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Abstract: Sepsis management demands early diagnosis and timely treatment that includes source con-
trol, antimicrobial therapy, and resuscitation. Currently employed diagnostic tools are ill-equipped
to rapidly diagnose sepsis and isolate the offending pathogen, which limits the ability to offer tar-
geted and lowest-toxicity treatment. Cutting edge diagnostics and therapeutics in development may
improve time to diagnosis and address two broad management principles: (1) source control by
removing the molecular infectious stimulus of sepsis, and (2) attenuation of the pathological immune
response allowing the body to heal. This review addresses novel diagnostics and therapeutics and
their role in the management of sepsis.

Keywords: sepsis; novel; diagnosis; diagnostics; therapy; therapeutic; treatment; management;
biomarkers; innovation

1. Introduction

Sepsis is a clinical syndrome resulting from a dysregulated inflammatory response to
infection. In 2017, an estimated 48.9 million cases of sepsis accounted for 11 million (19.7%)
deaths worldwide [1]. In 2013, in the United States alone, sepsis accounted for $24 billion
in hospital expenditures with the financial burden rising significantly over the subsequent
5 years [2,3].

Delayed identification and incorrect treatment lead to worse outcomes, increased
costs, and higher mortality [2]. Managing sepsis in the contemporary era revolves around
early diagnosis, administration of antimicrobials, hemodynamic support with fluids and
vasopressors, and source control via procedural drainage and removal of the inciting
pathogen. While these interventions have led to a decrease in hospital mortality, significant
shortcomings in early recognition and treatment of the underlying cause of sepsis remain:
the biomolecular triggering and subsequent inciting of an uncontrolled inflammatory
response [4]. Overreliance on culture data delays identification of an infectious etiology
and increases the possibility of inappropriate antimicrobial selection. The downstream
effects of delayed or inappropriate antimicrobials include emerging antimicrobial resistance,
medication toxicity, adverse microbiome alterations, and ineffective therapy.

While source control on the macro scale is important, the trigger of the pathological
inflammatory cascade in sepsis ultimately occurs at the molecular level. The complex
interaction between infectious molecules and the immune system is often overlooked in
present-day management of sepsis. Innovations that prevent or attenuate this patholog-
ical interaction, as well as novel supportive therapies that provide time for patients to
recover, are essential to improve outcomes in sepsis. This review describes promising novel
diagnostics and therapeutics for sepsis management.
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2. Materials and Methods

A PubMed search was performed using the search terms “biomarkers, novel, diag-
nostic, therapeutic, sepsis” from November 2019 to November 2020. Articles were then
screened manually for relevance and those with data with clinical applicability in humans,
as defined by previous use in human subjects, were included. A total of 658 identified
articles were manually reviewed, and a total of 57 articles were included. Further searches
were used to augment knowledge in topics found during the original search and on novel
technologies identified within the past year.

3. Novel Diagnostics in Sepsis

According to the Third International Consensus Definitions for Sepsis and Septic
Shock (Sepsis-3), sepsis is defined as life-threatening organ dysfunction caused by the dys-
regulated host response to infection [5–7]. Early identification and diagnosis are essential,
as prompt and appropriate treatment can improve survival [8]. Sepsis may result from
any type of infection (most commonly bacterial) that affects the body (most commonly
the lungs or urinary tract). In contrast, viral sepsis is caused by a viral infection (e.g.,
influenza) that also carries the potential for superimposed bacterial infection. The year
2020 highlighted the devastating impact of virally-mediated sepsis, triggered by severe
acute respiratory syndrome coronavirus 2. Our review focuses mainly on contemporary
novel diagnostics and therapeutics in bacterial sepsis identified in the literature search
covering a one-year period (November 2019–November 2020).

Limited resources are currently available to aid in early diagnosis of sepsis. Though
blood cultures can occasionally identify the responsible pathogen and direct later antimi-
crobial therapy, their inability to yield timely results limits their role in the initial diagnostic
process. Several molecular approaches have been developed in order to improve conven-
tional culture-based identification, including PCR and matrix-assisted laser desorption
ionization–time of flight (MALDI–TOF) mass spectrometry. Although MALDI–TOF may
decrease the time to result to as early as two and half hours once the blood cultures be-
come positive [9,10], a broader clinical evaluation of this approach is still missing. Recent
data suggest that transcriptomic profiling by multiplexed quantitative PCR (qPCR) and
metabolite detection by liquid chromatography-tandem mass spectrometry (LC-MS/MS)
have potential in the clinical development of diagnostic tests capable of overcoming the
limitations of single molecules to differentiate between infectious and noninfectious causes
of systemic inflammation [11].

Various clinical scoring systems, such as the sequential organ failure assessment
(SOFA) score, exist to assist with the diagnosis of sepsis [5,7,12]. Although SOFA is one of
many such tools, may help identify patients with increased risk of death, and is utilized in
the current sepsis definitions [5], it is by no means specific for infection or sepsis [3].

Some biomarkers, such as C-reactive protein (CRP) and procalcitonin (PCT), have
been widely used as an acute phase reactant in critically ill patients, but their diagnostic
and prognostic values for sepsis are limited [13–15]. In a retrospective cohort study in
critically ill patients fulfilling the Sepsis-3 criteria, the diagnostic accuracies of PCT and
CRP insufficiently predicted proven infection, with no difference in decrease in both
markers in 28-day survivors and nonsurvivors [16]. However, the multicenter, open-label,
Procalcitonin-guided Antimicrobial Therapy to Reduce Long-Term Sequelae of Infections
(PROGRESS) trial in 266 patients meeting Sepsis-3 criteria demonstrated that PCT-guided
therapy, as compared to standard care, yielded a significantly reduced mortality [17].
With more than 100 biomarkers already described and proposed for sepsis [18], defining
which marker may be useful to optimize diagnostics and therapeutic strategies remains
a challenge.

A recent comprehensive review identified 5367 studies investigating the use of
biomarkers in relation to sepsis [18], with a total of 80 new individual biomarkers emerging
over the past decade. Of these 80, a mean of 21 biomarkers were assessed specifically
for the diagnosis of sepsis in basic research studies, clinical studies, and studies combin-
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ing both approaches. We attempted to categorize the various biomarkers according to
pathophysiological roles (Figure 1), although for many, identifying a single clear role was
not possible. While many studies have validated a multibiomarker-based risk model that
estimates mortality probability in adults with septic shock [19], we focused on clinical
studies in adults over the past year that compared biomarkers in different sepsis-related
pathways. Table 1 summarizes different novel biomarkers reviewed below in detail.

Biomedicines 2021, 9, x FOR PEER REVIEW 3 of 23 
 

both approaches. We attempted to categorize the various biomarkers according to patho-
physiological roles (Figure 1), although for many, identifying a single clear role was not 
possible. While many studies have validated a multibiomarker-based risk model that es-
timates mortality probability in adults with septic shock [19], we focused on clinical stud-
ies in adults over the past year that compared biomarkers in different sepsis-related path-
ways. Table 1 summarizes different novel biomarkers reviewed below in detail. 

 
Figure 1. Biomarkers sorted according to their pathophysiological role. Bacterial stimuli cause cell 
activation and, along with PAMPs and DAMPs, release pro-inflammatory mediators triggering a 
broad host response.  

Table 1. Summary of biomarkers for novel therapeutics for sepsis. 

Summary of Biomarkers 

1. Innate response biomarkers 

a. Pathogen-associated molecular patterns (PAMPs) 

b. Damage-associated molecular patterns (DAMPs) 

c. Calprotectin 

2. Cytokine/Chemokine 
biomarkers 

a. Interleukin 6 (IL-6) 

b. Monocyte Chemoattractant Protein 1 (MCP1) 

c. Pentraxin (PTX) 3 

d. sTNFR1  

3. Receptor Biomarkers 

a. Presepsin 

b. CD64 

c. Soluble triggering receptors expressed on myeloid 
cells (sTREM-1) 

Figure 1. Biomarkers sorted according to their pathophysiological role. Bacterial stimuli cause cell activation and, along
with PAMPs and DAMPs, release pro-inflammatory mediators triggering a broad host response.

Table 1. Summary of biomarkers for novel therapeutics for sepsis.

Summary of Biomarkers

1. Innate response biomarkers

a. Pathogen-associated molecular patterns (PAMPs)

b. Damage-associated molecular patterns (DAMPs)

c. Calprotectin

2. Cytokine/Chemokine
biomarkers

a. Interleukin 6 (IL-6)

b. Monocyte Chemoattractant Protein 1 (MCP1)

c. Pentraxin (PTX) 3

d. sTNFR1
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Table 1. Cont.

Summary of Biomarkers

3. Receptor Biomarkers

a. Presepsin

b. CD64

c. Soluble triggering receptors expressed on myeloid cells
(sTREM-1)

d. TLR-4

e. PD1

4. Microcirculation related
biomarkers

a. Angiopoietin-1 (Ang-1) and Angiopoietin-2 (Ang-2)

b. Adrenomedullin (ADM) and Pro-Adrenomedullin
(ProADM)

5. Biomarkers of Organ
Dysfunction

a. Micro-RNA (miRNA)

b. Long Non-Coding RNAs (LncRNAs)

c. Matrix Metalloproteinases (MMPs)

3.1. Novel Innate Response Biomarkers
3.1.1. PAMPS and DAMPS

Sepsis begins with the activation of an innate immune response mediated by the detec-
tion of damage-associated molecular patterns (DAMPs) or pathogen-associated molecular
patterns (PAMPs) by pattern-recognition receptors (PRRs) on host cells. PAMPs are unique
motifs found on microbes that are recognized by PRRs, and allow the innate immune
system to distinguish self from non-self, while DAMPs are a sign that there is damage
to the host. Both PAMPs and DAMPs function as “molecular warnings” that activate
circulating and tissue-resident immune cells [20]. An FcMBL-based PAMP blood assay
may detect the presence of pathogens and pathogenic material from the blood or localized
to specific organ sites [20,21]. The use of multiplexed detection of PAMPs is currently being
investigated and may revolutionize point-of-care diagnostics for a broad range of diseases
and conditions.

3.1.2. Calprotectin

Calprotectin is one of the most abundant proteins in the neutrophil cytosol, released
from neutrophils reacting to bacterial infections. This calcium-binding protein, which
consists of two subunits S100A8 and S100A9, typically increase within hours in response to
bacteria or endotoxin [22]. In a prospective observational study, patients with sepsis exhib-
ited significantly elevated serum calprotectin concentrations whereas PCT concentrations
did not distinguish those with sepsis from those without [23]. Moreover, calprotectin levels
directly correlated with 30-day mortality. Others have also demonstrated calprotectin’s
superiority (area under the curve (AUC) 0.775, 95% confidence interval (CI) 0.667–0.861)
to PCT (AUC 0.736, 95% CI 0.625–0.829) to differentiate bacterial pneumonia from viral
pneumonia [24]. Several studies have highlighted the ability of calprotectin to identify
bacterial infection. Further studies will likely address the clinical use of calprotectin to
guide the initiation and de-escalation of antibiotic therapy in septic patients.

