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Abstract

Background and Objectives: Despite major advances in medical science and critical care,
sepsis remains a leading cause of morbidity and mortality worldwide: it arises from
dysregulated host response to infections and may culminate in organ dysfunction. A hall-
mark of its pathogenesis is the cytokine storm, in which interleukins (ILs) serve as central
mediators of both protective and deleterious immune responses. This review summarizes
the current knowledge on the role of ILs in sepsis, emphasizing their potential as bi-
omarkers and therapeutic targets. Material and Methods: We analyzed recent clinical and
experimental studies focusing on the most studied ILs—including IL-1, IL-6, IL-10, IL-8,
IL-12, IL-18, and IL-17 —in the pathophysiology of sepsis. Attention was given to mecha-
nistic insights, prognostic significance, and therapeutic strategies targeting IL pathways.
Results: IL-1 and IL-6 emerged as key pro-inflammatory mediators, amplifying vascular
permeability, coagulation activation, and shock, with IL-6 validated as a robust prognos-
tic biomarker. IL-10 was identified as a pivotal anti-inflammatory cytokine, limiting tissue
injury but fostering immunosuppression and secondary infections. Other ILs, such as IL-
8, IL-12, IL-18, and IL-17, contributed to neutrophil recruitment, Th1/Th17 activation, or-
gan-specific injury, and sepsis susceptibility. Therapeutic interventions targeting ILs, in-
cluding the IL-1 receptor antagonist anakinra and IL-6 receptor blockade with tocili-
zumab, have shown promise in selected patient subgroups. Conclusions: ILs are central
to the immunopathology of sepsis, acting both as drivers of hyperinflammation and me-
diators of immunosuppression. Their dual role underscores the relevance of ILs as diag-
nostic and prognostic biomarkers, as well as context-dependent therapeutic targets. Fu-
ture approaches should prioritize precision immunomodulation aligned with the princi-
ples of personalized medicine to improve clinical outcomes in sepsis.
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1. Introduction

Defined by the Sequential Organ Failure Assessment (SOFA) criteria, sepsis occurs
when the host’s dysregulated response to an infection leads to tissue and organ injury,
triggering a cascade of events that may have fatal results if not promptly recognized and
treated [1]. Sepsis, severe sepsis, and septic shock represent major global healthcare chal-
lenges, affecting millions of individuals each year and remaining the leading cause of
death in non-cardiac intensive care units [2]. Among these, septic shock is the most critical
manifestation, characterized by profound hypotension that reduces tissue perfusion and
induces cellular hypoxia [3]. Central to the pathophysiology of sepsis is the intricate in-
terplay within the immune system, where the excessive release of cytokines—commonly
referred to as a cytokine storm —represents a fundamental factor [4]. Cytokines are small
protein mediators, both pro-inflammatory and anti-inflammatory, secreted by immune
and non-immune cells in response to infections: they normally coordinate host defense
mechanisms, but if their production becomes dysregulated, they can trigger a profound
systemic inflammatory response, leading to endothelial dysfunction, multiorgan failure,
and even unfavorable clinical outcomes [5]. Interleukins (ILs) are a group of cytokines
produced primarily by white blood cells, which are essential for regulating immune and
inflammatory responses. They facilitate communication among immune cells, promote
growth, differentiation, and activation, and coordinate defence against infections, inflam-
mation, and other immune challenges. Each IL is designated by a number (e.g., IL-1, IL-2,
IL-6), and individual ILs exert distinct functions within the immune system. Some stimu-
late immune response, whereas others suppress immune responses to maintain homeo-
stasis and prevent excessive inflammation [6]. As central mediators of the immune re-
sponse, ILs have gained attention as biomarkers for an early diagnosis of sepsis as well as
of its prognosis and as attractive potential therapeutic targets. However, their precise clin-
ical utility remains to be fully elucidated. The present review aims to explore the role of
ILs in sepsis and to evaluate their potential implications for early recognition of sepsis and
septic patients’ management.

1.1. Pathophysiology of Sepsis: The Cytokine Storm

Sepsis is a complex syndrome that develops in distinct stages, each reflecting the in-
creasing severity of the host response to infections. It begins with an infection, during
which the immune system detects and attempts to eliminate an invading pathogen. How-
ever, when this response becomes dysregulated, sepsis can ensue. Clinically, progression
is typically classified into three stages: sepsis, severe sepsis, and septic shock, each defined
by specific clinical and physiological criteria [7]. The innate and adaptive immune systems
are composed of effector cells that secrete cytokines, including ILs, interferons, chemo-
kines, and other signalling molecules. The immune system can recognize and counteract
previously unknown pathogens by initiating different defensive pathways. After success-
ful clearance and initiation of healing, it normally returns to a state of homeostasis. These
processes are governed by complex mechanisms regulated through multiple activating
and inhibitory feedback loops [8]. When this balance is disrupted, however, a cascade of
events may be triggered, leading to excessive release of cytokines, referred to as a cytokine
storm. This uncontrolled surge amplifies feedback loops, potentially resulting in wide-
spread tissue injury, multi-organ failure, and death [9]. The concept of cytokine storm in
sepsis is related to the molecular mechanisms underlying a dysregulated immune re-
sponse. In particular, the simultaneous activation of multiple cytokine networks contrib-
utes not only to hyperinflammation but also to subsequent immune suppression, empha-
sizing the dual role of ILs in sepsis pathophysiology [10]. Sepsis is defined by an imbal-
ance between pro-inflammatory and anti-inflammatory responses, resulting from an ex-
aggerated and subsequently dysregulated host reaction to a microbial infection. The



Diagnostics 2025, 15, 2927

3 of 22

stronger the pro-inflammatory response, the greater the compensatory anti-inflammatory
activity, which may ultimately culminate in significant immunosuppression. The earlier
theory of two sequential phases of the immune response—an initial hyperinflammatory
phase followed by a “compensatory” anti-inflammatory phase—has largely been aban-
doned. Instead, the concept of a simultaneous activation of pro- and anti-inflammatory
pathways is now most widely accepted [11]. The initial immune response begins when
invading microorganisms are recognized by the innate immune system through pathogen
recognition receptors (PRRs). These receptors, expressed on immune cells such as den-
dritic cells and macrophages as well as on epithelial barriers, detect pathogen-associated
molecular patterns (PAMPs), which are conserved microbial structures. Examples include
lipopolysaccharide (the main virulence factor of Gram-negative bacteria), lipoteichoic
acid (a component of the Gram-positive bacterial cell wall), bacterial DNA, flagellin, and
peptidoglycan [12]. The interaction between PRRs and PAMPs initiates an intracellular
signalling cascade that culminates in the activation of transcriptional programs [13]. Pro-
inflammatory mediators such as tumor necrosis factor-ao (TNF-a), IL-1p, and IL-6 are
markedly elevated and drive the systemic inflammatory response, which, if uncontrolled,
contributes to tissue injury, endothelial activation, and multiple organ dysfunction. In
parallel, anti-inflammatory counterparts—including IL-10, IL-1 receptor antagonist (IL-
1ra), and soluble TNF receptors—are upregulated to counterbalance an excessive inflam-
mation [14-16].

1.2. Pediatric Sepsis

Pedjiatric sepsis represents one of the most severe serious bacterial infections (SBIs)
in children, with extremely high rates of morbidity and mortality [17,18]. Although it is a
potentially fatal condition [19], its clinical presentation is heterogeneous, and distinguish-
ing early sepsis from a severe viral infection—which, while serious, requires a different
therapeutic approach —remains challenging [19-21]. To optimize the management of pe-
diatric infections, several inflammatory markers, including ILs, are employed as potential
early indicators of sepsis, enabling a prompter diagnosis well before microbiological re-
sults are available [21,22]. While microbiological confirmation remains the gold standard
[17], its diagnostic yield is frequently hampered by prior antibiotic therapy and prolonged
turnaround times [19]. Considerable efforts are therefore directed toward identifying re-
liable early diagnostic markers, and recent evidence indicates that analytical models in-
corporating IL-1 are among the most effective for an early recognition of SBIs [19,20]. Nev-
ertheless, these biomarkers remain largely experimental, often associated with high costs
and limited availability [23]. Consequently, in the routine clinical practice, traditional pa-
rameters such as procalcitonin (PCT), C-reactive protein (CRP), or—more recently —
presepsin, a soluble fragment of a co-receptor expressed on the membrane of monocytes
and macrophages which identifies and binds numerous bacterial products, are more com-
monly utilized [24].

2. Materials and Methods

This narrative review was conducted to summarize current evidence on the role of
ILs in the pathophysiology, prognosis, and therapeutic modulation of both adult and pe-
diatric sepsis. A comprehensive literature search was performed in PubMed, Scopus, and
Medline up to July 2025. The search strategy combined Medical Subject Headings (MeSH)
and free-text terms, including “sepsis,” “interleukins,” “cytokines,” “IL-1,” “IL-6,” “IL-
10,” “immune dysregulation,” “interleukin-6 signalling,” and “immunotherapy.” Boolean
operators (AND/OR) were applied to optimize sensitivity and specificity. Eligible articles
included original studies, systematic reviews, meta-analyses, and clinical trials investigat-

ing the role of ILs in sepsis, with a focus on both adult and pediatric populations. Non-
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English publications were excluded. Background information was drawn from relevant
literature published over the past 30 years, whereas the main synthesis was restricted to
studies from the last 15 years. Two reviewers independently screened titles and abstracts
and assessed potentially relevant articles. Discrepancies were resolved through discussion
and consensus. Reference lists of included papers were also screened to identify addi-
tional eligible studies. For each study, data were extracted on the IL investigated, study
design, population characteristics, clinical outcomes, and therapeutic interventions. Given
the heterogeneity of the evidence, a narrative synthesis was performed rather than a quan-
titative meta-analysis. Findings were thematically organized according to the principal
ILs implicated in sepsis (IL-1 family, IL-6, IL-10, IL-8, IL-12, IL-17, and others), their role
in immune dysregulation, and their potential as therapeutic targets.

3. Key Interleukins Involved in Sepsis
3.1. Interleukin-1 Family
3.1.1. Structure, Classification and Function

IL-1, first identified in the 1980s, was the earliest IL to be described: it comprises two
principal isoforms, IL-1a and IL-1f3, which signal through a common receptor complex
(IL-1R1 with IL-1RAcP). Since then, the IL-1 family has expanded to include additional
members such as IL-18, IL-33, IL-36, IL-37, and IL-38, for a total of 11 proteins. A naturally
occurring receptor antagonist (IL-1Ra) has also been characterized, which competitively
binds IL-1R1 without initiating downstream signalling. IL-1 family cytokines are predom-
inantly pro-inflammatory mediators, essential during the early inflammatory response in
both adult and pediatric sepsis [25]. They enhance innate immunity by activating natural
killer cells, neutrophils, macrophages, and dendritic cells, while also shaping adaptive
immunity through the direct stimulation of T cells [25]. Under physiological conditions,
these cytokines are crucial for maintaining homeostasis and protecting the host against
infections, tissue injury, and environmental stressors [26]. They exert a wide range of di-
rect and indirect effects, including hypothalamic stimulation with subsequent fever, in-
creased vascular permeability, and induction of acute-phase proteins [27].

