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A B S T R A C T   

Background: Corona virus disease 2019 (COVID-19) caused by Severe Acute Respiratory Syndrome Coronavirus 
− 2 (SARS-CoV-2) has created ruckus throughout the world. Growing epidemiological studies have depicted 
atherosclerosis as a comorbid factor of COVID-19. Though both these diseases are triggered via inflammatory 
rage that leads to injury of healthy tissues, the molecular linkage between them and their co-influence in causing 
fatality is not yet understood. 
Methods: We have retrieved the data of differentially expressed genes (DEGs) for both atherosclerosis and COVID- 
19 from publicly available microarray and RNA-Seq datasets. We then reconstructed the protein-protein inter-
action networks (PPIN) for these diseases from protein-protein interaction data of corresponding DEGs. Using 
RegNetwork and TRRUST, we mapped the transcription factors (TFs) in atherosclerosis and their targets (TGs) in 
COVID-19 PPIN. 
Results: From the atherosclerotic PPIN, we have identified 6 hubs (TLR2, TLR4, EGFR, SPI1, MYD88 and IRF8) as 
differentially expressed TFs that might control the expression of their 17 targets in COVID-19 PPIN. The 
important target proteins include IL1B, CCL5, ITGAM, IFIT3, CXCL1, CXCL2, CXCL3 and CXCL8. Consequent 
functional enrichment analysis of these TGs have depicted inflammatory responses to be overrepresented among 
the gene sets. 
Conclusion: Finally, analyzing the DEGs in cardiomyocytes infected with SARS-CoV-2, we have concluded that 
MYD88 is a crucial linker of atherosclerosis and COVID-19, the co-existence of which lead to fatal outcomes. 
Anti-inflammatory therapy targeting MYD88 could be a potent strategy for combating this comorbidity.   

1. Introduction 

The global pandemic due to SARS-CoV-2 scare has brought life to a 
standstill. It has been named corona virus disease 2019 (COVID-19) and 
it affects the respiratory mechanism after being inhaled into the lungs 
[1]. Although a year has passed after the outbreak, as of 10th January 
2021, 88, 383, 771 confirmed cases and 1,919,126 deaths with 12,454 
new deaths worldwide in the last 24 h had been reported by World 
Health Organization (WHO). The main symptoms of this disease is dry 
cough with severe pneumonia and respiratory failure which leads to 
cardiac arrest [1]. The viral RNA for SARS-CoV-2 is internalized within 
the cells to produce a greater number of viral progeny and this triggers 
the primary immune response of the body [2]. As the primary immune 
response is triggered, large amount of cytokines and chemokines are 
released from the site of infection to cause inflammation in the alveolar 
tissue and this results in ARDS (Acute respiratory distress syndrome) [3]. 

ARDS is a key pathological symptom for viral infection of the lungs that 
is caused due to rapid apoptosis of alveolar cells infected with the virus 
thereby leading to severe hypoxia [4]. This inflammation mediated 
injury to the alveolar cells caused by cytokine release has been popularly 
termed as “cytokine storm” [3]. 

Concurrently, several reports from the epicenter of COVID-19 i.e., 
Wuhan, China had stated that patients with cardiovascular disease 
(CVD) have greater risk of COVID-19 mediated implications [5–8]. 
Several studies from different countries have documented that mortality 
rate of COVID-19 patients having pre-existing cardiovascular disease 
varies between 11% and 19% [9–12]. It was found that 50% of the 
patients with coronary artery calcifications (CAC+) were severely 
affected by COVID-19, whereas only 17% of the patients with no coro-
nary calcifications were severely affected [13]. Moreover, a possible 
correlation between COVID-19 and atherosclerosis has been shown to 
amplify the immune response of the body and instigating acute coronary 
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syndromes [14]. It has also been proposed that atherosclerosis is the 
most common form of cardiovascular disease (CVD) which is charac-
terized by the buildup of lipid laden macrophages (foam cells) within 
walls of large arteries like coronary artery [15]. Accumulation of 
apoB-LPs, that are formed from LDL, attracts monocytes which orches-
trate the early inflammatory response against the congregated apoB-LPs 
in the arterial intima [16]. The activated endothelial (EC) cells of the 
arterial wall secrete chemokines such as CCL5 and CXCL1 which facil-
itates entry of monocytes in the intimal space [17,18]. Monocytes, after 
their conversion to foam cells, secrete various chemokines like IL-6, 
IL-12 and TNF-α to mediate inflammatory response in this disease 
[16]. In addition to that, ACE2, a negative regulator of RAS 
(renin–angiotensin system) has been proved to play an important role in 
progression of atherosclerosis since it converts angiotensin-II (Ang-II) 
into the vasodilator Ang-(1–7) [19]. Ang-(1–7) prevents plaque rupture 
and inflammation in atherosclerosis [19]. Thus, deletion of ACE2 causes 
vascular inflammation that is mediated by Ang-II [20]. In case of 
COVID-19, Varga et al. had shown that SARS-CoV-2 viral particles enter 
into endothelial cells via binding with ACE2 [21]. Binding of the virus 
with ACE2 impairs its ability to convert Ang-II to Ang-(1–7) which re-
sults in increase in Ang-II and a decrease in Ang-(1–7). The increased 
Ang-II promotes inflammation and oxidative stress that leads to devel-
opment of atherosclerosis [22]. Several reports have confirmed that 
SARS-CoV-2 may contribute to endothelial dysfunction, either directly 
via binding with ACE2 or indirectly via cytokine storm [19,23,24]. Thus, 
endothelial dysfunction and stress to the cardiomyocytes may be wors-
ened due to COVID-19 in atherosclerotic patients. Kadosh et al., in 2020 
hypothesized that both atherosclerosis and SARS-CoV-2 may be ampli-
fying NLRP3 inflammasome response and thereby resulting in hyper 
inflammation [25]. Endothelial dysfunction has also been found to 
amplify atherosclerosis in patients infected with other viruses like HCV 
and HIV [26,27]. The aforementioned fact that SARS-CoV-2 infection 
has a greater manifestation in patients co-morbid for atherosclerosis 
made us curious to unravel the molecular events bridging these diseases. 
For this, we have reconstructed networks for atherosclerosis and 
COVID-19 by using Protein- Protein Interaction (PPI) data of Differen-
tially Expressed Genes (DEGs) for both the diseases. Then, using network 
and systems biology approach, we have identified MYD88, SPI1 and 
IRF8 as differentially expressed TFs during atherosclerosis. These DETFs 
could regulate expression of an array of cytokines and chemokines 
which are observed to be differentially expressed in cardiomyocytes 
infected with SARS-CoV-2. Thus, our study could help in designing 
anti-inflammatory therapeutics to combat COVID-19 comorbidity. 

