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Background: Acute respiratory distress syndrome (ARDS) is caused by severe pulmonary inflammation and the leading cause of 
death in the intensive care unit.
Methods: We used single-cell RNA sequencing to compare peripheral blood mononuclear cells from sepsis-induced ARDS (SEP- 
ARDS) and pneumonic ARDS (PNE-ARDS) patient. Then, we used the GSE152978 and GSE152979 datasets to identify molecular 
dysregulation mechanisms at the transcriptional level in ARDS.
Results: Markedly increased CD14 cells were the predominant immune cell type observed in SEP-ARDS and PNE-ARDS patients. 
Cytotoxic cells and natural killer (NK) T cells were exclusively identified in patients with PNE-ARDS. An enrichment analysis of 
differentially expressed genes (DEGs) suggested that Th1 cell differentiation and Th2 cell differentiation were enriched in cytotoxic 
cells, and that the IL-17 signaling pathway, NOD receptor signaling pathway, and complement and coagulation cascades were enriched 
in CD14 cells. Furthermore, according to GSE152978 and GSE152979, 1939 DEGs were identified in patients with ARDS and 
controls; they were mainly enriched in the Kyoto Encyclopedia of Genes and Genomes pathways. RBP7 had the highest area under the 
curve values among the 12 hub genes and was mainly expressed in CD14 cells. Additionally, hub genes were negatively correlated 
with NK cells and positively correlated with neutrophils, cytotoxic cells, B cells, and macrophages.
Conclusion: A severe imbalance in the proportion of immune cells and immune dysfunction were observed in SEP-ARDS and PNE- 
ARDS patients. RBP7 may be immunologically associated with CD14 cells and serve as a potential marker of ARDS.
Keywords: acute respiratory distress syndrome, single-cell RNA sequencing, biomarker, immune disorders, differentially expressed genes

Introduction
Acute respiratory distress syndrome (ARDS) is a heterogeneous clinical syndrome secondary to alveolar damage with 
multiple causes that is associated with multiple pathophysiological abnormalities.1–3 ARDS is characterized by endothe-
lial cell dysfunction and local inflammation. The incidence of ARDS in intensive care units is 10.4%, and the global 
mortality rate is approximately 40%.4,5 ARDS is induced by endothelial cell dysfunction and local inflammation, and 
systemic inflammatory immune responses and dysfunction have an important role in ARDS.6 Important factors 
associated with the high mortality rate of ARDS are its treatment, which is largely focused on clinical management, 
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and the lack of targeted therapies.7 Therefore, the identification of diagnostic biomarkers and elucidation of immuno-
modulatory pathogenesis are of great clinical importance to improving treatment strategies for ARDS.8

When categorized by frequency, the most common underlying causes of ARDS in the emergency department include 
sepsis, aspiration, pancreatitis, blood transfusion, pneumonia, trauma, and burns.9 Sepsis-induced ARDS (SEP-ARDS) 
and pneumonic ARDS (PNE-ARDS) are often associated with high mortality rates or long-term disability.10,11 Studies 
have shown that pulmonary fibrosis is a major cause of poor outcome in patients with SEP-ARDS.12 Pneumonia is a type 
of lung infection caused by microbial infection, resulting in the accumulation of exudates in the lung parenchyma that 
compromise respiratory function.13 Recently, outbreaks of coronavirus disease (COVID-19) have led to an increase in 
ARDS and highlighted the challenges associated with this syndrome.14,15 To address the unmet therapeutic needs of SEP- 
ARDS and PNE-ARDS, we reasoned that identifying the pathogenic commonalities between SEP-ARDS and PNE- 
ARDS could facilitate the development of novel therapeutic targets.

Inflammatory damage and diffuse lung parenchymal injury are characteristics of ARDS.16 Despite numerous studies, 
the prognosis remains poor because of the complexity of its cause and pathogenesis. The current treatments for ARDS 
include respiratory support and immunotherapy.17 Accumulating evidence has shown that the dynamic balance between 
inflammatory responses is important for pathogenesis and prognosis of ARDS.18 Omics technologies offer new 
opportunities for the development of diagnostic tools and personalized treatments for ARDS.19 Recently, single-cell 
RNA sequencing (scRNA-seq) has been used to identify early gene markers and the immune landscape of ARDS to 
potentially identify opportunities for adjuvant therapies.20,21 However, the complex interplay between these immune 
cells, their specific contributions to Sterile and Pneumonia-induced ARDS (SEP-ARDS and PNE-ARDS), and the precise 
molecular mechanisms remain to be fully elucidated.

