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Abstract: Background/Objectives: The COVID-19 pandemic has posed a significant chal-
lenge to global healthcare systems and has prompted a need for a better understand-
ing of the molecular mechanisms underlying SARS-CoV-2 infection. This study aims to
analyze differential gene expression in COVID-19 patients to identify regulatory genes
influencing key pathways involved in disease progression. Methods: We conducted
a transcriptomic analysis of patients admitted to the Infectious Disease Department of
City Hospital No. 40, confirmed with SARS-CoV-2 via PCR. The study received ethi-
cal approval (protocol No. 171, 18 May 2020), and all participants provided informed
consent. Total RNA was extracted from blood samples, followed by RNA sequencing
using the DNBSEQ-G400 platform. Differential gene expression was analyzed using the
Mann-Whitney test, and Gene Ontology enrichment analysis was performed to identify
relevant biological processes. Results: Our analysis revealed significant number of differ-
entially expressed genes within studied groups (severity, outcome, cytokine storm and
paired samples). These genes are involved in key regulatory and signal transduction
pathways governing immune responses, intercellular communication, and the metabolism
of various compounds. Furthermore, we identified genes ALOX15, PRL, FLT3, S100A8,
S100A12, 1L4, IL13, and a few others as master regulators within the studied pathways,
which represent promising candidates for further investigation as potential therapeutic
targets. Conclusions: This study highlights critical gene expression changes associated
with COVID-19 severity and outcomes, identifying potential biomarkers. Our findings
contribute to the understanding of the molecular drivers of COVID-19 and suggest new
avenues for therapeutic interventions aimed at modulating immune responses.

Keywords: gene expression; RNA sequencing; COVID-19

1. Introduction

The COVID-19 pandemic has posed a significant challenge to healthcare systems
worldwide. Extensive research has been conducted to understand the disease from various
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perspectives, with a particular focus on the impact of SARS-CoV-2 infection on the human
transcriptome. This area of research is critical for elucidating the molecular mechanisms
that drive disease progression and for identifying potential therapeutic targets. Among
the methods employed, RNA sequencing (RNA-seq) has become a cornerstone due to its
ability to provide comprehensive data on gene expression across numerous patients in a
relatively short time frame.

RNA-seq studies have revealed that SARS-CoV-2 infection causes profound alterations
in the transcriptome of blood cells, with changes in gene expression that correlate with
disease severity. For example, a study identified 2,289 genes that were upregulated and
912 genes that were downregulated in the blood of COVID-19 patients across all severity
levels compared to controls [1]. These changes predominantly affect genes involved in
immune function, with a gradual decrease in the expression of genes associated with
adaptive immunity as the severity of the disease increases. Concurrently, genes involved in
innate immunity exhibit increased expression [2].

Further research has identified specific molecular mechanisms disrupted by SARS-
CoV-2. For instance, a study focused on protein ubiquitination in COVID-19 identified
268 differentially expressed genes in peripheral blood mononuclear cells of patients with
severe disease, highlighting key transcription factors and microRNAs involved in ubig-
uitination regulation [3]. Similarly, the differential expression of mRNAs, microRNAs,
and long non-coding RNAs has been observed, with overexpressed mRNAs in COVID-19
patients being primarily involved in antigen processing and T-cell-mediated cytotoxicity,
while downregulated mRNAs are linked to glycogen biosynthesis [4].

Age-related changes in the blood transcriptome have also been documented, revealing
that certain genes involved in immune response, inflammation, and cell adhesion exhibit
altered expression profiles with aging, with distinct differences observed between men
and women [5]. Interestingly, the transcriptomic signature of COVID-19 shows significant
overlap with that of other acute respiratory infections, such as influenza [6].

Recent studies have begun to explore the dynamic changes in the blood transcriptome
during the course of COVID-19 and recovery. Notably, it has been observed that gene
expression levels do not revert to those of healthy individuals even months after clinical
recovery [7]. As a result, efforts are underway to develop transcriptome panels for profiling
the immune response to SARS-CoV-2, with target genes categorized by their immunologic
relevance, role in disease progression, and interaction with viral structures [8].

