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Background: Septic Acute Lung Injury (SALI)-induced severe respiratory dysfunction has been established to significantly increase
patient mortality rates and socioeconomic costs. To mitigate cellular damage, autophagy —a conserved biological process in
organisms —degrades damaged cellular components, such as proteins and organelles. Although autophagy is crucially involved in
the inflammatory response, its precise molecular mechanisms in SALI remain unclear, forming the basis of this study.

Methods: Herein, two microarray datasets (GSE33118 and GSE131761) and three single-cell sequencing datasets (SCP43, SCP548,
and SCP2156) derived from human samples were used to ascertain the interrelationship between Differentially Expressed Autophagy-
Related Genes (DEARGs) and SALI. The relationship between key DEARGs and SALI was validated both in vitro and in vivo using
various techniques, including flow cytometry, Immunofluorescence (IF), Quantitative Polymerase Chain Reaction (qQPCR), Western
Blotting (WB), and small interfering RNA (siRNA).

Results: Herein, we found that autophagy activation attenuated SALI, with NLRC4 and WIPI1 as the two key DEARGs involved.
Specifically, NLRC4 and WIPI1 downregulation mitigated SALI via autophagy activation. Compared to NLRC4, WIPIl was more
closely associated with noncanonical autophagic flux in SALI. Furthermore, immune infiltration analysis and single-cell data showed
a close relationship between NLRC4, WIPI1, and immune cells.

Conclusion: Our findings revealed that SALI correlated strongly with autophagy, with the downregulation of the two key DEARG:S,
NLRC4 and WIPI1, attenuating sepsis lung injury via autophagy regulation, highlighting their therapeutic significance in SALI.
Keywords: septic acute lung injury, autophagy, immunity, bioinformatics

Introduction
Sepsis, a medical condition with a high mortality rate globally,’ is characterized by the dysregulation of the body’s innate
immune response to invading pathogens, resulting in multiorgan dysfunction.” Septic Acute Lung Injury (SALI) is one of
the earliest and most severe complications of sepsis in its later stages,” encompassing complex pathological processes
involving multiple cellular and molecular interactions.*> Presently, effective strategies to mitigate intrapulmonary
inflammation and decelerate the pathological progression of sepsis remain elusive in clinical practice. Furthermore, it
is not yet fully understood which autophagy targets are involved in the pathogenesis of SALI. Therefore, this study
sought to identify novel therapeutic avenues for SALI, focusing on new targets for pathological regulation.

Autophagy, a lysosome-dependent process that facilitates the degradation of damaged proteins and organelles,’® is
crucially involved in multiple cellular processes, including metabolic homeostasis,” cell fate determination, and inflamma-
tory response regulation.® We previously demonstrated that autophagy activation attenuates SALI by inhibiting
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inflammatory vesicle activation.” Furthermore, mitochondrial autophagy activation was shown to protect against septic lung
injury and inhibit inflammation progression in the lungs.'® Moreover, blood specimens derived from SALI patients recently
exhibited impaired autophagic flux."" Despite growing evidence on the role of autophagy in inflammatory processes, its
specific molecular mechanisms in SALI remain unclear,'? forming the basis of this study.

Herein, several methodologies were used to examine the physiological mechanisms underpinning SALI, focusing on
key therapeutic targets. Differentially Expressed Autophagy-Related Genes (DEARGs) in sepsis lung injury were
identified through bioinformatics analysis. The correlation between DEARGs and immune cell regulation was also
explored, with in vitro and in vivo models verifying that two DEARGs —NLRC4 and WIPI1—could serve as key targets
for SALI regulation. Therefore, the correlation between autophagy and SALI via NLRC4 and WIPI1 regulation was
explored further. Besides elucidating the molecular mechanisms of SALI, this study also identified novel molecular
targets for therapeutic protocols.

Methods

Data Collection
The GSE33118 dataset'® from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/),"*
which contains 20 blood samples from patients with pulmonary infection-induced septic shock (collected within 12 h of

diagnosis) and 42 blood samples from healthy controls, was used for the primary analysis. The data were annotated using

the GPL570 platform (http://www.affymetrix.com/index.affx). They were then subjected to bioinformatics analysis after

standardization, annotation, log, transformation, and quantile normalization. To ascertain the reliability of the bioinfor-
matics results, the key genes were validated using data from the GSE13176115 dataset.'®> According to the “Measures for
Ethical Review of Human Life Science and Medical Research” issued by China on February 18, 2023, this research does
not involve personal information, commercial interests, and will not cause harm to the human body, and can be exempted

from ethical review.

