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Abstract: Objectives: Sepsis is a critical medical condition associated with an high mortality. Currently, there are
no reliable diagnostic or prognostic biomarkers to evaluate sepsis outcomes. SRY (sex-determining region on the
Y chromosome)-box transcription factor 18 (SOX18) is an endothelial barrier protective protein, and a decreased
level of SOX18 expression is involved in disruption of human endothelial cell barrier integrity. Over-expression of
SOX18 attenuates the bacterial lipopolysaccharide (LPS)-mediated disruption of the vascular barrier and is associated with favorable prognosis. The utility of SOX18-related genes as biomarkers in sepsis is uncertain. Methods:
Transcriptomic analysis was used to profile the PBMC samples of patients with sepsis across two Gene Expression
Omnibus (GEO) datasets with survival data. An 84-gene signature was derived from discovery datasets that correlated with SOX18 gene expression and sepsis survival. Results: Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis revealed Th1 and Th2 cell differentiation, Cytokine-cytokine receptor interaction, and T cell receptor signaling pathways as the most significantly enriched KEGG pathways among 84 genes. A severity score based on the
gene expression of 84 genes was allocated to each patient. A notable increase was detected in sepsis patients
compared to healthy controls in both discovery and validation cohorts. SOX18-associated gene signature discriminated severe cases from mild cases and performed significantly better than both random 84-gene sets from whole
genomes or sepsis survival-related genes. Furthermore, we obtained an 18-gene signature from screening these
84 genes in a LASSO model, which performed better in both discovery and validation cohorts. Conclusions: Data
support SOX18-associated gene signatures as a prognostic biomarker for sepsis.
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Introduction
Sepsis is still a poorly understood and diverse
clinical condition resulting in shock, multi-organ
failure, and death [1]. Sepsis often occurs secondary to bacterial infections in the lungs, abdomen, and urinary tract and can ultimately
result in systemic inflammation and organ failure [2]. In the last few decades, improving sepsis outcomes has focused primarily on prevention and standardizing treatment protocols
developed by individual respective clinical centers or hospitals. However, the complex and
diverse clinical nature of sepsis presents a
challenge in the development of effective, accurate, and selective biomarkers to predict the
outcome to determine an appropriate medical