Given the insights provided by transcriptomic analysis, this study aims to analyze
differential gene expression in COVID-19 patients to identify regulatory genes that influ-
ence key molecular and cellular pathways involved in the pathogenesis of the disease.
The study was conducted with the approval of the expert ethics board of City Hospital
No. 40 (protocol No. 171, dated 18 May 2020), and all patients provided informed consent.
Biomaterial from the biobank collection of City Hospital No. 40 was utilized to achieve the
study objectives.

2. Materials and Methods
2.1. Participant Characteristics

This study involved patients from the Infectious Disease Department of City Hos-
pital No. 40, who were admitted for treatment of SARS-CoV-2 infection, confirmed via
polymerase chain reaction (PCR). All participants provided informed voluntary consent in
accordance with ethical standards. The study protocol was approved by the Expert Ethics
Board of City Hospital No. 40 (protocol No. 171, dated 18 May 2020).
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Biological samples were obtained from the hospital’s biobank collection, and these
samples were used to achieve the study’s objectives. The patient cohort was stratified into
several groups based on the following criteria:

e Disease severity: Patients were categorized into severity 1 group (mild-to-moderate
disease course) and severity 2 group (severe-to-extremely severe disease course).

e Disease outcome: This classification distinguished between patients with different
clinical outcomes: lethal group and non-lethal group.

*  Cytokine storm: Patients were assessed for the presence of a cytokine storm at the
time of sample collection.

*  Paired samples: A subset of patients had paired samples collected, representing both
the healthy state and post-SARS-CoV-2 infection.

The demographic characteristics, including the age and sex (M for male patients and F
for female patients) distribution of these groups, are summarized in Tables 1-4. Addition-
ally, Tables 1 and 2 present comorbidity statistics in the form of the Charlson comorbidity
index, which was calculated for the following list of comorbidities: history of myocardial
infarction, congestive heart failure, peripheral arterial disease, cerebrovascular disease,
dementia, chronic lung disease, connective tissue disease, peptic ulcer disease, diabetes
mellitus, kidney damage, hemiplegia or paraplegia, leukemia, lymphoma, malignancy,
liver damage, and AIDS.

Table 1. Age—sex structure and comorbidity statistics of groups divided by disease severity.

Severity Number of Patients Number, M Age, M Number, F Age, F Charlson >0 Mean Charlson
Severity 1 109 54 609 +13.3 55 60.7 + 13.6 77 4.01
Severity 2 37 21 59.4 +13.8 16 609 +13.5 33 4.48

Table 2. Age—sex structure and comorbidity statistics of groups divided by disease outcome.

Outcome Number of Patients Number, M Age, M Number, F Age, F Charlson > 0 Mean Charlson
Non-Lethal 120 57 58.5 +12.5 63 58.1 +13.7 85 3.95
Lethal 26 18 69.7 £9.1 8 78.0 + 8.7 25 4.84

Table 3. Age—sex structure of the groups divided by cytokine storm at the time of sample collection.

Cytokine Storm Number of Patients Number, M Age, M Number, F Age, F
Storm 12 8 572 +11.7 4 58.1 +12.2
No storm 32 13 59.5 +12.1 19 59.4 +12.0

Table 4. Age—sex structure of paired-samples group.

Group Number of Patients Number, M Age, M Number, F Age, F

Paired 8 7 73.0+9.5 1 83+0.0

2.2. RNA Extraction and Sequencing

Total RNA was manually extracted from blood samples using the phenol-chloroform
extraction method, following established protocols. To prepare sequencing libraries, we
utilized the KAPA RiboErase HMR kit (Kapa Biosystems, Wilmington, MA, USA) for
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ribosomal RNA (rRNA) depletion, followed by the KAPA RNA HyperPrep kit (Kapa
Biosystems, Wilmington, MA, USA) for library preparation. For adapter ligation, we
employed the KAPA Universal Adapter (Kapa Biosystems, Wilmington, MA, USA) in
combination with the KAPA UDI Primer Mixes (Kapa Biosystems, Wilmington, MA, USA),
ensuring compatibility and efficiency in subsequent sequencing steps. The conversion of
libraries to a format suitable for high-throughput sequencing was achieved using the High-
Throughput Sequencing Primer Kit (App-C) (MGI Tech Co., Ltd., Shenzhen, China) and the
MGIEasy Universal Library Conversion Kit (App-A) (MGI Tech Co., Ltd., Shenzhen, China).
Sequencing was conducted on an DNBSEQ-G400 platform, utilizing 100 base pair paired-
end reads. The sequencing run was performed on a DNBSEQ-G400 High-throughput
Sequencing Set (PE100, 360 GB) cell (MGI Tech Co., Ltd., Shenzhen, China), allowing for
comprehensive coverage and high data yield.

