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THE ROLE OF ‘OMIC’ TECHNOLOGIES IN SEPSIS DIAGNOSIS: 
METABOLOMICS, TRANSCRIPTOMICS AND PROTEOMICS 

PERSPECTIVES
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6.1. Introduction

6.1.1. Sepsis: Definition, ﻿Global Burden, and Current Diagnostic Challenges

Sepsis is defined as a life-threatening organ dysfunction caused by a dysregulated 
host response to infection.1 It remains a major global health concern, responsible 
for approximately 49 million cases and 11 million deaths annually, accounting 
for nearly one-fifth of global mortality.2 Mortality rates vary widely depending on 
healthcare infrastructure, ranging from 25–35% in high-income countries to over 
40% in low- and middle-income settings.3

Early diagnosis is crucial, as the timely initiation of antimicrobial therapy 
and supportive care is strongly associated with improved outcomes. However, 
current diagnostic modalities still have  critical limitations. Conventional blood 
cultures require 24–72 hours and may fail to identify pathogens in up to 30–50% 
of confirmed sepsis cases, while standard biomarkers such as C-reactive protein 
(CRP) and procalcitonin (PCT) lack sufficient specificity to reliably differentiate 
sepsis from non-infectious systemic inflammatory response syndrome (SIRS).4,5

The heterogeneity of sepsis resulting from variable pathogen types, host 
immune responses, and comorbidities further complicates diagnosis and risk 
stratification. Consequently, there is a pressing need for innovative diagnostic 
strategies that can  capture complex host–pathogen interactions  and provide 
actionable information in real time. In this context, high-throughput, multi-
dimensional “omics” technologies offer a paradigm shift from single-biomarker 
assays toward systems-level disease characterization.6
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6.1.2. The Rise of ‘Omic’ Technologies and Their Potential in Biomarker 
Discovery

Over the past two decades, metabolomics, transcriptomics, and proteomics have 
revolutionized biomedical research, enabling the comprehensive analysis of 
molecular networks in health and disease.7 These approaches allow identification 
of biomarkers that reflect the dynamic biological processes  occurring in sepsis, 
from immune activation to organ dysfunction.

•	 ﻿Metabolomics studies low-molecular-weight metabolites, providing real-
time insights into energy metabolism, cellular stress, and ﻿inflammation. 
Alterations in metabolites such as amino acids, lipids, and energy 
intermediates are strongly associated with sepsis severity and prognosis.8

•	 Transcriptomics captures genome-wide changes in gene expression, 
elucidating ﻿host immune responses, inflammatory pathways, and 
pathogen interactions. This enables classification of patients into molecular 
endotypeswith distinct clinical trajectories.⁹

•	 Proteomics investigates the plasma and cellular proteome, revealing 
protein abundance changes, post-translational modifications, and signaling 
network alterations that can serve as diagnostic or prognostic markers.10

•	 Integration of data across these platforms multi-omics approaches provides 
a holistic understanding of sepsis biology, enabling discovery of ﻿biomarker 
panels that outperform conventional assays. Advanced bioinformatics and 
machine learning facilitate the analysis of complex datasets, uncovering 
patterns that can guide rapid, individualized clinical decision-making.6

6.1.3. Purpose and Structure of the Review

This chapter synthesizes recent advances in the application of metabolomics, 
transcriptomics, and proteomics in sepsis diagnostics. We first describe 
the  biological rationale and analytical workflows  for each omic approach, 
highlighting key discoveries and clinically relevant biomarkers. Subsequently, 
we explore  multi-omics integration  and computational strategies, emphasizing 
translational potential and current limitations.

The overarching goal of this chapter is to demonstrate how omics-based 
technologies can bridge the gap between bench and bedside, enhancing diagnostic 
speed, accuracy, and mechanistic understanding of sepsis. By highlighting 
both current achievements and future directions, this review aims to provide 
a framework for precision medicine in sepsis management.
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6.2. ﻿Metabolomics and Sepsis ﻿Diagnosis

6.2.1. What is ﻿Metabolomics? Basic Principles and Analysis Methods

Metabolomics is the comprehensive, quantitative, and qualitative analysis 
of small-molecule metabolites (<1 kDa) within biological systems, providing 
a snapshot of physiological and pathological states. Unlike genomics or 
transcriptomics, which represent potential biological functions, metabolomics 
reflects the real-time biochemical phenotype of an organism.11

In sepsis, metabolomics captures the complex metabolic shifts resulting 
from host–pathogen interactions, immune activation, and organ dysfunction. 
Analytical workflows typically include  sample preparation  (plasma, serum, 
urine, or tissue),  separation techniques  such as liquid chromatography 
(LC) or gas chromatography (GC), and  detection platforms  including  mass 
spectrometry (MS)  and  nuclear magnetic resonance(NMR)  (12). 
High-resolution LC–MS and GC–MS enable broad coverage of metabolites 
with high sensitivity, while NMR provides excellent reproducibility and 
structural information, though with lower sensitivity13. Data are processed 
using multivariate statistical and bioinformatics tools (e.g., PCA, PLS-DA) to 
identify discriminatory metabolic patterns between septic and non-septic states.

