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ABSTRACT

Sepsis is a dysregulated systemic reaction to a common infection, that can cause life-
threatening organ dysfunction. Over the last decade, the mortality rate of patients with
sepsis has decreased as long as patients are treated according to the recommendations of the
Surviving Sepsis Campaign, but is still unacceptably high. Patients at risk of sepsis should
therefore be identified prior to the onset of organ dysfunction and this requires a rapid
diagnosis and a prompt initiation of treatment. Unfortunately, there is no gold standard

for the diagnosis of sepsis and traditional standard culture methods are time-consuming.
Recently, in order to overcome these limitations, biomarkers which could help in predicting
the diagnosis and prognosis of sepsis, as well as being useful for monitoring the response to
treatments, have been identified. In addition, recent advances have led to the development of
newly identified classes of biomarkers such as microRNAs, long-non-coding RNAs, and the
human microbiome. This review focuses on the latest information on biomarkers that can be
used to predict the diagnosis and prognosis of sepsis.

Keywords: Sepsis; Biomarkers; Diagnostic; Prognostic

INTRODUCTION

According to the third international consensus definition, sepsis is defined as a life-
threatening organ dysfunction that occurs due to a dysregulated host response to infection.
Septic shock is a subtype of sepsis that is clinically identified by a requirement for the
administration of vasopressors to increase the mean arterial blood pressure to 65 mmHg or
greater despite sufficient fluid resuscitation, or by an increase in serum lactic acid levels by
2 mmol/L or greater [1]. Sepsis is one of the most common causes of ICU hospitalization,
and its frequency continues to increase. In a meta-analysis of 27 studies in high-income
countries, the incidence rate of sepsis was found to be 288 cases per 100,000 person-years
[2]. A multicenter cohort study in Korea reported that the incidence of sepsis in patients
admitted to the emergency department was 1.5%, of which 36.5% were accompanied

by septic shock [3]. Several studies have shown that mortality related to sepsis has been
decreasing annually, but in low and middle-income countries there is still a high mortality
rate that can be up to 80%. Sepsis treatment is the most expensive in the United States,
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resulting in more than 20 billion dollars each year. Patients at risk of sepsis should be
identified prior to the onset of organ dysfunction and they require rapid diagnosis and onset
of treatment. Unfortunately, there is no gold standard for the diagnosis of sepsis, and the
sequential organ failure assessment (SOFA) score [4], recommended for assessing organ
dysfunction in sepsis criteria-3 [1], runs the risk of premature recognition of the signs of a
potentially fatal infection [5-9]. In addition, because traditional standard culture methods
are time-consuming, accurate microbial diagnosis can be delayed. The development of sepsis
biomarkers that can help in predicting the diagnosis and prognosis of sepsis and monitoring
treatment responses is an ongoing process [10].

Sepsis begins with the activation of an innate immune response mediated by the detection of
damage-associated molecular patterns (DAMPs) or pathogen-associated molecular patterns
(PAMPs) by pattern-recognition receptors (PRRs) on host cells. In the activated innate
immune response to sepsis, pro-inflammatory and anti-inflammatory mediators such as
tumor necrosis factor-a (TNF-a), interleukin-1§ (IL-1B), interleukin-6 (IL-6) and monocyte
chemoattractant protein 1 (MCP-1) are released, followed a rise in the levels of acute phase
proteins such as procalcitonin, calprotectin, pro-adrenomedulin, pentraxin-3, and C-reactive
protein (CRP). In addition, the serum levels of glycoproteins on cell membranes such as
presepsin, soluble triggering receptor expressed on myeloid cell 1 (STREM-1), and soluble
urokinase plasminogen activator receptor (suPAR) may be increased, and the expression of
CD64, an immunoglobulin receptor, may also be upregulated [11, 12].

Many of these molecules have been proposed as sepsis biomarkers (Table 1). In particular,
procalcitonin and CRP are already widely used as biomarkers for the prediction of diagnosis
and the severity of sepsis [13, 14]. MCP-1 is a soluble chemokine that is secreted by
monocytes, endothelial cells, fibroblasts and other cells under pro-inflammatory conditions
and initiates the inflammatory cascade allowing the recruitment of immune cells to the

site of injury. The increase in the levels of MCP-1 in sepsis patients is correlated with organ
dysfunction and may help to predict a poor prognosis (Table 2) [15]. sSTREM-1, a soluble

form of TREM-, is expressed mainly on monocytes and neutrophils, and plays an important
role in the inflammatory and cytotoxic response to sepsis including the synergic activation
of Toll-like receptors and the increase of production of pro-inflammatory cytokines [16].
Several studies have demonstrated that the serum levels of sSTREM-1 are a useful diagnostic
biomarker for sepsis (Table 1) [17]. suPAR, a soluble form of uPAR, is expressed on

immune cells such as neutrophils, lymphocytes, monocytes, and macrophages, as well as

