CHAPTER 5

TRADITIONAL AND EMERGING BIOMARKERS IN SEPSIS:
FROM CRP TO NEXT-GEN PANELS

Duygu Beder!

5.1. Introduction

Sepsis is a condition with a high mortality rate, characterized by progressive
organ failure, which can lead to septic shock or multiple organ failure. The
diagnosis of sepsis is defined as an increase of two points or more in the SOFA
score. In septic shock, the lactate level is above 2 mmol/L. Additionally, there is
a state of hypotension requiring vasopressor support to maintain a mean arterial
pressure above 65 mmHg."' The host response in sepsis manifests through excessive
inflammation and the resulting immunosuppression.” Sepsis is a significant
health problem that affects 48 million people worldwide each year and causes
approximately 12 million deaths, with high morbidity and mortality rates
reported’. Hospitalization rates attributable to sepsis have shown a rising trend,
especially among older adults and individuals with underlying chronic diseases,
thereby contributing to a substantial increase in healthcare expenditures.*

In general, culture methods, recognized as the diagnostic gold standard for
infection detection, are used.! However, this method has some limitations; negative
culture results are frequently seen, especially in patients who have previously
received antibiotic treatment. The long time it takes to obtain results from culture
methods causes delays in the treatment of sepsis patients.’ In addition to culture
diagnostic techniques, biochemical, immunological, and molecular techniques are
also used. However, these methods are costly and require appropriate equipment
and experienced personnel. Accordingly, the recognition of biomarkers with high
sensitivity and specificity, that are cost-effective and readily accessible, holds
critical importance for the accurate diagnosis and prognostic evaluation of sepsis.®
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Traditional And Emerging Biomarkers in Sepsis

5.2. Traditional Sepsis Biomarkers

5.2.1. C-Reactive Protein (CRP)

CRP is an acute phase protein produced in the liver in response to tissue injury
or infection, stimulated by interleukin-6 (IL-6).” It is a commonly used laboratory
test that is easy to evaluate and is a parameter included in the diagnostic criteria
for sepsis.”® Serial measurements are reported to be useful in determining when to
discontinue treatment.” It is reported that there is an approximately 10-hour delay
between the initiation of CRP synthesis and the onset of plasma CRP elevation,
and that CRP reaches its peak level after 36-50 hours. It has been reported that
symptoms related to infection may begin before CRP levels rise, and that CRP
levels may remain elevated for several days or even weeks after the infection has
subsided.”® An increase in CRP levels is a classic sign of infection. However, since
CRP levels may also increase in conditions such as chronic inflammatory diseases,
surgery, autoimmune diseases, cancer and trauma, it may not always be possible to
distinguish microbial infection.” Additionally, it has been reported that CRP does
not aid in distinguishing between bacterial and viral infections.' For this reason,
CRP has low sensitivity in the diagnosis of sepsis and is not a reliable criterion
on its own.® Since it is not a specific marker for sepsis, it should be interpreted in
conjunction with a thorough clinical evaluation.”

5.2.2. Procalcitonin (PCT)

Following exposure to bacterial endotoxins and the activation of inflammatory
mediators, serum procalcitonin concentrations begin to rise within 2—4 hours, reach
peak levels around the 6th hour, and remain relatively stable for the subsequent
8-24 hours. The biological half-life of procalcitonin is estimated at approximately
24-30 hours.*”®!" The literature suggests that PCT levels remain within the
normal reference range in patients who do not meet sepsis criteria, supporting the
notion that PCT is specifically associated with infectious events.” For this reason,
the use of procalcitonin monitoring to help predict 4-week mortality in cases with
septic shock and sepsis was ratified by the FDA in 2016.¢ Additionally, studies have
reported that PCT can be used as a biomarker to discontinue antibiotic treatment
when PCT levels decrease by 79% or more from baseline or when PCT values are
below 0.49 ng/ml."> Although data are limited, it has been suggested that PCT can
be utilized to differentiate between viral and bacterial infections, and that PCT
levels are associated with the severity of bacterial infection.'""* Additionally, PCT
levels have been reported to be higher in Gram-negative infections in comparison
to Gram-positive infections.'* However, this biomarker still has some important
limitations. It has been reported that PCT tends to rise temporarily in non-septic
conditions such as trauma, surgical procedures, heat stroke, or physical exercise.'
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5.2.3. Lactate