3.1.2. Individual Roles and Pathophysiological Implications

Among cytochine, IL-38 exhibits predominantly anti-inflammatory properties. By
modulating signals downstream of IL-1R1 and IL-36R, it limits NF-xB and MAPK activa-
tion. In bacterial infections, particularly sepsis, IL-38 reduces the release of pro-inflamma-
tory cytokines (IL-6, TNF-a, IL-17) and promotes regulatory T cell responses, thereby mit-
igating tissue injury and improving survival in experimental models [28]. In the context
of severe sepsis and septic shock, the excessive release of IL-1, IL-18, and IL-33 leads to
cytokine storm characterized by uncontrolled inflammation and widespread tissue dam-
age. Notably, IL-33 shows a positive correlation with PCT levels and severity of sepsis.
Monitoring changes in IL-33 is valuable for predicting outcomes and distinguishing sepsis
from systemic inflammatory response syndrome (SIRS) [29]. Nevertheless, these cytokines
remain essential for mounting an effective immune response during sepsis. IL-36, partic-
ularly the IL-367y isoform, is markedly upregulated in response to bacterial skin infections
such as those caused by Staphylococcus aureus (S. aureus). It promotes neutrophil recruit-
ment and activates other immune cells, thereby contributing to pathogen clearance but
also to local inflammation. Excessive or sustained IL-36 activation, however, can lead to
tissue injury and chronic inflammatory conditions. As a therapeutic strategy, blockade of
the IL-36 receptor with anti-IL-36R monoclonal antibodies has shown promising results.
This approach is currently being tested in generalized pustular psoriasis and may prove
beneficial for other infectious or inflammatory skin disorders associated with IL-36
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dysregulation [30]. IL-18, also known as the interferon-gamma (IFN-y)-inducing factor, is
a pro-inflammatory cytokine with critical immunoregulatory functions [31]. It has been
implicated in the pathogenesis and progression of both sepsis and pneumonia, and in
non-abdominal sepsis it has been validated as a reliable biomarker and indicator of dis-
ease severity [32,33]. Elevated IL-18 levels are associated with multi-organ injury in both
viral and bacterial sepsis and correlate with acute kidney injury, overall severity, and mor-
tality [34-36]. These findings are consistent with recent evidence showing that circulating
IL-18 levels are closely associated with multi-organ injury and unfavorable prognosis in
septic patients [37]. Beyond its pathogenic role, IL-18 promotes monocyte-to-macrophage
differentiation and migration in patients undergoing orthopedic surgery. In this context,
the IL-18/TNF-a ratio has emerged as a robust predictor of clinical severity in sepsis, fur-
ther underscoring IL-18 as both a biomarker and a potential therapeutic target [38]. Im-
portantly, IL-1 family cytokines have gained recognition as early biomarkers of sepsis,
with potential value in identifying patients at increased risk of adverse outcomes.

3.1.3. Therapeutic Strategies

Therapeutic strategies targeting the IL-1 pathway represent a promising approach
for sepsis management, with the most available data derived from adult populations and
limited evidence in pediatrics [39,40]. A recent clinical study reported that the administra-
tion of anakinra in children with secondary hemophagocytic lymphohistiocytosis, multi-
ple organ dysfunction and sepsis was associated with a reduction in inflammatory mark-
ers such as CRP over time, although it did not significantly influence overall mortality
[41]. Nonetheless, clinical evidence remains scarce, and much of the current knowledge
derives from preclinical investigations rather than large-scale clinical trials [42]. The main
studies on the IL-1 family in sepsis are summarized in Table 1.

Table 1. Summary of studies on IL-1 family Cytokines in Sepsis.

Author (Year)

Study Type/
Population

Clinical/Therapeutic

IL-1 Family Focus Implications

Key Findings

Manchikalapati et al., 2024 Narrative review;

[25]

Evaluates clinical utility IL-1 blockade may be
. . IL-1 inhibition of IL-1 inhibitors in chil- beneficial; need for pe-
pediatric sepsis

dren with sepsis diatric-specific trials

Ge et al., 2019 [26]

Review; experi- IL-1 family (IL-1a/3, Summarizes biology of Highlights IL-1 as cen-
mental & clinical IL-18, IL-33, IL-36, IL- IL-1 cytokines in inflam- tral mediator and thera-

data 37,1L-38) mation and sepsis peutic target

Krakauer et al., 2010 [27] study; toxic shock, flammatory media-

Experimental IL-1 and other pro-in- Supports role of IL-1

IL-1 contributes to cyto-
contributes to cyto blockade in toxic

kine storm and lethality

animal models tors shock/sepsis
IL-38 shows anti-inflam- Potential protective role
Fazeli et al., 2022 [28] Review IL-38 matory properties, reduc- of IL-38 in sepsis and
ing IL-6, TNF-o, IL-17 infections
Clinical study; Elevated IL-33 correlates IL-33 may serve as bi-
Chang et al., 2015 [29] septic patients, hu- IL-33 with severity and procal- omarker to predict sep-

man citonin levels sis outcomes

Review; dermatol-

IL-36Y elevated in bacte-  Anti-IL-36R therapy

Buhl et al., 2019 [30] ogy/infectious IL-36 rial infections, recruits promising; possible sep-
models neutrophils sis relevance
Structural biology, Provides molecular in-  Basis for rational drug

Roy et al., 2020 [31]

IL-18 system

human sight into IL-18/IFN-y axis design targeting IL-18
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linical ; IL-18 distinguish -
Herminghaus et al., 2025 c 1n.1 @ st.udy, . 8 distinguishes al?do Diagnostic biomarker
sepsis patients, IL-18 minal vs. non-abdominal
[32] . role
human sepsis
Review/clinical IL-18 contributes to sever- IL-18 and IL-10 as po-
Zheng H., 2025 [33] . IL-10 and IL-18 ity in pneumonia and sep- tential therapeutic tar-
correlation )
sis get
Secili?iﬂzt;iy;r High IL-18 linked to
Qu et al., 2022 [34] P . 1L-18 multi-organ injury and  Prognostic biomarker
gan failure, hu- .
mortality
man
Standage et al., 2011 [35] Review; p(.ediatric IL-18 (biomarker fo- IL-18 among cand.idate bi- Supports pediatric bi-
sepsis cus) omarkers for septic shock omarker panels
Clinical cohort; pe- EBV seropositivity linked Suggests IL-18 as im-
Sriram et al., 2025 [36]  diatric sepsis with IL-18 to dysregulated IL-18 and mune dysregulation
EBV, human higher mortality marker
linical, la-
,C inical/transla IL-18 involved in inflam- Context-dependent bi-
Papatheodorou et al., 2025 tional study; post- . .
. : IL-18 mation resolution; dy- omarker and therapeu-
[38] surgical patients, . .
namic role tic target
human
IL-1/IL-18 in Links IL-1 family to MAS
. Lo . IL-1 blockade (e.g., ana-
Sen et al., 2016 [39] Review MAS/m.acrc?phage ac- and pediatric hyperm— kinra) useful in MAS
tivation flammation
Overview of anakinra SupPorts repurposin
Cavalli et al., 2018 [40] Review IL-1 blockade across inflammatory dis- PP purp &

in sepsis
eases

Case series/clinical
Rajasekaran et al., 2014  experience; criti-
[41] cally ill children,
human

Anakinra improved in-  Suggests therapeutic
IL-1Ra (anakinra)  flammatory markersin role, though not defini-
HLH/sepsis/MAS tive

Genetic variants may
guide precision medi-
cine

Review/genetic fo- IL-1 SNPs SNPs in IL-1 family influ-

Behzadi et al., 2022 [42] . —
cus ence sepsis susceptibility

3.2. Interleukin-6

This pleiotropic cytokine has a four-helical structure, produced by multiple cell
types, including monocytes, macrophages, and endothelial cells, in response to infections
and tissue injuries, particularly after exposure to microbial components such as lipopoly-
saccharide (LPS) [43]. IL-6 signals through two distinct pathways: the membrane-bound
IL-6 receptor, known as ‘classic signalling’, and the soluble IL-6 receptor paired with
gp130, termed ‘trans-signalling’. Both pathways activate the JAK/STAT3 and MAPK cas-
cades [44,45]. While classic signalling mediates protective and regenerative functions,
trans-signalling drives chronic inflammation and contributes to the development of auto-
immune disease. In sepsis, IL-6 occupies a central position during both early and late
phases of the immune response. Acting as an “alarm signal,” circulating IL-6 levels can
rise dramatically- up to a million-fold —thereby amplifying systemic inflammation [46].
IL-6 promotes the acute-phase response by stimulating hepatocytes to produce CRP, se-
rum amyloid-A, and fibrinogen [47,48]. It also induces fever, facilitates leukocyte recruit-
ment, and contributes to vascular endothelial dysfunction, increasing permeability and
promoting coagulation, key mechanisms in the development of septic shock and multi-
organ failure. During cytokine storm, IL-6 is among the most abundant cytokines de-
tected, often correlating with TNF-a and IL-1p, thereby fuelling hyperinflammation that
accelerates vasoplegia, disseminated intravascular coagulation (DIC), and rapid clinical
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deterioration [49]. Elevated IL-6 has also been associated with organ-specific dysfunctions
such as acute kidney injury (AKI), acute respiratory distress syndrome (ARDS), and sep-
sis-associated myocardial depression [50]. Recent evidence has further substantiated the
pivotal role of IL-6 in orchestrating systemic inflammation and highlighted its relevance
as a potential therapeutic target. Notably, the dichotomy between classic and trans-sig-
nalling pathways of IL-6 not only modulates the trajectory of disease progression but also
delineates a critical avenue for targeted interventions in sepsis [51]. IL-6 signals through
two main mechanisms: the classic pathway, in which IL-6 binds to the membrane-bound
IL-6 receptor (IL-6Ra) on specific target cells, and the trans-signaling pathway, where IL-
6 interacts with and binds the soluble IL-6 receptor (sIL-6R), forming a complex that acti-
vates gp130 on nearly all cell types [52]. The classic signalling is primarily linked to regen-
erative, anti-inflammatory, and homeostatic effects, while trans-signalling is associated
with pro-inflammatory, endothelial-activating, and tissue-injuring actions. IL-6 trans-sig-
nalling disrupts endothelial barrier integrity and increases permeability by sustaining
STATS3 activation, leading to the loss of junctional proteins, such as VE-cadherin and ZO-
1. It also enhances the production of reactive oxygen species, upregulates ICAM-1, and
promotes leukocyte adhesion [53]. Conversely, IL-6 classic signalling supports endothelial
survival and reduces apoptosis, inducing only limited levels of inflammatory adhesion
molecules. In sepsis, a predominance of trans-signalling can lead to vascular leakage, en-
dothelial activation, tissue edema, and organ dysfunction, whereas classic signalling may
help promote protective or resolving immune responses [54]. Selective inhibition of IL-6
trans-signalling, while preserving the classic pathway, thus represents a promising ther-
apeutic strategy to limit vascular and inflammatory damage without suppressing the ben-
eficial functions of IL-6.