on endothelial cells, and is involved in a variety of immunological functions including cell
migration, cell adhesion, angiogenesis, fibrinolysis, and cell proliferation [18]. Higher serum
levels of suPAR are associated with a higher mortality (Table 2). suPAR levels are thought to
have a limited diagnostic value, but a recent meta-analysis has reported that the area under
the curve (AUC) of suPAR for predicting sepsis was as high as 0.83 [19]. CD64, a high-
affinity Fcy receptor I, is present at low levels on resting neutrophils, but its expression is
up-regulated in the early stages of activation of the innate immune response. The CD64 index
has been suggested to be a diagnostic marker of sepsis in several studies (Table 1) [20-22]. In
addition to the biomarkers described above, various proteins, soluble receptors, cytokines,
and chemokines, which are involved in the pathophysiology of sepsis, have been proposed
and evaluated as novel biomarkers. Recent advances have also led to the development of
newly identified classes of biomarkers such as microRNAs, long-non-coding RNAs, or the
human microbiome. This review focuses on the latest information on biomarkers that can be
used for predicting the diagnosis and prognosis of sepsis.
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Table 1. Diagnostic markers of sepsis
Category Biomarker Ability to predict Patients Variables AUC 95% Cl Ref
Soluble Presepsin Sepsis diagnosis Sepsis [93] (n =72), Presepsin 0.954 0.910 - 0.998 [31]
receptors healthy controls or SIRS (n = 43) PCT 0.847 0.793 - 0.955
CRP 0.859 0.782 - 0.936
Sepsis diagnosis Sepsis [93] (n =73), Presepsin 0.937 [30]
healthy controls or SIRS (n = 45) PCT 0.915
hs-CRP 0.853
IL-6 0.869
STREM-1 Differentiation between Sepsis [93] (n = 52), SIRS (n =38)  STREM-1 0.78 0.69 - 0.86 [94]
SIRS and sepsis PCT 0.65 0.53 - 0.76
APACHE 11 0.71 0.60 - 0.81
Septic shock diagnosis = Septic shock [95] (n = 60), STREM-1 0.955 [96]
healthy controls (n = 30) PCT 0.844
CRP 0.791
IL-6 0.898
SUPAR Sepsis diagnosis Sepsis [95] (n = 40), SUPAR 0.99 0.93-1.00 [18]
healthy controls (n = 40) Lactate 0.84 0.74 - 0.91
Membrane CD64 Sepsis diagnosis Sepsis [1] (n =151), CD64 0.879 0.795 - 0.962 [20]
receptors healthy controls (n = 20) PCT 0.868 0.795 - 0.962
CRP 0.609 0.491 - 0.727
SOFA 0.701 0.579 - 0.874
DAMP Calprotectin  Sepsis diagnosis Sepsis [1] (n =77), CaPT 0.67 [42]
non-sepsis (n =194) PCT 0.55
Sepsis diagnosis Sepsis [1] (n = 300), CaPT 0.901 0.852 - 0.942 [44]
healthy controls (n = 53)
CC chemokine MCP-1 Septic shock diagnosis  Sepsis [1] (n = 43), MCP-1 0.716 0.564 - 0.868 [15]
ligand 2 healthy controls (n = 25) PTX-3 0.798 0.666 - 0.921
Angpt-1 0.501 0.320 - 0.683
Angpt-2 0.631 0.464 - 0.799
Acute phase  PTX-3 Septic diagnosis Sepsis [1] (n = 213), PTX-3 0.92 0.87 - 0.97 [38]
protein healthy controls (n = 77) PCT 0.92 0.88 - 0.97
CRP 0.82 0.72 - 0.91
IL-6 0.91 0.86 - 0.95
MR-proADM  Septic diagnosis Sepsis [1] (n =109), MR-proADM 0.817 0.733 - 0.884 [97]
healthy controls (n = 50) pPCT 0.884 0.810 - 0.937
SOFA 0.774 0.685 - 0.847
qSOFA 0.827 0.744 - 0.892
miRNA miR-125a Sepsis diagnosis Sepsis [1] (n =150), miR-125a 0.749 0.695 - 0.803 [74]
miR-125b healthy controls (n = 150) miR-125b 0.839 0.795 - 0.882
Non-coding ~ Lnc-MALAT1  Sepsis diagnosis Sepsis [1] (n =120), LNCMALAT1 0.910 0.867 - 0.953 [79]
RNAs healthy (n = 60) pPCT 0.928 0.867 - 0.964
Septic shock diagnosis LNCMALAT1 0.836 0.757 - 0.916
Lactate 0.830 0.758 - 0.902
SOFA 0.908 0.856 - 0.960
APACHE 11 0.856 0.791 - 0.922
Lnc-MEG3 Sepsis diagnosis Sepsis [1] (n = 219), LncMEG3 0.887 0.856 - 0.917 [84]
healthy (n = 219) LNcMEG3/miR-21 0.934 0.909 - 0.958
Reduced sepsis risk miR-21 0.801 0.758 - 0.844

