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Identification of risk factors for sepsis-associated
mortality by gene expression profiling analysis
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Abstract. Sepsis is a common cause of mortality due to
systemic infection. Although numerous studies have inves-
tigated this life-threatening condition, there remains a lack
of suitable markers to evaluate the severity of sepsis. The
present study focused on the identification of risk factors
for sepsis-associated mortality by genome-wide expression
profiling. Initially, the GEO2R web tool was used to identify
the differentially expressed genes (DEGs) between sepsis
survivors and nonsurvivors. It was identified that the upregu-
lated DEGs in the nonsurvivors compared with survivors were
highly enriched in the type I interferon (IFN-I) signaling
pathway. Furthermore, the associations of the upregulated
genes were analyzed by STRING and the results demonstrated
that a set of proteins in IFN-I signaling pathway closely
interacted with each other. To further investigate whether
the IFN-I signaling pathway is dysregulated in a subset of
patients with a high risk of mortality due to sepsis, in this case
neonates, the DEGs between the cord blood mononuclear cells
of neonates and adult peripheral blood mononuclear cells were
analyzed. It was identified that DEGs were not enriched in
IFN-I signaling in the blood of untreated neonates and adults;
however, IFN-I signaling was upregulated in the lipopolysac-
charide (LPS)-treated cord blood mononuclear cells of healthy
neonates compared with the LPS-treated peripheral blood
mononuclear cells of adults. In addition, these data revealed
that the proteins involved in the IFN-I signaling pathway
possessed a higher number of interacting partners. These
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results indicated that upregulated IFN-I signaling may be a
high-risk factor for mortality due to sepsis.

Introduction

Sepsis is a systemic inflammatory response syndrome that
occurs when a bacterial, viral or fungal infection spreads to
the bloodstream and induces life-threatening organ dysfunc-
tion (1). Without immediate and aggressive treatment, sepsis
can rapidly cause tissue damage, organ failure, and even
death. More than 5 million people die from sepsis every year
worldwide (2). Despite numerous advances in fundamental
and clinical research, the mortality rate for sepsis remains
high (3-4). Over the last 30 years, over 100 clinical trials have
failed to indicate a survival benefit for patients with severe
sepsis, and the failure is due, at least partially, to host hetero-
geneity (5-8). Patients vary in their circumstances, and a more
precise assessment of sepsis is required.

Risk factors associated with deterioration or mortality
may be used to diagnose and evaluate the severity of sepsis.
Thereby, the subset of patients with a high risk of mortality
for sepsis may receive additional, aggressive therapies. Thus
far, a number of biomarkers have been widely used for the
diagnosis, prognosis and treatment of sepsis (5,10-12). For
example, C-reactive protein (CRP) is an acute phase protein,
which increases rapidly in response to most forms of inflam-
mation, infection, and tissue damage. High levels of CRP
are associated with the risk of sepsis, cardiovascular disease
and stroke (12-14). While CRP is broadly used for clinical
diagnosis of acute sepsis, it lacks the capacity to differentiate
between infective and non-infective inflammation and have
low specificity for severe sepsis (15,16). Severe sepsis is
often attributed to immune dysregulation, and the imbalance
between pro- and anti-inflammatory cytokines may serve a
crucial role in the pathogenesis of sepsis (17). Patients who
express high levels of interleukin (IL)-6 have an increased risk
of mortality (18,19). Although the combination of IL-6 and
CRP plasma biomarkers may be helpful in sepsis diagnosis,
recent studies demonstrated that IL-6 and CRP are not ideal as
they lack sufficient sensitivity and specificity (20-22).

Genome expression profiling is a potential approach to
discover novel risk factors based on microarray technology
and bioinformatics (23). Microarray technology enables
researchers to gain insights into signaling pathways and gene
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networks that may participate in sepsis development (24-26).
The present study focused on the identification of risk factors
for predicting sepsis deterioration by genome-wide expression
profiling. Differentially expressed genes (DEGs) between
sepsis survivors and nonsurvivors were analyzed, and type
I interferon (IFN-I) signaling was identified as an important
risk factor for sepsis-associated mortality.

