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Abstract
The Ebola virus poses a severe public health threat, yet understanding factors 
influencing disease outcomes remains incomplete. Our study aimed to identify 
critical pathways and hub genes associated with fatal and survivor Ebola dis-
ease outcomes. We analyzed differentially expressed hub genes (DEGs) between 
groups with fatal and survival outcomes, as well as a healthy control group. We 
conducted additional analysis to determine the functions and pathways associ-
ated with these DEGs. We found 13,198 DEGs in the fatal and 12,039 DEGs in the 
survival group compared to healthy controls, and 1873 DEGs in the acute fatal and 
survivor groups comparison. Upregulated DEGs in the comparison between the 
acute fatal and survivor groups were linked to ECM receptor interaction, comple-
ment and coagulation cascades, and PI3K- Akt signaling. Upregulated hub genes 
identified from the acute fatal and survivor comparison (FGB, C1QA, SERPINF2, 
PLAT, C9, SERPINE1, F3, VWF) were enriched in complement and coagulation 
cascades; the downregulated hub genes (IL1B, 1L17RE, XCL1, CXCL6, CCL4, 
CD8A, CD8B, CD3D) were associated with immune cell processes. Hub genes 
CCL2 and F2 were unique to fatal outcomes, while CXCL1, HIST1H4F, and IL1A 
were upregulated hub genes unique to survival outcomes compared to healthy 
controls. Our results demonstrate for the first time the association of EVD out-
comes to specific hub genes and their associated pathways and biological pro-
cesses. The identified hub genes and pathways could help better elucidate Ebola 
disease pathogenesis and contribute to the development of targeted interventions 
and personalized treatment for distinct EVD outcomes.
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1  |  INTRODUCTION

Ebola virus (EBOV) is an extremely pathogenic virus that 
causes the highly infectious hemorrhagic fever disease, 
Ebola virus disease (EVD). EVD has a case fatality rate 
(CFR) of up to 90%, posing a significant global public health 
threat.1–3 The largest EVD outbreak in West Africa occurred 
between 2013 and 2016, with over 28,000 cases and 11,300 
fatalities. Guinea, the epicenter of the outbreak, recorded a 
fatality rate of approximately 60%.1,4,5 The factors determin-
ing survival or fatality in EVD are still not well understood. 
Advancing our comprehension of these mechanisms is cru-
cial for implementing effective management strategies, de-
veloping therapeutic treatments, and formulating vaccines.

Current research on EVD underscores that the severity 
of the disease and its high CFR are primarily attributed to 
the host's response to the virus. EBOV disrupts multiple 
facets of the immune response, triggering cytokine storms, 
cell death, and multi- organ failure.6–9 Additional indirect 
effects, such as the inhibition of Type I Interferons, im-
pairment of dendritic cells, and perturbation of cytokine/
chemokine networks, further compromise essential bodily 
functions.10,11 Disparities in immune responses have been 
observed between EVD patients, who survived and those 
who succumbed. EVD fatalities are linked to robust im-
mune suppression, high viral titers, dysregulated inflam-
matory responses, and diminished immune cell responses. 
EVD survivors on the other hand, have shown strong innate 
immune response, increased immune cell responses and a 
higher and persistent antibody response.12–14 Further EVD 
research, however, is still needed to elucidate the underlying 
mechanisms of these observations.

Genomic research on pathogenic microorganisms and 
associated diseases has become imperative for a deeper 
understanding of their underlying pathogenic mecha-
nisms. Next- generation sequencing and bioinformatics 
analyses offer an invaluable approach for comprehen-
sive studies of diseases.15,16 Ebola virus research has 
employed various approaches, including transcriptomic 
and proteomic analyses, to identify factors that differen-
tiate disease outcomes.12,17,18 However, these studies have 
only made partial progress in identifying transcriptomic 
and proteomic profiles associated with certain outcomes. 
Therefore, further investigations are necessary to identify 
factors associated with EVD outcomes and fully elucidate 
the mechanisms governing disease outcomes.

Hub genes, as highly connected and influential players 
in biological networks, hold significant promise in eluci-
dating Ebola disease outcomes.19–21 Analyzing the network 
properties of genes associated with different disease courses 
can unravel critical information about underlying mech-
anisms. Identifying hub genes provides a holistic view of 
the molecular interactions that dictate survival or fatality. 

These hub genes may act as central coordinators in biolog-
ical processes crucial to the host's response to Ebola virus 
infection.22,23 Their identification can serve as key indicators 
of disease severity, aiding in the classification of patients 
into distinct prognostic groups. Additionally, hub genes may 
offer insights into potential therapeutic targets, as their per-
turbation could have widespread effects on disease- related 
pathways. The use of hub gene analysis has proven valuable 
in understanding and identifying therapeutic targets for var-
ious diseases, including infectious diseases like COVID- 19, 
neurodegenerative conditions like Alzheimer's, and various 
cancer types.24–26 In the specific context of Ebola, unraveling 
the roles of hub genes may pave the way for a better under-
standing of the molecular profiles associated with different 
disease outcomes.

This study seeks to unravel the pathogenic mechanisms 
of Ebola and delineate disease outcomes. We analyzed 
publicly available deep sequencing data obtained from the 
peripheral blood of acutely ill (resulting in either fatal or 
survival outcomes) and healthy patients. Our analysis aimed 
to identify highly connected hub genes and associated path-
ways that distinguish fatal from survival outcomes in Ebola.

2  |  MATERIALS AND METHODS

2.1 | Datasets

The datasets for this study were obtained from NCBI 
BioProjects ID PRJNA352396 and PRJNA600939. 
BioProject PRJNA352396 contains 174 deep sequencing 
datasets made up of 113 acute fatal, 45 acute survival, 
and 16 convalescent datasets. BioProject PRJNA600939 
contains 472 runs made up of 208 samples from Ebola 
disease survivors and 264 samples from healthy individ-
uals. A total of 60 samples were obtained for this study 
(20 acute survival and 20 acute fatal samples from NCBI 
BioProject PRJNA352396, 20 healthy individual samples 
from BioProject PRJNA600939).

