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10.1. Introduction

Sepsis, defined as a life-threatening organ dysfunction resulting from a 
dysregulated host response to infection, remains a critical healthcare challenge with a 
profound global impact.1-6 As one of the leading causes of death worldwide, affecting 
nearly 50 million people annually and contributing to almost 20% of all global 
deaths, sepsis underscores its significant burden in intensive care units.5,7-8 Despite 
advances in understanding the complex pathophysiology of sepsis, conventional 
treatment “one-size-fits-all” approaches have provided limited benefit and frequently 
failed to yield favorable outcomes in clinical trials.2,4,7,9,13 The fundamental challenge 
arises from the heterogeneity of sepsis pathogenesis. Patients with sepsis may 
present with hyperinflammatory states (cytokine storm), immunosuppression, 
or mixed (hyperinflammatory and immunosuppressive) immune phenotypes, 
substantially complicating therapeutic decision-making processes and highlighting 
the urgent need for personalized treatment strategies.2,14,15 This treatment approach 
focuses on tailoring therapeutic interventions to individual patients based on 
their biological characteristics and underlying pathophysiological mechanisms. By 
stratifying septic patients into subgroups, or “endotypes,” with shared biological 
profiles, precision medicine aims to enable more effective and targeted therapeutic 
interventions.2,4,7,10,12,14 Immune profiling represents the cornerstone of personalized 
sepsis care, providing a detailed assessment of immune cell phenotypes and 
function.4,16  This enables one to identify biomarkers that can guide targeted therapy, 
such as immunostimulants for immunosuppressed patients or anti-inflammatory 
agents for hyperinflammatory states.14,15 The evolving field denotes a fundamental 
shift from reactive, symptom-based management toward proactive, immune-guided 
therapeutic strategies.
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The present chapter is characterized by a personalized treatment approach, 
which is predicated on the recognition of differing immune profiles in patients 
suffering from sepsis.

10.2. Altered Immune States in Sepsis

The immune response to infection in sepsis is a dynamic and highly complex 
process that exerts a critical influence on patient outcomes.2,4,10,12 Sepsis has 
traditionally been conceptualized as a biphasic immune response, characterized 
by an initial systemic inflammatory response syndrome (SIRS), subsequently 
followed by a compensatory anti-inflammatory response syndrome (CARS).17,19 
However, contemporary evidence has fundamentally challenged this model. It has 
been demonstrated that hyperinflammation and immunosuppression frequently 
arise simultaneously, overlap extensively, and fluctuate dynamically across time 
and among individual patients.2,4,6,8,10-12,17,19 Many patients exhibit mixed immune 
phenotypes that combine systemic or localized hyperinflammation with profound 
immunosuppression, or demonstrate temporal shifts between these states. 2,4,10 

As demonstrated in the literature, this variability renders accurate assessment 
of immune status and determination of optimal treatment timing particularly 
challenging.12,15 Furthermore, the patient’s age and the presence of comorbidities 
have been demonstrated to influence the immune response in sepsis.

The alterations to immune systems observed in sepsis are the result of a 
combination of complex changes involving both the innate and adaptive 
immune systems.

10.2.1. Innate Immune Dysfunction

10.2.1.1. Dendritic Cell (Dc) Apoptosis and Functional Reprogramming 

Sepsis is characterized by a marked loss of dendritic cells, largely due to 
programmed cell death.10,17 In addition, as sepsis progresses, surviving dendritic 
cells undergo functional reprogramming, shifting from an immune-activating 
to an immune-tolerant phenotype, thereby contributing to both immune 
activation and tolerance.6

10.2.1.2. Monocyte Reprogramming and Exhaustion

In sepsis, monocytes and macrophages, essential components of innate immunity, 
frequently develop a state of “exhaustion” or “tolerance,” which plays a central role 
in sepsis-associated immunosuppression.4,15 This state is marked by a profoundly 
impaired effector function, including reduced production of proinflammatory 
cytokines (e.g., TNF-α, IL-6, IL-12), phagocytic activity, and markedly decreased 
expression of human leukocyte antigen-DR (HLA-DR).4,10,15,18 Reduced HLA-DR 
expression on monocytes was linked to poor outcomes in sepsis. 
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Macrophages may also undergo phenotypic switching from the proinflammatory 
M1 to the anti-inflammatory or tissue-repair M2 subtype. While this transition 
supports inflammatory resolution, it may exacerbate immunosuppression and 
heighten susceptibility to secondary infections.6