Materials and methods

Gene expression profiles. Two gene expression profiles
(GSE54514 and GSE3140) were downloaded from public
functional genomics data repository Gene Expression Omnibus
(GEO; www.ncbi.nlm.nih.gov/geo/) (27-28). The array data
from GSE54514 were performed on the platform of Illumina
Human HT-12 v3.0 Expression BeadChip (GPL6947; Illumina,
Inc., San Diego, CA, USA). This dataset contained 53 blood
samples, including 26 samples from sepsis survivors, 9 samples
from sepsis nonsurvivors and 18 samples from healthy controls.

The gene expression profile of GSE3140 was performed on
the platform of an Affymetrix GeneChip Human HG-Focus
Target Array (GPL201; Affymetrix; Thermo Fisher Scientific,
Inc., Waltham, MA, USA). Prior to the mRNA expression
profiling, blood samples were collected from 6 healthy adult
volunteers and 6 healthy, full-term infants, and RNA was
isolated from cord blood and adult peripheral blood mono-
nuclear cells of blood samples following incubation with or
without lipopolysaccharide (LPS).

Screening of DEGs. DEGs were identified using GEO2R
(http://www.ncbi.nlm.nih.gov/geo/geo2r/). GEO2R is an
R-based web tool for performing differential gene expression
analysis in the GEO data repository (29). The adjusted P-values
(adj. P) were adjusted using the Benjamini and Hochberg
false discovery rate method (30). Genes with adj. P<0.05 and
llogFCI>1 were considered to be DEGs, and the heatmap of
DEGs was generated using the heatmap visualization tool
Morpheus (software.broadinstitute.org/morpheus/).

Functional enrichment of DEGs. The Gene Ontology (GO)
defines classes used to describe gene function and associations
between biology concepts (31). It classifies functions according
to three aspects: Molecular Function, Cellular Component
and Biological Process. In the present study, GO enrich-
ment analysis of DEGs was performed using Gene Ontology
Consortium (www.geneontology.org/), with P<0.05 indicating
a significantly enriched term (32).

Protein-protein interaction (PPI) network. STRING is a
database and web resource of experimental and predicted
PPIs. STRING provides a score for each interaction, and these
scores are indicators of confidence and rank from O-1. The
online STRING 10.5 database (string-db.org/) was used to
analyze protein interactions and a confidence score >0.4 was
used as the cut-off criterion (33).

Results

Identification of DEGs between sepsis survivors and
nonsurvivors. To determine the early risk factors for
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sepsis-associated mortality, the GSE54514 dataset was
downloaded from the GEO database and GEO2R was used to
identify the DEGs between blood samples from sepsis survi-
vors and nonsurvivors. A heatmap of DEGs was subsequently
generated by Morpheus. The results demonstrated that a total
of 18 DEGs were identified, including 14 upregulated genes
and 4 downregulated genes in nonsurvivors compared with
survivors (Fig. 1).

IFN-I signaling is upregulated in nonsurvivors of sepsis. The
identified DEGs were functionally enriched by GO analysis
using the GOC website with P<0.05 as the threshold. As
demonstrated in Table I, DEGs that were upregulated in the
nonsurvivors group compared with the survivors group were
highly enriched in 15 pathways, including ‘type I interferon
signaling pathway’, ‘cellular response to type I interferon’,
‘response to type I interferon’, ‘negative regulation of
viral genome replication’ and ‘regulation of viral genome
replication’. To further investigate the association between the
upregulated genes, STRING was used to construct the PPI
network. As demonstrated in Fig. 2, a set of proteins from IFN-I
signaling pathway closely interacted with each other, which
indicates that they may be implicated in sepsis biology due
to their interactions. These results indicated that upregulated
IFN-I signaling may be a risk factor for sepsis-associated
mortality.

