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REVIEW

Introduction

Stimulatory immunoreceptors have a central role in allow-
ing the recognition of foreign antigens or pathogens by the 
immune system.1 Typical examples of immunoreceptors are 
the B-cell receptor (BCR) and the T-cell receptor (TCR), 
structures used by B and T cells to discriminate between self 
and nonself. Stimulatory immunoreceptors are composed of 
ligand-binding sites and associated transmembrane adaptor 
proteins. The cytoplasmic domain of adaptor proteins contains 
an immunoreceptor tyrosine-based activation motif (ITAM) 
with the consensus sequence YxxL/Ix

6-8
YxxL/I (x represent-

ing any amino acid). Among these ITAM-containing adaptor 
proteins are CD3ζ, FcRγ and DAP12 (DNA activating protein 
12, also called KARAP).1 Several immunoglobulin (Ig)-like 
activating receptors have been characterized including paired 
Ig receptors,2 NKp44 3 and the SHPS-1 family.4 Recently, a 
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The Triggering Receptor Expressed on Myeloid cells (TREM)-1 is 
a recently identified molecule involved in monocytic activation 
and inflammatory response. It belongs to a family related to 
Natural Killer cell-receptors and is expressed on neutrophils, 
mature monocytes and macrophages. The engagement 
of TREM-1 synergizes with several Toll Like Receptors (TLR)  
and/or NOD Like Receptors (NLR) activation in amplifying the 
inflammatory response mediated by microbial components or 
danger signals. The implication of TREM-1 during experimental 
models of acute or chronic inflammatory conditions, as well 
as during cancer, begins to understand. Furthermore, the 
modulation of the TREM-1 signaling pathway by the use of 
small synthetic peptides derived from its extracellular moiety 
confers interesting survival advantages during experimental 
murine septic shock and protects from organ damage 
during other inflammatory diseases. This review summarizes 
the recent advances on TREM-1 biology and highlights the 
promises of its therapeutic modulation.
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new family of receptors expressed on myeloid cells, distantly 
related to NKp44, has been described: the Triggering Receptor 
Expressed on Myeloid cells (TREM) family.5,6 The TREM iso-
forms share low sequence homology to each other or to other 
IgSF members and are characterized by having only one Ig-like 
domain. Five trem genes have been identified with four encod-
ing putative functional type I transmembrane glycoproteins.7 
The trem genes are clustered on human chromosome 6 (and 
mouse chromosome 17). All TREMs associate with the adaptor 
DAP125-8 for signaling.

Among this family, TREM-1 has been identified on both 
human and murine polymorphonuclear cells and mature 
monocytes. Its expression by these effector cells is dramatically 
increased in skin, biological fluids and tissues infected by Gram-
positive or Gram-negative bacteria as well as by fungi.9,10 By con-
trast, TREM-1 is not upregulated in samples from patients with 
noninfectious inflammatory disorders such as psoriasis, ulcerative 
colitis or vasculitis caused by immune complexes.9 In mice, the 
engagement of TREM-1 with agonist monoclonal antibodies has 
been shown to stimulate the production of such proinflammatory 
cytokines and chemokines5,11 as interleukin-8 (IL-8), monocyte 
chemoattractant proteins 1 and 3 and macrophage inflamma-
tory protein 1α, along with rapid neutrophil degranulation and 
oxidative burst.12 The activation of TREM-1 in the presence of 
Toll-like receptor 2 (TLR2) or TLR4 ligands amplifies the pro-
duction of proinflammatory cytokines [tumor necrosis factor 
alpha (TNFα), IL-1β, granulocyte-macrophage colony stimu-
lating factor], together with the inhibition of IL-10 release.11 In 
addition, activation of these TLRs upregulates TREM-1 expres-
sion.5 Thus, TREM-1 and TLRs appear to cooperate in produc-
ing an inflammatory response.

