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Background: Excessive immunogenic cell death (ICD) drives early mortality in sepsis, but its dominant subtype and clinical
relevance remain poorly defined.

Methods: We systematically screened 3,421 genes involved in 15 forms of cell death across multiple sepsis transcriptomic datasets.
Machine learning and COX regression identified two ICD-associated genes (PDZD8 and ADRB2) and were used to build a Cell Death
Index (CDI). CDI performance was verified in terms of discrimination, risk stratification and clinical relevance. Gene set scoring was
used to assess the association of CDI with necroptosis. Single-cell RNA sequencing was performed to investigate PDZD8 and ADRB2
expression and function. Treatment with the necroptosis inhibitor Necrostatin-1 (Nec-1) was evaluated in a cecal ligation and puncture
(CLP) mouse model.

Results: The CDI robustly predicted sepsis prognosis across multiple datasets (AUC: 0.628-0.70). Multivariate analysis identified
CDI as an independent risk factor for 28-day mortality (OR = 1.63-2.91, p < 0.001). CDI levels were significantly elevated in sepsis
patients compared to pneumonia and upper respiratory infection patients. Meanwhile, serum high-mobility group box 1 (HMGB1) was
markedly elevated in sepsis cases, whereas caspase-8 (CASP8) remained unchanged, supporting an active necroptotic process. Single-
cell RNA sequencing revealed that PDZDS8 was highly expressed in neutrophils and associated with oxidative stress and necroptosis,
while ADRB2 was enriched in NK cells and linked to suppressed inflammatory signaling. Treatment with Nec-1 in the CLP model
significantly improved survival (from 0% to 90%), reduced inflammatory cytokine release, and alleviated organ damage.
Conclusion: This study identifies necroptosis as the dominant ICD subtype driving immune imbalance in sepsis and establishes CDI
as a clinically relevant prognostic biomarker, thereby providing mechanistic insight into sepsis pathogenesis and lay the groundwork
for precision therapeutic interventions targeting necroptosis.
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Introduction

Sepsis is a life-threatening condition characterized by organ dysfunction resulting from a dysregulated host response to
infection." It is associated with high morbidity and mortality and remains a significant global public health challenge.”
During sepsis, systemic inflammation occurs as different cells release pro-inflammatory mediators like cytokines,
proteases, and reactive oxygen species. This response activates the complement and coagulation systems, resulting in
tissue inflammation and multi-organ damage.® Although advances in antibiotics, fluid resuscitation, and intensive life
support have improved patient outcomes, deaths due to persistent inflammation and immune dysregulation remain

common.”* Therefore, a deeper understanding of the mechanisms driving the inflammatory response is essential,
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particularly the role of cell death in immune imbalance. Moreover, identifying early-warning biomarkers is crucial for
effective risk stratification and developing individualized intervention strategies in sepsis.

During sepsis, various cell death pathways are activated either by the septic inflammatory response itself or through
direct pathogen interactions.’ Immunogenic cell death (ICD) is a highly inflammatory, regulated cell death that stimulates
innate immunity, characterized by the release of DAMPs such as ATP, HMGBI, and calreticulin. ICD also promotes
antigen presentation, bridging innate and adaptive immune responses.® Recent studies have demonstrated that necrop-
tosis, pyroptosis, and ferroptosis, three forms of regulated cell death that trigger damage-associated molecular pattern
(DAMP) release, constitute key subroutines of ICD.” These processes commonly induce the release of DAMPs, activate
type I interferon responses, and generate pathogen-associated chemokines that enhance the immunogenicity of dying
cells. The ICD cascade in sepsis can be initiated by exogenous pathogen-associated molecular patterns (PAMPs),
including LPS and dsRNA. This leads to immunogenic stress and cell death, contributing to tissue inflammation and
organ injury.®’

By serving as a crucial immune-regulating mechanism, ICD has been widely studied in tumor immunotherapy,
guiding both therapeutic and biomarker development. Various antitumor strategies, including chemotherapy, radio-
therapy, oncolytic viruses, and photodynamic therapy (PDT), can induce ICD to varying extents.'® By inducing ICD,
these therapies potentiate immune cell activity and tumor surveillance, thus countering immune escape.'' In contrast,
relatively little attention has been paid to ICD-mediated hyperinflammatory responses in the context of sepsis. While
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several studies have investigated biomarkers related to cell death in sepsis, the specific contribution of ICD has
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largely been overlooked. Notably, sepsis provides a favorable environment for ICD, the excessive inflammation from
which may critically worsen patient outcomes. Therefore, ICD and its key subroutines may hold promise as clinically
relevant biomarkers for prognostic stratification in sepsis. Current sepsis immunotherapies primarily target the subse-
quent immunosuppressive phase, overlooking the initial hyperinflammatory state driven by pro-inflammatory cell
death.'> These strategies often fail to consider that DAMPs released during ICD are central to sustained immune
activation.

