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ABSTRACT—Background: Numerous studies have shown that pyroptosis is associated with sepsis progression, which can
lead to dysregulated host immune responses and organ dysfunction. Therefore, investigating the potential prognostic and diagnos-
tic values of pyroptosis in patients with sepsis is essential. Methods: We conducted a study using bulk and single-cell RNA se-
quencing (scRNA-seq) from theGeneExpressionOmnibus database to examine the role of pyroptosis in sepsis. Univariate logistic
analysis, least absolute shrinkage, and selection operator regression analysis were used to identify pyroptosis-related genes
(PRGs), construct a diagnostic risk scoremodel, and evaluate the selected genes' diagnostic value. Consensus clustering analysis
was used to identify the PRG-related sepsis subtypes with varying prognoses. Functional and immune infiltration analyses were
used to explain the subtypes' distinct prognoses, and scRNA-seq data were used to differentiate immune-infiltrating cells andmac-
rophage subsets and study cell-cell communication.Results:A riskmodel was established based on 10 keyPRGs (NAIP,ELANE,
GSDMB,DHX9,NLRP3,CASP8,GSDMD,CASP4, APIP, andDPP9), of which four (ELANE,DHX9,GSDMD, andCASP4) were
associated with prognosis. Two subtypes with different prognoses were identified based on the key PRG expressions. Functional
enrichment analysis revealed diminished nucleotide oligomerization domain–like receptor pathway activity and enhanced neutro-
phil extracellular trap formation in the subtype with a poor prognosis. Immune infiltration analysis suggested a different immune sta-
tus between the two sepsis subtypes, with the subtype with a poor prognosis exhibiting stronger immunosuppression. The
single-cell analysis identified a macrophage subpopulation characterized by gasdermin D (GSDMD) expression that may be in-
volved in pyroptosis regulation, whichwas associatedwith the prognosis of sepsis.Conclusion:Wedeveloped and validated a risk
score for sepsis identification based on 10 PRGs, four of which also have potential value in the prognosis of sepsis. We identified a
subset of gasdermin D macrophages associated with poor prognosis, providing new insights into the role of pyroptosis in sepsis.
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INTRODUCTION

Sepsis is a life-threatening organ dysfunction caused by an ex-
aggerated systemic inflammatory response to different infections
(1). It is prevalent in patients admitted to intensive care units and
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has an unacceptably high mortality rate. Infections trigger inflam-
matory reactions that induce cytokine release, leading to multiorgan
system failure (2,3). Sepsis is characterized by sustained excessive
inflammation and immune suppression (4), and although there has
been a significant increase in our understanding of its key mech-
anisms, its 30-day mortality rate remains high at 34.7% (5). Early
diagnosis and prognosis determination are critical for its treat-
ment (6,7), making it essential to explore early diagnosis and
prognosis-related signatures in patients with sepsis.

Pyroptosis is a recently discovered atypical form of programmed
cell death that occurs because of an inflammatory response, depend-
ing on the classic pathway of caspase-1 and the noncanonical path-
way of caspase-11 in mice or the ortholog caspases 4 or 5 in humans
(8,9). Activated caspases cleave the gasdermin D (GSDMD) pro-
tein, which produces anN-terminal domain, perforates the cell mem-
brane, and results in pyroptosis. Excessive pyroptosis activation has
been implicated in various human diseases and conditions, including
sepsis. Altered pyroptosis-related gene (PRG) expression plays a
critical role in triggering and developing sepsis (10,11), and their
dysregulation has also been found to participate in the pathogenesis
of multiple organ system failures (12). Activated GSDMD triggers
macrophage pyroptotic cell death, leading to increased septic le-
thality (13). Caspase-11–dependent pyroptosis contributes to
endotoxemic lethality and bacterial sepsis (14). Accumulating
evidence has demonstrated the major role of many single PRGs
in sepsis, including their mechanisms and relevant targets of
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pyroptosis in sepsis (15–17). However, an integrated signature can
provide a comprehensive analysis of PRGs in sepsis, thereby ad-
vancing our understanding of the mechanisms underlying sepsis.

