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Background: This study aimed to discover diagnostic and prognostic biomarkers for sepsis immunotherapy through analyzing the
novel cellular death process, cuproptosis.

Methods: We used transcriptome data from sepsis patients to identify key cuproptosis-related genes (CuRGs). We created a predictive
model and used the CIBERSORT algorithm to observe the link between these genes and the septic immune microenvironment. We
segregated sepsis patients into three subgroups, comparing immune function, immune cell infiltration, and differential analysis. Single-
cell sequencing and real-time quantitative PCR were used to view the regulatory effect of CuRGs on the immune microenvironment
and compare the mRNA levels of these genes in sepsis patients and healthy controls. We established a sepsis forecast model adapted to
heart rate, body temperature, white blood cell count, and cuproptosis key genes. This was followed by a drug sensitivity analysis of
cuproptosis key genes.

Results: Our results filtered three key genes (LIAS, PDHB, PDHA1) that impact sepsis prognosis. We noticed that the high-risk group
had poorer immune cell function and lesser immune cell infiltration. We also discovered a significant connection between CuRGs and
immune cell infiltration in sepsis. Through consensus clustering, sepsis patients were classified into three subgroups. The best immune
functionality and prognosis was observed in subgroup B. Single-cell sequencing exposed that the key genes manage the immune
microenvironment by affecting T cell activation. The qPCR results highlighted substantial mRNA level reduction of the three key
genes in the SP compared to the HC. The prediction model, which combines CuRGs and traditional diagnostic indicators, performed
better in accuracy than the other markers. The drug sensitivity analysis listed bisphenol A as highly sensitive to all the key genes.
Conclusion: Our study suggests these CuRGs may offer substantial potential for sepsis prognosis prediction and personalized
immunotherapy.
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Introduction

Sepsis, a life-threatening organ dysfunction, arises from an abnormal response to infection within the host body." It
affects approximately 49 million people worldwide each year and accounts for around 11 million fatalities.” The early
symptoms of sepsis are relatively vague and can be easily confused with other diseases. Some clinical scoring systems,
such as SOFA and qSOFA, cannot accurately reflect patients’ individual differences. Despite recent progress in sepsis
diagnosis and treatment, both the incidence and death rates remain high. Over 250 sepsis biomarkers, including
procalcitonin, C-reactive protein, cytokines, among others, have been discovered.”’ Early diagnosis and prognosis
assessment for early intervention before organ dysfunction is critical to improving survival rate of sepsis. Due to their
poor sensitivity and specificity, the existing biological markers cannot be used for sepsis prognosis prediction.®’
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Therefore, there is a shortage of clinically-relevant, prognostic biomarkers. The identification and validation of reliable
sepsis biomarkers hold the key to guiding clinical decisions as well as refining diagnostic and treatment approaches.

Cuproptosis, a newly identified form of cell death, is reliant upon the accumulation of copper ions within cells,
thereby leading to cell death via copper ion carriers.'® Distinct from known cell death regulation mechanisms such as
apoptosis, necrosis, and ferroptosis, this non-apoptotic pathway engages copper, existing as Cu" and Cu®" within
organisms, in the direct regulation of both physiological and pathological cellular processes. Cuproptosis is related to
mitochondrial dysfunction. The elevation of intracellular copper ion concentrations triggers the aggregation of lipoic
acid-modified proteins like lipoylated dihydrolipoyl transacetylase (Lip-DLAT) and lipoylated dihydrolipoamide succi-
nyltransferase (Lip-DLST) within the tricarboxylic acid cycle of mitochondria, under the mediation of key protein
Ferredoxin 1 (FDX1). Subsequently, this downregulates iron-sulfur (Fe-S) cluster proteins such as FDX1, lipoic acid
synthetase (LIAS), and succinate dehydrogenase B (SDHB), instigating protein toxicity stress, and resulting in cell
death.'""'* The mitochondria serve as the hub of cell metabolism regulation, and studies have shown that mitochondrial
dysfunction is closely related to the progression of sepsis. Research has found a pronounced fragmentation of mitochon-
dria in septic endothelial cells, associated with decrease in mitochondrial membrane potential and increase in reactive
oxygen generation.'> Moreover, therapeutic interventions aimed at mitigating mitochondrial function have promising
applications for improving the prognosis of sepsis.'* However, the precise role of cuproptosis in sepsis remains indefinite
at present.