AUC, area under the curve; Cl, confidence interval; Ref, reference; SIRS, systemic inflammatory response syndrome; PCT, procalcitonin; CRP, C-reactive protein;
hs-CRP, high sensitivity C-reactive protein; IL, interleukin; STREM-1, soluble triggering receptor expressed on myeloid cell 1; APACHE II, acute physiology and chronic
health evaluation I1; SUPAR, soluble urokinase plasminogen activator receptor; SOFA, sequential organ failure assessment; DAMP, damage-associated molecular
pattern; CaPT, calprotectin; MCP-1, monocyte chemoattractant protein 1; PTX-3, pentraxin-3; Angpt, angiopoietin; MR-proADM, mid-regional fragment of pro-
adrenomedaullin; ADM, adrenomedullin; Lnc, long non-coding; MALAT, metastasis-associated lung adenocarcinoma transcript; MEG, maternally expressed gene.

DIAGNOSTIC BIOMARKERS

CD14 is a glycoprotein that is expressed on the surface of immune cells, such as monocytes
and macrophages that acts as a receptor for lipopolysaccharide (LPS). During the pro-
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Table 2. Prognostic biomarkers of sepsis

Category Biomarker Ability to predict Patients Variables AUC 95% ClI Ref
Soluble SUPAR 28-day mortality Sepsis [95] (n =130) SUPAR 0.77 0.68 - 0.86 [98]
receptors Lactate 0.70 0.59 - 0.80
CC chemokine MCP-1 30-day mortality Sepsis [1] (n =136) MCP-1 0.64 0.55 - 0.74 [99]
ligand 2 PCT 0.57 0.47 - 0.68
CRP 0.51 0.40 - 0.62
IL-6 0.69 0.59 - 0.78
SOFA 0.67 0.57 - 0.77
QqSOFA 0.63 0.48 - 0.78
APACHE I 0.74 0.65 - 0.83
Acute phase  PTX-3 28-day mortality Sepsis [1] (n = 83) PTX-3 0.82 0.68 - 0.96 [100]
protein PCT 0.64 0.50 - 0.77
CRP 0.56 0.40 - 0.73
APACHE II 0.77 0.59 - 0.94
SOFA 0.59 0.40 - 0.79
MR-proADM 28-day mortality Sepsis [1] (n = 326) MR-proADM 0.79 0.74 - 0.84 [59]
Lactate 0.71 0.64 - 0.77
PCT 0.61 0.55 - 0.68
CRP 0.54 0.47 - 0.61
SOFA 0.75 0.69 - 0.80
ADM 30-day mortality Sepsis [1] (n = 215) Bio-ADM 0.827 0.770 - 0.875 [64]
SOFA 0.830 0.774 - 0.878
Angiogenic  Angiopoietin 28-day mortality Sepsis [1] (n = 145) Angpt-2/1 0.736 0.649 - 0.823 [90]
growth factor SOFA 0.745 0.655 - 0.836
28-day mortality Sepsis [95] (n = 333), Angpt-2/1 0.845 0.810 - 0.880 [91]
control (n = 55) PCT 0.732 0.685 - 0.780
MEDS score 0.826 0.785 - 0.866
Non-coding ~ miRNA 28-day mortality Sepsis [93] (n = 214) miR-223 0.748 P <0.001 [71]
RNAs miR-15a 0.610 P =0.015
miR-16 0.760 P <0.001
miR-122 0.744 P <0.001
miR-193b 0.790 P <0.001
miR-483-5p 0.657 P <0.001
Lnc-NEAT1 28-day mortality Sepsis [93] (n = 82), Lnc-NEAT1 0.726 0.615 - 0.837 [79]
miR-124 healthy (n = 82) miR-124 0.784 0.668 - 0.900
Lnc-NEAT1/miR-124 axis 0.830 0.738 - 0.922
Lnc-MALAT1 Mortality Sepsis [1] (n =120), Lnc-MALAT1 0.886 0.819 - 0.954 [83]
healthy controls (n = 60) Lactate 0.868 0.800 - 0.937
SOFA 0.943 0.905 - 0.981
APACHE Il 0.856 0.802 - 0.934
Lnc-MEG3 28-day mortality Sepsis [1] (n =219), Lnc-MEG3 0.704 0.626 - 0.783 [84]
healthy (n = 219) APACHE II 0.793 0.729 - 0.857
SOFA 0.758 0.687 - 0.830

