CHAPTER 4

HOST-PATHOGEN
INTERACTION AND IMMUNE DYSREGULATION IN SEPSIS

Zeynep Oktay,' Fatma Eser 2

4.1. Introduction

Sepsis is a complex syndrome characterized by life-threatening organ
dysfunction resulting from a dysregulated host response to infection. According
to the Sepsis-3 definition, this condition develops when the immune response
generated against the pathogen exceeds regulatory mechanisms, spreads
systemically, and leads to the uncontrolled activation of multiple physiological
systems.! Despite advances in intensive care support, sepsis remains a critical
global health problem due to its high mortality rate (>25%) and heterogeneous
clinical course .?

Sepsis is considered an immune dysregulation syndrome that arises not from
the direct toxic effect of the infectious agent, but rather from the host’s inability

to regulate the immune response to infection.>* This process begins with an
enhanced inflammatory response initially, but in later stages, it may transition
into a different phase characterized by a decline in the functional capacity of
the immune system.” At the center of the pathophysiology, the host—pathogen
interaction determines not only the presence of infection but also the molecular-
level balance of immune system activation in the host.

In this chapter, the central role of the host—pathogen interaction in the
development of sepsis will be addressed at the cellular and molecular levels, and
critical pathophysiological stages such as pathogen recognition, initiation of the
inflammatory response, inflammasome activation, cytokine storm, endothelial
dysfunction, and immunothrombosis will be discussed. In addition, the potential
roles of immune paralysis that develop in the late phase and interindividual
differences in susceptibility in the progression of sepsis will be evaluated. The
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potential contributions of these immunological processes to future personalized

sepsis therapies will also be briefly highlighted.

4.2. Pre-Sepsis Process, Host Predisposition, and Individual Response
Variations

Sepsis often includes a “silent” immunological transition phase between
infection and systemic organ dysfunction, which is defined as the “pre-sepsis”
stage in current literature.” In this phase, immune activation begins in the host
exposed to the infectious agent, but it is still at a controllable level. While in some
individuals this early response can be confined locally, allowing the infection to be
controlled without complications, when host defenses are insufficient, the process
may progress to a hyperinflammatory phase.*>”

In the pre-sepsis phase, whether the host progresses to sepsis depends on
the interaction of multidimensional factors such as immune system capacity,
microbial virulence, and metabolic reserve. Conditions such as advanced age,
diabetes, chronic organ failures, and immunosuppressive states disrupt early
immune balance and increase susceptibility to sepsis®. Similarly, impairment of
gut barrier integrity and the development of dysbiosis in the intestinal microbiota
may facilitate microbial translocation and predispose to systemic inflammation.**?
Genetic polymorphisms can also influence the host’s early inflammatory threshold
and susceptibility to sepsis; for example, some studies have demonstrated
associations between sepsis risk and variants in Toll-like receptor (TLR) 4,
nucleotide-binding oligomerization domain-like receptor family pyrin domain
containing 3 (NLRP3), or the interleukin-6 (IL-6) gene.'”'* On the pathogen
side, microorganisms with high virulence potential, toxin production, or immune
evasion mechanisms may rapidly overcome host defenses and trigger a systemic
response.’? Considering all these factors together, the pre-sepsis period emerges as
a critical stage in which the balance between the host’s biological vulnerability and
the immune response is determined. Therefore, in the future, early identification
of this phase through immune profiling and the development of individualized
interventions may become feasible.”

4.3. Initiation of Host—Pathogen Interaction and Activation of Innate
Immunity

At the center of the pathogenesis of sepsis lies a complex, dynamic, and
bidirectional interaction between the infectious agent and the host’s immune
system.” This interaction represents a paradoxical process that simultaneously
encompasses both protective and destructive aspects of the host’s response to
infection.* Under normal conditions, the immune system rapidly recognizes the
infectious agent, initiates a localized inflammatory response, and preserves tissue
integrity by limiting damage. However, in sepsis, this process transforms into an
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uncontrolled response that oscillates between excessively activated inflammatory
mechanisms and immune suppression’. The resulting situation constitutes an
immunological paradox in which, while attempting to prevent the spread of
the pathogen, the host simultaneously inflicts damage on its own tissues'. This
extensive immune response begins to take shape from the moment the infectious
agent enters the host.