Dysregulation of the immune system plays a pivotal role in sepsis progression. At the onset, sepsis elicits an
overwhelming discharge of pro-inflammatory mediators proficient at eradicating pathogens, but also culpable for
inflicting immune-related damage.'> Immune cells including macrophages, neutrophils, dendritic cells, and regulatory
T cells (Tregs) orchestrate and harmonize the inflammatory response via secreting anti-inflammatory cytokines.
Excessive inflammation potentially triggers cell pyroptosis, creates neutrophil extracellular traps (NETosis), and insti-
gates widespread cellular death.'® The subsequent phase of sepsis is marked by immune suppression featuring diminished
quantity and function of macrophages, deterred antigen presentation ability, and compromised lymphocyte proliferation
activity.'”'® Natural Killer (NK) cells also play a dual role in the progression of sepsis. On one hand, they can prevent
the spread of infection by eliminating infected cells. On the other hand, an excessive NK cell response could lead to
a systemic inflammatory response, accelerating the progression of sepsis.'>*° Concurrently, the emission of inhibitory
cytokines reinforces immune suppression. This scenario creates an environment conducive for secondary infections
which largely contribute to heightened patient mortality rates. Yet, the regulatory impact of cuproptosis on the immune
microenvironment during sepsis is still surrounded by uncertainty.

Hence, our intention is to build a new model for cuproptosis-related genes (CuRGs) associated with sepsis. This
model will be used to evaluate the prognosis of sepsis and further understand the impact of CuRGs on immune cell
infiltration in sepsis. Our objective is to uncover more details about the potential molecular immune procedures involved
in sepsis progression and explore innovative interventions and therapeutic strategies for sepsis.

Materials and Methods
Data Collection and Differential Analysis

The GSE65682 dataset, encompassing healthy and sepsis samples, was gleaned from the Gene Expression Omnibus
(GEO) database. The transcriptome dataset underwent normalization through the use of the “sva” script to mitigate the
batch effect. Subsequent to the eradication of sepsis samples devoid of a 28-day survival record, a collection of 42
healthy samples along with 479 sepsis samples were incorporated into the prognosis analysis (The baseline and clinical
characteristics of septic patients from GSE65682 was in Supplementary Table 1). The differential gene expression

analysis was conducted with parameters of |fold change| > 2 and p < 0.05.

Construction of CuRGs Risk Model for Sepsis
The prognostic value of nine differentially expressed CuRGs (DE-CuRGs) for sepsis was assessed using a univariate Cox
analysis. A multivariate Cox analysis was then implemented to derive a formula for evaluating the CuRGs risk score of
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each sepsis sample: CuRGs risk score = LIAS x (—2.64) + PDHAL1 x (—3.10) + PDHB x (—2.82). The “caret” package
was deployed to categorize the sepsis samples into training and testing cohorts in a 1:1 ratio, with the CuRGs risk score
of each sample calculated accordingly. Leveraging the optimal survival cutoff, the sepsis samples were then segmented
into low- and high-risk groups.

Generation of CuRGs Molecular Subgroups for Sepsis

The “ConsensusClusterPlus” tool was utilized to categorize sepsis patients in the GSE65682 dataset into various
CuRGs molecular subgroups, with an optimal K range of 2-9. Subsequently, according to the consensus matrix, it was
discovered that when K=3, the degree of mixing in the consensus matrix is the lowest. Therefore, it was decided to
partition the samples into three subgroups: A, B, and C. A principal component analysis was subsequently executed to
elucidate the distribution pattern of sepsis within these CuRGs molecular subgroups, employing the “ggplot2” script
for this purpose. To estimate the 28-day survival outcome for the sepsis samples within the CuRGs subgroup, the
“survival” script was engaged, linking it with the correspondingly available clinical survival information for each
sepsis sample.

