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Systems-wide view of host-pathogen
interactions across COVID-19 severities
using integrated omics analysis

Mairembam Stelin Singh,1,2 Anand Pyati,3 R. Devika Rubi,4 Rajasekaran Subramanian,4

Vijaykumar Yogesh Muley,5 Mairaj Ahmed Ansari,6,7 and Sailu Yellaboina3,8,*
SUMMARY

The mechanisms explaining the variability in COVID-19 clinical manifestations (mild, moderate, and se-
vere) are not fully understood. To identify key gene expressionmarkers linked to disease severity, we em-
ployed an integrated approach, combining host-pathogen protein-protein interaction data and viral-
induced host gene expression data. We analyzed an RNA-seq dataset from peripheral bloodmononuclear
cells across 12 projects representing the spectrum of disease severity. We identified genes showing dif-
ferential expression across mild, moderate, and severe conditions. Enrichment analysis of the pathways in
host proteins targeted by each of the SARS-CoV-2 proteins revealed a strong association with processes
related to ribosomal biogenesis, translation, and translocation. Interestingly, most of these pathways and
associated cellular machinery, including ribosomal biogenesis, ribosomal proteins, and translation, were
upregulated in mild conditions but downregulated in severe cases. This suggests that COVID-19 exhibits
a paradoxical host response, boosting host/viral translation in mild cases but slowing it in severe cases.

INTRODUCTION

The global COVID-19 pandemic, driven by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), is an unparalleled global

health crisis, resulting in an estimated 14.83 million reported deaths worldwide.1 The virus first enters the body through the respiratory tract

and can infect cells in a wide variety of tissues, including the lungs, heart, kidneys, liver, gastrointestinal tract, central nervous system, and

blood.2–5 COVID-19 disease severity can vary widely among individuals.6 Mild cases typically present flu-like symptoms such as fever, cough,

and fatigue, and patients usually recover without the need for hospitalization.Moderate cases involvemore pronounced symptoms, including

shortness of breath and pneumonia, and may require medical intervention. Severe cases of COVID-19 can exhibit acute respiratory distress

syndrome (ARDS) and multi-organ failure, requiring intensive care and mechanical ventilation.

Protein-protein interactions between viral and host proteins are essential for various steps in the viral life cycle, including viral entry into

host cells, viral protein synthesis, assembly of new viral particles, and release of mature viruses.7 Therefore, identifying interaction networks

between viruses and human proteins is crucial for understanding the molecular mechanisms by which viruses hijack and manipulate host cell

processes under the different conditions of COVID-19 disease severities. High-throughput proteomics methods such as affinity purification

andmass-spectrophotometry have identified several interactions of SARS-CoV-2 proteins with human proteins which are involved in a variety

of viral processes, including replication, transcription, and translation.8–11

The detection of long nucleocapsid sequences of SARS-CoV-2 in peripheral blood mononuclear cells (PBMCs)12 and the production of

virus progeny in vitro13 suggest that PBMCs may harbor SARS-CoV-2 and could serve as a potential source for multi-organ spread in the hu-

man body, potentially elucidating certain pathological observations in organs like the brain and heart. In addition, PBMCs play a pivotal role

as versatile immunological and pathological responders. Therefore, analyzing PBMC RNA-seq data plays a pivotal role in unraveling the intri-

cate web of viral host-pathogen interactions, especially in the context of viral infections like SARS-CoV-2, while providing valuable insights into

how the virus manipulates host gene expression, immune responses, and overall disease progression.

A large amount of PBMC RNA-seq data have been generated across different COVID-19 disease severities, populations, and study

groups. Studies have shown that PBMCs infected with SARS-CoV-2 exhibit upregulation of pathways involved in inflammatory immune
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responses, cell death, and blood coagulation in severe COVID-19.14–18 Conducting a meta-analysis of these data offers a powerful way to

identify reliable gene expression patterns associated with mild, moderate, and severe COVID-19, enhancing statistical power across different

populations and study groups. Furthermore, integrating these meta-analytic transcriptome data with protein-protein interaction data could

help us investigate how gene expression changes modulate protein-protein interactions, thereby elucidating the role of host-pathogen pro-

tein interactions in different disease severities.

In this study, we developed a computational pipeline to integrate gene expression and protein-protein interaction data to identify the

potential cellular processes and pathways targeted by pathogens. The pipeline is used to identify SARS-CoV-2-human protein interactions.