3.2. Novel Cytokine/Chemokine Biomarkers
3.2.1. Interleukin 6 (IL-6)

Markers currently in use, such as CRP, PCT, and interleukin 6 (IL-6), were repeatedly
found to be compared with each other in the literature review to justify its superiority
in diagnosis of sepsis. In one study of patients with sepsis and septic shock diagnosed
according to Sepsis-3, serum IL-6 could discriminate sepsis (area under the curve (AUC),
0.83–0.94, p < 0.001, 80.4% sensitivity, 88.9% specificity) from controls; however, for dis-
tinguishing septic shock (AUC, 0.71–0.89, 76.1% sensitivity, 78.4% specificity) from sepsis,



Biomedicines 2021, 9, 311 5 of 23

optimal cutoff value was similar to pentraxin 3 (PT3) and PCT [25]. In a Cochrane Database
of Systematic Reviews analysis of 23 studies containing 4192 patients, the heterogeneity of
existing studies assessing the diagnostic potential of IL-6 precluded the ability to calculate
diagnostic accuracy estimates, leading the authors to conclude that further studies are
required to thoroughly investigate the topic [26]. While infection by the severe acute
respiratory syndrome-associated coronavirus (SARS-CoV-2) induces dose-dependent IL-6
production from bronchial epithelial cells [27], the role of IL-6 to detect sepsis, particularly
in viral infection, remains inconclusive. Further studies should elucidate the sensitivity and
specificity of a plasma inflammatory signature consisting of IL-6 to distinguish between
viral and bacterial infections.

3.2.2. Monocyte Chemoattractant Protein 1 (MCP1)

Often induced by oxidative stress, cytokines, or growth factors, cells such as en-
dothelial cells and monocytes secrete the cytokine monocyte chemoattractant protein 1
(MCP-1), also known as C-C motif chemokine ligand 2 (CCL2), to initiate the inflammatory
cascade [28]. Serum levels of MCP-1a directly correlate with sepsis severity [29]. In fact,
MCP-1 levels may help discriminate septic shock from healthy and postoperative controls,
with MCP-1 predicting 28-day mortality (AUC 0.763). Moreover, plasma MCP-1 levels
directly correlate with other cytokine levels (TNF-α, IL-6, IL-8, and IL-10) in the setting of
sepsis [30,31].

3.2.3. Pentraxin 3 (PTX3)

Pentraxin 3 (PTX3) plays a role in the early phase of inflammation by activating the
classical complement pathway and facilitating pathogen recognition by macrophages and
dendritic cells [32]. A prospective study of 101 patients compared sepsis and healthy
groups by measuring plasma PTX-3, MCP-1, and angiopoietin (Ang)-2 levels [25] 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% CI
0.666–0.921, p < 0.0001) for predicting septic shock. Another prospective single-centered
study showed that serum PTX3 levels could identify both the diagnosis and severity of
sepsis with AUC of 0.84 for PTX3 (95% CI, 0.95–0.99; p < 0.001) with optimal cut-off values
of 15.10 ng/mL (sensitivity, 92.6%; specificity, 97.4%; p < 0.001)., suggesting that PTX3 has
a diagnostic value comparable to that of IL-6 in sepsis and septic shock [30].

3.2.4. sTNFR1

In addition to IL-6, early proinflammatory cytokines, such as TNF-α, IL-1, and IL-
8 were studied to determine if their levels correlated with mortality from sepsis and
septic shock, which are traditionally considered a consequence of an exacerbated early
innate immune response [33]. In the case of TNF, two membrane-bound TNF receptors,
TNFR1 and TNFR2, are released into the circulation to regulate inflammation. Cleavage
of the extracellular portion of these receptors produces soluble molecules (sTNFR1 and
sTNFR2) in the blood that retain the ability to bind TNF and inhibit its acute activity [34]. To
characterize disorders in the innate immune response, the TLR4 receptor signaling pathway,
including its effectors of pro- and anti-inflammatory cytokines (IL-1Ra, TNF-α, sTNFR1,
IL-6, IL-10, sTLR4), was assessed in 163 severely ill ICU patients with infections [35]. The
immune response greatly differed between severely ill patients with and without infections,
and patients with infections exhibited concentrations of sTNFR1 even greater than those
found in uninfected patients who died from their illness (AUC 0.686 and cut-off point =
24.841 pg/mL). In addition to its diagnostic value for severe infections, this protein exhibits
prognostic value as well.
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3.3. Novel Receptor Biomarkers
3.3.1. Soluble Urokinase-Type Plasminogen Activator Receptor

The concentration of soluble urokinase-type plasminogen activator receptor (suPAR),
a membrane-bound receptor widely found in blood and body fluids, directly correlates
with immune system activity including cell adhesion, migration, chemotaxis, proteolysis,
immune activation, tissue remodeling, invasion, and signal transduction [36].

Systematic reviews published previously indicate that suPAR has a moderate di-
agnostic value for bacterial infection or systemic inflammation with AUC of 0.82 [37].
Furthermore, in a recent systematic review and meta-analysis of 30 studies involving 6906
patients [38], suPAR and PCT demonstrated similar diagnostic accuracy for sepsis. The
pooled sensitivity of suPAR in diagnosing sepsis was 0.76 (95% CI, 0.63–0.86; I2 = 93.71%,
Q = 254.49 (p < 0.01)) and the specificity was 0.78. In addition, AUC for differentiating
sepsis from systemic inflammatory response syndrome (SIRS) was 0.81 (95% CI, 0.77–0.84),
and the sensitivity and specificity were 0.67 (95% CI, 0.58–0.76) and 0.82 (95% CI, 0.73–
0.88), respectively [38]. Given its lack of sensitivity, further investigation is required to
evaluate whether using of suPAR in combination with other biomarkers can improve
diagnostic efficacy.

3.3.2. Presepsin

Presepsin, a soluble subtype of CD14 (sCD14), is related to bacterial phagocytosis
and lysosomal cleavage of microorganisms and is an emerging biomarker of infection
and systemic inflammation [39,40]. In a 2019 systematic review and meta-analysis that
included 19 observational studies with 3012 patients demonstrated a pooled sensitivity
and specificity of 0.84 (95% CI, 0.80–0.88) and 0.73 (95% CI, 0.61–0.82) for presepsin and
0.80 (95% CI, 0.75–0.84) and 0.75 (95% CI, 0.67–0.81) for PCT to diagnose sepsis. [40].
The meta-analysis demonstrated the relatively equivalent performance of both presepsin
and PCT, with AUCs of 0.87 and 0.84, respectively [40]. They concluded that either
biomarker could be used in combination with other biomarkers as a potential diagnostic
approach. Interestingly, in patients with severe acute kidney injury, the accuracy of the
diagnosis of sepsis with procalcitonin (AUC 0.946) was found to be significantly higher
than that for presepsin (0.768, p < 0.001) [41]. Overall, insufficient evidence supports the
accuracy of presepsin compared with traditional biomarkers, such as procalcitonin or CRP
to diagnose sepsis.

3.3.3. CD64

CD64 is a high-affinity immunoglobulin Fc γ receptor expressed on monocytes,
eosinophils, and neutrophils and responds to infection or exposure to endotoxins within a
few hours [42]. In a 2019 meta-analysis of 14 studies and 2,471 patients [43], CD64 bettered
CRP and PCT for diagnosing sepsis, as the area under the summary receiver operating
characteristic (SROC) curve was larger for neutrophil CD64 than for CRP (0.89 (95% CI
0.87–0.92) vs. 0.84 (95% CI 0.80–0.88), p < 0.05) or PCT (0.89 (95% CI 0.84–0.95) vs. 0.84 (95%
CI 0.79–0.89), p < 0.05). Utilizing CD64 in clinical practice, however, is challenging due to
the need to measure it using flow cytometry. A novel smartphone-based technique, using
a smartphone-imaged microfluidic biochip, demonstrated the feasibility of measuring
CD64 in 37 specimens from eight patients, highlighting the potential to integrate such
assessments into bedside patient care [44]. Prior studies suggested the potential of the
CD64 index, in combination with more sensitive markers, to be utilized for medical ICU
patients [45].

3.3.4. sTREM-1

Soluble triggering receptors expressed on myeloid cells (sTREM-1) are mainly dis-
tributed on the surface of polymorphonuclear cells and mature monocytes and are up-
regulated by bacterial lipopolysaccharides (LPS). Engagement of TREM-1 triggers secretion
of IL-8, monocyte chemotactic protein-1, and TNF-α and induces neutrophil degranu-
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lation [46]. In a 2020 meta-analysis of 19 studies involving 2418 patients, the ability
of sTREM-1 to diagnose sepsis had a pooled sensitivity and specificity of 0.82 (95% CI,
0.73–0.89) and 0.81 (95% CI, 0.75–0.86), respectively [47]. In adult populations, sTREM-1
levels in septic patients with a positive culture were significantly higher in nonsurvivors
compared to survivors, but they failed to have any value in culture-negative septic pa-
tients [48]. Another study suggested that both CRP and IL-6 more accurately identified
severe sepsis and septic shock than sTREM-1, although sTREM-1 did outperform PCT in
diagnosing severe sepsis [48,49]. While some of these differences in diagnostic capabilities
depended on which definition of sepsis was used, sample sizes in these studies were small
and many of the studies questioned whether sTREM-1 has any clinical value.

3.3.5. Toll-Like Receptor 4 (TLR 4)

Toll-like receptors (TLR) are the receptors involved in the induction of inflammatory
genes [20,50]. Among TLRs, TLR4 can recognize LPS, other PAMPs, and DAMPs at the cell
surface [51], whereas TLR3, TLR7, TLR8, and TLR9 are exclusively expressed in endosomal
compartments and recognize viral components [50]. The discovery of TLRs in humans,
and the early recognition of TLR-4 as the receptor that signals LPS bioactivity were ma-
jor breakthroughs not only in the field of immunology but also in sepsis [52]. Despite a
lack of larger studies demonstrating an association between TLR4 and biomarkers like
PCT and CRP in diagnosis of sepsis, results of a recent study conclude the possibility
of using TLR2 and TLR4 expression to determine the severity of sepsis as a diagnostic
biomarker (p < 0.05) [53]. Additionally, some data support a link between TLR4 signaling
and pathological inflammation during infection by SARS-CoV-2, the virus causing the dis-
ease Covid-19 [54]. Such findings may help identify methods of targeting TLR4-mediated
inflammation to develop therapeutic approaches to sepsis.

3.3.6. Programmed Death-1 (PD-1) Receptor

The programmed death-1 (PD-1) receptor, an inducible coinhibitory cell-surface pro-
tein expressed in T and B cells, is important for establishing immune tolerance [55]. PD-1
activation, along with its ligands PDL1 and PDL2, downregulates T cell activation to
alter the balance between immune tolerance and immune-mediated organ damage. Prior
studies demonstrated that regulatory T cells in patients with severe sepsis and septic shock
exhibited greater expression of PD-1 [56]. In a recent prospective observational cohort
study, the degree of NK cell expression of four co signaling molecules (PD-1, CD28, PD-L1,
and CD86) directly correlated with sequential organ failure assessment (SOFA) scores [57].
While the percentage of PD-L1+ NK cells and SOFA scores were independent risk factors
for 28-day mortality, the AUC of the percentage of PD-L1+ NK cells, SOFA score, and
their combination were 0.655 (0.559–0.742), 0.727 (0.635–0.807), and 0.808 (0.723–0.876),
respectively. The AUC of the combination model best predicted 28-day mortality (all
p < 0.05) [57]. The ability of PD-1 to serve as a novel prognostic biomarker for mortality
may further enhance the predictive capacity of the SOFA score in septic patients.