AUC, area under the curve; Cl, confidence interval; Ref, reference; SuPAR, soluble urokinase plasminogen activator receptor; MCP-1, monocyte chemoattractant
protein 1; PCT, procalcitonin; CRP, C-reactive protein; IL, interleukin; SOFA, sequential organ failure assessment; APACHE II, acute physiology and chronic health
evaluation II; PTX-3, pentraxin-3; MR-proADM, mid-regional fragment of pro-adrenomedullin; ADM, adrenomedullin; Angpt, angiopoietin; MEDS, mortality in
emergency department sepsis; NEAT, nuclear enriched abundant transcript; MALAT, metastasis-associated lung adenocarcinoma transcript; MEG, maternally
expressed gene.

inflammatory signaling cascade that occurs following contact with infectious agents, the
N-terminus of CD14 is cleaved and is secreted into circulation as soluble CD14 subtypes, one
of which has been identified as the 13 kDa glycopeptide, presepsin (PSEP). The physiological
role of presepsin is thought to be related to bacterial phagocytosis and lysosomal cleavage
of microorganisms, but it is not yet fully understood. In the immune response to sepsis, the
serum levels of presepsin are elevated before procalcitonin or IL-6, so it has been proposed
as a potential biomarker for the diagnosis of sepsis [11, 23-25], and several meta-analysis
studies have demonstrated that presepsin is useful as a diagnostic marker for sepsis [26-
28]. Presepsin is one of the receptors for lipopolysaccharides found in the cell walls of
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gram-negative bacteria, and a prospective study has reported that an increase in presepsin
levels is associated with the bacteremia status of SIRS patients admitted to the emergency
department (Table 1) [29]. A prospective study in Korea reported that presepsin levels were
significantly increased following patient infection compared to non-infected patients and
AUC of presepsin for predicting a diagnosis of sepsis was higher (0.937) than procalcitonin
(0.915), IL-6 (0.869), or high-sensitivity-CRP (0.853) [30]. In addition, Lu et al. reported
significant differences in presepsin levels between gram-positive and gram-negative bacterial
infections [31]. The diagnostic value of presepsin has been confirmed in several studies, but
its prognostic value is controversial [11, 25, 30, 32]. However, a recent prospective study has
reported that both the serum levels of presepsin and the presepsin clearance ratio in patients
with severe sepsis are correlated with the SOFA score. In addition, there was a significant
difference in the levels of presepsin in sepsis patients between survival and non-survival
groups, and that presepsin was better than procalcitonin as a biomarker to assess sepsis
prognosis and therapeutic effect [33]. Presepsin is therefore considered a good biomarker for
the diagnosis of sepsis and for the differential detection of bacterial infections, but further
in-depth analysis of its prognostic value is required.

Pentraxins (PTX) are a type of soluble pattern recognition molecules (PRMs), which are
divided into short and long pentraxins depending on the length of the N-terminal region.
C-reactive protein (CRP) and serum amyloid P belong to the short pentraxins, while PTX-3,
PTX-4, neuronal pentraxin 1 (NP1), and NP2 belong to the long pentraxins. Short pentraxins
are secreted from hepatocytes in response to pro-inflammatory cytokines such as IL-6.
CRP, one of the short pentraxins, levels are low in healthy adults (below 3 mg/L), but levels
can increase by about 1000-fold within 48 hours during an inflammatory response. PTX-

3, amember of the long pentraxin subfamily, is released from monocytes, dendritic cells
and macrophages, epithelial cells, vascular endothelial cells, and smooth muscle cells after
stimulation by toll-like receptor agonists, microbial moieties such as lipopolysaccharides,
or inflammatory cytokines. Circulating PTX-3 modulates complement activity, cell
extravasation, and pathogen recognition by myeloid cells, and contributes to resistance to
microorganisms through the generation of an antimicrobial microenvironment, and plays
avariety of roles in different conditions such as in cardiovascular disease, wound healing,
and cancer [34, 35]. Several studies have shown that PTX-3 has a good diagnostic value for
sepsis. A recent prospective study of 101 patients compared sepsis and healthy groups by
measuring plasma PTX-3, MCP-1, and angiopoietin (Angpt)-2 levels on the first day of sepsis
onset. All of these biomarkers were significantly increased in the sepsis group compared to
the healthy group, and PTX-3 had the highest AUC of 0.798 [95% confidence interval (CI)
0.666 — 0.921, P<0.0001] for predicting septic shock [15]. In a prospective controlled study
of 213 ICU patients, PTX-3, procalcitonin, and IL-6 were measured on day 1, 3, and 8 of
hospitalization in sepsis patients. On each day, the diagnostic AUCs for sepsis were similarly
high for PTX-3 (AUC 0.92, 95% CI 0.87 —0.97), IL-6 (AUC 0.91, 95% CI 0.86 — 0.95) and
procalcitonin (AUC 0.92, 95% CI 0.88 — 0.97), and PTX-3 was also significantly correlated
with the degree of organ dysfunctions as evaluated by SOFA, APACHE (acute physiology
and chronic health evaluation) II [36], and PTX-3 was also significantly correlated with the
degree of organ dysfunctions as evaluated by SOFA, APACHE (acute physiology and chronic
health evaluation) IT and SAPS (simplified acute physiology score) II [37, 38]. PTX-3 has also
been evaluated as a prognostic marker of sepsis. A recent meta-analysis showed that elevated
PTX-3 levels were correlated with an increase of the risk of all-cause mortality (hazard

ratio 1.91, 95% CI 1.53 — 2.46, P <0.0001). However, in this study, the cut-off values could
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not be shown due to the high heterogeneity among the studies [39]. A recent prospective
study of 245 sepsis patients identified according to sepsis criteria-3 [1] reported that the

