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Background: Acute respiratory distress syndrome (ARDS) is one of the leading causes of
death in patients with sepsis. As such, early and accurate identification of sepsis-related
ARDS is critical.

Methods: Bioinformatic analysis was used to explore the GEO datasets. ELISA method was
used to detect the plasma or cellular supernatant of relevant proteins. Quantitative real-time
PCR was used for mRNA measurements and Western blot was applied for protein measure-
ments. Immunohistochemistry staining and Immunofluorescence staining were used to iden-
tify the localization of OLFM4. Cecal ligation and puncture (CLP) model was used to
establish sepsis model.

Results: The bioinformatic analysis results identified ten genes (CAMP, LTF, RETN, LCN2,
ELANE, PGLYRPI, BPI, DEFA4, MPO, and OLFM4) as critical in sepsis and sepsis-related
ARDS. OLFM4, LCN2, and BPI were further demonstrated to have diagnostic values in
sepsis-related ARDS. Plasma expression of OLFM4 and LCN2 was also upregulated in
sepsis-related ARDS patients compared to septic patients alone. OLFM4 expression was
significantly increased in the lung tissues of septic mice and was co-localized with Ly6G+
neutrophils, F4/80+ macrophages and pro-surfactant C+ lung epithelial cells. In vitro data
showed that OLFM4 expression in lung epithelial cells was downregulated upon LPS
stimulation, whereas neutrophil media induced OLFM4 expression in lung epithelial cells.
Overexpression of OLFM4 and treatment with recombinant OLFM4 effectively suppressed
LPS-induced pro-inflammatory responses in lung epithelial cells. Furthermore, the increased
levels of LDHA phosphorylation and the downstream NF-kB activation induced by LPS in
epithelial cells were effectively diminished by OLFM4 overexpression and recombinant
OLFM4 treatment via a reduction in ROS production and HIF1la expression.

Conclusion: OLFM4 may regulate the pro-inflammatory response of lung epithelial cells in
sepsis-related ARDS by modulating metabolic disorders; this result could provide new
insights into the treatment of sepsis-induced ARDS.

Keywords: sepsis, ALI/ARDS, lung epithelial cells, inflammation, OLFM4, LDHA

Introduction

Sepsis is the leading cause of death worldwide, and due to the unresolved patho-
physiology of sepsis, the mortality rate among patients with sepsis-associated
multiple organ dysfunction remains high. Acute respiratory distress syndrome
(ARDS) is a common complication of sepsis that contributes to a prolonged
recovery time and a higher risk of death among septic patients.' Despite early

recognition and advanced supportive care, the incidence of morbidity and mortality
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in sepsis-related ARDS remains high.” It is well acknowl-
edged that sepsis-induced dysregulation of inflammatory
responses cause the damage of the microvascular endothe-
lial and alveolar epithelial barriers, leading to increased
pulmonary vascular permeability and tissue damage during
the exudative phase in sepsis-induced ARDS.’

The lung is an immune organ. Pulmonary residential
epithelial cells, alveolar macrophages, and ILCs, along
with other pulmonary immune cells, play important roles
in maintaining the immune function of lungs. Among
others, lung epithelial cells express a broad spectrum of
pattern-recognition receptors (PRRs), such as Toll-like
receptors (TLRs), NOD-like receptors (NLRs), nucleic
acid sensors, and C-type lectins, thus playing pivotal
roles in regulating the innate and adaptive immunity in
the lung.* However, prolonged activation of lung epithelial
cells may lead to increased barrier dysfunction and tissue
damage, thus aggravating lung injury.’ In addition, during
sepsis, the cellular metabolism is switched from oxidative
phosphorylation to glycolysis or B-oxidation of fatty
acids,’ leading to the damage of the lung tissue.®
Therefore, the abovementioned complicated pathogenesis
makes it important to explore novel and potential thera-
peutic strategies for the treatment of sepsis-associated
ARDS.

Olfactomedin (OLFM)4, also known as GW112 or
hGC-1, is a granular protein that belonging to the olfacto-
medin family.” Dysregulation of OLFM4 expression has
been observed in various inflammatory diseases, such as
inflammatory bowel disease, Helicobacter pylori infection,
and gastrointestinal malignancies.'®™'? An increasing num-
ber of studies have shown that OLFM4 was a marker for
a subset of neutrophils.'*'* During H. pylori infection,
OLFM4 is expressed by neutrophils, macrophages, and
gastric epithelial cells, suggesting a possible crosstalk
between these cell types. The relationship between
OLFM4 and sepsis as well as ARDS which are both
characterized by a dysregulated inflammatory response is
a research “hotspot”. Our previous study on bioinformatics
analysis integrating three GEO datasets showed that
OLFM4 is a critical gene in sepsis.'” In addition, septic
patients with increased expression of OLFM4 mRNA
show an increased incidence of ARDS.'® In patients with
hemorrhagic shock, upregulation of OLFM4 expression is
associated with a longer duration of artificial ventilation.'”
However, the regulatory mechanism of OLFM4 in the pro-
inflammatory responses of lung epithelial cells during
sepsis-related ARDS is unknown yet.

In this study, we identified the critical genes and sig-
naling pathways associated with sepsis-related ARDS.
A review of GEO datasets from whole blood RNA
revealed that OLFM4 is a critical gene in sepsis and
sepsis-induced ARDS. Analysis of the GSE66890 dataset
showed that OLFM4 expression could be used to distin-
guish sepsis-induced ARDS from sepsis. In addition, the
increased plasma level of OLFM4 verified its upregulation
in sepsis-related ARDS patients compared with septic
patients without ARDS. Further in vivo and in vitro
experiments in this study demonstrated that OLFM4
plays a regulatory role in the immune response of lung
epithelial cells in sepsis-induced ARDS by modulating
metabolic disorders.