6.2.2. Characteristic Metabolic Changes Seen in Sepsis

Sepsis induces profound systemic metabolic alterations reflecting energy 
failure, oxidative stress, and dysregulated immune responses. Key disturbances 
include:

•	 Enhanced glycolysis and lactic acidosis, due to tissue hypoxia and 
mitochondrial dysfunction.14

•	 Altered amino acid metabolism, particularly reductions in arginine, 
tryptophan, and glutamine levels.15

•	 Disturbed lipid metabolism, with elevated free fatty acids, 
lysophosphatidylcholines, and acylcarnitines.16

•	 Perturbations in TCA cycle intermediates, indicating impaired oxidative 
phosphorylation and energy depletion.17

These metabolic changes reflect the metabolic reprogramming that accompanies 
the transition from a hyperinflammatory to immunosuppressive phase in sepsis.
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6.2.3. Potential Sepsis Biomarkers Based on ﻿Metabolomics

Table 1. Representative metabolomic biomarkers identified in sepsis

Metabolite / Class Analytical 
Platform

Pathophysiological 
Role

Diagnostic /
Prognostic 
Relevance

Selected 
References

Lactate LC–MS, 
bedside assay

Anaerobic glycolysis, 
tissue hypoxia

Indicator of poor 
perfusion and 
mortality risk

(14)

Succinate, Citrate, 
Fumarate

GC–MS, 
LC–MS

TCA cycle 
intermediates, 
mitochondrial 
dysfunction

Discriminate severe 
sepsis from SIRS; 
correlate with 
outcome

(17,18)

Kynurenine / Tryptophan 
ratio LC–MS IDO activation, 

immune suppression
Predicts severity 
and mortality (19)

Phosphatidylcholines, 
Lysophosphatidylcholines

LC–MS, 
lipidomics

Membrane turnover, 
inflammation

Distinguish 
survivors vs. non-
survivors

(16,20)

Branched-chain amino 
acids

NMR, LC–
MS

Protein catabolism, 
immune modulation

Lower levels 
associated with 
prolonged ICU 
stay

(15)

Carnitine / Acylcarnitine 
species LC–MS β-oxidation, 

mitochondrial stress
Predictive of organ 
failure (16)

6.2.4. Advantages and Limitations of the ﻿Metabolomics Approach

Advantages

•	 Provides rapid biochemical signatures reflective of disease state and 
progression.

•	 Captures dynamic ﻿host–pathogen interactions at the functional level.
•	 Enables non-invasive sample analysis (blood, urine).
•	 Facilitates multi-omics integration for systems-level understanding.

Limitations

•	 Biological variability (diet, drugs, comorbidities) may confound results.
•	 Lack of standardization across analytical workflows.
•	 High cost and complexity of MS-based assays.
•	 Limited cross-cohort validation of ﻿biomarker panels.17, 20

Future directions include  harmonized pipelines,  AI-supported 
interpretation, and  clinical-grade metabolomic panelsfor real-time bedside 
diagnostics.



65

The Role of ‘Omic’ Technologies in Sepsis Diagnosis

6.3. Transcriptomics and Sepsis ﻿Diagnosis

6.3.1. What is Transcriptomics? Basic Principles and Analytical Approaches

Transcriptomics investigates the complete set of RNA transcripts expressed 
by a cell or tissue at a given time, reflecting gene expression dynamics  under 
physiological or pathological conditions.10 In sepsis, transcriptomic profiling 
enables comprehensive characterization of host immune responses, revealing 
molecular signatures that differentiate infectious from non-infectious 
inflammation.

The most common methods include  microarrays  and  RNA sequencing 
(RNA-seq). Microarrays provide rapid, cost-effective quantification of pre-
defined genes, whereas RNA-seq enables unbiased, high-resolution profiling of 
all transcripts, including novel non-coding RNAs and splice variants.21 
Advances in single-cell RNA sequencing (scRNA-seq) further allow investigation 
of immune cell heterogeneity and cellular activation states in sepsis.22 These high-
dimensional datasets are analyzed through bioinformatics pipelines and machine 
learning models to identify diagnostic gene signatures, pathways, and prognostic 
clusters.

6.3.2. Transcriptomic Signatures in Sepsis Pathophysiology

Sepsis triggers a complex and biphasic immune response involving 
early  hyperinflammation  followed by  immunosuppression. Transcriptomic 
studies have identified numerous  gene expression patterns  that correspond to 
these phases.

Characteristic findings include:
•	 Upregulation of innate immune and inflammatory genes (e.g., IL1B, 

TNF, TLR4) during the acute phase.23

•	 Downregulation of adaptive immune pathways, particularly T-cell 
receptor signaling and HLA class II molecules (HLA-DRA, CD74), during 
immunoparalysis.24

•	 Activation of metabolic and mitochondrial stress response 
genes associated with oxidative phosphorylation failure.25

•	 Dysregulation of interferon-stimulated genes (ISGs), indicating ﻿host–
pathogen interaction and viral-like immune responses in bacterial sepsis.26

These transcriptomic patterns provide mechanistic insight into sepsis 
progression and form the basis for  host-response classifiers  capable of 
distinguishing sepsis from sterile inflammation or other infectious syndromes.
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6.3.3. Diagnostic and Prognostic Biomarkers from Transcriptomic Studies

Transcriptomics has produced several clinically promising biomarkers and 
molecular classifiers (Table 2).

