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Purpose: Early diagnosis of sepsis-induced acute respiratory distress syndrome (ARDS) is
critical for effective treatment. We aimed to identify early stage biomarkers.

Materials and Methods: Differentially expressed genes were identified in whole blood
samples from patients with sepsis or ARDS based on the Gene Expression Omnibus (GEO)
datasets GSE32707, GSE54514 and GSE10361. Functional enrichment analysis explored the
biological characteristics of differentially expressed genes. Genes with high functional
connectivity based on a protein-protein interaction network were marked as hub genes,
which were validated using the GEO dataset GSE76293, and a gene set variation analysis
index (GSVA) was assigned. Diagnostic and predictive ability of the hub genes were
assessed by receiver operating characteristic (ROC) curve analysis. DNA methylation levels
of hub genes were quantified using the GEO dataset GSE67530.

Results: Forty-one differentially expressed genes were shared between sepsis-specific and
ARDS-specific datasets. MAP2K2 and IRF7 functional activity was highly connected in
sepsis-induced ARDS. Hub genes included RETN, MVP, DEFA4, CTSG, AZU1, FMNLI,
RBBP7, POLD4, RIN3, IRF7. ROC curve analysis of the hub gene GSVA index showed
good diagnostic ability in sepsis or ARDS. Among genes related to sepsis-induced ARDS, 17
were differentially methylated. Principal component analysis and heatmaps indicated that
gene methylation patterns differed significantly between ARDS patients and controls.
Conclusion: We identified a genetic profile specific to early-stage sepsis-induced ARDS.
The abnormal expression of these genes may be caused by hypomethylation, which may
serve as a biomarker for early diagnosis of ARDS.

Keywords: acute respiratory distress syndrome, ARDS, sepsis-induced ARDS, hub genes,

methylation, gene set variation analysis

Introduction

Acute respiratory distress syndrome (ARDS) is associated with a variety of patho-
logical changes, including the release of inflammatory cytokines, the destruction of
pulmonary vascular endothelial cells, the loss of surfactant, the accumulation of
lung fluid and the formation of excessive fibrosis.' Sepsis is a common risk factor
for ARDS and patient prognosis is worsened when sepsis is present.” The 60-day
mortality rate of patients with sepsis-related ARDS is significantly higher than that
of patients with ARDS unrelated to sepsis. Sepsis-induced ARDS develops rapidly,
which limits the time available for doctors to diagnose and treat patients.” However,
few predictive markers of sepsis-induced ARDS are known.
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Previous work has addressed sepsis-induced ARDS
risk prediction by focusing on the transcriptome and clin-
ical indicators.** Although some biomarkers have been
confirmed, most have been correlated with prognosis
rather than early diagnosis. A previous study demonstrated
that Interferon (INF) response factors IRF7 signaling regu-
lated pulmonary inflammatory response through the TLR4
signaling pathway.” Activating transcription factor 4
(ATF4) regulates genes involved in the inflammatory
response.” AUZI in the inflammatory process is known
to facilitate leukocyte-mediated migration, and neutrophil
activation and degranulation process.” In contrast, tissue
factor was identified as not only a diagnostic biomarker of
sepsis-induced ARDS, but also a prognostic indicator of
ARDS.? Another study elucidated the diagnostic role of 11
biomarkers in ARDS, but did not distinguish between the
biomarkers of traumatic or non-traumatic ARDS.®