First, we performed ameta-analysis and combined themeta-analytic transcriptome data with SARS-CoV-2-human protein-protein interaction

data to identify key marker genes associated with mild, moderate, and severe COVID-19. We analyzed RNA-seq data from 12 independent

studies containing 1,960 PBMC samples with varying disease severity conditions. We observed that the virus primarily targets host proteins

involved in translation, ribosomal biogenesis, andmembrane trafficking. Furthermore, the expression of translation and ribosomal biogenesis

related genes was downregulated in severe COVID-19 cases which may selectively cease host protein synthesis and affect host cellular

functions.
RESULTS

Differentially expressed genes spanning Covid-19 disease severities

We obtained RNA-seq gene expression datasets from NCBI Gene Expression Omnibus (GEO).19 We only included human studies related to

PBMC gene expression in response to SARS-CoV-2 infection (Tables S1–S4). The tables present a list of NCBI Sequence Read Archive (SRA)

project IDs, various disease severity conditions, list of comparisons for differential expression, and the number of samples available for each

disease severity category. In total, we compiled RNA-seq data from 12 independent studies.

We conducted comparisons between different conditions, including mild vs. healthy, severe vs. healthy, severe vs. mild, and severe vs.

moderate, to identify differentially expressed genes. The p values of the differentially expressedgenes for each comparison across the various

projects were combined using our previously published meta-analytic method.20,21 For the meta-analysis of mild vs. healthy conditions, we

included a total of 146 mild cases and 68 healthy cases. In the meta-analysis of severe vs. healthy conditions, there were 513 severe cases and

227 healthy cases. For the meta-analysis of severe vs. mild conditions, the dataset comprised 114 severe cases and 267 mild cases. Lastly, the

meta-analysis of severe vs. moderate conditions included 71 severe cases and 52 moderate cases.

Table S5 shows the P-values and Z-scores of differentially expressedgenes across the different comparisons. Figures 1A–1D show the num-

ber of genes that are upregulated in each comparison, as well as the overlap of these genes with the human genes whose products interact

with SARS-CoV-2 andwith those involved in immune defense.Most of the genes whose products interact with SARS-CoV-2 are upregulated in

mild conditions, while some are also downregulated in severe conditions.

Figure 1E shows the enrichment of various Reactome pathways in differentially expressed genes across the comparisons and whose prod-

ucts also interact with various SARS-CoV-2 proteins. The pathways involved in the response to starvation, translation process, RNAprocessing,

signaling by robo receptors, and regulation of expression of slits and robos are downregulated in severe disease conditions compared to

healthy, mild, and moderate disease conditions. Furthermore, pathways associated with the innate immune system, hemostasis, and platelet

activation and signaling show significant upregulation across disease severities, especially in severe cases.

Figure 1F shows the enrichment of various Reactome pathways in host genes that are highly differentially expressed across the compar-

isons andwhose products are also involved in immunedefense. The pathways involved in neutrophil degradation, Toll-like receptor signaling,

IL-1 signaling, programmed cell death, and apoptosis are highly upregulated across the conditions.
Higher order functions of differentially expressed genes across different disease severities

Enrichment analysis was performed using our published method21 for differentially expressed genes across different disease severities. This

analysis included pathways, gene ontology categories, and other functional modules from the Molecular Signature Database (MSigDB).22 To

address redundancy, gene sets with a large number of overlapping genes were pooled and analyzed as pathway modules. Table S6 presents

the enrichment scores for these modules across the different comparisons, with higher scores indicating greater relevance to the observed

gene expression changes.

The genes involved in ribosomal biogenesis, translation, non-coding RNAprocessing, andmRNAprocessing are downregulated in severe

disease conditions compared to healthy, mild, andmoderate disease conditions (Figures 2A, 2C, and 2D). The genes involved in the electron

transport chain/oxidative phosphorylation and mitochondrial components are also downregulated in severe disease conditions (Figures 2B

and 2D). In addition, the genes involved in vesicle-mediated transport, the Golgi complex, and the endoplasmic reticulum are upregulated

across all three disease conditions, but are slightly more upregulated in mild conditions than in severe conditions (Figure 2D).
Most SARS-CoV-2 proteins interact with host proteins involved in translation and translocation