These findings highlight IL-6 not only as a biomarker of disease severity but also as
a mechanistic driver of organ failure. In pediatric sepsis, IL-6 plays a dual role as both an
inflammatory mediator and a biomarker of severity [14]. In early-onset neonatal sepsis,
elevated IL-6 levels have been validated as early indicators of SBI, potentially guiding
antibiotic initiation [18-21], even before conventional markers such as CRP become ele-
vated [44]. In neonates at risk of vertical transmission, elevated cord blood IL-6 has shown
excellent sensitivity and specificity for early-onset sepsis, though its positive predictive
value increases significantly only when combined with other ILs [55]. For example, when
IL-6 was assessed together with TNF-a, diagnostic sensitivity markedly improved, rising
from 90% and 87.9% for each marker alone to 98.5% in combination [55]. Given these bio-
logical functions, IL-6 has been extensively investigated as a prognostic biomarker in sep-
sis. Numerous studies demonstrate that elevated IL-6 levels correlate with disease sever-
ity and mortality. For example, in a prospective cohort of ICU patients with SIRS or sepsis,
plasma IL-6 levels on day 3 were strongly predictive of ICU mortality, with concentrations
>124.14 pg/mL associated with a six-fold increase in the risk of death [56]. In the emer-
gency departments, IL-6 was an independent predictor of sepsis but did not significantly
predict 28-day mortality, in contrast to SOFA score, age, and lactate levels [57]. Beyond its
diagnostic and prognostic value, IL-6 has also emerged as a therapeutic target. Tocili-
zumab, a monoclonal antibody against the IL-6 receptor, has revealed interesting results
in both pediatric and experimental sepsis models. In febrile neutropenic children with
sepsis, tocilizumab improved mortality when compared to untreated controls [58]. A ret-
rospective pediatric cohort further demonstrated that early administration of tocilizumab
within 24 h reduced 28-day mortality from 54.5% to 14.2% and shortened both the dura-
tion of septic shock and ICU stay [59]. Table 2 provides a summary of the principal studies
investigating the role of IL-6 in sepsis.
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Table 2. Summary of studies on IL-6 in sepsis.

Author (Year) Study T}.lpe/ IL-6 Focus Key Findings C11n1ca1/Therf1peut1c Implica-
Population tions
Describes IL-6’s role
Tanaka et al., 2016  Review: I.mmunity IL.-6 regulation in immt.me regulation IL-6is a Pleiotropic cytokine;
[43] and disease and disease patho- therapeutic targeting explored

genesis
Differentiates IL-6
Garbers et al., 2018 Methods in Mol Biol; IL-6 classic vs. trans- signalling pathways
[44] experimental, human signalling and their biological
effects

Trans-signalling inhibition
may offer tailored therapy

IL-6 among key

Eichberger et al.,, 2022 Review; neonatal IL-6 as diagnostic markers for early di- Supports IL-6 as part of bi-

[45] sepsis marker agnosis of neonatal omarker panels
sepsis
Summarizes IL-6 sig- . .
Rose-John S., 2020 . . . L. Provides a rationale for IL-6
Review IL-6 signalling ~ nalling in health and .
[46] . targeted therapies
disease
Butterick et al., 2019 Clinical study; Gulf Ele\{ated IL-6 and IL-6 as marker of chronic in-
IL-6 and CRP CRP in affected vet- .
[47] War Illness, human erans flammation

IL-6 regulates acute
phase proteins in in-
fection
Summarizes IL-6 bi-
ology and therapeu-
tic interventions

Review; animal
model

IL-6 and acute phase
proteins

Highlights IL-6 role across

Roy et al., 2017 [48] species

Schumertl et al., 2025 Review; immuno-
[49] pathology

IL-6 signalling and
therapy

Focus on selective IL-6 path-
way inhibitors

IL-6 elevated i -
Prospective clinical cevated m sep

Song et al., 2019 [50] study; septic patients,
human

IL-6, PTX3, PCT 51s/sept1C.shock, cor- IL-6 uéef.u.l for dlagn051s. and
relates with progno- definition of prognosis

S1S

Systematic review IL-6 helpful in early-
and meta-analysis; Maternal, cord, neo- nset sepsis diagn
ysis; natal IL-6 © P .1 1agno
neonates s1s
Confirms IL-6 predic-

van Leeuwen et al., Confirms IL-6 as a neonatal

2024 [55] sepsis biomarker

Pallas Beneyto et al., Clinical study, hu- 16 prognostic value tive value for sepsis IL-6asa pr.ognosgc biomarker
2017 [56] man . in sepsis
mortality
Clinical study; ED High IL-6 predicts

IL-6 diagnostic/prog-
nostic

IL-6 as an independent predic-

Yu et al., 2022 [57] tor of sepsis

sepsis patients, hu- sepsis and adverse
man outcomes
Retrospective case se- Tocilizumab im-

ries; febrile neutro- Tocilizumab (anti-IL- proved outcomes in Suggests therapeutic benefit of

Chen et al., 2024 [58]

penic children, hu- 6R)
man

severe pediatric sep-
sis

IL-6 blockade

Lee et al., 2025 [59]

Clinical study; refrac-

shock, human

Tocilizumab reduced

tory pediatric septic Tocilizumab therapy mortality in refrac-

tory septic shock

Supports IL-6 blockade as a
life-saving intervention

3.3. Interleukin-10

IL-10 is a central anti-inflammatory and immunosuppressive cytokine, exerting a

dual role in sepsis: it limits tissue injury caused by excessive inflammation while simulta-

neously promoting immunoparalysis during later stages of the disease. It is produced
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primarily by monocytes, macrophages, and T lymphocytes, and elevated circulating lev-
els are often associated with a worse clinical outcome in septic patients. A recent review
described IL-10 as “a pleiotropic cytokine produced by both T cells and macrophages,”
capable of suppressing pro-inflammatory cytokine production and antigen presentation,
thereby increasing susceptibility to secondary infections in sepsis survivors [60]. In sepsis,
intracellular IL-10 production by monocytes and CD4+ T cells is significantly elevated,
reflecting a state of systemic immunosuppression. This is accompanied by decreased
HLA-DR expression and reduced TNF-a production, consistent with the immune dys-
function characteristic of critical illness [61]. Beyond these cell types, IL-10 can also be
secreted by dendritic cells, mast cells, eosinophils, B cells, CD8+ T cells, and regulatory T
cells (Tregs). Through this broad cellular origin, IL-10 suppresses MHC class II and co-
stimulatory molecules (CD80, CD86), impairs nitric oxide production, and downregulates
antigen-presenting capacity [62]. From a vascular perspective, IL-10 contributes to the
maintenance of endothelial integrity by attenuating permeability, preserving VE-cadherin
expression, a protein critical for cell-cell junctions, and reducing the generation of reactive
oxygen species (ROS). Moreover, IL-10 derived from engineered macrophages (IL-10eM)
decreases endothelial apoptosis, thereby limiting LPS-induced cell death [63]. In patients
with blunt trauma complicated by prehospital hypotension, plasma IL-10 levels were sig-
nificantly higher during the first seven days post-injury compared with normotensive pa-
tients. IL-10, along with other anti-inflammatory cytokines, contributes to the dysregu-
lated inflammatory milieu observed after severe trauma. Its elevation, together with me-
diators such as IL-6, IL-1p3, and IL-17, suggests that the post-traumatic response involves
not only excessive pro-inflammatory activation but also inappropriate upregulation of
anti-inflammatory pathways. Importantly, increased IL-10 concentrations were associated
with worse outcomes, including prolonged mechanical ventilation, higher organ dysfunc-
tion scores, and longer ICU or hospital stays [64]. Actually, in the early phase, IL-10 helps
protect the host by limiting excessive inflammation and preventing tissue damage. How-
ever, when its levels remain elevated over time, it can suppress immune function, leading
to immunoparalysis and an increased risk of secondary infections. This prolonged effect
ultimately contributes to worse clinical outcomes. An overview of the major studies con-
cerning the IL-10 in sepsis is reported in Table 3

Table 3. Summary of studies on IL-10 in sepsis.

Author (Year)

Study Type/
Population

Clinical/Therapeutic

IL-10 F Key Findi
0 Focus ey Findings Implications

Saxton et al., 2021 [60]

Decoupled pro- and

Provides rationale f
Structural biology  IL-10 signaling mecha-  anti-inflammatory rovides fationa‘e 1ot

designing IL-10-based

Magzer et al., 2019 [61]

study nisms functions of IL-10 via .
. immunotherapies
structural analysis
IL-10 innat
SUPPIEsSes Inate Highlights dual and

Observational study; IL-10 effects on the im- responses but has vari-

. . . __context-dependent role
septic patients mune system able effects on adaptive

. . of IL-10 in sepsis
immunity

Vico-Barranco et al.,
2021 [62]

Developed novel T-cell
Cell line model (TCR IL-10 and T-cell signal- subline for studying Tool for dissecting IL-
signalling) ling IL-10-mediated regula- 10 role in T-cell biology
tion

Yi et al., 2022 [63]

IL-10- i
overexpressing Suggests therapeutic

potential of IL-10-engi-
neered cells in sepsis-

In vitro study; engi- macrophages protected
endothelial cells from

LPS-induced injury

neered macrophages IL-10 overexpression
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related vascular dam-
age

Almahmoud et al.,
2015 [64]

Prehospital hypoten- IL-10 as biomarker of

Retrospective study; IL-10 and inflamma- sion linked to altered dysregulated inflam-

trauma tion dynamics IL-10 levels and worse mation in trauma and
outcomes sepsis

3.4. Interleukin-8

IL-8 is a potent pro-inflammatory chemokine produced primarily by monocytes,
macrophages, and endothelial cells: it plays a central role in neutrophil biology as both an
activator and chemoattractant, directing polymorphonuclear leukocytes and mono-
cytes/macrophages to sites of infection or injured tissues [65,66]. IL-8 rapidly activates
neutrophils by inducing intracellular alkalinization, cytoskeletal rearrangements, and in-
creased glucose uptake, mainly via the sodium-proton exchanger NHE1 and other ion
fluxes. These responses are calcium-dependent and rely on ion channels and transporters.
Notably, under inflammatory conditions the neutrophil response to IL-8 becomes attenu-
ated, suggesting impaired reactivity during acute inflammation or sepsis [67]. Its effects
appear to be concentration-dependent: low IL-8 gradients promote chemotaxis toward
inflammatory foci, whereas high concentrations saturating CXCR1/2 receptors induce
neutrophil extracellular trap (NET) formation once cells reach the nidus of inflammation
[68]. A growing body of evidence supports a close link between IL-8 and NETs. These
web-like structures, composed of chromatin, histones, and neutrophil granule proteins,
provide rapid antimicrobial defense but can also amplify tissue injury and immunothrom-
bosis when dysregulated [69]. In critically ill septic patients, elevated IL-8 levels have been
directly linked to excessive NET generation [70]. Clinically, IL-8 has emerged as a bi-
omarker of sepsis-associated encephalopathy (SAE). In patients presenting with neuro-
logical manifestations such as altered consciousness, delirium, or coma, cerebrospinal
fluid IL-8 concentrations were elevated, suggesting its potential role in the pathogenesis
and in the diagnosis of SAE [71]. Genetic studies further underscore the complexity of IL-
8 in sepsis susceptibility. A case—control study in a Chinese cohort demonstrated that the
IL-8 -251 A/T polymorphism was associated with a reduced risk of sepsis, particularly
among females, elderly individuals, and non-smokers [72]. In contrast, a more recent
meta-analysis reported that the IL-8 rs4073 polymorphism increased this susceptibility
[73], highlighting the intricate genetic contributions of IL-8 to sepsis pathophysiology. IL-
8 has also been implicated in sepsis-induced acute lung injury (ALI), as elevated serum
concentrations correlate with disease onset and severity [74]. Importantly, its prognostic
value has been demonstrated: in elderly patients with sepsis, IL-8 levels independently
predicted mortality in this subset of population. Moreover, in older people, combining IL-
8 with the SOFA score significantly improved the diagnostic accuracy of SOFA score alone
[75]. Similarly, integration of IL-8 with other biomarkers—including TNF-a, PCT, and
heparin-binding protein (HBP)—alongside APACHE II scores enhanced its prognostic
performance [76]. Taken together, these findings highlight IL-8 as both a pivotal mediator
of neutrophil activation and NET formation, and as a clinically relevant biomarker of sep-
sis severity, organ dysfunction, and mortality risk [77]. Its multifaceted role positions IL-
8 as both a potential therapeutic target and a valuable tool for risk stratification. While
anti-IL-8 agents have been approved for other inflammatory conditions such as chronic
obstructive pulmonary disease, they are not currently authorized for pediatric sepsis [70].