2. Materials and methods 

2.1. Data processing 

For microarray datasets of atherosclerosis – GSE28829 [28] and 
GSE100927 [29], the gene specific raw expression values were log2 
transformed and then eBayes and top Table function of limma package 
of R v3.6.3 [30] were used to determine DEGs. For the three RNA-Seq 
datasets of COVID-19- GSE147507 [31], GSE150819 [32], GSE150392 
[33], the read counts were generated using R subread package in R 
v3.6.3 [30] and then the raw read counts were analyzed using DESeq2 
package in R [34,35]. DESeq2 calculates DEGs using negative binomial 
distribution. 

2.2. Identification of DEGs for atherosclerosis and COVID-19 

In order to prepare a list of DEGs for atherosclerosis we have 
considered DEGs from the study by Sulkava et al. [36] along with the 
DEGs from two microarray datasets–GSE28829 [28], GSE100927 [29]. 
For GSE28829 [28], the DEGs were screened by comparing early 
atherosclerotic plaque samples to advanced atherosclerotic plaque 
samples from carotid artery. In GSE100927 [29], all the DEGs were 

screened from three atherosclerotic beds namely-carotid artery, 
infra-popliteal artery and femoral artery whereas aorta, carotid artery, 
femoral artery were considered for Sulkava et al. [36]. DEGs were 
identified by considering |log2FC|>1.0 and adjusted P < 0.05 as the 
cutoff. The fold change (FC) values for the genes from the study by 
Sulkava et al. [36]were log2 transformed in order to maintain uniformity 
of expression quantification across the three datasets. Next, we have 
created a list of 171 DEGs that are common in all three datasets. 

To screen DEGs in SARS-CoV-2 infected lung cells, we have consid-
ered common DEGs from two RNA-Seq datasets- GSE147507 [31] and 
GSE150819 [32]. For GSE147507 [31], we considered primary human 
lung epithelium (NHBE) cells with 3 replicates each for treated and 
untreated cells with SARS-CoV-2. For GSE150819 [32], human bron-
chial organoids (hBO) derived from cryopreserved primary human 
bronchial epithelial cells (hBEpC) was used with 3 replicates each for 
treated and untreated cells with SARS-CoV-2. DEGs were identified by 
considering |log2FC|>1.0 and adjusted P < 0.05 as the cutoff. A total of 
100 DEGs were found to be common in these two datasets. 

The expression of DETF-TG interactions were crosschecked in RNA- 
Seq dataset - GSE150392 [33] where, human induced pluripotent stem 
cell-derived cardiomyocytes (hiPSC-CMs) was used as a model to 
examine the mechanisms of cardiomyocyte-specific infection by 
SARS-CoV-2. 

2.3. Reconstruction of networks for atherosclerosis and COVID-19 

In order to construct networks for both atherosclerosis and COVID- 
19, we have used STRINGv11.0(confidence score >0.4) [37]. These 
networks contain both physical and functional interactions. Next, in 
order to increase network size, we have added additional 1st shell of 
interactors (only direct interactors) to the number of DEGs in both the 
networks. Following this way, we have added 171 and 100 interactors of 
the DEGs to the 171 and 100 DEGs for atherosclerotic and COVID-19 
network respectively. Finally, we have received an atherosclerotic 
network with 324 nodes and a COVID-19 network with 190 nodes. The 
network for atherosclerosis was analyzed using Network Analyzer of 
Cytoscape 3.8.0 [38,39].To compute the topological parameters of this 
undirected network, degree was considered to identify the hub genes. 
Only major and super hubs having degree between 51 and 100 
and > 100 respectively [40] were considered for selecting hub genes in 
the network. 

2.4. Functional and pathway enrichment analysis of hub genes and TGs 

The functional analysis of hub genes and TGs of DETFs has been done 
in DAVIDv6.8(Database for Annotation, Visualization and Integrated 
Discovery) [41] by considering FDR < 0.05. Results from four Pathway 
enrichment analysis databases-KEGG, BioPlanet, Wiki pathways and 
Reactome was generated in Enrichr for both hub genes and TGs [42] by 
considering adj. P value < 0.05. 