The role of TREM-1 as an amplifier of the inflammatory 
response has been confirmed in a mouse model of septic shock in 
which blocking signaling through TREM-1 partially protected 
animals from death.9,13 Both in vitro and in vivo, synthetic pep-
tides mimicking short highly interspecies-conserved domains of 
TREM-1 attenuated the cytokine production of human mono-
cytes and protected septic animals from hyperresponsiveness and 
death.14 These peptides were efficient not only in preventing but 
also in down-modulating the deleterious effects of proinflamma-
tory cytokines.13
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that may exist in soluble form in the sera of septic patients,32 
and dampening TREM-1 activation.9,17 To counteract excessive 
inflammatory reaction, several mechanisms exist, one of which 
involving another TREM member. Hamerman et al. suggested 
that one or more DAP12-associated receptors could negatively 
regulate TLRs signaling.33 One of these receptors could be 
TREM-2: when expressed on monocytes/macrophages, its acti-
vation downregulates TLRs signaling through DAP12.34 These 
data suggest that immune cells are able to integrate the sum of 
different signals through sensor receptors, like TREM-1 and 
TREM-2, in order to induce a balanced inflammatory response.

TREM-1 is also implicated in the platelet/neutrophil dia-
logue. Indeed, a TREM-1-ligand is constitutively expressed on 
platelets and megacaryocytes.17 Although the TREM-1-ligand 
(expressed on platelets) interaction with the TREM-1 receptor 
(expressed on neutrophils) is not responsible for platelet/neuto-
phil complex formation, it mediates platelet-induced neutrophils 
activation.

Considering the role of TREM-1 as an amplifier of the inflam-
matory response, it is therefore tempting to try to modulate its 
activation in conditions during which excessive inflammation is 
thought to be deleterious.

How to Modulate the TREM-1 Pathway

Although crystallographic analyses24,25 can predict TREM-1 rec-
ognition by using antibody-equivalent complementary determin-
ing regions (CDR) loops (such as TCRs, CD8 and CTLA-4), its 
natural ligand has yet to be determined.

We therefore synthesized several TREM-1 peptides matching 
the following criteria (1) highest homology between human and 
mouse and rat TREM-1 and lowest homology with TREM-2 
(TREM-1 sequence in GenBank/EMBL/DDBJ accession num-
bers XM217336, AF287008 and AF241219), (2) peptides span-
ning the CDRs of TREM-1. One peptide (P1) was designed in 
the CDR2 region, LP17 in the CDR3 and P3 in the neck region. 
Competition experiments suggested a direct interaction of P1 
and LP17 with TREM-1 ligand.35 Therefore, these two peptides 
could act as decoy receptors and block TREM-1 interactions 
with its ligand. An additional effect of LP17 on the TREM-1 
pathway could stem from its overlap with the “F” β strand of 
the extracellular domain of TREM-1. The “F” β strand con-
tains a tyrosine residue mediating a putative homo-dimerization 
and LP17 could thus impair the TREM-1 dimerization neces-
sary for its engagement. The hypothesis of these peptides acting 
in impairing the TREM-1 signaling upon binding to its ligand 
yielded us to investigate whether the TREM-1 ligand could be 
expressed on the myeloid cells’ surface. We indeed found high 
level of TREM-1 ligand expression on the neutrophils infiltrat-
ing the peritoneum 5 hours after the completion of peritonitis 
in mice. By contrast, neutrophils isolated from sham-operated 
animals did not express the TREM-1 ligand. These findings 
clearly indicate a selective expression of the TREM-1 ligand 
during infection. The pattern expression of the TREM-1 ligand 
appeared to be delayed on peripheral blood granulocytes. This 
might reflect both a recirculation of peritoneal neutrophils as well 

The implication of TREM-1 in acute or chronic inflamma-
tory disorders begins to be better understood. We will discuss 
here the promising therapeutic potential of modulating TREM-1 
activation.