Differentially Expressed Gene (DEG) ldentification

The DEGs between the septic shock and normal groups were analyzed using the “limma”R Package (version 3.48.1) and
the results were visualized using heatmaps and volcano plots. Differential expression was considered statistically
significant based on the Log,FC > 1 and adjusted P < 0.05 criteria.

Gene Set Enrichment Analysis (GSEA)
Epigenetic differences between biological states were examined through GSEA. The GSEA'® software (http:/software.
broadinstitute.org/gsea/index.jsp) was used to examine the comprehensive relationship between lung infection-induced septic

shock and autophagy-related genes (ARGs), with the P < 0.05 and NES > 1.0 criteria indicating statistical significance.

Weighted Gene Co-Expression Network Analysis (WGCNA)

The distribution of outcome-related genes is often delineated using WGCNA.'” Herein, data from the GSE33118 dataset
were analyzed using the “WGCNA” R package (version 1.72—1), with the soft thresholding (0—1) approach employed to
divide the data into modules and identify those most relevant to septic shock. Each module had a Module Eigengene
(ME) and a distinct color.

Differentially Expressed Autophagy-Related Gene (DEARG) Identification
According to research, lung injury could disrupt the autophagy levels in immune cells, strongly influencing patient
prognosis.'® Herein, 1167 ARGs were extracted from pertinent databases,'® '

DEGs, ARGs, and the “MEroyalblue” module (defined as DEARGs).

and the Venn diagram was used to overlay
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Enrichment Analyses

Gene Ontology (GO)*? analysis is commonly employed for the comprehensive functional characterization of genes and
primarily encompasses Biological Processes (BPs), Molecular Functions (MFs), and Cellular Components (CC). On the
other hand, to reveal associations between genes and pathways, the Kyoto Encyclopedia of Genes and Genomes
(KEGG)* is often used. Herein, GO and KEGG enrichment analyses were performed using the “clusterProfiler”
R package (version 4.9.3). The results were visualized using Sangerbox 3.0** and those with the P < 0.05 criteria
indicating statistical significance.

Protein-Protein Interaction (PPI) Networks

The STRING database” was used to construct the PPI network, which was visualized using Cytoscape software (version
3.10.1).%® Using the MCC algorithm-based Cytohubba plugin Screening Centre Gene, incorporated into the Cytoscape
platform, the DEARGs in each PPI network were assigned values and subsequently sorted, with the ten most highly
connected genes identified as the hub genes.

Receiver Operating Characteristic (ROC) Curve Analysis
Using the GSE33118 and GSE131761 datasets, we constructed ROC curves and assessed the diagnostic power of central
genes using MedCalc statistical software (https://www.medcalc.org). Area Under the Curve (AUC) values > 0.8 indicated

optimal diagnostic efficacy.

In Vivo Experimental Protocols

C57BL/6 mice (6W; 20-22¢) from Beijing Viton Lihua Technology were used for in vivo experiments. All mice received
standard chow and were kept in an experimental environment that conformed to National Institutes of Health standards.?’
The Ethics Committee of the First Affiliated Hospital of Nanchang University reviewed and approved all animal-related
experimental procedures (Approval number: CDYFY-IACUC-202310QR004). All the laboratory procedures were
followed the “Laboratory Animals-Guideline of welfare and ethics” of the State Standard of P.R. China for the welfare
of animals (GB/T 35892-20181).

The animals were categorized into three experimental groups (n = 6/group). The sham group underwent open surgery
without Cecal Ligation and Puncture (CLP) one week after commencing standardized feeding. In the CLP group, the
animals were fasted for 12 h before modelling, and then anaesthetized via intraperitoneal injection of 1.5% pentobarbital
sodium. Following that, the abdominal hair was removed using a hair removal cream before sterilizing the bare skin with
75% alcohol. Subsequently, the tissues between the skin and the abdominal cavity were sequentially incised to expose the
blind end of the cecum. Subsequently, the upper 1/3 of the blind end of the cecum is ligated. A 21G needle was then used
to pass through the ligated intestinal tubes. Finally, the cecum was returned to its original position after the intestinal
contents were extruded. The peritoneum and skin were then closed sequentially with 4-0 silk sutures. In the CLP +
Rapamycin (Rapa) group, one week before performing the CLP procedure, the mice were administered Rapa via
intraperitoneal injection at a dose of 2 mg/kg every two days.