Epigenetic changes, especially DNA methylation, are
critical regulators of gene transcription, and therefore
influence the occurrence and development of diseases.”
Changes in DNA methylation have been implicated in
many diseases, including lung cancer and airway
inflammation.'®"" DNA methylation can directly block
transcription by inhibiting the binding of specific tran-
scription factors to target sequences in genes.'>'* For
example, sepsis-induced ARDS in animal models can be
induced using lipopolysaccharide, which alters DNA
methylation to up-regulate the expression of certain
inflammatory  factors.'>  Lipopolysaccharide —induces
methylation not only of tumor necrosis factor-alpha pro-
moter in human THP-1 monocytes, but also of sequences
in the HIC-1 gene in mouse embryonic fibroblasts lacking
p53.'® In human intestinal epithelial cells, lipopolysac-
charide stimulates the methylation of regions in the IL-8
promoter with which the histone residues H3K4, H3K9
and H3K27 interact.'” Since sepsis-induced ARDS is clo-
sely related to the level of lipopolysaccharide in the blood
stream, aberrant DNA methylation in lung cells could be
considered as a prophase event in sepsis-induced ARDS.
However, the methylation profile of genes associated with
ARDS or sepsis has not been fully studied. One study
showed that epigenetic variation of myosin light chain
kinase is involved in the pathogenesis of ARDS and
might influence risk of mortality among patients.'®
However, that study focused only on a single genetic
variation, which may not be diagnostic for all patients.

In this in silico study, we comprehensively analyzed
differences in gene expression and methylation among

patients with sepsis alone, patients with sepsis-related
ARDS and healthy controls. The results may be helpful
for the early diagnosis of ARDS and the development of
sepsis treatment strategies.

Materials and Methods

Data Preparation
We extracted information from datasets downloaded from
the Gene Expression Omnibus (GEO, https:/www.ncbi.nlm.

nih.gov/geo/). The GSE32707 gene expression profiles, "
obtained using the GPL10558 platform, contained 144
human blood samples, including 58 from patients with sep-
sis, 31 from patients with sepsistARDS, 21 from patients
with systemic inflammatory response syndrome and 34
healthy controls. All patients were undergoing mechanical
ventilation. The 21 systemic inflammatory response syn-
drome samples were excluded from our analysis. The
GSE10361 gene expression profile data, obtained using the
GPL96 platform, comprised 9 human blood samples, includ-
ing 6 from patients with ARDS and 3 from healthy controls.
Among them, 6 samples were collected at 0 h, and 3 at 72
h. The GSE54514 gene expression profile data, obtained
with the GPL6947 platform, included 163 human blood
samples from up to 5 days for sepsis survivors (n=26), sepsis
nonsurvivors (n=9), and healthy controls (n=18). Among
them, 127 were from patients with sepsis on day 1, day 2,
day 3, day 4 and day 5, as well as 36 were from healthy
controls on day 1 and day_5. The above three data sets were
used to identify hub genes.

The GSE76293 gene expression profile data,?
obtained using the platform GPL6883, contained samples
of alveolar lavage fluid or blood neutrophils from 12
patients with ARDS and samples of blood neutrophils
from 82 healthy controls. All patients in this dataset
received ventilation therapy. And the study was split in
to 2 parts. PartA: PMN were isolated from ARDS patients
alongside PMN from paired (ie, age and gender-matched)
HVTs. PartB: PMNs from HVTs cultured with GM-CSF
and PI3K Inhibitors. This data set was used to validate the
aberrant expression of hub genes. The GSE67530 DNA
methylation data, based on the GPL13534 platform, came
from blood samples from 39 patients with ARDS, 75 non-
ARDS ICU controls, and 30 healthy controls.

The normalizeBetweenArrays function in the limma
package®' was applied to normalize all the gene expression
profiles. If a gene was detected using multiple probes, the
average expression value for all probes was used as the
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expression value for the gene. All the analyses were performed
using R software version 3.5.3. (https://www.r-project.org/).

The workflow of the present study is shown in Figure 1.

Differentially Expressed Gene Analysis
(DEG)

The limma package in R was used to screen GSE32707,
GSE10361 and GSE54514 datasets to identify genes differ-
entially expressed among sepsis, ARDS and control samples.
The fold change (FC) in the expression of individual genes
was calculated, and genes with [log,FC|> 1 and P <0.05 were
considered significant. In the GSE32707A dataset, genes
related to sepsis-induced ARDS were defined as DEGs that
were common to ARDS and sepsis samples (when compared
to control), and for which [10g;FCArpS vs control] > |l0g>
FCqepsis vs c(,mml|22 The DEGs related to sepsis-induced
ARDS that were common to the GSE10361 and GSE54514
datasets were extracted for subsequent analysis.