TREM-1 Structure and Function

Human TREM-1 (hTREM-1) consists of an extracellular region 
of 194 amino acid (aa) residues, a membrane spanning region of 
29 aa and a short cytoplasmic tail of 5 aa. The extracellular Ig-like 
domain contains the motif DxGxYxC which corresponds to a 
V-type Ig-domain. The Ig domain is connected to the transmem-
brane region by a 60-aa portion containing three N-glycosylation 
sites. The spanning region contains a Lys residue which forms a 
salt-bridge with an Asp residue of the transmembrane domain of 
DAP12, allowing the association between TREM-1 and its adap-
tor protein.5,14 Engagement of TREMs triggers a signaling path-
way involving ZAP70 (ζ-chain-associated protein 70) and SYK 
(spleen tyrosine kinase) and an ensuing recruitment and tyrosine 
phosphorylation of adaptor molecules such as GRB2 (growth 
factor receptor binding protein 2), the activation of PI3K (phos-
phatidylinositol 3-kinase), PLC-γ (phospholipase C-γ), ERK-
1, -2 (extracellular-signal-regulated kinase) and p38 MAPK  
(p38 mitogen-associated protein kinase), Akt serine/threonine 
kinase, STAT5 (signal transducer and activator of transcription 
5)15-19 and CARD9-MALT1-BCL10 complex formation.20,21

The activation of these pathways ultimately leads to a mobi-
lization of intracellular calcium, a rearrangement of the actin 
cytoskeleton and activation of transcriptional factors such as 
NFκB. This finally results in production of metalloproteases,22 
pro-inflammatory cytokines and chemokines,11-13,16,23 including 
MCP-1, MIP1-α, IL-1β, IL-6, IL-8, TNFα, along with rapid 
neutrophil degranulation and oxidative burst,12,21 with a parallel 
negative regulation of anti-inflammatory IL-10.16

Of note, although crystallographic analyses24,25 can predict 
TREM-1 recognition by using antibody-equivalent complemen-
tary determining regions (CDR) loops (such as TCRs, CD8 and 
CTLA-4), its natural ligand has yet to be determined.

Nod-Like Receptors (NLRs) and TLRs engagement upregu-
lates TREM-1 expression and membrane exposition.5,26-28 The 
regulation of TREM-1 by these Pattern recognition receptors 
(PRRs) is independent of MyD88 but TRIF-dependent,29 and 
involves transcription factors NFκB (p65), PU.1 and AP1.30 
Co-engagement of PRRs and TREM-1 results in higher cyto-
kines production than the sum of the responses of either TREM-1 
or PRRs alone.9 Importantly, TREM-1 engagement alone by 
the mean of a monoclonal agonistic antibody does not lead to 
sustained inflammation. TREM-1 silencing on LPS-activated 
myeloid cells induces a decrease in expression of several TLR-
pathway key mediators.23 Indeed, the TREM-1 function is to 
modulate rather than to activate/initiate inflammation and these 
data suggest that TREM-1 cooperates with PRRs in a synergistic 
way to trigger an exuberant immune response.

Besides its membrane-bound form, a soluble form of TREM-1 
is liberated by cleavage of its extracellular domain.31 Soluble 
TREM-1 acts as a decoy receptor, sequestering TREM-1-ligand, 
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patients with community-acquired or ventilator-associated pneu-
monia and sTREM-1 determination may constitute an interest-
ing biomarker in this context.38 Pathogenesis of pneumonia is 
now becoming better understood and a greater comprehension 
of the complex network of immune, inflammatory and hae-
matological mediators involved in this disorder now allows for 
the development of rational and novel therapies. Among them, 
TREM-1 modulation proved to be beneficial. In a rat model of 
Pseudomonas aeruginosa-induced pneumonia, LP17 treatment 
was associated with hemodynamic improvement, as well as tissue 
and systemic inflammatory responses dampening and a decrease 
of coagulation activation. In fine, LP17 treatment improved 
survival.36

In Southeast Asia and northern Australia the Gram-negative 
bacillus Burkholderia pseudomallei is an important cause of com-
munity-acquired sepsis. More than half of these cases of melioi-
dosis, as this severe infection is named, habitually present with 
pneumonia, frequently associated with bacterial dissemination to 
distant sites.