We have combined the published SARS-CoV-2 protein interactions with human proteins from IntAct and BioGRID databases which are two

major public repositories for protein-protein interactions. There were a total of 35,101 interactions between 49 SARS-CoV-2 and 5,492 host

proteins. To identify the higher order functions of host-proteins, we have carried out hypergeometric enrichment analysis of genesets from

mSigDB. We have developed a modified version of traditional hypergeometric analysis by carrying enrichment analysis of pathways in target
2 iScience 27, 109087, March 15, 2024
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Figure 1. Differentially expressed genes

Venn diagrams showing the overlap between differentially expressed genes in various comparisons, genes associated with immune defense, and genes whose

protein products interact with SARS-CoV-2 proteins. The comparisons are as follows: (A) Mild vs. Healthy; (B) Severe vs. Healthy; (C) Severe vs. Mild; (D) Severe vs.

Moderate. Heatmaps showing pathway enrichment in highly upregulated and highly downregulated genes across distinct conditions; (E) Magenta signifies

strong enrichment of pathways in the genes that are concurrently upregulated across conditions and interact with SARS-CoV-2 proteins, while dark blue

signifies strong enrichment of pathways among genes that are concurrently downregulated across conditions and interact with SARS-CoV-2 proteins; (F)

Magenta signifies strong enrichment of pathways among genes that are concurrently upregulated across conditions and involved in immune defense,

whereas while dark blue signifies strong enrichment of pathway among genes that are concurrently downregulated across conditions and involved in

immune defense. The value range for the color bar of the heatmaps represents the Z-scores or normalized statistics of enrichment P-value of pathways.

These analyses provide insights into gene expression relationships, potential interactions with SARS-CoV-2, and immune defense involvement across diverse

conditions.
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gene lists as well as in remaining human genes after exclusion of target gene lists. The final two column enrichment scores for each of the

pathways is summed to get the final list of enrichment scores (See STAR Methods section). Table S7 shows the enrichment scores for the Re-

actome pathways in target interaction gene-list of each of the SARS-CoV-2 proteins. Majority of the viral proteins are found to be interacting

with host proteins involved translation initiation and elongation, ribosomal biogenesis, ribosomal proteins, protein localization, vesicle medi-

ated transport, membrane trafficking (Figures 3A and 3B). In addition, proteins of endoplasmic reticulum and Golgi complex which play a

major role in protein sorting and trafficking are targeted by viral proteins (Figures 3C and 3D). Viral proteinsORF6 andNpredominantly target

host proteins involved in translation related processes (Figures 3A–3C) and other viral proteins mainly ORF7a, NSP4, NSP6 and M target host

proteins involved in intracellular transport, protein localization, endoplasmic reticulum and Golgi complex associated processes (Figures 3C

and 3D).

Expression of human genes targeted by SARS-CoV-2 proteins in different disease severities

We conducted a rank-based enrichment analysis of human gene sets whose products interact with SARS-CoV-2 proteins.23 Table S8 presents

the enriched pathways in human genes targeted by each of the SARS-CoV-2 proteins across different conditions. In contrast, Figure 4A
iScience 27, 109087, March 15, 2024 3
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Figure 2. Higher-order functions of differentially expressed genes

Heatmaps showing the higher-order functions of differentially expressed genes across the different comparisons. Magenta color signifies strong upregulation,

while dark blue color signifies strong downregulation.

(A) Reactome pathways; (B) Wiki pathways; (C) Biological Process; (D) Cellular Component. The value range for the color bar of the heatmaps represents the

Z-scores or normalized statistics of enrichment P-value of pathways.
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displays the heatmap representing the enrichment score of human gene sets targeted by each viral protein across disease severities. Most

human proteins interacting with SARS-CoV-2 are upregulated in mild conditions and downregulated in severe disease conditions. Specif-

ically, the interacting partners of theNprotein primarily consist of ribosomal proteins (Figure 4A), which are upregulated inmild andmoderate

conditions compared to severe disease conditions. Enrichment of Reactome pathways in human protein targets of SARS-CoV-2 shows (Fig-

ure 4B) that the majority of them are involved in metabolism of RNA, translation, cellular response to starvation, nonsense mediated decay