Identification of Differentially Methylated

Genes

In dataset GSE67530, the mean [ values of all CpG
islands corresponding to a gene were used to indicate the
degree of methylation of that gene.” Differentially methy-
lated genes were identified between ARDS and healthy
control samples using the limma package. P < 0.05 was
considered significant.

GSE32707

GSE67530

Gene Set Variation Analysis (GSVA) and
Receiver Operating Characteristic (ROC)

Curve Analysis

GSVA,** as implemented in the GSVA package in R, was
used to score individual samples against the DEGs related to
sepsis-induced ARDS, and each sample received an up-
regulated and a down-regulated GSVA score. Samples in
the GSE32707, GSE10361 and GSE54514 datasets were
scored in this way. The GSVA results were also displayed
as a heatmap, and their diagnostic value was assessed using
ROC curve analysis with the pROC software package in R.*

Functional Enrichment Analysis

To explore the biological function of the shared up-
regulated and down-regulated genes in the three gene
sets, Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment ana-
lyses were performed using the clusterProfiler package®®
in R. P value < 0.05 after adjusting for the false discovery
rate was considered significant.

Protein—Protein Interaction (PPI)

Network and Identification of Hub Genes
Using the STRING database (https:/string-db.org/),”’ we
constructed a PPI network of the shared up-regulated and

down-regulated genes from the three gene sets, which was
visualized using Cytoscape software.”® The KEGG pathways

GSE10361

GSE54514

Identification of differentially
expressed genes

Y

Identification of hub genes and
construction of protein—protein interaction
(PPI) network

f

Gene set variation analysis

» (_methylation analysis

receiver operating characteristic ™\ ¢ GSE76293 Validation of diagnos@
curve analysis

Figure | The workflow of the present study.
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in which these genes were involved, based on functional
enrichment analysis, were also displayed in this network. In
the PPI network, according to the semantic similarities of GO
terms used for gene annotation, we ranked the gene inside the
interactome by the average functional similarities between
the gene and its interaction partners. Genes with a higher
mean functional similarity were considered more crucial.”’
In addition, we calculated the Pi value = logFCxlog (P value)
in the three comparisons for the genes based on previous
work.>* Thus, the weight (W) value was defined as W = mean
functional similarity X mean Pi. The W value was used to
rank the top 10 genes, which were considered as hub genes.
The hub GSVA score was calculated and ROC curve analysis
performed as described above.

Results
Identification of DEGs Involved in

Sepsis-Induced ARDS

In the GSE32707 dataset, 8354 DEGs were obtained
between sepsis samples and healthy control samples, and
7859 were obtained between ARDS samples and control
samples. A total of 1049 up-regulated genes and 2472
down-regulated genes were shared between sepsis and
ARDS samples and were therefore potentially related to
sepsis-induced ARDS. In the GSE10361 dataset, there
were 1146 up-regulated genes and 969 down-regulated
genes in the ARDS samples. In the GSE54514 dataset,
there were 2502 up-regulated genes and 2010 down-
regulated genes in sepsis samples (Figure 2A). The genes
potentially related to sepsis-induced ARDS were cross-
referenced against the ARDS-related genes and sepsis-
related genes, and the overlapping set of 24 up-regulated
and 17 down-regulated genes (Figure 2B) were defined as
being related to sepsis-induced ARDS and analyzed
further.

Validation of GSVA Scores for Genes

Related to Sepsis-Induced ARDS
ROC curve analysis was performed using the GSVA

scores calculated separately for the up-regulated genes
related to sepsis-induced ARDS and for the down-
regulated genes related to sepsis-induced ARDS. Both
GSVA scores showed good potential for diagnosing sepsis
and ARDS across 2C).
A heatmap was used to correlate the expression of genes

multiple datasets (Figure

related to sepsis-induced ARDS and the two GSVA scores
(Figure 2D).