Materials and Methods

Data Sources

Previously, we analyzed the differentially expressed genes
(DEGs) between septic patients and healthy controls from
datasets downloaded from the Gene Expression Omnibus
database (www.ncbi.nlm.nih.gov/geo/). GSE95233,
GSE57065, and GSE28750 datasets were used as represen-
tative datasets of patients with sepsis. The three datasets
included 156 whole blood RNA samples from 89 patients
with sepsis and 67 healthy controls. GSE32707 is a dataset of
32 control cases and 18 patients with sepsis-related ARDS.
Patients from the GSE66890 dataset were divided into sepsis
(n=28) and sepsis-related (n=29) ARDS groups. Data
from day-1 of whole blood sample collection were used to

analyze gene expression.

DEG ldentification

Correction of background expression and normalization of
raw data were performed using Affy 1.64.0 in R (R
Institute for Statistical Computing, Vienna, Austria). The
Linear Models for Microarray Analysis (limma) package
(version 3.42.2) in R were used to analyze the differential
expression. DEGs were defined as those with a Student’s
t-test P <0.05 and log fold-change (FC) >2. DEGs over-
lapping between datasets were obtained using an online
tool for analyses of Venn diagrams (http://bioinformatics.

psb.ugent.be/webtools/Venn/).

Enrichment Analyses

The functional roles of gene sets were explored using the
Gene Ontology (GO) database. Enrichment of the signal-
ing pathways of the involved genes was investigated using
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the Kyoto Encyclopedia of Genes and Genomes (KEGQG)
database. For comprehensive functional annotation, ana-
lyses of the identified DEGs using the GO and KEGG
databases were conducted using the Database for
Annotation, Visualization, and Integrated Discovery
(DAVID) tool ((https://david.ncifcrf.gov/). A false discov-
ery rate of <0.05, using GO and KEGG databases, was set

as the threshold for significant enrichment.

Construction of a Protein—Protein
Interaction (PPl) Network and Hub-Gene
Analysis

DEGs were uploaded to the Search Tool for the Retrieval of

Interacting Genes (STRING; https://string-db.org/) to analyze
the interactions among the proteins encoded by the identified

DEGs. Results with a minimum interaction score of 0.4 were
visualized using Cytoscape (https://cytoscape.org/). The PPI

network for hub genes was computed using the maximal
clique centrality (MCC) method and cytoHubba.

Patient Enrollment

Patients diagnosed with sepsis in the emergency depart-
ment of Shanghai Ruijin Hospital from May 31, 2021, to
October 31, 2021, were enrolled. This study was
approved by the Ethics Committee of Ruijin Hospital
(N0.20210101). The investigation was based on the insti-
tution’s guidelines for human studies and conformed to
the ethics guidelines of the Declaration of Helsinki.
Informed consent was obtained from each participant.
The enrollment criteria were as follows: (1) age: 18-90
years old; (2) adherence to the sepsis 3.0 sepsis diagnos-
tic criteria; (3) hospital stay > 24h. The corresponding
exclusion criteria were as follows: (1) discharge or death
within 24 h after admission; (2) participation in other
clinical research; (3) emergency surgery after admission;
and (4) malignant tumor; (5) pregnant or lactating
patients; (6) lack of necessary clinical data. Finally,
a total of 20 healthy volunteers, 19 septic patients, and
19 sepsis-related ARDS patients were enrolled.

Patients and Data Records

The following data were collected for each patient.
Baseline data: age, sex, BMI index, sepsis type, SOFA
score, and Acute Physiology and Chronic Health
Evaluation II score. Clinical data: source of infection,
white blood cell (WBC), neutrophil, C-reactive protein

(CRP), procalcitonin (PCT), lactic acid, and whether

mechanical ventilation was used during treatment.
Primary endpoint: whether ARDS developed; secondary
endpoint: in-hospital mortality, ICU stay, hospital stay, and
whether mechanical ventilation was performed.

ELISA method was used to detect the plasma levels of
OLFM4, LCN2 and BPI in enrolled patients on day 1 of

admission.

Animals

Male C57BL/6 mice (6-10 weeks; 22-28 g) were pur-
chased from Slac Lab Animals (Shanghai, China). Mice
were allowed to acclimatize to their surroundings and were
maintained in a temperature-controlled (25°C+0.5°C) and
air-conditioned (humidity 50-60%) environment with
a 12-h light-dark cycle. The mice were provided food
and water ad libitum. The protocols for animal experi-
ments were approved by the Animal Ethics Committee
of Ruijin Hospital Affiliated to Shanghai Jiaotong
University School of Medicine (No. 092) and were in
line with the International Guidelines for Care and Use
of Laboratory Animals (National Academy of Sciences
Health Publication No. 85-23, revised in 1996).

Cecal Ligation and Puncture (CLP) Model
Mice were anesthetized using 3% isoflurane in an anes-
thetic chamber and maintained with 2% isoflurane via
a face mask. An electric razor was used to shave abdom-
inal fur, and 70% ethanol was used to clean the skin.
A 0.5 cm midline incision was made on the abdomen to
expose the cecum, which was ligated fully below the
ileocecal valve. An 18-G needle was used to puncture
two holes at the top and bottom of the cecum, and
a similar amount of feces was squeezed out. The cecum
was returned to the abdomen in its anatomical position,
and 50 mL/kg of physiologic (0.9%) saline administered
(s.c.) after the surgical procedure. Animals were sacri-
ficed at the indicated times. Tissues and serum were
—80°C.
Bronchoalveolar lavage fluid (BALF) was collected

isolated, flash-frozen, and stored at
three times using a sterile tracheal cannula. The total
volume of phosphate-buffered saline (PBS) administered
was 1.5 mL. The BALF was centrifuged at 1500 rpm for 5

min at 4 °C.

