression significantly overlap with PAH‐induced gene expression changes in

both tissues, indicating SARS‐CoV‐2 and PAH may share common transcrip-

tional regulators. We identified many upregulated genes and downregulated

genes common to COVID‐19 and PAH. Interestingly, we observed different co‐
regulation patterns and dysfunctional signaling pathways in PBMCs versus

lung tissue. Endophenotype enrichment analysis revealed that genes regulat-

ing fibrosis, inflammation, hypoxia, oxidative stress, immune response, and

thromboembolism are significantly enriched in the COVID‐19‐PAH co‐
expression modules. We examined the network proximity of the targets of

repositioned drugs for COVID‐19 to the co‐expression modules in PBMCs and

lung tissue, and identified 42 drugs that can be potentially used for COVID‐19
patients with PAH as a comorbidity. The uncovered common pathobiological

pathways are crucial for discovering therapeutic targets and designing tailored

treatments for COVID‐19 patients who also have PAH.
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INTRODUCTION

Coronavirus disease 2019 (COVID‐19) is an infectious
disease caused by severe acute respiratory syndrome
coronavirus 2 (SARS‐CoV‐2) that has caused the current
global pandemic. The spectrum of COVID‐19 disease
severity ranges from asymptomatic to critical. Data
show that comorbidities such as hypertension, diabetes,
asthma, and other pulmonary diseases in COVID‐19
patients are associated with higher risk of severe illness
and increasing mortality.1–3

Pulmonary arterial hypertension (PAH) is a
progressive disorder characterized by pulmonary
vascular remodeling leading to increased pulmonary
vascular resistance and pulmonary arterial pressure.
SARS‐CoV‐2 can infect vascular endothelium and
cause endothelial dysfunction,4–6 which impairs
vascular function. Although some studies based on
small numbers of patients show that PAH patients
may be at a lower risk for severe COVID‐19,7 the case‐
fatality rate related to COVID‐19 was found to be
significantly higher in patients with PAH compared to
the general population.8,9 In addition, SARS‐CoV‐2
infection can cause long‐term pulmonary complica-
tions, such as pulmonary fibrosis10 and, importantly,
PAH.11

Several clinical studies have addressed the comor-
bidities underlying COVID‐19 and its cardiovascular
and pulmonary complications3,12–14; however, the
common molecular‐level mechanisms accounting for
these comorbidities and complications have not been
fully explored. In this study, we attempt to compre-
hend the molecular basis of the comorbidity of
COVID‐19 and PAH and post‐COVID‐19 pulmonary
complications by an integrated omics analysis that
includes whole‐genome transcription data and
protein‐protein interactions as depicted by the human
interactome. We evaluated the network proximity
between SARS‐COV‐2 targets and the PAH disease
module in the human interactome as well as gene co‐
expression induced by COVID‐19 and PAH. We found
common endophenotypes underlying these two
diseases by performing enrichment analysis in
COVID‐19‐PAH co‐expression modules. We also iden-
tified potential drugs for COVID‐19 patients with PAH
as a comorbidity by assessing the network proximity
of drug targets to the co‐expression modules. The

identified common molecular alterations and path-
ways could potentially accelerate drug development
and shed light on the design of tailored treatment for
COVID‐19 patients with PAH as a comorbidity.

METHODS

Consolidated human protein–protein
interactome

We used the comprehensive human protein–protein
interactome consolidated in our previous study.15 This
human interactome contains physical, macromolecular
interaction data from different human sources, including
protein–protein interactions, protein complexes, kinase‐
substrate interactions, and signaling pathways. High‐
quality protein–protein interactions are identified from
several high‐throughput yeast‐two‐hybrid studies, mass
spectrometry, as well as the literature.16–19 The latest
large‐scale binary protein‐protein interactions were
retrieved from HuRI.20 In addition, experimental signal-
ing interactions and kinase‐substrate interactions, as well
as high‐quality literature‐based signaling interactions,
were also incorporated.21–24 This version of the consoli-
dated human interactome has 16,470 proteins and
233,957 interactions.