3.5. Interleukin-12

IL-12 is a heterodimeric cytokine composed of two subunits, p40 and p35, which are
also shared with other cytokines such as IL-23 and IL-35. IL-12 plays a seminal role in
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infection control but may also contribute to the pathology of certain diseases, making it a
potential therapeutic target. It directly targets B cells and initiates a feed-forward loop
involving IL-12 and IFN-y. This interaction amplifies IFN-y production and promotes the
proliferation and differentiation of plasmablasts from both murine and human B cells. IL-
12 and IFN-v act synergistically on B cells, enhancing each other’s production and activat-
ing specific transcriptional programs that drive differentiation into plasmablasts and
plasma cells, while limiting germinal centre formation. In vivo, even low concentrations
of IL-12 and IFN-v, ineffective when acting alone, exert potent immunomodulatory effects
when combined. Collectively, IL-12 and IFN-y coordinate extrafollicular responses in both
B and T cells, underscoring a fundamental principle of immune regulation with important
implications for vaccine development, defence against pathogens, and autoimmunity
[78,79]. A major challenge in studying IL-12 arises from the fact that antibodies targeting
its subunits can cross-react with other cytokines that share p40 or p35, producing mislead-
ing results. To overcome this limitation, a murine anti-IL-12 vaccine was developed, and
monoclonal antibodies were engineered to specifically recognize the IL-12 heterodimer
without affecting the subunits in related cytokines. One such antibody, MM12A1.6, effec-
tively blocked IFN-y production and attenuated LPS-induced septic shock following viral
infections [80]. Clinically, IL-12 levels have been correlated with infection severity and are
significantly higher in children who do not survive infectious episodes [81]. Modulation
of dendritic cells, a major source of IL-12, has been proposed as a strategy to improve
outcomes in severe infections. However, anti-IL-12 therapies are not currently approved
[82].

3.6. Interleukin-17 Family

IL-17 is a cytokine family composed of six members (from IL-17A to IL-17F) with
diverse roles in the inflammatory cascade during infectious and autoimmune processes
[83]. IL-17 is produced primarily by Th17 and Tc17 cells and is critical for the defence of
barrier surfaces, such as the skin and mucosae. It binds to a heterodimeric receptor con-
taining an intracellular signalling domain that activates inflammatory pathways, inducing
the expression of chemokines, cytokines, and antimicrobial peptides. These mediators re-
cruit neutrophils and enhance protection against extracellular bacteria and fungi. In addi-
tion, IL-17 regulates mRNA stability and translation through RNA-binding proteins, es-
tablishing a dynamic system of positive and negative feedback. Its biological effects are
highly context-dependent: protective during infections and tissue repair, but pathogenic
in autoimmune diseases (e.g., psoriasis, rheumatoid arthritis, ankylosing spondylitis),
chronic inflammation, and several cancers, where it fosters angiogenesis and even tumor
progression [84,85]. In experimental models, IL-17 has demonstrated a protective role dur-
ing sepsis. In a murine model of severe sepsis, Y0 T lymphocytes—particularly the Vy4
subset—accumulated in the lungs and displayed higher activity than af3 T cells. These
cells migrated from the spleen to the lungs in response to chemokine gradients and pre-
dominantly produced IL-17, thereby contributing to the host immune response. Depletion
of V4 cells reduced IL-17 production and worsened survival, underscoring the protective
role of this y0 T cell subset through IL-17 production during sepsis [86]. Further evidence
supports a beneficial role for IL-17 in sepsis-associated acute lung injury. In both murine
models and patients with sepsis, IL-17D was identified at higher levels in lungs and bron-
choalveolar lavage fluid. In LPS-induced acute lung injury, IL-17D levels were signifi-
cantly reduced in serum and lavage fluid, paralleling findings for septic patients. The ad-
ministration of recombinant IL-17D increased claudin-18 expression and improved alve-
olar epithelial barrier integrity, ultimately mitigating lung injury [87]. Key findings from
the main studies on the IL-8, IL-12, and IL-17 family in sepsis are outlined in Table 4.
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Table 4. Summary of studies on IL-8, IL-12, and IL-17.
Interleukin Reference Main Findings Clinical Relevance
Matsushima K. et al., 2023 Historical overview of IL-8 .dlSCOV— Prov1de§ backgrf)und f.or un-
IL-8 [65] ery and role as a chemotactic cyto- derstanding IL-8's role in sep-
kine sis
118 Matsushima K. et al., 2022 Comprehensive review on IL-8 bi- Highlights IL-8’s role in inflam-
[66] ology and evolving functions  matory and infectious diseases
IL-8 rapidly alters neutrophil func- . .
le of IL-
IL-8 Bernhard S. et al., 2021 [67] tions, modified under inflamma- Supports role o . 8 in sepsis
. pathophysiology
tion
Defined IL-8 thresholds f - IL-8 level i
1.8 Teifeira A. et al., 2021 [68] e 1n§d 8t res olds for ne}ltro ?uggests 8 leve s. may gu1F1e
phil chemotaxis vs. NETosis  immune dysregulation severity
CSF IL-8 proposed as biomarker o . .
IL-8 Mao Y. etal,, 2023 [71] for sepsis-associated encephalopa- Potent.lal filagnostlc marke.r n
thy pediatric and adult sepsis
118 Fu P. et al,, 2019 [72] Ing polyn'lor.phlsm assoc1a’fed Genetic mérker f(?r prognosis
with sepsis risk and mortality in sepsis
IL-8 polymorphism linked to in- s o
Age- f t k
IL-8 Han T. etal., 2024 [73]  creased sepsis susceptibility in el- ge-spectiie gene e
marker for sepsis
derly
IL-8 link ith acute 1 inj t tic role of IL-
1.8 Liu XW. et al,, 2019 [74] 8 lin .ed with acute lung injury Suppor s prognostic role o
in septic patients 8 in sepsis complications
118 Zhang X. et al., 2024 [75] Serum IL-8 predlclts mo.rtahty in el-1L-8 as prongostlc biomarker in
derly sepsis patients sepsis outcomes
Combined biomarker panel in-
. . . Supports use of IL-8 with other
IL-8 Guo S. etal, 2025 [76] cluding IL-8 improves sepsis prog- - 1 ¢ for risk stratification
nosis
IL-12 induces B cell-intrinsic loop , . .
IL-12 Elsner R.A. et al., 2024 [78]  promoting extrafollicular re- Revea?s IL-12's role in 'adaptlve
immune regulation
sponses
12 Elsner R.A. & Shlomchik IL-12 and IFN-y coordinate B cell Highlights IL-12’s immunoreg-
M.J., 2025 [79] responses ulatory function
Angurana S.K. et al., 2021 Meas'ured C,y tok.mes mc%udlng IL- IL-12 may be prognostic bi-
IL-12 12 in septic children; linked to . L9 .
[81] . omarker in pediatric sepsis
mortality
Sepsis impairs dendritic cell pro- Suggests IL-12 role in impaired
IL-12 Lu]J.etal, 2021 [82]  genitors, involving IL-12 dysregu- immune response during sep-
lation sis
117 Huangfu L. et al, 2023 [83] Review of IP-17 fémily roles in IL.-17 as therapeutic t?r.get in
multiple diseases inflammatory conditions
117 McGeachy M.]. et al,, 2019  Overview of IL-17 cytokinesin ~ Contextualizes IL-17 function
[84] health and disease in sepsis
IL-17 impli in infl le of IL-17 i -
117 Saran A. et al, 2025 [85] |- imp 1cated‘ inin ar?rlmatory, Su}?p.orts role of in sys-
infectious, malignant disorders temic inflammation and sepsis
17 de Souza Costa M.F. et al., IL-17+ T cells accumulate in lungs, Preclinical evidence of IL-17
2015 [86] protective role in sepsis protective effects in sepsis
L-17 DongS. et al., 2023 [87] IL-17D protects against LPS-in-  Suggests IL-17D as therapeutic

duced acute lung injury target in sepsis-related ALI
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4. Cytokine-Mediated Immunosuppression in Pediatric Sepsis

During the immunosuppressive phase of pediatric sepsis, anti-inflammatory cyto-
kines, particularly IL-10, IL-4, and IL-13, play a central role in counterbalancing the initial
hyperinflammatory response. Among these, IL-10 is the most potent suppressor. Secreted
mainly by monocytes, regulatory T cells, and B cells, it limits immune activation by inhib-
iting the production of pro-inflammatory mediators such as TNF-a, IL-1, and IL-6, reduc-
ing antigen presentation and restraining the activity of macrophages and dendritic cells
[88]. IL-4 and IL-13, by contrast, are produced primarily by Th2 lymphocytes and innate
lymphoid cells. Acting through the STAT6 pathway, they promote a Th2-oriented im-
mune profile, stimulate B-cell activation, and induce IgE class switching, while simulta-
neously suppressing Th1l-driven responses. These mechanisms are crucial for preventing
excessive tissue injury caused by uncontrolled inflammation [89,90]. However, persistent
activation of these cytokines during sepsis can shift the balance towards immune paraly-
sis. This state is characterized by impaired pathogen clearance, increased susceptibility to
secondary infections, and ultimately worse clinical outcomes [88-90]. Elevated circulating
levels of IL-10—and, to a lesser extent, IL-4 and IL-13—have been consistently associated
with greater disease severity, prolonged hospitalization, and higher mortality in pediatric
patients. This duality underscores the critical yet ambivalent role of anti-inflammatory
cytokines in shaping the pathophysiology of sepsis during childhood [91].

5. Therapeutic Implications
5.1. Targeting IL-1 Pathways in Sepsis

Therapeutic strategies targeting ILs in sepsis have yielded mixed yet promising re-
sults. Early-phase trials with recombinant human IL-1Ra (anakinra) demonstrated a dose-
related survival advantage in patients with sepsis. Recent experimental studies have re-
vealed a paradoxical role of macrophage-secreted IL-1Ra in systemic Candida albicans (C.
albicans) infection. The process occurs in two phases: initially, splenic CD169* macro-
phages release IL-1Ra into the circulation, hampering early neutrophil recruitment; sub-
sequently, tissue-infiltrating monocyte-derived macrophages produce additional IL-1Ra,
further impairing pathogen control. Targeted neutralization of IL-1Ra—through antibod-
ies or genetic approaches—restored neutrophil function, enhanced recruitment to infec-
tion sites, reduced maladaptive inflammation, and enabled clearance of C. albicans. This
intervention protected mice from otherwise lethal sepsis. Type I IFNs were identified as
upstream drivers of macrophage IL-1Ra production, aggravating disease severity. Thus,
despite its classical anti-inflammatory role, IL-1Ra may paradoxically facilitate fungal dis-
semination and inflammation, emerging both as a biomarker of candidemia severity and
a potential therapeutic target [92,93].