Previous studies using transcriptomics for sepsis subtyping have aimed to advance precision therapies. The Molecular
Diagnosis and Risk Stratification of Sepsis (MARS) endotype system categorizes sepsis patients into four subgroups
based on 140 differentially expressed genes. Notably, this classification system identifies BPGM and TAP2 as key
biomarkers for rapid identification of Mars] patients.'® Clinical observations reveal that the Marsl endotype demon-
strates the most unfavorable prognosis, exhibiting characteristic features of immunoparalysis. In parallel research, the
Sepsis Response Signatures (SRS) classification system dichotomizes septic shock patients into SRS1 (immunosuppres-
sive subtype) and SRS2 (immunoactivated subtype) through evaluation of seven critical biomarkers. Intriguingly, cohort
studies demonstrate paradoxical therapeutic outcomes where SRS2 patients administered corticosteroid therapy exhibit
significantly higher mortality rates compared to placebo controls.'” These sepsis classifications focus on immunosup-
pression-linked outcomes but neglect the mechanisms of early hyperinflammatory death.

This study utilized machine learning to develop a Cell Death Index (CDI) from two immunogenic cell death (ICD)-
related genes, ADRB2 and PDZD8, demonstrating its superior ability to predict sepsis prognosis. We further validated
the clinical relevance of CDI and revealed a strong association between CDI and necroptosis. Importantly, in vivo
experiments showed that necroptosis inhibition significantly improved survival in a sepsis model, highlighting CDI as
a promising tool for personalized therapeutic strategies in sepsis.

Materials and Methods

Data Acquisition
Cell death-related genes (n = 3421) were collected from the GeneCards database (https://www.genecards.org), including

apoptosis, autophagy, lysosome-dependent cell death, necrosis, netotic cell death, oxeiptosis, panoptosis, parthanatos,
entotic cell death, extrinsic cell death, ferroptosis, necroptosis, pyroptosis, anoikis, immunogenic cell death.

The dataset GSE65682 (platform file GPL16791) was downloaded from the GEO public database (http://www.ncbi.
nlm.nih.gov/geo), containing whole blood gene expression data of 40 healthy subjects and 479 septic patients with
prognostic information. The datasets E-MTAB-4421 and E-MTAB-7581 were downloaded from Array Express (https://
www.ebi.ac.uk/biostudies/arrayexpress), containing 265 and 176 septic patients with prognostic information, respec-
tively. Single-cell transcriptome dataset Kwok-2023 (EGAS00001006283) was downloaded from the European Genome-
phenome Archive (EGA)(https://ega-archive.org), containing six healthy volunteers, 26 septic patients, and 9 septic
controls. GSE167363 was also down from the GEO public database, containing PBMC from 2 Healthy volunteers, 3
sepsis survivors, and 2 non-survivors.

Data Processing

Batch Transcriptome Data
Preprocessing of transcriptome data includes the following steps: After removing duplicate values, filtering out low-
expression genes, and deleting missing values, we conducted gene re-annotation of the dataset probes through platform
files. All data were log-transformed and normalized. Surrogate variable analysis (SVA) was used to merge transcriptomic
datasets and correct for batch effects.

Single-Cell RNA-Seq Data

Quality control criteria for single-cell data included retention of cells with nFeature RNA in the range of 100 to 4000 and
mitochondrial gene expression below 10%. Cell cluster annotation standards were performed according to the uploader’s
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instructions. The R package “Seurat” was used to process 10x scRNA data, including data filtering, normalization, PCA,
uniform manifold approximation, and projection (UMAP) analysis.

|dentification of Prognostic Genes via Machine Learning
Univariate Cox regression analysis with overall survival as the endpoint was performed in the GSE65682 and E-MTAB-
4421 cohorts (P<0.01), identifying programmatic death-related genes that were significantly enriched in both datasets as
candidate genes (Table S1).Three machine learning methods were used to screen candidate genes in GSE65682.

LASSO-Cox regression analysis determines the penalty coefficient A value via 10-fold cross-validation, retaining
genes with non-zero coefficients.

The Random Forest model was trained with 10-fold cross-validation, and the top 15 genes with the highest relative
importance were selected.

The XGBoost algorithm selected the top 20 most contributory feature variables via 500 iterations and 5-fold cross-
validation.

Finally, co-identified genes by machine learning were taken to do multivariate COX regression analysis. Genes with
a P value of less than 0.01 were identified as target genes.

Predictive Capability Validation

ROC curves were analyzed for each CDI and the area under the curve (AUC) with 95% confidence intervals (Cls) was
calculated. The significance of the CDIs was judged by the AUC value, with values closer to 1 indicating greater
predictive accuracy.

The CDI was calculated using the multivariate Cox regression coefficients and gene expression levels as follows: CDI =
0.4987 x (PDZD8 expression) — 0.4216 x (ADRB2 expression), and the detailed model coefficients were presented in
Figure 1i. Patients were categorized into high and low CDI groups based on the median value of CDI. Survival curves were
created, and the Log rank test was used to compare significant differences in survival data between the two groups.

Transcriptome Functional and Enrichment Analysis

Following the identification of differentially expressed genes (DEGs) among distinct CDI subtypes, Gene Ontology (GO)
enrichment analysis was performed. Pathways with corrected P-values and false discovery rates (FDR) below 0.05 were
deemed statistically significant. Transcriptome scoring was conducted using the “ssgsea” method. The immune cell
composition of high- and low-CDI groups was assessed via the “CIBERSORT” algorithm.