2.5. Identifying crucial TF-TG interactions that are mediating 
immunological response in cardiomyocytes infected with SARS-CoV-2 

The TFs among the hub genes of atherosclerotic network and their 
TGs in COVID-19 network were identified using TRRUST v2 [43] and 
RegNetwork [44] transcription factor regulation databases. 

2.6. Statistical analysis 

The DEGs were identified by determining fold change cut off of | 
log2FC|>1.0 and adj. P value < 0.05 for all the microarray or RNA-Seq 
datasets. 

For GO functional enrichment analysis and Pathway enrichment 
analysis, a one-tailed variant of Fisher’s exact test i.e. hypergeometric 
test was used to identify significant over-represented GO terms and 
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pathways [42,45]. FDR<0.05 and adj. P value < 0.05 were considered 
as cut off for functional and pathway enrichment analysis respectively. 

2.7. Graphical designing 

Graphical plots were made using EnhancedVolcano, ggplot2 package 
of R v3.6.3 [35,46], Seaborn package of Python 3.8.3 [47] and Cyto-
scape 3.8.0 [38]. The Venn diagrams were created in http://bioinfo 
rmatics.psb.ugent.be/webtools/Venn/. 

3. Results 

3.1. Identification of hub genes in atherosclerosis protein-protein 
interaction network 

Typically, when a biological system goes into a state of imbalance 
like in disease condition, the key hub genes in protein-protein interac-
tion network (PPIN) are mostly either up or down-regulated as they 
attempt to revamp the system from the state of imbalance [48]. To 
identify the key hub genes associated with atherosclerosis, we initially 
reconstructed protein-protein interaction network (PPIN) with the 
differentially expressed genes (DEGs) during the disease state. The DEGs 
has been screened from different resources [36], GSE28829 [28], 
GSE100927 [29] by taking |log2FC|>1.0 and adj. P value < 0.05 as cut 
off. A total of 171 DEGs are found to be common in three datasets 
(Fig. 1A and B) (Refer Supplementary File S1). The atherosclerosis PPIN 
(AtsPPIN) consisting of 324 nodes and 5572 edges has been recon-
structed by incorporating 171 1st shell of interactors to DEGs (Fig. 1C) 
using STRING v11 (confidence score >0.4) [37]. 

Hub genes are the nodes in a network that are most inter-connected i. 
e., has the maximum number of edges. To identify the hub genes in 
AtsPPIN, the degree of the network was calculated using network 
analyzer in Cytoscape 3.8.0 [38,39]. We considered a total of 78 hub 
genes (major and super hubs) which have degree > 50 (Fig. 1D) [40]. 
We have found that PTPRC has the highest degree (v = 136) (Fig. 1D) in 
the network. PTPRC was earlier known as CD45 and it is one of the 
requisite factors for T-cell activation in atherosclerotic plaques [49,50]. 
Simultaneously, it has also been found as a potent marker for dis-
tinguishing severe and non-severe pneumonia in COVID-19 patients 
[51]. Thus, it would be worthwhile to explore the roles of these hub 
genes in establishing the co-occurrence of atherosclerosis and 
COVID-19. 

3.2. Functional and pathway enrichment analysis of hub genes in AtsPPIN 

Functional enrichment analysis of hub genes in DAVID v6.8 [41] has 
shown that GO: 0006955 (immune response) is the most significantly 
enriched GO biological process in which 63 out of 78 hub genes are 
found to be enriched with this function (Fig. 2A) (Refer Supplementary 
File S2). Consequently, GO:0005102 (receptor binding) and 
GO:0009986 (Cell surface) are observed to be the most enriched mo-
lecular function and cellular component respectively (Fig. 2B and C) 
(Refer Supplementary File S2). Thus from functional enrichment anal-
ysis, it could be stated that cell surface receptors mediating immune 
response are dominant among the hub genes. The KEGG pathway 
enrichment has shown “Chemokine signaling pathway” (Fig. 2D) (Refer 
Supplementary File S2) as the most significant pathway which was also 
verified by using three more pathway enrichment analyses, such as 

Fig. 1. DEGs in atherosclerosis, reconstruction of atherosclerosis PPIN and identification of hub genes. (A.) Venn diagram representing DEGs derived from the 
three atherosclerotic studies. (B.) Heatmap comparing the expression of DEGs for the three atherosclerotic studies. (C.) PPIN for atherosclerosis. The red nodes 
represent DEGs in the PPIN and other interactors of the network are cyan colored. (D.) Sub network of hub genes from main PPIN for atherosclerosis with nodes 
having variable color depth to represent the degree centrality of hub genes. 
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BioPlanet, WikiPathway and Reactome. All these analyses have depicted 
immunological response as the most enriched pathway (Refer Supple-
mentary File S2 and Supplementary Fig. F1). Earlier it was reported that 
immunological inflammation mediated by cytokine release is the 
driving factor for coronary dysfunction during respiratory tract infection 
[52]. Moreover, it is considered as the fundamental cause for progres-
sion of both atherosclerosis and COVID-19 [3,53]. These results indicate 
that predisposition of atherosclerosis may amplify the inflammatory 
response during SARS-CoV-2 infection. 