5.2. Clinical Applications of IL-1 Inhibition

Long-term blockade of IL-1 has been found to restore the clinical equilibrium in sys-
temic inflammasomopathies of childhood, also if involving the central nervous system
[94,95], and IL-1 inhibitors have become cardinal weapons in managing both monogenic
innate immunity defects and a plethora of polygenic diseases occurring in children, in-
cluding Kawasaki disease [96]. Anakinra has also been extensively used for the treatment
of macrophage activation syndrome (MAS), an acute life-threatening complication of dif-
ferent rheumatologic conditions occurring in children with a satisfying safety profile and
lower discontinuation rates compared to other disease-modifying anti-rheumatic drugs
[97]. Clinical subgroup analyses have suggested that IL-1Ra blockade may give benefits
to septic adult patients with features of MAS, particularly those with hepatobiliary dys-
function (HBD) and disseminated intravascular coagulation (DIC): in this group, survival
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improved from ~35.3% with placebo to ~65.4% with anakinra [98]. Moreover, baseline IL-
1Ra plasma levels appeared predictive of response: patients with concentrations >2071
pg/mL experienced a significant reduction in adjusted mortality (45.4% vs. 34.3%, p =
0.044), whereas no benefit was observed in those with lower levels [99]. A biomarker-
guided approach may further refine patient selection. Panels identifying ICU patients
with concurrent pyroptosis and ferroptosis signatures —two regulated forms of cell death
that drive organ dysfunction and mortality —have stratified patients with the highest risk
[58]. Monitoring these pathways could inform precision interventions using IL-1 blockers
or ferroptosis inhibitors, thereby improving treatment efficacy [100].

5.3. Emerging Cytokine Targets and Alternative Approaches

Other emerging targets include the macrophage apoptosis inhibitor (AIM). Experi-
mental AIM blockade increased survival in sepsis models by reducing systemic inflam-
mation, tissue damage, and bacteraemia, particularly in advanced disease stages. Con-
versely, recombinant AIM worsened inflammation, increased bacterial spread, and ele-
vated mortality. AIM blockade also reduced IL-10 production by macrophages, neutro-
phils, and lymphocytes, suggesting that its protective effect may be mediated through
suppression of inflammasome activation and modulation of the immune response. These
findings position AIM as a potential therapeutic target in sepsis [101]. Furthermore, IL-6
receptor blockade with tocilizumab has also shown encouraging results. In febrile neutro-
penic children with severe sepsis or septic shock, tocilizumab combined with standard
care led to complete recovery in all treated patients (4/4), compared with recovery in only
one of three non-treated controls (33%) [58] (Table 5). Promising experimental evidence
has shown that curcumin protects cardiomyocytes from sepsis-induced injury by activat-
ing the Nrf2/HO-1 pathway, mitigating ferroptosis, and attenuating the IL-6 and IL-1
response to LPS stimulation. These findings underscore the therapeutic potential of natu-
ral compounds in modulating oxidative stress and inflammatory damage associated with
sepsis [102].

Table 5. Effect of IL blockers treatment on survival in septic patients.

Dru Mechanism of Population Survival Treated vs. Reference
5 Action P Standard Care (%) P
. IL-6 receptor . L Chen S.H. et al,,
Tocilizumab blocker Febrile neutropenic children 100 vs. 33 0.14 2024 [58]
Anakinra IL-1 Receptor ~ Septic pat.le.:nts with DIC' and 65.4 vs. 35.3 0.007 Shakoory B et al.,
blocker hepatobiliary dysfunction 2016 [98]

6. Future Directions

The role of ILs in sepsis underscores both complexity and heterogeneity of the host
immune response. Sepsis should not be regarded as a uniform clinical entity, but rather
as a dynamic and multifactorial syndrome characterized by the simultaneous activation
of pro-inflammatory and anti-inflammatory pathways. This concurrent immune activity
reflects the body’s attempt to eradicate a pathogen while limiting collateral tissue damage.
Key ILs such as IL-1 and IL-6 mediate the early hyperinflammatory phase by inducing
acute-phase proteins, fever, and immune cell recruitment. Conversely, cytokines such as
IL-10 play a central role in dampening excessive inflammation, often leading to immuno-
suppression. These opposing immune states frequently coexist within the same patient
and even within the same tissue compartments, complicating the clinical picture. Such
immune duality poses a major therapeutic challenge, as interventions targeting one aspect
of the response may inadvertently exacerbate the other, potentially tipping the balance
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toward further immune dysfunction or uncontrolled infection. A further challenge relies
in the marked interindividual variability of sepsis. Age, genetic background, comorbidi-
ties, and timing or phase of the septic response strongly influence cytokine profiles and
clinical outcomes. Elderly or immunocompromised patients may exhibit attenuated pro-
inflammatory responses yet profound immune paralysis, while younger individuals may
mount robust cytokine storms. This wide spectrum of immune phenotypes not only
drives divergent clinical trajectories but also limits the effectiveness of standardized treat-
ment protocols. It helps to explain why many strategies aimed at neutralizing specific ILs
or cytokines have shown promising preclinical results but failed to demonstrate consistent
efficacy in large clinical trials. In this context, recent bioinformatic studies have identified
several genes involved in IL-18 signalling and cell development as potential diagnostic
biomarkers in sepsis, providing additional layers of molecular information that may com-
plement cytokine-based profiling [103]. Precision medicine represents another promising
approach. Moving beyond generalized treatment, stratification based on individual im-
mune profiles—such as cytokine expression patterns, biomarker panels, or genetic poly-
morphisms—may enable clinicians to identify patients most likely to benefit from tar-
geted interventions. For instance, patients with elevated IL-1 activity might respond to
anakinra, while those with higher IL-6 activity may benefit from tocilizumab. Incorporat-
ing dynamic biomarkers, including serial IL measurements, could further provide in-
sights into disease progression and therapeutic responsiveness. This temporal perspective
is crucial, given that the immune profile of septic patients can shift rapidly, necessitating
adaptable and timely interventions. Nevertheless, substantial knowledge gaps remain.
Translational studies are required to bridge mechanistic insights from preclinical models
with clinical applicability, as current experimental systems often fail to fully capture the
complexity of human sepsis. Large-scale multi-center clinical trials are urgently needed to
rigorously evaluate the safety and efficacy of cytokine-targeted therapies. Adaptive trial
designs, biomarker-guided patient selection, and combination approaches that address
both pro- and anti-inflammatory components of the immune response will be essential to
reflect the evolving and often contradictory nature of sepsis pathophysiology. Only
through such a comprehensive and individualized strategy outcome may be improved in
this devastating and still insufficiently understood condition.

7. Conclusions

ILs are central to the pathophysiology of sepsis, functioning as both drivers and reg-
ulators of the immune response. They initiate and amplify early inflammation (e.g., IL-1,
IL-6, IL-8), counterbalance it through immunosuppressive signals (e.g., IL-10), and orches-
trate downstream processes including immune cell recruitment, vascular permeability,
coagulation, and ultimately organ dysfunction. This dual and often paradoxical behaviour
underscores the complexity of immune regulation in sepsis. Recent evidence highlights
the value of ILs as biomarkers for early diagnosis, risk stratification, and prognosis in sep-
tic patients. Elevated levels of IL-6, IL-8, IL-18, and IL-10 are consistently associated with
worse outcomes, while temporal trends in cytokine kinetics may provide guidance for
therapeutic decision-making. IL-targeted interventions, such as IL-1 and IL-6 blockade,
have demonstrated encouraging results in experimental models and in selected patient
subgroups, yet clinical translation remains heterogeneous and limited. As our under-
standing of immune dysregulation in sepsis deepens, it is increasingly clear that a one-
size-fits-all approach is inadequate. Inter-individual variability in immune profiles—
shaped by factors such as age, comorbidities, pathogen type, and disease timing—de-
mands a precision medicine framework. The future of sepsis management will likely rely
on immunophenotyping, real-time cytokine monitoring, and patient stratification to tailor
immunomodulatory therapies more effectively. In conclusion, ILs represent not only key
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immunological mediators, but also valuable clinical biomarkers and potential therapeutic
targets. Improving outcomes will require a balanced strategy that addresses both hyper-
inflammation and immunosuppression. To achieve this goal, sustained translational re-
search coupled with rigorously designed clinical trials will be essential to unlock the full
potential of IL-based interventions in sepsis.
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Abbreviations

The following abbreviations are used in this manuscript:

IL Interleukin (followed by the number: IL-1, IL-6, IL-10, IL-8, IL-12, IL-17, IL-18, IL-

33, etc.)
IL-1Ra Interleukin-1 Receptor Antagonist
IL-6R Interleukin-6 Receptor
TNF-a Tumor Necrosis Factor-alpha
CRP C-Reactive Protein
SIRS Systemic Inflammatory Response Syndrome
SOFA Sequential Organ Failure Assessment
ICU Intensive Care Unit
AKI Acute Kidney Injury
ARDS Acute Respiratory Distress Syndrome
DIC Disseminated Intravascular Coagulation
ALI Acute Lung Injury
SAE Sepsis-Associated Encephalopathy
PCT Procalcitonin
HBP Heparin-Binding Protein
APACHEII  Acute Physiology and Chronic Health Evaluation II
PRR (s) Pathogen Recognition Receptor (s)
PAMP (s) Pathogen-Associated Molecular Pattern (s)
LPS Lipopolysaccharide
NF-xB Nuclear Factor kappa-light-chain-enhancer of activated B cells
MAPK Mitogen-Activated Protein Kinase
JAK/STAT3  Janus Kinase/Signal Transducer and Activator of Transcription 3 pathway
NET (s) Neutrophil Extracellular Trap (s)
SNP (s) Single Nucleotide Polymorphism (s)
IFN-y Interferon gamma
MAS Macrophage Activation Syndrome
HLH Hemophagocytic Lymphohistiocytosis
ROS Reactive Oxygen Species
MHC Major Histocompatibility Complex
TCR T-Cell Receptor
Th1/Th2/Th17 T-Helper lymphocyte subsets
Tcl7 Cytotoxic T lymphocyte subset producing IL-17
VE-cadherin  Vascular Endothelial cadherin
SBI (s) Serious Bacterial Infection (s)
eM Engineered Macrophages (es. IL-10-eM)

AIM Apoptosis Inhibitor of Macrophages
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EBV Epstein-Barr Virus
gp130 Glycoprotein 130 (IL-6 co-receptor)
HBD Hepatobiliary Dysfunction
References
1. Evans, L.; Rhodes, A.; Alhazzani, W.; Antonelli, M.; Coopersmith, C.M.; French, C.; Machado, F.R.; Mcintyre, L.; Ostermann,

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

M.; Prescott, H.C.; et al. Surviving sepsis campaign: International guidelines for management of sepsis and septic shock 2021.
Intensive Care Med. 2021, 47, 1181-1247. https://doi.org/10.1007/s00134-021-06506-y.