AUC for predicting 28-day mortality for PTX-3 was 0.78 (95% CI 0.65 — 0.81), higher than

for procalcitonin (AUC 0.73, 95% CI 0.65 — 0.81) or lactate (AUC 0.67, 95% CI 0.59 — 0.75),
and the cut-off value for PTX-3 was found to be 49.9 ng/mL. However, the specificity of this
cut-off value of PTX-3 was limited to 64.2%. This limit was improved by a new sepsis score,
PPL, combining these three biomarkers (AUC 0.90, 95% CI 0.83 —0.94) [40]. The ability of
PTX-3 to predict mortality may be improved by combining with other biomarkers and further
evaluation of the most appropriate model is still needed.

Calprotectin is a heterodimeric calcium-binding protein composed of calgranulin A (S100A8)
and calgranulin B (S100A9) subunits. They are expressed in a variety of cells, especially in

the cytosol of myeloid cells. Calprotectin is released from activated cells, following binding

to cell surface receptors such as the receptor for advanced glycation end products (RAGE),
toll-like receptor 4 (TLR4), and the extracellular matrix metalloprotease inducer (EMMPRIN),
it participates in inflammatory processes through signaling pathways such as the mitogen-
activated protein kinase (MAPK) pathway, the NF-kB pathway, the phosphoinositide 3 kinase
(PI3K) pathway, as well as Ras homologous-GTPases (Rho-GTPases). In addition, it plays

an important role in various cellular processes such as cell cycle progression, proliferation,
differentiation, and cell survival, and is involved in the regulation of calcium homeostasis,
zinc and manganese chelation, cytoskeletal rearrangement, cell migration, and the inhibition
of microbial growth [41]. Several studies have evaluated the diagnostic value of serum
calprotectin levels in sepsis patients (Table 1) [42, 43]. A prospective study of 125 patients
demonstrated that the calprotectin AUC for predicting sepsis was as high as 0.901 (95% CI
0.852 —0.942) and the sensitivity and specificity at the cut-off value of 3128.8 ng/mL were
83.1% and 88.5%, respectively [44]. An increase in serum calprotectin levels has also been
reported to be associated with bacterial infections. A prospective observational single-center
study showed a significant difference in the serum levels of calprotectin between bacterially
and virally infected groups among sepsis patients, and the AUC value of calprotectin (AUC
90.97) was higher than that of procalcitonin (88.19) [45]. A cohort study of critically ill patients
reported that the diagnostic accuracy of serum calprotectin for bacterial infection (AUC 0.76,
95% CI 0.65 — 0.86) was higher than procalcitonin (AUC 0.63, 95% CI 0.49 — 0.77) and CRP
(AUC 0.69, 95% CI 0.60 — 0.81)[46]. Havelka et al. also demonstrated that calprotectin (AUC
0.775, 95% CI 0.667 — 0.861) was superior to procalcitonin (AUC 0.736, 95% CI 0.625 — 0.829)
as a biomarker for differentiating bacterial pneumonia from viral pneumonia [47]. Therefore,
in several studies, calprotectin has been identified as a specific marker for bacterial infection.
Further evaluation will be needed to address the clinical use of calprotectin to guide the
initiation and de-escalation of antibiotic therapies in sepsis patients.

The intestinal microflora is a complex community of microorganisms that exist along the
gastrointestinal tract, and the intestine is the most densely and heterogeneously occupied
with microorganisms among all body sites. The intestinal microbiota plays important roles
in human energy homeostasis, regulates intestinal endocrine function, and acts as a bio-
factory for the synthesis of vitamins and cofactors. The intestinal microbiota is also crucial
in the development and maturation of the immune system and plays a protective role against
pathogens through actions such as competition for shared nutrients, generation of anti-
microbial compounds, or resistance to colonization [48]. In addition, it is involved in the
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pathophysiological processes of various diseases such as diabetes, liver cirrhosis, cancer,

and atherosclerosis, and is considered to be a powerful biomarker for the development

and progression of these diseases. Several studies have shown that the integrity in the
intestinal microbiota is severely affected by sepsis, but may also affect the development and
progression of sepsis and the development of organ failure [49]. Liu et al. reported that