3.3. Identification of differentially expressed transcription factors 
(DETFs) among the hub genes of AtsPPIN 

It was evident earlier that hub proteins in human PPIN could be 
transcription factors [54]. These hub genes would not only interact but 
also regulate the expression of its downstream genes. Thus, screening of 
TFs from hub genes could help to identify effective biomarkers for dis-
ease progression [55]. We therefore mapped TFs from 78 hub genes of 
AtsPPIN with a curated list of transcription factors constructed by 
integrating TF data of two human regulatory databases-TRRUST v2 and 
RegNetwork [43,44] (Table 1). We identified six hub genes, namely – 
TLR2, TLR4, EGFR, SPI1, MYD88 and IRF8 as TFs. All these TFs are 
significantly differentially expressed in at least one of the atherosclerosis 
datasets taken in our study (Table 1). Among the six TFs, TLR4 is 

observed to encompass highest connectivity (v = 124) in AtsPPIN. The 
inflammatory role of TLR4 in atherosclerosis is well established [56]. 
Interestingly, TLR4 has also been proven to play crucial roles in 
COVID-19 as it could bind with a multi-epitope vaccine produced from 
virion’s outer surface proteins (E, M and S) [57]. Notable target genes 
(TGs) of these atherosclerotic DETFs included interleukins like IL18 and 
IL10 that are key players of the cytokine storm in COVID-19 [58,59]. 
Thus, investigating the plausible roles of the downstream genes of 
atherosclerosis DETFs (if any) in triggering severity during SARS-COV-2 
infection could give us the possible clues about the molecular link be-
tween these two diseases. 

3.4. Mapping of atherosclerosis DETFs targets in COVID-19 PPIN 

Similar to atherosclerosis, initially we screened out DEGs for COVID- 
19 from two transcriptome datasets – GSE147507 [31] and GSE150819 
[32]. A total of 100 DEGs (Fig. 3A) (Refer Supplementary File S1) are 
found to be intersecting across these two COVID-19 studies (Fig. 3B). 
With these DEGs we have reconstructed COVID-19 PPIN consisting of 
190 nodes and 2468 edges (Fig. 3C) by following the protocol that is 
used for AtsPPIN. 

Since deregulated TFs in a disease condition control the expression of 
their downstream genes, it would be important to find out their targets 
to unravel their roles in triggering abnormalities in biological system. To 

Fig. 2. Functional and pathway enrichment analysis for hub genes in atherosclerosis PPIN. (A.) GO-biological process enrichment of hub genes. The bar plot 
represents no. of genes enriched for each function and the color gradient represents significance value (FDR <0.05). (B.) GO-molecular function enrichment of hub 
genes. The bar plot represents no. of genes enriched for each function and the color gradient represents its significance value (FDR <0.05). (C.) GO- cellular 
component enrichment of hub genes. The bar plot represents no. of genes enriched for each function and the color gradient represents its significance value (FDR 
<0.05). (D.) KEGG pathway enrichment of hub genes. The bar plot represents no. of genes enriched for each function and the color gradient represents its significance 
value (adj. P value < 0.05). 
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explore the efficacy of DETFs in stimulating viral infection in athero-
sclerotic patients, we mapped the target genes (TGs) of DETFs in COVID- 
19 network from the TF-TG interaction data received from TRRUST v2 
and RegNetwork [43,44]. Five DETFs namely – TLR2, TLR4, SPI1, 
MYD88 and IRF8 were found to have a total of 17 targets in COVID-19 
PPIN (Table 2). The number of TGs in COVID-19 PPIN for MYD88, SP11, 
IRF8 are six, eleven and three respectively (Table 2). Both TLR2 and 
TLR4 have a common TG i.e. TNF in the COVID-19 network. Moreover, 
TNF is represented as a common target of four DETFs - TLR2, TLR4, SPI1 
and MYD88 (Table 2). We have also calculated the degree of the DETF’s 
targets present in COVID-19 network using network analyzer in Cyto-
scape 3.8.0 [38,39]. to find out their impact in COVID-19. In this 
network, TNF is found to hold the highest connectivity (v = 109) indi-
cating its strong influence in the COVID-19 network. Being a 
pro-inflammatory cytokine, TNF has been shown to mediate inflam-
matory response in atherosclerotic plaques [60]. Likewise, over-
expression of cytokines during SARS-CoV-2 infection is widely reported 
as severe COVID-19 patient hallmark i.e. so-called “cytokine storm 
syndrome” [3]. So anti-TNF therapy is also being considered as a 
strategy for COVID-19 treatment [60,61]. Taken together these evi-
dences indicate that co-occurrence of both atherosclerosis and 
COVID-19 may cause mayhem in these comorbid patients. Thus, func-
tional categorization of DETFs’ targeted genes is a prerequisite to unveil 
their roles in the progression of SARS-CoV-2 infection in atherosclerotic 
patients. 

3.5. Functional and pathway analysis of DETFs’ targeted genes 

Functional enrichment analysis of atherosclerotic DETFs’ targets 

present in COVID-19 PPIN using DAVID v6.8 [41] has shown that 
GO:0006954 (Inflammatory response) is the most significantly enriched 
GO biological process with 12 TGs (out of 17 TGs) enriched for this GO 
function (Fig. 4A) (Refer Supplementary File S2). Subsequently, 
GO:0008009 (Chemokine activity) and GO:0005615 (Extracellular 
space) are detected as the most enriched molecular function and cellular 
component, respectively (Fig. 4B and C) (Refer Supplementary File S2). 
The KEGG pathway enrichment has shown “Legionellosis” (Fig. 4D) 
(Refer Supplementary File S2) as the most significant pathway. 
Legionellosisis a type inflammatory pneumonia caused by the bacteria 
Legionella pneumophila [62]. The other pathway enrichment analyses 
(BioPlanet, WikiPathway and Reactome) have also indicated that the 
immunological response mediated by cytokines as the most enriched 
pathway (Refer Supplementary File S2 and Supplementary Fig. F2). 
Thus, it could be inferred from the analysis that deregulated TFs in 
atherosclerosis might cause either over expression or lower expression 
of their downstream genes that are mostly involved in inflammatory 
response. This inflammatory immune turmoil could be the potent reason 
for increased casualty in these co-morbid patients. 