Wiersinga et al.39 showed that during melioidosis, TREM-1 
expression was upregulated in peripheral monocytes and granulo-
cytes, followed by increased plasma and BALF (Broncho-alveolar 
lavage fluid) sTREM-1 concentrations. Soluble TREM-1 levels 
were initially higher in non-surviving patients than in survivors, 
suggesting that sTREM-1 may constitute a prognostic biomarker 
during this disease. Similar results were obtained in a mouse 
model of melioidosis induced by tracheal instillation of B. pseudo-
mallei. In this model, LP17 treatment partially protected animals 
from death and bacteriema.39

Hemorrhagic shock. Severe hemorrhagic shock (HS) leads to 
an exaggerated production of inflammatory mediators, such as 
cytokines and chemokines, which may play a significant role in 
the development of multiple organ failure (MOF) under those 
conditions.40-42 Numerous studies have shown that leukocytes are 
activated early during HS and are responsible for cytokine produc-
tion and tissue injury.43,44 Moreover, in rats, bacterial transloca-
tion has also been involved in the development of organ failure.45 
Indeed, several attempts in down-modulating HS-associated 
inflammation by using various compounds have been promising, 
supporting the inflammatory hypothesis of HS-induced organ 
failure.46-48 Considering the particularly high mortality associ-
ated with MOF, the development of specific interventions that 
could prevent both local and distant organ injury that follow HS 
is obviously needed. In a rat model of HS, the TREM-1 modu-
lation by LP17 attenuated the haemodynamic compromise, the 
development of lactic acidosis, prevented form cytokine produc-
tion, organ dysfunction and finally improved survival.49

Ischemia-reperfusion. Acute mesenteric ischemia is a medico-
surgical emergency associated with 60 to 90% mortality.50 While 
ischemia induced little damages by itself, reperfusion leads to a 
systemic release of several proinflammatory cytokines (TNFα, 
IL-1β and IL-6) in parallel of leukocyte activation and bacterial 
translocation, believed to play a crucial role in the induction of 
local and remote organ failure. Recent evidences show that those 
phenomena are dependant or TLR/MyD88 signaling pathway51 
and that a NFκB inhibitor prevents organ injury.52 As TREM-1 

as systemic spreading of bacteria. Another mechanism by which 
the TREM-1 peptides could exert their action has recently been 
suggested by Hamerman et al.33 These authors demonstrated 
that DAP12-deficient macrophages produced higher levels of 
inflammatory cytokines in response to diverse microbial stim-
uli. Moreover, DAP12-deficient mice were more susceptible to 
endotoxemia and had enhanced resistance to infection by Listeria 
monocytogenes. These data suggest the existence of DAP12-
pairing receptor(s) that negatively regulate the TLR-mediated 
signaling. One of these could be a specific receptor for sTREM-1 
(and then recognize the TREM-1 peptides), since many DAP12-
paired receptors have a related inhibitory receptor.33

Effects of the Trem-1 Pathway Modulation during 
Inflammatory Disorders

Acute inflammatory disorders. Sepsis. Septic shock, a complex 
clinical syndrome resulting from a harmful and damaging host 
response to infection, is the leading cause of mortality in inten-
sive care units. Sepsis develops when the initial appropriate host 
response to systemic infection becomes dysregulated and over-
amplified with an intimate crosstalk between inflammation and 
coagulation.

Implication of TREM-1 as an amplifier of the host immune 
response to microbial infection was firstly described by Bouchon 
et al.5,9 In this study, infected tissues were infiltrated by neutro-
phils and macrophages that express high levels of TREM-1. In 
vitro, PMN and monocytes stimulated with LPS and αTREM-1, 
a monoclonal antibody against TREM-1 used as specific ago-
nist, were over-activated as compared to LPS-challenge only. 
Finally, TREM-1 blockade by a chimeric protein composed of 
an Fc fragment and the extracellular portion of murine TREM-1 
(mTREM-1/IgG1) protected septic mice from death.9

LP17—a TREM-1 peptide antagonist—administration to 
septic mice resulted in a decreased plasma concentration of sev-
eral pro-inflammatory cytokines. LP-17 treated animals were 
also protected against organ failure,36 hemodynamic disorders35 
and finally against death. Moreover, unpublished data recently 
obtained in our laboratory confirm that TREM-1 modulation 
confers cardiovascular protection during polymicrobial sepsis.