(targets of ORF6, N, NSP4, NSP6, M, ORF7a, E, ORF3A, ORF7B, NSP13, ORF1AB, NSP5, NSP14), post-translational modifications, vesicle

mediated transport and membrane trafficking (NSP4, NSP6, M, ORF7a, E, ORF3A, ORF7B, S and SARS2). Some of them are also involved

in cell cycle (ORF6, NSP13, ORF1AB, NSP7, NSP16 and NSP12). The protein encoded by ORF6 interacts with the largest number of human

proteins involved in all of the aforementioned cellular processes such as RNA processing, translation, translocation and cell cycle. Figure S1

shows enrichment of biological process gene ontology terms, where N, NSP1 andORF1AB target unique human proteins related to process-

ing of various types of RNAs (mRNA, rRNA and ncRNA) and ribosomal biogenesis. Figure S2 shows enrichment of various cellular
4 iScience 27, 109087, March 15, 2024
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Figure 3. Bipartite graphs illustrating SARS-CoV-2 protein interactions with human pathways or processes

In the figure, bipartite graphs depict the intricate interactions between distinct SARS-CoV-2 proteins (shown in green/left boxes) and human pathways (displayed

in blue/right boxes). In this representation, each node is symbolized by a box, with the height of the box correlates with the number of interactions associated with

the corresponding protein or pathway. The thickness of the edge represents the strength of the interaction i.e., hypergeometric enrichment score of pathways

within human proteins known to interact with specific SARS-CoV-2 proteins. Edges stemming from each pathway or gene ontology (GO) term are visually

differentiated by distinct colors to make the interactions less confusing. The graphs are divided into categories to capture the annotations of genes using

diverse gene-sets: (A) Reactome pathways; (B) Wiki pathways; (C) Biological Process; (D) Cellular Component.
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components, where N has unique host target proteins related to ribosomal subunits and nucleolus. ORF7B, M, NSP4, NSP6, ORF7A, E,

ORF3A, S, ORF6, ORF8 and SARS2 proteins products primarily interact with endoplasmic reticulum and Golgi complex proteins.
DISCUSSION

The results presented in this work provide valuable insights into the host’s molecular responses to SARS-CoV-2 infection across varying dis-

ease severities. These findings deepen our understanding of the dynamic changes within host cells when exposed to the virus and their po-

tential implications for COVID-19 pathogenesis.

Pathway analysis of host-proteins targeted by SARS-CoV-2 proteins provides a comprehensive view of how the virus interacts with and

manipulates various cellular processes. These findings shed light on the remarkably precise targeting patterns of viral proteins and their intri-

cate interactions with indispensable human cellular processes. Most viral proteins interact with host proteins involved in translation initiation

and elongation, ribosomal biogenesis, ribosomal proteins, nonsense-mediated decay, vesicle-mediated transport, membrane trafficking and

protein localization. This implies the virus’s adept manipulation of these cellular processes to redirect cellular resources to facilitate viral pro-

tein synthesis and replication, consistent with prior research on viral hijacking of host machinery.24 It is surprising that the majority of the path-

ways and cellular components i.e., ribosomal biogenesis, ribosomal proteins and translation interacting with SARS-CoV-2, are upregulated in

mild conditions and downregulated in severe conditions. This suggests that the differential regulation of these pathways may contribute to
iScience 27, 109087, March 15, 2024 5
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Figure 4. SARS-CoV-2 targeted human proteins and their functions

Heatmaps showing insights into the enrichment patterns of human genes whose protein products interact with SARS-CoV-2 proteins, along with their higher-

order functions.

(A) Heatmap (left) displays the rank-based enrichment scores of human protein targets for each of the SARS-CoV-2 proteins across diverse comparisons.Magenta

represents strong upregulation, while dark blue signifies pronounced downregulation; (B) Heatmap (right) portrays the hypergeometric-based enrichment of

various Reactome pathways within the gene set targeted by each SARS-CoV-2 protein. This analysis sheds light on the relationships between SARS-CoV-2

proteins and human genes, revealing their potential roles in pathway regulation and biological functions. The value range for the color bar of the heatmaps

represents the Z-scores or normalized statistics of enrichment P-value of pathways.
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differences in disease severity, potentially impairing essential cellular functions such as protein synthesis, and host’s ability to mount an effec-

tive antiviral defense and causing broader health consequences.

One interesting observation is that viral proteins ORF6 and N primarily target processes involved in translation, while other viral proteins

such as ORF7a, NSP4, NSP6, andM primarily target proteins involved in intracellular transport, protein localization, and proteins of the endo-

plasmic reticulum and Golgi complex. It reveals the virus’s diverse strategies for hijacking host cellular machinery to facilitate its replication

and spread. It also demonstrates the virus’s ability to manipulate key cellular pathways to promote its replication and survival within the host.