3.6. Expression analysis of DETFs and their TGs in cardiomyocytes 
infected with SARS-CoV-2 

The regulatory circuit in a biological system is tightly regulated and 
highly orchestrated. Dysregulation in the higher order of a network 
might cause deregulation at the lower order. Thus the TFs in AtsPPIN 
and their corresponding TGs in COVID-19 PPIN, if found to be differ-
entially expressed in comorbid patients, it could be stated that DETFs in 
atherosclerotic patients might be responsible for causing deregulation of 

Table 1 
Differential expression (log2FC values) of atherosclerotic hub DETFs in atherosclerotic datasets and their TGs in COVID-19 datasets.  

TFs among 
atherosclerosis 
hub genes 

Degree of the TF in 
Atherosclerosis 
network 

Expression of TFs in atherosclerosis 
datasets 

TGs in 
COVID19 
network 

Direction in 
TRRUST/ 
RegNetwork 

Degree of the 
TG in 
COVID19 
network 

Expression of TGs in COVID-19 
Datasets 

Sulkava 
et al., 
2017 

GSE28829 GSE100927 
(Carotid) 

GSE147507 
(NHBE cells) 

GSE150819 

MYD88 72 1.1 0.4 1.0 CXCL8 Activation 81 not significant 2.2 
MYD88 72 1.1 0.4 1.0 IL1B Activation 73 1.1 3.4 
MYD88 72 1.1 0.4 1.0 CXCL1 Activation 55 1.4 1.6 
MYD88 72 1.1 0.4 1.0 CXCL2 Activation 42 1.4 2.2 
MYD88 72 1.1 0.4 1.0 CXCL3 Activation 26 2.3 2.6 
MYD88 72 1.1 0.4 1.0 TNF Activation 109 1.9 not 

significant 
IRF8 72 2.6 1.1 1.6 IL1B Activation 73 1.1 3.4 
IRF8 72 2.6 1.1 1.6 IL10 Unknown 77 not significant not 

significant 
IRF8 72 2.6 1.1 1.6 TLR3 Repression 80 − 0.3 not 

significant 
SPI1 91 2.2 0.4 1.6 IL1B Activation 73 1.1 3.4 
SPI1 91 2.2 0.4 1.6 CCL5 Unknown 69 not significant 3.4 
SPI1 91 2.2 0.4 1.6 ITGAM Activation 59 not significant not 

significant 
SPI1 91 2.2 0.4 1.6 IFIT3 Activation 34 0.7 2.2 
SPI1 91 2.2 0.4 1.6 CD40 Activation 55 0.3 0.9 
SPI1 91 2.2 0.4 1.6 CSF2RA Unknown 16 not significant not 

significant 
SPI1 91 2.2 0.4 1.6 CSF3R Activation 15 not significant not 

significant 
SPI1 91 2.2 0.4 1.6 IL18 Unknown 52 not significant not 

significant 
SPI1 91 2.2 0.4 1.6 ITGAX Repression 46 not significant not 

significant 
SPI1 91 2.2 0.4 1.6 ITGB2 Activation 29 1.3 1.1 
SPI1 91 2.2 0.4 1.6 TNF Unknown 109 1.9 not 

significant 
TLR4 128 3.7 nil 0.6 TNF Activation 109 1.9 not 

significant 
TLR2 119 2.3 1.1 1.1 TNF Activation 109 1.9 not 

significant 
EGFR 86 − 1.3 − 0.43 − 0.9       
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their downstream genes, which in turn may be aggravating viral infec-
tion via amplified inflammatory response. For this we have checked the 
expression analogy between TFs and TGs from the RNAseq dataset 
GSE150392 [32] in which cardiomyocytes were infected with 
SARS-CoV-2.The DEGs (|log2FC|>1.0; adj.P value < 0.05) were 
screened (Fig. 5A) and mapped to candidate TF-TGs. We have noticed 
that except SPI1, all other four atherosclerotic DETFs (TLR2, TLR4, 
MYD88 and IRF8) are significantly over expressed in SARS-CoV-2 
infected cardiomyocytes (Fig. 5B; Table 2). Moreover, we noticed that 
the five targets out of six TGs of MYD88 (83.3%) found in COVID-19 
PPIN are upregulated in comorbid case (Table 2). Two important TGs 
that might be upregulated by MYD88 include CXCL8 and IL1B which 
themselves are potential hub genes in COVID-19 network (Table 1). In 
RegNetwork, it is found that MYD88 acts as an activator for the 
expression of the cytokines including CXCL1, CXCL2, CXCL3, CXCL8 
(Table 1) and all of these cytokines along with MYD88 are found to be 
significantly overexpressed in comorbid dataset (Table 2). Moreover, we 
have observed that IL1B, the common target of three DETFs - IRF8, SPI1 
and MYD88, is upregulated in this dataset. Upregulation of IL1B could 
be influenced by the upregulation of IRF8 and MYD88 because both of 
them are found to be the activators of IL1B gene expression (Fig. 5B). 
IL1B which encodes IL-1β is a pro-inflammatory cytokine and one of the 
important factors for triggering innate immune response mediated 
inflammation in the lungs of COVID-19 patients and atherosclerotic beds 
[63]. Though TLR2 and TLR4 are found to be upregulated in comorbid 
sample but their only target gene TNF is not significantly differentially 

Fig. 3. DEGs in COVID-19 and the reconstruction of COVID-19 PPIN. (A.) Venn diagram representing DEGs derived from the two COVID-19 studies. (B.) Heatmap 
comparing the expression of DEGs for the two COVID-19 studies. (C.) PPIN for COVID-19. The red nodes represent DEGs in the PPIN and other interactors of the 
network are blue colored. 