Cell Culture

The murine lung epithelial cell line (MLE-12) and human
bronchial epithelial cells (BEAS-2B) were procured from
the Institute of Stem Cell Research within the Chinese
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Academy of Sciences (Shanghai, China). MLE-12 cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM)-f12 (Gibco, Grand Island, NY, USA) supple-
mented with 10%
(Gibco), 1% penicillin, and streptomycin (catalog number:
TMS-AB2-C; Millipore, Waltham, MA, USA) in
a humidified atmosphere of 5% CO2 at 37 °C. BEAS-2B
cells were cultured in DMEM supplemented with 10%

heat-inactivated fetal calf serum

heat-inactivated fetal calf serum, 1% penicillin, and strep-
tomycin and grown under the same conditions. For murine
bone marrow-derived neutrophil (BMDN) purification,
bone marrow cells were resuspended in 1mL of ice-cold
PBS and layered on top of a pre-layered solution of
Histopaque 1119 (Sigma, Missouri, USA) on the bottom
and Histopaque 1077 (Sigma) on top. Cells were centri-
fuged at 500 xg for 30 min at room temperature, without
deceleration. BMDNs were collected at the interface of the
Histopaque layers, and purity was assessed by flow cyto-
metry. Freshly isolated murine neutrophils were plated in
serum-free DMEM with or without LPS stimulation for
4h. Conditioned media were collected, centrifuged at 500
xg for 5 min, and then cultured with MLE-12 cells. Serum-
free DMEM was used in the negative control group.

Plasmid Transfection

The full-length coding sequence of OLFM4 was cloned
into the pcDNA3.1 vector (Genepharma, Shanghai,
China), and Lipofectamine™ 3000 (Invitrogen, Carlsbad,
CA, USA) reagent was used to transfect plasmids into
MLE-12 cells according to the manufacturer’s protocol.
Transfection confirmed using Western blotting.

Quantitative Real-Time PCR

Total RNA was extracted from cells using TRIzol®
Reagent (Vazyme, Nanjing, China). RNA concentration
and purity were measured using a Gen5 microplate spec-
trophotometer (BioTek, Winooski, VT, USA). Reverse
transcription was performed using HiScript III RT
SuperMix for qPCR (+gDNA wiper) (Vazyme, Nanjing,
China). qPCR was performed using Taq Pro Universal
SYBR gPCR Master Mix (Vazyme, Nanjing, China).
PCR amplification consisted of 10 min of an initial dena-
turation step at 95°C, followed by 40 cycles of PCR at
95°C for 15 s and 60°C for 1 min. Relative mRNA
expression was determined using the 2—ACT method rela-
tive to the housekeeping gene GAPDH. Data are presented
as fold changes relative to the control groups. The primer

pairs used in the experiments are listed as supplementary
material (Supplementary Table S1).

Western Blot

Samples of total protein from lung tissue or cells were
subjected to ultrasound grinding with RIPA lysis buffer,
protease inhibitors, and a phosphatase inhibitor cocktail.
Proteins (20 pg) were denatured with sample buffer
(sodium dodecyl sulfate), separated by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (using 10%
gels), and transferred to polyvinylidene difluoride (PVDF)
membranes (Millipore, MA, USA). After blocking in 5%
bovine serum albumin for 1 h at room temperature, PVDF
membranes were incubated overnight with primary antibo-
dies at 4°C. Subsequently, membranes were washed and
incubated with horseradish peroxidase-labeled secondary
antibodies (1:10,000 dilution) for 1 h at 37°C. Then, the
PVDF membranes were washed thrice for 10-min each.
Finally, signals were detected using an electrochemilumi-
nescence substrate (Tanon, Shanghai, China), according to
the manufacturer’s instructions. Immunoreactive protein
bands were visualized using a specialized imaging system
(Bio-Rad Laboratories, Carlsbad, CA, USA). The primary
antibodies used were purchased from Cell Signaling
Technology (Danvers, MA, USA): OLFM4 (1:1000;
mouse-specific; 39141), OLFM4 (1:1000; 14369), glyceral-
dehyde-3-phosphate  dehydrogenase (GAPDH, 1:5000;
5174), hypoxia-inducible factor (HIF)-1a (1:1000; 36169),
phosphorylated (p)-LDHA (1:1000; 8176), and phosphory-
lated nuclear factor-kappa B (p-NF-«xB; 1:1000; 3033).

Enzyme-Linked Immunosorbent Assay
(ELISA)

The concentrations of interleukin (IL)-6, C-X-C motif che-
mokine ligand (CXCL)-1, and chemokine ligand (CCL)-2
in mouse sera, BALF, and cell supernatants were measured
using an ELISA kit (MultiSciences
Hangzhou, China),

Biotechnology,
according to the manufacturer’s
instructions. The concentrations of OLFM4 in mouse
plasma, BALF and cell supernatant were measured using
an ELISA kit (Cloud-clone, Wuhan, China). The lipocalin
(LCN)2 concentration was measured using ELISA
(ab119601; Abcam, Cambridge, UK). The concentrations
of OLFM4 and LCN2 in human plasma were measured
using ELISA kits (OLFM4, ab267805; LCN2, ab215541;

Abcam, Cambridge, UK). The human BPI concentrations
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was measured by ELISA kit (HK314-01, HyCult, Uden,
The Netherlands).

Immunohistochemistry Staining

For immunohistochemical detection of OLFM4, fixed lung
tissues were dehydrated in an ascending series of alcohol
concentrations, embedded in paraffin, and sectioned at
a thickness of 5 um. The sections were treated with endo-
genous peroxidase and blocked with nonspecific proteins.
Sections were then incubated with primary antibody
against OLFM4 (Cell Signaling Technology, Danvers,
MA, USA) overnight at 4°C. PBS was used as
a negative control. Sections were then incubated with
a biotinylated secondary antibody for 1 h at room tem-
perature. Finally, sections were stained with diaminoben-
zidine for microscopic examination (DS-U3; Nikon,
Tokyo, Japan).

Immunofluorescence Staining

Deparaffinized and dehydrated lung sections were boiled
at 98°C for 10 min for antigen retrieval, followed by
blocking with 10% normal goat serum for 1 h at room
temperature. Sections were incubated with anti-F4/80
(Servicebio, Wuhan, China), anti-Ly6G (Servicebio), and
protein C (pro-SPC) (ab211326,
Abcam) at 4°C overnight. Sections were then incubated

anti-prosurfactant

with Alexa Fluor-conjugated isotype-specific secondary
antibodies (Servicebio) for 1 h at room temperature.
Nuclei were stained with 4,6-diamidino-2-phenylindole
(Servicebio) for 5 min at room temperature, and samples
were mounted with mounting media (Sigma, Missouri,
USA). Finally, sections were stained with diaminobenzi-
dine for microscopic examination (DS-U3; Nikon, Tokyo,
Japan).