2.2 | Differential gene expression 
analysis

The raw fastq files were trimmed to remove adapters and 
low- quality sequences using the Trim Galore trimming 
tool. Trimmed data was aligned to the T2T consortium 
human genome (T2T- CHM13v2.0) using the HISAT2 
alignment tool.27,28 Total aligned read counts were ob-
tained using featureCounts (version 2.0.1),29 and subse-
quent differential gene expression (DGE) analysis was 
performed by utilizing DESeq2 (p- value <0.05, log2 fold 
change >1).30 The fatal and survival outcomes data were 
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compared to the healthy controls as well as to each other. 
The Galaxy bioinformatics server (locally installed, ver-
sion 22.05) was utilized for all the DGE analysis, as de-
scribed.31–33 The DEGs were visualized using heatmaps 
created using Broad Institute's Morpheus heatmap tool 
(https:// softw are. broad insti tute. org/ morpheus). DEGs 
were subjected to functional analysis by utilizing the 
Database for Annotation, Visualization, and Integrated 
Discovery (DAVID).34,35 Associated KEGG pathways and 
Gene Ontology (GO) biological processes were recorded.

2.3 | Protein–protein- interactions and 
hub genes identification

The Cytoscape software platform36 was used to construct 
protein–protein- interaction networks (PPIs) among the 
DEGs using the STRING (search tool for recurring in-
stances of neighboring genes) add- on with a maximum 
confidence of 0.90. The top 10 hub genes from the PPIs 
were identified with the MCC (Maximal Clique Centrality) 
algorithm of CytoHubba add- on of Cytoscape.37

2.4 | Gene Set Enrichment Analysis

Hub genes were subject to gene set enrichment analysis 
(GSEA) using Enrichr38 to identify linked pathways and 
biological processes. Enrichr is an intuitive enrichment 
analysis web- based tool for analysis of gene sets. The tool 
returns common annotated biological features that repre-
sent the gene set provided.

2.5 | Statistical analysis

All statistical analysis was performed using the inbuilt 
analysis of the bioinformatics tools described above run-
ning in a locally installed version Galaxy bioinformatics 
server environment (version 22.05). Graphs and Venn 
diagrams associated with our data were created using 
RStudio statistical and graphics software environment 
version 2023.06.1 + 524.

3  |  RESULTS

3.1 | Identification of differentially 
expressed genes in acute- fatal and 
acute- survivor Ebola disease outcomes

To identify genes differentially expressed during Ebola 
virus infection, the acute survivor and acute fatal groups 

were compared to the healthy controls and to each other 
(Figure 1). We identified 9236 upregulated genes and 3962 
downregulated genes in the acute fatal group as compared 
to the control group (panel A); 7771 upregulated genes 
and 4268 downregulated genes were also identified in the 
acute survivor group as compared to the control group 
(panel B). The acute fatal and acute survivor group com-
parison produced 1478 upregulated genes and 395 down-
regulated genes (panel C).

3.2 | Identification of pathways and 
biological processes associated with 
differentially expressed genes in Ebola 
disease

To identify important pathways and biological processes 
linked to the differentially expressed genes (DEGs), 
functional enrichment analysis was performed. DEGs 
from the acute fatal and acute survivor comparison were 
linked to pathways including ECM receptor interac-
tion, complement and coagulation cascades and PI3K- 
Akt signaling (Figure  S1, Data  S1). KEGG pathway and 
GO analysis showed that acute fatal and acute survival 
group (compared to healthy controls) DEGs were linked 
to similar pathways and biological processes (Figures S2, 
S3, Data S2). These pathways and processes showed dif-
ferent levels of enrichment in both groups as shown by 
their p- values. We found that upregulated genes from 
the acute fatal group (vs. the healthy control group) were 
more significantly enriched in pathways such as comple-
ment and coagulation cascades and calcium signaling. 
The acute survivor group DEGs on the other hand were 
more enriched in neutrophil extracellular trap formation, 
adaptive immune response and cytokine and cytokine re-
ceptor interactions (Figures S2, S3, Data S2). These results 
highlighted crucial pathways, and biological processes 
significantly associated with EVD outcomes. Pathways 
central to Ebola pathogenesis fall under the immune, 
signaling, and regulatory pathway categories17,39–41 and 
were the focus of further analysis in this study.

3.3 | Construction of protein–protein 
interaction networks and identification of 
hub genes associated with fatal and 
survival Ebola disease outcomes

Previous reports identified factors contributing to Ebola 
disease outcomes; these include interferon signaling, 
acute phase response, and coagulation cascades.17,40 
These factors, however, do not fully explain the mecha-
nisms underlying fatal and survivor EVD outcomes. 

https://software.broadinstitute.org/morpheus
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To identify important hub genes expressed in different 
EVD outcomes, we constructed protein–protein interac-
tion (PPI) networks from genes associated with immune 
system, immune signaling, and regulatory pathways. 
PPI networks have been shown to be vital in identify-
ing principal elements of biological networks.42,43 PPIs 
can be employed to identify essential hub genes in path-
ways and processes where similarities in expression 
levels, as seen in our data (Figure S4, Data S1, S2), can 
be expressed as networks.37,44,45 The top 10 hub genes 
identified for each category from the direct fatal/sur-
vival comparisons are shown in Figure 2; the expression 

levels and functions of all hub genes in Figure  2 are 
shown in Data S3.