Table 2. Representative transcriptomic biomarkers and classifiers in sepsis

Biomarker / Signature Platform Diagnostic / Prognostic 
Role Clinical Notes References

SeptiCyte® LAB (4-
gene panel: PLA2G7, 
CEACAM4, LAMP1, 
PLAC8)

qPCR / 
RT-PCR

Distinguishes sepsis vs. 
SIRS

FDA-cleared; 
AUC ≈ 0.85–
0.90

(27)

IMX-BVN-2 (11-gene 
classifier) NanoString Differentiates bacterial vs. 

viral infection

Rapid (≈30 
min); high 
accuracy

(28)

Sweeney 7-gene 
signature (FAIM3, 
TNIP1, BATF, etc.)

RNA-seq Predicts sepsis severity and 
mortality

Validated 
across >1,000 
samples

(23,29)

HLA-DRA, CD74 
suppression qRT-PCR Marker of immunoparalysis

Correlates 
with secondary 
infections

(24,25)

IFI27 (interferon-
inducible protein 27) qRT-PCR

Early biomarker 
distinguishing bacterial vs 
viral sepsis

Emerging 
bedside target (26)

6.3.4. Advantages and Limitations of Transcriptomic Approaches

Advantages:

•	 Captures dynamic immune responses and gene regulatory changes in real 
time.

•	 Enables discovery of ﻿host-based biomarkers independent of pathogen 
detection.

•	 Provides pathway-level insights into immune dysfunction and metabolic 
stress.

•	 Integration with machine learning allows rapid classifier development for 
bedside tools.

Limitations:

•	 High sample complexity and variability due to leukocyte heterogeneity.
•	 Time and cost constraints for sequencing workflows in acute care settings.
•	 Batch effects and normalization issues complicate cross-study 

comparisons.
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•	 Need for prospective validation in multicenter cohorts before clinical 
adoption.22,25

Future directions involve  point-of-care transcriptomic platforms,  AI 
(artificial intelligence) -based classifier refinement, and  integration with 
proteomic and metabolomic layers to enhance diagnostic accuracy and precision 
medicine applications in sepsis.

6.4. Proteomics and Sepsis ﻿Diagnosis

6.4.1. What is Proteomics? Basic Principles and Analytical Methods

Proteomics is the large-scale study of the entire protein complement expressed 
by a cell, tissue, or organism under specific conditions. Unlike genomics or 
transcriptomics, proteomics provides direct insights into  functional molecular 
events, since proteins mediate the vast majority of biological processes and 
pathophysiological responses.30

Modern proteomics employs mass spectrometry (MS) as its central analytical 
platform, often combined with liquid chromatography (LC-MS/MS) for protein 
separation and quantification.31 High-resolution instruments such as Orbitrap 
and time-of-flight (TOF) analyzers, along with  data-independent acquisition 
(DIA)  and  label-free quantification  workflows, have significantly improved 
proteomic coverage and reproducibility.

Bioinformatics tools including  MaxQuant,  Proteome Discoverer, 
and  STRING  allow identification, quantification, and network analysis of 
thousands of proteins in complex biological matrices such as serum, plasma, or 
urine.32

6.4.2. Changes in Protein Expression and Protein Profiles in Sepsis

Sepsis induces widespread proteomic alterations reflecting immune 
dysregulation, endothelial dysfunction, coagulation imbalance, and cellular stress.

Characteristic findings include:
•	 Upregulation of acute-phase proteins, such as C-reactive protein (CRP), 

serum amyloid A, and haptoglobin.4

•	 Complement activation, particularly elevated C3 and C5 fragments, 
indicating systemic inflammation.33

•	 Dysregulation of coagulation proteins, including fibrinogen, plasminogen, 
and antithrombin III, contributing to disseminated intravascular 
coagulation.33,34

•	 Altered apolipoproteins (A-I, A-II, E) and decreased lipoprotein transport, 
associated with poor outcomes.35
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•	 Increased oxidative stress proteins (peroxiredoxins, heat shock proteins) 
reflecting mitochondrial dysfunction.36

These protein alterations collectively reflect the transition from controlled 
immune activation to immune paralysis and multi-organ failure.

6.4.3. Potential Sepsis Biomarkers Identified via Proteomics

Proteomic profiling has identified numerous candidate biomarkers for 
diagnosis and prognosis. The integration of multi-protein signatures often 
surpasses traditional single markers like PCT or CRP in diagnostic accuracy.