Measurement of ROS Levels

Intracellular ROS production was detected using the
Reactive Oxygen Species Assay Kit from the Beyotime
Institute of Biotechnology (Shanghai, China). Cells were
seeded into six-well plates at a density of approximately
50-70% and treated with lipopolysaccharide (LPS; 5 pg/
mL) for 24 h. Upon removal of the medium, 5 uM of
dichloro-dihydro-fluorescein diacetate was added to each
well and incubated for 30 min at 37°C. MLE-12 cells were
washed twice with phosphate-buffered saline (PBS).
Intracellular ROS was quantified using a Synergy Neo2
Multi-Mode Reader with 488 nm excitation and 525 emis-
sions (BioTek, Winooski, Vermont, USA).

Statistical Analysis

All data were analyzed using SPSS (version 23.0; IBM,
Armonk, NY, USA). Kolmogorov—Smirnov was used for
sample normality testing. Continuous variables were
expressed as mean + standard deviation or median and
interquartile range. Categorical variables were expressed
as numbers and percentages. For continuous variables,
data that met the normal distribution were compared
using the #-test for comparison between the two groups
and ANOVA among three or more groups. For categori-
cal variables, methods such as Pearson’s chi-square test,
continuity correction, Fisher’s exact, or likelihood ratio
were used. Statistical significance was set at P < 0.05.
Analyses of ROC curves were performed to determine
the specificity, sensitivity, likelihood ratio, positive pre-
dictive value, and negative predictive value of all possi-
ble thresholds. The diagnostic value of genes and
proteins were predicted based on the ROC curve
analyses.

Results
Identification of DEGs in Septic Patients
and Patients with Sepsis-Related ARDS

Previously, we analyzed DEGs between healthy controls
and septic patients from three GEO datasets (GSE95233,
GSES57065, and GSE28750). GSE32707 is a dataset com-
prising healthy controls and patients with sepsis-related
ARDS. The GSE32707 dataset was initially analyzed to
identify DEGs unique to sepsis-related ARDS. In total, 28
DEGs were found to overlap between the three datasets we
evaluated previously and GSE32707, which suggested
their potential role in both sepsis and sepsis-related
ARDS (Figure 1A).

Enrichment analyses were performed using the GO and
KEGG databases on the 28 common DEGs (Table 1). The
molecular functions enriched in this dataset are primarily
associated with the inflammatory response. A PPI network
was established to better understand which shared DEGs
were most likely to be most essential for the development
from sepsis to sepsis-related ARDS (Figure 1B). The top
10 genes according to the MCC method were selected
using the CytoHubba plugin and are sequentially listed
as follows: CAMP, LTF, RETN, LCN2, ELANE,
PGLYRPI, BPI, DEFA4, MPO, and OLFM4 (Figure 1C).

We further explored whether the selected ten genes
participate in sepsis-related ARDS and could be used to
sepsis-related ARDS from The

distinguish sepsis.
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A control vs. sepsis

control vs. sepsis-related ARDS

ja

OLFM4

Figure | OLFM4 is increased in septic and sepsis-induced ARDS patients. (A) Venn diagram of DEGs from our previous datasets and the GSE32707 dataset. Each colored
circle represents the DEGs of corresponding datasets. The overlapped area indicates 28 DEGs shared between septic patients and patients with sepsis-induced ARDS.
Significant DEGs were defined as those having p < 0.05 and [log FC] > 1.5 as cutoff criteria. (B) Establishment of a PPl network and identification of hub genes. Twenty-two
DEGs were filtered into a DEG-PPI-network complex. The line between proteins denotes an interaction score 20.4. The more interactions with other proteins, the more
important that protein is. (C) Ten genes were chosen as critical genes according to the MCC method using the CytoHubba plugin.

GSE66890 dataset, which comprised patients with sepsis
and sepsis-related ARDS, was used for further analyses.
Heatmaps revealed the expression profiles of ten genes in
patients with sepsis and sepsis-related ARDS (Figure 2A).
Statistical analyses of these genes are shown in Figure 2B.
Five of these ten genes showed significant differences
between the sepsis group and sepsis-related ARDS
group: OLFM4, LCN2, BPI, DEFA4, and LTF. ROC
curves were generated, and three genes showed an AUC

(area under the ROC curve) of > 0.7,0.716 for OLFM4,
0.719 for LCN2, and 0.735 for BPI) (Figure 2C).

Critical Genes Were Validated at

Transcriptional and Protein Levels

The expression of ten key genes in the whole blood RNA
samples from healthy controls and septic patients with or
without ARDS (n = 5) was measured using quantitative
real-time PCR (Figure 3A). The results showed that the

https://doi.org/10.2147/JIR.S335915
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Table | Functional Enrichment of 28 DEGs

Term Description Count | FDR
GO:0005615 | Extracellular space 15 2.31E-08
GO:0042742 | Defense response to 7 1.41E-05
bacterium
GO:0070062 | Extracellular exosome 17 2.27E-06
GO:0045087 | Innate immune response 8 2.71E-04
GO:0050832 | Defense response to fungus | 4 6.77E-04
GO:0042582 | Azurophil granule 3 0.00128124
GO:0002523 | Leukocyte migration 3 0.007081
involved in inflammatory
response
GO:0042581 | Specific granule 0.00128124
GO:0030141 | Secretory granule 0.00128124
GO:0001878 | Response to yeast 3 0.00801906
GO:0005576 | Extracellular region 10 0.0017069
GO:0044130 | Negative regulation of 3 0.01025273
growth of symbiont in host

expression of most of the genes was consistent with the
trend observed in the microarray analysis, while CAMP
and DEFA4 showed no significant difference.