When the infectious agent enters the host, the immune system identifies
structural components of microorganisms as pathogen-associated molecular
patterns (PAMDPs). These include molecules such as lipopolysaccharide (LPS),
peptidoglycan, flagellin, lipoteichoic acid, viral nucleic acids (e.g., double-stranded
RNA), and bacterial DNA.'*'® Endogenous molecules released from host cells
due to cellular damage during infection, or in non-infectious conditions such
as trauma, ischemia, or necrosis, are referred to as damage-associated molecular
patterns (DAMPs). Examples of DAMPs include heat shock proteins (HSPs),
fibrinogen, uric acid, mitochondrial DNA, and high mobility group box-1
(HMGB-1), all of which may influence the intensity of the host response.'® These
PAMPs and DAMPs are recognized by pattern recognition receptors (PRRs)
located on innate immune cells, thereby initiating the inflammatory response. *
PRRs are expressed on innate immune cells such as macrophages, neutrophils, and
dendritic cells and constitute the first step in triggering the immune response .*!¢

The structural and functional diversity of PRRs is one of the key factors
determining the direction and magnitude of the immune response generated
against infectious agents. PRRs are classified into various subgroups in order to
recognize danger signals with different molecular compositions. Among these
receptor classes are Toll-like receptors (TLRs), nucleotide-binding oligomerization
domain (NOD)-like receptors (NLRs), retinoic acid-inducible gene 1 (RIG-I)-
like receptors (RLRs), C-type lectin receptors (CLRs), and cytoplasmic DNA
sensors (e.g., AIM2-like receptors).'>'¢

TLRs recognize extracellular or endosomal PAMPs such as bacterial
lipopolysaccharides and viral nucleic acids, playing a role in initiating the early
inflammatory response.”” NLRs detect microbial or tissue damage-associated
molecular components that reach the cytoplasm and mediate the formation of
inflammasome complexes.” RLRs are primarily involved in the recognition of
viral RNA and contribute to the induction of antiviral responses.'” CLRs play a
role in the recognition of fungal cell wall components, supporting the activation
of phagocytic activity and inflammatory signaling pathways.”” Cytoplasmic DNA
sensors detect the presence of non-host DNA and stimulate the immune system,
contributing to the generation of type I interferon responses.*!

The recognition of PAMPs and DAMPs by PRRs activates intracellular
signaling pathways, leading to the engagement of transcription factors such as
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nuclear factor kappa B (NF-kB) and activator protein-1 (AP-1). This process
triggers the release of proinflammatory cytokines such as tumor necrosis factor-a
(TNF-0), interleukin (IL)-1B, and IL-6, as well as chemokines, neutrophil- and
platelet-derived mediators, complement products, and coagulation factors.'
While most TLRs mediate this signaling through the MyD88 adaptor protein,
TLR3 and, to some extent, TLR4 induce type I interferon responses via the TRIF
(TIR-domain-containing adapter-inducing interferon-p) pathway.”> Although
these mechanisms are initially directed toward protecting the host in response
to infection, excessive activation may cause tissue damage, and the inflammatory
process may extend beyond the local boundaries of infection.' The uncontrolled
continuation of the immune response forms the pathophysiological basis of
sepsis by leading to endothelial dysfunction, disruption of vascular integrity, and
multiple organ dysfunction.*"?

4.4. Toward Systemic Inflammation: Inflammasome Activation and

Cytokine Storm

Certain receptors belonging to the NLR family mediate the formation
of cytosolic multiprotein complexes known as inflammasomes following the
recognition of PAMPs and DAMPs that reach the cytoplasm.?® The inflammasome
is activated after PRR signaling and enables the maturation of inflammatory
cytokines via caspase-1.'° Among these inflammasome complexes, the NLRP3
inflammasome is one of the most extensively studied structures in sepsis and plays
a crucial role in regulating the immune response .'®*3%*

As a result of inflammasome activation, the activation of caspase-1 enables
the conversion of the proinflammatory cytokine precursors pro-IL-1B and pro-
IL-18 into their mature forms for secretion.” While these cytokines contribute
to enhancing the host’s inflammatory response in the early stages of infection,
excessive inflammasome activation may increase the systemic inflammatory
burden, thereby exacerbating tissue injury and organ dysfunction.*” When
moderately activated during the initial phase of infection, the NLRP3
inflammasome can serve a protective role by supporting the host; however, in
cases of excessive activation, it may lead to dysregulated inflammation associated
with multiple organ failure and mortality.”»* A range of experimental studies
conducted to date has demonstrated that pharmacological suppression of
inflammasome activation may reduce the excessive inflammatory response in
sepsis and alleviate disease severity.”>?’