3.4. Novel Microcirculation-Related Biomarkers
3.4.1. Angiopoietin-1 (Ang-1) and Angiopoietin 2 (Ang-2)

The angiopoietin (Ang)-Tie system helps control vascular endothelial cell responses
during sepsis [58]. By regulating the Ang family, bacterial endotoxin affects the function of
vascular endothelial cells, with Ang-1 inhibiting vascular permeability and activating the
Tie-2 receptor and Ang-2 promoting vascular leakage by blocking the Tie-2 receptor [58–60],
opposing each other’s actions. In several clinical studies of sepsis, both a high level of Ang-
2 and a low level of Ang-1 or high Ang-2/Ang-1 and low Ang-1/Ang-2 ratios have been
associated with poor clinical outcomes, organ dysfunction, and adverse outcomes in sepsis,
including predicting the severity of acute respiratory distress syndrome (ARDS) [60,61].
In one small study utilizing the Sepsis-3 criteria in patients with sepsis and septic shock,
those with septic shock demonstrated significantly elevated plasma levels of PTX3, MCP1,
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and Ang-2 and low levels of Ang-1 [30], and Ang2 levels in sepsis patients were signif-
icantly higher than in those patients without sepsis (p < 0.05), with AUC 0.631 (95% CI
0.464–0.799, p = 0.1288) for Ang2 expression in septic shock patients. In addition, Ang-2
directly correlated with coagulation and fibrinolysis indices, suggesting development of
coagulopathy in patients with sepsis and septic shock with higher Ang 2 levels [30,61,62].
Using a preclinical study in mouse models of sepsis or acute lung injury, Ang-2 inhibition
or Ang-1/Tie2 axis stimulation with Ang-2 neutralizing antibodies or an Ang-2-targeted
short interfering RNA decreased mortality and the incidence of multiple-organ dysfunction
syndrome [63]. Substantial opportunity exists surrounding the potential clinical role for
angiopoietin as a sepsis biomarker for both diagnostic and prognostic purposes, as well as
its role for targeted sepsis therapies.

3.4.2. Adrenomedullin (ADM) and Pro-Adrenomedullin (ProADM)

Adrenomedullin (ADM), a 52-amino acid peptide produced mainly in endothelial cells
and vascular smooth muscle cells, is secreted by various tissues. By mediating vasodilation
as an autocrine/paracrine vasoactivator, ADM helps regulate systemic circulation. Because
circulating ADM is quickly degraded and cleared from the blood, its levels are difficult to
detect using a standard immunoassay. Levels of the more stable mid-regional fragment
of pro-adrenomedullin (MR-proADM), comprised of amino acids 45–92, directly reflect
the levels of the active ADM peptide and has been studied as biomarker in sepsis and
septic shock [64,65]. Based on a prospective single-centered study, a combination test of
PCT and MR-proADM may represent an effective tool in sepsis diagnosis and prognosis.
Furthermore, MR-proADM serves as a marker of organ dysfunction and has a turnaround
time of about 30 min. Recently, a double monoclonal sandwich immunoassay demonstrated
its ability to measure C-terminally amidated biologically active ADM (bio-ADM) [66]. The
AdrenOSS-1 study found that bio-ADM levels were higher in septic shock patients than in
sepsis patients. In addition, the return of bio-ADM levels to normal values (<70 pg/mL),
measured at 48 h after admission, correlated with decreased 28-day mortality and improved
cardiovascular function [67]. Levels of bio-ADM also predicted 30-day mortality similar to
the SOFA score (AUC 0.827 vs. 0.830) [68]. In light of these encouraging data, validating
the optimal serum levels of bio-ADM for clinical use will be important before its use
implementation as a sepsis biomarker.

3.5. Novel Biomarkers of Organ Dysfunction in Sepsis
3.5.1. MicroRNA (miRNA)

MicroRNAs (miRNA), a class of small, non-coding RNAs, post-transcriptionally
regulate up to 60% of protein encoding genes. Emerging evidence suggests that miRNAs
are key mediators of the host response to infection, predominantly by regulating proteins
involved in innate and adaptive immune pathways. The miRNA characteristics of the
host-pathogen interactions of more than 50 different bacterial and viral infections have
been described [69]. Although confirming the functional nature of such associations is
difficult, such studies highlight the important role of miRNA in immunity and provide
evidence that polymorphism in miRNA genes, at least for certain pathogens, could govern
person-to-person variation in infection susceptibility [70–73]. To determine the accuracy
of circulating miRNA as a biomarker for sepsis, one meta-analysis [71] assessed a total of
2337 patients in 14 studies of SIRS, 2 studies of local infections, and 14 studies of healthy
controls. Circulating miRNA proved to be an accurate method to identify sepsis, with a
pooled sensitivity and specificity of 0.80 (95% CI 0.75–0.83) and 0.85 (95% CI 0.80–0.89),
respectively, and the AUC was 0.89 (95% CI 0.86–0.92). The use of differing sources of
miRNA (e.g., whole blood, plasma, cerebrospinal fluid) tends to present the greatest
challenge for studies attempting to validate miRNA levels identified in other studies.
Other study differences that include distinct patient characteristics, pathogen types, study
design methodologies, and presenting diseases (e.g., neurological disorder, malignancy,
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sepsis, aseptic inflammation) causing elevated miRNA levels [70,72,73], all contribute to
the difficulty confirming the diagnostic accuracy of the test.

3.5.2. Long Non-Coding RNAs (lncRNAs)

Long non-coding RNAs (lncRNAs) are a class of non-coding RNAs with transcripts
of more than 200 nucleotides with limited protein-coding ability. 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. A prospective
cohort study of 120 sepsis patients showed that lnc-MALAT1 accurately diagnosed sepsis
(AUC 0.910) and predicted 28-day survival (AUC 0.886) better than the APACHE II score
(AUC 0.868) and lactate levels (AUC 0.868) [74]. Further evaluation of the roles of non-
coding RNAs in the pathogenesis of sepsis and its appropriate use in the clinical setting
is warranted.

3.5.3. Matrix Metalloproteinases (MMPs)

Matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs)
are key mediators in the regulation of wound healing after internal injury [75]. To in-
vestigate the MMP-2, MMP-9, TIMP-1, TIMP-2 and IL-6 plasma levels in patients with
severe sepsis and to examine their association with prognosis, the 37 patients on day
1 of severe sepsis and 37 healthy volunteers were enrolled [76], and the protein levels
were measured by ELISA methods. The results indicate that levels of MMP-9, TIMP-1,
TIMP-2 and IL-6 in septic patients were significantly higher compared to healthy controls
(p < 0.001). Another study evaluating early circulating plasma levels of MMP-2, MMP-9,
and their inhibitors TIMP-1 and TIMP-2 and their prognostic significance in critically ill
patients on admission to the intensive care unit (ICU) [77] found that 30-day survivors
had significantly lower plasma MMP-9 (odds ratio, OR 1.67 per 1 SD; 95% confidence
interval, CI 1.10–2.53; p = 0.016) and TIMP-1 (OR 2.15 per 1 SD; 95% CI 1.27–3.64; p = 0.004)
levels than nonsurvivors. More studies are needed to evaluate its diagnostic accuracy and
correlation to the Sepsis-3 criteria.

3.6. Nanodiagnostics

Nanotechnology-based biosensors are a novel approach to diagnostics with improved
sensitivity for biomarkers and shorter processing times without the requirement of special-
ized skills [78]. Biosensors are devices that generate signals in proportion to concentrations
of analytes in biological samples [79], permitting the characterization of minuscule sig-
nals using a small number of samples from various bodily fluids. The development of
nanosensors based on electrochemical, immunological, or magnetic principals provide
highly sensitive, selective, and rapid detection of sepsis biomarkers such as PCT and
CRP [78,79]. Nanodiagnostics could potentially serve as a diagnostic platform designed to
monitor an array of key pro- and antiinflammatory biomarkers and monitor the pattern
of an individual patient’s immune response to provide early targeted treatment [80,81].
However, further translational studies of nanotechnologies will be required to evaluate
their clinical and cost-effectiveness against the current standard of care.

4. Therapeutics

The mainstay of therapy in sepsis revolves around two broad principles: (1) source
control to remove the infectious stimulus and (2) resuscitation optimization to both attenu-
ate the pathologic inflammatory response and provide end-organ support. Current source
control therapies include antimicrobial administration and procedural interventions to
reduce the pathogenic burden [82]. Unfortunately, these therapies incompletely address
the integral role of infectious molecular triggers to incite and propagate the characteristic
inflammatory cascade of sepsis that manifests itself to different degrees according to each
patient’s unique immune system and biochemical milieu. Meanwhile, supportive care is
often limited to the implementation and titration of therapies such as intravenous fluids, va-
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sopressors, mechanical ventilation, and renal replacement therapy (RRT). Comprehensive
application of the correct combination of the above therapies in a timely manner improves
outcomes in sepsis. We discuss novel therapies (Table 2) that target the pathogen burden
and those that target the host by attenuating the adverse effects of the molecular triggers of
inflammation to support patients until recovery.

Table 2. Summary of benefits, concerns, and current phase of clinical trials for novel therapeutics for sepsis.

Therapy Benefit Concern Phase of Clinical Trial

PAMP Removal
Improved hemodynamics;

improved mortality in murine
model

Differing mechanisms/targets of
removal between devices. No

studies assessing effect on
mortality to date

Emergency Food and Drug
Administration (FDA)-approval

for Covid-19, ongoing
multicenter clinical trials [83]

Bacteriophages
Can neutralize

multidrug-resistant (MDR)
bacteria

No randomized controlled data
assessing efficacy Case reports in humans [84]

Intravenous
immunoglobulin (IVIG)

Useful in certain
inflammatory conditions

No defined benefit in sepsis
patients

FDA-approved for
immunodeficiencies and
inflammatory conditions

Targeted Monoclonal
Antibodies Avoids antibiotics resistance Each drug only effective against

targeted organism Phase 3 trials underway [85]

Liposomes Can bind bacterial toxin to
minimize damage

Limited use in bacteria that
secrete endotoxin Phase 1 trials completed [86]

Alkaline Phosphatase
Mortality reduction in septic

shock with acute kidney
injury

Benefit found in only those with
acute kidney injury Phase 2 trials [87]

Antimicrobial Peptides Synergism with antimicrobials Cytotoxicity towards host cells Phase 3 trials [88]

Nanoparticles
Increase potency and

minimize side effects of
antimicrobials

High development costs Liposomal amphotericin B
FDA-approved [89]

Angiotensin II
Catecholamine-sparing effect;
improved mortality in certain

patient populations

Limited prospective experience
outside of phase III trials

FDA-approved for use in septic
shock

Selepressin Catecholamine-sparing effect
with lower net fluid balance

No change in
ventilator/vasopressor-free days Phase 3 trial completed [90]

Mesenchymal Stem Cells Decreased cell injury in
murine sepsis models Concern for oncogenicity Phase 2 trials [85]

Extracellular Vesicles
Shown to improve renal

recovery in murine models of
sepsis

No standard
nomenclature/isolation

techniques
Phase 2 trials [91]

TLR4 Ligand Binders Positive results in murine
models of sepsis Potentially oncogenic FDA-approved only in the

setting of cancer therapy

Interleukin
agonists/antagonists

IL-7 agonist: prevents
lymphopenia in septic shock;

Anakinra: improved mortality
in those with elevated IL-1RA

levels;
IL-6R and IL-6 antagonist:
attenuates cytokine storm

IL-7 agonist: No mortality benefit
in current trials;

Anakinra: No data for routine use
in sepsis

IL-6R and IL-6 antagonist: mixed
data, no data for non-covid sepsis

Phase 2 trials [92]; Anakinra
FDA-approved for rheumatoid

arthritis
IL-6R and IL-6 antagonist:

phase 2 and phase 3 trials [93];
FDA-approved for rheumatoid

arthritis,
EUA for Covid-19
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Table 2. Cont.