Table 2 
Differential expression (log2FC values) of the DETFs and their TGs in car-
diomyocytes infected with SARS-CoV-2 (GSE150392).  

TFs among 
atherosclerosis hub 
genes 

Expression of 
the TF 

TGs in COVID19 
network 

Expression of 
the TG 

MYD88 2.0 CXCL8 3.8 
MYD88 2.0 IL1B 6.6 
MYD88 2.0 CXCL1 6.1 
MYD88 2.0 CXCL2 5.6 
MYD88 2.0 CXCL3 3.9 
MYD88 2.0 TNF not significant 
IRF8 3.7 IL1B 6.6 
IRF8 3.7 IL10 not significant 
IRF8 3.7 TLR3 not significant 
SPI1 not significant IL1B 6.6 
SPI1 not significant CCL5 4.4 
SPI1 not significant ITGAM 2.8 
SPI1 not significant IFIT3 5.3 
SPI1 not significant CD40 not significant 
SPI1 not significant CSF2RA not significant 
SPI1 not significant CSF3R not significant 
SPI1 not significant IL18 not significant 
SPI1 not significant ITGAX not significant 
SPI1 not significant ITGB2 not significant 
SPI1 not significant TNF not significant 
TLR4 3.0 TNF not significant 
TLR2 1.9 TNF not significant 
EGFR 1.3 *** ***  
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expressed in cardiomyocytes infected with SARS-CoV-2. 
It is known that innate immune response along with increase in 

macrophage activity is the primary retort for early inflammatory dis-
eases like CVD and SARS-CoV-2 [3,64]. So it could be inferred from our 
analysis that in case of patients co-morbid for atherosclerosis and 
COVID-19, MYD88 and IRF8 play crucial roles in innate immune 
response that may trigger plague rupture, thrombosis with greater 
amplification leading to the rapid deterioration of the patient. 

4. Discussion 

The key initiating step in atherosclerosis is the release of cytokines 
like IFN-γ and TNF-α in response to sub-endothelial retention of ApoB- 
LPs by increasing permeability between endothelial cells [65,66]. 
Also, these overlying endothelial cells secrete cytokines or chemokines 
such as monocyte chemotactic protein-1(MCP-1) and interleukin-8(IL-8) 
in a manner that leads to recruitment of monocytes [67,68]. Within the 
sub-endothelial space, the monocytes differentiate into macrophages 
due to signaling of the cytokine M-CSF (Macrophage colony-stimulating 
factor) [64]. These macrophages become lipid laden to form “foam cells” 
and further release pro-inflammatory cytokines like IL-6 and IL-12 to 
bring in more immune cells to the site of inflammation [53]. Moreover, 

reduction in blood flow to the heart as a result of atherosclerosis results 
in myocardial infarction and myocardial infarction itself results in 
worsening of atherosclerosis by reinforcing macrophage infiltration at 
the site of atherosclerotic plaque [69]. Also, Myocardial infarction 
causes apoptosis of cardiomyocytes and the dying cells trigger innate 
immune response by releasing cytokines in cardiomyocytes [70]. Thus, 
cytokines are acting as the major stimuli of atherosclerosis. 

Interestingly, earlier reports of COVID-19 had shown that maximum 
deaths occur due to Acute respiratory distress syndrome (ARDS) [1] and 
in the case of SARS-CoV infection, cytokine storm caused by enormous 
amounts of pro-inflammatory cytokines and chemokines like IL-1β, 
IL-16, TGFβ, CXCL8, CCL2, CCL3 results in ARDS [4]. Thus, patients 
with atherosclerosis if infected with SARS- CoV-2 may be are more prone 
to COVID-19 mediated death owing to such cytokine outrage. This 
proposition has also been echoed in the previous reports [5,6,8]. 
Moreover, endothelial dysfunction is a common factor in COVID-19 and 
atherosclerosis because constriction of the lumen of large arteries in 
either lungs or heart can obstruct blood flow [23]. 

In our study, we have noticed that PTPRC holds the highest degree 
(v = 136) in Ats PPI network (Fig. 1D). PTPRC was formerly known as 
CD45 which is an important antigen for activation of T-cells in athero-
sclerotic lesions [50]. Moreover, a recent study has revealed that CD45 