A high burden of PAMPs and DAMPs persistently stimulates the immune
system, leading to excessive secretion of early-phase proinflammatory cytokines
such as TNF-a, IL-1p, IL-6, and IL-8.%! TNF-0 and IL-1p enhance the activation
of inflammatory cells while inducing the expression of adhesion molecules on
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endothelial cells, thereby facilitating the migration of immune cells to the site
of infection.’®?® IL-6 plays a role in initiating the hepatic acute-phase response,
whereas IL-8 supports the chemotactic migration of immune cells, particularly
neutrophils.’® Experimental models have demonstrated that excessive cytokine
production is associated with organ injury and mortality, and that TNF and
IL-1 blockade may provide partial protection in this process.® The persistent
and uncontrolled release of these cytokines leads to further amplification of
inflammartory signals through positive feedback pathways.* When this response
cannot be suppressed due to insufficient regulatory mechanisms, the process
becomes systemic and evolves into a widespread inflammatory cascade known
as the “cytokine storm,” which may result in endothelial injury, microcirculatory
impairment, and organ dysfunction.*”® At this stage, increased production of
nitric oxide (NO) through inducible nitric oxide synthase (iNOS) expression
induced by proinflammatory cytokines (particularly TNF-a and IL-1pB) leads to
vasodilation in smooth muscle cells and a marked reduction in systemic vascular
resistance, triggering a distributive type of circulatory disturbance.** Thus, the
inflammatory response is not confined solely to immune cells but expands to
encompass the vascular endothelium, microcirculation, and coagulation system,
forming a broader pathophysiological process that constitutes the fundamental
basis for the progression of sepsis toward organ dysfunction.*

4.5. Endothelial Dysfunction, Microcirculatory Impairment, and
Immunothrombosis

As the systemic inflammatory response progresses, the central focus of the
immune response shifts to the vascular endothelium and the microcirculatory
network. Endothelial cells do not merely function as a passive barrier; rather,
they are active immunomodulatory structures that preserve vascular integrity and
regulate coagulation—fibrinolysis balance as well as immune cell migration.® Under
the influence of proinflammatory cytokines, particularly TNF-a and IL-1, the
expression of adhesion molecules (ICAM-1, VCAM-1, and E-selectin) increases
in activated endothelial cells, facilitating leukocyte adherence to the vascular
wall and transendothelial migration.®*® Endothelial activation also leads to the
disruption of intercellular junctions, resulting in increased vascular permeability
and the development of capillary leak syndrome.® The extravasation of plasma
components into the interstitial space contributes to tissue edema, impaired organ
perfusion, and tissue dysfunction due to hypoxia.”® During this process, the loss of
cellular integrity associated with endothelial injury leads to the release of DAMP
molecules, such as HMGBI1, mitochondrial DNA, and intracellular proteins,
into the extracellular environment; these molecules reactivate the inflammatory
response through PRRs and perpetuate systemic inflammation in a self-amplifying
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As endothelial dysfunction progresses, the vascular surface transforms into a
procoagulant phenotype, and excessive activation of the coagulation system triggers
thrombus formation at the microcirculatory level.?® During sepsis, neutrophil
extracellular traps (NETs) released by neutrophils help capture and eliminate
bacteria; however, their histone and protease content exacerbates endothelial
damage and facilitates platelet activation, thereby contributing to thrombosis.**
It has been demonstrated that excessive NET formation significantly increases
intravascular thrombus burden, which is associated with tissue hypoperfusion and
organ failure.* Due to the close interrelationship between the coagulation and
inflammatory systems, this process is defined as “immunothrombosis,” wherein
thrombus formation represents not only a hemostatic event but also a pathological
extension of the immune response.** Anaphylatoxins such as C5a, generated as
a result of complement system activation, further amplify the microthrombotic
process by enhancing platelet and endothelial activation.” Suppression of
compensatory anticoagulant mechanisms (e.g., antithrombin, the protein C
system) further accelerates this process and predisposes to the development of
disseminated intravascular coagulation (DIC).*