Single-Cell Sequencing Analysis
Single-cell clusters were manually annotated using classical immune cell marker genes. Annotation accuracy was
validated by visualizing marker gene expression in dot plots. The CDI for individual cells was calculated with the
“AddModuleScore” function and visualized on UMAP projections and violin plots. Gene set scores were derived using
the same method. Heatmaps and violin plots were used to display the expression of key genes.

Based on the median CDI value and the median expression of key genes, cells from septic patients were stratified into
high and low CDI groups. Functional enrichment was assessed through Gene Ontology (GO) analysis. Gene Set
Enrichment Analysis (GSEA) was performed to evaluate different modes of cell death.

Clinical Sample Collection

The cohort included 8 sepsis patients, 11 pneumonia patients (community-acquired pneumonia), and 6 patients with acute
upper respiratory tract infections at Xiamen University Xiang’an Hospital from January 3, 2024, to November 27, 2024.
All included sepsis patients met the diagnostic criteria of the Sepsis 3.0 Consensus. Among them, 5 were diagnosed with
sepsis and 3 with septic shock. Their ages ranged from 55 to 92 years old, comprising 4 females and 4 males. Four
patients improved, while four died. All included sepsis patients met the diagnostic criteria of the Sepsis 3.0 consensus.
Exclusion criteria included age <18 years old, hospitalization <72h, hematologic malignant diseases, autoimmune
diseases, chronic infectious diseases, and immunosuppressive therapy within the past two weeks. Blood samples were
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EDTA-anticoagulated and stored at —80°C until analysis. Basic clinical information of patients in this study, including
CDI were shown in Table S2.

The study was approved by the Ethics Committee of the School of Medicine, Xiamen University (ethics number:
XDYX202302K06), and the study itself was conducted in accordance with the Declaration of Helsinki and followed
RECORD guidelines. All participants or their guardians provided written informed consent before sample collection.

Cecal Ligation and Puncture (CLP) Mouse Model

Specific pathogen-free (SPF) grade male C57BL/6 mice (6—8 weeks old, approximately 20 g) were purchased from the
Xiamen University Laboratory Animal Center, Xiamen, China. All mice were housed in a specific SPF environment
(temperature: 22 + 2 °C, humidity: 45 + 5%, 12 h light/dark cycle) and provided unrestricted food and water. The animal
experiment followed the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines, and all the
experimental protocols were approved by the Ethics Committee of Laboratory Animals of Xiamen University (Permit
number: XMULAC20210021).

Mice were randomly assigned to a sham operation group, a CLP group, and a Nec-1 group. Mice were anesthetized
with tribromoethanol (250 mg/kg) (MACKLIN 75-80-9, Shanghai, China) by intraperitoneal injection. Then the CLP
surgery was performed according to standard methods to establish a sepsis model.'® Necrostatin-1 (TOPSCIENCE,
64419-92-7, Shanghai, China) was administered via intraperitoneal injection at 25, 13, and 1 hours before surgery.
Administer ibuprofen (5 mg/kg) subcutaneously 30 minutes prior to surgery as an analgesic, followed by continuous
administration for 3 days postoperatively.

Survival was monitored for 96 hours postoperatively. Mice were euthanized when they met the criteria for humane
endpoints, including labored breathing with gasps, a core body temperature below 30°C, or severe lethargy (defined as
unresponsiveness to gentle stimuli).'” Tissue samples were collected at 22 hours for histological analysis via hematoxylin
and eosin (HE) staining.

RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR)
The RT-PCR experiment validated the PDZD8 and ADRB2 expression levels. Peripheral blood samples were collected
using anticoagulant tubes and RNA was extracted from WBCs using the Trizol method, and cDNA was synthesized from
500ng of total RNA using the Accurate Biotechnology Reverse Transcription Kit (Accurate Biotechnology AG11701).
Each cDNA sample was diluted 10-fold and a 5 pL aliquot was used in a 12 pL. PCR reaction mixture, and qPCR
reactions were performed using the PCR System Kit 2x SYBR Green qPCR Master Mix (Aikerui Bioengineering, SYBR
Green Premix Pro Taq HS qPCR Kit, Changsha, China). The relative expression levels were calculated using the 2
—AACT method. The sequence of the primers and qRT-PCR results are shown in Table S3-5

Enzyme-Linked Immunosorbent Assay (ELISA)

According to the manufacturer’s protocols, concentrations of HMGBI1 (Elabscience, E-EL-H1554, Wuhan, China),
CASPS8 (Elabscience, E-EL-H0659, Wuhan, China), IL-6 (Solarbio, SEKM-0034, Beijing China), and TNF-a
(ABclonal, RK04595, Wuhan, China) were measured using ELISA kits with standard curves (Table S6 and 7).
Absorbance was measured at 450 nm using a Thermo Scientific Multiskan SkyHigh Microplate Spectrophotometer
(Thermo Fisher Scientific Inc., Waltham, MA, USA), and cytokine concentrations were calculated using a four-parameter
logistic (4-PL) fitting curve.

