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Abstract

Excessive and unregulated inflammation contributes to multiorgan failure and death in sepsis.
Triggering receptor expressed on myeloid cells type 1(TREM-1) is expressed on neutrophils and
monocytes and is upregulated in the presence of bacterial pathogens. Engagement of TREM-1
results in increased expression of proinflammatory chemokines and cytokines and amplifies the
inflammatory response. In this article, we will review the structure and signaling pathway of
TREM-1 and review the role of TREM-1 and soluble TREM-1 in the inflammatory response
during sepsis. Based on these studies, modulation of the TREM-1 signaling pathway has been
suggested as a potential therapeutic strategy for the treatment of sepsis, to dampen the
inflammatory response without interrupting the ability of the host to clear pathogens. This basic
science research may someday lead to other treatments for sepsis and other diseases.
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Sepsis is a leading cause of mortality and morbidity and is associated with high hospital
costs.! Excessive inflammation leading to multiple organ failure and hemodynamic collapse
contributes to this lethality. A family of cell surface receptors known as triggering receptor
expressed on myeloid cells (TREM) has garnered interest recently as modulators of the
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inflammatory response to bacterial pathogens in sepsis. The first identified member of this
family, TREM-1, is widely expressed on myeloid cells and acts as an inflammatory trigger
and amplifier after exposure to extracellular fungal and bacterial pathogens.2~* One must
remember that this research may lead to new treatment modalities for sepsis and other
diseases.

Currently, the treatment for sepsis is aimed toward rapid diagnosis and identification of the
causative organism, followed by tailored antibiotic use and aggressive supportive care until
resolution of symptoms.® Regulation of neutrophils and monocytes is important under
inflammatory conditions because the release of cytotoxic substances can cause collateral
tissue damage. Enhancement of TREM-1 expression promotes excessive inflammation and
increases circulating cytokines and chemokines. Therefore, therapeutics aimed at
modulating TREM-1 expression may protect septic patients from death while maintaining
effective bacterial clearance. This review focuses on what is currently known about the
structure, regulation, and function of TREM-1 and its potential therapeutic role in sepsis.

STRUCTURE AND SIGNALING OF TREM-1

The TREM family of protein receptors consists of TREM-1, TREM-2, TREM-3 (mouse),
TREM-like transcript (TLT)-1, and TLT-2. The TREM gene cluster is located on human
chromosome 6p21 and mouse chromosome 17C3.8 All are members of the immunoglobulin
superfamily. Neutrophils and monocytes express TREM-1,2 and its function is well studied
as reviewed below. The roles of TREM-2, TREM-3, TLT-1, and TLT-2 are less well known.
It is possible that TREM-2 is involved in inhibiting inflammation in macrophages’; TLT-1
has been characterized as an inhibitory receptor expressed on platelets.8 The expression and
function of TREM-3 and TLT-2 are not known.

Triggering receptor expressed on myeloid cells type 1 is a 30-kDa glycoprotein
transmembrane receptor with a 194-amino-acid ectodomain, a 29-amino-acid trans-
membrane region, and a 5-amino-acid short cytoplasmic tail lacking known signaling motifs
(Figure).® Crystallographic studies of TREM-1 have revealed conflicting structural
information.219.11 |n one report, investigators demonstrated a head-to-tail dimer with 2
predicted ligand binding surfaces,1! whereas in another study, investigators described the
TREM-1 structure as a monomer in solution with 1 ligand binding site.2-1% The natural
ligand for TREM-1 is unknown; however, there is evidence for the presence of a ligand for
TREM-1 on human platelets.12 Confirmation of the structure of TREM-1 may aid in the
search for the unknown extracellular ligand and facilitate the development of therapeutic
reagents.

TREM-1 SIGNALING, EXPRESSION, AND REGULATION

Although the cytoplasmic domain of TREM-1 lacks intrinsic signaling capacity, it associates
with a transmembrane adaptor protein, DNAX activation protein-12 (DAP-12), to transmit a
signal into the cytoplasmic region of myeloid cells (Figure).213 The TREM-1
transmembrane region contains positively charged lysine, which forms a salt bridge with
negatively charged aspartic acid in the transmembrane region of DAP-12.13.14 The
association between TREM-1 and DAP-12 causes the immunoreceptor-tyrosine-based
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activation motif on the cytoplasmic domain of DAP-12 to form.15-19 This association leads
to Src kinase—induced phosphorylation of tyrosine residues in the DAP-12 immunoreceptor-
tyrosine—based activation motif, forming a docking site for the protein tyrosine kinase Syk.
Syk phosphorylation leads to the activation of several signaling molecules, including PI3
kinase, phospholipase-C-y, and mitogen-activated protein kinases, which leads to increased
expression of proinflammatory cytokines and chemokines such as interleukin-8 (1L-8),
tumor necrosis factor-a (TNF-a), and IL-1p215.18.20.21: mqpbilization of intracellular
calcium?; and changes in actin cytoskeleton in myeloid cells.25:16.22 |n the presence of
lipopolysaccharide (LPS) and bacteria such as Pseudomonas aeruginosa and
Saphylococcus aureus, TREM-1 expression is upregulated on human neutrophils and
monocytes.2~423 In vitro studies demonstrate that cross-linking of TREM-1 with an anti-
TREM-1 monoclonal antibody stimulates the secretion of IL-8 and myeloperoxidase from
neutrophils and the secretion of IL-8, monocytic chemotactic protein-1, IL-18, and TNF-a
from monocytes.23 In addition, LPS-induced endotoxemia in human subjects resulted in
increased surface expression of TREM-1 and plasma soluble form of TREM-1 (STREM-1)
levels on monocytes.