10.2.2. Defective Neutrophil Migration and Function

 Neutrophils, representing the first line of defense against bacterial infection, 
display marked phenotypic and functional alterations in sepsis, including 
impaired migration, defective phagocytosis, and reduced oxidative burst.4,8,10 
Combined with decreased tissue recruitment and the release of immature 
neutrophils from the bone marrow, these functional deficits contribute to 
immunosuppression and increase the risk of secondary infections and poor 
outcomes.4 Neutrophil CD64 is an effective marker for diagnosis and prognosis 
for systemic infection and sepsis. Since sepsis increases rapidly in the early 
stages, it can be a marker for diagnosis and prognosis.  

10.3. Adaptive Immune Dysfunction

10.3.1. Lymphocyte Apoptosis

A hallmark of sepsis-associated immunosuppression is the profound loss 
of lymphoid cells, including T, B cells, and dendritic cells, which occurs 
predominantly through programmed cell death (apoptosis) mediated by both 
extrinsic and intrinsic pathways.4,10,15,17,18 This extensive cellular depletion 
markedly impairs the host’s capacity to have effective antimicrobial responses and 
eliminate pathogens.15,17 

10.3.2. T-Cell Exhaustion

In sepsis, T cells frequently occur in a state of exhaustion, defined by 
progressive functional decline, impaired proliferative capacity, and reduced 
cytokine production (e.g., IFN-γ, IL-2) due to persistent antigen exposure and 
inflammation.8,10,19 This phenomenon is similar to  the immune dysfunction 
observed in chronic viral infections and malignancies. Inhibitory immune 
checkpoints such as PD-1 can reverse T-cell dysfunction and enhance host 
resistance.2,8-10,15,19,20

10.3.3. PD-1/PD-L1 Upregulation and Other Immune Checkpoints

Immune checkpoint receptors are important immune modulators. T cells 
in sepsis, commonly demonstrate increased expression of inhibitory receptors, 
particularly programmed cell death protein-1 (PD-1).6,8,10,15,,17,19,20The interaction 
between PD-1 and PD-L1 (PD-ligand 1) promotes T-cell anergy, apoptosis, 
and exhaustion, thereby diminishing immune competence and host defense 
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mechanisms.8,10,15,17,19,20 Other inhibitory checkpoints, including cytotoxic 
T-lymphocyte–associated antigen-4 (CTLA-4), T-cell immunoglobulin and 
mucin domain-containing protein-3 (TIM-3), B and T-lymphocyte attenuator 
(BTLA), are similarly  induced during sepsis and further aggravate adaptive 
immune dysfunction.10,19,20 

10.3.4. Impaired Antigen Presentation

Reduced monocyte HLA-DR (mHLA-DR) expression represents a well-
established hallmark of sepsis-induced immunosuppression, strongly associated 
with immune paralysis, increased susceptibility to secondary infections, and 
elevated mortality.10,15,18 Since HLA-DR molecules are essential for presenting 
antigens to T cells, their downregulation severely limits effective adaptive immune 
activation.15

 10.3.5. Expansion of Regulatory Cells

The overactivation and proliferation of immunosuppressive cells, including 
regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs), 
contribute substantially to sepsis-induced immunosuppression [11,17]. These cells 
release anti-inflammatory cytokines, such as IL-10 and TGF-β, while MDSCs can 
also directly inhibit T-cell function.6,10,15