Statistical Analysis

Statistical analyses and visualization of datasets were achieved via R software (Version 4.3.2), R packages used were
listed in Table S8. Data results are expressed as the mean + standard error of the mean (SEM) in vivo validation of the
clinical samples and animal experimentation of the key genes, including at least three independent experiments with
replicated samples. For two-group comparisons, the Student’s ¢ test was applied for normal distribution, and the
Wilcoxon test was applied for normal distribution with GraphPad Prism software (Version 8.0). The chi-square test
was used for categorical variable data between the two groups. The level of statistical significance was set at p < 0.05.
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Results

Construction of a Cell Death Index for Prognostic Prediction in Sepsis

We utilized a sepsis transcriptomic dataset GSE65682 from 479 patients with complete prognostic data as the derivation
cohort. To identify genes significantly associated with sepsis outcomes, we first performed univariate Cox proportional
hazards regression analysis, revealing 1,389 genes with prognostic significance (HR > 1 or HR < 1, P < 0.05). To enhance
robustness, we cross-validated the results using the independent E-MTAB-4421 dataset, identifying 352 overlapping
prognostic genes (Figure 1a and Table S1). Among these, 96 genes were identified as being related to programmed cell
death (PCD) and remained significantly associated with OS (P < 0.05) (Figure 1b).

To further refine the candidate genes, we applied three machine learning algorithms to the GSE65682 derivation set,
including Least Absolute Shrinkage and Selection Operator (LASSO) regression, Random Forest, and Extreme Gradient
Boosting (XGBoost). For LASSO-Cox regression, the optimal penalty parameter A was selected via 10-fold cross-
validation, resulting in a final model retaining 15 survival-associated genes (Figure 1c and d). The Random Forest model
ranked genes ranked by feature importance, form which the top 15 genes were selected (Figure le). XGBoost identified
the top 20 genes contributing most significantly to sepsis prognosis (Figure 1f). The three genes, PTPRO, ADRB2, and
PDZD8, were consistently selected across all three algorithms (Figure 1g). To verify their independent prognostic value,
we performed a multivariate Cox regression analysis. Clinical prediction models commonly use P<0.01 for variable
screening.”® To prioritize high-confidence variables and construct parsimonious models, we set P<0.01 as an inclusion
criterion. Of the three, only PDZDS8 and ADRB?2 remained statistically significant (P < 0.01) and were subsequently used
to construct the Cell Death Index (CDI) for prognostic prediction in sepsis (Figure 1h).

CDI Serves as a Prognostic Marker for Sepsis

The derivation cohort GSE65682 (n = 479) was used for internal validation of the Cell Death Index (CDI). Receiver
operating characteristic (ROC) curve analysis demonstrated that CDI exhibited significant discriminatory power for
mortality prediction, with area under the curve (AUC) values of 0.65, 0.68, and 0.70 at days 7, 14, and 28, respectively
(Figure 2a). Patients were stratified into high-CDI and low-CDI groups based on the median CDI value. Mortality was
significantly higher in the high-CDI group compared to the low-CDI group (x* = 11.611, p < 0.001) (Figure 2b).
Consistent with the index construction, PDZD8 expression was elevated in the high-CDI group, while ADRB2 expres-
sion was higher in the low-CDI group (Figure 2c). Kaplan—Meier survival analysis confirmed the prognostic value of the
CDI, showing significantly longer overall survival in the low-CDI group compared to the high-CDI group (p < 0.05)
(Figure 2d). At the gene level, low PDZDS expression and high ADRB2 expression were both associated with improved
survival (Figure 2e and f). Both univariate and multivariate logistic regression analyses identified high CDI as an
independent risk factor for 28-day mortality, after adjusting for age, sex, and MARS endotype (Univariate: OR = 1.82
(1.19-2.80), p = 0.006; Multivariate: OR = 1.63 (1.05-2.54), p = 0.03) (Figure 2g and h). Furthermore, decision Curve
Analysis (DCA) showed that CDI provided a greater net clinical benefit than the MARS endotype for predicting 28-day
mortality (Figure 2i), highlighting the superior prognostic utility of CDI.

The sepsis datasets E-MTAB-4421 (n = 265) and E-MTAB-7851 (n = 176) were further utilized to assess the
predictive performance of CDI. ROC curve analysis demonstrated that CDI achieved AUC values of 0.655 and 0.628 for
predicting 28-day mortality in the respective cohorts (Figure 3a and d). These values were significantly higher than those
of the SRS endotypes (AUC = 0.542 and 0.466, respectively), confirming CDI’s superior predictive performance (p <
0.05, CDI vs. SRS) (Figure 3a and d). Compared to the low CDI group, more decease cases were observed in the high
CDI group (chi-squared = 11.601, p < 0.001; chi-squared = 1.8331, p = 0.176) (Figure 3b and e). Expression patterns of
PDZD8 and ADRB2 were consistent with those observed in the derivation cohort, further supporting the stability of the
index (Figure 3c and f). Multivariate logistic regression confirmed high CDI as an independent risk factor for 28-day
mortality after adjusting for age, sex, and SRS endotype (OR =2.91 (1.55-5.46), p < 0.001) (Figure 3i). Moreover, DCA
demonstrated a greater net clinical benefit of CDI compared to SRS endotypes in both validation cohorts (Figure 3g and
h), reinforcing its potential clinical value for risk stratification in sepsis.
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Figure 2 Internal validation of CDI in GSE65682. (a) ROC curve for CDI. (b) The survival of patients in low- and high-CDI groups, divided by the median value of CDI. (c)
The survival status chart of Low-CDI and High-CDI subgroups. (d) Kaplan—Meier curves of OS of patients in the Low-CDI and High-CDI subgroups. (e and f) Kaplan—Meier
curves of OS of patients in PDZD8/ADRB?2 high- and low- expression groups. (g and h) Univariate and Multivariate logistic regression analysis performed. (i) Comparison of
clinical utility of CDI and Mars endotypes by decision curve analysis (DCA).