Lactate is formed by the catabolism of pyruvate, an intermediate metabolite
produced by glycolysis, through the lactate dehydrogenase enzyme under anaerobic
conditions." In the context of sepsis, hyperlactatemia arises from impaired oxygen
utilization secondary to tissue hypoperfusion, accompanied by a metabolic shift in
cells toward anaerobic glycolysis as the predominant source of energy production.®
Therefore, it has been suggested that lactate levels 24 mmol/L are significant in
the diagnosis of septic shock, severe sepsis, and sepsis, as they indicate inadequate
tissue oxygenation due to hypoperfusion. It has been reported that elevated lactate
levels may be useful in determining the prognosis and mortality risk of the disease,
as they may serve as an indicator of cellular dysfunction in sepsis.”

5.2.4. Complete Blood Count Parameters

Among the complete blood count parameters, WBC, MPV, NEU, LYM, and
PLT values and their ratios to each other are used as markers of inflammation.'®

Generally, an increase in leukocyte count indicates infection. However, in
various clinical conditions like hemopathy, noninfectious inflammatory disorders
like malignancy or rheumatological diseases, leukocyte count may also increase.'”'®
Moreover, in certain cases of sepsis, the leukocyte count may remain within
normal limits or be decreased."

In the presence of infection, neutrophils rapidly migrate to the affected site and
exert antimicrobial activity through mechanisms such as phagocytosis, oxidative
burst, and the generation of neutrophil extracellular traps (NETs). Infection
typically induces a marked increase in circulating neutrophil counts, which often
correlates with disease severity.?” Nonetheless, neutrophilia may also occur in the
context of chronic inflammatory disorders, including rheumatic conditions, and
physiological states such as pregnancy and obesity.?"*

Lymphocytes are the basic cell group of the acquired immune response,
accounting for approximately 19-40% of the leukocyte count.?® In sepsis,
where both proinflammatory processes and immunosuppression are observed,
lymphocytes are depleted in the early stages due to apoptosis, resulting in
lymphopenia.” Additionally, when reviewing the literature, it has been reported
that lymphopenia in sepsis patients may serve as an indicator of mortality risk.?

Another biomarker, platelet count, has been reported to decrease in sepsis.?*2°

Thrombocytopenia is thought to be caused by inflammatory products affecting
platelets and vascular endothelium, thereby increasing aggregation and adhesion.*
Platelet volume is established during their formation from megakaryocytes within
the bone marrow. Consequently, stimuli that activate bone marrow function, such
as infectious processes, may lead to alterations in both platelet size and count.
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Under such stimulation, thrombopoiesis is enhanced, resulting in the release of
larger, immature platelets compared with their mature counterparts. This results
in an increase in MPV. These changes in MPV are observed earlier than changes in
platelet count. Therefore, it has been suggested that changes in MPV could serve
as a potential indicator for early inflammatory detection.”*®

The neutrophil-to-lymphocyte ratio (NLR) and platelet-to-lymphocyte ratio
(PLR) are inflammatory biomarkers that tend to rise in response to systemic
inflammation and are correlated with disease severity. Evidence from previous
studies indicates that both PLR and NLR can serve as valuable indicators for
the diagnosis and prognostic assessment of various inflammatory disorders and
malignancies.” NLR and PLR are simple and easy parameters calculated from
routine laboratory data in complete blood counts without the need for additional
techniques.” In the literature, PLR and NLR values have been reported to be
increased in sepsis in comparison to the control group.?

Additionally, the delta neutrophil index is a new inflammation marker which
can be calculated without additional cost in routine complete blood counts.
Upon reviewing the literature, it is observed that the delta neutrophil index is not
frequently evaluated in patients with sepsis. The DNI is indicative of immature
granulocytes in the peripheral circulation. Studies have shown that DNI increases
in inflammatory conditions.'

5.2.5. Other Traditional Biomarkers

5.2.5.1. Erythrocyte Sedimentation Rate (ESR)

Erythrocyte sedimentation rate (ESR), one of the biomarkers frequently used
in sepsis, may be useful in determining the severity and prognosis of the disease.
However, it is a nonspecific marker of inflammation rather than infection. For
instance, research involving burn patients has demonstrated elevated ESR values;
however, there were no statistically significant differences between those with and
without infection.?!