Immune Infiltration Analysis

In order to investigate the immune infiltration of healthy control and sepsis samples, the CIBERSORT algorithm was
applied using the “CIBERSORT R script v1.03” to determine the proportion of immune cells present. The association
analysis between the immune cells and CuRGs was executed via the “ggplot2” R package. The immune score was
evaluated by utilizing the “estimate” R package, while the analysis of the immunological function score was conducted
with the R package “GSVA”.

Function Enrichment Analysis

Setting the selection threshold at p < 0.05 enabled the calculation of differentially expressed genes (DEGs) in the CuRGs
subgroups, achieved through the deployment of the “limma” script. The “clusterProfiler” script was employed to
facilitate the enrichment of these DEGs into gene ontology (GO) terms. Furthermore, to assess the Kyoto
Encyclopedia of Genes and Genomes (KEGG) terms related to sepsis in the CuRGs subgroups, the “GSVA” script
was implemented.

Single-Cell Sequencing Analysis

In this study, we analyzed the scRNA-seq dataset GSE167363, acquired from the GEO database, which comprised data
from five sepsis patients and two healthy controls.”' Dimensionality reduction and clustering of the dataset utilized
functions from Seurat version 3.1.2. Gene expression was normalized and scaled using the NormalizeData and ScaleData
functions in Seurat. This was followed by the identification of the top 2000 variable genes using the FindVariableFeatures
function to carry out Principal Component Analysis (PCA). The first 20 principal components were then implemented to
categorize cells into distinct clusters via the FindClusters function. For a two-dimensional visualization of the cellular
distribution, we applied the Uniform Manifold Approximation and Projection (UMAP) algorithm. Expression profiles for
each cell type were visualized using DoHeatmap, a heatmap-generating function from Seurat. To infer the putative
functions of the DEGs, GO and KEGG analyses were performed using the clusterProfiler R package, version 3.16.1.
Pathways significantly enriched with DEGs were identified, with an emphasis on those paths with an adjusted p-value
(p_adj) of less than 0.05. These analyses included Gene Ontology gene sets across the molecular function (MF),
biological process (BP), and cellular component (CC) categories.

Establishment of Nomogram and Independent Prognostic Analysis
In consideration of the clinical variables and the 28-day survival outcome, an evaluation was conducted to verify the
independence of the CuRGs risk score, utilizing both univariate and multivariate Cox analyses. The “survivalROC” script
was employed to assess the area under the curve (AUC) over periods of 7, 14, and 28 days.
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Population Recruitment

We conducted a recruitment of 30 patients diagnosed with sepsis in accordance with the Sepsis-3 criteria, a reference for
sepsis and septic shock, from Daping Hospital, Army Medical University. The specifics details of inclusion and exclusion
criteria for septic patients can be found in Supplementary Table 2. In addition, 15 healthy individuals, matched by age,

voluntarily participated from the State Key Laboratory of Trauma, Burns, and Combined Injury. All participants extended
a written informed consent before their participation in the study. Within 24 hours of admission, blood samples (10mL)
were collected from septic patients, while samples from the healthy controls were obtained during their recruitment.

Quantitative Real-Time RT-PCR (qRT-PCR)

The qRT-PCR method refers to previous research.” The relative gene expression levels were determined using the

—AACT
2

efficiency-corrected method, with B-actin serving as an internal control.

Statistical Analysis
R software (version 4.1.2) was utilized for all statistical analyses. Any P-value less than 0.05 was deemed to indicate
a statistically significant difference.

Results
Differential Expression Analysis of CuRGs in Healthy and Sepsis Groups

Initially, differential gene analysis was conducted on the transcriptome of blood samples from sepsis patients using the
limma package, with a screening criterion of p<0.05. The volcano plot Results revealed differential gene upregulation
and downregulation in sepsis patients when compared to the healthy control group (Figure 1A). Additionally, a Venn
diagram was utilized to identify 9 differential CuRGs in sepsis, shedding light on the role of CuRGs (Figure 1B). The PPI
network diagram depicted evident interactions involving 10 CuRGs (Figure 1C). Furthermore, the results of the
differential expression analysis demonstrated significant downregulation of FDX1, LIAS, LIPT1, DLAT, PDHAI,
PDHB, and GLS, while DLD and MTF1 were significantly up-expressed in the sepsis group (Figure 1D).