10.4. Clinical Implications of Persistent Immunosuppression

Persistent immunosuppression has emerged as a key driver of late 
mortality, recurrent infections, and diminished quality of life among sepsis 
survivors.2,8,10,11,15,19,20 Following the initial hyperinflammatory phase, many 
patients enter into a state of sustained immune dysfunction, rendering them 
highly vulnerable to nosocomial infections from opportunistic organisms (e.g., 
Pseudomonas aeruginosa, Candida species) and reactivation of latent viruses. 
4,8,10,17,19,20 This chronic immunosuppressive state is associated with substantial long-
term morbidity, including physical and cognitive decline, post-sepsis syndrome 
(PSS), and persistent inflammation, immunosuppression, and catabolism 
syndrome, ultimately elevating mortality risk well beyond hospital discharge.2,10,20
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Figure 1. Suggestion: Schema showing overlapping hyperinflammatory and 
immunosuppressive phase in sepsis progression.

Individualized Immune States and Profiling

The marked heterogeneity that is characteristic of sepsis necessitates a 
fundamental shift from uniform treatment approaches toward personalized, 
precision strategies informed by patient-specific immune profiles.2,4,7,9,10,12,14,16 
Distinguishing between distinct immune states is imperative for the optimization 
and personalization of therapeutic interventions. This can be achieved by 
biomarkers and advanced profiling methods.

10.5. Biomarkers

Biomarkers have been identified as playing a pivotal role in the classification 
of patients, facilitating the identification of high-risk cohorts and the subsequent 
guidance of personalized therapeutic interventions.7,9,15 The following biomarkers 
are recommended for the purpose of individualized treatment.

10.5.1. The monocyte HLA-DR (mHLA-DR)

mHLA-DR is a biomarker indicating sepsis-induced immunoparalysis. 
2,4,10,13,14,15,17-20 The major histocompatibility complex (MHC) class II molecule, 
HLA-DR is critical for antigen presentation and the activation of adaptive 
immune responses.10,15,18 A decline in the expression of the human leucocyte 
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antigen-DR (HLA-DR) has been demonstrated to be associated with a 
reduction in proinflammatory capacity, impaired antigen presentation, an 
increased susceptibility to nosocomial infections, and an elevated risk of end-
organ failure, prolonged intensive care unit (ICU) stays, and increased mortality. 
4,10,15,18 Specific thresholds have been established to characterize the severity of 
immunoparalysis: values below 15,000 antibodies per cell (Ab/c) indicate an 
immunocompromised state, while levels under 8,000 Ab/c on CD14+ monocytes 
signify severe immunoparalysis.18 In a similar manner, a frequency of HLA-
DR-positive monocytes below 30% is regarded as indicative of significant 
immunosuppression.10  mHLA-DR expression is routinely measured in clinical 
trials to evaluate the immune status of septic patients and to guide therapeutic 
decisions.13

10.5.2. Cytokines

The balance between pro-inflammatory and anti-inflammatory cytokines 
is crucial to determine a patient’s immune status and guide a therapeutic 
intervention. During the hyperinflammatory phase (‘cytokine storm’), pro-
inflammatory cytokines such as TNF-α and IL-6 reach high levels, with IL-6 
serving as an important biomarker for potential anti–TNF-α therapy. Similarly, 
macrophage activation syndrome (MAS) is characterized by increased IL-1 levels, 
and treatment with the IL-1 receptor antagonist (IL-1RA) anakinra has shown 
therapeutic benefit in this setting.  Conversely, low interferon-gamma (IFN-α) 
levels and lymphopenia are indicative of immunosuppression.4,9,10,15,19. In addition, 
the release of anti-inflammatory cytokines, such as IL-10, further contributes to 
the immunosuppressive state.7,13,14

10.5.3. Transcriptomics/Proteomics

These ‘omics’ approaches provide a systems-biology-based understanding 
of sepsis, enabling the identification of molecular signatures with prognostic 
and therapeutic implications.2,4,5,12 Sepsis patients can be stratified into distinct 
subtypes or endotypes based on whole-blood RNA analysis and transcriptomic 
data.2,4,10,12 Defined subphenotypes include inflammopathic, adaptive, and 
coagulopathic profiles, each associated with different immune responses and 
mortality risks. For example, the “sepsis response signature” (SRS1) has been 
associated with increased mortality, whereas SRS2 has been linked to endotoxin 
tolerance, T-cell exhaustion, and downregulation of HLA class II expression.2,12 
These molecular classifications are critical to elucidate disease mechanisms and 
inform about the application of targeted therapies.2,10,12