Hematoxylin and Eosin (H&E) Staining

After euthanasia induction, the animal’s lung tissues were harvested. Subsequently, the tissues fixed in a 10% paraformal-
dehyde solution. They were then paraffin-embedded and cut into 5-pum thick sections for analysis. Subsequently, the
sections were subjected to H&E staining using the Servicebio kit (Cat# G1005) following the manufacturer’s instructions.

Cell Transfection

First, the si-WIPI1 (Antisense: UGUUGUGGAUAUAGAUGGA), si-NLRC4 (Antisense:
UAGUCAUCAAACUCCCAGC), and si-NC lentiviral vectors (Beijing Tsingke Biotech Co., Ltd., China) were trans-
fected into MH-S cells. Following the manufacturer’s instructions, lipopMAX (ThermoFisher, USA) was then employed
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for transfection at a concentration of 50 uM. The efficacy of the process was quantified through real-time fluorescence
quantitative Polymerase Chain Reaction (qPCR).

Cell Culture and Treatment

First, MH-S cells (Cell Bank of the Chinese Academy of Sciences) were inoculated into the RPMI-1640 medium
supplemented with 10% Fetal Bovine Serum (FBS) and 1% penicillin-streptomycin, and then routinely cultured in an
incubator at 37°C and 5% CO, per standard laboratory practice.

To understand the role of autophagy dysregulation in sepsis-induced lung injury and the capacity of autophagy-related
genes to regulate lung injury, we categorized the MH-S cells into five groups: Control (Con), LPS, LPS + Rapa, LPS + si-
WIPI1, and LPS + si-NLRC4. In the Con group, MH-S cells were only cultured for 48 h following standard protocols. In
the LPS group, the cells were cultured for 36 h under standard conditions and then stimulated with 100 ng/mL LPS
(L5293, Sigma-Aldrich, USA) for 12 h. In the LPS +Rapa group, the cells were subjected to a 24-h pre-treatment with
Rapa (HY-10219, MedChemExpress, USA) and then stimulated with 100 ng/mL LPS. In the LPS + si-WIPI1 group, the
cells were transfected with si-WIPI1 for 36 h and then stimulated with 100 ng/mL LPS for 12 h. In the LPS + si-NLRC4
group, the cells were transfected with si-NLRC4 for 36 h and then stimulated with 100 ng/mL LPS for an additional 12 h.

Cell Counting Kit-8 (CCK-8) Assay

Cellular viability was assessed using the CCK-8 assay kit (C0037, Beyotime, China) following the manufacturer’s
instructions. The cell survival rate was determined as a percentage of the control.

Apoptosis Assay

Apoptosis rates were analyzed through flow cytometry (Agilent, NovoCyte D3000, excitation wavelength of 488 nm and
emission wavelength of 578 nm) using an apoptosis detection kit (BB-4101, BestBio, China). After subjecting the cells in
each group to the aforementioned treatments, they were collected via centrifugation at 300xg for 5 min at 4°C. Add
10 pL Annexin V-FITC (20 min) and 5 pL PI (5 min), both incubated in the dark at 4°C. The sum of the early and late
apoptosis rates represented the overall apoptosis rate.

Lysosome Assay

The Lyso-Tracker Red (C1046, Beyotime, China) staining assay was performed to evaluate the degree of autophagy. The
pre-processed cells from each group were stained with 0.1% Lyso-Tracker Red for 30 minutes at room temperature in the
dark. They were the analyzed using a Fluorescence microscope (Zeiss, Germany) to measure the fluorescence intensity,
which reflected the levels of autophagy of the cells.

Western Blot Assay

Pre-treated MH-S cells were lysed with the RIPA lysate (P0O013C, Beyotime, China) to extract total proteins. The
concentration of total protein was quantified by the Bradford Kit (PO006C, Beyotime, China) method. Subsequently, the
protein samples were mixed with 1x loading buffer and boiled at 100 °C for 8 min. 25 pg of the protein was subjected to
8-12% SDS-PAGE and transferred to a 0.22 um PVDF (Millipore, Sigma, USA) membrane. The membrane was blocked
with 5% skimmed milk powder for one hour at room temperature, and then incubated with the primary antibodies at 4 °C
overnight. It was then washed three times with TBST, and incubated for 1h with a secondary antibody (1:10000,
SA00001-1, SA00001-2, Proteintech, China) at room temperature. The proteins bands were then visualized using the
enhanced chemiluminescence (ECL, US EVERBRIGHT, S600) reagents and analyzed with Bio-Rad’s Image Lab
software. The quantitative analysis and statistical evaluation of protein bands were conducted using the ImagelJ software
(version 1.8.0; NIH). B-actin was selected as the internal control.