Compiling SARS‐CoV‐2 targets and PAH
disease genes

We retrieved the 332 human protein targets of SARS‐
CoV‐2 from a previous study.25 We mapped these
SARS‐CoV‐2 targets to our human interactome, and
326 remained for further analysis. We first retrieved
276 PAH disease genes from our previous work,15

which were compiled from the literature, Phenopedia
in the HuGE Navigator,26 the Human Gene Mutation
Database, Online Mendelian Inheritance in Man, and
Human Phenotype Ontology databases. We also
obtained PAH‐related genes from DisGeNET.27 Alto-
gether, 357 were obtained by integrating these
resources. We next mapped these genes (gene prod-
ucts) to the human interactome and denoted the
subnetwork formed by the PAH disease proteins as a
PAH disease module.
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Gene expression data of COVID‐19
and PAH

We retrieved an RNA‐seq dataset of the human
peripheral blood mononuclear cells (PBMCs) in a
group of 16 COVID‐19 patients (four with moderate
symptoms and 12 with severe symptoms) and 17
healthy controls from GSE152418.28 We also retrieved
the RNA‐seq whole transcriptomes of lung biopsies
from 31 deceased COVID‐19 patients and 10 healthy
individuals (GSE183533).29 An R package, EdgeR, was
used to identify differentially expressed genes in
COVID‐19.30 A gene is said to be significantly
differentially expressed if the corresponding false
discovery rate (FDR) is less than 0.05 and the fold
change is greater than 2. Differentially expressed
genes in PBMCs of PAH patients were compiled from
a meta‐analysis of blood genome‐wide expression
profiling studies in PAH.31 In addition, we used the
microarray data of lung tissue from 58 PAH patients
and 25 healthy controls from GSE11726132 to identify
differentially expressed genes in PAH using the R
package, Limma.33 A gene is said to be significantly
differentially expressed if the adjusted p‐value is less
than 0.05.

Network proximity for drug identification

To determine which drugs that have been experimentally
demonstrated to have effects on COVID‐19 can be
potentially used for COVID‐19 patients with PAH,
we characterized the proximity of the targets of drugs
to the COVID‐19‐PAH co‐expression modules using a
network proximity measure.15 This parameter is defined
as the average minimum shortest path length in the
interactome from the targets of a drug T to the
co‐expression module S:

∈

∈d T S
T

d t s( , ) =
1

| |
min ( , )

t T

s S

where d(t, s) is the shortest path length in the
human interactome from drug target t to gene s in a
COVID‐19‐PAH co‐expression module. The signifi-
cance of the network proximity between the targets of
a drug and a COVID‐19‐PAH co‐expression module
was evaluated by creating 1000 random modules of
the same size and comparing the observed proximity
value with the null model (random control) through
fitting normal distributions. All p‐values were
adjusted by the Benjamini‐Hochberg procedure when
applicable.

RESULTS

Construction of COVID‐19 and PAH
bipartite network

We first collected 332 SARS‐CoV‐2 human protein
targets (i.e., host proteins that bind to 26 SARS‐CoV‐2
proteins) from a previous study,25 326 of which can be
mapped to the human protein interactome to form a
distinct COVID‐19 disease module. We also compiled
PAH disease genes from different databases (Section 2)
among which 357 were mapped to the human inter-
actome to create a PAH disease module. We found 8
overlapping proteins between SARS‐CoV‐2 targets and
PAH disease genes, which is not statistically significant
based on a hypergeometric test. This observation is
consistent with our finding in a previous study that
SARS‐CoV‐2 targets do not significantly overlap with any
disease module (the proteins associated with a particular
disease).34 We next constructed a bipartite network of
SARS‐CoV‐2 targets and PAH disease proteins (Figure 1).
Although the COVID‐19 disease module and PAH
disease module have few overlapping proteins (nodes),
there are significantly more interactions (edges) (409,
Figure 2a) between the two modules than random
expectation (p= 7.8e‐16). The largest connected compo-
nent (LCC) of the bipartite network is also significantly
larger than the LCC of a bipartite network induced by
two random protein sets of the same sizes (p= 1.6e‐5,
Figure 2b). These results indicate that the COVID‐19 and
PAH modules are adjacent in the human interactome.