The hub genes linked to acute fatal and acute survi-
vor groups as compared to healthy controls were also 
identified (Figure  S5). Common and unique hub genes 
specifically linked to fatal, or survival outcomes were 
identified by comparing all the hub genes linked to the 
outcomes (Figure 3). The upregulated hub genes unique 
to the fatal group were CCL22, and F2 genes, while 
CXCL1, HIST1H4F, and IL1A were associated only with 
the survival group (panel A). The downregulated hub 
genes common and unique to the fatal group as compared 

F I G U R E  1  Volcano Plots of differentially expressed genes from EVD patients showing (A) fatal compared to healthy controls, (B) 
survival compared to healthy controls, and (C) fatal compared to survival outcomes. Red represents significantly upregulated genes; blue 
represents significantly downregulated genes, and gray represents genes not significantly expressed.
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to the survivor group are shown in Figure 3B. Our find-
ings demonstrated that EVD outcomes are linked to 
specific hub genes that can serve as markers to differen-
tiate these outcomes and help further explain pathogenic 
mechanisms.

3.4 | Gene Set Enrichment Analysis and 
identification of unique hub genes linked 
to fatal and survival Ebola outcomes

To identify important pathways and processes hub genes 
were significantly enriched in, we performed a Gene Set 
Enrichment Analysis (GSEA) utilizing Enrichr. The re-
sults of GSEA, including pathways and GO biological pro-
cesses, are shown (Figure 4, Figures S6, S7). Upregulated 
hub genes from the direct comparison between the acute 
fatal and acute survivor groups were mostly associated 
with complement and coagulation cascades (Figures 4A, 
5 and Data S4). Downregulated genes, on the other hand, 
were associated with cytokine and chemokine signaling 
and immune cell pathways and processes (Figures  4B, 
6 and Data S4). In comparison to the healthy group, the 

upregulated hub genes were mostly associated with cy-
tokine and chemokine interactions, while downregulated 
genes linked to immune cell signaling and differen-
tiation in both the acute fatal and acute survivor groups 
(Figures S6, S7, Data S5). These results highlighted that 
hub genes were linked to important pathways, and bio-
logical processes associated with fatal and survivor Ebola 
disease outcomes.

4  |  DISCUSSION

The pathogenic mechanisms of Ebola and factors delin-
eating EVD outcomes are still not well understood. In 
this study, we identified essential hub genes and path-
ways associated with fatal and survival outcomes in EVD. 
We identified 13,198 DEGs in the fatal and 12,039 DEGs 
in the survival group compared to healthy controls, and 
1873 DEGs in the acute fatal and survivor groups com-
parison. Upregulated DEGs in the acute fatal versus sur-
vivor group comparison were linked to ECM receptor 
interaction, complement and coagulation cascades, and 
PI3K- Akt signaling. Upregulated hub genes identified 

F I G U R E  2  Hub genes identified using Cytoscape/cytoHubba analysis of DEGs from acute EVD patients with fatal outcomes compared 
to those with survival outcomes. (A) Upregulated genes from immune system pathways. (B) Downregulated genes from immune system 
pathways. (C) Upregulated genes from signaling molecules and signal transduction pathways. (D) Downregulated genes from signaling 
molecules and signal transduction pathways.
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from the acute fatal and survivor direct comparison (FGB, 
C1QA, SERPINF2, PLAT, C9, SERPINE1, F3, VWF) were 
enriched in complement and coagulation cascades; the 
downregulated hub genes (IL1B, 1L17RE, XCL1, CXCL6, 
CCL4, CD8A, CD8B, CD3D) were associated with im-
mune cell processes. Additional hub genes were identified 
by comparing fatal and survivor cases to healthy controls; 
of these genes, CCL22 and F2 were unique to fatal out-
comes, while CXCL1, HIST1H4F, and IL1A were upregu-
lated hub genes unique to survival outcomes. Collectively, 
our findings demonstrate for the first time the expression 
of specific hub genes and pathways closely linked to fatal 
and survival EVD outcomes.

Our study identified 9236 upregulated and 3962 down-
regulated genes in the acute fatal group; 7771 upregulated 
and 4268 downregulated genes were also identified in the 
acute survivor group compared to healthy controls. Liu 

et al. identified 2200 upregulated genes in the acute- fatal 
group, and 1300 upregulated genes in the acute- survivor 
group compared to a convalescent control group.17 In our 
study, we employed a healthy EBOV- uninfected control 
group compared to the convalescent group used in the 
Liu et  al. study. The use of the healthy uninfected con-
trol group presents a more accurate baseline for cellular 
gene expression.46,47 Furthermore, our use of the latest 
T2T- CHM13v2.0 T2T human genome reference, provides 
us the opportunity for newer discovery which was not pre-
viously available.48,49

We found that DEGs from the acute fatal and acute 
survival groups were linked to pathway and processes 
such as complement and coagulation cascades, neu-
trophil extracellular trap formation, cytokine–cyto-
kine receptor interactions and calcium signaling. The 
complement and coagulation cascades and calcium 

F I G U R E  3  Venn diagram showing 
hub genes common and unique to fatal 
and survival outcomes. (A) Upregulated 
hub genes from fatal and survival groups 
versus healthy controls (B) downregulated 
hub genes from fatal and survival groups 
versus healthy controls.
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signaling were more enriched in the fatal group. These 
findings are in line with previous findings that linked 
coagulation to Ebola pathogenesis and associated it with 
vascular leakage and the multiple organ failure seen in 
fatal EVD outcomes.50,51 The survivor group showed en-
richment in extracellular trap (NET) formation, Th1 and 
Th2 cell differentiation, and adaptive immune response. 
Staples (2020),52 has reported NETs formation during 
Ebola infection but their role in pathogenic mecha-
nisms, or disease outcomes have not been elucidated. 
Survivors of EVD, however, have been shown to mount a 
well- balanced immune response that includes appropri-
ate T cell activation supportive of survival.13,50 Thus, our 
findings are aligned with these previous observations, 
as well as to an additional study that revealed similar 
results17 These results re- emphasize the association of 
fatal EVD to significant activation of complement and 

coagulation factors while showing that the survivor 
group benefits from proper activation of immune cell 
processes.

