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Sepsis shock was associated with worse mortality than common sepsis caused by disseminated infection. The
present study had shown that repression of adaptive immunity was a characteristic of sepsis shock rather
than sepsis, but the mechanism in which it exerted the adverse reaction was still need to be studied. In this
study, we first employed weighted gene co-expression network analysis for acquiring the key modules with
sepsis shock. Then, the differentially expressed genes and transcription factors were screened in the module
for further function analysis, protein-protein interaction network building and long noncoding ribonucleic
acid-micro ribonucleic acid-transcription factor network study. The study strengthened the concept that
adaptive immune repression typically featured the sepsis shock concerning antigen presentation via major
histocompatibility complex class I1, T-cell activation and T-cell depletion. Among which T-cell depletion ranked
as an overwhelming contributor to sepsis shock outcome. The transcription factor tumor protein P53, forkhead
box protein O1 and GATA binding protein 3 served as the master regulator for the T-cell depletion process
mainly through driving hematopoietic stem cells out of quiescence to unrestrained hematopoietic stem cell
expansion with detrimental deoxyribonucleic acid damage, which greatly decreased hematopoietic stem cells
long-term differentiation potential into T lymphocyte hierarchy. The study enlightened that manipulating the
expression level of tumor protein P53, forkhead box protein O1 and GATA binding protein 3 to an optimized
state will guarantee the T cell replenishment for fighting sepsis shock, which might support a potential efficient

therapeutic way for sepsis shock treatment.
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Sepsis would cause severe organ dysfunction,
a devastating consequence of an infection that
exceeds local tissue containment and disseminates
to the whole body!). The sepsis clinical syndrome
might range from severe sepsis to sepsis shock.
Sepsis shock progresses and leads to the
development of cardiovascular and associated with
greater mortality compared to the severe sepsis!'2l,
Although the treatment of sepsis has significantly
improved over the past 20 y, the mortality rate of

sepsis is still higher in Intensive Care Units (ICUs)
3,41

Traditionally, sepsis organ dysfunction was
perceived as a result of an exaggerated
hyperimmune response of the host. However,
as all clinical trials of drugs targeting the
inflammation proved as a failure to cure sepsis,
the understanding of sepsis had been extended
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to the renewed paradigm that inflammation and
immunosuppression concurrently existed within
sepsis patients. The latter might serve as the
overriding factor for sepsis death®%), because
unrestrained inflammation accounted for about
15 % of mortality while the immunosuppression
accounted for 85 % of deaths, even after nosocomial
recovery with a secondary infectionl®!.

The manifestations of immunosuppression during
the sepsis process might involve defective antigen
presentation, adaptive immunity (T and B cell
abnormalities), abnormalities in Natural Killer
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(NK) cell activity, unbalanced pro- and anti-
inflammatory cytokines, increased production of
Programmed Death 1 (PD-1), increased regulatory
T cells and a shift in the Type I and II helper T cell
balancel'3%%. A study of differentially expressed
genes of sepsis shock relative to sepsis displayed
that persistent repression of adaptive immunity
genes and pathways might serve as a particular
characteristic of septic shock but not sepsis!?.

Even though immunosuppression is the main
characteristic of sepsis shock rather than sepsis
but the mechanism in which it exerted the adverse
reaction was still need to be studied. Since genes
might function via networks of co-expressed genes
with similar biological functions, we first planned
to employ Weighted Gene Co-expression Network
Analysis (WGCNA) for acquiring the key module.
After that, a further step was taken to screen the
differentially expressed genes and Transcription
Factors (TFs) in the module and put all these genes
for function analysis, Protein-Protein Interaction
(PPI) network building and long noncoding
Ribonucleic Acid (IncRNA)-micro Ribonucleic
Acid (miRNA)-TF network study. The study aimed
to provide more accurate insights into sepsis shock
associated biological pathways and key regulators.

MATERIALS AND METHODS
WGCNA:

Foracquiring the key module, we used the R package
“WGCNA”. Module detection was then performed
with the soft-thresholding power 6. Correlation
between module eigengenes and sample types
(sepsis shock patients vs. healthy controls) was
used to identify modules significantly associated
with sepsis shock.

Consensus eigengene networks:

A pairwise comparison of eigengene networks was
built and the difference between adjacencies was
used to detect network preservation. The smaller
the difference in the adjacency matrix between
the two sets indicates that the modules are well
preserved.