IFN-I signaling is upregulated in blood samples from
LPS-treated healthy neonates. IFN-I signaling is crucial for
the host defense; however, its role in sepsis remains contro-
versial. The results of the present study indicated that, during
early sepsis, upregulated IFN-I signaling may be a marker for
an increased risk of mortality. Therefore, the present study
also investigated whether this signaling pathway was dysregu-
lated in a subset of patients with a high risk of sepsis-induced
mortality (34). It is widely accepted that neonates suffer
higher sepsis mortality rates compared with adults (35),
therefore, DEGs between the cord blood mononuclear cells
of healthy neonates and adult peripheral blood mononuclear
cells were analyzed and numerous DEGs were identified by
GEO2R. However, instead of IFN-1 signaling, DEGs upregu-
lated in healthy neonates compared with healthy adults
were largely enriched in ‘protoporphyrinogen IX metabolic
process’, ‘gas transport’, ‘oxygen transport’, ‘erythrocyte devel-
opment’ and ‘porphyrin-containing compound biosynthetic
process’, among others (Table II).

Furthermore, upregulated DEGs between the LPS-treated
cord blood mononuclear cells of healthy neonates and
LPS-treated peripheral blood mononuclear cells of healthy
adults were identified and analyzed by GO enrichment.
Consistent with the hypothesis that the IFN-I pathway may be
upregulated in a subset of patients with sepsis that normally
exhibit a higher risk of mortality, ‘type I interferon signaling
pathway’ and ‘response to interferon-o’ were upregulated in
the LPS-treated blood mononuclear cells of healthy neonates
compared with adults (Table III). Subsequently, the associa-
tions among the upregulated genes were analyzed by STRING;
183 proteins were demonstrated to be involved in the interac-
tion network and were separated into several clusters, and the
proteins involved in IFN-I signaling appeared to exhibit a
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Table I. Enriched pathways of differentially expressed genes that were upregulated in the whole blood of sepsis nonsurvivors

compared with survivors.

Pathway ID Pathway description Count Fold enrichment P-value

G0:0060337 Type I interferon signaling pathway 7 >100 1.14x10°
GO0:0071357 Cellular response to type I interferon 7 >100 1.14x10°
G0:0034340 Response to type I interferon 7 >100 1.72x10°
G0:0045071 Negative regulation of viral genome replication 4 84.91 1.21x10°
GO:0045069 Regulation of viral genome replication 4 53.84 7.33x107
GO:1903901 Negative regulation of viral life cycle 4 49.61 1.01x1072
G0:0048525 Negative regulation of viral process 4 39.42 2.51x1072
G0:0051607 Defense response to virus 6 38.96 5.96x107
G0:0043901 Negative regulation of multi-organism process 5 34.07 2.48x107
GO:0009615 Response to virus 7 30.54 1.40x107
G0:0043903 Regulation of symbiosis, encompassing mutualism 6 22.53 1.49x107?

through parasitism

G0:0050792 Regulation of viral process 5 20.37 3.05x1072
G0:0098542 Defense response to other organism 7 17.68 5.84x10*
G0:0043900 Regulation of multi-organism process 6 17.03 7.61x107
G0:0019221 Cytokine-mediated signaling pathway 7 16.13 1.09x10°

Count refers to the number of enriched genes in each Biological Process GO term. The top 15 Biological Process terms were selected based on

the fold enrichment score. GO, gene ontology.
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Figure 1. Cluster analysis of differentially expressed genes in the GSE54514 dataset. Group names and sample names are on the horizontal axis, while gene
symbols are on right vertical axis. Red color represents upregulated genes and blue color represents downregulated genes.
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Figure 2. Protein-protein interaction network. The association among
differentially expressed genes that were upregulated in the sepsis nonsurvivors
group compared with survivors was analyzed by STRING. Line thickness
indicates the strength of data support, proteins are presented as nodes and the
proteins that are involved in type I interferon signaling are presented in red.

higher number of interactions (Fig. 3). These results indicated
that IFN-I signaling may be upregulated in a subset of patients
with sepsis, in this case neonates, that have a higher risk of
mortality.

Discussion

Sepsis is an important cause of mortality from infection, and
although numerous studies have been performed concerning
this life-threatening condition, there remains a lack of effec-
tive treatment and an assessment of risk factors to assist in
the diagnostic process. The present study focused on the
identification of potential risk factors for sepsis-associated
mortality by genome-wide expression profiling. The results
demonstrated that DEGs that were upregulated in sepsis
nonsurvivors compared with survivors were highly enriched
in the IFN-I signaling pathway. The associations between the
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Table II. Enriched pathways of differentially expressed genes that were upregulated in the untreated cord blood mononuclear
cells of healthy neonates compared with the untreated peripheral blood mononuclear cells of healthy adults.