This study identified the expression signatures of 10 PRGs
using bulk RNA-sequencing (RNA-seq) and developed and val-
idated a new pyroptosis-related risk score model for the identifi-
cation of sepsis. The study also described the different pyroptosis
states of sepsis samples and their relationship with prognosis, an-
alyzed and studied immune cell infiltration and related signaling
pathways, and attempted to explain the mechanisms underlying
the different prognoses between subtypes. Furthermore, the study
explored the expression patterns of PRGs in the early stages of
sepsis using single-cell RNA sequencing (scRNA-seq). The results
identified a macrophage subpopulation characterized by GSDMD
expression, which may be associated with prognosis. These results
could potentially provide new insights into the role of pyroptosis in
sepsis and its diagnosis and prognosis.
MATERIALS AND METHODS

Data acquisition and processing
A series of data sets from the Gene Expression Omnibus (GEO) database were

used in this study. GSE65682, comprising 479 patients with sepsis with complete
clinical data and 42 healthy controls, was used to analyze the expression patterns of
PRGs and construct a pyroptosis-related diagnostic model. The GSE95233 and
GSE57065 data sets were used to verify the efficacy of the diagnostic model.
The GSE49756 data set was used to explore PRG expression in neutrophils during
sepsis. Gene probes were converted to gene symbols using the corresponding an-
notation profiles in each data set. We used the “limma” package in R sofware:
https://www.r-project.org/ to normalize all gene expression values by quartiles
and generate normally distributed expression values. For multiple identical probes,
finite gene expression values were determined by calculating the average expres-
sion values. Detailed information is provided in Supplemental Digital Content
(Supplementary Table S1, http://links.lww.com/SHK/B698). Because the GEO
database is publicly available, ethical approval was not required for this study.

The single-cell sequencing data set GSE167363 was used to explore the im-
mune landscape and PRG expression during sepsis. Data analysis was performed
in R using Seurat v4 (18). Cells with <100 or >5,000 transcripts were excluded from
the analysis to filter out empty droplets, low-quality cells, and multiplets. In addition,
cells of poor quality, recognized as cells with >10% of their transcripts originating
from mitochondrial genes, were excluded from the downstream analysis. The whole
workflow for the bioinformatics analysis is illustrated in Supplemental Digital Con-
tent (Supplementary Fig. S1, http://links.lww.com/SHK/B693).

Localization and interaction of PRGs
Pyroptosis-related genes were downloaded from the Molecular Signatures Da-

tabase (MSigDB) (https://www.gsea-msigdb.org/gsea/msigdb/cards/GOBP_
PYROPTOSIS.html). The hg38 genome file (https://hgdownload.soe.ucsc.edu/
goldenPath/hg38/bigZips/genes/) was downloaded from the UCSC Genome
Browser to obtain genome location coordinates. The PRGs were extracted accord-
ing to the pyroptosis (Gene Ontology [GO], 0070269) of the GO Biological Pro-
cess 2021 database. R Circos: https://github.com/cran/RCircos V1.2.1 was used
to visualize the genomic structure of the PRGs. The relationships between PRGs were
imported into STRING (https://string-db.org) to analyze the protein-protein inter-
action network.

Differential analysis and logistic regression of
disease-associated PRGs

Differential expression analysis was performed using the limma package. Genes
with a |log2 (fold change)|≥0.5 and P values ≤0.05 were identified as differentially
expressed genes (DEGs). A correlation analysis was performed to determine the rel-
evance of PRGs in the pyroptosis pathway. Pyroptosis-related genes, age, and sex
were used to perform a univariate logistic regression analysis to evaluate the diagnos-
tic value. Factors with P values >0.05 continued to be used for least absolute shrink-
age and selection operator (LASSO) regression by the “glmnet” package. The pen-
alty coefficient λwas determined by using the minimal criteria, and candidate genes
with a regression coefficient unequal to zero were included. Factors screened by lo-
gistic LASSO regression were considered significant and were used to construct a
multiple logistic regression. The risk score of each patient was calculated according
to the following formula: risk score =∑coefficient PRG� gene expression value of
PRG. The receiver operating characteristic (ROC) curves were used to test the di-
agnostic efficacy of multiple logistic regression using the “ROCR” package. The
Kaplan-Meier survival curves were constructed to determine the relationship be-
tween significant factors and survival status. We used the “survival R” package
and the “survminer R” package to produce the Kaplan-Meier survival curves.