Consensus modules relating to clinical traits:

Correlation analysis was performed to relate
module eigengene with external traits, including
disease group (sepsis shock patients vs. healthy
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controls), age and gender. Gene Significance (GS)
of the disease group was correlated to the Module
Membership (MM) to investigate whether genes
significantly associated with the both disease
group and MM. Each gene's MM (eigengene-based
connectivity) was calculated by correlating its gene
expression profile with the module eigengene of a
given module. For a given module, a MM value of
0 indicates that a gene is not part of the module,
whereas a MM of -1 or 1| indicates that it is highly
connected to the module.

Enrichment analysis for biological function:

We obtained GSE57065 from Gene Expression
Omnibus (GEO). Differential expression detection
was performed using the R linear models for
microarray data (limma) package. We took log Fold
Change (FC) >1 and False Discovery Rate (FDR)
<0.05 as the filter, the acquired genes are namely
dgene. Using the count data of Ribonucleic Acid
sequencing (RNAseq) of GSES57065, extracted
the TFs from a dataset of JASPAR (http://jaspar.
genereg.net/) database. Using R limma package
for difference analysis, acquired 74 significantly
different TFs including 55 up-regulated and 19
down-regulated (logFC>1 and FDR<0.05), namely
dTF. Both dgene and dTF were intersected with
MEblue and further analyzed for their enrichment
using Gene Ontology (GO) (http://geneontology.
org/) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway (www.kegg.jp). R
package clusterProfiler was used to draw the
bubble diagram.

PPI study:

The PPI network was constructed using the Search
Tool for the Retrieval of Interacting Genes/Proteins
(STRING) database (https://www.string-db.org/),
and a confidence score of >0.9 was set as the
threshold. Protein nodes that did not interact with
other proteins were removed. Furthermore, the
PPI network was analyzed to screen the significant
modules and hub genes using Cytoscape (version:
3.8.0). Subsequently, the cytoHubba (version:
0.1) plug-in was used to screen the PPI network
and genes with degree >10 were identified as hub
genes.

IncRNA-miRNA-TF network:

IncRNA-miRNA-TF network was drawn through
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Cytoscape network visualization and Hub IncRNA-
miRNA-TF pathway was screened by cytoHubba
(version: 0.1) plug-in.

RESULTS AND DISCUSSION

Dataset (GSE57065) was extracted from National
Center for Biotechnology Information (NCBI),
which contained genes of 82 sepsis shock sample
and 25 normal controls. According to the soft-
thresholding power 6, the hierarchical clustering
dendrogram (fig. 1) was used for the module
identification and a total 25 modules are detected
(fig. 1A). The consensus eigengene network
was shown in fig. 1B. The results showed that
the eigengene networks of the datasets were
well expressed in consensus with hierarchical
clustering.

Pearson’s correlation analysis was used to explore
the correlation between module eigengene and
clinical traits (fig. 2A). The MEblue module
was significantly associated with sepsis shock
(coefficient=0.8 and p<0.001). The correlations

e

between GS and MM of sepsis shock were
explored, and the results showed that there was a
highly significant correlation between GS and MM
(coefficient=0.84 and p<0.001) (fig. 2B).

To analyze the biological function of the MEblue
module, we first screened differential genes
within sepsis shock patients relative to control
(fig. 3A). Then we got an intersection between
the differential genes and MEblue module genes.
Enrichment analysis of the intersection genes
was conducted using KEGG and GO analysis.
The most enriched GO biological processes of
the MEblue module included adaptive immune
response, T-cell receptor signaling pathway, T-cell
activation and immune system process (fig. 3B).
KEGG pathway were enriched in type I and type
IT helper T cell differentiation, T helper 17 (Th17)
cell differentiation, hematopoietic cell lineage,
antigen processing and presentation, cell adhesion
molecules and T cell receptor signaling pathway
(fig. 3C).
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Fig. 1: (A): Heirarchical clustering dendrogram used for module identification and (B): Consensus eigengene networks
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Fig. 2: (A): Consensus module-trait relationship and (B): Gene significance for disease group was correlated to the MM
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Fig. 3: Enrichment analysis of key module genes, (A): The volcano plots of differentially expressed genes and selected TFs in sepsis
shock patients compared to normal controls; (B): GO enrichment annotations of the pathological progression of gene and (C):

KEGG analysis

Note: Significantly enriched pathways are featured (p<0.001) and the analysis was conducted using R clusterProfiler