To evaluate whether or not SARS‐CoV‐2 targets and
PAH disease proteins have similar functions, we used GS2
(GO‐based similarity of gene sets)35 to quantify the
semantic GO similarity of SARS‐CoV‐2 target and PAH
disease protein pairs that themselves interact (i.e., edge‐
based GO similarity) and the semantic GO similarity of all
SARS‐CoV‐2 target and PAH disease protein pairs (i.e.,
node‐based GO similarity). From Figure 2c, we can see
that compared to randomly selected interacting protein
pairs, SARS‐CoV‐2 target and PAH disease protein pairs
that interact have significantly higher GO similarity. In
fact, the semantic GO similarity of any SARS‐CoV‐2 target
and PAH disease protein pair (no matter whether they
interact or not) is also significantly higher than that of
randomly selected protein pairs (Figure 2d). To determine
which pathways are commonly enriched in this bipartite
network, we performed a pathway enrichment analysis
using Metascape.36 We found that many pathways are
enriched in this network (Figure 2d), such as “response to
oxygen levels”, “response to oxidative stress”, and “the
HIF‐1 signaling pathway”. Indeed, consistent with this
observation, a few studies have shown that COVID‐19
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patients have severely increased levels of oxidative stress
and oxidant damage.37,38

Gene expression induced by COVID‐19
and PAH

Inspired by the proximity of SARS‐CoV‐2 targets to the
PAH disease module, we hypothesized that there may be

some common transcription factors regulating down-
stream gene expression induced by COVID‐19 and PAH.
We first identified differentially expressed genes in
COVID‐19 from a RNA‐seq dataset of PBMCs28

(Figure S1). After mapping them to the human inter-
actome, there are 4717 genes differentially expressed in
COVID‐19 patients vs healthy controls, among which
2394 are upregulated protein‐coding genes and 2323 are
downregulated protein‐coding genes. We compared these

FIGURE 1 The bipartite network of SARS‐CoV‐2 targets and PAH disease proteins. The size of a node is proportional to its degree
(i.e. number of interactors). PAH, pulmonary arterial hypertension; SARS‐CoV‐2, severe acute respiratory syndrome coronavirus 2.
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(a) (b)

(c)

(e)

(d)

FIGURE 2 PAH module is in the neighborhood of SARS‐CoV‐2 targets. (a) There are significantly more interactions between
SARS‐CoV‐2 targets and PAH disease proteins than random expectation. (b) GO terms and functional pathways enriched in
the COVID‐19‐PAH bipartite network. (c) Edge‐based GO similarity between SARS‐CoV‐2 targets and PAH disease proteins.
(d) Node‐based GO similarity between SARS‐CoV‐2 targets and PAH disease proteins. COVID‐19, coronavirus disease 2019;
PAH, pulmonary arterial hypertension; SARS‐CoV‐2, severe acute respiratory syndrome coronavirus 2.
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genes with the 1085 differentially expressed genes (427
upregulated genes and 658 downregulated genes) in
PBMCs of PAH patients from a meta‐analysis study31 and
found that there are a significant number of overlapping
differentially expressed genes (451) in COVID‐19 and
PAH (Table 1). In addition, there are 175 upregulated
genes and 195 downregulated genes common to both
COVID‐19 and PAH, which are statistically significant
(p= 8.8e‐42 and 3.8e‐26, respectively) (Figure 3a).

In the transcriptomes of lung tissue from COVID‐19
patients,29 we identified 3470 differentially expressed
genes, among which 1581 are upregulated and 1889 are
downregulated. We then identified differentially ex-
pressed genes in PAH using the microarray data from
lung tissues32 (Figure S2). In this case, we found 2863
protein‐coding genes that are differentially expressed
after FDR adjustment (FDR< 0.05). Among these genes,
1347 are upregulated and 1516 are downregulated. We
compared the transcription profiles of the two diseases in
lung tissue and found that there are a significant number
of overlapping differentially expressed genes (728)
between COVID‐19 and PAH (Table 1). We identified
118 upregulated genes and 114 downregulated genes
common to both COVID‐19 and PAH. There are 241
genes upregulated in COVID‐19 and downregulated in
PAH and 255 genes downregulated in COVID‐19 and
upregulated in PAH, which are significant (p= 2.7e‐16
and 3.9e‐17, respectively) (Figure 3b). The co‐regulated
genes in COVID‐19 and PAH are provided in File S2.