qPCR

Total RNA samples were extracted from the pre-treated cells and lung tissues using commercially available RNA
extraction kits (ER501-01, TransGen, China). Synthesis of cDNA using the SevenClever cDNA Synthesis Kit (SM136,
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SEVEN, China). The qPCR SuperMix (AQ132-11, TransGen, China) and the CFX Connect system were employed to
perform qPCR reactions. Briefly, 20 uL. of cDNA reaction solution was mixed and pre-denatured at 94°C for 30 sec,
thermal cycling at 94°C for 5 sec, and denaturation at 60°C for 30 sec, for a total of 40 cycles. B-actin served as the
internal control. The relative mRNA expression of target genes was calculated using the the 27T method.”® Details of
the gene used in this research are shown in Supplementary Table 1.

Immune Cell Infiltration Analysis

The proportion of infiltrating immune cells was determined using the “CIBERSORT” R package (version 1.07, http://
CIBERSORT.stanford.edu/). The gene expression data were normalized in the GSE33118 followed by determination of
the proportion of 22 immune cells with the CIBERSORT algorithm. The results were visualized using the Sangerbox

platform (http://vip.sangerbox.com).

Single-Cell Sequencing Analysis

Single-cell sequencing data for critical DEARG were derived from the single-cell portal (https://singlecell.broadinstitute.

org/single cell). Single-cell sequencing data for normal healthy human blood specimens and septic adult blood speci-
mens were derived from SCP43,> SCP548° and SCP2155.>"

Statistical Analysis

Statistical analyses were performed using R (version 4.2.2; Dotmatics) and GraphPad Prism 9 (version 9.0.2) software.
All results were expressed as mean + SD. Comparisons between less than three groups were performed using unpaired
two-tailed Student’s #-test, while comparisons between more than three groups were performed using one-way ANOVA.
Results or differences with the P < 0.05 criteria indicating statistical significance.

Results

Overall Research Protocol

Figure 1 shows this study’s flowchart. First, DEARGs in the GSE33118 dataset were identified followed by a series of
scoring screenings to obtain the hub genes. Second, in vivo and in vitro experiments were conducted to validate the
altered autophagy characteristics and identify the key genes. Third, the immune relevance and single-cell distribution of
the key genes were explored.

Autophagy Correlated With Changes in the Sepsis Transcriptome

GSEA, a commonly employed method for evaluating the genetic association between a transcriptome and disease
phenotype,’** was used to assess the mechanisms of autophagy in sepsis. According to the results, ARGs correlated
with the clinical phenotype of sepsis (NES = 1.357; P = 0.003) (Figure 2A), suggesting that ARGs dysregulation is

essential for characterizing the sepsis transcriptome sequencing data and that sepsis correlated with autophagy disorders.

DEG Identification

Based on the GSE33118 dataset, two groups were created: Healthy and sepsis. A subsequent bioinformatic comparison
yielded 1518 DEGs (Supplementary Table 2), of which 754 and 764 were downregulated and upregulated, respectively.

The DEGs in the sepsis group were visualized using heatmaps (Figure 2B) and volcano plots (Figure 2C).

Wegcna

WGCNA, a powerful tool for clustering genes with similar expression patterns commonly employed in gene association
analysis, was used to analyze the identified genes.>** First, clustering analysis was performed using the “fashcluster”
approach (Figure 2D). Second, an automated network and detection module was constructed, based on p = 7 and R2 =9
(Figure 2E). Third, comparable modules within the cluster were identified and merged, and comparable modules within
the merged cluster were identified (Figure 2F). Ultimately, 14 distinct gene modules were identified, each comprising
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Figure | The flow chart for this study.

Abbreviations: GSEA, gene set enrichment analysis; WGCNA, weighted gene co-expression network analysis; GEO, Gene Expression Omnibus; DEGs, differentially
expressed genes; ARG, autophagy-related gene; DEARG, differentially expressed ARG; PPI, protein-protein interaction; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of
Genes and Genomes; CCK-8, Cell Counting Kit-8; gPCR, Quantitative Real-time Polymerase Chain Reaction.

a comparable set of genes (Figure 2G). According to the module-trait analysis results, multiple modules exhibited
a correlation with sepsis, with the MEroyalblue module, comprising 978 genes, correlating most prominently and
positively with sepsis (correlation = 0.9; P < 1e 2°°, Figure 2H).