2.3. Bioinformatics Analysis
2.3.1. Quality Control and Alignment

The quality control of the raw sequencing reads was conducted using the FastQC
tool [9], which provides an overview of the data quality and identifies any potential issues
that may affect downstream analysis. Following quality assessment, reads were aligned to
the human reference genome (hg38) using the STAR aligner [10]. STAR was configured
with default parameters, optimizing both speed and alignment accuracy, making it well
suited for processing large RNA-seq datasets.

2.3.2. Read Counting and Gene Annotation

Post-alignment, read counting and gene annotation were performed using the feature-
Counts tool v2.0.3 [11]. This software enables the efficient and accurate quantification of
gene expression levels, facilitating downstream statistical analyses.

2.3.3. Statistical Analysis

Differential gene expression was assessed using the nonparametric Mann-Whitney
test to determine statistically significant differences in gene expression between groups. A
nonparametric test was chosen because neither of the read count distributions was normal,
which was checked with the Shapiro-Wilk normality test. Log fold change (logFC) was
employed as a measure of differential expression, providing a quantitative estimate of
expression differences across conditions. All statistical analyses were carried out in the R
statistical software environment.

2.3.4. Gene Ontology and Pathway Enrichment Analysis

Gene Ontology (GO) pathway enrichment analysis was performed to identify biolog-
ical processes, cellular components, and molecular functions that were overrepresented
among differentially expressed genes. This analysis, along with master regulator anal-
ysis, was conducted using the Genome Enhancer tool on the geneXplain platform. The
Genome Enhancer tool enables the identification of key regulatory elements and pathways
by integrating gene expression data with known biological networks.

3. Results

Our analysis revealed significant alterations in the blood transcriptome of COVID-19
patients, with notable differences observed across groups categorized by disease severity,
outcome, and the presence of a cytokine storm. Initially, we compared gene expression
levels between patients with mild and severe disease courses. A total of 4734 genes were
identified as differentially expressed, surpassing the statistical significance threshold of
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p < 0.01. Among these, 806 genes were upregulated and 3925 genes were downregulated in
the severe disease group relative to the mild disease group.

Subsequently, we analyzed gene expression based on disease outcome, differenti-
ating between patients with lethal and non-lethal outcomes. This analysis identified
9869 differentially expressed genes, with 348 genes showing upregulation and 9521 genes
showing downregulation in patients with a lethal outcome compared to those with a
non-lethal outcome (Figure 1).

Lastly, we examined gene expression changes in relation to the presence of a cytokine
storm. In this comparison, 290 genes were found to exhibit significant alterations in
expression. Specifically, 39 genes were upregulated and 251 genes were downregulated in
the group of patients who experienced a cytokine storm compared to those who did not.
The detailed results of these analyses are presented in the corresponding Appendix A tables.

The top ten differentially expressed genes for each group are presented in Appendix A
Tables A1-A3.
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Figure 1. Volcano plot showing the differential expression of genes. (A) Severity, (B) outcome,
and (C) cytokine storm. Dark blue—downregulated genes; p-value < 0.01; log2foldchange < —1.
Yellow —upregulated genes; p-value < 0.01; log2foldchange > 1.

To gain a more comprehensive understanding of the molecular mechanisms impacted
by SARS-CoV-2 infection, we performed Gene Ontology (GO) enrichment analysis on
differentially expressed genes identified in our study. This analysis was conducted across
groups stratified by disease severity, outcome, and the presence of a cytokine storm.