Therapy Benefit Concern Phase of Clinical Trial

cGAS-STING
(cyclic GMP-AMP

synthase-stimulator of
interferon genes)

Murine models of sepsis
demonstrated survival benefit

No in human data to suggest
benefit in sepsis

FDA-approved for non-small
lung cancer

Adrenomedullin Potential to decrease capillary
permeability in sepsis

Concern with potential of
hypotension Phase 2 trials [85]

Eculizumab
Improved multiorgan

dysfunction in Baboon models
of sepsis

May lead to immunosuppression
FDA-approved for use in
atypical hemolytic uremic

syndrome

Interferon Gamma Case series demonstrating
improved cytokine profile No RCT studying IFN-γ in sepsis

FDA-approved for chronic
granulomatous disease and

certain malignancies

Soluble TREM-1 and
Nangibotide

Improved SOFA scores,
especially in those with
elevated sTREM-1 levels

Short half-life requires infusion Phase 2 trials [94]

Immune Checkpoint
Modulators

Improved absolute
lymphocyte count (ALC) in

those with low ALC and
septic shock

Patient relevant clinical outcomes
unknown Phase 2 trials [92]

Granulocyte-
Macrophage

Colony-Stimulating
Factor (GM-CSF)

Reduced length of mechanical
ventilation for sepsis-induced

immunosuppression

No clear mortality benefit in
sepsis

FDA-approved for
chemotherapy-induced

neutropenia

4.1. Pathogen-Directed Therapies
4.1.1. Pathogen-Associated Molecular Pattern Removal Devices

Pathogen-associated molecular patterns (PAMPs) induce immune cells to release
proinflammatory mediators that can trigger the dysregulated inflammatory response in
sepsis. The attractive aspect of filters targeting PAMP removal, as opposed to implement-
ing methods that target specific cytokine removal deactivation, is the ability to remove
upstream triggers of inflammation in lieu of attempting to correct the downstream and less
understood milieu of both good and bad inflammatory markers. Several promising devices
remove PAMPs using extracorporeal hemofiltration devices, often in conjunction with
either RRT or extracorporeal membrane oxygenation. Due to growing concerns about the
consequences for multidrug-resistant (MDR) pathogens, the Defense Advanced Research
Projects Agency (DARPA) has provided substantial investments to expand this field.

The GARNET device, created by BOA Biomedical, is an extracorporeal hemofiltration
device that utilizes the Fc-mannose-binding lectin (FcMBL) attached to fibers within a
hollow cartridge. FcMBL is created from the Fc portion of human immunoglobulin, which
is attached to a carbohydrate recognition domain of mannose-binding lectin (MBL) [95].
MBL, a blood opsonin, can recognize and bind a wide range of PAMPs. FcMBL is capable
of binding 85% of isolates from 97 of 112 (87%) pathogen species, including the most
common pathogens responsible for sepsis, and a wide range of bacteria, parasites, and
viral antigens [95]. A preclinical trial in rats showed a >90% decrease in bacterial load and
improved survival after five hours of use [96]. Patients are currently being enrolled in a
multicenter trial using the BOA Biomedical device [83].

The hemofiltration device Seraph-100, produced by ExThera, uses heparin sulfate-
coated absorption beads within a cartridge to bind and sequester pathogens. In a case study,
hemofiltration using this device decreased the bacterial load of Staphylococcus aureus. Fol-
lowing case studies demonstrating improved hemodynamics with its use, Seraph-100 was
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approved for use in the European Union and received emergency use authorization (EUA)
for the treatment of severe Covid-19 by the Food and Drug Administration (FDA) [97].

Oxiris, owned by Baxter, is an adsorptive membrane with a negatively charged,
microporous architecture created to remove cytokines and endotoxins during RRT. Its use
in sepsis, when compared to historical controls, reduces SOFA scores by 37% at 48 h [98].
Due to its ability to reduce serum IL-6 levels, it received an EUA from the FDA for use in
severely ill Covid-19 patients.

Another promising device, Cytosorb, is a hemofiltration device created with bio-
compatible polystyrene divinylbenzene copolymer beads. It clears both proinflammatory
cytokines and PAMPs but is unable to clear endotoxins [98,99]. Its use decreased IL-6 levels
and mortality in one observational study of septic patients on continuous RRT; however,
the only RCT completed noted no significant change in IL-6 levels, SOFA scores, or mortal-
ity [98,100]. This may be due to the relatively short (6 h) daily therapy administered. It has
received an EUA for use in the setting of Covid-19 accompanied by elevated cytokines.

Two other adsorption devices, Toraymyxin and Alteco LPS, specifically target en-
dotoxin removal. Toraymyxin is approved for use in Japan to treat patients with gram-
negative bacterial infection, however no randomized controlled trials (RCTs) have shown
decreased mortality for endotoxin clearance alone [98]. The Alteco LPS device, however,
demonstrated an improvement in patients’ hemodynamics [98].

While PAMP removal technology is promising and ongoing trials may demonstrate
usefulness, FDA approval does not yet exist for its use in sepsis [92,100].

4.1.2. Bacteriophages

Phage therapy has experienced renewed interest in recent years due to the emergence
of MDR bacteria [84]. Bacteriophages are possible alternatives to antibiotics given their
ability to cleave capsular polysaccharides on organisms such as Klebsiella pneumoniae [101].
Murine models of sepsis demonstrated that a single dose of the studied phage protected 80–
100% of subjects against death [101]. Additionally, case reports document good outcomes
resulting from the use of bacteriophages in human patients with recalcitrant and pan-
resistant gram-negative bacteremia [102].

4.1.3. Intravenous Immunoglobulin

Intravenous immunoglobulin (IVIG) is an infusion of pooled IgG immunoglobulins
that targets several organisms or inflammatory conditions, including Guillain–Barre syn-
drome, immune thrombocytopenic purpura, and Kawasaki disease [100]. IVIG has been
used in sepsis to both inhibit the inflammatory response and to opsonize the offending
infectious agent. Data are inconclusive regarding its efficacy in sepsis and is currently
not recommended for routine use [85,92]. However, a recent meta-analysis of IV IgM
infusions showing reduced mortality in those with septic shock has renewed interest in
this therapy [103].

4.1.4. Targeted Monoclonal Antibodies

Direct antibacterial antibodies targeting Pseudomonas aeruginosa and Staphylococcus
aureus are undergoing clinical trials [85]. Two monoclonal antibodies against Staphylococcus
aureus toxin, suvratoxumab and AR-301, exist. Suvratoxumab reduces disease severity in
mice and has undergone a phase 2 trial which showed a trend towards reduced incidence
of Staphylococcus aureus pneumonia when used preemptively in high risk, mechanically
ventilated ICU patients [104]. AR-301, in a phase 2 trial, showed a trend towards faster
resolution of pneumonia in those with severe Staphylococcus aureus hospital-acquired
pneumonia, ventilator-associated pneumonia, or community-acquired pneumonia [105]. A
phase 3 trial is currently underway [85].
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4.1.5. Liposomes

Many bacteria secrete toxins that damage cellular structures. Artificial liposomes,
which can bind and sequester these toxins [106], have demonstrated improved survival in
mice with Streptococcus pneumonia septicemia [85]. When compared to controls, CAL02,
one such agent, showed a reduction in organ dysfunction scores in 19 patients admitted to
an intensive care unit for severe pneumococcal pneumonia [86].

4.1.6. Alkaline Phosphatase

Sepsis-mediated acute kidney injury causes renal cell apoptosis and increases the
risk of mortality and progression to end-stage kidney disease [85]. Alkaline phosphatase
protects against renal inflammation by deactivating bacterial LPS [85]. A phase 2 study in
patients with sepsis-induced acute kidney injury demonstrated a measurable improvement
in renal function in those with shock [107]. Larger phase 2 studies also noted an improved
creatinine clearance three to four weeks after randomization, as well as a statistically
significant decrease in mortality [87].

4.1.7. Antimicrobial Peptides

Antimicrobial peptides (AMPs) are small proteins which belong to the innate immune
system and have potent antibacterial, antiviral, and antifungal activity [108,109]. They
function in three distinct ways: 1) direct antimicrobial activity on target cell membrane, 2)
antimicrobial activity via immune modulation, and 3) inhibition of bacterial intracellular
function [105]. Concerns of concomitant host cytotoxicity due to minimal specificity exist,
though recent evidence suggests that AMPs are functionally diverse in their targets [108,
109]. Administration of AMPS concomitantly with antimicrobials may be synergistic and
minimize patient toxicity [108,109]. AMPs are currently undergoing phase 3 clinical trials
in severe sepsis [88].

4.1.8. Nanoparticles

Nanoparticles comprise a rapidly growing field of research dedicated to sepsis thera-
peutics. These engineered therapies target specific microbes to both enhance the potency
of systemic antimicrobials and minimize their side effects [78,89]. By directly targeting
infectious organisms and neutralizing endotoxin, they also may reduce emerging antimi-
crobial resistance [89]. For example, the commercially available liposomal formulation of
amphotericin B is a drug delivery nanosystem incorporated into a lipid bilayer that is only
released on exposure to the targeted fungus, thus reducing the toxicity traditionally experi-
enced with earlier formulations of amphotericin B [89]. Another nanomedicine loaded with
ciprofloxacin binds endotoxins using nanostructures to neutralize bacterial LPS [89]. Early
animal studies have demonstrated decreased cytokine levels in those administered this
therapy. In a murine study, lipid nanomaterials delivering mRNA encoding antimicrobial
proteins augmented macrophages’ ability to remove MDR bacteria [110]. This promising
technology is expected to yield further advances in sepsis therapeutics.

4.2. Host-Directed Therapies
4.2.1. Angiotensin 2

Angiotensin 2, approved by the FDA in 2018, is the newest available vasopressor
for the treatment of vasodilatory shock. Angiotensin 2, a naturally occurring hormone
in the body, is the end product of the renin–angiotensin–aldosterone system. It causes
smooth muscle contraction and releases ADH. In the setting of high dose vasopressors,
exogenously administered synthetic angiotensin 2 significantly improved mean arterial
pressure (MAP), decreased background vasopressor dose, and lowered sequential organ
failure assessment (SOFA) scores in patients with refractory septic shock [111]. In those
with an absolute or functional deficiency of angiotensin-converting enzyme, manifested
by a ratio of angiotensin 1/angiotensin 2 of ≥ 1.63 or elevated renin levels, angiotensin 2
supplementation statistically significantly improved survival [112,113]. This vasopressor
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shows promising results in conditions, such as ARDS, influenza, pneumonia, cirrhosis,
acute kidney injury requiring renal replacement therapy, respiratory failure requiring veno-
venous extracorporeal membrane oxygenation, post-cardiopulmonary bypass, cardiac
arrest, and Covid-19-induced shock [114–120].

4.2.2. Selepressin

Selepressin, a vasopressin analog highly selective for the V1a receptor, targets both
V1a and V2 receptors. In experimental studies, selepressin decreases microvascular leakage
and increases mean arterial pressure (MAP) at lower doses than vasopressin [121]. A
promising phase 2a RCT demonstrated that its use was associated with reduced doses
of norepinephrine, less fluid administration, and shorter duration of mechanical ventila-
tion [122]. A subsequent phase 2b/3 RCT confirmed a higher MAP, lower norepinephrine
requirement, and lower net fluid balance in the selepressin group, but it did not confirm
a difference in ventilator-free days or mortality [90]. Due to its lack of catecholaminergic
stimulation, selepressin may be especially helpful in patients with concomitant tachydys-
rhythmias [85]. This agent is not approved by the US FDA currently.