DEARG ldentification
A total of 1,518 DEGs, 978 MEroyalblue module-related genes and 1,167 ARGs (Supplementary Box 1) were identified
and subsequently overlapped (Figure 3A) to obtain 27 common genes (DEARGs, Supplementary Box 2). Subsequent

investigation was conducted into the distribution (Figure 3B) and genetic correlation (Figure 3C) of the DEARGSs in
sepsis. The findings suggested that the identified DEARGs may be crucially involved in sepsis pathogenesis via
autophagy modulation.

GO and KEGG Enrichment Analyses

To investigate the relationship between DEARGs and SALI, we elucidated the DEARGs-associated functions and
pathways. Regarding BPs, DEARGs were primarily involved in cellular responses to external stimuli, positive macro-
phage regulation, negative regulation of leukocyte apoptotic processes, and vesicle organization regulation (Figure 3D).
Regarding MFs, DEARGs were primarily involved in phosphatidylinositol binding, phospholipid binding, and caspase
binding (Figure 3E). In CCs, DEARGs were mainly involved in vesicular membranes, autophagosomes, and autophago-
some membranes (Figure 3F). On the other hand, the KEGG enrichment analysis revealed that DEARGs were mainly
involved in Toll-Like Receptor (TLR) signaling pathways, Shigella, and autophagy (Figure 3G). Furthermore, the cross-
talk mapping of genes and pathways revealed associations between genes and different functions or pathways, suggesting
that the roles of DEARGS in sepsis are complex (Figure 3H-K).
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Hub Gene ldentification

Given the complex interplay of multiple functions and pathways among the identified DEARGs, we constructed a PPI
network to further elucidate the underlying mechanisms (Figure 4A). The DEARG network diagram was then visualized
using Cytoscape software to identify the hub genes and functional modules within the earlier identified DEARGs
(Figure 4B). Notably, the key modules overlapped completely with the hub genes (Figure 4C), including MAPK 14,
NLRC4, FADD, VIM, TLRS, IRS2, BIRCS, EEF2, WIPI1, and WDFY3 (Figure 4D). Figure 4E illustrates the fold
difference of these hub genes in sepsis, along with their corresponding p-values.

Internal and External Validation

After the hub genes were identified, we further explored the diagnostic properties of the hub genes for septic lung injury.
AUC were determined by constructing separate ROC curves for hub genes derived from the GSE33118 and GSE131761
datasets. In the GSE33118 dataset, the expression of hub genes was compared between sepsis patients and healthy
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Figure 2 Gene set-related phenotypes and the identification of differentially expressed genes. (A) GSEA of GSE33118. (B) Volcano plot of DEGs in GSE33118. The green
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DEGs, differentially expressed genes; WGCNA, weighted gene co-expression network analysis; cor, correlation.

controls (Figure 4F). The average AUC of all hub genes was > 0.8, indicating that they correlated with sepsis
(Figure 4G). The GSE131761 dataset was used for external validation, wherein the expression of key genes between
the two groups was also validated (Figure 4H). The AUC of IRS2 was < 0.8, whereas that of the remaining hub genes
was > 0.9 (Figure 4I), suggesting the former’s poor diagnostic ability. The remaining nine hub genes showed an excellent
diagnostic capability, further suggesting a potential correlation between autophagy and sepsis.

In vitro Validation

To explore the relationship between autophagy and SALI. We developed an LPS-induced cell injury model using MH-S
cells.>® We then detected changes in autophagy features and hub genes’ expression levels in the model. Initially,
alterations in LC3 and P62, commonly used autophagy biomarkers,?” were assessed at the protein level. After treating
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MF (1), CC (J), KEGG (K) using dot line plots. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; DEGs, differentially expressed genes; ARG,
autophagy-related gene; BP, biological processes; MF, Molecular Function; CC, Cellular Component.