Identification of molecular subtypes mediated by PRGs
Consensus clustering is a common subtype classification method that divides

samples into several subtypes based on different omics data sets to identify new
disease subtypes. The Partition Around Medoids algorithm with Euclidean dis-
tance was used, and the samples were iterated 1,000 times. To identify the optimal
clusters, the number of clusters was determined by the relative change in the cumu-
lative distribution function (CDF) of the consensus cluster and the area under the
CDF curve from k = 2 to 5. The Kaplan-Meier curves were used to analyze the dif-
ferences in the survival status of the different subtypes.

Functional enrichment analysis and immune
infiltration analysis

Based on the same criteria, we again used the limma package to screen for DEGs
among sepsis subtypes. To explore the signaling pathways and biological functions
associated with DEGs, we used the “clusterprofiler” package to perform the Kyoto
Encyclopedia of Genes and Genomes and GO analyses of the differential genes.
The immunoedeconv R package was used for immune-infiltrating cell analysis to
quantify the relative proportion of immune cells. The composition of these immune
cells in the different groups was compared using the Wilcoxon signed rank test. The
“corrplot” package was used for evaluating the correlation relationship between
PRGs and immune cells.

scRNA analysis for PRGs
The R package “Seurat” was used to analyze the scRNA-seq data. Gene ex-

pression measurements for each cell were normalized by the total number of tran-
scripts in the cell multiplied by a default scale factor, and the normalized values
were log-transformed (“LogNormalize” method). Following the Seurat workflow,
for each replicate, the 2,000 most highly variable genes were identified using var-
iance stabilizing transformation (“vst”). All conditions were integrated using the
Seurat v4 approach. To avoid obtaining results fitted too closely to a particular data
set and therefore possibly failing to fit additional data, 2,000 integration anchors
were first found. These anchors are then used as inputs for the data set integration
procedure. Clustering results were visualized using two-dimensional uniformman-
ifold approximation and projection (19). Cell-cell interaction analysis was per-
formed using the R package “CellChat.” The R package CellChat requires gene ex-
pression data from cells as user input and models the probability of cell-cell com-
munication by integrating gene expression with prior knowledge of the interactions
between signaling ligands, receptors, and their cofactors. Secreted signaling and
cell-cell contact in human databases were used. Circle diagrams were used to dis-
play the strength of the cell-cell communication networks from the target cell clus-
ter to other cell clusters.

Statistical analysis
All statistical analyses were performed using R software (version 4.1.0) and R

studio: https://cran.rstudio.com/ (version 1.2.5042). The Wilcoxon test was used
to compare the gene expression level between sepsis patients and healthy individ-
uals, and the composition of immune cells in different disease status and sub-
groups. Pearson chi-square test was applied to compare categorical variables. Uni-
variate logistic-LASSO regression was used for candidate genes selection. The
Kaplan-Meier method and log-rank test were used to compare the survival rate
for different PRGs expression and subtype. Univariate and multivariate logistic re-
gression analyses were used to assess the independent prognostic variables. A
two-tailed P value <0.05 was considered statistically significant.

RESULTS

PRGs in sepsis

In the MSigDB database, 21 PRGs were detected. The PRGs
were mapped to the human genome (Fig. 1A). We used STRING
to analyze the protein-protein interaction network to study the in-
teraction network between PRGs (Fig. 1B). The core proteins of
this network were GSDMD, NLRP3, AIM2, ELANE, and caspases
1, 4, and 8, of which NLRP3-caspase 1/4-GSDMD is the canonical
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SHOCK JULY 2023 REGULATION OF PYROPTOSIS IN SEPSIS 3
pyroptosis pathway and ELANE was discovered to be the key gene
in the neutrophil pyroptosis pathway. The analysis of differen-
tially expressed PRGs in sepsis suggested that five PRGs were
upregulated (NAIP, NLRC4, ELANE, NLRP3, and AIM2) (P ≤ 0.05
and log2FC≥0.5),whereas sevengeneswere downregulated (NLRP1,
GSDMB,GZMA,GZMB,DHX9,CASP6, andCASP8) (P≤ 0.05 and
log2FC≥ −0.5) (Fig. 1, C and D; Supplemental Digital Content,
Supplementary Fig. S4A, http://links.lww.com/SHK/B696), and
nine genes were stable (Supplemental Digital Content, Table S3,
http://links.lww.com/SHK/B699). Correlation analysis of the
PRGs indicated a significant positive correlation betweenGSDMD
and CASP1/4 (Fig. 1, F and G).