Modules were made up of co-expressed genes,
indicating that they might be regulated by common
TFs. Thus, we performed enrichment analysis for
TFs. Similarly, differentially expressed TFs were
first screened out for sepsis shock and compared
with the control. The volcano map displayed that
GATA binding protein 3 (GATA3) and Transcript
Elongation Factor 7 (TEF7) were outstandingly
downregulated within sepsis shock patients. PPI
network analyzed for the intersection genes and
showed that adaptive immunity genes formed a
prominent cluster, mainly composing Cluster of
Differentiation 247 (CD247) (CD3 Zeta chain),
CD3 delta chain, CD3 gamma chain, Interleukin-
2-inducible T-cell Kinase (ITK)/tyrosine protein
kinase ITK/TSK, Linker for Activation of T cells
(LAT), Leukocyte C-terminal Src Kinase (LCK),
FYN proto-oncogene, Src family tyrosine kinase
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(FYN), Zeta chain of T cell receptor Associated
Protein (ZAP70) and other genes (fig. 4A). After
the differential expressed TFs intersected with
MEblue module genes, the result of PPl network
for the intersection genes showed a module
enriched with Tumor Protein P53 (TP53), Forkhead
box protein Ol (FOXO1), Mothers against
decapentaplegic homolog 3 (SMAD3), Myocyte
Enhancer Factor 2C (MEF2C), T-Box transcription
factor (TBX21) and other key regulators (fig. 4B).

IncRNAs (>200 nts) and messenger RNAs
(mRNAs) bind to miRNAs via competitively and
act as competing endogenous RNAs (ceRNAs).
In this mechanism, IncRNAs act as a sponge for
miRNAs and indirectly up-regulated the level of
miRNAs targeting specific mRNAs. According
to this, the IncRNA-miRNA-mRNA network was
built to find the potential IncRNAs and miRNAs
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key regulators in sepsis shock.

miRNAs that were potential regulators of the
MEBIlue module were predicted using the Gene
annotations Co-occurrence discovery (GeneCodis)
database (https://genecodis.genyo.es/), and
miRcode was used to predict the IncRNA target
of miRNA. Then, the integrated IncRNA-miRNA-
TF-drug-pathway network was built as shown,
and the hub transcriptional factors and miRNA
were excavated by the Cytoscape and CytoHubba
plugin. The result demonstrated that TP53, FOXO1
and GATA3 might serve as the master regulators
for the sepsis shock process (fig. 5SA), and Homo
sapiens (has)-miR-26b-5p concurrently regulated
the three genes negatively. At the same time, three
IncRNA LINC00266-1, DNALC3-Antisense RNA
1 (AS1), and Cytochrome P450 family 1 subfamily
B-AS1 (CYP1B-AS1) might positively regulate
the three gene levels via the ceRNA mechanism
(fig 5B-5D).

Previous studies had suggested that sepsis
shock was characterized by repression of
adaptive immunity involving the pathway of
antigen presentation via Major Histocompatibility
Complex (MHC) class II was permanently down
regulated within sepsis shock patients compared

to sepsisi?®. Our study was quite in consensus
with the suggestions as demonstrated by the fact
that the MEblue module significantly associated
with sepsis shock and was enriched with down-
regulated genes for antigen processing and
presentation, and type 1 and type 2 helper T cell
differentiation® !, which exhibited inhibition
of T cell activation and differentiation. Besides,
the MEblue module was enriched with decreased
hematopoietic cell lineage genes including CD2,
CDS5 and CD7 markers for T-cell progenitors, which
meant competence of primitive Hematopoietic
Stem Cell (HSC) to produce T lymphocytes might
be severely compromised in sepsis shock patients.
Furthermore, the MEblue module's PPI network
focused on the hub genes composing CD3D,
CD3G, CD247, ITK, LCK and ZAP70, all being
indispensable for T-cell development, activation
and differentiation. Among them, CD3 known as
the marker for thymus immature T cells, which
might also represent T-cell depletion due to the
reduction in producing them. Our study might
add evidence of adaptive immunity repression
within sepsis shock, apart from MHC II antigen
presentation, T-cell activation, and T-cell depletion
originating from abnormal HSC, serving as another
overwhelming contributor for disease progression.