Therefore, to describe the pathobiology and associated immunity is important to develop new treatments. This study 
explored immune cell subset dysregulation during pathology assessments based on scRNA-seq of peripheral blood 
samples from patients with ARDS. The results were combined with transcriptome data to identify potential molecular 
dysregulation mechanisms in and diagnostic targets of ARDS.

Materials and Methods
Sample Collection
Peripheral blood samples were collected from one adult patient with PNE-ARDS, two adult patients with SEP-ARDS, 
and one adult healthy volunteer at the Second Affiliated Hospital of Guangxi Medical University.22 All patients met the 
Berlin definition of ARDS, did not undergo organ transplantation, did not have active malignancies, and were not treated 
with systemic immunosuppressants or glucocorticoids. Clinical information of the sample was shown in Supplementary 
Table S1. This study was approved by the research ethics committee of The Second Affiliated Hospital of Guangxi 
Medical University and conformed to the Declaration of Helsinki. All participants provided written informed consent 
before the start of the study.

Single-Cell Suspension and scRNA-Seq
Peripheral blood mononuclear cells (PBMCs) were isolated from peripheral blood using gradient centrifugation in 
a Falcon tube. The cells were washed three times, and PBMCs were cultured in RPMI-1640 medium with 10% fetal 
bovine serum. Under a microscope, single cells with intact morphology and high cell viability were randomly placed in 
lysis buffer. The cDNA was obtained from mRNA, and the amplified cDNA was pooled and fragmented. Libraries were 
subsequently constructed using the 10× Genomics Single Cell 5’ library and gel bead kit version 1.1. The constructed 
libraries were used for scRNA-seq with the HiSeq Platform (Illumina).

scRNA-Seq Data Analysis
Raw data were processed using Cell Ranger version 3.0.8 (10× Genomics). Preprocessing of the raw data was performed 
using Cell Ranger version 3.0.8. STAR (version 2.5.2) was used to align the reads that met the quality criteria with the 
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human reference genome (hg19). Low-quality cells with less than 201 or more than 9000 expressed genes, as well as 
more than 20% mitochondrial gene expression were removed for quality filtering.

The major cell types were annotated according to the average expression of the following selected gene sets: CD14 cells 
(VCAN, CST3, CSTA, CLEC7A, and RETN); cytotoxic cells (CCL5, KLRD1, PRF1, and TGFB1); CD4 T cells (IL7R, 
LTB, RPS12, RPS6, and PIK3IP1); natural killer (NK) T (NKT) cells (GZMA, GZMH, and NKG7); NK cells (GNLY, 
SPON2, KLRB1, GZMB, and CTSW); CD16 (LST1, IFITM3, PSAP, LILRA1, and COTL1); and B cells (IGHM, CD79A, 
IGLC2, HLA-DRA, and CD74).

The t-distributed stochastic neighbor embedding method of the Seurat package23 was used for cluster visualization 
after determining cell clusters. A pseudotime trajectory analysis of the cells was performed using the Monocle package.24 

Differentially expressed genes (DEGs) of the cells were identified using the limma package25 (P < 0.05). Enrichment 
analyses of biological processes and the Kyoto Encyclopedia of Genes and Genomes (KEGG) were performed using the 
clusterProfiler package.26

Public Data Collection and Processing
We collected GSE15298027 from Gene Expression Omnibus database, including GSE152978 and GSE152979 datasets. 
The GSE152979 dataset included gene expression profiling of nasal brushings from 40 pediatric ARDS samples and 20 
samples from healthy controls using the Illumina HiSeq 2500 based on the GPL16791 platform. The GSE152978 dataset 
included gene expression profiling of nasal brushings from eight pediatric ARDS samples and five samples from healthy 
controls using the Illumina HiSeq 2500 based on the GPL16791 platform. The expression matrices were counted using 
STAR. A principal component analysis was performed for linear dimension reduction to determine the significantly 
available dimensions after GSE152978 and GSE152979 were combined in batches.