Table 3. Representative proteomic biomarkers and their diagnostic significance in sepsis

Metabolite / Class Analytical 
Platform

Pathophysiological 
Role

Diagnostic 
/ Prognostic 
Relevance

Selected 
References

Lactate
LC–MS, 
bedside 
assay

Anaerobic glycolysis, 
tissue hypoxia

Indicator of poor 
perfusion and 
mortality risk

(14)

Succinate, Citrate, 
Fumarate

GC–MS, 
LC–MS

TCA cycle intermediates, 
mitochondrial 
dysfunction

Discriminate 
severe sepsis from 
SIRS; correlate 
with outcome

(17,18)

Kynurenine / Tryptophan 
ratio LC–MS IDO activation, immune 

suppression
Predicts severity 
and mortality (19)

Phosphatidylcholines, 
Lysophosphatidylcholines

LC–MS, 
lipidomics

Membrane turnover, 
inflammation

Distinguish 
survivors vs. non-
survivors

(16,20)

Branched-chain amino 
acids

NMR, 
LC–MS

Protein catabolism, 
immune modulation

Lower levels 
associated with 
prolonged ICU 
stay

(15)

Carnitine / Acylcarnitine 
species LC–MS β-oxidation, 

mitochondrial stress
Predictive of 
organ failure (16)

6.4.4. Advantages and Limitations of the ﻿Metabolomics Approach

Advantages

•	 Provides rapid biochemical signatures reflective of disease state and 
progression.

•	 Captures dynamic ﻿host–pathogen interactions at the functional level.
•	 Enables non-invasive sample analysis (blood, urine).
•	 Facilitates multi-omics integration for systems-level understanding.
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Limitations

•	 Biological variability (diet, drugs, comorbidities) may confound results.
•	 Lack of standardization across analytical workflows.
•	 High cost and complexity of MS-based assays.
•	 Limited cross-cohort validation of ﻿biomarker panels.17, 20

Future directions include harmonized pipelines, AI-supported interpretation, 
and clinical-grade metabolomic panelsfor real-time bedside diagnostics.

6.5. Transcriptomics and Sepsis ﻿Diagnosis

6.5.1. What is Transcriptomics? Basic Principles and Analytical Approaches

Transcriptomics investigates the complete set of RNA transcripts expressed 
by a cell or tissue at a given time, reflecting gene expression dynamics  under 
physiological or pathological conditions.10 In sepsis, transcriptomic profiling 
enables comprehensive characterization of host immune responses, revealing 
molecular signatures that differentiate infectious from non-infectious 
inflammation.

The most common methods include  microarrays  and  RNA sequencing 
(RNA-seq). Microarrays provide rapid, cost-effective quantification of pre-
defined genes, whereas RNA-seq enables unbiased, high-resolution profiling of 
all transcripts, including novel non-coding RNAs and splice variants.21 
Advances in single-cell RNA sequencing (scRNA-seq) further allow investigation 
of immune cell heterogeneity and cellular activation states in sepsis.22 These high-
dimensional datasets are analyzed through bioinformatics pipelines and machine 
learning models to identify diagnostic gene signatures, pathways, and prognostic 
clusters.

6.5.2. Transcriptomic Signatures in Sepsis Pathophysiology

Sepsis triggers a complex and biphasic immune response involving 
early  hyperinflammation  followed by  immunosuppression. Transcriptomic 
studies have identified numerous  gene expression patterns  that correspond to 
these phases.

Characteristic findings include:
•	 Upregulation of innate immune and inflammatory genes (e.g., IL1B, 

TNF, TLR4) during the acute phase.23

•	 Downregulation of adaptive immune pathways, particularly T-cell 
receptor signaling and HLA class II molecules (HLA-DRA, CD74), during 
immunoparalysis.24
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•	 Activation of metabolic and mitochondrial stress response 
genes associated with oxidative phosphorylation failure.25

•	 Dysregulation of interferon-stimulated genes (ISGs), indicating ﻿host–
pathogen interaction and viral-like immune responses in bacterial sepsis.26

These transcriptomic patterns provide mechanistic insight into sepsis 
progression and form the basis for  host-response classifiers  capable of 
distinguishing sepsis from sterile inflammation or other infectious syndromes.

6.5.3. Diagnostic and Prognostic Biomarkers from Transcriptomic Studies

Transcriptomics has produced several clinically promising biomarkers and 
molecular classifiers (Table 2).

Table 2. Representative transcriptomic biomarkers and classifiers in sepsis

Biomarker / Signature Platform Diagnostic / 
Prognostic Role Clinical Notes References

SeptiCyte® LAB 
(4-gene panel: PLA2G7, 
CEACAM4, LAMP1, 
PLAC8)

qPCR / RT-
PCR

Distinguishes sepsis 
vs. SIRS

FDA-cleared; 
AUC ≈ 0.85–
0.90

(27)

IMX-BVN-2 
(11-gene classifier) NanoString Differentiates bacterial 

vs. viral infection

Rapid (≈30 
min); high 
accuracy

(28)

Sweeney 7-gene signature 
(FAIM3, TNIP1, BATF, etc.) RNA-seq Predicts sepsis severity 

and mortality
Validated across 
>1,000 samples (23,29)

HLA-DRA, CD74 
suppression qRT-PCR Marker of 

immunoparalysis

Correlates 
with secondary 
infections

(24,25)

IFI27 
(interferon-inducible 
protein 27)

qRT-PCR
Early biomarker 
distinguishing 
bacterial vs viral sepsis

Emerging 
bedside target (26)

6.5.4. Advantages and Limitations of Transcriptomic Approaches

Advantages:

•	 Captures dynamic immune responses and gene regulatory changes in real time.
•	 Enables discovery of ﻿host-based biomarkers independent of 

pathogen detection.
•	 Provides pathway-level insights into immune dysfunction and 

metabolic stress.
•	 Integration with machine learning allows rapid classifier 

development for bedside tools.
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Limitations:

•	 High sample complexity and variability due to leukocyte heterogeneity.
•	 Time and cost constraints for sequencing workflows in acute care settings.
•	 Batch effects and normalization issues complicate cross-study 

comparisons.
•	 Need for prospective validation in multicenter cohorts before clinical 

adoption.22,25

Future directions involve  point-of-care transcriptomic platforms,  AI 
(artificial intelligence) -based classifier refinement, and  integration with 
proteomic and metabolomic layers to enhance diagnostic accuracy and precision 
medicine applications in sepsis.

6.6. Proteomics and Sepsis ﻿Diagnosis

6.6.1. What is Proteomics? Basic Principles and Analytical Methods

Proteomics is the large-scale study of the entire protein complement expressed 
by a cell, tissue, or organism under specific conditions. Unlike genomics or 
transcriptomics, proteomics provides direct insights into  functional molecular 
events, since proteins mediate the vast majority of biological processes and 
pathophysiological responses.30

Modern proteomics employs mass spectrometry (MS) as its central analytical 
platform, often combined with liquid chromatography (LC-MS/MS) for protein 
separation and quantification.31 High-resolution instruments such as Orbitrap 
and time-of-flight (TOF) analyzers, along with  data-independent acquisition 
(DIA)  and  label-free quantification  workflows, have significantly improved 
proteomic coverage and reproducibility.

Bioinformatics tools including  MaxQuant,  Proteome Discoverer, 
and STRING allow identification, quantification, and network analysis of thousands 
of proteins in complex biological matrices such as serum, plasma, or urine.32

6.6.2. Changes in Protein Expression and Protein Profiles in Sepsis

Sepsis induces widespread proteomic alterations reflecting immune 
dysregulation, endothelial dysfunction, coagulation imbalance, and cellular stress.

Characteristic findings include:
•	 Upregulation of acute-phase proteins, such as C-reactive protein (CRP), 

serum amyloid A, and haptoglobin.4

•	 Complement activation, particularly elevated C3 and C5 fragments, 
indicating systemic inflammation.33
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•	 Dysregulation of coagulation proteins, including fibrinogen, plasminogen, 
and antithrombin III, contributing to disseminated intravascular 
coagulation.33,34

•	 Altered apolipoproteins (A-I, A-II, E) and decreased lipoprotein transport, 
associated with poor outcomes.35

•	 Increased oxidative stress proteins (peroxiredoxins, heat shock proteins) 
reflecting mitochondrial dysfunction.36

These protein alterations collectively reflect the transition from controlled 
immune activation to immune paralysis and multi-organ failure.

6.6.3. Potential Sepsis Biomarkers Identified via Proteomics

Proteomic profiling has identified numerous candidate biomarkers for 
diagnosis and prognosis. The integration of multi-protein signatures often 
surpasses traditional single markers like PCT or CRP in diagnostic accuracy.

Table 3. Representative proteomic biomarkers and their diagnostic significance in sepsis

Protein / Family Change in 
Sepsis Diagnostic / Prognostic Relevance Reference

C-reactive protein 
(CRP) Elevated Early inflammatory response marker (4)

Serum amyloid A (SAA) Elevated Acute-phase reactant; correlates with 
severity (4)

Complement C3/C5 
fragments Elevated Reflects complement activation; immune 

overactivation (32)

Fibrinogen / 
Antithrombin III ↑ / ↓ Indicates coagulation dysregulation (33)

Apolipoprotein A-I / E Reduced Associated with mortality and poor lipid 
transport (35)

Haptoglobin / α1-acid 
glycoprotein Elevated Reflects systemic inflammation and tissue 

injury (36)

Heparin-binding 
protein (HBP) Elevated Marker of vascular leakage and endothelial 

damage (37)

Clusterin 
(Apolipoprotein J) Elevated Linked to organ dysfunction and apoptosis 

modulation (38)

6.6.4. Advantages and Limitations of the Proteomic Approach

The major strength of proteomics lies in its ability to capture dynamic and 
functional changes in the host response to infection. Compared to transcriptomics, 
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it provides real-time insight into cellular physiology and offers multiplex biomarker 
discovery potential for clinical translation.

However, several challenges hinder routine implementation:
•	 Protein heterogeneity and post-translational modifications 

(PTMs) complicate identification.
•	 Sample complexity (especially plasma) demands extensive fractionation 

and careful standardization.
•	 Cost and instrument requirements limit widespread clinical application.

Despite these challenges,  targeted proteomics  approaches such as multiple 
reaction monitoring (MRM) or antibody-based proteomic panels are advancing 
toward clinical validation. When integrated with metabolomic and transcriptomic 
data, proteomics can elucidate systemic host pathogen interactions and guide 
personalized management strategies in sepsis.