Since OLFM4, LCN2, and BPI are secreted proteins, the
plasma levels of OLFM4, LCN2, and BPI were measured by
ELISA to evaluate their diagnostic value for sepsis-related
ARDS. Table 2 showed characteristics of patients at the time
of blood collection. Compared to patients with sepsis alone,
sepsis-related ARDS patients had lower BMI and higher
SOFA scores without other significant differences. As
shown in Figure 3B-D, plasma levels of OLFM4, LCN2
and BPI in sepsis as well as sepsis-related ARDS group
were significantly higher than the control group. In addition,
plasma levels of OLFM4 and LCN2 exhibited significant
elevation in sepsis-related ARDS group compared with that
in sepsis group. ROC curves were generated to evaluate the
diagnostic value of OLFM4, LCN2, and BPI in sepsis-related
ARDS, and the area under the curves was 0.727 for OLFM4
and 0.717 for LCN2 (Figure 3E).

OLFM4 Was Associated with Lung Injury
in Septic Mice

Among the three markers (OLFM4, LCN2, BPI)
obtained from the bioinformatic analysis, OLFM4 was
focused on in our further experiments since the role of
OLFM4 in sepsis as well as sepsis-related ARDS
remains elusive. In CLP-induced mouse model of sepsis,
sepsis-induced lung injury was confirmed by H&E stain-
ing as well as increased IL-6 levels both in sera and

BALF (Figure S1A and B). The protein level of OLFM4
was significantly increased both in the lung tissue as
well as in BALF compared to the sham control
(Figure 4A and B). IHC staining showed the increased
expression of OLFM4 in the lung tissue of septic mice
(Figure 4C). Moreover, as shown in Figure 5, OLFM4
was primarily colocalized with neutrophils marked by
Ly6G, whereas the co-localization of OLFM4 with F4/
80+ macrophages and pro-SPC+ lung epithelial cells
was also observed, although to a less extent.

To verify OLFM4 expression in epithelial cells, MLE-
12 were treated with different doses of LPS or incubated
with LPS for different time periods. Interestingly, we
found that the protein level of OLFM4 was downregu-
lated in a time-dependent and LPS dose-dependent man-
ner (Figure 6A and B), while OLFM4 level in the
supernatant was not altered by detection of ELISA kit.
These results were further confirmed by the decreased
OLFM4 expression in BEAS-2B, representing bronchial
epithelial cells, upon treatment of LPS at different time-
points (Figure 6C).

To investigate whether neutrophil-released OLFM4 can
be taken up by lung epithelial cells, bone marrow-derived
neutrophils (BMDN) were treated with or without LPS,
and the conditioned neutrophil media was added to MLE-
12. Intriguingly, the expression level of OLFM4 was
increased in MLE-12 cells upon incubation with the con-
ditioned supernatants from neutrophils with and without
LPS compared to the negative control group (Figure 6E).
The results suggested that the uptake of exogenous
OLFM4 by lung epithelial cells may play a role in regulat-
ing epithelial function.

OLFM4 Inhibited the Pro-Inflammatory
Responses of Lung Epithelial Cells

Induced by LPS

To further investigate the effect of OLFM4 on the pro-
inflammatory responses of lung epithelial cells, OLFM4
was overexpressed in MLE-12 before LPS stimuli and
pro-inflammatory cytokines as well as LCN2 were eval-
uated accordingly. Notably, LPS treatment increased the
mRNA expression of IL-6, CXCL-1, and LCN2 in
MLE-12 cells, while OLFM4 overexpression effectively
downregulated their expression (Figure 7A). In addition,
LPS-induced increase of NF-kB/p65 phosphorylation,
a key transcription factor involved in sepsis-induced
inflammation, was inhibited by OLFM4 overexpression
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Figure 2 OLFM4 expression was different between septic and sepsis-induced ARDS patients. (A and B) Heatmap and statistical analyses of expression of the ten hub genes
in the GSE66890 dataset. Red = upregulated. Blue = downregulated. **p < 0.01. (C) Analyses of ROC curves of critical DEGs in the GSE66890 dataset. ROC curves were
generated and the area under the ROC was used to compare the ten genes in the sepsis group and sepsis-related ARDS group. Three DEGs showed AUC >0.7: 0.716 for

OLFM4, 0.719 for LCN2, and 0.735 for BPI.

(Figure 7B). Furthermore, BEAS-2B cells were pre-
treated with human recombinant OLFM4 at different
doses before LPS stimuli. The results showed that
recombinant OLFM4 inhibited LPS-induced phosphory-
lation of p65 as well as the expression of pro-
inflammatory cytokines (Figure 7C and D). These data
indicated that OLFM4 has anti-inflammatory effects on
LPS-induced lung epithelial cells.

OLFM4 Alleviated LPS-Induced Lung
Epithelial Inflammation by Inhibiting
LDHA/NF-kB Signaling

Our previous study has reported that mitochondrial dysfunc-
tion and glycolysis play indispensable roles in sepsis-related
epithelial injury.'® MLE-12 cells treated with LPS showed
increased ROS production, and OLFM4 overexpressed
MLE-12 cells exhibited less ROS production upon exposure
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Figure 3 Validation of OLFM4 expression at the transcriptional and protein level. (A) Expression of ten critical genes was compared between healthy controls, septic
patients, and sepsis-related ARDS patients by quantitative real-time PCR. Differences between two groups were analyzed. *p < 0.05, *p < 0.01 versus CT group, “p < 0.05
versus sepsis group. (B, C and D) Plasma OLFM4, LCN2 and BPI expressions were compared between healthy controls, septic patients, and sepsis-related ARDS patients
using ELISA kit. **p < 0.01 versus control group, ***p < 0.001 versus control group, *p < 0.05 versus sepsis group. (E) Analyses of ROC curves of plasma OLFM4, LCN2 and
BPI expression. ROC curves were generated and the area under the ROC was used to compare plasma OLFM4, LCN2 and BPI expressions in the sepsis group and sepsis-

related ARDS group.