The limma package was used to obtain DEGs of patients with ARDS and controls, with statistical significance set at 
P < 0.05. An enrichment analysis of DEGs was performed using the clusterProfiler package. A gene set enrichment 
analysis (GSEA) was performed to identify enriched pathways in ARDS using the clusterprofiler package. The area 
under the receiver-operating characteristic curve (AUC) was calculated using the pROC package.28

Immune Evaluation
The single-sample GSEA (ssGSEA) scores of the GSE152979 dataset were obtained using the GSVA package29 to 
evaluate the number of immune cells in ARDS. Next, the ssGSEA scores of patients with ARDS and controls were 
compared to show differences. A correlation analysis was performed using Pearson’s correlation coefficient.

Results
Single-cell Transcription Atlas in ARDS
A schematic representation of this study is shown in Figure 1. During this study, 15,889 cells were obtained from one 
PNE-ARDS sample, two SEP-ARDS samples, and one healthy control sample (Supplementary Figure S1). After 
removing low-quality cells according to the quality control criteria, 12,572 cells finally passed quality filtering and 
were included in further analyses (Supplementary Figure S2).

To determine the major cell populations, we first performed graph-based cell clustering. According to the expression 
of marker genes for cell lineage, we identified four major cell types (cytotoxic cells, CD14 cells, B cells, and CD4 
T cells) in the samples (Figure 2A and B). The percentages of CD14 cells, cytotoxic cells, and CD4 T cells were higher in 
patients with SEP-ARDS than those in patient with PNE-ARDS and healthy controls; B cells were more abundant in 
patient with PNE-ARDS and healthy controls than in patients with SEP-ARDS (Figure 2C). The cell cycle analysis 
suggested that most cells were in the G1 phase (Figure 2D). A pseudotime trajectory analysis showed a significant 
differentiation trend from CD14 cells to cytotoxic cells, CD4 T cells, and B cells (Figure 2E, F), thus indicating the 
potential degrees of differentiation and transcriptional heterogeneity of immune cells in ARDS.

To better define the major populations and subpopulations of cells in ARDS, we performed separate graph-based cell 
clustering of the three groups of samples. According to the expression of marker genes for cell lineage (Figure 3B, D and F), 
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we identified seven major cell types in the different groups. In the patient with PNE-ARDS (Figure 3A), we found seven cell types 
(NKT, CD16, NK, cytotoxic, CD14 cells, CD4 T cells, and B cells), five cell types (CD16, NK, CD14 cells, B cells, and CD4 
T cells) in patients with SEP-ARDS (Figure 3C), and five cell types (CD16, NK, CD14 cells, B cells, and CD4 T cells) in healthy 
controls (Figure 3E). As shown in Figure 3G, CD14 cells (41.7%) were the predominant immune cell type in patient with PNE- 
ARDS, followed by cytotoxic cells (18.9%), and CD4 T cells (14.5%). CD14 cells (71.04%) were the predominant immune cell 
type in patients with SEP-ARDS (Figure 3H), followed by NK cells (15.29%) and CD4 T cells (10.04%). CD14 cells (33.64%) 
were also the predominant immune cell type in healthy controls (Figure 3I), followed by CD4 T cells (21.99%) and NK cells 
(21.05%). Unsurprisingly, there were significant differences in the proportions of immune cells in samples when patients with 
ARDS and healthy controls were compared.

Differentially Expressed Genes Among Immune Cells
Based on the gene expression profiles of major cell populations from all samples, we analyzed significant DEGs in major 
immune cells of SEP-ARDS and PNE-ARDS patients to identify immune cell-related molecular mechanisms. Compared 
to the other three immune cells, 7370 DEGs were found in CD14 cells, 2292 DEGs were found in cytotoxic cells, 923 
DEGs were found in CD4 T cells, and 486 DEGs were found in B cells (Figure 4A). An enrichment analysis of DEGs 
showed that they were mainly enriched in T-cell migration, positive T-cell selection, and thymocyte migration of 
biological processes (Figure 4B). In the KEGG pathways, Th1 cell differentiation, Th2 cell differentiation, the PI3K- 
Akt signaling pathway, and the NOD receptor signaling pathway were mainly enriched by DEGs (Figure 4C). 
Additionally, we analyzed the enrichment of KEGG pathways in immune cells (Figure 4D). Th1 cell differentiation 
and Th2 cell differentiation (hsa04658) were mainly enriched in cytotoxic cells; the IL-17 signaling pathway (hsa04657), 
NOD receptor signaling pathway (hsa04621), and complement and coagulation cascades (hsa04610) were mainly 
enriched by genes of CD14 cells.