Our study found IL10, CCL3, CCL3L3, CXCL2, CXCL10, 
CCL2, CXCL8, CCL20, IL6, F2, CCL22 CXCL1, IL1A, and 
HIST1H4F/H4C6 as upregulated hub genes in fatal and sur-
vivor groups (vs. control). In addition, the upregulated hub 
genes F2 and CCL22 were highly linked to the acute fatal 
group, while CXCL1, IL1A, and HIST1H4F/H4C6 were as-
sociated with the acute survivor group. F2 and CCL22 have 
been shown to play roles in coagulation issues and immune 
cell recruitment.53–56 F2 plays a role in the coagulation ab-
normalities observed during Ebola virus infection.7,53 The 
infection triggers widespread activation of the coagulation 
cascades, resulting in excessive consumption of coagula-
tion factors, including prothrombin (F2).11 Prothrombin is 
converted to thrombin during the coagulation process, and 

F I G U R E  4  GSEA of hub genes with their enriched pathways and biological processes in fatal compared to survival groups. (A) 
Upregulated hub genes network. (B) Downregulated hub genes network.
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F I G U R E  5  KEGG pathways associated with upregulated hub genes from fatal versus survival comparison. (A) Complement and 
coagulation cascades. (B) Platelet activation. Hub genes are shown in red stars.
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F I G U R E  6  KEGG pathways associated with downregulated hub genes from fatal versus survival comparison. (A) Cytokine–cytokine 
receptor interactions. (B) Primary immunodeficiency. Hub genes are shown in red stars.
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elevated levels of thrombin contribute to microvascular 
thrombosis and subsequent hemorrhage due to the deple-
tion of coagulation factors and platelets. Thrombin activa-
tion leads to disseminated intravascular coagulation (DIC), 
hemorrhagic manifestations, and endothelial dysfunction, 
all of which are critical components of the severe vascular 
and systemic effects observed in EVD.7,11,53 On the other 
hand, CCL22 plays a significant role in immune evasion 
and modulation during Ebola virus infection. Its function 
in attracting regulatory T cells (Tregs) and impacting den-
dritic cell function is crucial for the virus to evade immune 
detection and suppression, weakening the host's antiviral 
response.57 The recruitment of Tregs by CCL22 promotes 
the inhibition of effector T- cell responses, which are crucial 
for viral control and clearance.55,58 Additionally, CCL22's 
contribution to the cytokine storm observed in severe EVD 
cases intensifies the systemic inflammatory response and 
leads to severe disease manifestations, including tissue 
damage, vascular leakage, and multi- organ failure.10,11,59 
The coordinated dysregulation of F2 and CCL22 genes, 
given their functions, would create an atmosphere for coag-
ulation abnormalities and increased infectivity of the Ebola 
virus; this may decrease patients' chances of survival in the 
acute fatal group.

CXCL1, IL1A, and HIST1H4F/H4C6 on the other hand, 
are known to play roles in immune cell recruitment and 
inflammation.60–63 CXCL1 rapidly recruits neutrophils 
to infected tissues during viral infections. Neutrophils 
enhance the inflammatory response and help control 
viral infections through the release of antimicrobial pro-
teins and reactive oxygen species (ROS).64 A study found 
that reduced early neutrophil recruitment correlated 
with better survival outcomes in EVD.65 IL1A is a pro- 
inflammatory cytokine that plays a significant role in the 
immune response to infections including EVD. It stimu-
lates the production of various cytokines and chemokines, 
which amplifies the inflammatory response.66 IL1A also 
activates endothelial cells, promoting the recruitment of 
immune cells to the sites of infection. However, excessive 
production of IL1A can lead to a hyper- inflammatory state 
known as a cytokine storm, which can result in severe tis-
sue damage, organ failure, and poor survival outcomes.67 
The coordination among CXCL1, IL1A, HIST1H4F/H4C6, 
and their associated genes may lead to a more robust im-
mune response against infection, giving the acute survivor 
patient group a better chance at survival.

Downregulated hub genes in the fatal group were pri-
marily from the HLA group, while AKT1, ATP6V1C2, 
CD28, GRB2, IL2RA, IL2RB, IL2RG, LAT, and MAPK3 
were found as hub genes in the survival group only (vs. 
control). The pathways and processes associated with 
these hub genes were mainly related to immune cell 

pathways and antigen processing and presentation, which 
were significantly more enriched in the fatal group as 
compared to the survivor group. The HLA group of genes 
plays a major role in the induction and regulation of im-
mune response.68–70 HLA molecules present viral antigens 
to T cells, facilitating the detection and clearance of the 
virus.69 Efficient presentation of viral antigens is essential 
for mounting a robust antiviral response. Ebola virus can 
evade immune surveillance by downregulating HLA class 
I molecules on the surface of infected cells. This impairs 
the recognition of infected cells by cytotoxic T lympho-
cytes (CTLs), allowing the virus to evade destruction.71 
The down regulation of these genes indicates a significant 
suppression of the body's immune response in the case of 
the fatal group, allowing the virus to evade immune clear-
ance.72,73 On the other hand, the survivor group would 
benefit from the body's ability to recognize Ebola virus 
proteins and effectively clear the virus. These findings 
were further validated in the study of DGE between the 
acute- fatal group and the acute- survival group.