Particular interest is the protein encoded by ORF6, which targets multiple cellular processes, including RNA processing, translation, translo-

cation, and cell cycle regulation. This suggests that ORF6 plays a central role in hijacking host cellular machinery for viral replication and prop-

agation. The unique targets of viral proteins N, NSP1, andORF1AB related to the processing of various types of RNAs and ribosomal biogen-

esis emphasizes the direct impact of these viral proteins on RNA processing and ribosome function, potentially contributing to the

dysregulation of protein synthesis in host cells. Furthermore, the proteinN has unique targets related to ribosomal subunits and the nucleolus,

indicating its involvement in hijacking ribosomal function and protein synthesis. On the other hand, several viral proteins primarily target pro-

teins of the endoplasmic reticulum and Golgi complex, which are critical for viral protein synthesis and the assembly of new virions, and their

subsequent transport and release in extracellular milieu.

While genes whose protein products interact with SARS-CoV-2 and are involved in translation are downregulated in severe disease con-

ditions, those whose protein products interact with SARS-CoV-2 and play a role in the endoplasmic reticulum, Golgi complex, Golgi vesicle

transport, vesicle-mediated transport, Golgi membrane, vesicle membrane, and intracellular transport are upregulated across all disease

conditions, including mild, moderate, and severe, albeit slightly more upregulated in mild conditions. These results shed light on the distinct

responses of genes linked to translation and intracellular transport processes in the presence of the virus. Intriguingly, a key observation

emerges: genes associated with translation are downregulated in severe disease conditions, while genes engaged in processes associated

with the endoplasmic reticulum, Golgi complex, Golgi vesicle transport, vesicle-mediated transport, Golgi membrane, vesicle membrane,

and intracellular transport are consistently upregulated across all disease conditions including mild, moderate, and severe with a slightly

more pronounced upregulation in mild conditions. The endoplasmic reticulum and Golgi apparatus play central roles in protein processing,

sorting, and trafficking within the cell. The upregulation of these processesmight signify the host’s strategy to ensure efficient production and

transportation of antiviral proteins and immune molecules. Additionally, it may also help in the transport of viral proteins for viral assembly.

The pathways, neutrophil degranulation, Toll-like receptor signaling, IL-1 signaling, programmed cell death, apoptosis, and Class I MHC

mediated antigen presentation and processing are upregulated across the disease conditions. These pathways play pivotal roles in the im-

mune response to viral infections. Upregulation of the neutrophil degranulation pathway indicates an active recruitment and activation of
6 iScience 27, 109087, March 15, 2024
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neutrophils in response to the virus. This is expected as neutrophils are known to be involved in combating viral infections and SARS-CoV-2

infection has been shown to be associated with increased neutrophil count and neutrophil degranulation in nasopharyngeal and lung tis-

sues.25–27 Increased neutrophil-to-lymphocyte ratio has shown to be an independent risk factor for mortality.28 Activation of Toll-like receptor

signaling pathways triggers the production of pro-inflammatory cytokines and chemokines, which help recruit immune cells and enhance the

immune response.29 IL-1 can induce the production of other pro-inflammatory cytokines, recruit immune cells, and promote inflamma-

tion.30,31 The upregulation of programmed cell death pathways, particularly apoptosis, suggests that the host is actively targeting infected

cells for destruction. Class I MHC mediated antigen presentation and processing is crucial for presenting viral antigens to cytotoxic T cells,

triggering an immune response against infected cells. The consistent upregulation of these pathways across different disease conditions in-

dicates that the host’s immune system is actively engaged in responding to the SARS-CoV-2 virus, irrespective of disease severity. However,

the sustained upregulation of these pathways, particularly in severe cases, may also contribute to the hyperinflammatory response observed

in severe COVID-19 cases, potentially leading to tissue damage and adverse outcomes.

The downregulation of electron transport chain (ETC) and mitochondrial component genes in severe COVID-19 highlights potential mito-

chondrial dysfunction and energy metabolism disruption in immune cells. Mitochondria’s role in ATP production, essential for immune cell

function, suggests compromised antiviral responses in severe cases. Dysfunctional mitochondria can lead to reactive oxygen species accu-

mulation, exacerbating cell death, inflammation and subsequent tissue damage.32 This downregulation could also impact the intensity of

apoptosis and autophagy — the key regulators of cell survival and immune responses. Investigating the virus’s direct or immune

response-mediated effect on mitochondria is crucial.