5.2.5.2. Fibrinogen

It has been determined that fibrinogen increases 2 to 4 times as an acute
phase protein in sepsis, but in advanced stages, it may remain at low levels due
to consumption coagulopathy.’” When evaluating the literature data, it has been
determined that this decrease in fibrinogen levels is associated with an increase in
mortality.?
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5.3. Emerging Sepsis Biomarkers
5.3.1. Inflammatory and Immunomodulators

5.3.1.1. Presepsin (sCD14-ST)

Presepsin is expressed primarily by myeloid-derived cells such as NEUs,
macrophages and monocytes and exhibits high affinity for lipopolysaccharide
(LPS). Therefore, it is particularly useful in monitoring bacterial infections.
Although the precise biological functions of presepsin remain incompletely
understood, membrane-bound CD14 is known to function as a co-receptor for
toll-like receptors (TLRs). In the presence of infectious agents, CD14 facilitates
the activation of TLR-4."** Upon receptor activation, the membrane-bound form
of CD14 undergoes proteolytic degradation, leading to reduced surface expression
and the release of soluble CD14 (sCD14) into the extracellular space. This soluble
form is then cleaved by cathepsin D to produce presepsin (sCD14-ST)*. Presepsin
formation triggers activation of proinflammatory intracellular signaling pathways
including nuclear factor kappa B (NF-xB). However, sCD14 receptors can also
compete with membrane-bound forms for free ligands and inhibit cytokine
release. Additionally, sCD14, by partially increasing immunoglobulin production
by B cells, may also play an anti-inflammatory role. For this reason, presepsin
is recognized as a metabolic regulator in sepsis. Recent studies have shown that
high presepsin levels in sepsis may reduce mortality rates and improve prognosis.
These findings also suggest that presepsin can be utilized in determining treatment
strategies. Generally, presepsin levels rise two hours after infection, peak after
three hours, and begin to decline on the seventh day. Nevertheless, the literature
presents inconsistent findings regarding the diagnostic utility of presepsin in
sepsis. While it may serve as a valuable adjunct biomarker, its use in isolation is
often insufficient for reliably confirming or excluding the diagnosis. A notable
limitation is that presepsin is a relatively small protein (-13 kDa) that undergoes
renal filtration, rendering its plasma concentration highly dependent on kidney
function. Reduced glomerular filtration rate can result in elevated circulating
presepsin levels; thus, values exceeding the established cut-off in patients with
renal impairment should be interpreted with caution. Furthermore, presepsin
concentrations may be affected by other pathophysiological conditions, including
age-related factors (e.g., in neonates and older adults) and hemophagocytic
syndrome (HPS), in addition to renal dysfunction.!34%

5.3.1.2. Proadrenomedullin (proADM)

Proadrenomedullin is one of the precursor molecules of adrenomedullin
(ADM).” In the body, ADM is produced in many tissues, including pulmonary

tissue.?*4* It has been determined that ADM synthesis increases under conditions
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of hypoxia, oxidative stress, and inflammation.*"*? In severe inflammatory diseases
affecting the lungs and in conditions where glomerular filtration is reduced,
increased ADM levels have been detected.””* Additionally, glucocorticoid
hormones are other factors that increase ADM levels.“4> ADM has a very short
half-life because it binds to ADM carrier receptors and is rapidly metabolized.
Therefore, measurements are performed using mid-regional proadrenomedullin
(MR-proADM), a fragment obtained from the middle region of ADM. Evidence
from previous studies suggests that adrenomedullin (ADM) concentrations rise
in proportion to infection severity, serving to regulate vascular tone and preserve
perfusion within visceral organs. Additionally, ADM has vasodilator, diuretic,
natriuretic, bronchodilator, antimicrobial, and anti-inflammatory effects.”**

5.3.1.3. Soluble Trigger Receptor (STREM-1) Expressed in Myeloid Cells

Soluble triggering receptor expressed on myeloid cells-1 (sTREM-1) is a 30
kDa molecule present on the surface of endothelial cells, monocytes, neutrophils,
and macrophages. TREM-1 contributes to the activation of TLR-4 and TLR-2
and amplifies inflammatory signaling through its association with the DNAX-
activating protein of 12 kDa (DAP12).” In addition, TREM-1 modulates the
synthesis of various chemokines and cytokines, including interleukin-8 (IL-8),
TNF-a, and IL-1B.%4 The soluble form of trigger receptor-1 expressed in myeloid
cells, sSTREM-1, is used to assess the inflammatory response and is found in
bronchoalveolar lavage fluid, cerebrospinal fluid, plasma, pleural fluid, and
urine3”44, In response to inflammation, neutrophils migrate to injured tissues,
resulting in mucosal damage. After damage, sSTREM undergoes degradation at
the tissue level, and plasma levels decrease.”” Therefore, this receptor decreases in
severe inflammatory conditions and is considered a negative acute phase reactant.