MH-S cells with LPS, the LC3 II/I ratio was reduced and P62 protein expression was elevated, whereas Rapa-pretreated
cells reversed these changes (Figure SA and B). We further evaluated the protein levels of IL-6 and NLRP3, which could
reflect the degree of inflammation during sepsis.? As anticipated, Rapa administration resulted in lower IL-6 and NLRP3
protein expressions compared to the LPS group. Similarly, LPS-stimulated intracellular lysosomal levels in MH-S cells
were significantly reduced. However, Rapa reversed the lysosomal reduction caused by LPS (Figure 5C). Subsequent
experiments were conducted to detect the apoptosis rates. According to the results, Rapa pretreatment reversed LPS-
induced apoptosis in MH-s cells (Figure 5D and E). Additionally, the cell viability assay revealed that LPS decreased cell
viability, a phenomenon that Rapa also reversed (Figure 5F). We further examined the IL-6 mRNA expression, and found
that Rapa downregulated IL-6 mRNA expression, suggesting that autophagy activation could reduce lung inflammation
(Figure 5G). These findings collectively imply that autophagy induction during sepsis could protect against adverse
effects.
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Subsequently, the hub genes were subjected to qPCR analysis, revealing that NLRC4 and WIPI1 were upregulated in
the LPS group compared to the control group. In contrast, Rapa reduced the expression of NLRC4 and WIPI1
(Figure SH-P). These findings suggest a potential association of NLRC4 and WIPI1 with autophagy dysregulation in
SALL

In vivo Validation

In order to ensure the reliability of the experimental results, an in vivo model was developed for the purpose of
validation. First, the mice were pretreated with Rapa (2mg/kg for 2 days, 1W). Lung tissues were then collected after
24 h of CLP modelling. The HE staining results showed structural damage to the alveolar structures, increased
inflammatory cell infiltration, and alveolar septa thickening (Figure 6A), with the CLP group exhibiting the highest
pathology scores (Figure 6B). Regarding the degree of tissue inflammation, the CLP group exhibited a persistently
elevated IL6 expression, whereas the Rapa-pretreated group showed no notable increase (Figure 6C). Subsequently, the
NLRC4 and WIPI1 gene expression levels were examined. Consistent with the cellular level examination results, the
CLP group showed elevated NLRC4 and WIPI1 gene expression levels. Notably, Rapa treatment suppressed the
expression of these genes (Figure 6D and E).

Silencing NLRC4 and WIPII Expression Suppressed Alveolar Macrophage

Inflammatory Responses Through Autophagy

To silence the expression of NLRC4 and WIPI1 and verify the effect of transfection, si-RNAs targeting the two genes
were transfected into MH-S cells (Figure 6F and H). To further establish whether NLRC4 and WIPI1 played a role in
autophagy regulation, protein changes in LC3 II/T and P62 were detected based on the earlier stated groupings (Figure 6G
and I). According to the results, the LPS-stimulated si-NLRC4 group exhibited up-regulation of LC3 II/I ratio and down-
regulation of P62 protein expression. Additionally, NLRP3 protein levels were downregulated following si-NLRC4
treatment. Similarly, the LPS-stimulated si-WIPI1 group exhibited up-regulation of LC3 II/I ratio and down-regulation of
P62 protein expression. Additionally, NLRP3 protein levels were downregulated following si-WIPI1 treatment.
Furthermore, the IF results revealed that silencing NLRC4 and WIPI1 attenuated LPS-induced lysosomal downregulation
(Figure 6J). Cell viability assays further showed that NLRC4 and WIPI1 downregulation resulted in higher cell viability
compared to the LPS group (Figure 6K). Additionally, apoptosis detection experiments revealed that NLRC4 and WIPI1
downregulation could mitigate the LPS-induced apoptotic damage (Figure 6L and M). The above results suggest that
NLRC4 and WIPI1 may regulate SALI via autophagy.

Relationship Between NLRC4, WIPII, and Immune Cells

As SALI is associated with dysregulation of the immune cell environment,” we further explored the relationship between
NLRC4 and WIPI1 and immune cells. Herein, the proportion of infiltrating immune cells in the GSE33118 dataset was
examined (Figure 7A), revealing significant differences in neutrophils, macrophages, T cells, B cells, and mast cells
between septic patients and the control group (Figure 7B). These cells were designated as Differentially Infiltrating
Immune Cells (DIICs), and correlations among them were visualized using a heatmap (Figure 7C). Notably, the key
genes (NLRC4, WIPI1) correlated significantly with DIICs (Figure 7D and E). In other words, NLRC4 and WIPI1
correlated significantly with immune cells such as macrophages, neutrophils, T cells, and B cells (Supplementary
Figure 1). These findings suggest that the identified DEARGS not only participated in macrophage autophagy regulation
but might have also modulated immune cell infiltration in sepsis.