3.1. GO Enrichment Analysis by Disease Severity

In groups categorized by disease severity, the GO enrichment analysis revealed that
genes with increased expression were predominantly associated with terms related to
adaptive immune response, signaling, intercellular communication, and other immune-
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related processes. Conversely, genes with decreased expression were primarily involved in
processes related to cellular nitrogen metabolism, heterocyclic compound metabolism, and
general gene expression regulation. The top GO terms identified in this study are presented
in Appendix A Tables A4 and AS5.

3.2. GO Enrichment Analysis by Disease Outcome

For the groups categorized by disease outcome, our analysis identified that up-
regulated genes were enriched in pathways associated with neutrophil degranulation,
neutrophil-mediated immunity, and responses to external stimuli. Downregulated genes
were largely associated with metabolic pathways involving cellular nitrogen compounds,
nucleobase-containing compound metabolism, and heterocyclic compounds. The top GO
terms identified in this study are presented in Appendix A Tables A6 and A7.

3.3. GO Enrichment Analysis in the Context of Cytokine Storm

In the context of diagnosed cytokine storm, the GO enrichment analysis showed that
upregulated genes were enriched in pathways responsible for neutrophil degranulation,
neutrophil-mediated immunity, and response to external stimuli. On the other hand, down-
regulated genes were enriched in pathways associated with adaptive immune response,
the negative regulation of apoptosis in bone marrow cells, and the positive regulation of
isotype switching in interferon-producing cells. The top GO terms identified in this study
are presented in Appendix A Tables A8 and A9.

3.4. Paired Sample Analysis

Additionally, we analyzed a unique set of paired samples from eight patients, collected
both in a healthy state and following confirmed SARS-CoV-2 infection. This analysis
identified 24 differentially expressed genes. The GO enrichment analysis of these genes
indicated significant involvement in the type I interferon signaling pathway and cellular
responses to type I interferon. The top three GO terms identified in this analysis are
presented in the accompanying Figures 2—4.

To elucidate the gene regulatory and signal transduction mechanisms underlying the
extensive gene expression differences observed among patients with varying responses
to SARS-CoV-2 infection, we conducted an upstream network analysis using the Genome
Enhancer tool. This approach allowed us to identify key regulatory elements and pathways
that may be driving these expression changes.

Specifically, we performed a master regulator analysis across patient groups stratified
by disease severity, clinical outcome, and the presence of a cytokine storm. This analysis
aimed to identify central regulatory genes or proteins that could explain the observed
patterns of differential gene expression. However, due to the limited number of differen-
tially expressed genes in the paired samples, this type of analysis could not be effectively
performed for that subset. The results of the master regulator analysis for the various
patient groups are detailed in Table 5. The summary scheme of the master regulators and
the major metabolic processes in which they are involved is illustrated in Figure 5. Corre-
sponding master regulator network figures for each group are presented in Appendix A
Figures A1-A6.
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Figure 2. Top results of GO enrichment analysis. (A) Upregulated genes in severity groups

(B) Downregulated genes in severity groups.

(C) Upregulated genes in outcome groups

(D) Downregulated genes in outcome groups. (E) Upregulated genes in cytokine storm groups
(F) Downregulated genes in cytokine storm groups.
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Figure 3. Top results of GO enrichment analysis for paired samples group
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Figure 5. Summary results of master regulator analysis with the corresponding metabolic processes
that they are involved in.

Table 5. Summary table of master regulator analysis results.

Severity Outcome Cytokine Storm
Increased Expression Decreased Expression Increased Expression Decreased Expression Increased Expression Decreased Expression
CDH2 ADRB2 FLT3 ADRB2 ATGR1 ALOX15
CXCL9 FXN ITGA2B ERBB2 S100A12 CACNAIC
DUSP6 KLRDI ITGB3 ESR1 S100A8 CNR2
EPHA4 MAF MAPK3 ITK FGFR2
FGFR2 NAA30 MMP2 KLRCI IL4
FLT3 NFEATC3 MMP9 KLRDI
IL13 NTRKI PPARG MAPK8
IL4 RHOH PRL NAA30
KIT ZC3H12D S100AB PRKCH
PRNP
SH3RF2
TRIM3
ZC3H122D

4. Discussion

Understanding the interplay between gene regulatory mechanisms and signal trans-
duction pathways in both healthy and disease states is crucial for identifying potential
therapeutic targets in clinical settings [12]. In this study, we identified differentially ex-
pressed genes involved in pathways such as immune response regulation, nitrogenous
base metabolism, signal transduction, and non-coding RNA processing. Through our



Biomedicines 2025, 13, 863

9 of 21

analyses, we reconstructed gene regulatory and signaling networks, identifying key master
regulators that play pivotal roles in these processes.