response. Therefore, there is a significant need
for these biomarkers.
Theoretically, a sepsis biomarker can measure
biologic or pathogenic processes which can
then be utilized for diagnostic or prognostic purposes as well as to stage sepsis severity.
Sepsis-associated infections and systematic
inflammation exert significant impacts on gene
expression, which subsequently impacts the
pathogenesis of sepsis. Of note, sepsis is associated with more than 3,700 gene expression
alternations in the innate immune response [3],
illustrating that expression analysis is effective for sepsis biomarker discovery. Microarraybased gene expression profiling has played
an important role in clinical research [4], and
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recent gene expression profiling has identified
gene signatures [3-8] that may have utility as
effective biomarkers in sepsis. However, more
work is needed to validate them.
Transcription factors (TFs) are proteins which
contain a DNA-binding domain and multiple
protein partners. The (SRY)-box transcription
factor 18 (SOX18), is a member of the SOXF
transcription factor family which possess critical and diverse roles as master regulators of
cellular reprogramming and cell fate decisions
[9]. In humans, SOX18 modulates lymphangiogenesis and angiogenesis [10, 11]. Prior studies have utilized SOX18 as a prognostic biomarker in hepatocellular carcinoma, lung cancer, and esophageal cancer [12, 13]. Further,
our recent work has shown that SOX18 sustains the integrity of endothelial barrier by increasing the expression of tight junction protein
Claudin-5 (CLDN5) under conditions of laminar
shear stress [14]. We also illustrated that the
suppression of SOX18-CLDN5 cascade by
NF-κB is involved in disruption of endothelial
cell barrier integrity, implying that SOX18 plays
a role in abrogating the endothelial barrier dysfunction associated with LPS-mediated sepsis
{Gross, 2017 #3931}. If verified, SOX18 may be
a novel target for assessment of endothelial
barrier integrity in sepsis resulting from gramnegative bacteria. To begin to evaluate this possibility we investigated SOX18 co-expressed
genes with gene expression data in datasets
from septic patients to determine the SOX18associated gene signature as a biomarker for
sepsis. First, we discovered a set of SOX18
co-expressed genes from the discovery cohort.
Additionally, we identified a set of differentially-expressed genes as sepsis survival-related
genes in the discovery cohort. By intersecting
these two gene sets, we prioritized our SOX18associated gene signature which has been
demonstrated to successfully discriminate severe cases from mild cases. Our hypothesis
was that SOX18-based gene signature can
assess prognosis following a diagnosis of sepsis.
Methods
Microarray datasets
Two ArrayExpress datasets (E-MTAB-4421 and
E-MTAB-4451) with a total of 371 sepsis
patients which meet the following criteria were
included in our study: PBMCs samples from
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sepsis patients, microarray datasets with survival data, and sample counts large than 100.
E-MTAB-4421 (https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-4421/), with 78
sepsis non-survivors and 187 sepsis survivors
was assigned as the discovery cohort. Samples
were obtained for gene expression profiling by
quickly isolating peripheral blood mononuclear
cells (PBMCs). Samples from survivors were
assessed 4 weeks from intensive care unit
(ICU) admission. E-MTAB-4451 (https://www.
ebi.ac.uk/arrayexpress/experiments/E-MTAB4451/) included 56 sepsis non-survivors and
50 sepsis survivors (Supplementary Table 1).
Sepsis survival-related genes and SOX18related genes
We utilized the R “limma” (version 3.13) and
“gcrma” (version 3.13) package to find differentially expressed genes (DEGs) between survivors and non-survivors in the discovery cohort
which was defined as “sepsis survival-related
genes” in this study. The discovery cohort was
chosen to perform the SOX18 correlation test.
We ran a Pearson correlation test for all protein-coding genes with SOX18 in the discovery
cohort to determine all the SOX18 co-expressed genes which were deemed as “SOX18related genes”.
Survival score
The survival score was assigned for each
patient using a linear combination of gene
expression values and weight value of genes in
the SOX18-GS and SOX18-GS2. The formula
for survival score is:
risk score =
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n

i
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i

i

The sign n represents the count of genes
included in SOX18-GS and SOX18-GS2 in each
dataset, Wi shows the weight value of each
gene (see in Tables 1 and 2). ea. shows the
expression level of each gene. qi and six are the
corresponding mean and standard deviation
value for the it gene among whole samples.
LASSO regression
Gene expression of SOX18-GS (84 genes) in
the discovery cohort were used to build a binomial LASSO model by R package glmnet [23]
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Table 1. 84-gene signature
Gene Name
GGA2
FAM38A
CX3CR1
CD3D
PRF1
NAPSB
PEA15
CD247
TMEM204
ACP5
ESYT1
RGL4
HDC
KCNMB1
CST7
LOC648470
PIK3IP1
RASGRP3
PVRIG
NCR3
FCRLA
GIMAP7
CD27
SH3TC1
RETN
TNS3
CD5
CCR7
ABI3
CD79B
PRKCQ
SPOCK2
CYYR1
GZMA
SLC27A1
MATK
CD3E
CECR1
TLR7
ENG
GZMK
P2RY5
MCOLN2
IL18R1
PPP3CC
SLAMF6
CXCR5
BTN3A3
FLT3LG

1809

Weight
1.00
1.00
1.00
1.00
-1.00
1.00
-1.00
1.00
-1.00
1.00
1.00
-1.00
1.00
1.00
1.00
1.00
-1.00
-1.00
-1.00
1.00
1.00
1.00
1.00
-1.00
-1.00
-1.00
1.00
1.00
1.00
1.00
-1.00
-1.00
1.00
1.00
-1.00
1.00
1.00
1.00
-1.00
1.00
1.00
-1.00
1.00
1.00
-1.00
-1.00
1.00
1.00
1.00