10.5.4. HLA Groups and Immunogenetics

Genetic factors, particularly variations in human leukocyte antigen (HLA) 
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genes, have a significant impact on immune responses and outcomes of sepsis. HLA 
polymorphisms influence antigen presentation efficiency and thereby affect sepsis 
outcomes.2,4,10,18 Since HLA molecules are essential to present antigens to T cells 
and initiate adaptive immune responses, alterations in these pathways can critically 
shape the host response to sepsis.15,18 Altered HLA-DR expression is closely linked 
to immune paralysis and impaired antigen presentation by monocytes.4,10,15,18 
These changes are associated with an increased risk for secondary infections and 
higher mortality.10,18 Although available sources primarily describe HLA-DQ 
variants, the broader influence of HLA polymorphisms on adaptive immunity 
indicates that variants in both HLA-DR and HLA-DQ may shape individual 
immune pathways and contribute to susceptibility to secondary infections in 
sepsis 2,10. For personalized and specific immunomodulatory therapies, patients 
can be stratified based on their HLA profiles.2,7,9,10,13, 14-16,19 For patients with low 
mHLA-DR levels, GM-CSF or recombinant human interferon-gamma may be 
administered to stimulate the immune response.2,7,9,10,13, 14-16,19 

10.5.5. Hypogammaglobulinemia

This is a state of reduced immunoglobulin levels associated with increased 
mortality. Immunoglobulin therapy (e.g., IVIgM) is under investigation, with 
a potential to apply biomarker-guided management based on immunoglobulin 
concentrations and cytokine profiles of patients.  

Table 1: Summary of key immune profiling biomarkers and therapeutic implications7

Biomarker Immune State Indicated Therapeutic Implication

MonocyteHLA-
DR  Immunoparalysis

GM-CSF or rhIFN γ, levels are particularly 
below thresholds (e.g., <15,000 Ab/c for 
immunodeficiency, <8,000 Ab/c for severe 
immunoparalysis)  

High IL-6/
TNF-α Hyperinflammation

Identifying candidates for anti-inflammatory 
therapies such as TNF-α inhibitors, IL-1 
receptor antagonists (e.g., anakinra), or IL-6 
receptor blockers, especially among patients 
with "cytokine storm" or MAS  

LowIFN- γ 
Lymphopenia

Immunosuppression
Immunostimulatory therapies:  IFN-γ IL-7, 
or IL-15 can restore lymphocyte counts and 
function 

Transcriptomic 
Subphenotypes

"Inflammopathic,""Adaptive," 
"Coagulopathic" Endotypes

Personalized treatment choice based on 
underlying molecular mechanisms

Immune
Checkpoint 
Expression

T-cells
Exhaustion, 
immunosuppression

Anti-PD-1 or anti-PD-L1 antibodies to 
reverse T-cell anergy, exhaustion, and restore 
immune cell function 
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10.6.Therapeutic Strategies Based on Immune Profiling

The recognition of sepsis as a syndrome characterized by profound 
immunological heterogeneity has shifted the therapeutic paradigm from “one-
size-fits-all”.  Interventions have tended to perform more personalized precision 
strategies.2,4,8,10,11,13,14,16 Stratifying patients based on immunological endotypes 
such as hyperinflammatory, immunosuppressed, or mixed types is of vital value to 
guide diagnosis, prognosis, and immunomodulatory therapies.2, 4, 7,10,14  

10.6.1. Strategies Targeting Hyperinflammation

Patients experiencing a hyperinflammatory phase, characterized by cytokine 
storm physiology, require immunosuppressive therapy to mitigate reverse organ 
dysfunction and improve outcomes.2,4,6,9-11,14,21

