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Abstract

Triggering receptor expressed on myeloid cells-1 (TREM-1) is a pattern recognition receptor and plays a critical

role in the immune response. TREM-1 activation leads to the production and release of proinflammatory cytokines,
chemokines, as well as its own expression and circulating levels of the cleaved soluble extracellular portion of TREM-1
(STREM-1). Because patients with sepsis and septic shock show elevated sTREM-1 levels, TREM-1 has attracted atten-
tion as an important contributor to the inadequate immune response in this often-deadly condition. Since 2001,
when the first blockade of TREM-1 in sepsis was performed, many potential TREM-1 inhibitors have been established
in animal models. However, only one of them, nangibotide, has entered clinical trials, which have yielded promising
data for future treatment of sepsis, septic shock, and other inflammatory disease such as COVID-19. This review dis-
cusses the TREM-1 pathway and important ligands, and highlights the development of novel inhibitors as well as their
clinical potential for targeted treatment of various inflammatory conditions.
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Background

There has been great interest in triggering receptor
expressed on myeloid cells-1 (TREM-1) since its discov-
ery in 2000 [1]. Indeed, researchers recently published
the interesting results of a phase 2b trial in which patients
with sepsis were treated with nangibotide, a TREM-1
inhibitor [2]. TREM-1 belongs to the family of pattern
recognition receptors (PRRs) [1, 3-5]. These receptors,
which are located intracellularly and on the surface of
immune and non-immune cells, recognize microbial/
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damage-associated molecular patterns (MAMPs/
DAMPs) and therefore play a crucial role in host immune
defense [6]. Consistently, TREM-1 was first found to
be expressed on the surface of monocytes and neutro-
phils [1], but it is also expressed on non-immune cells
like hepatic endothelial cells and gastric epithelial cells.
TREM-1 expression on these cell types seems to be
dependent on ongoing inflammatory processes [5], high-
lighting the role of TREM-1 in the immune response [7].
These effects are synergistically enhanced with other
well-studied PRRs such as Toll-like receptors (TLRs),
especially TLR4 [5], leading to an amplification of the
inflammatory response. The role of TREM-1 and other
TREM receptors is recently evaluated in more depth in a
review by Colonna et al. [8].

Sepsis presents a dysregulated immune response, and
TREM-1 has attracted attention as a potential contribu-
tor to this condition that often ends in death [9]. The

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13054-024-04798-2&domain=pdf

Theobald et al. Critical Care (2024) 28:17

circulating levels of the cleaved soluble extracellular
portion of TREM-1 (STREM-1) are elevated in patients
with sepsis and associated with increased mortality in
patients with septic shock [10-12]. A study with TREM-
1-deficient (Trem1™") mice and dextran-sulfate-sodium-
induced colitis generated convincing results. The lack
of TREM-1 led to a better outcome without negatively
impacting pathogen clearance in bacterial and viral infec-
tions [13]. In addition, blockade of TREM-1 with the
TREM-1 Fc fusion protein (TREM-1/Fc) was carried
out first in 2001. It protected mice against lipopolysac-
charide (LPS)-induced shock, as well as microbial sepsis
caused by Escherichia coli or cecal ligation and punc-
ture (CLP). After the treatment with TREM-1/Fc, mice
showed reduced tumor necrosis factor alpha (TNF-a)
and interleukin 1B (IL-1() serum levels and improved
survival rates compared with mice that did not receive
a specific treatment [3]. Therefore, there have been sub-
stantial efforts to develop TREM-1 inhibitors to treat
sepsis. LR12, a 12-amino-acid peptide, known as nangi-
botide (Inotrem, Paris, France), has entered clinical trials.
The data are promising for the future therapy of sepsis
and septic shock [2, 14], especially considering the cur-
rent challenges in sepsis therapy. Although its impor-
tance is recognized, immune status monitoring is not
used in clinical practice as there are currently no direct
therapeutic implications. However, current research on
adjunctive therapies indicates that there is no therapeu-
tic principle that is suitable for all septic patients, and
immune profiling that allows predictive enrichment in
current and future treatment scenarios remains a chal-
lenge. Furthermore, the use of machine learning and
artificial intelligence techniques might improve the devel-
opment of workable algorithms to guide clinical deci-
sions that make precision medicine for sepsis patients a
reality and improve their outcome.