Pathway ID Pathway description Count Fold enrichment P-value

GO0:0046501 Protoporphyrinogen IX metabolic process 11 3345 3.23x10*
GO:0015669 Gas transport 19 25.82 1.26x10°
GO:0015671 Oxygen transport 14 219 3.53x10?
G0:0048821 Erythrocyte development 24 17.89 1.59x107
GO:0006779 Porphyrin-containing compound biosynthetic process 26 14.15 4.58x1072
GO:0006778 Porphyrin-containing compound metabolic process 38 1291 2.46x107
GO:0061515 Myeloid cell development 44 12.54 5.65x10*
GO:0046686 Response to cadmium ion 56 9.86 4.18x10°
G0:0033013 Tetrapyrrole metabolic process 59 9.35 6.40x10°
G0:0034614 Cellular response to reactive oxygen species 119 8.24 2.01x10°¢
G0:0000302 Response to reactive oxygen species 198 712 4.36x10°
G0:0042542 Response to hydrogen peroxide 107 6.88 2.46x10°
GO0:0034599 Cellular response to oxidative stress 203 6.34 3.76x107
GO0:0009636 Response to toxic substance 210 5.84 4.50x10
G0:0030099 Myeloid cell differentiation 190 549 2.21x10*

Count refers to the number of enriched genes in each Biological Process GO term. The top 15 Biological Process terms were selected based on

the fold enrichment score. GO, gene ontology.

upregulated genes were analyzed by STRING and the results
demonstrated that the proteins were also highly associated
with IFN-I signaling pathway. Therefore, it was hypothesized
that a dysregulated IFN-I signaling pathway may be associated
with a high risk of sepsis-associated mortality.

IFN-Is, which include IFN-a and IFN-p, trigger IFN-I
signaling by binding to the IFN-a/f receptor (IFNAR),
stimulating the Janus kinase/signal transducer and activator
of transcription pathway and initiating the transcription of
IFN-stimulated genes, which mediate various anticellular
effects by modulating cell viability and function (36). The
IFN-I signaling pathway is well known for its protective
roles in the majority of viral infections, while its functions
in bacterial infection remain controversial. This controversy
arises as certain studies have reported that IFN-I signaling
served a critical role in host protection against bacterial
infection and that the development of bacteremia during
sepsis was enhanced in the mice that lack IFNAR (37,38),
while other studies indicated that IFNAR-deficient mice were
partially protected against lethality in multiple inflammatory
models, including endotoxemia-induced shock, cecal liga-
tion and puncture-induced sepsis, and colon ascendens stent
peritonitis-induced sepsis (39-41). In addition, IFN-I signaling
may exert toxic effects during sepsis by negatively regulating
neutrophil recruitment and suppressing adaptive immunity,
leading to inefficient control of infections and eventual
mortality (40,42 43).

Although these findings highlight the critical role of the
IFN-I signaling pathway in sepsis, there remains a lack of
reliable evidence from clinical studies. The results of the
present study demonstrated that upregulated IFN-I signaling
may be a high-risk factor for sepsis-associated mortality;
however, it remains to be elucidated whether dysregulated

IFN-I signaling may affect the mortality of patients with
sepsis. Although a potential risk factor for short-term
mortality in sepsis is provided, the survivors still suffer
a high risk of long-term mortality for months or years.
Although IFN-I signaling was upregulated in several survi-
vors compared with the others, no information concerning
their long-term mortality is available due to a lack of data,
therefore a more comprehensive scrutiny of clinical research
concerning the effect of the IFN-I signaling pathway in
sepsis is required.