We next focused on four significant co‐expression gene
sets affected by COVID‐19 and PAH: COVID‐19‐PAH‐up‐
PBMC, COVID‐19‐PAH‐down‐PBMC, COVID‐19‐up‐PAH‐
down‐Lung, COVID‐19‐down‐PAH‐up‐Lung. We then
performed GO function and pathway enrichment analysis
using Metascape for each of the four co‐expression gene
sets and found different pathways enriched in the gene sets
(Figure 3c). Specifically, in COVID‐19‐PAH‐up‐PBMC we
found a few significant GO terms related to virus response,
such as “defense response to virus,” “regulation of response
to type I interferon,” “response to biotic stimulus,” and
“positive regulation of immune response.” SARS‐CoV‐2,
indeed, can inhibit various steps in type I interferon
production and response and can impair type I interferon

activity.39 In addition, “regulation of receptor signaling
pathway via JAK‐STAT” is significant. SARS‐CoV‐2 infec-
tion triggers inflammation via the JAK‐STAT pathway, and,
therefore, JAK‐STAT signaling may be a potential thera-
peutic target for developing therapies for COVID‐19.40,41

The JAK‐STAT signaling pathway is also overactivated in
the pulmonary arteries of patients as chronic inflammation
contributes to pulmonary artery remodeling.42 The
COVID‐19‐PAH‐down‐PBMC gene set is significantly
enriched with “lymphocyte activation.” Indeed, SARS‐
CoV‐2 can induce lymphocyte subset changes.43 In
addition, some immune‐related pathways and T cell
pathways are significant (Figure 3d). A recent study based
on single cell omics data confirmed that T cell populations
rather than B cell populations are significantly reduced in
critically ill COVID‐19 patients.44,45

In the COVID‐19‐up‐PAH‐down‐Lung gene set
(File S2 and Figure S3a), many metabolic processes
are significant, such as fatty acid metabolism, trypto-
phan metabolism, and glyoxylate and dicarboxylate
metabolism. In both COVID‐19 and PAH, metabolic
perturbation and reprogramming are intimately con-
nected to the mechanisms of disease pathogenesis
and pathophysiology.46,47 In addition, we found “Neu-
trophil degranulation” is significantly enriched in
COVID19‐up‐PAH‐down‐Lung genes, which is consist-
ent with the recent finding that neutrophils play an
important role in the pathobiology of COVID‐19,
particularly in those with severe disease courses.48 In
the COVID‐19‐down‐PAH‐up‐Lung gene set (Figure
S3b), some relevant GO terms are significant, as well,
such as “cellular response to cytokine stimulus,”
“positive regulation of protein phosphorylation,” and
“SMAD protein signal transduction.”

Biological networks induced by COVID‐19
and PAH

We then mapped the differentially expressed gene sets
COVID‐19‐PAH‐up‐PBMC and COVID‐19‐PAH‐down‐
PBMC to the human interactome and obtained a network
of 128 proteins and 126 interactions. The LCC of the

TABLE 1 Overlapping analysis between differentially expressed genes in COVID‐19 and PAH.