Our study found that fatal Ebola cases (compared 
to survivors) had upregulated hub genes such as FGB, 
C1QA, SERPINF2, F3, SERPINC1, and C1QB, which 
were enriched in complement and coagulation cascades. 
Conversely, hub genes related to immune and inflam-
matory signaling such as CXCL8, CCL4, CD3G, CD8A, 
CXCL, and IL1B were downregulated in the fatal versus 
survivor comparison. The upregulated genes have been 
reported to contribute to severe immune and organ dys-
function observed in fatal Ebola cases.74,75 The downreg-
ulation of immune and inflammatory signaling may lead 
to a more pronounced immune system suppression in the 
acute fatal group compared to the acute survival group. 
Therefore, our findings suggest a significant association 
of fatal outcomes in EVD with potent immunosuppres-
sion and a significant overactivation of the complement 
and coagulation systems. This can result in severe im-
mune and tissue/organ dysfunction, significantly reduc-
ing the chances of recovery for patients in the acute fatal 
group.10,59

In this study we identified hub genes and pathways as-
sociated with fatal and survival Ebola disease outcomes. 
Our results demonstrate for the first time the association 
of EVD outcomes to specific hub genes and their associ-
ated pathways and biological processes. Fatal EVD out-
comes are closely linked to activation of complement and 
coagulation cascades and a suppression of antigen pro-
cessing and presentation and immune cell activation and 
response. Survivors on the other showed an upregulation 
in genes linked to immune activation and inflammatory 
response suggesting a robust and controlled immune 
response.
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In summary, we have explored the highly connected 
hub genes associated with EVD to identify factors that 
differentiate fatal from survival EVD outcomes. We have 
provided insights into critical molecular interactions and 
factors contributing to different EVD outcomes. These 
findings contribute specific hub genes that could serve 
as factors for differentiating Ebola disease outcomes and 
improve identification of patients in acute need of extra 
care. By identifying critical molecular interactions and 
hub genes, this study contributes to the development of 
targeted interventions and personalized treatment for dis-
tinct EVD outcomes. The hub genes identified could also 
serve as therapeutic targets for drug discovery to improve 
outcomes for those diagnosed with EVD.

AUTHOR CONTRIBUTIONS
Clay Gloster: Conceptualization (equal); funding acqui-
sition (lead); project administration (lead); supervision 
(supporting); writing—review and editing (supporting); 
Perpetua Muganda: Conceptualization (equal); fund-
ing acquisition (supporting); project administration 
(supporting); supervision (lead); methodology (equal); 
writing—original draft (supporting); writing—review and 
editing (equal); Christopher Doss: Conceptualization 
(supporting); funding acquisition (supporting); pro-
ject administration (supporting); supervision (support-
ing); writing—review and editing (supporting) Melvin 
Mensah- Bonsu: Methodology (equal); investigation 
(lead); visualization (lead); writing—original draft (lead); 
formal analysis (lead); writing—review and editing (equal).

ACKNOWLEDGMENTS
This work was financially supported by the Department 
of Defense (DoD) Grant W911NF1810445. For this study, 
we would like to acknowledge Genevieve F. Oliver and 
colleagues, the authors of the original study from which 
the data was acquired, especially Justine R. Smith, College 
of Medicine and Public Health, Flinders University, 
Adelaide, Australia. Open access publishing facilitated 
by North Carolina Agricultural and Technical State 
University, as part of the Wiley—Carolina Consortium 
Member Institutions agreement and the US Department 
of Defense (DOD).

CONFLICT OF INTEREST STATEMENT
The authors have no conflict of interest to declare.

DATA AVAILABILITY STATEMENT
The data generated/analyzed during the current study are 
available in the Supplemental files. Raw data files ana-
lyzed were obtained from the NCBI/SRA database (SRA 
datasets SRP092544 and SRP241739).

ORCID
Melvin Mensah- Bonsu   https://orcid.
org/0009-0004-4598-5322 
Perpetua Muganda   https://orcid.
org/0000-0001-5928-6822 

REFERENCES
 1. World Health Organization. Ebola virus disease. www. who. 

int Web site. https:// www. who. int/ news-  room/ fact-  sheets/ 
detail/ ebola -  virus -  disease. Updated 2023. Accessed January, 
2023

 2. Feldmann H, Geisbert T. Ebola haemorrhagic fever. Lancet. 
2011;377(9768):849-862.

 3. Chavez S, Koyfman A, Gottlieb M, et al. Ebola virus disease: a 
review for the emergency medicine clinician. Am J Emerg Med. 
2023;70:30-40.

 4. Jacob ST, Crozier I, Fischer WA, et al. Ebola virus disease. Nat 
Rev Dis Primers. 2020;6(1):13.

 5. Malvy D, McElroy AK, de Clerck H, Günther S, van Griensven 
J. Ebola virus disease. Lancet. 2019;393(10174):936-948.

 6. Feldmann H, Sprecher A, Geisbert TW. Ebola. N Engl J Med. 
2020;382(19):1832-1842.

 7. Rivera A, Messaoudi I. Molecular mechanisms of Ebola patho-
genesis. J Leukoc Biol. 2016;100(5):889-904.

 8. Hutchinson KL, Rollin PE. Cytokine and chemokine expres-
sion in humans infected with Sudan Ebola virus. J Infect Dis. 
2007;196:S357-S363.

 9. Mahanty S, Hutchinson K, Agarwal S, Mcrae M, Rollin PE, 
Pulendran B. Cutting edge: impairment of dendritic cells and 
adaptive immunity by Ebola and Lassa viruses. J Immunol. 
2003;170(6):2797-2801. doi:10.4049/jimmunol.170.6.2797

 10. Furuyama W, Marzi A. Ebola virus: pathogenesis and counter-
measure development. Annu Rev Virol. 2019;6(1):435-458. 
doi:10.1146/annurev- virology- 092818- 015708

 11. Falasca L, Agrati C, Petrosillo N, et al. Molecular mechanisms 
of Ebola virus pathogenesis: focus on cell death. Cell Death 
Differ. 2015;22(8):1250-1259. doi:10.1038/cdd.2015.67

 12. Arthur V, Smolen Kinga K, Benoit F, et  al. Plasma pro-
teomic analysis distinguishes severity outcomes of human 
Ebola virus disease. MBio. 2022;13(3):e0056722. doi:10.1128/
mbio.00567- 22