Single-Cell Distribution of NLRC4 and WIPII in Human Blood Specimens

To assess the distribution of key genes (NLRC4, WIPI1) in human blood, their expression was examined in single-cell
sequencing data using the Single Cell Portal (SCP). Although the key DEARGs were predominantly expressed in
monocytes (Figure 8A—C), they were also found in other cell types, including B cells and Dendritic Cells (DCs)
(Figure 8D-F). Further single-cell data analyses revealed that WIPI1 was predominantly present in type II pneumocytes,
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Figure 5 Detecting autophagy features and assessing hub gene expression in vitro. (A) Western blotting to detect the expression of autophagy-related proteins (LC3B, P62)
as well as inflammation-related proteins (NLRP3, IL6). (B) Relative expression of proteins (LC3B, P62, NLRP3, IL6). (C) Detection of intracellular lysosome number by
fluorescence microscopy. (D) Detection of apoptosis by flow cytometry. (E) Apoptosis rate of cells in each group (early apoptosis + late apoptosis). (F) The viability of the
cells was determined through the utilisation of the CCK-8. The mRNA expression levels of IL6 (G), NLRC4 (H), WIPII (1), VIM (J), WDFY3 (K), MAPK14 (L), BIRC5 (M),
EEF2 (N), FADD (O), and TLR5 (P) in all groups of cells after treatments. *p < 0.05, **p < 0.01, ***p < 0.005, ns = not significant. Data are presented as the mean * SD, n =
3. CCK-8, Cell Counting Kit-8.
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Figure 6 Key gene (NLRC4 and WIPII) detection in in vivo and rescue experiments for key genes. (A) Pictures of pathological sections (HE) of lungs from mice treated with
CLP. (B) Pathological section scoring. mRNA expression levels of IL6 (C), WIPII (D), and NLRC4 (E) in mouse lung tissue. (F) Validation of transfection efficiency of si-
NLRC4. (G) Detection of related proteins (LC3B, P62, NLRP3) in MH-S cells stimulated by silencing NLRC4. (H) Validation of transfection efficiency of si-WIPII. (I)
Detection of related proteins (LC3B, P62, NLRP3) in MH-S cells stimulated by silencing WIPII. (J) Changes of lysosomal fluorescence after silencing of NLRC4 or WIPII. (K)
Cell viability assay after silencing of NLRC4 or WIPII. (L) Proportion of apoptotic cells after silencing NLRC4 or WIPI| detected by flow cytometry. (M) Apoptosis rate of
cells in each group. *p < 0.05, **p < 0.01, ***p < 0.005, ns = not significant. Data are presented as the mean + SD, n > 3.
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Figure 7 Immune infiltration analysis of GSE33118, and correlation analysis of key genes with immune cells. (A) The proportion of infiltrating immune cells in normal and
sepsis samples from GSE33118. (B) Differential analysis of infiltrating immune cells in normal and sepsis samples from GSE33118. (C) Correlation analysis between
infiltrating immune cells in GSE33118. (D) correlation between NLRC4 and DIICs. (E) correlation between WIPII and DIICs. DIICs: differentially infiltrating immune cells.
*p < 0.05, ¥p < 0.01, ¥*p < 0.005, ****p < 0.001, ns = not significant. Data are presented as the mean * SD, n = 3.

type I pneumocytes, and epithelial cells in lung injury samples, whereas NLRC4 was mostly present in the mitotic cell
cycle and myeloid cells (Figure 8G-I). This finding further supports the hypothesis that both NLRC4 and WIPII
correlated with immune cells.

Discussion

Septic Acute Lung Injury (SALI) represents a serious threat not only to patients’ lives, but also to their quality of life
around the world.* SALI is characterised by intricate physiological mechanisms, which renders it challenging to identify
effective molecular targets for intervention.” Recent studies have demonstrated that the activation of mitochondrial
autophagy has the potential to attenuate lung injury.*® Herein, we explored the role of autophagy in the pathophysiolo-
gical processes of sepsis.
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Specifically, in vitro and in vivo studies confirmed that LPS stimulation inhibiting autophagy, activating inflammatory
vesicles, and increasing apoptosis rates and inflammatory factor levels. At the same time, Rapa could restore autophagy
levels and reduce inflammation in MH-S cells. Furthermore, the flow cytometry results revealed that agonized autophagy
could reduce apoptosis. We also found that only NLRC4 and WIPI1 were upregulated in the LPS-stimulated group and
that Rapa could modulate their expression levels. Notably, MAPK14, the gene with the most pronounced difference,
according to bioinformatics analysis results, was not significantly different in the in vitro experiments. There could be
two explanations for this phenomenon. First, there may not be significant differences in its gene expression levels
because MAPK14’s functional role in sepsis development is mainly dependent on its phosphorylation.*® Second, our
in vitro validation model was the septic lung injury model and other sepsis injury models may exhibit differential
MAPK14 expression at the gene level.