Fig. 4. Functional and pathway enrichment analysis of atherosclerotic DETFs targeted genes in COVID-19 network. (A.) GO-biological process enrichment of 
TGs in COVID-19 network for atherosclerotic DETFs. The bar plot represents no. of genes enriched for each function and the color gradient represents significance 
value (FDR <0.05). (B.) GO-molecular function enrichment of TGs in COVID-19 network for atherosclerotic hub DETFs. The bar plot represents no. of genes enriched 
for each function and the color gradient represents its significance value (FDR <0.05). (C.) GO- cellular component enrichment of TGs in COVID-19 network for 
atherosclerotic hub DETFs. The bar plot represents the no. of genes enriched for each function and the color gradient represents its significance value (FDR <0.05). 
(D.) KEGG pathway enrichment of TGs in COVID-19 network for atherosclerotic hub DETFs. The bar plot represents the no. of genes enriched for each function and 
the color gradient represents its significance value (adj. P value < 0.05). 
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could act as a potent marker for distinguishing severe and non-severe 
cases of COVID-19 [51]. Thus, CD45 which is found to be upregulated 
in Atherosclerosis datasets (GSE28829 and GSE100927) is equally 
important for both atherosclerosis and COVID-19. Also, pathway 
enrichment analyses of hub genes from atherosclerosis network have 
shown that “Chemokine signaling pathway” is the most enriched bio-
logical process (Fig. 1D, Supplementary File S2). Early inflammatory 
response to accumulated lipids in sub-endothelial space activates over-
lying vascular endothelial cells to elicit recruitment of macrophages by 
releasing cytokines and chemokines in atherosclerotic arteries [71]. 
Moreover, the cytokine outrage is a common factor for both athero-
sclerosis and COVID-19 [3,64]. Thus, pathway analysis also has shown 
the interconnection between two diseases. 

We have screened six atherosclerotic DETFs - TLR2, TLR4, EGFR, 
SPI1, MYD88, IRF8 which are observed to be the regulators of several 
target genes in COVID-19 network. Among these DETFs, MYD88, SPI1 
and IRF8 may control the expression of IL1B, CCL5, ITGAM, IFIT3, 
CXCL1, CXCL2, CXCL3 and CXCL8 since these genes are differentially 
expressed in cardiomyocytes infected with SARS-CoV-2. Thus, it could 
be stated that atherosclerotic DETFs might be responsible for amplifying 
the immune response in comorbid patients. It was previously reported 
that TLRs mediate inflammatory immune response in coronary arterial 
disease via activation of NF-κB pathway [56]. Recent molecular docking 
and dynamic studies has reported the capability of TLR4 to bind with a 
multi-epitope vaccine produced from virion’s outer surface proteins (E, 
M and S) [57] and Patra et al. also proposed that TLRs can be effective in 
combating COVID-19 [72]. In fact, Aboudounya and Heads in their re-
view had proposed a model that TLR4 might be increasing ACE2 
expression to facilitate SARS-CoV-2 entry. Metabolites released from 
apoptotic cells after first myocardial infraction also triggers TLR4 to 
initiate innate immune response [70]. Interestingly, in our analysis we 
have found that TLR4 is upregulated in SARS-CoV-2 infected car-
diomyocyte (Table 2). Thus, further experimental validation will help to 
confirm the role of TLR4 in eliciting inflammatory response in these 
co-morbid patients. We found that EGFR encoding epidermal growth 
factor receptor is marginally downregulated in most of the 

atherosclerotic datasets and only one COVID-19 dataset (GSE150819) of 
our study (Table 1), but it is significantly upregulated in SARS-CoV-2 
infected cardiomyocytes (Table 2). Interestingly, none of its target 
genes are found to be differentially expressed in infected car-
diomyocytes. Rather we have noted a substantial number of targets of 
MYD88, SPI1 and IRF8 in COVID-19 network. Thus, dysregulation of 
these TFs may result in the upregulation of their corresponding TGs 
(IL1B, CCL5, ITGAM, IFIT3, CXCL1, CXCL2, CXCL3 and CXCL8) in the 
SARS-CoV-2 infected cardiomyocytes (Fig. 5B). Although SPI1 is not 
differentially expressed in cardiomyocytes, some TGs of SPI1 or its 
protein product known as PU.1 are found to be upregulated in car-
diomyocytes and is critical for regulating inflammatory response in both 
atherosclerosis and COVID-19 progression. These upregulated TGs 
include ITGAM, CCL5, IFIT3 and IL1B, which encode CD11b, C–C motif 
chemokine 5, Interferon-induced protein with tetratricopeptide repeats 
3 and interleukin–1β respectively (Table 2). CCL5 is an important 
pro-inflammatory chemokine that has been shown to be triggered in 
both primary respiratory syncytial virus (RSV) infection and athero-
sclerosis [73,74]. It has been reported that CD11b encoded by ITGAM is 
expressed by macrophages to mediate their adhesion to the surface of 
endothelial cells in both SARS-CoV-2 infection and coronary thrombosis 
[75]. SoCD11b could be proposed as a connecting link between 
COVID-19 and thrombosis. The upregulated TG IFIT3 may be an 
important mediator of antiviral response against influenza as it was 
found that airway and lung cells with low IFIT3 are more prone to 
influenza infection [76]. Moreover, IFIT3 was also reported to be a 
biomarker for SARS-CoV-2 infection in in-silico studies [77]. Interest-
ingly, it was found that pro-inflammatory response in atherosclerotic 
lesions is mediated by M1 macrophages through IFIT3 upregulation 
[78]. So, SPI1 might be magnifying the inflammatory response by 
differentially regulating its TGs and thus causing havoc in patients 
co-morbid for both atherosclerosis and COVID-19. 