Moskowitz, A.; Omar, Y.; Chase, M.; Lokhandwala, S.; Patel, P.; Andersen, L.W.; Cocchi, M.N.; Donnino, M.W. Reasons for
death in patients with sepsis and septic shock. J. Crit. Care 2017, 38, 284-288. https://doi.org/10.1016/j.jcrc.2016.11.036.

Srzi¢, I; Adam, V.N.; Pejak, D.T. Sepsis definition: What’s new in the treatment guidelines. Acta Clin. Croat. 2022, 61, 67-72.
https://doi.org/10.20471/acc.2022.61.s1.11.

Stearns-Kurosawa, D.].; Osuchowski, M.F.; Valentine, C.; Kurosawa, S.; Remick, D.G. The pathogenesis of sepsis. Annu. Rev.
Pathol. Mech. Dis. 2011, 6, 19-48. https://doi.org/10.1146/annurev-pathol-011110-130327.

Blackwell, T.S; Christman, J.W. Sepsis and cytokines: Current status. Br. | Anaesth. 1996, 77, 110-117.
https://doi.org/10.1093/bja/77.1.110.

Justiz Vaillant, A.A.; Qurie, A. Interleukin; StatPearls Publishing: Treasure Island, FL, USA, 2025.

Reddy, H.; Javvaji, CK.; Malali, S.; Kumar, S.; Acharya, S.; Toshniwal, S. Navigating the Cytokine Storm: A Comprehensive
Review of Chemokines and Cytokines in Sepsis. Cureus 2024, 16, €54275. https://doi.org/10.7759/cureus.54275.

van der Poll, T.; Shankar-Hari, M.; Wiersinga, W.J. The immunology of sepsis. Immunity 2021, 54, 2450-2464.
https://doi.org/10.1016/j.immuni.2021.10.012.

Wiersinga, W.].; Leopold, S.J.; Cranendonk, D.R.; van der Poll, T. Host innate immune responses to sepsis. Virulence 2014, 5, 36—
44. https://doi.org/10.4161/viru.25436.

Pignataro, G.; Gemma, S.; Petrucci, M.; Barone, F.; Piccioni, A.; Franceschi, F.; Candelli, M. Unraveling NETs in Sepsis: From
Cellular Mechanisms to Clinical Relevance. Int. ]. Mol. Sci. 2025, 26, 7464. https://doi.org/10.3390/ijms26157464.

Jarczak, D.; Nierhaus, A. Cytokine Storm—Definition, Causes, and Implications. Int. J. Mol. Sci. 2022, 23, 11740.
https://doi.org/10.3390/ijms231911740.

Akira, S; Uematsu, S.; Takeuchi, O. Pathogen recognition and innate immunity. Cell 2006, 124, 783-801.
https://doi.org/10.1016/j.cell.2006.02.015.

Akira, S.; Takeda, K. Toll-like receptor signalling. Nat. Rev. Immunol. 2004, 4, 499-511. https://doi.org/10.1038/nri1391.

Gogos, C.A.; Drosou, E.; Bassaris, H.P.; Skoutelis, A. Pro- versus anti-inflammatory cytokine profile in patients with severe
sepsis: A marker for prognosis and future therapeutic options. J. Infect. Dis. 2000, 181, 176-180. https://doi.org/10.1086/315214.
Valsamaki, A.; Vazgiourakis, E.; Mantzarlis, K.; Manoulakas, E.; Makris, D. Imnmune Dysregulation in Sepsis. A Narrative Re-
view for the Clinicians. Biomedicines 2025, 13, 2386. https://doi.org/10.3390/biomedicines13102386.

Nie, J.; Zhou, L.; Tian, W,; Liu, X,; Yang, L.; Yang, X.; Zhang, Y.; Wei, S.; Wang, D.W.; Wei, ]J. Deep insight into cytokine storm:
From pathogenesis to treatment. Signal Transduct. Target. Ther. 2025, 10, 112. https://doi.org/10.1038/s41392-025-02178-y.
Schlapbach, L.J.; Watson, R.S.; Sorce, L.R.; Argent, A.C.; Menon, K.; Hall, M.W.; Akech, S.; Albers, D.].; Alpern, E.R.; Balamuth,
F; et al. International Consensus Criteria for Pediatric Sepsis and Septic Shock. JAMA 2024, 331, 665-674.
https://doi.org/10.1001/jama.2024.0179.

Goldstein, B.; Giroir, B.; Randolph, A. International pediatric sepsis consensus conference: Definitions for sepsis and organ
dysfunction in pediatrics. Pediatr. Crit. Care Med. 2005, 6, 2-8. https://doi.org/10.1097/01.PCC.0000149131.72248.E6.

Noni, M.; Kalogera, E.; Xydia, A.; Paradeisis, G.; Spyridopoulou, K.; Zachariadou, L.; Botsa, E. Validation of a Rapid Host-
Protein Score to Discriminate Bacterial from Viral Infections in Hospitalized Febrile Pediatric Patients. Children 2025, 12, 381.
https://doi.org/10.3390/children12030381.

Zhang, W.Y.; Chen, Z.H.; An, X.X,; Li, H,; Zhang, H.L.; Wu, S.J.; Guo, Y.-Q.; Zhang, K.; Zeng, C.-L.; Fang, X.-M. Analysis and
validation of diagnostic biomarkers and immune cell infiltration characteristics in pediatric sepsis by integrating bioinformatics
and machine learning. World ]. Pediatr. 2023, 19, 1094-1103. https://doi.org/10.1007/s12519-023-00717-7.

Lyu, P.; Xie, N.; Shao, X.; Xing, S.; Wang, X.; Duan, L.; Zhao, X; Lu, J].-M.; Liu, R.-F.; Zhang, D.; et al. Integrating bioinformatics
and machine learning for comprehensive analysis and validation of diagnostic biomarkers and immune cell infiltration charac-
teristics in pediatric septic shock. Sci. Rep. 2025, 15, 10456. https://doi.org/10.1038/s41598-025-95028-4.



Diagnostics 2025, 15, 2927 18 of 22

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Kong, C.; Zhu, Y.; Xie, X.; Wu, J.; Qian, M. Six potential biomarkers in septic shock: A deep bioinformatics and prospective
observational study. Front. Immunol. 2023, 14, 1184700. https://doi.org/10.3389/fimmu.2023.1184700.

Liu, B.; Fan, Y.; Zhang, X,; Li, H.; Gao, F.; Shang, W.; Hu, J.; Tang, Z. Identification of Immune-Related Genes as Potential
Biomarkers in Early Septic Shock. Int. Arch. Allergy Immunol. 2024, 186, 264-279. https://doi.org/10.1159/000540949.

Baxla, V.; Sharma, A.K.; Seema, K.; Kumar, A.; Boipai, M.; Bhattacharya, P.K.; Kumar, M. Sepsis Biomarkers: CRP, Procalcitonin,
and Presepsin—Diagnostic and Prognostic Significance in Sepsis. |. West Afr. Coll. Surg. 2025, 15, 457-462.
https://doi.org/10.4103/jwas.jwas_132_24.

Manchikalapati, R.; Schening, J.; Farias, A.J.; Sacco, K.A. Clinical utility of interleukin-1 inhibitors in pediatric sepsis. Shock 2024,
61, 340-345. https://doi.org/10.1097/SHK.0000000000002223.

Ge, Y.; Huang, M.; Yao, Y. Recent advances in the biology of IL-1 family cytokines and their potential roles in development of
sepsis. Cytokine Growth Factor Rev. 2019, 45, 24-34. https://doi.org/10.1016/j.cytogfr.2018.12.004.

Krakauer, T.; Buckley, M.].; Fisher, D. Proinflammatory Mediators of Toxic Shock and Their Correlation to Lethality. Mediat.
Inflamm. 2010, 2010, 517594. https://doi.org/10.1155/2010/517594.

Fazeli, P.; Saeidnia, M.; Erfani, M.; Kalani, M. An overview of the biological and multifunctional roles of IL-38 in different
infectious diseases and COVID-19. Immunol. Res. 2022, 70, 316-324. https://doi.org/10.1007/s12026-022-09275-y.

Chang, D,; Jia, J.; Zang, B. Changes in plasma interleukin-33 concentration in sepsis and its correlation with seriousness of
sepsis. Chin. Crit. Care Med. 2015, 27, 138-142. https://doi.org/10.3760/cma.j.issn.2095-4352.2015.02.012.

Buhl, A.L; Wenzel, ]. Interleukin-36 in infectious and inflammatory skin diseases. Front. Immunol. 2019, 10, 1162.
https://doi.org/10.3389/fimmu.2019.01162.

Roy, U. Insight into the structures of Interleukin-18 systems. Comput. Biol. Chem. 2020, 88, 107353. https://doi.org/10.1016/j.comp-
biolchem.2020.107353.

Herminghaus, A.; Totskyi, M.; Vollmer, C.; Dimski, T.; Brandenburger, T.; Kuebart, A.; Rinderknecht, H.; Bergmann, C.B.; Ver-
nikouskaya, I.; Biilow, ].M.; et al. Diagnostic utility of IL-18 plasma levels in distinguishing abdominal from non-abdominal
sepsis. Front. Immunol. 2025, 16, 1591262. https://doi.org/10.3389/fimmu.2025.1591262.

Zheng, H. The critical immunoregulatory roles and molecular mechanisms of IL-10 and IL-18 genes in pneumonia and sepsis.
Medicine 2025, 104, e42104. https://doi.org/10.1097/MD.0000000000042104.

Qu, H.Q.; Snyder, J.; Connolly, ].; Glessner, J.; Kao, C.; Sleiman, P.; Hakonarson, H. Circulating LIGHT (TNFSF14) and Interleu-
kin-18 Levels in Sepsis-Induced Multi-Organ Injuries. Biomedicines 2022, 10, 264. https://doi.org/10.3390/biomedicines10020264.
Standage, S.W.; Wong, H.R. Biomarkers for pediatric sepsis and septic shock. Expert Rev. Anti Infect. Ther. 2011, 9, 71-79.
https://doi.org/10.1586/eri.10.154.

Sriram, A.; Kernan, K.F.; Qin, Y.; Aldewereld, Z.; Walton, A.H.; Cabler, S.; Storch, G.; Cheynet, V.; Brengel-Pesce, K.; Canna, S.;
et al. Epstein-Barr Virus Seropositivity, Immune Dysregulation, and Mortality in Pediatric Sepsis. JAMA Netw. Open 2025, 8,
€2527487. https://doi.org/10.1001/jamanetworkopen.2025.27487.

Pignataro, G.; Triunfo, C.; Piccioni, A.; Racco, S.; Fuorlo, M.; Forte, E.; Franceschi, F.; Candelli, M. The Epigenetics of Sepsis:
How Gene Modulation Shapes Outcomes. Biomedicines 2025, 13, 1936. https://doi.org/10.3390/biomedicines13081936.
Papatheodorou, I.; Blazkova, G.; Bosakova, V.; Tomasikova, Z.; Spearing, E.; Klieber, R.; Ostasov, P.; Stichova, J.; Dvoncova, M.;
Mytnikova, A.; et al. Redefining the role of IL-18 in post-surgical recovery and sepsis: A key mediator of inflammation resolu-
tion. J. Transl. Med. 2025, 23, 728. https://doi.org/10.1186/s12967-025-06652-7.