6.7. Integrative Multi-Omics in Sepsis ﻿Diagnosis: Challenges and ﻿Future 
Perspectives

6.7.1. The Rationale for Multi-Omics Integration

Sepsis is a complex, heterogeneous syndrome involving profound host–
pathogen interactions and dynamic immune–metabolic responses. Traditional 
single-layer analyses (e.g., genomics or proteomics alone) cannot fully capture this 
complexity.39,40 Integrative  multi-omics  approaches combining metabolomics, 
transcriptomics, proteomics, and sometimes microbiomics enable a systems-level 
understanding of sepsis pathophysiology and reveal interconnected biomarkers 
for diagnosis and prognosis.40

Each “omic” layer offers unique information:
•	 Transcriptomics reveals gene activation patterns.
•	 Proteomics measures functional effectors of the immune and 

coagulation cascades.
•	 ﻿Metabolomics reflects the final physiological phenotype and energy state.

By integrating these datasets through computational pipelines and artificial 
intelligence(AI) based modeling, researchers can delineate molecular signatures 
that distinguish septic subtypes, predict outcomes, and guide precision therapy.34

6.7.2. Multi-Omics Approaches in Sepsis Research

Recent studies have demonstrated the potential of multi-omics integration to 
uncover mechanistic insights and clinically actionable biomarkers:
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•	 Seymour et al.41 used combined transcriptomic and metabolomic profiling 
to identify metabolic “endotypes” of sepsis with distinct mortality risks.

•	 Rahmani et al.42 integrated plasma ﻿proteomics with immune ﻿transcriptomics 
to reveal cytokine–coagulation network dysregulation.

•	 Scicluna et al.43 combined blood transcriptomes and lipidomics to classify 
sepsis patients into immune-suppressive and hyperinflammatory clusters. 
These integrative approaches show that multi-layered signatures outperform 
traditional single biomarkers (e.g., procalcitonin, CRP) in predicting organ 
dysfunction and mortality.

6.7.3. Computational and AI-Based Integration Strategies

Multi-omics integration requires advanced  bioinformatics and machine 
learning  pipelines to handle data dimensionality and heterogeneity7. Common 
computational methods include:

•	 Correlation-based integration (CCA, WGCNA): Detects co-regulated genes, 
proteins, and metabolites.

•	 Network-based models: Identify molecular interaction modules and hub 
nodes linked to disease severity.

•	 Deep learning algorithms (autoencoders, random forests): Build predictive 
models for diagnosis and outcome stratification44.

•	 Artificial intelligence can also facilitate feature selection, reducing 
thousands of molecular variables to clinically relevant biosignatures 
suitable for bedside testing.

6.7.4. Challenges and Limitations

Despite promising results, several barriers hinder clinical translation of multi-
omics technologies in sepsis:

•	 Standardization: Differences in sample handling, analytical platforms, and 
data normalization reduce reproducibility.45

•	 Data complexity and integration: Handling heterogeneous datasets across 
omic layers remains computationally intensive.

•	 Cost and accessibility: High-throughput sequencing and proteomic 
instrumentation are expensive and limited to specialized centers.

•	 Clinical validation: Most multi-omics biomarkers remain exploratory; 
large, multicentric validation studies are required before routine use.4

6.7.5. Future Directions and Clinical Implications

The future of sepsis diagnostics will depend on  integrated omic-driven 
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precision medicine frameworks. Emerging directions include:
•	 Development of AI supported diagnostic algorithms combining omics 

biomarkers with clinical parameters.
•	 Use of rapid, portable platforms (e.g., nanopore sequencing, point-of-care 

proteomic assays) for real-time molecular profiling.
•	 Integration of ﻿host and pathogen multi-omics, bridging human immune 

responses with pathogen genomics for improved differential diagnosis.
Ultimately, a  clinically validated, standardized multi-omics workflow  may 

transform sepsis diagnosis from empirical suspicion to molecular precision, 
allowing earlier intervention, targeted therapy, and improved patient survival.

Table 4. Overview of multi-omics integration strategies and applications in sepsis 
research

Omics Layers 
Integrated

Analytical 
Integration Method

Key Insights / Clinical 
Application

Representative 
Study

Transcriptomics + 
Metabolomics

Correlation and 
pathway enrichment

Identification of 
metabolic endotypes 
linked to mortality

Seymour et al., 
2019 41

Proteomics + 
Transcriptomics

Network-based 
analysis

Mapping immune–
coagulation crosstalk 
and cytokine responses

Mohsin et al., 
2021 42

Lipidomics + 
Transcriptomics Cluster modeling

Stratification of sepsis 
patients into immune 
subtypes

Scicluna et al., 
2020 45

Proteomics + 
Metabolomics AI-driven integration Predictive biosignatures 

for early diagnosis

Campbell et 
al., 
2025 34

Multi-omics 
(≥3 layers)

Machine learning / 
deep autoencoders

Integrated predictive 
models for severity and 
outcome

Sendak et al., 
2023 44

6.8. Translation of ‘Omic’ Technologies into Clinical Practice: Challenges 
and Future Directions

6.8.1. Complexities in Data Analysis and the Need for Bioinformatics

The clinical translation of ‘omic’ technologies in sepsis is limited not by 
data generation, but by the complexity of data interpretation. High-throughput 
platforms such as next-generation sequencing (NGS) and quantitative proteomics 
generate terabytes of heterogeneous data encompassing genomic variants, protein 
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expression levels, and metabolite fluxes.7 Integrating these datasets into meaningful 
biological insights requires advanced  bioinformatics pipelines, robust  data 
curation, and standardized annotation frameworks.