One such master regulator, ALOX15, exhibited reduced expression in groups with
lethal outcomes and those experiencing cytokine storms. The ALOX15 gene encodes an
enzyme known as lipoxygenase, which plays a crucial role in the metabolism of polyunsat-
urated fatty acids. Its primary functions include inflammation regulation, cellular signaling,
lipid metabolism, and immune response [13,14]. This finding suggests a persistent in-
flammatory response, with a disrupted resolution mechanism, potentially contributing to
more severe disease outcomes [15]. Given its role as a master regulator, ALOX15 emerges
as a promising candidate for further investigation as both a biomarker and a potential
therapeutic target.

Additionally, the reduced expression of the IL4 gene was observed in groups with fatal
outcomes and cytokine storms. IL4 is a multifunctional cytokine critical for the regulation
of immune responses. It also mediates the demethylation of histone H3 trimethyl-lysine
27 (H3K27me3) at the promoter region of the ALOX15 gene, thus inducing its transcrip-
tion [16]. Although no direct association between IL4 and severe disease progression has
been conclusively established in the literature, its role as a regulatory gene warrants further
investigation. The potential to modulate the inflammatory response through IL4-ALOX15
interaction could lead to improved disease outcomes [17].

Furthermore, KNDC1 was downregulated in groups with severe disease and fatal
outcomes, as well as in paired sample analyses. This gene is implicated in signaling
pathways, protein recognition, and functional regulation, and has been identified by other
researchers as a significant marker when comparing recovered and severe COVID-19 patient
samples [18]. In groups with fatal outcomes and cytokine storms, the downregulation of
genes encoding integrin subunits was also noted, suggesting increased susceptibility to
viral infection. Similarly, the PRL gene, involved in adaptive immunity and inflammatory
processes, showed reduced expression in these groups.

Our study also identified significant enrichment of overexpressed genes involved in
metabolic pathways related to neutrophil degranulation and neutrophil-mediated immune
responses in groups diagnosed with cytokine storms and lethal outcomes. Prior research
has shown that dysregulation in neutrophil function and infiltration into inflamed tissues
can impair the overall immune response, exacerbating the severity of the disease [19].
These observations suggest that the direct impact of COVID-19 on neutrophils may be a
contributing factor to these metabolic abnormalities.

In addition, our analysis revealed that pathways responsible for the regulation of
the adaptive immune response were enriched with upregulated genes in groups with
severe disease and cytokine storms. The differential expression analysis in paired sam-
ples highlighted the involvement of genes in antiviral defense processes, particularly the
interferon-alpha (interferon-1) and interferon-gamma signaling pathways. These findings
indicate multiple disruptions in the metabolic processes of the organism.

The PRL gene, identified as a master regulator in outcome-based analyses, possesses
both pro- and anti-inflammatory functions and plays a role in the regulation of immune
cell function. This makes it an attractive target for further detailed research [20]. The
master regulator analysis also identified a cluster of cytokine-related genes, including
FLT3, S100A8, S100A12, IL4, and IL13, which directly encode cytokines. These cytokines
are involved in the regulation of antiviral responses [21]. The S100 proteins, produced
in granulocytes, monocytes, and macrophages, are integral to both innate and adaptive
immunity. Moreover, KIT and FLT3, which are cytokine receptors, belong to the type
3 protein-tyrosine kinase receptor family [22]. The MMP2, MMP9, and MAF genes, which
regulate cytokines, encode matrix metalloproteinases that perform various regulatory
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functions in immune and inflammatory processes [23]. Additionally, the proteins encoded
by KLRC1 and KLRD1 are part of the NK-cell receptor family, while MAPK3 and MAPKS8
are involved in the regulation of the MAP-kinase cascade. The master regulators identified
in our study are implicated in signal transduction metabolic pathways with dysregulated
components that are associated with more severe disease courses and increased mortality,
making them promising targets for further investigation [24].