To validate CDI in a clinical setting, mRNA expression levels of PDZD8 and ADRB2 were assessed in patient
samples. Peripheral blood white blood cells (WBCs) were collected from 25 individuals, including 6 with acute upper
respiratory tract infections (URTIs), 11 with pneumonia, and 8 with sepsis. As expected, ADRB2 expression was
significantly lower in sepsis patients compared to both pneumonia and URTI patients (Figure 3j). In contrast, PDZDS8
expression was significantly higher in sepsis patients than in URTI patients, although not significantly different from
pneumonia patients. CDI levels were also significantly elevated in sepsis patients compared to non-sepsis patients
(Figure 3k). Correlation analyses revealed that CDI was significantly positively correlated with neutrophil percentages
of peripheral blood, and negatively correlated with lymphocyte percentages (p < 0.05) (Figure 3m and Figure S1).
ADRB2 expression was significantly positively correlated with lymphocyte percentages (R = 0.57, p < 0.05) (Figure 31)
and negatively correlated with neutrophil percentages (R = —0.64, p < 0.05) (Figure 3n). Conversely, PDZD8 expression
showed a positive correlation with neutrophil percentages (R = 0.46, p < 0.05) (Figure 30), and a negative correlation
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with lymphocyte percentages (R = —0.50, p < 0.05) (Figure 3p). Collectively, these findings indicated that CDI is
significantly associated with immune cell composition and serves as a reliable prognostic biomarker for mortality in
sepsis.

Transcriptome Explores the Association of CDI with Necroptosis
The two genes, ADRB2 and PDZDS, are both implicated in immunogenic cell death (ICD). ADRB2 (adrenoceptor
beta 2) participates in antigen presentation and has been shown to convert immunogenic dendritic cells (DCs) into
tolerogenic DCs.?! PDZDS8 (PDZ domain-containing protein 8) functions as a tether between the endoplasmic reticulum
(ER) and mitochondria, facilitating ER-—mitochondria contact sites that coordinate DAMP sensing and promote
inflammation.”* ICD encompasses subroutines such as necroptosis, pyroptosis, and ferroptosis. Thus, we further
investigated the relationship between CDI and these cell death pathways.

Representative gene sets for each ICD pathway were obtained from the Gene Set Enrichment Analysis (GSEA)
database, and the corresponding pathway scores
(ssGSEA) via the Gene Set Variation Analysis

were calculated using single-sample gene set enrichment analysis
(GSVA) package. In the E-MTAB-4421 cohort, necroptosis and
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Figure 3 External validation of CDI. (a) Prognostic accuracy in comparing CDI with SRS endotypes by ROC curves in the E-MTAB-4421 cohort. (b) The survival of patients
in Low- and High-CDI groups in the E-MTAB-4421 cohort. (c) CDI Distribution Map and Expression Heatmap in the E-422| Dataset. (d) Prognostic accuracy in comparing
CDI with SRS endotypes by ROC curves in the E-MTAB-7581 cohort. (e) The survival status chart of Low-CDI and High-CDI subgroups in the E-MTAB-7581 cohort. (f)
CDI Distribution Map and Expression Heatmap in the E-758| Dataset. (g and h) Comparison of clinical utility of CDI and SRS endotypes by decision curve analysis (DCA) in
the E-MTAB-4421 and E-MTAB-7581 cohort. (i) Univariate logistic regression analysis performed on the E-MTAB-4421 dataset. (j) RT-PCR results of the key genes PDZD8
and ADRB?2 in clinical samples, as calculated by one-way ANOVA with nonparametric test. Results were represented as means with error bars representing the standard
error of the mean (SEM). (k) The CDI level between non-sepsis and sepsis in clinical samples. Results were represented as means with error bars representing the standard
error of the mean (SEM). (I) Heatmap of lymphocyte and neutrophil correlations with CDI and key genes in clinical samples. (m-p) Scatter plot of correlation between key
genes and lymphocyte percentage and neutrophil percentage. *p < 0.05, **p < 0.01, **p < 0.001.

ferroptosis scores were significantly higher in the high-CDI group compared to the low-CDI group, whereas pyroptosis
scores showed no significant difference (Figure 4a). Due to the absence of non-sepsis controls in this dataset, we repeated
the analysis the GSE65682 derivation cohort, comparing sepsis with non-sepsis patients. In this setting, necroptosis and
pyroptosis scores were significantly elevated in sepsis patients, whereas ferroptosis scores remained unchanged
(Figure 4b). Importantly, necroptosis was the only pathway consistently upregulated in both high CDI and sepsis
patients, suggesting a strong association between CDI and necroptotic activity.