PAH disease genes (357) PAH‐PBMC (1085) PAH‐Lung (2863)

SARS‐CoV‐2 targets (326) 8 23 63

COVID‐19‐PBMC (4717) 88 451 (p= 1.3e‐21) 1016 (p= 1.0e‐18)

COVID‐19‐Lung (3470) 122 (p= 4.8e‐09) 185 728 (p= 8.5e‐05)

Abbreviations: COVID‐19, coronavirus disease 2019; PAH, pulmonary arterial hypertension; PBMC, peripheral blood mononuclear cell; SARS‐CoV‐2, severe
acute respiratory syndrome coronavirus 2.
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network is shown in Figure 4a. This protein–protein
interaction network represents the dysfunctional net-
work module underlying both COVID‐19 and PAH in
PBMCs. We also mapped gene sets for COVID‐19‐up‐
PAH‐down‐Lung and COVID‐19‐down‐PAH‐up‐Lung to
the human interactome and obtained a network of 209
proteins and 197 interactions. The LCC of the network is
shown in Figure 4b, representing the dysfunctional
network module underlying both COVID‐19 and PAH
in lung tissue.

Previous studies have shown that PAH is linked
with some endophenotypes, such as fibrosis, hypoxia,
and thrombosis.49 To determine whether there
are some common endophenotypes enriched in
COVID‐19 and PAH, we next collected the genes
associated with hypoxia from a microarray gene
expression dataset50 and the genes associated with

cell proliferation and immune response from the GO
database (geneontology.org). The genes associated
with other endophenotypes were compiled from
Phenopedia26 and DisGeNet.27 Pulmonary thrombo-
embolism may also represent a pathobiological
condition seen in both COVID‐19 and PAH.51 For
this reasson, we considered three additional related
endophenotypes: pulmonary embolism, thrombo-
embolism and venous thrombosis based on the
availablity of associated genes in the databases and
their association with complicated COVID‐19 infec-
tion. The endophenotype‐associated genes can be
found in File S3. We performed a hypergeometric test
and found that COVID‐19 and PAH share some
common endophenotypes, such as fibrosis, inflamma-
tion, hypoxia, oxidative stress, immune response, and
thromboembolism (Figure 5a).

(a) (b)

(c) (d)

FIGURE 3 Overlapping genes and pathways in COVID‐19 and PAH. Significant overlaps are highlighted in bold. (a) Venn diagram of
overlapping differentially expressed genes in PBMCs of COVID‐19 and PAH. (b) Venn diagram of overlapping differentially expressed genes in
lung tissue of COVID‐19 and PAH. (c) Enriched functions and pathways in the co‐expression gene set COVID‐19‐PAH‐up‐PBMC. (d) Enriched
functions and pathways in the co‐expression gene set COVID‐19‐PAH‐down‐PBMC. COVID‐19, coronavirus disease 2019; PAH, pulmonary
arterial hypertension; PBMC, peripheral blood mononuclear cell; SARS‐CoV‐2, severe acute respiratory syndrome coronavirus 2.
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We also used the manually curated database TRUST
to examine the common transcription factors in PAH and
COVID‐19,52 and found some common transcriptional
regulators, such as RUNX1, HIF1A, and STAT1 in

PBMCs, and HIF1A, JUN, STAT3, RFX5, NFKB1 in lung
tissue (Figure 5b). A transcriptional regulatory network
was constructed for the regulation of COVID‐19 and
PAH in PBMCs (Figure 5c). The transcriptional

(a)

(b)

FIGURE 4 Dysfunctional network modules of COVID‐19‐PAH in PBMCs (a) and lung tissue (b). COVID‐19, coronavirus disease 2019;
PAH, pulmonary arterial hypertension; PBMC, peripheral blood mononuclear cell.
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(a)

(b)

(c)

(d)

FIGURE 5 Common endophenotypes and regulators in COVID‐19 and PAH. (a) Endophenotype enrichment in each of the co‐
expression gene sets. (b) Transcription factors whose targets are significantly enriched in the co‐expression gene sets. (c) Transcriptional
regulatory network for COVID‐19‐PAH in PBMCs. (d) Transcriptional regulatory network for COVID‐19‐PAH in lung tissue. COVID‐19,
coronavirus disease 2019; PAH, pulmonary arterial hypertension; PBMC, peripheral blood mononuclear cell.
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regulatory network for COVID‐19 and PAH in lung
tissue is shown in Figure 5d. These transcriptional
regulatory networks represent the common regulatory
pathways underlying COVID‐19 and PAH.