Development of PRGs related risk model

A univariate logistic analysis was performed on the 21 PRGs, age,
and sex. Among these factors, 17 PRGs (NLRC4, NAIP, AIM2,
FIG. 1. Location and differentially expressed analysis for PRGs. (A) Genome
and boxplot show the differential expression patterns of PRGs in sepsis. (D) The volca
healthy controls. (E) Correlation analysis for PRGs in sepsis samples. (F) The scatter
pyroptosis-related genes.
ELANE, NLRP1,GZMA,GSDMB,DHX9, CASP6,NLRP3,CASP8,
GSDMD, CASP4, CASP1, NLRP6, PYCARD, APIP, and DPP9)
and age factors (P < 0.05) were selected as candidate elements
for LASSO analysis (Fig. 2A; Supplemental Digital Content,
Supplementary Table S2, http://links.lww.com/SHK/B700). All
521 samples were randomly assigned to the training (n = 365)
and validation (n = 156) sets in a ratio of 7:3. Based on the
cross-validation results of the LASSO analysis (Fig. 2, B and C),
10 PRGs (NAIP, ELANE, GSDMB, DHX9, NLRP3, CASP8,
GSDMD,CASP4, APIP, andDPP9) were considered valuable pre-
dictors of sepsis, and age factors were excluded. The ROC curve
results suggested that the LASSO model performed well in the di-
agnosis of sepsis (Supplemental Digital Content, Supplementary
Fig. S2, http://links.lww.com/SHK/B694). Finally, 10 PRGs were
used to construct a risk model usingmultivariate logistic regression
analysis (Fig. 2D). The risk score for each patient was calculated as
location for PRGs. (B) The protein-protein interaction for PRGs. (C) The heatmap
nomap shows the upregulated or downregulated PRGs in sepsis comparedwith
plot shows the correlation between GSDMD and CASP1/CASP4. PRG indicates
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follows: risk score = (−10.53 � DPP9) + (−7.55 � CASP8) +
(−1.29 � NAIP) + (−3.51 � APIP) + (3.28 � GSDMB) +
(1.19 � CASP4) + (−0.04 � NLRP3) + (−1.51 � ELANE) +
(8.12 � GSDMD) + (4.59 � DHX9). The area under the ROC
curve indicated that the risk model based on the 10 PRGs had ex-
cellent performance in the identification of sepsis, indicating that
these key PRGs play an essential role in the development of sep-
sis (Fig. 2E). Sepsis data sets (GSE57065 and GSE95233) were
used to validate the diagnostic efficacy of the riskmodel. The area un-
der the ROC curve of the two validation sets was 0.895 (GSE57065)
and 0.837 (GSE95233), suggesting that the risk model had stable
diagnostic efficacy (Fig. 2E). Indeed, according to the risk score
distribution, the risk score was much higher in patients with sepsis
FIG. 2. The development of risk models based on PRGs. (A) A univariate lo
sepsis. (B) The LASSO regression minimum absolute shrinkage and LASSO coeffi
in LASSO regression, where λ is the adjustment parameter. The partial likelihood de
line is drawn at its best value by the minimum criterion and the 1-SE criterion. (D)
The performance of the risk model for training data set and validation data set was
with sepsis and healthy controls. (G) Kaplan-Meier curves analysis of key PRGs e
LASSO, least absolute shrinkage and selection operator; ROC, receiver operating c
than in normal controls (Fig. 2F). Furthermore, we analyzed the
relationship between the 10 key PRGs and the prognosis of pa-
tients with sepsis, and the survival curves suggested that CASP4,
ELANE, GADMD, and DHX were significantly associated with
prognosis (Fig. 2G).