Biological Processes and Pathways

Involved in Sepsis-Induced ARDS

GO analysis of genes related to sepsis-induced ARDS
identified 20 biological processes that were significantly
enriched, including cellular immune response, neutrophil
response to bacteria, neutrophil activation and protein
modification (Figure 3A). KEGG pathway enrichment
analysis showed a total of 19 pathways, such as the citrate
cycle, cellular senescence, toll-like receptor (TLR) signal-
ing and HIF-1 signaling (Figure 3B).

Potential Molecular Mechanism of Hub
Genes Driving Development of
Sepsis-Induced ARDS

The 41 genes related to sepsis-induced ARDS were intro-
duced into a PPI network using the STRING database
(Figure 4A). We found a high degree of connectivity
between MAP2K?2 and IRF7, which may suggest a bridge
role in sepsis-induced ARDS (Figure 4B). During sepsis,
lipopolysaccharide activates immune cells by making
with  toll-like (TLR)-4.
Consequently, a large signaling complex is formed around

direct  contact receptor
TLR-4, containing the signal adapter MyD88 and mem-
bers of the IRAK family that lead to an inflammatory
response.®' 2 Most proteins associated with the TLR sig-
naling pathway are positively regulated during inflamma-
tion. MyD88 can mediate the development of Iung
inflammation induced by mechanical ventilation in
mice.>® IRAKI is related to the prognosis of sepsis
patients. Up-regulating MAP2K2 and IRF7 may ultimately
promote the release of inflammatory factors and activate
interferon signaling. Similarity analysis was used to screen
for hub genes (Figure 4C). Genes with similar functions
were identified as hub genes, including RETN, MVP,
DEFA4, CTSG, AZUI, FMNLI, RBBP7, POLD4, RIN3,
IRF7. Next we evaluated the biological functions and
expression of the identified hub genes in sepsis and

ARDS (Figure 4D).

Diagnostic Potential of the GSVA Score

for the Set of Hub Genes
ROC curve analysis of the hub gene GSVA score
showed good diagnostic ability in sepsis or ARDS
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Figure 2 Differentially expressed genes in sepsis-induced ARDS. (A) Manhattan plot of differentially expressed genes. (B) Venn diagram identifying sepsis-specific genes and
ARDS-specific genes in different datasets. Up- or down-regulated genes in GSE32707, GSE10361 and GSE54514 datasets were considered potentially related to sepsis-
induced ARDS. (C) Receiver operating characteristic (ROC) curve analysis of potential gene markers based on gene set variation analysis (GSVA) scores. (D) Heatmaps
depicting the expression of sepsis-induced ARDS related genes and the corresponding GSVA scores.

(Figure 5A). The expression of hub genes in ARDS or  Differential Methylation Alters Hub Gene

sepsis samples is shown in heatmaps and disease devel- Expression in Sepsis-lnduced ARDS
opment (Figure 5B and C). Validation in an independent

data set (GSE76293) confirmed that the hub gene GSVA A total of 12,557 differentially methylated genes were identi-
score had biomarker potential, with an area under the fied in the GSE67530 set (Figure 6A). Among the 41 genes
ROC curve of 0.742 (Figure 5D). related to sepsis-induced ARDS, 17 were differentially
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Figure 3 Functional enrichment analysis for the sepsis-induced ARDS related genes. (A) The 20 most significant biological processes identified by gene set enrichment

analysis. (B) KEGG analysis showed pathways associated with sepsis-induced ARDS.

methylated. Ten genes showed high expression and low
methylation: ASGR2, AZUI, CTSG, DEFA4, GNMT, NAPA,
PML, RETN, RIN3, and STABI. The remaining seven genes
showed low expression and high methylation: CMPKI,
CSNK1G3, RABGGTB, SAVI, SLC3946, SUCLG2, SYPLI
(Figure 6B). Gene methylation differed significantly between
ARDS and control samples, based on principal component
analysis (Figure 6C) and a heatmap (Figure 6D).