The Prognostic Characteristics of CuRGs in Sepsis

In the subsequent study, we investigated the prognostic characteristics of CuRGs in sepsis. Based on univariate Cox
analysis, we evaluated the prognostic significance of 10 CuRGs and the network results revealed that three CuRGs,
including LIAS, PDHHI1, and PDHB, were associated with the 28-day survival outcome of sepsis. Additionally, we
observed a significant negative correlation between DLAT, MTF1, LIPT1, and FDX1 (Figure 2A). The results of
multivariate Cox analysis indicated that three CuRGs were independent prognostic factors for sepsis, among which
LIAS and PDHB were identified as favorable factors, while PDHA1 was a risk factor (Figure 2B).

We calculated the coefficients and expression levels of three independent prognostic factors using multifactor Cox
analysis. Using these results, we computed the CuRGs score for each sepsis sample and stratified the samples into
subgroups based on the median CuRGs score. Figure 2C-E revealed a significant elevation of PDHA1 expression in the
high CuRGs score group, while LIAS and PDHB were expressed at higher levels in the low CuRG score group.
Unsupervised PCA analysis demonstrated two distinct distribution patterns of sepsis samples within the CuRGs score
subgroups (Figure 2F). Clinical survival outcomes showed that the 28-day prognosis for the low CuRGs score group was
superior to that of the high CuRGs score group (Figure 2G). Time-dependent ROC curve analysis demonstrated AUC of
0.733, 0.652, and 0.662 for 7, 14, and 28 days, respectively (Figure 2H). These findings suggest that constructing
a CuRGs score can effectively stratify sepsis samples into different CuRGs score subgroups, which may have prognostic
value for 28-day survival outcomes.

Validation of the CuRGs Prognostic Model
In order to assess the independence and reliability of CuRGs scores in predicting 28-day clinical outcomes of sepsis samples,
we employed the “caret” script to divide 479 sepsis samples from GSE65862 into a 1:1 ratio. Subsequently, 240 samples were
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Figure | Difference analysis of CuRGs between healthy and sepsis groups. (A) Difference analysis of healthy and sepsis groups in GSE65682. The cutoff for selecting DEGs is
set at P<0.05. (B) Identification of DE-CuRGs. (C) PPl network displays the relationship between |0 CuRGs. (D) Expression profile of 10 CuRGs in the healthy and sepsis
groups. ¥**P<0.001; ns: P>0.05.

assigned to the training set while 239 samples were assigned to the validation set. Based on the median value of CuRGs scores,
we categorized the sepsis samples from both independent cohorts into low and high CuRGs subgroups (Figure 3A and B).
Consistent with the CuRGs prognostic model results for the entire cohort, we observed that LIAS and PDHB were significantly
overexpressed in the low CuRGs score subgroup while PDHA1 was significantly overexpressed in the high CuRGs score
subgroup. In the training set, the time-dependent ROC curves for 7-, 14-, and 28 days showed AUC values of 0.731, 0.662, and
0.694, respectively. In the validation set, the time-dependent ROC curves for 7-, 14-, and 28 days showed AUC values of 0.732,
0.641, and 0.628 (Figure 3C—F). Finally, the 28-day clinical survival outcomes revealed that the prognosis of the low CuRGs
subgroup was significantly better than that of the high CuRGs subgroup in both independent cohorts (Figure 3G and H).