  10.6.1.1.  Anti-Cytokine Therapies:

a) TNF-α antagonists: Although anti-TNF antibody therapy has been shown 
not to have a beneficial effect on overall mortality in unselected patient groups 
with early sepsis, subgroup analyzes has showed that it has been beneficial in 
patients with increased initial TNF-α levels.  A reduction in 28-day mortality has 
been reported in patients receiving afelimomab with IL-6 levels exceeding 1000 
pg/mL, which suggests that it can be used in biomarker-based patient selection.7

b) IL-1 receptor antagonists (Anakinra): IL-1 signaling is mediated by the two 
distinct ligands IL-1 α and IL-1 β, both of which trigger inflammation.  Large 
trials with recombinant human IL-1 receptor antagonist (Anakinra) in unselected 
sepsis patients showed no benefit. However, re-analysis of a phase III trial found 
a reduction in 28-day mortality among patients showing features of macrophage 
activation syndrome(MAS).2,14,2 The PROVIDE–ICU trial confirmed improved 
survival in biomarker-defined MAS-like patients (ferritin >4420 ng/mL, mHLA-
DR <5000/monocyte) treated with anakinra.14 

c) IL-6 receptor blockers: IL-6 receptor blockers, such as tocilizumab and 
sarilumab, have been used to reduce hyperinflammation in COVID-19. However, 
definitive IL-6 threshold values for sepsis remain to be established, and research in 
this area is currently underway.2,7,12

 10.6.1.2. Complement Inhibition

Excessive activation of the complement system contributes to organ failure 
in sepsis.7

Anti-C5a Antibodies (Vilobelimab): Vilobelimab, a novel monoclonal anti-C5a 
antibody, has been investigated in a dose-dependent fashion to neutralize the pro-
inflammatory effects of C5a.2,7
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10.6.2. Cytokine Adsorption (e.g., CytoSorb)

The process of cytokine adsorption, as exemplified by the utilization of 
CytoSorb, is a pivotal component of the therapeutic intervention. Devices such 
as CytoSorb have been shown to have the capacity to adsorb both pro- and 
anti-inflammatory mediators, as well as pathogen-associated molecular patterns 
(PAMPs) and damage-associated molecular patterns (DAMPs).2,24 A number 
of studies have reported a significant reduction in circulating levels of IL-6 
and TNF-α, as well as decreased vasopressor requirement.14, 25 However, large 
randomized trials in unselected septic shock patients have reported inconsistent 
results regarding mortality and Sequential Organ Failure Assessment (SOFA) 
scores.26 Recent studies have indicated that this therapy may be considered for 
patients with IL-6 levels ≥1000 ng/L.7

10.6.3. Blood Purification and Extracorporeal Therapies

These modalities aim to remove circulating pro-inflammatory mediators, 
endotoxins, and DAMPs.

10.6.4. Therapeutic Plasma Exchange (TPE)

The TPE has been demonstrated to remove proteases, pro- and anti-
inflammatory mediators. In addition, studies have shown that protective 
mediators such as antithrombin III, ADAMTS-13 and protein C are replaced.2, 

27 The use of TPE has been demonstrated to result in significant haemodynamic 
improvement, reductions in inflammatory biomarkers (e.g. procalcitonin, sTie-
2, vWF:Ag), and decreased 28-day mortality in patients with septic shock and 
multiple organ failure.27

10.6.5. Polymyxin B Hemoperfusion

This technique specifically targets and removes endotoxins (lipopolysaccharide, 
LPS), which are a potent trigger of inflammation.11 In ongoing trials of patients 
with sepsis-associated coagulopathy, patients are being stratified according to 
biomarkers, including procalcitonin (PCT) levels greater than 2 ng/mL, C-reactive 
protein (CRP) levels greater than 150 mg/L, and endotoxin activity assay (EAA) 
levels greater than 0.6.7

 10.6.6.  Nanogel Scavengers

The development of advanced nanotechnological strategies is underway, 
encompassing the creation of core–shell nanogels that are meticulously 
engineered to selectively degrade stimulatory and signaling molecules of a modest 
to intermediate size. The efficacy of these nanogels in attenuating LPS-induced 
NF-κB activation and reducing the production of cytokines such as TNF-α and 
IL-6 has been demonstrated in both in vitro studies and septic mouse models. 
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Furthermore, it has been demonstrated that the substance in question has the 
capacity to adsorb cytokines in the blood of patients suffering from sepsis.28