to LPS (Figure 8A). Considering the association of ROS
production with HIF-1a, we further examined the expres-
sion of HIF-lo. As shown in Figure 8B, OLFM4 over-
expression effectively inhibited LPS-induced upregulation
of HIF-la. In addition, BEAS-2B cells were treated with
different doses of recombinant OLFM4 prior to LPS stimu-
lation. Consistently, the results showed that LPS-induced
HIF-1a expression in BEAS-2B cells was greatly decreased
by OLFM4 treatment
(Figure 8C and D).
HIF-1a plays an important role in the activation of

in a dose-dependent manner

myeloid cells and the regulation of the glycolytic capacity
during inflammation. Eman et al found that HIF-la
induced downstream LDHA expression and led to neutro-
phil mobilization.19 Therefore, we examined the influence
of OLFM4 overexpression on LDHA in MLE-12 cells.
LDHA expression in MLE-12 was not significant altered
upon LPS stimuli, whereas the phosphorylation level of
LDHA was greatly increased which was highly inhibited
by OLFM4 overexpression (Figure 8B). To further verify
whether LDHA phosphorylation plays a role in mediating
the pro-inflammatory response in lung epithelial cells,

MLE-12 was treated with the LDHA-specific inhibitor
FX-11 before LPS stimulation. We found that FX-11 dra-
matically diminished the LPS-induced phosphorylation of
LDHA and p65 as well as the pro-inflammatory responses
in MLE-12 cells (Figure 9A and B). These results were
verified in BEAS-2B cells as well (Figure 9C and D).
These data indicated that OLFM4 exhibits
inflammatory effects via modulating metabolic disorders

its anti-
in LPS-induced lung epithelial cells.

Discussion

Sepsis-related ARDS is the leading cause of death in criti-
cally ill patients. In this study, we compared the differences
of gene expression profiles between septic patients and
patients with sepsis-induced ARDS to identify the key
genes involved in the progression of sepsis-related ARDS.
We found that OLFM4, LCN2, and BPI were the critical
genes that were significantly different between the two
groups. Plasma levels of OLFM4 and LCN2 was also upre-
gulated in sepsis-related ARDS patients compared to septic
patients without ARDS. Among them, although the role of
OLFM4 in immune cells has been extensively studied. The
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Table 2 Characteristics of Septic Patients with or Without ARDS

Healthy Group Patients Total No ARDS ARDS P value
Numbers 20 38 19 19
Age (year) 473 £ 124 67.0 £ 15.6 66.4 £ 16.2 67.6 + 154 0.829
Gender, Male, n% 23 (60.5) 12 (63.2) Il (57.9) 0.898
BMI 228 £ 3.9 242 £ 42 211 £27 0.018*
Sepsis category
Septic shock 7 (184) 2 (10.5) 5(26.3) 0.181
Sepsis 31 (81.6) 17 (89.5) 14 (73.7)
Hospital mortality 9 (23.7) 4 (21.1) 5(26.3) 0.596
Source of sepsis
Lung 18 (47.4) 8 (42.1) 10 (52.6) 0.516
Intestinal tract 4 (10.5) 1 (5.3) 3 (15.8) 0.290
Abdomen 4 (10.5) 2 (10.5) 2 (10.5) 1.0
Biliary system 6 (15.8) 4 (21.1) 2 (10.5) 0.374
Urinary tract 7 (18.4) 4 (21.1) 3 (15.8) 0.676
Skin 2 (5.3) 1 (5.3) I (5.3) 1.0
Other 3(7.9) 3(15.8) 0 (0) 0.071
SOFA 6.5 (3,9) 4 (3,6) 8 (3,11) 0.043*
APACHII score 173 £ 95 145 +73 205 + 11 0.064
WBC 13.7 £ 6.1 15+64 124 £ 5.8 0.199
N% 89 + 46 89.6 + 4.9 883 + 43 0.41
PLT 1602 + 71.3 169.2 + 77.1 I151.7 + 66.4 0.465
Creatinine (umol/L) 106 (69, 184) 93 (62.5, 144.5) 120.5 (77.8, 237.8) 0.331
CRP 184.2 + 108.1 161.3 + 103.7 203.6 + 110.7 0.254
PCT 4.8 (0, 20.7) 7.4 (0.5, 20.2) 1.1 (0, 24.8) 0.477
Lactate 2 (1.3,24) 1.5 (1.2, 22) 2.8 (1.6, 4.3) 0.023*
PaO2/FiO2 216.6 + 120.1 2757 = 117.7 195.7 £ 75.1 0.026*
Duration of hospital stay 17.9+13.6 17.9+13.1 17.9+14.5 0.99
ICU stay 11.5 (5.3, 25) 8 (3.5,12.5) 23 (7.5, 43.25) 0.374

Notes: Values are given as number (percentage), median [25th—75th percentile], or mean * standard deviation (SD); *P < 0.05 versus no ARDS group.
Abbreviations: BMI, body mass index; ICU, intensive care unit; SOFA, Sequential Organ Failure Assessment; APACH, Acute Physiology and Chronic Health Evaluation.

regulatory effects as well as the underlying mechanisms of
OLFM4 on the inflammatory activation in lung epithelial
cells have not been reported yet. In this study, we demon-
strated that OLFM4 was strongly increased in the lung tissue
of CLP-induced septic mice, and it was primarily observed in
Ly6G+ neutrophils whereas in macrophages and lung epithe-
lial cells less OLFM4 was observed. In vitro, we found that
OLFM4 expression in lung epithelial cells was downregu-
lated upon LPS stimulation, while the treatment of lung
epithelial cells with conditioned neutrophil media increased
the expression of OLFM4. OLFM4 overexpression signifi-
cantly inhibited the pro-inflammatory responses in lung
epithelial cells. Furthermore, we found that the increased
level of LDHA phosphorylation and the downstream NF-
kB activation upon LPS stimuli were effectively diminished
by OLFM4 overexpression and recombinant OLFM4 treat-
ment via reducing ROS production and HIF-1a expression.