 13. McElroy AK, Akondy RS, Davis CW, et  al. Human Ebola 
virus infection results in substantial immune activation. Proc 
Natl Acad Sci USA. 2015;112(15):4719-4724. doi:10.1073/
pnas.1502619112

 14. Ksiazek TG, West CP, Rollin PE, Jahrling PB, Peters CJ. ELISA 
for the detection of antibodies to Ebola viruses. J Infect Dis. 
1999;179(Suppl 1):S192-S198. doi:10.1086/514313

 15. Malla MA, Dubey A, Kumar A, Yadav S, Hashem A, Abd_Allah 
EF. Exploring the human microbiome: the potential future role 
of next- generation sequencing in disease diagnosis and treat-
ment. Front Immunol. 2019;9:9. doi:10.3389/fimmu.2018.02868

 16. Chaitankar V, Karakülah G, Ratnapriya R, Giuste FO, Brooks 
MJ, Swaroop A. Next generation sequencing technology and ge-
nomewide data analysis: perspectives for retinal research. Prog 
Retin Eye Res. 2016;55:1-31.

 17. Liu X, Speranza E, Muñoz- Fontela C, et  al. Transcriptomic 
signatures differentiate survival from fatal outcomes in 

https://orcid.org/0009-0004-4598-5322
https://orcid.org/0009-0004-4598-5322
https://orcid.org/0009-0004-4598-5322
https://orcid.org/0000-0001-5928-6822
https://orcid.org/0000-0001-5928-6822
https://orcid.org/0000-0001-5928-6822
http://www.who.int
http://www.who.int
https://www.who.int/news-room/fact-sheets/detail/ebola-virus-disease
https://www.who.int/news-room/fact-sheets/detail/ebola-virus-disease
https://doi.org//10.4049/jimmunol.170.6.2797
https://doi.org//10.1146/annurev-virology-092818-015708
https://doi.org//10.1038/cdd.2015.67
https://doi.org//10.1128/mbio.00567-22
https://doi.org//10.1128/mbio.00567-22
https://doi.org//10.1073/pnas.1502619112
https://doi.org//10.1073/pnas.1502619112
https://doi.org//10.1086/514313
https://doi.org//10.3389/fimmu.2018.02868


   | 309MENSAH- BONSU et al.

humans infected with Ebola virus. Genome Biol. 2017;18(1):4. 
doi:10.1186/s13059- 016- 1137- 3

 18. Wauquier N, Padilla C, Becquart P, Leroy E, Vieillard V. 
Association of KIR2DS1 and KIR2DS3 with fatal outcome in 
Ebola virus infection. Immunogenetics. 2010;62(11):767-771. 
doi:10.1007/s00251- 010- 0480- x

 19. Mishra B, Kumar N, Shahid MM. Systems biology and machine 
learning in plant–pathogen interactions. MPMI. 2019;32(1):45-
55. doi:10.1094/MPMI- 08- 18- 0221- FI

 20. Langfelder P, Mischel PS, Horvath S. When is hub gene se-
lection better than standard meta- analysis? PLoS One. 
2013;8(4):e61505. doi:10.1371/journal.pone.0061505

 21. Zhang B, Horvath S. A general framework for weighted gene 
co- expression network analysis. Stat Appl Genet Mol Biol. 
2005;4(1):1128.

 22. Ghanat Bari M, Ung CY, Zhang C, Zhu S, Li H. Machine 
learning- assisted network inference approach to identify a new 
class of genes that coordinate the functionality of cancer net-
works. Sci Rep. 2017;7(1):6993.

 23. Yu D, Lim J, Wang X, Liang F, Xiao G. Enhanced construction 
of gene regulatory networks using hub gene information. BMC 
Bioinformatics. 2017;18(1):1-20.

 24. Chujan S, Nakareangrit W, Suriyo T, Satayavivad J. Integrated 
transcriptomics and network analysis of potential mecha-
nisms and health effects of convalescent COVID- 19 patients. 
Bioinform Biol Insights. 2023;17:11779322231206684.

 25. Liu H, Qu Y, Zhou H, Zheng Z, Zhao J, Zhang J. Bioinformatic 
analysis of potential hub genes in gastric adenocarcinoma. Sci 
Prog. 2021;104(1):00368504211004260.

 26. Gui H, Gong Q, Jiang J, Liu M, Li H. Identification of the hub 
genes in Alzheimer's disease. Comput Math Methods Med. 
2021;2021:1-8.

 27. Kim D, Paggi JM, Park C, Bennett C, Salzberg SL. Graph- based 
genome alignment and genotyping with HISAT2 and HISAT- 
genotype. Nat Biotechnol. 2019;37(8):907-915.

 28. Musich RJ. A Recent (2020) Comparative Analysis of Genome 
Aligners Shows HISAT2 and BWA Are among the Best Tools. 
Rochester Institute of Technology. 2020.

 29. Liao Y, Smyth GK, Shi W. featureCounts: an efficient general 
purpose program for assigning sequence reads to genomic fea-
tures. Bioinformatics. 2014;30(7):923-930.

 30. Love MI, Huber W, Anders S. Moderated estimation of fold 
change and dispersion for RNA- seq data with DESeq2. Genome 
Biol. 2014;15(12):550. doi:10.1186/s13059- 014- 0550- 8

 31. The Galaxy platform for accessible. Reproducible and collab-
orative biomedical analyses: 2022 update. Nucleic Acids Res. 
2022;50(W1):W345-W351.

 32. Afgan E, Baker D, Batut B, et al. The galaxy platform for acces-
sible, reproducible and collaborative biomedical analyses: 2018 
update. Nucleic Acids Res. 2018;46(W1):W537-W544.

 33. Cock PJ, Grüning BA, Paszkiewicz K, Pritchard L. Galaxy tools 
and workflows for sequence analysis with applications in mo-
lecular plant pathology. PeerJ. 2013;1:e167.