the intestinal microbiota was disrupted in sepsis patients and that the intestinal microbial
metabolite profiles of sepsis patients were completely altered compared to healthy people. In
addition, there was an induction of intestinal dysbiosis in mice that had been transplanted
with feces from sepsis patients and an there was an exacerbation of sepsis-induced liver
injury confirmed in these septic-feces recipient mice, which suggests that intestinal dysbiosis
is associated with susceptibility to sepsis [50]. Several studies have shown that intestinal
microbial diversity in patients with sepsis is reduced compared to healthy people, and that

a decrease in intestinal microbial diversity is associated with an increase in mortality in
sepsis patients [51, 52]. In a recent study, it was found that the microbiota in sepsis patients
is rich in microorganisms that are highly related to inflammation, such as Parabacteroides,
Fusobacterium, and Bilophylloma. In particular, the abundance of enterococcus species was
increased in non-survivors among sepsis patients, and the enterococcus species was
proposed as a potential prognostic biomarkers of sepsis [53]. However, a recent prospective
cohort study on 150 patients with septic shock demonstrated that a low microbial diversity
was not correlated with an increase in the mortality rate [54]. Disruption of the intestinal
microbiota can occur not only in sepsis, but also in response to a variety of other factors, such
as changes in antibiotic therapy, hospitalization, and changes in diet. Therefore, the causal
mechanism of sepsis-associated disturbances of the microbiota is currently not understood
[49, 53, 55]. Furthers studies are required in order to understand sepsis-associated dysbiosis,
which could lead to the development of biomarkers and microbiota-targeted therapies for the
treatment of sepsis.

PROGNOSTIC BIOMARKERS

Adrenomedullin (ADM) is a 52-amino acid peptide that is produced mainly in endothelial
cells and vascular smooth muscle cells and is secreted by various organs and tissues. It is

one of the important mediators of vasodilation and is involved in the regulation of systemic
circulation as an autocrine/paracrine vasoactivator. It is also known to play an important

role in the progression of the inflammatory response, sepsis, and septic shock. Circulating
ADM is quickly degraded and cleared from circulation and is difficult to detect by a standard
immunoassay due to the masking effect of its binding protein (complement factor H). The
mid-regional fragment of pro-adrenomedullin (MR-proADM), comprised of amino acids 45—
92, is more stable than the ADM peptide, and its levels directly reflect the levels of the active
ADM peptide [56, 57]. MR-proADM has been identified in several studies as a prognostic
marker for the prediction of mortality in sepsis and septic shock patients (Table 2) [57-59].

A prospective observational study has been conducted to evaluate the relationship between
MR-proADM and severity scores, such as the SOFA score, the Pitt [60] score, and the Clinical
Pulmonary Infection Score (CPIS) [61], using linear-mixed effects models. As a result, MR-
proADM levels were able to predict sepsis-related organ dysfunction 24 hours before onset.
This predictive role can be considered as being equivalent to a diagnostic marker for sepsis
[56]. Recently, a double monoclonal sandwich immunoassay has been developed that is able
to measure C-terminally amidated biologically active ADM (bio-ADM) [62, 63]. A prospective
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study at a single center in Korea measured bio-ADM levels in 215 patients diagnosed with
sepsis and septic shock. The levels of bio-ADM in the septic shock group were significantly
higher than in the sepsis group (110.3 vs. 45.3 pg/mL, P <0.0001), and there was a significant
difference between the levels of bio-ADM in the non-survivor and survival groups (137.8 vs.
55.3 pg/mL, P <0.0001). The levels of bio-ADM also predicted 30-day mortality similar to
the SOFA score (AUC 0.827 vs. 0.830) [64]. The AdrenOSS-1 study has also demonstrated
that the level of bio-ADM was higher in septic shock patients than in sepsis patients. In
addition, the rapid recovery of bio-ADM levels to normal values (<70 pg/mL), measured

at 48 hours after admission, was correlated with a decrease in 28-day mortality and an
improvement in cardiovascular function [65]. MR-proADM has been used as a surrogate for
ADM due to methodological difficulties in measuring ADM levels, such as the requirement
for large sample volumes, but there is a gap between the two in terms of their functionality
and clearance kinetics. Since the recent development of the double monoclonal sandwich
immunoassay enabling bio-ADM measurements, further evaluation, including validation of
the optimal cut off, will be required for the clinical use of bio-ADM as a sepsis biomarker.