In this review, we critically address the role of TREM-1
as an important PRR in the development and patho-
genesis of inflammation and sepsis. We also discuss the
latest insights into the safety, efficacy, and therapeutic
options of the different TREM-1 inhibitors, including
nangibotide.

TREM-1 and its ligands in the inflammatory state
Receptor family, structure, isoforms, and pathways
The TREM receptor family—TREM-1, TREM-2, and
TREM-3/4/5 (only in mice)—and the immunoreceptor
tyrosine-based inhibition motif (ITIM)-bearing TREM-
like-transcripts (TLT-1/2/3/4/5) are encoded by genes
located on human chromosome 6p21 [15-17].

TREM-1 is a cell surface receptor belonging to the
immunoglobulin superfamily with a related extracel-
lular immunoglobulin-like V-type domain [17]. Besides
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the membrane-bound isoform (around 30 kDa), a solu-
ble isoform is known, STREM-1; it contains only the
immunoglobulin-like domain, which is essential for
antigen recognition and ligand binding [10, 11, 18].
TREM-1 lacks ITIMs in its intracellular domain, and
signal propagation is dependent on an adaptor protein,
namely DNAX-activating protein of 10 kDa and 12 kDa
(DAP10 and DAP12, respectively) [19, 20]. The connec-
tion between the two molecules occurs through binding
of a positively charged lysine in the receptor and a nega-
tively charged aspartic acid in DAP10/12 [19, 20] and
leads to phosphorylation of DAP10/12 and, subsequently,
downstream cascades via the activation of spleen tyros-
ine kinase (Syk) [21]. Multiple signal propagation path-
ways lead to activation of different molecules and signal
cascades involved in inflammatory reactions, leading to
enhanced proinflammatory cytokine secretion [8, 12, 19,
21, 22].

Important ligands for the inflammatory response

The description of TREM-1 ligands is critical for the
development of targeted sepsis treatment. Despite the
discovery of TREM-1 in 2000 [1], the description of its
ligands remains incomplete to date.

One of the first successes in this field was the discovery
of peptidoglycan receptor protein 1 (PGLYRP1) [23].
This antimicrobial protein binds to essential factors of
the bacterial cell membrane (peptidoglycan and LPS) and
induces oxidative stress and lethal cell membrane depo-
larization [5, 12, 23, 24]. PGLYRP1 activates TREM-1 [18,
25, 26] and binds to STREM-1 [27].

LPS itself is discussed as a potential ligand of TREM-1,
because of its role in TREM-1 activation [1, 9]. However,
it might be no direct ligand of TREM-1, but interacts
indirectly with TREM-1 after binding to TLR4, stimulat-
ing the immune system [21].

High mobility group box 1 (HMGB1) was origi-
nally described as a DNA-binding protein acting as a
cofactor to regulate transcriptional activity [28]. It has
subsequently received attention for its role in inflam-
mation. HMGB1 is a DAMP that activates TLRs and
is a ligand for the receptor for advanced glycation end-
products (RAGE) [29, 30], which both trigger various
cellular cascades leading to inflammatory phenotypes
in vitro and in vivo [31]. In 2012, researchers demon-
strated in a murine model of hepatocellular carcinoma
that HMGBI released from necrotic hepatocytes bound
to TREM-1 with a binding dissociation constant (KD)
of 354%x107° M [12, 32, 33]. In human THP-1 cells, a
monocytic cell line, HMGB1 has been shown to increase
cytokine production via activating TREM-1.

Hsp70 isoforms are chaperones, which are involved
in a wide variety of cellular protein remodeling, and
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degradation processes. Therefore, they are crucial for
protein homeostasis and have a direct impact on human
health [34]. In normal conditions, Hsp70 expression
remains low, but it increases strongly in pro-inflamma-
tory states [12, 35]. In 2000, Asea et al. [36] reported
that Hsp70 has an additional role as a cytokine and
cytokine release driver. This ability increased interest in
the role of Hsp70 in inflammation. In 2007, researchers
found that Hsp70 along with HMGBI1 enhanced the pro-
inflammatory response through TREM-1 activation after
release from necrotic cells [35]. Recently, researchers
showed that Hsp70 can bind to STREM-1 immobilized
on a cyanogen-bromide-activated Sepharose column
as well as to TREM-1 on the monocyte surface [12, 37].
This Hsp70/TREM-1 interaction activated interferon
(IEN)-y and TNF-a messenger RNA (mRNA) expression
in monocytes and stimulated IL-2 secretion by peripheral
blood mononuclear cells [37].