 34. Sherman BT, Hao M, Qiu J, et  al. DAVID: a web server for 
functional enrichment analysis and functional annotation of 
gene lists (2021 update). Nucleic Acids Res. 2022;50(W1):W216
-W221. doi:10.1093/nar/gkac194

 35. Huang DW, Sherman BT, Tan Q, et al. DAVID bioinformatics 
resources: expanded annotation database and novel algorithms 

to better extract biology from large gene lists. Nucleic Acids Res. 
2007;35:W169-W175. doi:10.1093/nar/gkm415

 36. Shannon P, Markiel A, Ozier O, et al. Cytoscape: a software en-
vironment for integrated models of biomolecular interaction 
networks. Genome Res. 2003;13(11):2498-2504.

 37. Chin C, Chen S, Wu H, Ho C, Ko M, Lin C. cytoHubba: identi-
fying hub objects and sub- networks from complex interactome. 
BMC Syst Biol. 2014;8(4):1-7.

 38. Xie Z, Bailey A, Kuleshov MV, et al. Gene set knowledge discov-
ery with Enrichr. Current Protocols. 2021;1(3):e90.

 39. Maroney KJ, Pinski AN, Marzi A, Messaoudi I. Transcriptional 
analysis of infection with early or late isolates from the 2013–
2016 West Africa Ebola virus epidemic does not suggest at-
tenuated pathogenicity as a result of genetic variation. Front 
Microbiol. 2021;12:714817.

 40. Price A, Okumura A, Haddock E, et  al. Transcriptional cor-
relates of tolerance and lethality in mice predict Ebola virus 
disease patient outcomes. Cell Rep. 2020;30(6):1702-1713. e6.

 41. Speranza E, Connor JH. Host transcriptional response to Ebola 
virus infection. Vaccine. 2017;5(3):30.

 42. Nie K, Shi L, Wen Y, et al. Identification of hub genes correlated 
with the pathogenesis and prognosis of gastric cancer via bioin-
formatics methods. Minerva Med. 2020;111(3):213-225.

 43. Xiao Q, Wang J, Peng X, Wu F, Pan Y. Identifying essential pro-
teins from active PPI networks constructed with dynamic gene 
expression. BMC Genomics. 2015;16(Suppl 3):1-7.

 44. Yang L, Wang J, Wang H, et al. Analysis and identification of 
essential genes in humans using topological properties and bio-
logical information. Gene. 2014;551(2):138-151.

 45. Li X, Li W, Zeng M, Zheng R, Li M. Network- based methods for 
predicting essential genes or proteins: a survey. Brief Bioinform. 
2020;21(2):566-583.

 46. Deen GF, Broutet N, Xu W, et  al. Ebola RNA persistence in 
semen of Ebola virus disease survivors—final report. N Engl J 
Med. 2017;377(15):1428-1437. doi:10.1056/NEJMoa1511410

 47. Sissoko D, Duraffour S, Kerber R, et al. Persistence and clearance 
of Ebola virus RNA from seminal fluid of Ebola virus disease sur-
vivors: a longitudinal analysis and modelling study. Lancet Glob 
Health. 2017;5(1):e80-e88. doi:10.1016/S2214- 109X(16)30243- 1

 48. Nurk N, Koren K, Rhie R, et  al. The complete sequence of a 
human genome. Science. 2022;376(6588):44-53. doi:10.1126/
science.abj6987

 49. Mao Y, Zhang G. A complete, telomere- to- telomere human 
genome sequence presents new opportunities for evolutionary 
genomics. Nat Methods. 2022;19(6):635-638.

 50. Reynard S, Journeaux A, Gloaguen E, et  al. Immune param-
eters and outcomes during Ebola virus disease. JCI Insight. 
2019;4(1):e125106.

 51. Menicucci AR, Versteeg K, Woolsey C, et  al. Transcriptome 
analysis of circulating immune cell subsets highlight the role 
of monocytes in Zaire Ebola virus Makona pathogenesis. Front 
Immunol. 2017;8:1372.

 52. Staples HM. Neutrophil Extracellular Traps in the Rhesus 
Macaque Model of Ebolavirus Disease. The University of Texas 
at San Antonio; 2020.

 53. Abrams ST, Su D, Sahraoui Y, et  al. Assembly of alternative 
prothrombinase by extracellular histones initiates and dissem-
inates intravascular coagulation. Blood. 2021;137(1):103-114. 
doi:10.1182/blood.2019002973

https://doi.org//10.1186/s13059-016-1137-3
https://doi.org//10.1007/s00251-010-0480-x
https://doi.org//10.1094/MPMI-08-18-0221-FI
https://doi.org//10.1371/journal.pone.0061505
https://doi.org//10.1186/s13059-014-0550-8
https://doi.org//10.1093/nar/gkac194
https://doi.org//10.1093/nar/gkm415
https://doi.org//10.1056/NEJMoa1511410
https://doi.org//10.1016/S2214-109X(16)30243-1
https://doi.org//10.1126/science.abj6987
https://doi.org//10.1126/science.abj6987
https://doi.org//10.1182/blood.2019002973


310 |   MENSAH- BONSU et al.

 54. Wang Y, Guo W, Xie S, et al. Multi- omics analysis of brain tissue 
metabolome and proteome reveals the protective effect of gross sa-
ponins of Tribulus terrestris L. fruit against ischemic stroke in rat. J 
Ethnopharmacol. 2021;278:114280. doi:10.1016/j.jep.2021.114280

 55. David BA, Kubes P. Exploring the complex role of chemokines 
and chemoattractants in vivo on leukocyte dynamics. Immunol 
Rev. 2019;289(1):9-30.