5.3.1.4. TNF-o and Interleukins (IL)

Cytokines are short-lived glycoproteins released from macrophages,
lymphocytes, and endothelial cells.” In SIRS, endotoxins, exotoxins, and antigenic
structures bind to the CD14 receptor, stimulating monocytes and causing the
release of a number of inflammatory cytokines. Under normal conditions, the role
of these cytokines released in response to inflammation is to defend at the site of
infection.” However, their excessive production can be harmful and cause tissue
damage.” Although bacterial lipopolysaccharides were initially considered the
primary drivers of clinical manifestations in sepsis, subsequent evidence indicates
that these symptoms are largely mediated by downstream inflammatory molecules
released in response to lipopolysaccharide stimulation.*®%

TNF-a in sepsis has been extensively investigated over the years. Rukmono
et al.>® reported significantly higher TNF-a concentrations in patients with
confirmed sepsis compared with those in whom sepsis was only suspected.
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Similarly, another study demonstrated elevated serum TNF-a levels in 32 out
of 37 individuals diagnosed with sepsis.” A review of current literature reveals a
significant correlation between sepsis symptoms and TNF-a release.

IL-1B is one of the main cytokines that constitute the SIRS clinic and activates
the immune response. This cytokine is secreted by activated macrophages and plays
a role in apoptosis, many cellular activities, differentiation, and cell proliferation.
However, excessive amounts or prolonged secretion have been correlated with
increased mortality and morbidity rates. Serum IL-1f levels have been found to be
persistently elevated in sepsis patients who did not survive, suggesting that IL-1f
may play a role in sepsis.’!

Research findings indicate that IL-6 concentrations are markedly increased
in cases with sepsis in comparison to those in the control group.’®** In addition,
a correlation between elevated IL-6 levels and mortality has been reported.”
Plasma IL-6 concentrations reach their peak approximately two hours after
onset and remain elevated for a longer duration compared with interleukin-1
(IL-1) and TNF-a.! Furthermore, the diagnostic value of this cytokine has been
reported to be 98%.%

Research evidence indicates that serum IL-8 levels are significantly higher in
individuals diagnosed with sepsis.”*® Elevated IL-8 concentrations have also been
linked to higher mortality rates in individuals with sepsis.”*

5.3.1.5. Extracellular Vesicles and Circulating MicroRNAs

Extracellular vesicle (EV) release can elicit sepsis or SIRS comparable to that
induced by LPS. Beyond their pathogenic role, EVs have been shown to exert
potential therapeutic effects by attenuating reactive oxygen species production,
reducing proinflammatory cytokine and chemokine release, facilitating
macrophage polarization, enhancing both apoptosis and the production of anti-
inflammatory cytokines. EVs also hold diagnostic value in sepsis, with vesicles
originating from various cellular sources—including leukocytes, macrophages,
platelets, and granulocytes—proposed as potential biomarkers. Notably, these
vesicles have been reported to enable earlier detection of sepsis compared to
conventional inflammatory markers.>