Discussion

Sepsis-induced ARDS is severe and develops rapidly.
Although the prognosis of patients with this condition
has improved, major treatments have not emerged, in
part due to the lack of early diagnostic biomarkers.
Therefore, we compared gene expression profiles in
patients with sepsis or ARDS in order to understand tran-
scriptional disturbance in sepsis-induced ARDS. We dis-
covered hub genes in sepsis-induced ARDS and uncovered
different methylation patterns that may regulate hub gene
expression, which may help drive the disease.

The majority of the previous studies mainly focused on
the prognosis of ARDS, and few people made further
exploration on the early diagnosis of ARDS. We found
that in patients with sepsis-induced ARDS, differentially
expressed genes were mainly involved in the TCA cycle,
cellular senescence, Toll-like receptor signaling pathway
and HIF-1 signaling pathway. Studies had confirmed that
these pathways were closely related to sepsis and play a key
role in the development of sepsis. In particular, toll-like
receptor signaling pathway played an important role in the
development of sepsis and ARDS. The related research by

Huang et al** confirmed that anti-TLR 4 mAb could reduce
lung injury in mechanical ventilation, inflammation and
edema by inhibiting the TLR 4/MyD 88 signaling pathway
in rats. Our results also confirmed the above point.

PPI networks were used to unearth functionally related
hub genes from three datasets in sepsis-induced ARDS,
and these genes were validated using an independent data-
set. The hub genes hold great potential as biomarkers as
their related proteins are highly expressed in the blood of
ARDS patients. Indeed, we confirmed these hub genes
show diagnostic potential for sepsis-induced ARDS.

DNA methylation plays an important role in regulating
gene transcription.” For example, hypermethylation of
CpG islands leads to gene silencing and disease, which is
why demethylation drugs can be effective.’>>® Indeed,
altered DNA methylation in the lungs has often been
connected to tumorigenesis and airway inflammation.'®!!
However, variation in the methylation of only one gene
has so far been linked to ARDS.*”*® Our study showed
that highly expressed hub genes showed low methylation
levels suggestive of hypomethylation. Hypomethylation of
the transcriptional start site and first exon of AZU] triggers
inflammation signaling cascades in multiple autoimmune
diseases.*” Inflammation may lead to hypomethylation and
subsequent up-regulation of DEFA4.*° These findings lead
us to propose that hypomethylation-induced up-regulation
of hub genes contributes to the development of sepsis-
induced ARDS. Regrettably, IRF7 was upregulated and
highly affecting the toll like receptor signaling pathway.
However, IRF7 was not differentially methylated.
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Figure 5 Expression of hub genes in sepsis-induced ARDS and their ability to predict the condition. (A) Receiver operating characteristic (ROC) curves showing the
diagnostic potential of gene set variation analysis (GSVA) scores for different sets of hub genes. (B) Heatmap depicting hub gene expression and GSVA scores. (C) The hub
gene GSVA score was higher in patients with sepsis or ARDS than in controls. (D) ROC curve analysis of hub gene GSVA in dataset GSE76293.
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Heatmap showing methylation levels of the 17 differentially methylated genes.

Abbreviations: IGR, intergenic region; TSS, transcription start site; UTR, untranslated region.

Our results should be interpreted with caution in light of
several limitations. First, this study was a retrospective analy-
sis of incomplete public datasets. Since we do not know the
patient’s infection level, treatment methods, or additional clini-
cally relevant data, we cannot rule out that these factors may
have confounded our analysis. Second, our study analyzed
only three datasets for gene expression, one dataset for methy-
lation, and one dataset for validation. Our results should be
verified and extended with larger samples. Future work should
also extend our bioinformatics analyses in the laboratory with
tissue samples and cell cultures.

Despite these limitations, we have identified key genes
showing aberrant expression in sepsis-induced ARDS, which
may be due in part to hypomethylation. These genes may be

useful as biomarkers for early diagnosis of ARDS and for
identifying septic patients at greater risk of developing ARDS.
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