 10.6.7. Other Therapies

Steroids and vitamin C have also been investigated as potential 
immunomodulatory treatments. The current sepsis guidelines include only a weak 
recommendation for hydrocortisone in cases of septic shock.  The present body 
of research has demonstrated that vitamin C is not associated with a significant 
benefit in cases of sepsis.2

10.7. Strategies Targeting Immunosuppression

These treatments focus on improving immune functions in immunosuppressed 
patients with impaired pathogen clearance, T-cell exhaustion, and higher risk for 
secondary infections.2,10,14,15,19

10.7.1. Immunostimulatory Therapies

The majority of studies have investigated granulocyte colony-stimulating 
factor (G-CSF) and granulocyte–macrophage colony-stimulating factor (GM-
CSF) as immunostimulatory therapy. 

10.7.1.1. GM-CSF

GM-CSF is a potent activator of myeloid cells, promoting increased 
monocytic HLA-DR expression, enhanced monocyte production of TLR2/4-
induced cytokines, and improved neutrophil and macrophage function.2,10,17-19 
A number of randomized controlled trials (RCTs) have evaluated GM-CSF, 
frequently employing low mHLA-DR expression (<8000 Ab/cell) as a marker of 
immunoparalysis.7,18 Trials guided by biomarkers have reported benefits, including 
a reduction in the duration of mechanical ventilation and an enhancement in 
antibacterial defence.7

10.7.1.2. Interferon-Gamma (IFN-γ)

Recombinant human IFN-γ (rIFN-γ) has been identified as a key activator 
of macrophages, neutrophils, and natural killer cells. The potential of the subject 
to reverse sepsis-induced immunoparalysis, particularly in patients exhibiting low 
mHLA-DR expression and lymphopenia, has been the subject of investigation. 
The role of rIFN-γ in increasing the phagocytic capacity of macrophages and 
ensuring the clearance of pathogenic microorganisms has been well-documented. 
These observations underscore the significance of immune subphenotyping in the 
evaluation of IFN-γ therapy in septic patients.2
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10.7.1.3. Interleukin-7 (IL-7)

IL-7 has been demonstrated to play a critical role in the survival, proliferation 
and development of T cells. In addition, it has been shown to reverse T-cell 
exhaustion, enhance TCR diversity and increase the total lymphocyte count.10,17,18 

In preclinical models, IL-7 has demonstrated efficacy in improving pathogen 
clearance and survival. Moreover, a randomized controlled trial (RCT) has 
demonstrated that administration of IL-7 (CYT107) has the capacity to restore 
total lymphocyte count, CD4 and CD8 T-cell counts in patients diagnosed with 
severe lymphopenia.7

10.7.1.4. Immune Checkpoint Blockade (ICB)
The upregulation of inhibitory immune checkpoints, such as programmed cell 

death protein 1 (PD-1) and cytotoxic T-lymphocyte antigen-4 (CTLA-4), has been 
demonstrated to contribute to T-cell exhaustion and anergy in sepsis.8,10,15,19,20  The 
PD-1/PD-L1 pathway has been shown to play a central role in the pathogenesis, 
progression, and prognosis of sepsis. The interaction between PD-1 and PD-L1 
has been demonstrated to be closely linked to key mechanisms of sepsis, including 
suppression of T-cell function, impairment of myeloid cell activity, and induction 
of nonimmune cell death. The therapeutic blockade of these pathways is intended 
to reverse sepsis-induced immune paralysis.