Drug selection for COVID‐19 patients
with PAH

There have been many studies focusing on drug
repositioning for COVID‐19. Given the comorbitity of
COVID‐19 and PAH, we next aimed to identify which
repositioned drugs for COVID‐19 could be particulary
useful for COVID‐19 patients with PAH as a comor-
bidity. A previous study evaluated 6710 clinical and
preclinical drugs by immunocytofluorescence‐based
screening to identify SARS‐CoV‐2 infection inhibi-
tors53 and characterized those with strong effects,
weak effects, very weak effects, and no effects on
COVID‐19. We collected 631 drugs that have been
experimentally demonstrated to have strong, weak, or
very weak effects on COVID‐19 from this study and
another set of 77 drugs that have experimental strong
or weak effects on COVID‐19,34 and examined which
of them could be potentially repurposed for patients
with COVID‐19 who also had PAH. Only drugs that
have at least one target included in the human
protein‐protein interactome were considered, leading
to a total of 491 drug candidates under consideration.
We used these drugs as candidates and applied a
network proximity method15 to determine whether
the targets of these drugs are significantly close to the
dysfunctional network modules of COVID‐19 and
PAH in the human protein‐protein interactome. After
adjusting the p‐value by the Benjamini‐Hochberg
correction, in total, we found 30 drugs whose targets
are significantly proximate to the COVID‐19‐PAH
dysfunctional network modules in PBMCs (Table 2).
In lung tissue, the targets of 21 drugs are significantly
close the dysfunctional network module of COVID‐19
and PAH (Table S1). There are 9 drugs common to the
two tissues (p = 6.1e‐7, hypergeometric test). Alto-
gether, 42 drugs, we suggest, can be potentially used
specifically for COVID‐19 patients with comor-
bid PAH.

DISCUSSION

In this study, we explored the pathophysiological
relationships between COVID‐19 and PAH in the
human protein‐protein interactome and integrated

transcriptomic data from COVID‐19 and PAH patients
to identify common pathobiological processes and
transcriptional regulators underlying the two dis-
eases. We found that the PAH disease module is in
the neighborhood of SARS‐CoV‐2 targets in the
human interactome, and that SARS‐CoV‐2 infection‐
induced gene expression overlaps significantly with
PAH‐induced gene expression in both PBMCs and
lung tissue. Through function and pathway enrich-
ment analyses, we found some common pathways and
transcriptional regulators, such as RUNX1, HIF1A,
JUN, STAT1, STAT3, and NFKB1. We also identified
some significant common endophenotypes in COVID‐
19 and PAH, such as fibrosis, inflammation, hypoxia,
oxidative stress, immune response, and thrombo-
embolism. Uncovering such common molecular al-
terations and pathways is crucial for discovering
tailored treatment for COVID‐19 patients with comor-
bid PAH. We examined the network proximity of the
targets of effective, repositioned drugs for COVID‐19
to the dysfunctional network modules in COVID‐19‐
PAH, and identified 42 drugs that potentially can be
used for COVID‐19 patients with PAH.

While this work is a pilot study investigating common
molecular mechanisms underlying COVID‐19 and PAH,
there are some potential limitations. First, the transcrip-
tomic datasets of COVID‐19 and PAH are from popula-
tions of cells and bulk tissue. There are increasingly
available single‐cell RNA‐seq datasets for both COVID‐19
and PAH; however, open‐access to single‐cell datasets
from consistent cell types for both diseases are currently
unavailable. Although we found significant overlap
between COVID‐19‐induced gene expression and PAH‐
induced gene expression, it would be helpful to investigate
the comorbidity of COVID‐19 and PAH using single‐cell
data from the same cell types when available in the future.
Second, the gene expression analysis was performed on
samples obtained at a single time point and at different
phases of the patients’ illnesses, which may confound
efforts to identify pathways or key drug targets that should
be considered in a given individual. In addition, clinical
data regarding COVID‐19 and PAH increasingly suggest
that right ventricular (RV) failure is more commonly seen
in COVID‐19 and PAH than pulmonary vascular remodel-
ing. Comparison of COVID‐19 and PAH in RV tissue
would, therefore, be interesting when data ultimately
become available.