Relationship Between CuRGs Prognosis Model and Immune Microenvironment in
Sepsis

The immune microenvironment in sepsis patients is closely related to patient prognosis, therefore we further analyzed the
relationship between cuproptosis-related key genes and sepsis immune microenvironment. First, we analyzed the
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Figure 2 Developing a prognostic model for predicting the outcome of sepsis related to CuRGs. (A) The network showed the correlation and prognostic value of CuRGs.
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clinical survival outcomes at 28 days. (F) Principal Component Analysis (PCA) plot displaying the distribution of sepsis in different risk subgroups. (G) A comparison of the
survival curves between the high-risk and low-risk groups. (H) ROC analysis of 7-, 14-, and 28 days.

composition of immune cells in septic patients through the Cibersort algorithm (Figure 4A). Then, through the analysis of
immune cell function, we found significant differences in immune cell function between CuRGs high-risk and low-risk
groups. Compared to the low-risk group, the high-risk group had poorer immune function, including cytolytic activity,
HLA, inflammation promoting, MHC class I, para inflammation, T cell co-inhibition, T cell co-stimulation, TIL, type
I IFN response, and type II IFN response (Figure 4B). At the same time, the immune score of the high-risk group was
lower than that of the low-risk group, further indicating that CuRGs inhibits immune function in sepsis patients
(Figure 4C). In addition, we also compared the immune cell infiltration between the two groups. The results showed
that the proportions of B cells naive, B cells memory, T cells CD8, T cells CD4 naive, T cells gamma delta, NK cells
resting, NK cells activated, dendritic cells resting, and dendritic cells activated were significantly lower in the high-risk
group compared to the low-risk group, while the proportions of macrophages M0, NK cells activated, and eosinophils
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were significantly higher in the high-risk group (Figure 4D). Correlation analysis also showed a positive correlation
between CuRG score and macrophages M0, NK cells activated, and eosinophils, and a negative correlation with B cells
memory, T cells CD8, and T cells CD4 naive, which was consistent with the immune infiltration results (Figure 4E). The
correlation analysis between cuproptosis-related key genes and immune cells showed that the expression of PDHA1 was
positively correlated with macrophages M0 and eosinophils, and negatively correlated with neutrophils. The expression
of LIAS was positively correlated with T cells CD8 and negatively correlated with dendritic cells activated. The
expression of PDHB was positively correlated with T cells CD4 memory and monocytes, and negatively correlated
with dendritic cells activated (Figure 4F). The above results indicate a correlation between CuRG key genes and immune

microenvironment of sepsis.

Consensus Clustering Subtypes Analysis of Sepsis

In the subsequent study, we further analyzed the molecular subtype characteristics of sepsis samples based on three
independent prognostic factors (CuRG key genes). According to the expression profiles of the three CuRG key genes, we
obtained three subgroups of sepsis samples, namely CuRGs subgroup A with 135 samples, CuRGs subgroup B with 214
samples, and CuRGs subgroup C with 130 samples (Figure 5A). Prognostic results showed that CuRGs subgroup B had
better 28-day clinical survival outcomes compared to CuRGs subgroups A and C, while the prognosis outcomes of
CuRGs subgroups A and C were similar (Figure 5B). The unsupervised PCA plot clearly differentiated the three CuRGs
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subgroups into three distinct distribution patterns (Figure 5C). Figure 5D demonstrates the potential connection between
gene expression profiles of the 10 CuRGs and clinical features of the sepsis samples, suggesting a lower expression of
cuproptosis in CuRGs subgroup C. It is noteworthy that the CuRG score of CuRGs subgroup B, which had a better 28-
day clinical prognosis outcome compared to CuRGs subgroups A and C, was the lowest (Figure 5E and F).
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Immunological Analysis and Differential Gene Enrichment Analysis of CuRGs
Molecular Subtypes given the certain relevance of CuRGs to the sepsis immune microenvironment, we further compared the
immune functions and immune infiltration of the three CuRGs molecular subtypes. The results show that the Immune Score of