GZMH
GPBAR1
CD40LG
GPR114
EOMES
IL7R
TGFBR3
CA4
ENOPH1
PTGDR
LBH
P2RX7
PTPRCAP
CD4
OAF
RUNX3
IL2RB
RRP15
LY86
NOP58
DOK3
PPP1R16B
LRP1
CSF1R
FAIM3
UBASH3A
CD2
GIMAP5
CD52
ADARB1
POU2F2
PYHIN1
KLRB1
CD6
MPRIP

1.00
1.00
1.00
1.00
1.00
1.00
-1.00
1.00
1.00
-1.00
1.00
-1.00
-1.00
1.00
1.00
-1.00
1.00
-1.00
1.00
1.00
1.00
-1.00
1.00
1.00
1.00
-1.00
1.00
1.00
1.00
1.00
-1.00
-1.00
1.00
1.00
1.00

(version 4.1-2). The k-fold cross-validation was
performed to determine the best lambda value
that obtains the lowest test mean squared error
(MSE). Lastly, the final LASSO model was created by this optimal lambda value. The LASSO
regression model was used to calculate the
survival score. Genes with zero coefficient had
been removed from the 84 gene list, while
other genes’ coefficients were utilized as weight
values in the survival score.
Enrichment analysis
To analyze the gene list at the functional and
biologic level, the online Database for Annotation, Visualization and Integrated Discovery
Am J Transl Res 2022;14(3):1807-1817
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Table 2. 18-gene signature
Gene Name
ACP5
CA4
CD6
DOK3
ESYT1
FAM38A
GIMAP7
GPR114
IL18R1
LBH
LOC648470
NOP58
OAF
POU2F2
RGL4
RRP15
RUNX3
TGFBR3

Weight
0.0096
-0.0203
0.0376
-0.0450
0.0346
0.1171
0.0114
0.0011
-0.0188
0.0742
0.0271
0.0611
0.0580
0.0041
-0.0057
0.0200
0.0015
0.0527

(DAVID) v6.8 database [24, 25] (https://david.
ncifcrf.gov/tools.jsp) which is a tools for the
analysis of the relevant biologic and functional
annotation of gene lists, was utilized to provide
signaling pathway interpretation of the KEGG
pathway analysis for our gene lists.
ChEA3 (https://maayanlab.cloud/chea3/) [15],
a web-based TFEA tool, was used for transcription factor enrichment analysis. This web application output contained transcription factor
enrichment results in the form of sortable tables for every library, and the integration result.
The average integrated ranks across the library
method were chosen for enrichment analysis of
our gene lists.
Protein-protein interaction network
The STRING database (https://string-db.org) is
an online tool [26] (version 11.0b) to assess
the protein-protein interaction (PPI) information
for gene list. To estimate the PPI relationships,
the identified 84 genes were mapped by
STRING, and genes with a combined score >0.4
were selected to generate a PPI network. The
PPI networks were visualized by Cytoscape
software (version 3.8.2).
Statistical analyses
Statistical calculations were performed in the
R language. The R packages (ade4 and price)
1810