Pearson correlation analysis further supported this observation. PDZD8 expression was significantly positively
correlated with necroptosis scores, whereas ADRB2 expression was negatively correlated (p < 0.05), consistent with
their respective weights in the CDI formula. In contrast, correlations between these genes and pyroptosis or ferroptosis
scores did not mirror CDI trends (Figure 4c), reinforcing the predominance of necroptosis in CDI-associated transcrip-
tomic alterations.

To explore necroptosis-related transcriptional features, we merged the GSE65682 and E-MTAB-4421 datasets and
applied batch effect correction (Figure S2a). DEGs between high- and low-CDI groups were identified, followed by
subsequent Gene Ontology (GO) enrichment analysis. The results revealed significant enrichment in pathways related to
inflammatory responses typical of sepsis (Figure S2b). Likewise, GSEA showed that many of the top 15 upregulated
pathways in the high CDI group were involved in septic inflammation (Figure S2c and d). Notably, GO enrichment also
highlighted pathways related to TNF signaling, necroptosis, and pattern recognition receptor activation (Figure 4d).
Canonical TNF pathway genes, including TNFRSF1A, TNFRSF1B, FADD, and NF-«B, were significantly upregulated
in the high CDI group (Figure 4¢), as well as classical pattern recognition receptors (TLRs) and downstream mediators in

the MAPK pathway (Figure 4f). To investigate the association between CDI and immune cell composition, immune cell
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profiling was performed in high- and low-CDI groups within the merged dataset using the CIBERSORT algorithm. The
high-CDI group showed a significant enrichment of neutrophils, whereas the low-CDI group exhibited increased levels of
activated NK cells, consistent with findings from clinical samples (Figure 4g). Together, these results highlighted
necroptosis as the dominant immunogenic cell death subroutine associated with CDI.

Single-Cell Transcriptome Delves Into Cell Death Characteristics of High-CDI

Populations
Building upon the bulk transcriptomic findings, we next sought to dissect the cell-type-specific characteristics of CDI at

single-cell resolution. To this end, we analyzed a publicly available whole blood single-cell RNA sequencing dataset
(EGAS0001006283), which included 181,514 cells derived from 6 healthy volunteers (HV), 26 sepsis patients (SEP), and
9 sepsis convalescents (SEP-CON). Using canonical immune marker genes (Figure S3a), cells were clustered into five
major immune populations: neutrophils, T/natural killer (T/NK) cells, monocytes, B/plasma cells, and megakaryocytes
(Figure 5a). CDI was calculated for each individual cell based on the predefined formula (Figure 5b). As expected, CDI
levels were significantly higher in sepsis patients compared to both sepsis convalescents and healthy volunteers
(Figure 5c and d), reinforcing the clinical relevance of CDI at the single-cell level.

We then profiled the expression profiles of ADRB2 and PDZDS across cell types. ADRB2 was predominantly
expressed in T/NK cells, while PDZD8 was most abundant in neutrophils (Figure S3b). As expected, ADRB2 expression
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Figure 4 Association of CDI with necroptosis in transcriptome datasets. (a and b) Comparisons of necroptosis, pyroptosis, and ferroptosis scores between Low- and High-
CDI groups presented by boxplots in E-MTAB-4421 and GSE65682 dataset. (c) The correlation between two key genes and three cell death scores above shown by
heatmap. (d) The enrichment analysis identified the GOBP terms enriched in the transcriptome presented by bubble plot in the combined dataset. Red text highlighted
pathways highly associated with necroptosis. (e) Comparisons of gene expression of TNF signaling pathway between high- and low-CDI groups presented by boxplot in the
combined dataset. (f) Comparisons of gene expression of TLR and MAPK pathway between high- and low-CDI groups presented by boxplot in the combined dataset. (g)
Comparison of immune cell composition between the high- and low-CDI groups in the combined dataset. Red text highlighted neutrophils and activated NK cells. *p < 0.05,
**p < 0.01, ¥¥¥p < 0.001, ¥***p < 0.0001.

was significantly reduced in sepsis patients compared to both control groups, whereas PDZD8 expression was signifi-
cantly elevated (p < 0.05 for all comparisons) (Figure 5e and f).

To elucidate the functional implications of these expression patterns, we conducted pathway enrichment analysis
within specific cell types. Neutrophils were stratified by median PDZD8 expression, and GSEA revealed enrichment for
oxidative stress and cell killing pathways in the PDZD8-high group (Figure 5i), both of which are known components of
necroptotic signaling. Due to limited numbers of T/NK cells in the whole blood dataset, ADRB2-associated pathways
were further explored using a PBMC single-cell dataset GSE167363 from 2 Healthy volunteers, 3 sepsis survivors, and 2
non-survivors (Figure 5g and Figure S3c). This analysis confirmed that ADRB2 expression was highest in NK cells
rather than T cells (Figure Sh). Moreover, as shown in Figure 5j, ADRB2high T cells exhibited suppressed activities in
pathways related to acute inflammation, antigen processing and presentation, pattern recognition receptors, and cytokine
production (eg., TNF-a, IL-6), suggesting an anti-inflammatory or immunoregulatory role for ADRB2 in these cells.