Pulmonary thromboembolism may represent
another pathobiological condition observed in both
COVID‐19 and chronic thromboembolic pulmonary
hypertension (CTEPH).8,51,54 We, therefore, collected
CTEPH‐associated genes from DisGeNet27 and found
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that there are a significant number of interactions
between CTEPH genes and SARS‐CoV‐2 targets, as
well (Figure S4). However, the availability of gene
expression datasets from RV tissue for CTEPH is very

limited. Endophenotype enrichment analysis indicates
that thromboembolism is significantly enriched in the
co‐expression gene sets of COVID‐19 and PAH in lung
tissue. Comparing gene expression in RV tissue from

TABLE 2 A list of drugs that have biologically plausible potential to be used for COVID‐19 patients with PAH as a comorbidity based on
data from PBMCs.

DrugBank/ChEMBL/
PubChem ID Drug name Description

Network
proximity

Adjusted
p‐value

DB17060 U‐0126 MEK1/2 inhibitor 1.06 2.7e‐8

CHEMBL278041 SB‐202190 p38 MAPK inhibitor 1.07 9.6e‐07

DB08597 Dorsomorphin AMPK inhibitor 1.23 5.7e‐04

DB11794 Berzosertib ATR kinase inhibitor 0.75 8.8e‐04

DB05013 Ingenol mebutate PKC activator 1.00 4.2e‐03

DB00619 Imatinib Tyrosine kinase inhibitor 1.13 4.5e‐03

PubChemCID135398499 OTS167 MELK inhibitor 0.00 4.6e‐03

DB04879 Vatalanib VEGFR inhibitor 1.00 6.3e‐03

DB04865 Omacetaxine
mepesuccinate

Protein synthesis inhibitor 0.00 6.3e‐03

DB13874 Enasidenib Isocitrate dehydrogenase
inhibitor

0.00 6.3e‐03

PubChemCID15953870 KU‐60019 ATM kinase inhibitor 0.00 6.3E‐03

DB01169 Arsenic trioxide Apoptosis stimulant 1.14 6.5e‐03

CHEMBL123292 Cycloheximide Protein synthesis inhibitor 0.00 6.5e‐03

DB15408 Silmitasertib Bcasein kinase inhibitor 1.00 8.6e‐03

DB12180 Apitolisib mTOR/PI3K inhibitor 1.25 0.011

DB17046 PI‐103 mTOR/PI3K inhibitor 1.17 0.012

DB12986 VS‐5584 mTOR/PI3K inhibitor 1.2 0.030

DB11851 Bafetinib Bcr‐Abl kinase inhibitor 1.00 0.035

DB05294 Vandetanib EGFR/VEGFR inhibitor 1.58 0.035

DB07662 PD‐168393 EGFR inhibitor 1.00 0.035

PubChemCID6852167 PIK‐93 PI3K inhibitor 1.00 0.040

DB11973 Tesevatinib EGFR/VEGFR inhibitor 1.20 0.040

DB05243 XL019 JAK inhibitor 1.00 0.040

DB16828 MK‐2206 AKT inhibitor 1.00 0.042

DB12703 Omipalisib mTOR/PI3K inhibitor 1.20 0.042

DB00128 Aspartic acid Metallic radical formation
stimulant

1.60 0.042

DB04813 Bithionol Autotaxin inhibitor 1.00 0.042

DB01396 Digitoxin ATPase inhibitor 1.48 0.044

DB08889 Carfilzomib Proteasome inhibitor 1.58 0.045

DB01078 Deslanoside Na/K‐ATPase inhibitor 1.38 0.049

Abbreviations: COVID‐19, coronavirus disease 2019; PAH, pulmonary arterial hypertension; PBMC, peripheral blood mononuclear cell; SARS‐CoV‐2, severe
acute respiratory syndrome coronavirus 2.
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patients with CTEPH versus COVID‐19 with pulmo-
nary embolism is a topic worthy of exploration as
datasets become available, as well.
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