10.7.1.5. PD-1/PD-L1 Inhibitors

(Programmed cell death’ is also referred to as ‘programmed cell death ligand 
1) In the early phase Ib clinical trials of anti-PD-1 and anti-PD-L1 antibodies in 
sepsis, there have been reports of safety and tolerability, in addition to promising 
immunological effects, including increased total lymphocyte counts and enhanced 
mHLA-DR expression.2,10,13 These agents are being investigated as potential 
strategies to restore T-cell function and improve host resistance.8,9,15,19,20 

10.7.1.6. CTLA-4 Inhibitors

CTLA- 4 is a well-recognized negative regulator of T-cell effector functions 
that counteracts CD28-mediated co-stimulation. CTLA-4 signaling has been 
demonstrated to downregulate T-cell activity through both intrinsic and extrinsic 
mechanisms. Treatment with anti-CTLA-4 antibodies has been demonstrated to 
reduce T-cell apoptosis and enhance survival in models of sepsis.20 However, the 
precise regulation of T-cell function during sepsis remains unclear, and further 
research is warranted.

10.7.2. Immunoglobulin Therapy

Immunoglobulin produced by B cell, possesses the capacity to opsonize, 
neutralize pathogens and toxins. This process serves to stimulate the immune system 
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and reduce inflammation. The administration of intravenous immunoglobulins 
(IVIG) has been demonstrated to be associated with an improved prognosis in 
patients with sepsis and low serum IgG levels. However, current sepsis guidelines 
do not recommend its use in treating sepsis.1

10.7.2.1. ﻿Intravenous Immunoglobulin M-enriched (IVIgM)

IVIgM is designed to enhance pathogen recognition and clearance, neutralize 
toxins, and modulate inflammatory cytokines.1,2,7

10.7.3. Mesenchymal Stem Cells (MSCs)

MSCs have been demonstrated to exhibit extensive immunomodulatory 
properties, encompassing the enhancement of bacterial clearance, the inhibition 
of apoptosis, and the promotion of tissue repair.2,7 It has been demonstrated by 
preliminary clinical trials that the medication is both safe and tolerable for patients 
suffering from septic shock.

10.8. Novel Approaches and Future Directions

In addition to established immunomodulators, emerging strategies are 
increasingly being developed, often incorporating advanced diagnostic and 
therapeutic platforms.

10.8.1. Triggering Receptor Expressed on Myeloid Cells-1 (TREM-1) 
Inhibitors (Nangibotide)

The TREM-1 has been identified as a key mediator of inflammation. 
Nangibotide, a TREM-1 inhibitor, is currently being investigated in clinical trials 
for the treatment of septic shock. A phase 2a study demonstrated that nangibotide 
treatment was associated with reduced serum IL-6 levels, while subgroup analysis 
revealed improved SOFA scores in patients with elevated baseline soluble TREM-
1 (sTREM-1) concentrations. Consequently, sTREM-1 may serve as a prognostic 
and predictive biomarker.7

10.8.2. Nanoparticle-Based ﻿Immunomodulation

It has been demonstrated that nanoparticles have the capacity to modulate 
immune function by targeting multiple aspects of the pathogenesis of sepsis, 
including cytokines, endotoxins and specific immune cells. This represents a 
promising approach for both the diagnosis and individualized treatment of sepsis 
in the future.11 The ability of nanoparticles to cross biological barriers and deliver 
therapeutic agents in a targeted manner allows for organ-specific delivery, enhances 
therapeutic efficacy, and reduces systemic toxicity and off-target accumulation, 
which are critical advantages in complex syndromes such as sepsis.9,11 There are 
different nanoparticle-based treatment approaches. 
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10.8.2.1. Antimicrobial Strategies

Nanoparticles can enhance the efficacy and prolong the half-life of antibiotics, 
improve targeted delivery to bacteria within infected tissues, and may also exhibit 
intrinsic antimicrobial properties that help counteract antibiotic resistance.11

10.8.2.2. Blood Cleansing and Toxin/ Cytokine Removal

The nanoparticle-based approach functions by mechanically removing sepsis-
related compounds, such as pathogen residues and circulating toxins, from the 
bloodstream, thereby improving clinical outcomes. A variety of forms have been 
developed, including magnetic nanoparticles, biomimetic nanoparticles, and 
core–shell nanogels.11

10.8.2.3. ﻿Immunomodulation

The delivery of anti-inflammatory agents, siRNAs, or immunostimulants for 
targeted immune modulation is a potential application of nanoparticles .9,11

10.8.2.4. Nucleic Acid Delivery

Nanoparticle-based platforms are enabling the delivery of interfering RNAs 
(miRNA, siRNA) to modulate gene expression.