IRF8 is responsible for regulating important inflammatory mediators 
including type 1 IFN concentrations in CVD and thus it has been pro-
jected as biomarker for vascular inflammations [79]. Moreover, IRF8 
from dendritic cells has roles in elevating the adaptive immune response 

Fig. 5. Expression and network analysis of DETF- TG interactions. (A.) Volcano plot representing the expression of genes in cardiomyocyte infected with SARS- 
CoV-2. Genes are considered as significantly expressed only if adj. P value < 0.05 and |log2FC|>1.0. The green dots represent significantly upregulated genes, red 
dots represent significantly downregulated genes and grey dots represent non-significant DEGs. (B.) TF-TG interaction in cardiomyocytes infected with SARS-CoV-2. 
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in response to pulmonary viral infections [80]. We have found that IRF8 
might be responsible for upregulated expression of IL1B along with SPI1 
and MYD88 (Fig. 5B) which was also echoed in an earlier study [63] 
indicating that IL-1β, the pro-inflammatory cytokine, triggers innate 
immune response in both COVID-19 and in atherosclerosis. 

MYD88 has already been projected as a potential target for inflam-
matory lung diseases and atherosclerosis [81,82]. It was reported that 
during Rhinoviral (RV) infection interleukin–1β, encoded by IL1B, is 
triggered by MYD88 to elicit production of CXCL8, which is a 
chemo-attractant for neutrophil in RV-induced airway inflammation 
[83]. In case of atherosclerosis, the engulfment of oxidized low-density 
lipoprotein (ox-LDL) results in transformation of macrophages to foam 
cells and the main pathway which needs to be activated to trigger in-
flammatory response in foam cells is NF-κB [84,85]. It was also reported 
that dying cells after first myocardial infraction also activates NF- κB 
signaling pathway to release cytokines in cardiomyocytes [70]. Both 
TLR4 and TLR2 trigger the adaptor molecule MYD88 to elicit inflam-
matory response via NF-κB signaling pathway in response to either 
oxidized LDL in atherosclerosis or dying cells in cardiomyocytes [56, 
70]. NF- κB in turn activates transcription of various pro-inflammatory 
genes including cytokines like IL-1β [86,87]. We have found MYD88 
might regulate expression of CXCL1, CXCL2, CXCL3 and CXCL8 which 
are basically cytokine or chemokine encoding genes. It is also note-
worthy to mention that MYD88 dependent pathways activate macro-
phages, cytokines and chemokines not only in atherosclerotic lesions 
and injured cardiomyocytes, but also in mice infected with SARS-CoV 
[88–90]. Reports published earlier had stated that neutrophil traf-
ficking is mediated by CXCL1 and CXCL2 in collateral lung damage [91]. 
Thus deregulation of MYD88 may be one of the crucial factors for rapid 
worsening of a comorbid patient. As both TLR4 and TLR2 was found to 

bind to SARS-CoV-2 and SARS-CoV respectively [57,92] and both the 
TLRs are found to be upregulated in infected cardiomyocytes (Table 2), 
we propose that MyD88 might be the central player which is being 
activated by both TLR2 and TLR4 in response to SARS-CoV-2 and dying 
cells in cardiomyocytes (Fig. 6). Activation of MyD88 might be trig-
gering cytokine storm either by MyD88 dependent pathway or by acti-
vation of NF-κB pathway (Fig. 6). 

Only CD11b encoded by ITGAM was found to activate inflammatory 
response in atherosclerosis and COVID-19 co-morbidity [75]. Some of 
the TF/TGs, like CXCL8, TNF, TLR4, are found to be the mediators of 
SARS-CoV-2 associated co-morbidities, but not atherosclerosis alone 
[93]. 

5. Conclusions 

Of the cases reported worldwide, it is evident that individuals with 
pre-existing comorbidities like hypertension, obesity, chronic lung dis-
ease, diabetes, and cardiovascular disease are at a much greater risk of 
dying from COVID-19. It becomes a major challenge for global health-
care systems to follow appropriate medical interventions for the survival 
of comorbid patients. Thus, exploring the genetic intersection between 
COVID-19 and the co-existing diseases is an imperative step towards the 
identification of therapeutic interventions. In this study, we have 
analyzed differential gene expression and regulation in three types of 
cases- COVID-19 patient, atherosclerosis patient and COVID-19 infec-
tion in cardiomyocytes to portray plausible molecular events which 
occur in co-morbid patients. Though there were myriad of inflammatory 
markers which have been individually found to be responsible for 
causing havoc either in SARS-CoV-2 infection or atherosclerosis alone, 
however, their role in causing fatality in patients co-morbid for both 

Fig. 6. Overview of the major immunological signaling events linking atherosclerosis and COVID-19 in cardiomyocytes. In response to both dying cells and 
SARS-CoV-2, TLR4 and TLR2 might be initiating inflammatory response by activating MyD88. MyD88 might be either activating NF-κB pathway or by itself initiating 
release of pro-inflammatory cytokines – CXCL1, CXCL2, CXCL3, CXCL8 and IL-1β which leads to cytokine storm in cardiac tissue. 
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diseases was missing. We hereby propose that the augmentation of in-
flammatory responses in comorbid cases succeed via deregulation of an 
array of transcription factors and their corresponding target genes. We 
have also suggested MYD88 as a crucial linker of major cross-talking 
tract concerned for two disorders. Thus, anti-inflammatory therapies 
targeting MYD88 could serve as a good measure to combat the comor-
bidity. The limitation of this study includes the used datasets which are 
devoid of significant patient heterogeneity, for example, male-female 
ratio and age groups. Overall the investigation offers a range of immu-
nological markers for further experimental validation to confirm their 
role in the progression of magnified inflammatory response that leads to 
death in comorbid patients. 
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