 56. Di Rosa M, Malaguarnera L. Macrophage's arsenal in the Battle 
against Zaire EBOLA virus. Int J Trop Dis. 2019;1:13.

 57. Riezu- Boj J, Larrea E, Aldabe R, et  al. Hepatitis C virus in-
duces the expression of CCL17 and CCL22 chemokines that 
attract regulatory T cells to the site of infection. J Hepatol. 
2011;54(3):422-431. doi:10.1016/j.jhep.2010.07.014

 58. Zampieri CA, Sullivan NJ, Nabel GJ. Immunopathology of 
highly virulent pathogens: insights from Ebola virus. Nat 
Immunol. 2007;8(11):1159-1164.

 59. Baseler L, Chertow DS, Johnson KM, Feldmann H, Morens 
DM. The pathogenesis of Ebola virus disease. Annu Rev Pathol. 
2017;12(1):387-418. doi:10.1146/annurev- pathol- 052016- 100506

 60. Sawant KV, Sepuru KM, Penaranda B, Lowry E, Garofalo 
RP, Rajarathnam K. Chemokine Cxcl1–Cxcl2 heterodi-
mer is a potent neutrophil chemoattractant. J Leukoc Biol. 
2023;114(6):666-671.

 61. Lugrin J, Parapanov R, Milano G, et al. The systemic deletion 
of interleukin- 1α reduces myocardial inflammation and atten-
uates ventricular remodeling in murine myocardial infarction. 
Sci Rep. 2023;13(1):4006.

 62. Korbecki J, Barczak K, Gutowska I, Chlubek D, Baranowska- 
Bosiacka I. CXCL1: gene, promoter, regulation of expression, 
mRNA stability, regulation of activity in the intercellular space. 
Int J Mol Sci. 2022;23(2):792.

 63. Italiani P, Mosca E, Della Camera G, et al. Profiling the course 
of resolving vs. persistent inflammation in human monocytes: 
the role of IL- 1 family molecules. Front Immunol. 2020;11:1426.

 64. Ma Y, Zhang Y, Zhu L. Role of neutrophils in acute viral infec-
tion. Immunity, Inflammation and Disease. 2021;9(4):1186-1196.

 65. Courtney W, Viktoriya B, Agans Krystle N, Fenton Karla A, 
Cross Robert W, Geisbert TW. Bundibugyo ebolavirus sur-
vival is associated with early activation of adaptive immunity 
and reduced myeloid- derived suppressor cell signaling. MBio. 
2021;12:10-1128. doi:10.1128/mbio.01517- 21

 66. Gleeson TA, Nordling E, Kaiser C, et  al. Looking into the 
IL- 1 of the storm: are inflammasomes the link between 

immunothrombosis and hyperinflammation in cytokine storm 
syndromes? Discov Immunol. 2022;1(1):kyac005.

 67. Di Paolo NC, Shayakhmetov DM. Interleukin 1α and the in-
flammatory process. Nat Immunol. 2016;17(8):906-913.

 68. Nordquist H, Jamil RT. Biochemistry, HLA Antigens. In: 
Biochemistry, HLA Antigens. In: StatPearls [Internet]StatPearls 
Publishing. 2023.

 69. Blackwell JM, Jamieson SE, Burgner D. HLA and infectious dis-
eases. Clin Microbiol Rev. 2009;22(2):370-385.

 70. Illing PT, Purcell AW, McCluskey J. The role of HLA genes in 
pharmacogenomics: unravelling HLA associated adverse drug 
reactions. Immunogenetics. 2017;69:617-630.

 71. Edri A, Shemesh A, Iraqi M, et  al. The Ebola- glycoprotein 
modulates the function of natural killer cells. Front Immunol. 
2018;9:1428.

 72. Pishesha N, Harmand TJ, Ploegh HL. A guide to antigen process-
ing and presentation. Nat Rev Immunol. 2022;22(12):751-764.

 73. Kotsias F, Cebrian I, Alloatti A. Antigen processing and presen-
tation. Int Rev Cell Mol Biol. 2019;348:69-121.

 74. Jayaprakash AD, Ronk AJ, Prasad AN, et al. Marburg and Ebola 
virus infections elicit a complex, muted inflammatory state in 
bats. bioRxiv. 2021;15(2):350. doi:10.1101/2020.04.13.039503

 75. Scoon WA, Mancio- Silva L, Suder EL, et al. Ebola virus infec-
tion induces a delayed type I IFN response in bystander cells 
and the shutdown of key liver genes in human iPSC- derived 
hepatocytes. Stem Cell Reports. 2022;17(10):2286-2302.

SUPPORTING INFORMATION
Additional supporting information can be found online 
in the Supporting Information section at the end of this 
article.

How to cite this article: Mensah- Bonsu M, Doss C, 
Gloster C, Muganda P. Gene expression analysis 
identifies hub genes and pathways distinguishing 
fatal from survivor outcomes of Ebola virus disease. 
FASEB BioAdvances. 2024;6:298-310. doi:10.1096/
fba.2024-00055

https://doi.org//10.1016/j.jep.2021.114280
https://doi.org//10.1016/j.jhep.2010.07.014
https://doi.org//10.1146/annurev-pathol-052016-100506
https://doi.org//10.1128/mbio.01517-21
https://doi.org//10.1101/2020.04.13.039503
https://doi.org/10.1096/fba.2024-00055
https://doi.org/10.1096/fba.2024-00055

	Gene expression analysis identifies hub genes and pathways distinguishing fatal from survivor outcomes of Ebola virus disease
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Datasets
	2.2|Differential gene expression analysis
	2.3|Protein–protein-interactions and hub genes identification
	2.4|Gene Set Enrichment Analysis
	2.5|Statistical analysis

	3|RESULTS
	3.1|Identification of differentially expressed genes in acute-fatal and acute-survivor Ebola disease outcomes
	3.2|Identification of pathways and biological processes associated with differentially expressed genes in Ebola disease
	3.3|Construction of protein–protein interaction networks and identification of hub genes associated with fatal and survival Ebola disease outcomes
	3.4|Gene Set Enrichment Analysis and identification of unique hub genes linked to fatal and survival Ebola outcomes

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