Sepsis presents an additional challenge due to its heterogeneity patients 
differ by age, comorbidity, infection source, and immune response. Therefore, 
bioinformatic strategies must integrate clinical metadata with molecular data to 
identify reproducible disease signatures. Data preprocessing (e.g., normalization, 
imputation, dimensionality reduction) and downstream analyses (network 
modeling, pathway enrichment, predictive modeling) are critical steps that 
determine diagnostic utility.

Emerging frameworks such as multi-omics integration platforms (MOFA+, 
iClusterPlus, DIABLO)  and  knowledge graphs  can map molecular networks 
associated with sepsis severity and mortality. However, the scarcity of bioinformatic 
expertise in many clinical centers remains a major obstacle to widespread 
implementation. Developing user-friendly, automated analytical workflows and 
clinician-oriented dashboards will be crucial for routine adoption.

6.8.2. Standardization of Methods and Validation of Biomarkers

Despite numerous promising biomarkers identified via metabolomic, 
transcriptomic, and proteomic studies, very few have reached clinical approval. 
This gap is largely due to  variability in sample collection, analytical platforms, 
and data interpretation methods across studies.46 Pre-analytical variables such as 
anticoagulant choice, storage conditions, and hemolysis can significantly alter 
molecular readouts.

Standardization must occur at three levels:

1. Analytical workflows (sample preparation, instrument calibration,                             
QC parameters),

2.   Data processing and normalization, and

3. Biomarker validation pipelines (cohort size, reproducibility testing, 
multicentric validation).

The development of standard operating procedures (SOPs) by global initiatives 
like the Human Proteome Organization (HUPO) and Metabolomics Standards 
Initiative (MSI) is facilitating greater reproducibility and data comparability.47,49 
However, validation remains the rate-limiting step; most omic-derived biomarkers 
require  external cohort validation  and  regulatory clearance  before clinical 
implementation.
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6.8.3. Cost-Effectiveness, Accessibility and Integration into Routine 
Clinic

Economic and logistical considerations remain central to translating omics 
into daily practice. High-throughput sequencing, LC–MS/MS proteomics, and 
NMR metabolomics remain  cost-intensive  and demand skilled personnel. The 
cost per assay may exceed USD 500–1.000, rendering them impractical for 
routine sepsis screening in resource-limited settings.48

Nevertheless, miniaturization, automation, and multiplexing are progressively 
reducing costs. Portable sequencing platforms (e.g., Oxford Nanopore MinION) 
and targeted proteomic panels are emerging as rapid, cost-efficient tools suitable for 
bedside or point-of-care applications. Integration into existing clinical workflows 
requires interoperability with hospital information systems (HIS) and electronic 
health records (EHR).

Ultimately, a hybrid model is envisioned where  centralized reference 
laboratories  perform comprehensive omics profiling for complex cases, 
while  targeted biomarker panels guide rapid bedside diagnostics. The challenge 
lies in demonstrating clinical cost-effectiveness that is, whether early, omic-based 
interventions reduce morbidity, hospital stay, and overall treatment cost.

6.8.4. ‘Omics’ Data Analysis with Artificial Intelligence and ﻿Machine 
Learning

Artificial intelligence (AI) and machine learning (ML) are increasingly essential 
to decipher the vast, multidimensional datasets generated by omic technologies.49 
ML models such as random forests, support vector machines (SVM), and gradient 
boosting enable pattern recognition across thousands of molecular variables to 
distinguish sepsis from non-infectious inflammation or predict clinical outcomes.

Deep learning architectures (e.g., convolutional and recurrent neural 
networks) can automatically extract features from transcriptomic and proteomic 
profiles, eliminating the need for manual feature engineering.45 Importantly, AI 
also allows  real-time integration of omic data with clinical parameters  such as 
vital signs, organ dysfunction scores, and hemodynamic measurements, creating 
predictive models for early diagnosis and mortality risk stratification.

However, challenges persist, including  overfitting,  lack of explainability, 
and bias arising from unbalanced datasets. The emerging field of explainable AI 
(XAI) seeks to improve model transparency, a prerequisite for regulatory approval 
and clinical trust. Collaborative efforts between clinicians, data scientists, and 
informaticians are essential to ensure that AI-based omic analytics are interpretable, 
validated, and clinically meaningful.
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6.8.5. Role in Personalized Medicine and Sepsis Management

The ultimate goal of applying omics and AI technologies is to enable precision 
medicine  in sepsis tailoring diagnosis and treatment to the molecular and 
immunological profile of each patient.42 Sepsis is no longer viewed as a uniform 
condition but as a spectrum of  molecular endotypes  (hyperinflammatory, 
immunosuppressed, or mixed phenotypes).

Multi-omics analyses can identify these endotypes early and 
guide  personalized therapeutic strategies for instance, immunostimulatory 
therapy in immunosuppressed phenotypes, or anti-cytokine treatments in 
hyperinflammatory ones. Integration of omics with clinical decision-support 
systems may also enable dynamic monitoring, adjusting treatment according to 
evolving molecular responses.