4.2.3. Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) can transform to replace damaged or destroyed
cells [123]. These pluripotent mesenchymal stem cells have been shown to reduce injury
and mortality in animal models of sepsis by restoring endothelial barrier function and
enhancing tissue repair [123]. Two ongoing phase 2 trials are evaluating the effect of
MSCs on organ failure in patients with septic shock and severe community acquired
pneumonia [85,124]. Despite early promising data, concerns exist about the potential for
MSCs to become oncogenic, as these cell types have been identified in tumors such as
gastric adenocarcinomas, lipomas, and osteosarcomas [125].

4.2.4. Extracellular Vesicles

Extracellular vesicles (EVs) are a group of membrane-enclosed particles released from
cells involved in intercellular communication [124]. These vesicles transport RNA and
proteins that modulate the immune response of lymphocytes [123]. With similar properties
to MSCs, EVs appear to exhibit superior safety [124]. RNA and proteins delivered by EVs
play a prominent role in angiogenesis, apoptosis, and immune response while protecting
against sepsis-induced organ dysfunction [123]. Murine models highlight its ability to
attenuate bacterial pneumonia by enhancing macrophage phagocytosis [125] and improve
renal recovery for sepsis-induced acute kidney injury [126]. These findings have translated
successfully to patients with chronic kidney disease by improving glomerular filtration
rate [127]. Challenges remain in isolating MSC–EVs, and no current standardized protocol
for creating or naming EVs exists [124].

4.2.5. Toll-Like Receptor Ligand Binders

Immune cells express toll-like receptors that release cytokines such as tumor necrosis
factor-α and IL-6 to induce a strong innate immune response [100]. Binding TLRs could
attenuate the immune response in those with sepsis; however, some experts have expressed
concern that interfering with this pathway could cause autoimmune, cardiovascular, neuro-
logical, and oncogenic disorders [91]. While TLR agonists have demonstrated therapeutic
promise in cancer immunotherapy [85], their antagonists have been used to effectively
treat polymicrobial sepsis in mice [128]. Though the TLR4 antagonist Eritoran did not
show a mortality benefit in patients with severe sepsis, its indirect mechanism of endotoxin
inhibition may play a more targeted role in those with elevated endotoxin levels [129]. A
direct antagonist anti-TLR4 monoclonal antibody has been developed to treat rheumatoid
arthritis and may be a worthwhile target for further investigation in those with sepsis [91].
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4.2.6. Interleukin Agonists and Antagonists

Immune modulation using both interleukin agonists and antagonists have been stud-
ied in the treatment of sepsis [121].

Although interleukins contribute to host defense against infections [130], exaggerated
synthesis of IL-6 can cause an acute severe systemic inflammatory response known as
cytokine storm or cytokine-release syndrome [130]. Prior to Covid-19, IL-6 receptor (IL-6R)-
targeted agents (e.g., tocilizumab, sarilumab) were used mainly to treat various autoim-
mune disorders such as rheumatoid arthritis [131]. While recent randomized control trial of
tocilizumab have reported favorable responses in patients with Covid-19 pneumonia [132],
the data are inconsistent [133], and their therapeutic role for Covid-19 remains unclear.
In addition, more than 20 clinical studies are currently registered on ClinicalTrials.gov
(accessed on 12 January 2020) that aim to evaluate the efficacy of monoclonal antibodies
against IL-6 (e.g., siltuximab, sirukumab, olokizumab, clazakizumab) in Covid-19-induced
sepsis and septic shock [93]. Debate surrounds the possible increased infectious risks
associated with therapies like IL-6- or IL-6R-targeted agents [134,135]; however, findings
from these ongoing studies will expand the understanding of potential clinical applications
of IL-6 pathway inhibition to non-Covid-19 sepsis as well.

Interleukin-7 (IL-7) is a cytokine that reverses sepsis-induced lymphopenia, prevents
apoptosis, and induces T cell proliferation [136–138]. It has been shown to prevent death
in animal models with abdominal infection due to Pseudomonas aeruginosa [139]. In a phase
2 trial, administration of IL-7 improved absolute lymphocyte count without worsening
inflammation in those with septic shock [138].

While administration a recombinant IL-1 receptor antagonist did not improve survival
in sepsis, Anakinra, a recombinant IL-1R antagonist which blocks IL-1 release, reduces
mortality in septic patients with markedly elevated IL-1RA levels [140,141]. The inability
to rapidly assess IL-1 levels limits its broad application to patients with sepsis; however,
ongoing phase 2 trials expected to result in the coming year should further elucidate
valuable information to be gained on the matter [85].

4.2.7. Cyclic GMP-AMP synthase-stimulator of interferon genes (cGas-STING)

When triggered by PAMP recognition, the cGas-STING pathway in the innate immune
system potently activates the inflammatory response [92]. Ceritinib, an FDA-approved
drug for use in non-small cell lung cancer, targets this pathway. Despite no current human
trials in septic patients, targeting this pathway in murine models of sepsis induced with
cecal ligation and puncture demonstrated a survival benefit [142].

4.2.8. Adrenomedullin

Sepsis causes endothelial dysfunction that results in vascular leak, thrombosis, and
organ dysfunction [85]. Adrenomedullin counteracts this by stimulating ADM receptors
which then maintain the endothelial barrier and decrease inflammation [100,143]. Adre-
cizumab is a monoclonal antibody that targets anti-ADM antibodies and prolongs the
half-life of ADM [97]. Because preclinical trials have shown promise in limiting endothelial
damage and the therapy appears safe in phase 1 trials [144], a phase 2 RCT is currently
underway [144]. As ADM also causes systemic vasodilation, its modulation in the setting
of septic shock may limit its application [100].

4.2.9. Eculizumab

Sepsis-induced complement activation contributes to tissue damage and organ dys-
function [100]. Therapies targeting complement and its uncontrolled activation during
sepsis have been successfully studied in baboons and resulted in improvements in defects
of coagulation and multisystem organ function [145]. Eculuzimab, an FDA-approved
monoclonal Ab targeting C5a for atypical hemolytic uremic syndrome, is currently being
studied in phase 2 trials for patients with Covid-19-induced sepsis [146].

ClinicalTrials.gov
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4.2.10. Interferon Gamma

Interferon gamma (IFN-γ) increases tumor necrosis factor production in patients with
sepsis [147]. Though FDA-approved to treat certain malignancies and chronic granulo-
matous disease by promoting proinflammatory cytokine release, case series documenting
IFN-γ infusions in patients with fungal sepsis demonstrated improvement in laboratory
data and safety [148,149]. Despite preclinical data suggesting a benefit in sepsis, no pub-
lished RCTs have evaluated IFN-γ for this purpose [149].

4.2.11. Triggering Receptor Expressed on Myeloid Cells-1 and Nangibotide

TREM-1 is a receptor expressed on monocytes and neutrophils that, when activated,
triggers systemic inflammation [85]. Nangibotide is a TREM-1 antagonist that inhibits
the overactive inflammation that can accompany infection [150,151]. In phase 1 trials,
nangibotide was found to be safe, though demonstrated a very short half-life of ~3 min [151].
In a follow up phase 2 trial in patients with septic shock, the nangibotide group had
decreased SOFA scores with this trend being even more pronounced in those with elevated
soluble TREM-1 levels [94].

4.2.12. Immune Checkpoint Modulators

T cells are inhibited when programmed cell death ligands 1 (PD-L1) and 2 (PD-
L2) bind the programmed cell death-1 (PD-1) receptor expressed on their surface [85].
Patients with sepsis have increased PD-1 and PD-L1 expression, which correlates with
increased mortality [152]. Nivolumab, a monoclonal antibody directed against PD-1 which
prevents binding of PD-1/PD-L1, enhances IFN-γ production inducing an immune system
response to infection [153]. Inhibiting PD-1, PD-L1, and cytotoxic T-lymphocyte antigen-4, a
stimulatory molecule that is upregulated and suppresses T cell function in sepsis, improves
survival in murine models of fungal sepsis [154]. In phase 1 and 2 trials, nivolumab
was shown to be safe and improved absolute lymphocyte count (ALC) in patients with
vasopressor-dependent sepsis and low ALC [155].

4.2.13. Granulocyte-Macrophage Colony-Stimulating Factor

Granulocyte-macrophage colony-stimulating factor (GM-CSF) stimulates the produc-
tion of neutrophils and macrophages in the bone marrow. Administration of GM-CSF
promotes immune reconstitution to fight infection and reduce the time to infection reso-
lution [156]. GM-CSF is predominantly used in patients at increased risk of infection due
to chemotherapy-induced neutropenia. In an RCT of patients with sepsis-associated im-
mune suppression, GM-CSF administration significantly reduced the length of mechanical
ventilation [157].

5. Discussion/Conclusions

Many novel and promising diagnostics and therapeutics are being developed to aid in
the management of septic patients. Improved diagnostics will permit earlier diagnosis of
sepsis, helping to characterize both specific infecting organisms and pathways that become
dysfunctional during sepsis. Despite substantial progress in our understanding of the
pathophysiology of sepsis, no single sepsis biomarker has yet to address all diagnostic
needs. Although combining multiple biomarkers with clinical scoring systems may out-
perform any single tool, these practices must also be validated in clinical practice. The
wide adoption of diagnostic sepsis biomarkers has been hampered by both the lack of
a gold standard for diagnosing sepsis and inherent study limitations (e.g., size, design,
clinical applicability). Further investigations of appropriate specimens, testing assays, and
cutoff levels for specific biomarkers are needed prior to large-scale integration into clinical
decision making.

While further evidence is needed prior to widespread adoption of novel therapeutics,
their addition to current management has the potential to revolutionize sepsis care. Rapidly
targeting antimicrobial therapy to particular pathogens, removing the inciting infectious
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stimulus, and personalizing therapies according to each individual’s inflammatory re-
sponse and sepsis phenotype should herald a new era of improved clinical outcomes in
patients with sepsis.
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84. Górski, A.; Borysowski, J.; Międzybrodzki, R. Sepsis, Phages, and COVID-19. Pathogens 2020, 9, 844. [CrossRef]
85. Vignon, P.; Laterre, P.F.; Daix, T.; François, B. New Agents in Development for Sepsis: Any Reason for Hope? Drugs 2020, 80,

1751–1761. [CrossRef]
86. Laterre, P.F.; Colin, G.; Dequin, P.F.; Dugernier, T.; Boulain, T.; Azeredo da Silveira, S.; Lajaunias, F.; Perez, A.; François, B. CAL02,

a novel antitoxin liposomal agent, in severe pneumococcal pneumonia: A first-in-human, double-blind, placebo-controlled,
randomised trial. Lancet Infect. Dis. 2019, 19, 620–630. [CrossRef]

87. Pickkers, P.; Mehta, R.L.; Murray, P.T.; Joannidis, M.; Molitoris, B.A.; Kellum, J.A.; Bachler, M.; Hoste, E.A.J.; Hoiting, O.; Krell, K.;
et al. Effect of Human Recombinant Alkaline Phosphatase on 7-Day Creatinine Clearance in Patients with Sepsis-Associated
Acute Kidney Injury: A Randomized Clinical Trial. JAMA 2018, 320, 1998–2009. [CrossRef]

88. Browne, K.; Chakraborty, S.; Chen, R.; Willcox, M.D.; Black, D.S.; Walsh, W.R.; Kumar, N. A New Era of Antibiotics: The Clinical
Potential of Antimicrobial Peptides. Int. J. Mol. Sci. 2020, 21, 7047. [CrossRef]

89. Papafilippou, L.; Claxton, A.; Dark, P.; Kostarelos, K.; Hadjidemetriou, M. Nanotools for Sepsis Diagnosis and Treatment. Adv.
Healthc. Mater. 2021, 10, e2001378. [CrossRef] [PubMed]