Even though our study provides some promising results, some limitations of the
methods used should be taken into consideration. Biological variability among samples
can introduce noise, complicating the identification of genuine biological signals, and
this variability may arise from individual physiological differences or environmental fac-
tors. Furthermore, while Gene Ontology and pathway enrichment analyses offer valuable
insights, they may not fully capture the complexity of biological processes, and the over-
representation of certain pathways should be interpreted with caution regarding their
functional relevance. Also, due to the computational nature of our master regulator predic-
tions, additional experimental validation should be considered.

5. Conclusions

In this study, we performed a comprehensive transcriptomic analysis of COVID-19
patients from the Russian population residing in the northwest region of the country. Key
findings from our study highlight specific alterations in gene expression that are associated
with the severity and lethality of COVID-19. We discovered several potential biomarker
genes related to this, among which are the genes ALOX15, IL4, KNDC1, and integrin
subunits. In the course of our research, we identified master regulators within the gene
expression networks, which provides promising avenues for future research, with the goal
of refining our understanding of the molecular drivers of COVID-19 and exploring new
therapeutic interventions.
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Appendix A

Table A1. Top ten upregulated and top ten downregulated genes of the Severity 2 group relative to

the Severity 1 group.

Gene Name p-Value logFC
ALOX15 257 x 1077 1.314
SLC4A10 496 x 1077 0.829

PID1 9.82 x 1077 0.516
TRAV1-1 1.24 x 107 0.455
SIGLECS 1.35 x 107° 1.33
TRBV29-1 1.49 x 10~° 0.315
GIMAP5 1.67 x 107 0.047
FCERIA 1.81 x 107 0.538

CCR3 2.00 x 107° 0.690

SMPD3 255 x 107° 0.461
TRBJ1-6 212 x10°° ~1.17 x 107!
NR3C2 291 x107° —2.33 x 1072
PLXDC1 3.35x 107° —1.74 x 107!
TRBJ1-3 5.98 x 10~° —3.57 x 1073
ADAMTS?2 7.67 x 107° —5.69 x 107!
LINC00649 8.17 x 107° —490 x 1071
TRAJ10 8.38 x 107° —7.85x 1072

RORC 8.48 x 107° —5.51 x 107!

LINCO01550 9.74 x 107° —2.88x 1071

BACH2 9.96 x 10~° —578 x 107!

Table A2. Top ten upregulated and top ten downregulated genes of the group with lethal outcome

relative to the group with non-lethal outcome.

Gene Name p-Value logFC
ADAMTS?2 1.78 x 10~ 2.56
FAM183DP 423 x107° 3.05
GRB10 5.40 x 1078 1.58
MAOA 1.57 x 1077 2.60
CD177 7.36 x 1077 2.26
KLF14 1.07 x 107 248
TIMP4 1.11 x 107 2.76
OLAH 1.44 x 107 3.23
ILIR2 1.52 x 10~ 2.51
BTBD6P1 1.64 x 10~° 0.46
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Table A2. Cont.

Gene Name p-Value logFC
GIMAP5 7.69 x 10710 —2.38
TRAJ12 8.06 x 10710 —245
TRBJ1-4 1.18 x 10~? —2.17

PID1 1.37 x 107° —2.74
TRBJ1-6 1.61 x 10~° —2.15
BTG1P1 241 x107° —2.92
TRBV27 2.52 x 1077 —2.28
NR3C2 257 x 107 —1.95
SLC4A4 3.97 x 107° —2.12

LINCO01550 3.97 x 107 —1.94

Table A3. Top ten upregulated and top ten downregulated genes of the group with cytokine storm

relative to the group without storm.

Gene Name p-Value logFC
EPB41L4B 0.001 5.08
CD177 0.001 2.60
MCEMP1 0.001 1.86
CYP19A1 0.001 2.02
TNFAIPSL3 0.001 2.43
MGAM 0.001 1.29
AGTR1 0.002 2.49
CD177P1 0.003 2.82
ANXA3 0.003 1.36
TDRD9 0.003 1.32
ALOX15 1.79 x 1074 -3.71
UISP50 458 x 1074 —2.03
MIR1285-1 5.69 x 1074 —3.81
IL23A 8.10 x 10~* -1.19
OR1X1P 8.10 x 1074 —491
PLD4 8.93 x 1074 —2.04
ENDC5 0.001 —~1.67
VWC2L 0.001 —4.17
TRAJ57 0.001 —2.17
MYBPC2 0.001 —3.60
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Table A4. Top GO terms, enriched with upregulated genes of the Severity 2 group relative to the
Severity 1 group.