There are high rates of necrosis and apoptosis in sep-
sis. This leads to a high amount of extracellular actin,
which can have fatal effects on the organism including
the induction of endothelial cell death. These negative
consequences underline the importance of the extracel-
lular actin clearance system and its potential role in the
pathogenesis of septic shock [38].

In an early study, researchers reported an unknown
ligand expressed on platelets that activates TREM-1 in
sepsis. Extensive studies using gel analysis of total protein
from platelets and recombinant TREM-1 (rTREM-1)
revealed that the ligand is actin [39, 40]. The researchers
treated murine RAW267.7 cells, a macrophage cell line,
with LPS-stimulated platelets and LPS with recombinant
actin. They used confocal microscopy to confirm the co-
localization of TREM-1 and actin. [12, 40]. Moreover,
actin enhanced the release of TNF-a from RAW267.7
cells and peritoneal macrophages via LPS stimulation.
The ability of actin to activate TREM-1 could be attenu-
ated by treatment with the TREM-1 inhibitor LP17, as
well as peritoneal macrophages isolated from Treml ™~
mice [40]. LP17 was one of the first peptides developed
to inhibit TREM-1 through a mechanism analogous to
that of decoy receptors [41]. The 17-amino-acid sequence
(LQVTDSGLYRCVIYHPP) is derived from a highly con-
served sequence between the TREM-1 and TLT-1 extra-
cellular domain in both mice and humans [12, 41].

Another endogenous ligand of TREM-1 was recently
described: extracellular cold-inducible RNA bind-
ing protein (eCIRP). This DAMP was originally identi-
fied in the blood of patients with hemorrhagic shock and
sepsis. In cell models under hypoxic conditions, mac-
rophages could be stimulated by recombinant CIRP
(rCIRP) to release TNF-a and HMGB1 and thereby
induce an inflammatory response [42]. Denning et al.
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[43] demonstrated that murine rCIRP binds to recom-
binant murine TREM-1 (rmTREM-1) with a KD of
11.7x10°® M, which indicates strong affinity. This could
also be shown in murine RAW?264.7 cells and peritoneal
macrophages. To demonstrate that this could have a clin-
ical impact, researchers treated rmCIRP-injected mice
with LP17. They observed an attenuated systemic and
pulmonary inflammatory response. This study suggests
that eCIRP is an endogenous ligand of TREM-1.

sTREM-1 and its role as a biomarker in sepsis and septic
shock

The origin of sSTREM-1 is not yet fully understood.
Its origin is most likely from proteolytic degradation
of TREM-1 by MMPs, such as MMP-9 [44]. There-
fore, TREM-1 activation by different triggers such as
LPS would be necessary for its cleavage and produc-
tion [9, 44]. Another relevant source is the translation
of a TREM-1 mRNA splice variant lacking the sequence
encoding the transmembrane and cytoplasmic regions
of TREM-1 [8]. STREM-1 was first detected in mouse
and human serum [41, 45, 46], as well as in bronchoal-
veolar lavage fluid (BALF) from patients with ventilator-
associated pneumonia [47]. In BALF, sSTREM-1 is more
accurate than any other clinical or laboratory findings to
predict the presence of bacterial or fungal infections [8].
High levels of sSTREM-1 only occur in infected patients
[41, 45, 48], underlining the hypothesis that the ori-
gin of STREM-1 is TREM-1 activation itself. Therefore,
STREM-1 levels indicate TREM-1 pathway activation.

There have been several studies investigating whether
STREM-1 might also be useful as a biomarker of disease
severity in different inflammatory settings, especially
when an inadequate immune response results in a fatal
outcome. Patients with septic shock show extremely high
STREM-1 levels compared with healthy controls (814 pg/
mL compared with 1.77-135 pg/mL) [49]. Based on
published studies STREM-1 is only detectable in 19% of
healthy controls [1, 3]. In sepsis and septic shock, high
STREM-1 levels are associated with disease severity indi-
cators, including Sequential Organ Failure Assessment
(SOFA) score, the Acute Physiology and Chronic Health
Evaluation (APACHE) II score, and 28-day mortality [14,
41, 49-51].