Identification of pyroptosis-related molecular subtypes

In the consensus clustering analysis, k = 2 was considered the
optimal parameter based on the empirical CDF (Supplemental Dig-
ital Content, Supplementary Fig. S3, A and B, http://links.lww.com/
SHK/B695). Sepsis samples were divided into two subtypes with
significant differences in the key PRG expression (Fig. 3A).
ELANE andAPIP showed significantly higher expression in subtype
gistic regression was performed to identify the association between PRGs and
cient distribution. (C) Ten-fold cross-validation for adjusting parameter selection
viation value is displayed, and the error bar represents SE. The vertical dashed
A multivariate logistic regression was used to confirm the univariate result. (E)
shown by the ROC curve. (F) The distribution of risk scores between patients
xpression for the survival of patients. PRG indicates pyroptosis-related genes;
haracteristic; SE, standard error.
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SHOCK JULY 2023 REGULATION OF PYROPTOSIS IN SEPSIS 5
2, whereas CASP4, CASP8, GSDMD, NLRP3, and NAIP showed
significantly lower expression (Fig. 3D; Supplemental Digital
Content, Supplementary Fig. S4B, http://links.lww.com/SHK/
B696). Patients with this subtype have a poorer prognosis than
those with the first subtype (Fig. 3B). In total, 251 DEGs were
identified between the two subtypes. A total of 205 genes were
upregulated, and 46 genes were downregulated in subtype 2
(Fig. 3C). Based on these DEGs, we performed functional enrich-
ment analysis, and the results showed that the upregulated DEGs
were mainly associated with neutrophil extracellular trap (NET)
formation and DNA replication and were involved in negative ap-
optotic regulation. The downregulated genes were mainly related
to the nucleotide oligomerization domain (NOD)–like and cyto-
kine receptor pathways (Fig. 3, E and F).
FIG. 3. Identification of the PRG-based subtype. (A) Non-NMF consensus a
subtypes. (C) The volcano map shows the DEGs upregulated or downregulated bet
clinical manifestation between subtypes 1 and 2. (E, F) The GO items of biological
negative matrix factorization; PRG, pyroptosis-related genes; GO, gene ontolog
expressed gene.
PRGs and the immune microenvironment
Furthermore, we evaluated the immune microenvironments of

patients with sepsis and its subtypes. Immune infiltration analysis
suggested that neutrophils comprised themajority of immune cells.
Effector cells such as B and CD8+ Tcells were reduced in the sep-
tic environment, and the proportion of Tregs increased, which is
consistent with the landscape of immunosuppression in sepsis
(Fig. 4A). In the immune landscape of the sepsis subtypes, subtype
2 had a higher proportion of Treg cells (Fig. 4C) and lower activity
of all immune pathways, suggesting stronger immunosuppression
(Fig. 4, B and D). The interaction heat map suggested that there
was a correlation between the key PRG and various immune cells
in sepsis, among which neutrophils and Tregs were closely related
to the key PRG (Fig. 4E). The human leukocyte antigens (HLA)
nalysis for k = 2. (B) Kaplan-Meier curves analysis for the survival of different
ween subtypes 1 and 2. (D) Heat map for PRGs differentially expressed and its
processes and KEGG pathway analysis for DEGs in subtypes. NMF indicates
y; KEGG, Kyoto Encyclopedia of Genes and Genomes; DEG, differentially
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FIG. 4. Immune infiltration landscape inPRG-based subtypes. (A) Boxplots representing the PRGs expression levels between sepsis and control. (B) Boxplots
for the common immune pathway between sepsis and control. (C) Boxplots representing the PRGs expression levels in clusters 1 and 2. (D) Boxplots for the common
immune pathway in clusters 1 and 2. (E) The correlation between the selected 10 PRGs and the immune cells. *P < 0.05; **P < 0.01; ***P < 0.001. PRG indicates
pyroptosis-related genes.
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gene expression suggests that the HLA-DR isotype (HLA-DR)
is downregulated during sepsis. Among these, HLA-DRA and
HLA-DRB5 levels further decreased in the second subtype (Sup-
plemental Digital Content, Supplementary Fig. S4, C and D, http://
links.lww.com/SHK/B696).