Furthermore, the coupling of host omics data with  pathogen genomic or 
metagenomic data  allows for  host–pathogen interaction mapping, opening 
avenues for targeted antimicrobial therapy. Future sepsis management will 
likely involve AI-assisted, omic-informed decision platforms, enabling early risk 
stratification, therapy selection, and real-time response monitoring.50

Table 5. Major challenges and future strategies for translating ‘Omic’ technologies 
into clinical sepsis practice

Domain Key Challenge Potential Strategy

Data Analysis High dimensionality and 
integration complexity

Develop standardized bioinformatics 
pipelines and clinician-friendly interfaces

Standardization Lack of harmonized 
methods

Implement global SOPs and inter-lab 
validation studies

Cost and 
Accessibility

High assay cost, specialized 
personnel

Promote miniaturized, automated omic 
platforms

AI Integration Model opacity, limited 
generalizability

Use explainable AI and balanced training 
datasets

Clinical 
Translation

Insufficient validation, lack 
of outcome data

Conduct multicentric trials and health-
economic analyses

Personalized 
Medicine

Translating biomarkers into 
therapies

Integrate host-pathogen omics for 
individualized therapy

6.9. Conclusion

6.9.1. Summary of Main Findings and Key Takeaways

Sepsis remains a complex and multifactorial syndrome characterized by 
a dysregulated ﻿host response to infection, leading to life-threatening organ 
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dysfunction. Despite significant advances in clinical management, early and 
accurate diagnosis remains the cornerstone challenge in improving patient 
outcomes. Traditional microbiological and biochemical tests often fail to capture 
the dynamic and systemic nature of sepsis, prompting the exploration of multi-
layered molecular approaches.

This chapter highlights how metabolomics, ﻿transcriptomics, and ﻿proteomics 
have emerged as complementary and powerful tools in understanding ﻿sepsis 
pathophysiology and identifying novel diagnostic and prognostic biomarkers. 
﻿Metabolomics reveals real-time metabolic shifts associated with immune activation 
and organ dysfunction; ﻿transcriptomics deciphers gene expression alterations 
that underpin the ﻿host response to infection; and ﻿proteomics elucidates post-
translational modifications and protein interaction networks that determine 
disease progression. Together, these ‘omics’ platforms generate a systems-level 
view of sepsis biology that transcends conventional diagnostic paradigms.

6.9.2. Transformative Potential of ‘Omics’ Technologies in Sepsis 
﻿Diagnosis

The integration of multi-omics data represents a transformative leap 
toward precision sepsis diagnostics. By capturing molecular fingerprints across 
multiple biological layers, clinicians can potentially distinguish infectious from 
non-infectious ﻿inflammation, identify pathogen-specific responses, and stratify 
patients according to risk and therapeutic responsiveness.

Emerging studies combining metabolomic and proteomic data have already 
demonstrated improved diagnostic accuracy compared with single-marker 
assays, particularly in differentiating sepsis from systemic inflammatory response 
syndrome (SIRS). Likewise, transcriptomic signatures such as gene expression 
panels based on ﻿host immune pathways are being incorporated into predictive 
models with near-bedside utility.

When coupled with advanced bioinformatics and machine learning 
algorithms, ‘omics’-based diagnostics could evolve into rapid, data-driven 
decision-support systems capable of guiding antimicrobial therapy, predicting 
organ failure, and optimizing resource allocation in intensive care units. Thus, the 
future of sepsis diagnostics lies not only in ﻿biomarker discovery but also in the 
intelligent integration of complex molecular data into clinical workflows.

6.9.3. Future Research, Development and Clinical Translational Needs

While the promise of ‘omics’ technologies in sepsis diagnosis is undeniable, 
several barriers remain before widespread clinical translation can occur. First, data 
complexity and lack of standardized analytical pipelines hinder reproducibility 
and cross-study validation. Second, most multi-omics studies to date are 
limited by small cohort sizes and heterogeneous patient populations, restricting 
generalizability.
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Future research should prioritize large-scale, multicenter validation studies 
to confirm the diagnostic and prognostic utility of candidate biomarkers. The 
establishment of open-access biobanks and standardized protocols for sample 
collection, processing, and data interpretation is essential. Cost reduction and 
miniaturization of analytical platforms will be key for accessibility, especially in 
resource-limited settings.

Furthermore, the integration of artificial AI and machine learning into omics 
data processing will enable the identification of clinically actionable molecular 
signatures in real time. These developments could ultimately pave the way for 
personalized sepsis management strategies, where therapy is guided by an 
individual’s unique molecular response profile rather than empirical criteria. 

In conclusion, the convergence of metabolomics, ﻿transcriptomics, and 
﻿proteomics offers an unprecedented opportunity to redefine the diagnostic 
landscape of sepsis. Through continued interdisciplinary collaboration among 
clinicians, molecular biologists, data scientists, and bioinformaticians, these 
technologies are poised to move from bench to bedside, heralding a new era of 
precision diagnostics and improved survival in sepsis.
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