1) MicroRNA

MicroRNAs (miRNAs) are one of a number of small non-coding RNAs. They are comprised
of 20 to 24 nucleotides, accounting for about 1% of the human genome, but regulate up

to 50% of all human protein-coding genes. The biogenesis of miRNAs begins with the
synthesis of primary (pri)-miRNA transcripts by RNA polymerase II or Il in the nucleus.
The pri-miRNA is processed by Drosha into a pre-miRNA, a hairpin-like structure of
approximately 70 nucleotides, and then transported to the cytoplasm. The pre-miRNA in
turn is matured into miRNA double strands through processing by Dicer, a ribonuclease
(RNAse) III, present in the cytoplasm. One of the strands, usually known as the guide
strand, is integrated into the RNA-induced silencing complex (RISC) to regulate the
expression of target mRNAs. The other one, known as the passenger strand, is degraded
in the cell or released from the parent cell through tissue damage, apoptosis, and necrosis,
through binding to proteins such as Ago2 protein or high-density lipoprotein, or through
microvesicles and exosomes (Fig.1) [66, 67]. Most mRNAs are unstable due to the excessive
pH and temperature conditions in circulation, but miRNAs can be protected against
degradation by lipoproteins and RNA-binding protein complexes or by being transported
within exosomes and microvesicles. miRNAs are stable in a variety of body fluids and are
specific to tissues orcell types, and can be readily measured in a variety of ways, including by
polymerase chain reaction (PCR) and microarray. miRNAs are therefore being investigated
for their potential as biomarkers in many different diseases, including cancer, neurologic
disorders, cardiovascular diseases, and inflammatory diseases [68]. miRNAs are known

to regulate a variety of pathways involved in the pathophysiology of sepsis, such as TLR4-
mediated or pro-inflammatory cytokines-mediated pathways [69]. Vasilescu et al. have
demonstrated that the expression level of miR-150 correlates with the expression levels

of major immune response genes such as TNF-alpha, IL-10, and IL-18, and has suggested
the potential of miR-150 as a prognostic marker in sepsis patients (Table 2) [70]. In a
prospective observational study, six miRNAs, namely miR-193b, miR-223, miR-15a, miR-16,
miR-122, and miR-483-5p, were identified as prognostic markers in patients with sepsis.
In particular, the AUC and multivariate odds ratio of miR-193b for the 28-day mortality
rate of sepsis patients were high, being 0.790 (P <0.001) and 9.07 (95% CI 1.32 — 62.42),
respectively, suggesting the possibility of it being a prognostic marker for sepsis [71]. In
addition, several recent studies have demonstrated the potential of the miR-125 family as a
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Figure 1. The biogenesis of microRNA.
Pol, polymerase; miRNA, MicroRNAs; HDL, high-density lipoprotein; Ago2, argonaute 2; RISC, RNA-induced silencing complex.

sepsis biomarker, which has previously been reported to be associated with inflammatory
responses and organ injuries [72, 73]. The AUCs of miR-125a and miR-125b for predicting
sepsis were 0.749 (95% CI 0.695 — 0.803) and 0.839 (95% CI 0.795 — 0.882), respectively,
and the AUC of miR-125b for predicting 28-day mortality was 0.699 (95% CI 0.603 — 0.795),
similar to the SOFA score (AUC 0.739, 95% CI 0.655 — 0.823) or the APACHE II score (AUC
0.755, 95% CI 0.675 — 0.836) [74].

https://icjournal.org https://doi.org/10.3947/ic.2020.52.1.1 9


https://icjournal.org

Sepsis biomarkers

° \
1 C Infection & :
Chemotherapy

https://icjournal.org

2) Long non-coding RNAs

Long non-coding RNAs (IncRNAs) are a class of non-coding RNAs with transcripts of more
than 200 nucleotides that lack an open reading frame. Most IncRNAs, like mRNAs, are usually
transcribed by RNA polymerase II, 5'-capped, 3'-polyadenylated, and spliced. They can be
classified into five different types namely, sense, antisense, intronic, intergenic, bidirectional,
antisense, according to their relative position with protein coding genes (Fig. 2), and serve as
decoys, scaffolds, guides, and enhancers to regulate gene expression [75]. Several studies
have reported that various IncRNAs are involved in the innate and adaptive immune responses
[76]. LncRNA nuclear enriched abundant transcript 1 (NEAT1) is an important component

of the paraspeckle structure in nuclear bodies [77]. It is known to regulate the expression of
genes involved in antiviral responses, such as IL-8, and to play an important role in the innate
immune response [78]. Several studies have shown that the increase of Inc-NEAT1 levels

in sepsis patients was positively correlated with APACHE II and SOFA scores (Table 1) and
associated with an unfavorable prognosis (Table 2) [79, 80]. LncRNA metastasis-associated
lung adenocarcinoma transcript 1 (MALAT1), also known as Inc-NEAT?2, is a prognostic
marker for non-small cell lung cancer. It is also known to play an important role in regulating
neural development, skeletal myogenesis, and vascular growth [81]. Zhao et. al. demonstrated
that Inc-MALAT1 regulates the LPS-stimulated expression of the pro-inflammatory cytokines,
TNFo and IL-6, through inhibition of NF-kB activity [82]. A prospective cohort study of 120
sepsis patients showed that Inc-MALAT1 had diagnostic value, with an AUC of 0.910 for sepsis,
and also had a higher prognostic value (AUC 0.886) than the APACHE II score (AUC 0.868)
and lactate levels (AUC 0.868) when comparing non-survival and survival groups [83]. As
another IncRNA, long non-coding RNA maternally expressed gene 3 (Inc-MEG3) levels have
been reported to be positively correlated with inflammatory responses and organ damage.