In addition to surface protein expression, the molecular cargo of EVs
has potential diagnostic value.”” Furthermore, several microRNAs (miRNAs)
contained within the cargo of EVs including miR-181-5p, miR-145-5p,
miR-122-5p, miR-126-3p, and miR-26-5p, have been linked to sepsis. In
contrast, certain EV-associated miRNAs, such as miR-122 and miR-34a, have
demonstrated anti-inflammatory properties by attenuating the proinflammatory
response.”® Qiu and colleagues measured exosomal let-7d-3p and miR-483-3p
as new biomarkers for sepsis.”” Multiple studies on sepsis have demonstrated
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significant alterations in the expression levels of miRNA-150, miRNA-223, and
miRNA-146a. Measurement of the serum concentrations of these candidate
miRNAs holds potential value for both diagnostic and therapeutic decision-
making. Functionally, miRNAs exert regulatory effects on the immune system
by directly targeting signaling proteins and modulating the activity of nuclear
factor kappa B (NF-kB) in immune cells. The association between miRNA
expression and NF-«kB activity has been well established in in vitro experiments.
In particular, miRNA-146b and miRNA-146a are upregulated in response to
microbial components and proinflammatory cytokines. Notably, miRNA-146a
has been reported to play an anti-inflammatory role by targeting TRAF6 and
IRAK-1, thereby attenuating excessive inflammation and modulating NF-kB
transcriptional activity. In the context of sepsis, reduced miRNA-146a expression
has been reported.'" In a study conducted by Ma et al. involving 120 patients
with sepsis and 50 healthy controls, serum miRNA-150 levels were found to be
significantly lower in the sepsis group compared with the control group.®’ Wang
et al. reported that miRNA-223 expression was significantly elevated in patients

with septic shock, severe sepsis, and mild sepsis compared with healthy controls,
whereas miR-499-5p and miR-193b levels were markedly reduced.*!

5.3.1.6. Immune Cell Surface Markers

As a robust measure of monocyte antigen-presenting capacity, HLA-DR
expression is widely used in clinical research, where mHLA-DR levels reflect
innate immune competence. Notably, mHLA-DR expression has been found
to be drastically reduced in cases with sepsis compared with healthy controls.?
Reduced mHLA-DR expression has been linked to impaired immune function
and unfavorable clinical outcomes.>®* From a clinical perspective, assessment of
mHLA-DR expression by flow cytometry within 3-8 days following the onset
of sepsis is recommended to inform and guide immunomodulatory therapeutic
strategies.®® For this reason, there is consensus that low mHLA-DR levels should
be accepted as a marker for the identification of immunosuppression and the
prediction of secondary infection risk.*

5.3.2. Cellular Damage and Organ Dysfunction Markers
5.3.2.1. Kidney Damage Markers

Neutrophil gelatinase-associated lipocalin (NGAL) is a protein secreted
mainly by immune cells such as NEUs, macrophages and dendritic cells, and is
also known as lipocalin-2.9 Its structure is generally three-dimensional barrel-
shaped.” NGAL possesses a ligand-binding domain referred to as the “calyx,”
which facilitates receptor attachment to cell membrane surfaces and enables
the formation of larger molecular complexes. The primary ligands interacting
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with this binding domain include leukotriene B4, N-formylated tripeptides,
and platelet-activating factor. NGAL exists in three distinct molecular forms:
a 25 kDa monomer predominantly secreted by renal tubular cells; a 45 kDa
homodimer released by neutrophils during the inflammatory response; and a 135
kDa heterodimeric complex formed by NGAL in association with MMP-9.% The
interaction between NGAL and MMP-9 enhances the enzymatic activity of MMP-
9 while preventing its degradation.®® This interaction contributes to enhanced
proteolysis, collagen degradation, and subsequent fibrosis. NGAL is synthesized
in response to inflammatory stimuli, and its concentrations can be quantified in
various biological fluids, including plasma, urine, and peritoneal fluid. Elevated
NGAL levels have also been documented in patients with chronic kidney disease
and those undergoing dialysis, where it may serve as a prognostic indicator for
declining renal function, as well as for mortality and complications related to
kidney failure. Beyond its role as an acute-phase protein, NGAL participates in
antibacterial immune defense mechanisms. Its expression is induced in neutrophils,
epithelial cells, and hepatocytes by inflammatory cytokines. Moreover, epithelial
injury in organs such as the stomach, intestine, lungs, or liver during infectious
processes leads to increased plasma NGAL concentrations.®

NGAL contributes to antibacterial host defense by modulating iron transport
mechanisms. Inflammatory conditions trigger bacterial siderophore synthesis.**”°
While the sequestration of bacterial siderophores represents the principal
bacteriostatic function of NGAL, it also contributes to the activation and
differentiation of T cells toward a T helper 1 (Th1) phenotype”. Furthermore,
NGAL deficiency has been associated with impaired neutrophil function, leading
to reduced chemotaxis as well as diminished adhesion and migratory capacity of
inflammatory cells.”> Considering these mechanisms collectively, it can be inferred
that individuals with reduced NGAL levels exhibit increased susceptibility to a
wide range of infections.”