In COVID-19, a dysregulated immune state seems
to be at least partly responsible for the development of
a severe disease course [52]. In COVID-19 [53-56], but
also in non-COVID-19 acute respiratory distress syn-
drome (ARDS) [57, 58], high STREM-1 levels are asso-
ciated with disease severity, a prolonged duration of
mechanical ventilation, and a poor outcome. Da Silva
Neto et al. [54] showed that the best cut-off STREM-1
level for predicting in-hospital severity for patients with
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COVID-19 is>116.5 pg/mL. These inconclusive results
concerning optimal STREM-1 cut-off values underlie the
importance of defining robust cut-off values, especially
when it comes to the development of therapeutic agents.

In addition to being studied as a prognostic indicator
of different inflammatory and non-inflammatory states,
STREM-1 has also been proposed to act as a decoy recep-
tor for TREM-1 [12]. STREM-1 binds TREM-1 ligands
and reduces its activation and the subsequent pro-
inflammatory cytokine release [18, 41, 59—61]. First,
this theory was tested in vitro. For cloning and expres-
sion, the gene for recombinant porcine sTREM-1 was
transfected into E. coli. Prior to STREM-1 treatment,
porcine alveolar macrophages were stimulated with LPS
and then mRNA expression of inflammatory cytokines
was evaluated, showing reduced mRNA expression due
to sSTREM-1 treatment [62]. Interestingly, an in vivo
study revealed contrary results. Yang et al. [63] reported
worse outcomes in mice infected with Streptococcus suis,
a bacterium that can rapidly cause streptococcal toxic-
shock-like syndrome, and treatment with purified murine
STREM-1. This treatment was associated with increased
7-day mortality, elevated cytokine levels, as well as an
increased bacterial load in the blood and peritoneal fluid.
Notably, after infection with S. suis, mice treated with
purified murine sSTREM-1 in combination with ampi-
cillin had better outcomes than mice treated with anti-
biotics alone [64]. Therefore, sSTREM-1 agonism might
help to decrease some bacterial infections, but it is also
responsible for detrimental inflammatory processes lead-
ing to acute lung injury [12]. Nevertheless, many of the
TREM-1 inhibitory peptides proposed for the treatment
of sepsis are based on amino acid sequences found in
STREM-1. This underlines the potential of STREM-1 as
an effective anti-inflammatory mediator [12, 18].

LR12 and other TREM-1 inhibitors

LR12 (nangibotide) is a 12-amino-acid peptidic fragment
that is derived from TLT-1 [22]. It is the first TREM-1
inhibitor that has entered clinical trials. Nangibotide
is chemically synthesized and acts as a ligand-trapping
molecule, also called a decoy receptor, that modulates the
TREM-1-mediated amplification of inflammatory path-
ways and the inflammatory response (Fig. 1) [22].

In 2014, Weber et al. [13] generated Treml™’~ mice.
They are viable and fertile, and the hematopoietic com-
partment shows no signs of alteration, suggesting that
serious side effects involving the hematopoietic system
are unlikely when receptor blockade is performed. Weber
et al. [13] infected Treml™~ mice with various bacteria
and viruses. They noted lower neutrophilic infiltration
as well as decreased morbidity, and the ability to control
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infection was comparable to the wild type (TremI*'*)

mice [13].

In a minipig model, designed to reflect human physiol-
ogy more accurately than rodent models [65], research-
ers induced peritonitis and then either treated or did not
treat the animals with LR12. After peritonitis, the mean
arterial blood pressure decreased rapidly despite vol-
ume resuscitation, and the researchers treated the pigs
with a norepinephrine infusion, similarly to septic shock
therapy [66]. The LR12-treated pigs required less norepi-
nephrine, indicating a protective effect of the treatment
[66]. In addition, thrombopenia occurred less frequently,
and in the control group the prothrombin ratio progres-
sively decreased. Despite no differences in the fibrinogen
plasma concentration between both groups, this find-
ing suggests an attenuated sepsis-induced coagulopathy
through LR12 treatment [66].

Nonhuman primates treated with an intravenous bolus
of endotoxin remained normotensive following LR12
treatment. This contrasted with the placebo group, which
experienced a 25-40% drop in blood pressure after infu-
sion. In addition, LR12 treatment attenuated endotoxin-
induced leukopenia, involving neutrophils, monocytes,
and lymphocytes [67, 68]. Moreover, there was a 20-50%
reduction in several cytokines in the LR12-treated group
[67].