Figure 1 Study flowchart. 
Abbreviations: AUC, area under the receiver-operating characteristic curve; DEGs, differentially expressed genes; PBMCs, peripheral blood mononuclear cells; PNE- 
ARDS, pneumonic acute respiratory distress syndrome; scRNA-seq, single-cell RNA sequencing; SEP-ARDS, sepsis-induced acute respiratory distress syndrome; ssGSEA, 
single-sample gene set enrichment analysis; t-SNE, t-distributed stochastic neighbor embedding.
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Altered Expression of Transcriptional Programs in ARDS
Because of the limited sample size used for scRNA-seq, we utilized public data to explore the transcriptional signatures 
of ARDS. The principal component analysis results showed that the batch effects of the GSE152978 and GSE152979 
samples were corrected in the data by merging the batches (Supplementary Figure S3). Next, we performed a differential 

Figure 2 Identification of cell populations using single-cell RNA sequencing. (A) The t-distributed stochastic neighbor embedding (t-SNE) plots of major immune cells in 
peripheral blood mononuclear cells of sepsis-induced acute respiratory distress syndrome (SEP-ARDS) patients, pneumonic acute respiratory distress syndrome (PNE- 
ARDS) patients, and healthy controls were analyzed, with colors representing cell types. (B). Identification of marker genes for each cell population. The size of the dot 
corresponds to the percentage of cells in the cell population expressing the gene. The depth of the color represents the average expression level of the gene. (C) Frequency 
of cell types in each group. (D) Proportion of cells in M1, S, and G2/M phases during the cell cycle analysis. (E) Pseudotime trajectory analysis of major immune cells. Each 
dot corresponds to one cell, and each color represents one cell type. (F) Radiation maps show significant differential expression of each branch. Purple represents high 
expression and green represents low expression.
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analysis and identified 1939 DEGs of patients with ARDS and controls (Figure 5A), which included 1230 upregulated 
and 709 downregulated DEGs. These DEGs were mainly enriched during viral gene expression, regulation of mitogen- 
activated protein kinase activity, and regulation of apoptotic signaling pathways of biological processes (Figure 5B). 
Additionally, ribosome, COVID-19, and human papillomavirus infections were mainly involved in these DEGs 
(Figure 5C). Additionally, we performed GSEA to detect the enrichment of KEGG pathways of immune cells enriched 
in ARDS (Figure 5D). Patients with ARDS had stronger complement and coagulation cascades and NOD receptor 
signaling pathway enrichment. Healthy controls had stronger enrichment of Th1 cells, Th2 cells, and the IL-17 signaling 
pathway.

Screening of Hub Genes
Through clustering and visualization of gene expression and signaling pathways, we identified four subpopulations 
(Figure 6A). The upregulated genes in ARDS were associated with the HIF-1 signaling pathway and cell cycle; 
downregulated genes in ARDS were mainly enriched in ribosomes and the PI3K-Akt signaling pathway.

To further identify immune-related candidate genes in ARDS, we performed an intersection analysis of DEGs of 
immune cells and DEGs of patients with ARDS and controls. We identified 232 common DEGs. Subsequently, DEGs 
with |log2 (fold change)| >0.5 according to public data and |log2 (fold change)| >1 according to scRNA-seq in were used 
to screen hub genes. Twelve hub genes (C5AR1, CLEC12A, CLIC3, CYBB, FOS, HP, ITM2A, PLBD1, RBP7, RGS2, 