The selected critical genes in our present study were
mainly associated with the innate immune responses and
tissue damage. ELANE, encoded as neutrophil elastase,
has been reported to cause tissue damage and alter the
remodeling process in sepsis and acute lung injury.'’
Myeloperoxidase (MPO) is a major component of active
neutrophils and is widely used to evaluate neutrophil infil-
tration during lung injury.®° It is intriguing that, most of
the identified genes, including ELANE, LCN2, MPO,
OLFM4, and BPI, are associated with neutrophil activity,
implying the importance of neutrophil-related mechanisms
in the development of sepsis-associated ARDS.*'"
Neutrophils are the first line of defense against invading
microorganisms, whereas excessive neutrophil activation
may lead to tissue damage and increase vascular
permeability.>* Thus, the identification of several neutro-
phil-related genes in this study has biological plausibility
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Figure 4 OLFM4 expression was increased in CLP-induced lung injury. (A). OLFM4 protein expression in CLP-induced lung injury at 6 h and 24 h was detected by Western
blot. (B). OLFM4 expression in the BALF of sham mice and CLP mice was measured by ELISA. Data are presented as mean * SEM (n = 7). *p < 0.01. (C and D). OLFM4
expression in the lungs of sham mice and CLP mice was detected by immunohistochemical staining and immunofluorescence staining. OLFM4 was stained red, and nuclei was

stained with DAPI in IF images.

out a predictive model for sepsis-related ARDS. The
increase of plasma OLFM4 and LCN2 further confirmed
their diagnostic values for sepsis-related ARDS. The

and may provide insights into the understanding of the
pathogenesis during sepsis-related ARDS. The analysis
of GEO datasets could also give us an avenue to carry
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Figure 5 OLFM4 expression was localized in neutrophils, macrophages, and lung epithelial cells. (A—C) Lung tissues of sham mice and CLP mice were double stained to
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Figure 6 OLFM4 expression in lung epithelial cells was induced by neutrophil media. (A) MLE-12 cells were incubated with LPS (5 ug/mL) for 6, 12, 24, and 48 h, and the
expression level of OLFM4 was detected by Western blot. (B) MLE-12 cells were incubated with different doses of LPS (500 ng/mL, | pg/mL, 5 pyg/mL, 10 ug/mL) for 24 h,
and OLFM4 expression was measured by Western blot. (C) BEAS-2B cells were incubated with LPS (5 pg/mL) for 6, 12, 24, or 48 h, and OLFM4 expression was measured
by Western blot. (D) Murine BMDNs were purified and the purity was assessed by flow cytometry. (E) BMDNs were stimulated with or without LPS for 4h, and BMDN
media was collected. MLE-12 cells were treated with BMDN media or DMEM and OLFM4 expression was measured by Western blot.
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Figure 7 OLFM4 inhibited the pro-inflammatory responses of lung epithelial cells by blocking NF-kB activation. (A) MLE-12 cells were transfected with OLFM4 plasmids or
negative control (NC) for 24 h before LPS stimulation. Expression of IL-6, CCL2, CXCLI, and LCN2 in the supernatants of MLE- 12 cells was measured using ELISA. *p < 0.05 versus
NC group, ¥p < 0.01 versus NC group, *p < 0.05 versus NC+LPS group, ™p < 0.01 versus NC+LPS group. (B) OLFM4 expression and the level of phosphorylated NF-«B/P65 in
MLE-12 cells were examined by Western blot. (C) BEAS-2B cells were pretreated with human recombinant OLFM4 (500 ng/mL or | ug/mL) for 30 min before stimulated with LPS.
The mRNA expression of IL-6, CXCLI, IL-8, and LCN2 was measured by real-time RT-qPCR. *p < 0.05 versus CT group, **p < 0.01 versus CT group, “p < 0.05 versus LPS group,
#h < 0.01 versus LPS group. (D) OLFM4 expression and the level of phosphorylated NF-kB/P65 in BEAS-2B cells were examined by Western blot.

relatively low AUCs could be due to small size of patients
enrolled. Considering plasma sample is more convenient
to be obtained, more patients will be enrolled to verify the
diagnostic potential of these two molecules.

Emerging studies have focused on the role of OLFM4
in sepsis as well as sepsis-related organ dysfunction. We
have previously revealed that OLFM4 expression was
increased in patients suffering from  sepsis."”
Upregulation of OLFM4 expression at the transcriptional
level has also been reported to be associated with the
occurrence of septic shock-associated acute kidney

injury.?® Pediatric septic shock patients with a high ratio

of OLFM4+ neutrophils had a higher risk of organ failure
and mortality.”® Here we showed for the first time the
association of OLFM4 with sepsis-induced ARDS. In
CLP mice, OLFM4 expression was upregulated in the
injured lung tissue. Consistent with a previous study show-
ing that OLFM4 was
neutrophils,'* the majority of upregulated OLFM4 was

expressed by a subset of
localized in the neutrophils during sepsis-related acute
lung injury. The increase of OLFM4 expression in lung
epithelial cells stimulated with conditioned neutrophil
media further suggests a possibly novel finding of neutro-
phil-epithelial talk.
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Figure 8 OLFM4 alleviated mitochondrial dysfunction in lung epithelial cells. (A) MLE-12 cells were transfected with OLFM4 plasmids or NC for 24 h before LPS
stimulation. ROS production in MLE-12 cells was evaluated using a microplate reader. (B) The expression of HIF-l1a and phosphorylated LDHA (p-LDHA) in MLE-12 cells
was detected by Western blot. (C) BEAS-2B cells were pre-treated with human recombinant OLFM4 for 30 min before stimulated with LPS. ROS production in BEAS-2B
cells was evaluated using a microplate reader. (D) The expression of HIF-1a and phosphorylated LDHA (p-LDHA) in BEAS-2B cells was detected by Western blot. *p <

0.01 versus CT group, *p < 0.0 versus LPS group.