Dipeptidyl peptidase 3 (DPP3) is a zinc-dependent aminopeptidase that
hydrolyzes dipeptides at the N-terminus of oligopeptides.”? DPP3 plays a role
in the regulation of oxidative stress and is released into the circulation in clinical
conditions with high mortality, such as sepsis.”* Ang II is a key effector hormone of
the renin—angiotensin system (RAS), playing a central role in the regulation of fluid
homeostasis and blood pressure, as well as in the induction of vasoconstriction.”
Circulating DPP3 rapidly degrades Ang II, leading to myocardial depression,
hemodynamic instability, and vasoplegia.”® In a study investigating the relation
between circulating DPP3 (cDPP3) concentrations and short-term outcomes in
patients with septic shock or sepsis, a threshold of 40 ng/mL was applied to stratify
participants. Individuals with cDPP3 levels exceeding this threshold demonstrated
higher 28-day mortality rates, an increased incidence of acute kidney injury, and
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reduced urine output within the first 24 hours. Conversely, patients whose cDPP3
concentrations declined to < 40 ng/mL within the initial 24 hours exhibited lower
mortality. These findings indicate that elevated cDPP3 levels may be linked to
early manifestations of renal and circulatory dysfunction and could serve as a
marker for identifying patients at elevated risk who may benefit from targeted
fluid resuscitation strategies.””

5.3.2.2. Heart Damage Markers

Cardiovascular failure, and the consequent widespread tissue hypoxia,
represents one of the leading causes of mortality and morbidity in patients
with sepsis.”” Septic shock and sepsis may induce myocardial injury secondary
to impaired coronary perfusion and microcirculatory disturbances. Multiple
pathophysiological mechanisms—including pronounced oxidative stress, release
of inflammatory mediators, calcium channel dysfunction, and autonomic
nervous system dysregulation—can contribute to the development of septic
cardiomyopathy. Biomarkers such as CK-MB and ¢Tn have been shown to be
valuable for detecting myocardial injury occurring during the inflammatory
phase. Cardiac troponins are released into the circulation following myocardial
cell damage. Elevations in cardiac troponin T and CK-MB concentrations
are therefore associated with acute myocardial injury resulting from coronary
perfusion and microcirculatory disorders, as well as with MODS linked to
the DIC subtype, characterized by hypercoagulability in sepsis.”® Cardiac
decompensation in the context of sepsis is a critical determinant of mortality.
In the Surviving Sepsis Campaign guidelines, sepsis accompanied by cardiac
decompensation is classified as septic shock. B-type natriuretic peptide (BNP),
a hormone synthesized and secreted by ventricular myocytes in response
to ventricular wall stretch, is recognized as a reliable prognostic marker for
mortality in septic shock. Evidence from the literature indicates that elevated
serum BNP concentrations are related to elevated mortality rates in individuals
with sepsis. Given that early diagnosis and timely initiation of therapy can reduce
mortality risk, measurement of serum BNP levels upon hospital admission is
recommended in patients presenting with sepsis.”

5.3.2.3. Endothelial Damage Markers

Intravascular inflammation promotes interactions among platelets,
leukocytes, and endothelial cells, leading to the release of adhesion
molecules—including vascular cell adhesion molecule-1 (VCAM-1) and
intracellular adhesion molecule-1 (ICAM-1)—into the circulation.??®' Elevated
concentrations of ICAM-1 and VCAM-1 have been reported in individuals with
sepsis and are related to unfavorable clinical results. Consequently, circulating
adhesion molecule levels may serve as valuable biomarkers for evaluating
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disease severity and the presence of sepsis-induced DIC®. Although soluble
adhesion molecules such as ICAM-1 and VCAM-1 correlate with the severity
of sepsis, their specificity and sensitivity in detecting sepsis-induced endothelial
injury and organ dysfunction in the context of DIC are limited. Furthermore,
their diagnostic performance may not surpass that of other established sepsis
biomarkers, including procalcitonin and IL-6.%