the three CuRG molecular subtypes is different, among which the CuRGs subgroup B with the best prognosis has the highest
Immune Score (Figure 6A). The results of the immune function analysis found that the cytolytic activity, HLA, inflammation
promoting, MHC class I, para inflammation, T cell co-stimulation, and TIL of CuRGs subgroup B are significantly higher than
those of CuRGs subgroup A and C (Figure 6B). The results of the immune infiltration analysis showed that the proportions of
B cells memory, T cells CDS, T cells CD4 naive, and NK cells resting in CuRGs subgroup B are significantly higher than those of
CuRGs subgroup A and C. Meanwhile, the CuRGs subgroup C with the worst prognosis has the highest proportion of Tregs, NK
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cells activated, Mast cells resting, and Neutrophils (Figure 6C). These results indicate that the immune microenvironments of
various CuRGs molecular subtypes differ and are related to prognosis, suggesting that personalized immune therapy related to
cuproptosis may be helpful for the prognosis of sepsis. We further carried out differential analysis of different subtypes and
carried out GO analysis and KEGG enrichment analysis of differential genes. The results show that the differential genes are
mainly involved in proteasomal protein catabolic process, respiratory electron transport chain, and ATP synthesis coupled
electron transport and other mitochondrial function-related biological processes, while the KEGG analysis results show that
pathways related to cognition are significantly enriched (Figure 6D and E).

CuRGs Affect the Immune Microenvironment of Sepsis by Regulating T Cells

Given the notable link between CuRGs and immune cell infiltration in sepsis, we conducted an in-depth analysis to
elucidate how CuRGs modulate the immune microenvironment via single-cell sequencing. Initially, we assessed the
expression levels of critical CuRGs across different cellular subsets of peripheral blood mononuclear cells (PBMCs). Our
findings indicated a peak expression of these genes in T cells (Figure 7A). Subsequently, we categorized the T cell cohort
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into two subgroups, characterized by high and low CuRG expression based on three pivotal genes, and executed
a comparative analysis (Figure 7B and C). Enrichment investigation of the genes that differed between groups indicated
a predominant association with biological processes such as immune response-activating cell surface receptor signaling,
T cell receptor signaling, and T cell activation pathways. Moreover, these genes played a role in the differentiation
pathways of Thl and Th2 cells, along with Th17 cells (Figure 7D and E). This evidence infers that CuRGs could
modulate the immune microenvironment in sepsis by impacting T cell differentiation, activation of T cell surface

receptors, and activation of T cells.

The CuRGs-Related Nomogram Can Predict the Prognosis of Sepsis

In order to evaluate the prognostic significance of CuRGs risk score in sepsis. Univariate and multivariate Cox regression
analysis were performed to determine if CuRGs risk score was an independent prognostic factor for sepsis. The results
indicated that the CuRGs risk score was a significant and independent prognostic indicator for sepsis in both univariate
analysis (p < 0.001, HR = 1.394 (1.199-1.621)) and multivariate Cox analysis (p < 0.001, HR = 1.393 (1.194-1.626))
(Figure 8A and B). Additionally, a nomogram was developed using the CuRGs risk score and other clinical character-
istics of sepsis patients to predict the clinical survival probability at 7, 14, and 28 days (Figure 8C). Lastly, ROC curve
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analysis revealed that the CuRGs risk score exhibited superior sensitivity and specificity when compared to other clinical
indicators (Figure 8D).

Validating and Drug Sensitivity Analysis of Cuproptosis Key Genes in the Clinical Data
To elucidate the diagnostic and prognostic value of these key genes in sepsis, 30 sepsis patients and 15 healthy volunteers
were recruited (clinical information provided in Supplementary Table 3). Sepsis patients exhibited higher heart rate,

temperature, and white blood cell count compared to healthy volunteers (Supplementary Table 3). qPCR results

demonstrated significantly lower mRNA expression of CuRG key genes in sepsis compared to the healthy control
group, which was consistent with the bioinformatics analysis (Figure 9A). Moreover, we constructed a sepsis prediction
Nomogram model (Figure 9B) by incorporating routine diagnostic indicators of sepsis and CuRG key genes. ROC curve
analysis demonstrated that the AUC value of the sepsis copper death prediction nomogram model was significantly
higher compared to other indicators (Figure 9C). Additionally, we collected blood routine data from sepsis patients and
healthy volunteers and observed lower proportions of lymphocytes and basophils in the sepsis group compared to the
healthy control group, and higher proportions of neutrophils (Supplementary Table 4). The correlation analysis demon-