TREM-1 AND TOLL-LIKE RECEPTOR RELATIONSHIP

Toll-like receptors (TLRs) are transmembrane proteins that recognize microbial products
termed pathogen-associated molecular patterns.2 Expressed on many cell types, including
monocytes, macrophages, and dendritic cells, TLRs recognize pathogens and induce
inflammation via intra-cellular downstream signaling, resulting in the release of
inflammatory mediators.24:25 Evidence suggests that a synergistic relationship exists
between TLRs and TREM-1, resulting in an enhanced upregulation of proinflammatory
cytokines and downregulation of anti-inflammatory cytokines.23:9.26 Binding of an
activating monoclonal antibody to TREM-1 on neutrophils and monocytes in combination
with either TLR2, TLR3, or TLR4 synergistically amplified the cellular inflammatory
response.2:3.9.26

Silencing TREM-1 expression by small interfering RNA (siRNA) in LPS-treated
macrophages decreases the transcription of important adaptor proteins in the TLR4 signaling
pathway such as CD14 and myeloid differentiation factor 88 (MyD88).27-22 Wild-type and
MyD88-null mice treated with LPS induced similar expression of TREM-1 and STREM-1,
indicating that the upregulation of TREM-1 in a model of sepsis is independent of MyD88.
However, Tir4-null mice treated with LPS had decreased expression of TREM-1 compared
with wild-type mice. Induction of inflammatory cytokines by TLR4 signaling requires Toll-
interleukin 1 receptor-domain-containing adapter-inducing interferon-p (TRIF). The siRNA
silencing of TRIF expression in the presence of LPS inhibited the surface expression of
TREM-1, demonstrating the necessity of an intact TLR4-TRIF signaling pathway to produce
an exuberant inflammatory response.39 Taken together, these results suggest that the
upregulation of TREM-1 in sepsis requires an intact TLR4 signaling pathway that is
independent of MyD88 in macrophages.3°
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SOLUBLE TREM-1

A soluble form of TREM-1 (STREM-1) is detectable in biological fluids and tissues in
response to infection.#31:32 The secreted, soluble form of TREM-1 is unable to transmit a
signal but, upon release into the blood, competes with TREM-1 for endogenous ligands,
acting to down-regulate the TREM-1 pathway and blunting inflammation. Two mechanisms
have been proposed to explain the origins of STREM-1. The first mechanism involves
translation of an alternative mRNA splice variant that encodes a protein that lacks the
transmembrane region and cytoplasmic tail and is directly secreted into the extra-cellular
environment from within the cell.33

A second proposed mechanism is that STREM-1 is generated by proteolytic cleavage of
membrane-bound TREM-1. This is supported by a study in which increasing STREM-1
levels correlated with decreasing cell surface TREM-1 expression on monocytes and
neutrophils 24 hours after LPS stimulation.34 In the presence of a broad-acting
metalloprotein inhibitor, LPS-stimulated monocytes and neutrophils had stable TREM-1 cell
expression and reduced STREM-1 levels, supporting the hypothesis that matrix
metalloproteinases, a disintegrin and metalloprotease, or other metalloproteinases may shed
the TREM-1 ectodomain via cleavage of a single peptide bound within the membrane.34

It is possible that both mechanisms are involved in producing STREM-1 in vivo. Strategies
to enhance the generation of soluble TREM-1 may dampen the inflammatory response. For
example, therapeutics to increase the cell surface expression of TREM-1 by promoting
cleavage of the TREM-1 ectodomain and releasing it into the circulation may create
competition for TREM-1 ligands, resulting in a less exuberant inflammatory response.