were used for principal component analysis
and ROC curves. The cutoffs for the DEGs were:
|fold change| >2 and false discovery rate (FDR)
<0.05. Cutoffs for SOX18 co-expression analysis were: Pearson r value >0.4, adjusted-P
value <0.05. ROC curves were used to evaluate
SOX18 gene signatures classification by identifying the dataset’s ability to discriminate between classes, and AUC values measured the
performance of our gene signatures. The dimensionality reduction method PCA was used
to decrease the dimensionality of large data
sets.
Results
Discovery of SOX18 co-expressed genes and
sepsis survival-related genes
We chose E-MTAB-4421 with a larger sample
count (265 patients) [6] as the discovery cohort
to identify sepsis survival-related genes, which
were determined by differentially expressed
genes (DEGs) between the 108 sepsis high risk
(SHR) group and 157 sepsis low risk (SLR)
group. SHR and SLR grouping were based on
the clustering of gene expression data in
E-MTAB-4421 (Supplementary Figure 1 and
Supplementary Table 1). The clustering was
formed by Ward’s method, Euclidean distance,
and k-means to establish the proper number of
groups and consolidation of group members.
Compared to SLR, SHR possessed significantly
higher early mortality that was associated with
immunosuppression and T-cell exhaustion [6].
We identified 739 genes (false discovery rate
[FDR] <5% and fold change [FC] >2) differentially expressed between SHR and SLR in the
discovery cohort and represented them as sepsis survival-associated genes in this study
(Figure 1A and Supplementary Table 2). The
KEGG analysis of these 739 genes illustrated
that T cell receptor signaling pathways, Th1
and Th2 differentiation, and immunodeficiency
(Figure 1B) were enriched among sepsis survival-associated genes. These KEGG pathways
were consistent with biologic functions from
SHR and SLR grouping [6]. We next utilized
gene co-expression analysis to obtain the entire SOX18 co-expressed genes from the discovery cohort. 813 genes were identified as
SOX18 co-expressed genes (Pearson r>0.4, adjusted-P value <0.05; Supplementary Table 3).
KEGG analysis of these 813 genes showed that
SOX18-related genes correlated with cell adhesion molecules, Th1 and Th2 differentiation
Am J Transl Res 2022;14(3):1807-1817
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Figure 1. Discovery of SOX18 co-expressed genes and sepsis survival-related genes. A. Volcano plot showing DEGs
among sepsis survivors and non-survivors. B. Enriched KEGG pathways among sepsis survival-related genes. C. Enriched TF target genes among SOX18 co-expressed genes; D. Enriched KEGG pathways among SOX18 co-expressed
genes. E. Venn plot depicting sepsis survival and SOX18 co-expressed overlapping genes; F. Heat map revealing the
84-gene signature gene expression in the discovery cohort. Red represents increased gene expression, while blue
represents decreased gene expression.

and immunodeficiency (Figure 1D). Transcription Factor Enrichment Analysis (TFEA) is a
method based on the overlap between input
given lists and annotated transcription factor
targets collected from multiple databases [15].
We used TFEA to confirm SOX18 as the central
regulator of these 813 genes (Figure 1C). The
transcription factor targets over-expression analysis showed significant overlapping genes
between SOX18 co-expressed genes and SOX-

1811

18 target genes (Figure 1C) with a significant
enriched TF score, indicating that our SOX18
co-expressed genes are not random co-expression genes and are capable of being considered SOX18-associated genes. By intersecting
the 813 SOX18-related genes and the 739-sepsis survival-associated genes, we identified 84
overlapping genes (Figure 1E). These 84 genes
were assigned as our SOX18-related gene signature for sepsis (SOX18-SG) (Table 1). This
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Figure 2. The 84-gene signature-based
sepsis risk score. A. Enriched KEGG pathways among 84 genes; B. Box plot of the
risk scores in non-survivors and survivors.
C. PPI network for the 84-genes.

overlap is statistically significant (hypergeometric P value <0.05), illustrating that SOX18related genes are enriched in sepsis survivalassociated genes. The heatmap we produced
demonstrates that the 84 genes (SOX18-SG)
can differentiate SHR from SLR in both the discovery and a validation cohort (Figure 1F).
84-gene signature-based sepsis risk score
We next identified the signaling pathways and
functions of the 84 genes in the SOX18-SG.
KEGG pathways such as Th1 and Th2 differentiation, immunodeficiency, and T cell receptor
signaling pathway, among others (Figure 2A)
were significantly enriched among these 84
1812

genes. A protein and protein interaction (PPI)
network was then utilized to verify whether an
interaction or relationship exists between these
genes. The PPI network demonstrated that 39
genes establish a strong interaction network
with each other (Figure 2C). Thus, our results
confirm that the 84 genes identified in our
SOX18-SG possess a vigorous connection and
network. Further, these results strongly suggest that SOX18-SG builds a bridge between
SOX18-associated proteins and sepsis prognosis. To estimate the probability of a specific
clinical outcome in a sepsis patient, a survival
rating score was employed using a formula consisting of linear combinations of the 84 genes
Am J Transl Res 2022;14(3):1807-1817
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Figure 3. 84-gene signature-based sepsis risk score differentiates non-survivors from survivors in both the discovery and validation cohort. A. ROC curves of the 84-gene signature in the discovery and validation cohorts. B. Density
distribution plot of random gene signatures from the whole genome genes and only sepsis survival-related genes,
the 84-gene signature-based AUC value was marked as red inverted triangle; C. PCA plot of the 84-gene signature
for the discovery cohort and validation cohorts.