NFATC3

Fig. 4: (A): The PPI network and (B): The PPI network for TF and MEblue intersection gene
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Fig. 5: (A): IncRNA-miRNA-TF network; (B): FOXO1; (C): GATA3 and (D): TP53

HSCs also termed as Long-Term HSCs (LT-
HSCs) residing in the bone marrow were required
for replenishment of all mature blood and
immune cells through a hierarchically organized
lineage commitment program!'. LT-HSCs first
differentiate into Short-Term HSCs (ST-HSCs)
that produce increasingly lineage-restricted
progenitor cells, namely Common Myeloid
Progenitors (CMP) and Common Lymphoid
Progenitors (CLP), which would undergo terminal
differentiation into the myeloid, lymphoid
lineages!'>!¥1, In steady-state, HSC was kept in a
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relatively quiescent or dormant state, presumably
a safeguard mechanism to maintain the integrity
and long-term competence of an HSC pooll'+!6],
However, when met with extensive demand for
blood cells, like blood loss or infection, HSCs
could re-enter the cell cycle for stress-induced self-
renewing proliferation and lineage reconstitution.
However, the two should be balanced without
depletion of the stem cell pool!>!317 However,
it was reported that during prolonged systemic
exposure to Lipopolysaccharide (LPS), mimicking
that of sepsis, the potential of HSC to generate B
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and T lymphocytes was severely affected!'®-?), just
in agreement with the results mentioned in this
study. It was suggested because excessive LPS
exposure induce aberrant expansion of HSCs but
permanently impeded the normal self-renew and
differentiation capacity!?’-2!l.

Previous studies showed that the HSCs expresses
on Toll-Like Receptor 4 (TLR4) receptors for
directly sensing LPS[Y, which was mediated via
TLR4-TIR domain-containing adaptor-inducing
Interferon-beta (TRIF)-Reactive Oxygen Species
(ROS)-p3821.  The increase in ROS levels
could decrease the HSCs' life span and induce
Deoxyribonucleic Acid (DNA) damage!*-*°). Thus,
prolonged LPS exposure in sepsis would inevitably
provoke detrimental HSC DNA damage and
attrition of normal HSCs, and this adversity could
be partially blocked by ROS-p38 inactivation!l,
Also, it had been recommended that both p53 and
FOXO subfamily able to protect from oxidative
stress?271 helped to lower ROS levels, thereby
reducing DNA damage within the hematopoietic
compartment!'>?728) This cytoprotection was
strengthened by p53 negatively regulating
proliferation and enforcing HSC into quiescence,
which avoided inheritable damage to achieve
maintenance of stem cell integrity!’’). The same
situation went to FOXOs, and its deficiency drove
the HSCs out of quiescence into the cell cycle,
leading to impaired HSCs' long-term regenerative
potential®’-?°!, The function of TP53 and FOXOs on
regulating cell cycle, DNA damage and resistance
to oxidative stress might greatly explain the down-
regulation of both in sepsis shock, which might be
due to over- interaction of LPS-TLR4, which made
the HSCs as a supervisory gatekeeper of TP53
and FOXOs surrendered, leaving increased ROS
level, permitted unrestrained proliferation and
accumulated DNA damage. These three factors
might make a vicious spiral, rendering HSCs too
exhausted to produce their progeny, namely re-
population capacity.

HSCs defective differentiation was subsequently
featured with the decreased expression of GATA-
3 and TEF78%3; both TFs emerged as essential
for development, differentiation and function
throughout the T lymphocyte hierarchy, loss of
which might cause relentlessly depleted T-cell
lineagel!l. This study demonstrated about the CD3
downregulation, depression of type 1/2 helper T
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cell and Th17 differentiation. Our study suggested
that HSCs defective derived T-cells might be the
predominant reason for T-cell number reduction,
despite sepsis shock it also induces apoptosis or
any other unfavourable conditions as reported!' %32
A clinical study had documented that lymphopenia
and T-cell depletion were critically associated with
increased mortality. At the same time, patients
who survived sepsis showed restored higher
lymphocyte numbers, especially T and NK cells!**.
It further supported that T-cell numbers might be
overridden in combating a sepsis challenge.

To sum up, using the consensus network, our
study strengthened the concept that adaptive
immune repression typically featured sepsis shock
concerning antigen presentation via MHC class 11,
T-cell activation and T-cell depletion. PPI network
building of the MEblue module suggested that
T-cell depletion ranked as an overwhelming
contributor for sepsis shock outcome, and the
TFs TP53, FOXO1, GATA3 served as the master
regulator for T-cell depletion process, largely
through driving HSCs out of quiescence into the
cell cycle, leading to unrestrained HSC expansion
with detrimental DNA damage, which greatly
decreased HSCs long-term differentiation potential
into T lymphocyte hierarchy. The study enlightened
that T cell number could be feasible and efficient
predictive biomarkers and potential therapeutic
targets for sepsis shock, such as manipulating
the expression level of TP53, FOXOI1, and
GATA3 to an optimized state, to guarantee the
T cell replenishment for fighting sepsis shock,
significantly increase the survivor rate.
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