Taken together, these animal studies have demon-
strated the impact of TREM-1 on endotoxin-induced
endothelial dysfunction, cytokine release and, the
inflammatory response. These findings underscore the
importance of further investigation of LR12 in humans,
particularly in patients with septic shock.

Additional TREM-1 inhibitors that have not been evaluated
in clinical trials

As mentioned previously, LP17 is another TREM-1
inhibitor [12, 41]. Treatment with LP17 could reduce
the release of cytokines in LPS-stimulated macrophages
[41]. In mice and rats challenged with intraperitoneal
LPS, LP17 could improve hemodynamics and survival,
and there was reduced release of TNF-a, IL-1B, and
IL-6 [12, 41, 69, 70]. Furthermore, LP17 has been shown
to improve survival in mice after intravenous adminis-
tration with Streptococcus pyogenes [69]. In septic rats
induced by LPS injection, LP17 treatment attenuated
sepsis severity [70]. There are also interesting results with
regard to the treatment of humans. In leukocytes isolated
from umbilical cord blood from full term human neo-
nates, LP17 treatment decreased production of TNF-a,
IL-6, and IL-8 after exposure to Escherichia coli reveal-
ing promising results for future therapies of life threating
neonatal sepsis [71].
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Fig. 1 Mechanisms of TREM-1 inhibitors in sepsis TREM-1 activation can be inhibited by different biomolecules: GF9 and SLC-TREM-1 are able

to disturb the interaction between TREM-1 and its signaling partner DAP12. LR12/nangibotide, LP17, and TREM-1/Fc fusion protein act as decoy
receptors. Decoy receptors are able to recognize and specifically bind ligands of other receptors without activating downstream signaling, so in this
case the TREM-1 pathway is blocked. M3, was designed to inhibit a specific ligand of TREM-1, namely eCIRP. N1 is able to block the interaction
between PGLYRP1 and TREM-1. Soluble TREM-1 is generated from proteolytic cleavage of membrane bound TREM-1 by matrix metalloproteinases
or translation of a TREM-1 mRNA splice variant lacking the sequence encoding the transmembrane and cytoplasmic regions of TREM-1. Circulating
soluble TREM-1 competitively binds TREM-1's ligands and prevents further activation All inhibitors prevent the downstream signaling cascade

that upregulates the translation of inflammatory cytokines and TREM-1 receptor. Abbreviations: DAP12 =DNAX-activating protein of 12 kDa
protein; eCIRP =extracellular cold-inducible RNA binding protein; Hsp70=heat shock protein 70; IL=interleukin; MMPs = metalloproteinases;
mMRNA =messenger RNA; PGLYRP1 = peptidoglycan receptor protein 1; SCL-TREM-1=TREM-1 sneaking ligand construct; STREM-1=soluble
triggering receptor expressed on myeloid cells-1; TREM-1=triggering receptor expressed on myeloid cells-1

TREM-1/Fc, which is a combined form of the extracel-
lular domain of mouse TREM-1 and the Fc portion of
human IgG1, was developed as a TREM-1 decoy receptor
[3, 12]. TREM-1/Fc promotes the clearance of TREM-1
ligands from the circulation via Fc receptor—mediated
endocytosis [3]. In LPS-, CLP-, and E. coli-induced sep-
sis, mice had improved survival rates due to TREM-1/
Fc treatment [3]. These findings were reproduced in two
other mouse studies with TREM-1/Fc therapy. Mice
showed better survival rates and decreased serum levels
of TNF-q, IL-6, and IL-1f [69, 72].

M3, a 7-amino-acid sequence (RGFFRGG), was
designed to inhibit a specific ligand of TREM-1, namely
eCIRP. It was designed based on homology between
PGLYRP1 and CIRP [12, 23, 43]. M3 was successfully
tested in vitro and in vivo. It decreased TNF-a and IL-6,
and improved 7-day survival in mice which were sub-
jected to LPS-induced endotoxemia [43].