identified in our SOX18-SG (Table 1). A higher
survival score correlates with a better prognosis and survival rate. Survival scores from SLR
were significantly higher than those of SHR in
both the discovery (P-value <2e-16) and validation cohorts (P-value =3.2e-10) (Figure 2B),
confirming that our SOX18-SG can estimate
clinical outcome in sepsis.
84-gene signature-based sepsis risk score differentiates non-survivors from survivors
We next performed a validation study. A receiver operating characteristic (ROC) curve is a
graphical plot showing the discrimination ca1813

pacity of a binary classifier structure. The area
under the curve (AUC) illustrates the degree
of separability and capability of discriminating
between classes. We obtained excellent AUC
value under the ROC curve for both the discovery (AUC: 0.97) and validation cohorts (AUC:
0.87) respectively (Figure 3A). Additionally, a
principal component analysis (PCA) was performed for our 84-gene expression model to
simplify its complexity. PCA is a dimensionality
reduction method that is utilized to decrease
the dimensionality of large data sets. PCA
revealed that the 84 genes entirely discriminated SHR patients from SLR patients (Figure
Am J Transl Res 2022;14(3):1807-1817
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Figure 4. The 18-gene signature-based sepsis risk score. A. The gene signature screening of optical parameters in
LASSO model; B. Box plot of the risk scores in non-survivors and survivors.

3C) in both the discovery and validation cohorts.
Additionally, the SOX18-GS demonstrated superiority in stratifying sepsis patients based on
likelihood of survival relative to random gene
sets with an identical gene count from the
whole genome or survival-related genes (Figure
3B).
18-gene signature-based sepsis risk score
Next, to strengthen the ability of SOX18-GS in
stratifying sepsis patients according to likelihood of survival, a LASSO regression model
was conducted to screen the 84 genes in the
discovery cohort. A λ value of 0.76 was chosen
to determine genes that could predict sepsis
survival most accurately (Figure 4A). From
these analyses, we obtained an 18-gene signature (Table 2) with a non-zero regression coefficient. This was utilized as the second SOX18
gene signature (SOX18-SG2) in this study.
SOX18-SG2’s survival scores from SLR were
also higher than those of SHR in both the discovery (P-value <2e-16) and validation cohorts
(P-value =3.8e-14) (Figure 4B). SOX18-SG2
also had better AUC values under the ROC
curve for both the discovery (AUC: 0.99) and
validation cohorts (AUC: 0.94) (Figure 5A).
Further, SOX18-GS2 was superior in grouping
sepsis patients according to survival status
relative to random gene sets containing 18
genes from either the whole genome or survival-related genes (Figure 5B). A PCA plot for our
18-gene expression revealed that these 18
genes were entirely able to discriminate SHR
1814

patients from SLR patients (Figure 5C) in both
the discovery and validation cohorts.
Discussion
Despite the publication of a few sepsis gene
signatures, evaluating a prognosis following a
sepsis diagnosis is still very difficult and overly
reliant on the diagnosis of the attending physician. SOX18 mRNA and protein expression levels are decreased in mice exposed to LPS, and
increasing expression of SOX18 has demonstrated protection against LPS exposure likely
through the regulation of genes that protect
endothelial cell barrier integrity [14]. Therefore,
SOX18 and SOX18-related proteins may be
novel targets for sepsis therapy. Further, a
SOX18-related gene signature may also be a
prognostic indicator for sepsis progression and
survival. In this study, utilizing two GEO datasets of sepsis, including gene expression data
from PBMCs samples, we made two important
contributions to the field. First, the correlation
of a SOX18 target and associated gene in sepsis survival could be verified with gene expression analysis; and second, SOX18-GS and
SOX18-GS2 are “independent” prognostic markers for sepsis survival. The categorization of
diverse sepsis populations using molecular
markers may guide the management and treatment of sepsis, ultimately allowing for targeted therapies and preventing unnecessary and
harmful interventions. Currently, there are no
gene signatures available for use in the evaluation of sepsis severity [16-18]. It is important to
Am J Transl Res 2022;14(3):1807-1817
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Figure 5. 18-gene signature-based sepsis risk score differentiated non-survivors from survivors in both the discovery and validation cohort. A. ROC curves of the 18-gene signature in the discovery and validation cohorts. B. Density
distribution plot of random gene signatures from the whole genome genes and only sepsis survival-related genes,
the 18-gene signature-based AUC value was marked as red inverted triangle; C. PCA plot of the 18-gene signature
for the discovery cohort and validation cohorts.