Our subsequent analyses revealed a significant correlation between immune cells (macrophages, neutrophils, T cells,
and B cells) and the two key genes—NLRC4 and WIPIL. Therefore, we hypothesized that autophagy may regulate the
abundance of these four immune cells in sepsis. Wang et al* reported that the mammalian Target of Rapamycin (mTOR)
pathway can regulate autophagy dysfunction in sepsis, leading to CD4 T cell apoptosis and subsequent adaptive immune
function impairment. Additionally, in sepsis, enhanced autophagy could inhibit macrophage inflammatory vesicle
activation and reduce inflammation.*! Furthermore, TLR stimulation can induce autophagy in B cells, thus reducing
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their capacity to extract and present fixed antigens.*? Moreover, in a controlled clinical trial, the blood of septic patients
with a good prognosis exhibited enhanced neutrophil autophagy levels, whereas those with a poor prognosis exhibited
dysregulated neutrophil autophagy.*® These research insights suggest the crucial involvement of autophagy in immune
cells, as well as in the survival outcomes of sepsis patients, aligning with our research findings which indicated that
NLRC4 and WIPI1 correlated significantly with autophagy levels in immune cells, considerably influencing patient
prognosis.

Notably, NLRC4, a crucial component of the inflammasome family first identified in 2001 as a pyroptosis-inducing
protein, could activate caspase enzymes through its CARD structural domain.**** Furthermore, NLRC4 could play novel
roles in complexes with NLR Family Apoptosis Inhibitory Proteins (NAIPs), including phagosome maturation, inducible
nitric oxide synthase activation, autophagy regulation, inflammatory mediator secretion, antibody production, T-cell
activation, and cell activation, among others.*® These phenomena align with our findings which revealed that NLRC4
promotes inflammatory niche activation under inflammatory conditions. We also found that autophagy activation can
downregulate NLRC4, thus diminishing inflammation. Conversely, NLRC4 downregulation could also enhance autop-
hagy. These findings suggest a potential negative correlation between NLRC4 expression and autophagy in septic lung
injury and an NLRC4-autophagic pathways crosstalk.

Moreover, WIPI proteins (WIPI1, WIPI2, WIPI3, and WIPI4) are integral to the autophagic process, serving as
phosphatidylinositol effectors within the PROPPIN family of mammalian proteins.*” Although WIPI1’s roles in septic
lung injury are yet to be reported in relevant studies, a recent study found that it may mitigate Acute Myocardial
Infarction (AMI) progression via autophagy pathway activation.*® This phenomenon is inconsistent with our findings;
hence, we hypothesized a potential association with noncanonical autophagic flux. Another study on Heart Failure (HF)
corroborated our hypothesis that selective WIPI1 silencing could inhibit atypical autophagy without affecting the
classical autophagy pathway. Additionally, WIPI1 upregulation induced mitochondrial superoxide accumulation, impair-
ing mitochondrial function.**** These findings suggest the need for additional research on the specific molecular
functions of WIPI1 in septic lung injury.

This study comprehensively analyzed the potential role of autophagy-related genes (NLRC4 and WIPI1) in sepsis
diagnosis, biological functions, and immune cell characteristics, with the results validated both in vitro and in vivo.
However, there were some limitations. First, due to the small sample size of the sequencing data and the lack of diverse
clinical samples, this may affect the generalizability of the results. Second, the dataset we analyzed lacked detailed
clinical data to deeply explore the key genes’ association with patient prognosis. Third, the NLRC4 and WIPI1 validation
tests were restricted to animal and cellular samples, with crucial human samples lacking. Finally, the specific molecular
mechanisms of NLRC4 and WIPI1 were inadequately explored, necessitating additional research.

Conclusion
Our in vivo and in vitro findings revealed that SALI correlated strongly with autophagy dysregulation, with NLRC4 and
WIPI1 attenuating it via autophagy regulation, highlighting their significance as potential therapeutic targets for SALI.
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