Figure 3 Single-cell immune landscape of acute respiratory distress syndrome patients and healthy controls. (A) The t-SNE plot of major immune cells of PNE-ARDS 
patients. (B) Identification of marker genes for each cell population of PNE-ARDS patients. The size of the dot corresponds to the percentage of cells in the cell population 
expressing the gene. The depth of the color represents the average expression level of the gene. (C) The t-SNE plot of major immune cells from SEP-ARDS patients. (D) 
Identification of marker genes for each cell population. The size of the dot corresponds to the percentage of cells in the cell population expressing the gene in SEP-ARDS. 
The depth of the color represents the average expression level of the gene. (E) The t-SNE plot of major immune cells from healthy controls. (F) Identification of marker 
genes for each cell population of healthy controls. The size of the dot corresponds to the percentage of cells in the cell population expressing the gene. The depth of the 
color represents the average expression level of the gene. (G) The percentages of major immune cells in PNE-ARDS patients. (H) The percentages of major immune cells in 
SEP-ARDS patients. (I) The percentages of major immune cells in healthy controls. 
Abbreviations: PNE, pneumonic acute respiratory distress syndrome; SEP, sepsis-induced acute respiratory distress syndrome; t-SNE, t-distributed stochastic neighbor 
embedding.
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RPS17, and TYMS) were identified. Among them, CLEC12A, CLIC3, CYBB, HP, PLBD1, RPS17, and TYMS were 
upregulated and C5AR1, FOS, ITM2A, RBP7, and RGS2 were downregulated in ARDS (Figure 6B). The calculated 
results suggested that hub genes have a sensitive predictive role in the diagnosis of ARDS, with AUC values more than 
0.63, especially for RBP7 (Figure 6C). Furthermore, C5AR1, CLEC12A, RGS2, PLBD1, RBP7, and HP were highly 
expressed in CD14 cells, CLIC3 was highly expressed in cytotoxic cells, ITM2A was highly expressed in CD4 T cells, 
CYBB and TYMS were highly expressed in CD14 and B cells, and FOS and RPS17 were highly expressed in cytotoxic 
cells, CD14 cells, CD4 T cells, and B cells (Figure 6D).

Assessment of Immune Cells in ARDS
To further evaluate immune abnormalities in ARDS, we utilized ssGSEA to calculate the differential levels of immune 
cells of patients with ARDS and controls. NK cells (P < 0.05), Th17 cells (P < 0.05), and mast cells were decreased in 
ARDS, whereas macrophages and Th2 cells were increased in ARDS (Figure 7A). A correlation analysis was 
performed to explore the correlation between immune cells. In ARDS, the positive correlation between cytotoxic 
cells and NK CD56dim cells was the greatest, whereas the negative correlation between NK cells and macrophages 
was the greatest (Figure 7B). Additionally, the correlation results showed that hub genes had a significantly negative 
correlation with NK cells and a significant positive correlation with neutrophils, cytotoxic cells, B cells, and 
macrophages (Figure 7C). However, the correlation between hub genes and immune checkpoint was calculated 
(Figure 7D). We found a positive correlation between CYBB, RGS2, FOS, PLBD1, HP, CLIC3, CLEC12A, 
C5AR1, CXCL8, ITGB2, LAIR1, SLAMF7, and TLR4; however, we found a negative correlation between 
CADM1, HSPA12A, HSPA2, NOS2, and RAET1G.

Figure 4 Differentially expressed genes and related molecular mechanisms of major immune cells. (A) Differentially expressed genes of each immune cell compared to 
others. Genes with the largest fold change during differential expression are labeled. (B) Biological processes of differentially expressed genes in different immune cells. The 
size of the dot corresponds to the cell count. The depth of the color represents the false discovery rate (FDR). (C) Kyoto Encyclopedia of Genes and Genomes pathways of 
differentially expressed genes in different immune cells. The size of the dot corresponds to the cell count. The depth of the color represents the FDR. (D) Enrichment levels 
of KEGG pathways in each cell type. Colors ranging from blue to red indicate increased expression.
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Discussion
ARDS is a complex immune disorder involving multifaceted mechanisms.30,31 The identification of ARDS immune 
signatures is essential to ensure effective treatment. Recent studies have utilized single-cell transcriptomics to dissect the 
immune landscape driving Neo-crown pneumonia pathogenesis.32 During this study, we sought to characterize the 
diversity of immune cell profiles of PBMCs from PNE-ARDS and SEP-ARDS patients. We found that cell proportions 
and gene expression profiles were also different in PNE-ARDS and SEP-ARDS patients, which may reflect differences in 
the immune responses of the two types of ARDS. Furthermore, by collecting and reanalyzing previous data and 
comparing them with the data of the current study, common gene expression and immune differences in ARDS will 
also be revealed. To our knowledge, this is the first study to identify potential common immune mechanisms in PBMCs 
associated with both diseases. Our study provides novel insights into the predominant immune cell types in SEP-ARDS 
and PNE-ARDS, which enhancing our understanding of this complex disease and paving the way for future research on 
potential therapeutic targets and diagnostic markers.