To further characterize CDI-associated immune responses across cell types, we stratified neutrophils and T/NK cells
by CDI score and performed GO enrichment analyses. Both cell types demonstrated enrichment in necroptosis-related
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and proinflammatory signaling pathways in the high-CDI group (Figure S3d and ¢), mirroring the trends observed in bulk
transcriptomic data. Finally, to compare the involvement of different forms of immunogenic cell death at the single-cell
level, we calculated necroptosis, pyroptosis, and ferroptosis scores for each cell using hallmark gene sets from the GSEA
database. Necroptosis scores were significantly higher in sepsis patients and showed strong concordance with CDI
(Figure 5k). In contrast, pyroptosis and ferroptosis scores were highest in healthy volunteers and were not elevated in
sepsis (Figure 51 and m).

Collectively, these findings indicated the link between CDI and necroptosis, extending the association to the single-
cell level. The data suggest that CDI reflects a transcriptional program centered on necroptosis-driven immunopathology.

Necrostatin-1 Improved Survival in Sepsis by Targeting Necroptosis

Building on transcriptomic and single-cell analyses that identified necroptosis as the dominant form of immunogenic cell
death in high-CDI populations, we next sought to validate its presence and therapeutic relevance in sepsis. In the clinical
samples, serum levels of HMGBI, a canonical DAMP released during necroptosis, were significantly elevated in sepsis
patients compared to both pneumonia patients and UTRIs (Figure 6a). In contrast, levels of CASP8,> a key apoptotic
regulator that inhibits necroptosis when activated, showed no significant difference between sepsis and pneumonia
patients. These findings suggest that necroptosis is not actively restrained during the progression from pneumonia to
sepsis, supporting its pathological involvement and therapeutic potential.
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Figure 5 Single-cell transcriptome exploration of cell death-related features of CDI. (a) The cell type annotation of EGAS0001006283 scRNA-seq data using uniform
manifold approximation and projection (UMAP) plots. (b) Enrichment of CDI in each cell type shown by UMAP plot. (c) Enrichment of CDI in each disease group shown by
bubble plot. (d) Comparisons of CDI in disease groups shown by vinPlot. () Comparisons of ADRB2 expression in the most relevant enriched cluster among disease
groups. (f) Comparisons of PDZD8 expression in the most relevant enriched cluster among disease groups. (g) The cell type annotation of GSE167363 scRNA-seq data
using UMAP plot. (h) Comparisons of ADRB2 expression in the most relevant enriched cluster among disease groups in GSEI67363. (i) Biological processes enriched in
neutrophils with high PDZD8 transcripts, as analyzed by GSEA separately. (j) Biological processes enriched in neutrophils with high ADRB2 transcripts, as analyzed by GSEA
separately. (k-m) Enrichment scores of necroptotic genes, pyroptosis genes and ferroptosis genes in each cell type are shown by UMAP plots, and comparisons of scores
among disease groups. All statistical significance was calculated using the Wilcoxon test. *p < 0.01, **p < 0.001, ****p < 0.0001.

To test whether pharmacological inhibition of necroptosis could improve sepsis outcomes, we conducted animal
experiments using the necroptosis inhibitor Nec-1, a selective RIPK1 inhibitor, in the CLP mouse model of sepsis
(Figure 6b). Nec-1 was administered intraperitoneally at a dose of 10 mg/kg at 25 h, 13 h, and 1 h prior to CLP
procedure. In a survival study (n = 10), mice subjected to CLP exhibited 0% survival at 96 hours, whereas Nec-1
administration dramatically improved survival to 90% (p < 0.0001) (Figure 6¢). In a separate mechanistic study (n = 3),
blood and tissue samples collected 22 hours post-CLP were analyzed. Gene expression analysis in peripheral WBCs
revealed that PDZDS was significantly upregulated, and ADRB2 was significantly downregulated in CLP mice relative to
the sham group (p < 0.05) (Figure 6d). In the Nec-1 treatment group, PDZDS expression was significantly decreased (p <
0.05), while ADRB2 showed a non-significant downward trend. Plasma concentrations of inflammatory cytokines TNF-a
and IL-6 were significantly reduced following Nec-1 treatment (p < 0.05) (Figure 6¢). Histological examination further
confirmed that Nec-1 mitigated multi-organ injury typical of sepsis (Figure 6f).

Together, these in vivo results provided compelling functional evidence that necroptosis contributes to the immuno-
pathogenesis of sepsis. The consistent upregulation of PDZD8 in both clinical and animal models, and its downregulation
following Nec-1 treatment, underscored its potential as a therapeutic target.

Discussion

In this study, we provide a systematic characterization of cell death pathway expression patterns in sepsis, highlighting
the significant role of immunogenic cell death (ICD) in driving excessive immune activation. We identified two key ICD-
associated genes, PDZD8 and ADRB2, and developed the CDI, which effectively predicts sepsis prognosis and
implicates necroptosis as a key contributor to hyperinflammation. Notably, high CDI was associated with neutrophilia
and lymphopenia in clinical peripheral blood samples. Single-cell transcriptome analysis further revealed that PDZDS8
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staining of lung, liver, kidney and spleen sections, with red arrows indicating pathological areas. Scale bar = 50 pm. All data were expressed as mean + SEM (n=3). *P< 0.05,
**P< 0.01, ¥P< 0.001.

was enriched in neutrophils and ADRB2 in NK cells. Our findings offer a refined understanding of ICD’s role in sepsis,
suggesting that targeting necroptosis may hold therapeutic potential.