Single-cell landscape for PRGs in sepsis

Peripheral blood mononuclear cell samples extracted from hu-
man peripheral blood were used to explore the expression patterns
of PRGs during sepsis. Eight cell types were identified using spe-
cific markers (Fig. 5, A and B). Compared with healthy controls, B
cells, Tregs, and CD8+ T cells decreased gradually, but macro-
phages and monocytes increased with the development of sepsis
(Fig. 5C). Gene set enrichment analysis revealed that immune
pathways, such as interferon α or γ and IL6-JAK-STAT3, and
inflammatory pathways were significantly upregulated at the
beginning of sepsis. However, 6 hours later, metabolism-related
pathways, such as oxidative phosphorylation, cholesterol homeo-
stasis, and reactive oxygen pathways, were activated, whereas the
immune pathways were no longer enriched, suggesting that im-
mune function was downregulated and metabolic disorders may
occur in some cell metabolic pathways (Fig. 5D). Furthermore,
we analyzed single-cell heat maps of the inflammatory and im-
mune pathways. These results suggested that inflammatory reac-
tions and immune pathways were gradually inactivated during
sepsis (Fig. 5E; Supplemental Digital Content, Supplementary
Fig. S5, http://links.lww.com/SHK/B697). The results of PRG's
expression analysis indicated that PRG was mainly expressed in
macrophages, CD4+ T, CD8+ T, and Treg cells. ELANE,GSDMD,
and NAIP were significantly upregulated during sepsis (Fig. 5F),
and the overall PRG expression gradually increased with sepsis pro-
gression (Fig. 5G). Also, a neutrophil expression-based analysis

http://links.lww.com/SHK/B696
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FIG. 5. Single-cell RNA sequencing analysis for PRGs in sepsis. (A) The UMAP plot of immune cell types. (B) A violin plot showing the cell-specific marker
gene expressions. (C) The percentage bar plot displayed the immune cell composition in healthy controls and patients with sepsis, initially recognized and after
6 hours. (D) A pathway heat map based on the top 50 genes in healthy controls and patients with sepsis, initially recognized and after 6 hours. (E) Immune cell
heat map for an inflammatory response in healthy controls and patients with sepsis, initially recognized and after 6 hours. (F) The UMAP plot of single PRG
expression heat map in sepsis status. (G) The single PRG expression levels in healthy controls and patients with sepsis, initially recognized and after 6 hours. (H)
The overall PRG expression levels in healthy controls and patients with sepsis, initially recognized and after 6 hours. UMAP indicates uniform manifold
approximation and projection; PRG, pyroptosis-related genes.
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showed that ELANEwas upregulated during sepsis and even higher
in patients with a poor prognosis (Supplemental Digital Content,
Supplementary Fig. S4E, http://links.lww.com/SHK/B696).

Identification of GSDMD macrophages

Further cluster analysis classified the macrophages into seven
classes (Fig. 6A). Each macrophage subgroup was annotated ac-
cording to the cellular markers identified, and seven specific mac-
rophage subgroups (GSDMD, LGALS2, GNLY, IGHM,MARCO,
AREG, and STMN1)were identified (Fig. 6B).We compared the
proportions of macrophage subgroups in healthy controls, sepsis
t0, and sepsis t6 samples and found that the proportion of GSDMD
macrophages increased progressively with the progression of
sepsis andwas present only in patientswho died (Fig. 6, C andE). En-
richment analysis was performed to better understand the function
of GSDMD macrophages. These results suggested that GSDMD
macrophages were mainly involved in NOD-like receptor signaling,
apoptosis, and viral infection pathways (Fig. 6D). Cell communica-
tion analysis showed that GSDMD macrophages interacted with
different types of immune cells, such as CD8+, CD4+ T, and Treg
cells (Fig. 6, F and G).

DISCUSSION

The early diagnosis of sepsis remains challenging because of
its complex etiology and lack of early clinical features (13).
Therefore, it is essential to identify novel biomarkers that provide

http://links.lww.com/SHK/B696


FIG. 6. Subproportion analysis for PRGs related macrophage. (A) The UMAP plot for subgroup of macrophage. (B) A dot plot showing the cell-specific marker
gene expressions in subgroup of macrophage. (C) The percentage bar plot displayed the subgroup of macrophage composition in healthy controls and patients with
sepsis, initially recognized and after 6 hours. (D) The percentage bar plot displayed the subgroup of macrophage composition in healthy controls and patients with
different survival status. (E) A bar plot based on the top 10 KEGG enriched pathways for GSDMD-macrophage. (F) Overall communication condition of all cell
clusters. Circle sizes are proportional to the number of cells in each cell group, and edge width represents the communication probability. (G) Communication
condition between GSDMD-macrophage and other cell clusters. UMAP indicates uniform manifold approximation and projection; KEGG, Kyoto Encyclopedia of
Genes and Genomes; PRG, pyroptosis-related genes; GSDMD, gasdermin D.