In response to SARS-CoV-2 infection, there is a significant upregulation of pathways associatedwith the innate immune system, hemostasis

and platelet activation signaling across all disease conditions, particularly in severe cases. The innate immune system, when activated, re-

leases various molecules such as cytokines and chemokines, which are proinflammatory and recruit immune cells respectively to the infection

site and assist in combating the virus.33 Several studies have reported an association between progression to severe COVID-19 and dysregu-

lated secretion of proinflammatory cytokines.34 Hemostasis, the process of blood clotting, is another pathway that is upregulated across the

different disease conditions of disease severity. This process is vital in preventing excessive bleeding, and its disruption can lead to severe

bleeding complications. Prior research has established that individuals afflicted with COVID-19 exhibit a range of hemostasis irregularities,

notably coagulation dysfunction, which is a significant contributor to mortality.35,36 Hemostasis parameters, such as prothrombin time, have

been shown to be good prognostic indicators for patients with a poor outcome.37 Additionally, upregulation of platelet activation signaling

shows its possible role in underlying increased thrombotic events as previously reported.38 Platelets release molecules like thromboxane A2,

which acts as a potent vasoconstrictor to stop bleeding. These findings align with clinical observations of elevated inflammation and coag-

ulation abnormalities in severe COVID-19 cases, often resulting in tissue damage and multi-organ failure.39 Therefore, dissecting the contri-

bution of platelets to COVID-19 critical illness is key to understanding SARS-CoV-2 infection pathogenesis and identify novel therapeutic

strategies.

Beyond the direct impact of SARS-CoV-2, several interconnected factors intricatelymodulate the immune response, ultimately shaping the

PBMC transcriptome and consequently impacting COVID-19 disease severity. Studies suggest that variations in the relative proportions of

specific blood cell subsets, such as lymphocytes, monocytes, and neutrophils, contribute to distinct patterns of gene expression within

PBMCs. These variations in gene expression are further influenced by individual factors such as gender, age, and body mass index (BMI).40

Studies have identified distinct gene expression profiles in PBMCs of males and females infected with SARS-CoV-2.41 These differences

involve genes related to immune function, inflammation, and cellular response to viral infection. Higher testosterone levels in males may be

associated with a more severe inflammatory response and poorer outcomes, while estrogen in females may exert immunomodulatory effects

leading to favorable outcomes.42,43 Additionally, the two X chromosomes in females offer an advantage compared to the single X chromo-

some inmales. These X chromosomes encode immune regulatory genes, potentially leading to lower viral load levels and less inflammation.44

Aging has been shown to reprogram the immune cell landscape, leading to a decline in naive and memory T cells and an increase in ex-

hausted and regulatory T cells, with accompanying changes in B cells, monocytes, and dendritic cells.45 These alterations contribute to a

weakened immune response, explaining the increased susceptibility of older individuals to severe COVID-19.45,46 Notably, COVID-19 exac-

erbates age-induced immune cell polarization and promotes inflammation and cellular senescence.

Pre-existing medical conditions, particularly those associated with the metabolic syndrome, significantly worsen COVID-19 outcomes.

Each factor within the metabolic syndrome (obesity, hypertension, and diabetes) independently impacts distinct immune populations, lead-

ing to a cumulative effect that further weakens the immune system when multiple conditions are present.47 Additionally, pre-existing respi-

ratory conditions like asthma and chronic obstructive pulmonary disease (COPD) are associated with particularly severe COVID-19 outcomes.