10.8.2.5. Organ-targeted Nanostrategies

The development of nanoparticle technology has enabled the creation of targeted 
therapeutic agents capable of addressing the organ dysfunction associated with 
sepsis. These nanoparticle-based therapeutic agents have the capacity to selectively 
target organs affected by sepsis-induced dysfunction, including acute liver injury, 
acute kidney injury, cardiac impairment, and sepsis-associated encephalopathy. 
The delivery of protective agents, such as antioxidants, pyroptosis inhibitors, and 
anti-inflammatory molecules, via these targeted nanoparticle delivery systems 
offers a promising approach to addressing the complex pathophysiology of sepsis.

10.8.2.6. Multifunctional Nanoparticles

In view of the multifactorial nature of sepsis, multifunctional nanoparticles 
are under development for the co-delivery of therapeutic agents (e.g. antibiotics 
and anti-inflammatory molecules) that act on different pathways simultaneously. 
This approach is expected to provide synergistic benefits while minimising 
adverse effects.11

10.9. Emerging Other Treatments

The inherent complexity and heterogeneity of sepsis necessitate continuous 
innovation in diagnostic and therapeutic platforms to enable truly personalised 
treatment strategies. Emerging technologies, particularly in the fields of 
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nanomedicine, advanced extracorporeal support, and the integration of multi-
omics data with artificial intelligence, are poised to revolutionize the identification 
and treatment of distinct immune states in septic patients.2,4,7,9,14,15

10.9.1. Advanced Extracorporeal Support Systems

10.9.1.1. Therapeutic Plasma Exchange (TPE)

TPE aims to rebalance the dysregulated host response by clearing inflammatory 
mediators and replacing protective molecules. It has been shown to improve 
hemodynamics, reduce inflammatory biomarkers, and 28-day mortality in septic 
shock with multiple organ failure.2

10.9.1.2. Extracorporeal Membrane Oxygenation (ECMO)

Although not principally an immunomodulatory therapy, extracorporeal 
membrane oxygenation (ECMO) serves as a significant adjunctive therapy for 
severe organ failure in cases of septic shock, thereby providing respiratory and/or 
cardiac support during critical periods.14

10.9.2. Multi-Omics Profiling

This approach integrates multiple layers of biological data, including genomics, 
transcriptomics (whole-blood RNA profiles), proteomics, and metabolomics, to 
provide a comprehensive understanding of the host response.2,4,10

10.9.3. Artificial Intelligence (AI) and ﻿Machine Learning

The utilization of artificial intelligence (AI) and machine learning algorithms 
has emerged as a pivotal tool in the field of medical research, offering significant 
potential in the definition of patient phenotypes, prediction of individual 
treatment responses, and estimation of prognoses.10

10.9.4.Combination Therapies

The dynamic and frequently overlapping nature of hyperinflammation and 
immunosuppression in sepsis indicates that single-agent interventions may 
be inadequate.2,4,14 Consequently, the employment of sequential or carefully 
tailored combination strategies is likely to be essential. Combinations of anti-
inflammatory and immune-stimulatory agents have already demonstrated 
efficacy in treating sepsis.10

10.10. Conclusion

The heterogeneity of sepsis arises from multiple factors, including host-
related characteristics such as age, sex, comorbidities, and genetic background, 
as well as infection etiology, dysregulated immune responses, and the presence of 
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multi-organ dysfunction. The future of sepsis management is moving toward a 
personalized approach that incorporates advanced immune monitoring, biomarker-
guided diagnosis and therapy, rational combination treatments, and innovative 
nanomedicine platforms. Within this framework, both clinical and biological sub 
phenotypes must be considered when guiding diagnosis and treatment. As we 
continue to resolve the complex immunology of sepsis, the integration of these 
approaches promises to transform patient outcomes and ultimately find solutions 
to one of the most challenging syndromes in medicine.
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