As the initial results of the present study indicated that
upregulated IFN-I signaling may be a potential marker for
a higher risk of sepsis-associated mortality, it was further
investigated whether this signaling pathway was dysregu-
lated in a subset of patients that possess a higher risk of
sepsis-associated mortality. It is established that neonates
suffer a higher rate of sepsis-associated mortality compared
with adults; therefore, DEGs between the untreated cord blood
mononuclear cells of healthy neonates and untreated peripheral
blood mononuclear cells of adults were analyzed (44). There
were numerous DEGs between neonates and adults; however,
the DEGs were not enriched in the IFN-1 signaling pathway.
Subsequently, upregulated DEGs between LPS-treated cord
blood mononuclear cells of healthy neonates and LPS-treated
peripheral blood mononuclear cells of adults were identified
and, consistent with the hypothesis, ‘type I interferon signaling
pathway’ and ‘response to interferon-a’ were upregulated
in the LPS-treated cells of healthy neonates compared with
adults. Furthermore, the associations among the upregulated
genes were analyzed and the results demonstrated that the
proteins associated with the IFN-I signaling possessed a
higher number of interactions and may function together in
pathological processes.
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Table III. Enriched pathways of differentially expressed genes that were upregulated in the LPS-treated cord blood mononuclear
cells of healthy neonates compared with LPS-treated peripheral blood mononuclear cells of healthy adults.

Pathway ID Pathway description Count Fold enrichment P-value

G0:0045086 Positive regulation of interleukin-2 biosynthetic process 12 15.13 3.20x107
GO0:0045589 Regulation of regulatory T cell differentiation 19 12.74 2.81x10°
G0:0035455 Response to interferon-a 20 12.11 4.12x107
G0:0045076 Regulation of interleukin-2 biosynthetic process 18 11.77 2.57x10%?
GO0:0045624 Positive regulation of T-helper cell differentiation 19 11.15 3.65x107
G0:0043372 Positive regulation of CD4-positive, a-f3 T cell differentiation 25 10.89 1.91x1073
G0:0002719 Negative regulation of cytokine production involved in 23 10.53 1.16x1072

immune response

GO0:2000516 Positive regulation of CD4-positive, a-p T cell activation 29 10.44 6.07x10*
G0:0002828 Regulation of type 2 immune response 27 10.09 3.60x107
G0:0032743 Positive regulation of interleukin-2 production 31 9.76 1.12x107
G0:0042346 Positive regulation of NF-kB import into nucleus 25 9.68 2.13x1072
GO:0019835 Cytolysis 25 9.68 2.13x1072
GO0:0032731 Positive regulation of interleukin-1f3 production 30 9.08 8.53x107?
G0:0032663 Regulation of interleukin-2 production 51 8.9 2.99x10°°
G0:0043370 Regulation of CD4-positive, a-f3 T cell differentiation 38 8.76 7.76x10*
GO:2000514 Regulation of CD4-positive, a-f3 T cell activation 44 8.25 3.85x10*
G0:0045070 Positive regulation of viral genome replication 33 8.25 1.84x10
G0:0045071 Negative regulation of viral genome replication 52 8.15 3.48x10°
G0:0046635 Positive regulation of a-f T cell activation 53 7.99 4.40x107
G0:0042108 Positive regulation of cytokine biosynthetic process 61 7.94 3.97x10°
G0:0048247 Lymphocyte chemotaxis 42 7.93 2.07x107
GO:0045069 Regulation of viral genome replication 82 7.75 1.23x10°®
G0:0002704 Negative regulation of leukocyte mediated immunity 47 7.73 7.78x10*
G0:0060337 Type I interferon signaling pathway 65 745 9.73x10°¢
GO:0071357 Cellular response to type I interferon 65 7.45 9.73x10°

Count refers to the number of enriched genes in each Biological Process GO term. The top 25 Biological Process terms were selected based on
the fold enrichment score. GO, gene ontology.

L —

FAC

Figure 3. Protein-protein interaction network. The association among differentially expressed genes that were upregulated in LPS-treated cord blood
mononuclear cells from healthy neonates compared with LPS-treated peripheral blood mononuclear cells from healthy adults was analyzed by STRING. Line
thickness indicates the strength of data support, proteins are presented as nodes and the proteins that are involved in type I interferon signaling are presented
in red. LPS, lipopolysaccharide.

In conclusion, the present findings suggest that upregu-
lated IFN-I signaling pathway may be a risk factor for

sepsis-associated mortality, but further studies are needed to
confirm the current results.
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