These chronic conditions can alter gene expression patterns and disrupt the immune response to SARS-CoV-2 infection, increasing suscep-

tibility to lung damage and other complications.48

Individual genetic makeup plays a key role in determining susceptibility and response to viral infections, including COVID-19. Differences

in genes related to immune response, inflammation, and viral susceptibility significantly impact disease severity. Studies have identified spe-

cific genetic variants associated with increased risk, highlighting the importance of genetic predisposition.49,50

In conclusion, this study deepens our understanding of the host’s molecular responses to SARS-CoV-2 infection across various disease

severities. The analysis of pathways targeted by SARS-CoV-2 proteins provides a comprehensive view of how the virus interacts with and ma-

nipulates cellular processes. The virus demonstrates a remarkable ability to manipulate functions involved in translation, ribosome function,

RNA processing, intracellular transport, and membrane dynamics. The downregulation of key cellular pathways involved in translation and
iScience 27, 109087, March 15, 2024 7
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ribosomal biogenesis in severe conditions suggests a potential link between disrupted protein synthesis and disease severity. The distinct

regulation of these pathways suggests their involvement in influencing disease outcomes by potentially impairing essential cellular functions

and antiviral defense mechanisms. Understanding these pathway dysregulations is pivotal for advancing our knowledge of COVID-19 path-

ogenesis and guiding therapeutic strategies. They offer potential targets for interventions aimed at disrupting the virus’s ability to hijack host

cellular machinery and manipulate host responses.
Limitations of the study and future directions

It is important to note that the findings of this study are based on transcriptomic data, protein-protein interactions, and pathway enrichment

analysis. These methods provide a valuable overview of the molecular changes that occur in response to SARS-CoV-2 infection, but they

cannot provide definitive information about the underlying mechanisms. It is essential to establish a clear causal relationship between viral

infection of PBMCs and differential translation regulation in mild and severe conditions. Furthermore, investigating whether similar mecha-

nisms exist in other viral diseases such as influenza would be highly valuable.

Given that our analysis relies on transcriptome data, which does not directly reflect the proteome levels associated with the condition, we

provide the first lines of evidence for several future experimental studies to establish a definitive link between translation and COVID-19 dis-

ease severity. Notably, these experiments should focus on immune cells with high translational activity, such as B cells.

First, western blot analysis should be performed on patient samples (PBMCs) from varying COVID-19 severity groups to compare the

expression levels of key proteins involved in translation and ribosomal biogenesis with those of healthy controls. Second, in vitro translation

assays should be conducted on cell cultures or patient samples from different severity groups to directly measure the impact on protein syn-

thesis rates. Additionally, in vitro cell culturemodels (B cells) should be established and infectedwith SARS-CoV-2 tomonitor changes in trans-

lation and ribosomal pathways, thereby mimicking disease conditions. Furthermore, ribosome profiling,51 also known as Ribo-seq (ribosome

sequencing), should be employed to determinewhich genes are being translated and howmuch protein is being produced fromeach gene in

both host cells and the pathogen across the different conditions of COVID-19 disease severity. Utilizing ribosome profiling can identify spe-

cific genes or pathways affected in severe cases, enhancing our understanding of the connection between dysregulated protein synthesis and

disease severity.
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Software and algorithms

HISAT2 https://daehwankimlab.github.io/hisat2/ Sirén et al., 201461

SUBREAD https://subread.sourceforge.net/ Liao et al., 201962

fastp https://github.com/OpenGene/fastp Chen et al., 202363

Samtools https://htslib.org/ Danecek et al., 202164

parallel https://www.gnu.org/software/parallel/ Tange et al., 201865
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Pathway Enrichment analysis https://pubmed.ncbi.nlm.nih.gov/29567998/ Arun et al., 201868
RESOURCE AVAILABILITY

All datasets used for this study are available in public domains. The information has been provided in the key resources table.

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Sailu Yellaboina (bio.sailu@

gmail.com).

Material availability

This study did not generate new unique reagents.

Data and code availability

� All datasets used for this study are available in public domains. Any additional information required to reanalyze the data reported in

this work is available from the lead contact upon reasonable request.

� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Gene expression data collection

We obtained RNA-Seq gene expression data sets from the Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/) and

ArrayExpress (ebi.ac.uk/biostudies/arrayexpress/) repositories. In order to eliminate redundancy in the gene expression data, we included

datasets from the GEO only if they were not already present in the ArrayExpress. We have included only human studies related to PBMC

gene expression in response to SARS-CoV-2 infection. NGS data from the SRA database was downloaded using a fastq-dump of NCBI
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SRA toolkit69 in FASTQ format. The gene expression data includes PBMC from healthy individuals, as well as individuals with mild, moderate

and severe Covid-19 disease conditions, as detailed in Tables S1–S4. Generally, mild cases exhibit no signs of pneumonia on imaging and

mild clinical symptoms. Moderate cases are characterized by symptoms such as fever, respiratory issues, and radiological evidence of pneu-

monia. Severe cases exhibit symptoms such as dyspnea, low blood oxygen saturation, extensive lung infiltrates, respiratory failure and septic

shock.
RNA-Seq data analysis

The RNA-Seq data was preprocessed to remove low-quality reads and adapter sequences using the FASTP software.70 HISAT2 tool71 was

used to create the index of the reference genome and performed the alignment of RNA-Seq reads against the reference genome version