As a key endothelial membrane glycoprotein, thrombomodulin (TM)
mediates protein C activation. In DIC, vascular injury triggers TM shedding
into plasma, resulting in measurable increases in soluble thrombomodulin
(sTM) concentrations—a biomarker of endothelial dysfunction. Such an increase
reflects endothelial dysfunction and impairment of the anticoagulant pathway®'.
Evidence from the literature suggests that elevated soluble thrombomodulin
(sTM) concentrations are associated with poor prognosis in DIC.*%

5.3.3. Pathogen-Associated and Host Response Markers

5.3.3.1. Beta-D-Glucan and Mannan Antigen

Fungal antigens such as B-(1—3)-D-glucan (BDG) or mannan (Mn) can be
used for the early detection of candida-associated sepsis. This is because biomarker
positivity generally appears before culture positivity in patients with candidemia.
In addition, relapses are generally accompanied by secondary increases in
biomarkers. Elevated BDG and Mn levels are associated with increased mortality
rates, while decreasing levels indicate a favorable prognosis in most patients. When
studies are evaluated, since the clinical findings of bacteremia and candidemia are
similar, it has been determined that empirical anti-infective treatment in patients
subsequently diagnosed with candidemia includes antifungal agents in only 5.95%
of cases. Antifungal treatment is generally initiated after a positive blood culture.
However, delay in initiating pathogen-appropriate treatment results in increased
mortality. Therefore, antifungal treatment should be shaped by a preemptive
approach using rapid diagnostic tests. Both biomarkers demonstrated diagnostic
potential for candidemia, exhibiting moderate-to-good sensitivity and specificity
upon evaluation (“BDG: 87.5% and 85.5%; Mn: 58.9% and 97.5%”). However,
there is limited data on how long before the onset of symptoms fungal antigens
reach detectable levels. In addition, more research is needed to determine whether
these biomarkers can be used to predict the duration of circulation, recurrence of
candidemia, and treatment success.*

5.3.3.2. DNA/RNA and Protein Markers

NETs are extracellular webs of DNA and associated proteins that neutrophils
generate and release via NETosis, a distinct form of cellular death. While NETs
play a crucial role in host defense by trapping and eliminating pathogens, in
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sepsis-associated DIC they also provide a procoagulant scaffold that facilitates
the interaction of DNA with coagulation factors. Evidence from clinical studies
indicates that NET formation is elevated in septic patients with DIC, promoting
thrombin generation and thereby exacerbating coagulopathy.®*¥ Assessment of
NETs through surrogate indicators, such as neutrophil side fluorescence, could
serve as a potential biomarker for early DIC detection and clinical management.®

5.3.4. Coagulation and Fibrinolysis Markers

Activation of the inflammatory cascade can trigger an intense and excessive
systemic inflammatory response and cause SIRS, septic shock, DIC, and MODS
by affecting coagulation and fibrinolytic systems.

In SIRS, coagulation begins with phosphatidylserine and tissue factor (TF)
expression, with additional contributions from platelets, endothelial cells, and
granulocytes via procoagulant factors. The extrinsic and intrinsic pathways
are evaluated by PT and aPTT, respectively. Fibrin, the final clotting product,
is converted to fibrin and fibrinogen degradation products (D-dimer, etc.) by
plasmin. Thrombin, in turn, is inactivated by antithrombin and converted to an
antithrombotic agent by protein C. The thrombin formed can be measured as the
thrombin-antithrombin complex (TAT). Elevated PAI-1, Ang-2, and vWF levels
further reflect endothelial dysfunction in sepsis.®’

Studies have shown that the imbalance between the hemostatic system
disorder and hypercoagulation and hyperfibrinolysis leads to DIC in patients
with sepsis. Hypercoagulation in patients with sepsis is noteworthy and can cause
multiple organ dysfunction. Another condition contributing to hypercoagulation
in sepsis is a decrease in AT III levels. Characteristic AT deficiency in DIC results
from consumption in microthrombi, synthetic dysfunction, extravasation, and
neutrophil elastase-mediated degradation. Studies have indicated that low AT
levels are frequently detected, particularly in sepsis-related DIC.#*°