90. Laterre, P.F.; Berry, S.M.; Blemings, A.; Carlsen, J.E.; François, B.; Graves, T.; Jacobsen, K.; Lewis, R.J.; Opal, S.M.; Perner, A.;
et al. Effect of Selepressin vs Placebo on Ventilator- and Vasopressor-Free Days in Patients With Septic Shock: The SEPSIS-ACT
Randomized Clinical Trial. JAMA 2019, 322, 1476–1485. [CrossRef] [PubMed]

91. Nassar, W.; El-Ansary, M.; Sabry, D.; Mostafa, M.A.; Fayad, T.; Kotb, E.; Temraz, M.; Saad, A.N.; Essa, W.; Adel, H. Umbilical cord
mesenchymal stem cells derived extracellular vesicles can safely ameliorate the progression of chronic kidney diseases. Biomater.
Res. 2016, 20, 21. [CrossRef]

92. Steinhagen, F.; Schmidt, S.V.; Schewe, J.C.; Peukert, K.; Klinman, D.M.; Bode, C. Immunotherapy in sepsis—Brake or accelerate?
Pharmacol. Ther. 2020, 208, 107476. [CrossRef]

http://doi.org/10.1186/s13054-018-2243-2
http://doi.org/10.3343/alm.2019.39.5.454
http://doi.org/10.3389/fimmu.2017.01182
http://www.ncbi.nlm.nih.gov/pubmed/28993774
http://doi.org/10.3390/cells9020276
http://www.ncbi.nlm.nih.gov/pubmed/31979244
http://doi.org/10.1186/s40560-020-00497-6
http://www.ncbi.nlm.nih.gov/pubmed/33292630
http://doi.org/10.1186/s40001-019-0396-3
http://doi.org/10.1002/jcp.25056
http://www.ncbi.nlm.nih.gov/pubmed/26031493
http://doi.org/10.3892/mmr.2020.10923
http://www.ncbi.nlm.nih.gov/pubmed/31922243
http://doi.org/10.12968/jowc.2018.27.12.849
http://doi.org/10.1080/00365540600702058
http://www.ncbi.nlm.nih.gov/pubmed/17008230
http://doi.org/10.1007/s00508-019-01592-x
http://doi.org/10.1186/s12929-020-00702-6
http://doi.org/10.3390/bios10080088
http://doi.org/10.1177/1751143719896554
http://doi.org/10.1039/D0NR02788J
http://www.ncbi.nlm.nih.gov/pubmed/32356537
http://doi.org/10.1001/jamainternmed.2020.2756
http://www.ncbi.nlm.nih.gov/pubmed/32865547
https://clinicaltrials.gov/ct2/show/study/NCT04658017
https://clinicaltrials.gov/ct2/show/study/NCT04658017
http://doi.org/10.3390/pathogens9100844
http://doi.org/10.1007/s40265-020-01402-z
http://doi.org/10.1016/S1473-3099(18)30805-3
http://doi.org/10.1001/jama.2018.14283
http://doi.org/10.3390/ijms21197047
http://doi.org/10.1002/adhm.202001378
http://www.ncbi.nlm.nih.gov/pubmed/33236524
http://doi.org/10.1001/jama.2019.14607
http://www.ncbi.nlm.nih.gov/pubmed/31577035
http://doi.org/10.1186/s40824-016-0068-0
http://doi.org/10.1016/j.pharmthera.2020.107476


Biomedicines 2021, 9, 311 21 of 23

93. Leisman, D.E.; Ronner, L.; Pinotti, R.; Taylor, M.D.; Sinha, P.; Calfee, C.S.; Hirayama, A.V.; Mastroiani, F.; Turtle, C.J.; Deutschman,
C.S.; et al. Cytokine elevation in severe and critical COVID-19: A rapid systematic review, meta-analysis, and comparison with
other inflammatory syndromes. Lancet Respir. Med. 2020, 8, 1233–1244. [CrossRef]

94. François, B.; Wittebole, X.; Ferrer, R.; Mira, J.P.; Dugernier, T.; Gibot, S.; Derive, M.; Olivier, A.; Cuvier, V.; Witte, S.; et al.
Nangibotide in patients with septic shock: A Phase 2a randomized controlled clinical trial. Intensive Care Med. 2020, 46, 1425–1437.
[CrossRef]

95. Seiler, B.T.; Cartwright, M.; Dinis, A.L.M.; Duffy, S.; Lombardo, P.; Cartwright, D.; Super, E.H.; Lanzaro, J.; Dugas, K.; Super,
M.; et al. Broad-spectrum capture of clinical pathogens using engineered Fc-mannose-binding lectin enhanced by antibiotic
treatment. F1000Res 2019, 8, 108. [CrossRef] [PubMed]

96. Kang, J.H.; Super, M.; Yung, C.W.; Cooper, R.M.; Domansky, K.; Graveline, A.R.; Mammoto, T.; Berthet, J.B.; Tobin, H.; Cartwright,
M.J.; et al. An extracorporeal blood-cleansing device for sepsis therapy. Nat. Med. 2014, 20, 1211–1216. [CrossRef]

97. Olson, S.W.; Oliver, J.D.; Collen, J.; Bunin, J.; Gleeson, T.D.; Foster, B.E.; Simmons, M.P.; Chen, H.W.; Ficke, J.B.; Brown, T.E.; et al.
Treatment for Severe Coronavirus Disease 2019 With the Seraph-100 Microbind Affinity Blood Filter. Crit. Care Explor. 2020, 2,
e0180. [CrossRef] [PubMed]

98. Monard, C.; Rimmelé, T.; Ronco, C. Extracorporeal Blood Purification Therapies for Sepsis. Blood Purif. 2019, 47 (Suppl. 3), 1–14.
[CrossRef]

99. Poli, E.C.; Rimmelé, T.; Schneider, A.G. Hemoadsorption with CytoSorb. Intensive Care Med. 2019, 45, 236–239. [CrossRef]
[PubMed]

100. Brouwer, W.P.; Duran, S.; Kuijper, M.; Ince, C. Hemoadsorption with CytoSorb shows a decreased observed versus expected
28-day all-cause mortality in ICU patients with septic shock: A propensity-score-weighted retrospective study. Crit. Care 2019, 23,
317. [CrossRef]

101. V Volozhantsev, N.; M Shpirt, A.; I Borzilov, A.; V Komisarova, E.; M Krasilnikova, V.; S Shashkov, A.; V Verevkin, V.; A Knirel,
Y. Characterization and Therapeutic Potential of Bacteriophage-Encoded Polysaccharide Depolymerases with β Galactosidase
Activity against. Antibiotics 2020, 9, 732. [CrossRef]

102. Duplessis, C.; Biswas, B.; Hanisch, B.; Perkins, M.; Henry, M.; Quinones, J.; Wolfe, D.; Estrella, L.; Hamilton, T. Refractory
Pseudomonas Bacteremia in a 2-Year-Old Sterilized by Bacteriophage Therapy. J. Pediatric Infect. Dis. Soc 2018, 7, 253–256.
[CrossRef]

103. Cui, J.; Wei, X.; Lv, H.; Li, Y.; Li, P.; Chen, Z.; Liu, G. The clinical efficacy of intravenous IgM-enriched immunoglobulin
(pentaglobin) in sepsis or septic shock: A meta-analysis with trial sequential analysis. Ann. Intensive Care 2019, 9, 27. [CrossRef]

104. Francois, B.; Sánchez Garcia, M.; Eggimann, P.; Dequin, P.-F.; Laterre, P.-F.; Huberlant, V.; Viña Soria, L.; Boulain, T.; Bretonnière,
C.; Pugin, J.; et al. 2839. Efficacy, Pharmacokinetics (PK), and Safety Profile of Suvratoxumab (MEDI4893), a Staphylococcus
aureus Alpha Toxin (AT)-Neutralizing Human Monoclonal Antibody in Mechanically Ventilated Patients in Intensive Care Units;
Results of the Phase 2 SAATELLITE Study Conducted by the Public-Private COMBACTE Consortium. Open Forum Infect. Dis.
2019, 6 (Suppl. 2), S66.

105. François, B.; Mercier, E.; Gonzalez, C.; Asehnoune, K.; Nseir, S.; Fiancette, M.; Desachy, A.; Plantefève, G.; Meziani, F.; de Lame,
P.A.; et al. Safety and tolerability of a single administration of AR-301, a human monoclonal antibody, in ICU patients with severe
pneumonia caused by Staphylococcus aureus: First-in-human trial. Intensive Care Med. 2018, 44, 1787–1796. [CrossRef]

106. Henry, B.D.; Neill, D.R.; Becker, K.A.; Gore, S.; Bricio-Moreno, L.; Ziobro, R.; Edwards, M.J.; Mühlemann, K.; Steinmann, J.;
Kleuser, B.; et al. Engineered liposomes sequester bacterial exotoxins and protect from severe invasive infections in mice. Nat.
Biotechnol. 2015, 33, 81–88. [CrossRef]

107. Heemskerk, S.; Masereeuw, R.; Moesker, O.; Bouw, M.P.; van der Hoeven, J.G.; Peters, W.H.; Russel, F.G.; Pickkers, P.; Group,
A.S. Alkaline phosphatase treatment improves renal function in severe sepsis or septic shock patients. Crit. Care Med. 2009, 37,
417–423. [CrossRef]

108. Lazzaro, B.P.; Zasloff, M.; Rolff, J. Antimicrobial peptides: Application informed by evolution. Science 2020, 368, eaau5480.
[CrossRef] [PubMed]

109. Zharkova, M.S.; Orlov, D.S.; Golubeva, O.Y.; Chakchir, O.B.; Eliseev, I.E.; Grinchuk, T.M.; Shamova, O.V. Application of
Antimicrobial Peptides of the Innate Immune System in Combination with Conventional Antibiotics-A Novel Way to Combat
Antibiotic Resistance? Front. Cell Infect. Microbiol. 2019, 9, 128. [CrossRef] [PubMed]

110. Hou, X.; Zhang, X.; Zhao, W.; Zeng, C.; Deng, B.; McComb, D.W.; Du, S.; Zhang, C.; Li, W.; Dong, Y. Vitamin lipid nanoparticles
enable adoptive macrophage transfer for the treatment of multidrug-resistant bacterial sepsis. Nat. Nanotechnol. 2020, 15, 41–46.
[CrossRef] [PubMed]

111. Khanna, A.; English, S.W.; Wang, X.S.; Ham, K.; Tumlin, J.; Szerlip, H.; Busse, L.W.; Altaweel, L.; Albertson, T.E.; Mackey, C.; et al.
Angiotensin II for the Treatment of Vasodilatory Shock. N. Engl. J. Med. 2017, 377, 419–430. [CrossRef] [PubMed]

112. Bellomo, R.; Wunderink, R.G.; Szerlip, H.; English, S.W.; Busse, L.W.; Deane, A.M.; Khanna, A.K.; McCurdy, M.T.; Ostermann, M.;
Young, P.J.; et al. Angiotensin I and angiotensin II concentrations and their ratio in catecholamine-resistant vasodilatory shock.
Crit. Care 2020, 24, 43. [CrossRef]