GRch38 from the ENSEMBL database (https://asia.ensembl.org/). The resulting alignment file was processed to remove PCR duplicates,

sort the alignments, and index the resulting BAM file using SAMtools.72 Finally the number of reads mapped to each gene were quantified

using the featureCounts tool.73 To ensure comparability of gene expression data with pathway annotations, we mapped the Ensembl gene

ids to NCBI Entrez gene symbols. We obtained the mapping information from NCBI gene information and Ensembl biomart.74
Differential expression analysis

We used the ‘estimateSizeFactors’ function of DeSeq267 using the ‘geometric mean method’ to calculate size factors for each sample, which

represent the normalization factors required to adjust the raw read counts for differences in library size and sequencing depth. These size

factors are then used to normalize the count data, so that the expression levels between samples become comparable and unbiased. Finally

we performed variance-stabilizing transformation (VST) in DESeq2 to stabilize the variance across the mean count values, making the data

more suitable for differential expression analysis.
Combining p-values of differential expression

We combined the p-values of differential expression for each gene across disease severity groups using our previously described method.20

First, we transformed the initial p-values of each gene obtained from the differential expression analysis of the gene expression dataset into

z-scores using the inverse cumulative distribution function (CDF).75 Then, we took the weighted sum of the z-scores and divided it by the

square root of the sum of the weights to generate the average z-score. Here, the weights are equivalent to the mean of the number of repli-

cated samples in the two conditions being compared. Therefore, the differential expression P-value coming from a higher number of repli-

cates will have more weight. Finally, the average z-score was converted to a p-value using the CDF.
Enrichment analysis of genesets/pathways

Annotated functions of humans, i.e., pathways, motifs, gene ontology (GO) and immunological signatures were collected from Molecular

Signature Database (MSigDB).22 Gene set enrichment analysis in a ranked list of differential expressed genes was calculated similarly to

the method published previously.76 Differential expression P-values of each gene were converted into normal statistics Z-score using inverse

cumulative distribution function (qnorm) in R.77 Mean Z-score of a pathway was calculated by dividing the square of the number of genes in a

corresponding pathway. Gene-set enrichment score (Mean Z-score) was calibrated against the background distribution, by using randomly

sampled n (number of genes in a pathway) scores and calculating mean Z-score. This process was repeated over 20000 times. The mean and

standard deviation of the sampling distribution thus obtained was used for correction of the original score.

Since there is an extensive overlap between the genes of pathway databases such as reactome, biocarta, wiki , KEGG, PID and gene on-

tologies we pooled the genesets of different categories to form amodule of gene-sets. Overlap between the gene-sets was calculated using

jaccard coefficient and the module of gene-sets were detected using the Louvain algorithm which was implemented in ‘igraph’ R package.76

Finally the enrichment score of geneset modules was calculated by taking the median of individual gensets enrichment scores.

We prepared a database of experimentally verified protein-protein interactions between SARS-CoV-2 and human proteins by combining

the data from IntAct and Biogrid.78,79 Enrichment scores (P-value) of pathways in each set of human proteins that interact with various SARS-

CoV-2 proteins were calculated using a hypergeometric distribution test using the ‘phyper’ function in R.80 P-values were adjusted for the

number of pathways / multiple comparisons using Benjamini-Hochberg correction.81 The final P-values of each gene were converted into

normal statistics Z-score using inverse cumulative distribution function (qnorm) in R.77 Similarly we calculated the enrichment score (Z-score)

for pathways in the proteins other than the interacting target proteins of SARS-CoV-2 protein. Final enrichment score of the pathway is ob-

tained by taking the absolute maximum of both the Z-scores.
Data visualization

All the analysis and visualization was carried using R statistical software.82 Heatmaps were drawn with the R package ‘ComplexHeatmap’

whereas bipartite graphs were drawn with plot ‘plotweb’ function in R package ‘bipartite’.83 We have used a ‘rescale’ function in R package

‘scales’ to normalize the matrix before generating heatmaps.
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