note that biomarkers utilizing a single gene are
not sufficient for the accurate diagnosis of a
sepsis patient and cannot accurately determine disease severity. Prior studies have attempted to randomly combine pro- and antiinflammatory molecular markers but without
success [19] but few associations, or biologic
processes, identifying corresponding molecular mechanisms were found among these biomarkers. However, by evaluating gene signatures amongst overlapping genes between
SOX18 co-expressed genes and sepsis survival-related genes we were able to identify two
gene signature sets: SOX18-GS and SOX18-

1815

GS2 that are very promising molecular biomarkers for assessing clinical outcomes of sepsis based on the survival assessment score in
our included datasets.
The restoration of immune function is vital for
the survival of patients with sepsis. Therapies
that enhance host immunity might improve
sepsis survival. Our KEGG signaling pathway
analysis identified several immunity pathways
as being enriched in our SOX18-GS. These
included Th1 and Th2 differentiation, and B
and T cell receptor signaling pathways. This
also activates transcription of PROX1 and other
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genes coding for lymphatic endothelial markers. CD4+ T cells play a major role in orchestrating cellular and humoral immune responses
in sepsis. IFN-I activated B cells increase as an
early protective innate immune response during bacterial sepsis [20]. Further, the gene expression level of these immune pathways is
higher in patients with mild sepsis, suggesting
they support the immune response [21]. The
84 GS we identified had significant correlations
and interactions with each other. Consequently,
the 84-gene signature we identified is not only
an effective prognostic biomarker for sepsis
patients but also possibly indicates a molecular mechanism in the pathogenesis of sepsis.

GS and SOX18-GS2 have the potential to be
second-generation biomarkers for identifying
sepsis progression in patients. This may guide
the management and treatment of this serious
clinical condition.

Gao et al. [22] found that exosomes derived
from non-immune cells in sepsis could promote
the differentiation of Th1/Th2 cells in the middle and late phase of sepsis. The growth factor
GM-CSF increases the proliferation of T cells by
the Toll-Like Receptor 4 pathway. Various studies have clarified many different pathophysiologic processes involved in sepsis and have
revealed an important regulatory role of proand anti-inflammatory cytokines in disease progression. These findings have led to the development of promising anti-cytokine and immunomodulating treatment strategies.

Address correspondence to: Dr. Ting Wang, Center
of Translational Science, Florida International University, 11350 SW Village Parkway, Port St. Lucie, FL
34987, USA. Tel: 772-345-4716; E-mail: tinwang@
fiu.edu

SOX18-GS and SOX18-GS2 have two advantages relative to other sepsis biomarkers. First,
we have obtained two gene signatures in this
study, including the 84 gene signature, that
have a robust association with immune signaling pathways and a PPI network. Our SOX18
gene signatures suggest that target genes of
SOX18 may reflect immune system status.
Thus, this study revealed that immunity pathways regulated by SOX18 are central factors for
assessing the risk of sepsis patients. Second,
our study was validated using a number of quality control methods. PCA plots demonstrate
that our SOX18 gene signatures are robust
tools to differentiate high-risk patients from
low-risk patients in all included datasets. In
contrast to most AUC values from random 84
or 18 gene signatures, our two gene signatures showed significantly higher prognostic power
in both the discovery and validation cohorts.
In conclusion, we have identified two SOX18associated gene signatures containing 84 and
18 genes, respectively, that can predict clinical
outcome in patients with sepsis. Thus, SOX18-
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Supplementary Figure 1. Hierarchical clustering of sepsis patients in discovery cohort.
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