113. Bellomo, R.; Forni, L.G.; Busse, L.W.; McCurdy, M.T.; Ham, K.R.; Boldt, D.W.; Hästbacka, J.; Khanna, A.K.; Albertson, T.E.; Tumlin,
J.; et al. Renin and Survival in Patients Given Angiotensin II for Catecholamine-Resistant Vasodilatory Shock. A Clinical Trial.
Am. J. Respir. Crit. Care Med. 2020, 202, 1253–1261. [CrossRef]

http://doi.org/10.1016/S2213-2600(20)30404-5
http://doi.org/10.1007/s00134-020-06109-z
http://doi.org/10.12688/f1000research.17447.1
http://www.ncbi.nlm.nih.gov/pubmed/31275563
http://doi.org/10.1038/nm.3640
http://doi.org/10.1097/CCE.0000000000000180
http://www.ncbi.nlm.nih.gov/pubmed/32766569
http://doi.org/10.1159/000499520
http://doi.org/10.1007/s00134-018-5464-6
http://www.ncbi.nlm.nih.gov/pubmed/30446798
http://doi.org/10.1186/s13054-019-2588-1
http://doi.org/10.3390/antibiotics9110732
http://doi.org/10.1093/jpids/pix056
http://doi.org/10.1186/s13613-019-0501-3
http://doi.org/10.1007/s00134-018-5229-2
http://doi.org/10.1038/nbt.3037
http://doi.org/10.1097/CCM.0b013e31819598af
http://doi.org/10.1126/science.aau5480
http://www.ncbi.nlm.nih.gov/pubmed/32355003
http://doi.org/10.3389/fcimb.2019.00128
http://www.ncbi.nlm.nih.gov/pubmed/31114762
http://doi.org/10.1038/s41565-019-0600-1
http://www.ncbi.nlm.nih.gov/pubmed/31907443
http://doi.org/10.1056/NEJMoa1704154
http://www.ncbi.nlm.nih.gov/pubmed/28528561
http://doi.org/10.1186/s13054-020-2733-x
http://doi.org/10.1164/rccm.201911-2172OC


Biomedicines 2021, 9, 311 22 of 23

114. Coleman, P.J.; Nissen, A.P.; Kim, D.E.; Ainsworth, C.R.; McCurdy, M.T.; Mazzeffi, M.A.; Chow, J.H. Angiotensin II in Decompen-
sated Cirrhosis Complicated by Septic Shock. Semin Cardiothorac. Vasc. Anesth. 2020, 24, 266–272. [CrossRef]

115. Tumlin, J.A.; Murugan, R.; Deane, A.M.; Ostermann, M.; Busse, L.W.; Ham, K.R.; Kashani, K.; Szerlip, H.M.; Prowle, J.R.; Bihorac,
A.; et al. Outcomes in Patients with Vasodilatory Shock and Renal Replacement Therapy Treated with Intravenous Angiotensin II.
Crit. Care Med. 2018, 46, 949–957. [CrossRef]

116. Evans, A.; McCurdy, M.T.; Weiner, M.; Zaku, B.; Chow, J.H. Use of Angiotensin II for Post Cardiopulmonary Bypass Vasoplegic
Syndrome. Ann. Thorac. Surg. 2019, 108, e5–e7. [CrossRef] [PubMed]

117. McCurdy, M.T.; Khanna, A.K.; Busse, L.W. Angiotensin II: Time to Study Starting a Stopped Heart. Crit. Care Med. 2019, 47, e436.
[CrossRef] [PubMed]

118. Busse, L.W.; Chow, J.H.; McCurdy, M.T.; Khanna, A.K. COVID-19 and the RAAS-a potential role for angiotensin II? Crit. Care
2020, 24, 136. [CrossRef] [PubMed]

119. Klijian, A.; Khanna, A.K.; Reddy, V.S.; Friedman, B.; Ortoleva, J.; Evans, A.S.; Panwar, R.; Kroll, S.; Greenfeld, C.R.; Chatterjee, S.
Treatment With Angiotensin II Is Associated With Rapid Blood Pressure Response and Vasopressor Sparing in Patients With
Vasoplegia After Cardiac Surgery: A Post-Hoc Analysis of Angiotensin II for the Treatment of High-Output Shock (ATHOS-3)
Study. J. Cardiothorac. Vasc. Anesth. 2021, 35, 51–58. [CrossRef]

120. Cutler, N.S.; Rasmussen, B.M.; Bredeck, J.F.; Lata, A.L.; Khanna, A.K. Angiotensin II for Critically Ill Patients With Shock After
Heart Transplant. J. Cardiothorac. Vasc. Anesth. 2020. [CrossRef]

121. Rehberg, S.; Ertmer, C.; Vincent, J.L.; Morelli, A.; Schneider, M.; Lange, M.; Van Aken, H.; Traber, D.L.; Westphal, M. Role of
selective V1a receptor agonism in ovine septic shock. Crit. Care Med. 2011, 39, 119–125. [CrossRef] [PubMed]

122. Russell, J.A.; Vincent, J.L.; Kjølbye, A.L.; Olsson, H.; Blemings, A.; Spapen, H.; Carl, P.; Laterre, P.F.; Grundemar, L. Selepressin, a
novel selective vasopressin V. Crit. Care 2017, 21, 213. [CrossRef]

123. Keane, C.; Jerkic, M.; Laffey, J.G. Stem Cell-based Therapies for Sepsis. Anesthesiology 2017, 127, 1017–1034. [CrossRef]
124. Cheng, Y.; Cao, X.; Qin, L. Mesenchymal Stem Cell-Derived Extracellular Vesicles: A Novel Cell-Free Therapy for Sepsis. Front.

Immunol. 2020, 11, 647. [CrossRef]
125. Mendt, M.; Rezvani, K.; Shpall, E. Mesenchymal stem cell-derived exosomes for clinical use. Bone Marrow Transplant. 2019, 54

(Suppl. 2), 789–792. [CrossRef]
126. Monsel, A.; Zhu, Y.G.; Gennai, S.; Hao, Q.; Hu, S.; Rouby, J.J.; Rosenzwajg, M.; Matthay, M.A.; Lee, J.W. Therapeutic Effects of

Human Mesenchymal Stem Cell-derived Microvesicles in Severe Pneumonia in Mice. Am. J. Respir. Crit. Care Med. 2015, 192,
324–336. [CrossRef] [PubMed]

127. Bruno, S.; Grange, C.; Deregibus, M.C.; Calogero, R.A.; Saviozzi, S.; Collino, F.; Morando, L.; Busca, A.; Falda, M.; Bussolati, B.;
et al. Mesenchymal stem cell-derived microvesicles protect against acute tubular injury. J. Am. Soc. Nephrol. 2009, 20, 1053–1067.
[CrossRef]

128. Daubeuf, B.; Mathison, J.; Spiller, S.; Hugues, S.; Herren, S.; Ferlin, W.; Kosco-Vilbois, M.; Wagner, H.; Kirschning, C.J.; Ulevitch,
R.; et al. TLR4/MD-2 monoclonal antibody therapy affords protection in experimental models of septic shock. J. Immunol. 2007,
179, 6107–6114. [CrossRef]

129. Opal, S.M.; Laterre, P.F.; Francois, B.; LaRosa, S.P.; Angus, D.C.; Mira, J.P.; Wittebole, X.; Dugernier, T.; Perrotin, D.; Tidswell, M.;
et al. Effect of eritoran, an antagonist of MD2-TLR4, on mortality in patients with severe sepsis: The ACCESS randomized trial.
JAMA 2013, 309, 1154–1162. [CrossRef] [PubMed]

130. Kang, S.; Tanaka, T.; Narazaki MKishimoto, T. Targeting Interleukin-6 Signaling in Clinic. Immunity 2019, 50, 1007–1023.
[CrossRef]

131. Chatham, W.W. 89—Biological Modifiers of Inflammatory Diseases. In Clinical Immunology, 5th ed.; Rich, R.R., Fleisher, T.A.,
Shearer, W.T., Schroeder, H.W., Frew, A.J., Weyand, C.M., Eds.; Elsevier: London, UK, 2019; pp. 1197–1210.

132. Salama, C.; Han, J.; Yau, L.; Reiss, W.G.; Kramer, B.; Neidhart, J.D.; Criner, G.J.; Kaplan-Lewis, E.; Baden, R.; Pandit, L.; et al.
Tocilizumab in Patients Hospitalized with Covid-19 Pneumonia. N. Engl. J. Med. 2021, 384, 20–30. [CrossRef] [PubMed]

133. Gupta, S.; Wang, W.; Hayek, S.S.; Chan, L.; Mathews, K.S.; Melamed, M.L.; Brenner, S.K.; Schenck, E.J.; Radbel, J.; Reiser, J.; et al.
Association Between Early Treatment with Tocilizumab and Mortality Among Critically Ill Patients with COVID-19. Jama Intern.
Med. 2021, 181, 41–51. [CrossRef] [PubMed]

134. Winthrop, K.L.; Mariette, X.; Silva, J.T.; Benamu, E.; Calabrese, L.H.; Dumusc, A.; Smolen, J.S.; Aguado, J.M.; Fernández-Ruiz,
M. ESCMID Study Group for Infections in Compromised Hosts (ESGICH) Consensus Document on the Safety of Targeted and
Biological Therapies: An Infectious Diseases Perspective (Soluble Immune Effector Molecules [II]: Agents Targeting Interleukins,
Immunoglobulins and Complement Factors). Clin. Microbiol. Infect. 2018, 24, S21–S40. [PubMed]

135. Maus, M.V.; Lionakis, M.S. Infections Associated with the New ‘Nibs and Mabs’ and Cellular Therapies. Curr. Opin. Infect. Dis.
2020, 33, 281–289. [CrossRef]

136. Garay, R.P.; Viens, P.; Bauer, J.; Normier, G.; Bardou, M.; Jeannin, J.F.; Chiavaroli, C. Cancer relapse under chemotherapy: Why
TLR2/4 receptor agonists can help. Eur. J. Pharm. 2007, 563, 1–17. [CrossRef]

137. Plitas, G.; Burt, B.M.; Nguyen, H.M.; Bamboat, Z.M.; DeMatteo, R.P. Toll-like receptor 9 inhibition reduces mortality in
polymicrobial sepsis. J. Exp. Med. 2008, 205, 1277–1283. [CrossRef]

138. Francois, B.; Jeannet, R.; Daix, T.; Walton, A.H.; Shotwell, M.S.; Unsinger, J.; Monneret, G.; Rimmelé, T.; Blood, T.; Morre, M.; et al.
Interleukin-7 restores lymphocytes in septic shock: The IRIS-7 randomized clinical trial. JCI Insight 2018, 3, e98960. [CrossRef]

http://doi.org/10.1177/1089253219877876
http://doi.org/10.1097/CCM.0000000000003092
http://doi.org/10.1016/j.athoracsur.2018.11.047
http://www.ncbi.nlm.nih.gov/pubmed/30582924
http://doi.org/10.1097/CCM.0000000000003652
http://www.ncbi.nlm.nih.gov/pubmed/30985473
http://doi.org/10.1186/s13054-020-02862-1
http://www.ncbi.nlm.nih.gov/pubmed/32264922
http://doi.org/10.1053/j.jvca.2020.08.001
http://doi.org/10.1053/j.jvca.2020.07.087
http://doi.org/10.1097/CCM.0b013e3181fa3898
http://www.ncbi.nlm.nih.gov/pubmed/20890184
http://doi.org/10.1186/s13054-017-1798-7
http://doi.org/10.1097/ALN.0000000000001882
http://doi.org/10.3389/fimmu.2020.00647
http://doi.org/10.1038/s41409-019-0616-z
http://doi.org/10.1164/rccm.201410-1765OC
http://www.ncbi.nlm.nih.gov/pubmed/26067592
http://doi.org/10.1681/ASN.2008070798
http://doi.org/10.4049/jimmunol.179.9.6107
http://doi.org/10.1001/jama.2013.2194
http://www.ncbi.nlm.nih.gov/pubmed/23512062
http://doi.org/10.1016/j.immuni.2019.03.026
http://doi.org/10.1056/NEJMoa2030340
http://www.ncbi.nlm.nih.gov/pubmed/33332779
http://doi.org/10.1001/jamainternmed.2020.6252
http://www.ncbi.nlm.nih.gov/pubmed/33080002
http://www.ncbi.nlm.nih.gov/pubmed/29447987
http://doi.org/10.1097/QCO.0000000000000656
http://doi.org/10.1016/j.ejphar.2007.02.018
http://doi.org/10.1084/jem.20080162
http://doi.org/10.1172/jci.insight.98960