Sen, E.S.; Clarke, S.L.N.; Ramanan, A.V. Macrophage Activation Syndrome. Indian ]. Pediatr. 2016, 83, 248-253.
https://doi.org/10.1007/s12098-015-1877-1.

Cavalli, G.; Dinarello, C.A. Anakinra Therapy for Non-cancer Inflammatory Diseases. Front. Pharmacol. 2018, 9, 1157.
https://doi.org/10.3389/fphar.2018.01157.

Rajasekaran, S.; Kruse, K.; Kovey, K.; Davis, A.T.; Hassan, N.E.; Ndika, A.N.; Zuiderveen, S.; Birmingham, J. Therapeutic Role
of Anakinra, an Interleukin-1 Receptor Antagonist, in the Management of Secondary Hemophagocytic Lymphohistiocyto-
sis/Sepsis/Multiple Organ Dysfunction/Macrophage Activating Syndrome in Critically Il Children*. Pediatr. Crit. Care Med.
2014, 15, 401-408. https://doi.org/10.1097/PCC.0000000000000078.

Behzadi, P.; Sameer, A.S.; Nissar, S.; Banday, M.Z.; Gajdacs, M.; Garcia-Perdomo, H.A.; Akhtar, K.; Pinheiro, M.; Magnusson,
P.; Sarshar, M,; et al. The Interleukin-1 (IL-1) Superfamily Cytokines and Their Single Nucleotide Polymorphisms (SNPs). J.
Immunol. Res. 2022, 2022, 2054431. https://doi.org/10.1155/2022/2054431.

Tanaka, T.; Narazaki, M.; Masuda, K.; Kishimoto, T. Regulation of IL-6 in immunity and diseases. Adv. Exp. Med. Biol. 2016, 941,
79-88. https://doi.org/10.1007/978-94-024-0921-5_4.



Diagnostics 2025, 15, 2927 19 of 22

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Garbers, C.; Rose-John, S. Dissecting interleukin-6 classic- and trans-signaling in inflammation and cancer. Methods Mol. Biol.
2018, 1725, 127-140. https://doi.org/10.1007/978-1-4939-7568-6_11.

Eichberger, J.; Resch, E.; Resch, B. Diagnosis of Neonatal Sepsis: The Role of Inflammatory Markers. Front. Pediatr. 2022, 10,
840288. https://doi.org/10.3389/fped.2022.840288.

Rose-John, S. Interleukin-6 signalling in health and disease. FI000Research 2020, 9, 1013. https://doi.org/10.12688/f1000re-
search.26058.1.

Butterick, T.A.; Trembley, ].H.; Hocum Stone, L.L.; Muller, C.J.; Rudquist, R.R.; Bach, R.R. Gulf War Illness-associated increases
in blood levels of interleukin 6 and C-reactive protein: Biomarker evidence of inflammation. BMC Res. Notes 2019, 12, 816.
https://doi.org/10.1186/s13104-019-4855-2.

Roy, S.; Kumar, V.; Kumar, V.; Behera, B.K. Acute Phase Proteins and their Potential Role as an Indicator for Fish Health and in
Diagnosis of Fish Diseases. Protein Pept. Lett. 2016, 24, 78-89. https://doi.org/10.2174/0929866524666161121142221.

Schumertl, T.; Lokau, J.; Garbers, C. IL-6 Signaling in Immunopathology: From Basic Biology to Selective Therapeutic Interven-
tion. Immunotargets Ther. 2025, 14, 681-695. https://doi.org/10.2147/ITT.5485684.

Song, J.; Park, D.W.; Moon, S.; Cho, H.J; Park, J.H.; Seok, H.; Choi, W.S. Diagnostic and prognostic value of interleukin-6,
pentraxin 3, and procalcitonin levels among sepsis and septic shock patients: A prospective controlled study according to the
Sepsis-3 definitions. BMC Infect. Dis. 2019, 19, 968. https://doi.org/10.1186/s12879-019-4618-7.

Cicchinelli, S.; Pignataro, G.; Gemma, S.; Piccioni, A.; Picozzi, D.; Ojetti, V.; Franceschi, F.; Candelli, M. PAMPs and DAMPs in
Sepsis: A Review of Their Molecular Features and Potential Clinical Implications. Int. J. Mol. Sci. 2024, 25, 962.
https://doi.org/10.3390/ijms25020962.

Rose-John, S. IL-6 trans-signaling via the soluble IL-6 receptor: Importance for the pro-inflammatory activities of IL-6. Int. J.
Biol. Sci. 2012, 8, 1237-1247. https://doi.org/10.7150/ijbs.4989.

Valle, M.L.; Dworshak, J.; Sharma, A.; Ibrahim, A.S.; Al-Shabrawey, M.; Sharma, S. Inhibition of interleukin-6 trans-signaling
prevents inflammation and endothelial barrier disruption in retinal endothelial cells. Exp. Eye Res. 2019, 178, 27-36.
https://doi.org/10.1016/j.exer.2018.09.009.

Montgomery, A.; Tam, F.; Gursche, C.; Cheneval, C.; Besler, K.; Enns, W.; Manku, S.; Rey, K.; Hanson, P.J.; Rose-John, S.; et al.
Overlapping and distinct biological effects of IL-6 classic and trans-signaling in vascular endothelial cells. Am. ]. Physiol. Cell
Physiol. 2021, 320, C554—C565. https://doi.org/10.1152/ajpcell.00323.2020.

van Leeuwen, L.M.; Fourie, E.; van den Brink, G.; Bekker, V.; van Houten, M. A. Diagnostic value of maternal, cord blood and
neonatal biomarkers for early-onset sepsis: A systematic review and meta-analysis. Clin. Microbiol. Infect. 2024, 30, 850-857.
https://doi.org/10.1016/j.cmi.2024.03.005.

Pallas Beneyto, L.A.; Rodriguez Luis, O.; Saiz Sanchez, C.; Coltell, O.; Bautista Rentero, D.; Miguel Bayarri, V. Prognostic value
of interleukin 6 for death of patients with sepsis. Med. Clin. 2017, 148, 433. https://doi.org/10.1016/j.medcli.2017.02.014.

Yu, B.; Chen, M.; Zhang, Y.; Cao, Y.; Yang, ].; Wei, B.; Wang, ]. Diagnostic and Prognostic Value of Interleukin-6 in Emergency
Department Sepsis Patients. Infect. Drug Resist. 2022, 15, 5557-5566. https://doi.org/10.2147/IDR.S384351.

Chen, S.-H.; Chang, T.-Y.; Wang, Y.-L.; Lee, E.-P.; Lin, ].-].; Hsiao, Y.-W.; Jaing, T.-H.; Yang, C.-P.; Hung, I.-]. Outcome of Tocil-
izumab Treatment in Febrile Neutropenic Children with Severe Sepsis/Septic Shock in a Single-Center Retrospective Case Se-
ries. Cancers 2024, 16, 1512. https://doi.org/10.3390/cancers16081512.

Lee, E.-P.; Lin, J.-J.; Chen, S.-H.; Chan, O.-W.; Su, Y.-T.; Hsiao, M.-R.; Hsia, S.-H.; Wu, H.-P. Clinical Value of Tocilizumab in
Reducing Mortality in Refractory Septic Shock in Children with Hematologic and Non-Hematologic Diseases. Cells 2025, 14,
441. https://doi.org/10.3390/cells14060441.

Saxton, R.A.; Tsutsumi, N.; Su, L.L.; Abhiraman, G.C.; Mohan, K.; Henneberg, L.T.; Aduri, N.G.; Gati, C.; Garcia, K.C. Structure-
based decoupling of the pro- and anti-inflammatory functions of interleukin-10. Science 2021, 371, eabc8433.
https://doi.org/10.1126/science.abc8433.

Mazer, M.; Unsinger, J.; Drewry, A.; Walton, A.; Osborne, D.; Blood, T.; Hotchkiss, R.; ERemy, K. IL-10 Has Differential Effects
on the Innate and Adaptive Immune Systems of Septic Patients. . Immunol. 2019, 203, 2088-2099. https://doi.org/10.4049/jim-
munol.1900637.

Vico-Barranco, I.; Arbulo-Echevarria, M.M.; Serrano-Garcia, I.; Pérez-Linaza, A.; Miranda-Sayago, ].M.; Miazek, A.; Narbona-
Sanchez, I.; Aguado, E. A novel, lat/Ick double deficient t cell subline j.Cam1.7 for combined analysis of early tcr signaling. Cells
2021, 10, 343. https://doi.org/10.3390/cells10020343.



Diagnostics 2025, 15, 2927 20 of 22

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Yi, L.; Weng, T.; Nie, P.; Zhu, L.; Gao, M,; Jia, H.; Yang, S.; Li, X.; Zhang, L.; Xu, Y.; et al. Overexpression of interleukin-10 in
engineered macrophages protects endothelial cells against LPS-induced injury in vitro. FEBS Open Bio 2022, 12, 605-615.
https://doi.org/10.1002/2211-5463.13365.

Almahmoud, K,; Namas, R.A.; Zaaqoq, A.M.; Abdul-Malak, O.; Namas, R.; Zamora, R.; Sperry, J.; Billiar, T.R.; Vodovotz, Y.
Prehospital hypotension is associated with altered inflammation dynamics and worse outcomes following blunt trauma in hu-
mans. Crit. Care Med. 2015, 43, 1395-1404. https://doi.org/10.1097/CCM.0000000000000964.

Matsushima, K.; Shichino, S.; Ueha, S. Thirty-five years since the discovery of chemotactic cytokines, interleukin-8 and MCAF:
A historical overview. Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 2023, 99, 213-226. https://doi.org/10.2183/pjab.99.014.

Matsushima, K.; Yang, D.; Oppenheim, ].J. Interleukin-8: An evolving chemokine. Cytokine 2022, 153, 155828.
https://doi.org/10.1016/j.cyto.2022.155828.

Bernhard, S.; Hug, S.; Stratmann, A.E.P.; Erber, M.; Vidoni, L.; Knapp, C.L.; Thomaf, B.D.; Fauler, M.; Nilsson, B.; Ekdahl, K.N.;
et al. Interleukin 8 elicits rapid physiological changes in neutrophils that are altered by inflammatory conditions. J. Innate Immun.
2021, 13, 225-241. https://doi.org/10.1159/000514885.

Teijeira, A.; Garasa, S.; Ochoa Mdel, C.; Cirella, A ; Olivera, I; Glez-Vaz, J.; Andueza, M.P.; Migueliz, I.; Alvarez, M.; Rodriguez-
Ruiz, MLE,; et al. Differential Interleukin-8 thresholds for chemotaxis and netosis in human neutrophils. Eur. |. Immunol. 2021,
51, 2274-2280. https://doi.org/10.1002/eji.202049029.

Wang, Y.; Du, C,; Zhang, Y.; Zhu, L. Composition and Function of Neutrophil Extracellular Traps. Biomolecules 2024, 14, 416.
https://doi.org/10.3390/biom14040416.

Asiri, A.; Hazeldine, J.; Moiemen, N.; Harrison, P. IL-8 Induces Neutrophil Extracellular Trap Formation in Severe Thermal
Injury. Int. J. Mol. Sci. 2024, 25, 7216. https://doi.org/10.3390/ijms25137216.