strated a positive correlation between the expression of the key gene PDHA1 and neutrophils, and negative correlations
with lymphocytes, basophils, and eosinophils, further supporting the regulatory role of CuRG key genes in the immune
microenvironment of sepsis (Figure 9D). Additionally, we performed drug sensitivity analysis on CuRG key genes,
conducting a screening for agonists targeting key genes. A Venn diagram was utilized to identify bisphenol A,
a compound capable of simultaneously activating three key targets. Subsequently, molecular docking was conducted
between the compound and the protein targets (Figure 9E-H). Molecular docking analysis revealed that bisphenol
A could form hydrogen bond interactions with the SER352 and PHE143 sites of LIAS, the THR87 and ALASS sites of
PDHALI, and the ASN172 site of PDHB (Figure 9F—H).

Discussion

In our study, we examined transcriptomic data from sepsis patients, using the GEO database to identify key genes
(PDHB, PDHAI, LIAS) associated with the prognosis of sepsis, which was followed by the construction of a prognostic
risk model. The scope of the research expanded to investigate the link between these critical genes, often connected to
overall mortality, and the immune microenvironment in sepsis. Through consensus clustering analysis, we divided sepsis
patients into three subgroups associated with mortality. Subgroup B was identified as the cohort with the most favorable
prognosis and strong immune function. To delve into potential molecular mechanisms, we conducted enrichment
analysis. Blood samples from healthy individuals and septic patients were used for qPCR validation to verify the
expression levels of these genes. These gene expressions, combined with traditional indicators, were used to create
a diagnostic model for sepsis. Further, drug sensitivity testing identified bisphenol A as a compound that can potentially
influence all three key genes, suggesting its potential in prognosis of sepsis.

This study establishes a significant correlation between sepsis prognosis and the expression of key genes - PDHB,
PDHAL, and LIAS - involved in cuproptosis. Both PDHB and PDHAI1, primarily located in mitochondria, function as
catalytic subunits of the Pyruvate Dehydrogenase (PDH). This fundamental enzyme catalyzes the oxidation and
dehydrogenation of pyruvate to acetyl CoA.?* Earlier research suggests that sepsis leads to PDH inactivity, impacting
peripheral blood mononuclear cells, skeletal muscle cells, and vascular endothelial cells.**** This inactivity primarily
ensues from PDHA hyperacetylation.”> According to a study by Kang et al, excessive acetylation followed by PDHA1
inactivation in renal tubular cells is a key mechanism behind sepsis-induced kidney injury.”> PDH plays a crucial role in
the tricarboxylic acid (TCA) cycle, facilitating the merging of acetyl CoA, its catalysis product, with oxaloacetate to
produce citrate in the TCA cycle.?® Recent studies suggest that citrate may convert into itaconic acid, a metabolite
inhibiting succinate dehydrogenase-mediated oxidation and promoting anti-inflammatory transcription factors.”” Hence,
it appears modifications in PDHB and PDHA1 significantly influence sepsis development.

The gene LIAS plays a critical role, as it encodes for the mitochondrial lipoic acid pathway.”® a-lipoic acid functions
as a vital cofactor for the Pyruvate Dehydrogenase Complex (PDC) and a-Ketoglutarate Dehydrogenase Complex, both
essential for energy production.29 Lipoic acid and its reduced form, dihydrolipoic acid (DHLA), are potent micronutrients
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with a range of pharmacological and antioxidant properties.® Clinical findings suggest that lipoic acid has potential as
a therapeutic agent in sepsis treatment.”' Studies reveal that LIAS-deficient mice infused with LPS display a heightened
prevalence of early plasma pro-inflammatory cytokines, such as TNF-o and NF-«B. This can prompt severe inflamma-
tory reactions and tissue damage.’® On the contrary, another research found that LIAS-overexpressing mice exhibit
increased lung tissue resistance against oxidative stress and inflammation.”® Consequently, LIAS could emerge as
a significant prognostic marker for sepsis.