Sharapova et al. [73] synthesized a 10-amino-acid
inhibitory peptide based on PGLYRP1 to investi-
gate the effects on blocking the interaction between
PGLYRP1 and TREM-1. They demonstrated binding of
it to STREM-1, respectively, TREM-1 and named it N1.
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Monocytes and lymphocytes exposed to PGLYRP1/
Hsp70 and treated with N1 showed decreased lactate
dehydrogenase (LDH) release. In addition, N1-treated
cells had lower TNF-a, IEN-y, IL-1pB, and IL-6 mRNA
expression after exposure to LPS. In an in vivo model,
mice received bronchial instillation of LPS as well as
a-galactosylceramide and developed acute lung injury.
Afterwards, they were treated with intravenous N1 and
were protected against the fatal cytokine storm, denoted
by decreased serum levels of INF-y and IL-4. Addition-
ally, a histological evaluation showed reduced pulmonary
inflammation in the treated animals [73].

There are other TREM-1 inhibitors that are not
designed to influence the interaction between TREM-1
and its ligands. One of these is GF9, a ligand-independ-
ent peptide (GLLSKSLVF) derived from the transmem-
brane region of murine TREM-1. It was designed by
Singalov and is able to disturb the interaction between
TREM-1 and its signaling partner DAP12 [74, 75]. In
LPS-stimulated macrophages and mice, GF9 treatment
could decrease serum TNF-q, IL-1p, and IL-6 levels and
was associated with higher survival rates in treated ani-
mals [12, 75].

TREM-1 sneaking ligand construct (SLC-TREM-1)
is another inhibitor of the interaction between TREM-1
and DAP12. SLC-TREM-1 comprises three modules: an
E-selectin targeting domain to bind to the endothelial cell
surface, P aeruginosa exotoxin A to facilitate transloca-
tion from the endosomal vesicular system into the cyto-
sol, and a 7-amino-acid peptide (LSKSLVF) that contains
the interaction site between TREM-1 and its adaptor
protein DAP12 [12, 76]. To investigate the in vitro poten-
tial of SLC-TREM-1, endothelial cells were stimulated
with LPS. They showed decreased TREM-1 expression
and activation after treatment with SLC-TREM-1. In an
in vivo study, mice subjected to CLP and injected intra-
peritoneally with SLC-TREM-1 showed improved 10-day
survival [76].

LR17 is a 17-amino-acid peptide close to LP17 [12,
22, 66, 77]. Of note, it is the precursor of LR12. After
some promising results concerning sepsis treatment in
mice with LR17 [22, 77], it turned out that just 12 amino
acids accounted for LR17’s anti-inflammatory effects,
and a new peptide containing this sequence (LQEED-
AGEYGCM) was designed [9, 12, 22] and is the first
TREM-1 inhibitor that has been tested in clinical trials.
Besides nangibotide,- several other promising TREM-1
inhibitors (mentioned above) have been identified [12]
to treat sepsis. Further studies are needed to investigate
their potential for clinical trials (Fig. 1).
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Current insights from clinical trials

In 2018, nangibotide was initially administered in a
phase 1 trial to 27 healthy volunteers aged 18 to 45 years
at doses of up to 6 mg/kg/h over 7.75 h, preceded by a
15-min loading dose of up to 5 mg/kg. This was safe and
well tolerated even at the highest doses, which reached
the expected pharmacologically effective dose [78].

The subsequent multicenter, randomized, double-blind,
phase 2a trial enrolled patients with septic shock. Treat-
ment with nangibotide or placebo was initiated<24 h
after the onset of shock and continued for up to 5 days
at doses of 0.3, 1.0, or 3.0 mg/kg/h. Nangibotide was well
tolerated and safe in these patients [14]. There was no
difference in inflammatory biomarkers and clinical effi-
cacy between the study groups [12, 14], but in an indirect
response model the results revealed a positive correla-
tion between nangibotide concentration and a decrease
in the IL-6 production rate [14]. The overall baseline
median plasma STREM-1 level was 433 pg/mL (range:
154-1960 pg/mL). In a subgroup analysis, patients with
high levels of STREM-1 treated with nangibotide had
decreased SOFA scores after treatment [12, 14, 65].