It acts as a molecular sponge for several microRNAs such as miR-21, miR-181a, and miR-7-5p

D sene Gy oo

4) Intergenic

5) Bidirectional

Figure 2. LncRNA classification by genomic location relative to protein coding genes.
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[84, 85]. Among its target miRNAs, miR-21 is known to act as an important contributor to
inflammatory responses and organ dysfunction in organs such as the liver, kidney, and lung

in sepsis [84-80]. In a recent study of 219 sepsis patients and 219 healthy controls, Inc-MEG3
and miR-21 levels in plasma samples obtained within 24 hours after admission showed

good predictive values for sepsis diagnosis (Table 1) and prognosis (Table 2) [84]. Although
many non-coding RNAs associated with inflammatory diseases, including sepsis, have

been identified, their functions and mechanisms are not well known and are controversial.
Therefore, a further evaluation, including the roles of non-coding RNAs in the pathogenesis of
sepsis and the development of an optimal normalization strategy for the analysis of the levels
non-coding RNAs will be needed in the future.

Angiopoietins (Angpts) represent one member of the family of angiogenic growth

factors that are secreted by vascular endothelial cells under stress conditions such as in
inflammation. Angpt-1 and Angpt-2 are ligands for the endothelial cell-specific Tie2 receptor,
with both having a similar affinity for the Tie2 receptor and likely have the same binding

site since they can compete with each other for binding. Activation of the Tie2 receptor by
its ligands is involved in vessel stability and endothelial barrier function acting through
activation of PI3K/AKkt signaling cascade, and in anti-adhesive and anti-inflammatory effects
acting through the inhibition of NF-kB. However, Angpt-2 can antagonize Angpt-1 during an
inflammatory response such as sepsis [87, 88]. The increase in the levels of Angpt-2 and the
Angpt-2/1 ratio in sepsis patients have been reported to be associated with a poor prognosis.
In a retrospective cohort study of 145 ICU patients in Korea, the 28-day mortality of sepsis
patients was positively associated with Angpt-2 levels and negatively associated with Angpt-1
levels. The Angpt-2/1 ratio in non-survivors was significantly higher than that in survivors
and the AUC of the Angpt-2/1 levels for predicting 28-day mortality was 0.736 (95% CI

0.649 — 0.823), which was not significantly different from the SOFA score of 0.745 (95% CI
0.655 - 0.836) [89, 90]. Fang et al. have reported that the Angpt-2/1 ratio was also valuable
for predicting the prognosis of patients with sepsis in the emergency department [91].
Several studies have reported that the Angpt/Tie2 pathway is also modulated by microRNAs.
Zhang et al. demonstrated that microRNA-204/211 in the EA.hy926 endothelial cell line
binds to the Angpt-1 3'-untranslated region (UTR) to regulate the expression of Angpt-1
[92]. In a preclinical study, treatment with Angpt-2 neutralizing antibodies or an Angpt-2
targeted short interfering RNA in mouse models of sepsis or acute lung injury decreased
mortality rate and the incidence of multiple-organ dysfunction syndrome through Angpt-2
inhibition or stimulation of anpgt-1/Tie2 axis [88]. In the future, we expect the development
of angiopoietin as a biomarker for predicting the diagnosis and prognosis of sepsis, but also
the development of therapies for sepsis that target angiopoietin.

CONCLUSION

Sepsis is a life-threatening disease and is one of the most common causes of ICU inpatients.
Early diagnosis and proper management are necessary to reduce the mortality of sepsis.
However, the individual difference in the physiological response to infection is large, and the
signs and symptoms of sepsis are non-specific, making early diagnosis difficult. Therefore,

a number of potential biomarkers for the diagnosis of sepsis have been developed. These
molecules are mainly involved in the initial pathogenesis of the innate immune response to
infection, and in many cases, they show prognostic value as well as diagnostic value. The
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prognostic markers of sepsis are often involved in the organ dysfunction caused by sepsis
and the development of therapeutic agents for sepsis targeting these prognostic biomarkers
is being attempted. In addition, recent advances in technology have led to the development
of new types of biomarkers such as the microbiome and non-coding RNAs. The intestinal
microbiome is known to play an important role in the development and maturation of the
immune system and protection against pathogens. Therefore, gut dysbiosis is considered to
be a powerful biomarker for the development and progression of sepsis. Non-coding RNAs
including miRNAs and long non-coding RNAs regulate gene expression in various ways, but
their function and mechanisms in the pathogenesis of sepsis are not completely understood.
Further evaluation, including the roles of these new biomarkers in the pathogenesis of sepsis
and the development of an optimal normalization strategy for the analysis of these new
biomarkers will be needed for their future clinical use.
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