Metabolic Pathway Number of Hits GO Group Size  p-Value
Regulation of cell migration 39 922 3.14 x 107
Chemotaxis 28 707 0.001
Cell part morphogenesis 29 724 0.001
Cellular nitrogen compound 11 150 0.002
metabolic process

Organisation of cell 48 1673 0.005
surface structure

Regulation of MAPK cascade 30 782 2.04 x 1075
Regulation of development process 76 2860 1.68 x 1075
Response to growth factor 28 725 0.002
Ventrul trunk neural crest 3 4 0.001
cell migration

Regulation of signaling 96 3927 0.002
Trigeminal nerve 3 5 447 % 105
structural organization

Adaptive immune response 50 978 3.14 x 107
Trigeminal nerve morphogenesis 4 12 337 x 107°
Immune response 81 2893 1.91 x 1074
Signaling 180 7537 5.14 x 1077
Cell communication 179 7554 8.51 x 1077
Signal transduction 167 6942 2.58 x 1077
Response to stimulus 226 10,504 1.40 x 107°
Cell surface receptor 102 3548 453 x 102
signaling pathway

Table A5. Top GO terms, enriched with downregulated genes of the Severity 2 group relative to the

Severity 1 group.
Metabolic Pathway Number of Hits GO Group Size p-Value
Processing of non-coding RNAs 139 430 3.87 x 10~%
SRP-dependent
countertranslational membrane 53 11 3.69 x 10717

targeting protein
Catabolism of

nuclear-transcribed mRNA, 61 144 477 x 10719
nonsense-mediated decay

Translation 173 713 7.56 x 10716
Ribosome biogenesis 118 325 3.10 x 1028
Regulation of the metabolic

process of compounds containing 698 4366 7.86 x 10714
nitrogenous bases

Biosynthesis of cellular 854 5237 295x10°%
Metabolism of cellular 34
nitrogen compounds 1137 6858 9.89 > 10
Metabolism of heterocycles 1048 6274 2.85 x 10731

Expression of viral genes 77 230 0.002
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Table A6. Top GO terms, enriched with upregulated genes of the group with lethal outcome relative
to the group with non-lethal outcome.

Metabolic Pathway Number of Hits GO Group Size  p-Value
Neutrophil degranulation 8 577 3.70 x 1075
Neutrophil-mediated immunity 8 591 5.22 x 1077
Migration of myeloid leukocytes 4 253 299 x 1074
Cellular chemotaxis 4 351 0.001
Positive regulation of

DNA-binding transcription 4 323 7.51 x 10~*
factor activity

Inflammatory response 6 846 6.19 x 1074
P regulaonof e ;
Chronic inflammatory response 3 28 6.25 x 107°
Immune response 9 2893 0.008

Table A7. Top GO terms, enriched with downregulated genes of the group with lethal outcome
relative to the group with non-lethal outcome.

Metabolic Pathway Number of Hits GO Group Size p-Value
Processing of non-coding RNAs 248 430 3.47 x 1074
Biogenesis of the 266 476 6.80 x 10~
ribonucleoprotein complex

Translation 291 713 537 x 107 %
The process of catabolism of _12
nuclear-transcribed mRNA 115 251 56110
RNA modification 97 169 319 x 1018
Regulation of biosynthesis of 1262 4219 111 x 10-11
cellular macromolecules

Metabolism of cellular 2716 6358 299 % 10-51
nitrogen compounds

Metabolism of heterocycles 2030 6274 1.58 x 10°%
Gene expression 1875 5844 5.92 x 10~38

Table A8. Top GO terms, enriched with upregulated genes of the group with cytokine storm relative
to the group without storm.