Since vascular endothelial function and anticoagulant pathways are
significantly affected in DIC, markers of protein S and protein C have been
investigated in the diagnosis and treatment of DIC. The protein C pathway,
comprising protein C and its cofactor protein S, represents a key component of
the endogenous anticoagulant system. Upon activation, activated protein C (aPC)
attenuates thrombin generation by proteolytically inactivating coagulation factors
Va and VIIIa.®! In DIC, circulating levels of protein S and protein C are typically
markedly decreased as a result of increased consumption and impaired synthesis,
thereby contributing to the prothrombotic state characteristic of this condition.”
Gando et al.”? showed that decreased protein C levels correlate with DIC severity
and predict worse clinical outcomes.
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Fibrin monomer and soluble fibrins are regarded as more specific indicators
of thrombin generation and have demonstrated particular utility in the diagnosis
of DIC. A study reported a strong correlation between increased soluble fibrin
levels and DIC in sepsis patients.”” Therefore, incorporating these markers
alongside clinical parameters can substantially enhance the accuracy of DIC
diagnosis. Elevated fibrin concentrations reflect ongoing thrombin generation
and clot formation, whereas increased FDP and D-dimer levels indicate fibrin
degradation. Concurrent assessment of these parameters provides complementary
insights into both fibrin formation and fibrinolytic activity, thereby improving
diagnostic precision in DIC.%*

Sepsis-associated DIC is recognized by suppressed fibrinolytic activity,
resulting in a hypercoagulable state. This pathophysiological imbalance indicates
that fibrinolysis markers may hold significant value in the diagnosis of DIC.
Elevated D-dimer concentrations are a hallmark of DIC and are widely utilized
for both diagnostic assessment and prognostic evaluation.®' Studies have found
that D-dimer concentrations are significantly elevated in individuals with DIC,
particularly in cases of sepsis-associated coagulopathy.” Nevertheless, D-dimer
has limited specificity because elevated levels can be observed in a variety of
other conditions, such as venous thromboembolism, malignancy, and systemic
inflammation, thereby limiting its utility as a standalone diagnostic marker for
DIC. Moreover, in severe cases characterized by markedly suppressed fibrinolysis,
D-dimer concentrations may not rise as expected. Additional challenges include
the absence of a standardized cut-off value, substantial variability in reference
ranges across different assay kits, and differences in the antibodies employed
for measurement. Collectively, these factors contribute to the potential for
conflicting diagnostic results.®>” It is also important to recognize that D-dimer
concentrations may be influenced by factors such as pregnancy, age, and various
comorbid health conditions.”

5.4. Panel Approach in Biomarkers

The use of a multi-biomarker method in the diagnosis and management
of sepsis is important because it has the potential to increase the accuracy of
sepsis identification and assessment. Given the complex pathophysiological
mechanisms underlying sepsis, reliance on a single biomarker is insufficient to
capture the full spectrum of the disease. The integration of multiple biomarkers
reflecting discrete immunological, inflammatory, and organ dysfunction
pathways facilitates a systems-level assessment of the patient’s condition. For
example, procalcitonin serves as an indicator of bacterial infection, whereas
elevated lactate levels reflect tissue hypoperfusion and organ dysfunction. The
combination of these parameters provides insights into both the infectious and
metabolic components of sepsis. Using such combinations facilitates a broader
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assessment of the inflammatory cascade and the overall pathophysiology of sepsis,
thereby improving diagnostic accuracy and disease monitoring. Incorporating
multiple biomarkers into clinical assessment allows for more personalized
treatment strategies, tailored to both the patient’s initial presentation and their
response to therapy over the course of the illness.

However, standardizing the interpretation of multiple biomarker panels
remains a significant challenge. Furthermore, the measurement of certain
biomarkers can be costly, and their availability may be restricted, particularly in
resource-limited healthcare settings. Effective integration of multiple biomarker
results also demands specialized expertise, and clinical decision-making can be
complicated in situations where results are conflicting or inconclusive.”

5.5. Conclusion

The use of biomarkers in the diagnosis of sepsis, determination of prognosis,
and prediction of mortality is becoming increasingly important. In recent years,
the literature has provided increasing clues as to which biomarkers are most useful
and valuable information has been obtained. Especially when used in conjunction
with clinical scoring systems, biomarkers with high negative predictive value can
enable early diagnosis, treatment, prognosis monitoring, and mortality prediction.
Thus, biomarkers contribute to clinicians’ ability to select targeted antibiotic
therapy and help reduce the cost burden of the disease. In light of this information,
there is a need for future studies on the use of both existing and newly discovered
biomarkers in the diagnosis, treatment, and prognosis monitoring of sepsis.
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