The contradictory effects of OLFM4 on inflammation
have been reported in several studies. On the one hand,
OLFM4 knockout mice showed higher expression of IL-
1B, TNFa, IL-5, IL-120, MIP-10, and MCP-1 than that in
wild-type mice 2 weeks after H. pylori infection.'” In
addition, in mice challenged with Staphylococcus aureus
in chronic granulomatous disease, the activity of cathepsin
C, along with its downstream proteases and serum level of
was higher in OLFM4-
deficient mice compared with that in wild-type mice.?’

proinflammatory cytokines,

Conversely, in an intestinal ischemia-reperfusion model
in mice, OLFM4-deficient mice survived longer and had
less intestinal barrier dysfunction than wild-type mice.
However, the infusion of OLFM4-null mice with OLFM4-
positive neutrophils exacerbated intestinal injury and
reduced the survival rate of mice. It has also been found
that neutrophils secret OLFM4 into the environment and
stimulated a downstream inflammatory response by indu-
cing macrophages to produce inducible nitric oxide
synthase (iNOS).?® Moreover, different origins of
OLFM4 (eg, epithelium, neutrophils, stem cells) might
exert different effects during inflammation. Kuno et al
showed that OLFM4 secretion led to antimicrobial

activity, while cytoplasmic OLFM4 played an anti-
apoptotic role in human intestinal epithelial cells.'
Therefore, the OLFM4 producing cell type needs to be
clarified in order to determine the role of OLFM4 in
sepsis-related ARDS. Subsequently, cell type-specific
OLFM4 knockout model can be constructed to explore
the detailed mechanism of OLFM4 in sepsis-related
ARDS.

NF-kB is a key transcription factor involved in pro-
inflammatory activation in sepsis and ARDS. In our study,
OLFM4 overexpression and recombinant OLFM4 treatment
decreased the phosphorylation level of NF-kB/p65 in lung
epithelial cells induced by LPS. In accordance with our study,
Liu et al demonstrated that OLFM4 negatively regulated the
activation of NF-kB signaling.'” However, the regulatory
mechanisms of NF-kB by OLFM4 is not well known yet. It
has been shown that OLFM4 inhibited NF-kB activation as
well as subsequent production of cytokines and chemokines
by directly associating with nucleotide-binding oligomeriza-
tion domain (NOD)I and NOD2.'° Whereas in our study,
NOD signaling was not affected by OLFM4, suggesting the
involvement of other mechanisms. HIF-1a is well known to
roles in inflammation and

play diverse regulating
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Figure 9 LDHA inhibition effectively alleviated LPS-induced inflammation in lung epithelial cells. (A) MLE-12 cells were pre-treated with FX-11 (LDHA inhibitor) for 30 min
before LPS stimulation. The concentrations of IL-6, CCL2, CXCLI, and LCN2 in supernatants were measured using ELISA. N=3. (B) MLE-12 cells were pre-treated with FX-
Il (LDHA inhibitor) for 30 min before LPS stimulation. The expression of phosphorylated NF-«kB/P65, phosphorylated LDHA (p-LDHA) and LDHA in MLE-12 cells was
detected by Western blot. (C) BEAS-2B cells were pre-treated with FX-11 for 30 min before stimulated with LPS. The mRNA levels of IL-6, CXCLI, IL-8, LCN2 were
determined by real-time RT-qPCR. (D) BEAS-2B cells were pre-treated with FX-11 for 30 min before stimulated with LPS. The expression of phosphorylated NF-kB/P65,
phosphorylated LDHA (p-LDHA) and LDHA in BEAS-2B cells was detected by Western blot. *p < 0.05 versus CT group, **p < 0.01 versus CT group, #p < 0.05 versus LPS

group, #p < 0.01 versus LPS group.

metabolism.*” We found that OLFM4 overexpression in lung
epithelial cells downregulated the production of ROS as well
as the expression of HIF-1a upon LPS stimuli, suggesting the
potential effect of OLFM4 on metabolic disorders.
Furthermore, HIF-1a was demonstrated to regulate LDHA,
the key enzyme for the conversion of pyruvate to lactate
during glycolysis.>® LDHA plays a pivotal role in regulating
host immune responses. Under tumor conditions, LDHA can

affect macrophage polarization, differentiation of T-helper
cells, and tumor immune-surveillance. LDHA inactivation
can heighten production of type-1 interferon to protect mice
from viral infection.*' Natural killer cell-specific deletion of
LDHA leads to defective anti-viral and anti-tumor activity of
natural killer cells.** Moreover, during acute inflammation,
inhibition of LDHA by specific inhibitors markedly reduced
the number of neutrophils or ROS™E" neutrophils in blood.**
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Our results showed that the inhibition of LDHA effectively
inhibited NF-kB activation in lung epithelial cells induced by
LPS, indicating the potential role of LDHA in sepsis-
associated ARDS. Posttranslational modification such as
phosphorylation increases the enzymatic activity of
LDHA.* In our research, LPS stimulation highly increased
the phosphorylation level of LDHA in MLE-12 cells and
BEAS-2B cells, which was effectively reduced by OLFM4
overexpression and recombinant OLFM4 treatment. Our
finding for the first time suggested LDHA-mediated regula-
tion of pro-inflammatory responses in lung epithelial cells by
OLFM4.

Our study has several limitations. First, the datasets used to
identify the genes associated with sepsis and sepsis-related
ARDS were not consistent in diagnosis criteria, which may
be due to their different study implantation times and study
backgrounds. Samples of new enrolled patients have been
analyzed to evaluate the applicability of the results from bioin-
formatic analysis. Second, the direct role of neutrophil-derived
OLFM4 in regulating lung epithelial cell function was not
explored by cell co-culture partially due to the complicated
cytokine profiles released by neutrophils. In addition, the short
life period after neutrophil isolation makes it difficult to
employ OLFM4 knock down or knock out strategy in
neutrophils.

Conclusions

In this study, we identified critical genes involved in sepsis and
sepsis-related ARDS, including CAMP, LTF, RETN, LCN2,
ELANE, PGLYRPI1, BPI, DEFA4, MPO, and OLFM4.
Among these, OLFM4, LCN2, and BPI showed diagnostic
value in distinguishing sepsis-related ARDS from sepsis.
Increased expression of OLFM4 was observed in the lung
tissues of CLP mice. In lung epithelial cells, we found that
OLFM4 expression effectively ameliorated LPS-induced pro-
inflammatory responses. Furthermore, we found that OLFM4
inhibited ROS production and HIF-1a, thereby blocking NF-
kB activation by reducing the phosphorylation-dependent acti-
vation of LDHA. Our present study revealed that OLFM4
plays a role in linking the immune responses to metabolic
changes in sepsis-induced ARDS and indicates that OLFM4
may have therapeutic potential in the treatment of sepsis-
related ARDS.
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