8 SHOCK VOL. 60, NO. 1 SUN ET AL.
valuable insights. In this study, we used logistic LASSO regres-
sion to screen 10 PRGs associated with sepsis diagnosis, of which
four were associated with the prognosis of sepsis. Multiple logis-
tic regression models were constructed based on these genes, and
their validity was verified using external cohorts. Our findings re-
vealed two subtypes of sepsis associated with pyroptosis based on
the different performances of the 10 genes in the sepsis samples.
Subtype 2 had a poorer prognosis than subtype 1. Furthermore,
functional enrichment analysis indicated that DEGs in subtypes
1 and 2 were associated with pyroptosis and immune-related
pathways. The immune infiltration analysis revealed significant
differences in the immune status between the two groups, with sub-
type 2 showingmore severe immunosuppression. Using single-cell
analysis, we found a subpopulation of macrophages characterized
by GSDMD expression, which is involved in the pyroptosis-
related pathway regulation and associated with the prognosis
of patients with sepsis.

Pyroptosis is an immune response that plays a crucial role in
the occurrence and development of sepsis (20). In the early stages
of sepsis, the organism initiates pyroptosis to inhibit the intracellu-
lar replication of pathogens and accelerate their elimination (21).
However, if the infection is not controlled, numerous pathogens
invade the blood and cells to escape identification and elimination
by the immune system (22). During this process, pathogen- and
damage-associated molecular patterns are released, leading to
massive pyroptosis, eventually causing organ failure and septic
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shock (23,24). Therefore, pyroptosis may be associated with sepsis.
Our diagnostic model, constructed based on 10 PRGs (NLRP3,
NAIP, GSDMD, GSDMB, ELANE, DPP9, DHX9, CASP4, CASP8,
and APIP), successfully distinguished patients with sepsis from
healthy individuals. Among these, DHX9, GSDMD, CASP4, and
ELANE are closely related to the prognosis of patients with sepsis.

RNA helicase DHX9 is a member of the human RNA enzyme
family. Through DHX9, NLRP9b recognizes short double-stranded
RNA stretches and forms inflammasome complexes with caspase-1
to promote pyroptosis (25). Our results indicated that DHX9 ex-
pression was significantly lower in patients with sepsis and that
higher DHX9 expression was associated with a better prognosis.
Because of the limited number of studies, the role of DHX9 in
sepsis remains unclear, and our study may provide insights for fu-
ture studies. Gasdermin D, an executor of pyroptosis, is an impor-
tant downstream molecule that mediates pyroptosis in various le-
thal polymicrobial sepsis (13). Recent studies have shown that
bacterial endotoxins induce disseminated intravascular coagula-
tion in sepsis by activating the coagulation cascade through
GSDMD-dependent phosphatidylserine exposure (26). Gasdermin
D inhibition prevents multiple organ dysfunction during sepsis by
blocking NET formation (27). Gasdermin D has also been shown
to have protective effects against bacterial sepsis. The GSDMD-NT
fragment released by GSDMD cleavage directly kills bacteria
(28,29). Our results showed that GSDMD expression was upreg-
ulated in patients with sepsis and that patients with higher
GSDMD expression had a better prognosis, which may be related
to the direct bactericidal effect of GSDMD. However, there may
be differences in the role of GSDMD in sepsis caused by endo-
toxins and bacterial sepsis that warrant further investigation. As
a member of the caspase family, caspase-4 cleaves GSDMD via
noncanonical inflammasome signaling (30), leading to pyroptosis.
Our findings suggest that CASP4 shares the same expression pat-
tern as GSDMD; that is, patients with poor prognoses had lower
caspase-4 expression, which is consistent with previous findings
(31). ELANE encodes neutrophil elastase, which is secreted by
the neutrophils. Neutrophil elastase cleaves GSDMD and induces
caspase-independent neutrophil pyroptosis (32). ELANE levels
have been reported to correlate with the severity of sepsis (33).
Our study showed that ELANE was upregulated significantly dur-
ing sepsis and that was closely associated with a poor prognosis.
We found that the majority of PRGs expression was downregu-
lated in the sepsis subtype with a poor prognosis, suggesting that
ELANE function was critical for severe sepsis.