In 2019, a double-blind, randomized, placebo-con-
trolled, phase 2b trial (ASTONISH) was started in 42
hospitals in seven countries with medical, surgical, or
mixed intensive care units and patients with septic shock.
The efficacy and safety of two different nangibotide doses
were compared with placebo. Another aim was to iden-
tify the optimal treatment population [2]. Like in the pre-
ceding phase 2a trial, patients were included in the study
within 24 h of vasopressor initiation for the treatment of
septic shock. After a loading dose of 5 mg/kg, patients
received either nangibotide at 0.3 mg/kg/h (low-dose
group) or 1.0 mg/kg/h (high-dose group), or matched
placebo. Additionally, at baseline patients were classi-
fied according to their STREM-1 levels as high (>400 pg/
mL) or low (<400 pg/mL). This cut-off was established
from observational sepsis studies and observations from
the phase 2a trial. The primary endpoint was the mean
difference in the total SOFA score from baseline to day
5 in the low-dose and high-dose groups compared with
placebo, in the predefined high sTREM-1 (>400 pg/
mL) population, and in the overall modified intention-
to-treat population. All-cause 28-day mortality, safety,
pharmacokinetics, and evaluation of the relationship
between TREM-1 activation and treatment response
were included in the secondary endpoints. Seventy-
one percent of patients were in the a priori—defined
high STREM-1 population [2]. Even though the primary
endpoint did not reach significance, this trial revealed
promising results. In the high sSTREM-1 population, the
difference in the SOFA score at day 5 between the high-
dose and placebo groups revealed a positive trend, but it
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Fig. 2 Future principle of personalized and biomarker-driven therapy in sepsis. The sepsis cascade is a complex process that begins with a suspected
infection and leads to a potentially fatal outcome for patients. STREM-1 might help to detect suitable patients for nangibotide treatment, resulting in a
targeted therapy to stop the excessive cytokine release and thereby halt organ dysfunction. Therefore, defining robust cut-off values for STREM-1 is crucial.
Abbreviations: ELISA=enzyme-linked immunosorbent assay; sTREM-1 = soluble triggering receptor expressed on myeloid cells-1; TREM-1=triggering

receptor expressed on myeloid cells-1

was not significant (p=0.104). The same effect could be
seen in the overall population (p=0.108). Interestingly,
the exploratory analyses revealed clinically relevant bene-
fits and significantly different results among patients with
baseline sSTREM-1 concentrations >532 pg/mL (p <0.05).
These treatment benefits at increasing STREM-1 thresh-
olds were seen across all six SOFA subscores [2]. In an
exploratory descriptive analysis, the change in the IL-6
levels from baseline to day 2 presented a pattern consist-
ent with the observed clinical effect of a greater reduc-
tion at STREM-1 cut-off values>500 pg/ml. The study
was not powered to detect a significant effect on mortal-
ity. The low-dose group had a numerically higher mortal-
ity rate, but the authors justified this outcome based on
imbalances in the population at baseline [2] (Table 1).

Summary and perspectives

TREM-1 is a PRR involved in many inflammatory reac-
tions and contributes to various diseases that are aggra-
vated through an inadequate immune response. Cytokine
release leading to the often-described fatal cytokine
storm seems to be an important driver in the pathogen-
esis of septic shock. This life-threatening condition is
responsible for an estimated 11 million deaths each year
throughout the world [79] and lead to a high personal
and financial costs for health care systems [80]. This
underlines the importance of developing new therapeutic
strategies to improve morbidity and mortality. Currently,
except for angiotensin-II and enibarcimab there are no
septic shock—specific treatments, of which only angioten-
sin-II has Food and Drug Administration approval. The
current therapeutic options are focused on organ support
and control of the infection source [81] Furthermore, the
current state of research shows that there are no spe-
cific treatment strategies that apply to all septic patients.
Immune and non-immune profiling, as well as the use
of artificial intelligence, could enable the development

of patient-specific therapies in the coming years and
improve outcome of patients significantly.