STREM-1 AS A DIAGNOSTIC TOOL

Initially, STREM-1 levels demonstrated promise as a diagnostic predictor of infection in
septic critically ill patients. The positive association between sTREM-1 and infection
prompted investigators to determine whether STREM-1 levels in bronchoalveolar lavage
could distinguish infection from inflammation. In early studies, Gibot and colleagues3® and
Gibot and Cravoisy3® demonstrated high specificity and sensitivity of bronchoalveolar
lavage STREM-1 levels for predicting ventilator-associated pneumonia. However,
subsequent studies have shown much lower sensitivity and specificity for STREM-1 levels,
despite standardized methods to detect STREM-1.37:38

Recent studies have shown that that sSTREM-1 is also upregulated in noninfectious causes of
inflammation, making its use as a predictor of infection questionable.3%-42 For example,
serum sTREM-1 levels are increased in patients diagnosed with ulcerative colitis and Crohn
disease in the absence of culture-positive infection.? In another study, patients with acute
pancreatitis, regardless of the presence of infection, had increased serum sTREM-1 levels.4!
In a rat model of severe acute pancreatitis, serum and ascites STREM-1 levels were
increased 6 hours after sodium deoxycholate-induced pancreatitis when compared with
sham-treated rats.3? In addition, TREM-1 expression was significantly increased in the
organs (pancreas, liver, and kidneys) of rats with deoxycholate pancreatitis.3°
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Another potential use of monitoring STREM-1 levels may be to guide antibiotic therapy.
Gibot et al3! and Determann et al*3 reported declines in STREM-1 levels upon initiation of
antibiotic therapy, but it was not an investigational endpoint. The use of serial STREM-1
levels to guide the duration of antibiotic therapy is an intriguing concept that needs further
investigation.

TREM-1 AS A THERAPEUTIC TARGET IN SEPSIS

Inflammation is important for the resolution of infection, but overstimulation of
inflammatory pathways can harm the host. The balance between appropriate containment of
infection and control of the inflammatory response is illustrated in a study examining
different levels of TREM-1 knockdown in a peritonitis model of septicemia in mice.
Different siRNA sequences to silence the expression of TREM-1 led to differences in
downregulation of TREM-1.44 Partial silencing (30%) of TREM-1 improved survival,
possibly through blunting of the systemic inflammatory response, whereas more complete
(80%) silencing of TREM-1 expression resulted in 100% lethality. However, in a model of
endotoxemia (in the absence of exogenous bacteria), silencing of TREM-1 protects against
lethality. More complete silencing impaired bacterial clearance by decreasing neutrophil
degranulation and oxidative burst activities.*44> Improved outcomes in endotoxemia were
associated with decreased circulating levels of proinflammatory (TNF-a, IL-1p, and IL-6)
and anti-inflammatory (IL-10) cytokines.*

The administration of a synthetic peptide (LP-17) based on the ectodomain of TREM-1
conferred protection in endotoxemic mice.*6 This soluble form of TREM-1 lacks a
transmembrane and cytoplasmic region; thus, it does not initiate cell activation and
subsequent cytokine release but competes with the TREM-1 protein for endogenous ligands.
Pretreatment of mice with LP17 resulted in partial blockade of the TREM-1 signaling
pathway, improving survival without decreasing the effectiveness of bacterial clearance.*
In contrast, the administration of an activating anti-TREM-1 monoclonal antibody in a
mouse model of LPS-induced septic shock increased mortality from 50% to 100%.%1 In a
cecalligation and puncture model of septic shock, the administration of an LP17 reduced
inflammation and hyper-responsiveness, resulting in lower mortality.3! A survival benefit
was also demonstrated in mice that received a fusion protein (MTREM-1/immunoglobulin 1)
1 hour after LPS injection.3 Modulation of the TREM-1 pathway, using a synthetic peptide
or a fusion protein, may be a therapeutic tool in the treatment of sepsis.

CONCLUSION

The expression of TREM-1 is an important component of the inflammatory response and
interacts with TLRs to amplify the inflammatory response in sepsis. Increased activation of
TREM-1 signaling may have harmful effects on the host. Although initial studies using
STREM-1 as a biomarker of infection were promising, follow-up studies have not borne out
the utility. However, STREM-1 levels may be a useful indicator of successful antibiotic
therapy. Upregulation of TREM-1 expression may result in an exuberant inflammatory
response, whereas complete blockade severely blunts the ability of the host to clear the
pathogens. Therefore, the goal for a clinically useful therapeutic agent is to provide partial
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blockade without affecting bacterial clearance. This basic science can lead to potential
treatments for many disease processes, including sepsis.
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Figure.
Overview of triggering receptor expressed on myeloid cells type 1 (TREM-1) signaling

pathway. Engagement of TREM-1 by its unidentified ligand leads to its association with
DNAX activation protein-12 (DAP-12) in the transmembrane region of the cell. This
association causes a salt bride formation between a positively charged lysine and negatively
charged aspartic acid that leads to the formation of an immunoreceptor-tyrosine-based
activation motif (ITAM) on the cytoplasmic domain. The tyrosine residues in the DAP12
ITAM then undergo Src kinase—induced phosphorylation, which forms a docking site for
tyrosine kinase Syk. Syk phosphorylation activates a signaling cascade, which leads to
increased expression of proinflammatory cytokines and chemokines.
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