Functional enrichment analysis revealed that poor prognostic
subtypes of sepsis exhibit decreased activity of NOD-like recep-
tor signaling and enhancedNET formation, a specific type of neu-
trophil cell death (34). Excessive NETs have been suggested to be
critical players in the development of organ failure during sepsis
(27), which may explain the different prognoses of the two sub-
types. We further analyzed the expression patterns of key PRGs
in neutrophils during sepsis, which indicated that both GSDMD
and ELANE, keymolecules involved in NETosis, are upregulated
in patients with a poor prognosis. Therefore, it is reasonable to
speculate that NET formation contributes to poor outcomes in pa-
tients with sepsis. Furthermore, this expression pattern suggests
that ELANE-mediated neutrophil pyroptosis may be enhanced.
However, the role of neutrophil pyroptosis in sepsis is unclear
(35), and our study may provide insights for future studies. It is
important to explore whether NETosis interacts with neutrophil
pyroptosis to affect the prognosis of patients with sepsis.

The immune status of patients with sepsis may be a key factor
in the disease's prognosis (36,37). Immune infiltration analysis re-
vealed differences in immune-related pathways and immune cell
composition between sepsis subtypes, with subtype 2 exhibiting
more intense immunosuppression. This difference may explain
the varying prognoses between the two subtypes. Sepsis-induced
immunosuppression is characterized by the release of anti-
inflammatory cytokines, immune cell death, T-cell exhaustion,
and excessive production of immunomodulatory cells (38). Pre-
vious studies have shown that a large number of pyroptoses over
a short period can lead to cellular expansion and lysis, causing in-
tense inflammatory storms, organ dysfunction, and consequent
immune cell failure (39). Our results show an increased propor-
tion of Tregs in sepsis and subtype 2, as well as some key PRGs
(GADMD, CASP4, and DHX9) that are closely correlated with
Tregs. These findings suggest that Tregs may serve as a bridge
between pyroptosis and immunosuppression.

Further single-cell analysis revealed significant changes in
PRG expression in the early stages of sepsis. Initially, inflamma-
tory and immune pathways in the patient's peripheral blood were
robustly active; however, 6 hours later, the activity of these pathways
decreased, whereas cell metabolic pathways such as oxidative phos-
phorylation, cholesterol homeostasis, and reactive oxygen pathways
were gradually activated. This suggests that these immune cells may
develop metabolic disorders and lose their immune functions, with
an overall increase in PRG expression, indicating a gradual increase
in pyroptosis. The regulation of immune cell pyroptosis has been
shown to improve the prognosis of sepsis, with many studies fo-
cused on the regulation of macrophage pyroptosis (40). By further
single-cell subpopulation analysis, we identified a macrophage
subset based on GSDMD expression. Gasdermin D–expressing
macrophages increased progressively with the development of sep-
sis and were only present in non-survivors of sepsis, suggesting a
close association with poor prognosis. They can communicate with
various immune cells, including Tregs, CD4+ Tcells, and CD8+ T
cells, and are associated with the NOD-like receptor pathway and
apoptosis. Taking these results into consideration, we have reason
to suspect that GSDMD-macrophage may regulate the immune
status of septic patients through pyroptosis, thereby affecting the
prognosis of septic patients.

Even though the combined scRNA-seq and bulk-seq analyses
helped us understand PRG expression in sepsis and identify
GSDMD macrophages, further mechanistic and experimental stud-
ies are required. This study had some limitations. First, it was a ret-
rospective study, and prospective studies should be considered to
avoid analytical bias. Second, this study was based on transcripto-
mics; however, both proteomic and spatial transcriptomic data need
to be explored. Third, the prognostic factors in the GEO database
were insufficient, with comorbidities and infectious microorganisms
not included, and more complete cohorts are needed for validation.

In conclusion, we developed and validated a risk score for
identifying sepsis based on 10 PRGs. Four of these also could
be used to predict the diagnostic value in the prognosis of sepsis,
and we identified a subset of GSDMD macrophages that may be
associated with a poor prognosis. Our findings provide new
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insights into the role of pyroptosis in sepsis and serve as a foun-
dation for future studies.
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