TREM-1 seems to play an important role in the patho-
genesis of sepsis and septic shock, and studies concerning
STREM-1 plasma levels have revealed promising results
for STREM-1 as a biomarker for outcome prediction.
STREM-1 also appears to be relevant to other conditions
with an inappropriate immune response, including other
infectious and non-infectious disease states. Francois
et al. [2, 14, 82] have investigated nangibotide, a TREM-1
inhibitor in phase 2a and 2b trials in patients with septic
shock. Although these studies did not reach the primary
endpoint, the authors demonstrated beneficial effects,
and there were no adverse events related to treatment. In
a subgroup of patients with high plasma sSTREM-1 levels,
nangibotide treatment led to a significantly better SOFA
score at day 5 after septic shock onset, favoring high-
dose nangibotide treatment [2, 14]. The change in the
SOFA score is a soft outcome parameter: Some authors
have described the clinical importance of this change as
uncertain [83]. Nevertheless, the authors did provide evi-
dence to support the potential benefit of nangibotide, the
treatment appears to be safe, and the early clinical data
suggest efficacy. Therefore, nangibotide is an interest-
ing candidate for being tested in a phase 3 trial. How-
ever, future studies focusing on the best sSTREM-1 cut-off
value and the subset of patients with septic shock who
might benefit most from nangibotide treatment could
be executed before conducting a phase 3 trial. The study
could be simplified by using rapid sSTREM-1 assays, such
as the "near-patient" 1-h assay used by Van Singer et al.
[55]. Point-of-care testing could improve early identifi-
cation of patients at high risk for adverse outcomes and
facilitate the judicious use of TREM-1 inhibitors such as
nangibotide in the future (Fig. 2).

Although various studies have shown an increase in
TREM-1 ligands in septic patients [84—86], to our knowl-
edge there is no data on their change during sepsis.
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Characterizing this in more detail could help to better
coordinate the use of TREM-1 inhibitors during sepsis
in clinical practice and improve their beneficial effect in
therapeutic strategies.

In addition to clinical research on nagibotide, the other
TREM-1 inhibitors should also be further developed and,
if possible, brought into the clinical study phase. As it is
becoming increasingly clear in current sepsis research
that there are different endotypes in septic patients, dif-
ferent adjunctive and targeted therapies are necessary in
order to treat patients according to their profile.

Conclusion

In summary, both sSTREM-1 as a biomarker and TREM-1
inhibitors deserve further attention. STREM-1 as an
indicator of TREM-1 activation alongside markedly
increased cytokine release could select those patients
who would benefit the most from targeted anti-inflam-
matory or cytokine-reducing therapy—not only in sepsis,
but also in other diseases. This view is supported by the
growing evidence that IL-6 metabolism can also be posi-
tively influenced by TREM-1 inhibitors, like nangibotide.
Nevertheless, additional studies to characterize patients
more likely to benefit from this adjunctive therapy
remain necessary. In addition, despite the exciting results
of nangibotide, the other TREM-1 inhibitors should also
be further developed and brought into clinical trial phase
in order to test and develop other substances beside nan-
gibotide in the treatment of sepsis and septic shock.

Abbreviations
ALT Alanine aminotransferase

APACHE Acute physiology and chronic health evaluation
ARDS Acute respiratory distress syndrome

AST Aspartate aminotransferase

CcD Cluster of differentiation

CLP Cecal ligation and puncture

DAP12 DNAX-activating protein of 12 kDa protein
DAMPs Damage-associated molecular patterns

eCIRP Extracellular cold-inducible RNA binding protein
ELISA Enzyme-linked immunosorbent assay

Fi02 Fraction of inspired oxygen

IL Interleukin

IF Interferon

[TIM Immunoreceptor tyrosine-based inhibition motif
HMGB1 High mobility group box 1

Hsp 70 Heat shock protein 70

LPS Lipopolysaccharide

MAMPs Microbial-associated molecular patterns

MCP Monocyte chemoattractant protein

MIP Macrophage inflammatory protein

MMPs Metalloproteinases

mMRNA Messenger RNA

PaO2 Partial pressure of arterial oxygen

PGLYRP1 Peptidoglycan receptor protein 1

PRRs Pattern recognition receptors

RAGE Receptor for advanced glycation endproducts
rCIRP Recombinant CIRP
rmTREM-1 Recombinant murine TREM-1

ITREM-1 Recombinant TREM-1
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SLC-TREM-1  TREM-1 sneaking ligand construct

SOFA Sequential organ failure assessment

STLT Soluble TREM-like-transcript

STREM-1 Soluble triggering receptor expressed on myeloid cells-1
Syk Spleen tyrosine kinase

TLRs Toll-like receptors

TLT TREM:-like-transcripts

TNF Tumor necrosis factor

TREM-1 Triggering receptor expressed on myeloid cells-1
TREM-1/FC  TREM-1 Fc fusion protein
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