ADRB?2 encodes the p2-adrenergic receptor (B2-AR), which is expressed on various immune cell types.>' Previous
studies have shown that ADRB2 modulates immune responses through multiple mechanisms. In macrophages, 2-AR
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signaling suppresses lipopolysaccharide (LPS)-induced systemic inflammation by inducing the expression of T cell
immunoglobulin and mucin domain-containing protein 3 (Tim-3), thereby promoting an anti-inflammatory phenotype.**
Similarly, in LPS-stimulated mouse bone marrow-derived dendritic cells (BMDCs), f2-AR agonist treatment inhibits
antigen cross-presentation to CD8" T cells by impairing phagosomal degradation, effectively converting immunogenic
dendritic cells into tolerogenic ones.*> In a mouse model of colitis, adrenaline acts through ADRB2 to respond to Toll-
like receptor signaling, promoting IL-10 secretion and suppressing the release of pro-inflammatory cytokines such as IL-
6 and TNF-a.?® Together, these findings suggest that ADRB2 primarily exerts anti-inflammatory effects. In our study, NK
cell subsets with high ADRB2 expression showed downregulation of immune activation pathways, including those
related to antigen processing and presentation, pattern recognition receptors, and pro-inflammatory cytokines. These
observations are consistent with previous findings and support the hypothesis that, in sepsis, ADRB2 may participate in
ICD by modulating antigen presentation via B2-AR signaling, thereby influencing the immunogenicity of dying cells.

PDZD8 is an endoplasmic reticulum (ER) protein located at ER—mitochondria contact sites and plays a critical role in
maintaining mitochondrial homeostasis.?” In our study, PDZD8 was highly expressed in neutrophils and associated with
cell killing and oxidative stress pathways. Previous studies have shown that activated neutrophils produce reactive
oxygen species (ROS) during the “respiratory burst” observed in sepsis.”® That mitochondria-derived ROS can trigger
necroptosis through TNF/TNFR1 signaling pathways.”” Whether high PDZD8 expression in sepsis promotes ROS
generation via TNF signaling, thereby inducing necroptosis and exacerbating immune overactivation, remains to be
experimentally confirmed. In vitro experiments demonstrated that macrophage-specific PDZD8 knockout mice exhibited
significantly lower serum levels of pro-inflammatory cytokines, such as TNF-o and IL-6, following LPS stimulation
compared to wild-type controls. Further analysis revealed that PDZD8 promoted pro-inflammatory responses by
enhancing the glutamate catabolic pathway.*® Collectively, these findings suggest that PDZDS8 contributes to inflamma-
tory activation and may serve as a potential therapeutic target for modulating the cytokine storm in sepsis.

Necroptosis has been described as a “storm of cell death” due to its potent pro-inflammatory nature, which can lead to
acute inflammation and prolonged immune activation.>! In our study, GSEA analysis revealed that the high CDI group
showed strong concordance with necroptosis signatures. Further validation in animal models demonstrated that treatment
with Nec-1—a specific inhibitor of RIPK1, a critical kinase in the necroptotic pathway’> —improved survival in CLP-
induced septic mice by 90%, reduced serum levels of pro-inflammatory cytokines, and alleviated tissue damage. The CLP
model closely mimics the clinical features of human sepsis caused by bacterial infection.'® Consistent with previous
findings, Nec-1 also inhibited the NF-kB pathway, significantly prolonged survival time, suppressed inflammation, and
mitigated lung injury in mice with LPS-induced acute lung injury.” In a separate TNF-a-induced systemic inflammatory
response syndrome (SIRS) model, Nec-1 conferred complete protection against hypothermia and death, achieving a 100%
survival rate.** Collectively, these results indicate that targeting necroptosis via Nec-1 improves outcomes across multiple
sepsis models, highlighting it as a promising therapeutic strategy. Notably, expression of PDZD8 was significantly
downregulated following Nec-1 treatment, suggesting that neutrophils with high PDZD8 expression may play a pivotal
role in necroptosis-driven inflammation. This potential mechanism warrants further investigation in future studies.

This study provides a foundation for understanding the role of ICD and necroptosis in sepsis, but several limitations
point to important areas for future research. First, the clinical validation of CDI would benefit from larger, more diverse
patient cohorts to ensure broad applicability. Mechanistically, further investigation is needed to fully define how PDZD8
and ADRB?2 influence necroptosis and immune activation, including the role of ROS and TNF signaling. Additionally,
future studies should adopt a systems biology approach to integrate the contributions of other cell death pathways (eg.,
pyroptosis, ferroptosis) and immune mediators in sepsis pathogenesis. This will enable the establishment of more
comprehensive models and the development of more refined therapeutic strategies to improve clinical outcomes for
sepsis patients.

Conclusion
This study established a CDI based on PDZD8 and ADRB2 that effectively stratifies sepsis prognosis by capturing
immunogenic cell death patterns, particularly necroptosis. Our findings provide new insights into the inflammatory
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pathogenesis of sepsis and highlight necroptosis as a promising target for precision therapy, laying the groundwork for
novel therapeutic strategies that could significantly improve clinical outcomes for sepsis patients.
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