Mao, Y.; Zhang, A; Yang, H.; Zhang, C. Identification of IL-8 in CSF as a potential biomarker in sepsis-associated encephalopa-
thy. Cytokine 2023, 172, 156390. https://doi.org/10.1016/j.cyt0.2023.156390.

Fu, P,; Xie, S.; Zhang, X. IL-8 gene locus is associated with risk, severity and 28-day mortality of sepsis in a Chinese population.
Clin. Exp. Med. 2019, 19, 571-576. https://doi.org/10.1007/s10238-019-00584-5.

Han, T; Liang, T.; Liu, R;; Quan, Y. The association between interleukin-8 gene polymorphism and the risk of sepsis in older
adults. J. Orthop. Surg. Res. 2024, 19, 804. https://doi.org/10.1186/s13018-024-05296-5.

Liu, X.W.; Ma, T; Cai, Q.; Wang, L.; Song, HW.; Liu, Z. Elevation of Serum PARK? and IL-8 Levels Is Associated with Acute
Lung Injury in Patients with Severe Sepsis/Septic Shock. ] Intensive Care Med. 2019, 34, 662-668.
https://doi.org/10.1177/0885066617709689.

Zhang, X.; Wang, J.; Guo, S. Predictive value of IL-8 for mortality risk in elderly sepsis patients of emergency department.
Cytokine 2024, 184, 156774. https://doi.org/10.1016/j.cyto.2024.156774.

Guo, S.; Liao, C.; Liu, Q. Prognostic value of TNF-a, PCT, IL-8, and HBP, combined with APACHE II score in patients with
sepsis. J. Infect. Dev. Ctries. 2025, 19, 439-445. https://doi.org/10.3855/jidc.20383.

Leonard, S.; Guertin, H.; Odoardi, N.; Miller, M.R.; Patel, M.A.; Daley, M.; Cepinskas, G.; Fraser, D.D. Pediatric sepsis inflam-
matory blood biomarkers that correlate with clinical variables and severity of illness scores. |. Inflamm. 2024, 21, 7.
https://doi.org/10.1186/s12950-024-00379-w.

Elsner, R.A.; Smita, S.; Shlomchik, M.]. IL-12 induces a B cell-intrinsic IL-12/IFNYy feed-forward loop promoting extrafollicular
B cell responses. Nat. Immunol. 2024, 25, 1283-1295. https://doi.org/10.1038/s41590-024-01858-1.

Elsner, R.A.; Shlomchik, M.]. Coordinated Regulation of Extrafollicular B Cell Responses by IL-12 and IFNYy. Immunol. Rev. 2025,
331, €70027. https://doi.org/10.1111/imr.70027.

Gaignage, M.; Uyttenhove, C.; Jones, L.L.; Bourdeaux, C.; Chéou, P.; Mandour, M.F.; Coutelier, J.; Vignali, D.A.; Van Snick, J.
Novel antibodies that selectively block mouse IL-12 enable the re-evaluation of the role of IL-12 in immune protection and
pathology. Eur. |. Immunol. 2021, 51, 1482-1493. https://doi.org/10.1002/eji.202048936.

Angurana, S.K; Bansal, A.; Muralidharan, J.; Aggarwal, R.; Singhi, S. Cytokine Levels in Critically Ill Children with Severe
Sepsis and Their Relation With the Severity of Illness and Mortality. ]. Intensive Care Med. 2021, 36, 576-583.
https://doi.org/10.1177/0885066620912989.

Lu, J; Sun, K,; Yang, H.; Fan, D.; Huang, H.; Hong, Y.; Wu, S.; Zhou, H.; Fang, F.; Li, Y.; et al. Sepsis Inflammation Impairs the
Generation of Functional Dendritic Cells by Targeting Their Progenitors. Front. Immunol. 2021, 12, 732612.
https://doi.org/10.3389/fimmu.2021.732612.

Huangfu, L.; Li, R;; Huang, Y.; Wang, S. The IL-17 family in diseases: From bench to bedside. Signal Transduct. Target. Ther. 2023,
8, 402. https://doi.org/10.1038/s41392-023-01620-3.



Diagnostics 2025, 15, 2927 21 of 22

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

McGeachy, M.].; Cua, D.J.; Gaffen, S.L. The IL-17 Family of Cytokines in Health and Disease. Immunity 2019, 50, 892-906.
https://doi.org/10.1016/j.immuni.2019.03.021.

Saran, A.; Nishizaki, D.; Lippman, S.M.; Kato, S.; Kurzrock, R. Interleukin-17: A pleiotropic cytokine implicated in inflamma-
tory, infectious, and malignant disorders. Cytokine Growth Factor Rev. 2025, 83, 35-44. https://doi.org/10.1016/j.cy-
togfr.2025.01.002.

de Souza Costa, M.F.; de Negreiros, C.B.T.; Bornstein, V.U.; Valente, R.H.; Mengel, J.; Henriques Mdas, G.; Benjamim, C.F.;
Penido, C. Murine IL-17+ Vy4 T lymphocytes accumulate in the lungs and play a protective role during severe sepsis. BMC
Immunol. 2015, 16, 36. https://doi.org/10.1186/s12865-015-0098-8.

Dong, S.; Liu, S.; Gao, Q.; Shi, J.; Song, K.; Wu, Y.; Liu, H.; Guo, C.; Huang, Y.; Du, S.; et al. Interleukin-17D produced by alveolar
epithelial type II cells alleviates LPS-induced acute lung injury via the Nrf2 pathway. Clin. Sci. 2023, 137, 1499-1512.
https://doi.org/10.1042/CS20230354.

Zhang, N.; Wang, S.; Fan, Y.; Sheng, C.; Ge, W. Association Between IL10 Polymorphisms and the Susceptibility to Sepsis: A
Meta-Analysis. Biochem. Genet. 2023, 61, 847-860. https://doi.org/10.1007/s10528-022-10310-8.

Frimpong, A.; Owusu, E.D.A.; Amponsah, ].A.; Obeng-Aboagye, E.; van der Puije, W.; Frempong, A.F.; Kusi, K.A.; Ofori, M.F.
Cytokines as Potential Biomarkers for Differential Diagnosis of Sepsis and Other Non-Septic Disease Conditions. Front. Cell
Infect. Microbiol. 2022, 12, 901433. https://doi.org/10.3389/fcimb.2022.901433.

Zhao, H.; Li, W.; Lu, Z.; Sheng, Z.; Yao, Y. The Growing Spectrum of Anti-Inflammatory Interleukins and Their Potential Roles
in the Development of Sepsis. . Interferon Cytokine Res. 2015, 35, 242-251. https://doi.org/10.1089/jir.2014.0119.

Fan, Z.; Kernan, K.F,; Qin, Y.; Canna, S.; Berg, R.A.; Wessel, D.; Pollack, M.M.; Meert, K.; Hall, M.; Newth, C.; et al. Hyperfer-
ritinemic sepsis, macrophage activation syndrome, and mortality in a pediatric research network: A causal inference analysis.
Crit. Care 2023, 27, 347. https://doi.org/10.1186/s13054-023-04628-x.

Gander-Bui, H.T.T.; Schléfli, J.; Baumgartner, J.; Walthert, S.; Genitsch, V.; van Geest, G.; Galvan, J.A.; Cardozo, C.; Martinez,
C.G,; Grans, M.; et al. Targeted removal of macrophage-secreted interleukin-1 receptor antagonist protects against lethal Can-
dida albicans sepsis. Immunity 2023, 56, 1743-1760.€9. https://doi.org/10.1016/j.immuni.2023.06.023.

Wang, M. Targeting IL-1Ra to attenuate fungal infection. Nat. Rev. Nephrol. 2023, 19, 622. https://doi.org/10.1038/s41581-023-
00764-3.

Rigante, D.; Frediani, B.; Galeazzi, M.; Cantarini, L. From the Mediterranean to the sea of Japan: The transcontinental odyssey
of autoinflammatory diseases. Biomed. Res. Int. 2013, 2013, 485103. https://doi.org/10.1155/2013/485103.

Rigante, D.; Ansuini, V.; Caldarelli, M.; Bertoni, B.; La Torraca, I.; Stabile, A. Hydrocephalus in CINCA syndrome treated with
anakinra. Childs Nerv. Syst. 2006, 22, 334-337. https://doi.org/10.1007/s00381-006-1280-3.

De Rosa, G.; Pardeo, M.; Rigante, D. Current recommendations for the pharmacologic therapy in Kawasaki syndrome and
management of its cardiovascular complications. Eur. Rev. Med. Pharmacol. Sci. 2007, 11, 301-308. PMID: 18074939.

Stabile, A.; Bertoni, B.; Ansuini, V.; La Torraca, I.; Salli, A.; Rigante, D. The clinical spectrum and treatment options of macro-
phage activation syndrome in the pediatric age. Eur. Rev. Med. Pharmacol. Sci. 2006, 10, 53-59. PMID: 16705949.

Shakoory, B.; Carcillo, J.A.; Chatham, W.W.; Amdur, R.L.; Zhao, H.; Dinarello, C.A.; Cron, R.Q.; Opal, S.M. Interleukin-1 Re-
ceptor Blockade Is Associated with Reduced Mortality in Sepsis Patients with Features of Macrophage Activation Syndrome:
Reanalysis of a Prior Phase III Trial. Crit. Care Med. 2016, 44, 275-281. https://doi.org/10.1097/CCM.0000000000001402.

Meyer, N.J; Reilly, ].P.; Anderson, B.].; Palakshappa, J.A.; Jones, T.K.; Dunn, T.G.; Shashaty, M.G.S.; Feng, R.; Christie, ].D.;
Opal, S.M. Mortality Benefit of Recombinant Human Interleukin-1 Receptor Antagonist for Sepsis Varies by Initial Interleukin-
1 Receptor Antagonist Plasma Concentration. Crit. Care Med. 2018, 46, 21-28. https://doi.org/10.1097/CCM.0000000000002749.
Willemart, C.; Seurinck, R.; Stroobants, T.; Van Coillie, S.; De Loor, J.; Choi, S.M.; Roelandt, R.; Rajapurkar, M.; Ligthart, S.;
Jorens, P.G; et al. Potential of biomarker-based enrichment strategies to identify critically ill patients for emerging cell death
interventions. Cell Death Differ. 2025, Online ahead of print. https://doi.org/10.1038/s41418-025-01545-0.

Gao, X; Yan, X; Yin, Y.; Lin, X.; Zhang, Q.; Xia, Y.; Cao, J. Therapeutic targeting of apoptosis inhibitor of macrophage/CD5L in
sepsis. Am. ]. Respir. Cell Mol. Biol. 2019, 60, 323-334. https://doi.org/10.1165/rcmb.2018-02720C.



Diagnostics 2025, 15, 2927 22 of 22

102. Shi, Y.; Yang, X; Jiang, H.; Wu, S.; Hong, Y.; Su, W.; Wang, X. Curcumin exerts anti-inflammatory, antioxidant and anti-ferrop-
totic effects through the Nrf2/HO-1 pathway to protect cardiomyocytes against sepsis. Signa Vitae 2024, 20, 46-53.

103. Miao, Y.; Liu, N.; Xing, L.; Li, B.; Xiao, W.; Dai, J.; Qin, X.; He, Y.; Zhao, Y.; Chen, Z; et al. Identifying six chromatin remodeling-
related genes as diagnostic biomarkers in sepsis using bioinformatic analyses. Signa Vitae 2025, 21, 1-13.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.