Biomedicines 2021, 9, 311 23 of 23

139. Shindo, Y.; Fuchs, A.G.; Davis, C.G.; Eitas, T.; Unsinger, J.; Burnham, C.D.; Green, J.M.; Morre, M.; Bochicchio, G.V.; Hotchkiss, R.S.
Interleukin 7 immunotherapy improves host immunity and survival in a two-hit model of Pseudomonas aeruginosa pneumonia.
J. Leukoc. Biol. 2017, 101, 543–554. [CrossRef]

140. Fisher, C.J.; Dhainaut, J.F.; Opal, S.M.; Pribble, J.P.; Balk, R.A.; Slotman, G.J.; Iberti, T.J.; Rackow, E.C.; Shapiro, M.J.; Greenman,
R.L. Recombinant human interleukin 1 receptor antagonist in the treatment of patients with sepsis syndrome. Results from a
randomized, double-blind, placebo-controlled trial. Phase III rhIL-1ra Sepsis Syndrome Study Group. JAMA 1994, 271, 1836–1843.
[CrossRef]

141. Meyer, N.J.; Reilly, J.P.; Anderson, B.J.; Palakshappa, J.A.; Jones, T.K.; Dunn, T.G.; Shashaty, M.G.S.; Feng, R.; Christie, J.D.;
Opal, S.M. Mortality Benefit of Recombinant Human Interleukin-1 Receptor Antagonist for Sepsis Varies by Initial Interleukin-1
Receptor Antagonist Plasma Concentration. Crit. Care Med. 2018, 46, 21–28. [CrossRef]

142. Zeng, L.; Kang, R.; Zhu, S.; Wang, X.; Cao, L.; Wang, H.; Billiar, T.R.; Jiang, J.; Tang, D. ALK is a therapeutic target for lethal sepsis.
Sci. Transl. Med. 2017, 9, eaan5689. [CrossRef]

143. Zhou, M.; Maitra, S.R.; Wang, P. Adrenomedullin and adrenomedullin binding protein-1 protect endothelium-dependent vascular
relaxation in sepsis. Mol. Med. 2007, 13, 488–494. [CrossRef] [PubMed]

144. Geven, C.; van Lier, D.; Blet, A.; Peelen, R.; Ten Elzen, B.; Mebazaa, A.; Kox, M.; Pickkers, P. Safety, tolerability and pharmacoki-
netics/pharmacodynamics of the adrenomedullin antibody adrecizumab in a first-in-human study and during experimental
human endotoxaemia in healthy subjects. Br. J. Clin. Pharm. 2018, 84, 2129–2141. [CrossRef]

145. Keshari, R.S.; Silasi, R.; Popescu, N.I.; Patel, M.M.; Chaaban, H.; Lupu, C.; Coggeshall, K.M.; Mollnes, T.E.; DeMarco, S.J.; Lupu, F.
Inhibition of complement C5 protects against organ failure and reduces mortality in a baboon model of. Proc. Natl. Acad. Sci.
USA 2017, 114, E6390–E6399. [CrossRef] [PubMed]

146. Thachil, J.; Cushman, M.; Srivastava, A. A proposal for staging COVID-19 coagulopathy. Res. Pr. Thromb. Haemost. 2020, 4,
731–736. [CrossRef]

147. Döcke, W.D.; Randow, F.; Syrbe, U.; Krausch, D.; Asadullah, K.; Reinke, P.; Volk, H.D.; Kox, W. Monocyte deactivation in septic
patients: Restoration by IFN-gamma treatment. Nat. Med. 1997, 3, 678–681. [CrossRef] [PubMed]

148. Delsing, C.E.; Gresnigt, M.S.; Leentjens, J.; Preijers, F.; Frager, F.A.; Kox, M.; Monneret, G.; Venet, F.; Bleeker-Rovers, C.P.; van de
Veerdonk, F.L.; et al. Interferon-gamma as adjunctive immunotherapy for invasive fungal infections: A case series. BMC Infect.
Dis 2014, 14, 166. [CrossRef]

149. Payen, D.; Faivre, V.; Miatello, J.; Leentjens, J.; Brumpt, C.; Tissières, P.; Dupuis, C.; Pickkers, P.; Lukaszewicz, A.C. Multicentric
experience with interferon gamma therapy in sepsis induced immunosuppression. A case series. BMC Infect. Dis 2019, 19, 931.
[CrossRef]

150. Derive, M.; Bouazza, Y.; Sennoun, N.; Marchionni, S.; Quigley, L.; Washington, V.; Massin, F.; Max, J.P.; Ford, J.; Alauzet, C.; et al.
Soluble TREM-like transcript-1 regulates leukocyte activation and controls microbial sepsis. J. Immunol. 2012, 188, 5585–5592.
[CrossRef]

151. Cuvier, V.; Lorch, U.; Witte, S.; Olivier, A.; Gibot, S.; Delor, I.; Garaud, J.J.; Derive, M.; Salcedo-Magguilli, M. A first-in-man safety
and pharmacokinetics study of nangibotide, a new modulator of innate immune response through TREM-1 receptor inhibition.
Br. J. Clin. Pharm. 2018, 84, 2270–2279. [CrossRef] [PubMed]

152. Guignant, C.; Lepape, A.; Huang, X.; Kherouf, H.; Denis, L.; Poitevin, F.; Malcus, C.; Chéron, A.; Allaouchiche, B.; Gueyffier, F.;
et al. Programmed death-1 levels correlate with increased mortality, nosocomial infection and immune dysfunctions in septic
shock patients. Crit. Care 2011, 15, R99. [CrossRef]

153. Velu, V.; Titanji, K.; Zhu, B.; Husain, S.; Pladevega, A.; Lai, L.; Vanderford, T.H.; Chennareddi, L.; Silvestri, G.; Freeman, G.J.; et al.
Enhancing SIV-specific immunity in vivo by PD-1 blockade. Nature 2009, 458, 206–210. [CrossRef] [PubMed]

154. Chang, K.C.; Burnham, C.A.; Compton, S.M.; Rasche, D.P.; Mazuski, R.J.; McDonough, J.S.; Unsinger, J.; Korman, A.J.; Green,
J.M.; Hotchkiss, R.S. Blockade of the negative co-stimulatory molecules PD-1 and CTLA-4 improves survival in primary and
secondary fungal sepsis. Crit. Care 2013, 17, R85. [CrossRef] [PubMed]

155. Watanabe, E.; Nishida, O.; Kakihana, Y.; Odani, M.; Okamura, T.; Harada, T.; Oda, S. Pharmacokinetics, Pharmacodynamics, and
Safety of Nivolumab in Patients With Sepsis-Induced Immunosuppression: A Multicenter, Open-Label Phase 1/2 Study. Shock
2020, 53, 686–694. [CrossRef]

156. Bo, L.; Wang, F.; Zhu, J.; Li, J.; Deng, X. Granulocyte-colony stimulating factor (G-CSF) and granulocyte-macrophage colony
stimulating factor (GM-CSF) for sepsis: A meta-analysis. Crit. Care 2011, 15, R58. [CrossRef] [PubMed]

157. Meisel, C.; Schefold, J.C.; Pschowski, R.; Baumann, T.; Hetzger, K.; Gregor, J.; Weber-Carstens, S.; Hasper, D.; Keh, D.; Zuckermann,
H.; et al. Granulocyte-macrophage colony-stimulating factor to reverse sepsis-associated immunosuppression: A double-blind,
randomized, placebo-controlled multicenter trial. Am. J. Respir. Crit. Care Med. 2009, 180, 640–648. [CrossRef]

http://doi.org/10.1189/jlb.4A1215-581R
http://doi.org/10.1001/jama.1994.03510470040032
http://doi.org/10.1097/CCM.0000000000002749
http://doi.org/10.1126/scitranslmed.aan5689
http://doi.org/10.2119/2007-00113.Zhou
http://www.ncbi.nlm.nih.gov/pubmed/17932560
http://doi.org/10.1111/bcp.13655
http://doi.org/10.1073/pnas.1706818114
http://www.ncbi.nlm.nih.gov/pubmed/28720697
http://doi.org/10.1002/rth2.12372
http://doi.org/10.1038/nm0697-678
http://www.ncbi.nlm.nih.gov/pubmed/9176497
http://doi.org/10.1186/1471-2334-14-166
http://doi.org/10.1186/s12879-019-4526-x
http://doi.org/10.4049/jimmunol.1102674
http://doi.org/10.1111/bcp.13668
http://www.ncbi.nlm.nih.gov/pubmed/29885068
http://doi.org/10.1186/cc10112
http://doi.org/10.1038/nature07662
http://www.ncbi.nlm.nih.gov/pubmed/19078956
http://doi.org/10.1186/cc12711
http://www.ncbi.nlm.nih.gov/pubmed/23663657
http://doi.org/10.1097/SHK.0000000000001443
http://doi.org/10.1186/cc10031
http://www.ncbi.nlm.nih.gov/pubmed/21310070
http://doi.org/10.1164/rccm.200903-0363OC

	Introduction 
	Materials and Methods 
	Novel Diagnostics in Sepsis 
	Novel Innate Response Biomarkers 
	PAMPS and DAMPS 
	Calprotectin 

	Novel Cytokine/Chemokine Biomarkers 
	Interleukin 6 (IL-6) 
	Monocyte Chemoattractant Protein 1 (MCP1) 
	Pentraxin 3 (PTX3) 
	sTNFR1 

	Novel Receptor Biomarkers 
	Soluble Urokinase-Type Plasminogen Activator Receptor 
	Presepsin 
	CD64 
	sTREM-1 
	Toll-Like Receptor 4 (TLR 4) 
	Programmed Death-1 (PD-1) Receptor 

	Novel Microcirculation-Related Biomarkers 
	Angiopoietin-1 (Ang-1) and Angiopoietin 2 (Ang-2) 
	Adrenomedullin (ADM) and Pro-Adrenomedullin (ProADM) 

	Novel Biomarkers of Organ Dysfunction in Sepsis 
	MicroRNA (miRNA) 
	Long Non-Coding RNAs (lncRNAs) 
	Matrix Metalloproteinases (MMPs) 

	Nanodiagnostics 

	Therapeutics 
	Pathogen-Directed Therapies 
	Pathogen-Associated Molecular Pattern Removal Devices 
	Bacteriophages 
	Intravenous Immunoglobulin 
	Targeted Monoclonal Antibodies 
	Liposomes 
	Alkaline Phosphatase 
	Antimicrobial Peptides 
	Nanoparticles 

	Host-Directed Therapies 
	Angiotensin 2 
	Selepressin 
	Mesenchymal Stem Cells 
	Extracellular Vesicles 
	Toll-Like Receptor Ligand Binders 
	Interleukin Agonists and Antagonists 
	Cyclic GMP-AMP synthase-stimulator of interferon genes (cGas-STING) 
	Adrenomedullin 
	Eculizumab 
	Interferon Gamma 
	Triggering Receptor Expressed on Myeloid Cells-1 and Nangibotide 
	Immune Checkpoint Modulators 
	Granulocyte-Macrophage Colony-Stimulating Factor 


	Discussion/Conclusions 
	References