During this study, we provided a immune map in PNE-ARDS and SEP-ARDS patients. CD14 cells were the most 
abundant immune cells in both PNE-ARDS and SEP-ARDS patients. CD14 is expressed on the surfaces of macrophages 
and neutrophils and involved in immune responses.33 CD14, a key marker and facilitator of pro-inflammatory macro-
phage function, was recently found to be associated with cytokine storms in new crown pneumonia.34 CD14+ monocytes 
are increased in PBMCs of patients with severe new coronavirus pneumonia.35 The higher number of CD14 cells in 
patients with SEP-ARDS than in those without ARDS and could serve as a potential biomarker of SEP-ARDS disease 
severity and mortality.36

Our study highlighted that immune cell populations appeared more severely imbalanced in PNE-ARDS and SEP-ARDS 
patients than those in the healthy population. Although CD14 was the largest cell population in all three groups, this is still 

Figure 5 Comparative transcriptome analysis of ARDS patients and controls. (A) Volcano plots showing differentially expressed genes of ARDS patients and controls. 
Genes with the largest fold change (FC) in differential expression are labeled. (B) Biological processes of differentially expressed gene enrichment. The size of the dot 
corresponds to the gene count. The depth of the color represents the FDR. (C) Kyoto Encyclopedia of Genes and Genomes pathways of differentially expressed gene 
enrichment. The size of the dot corresponds to the gene count. The depth of the color represents the FDR. (D) Gene set enrichment analysis shows the immune cells 
related to KEGG pathway enrichment in ARDS. 
Abbreviations: FDR, false discovery rate; NES, normalized enrichment score.
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suggestive of immune dysfunction in patients with ARDS. The proportions of B cells in PNE-ARDS and SEP-ARDS patients 
were much smaller than that in healthy controls, suggesting impaired B cell function in patients with ARDS. B-cell levels were 
significantly higher in patients with ARDS with a favorable prognosis.37 Increased proliferation of B cells occurred weeks 
after clearance of COVID-19, which added to the clinical effects of long-lasting immune alterations.38 Additionally, NK cells 
and CD4 T cells were reduced in ARDS patients, similar to the findings of Torres et al.39

Additionally, larger proportions of cytotoxic cells and NK T cells were observed in patient with PNE-ARDS; 
however, they were not identified in patients with SEP-ARDS. The hyperactivation of T cells in patients with ARDS 

Figure 6 Identification and evaluation of hub genes. (A) Heatmap of differentially expressed genes of ARDS patients and controls and pathway enrichment results for each 
subpopulation. Genes in the heatmap are labeled at random. (B) Column plot of hub gene expression of ARDS patients and healthy controls. (C) AUC value, fold change 
(FC) in expression, and P value for hub genes in ARDS. (D) Expression of hub genes in immune cells. The depth of the color represents the high expression level of hub gene. 
Abbreviations: ARDS, acute respiratory distress syndrome; AUC, area under the receiver-operating characteristic curve; DEG, differentially expressed gene.
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leads to strong cytokine release, which has cytotoxic effects on the respiratory system.40 Yao et al found a functional 
defect in cytotoxic killing by NK and CD8 T cells in PBMCs with severe new coronavirus pneumonia.41 Increasing the 
cytotoxic response improves the inflammatory milieu of new crown pneumonia, reduces the length of the hospital stay, 
and may improve patient outcomes. Collectively, for PNE-ARDS and SEP-ARDS patients, there is a functional defect in 
immune responses that may contribute to the important pathological mechanisms of ARDS.