This investigation uncovers that genes related to cuproptosis modulate the immune microenvironment of sepsis, with
the high-risk group demonstrating diminished immune efficacy and lessened immune cell infiltration. It is observed that
the immune microenvironment significantly differs across cuproptosis scored subtypes amongst sepsis patients.
Interestingly, CuRGs primarily interact with Macrophages, Eosinophils, and activated NK cells, hinting towards
a potential role of cuproptosis in controlling the influence of these immune cells within the sepsis immune microenvir-
onment. Macrophages feature prominently amongst innate immune cells with their apoptosis and pyroptosis found to be
quite critical in shaping the immune environment of sepsis. Macrophage pyroptosis is chiefly correlated with the
activation of the NLRP3/ASC/caspase-1 inflammasome. This leads to caspase-1 cleavage of pro-inflammatory cytokine
precursors—pro-IL-1B and pro-IL-18, formation of cell membrane pores, cell swelling, and lysis—resulting in macro-
phage pyroptosis.*> Unchecked macrophage apoptosis might also foster immune suppression, potentially linked to
increased HMGB1, PD-L1/PD-1 expression, and insufficient autophagy.®* It has been discovered that HMGBI stimulates
macrophage apoptosis in a dose and time-regulated manner by binding and activating RAGE, subsequently triggering
caspase-3 which induces macrophage apoptosis.®* In response to LPS treatment, macrophages display mitochondrial
dysfunction, hampered mitochondrial autophagy, and heightened mitochondrial-dependent apoptosis.>> The investigation
into whether macrophages experience cuproptosis and the specific processes involved is ongoing. It has also been noted
that a drop in eosinophils coincides with sepsis. Furthermore, a steady decrease in eosinophil count within the first 48
hours of admission can predict mortality and admission rates in sepsis patients.*® In patients with ARDS, bronchial
eosinophil activity markers see a surge correlated with the intensity of ARDS.>*

NK cells play an important role in both innate and adaptive immunity, hence, the quantity and function of NK cells
might be potential therapeutic targets in the regulation of sepsis. Research on sepsis has found that neutralizing IL-10
enhances the ability of NK cells to secrete IFN-y, increasing the survival rate of mice with septic shock.'” However, other
studies have shown that over-activation of NK cells can result in tissue organ damage. Guo et al found that knocking out
the IL-15 gene in mice to inhibit NK cell function significantly improved the survival rate of mice with sepsis.>’ This
implies that for patients with hyperactive NK cells, therapeutic interventions that moderately inhibit their functionalities
can be selected. Though NK cells belong to the innate immune system, newest research found that they possess the
ability to generate memory cells, exerting memory immune responses similar to adaptive immune cells. Stimuli such as

hapten, viruses, and cytokines can all prompt the body to produce memory NK cells,**~°

especially post-viral infection,
the cytotoxic capacity and ability to produce IFN-y of memory NK cells significantly increase,*® which certainly plays
a crucial role in immune regulation of sepsis.

While this study offers certain insights, it also has some limitations. It shows a correlation between CuRGs and
prognosis, and their regulation of the sepsis immune microenvironment. Nonetheless, the exact mechanisms are still
undefined, signaling the need for in-depth future research. Developing new sepsis intervention measures for CuRGs also
has important significance. In addition, a comparison of clinical information between high-risk and low-risk groups
reveals that gender might be a confounding factor. The relationship between gender and cuproptosis needs further
investigation. We corroborated our bioinformatics analysis by developing a novel diagnostic model, using samples from
sepsis patients. However, our sample size was limited, emphasizing the need for broader clinical studies going forward.
Finally, additional drug validation for bisphenol A is required to evaluate its impact.

Conclusions
In conclusion, our machine learning analysis identified three hub genes (LIAS, PDHB, and PDHA1) related to
cuproptosis. These genes have the potential to serve as prognostic biological markers in sepsis. Our analysis of immune
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infiltration revealed that the identified hub genes could have crucial roles in the immune response during sepsis. The
consensus analysis offers a theoretical foundation for personalized immunotherapy in the treatment of sepsis.
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