4.6. Organ Dysfunction and Multiple Organ Dysfunction Syndrome
(MODS)

In sepsis, the failure to control the systemic inflammatory response leads to an
imbalance between oxygen delivery to tissues and cellular oxygen consumption.
Endothelial injury, microcirculatory thrombus formation, and increased
capillary permeability triggered by proinflammatory processes result in tissue
hypoperfusion, causing cells to receive insufficient oxygen"°. This condition leads
to mitochondrial dysfunction, disruption of oxidative phosphorylation, and
reduced cellular ATP production.”” Energy deficiency causes failure of cellular
ion pumps, metabolic acidosis, and cell death, thereby triggering functional
losses at the organ level.”*¥ Organ dysfunction is not the consequence of a single
mechanism, but rather a multidimensional pathophysiological state shaped by the
interaction of processes such as hypoxia due to hypoperfusion, direct toxic effects
of inflammatory cytokines, endothelial barrier disruption, immunothrombosis,
and coagulopathy.>”

During sepsis, the lungs are among the most frequently affected organs;
disruption of the alveolar-capillary barrier and increased endothelial permeability
may lead to the development of acute respiratory distress syndrome (ARDS).*!¢
In the kidneys, microcirculatory hypoperfusion and the direct effects of
inflammatory mediators may trigger the onset of acute kidney injury (AKI).** In
the cardiovascular system, myocardial contractility may be suppressed by cardiac
depressant cytokines such as TNF-a and IL-1B, while nitric oxide—mediated
vasodilation may contribute to the development of septic cardiomyopathy."*
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In the liver, hepatocellular dysfunction and cholestatic responses may occur,
whereas sepsis-related metabolic dysregulation may result in lactate accumulation
and energy imbalance.*® At the level of the central nervous system, increased
blood—brain barrier permeability and neuroinflammation are associated with
sepsis-associated encephalopathy.®” In the hematological system, thrombocyte
consumption, coagulation activation, and suppression of natural anticoagulant
mechanisms may lead to hematological dysfunction characterized by DIC.*
As this process progresses, the clinical picture may evolve into multiple organ

dysfunction syndrome (MODS).**
4.7. Deepening Immune Dysfunction and Immune Paralysis

In the early stages of sepsis, the intense proinflammatory response may
gradually lead to exhaustion of the immune system and transition into a
suppressed immune phase known as immune paralysis.>*> During this period, the
host immune system shifts toward a response characterized by reduced production
of proinflammatory cytokines and dominance of anti-inflammatory mediators
such as IL-10 and TGF-B.** Decreased HLA-DR expression in macrophages and
monocytes, apoptosis and functional impairment in T lymphocytes, and a marked
reduction in the responsiveness of immune cells to stimuli are observed.”** Up to
this stage, the process is largely driven by the innate immune response; however,
as T lymphocytes become depleted, the adaptive immune system also gradually
becomes ineffective, contributing to the establishment of immune paralysis.*

While CD4* and CD8* T cells lose their proliferative capacity, a marked
decrease in the production of IL-2 and interferon-y is observed.® During this
period, the number of myeloid-derived suppressor cells (MDSCs) increases, and
these cells create an immunosuppressive microenvironment through L-arginine
consumption, suppression of T-cell proliferation, and inhibition of macrophage
and dendritic cell functions.® The increase in regulatory T cells (Tregs) also
contributes to post-septic immune deficiency by suppressing the effector T-cell
response. In addition, significant reductions in neutrophil chemotaxis, oxidative
burst, and microbicidal activity are detected, which weakens infection control.
As a result, this cellular-level immunosuppression predisposes patients to
secondary bacterial, fungal, and viral infections, complicating clinical progression
and increasing mortality. >

4.8. Conclusion and Future Perspectives

Sepsis is now regarded not merely as an infectious disease but as a dynamic
process of immune dysregulation that develops as a result of an excessive or
insufficient host response to infection. The disruption of the balance between innate
and adaptive immune responses gives rise to a multilayered condition characterized
by microcirculatory injury, immunothrombosis, and organ dysfunction. The early
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hyperinflammatory response eventually evolving into immune paralysis increases
patients’ susceptibility to secondary infections and multiple organ failure, thereby
elevating mortality .*

Current literature emphasizes that sepsis management should not be limited
solely to infection control and organ support, but should also include the
development of time-sensitive, phase-specific, and targeted immunomodulatory
strategies tailored to the stage of the immune response.'>® Therefore, sepsis
is increasingly recognized not as a single disease entity but as a heterogeneous
syndrome with an immune profile that may change over time, and the concept of
“personalized sepsis therapy” is gaining growing importance.”

In the future, determining treatment strategies based on immune monitoring
techniques, biomarker-based risk stratification, and patient-specific immune
response profiles may open a new era in sepsis care. In this context, better
characterization of the pre-sepsis phase and the development of early intervention
strategies may provide a critical opportunity to reduce mortality.
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