Metabolic Pathway Number of Hits GO Group Size  p-Value
Neutrophil degranulation 8 577 3.70 x 1075
Neutrophil-mediated immunity 8 591 3.70 x 1075
Cellular chemotaxis 4 351 0.015
Positive regulation of

DNA-binding transcription 4 323 0.011

factor activity

Inflammatory response 6 846 0.011
Chronic inflammatory response 3 28 222 x 1074
Positive regulation of 3 173 0.001
inflammatory response

Immune response 9 2893 0.064
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Table A9. Top GO terms, enriched with downregulated genes of the group with cytokine storm

relative to the group without storm.

Metabolic Pathway Number of Hits GO Group Size p-Value
Regulation of differentiation of 3 47 0.051
CD4-positive alpha-beta T cells '
Differentiation of CD4-positive
3 75 0.085
alpha-beta T cells
Positive regulation of tyrosine
. . 4 78 0.032
phosphorylation of STAT protein
Tyrosine phosphorylation of
J P1OsSphory 4 92 0.041
STAT protein
Positive regulation of NK
: ; 2 14 0.066
cell proliferation
Positive regulation of isotype change
L . 2 4 0.032
in immunoglobulin-E
Positive regulation of
. . . 3 43 0.046
interleukin-10 production
Adaptive immune response 14 978 0.032
Negative regulation of apoptosis 2 6 0.032
processes in bone marrow cells ‘
NK-cell proliferation 2 17 0.071
Eck
o (Wi
vy
\
SDF-1
A4
vy
CCR3
A
TFerRa i
Y Y Y.
FGFR-2 cKit RANTES
AAJ
= v
[ EoWhd] [ Naadhon | Esbkom ok
Y v -
W e (e
MKP3-isoform1 tec, - prir AKT-2
, L i
wy \ pic ) xaw
VAV1 J 4
A v Y ‘;‘ Tw Ty vy Y
Y —-py YYV TTW Y - v
MEKK2 PKCdelta E1 ERK2 L GSK3veta ) AKT-1 Sre ROCK-II ABL1 pik1 IKK-alpha
=t -
MEAS cgg:‘; Vi (06T [ONAFRE) | (iWkawma) (ko)  (iKbea)) (WRNPK) (e U WKz rore INK3
- hA ) Y Y Y Y
VSGR_Q6_02 VSFXR_01) VSDBP_Q8 VSGTF2IRD1_01| VSCREL_02| VSTCF12_10/ VSPOU1F1_11]  |VSCLOCKFIGLA 01| VSMZF1_Q5 [VSJUND_10 VSTWIST1_02 VSLHX3_01] VSDBP_Q6.
COHZ CXCls KTl 113 EPHA4  EPHA2  FLTS  DUSPS  FGFR2 [ IL4

Figure A1l. Results of master regulator analysis presumably responsible for increased gene expression

in the Severity 2 group relative to the Severity 1 group. Master regulators (red nodes) regulat-
ing transcription factor modules (purple nodes) enriched in promoters of differentially expressed
genes. The dotted lines from genes to such signalling proteins represents the transcription and

translation processes.
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Figure A2. Results of master regulator analysis presumably responsible for reduced gene expression
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ing transcription factor modules (purple nodes) enriched

Master regulators (red nodes) regulat-
in promoters of differentially expressed

genes. The dotted lines from genes to such signalling proteins represents the transcription and

translation processes.
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Figure A3. Results of master regulator analysis presumably responsible for the increased gene
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regulators (red nodes) regulating transcription factor modules (purple nodes) enriched in promoters
of differentially expressed genes. The dotted lines from genes to such signalling proteins represents
the transcription and translation processes.
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Figure A4. Results of master regulator analysis presumably responsible for the reduced gene expres-
sion of the group with lethal outcome relative to group with non-lethal outcome. Master regulators
(red nodes) regulating transcription factor modules (purple nodes) enriched in promoters of dif-
ferentially expressed genes. The dotted lines from genes to such signalling proteins represents the
transcription and translation processes.
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Figure A5. Results of master regulator analysis presumably responsible for the increased gene
expressed genes. The dotted lines from genes to such signalling proteins represents the transcription

expression of the group with cytokine storm relative to group without storm. Master regulators (red
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