However, through an enrichment analysis, we found that Th1 cell differentiation, Th2 cell differentiation, the PI3K- 
Akt signaling pathway, the NOD receptor signaling pathway, the IL-17 signaling pathway, and complement and 
regulation coagulation cascades were enriched in immune cells. Activation of PI3K-Akt is protective against ARDS.16 

Inhibition of the activation of NOD receptors can block the progression of ARDS.42 Abnormal complement activation, 
causing feedback-mediated hypercoagulability and hyperinflammation, leads to tissue damage.43 Interestingly, Th1 cell 
differentiation and Th2 cell differentiation were mainly enriched in cytotoxic cells; others were mainly enriched in CD14 
cells. These results suggested that the cytotoxic cells of SEP-ARDS were more skewed toward Th1 cell immunity and the 
tendency of PNE-ARDS to activate Th17 cell immunity.

An analysis of the transcriptome data according to GSE152978 and GSE152979 revealed that the DEGs may be 
associated with the activation of complement and regulation of complement and coagulation cascades and the NOD 

Figure 7 Immune dysfunction in ARDS. (A) Increased or decreased immune cells in ARDS are assessed by a single-sample gene set enrichment analysis. Red represents 
increased and blue represents decreased immune cells. (B) Correlation between immune cells. Red indicates a positive correlation and green indicates a negative correlation 
for ARDS patients. Purple indicates a positive correlation and yellow indicates a negative correlation for controls. (C) Correlation between immune cells and hub genes. Red 
indicates a positive correlation and blue indicates a negative correlation for ARDS patients. *P<0.05, **P<0.01. (D) Correlation between the immune checkpoint and hub 
genes. Red indicates a positive correlation and green indicates a negative correlation. 
Abbreviation: ARDS, acute respiratory distress syndrome.
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receptor signaling pathway in ARDS, which are related to the immunosuppression of Th1 cells, Th2 cells, and IL-17. 
Notably, among the immune cells analyzed, the ssGSEA scores were significantly lower than those of normal cells, 
suggesting a possible impairment in immune cell function.44 We found results consistent with those of scRNA-seq 
studies that identified increased immune dysregulation and inflammatory signatures after comparing the transcriptomes 
of healthy controls and patients with ARDS. Additionally, among the identified hub genes, RBP7, which was down-
regulated in ARDS, had the largest AUC value and may be more sensitive for predicting ARDS. RBP7, a neutrophil- 
associated gene, has decreased expression in sepsis-induced ARDS.45 Although there are limited reports of the 
association between RBP7 and ARDS, this analysis suggested that it may serve as an important marker of ARDS. 
A significant negative correlation between RBP7 and ferroptosis was observed. With ARDS, cells appear to be 
overloaded with iron because of ferroptosis, rendering the disease increasingly severe.46 Therefore, RBP7 may have 
a protective role in ARDS.

Limitations
Our study had some limitations. First, the small sample size used for scRNA-seq may have limited the interpretation of 
the results. Second, immune abnormalities of patients with ARDS may have been the result of multiple factors; therefore, 
further collected more clinical samples for verification to verify the scientific nature of the research is required. 
Additionally, a data analysis of PNE-ARDS and SEP-ARDS has not yet allowed for the specific assessment of the 
defined etiological dynamics. Importantly, the expression of RBP7 in ARDS was not validated, which is also one of the 
focuses of future studies. Finally, the present results require validation among a large sample, and in-depth investigations 
of the in vivo and in vitro molecular mechanisms should be performed.

Conclusion
Our study showed that the analysis of single cells using sequencing is a better way of studying cell diversity and 
heterogeneity. The proportions of immune cells, especially B cells, NK cells, and cytotoxic cells, were abnormal in PNE- 
ARDS and SEP-ARDS patients compared to those in healthy controls. Immune dysfunction may be associated with Th1 
cells, Th2 cells, IL-17, PI3K-Akt, NOD receptor signaling pathways, and complement and coagulation cascades. 
Additionally, RBP7 as a potential ARDS biomarker may have a predictive role in the diagnosis of ARDS. Our findings 
underscore the complexity of ARDS, emphasizing the importance of an integrated, multi-dimensional approach to 
studying this severe and often fatal disease.
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