Interestingly, while partial in vivo trem-1 silencing showed 
the same protective effects as LP-17 treatment, complete in vivo 
trem-1 silencing was associated with bacterial clearance impair-
ment and a decreased survival during polymicrobial sepsis.37 
Crucially, however, this silencing decreased mortality in the endo-
toxemic mice, the converse outcome to that seen in mice with 
polymicrobial sepsis. This indicates a beneficial role of TREM-1 
during a non-bacterial form of shock and underlines the point 
that injection of endotoxin is an artificial challenge which does 
not reflect the complex events occurring during human sepsis. 
These data therefore highlight the crucial role of TREM-1 in 
mounting a sufficient inflammatory response during polymicro-
bial sepsis that is necessary for bacterial control and host survival.

In humans, respiratory tract infections are the leading cause of 
sepsis. Concentrations of sTREM-1, as well as TNFα and IL-1β, 
are increased in the broncho-alveolar lavage fluid (BALF) from 



228	 Self/Nonself	 Volume 1 Issue 3

activation could downregulate excessive chemokines and cyto-
kine production.

This was further demonstrated in an experimental collagen 
type II induced arthritis in mice: TREM-1 fusion protein or 
LP17 administration were associated with a sharp reduction of 
clinical signs in a dose-dependent manner.64

Finally, a recent study also found a TREM-1 upregula-
tion in peripheral blood cells from patients suffering from  
spondylarthropathy.65

Thus, while TREM-1 role in acute inflammation, especially 
during sepsis, is today better understood, its function during 
chronic rheumatic diseases only begins to be elicited.

Cystic fibrosis. Cystic fibrosis (CF), also called mucoviscidosis, 
results from abnormalities in the gene that codes for the CFTR 
(Cystic Fibriosis Transmembrane Conductance Regulator) which 
is implicated in the regulation of chloride flux across cell mem-
branes. It affects all exocrine epithelia and leads to injuries of 
primary organs (pancreas, sinus, liver, intestine and exocrine pan-
creas). Mortality is often the result of repetitive lung infections 
and persistent inflammation that leads to profound lung func-
tion alteration.66 In this disease, a deregulation of the immune 
system is pointed out that allows for a huge bacterial colonization 
of the airways. TREM-1 was shown to be expressed at low levels 
in lung resident macrophages and circulating monocytes from 
CF patients. This phenomena was associated with a failure to 
mount an appropriate inflammatory response,67,68 along with an 
impairment of antigen presentation properties. Those monocytes 
expressed elevated levels of PU.1, a transcription factor that coun-
teracts the TLRs-induced TREM-1 upregulation.30 These data 
suggest that both resident macrophages and circulating mono-
cytes were maintained in a LPS-tolerant state due to TREM-1 
repression during CF. Therefore a restauration of TREM-1 
expression is likely to improve TLRs responsiveness that is crucial 
for bacterial clearance.

Cancer. Tumor cells can use the innate immune system sig-
naling pathway for migration, invasion, angiogenesis and thus 
metastasis. It has become evident that the inflammatory response 
observed in or around developing neoplasm can regulate tumor 
development. Moreover, tumor cells have co-opted some of the 
signaling molecules of the innate immune system.69,70 Clinical 
data suggest that enhanced innate immunity is a significant fac-
tor influencing malignant outcome and thus manipulation of 
the immune system could constitute an approach for anti-tumor 
therapy.71 Ho et al.72 showed that in humans sTREM-1 con-
centration was elevated in malignant pleural effusions and cor-
related with poor outcomes, making sTREM-1 an independent 
predictor of patient survival. Second, TREM-1 expression was 
upregulated in tumor-associated macrophages (TAMs), but not 
in cancer cells. Co-culture of blood monocytes and lung can-
cer cells leads to monocytic TREM-1 upregulation both at the 
gene and the protein levels. Finally, TREM-1 engagement by 
the mean of a αTREM-1 facilitated the metastasis process while 
TAMs Trem-1 silencing resulted in the loss of cancer cells inva-
siveness. These data underline the potential therapeutic interest 
of the TREM-1 modulation during lung cancer in order to pre-
vent cancer progression.

is known to amplify TLR pathway, we showed in a precedent 
study that modulation of TREM-1 during ischemia/reperfusion 
in rats is beneficial in terms of systemic inflammation, lactate-
mia, hemodynamic deterioration, activation of hepatic NFκB, 
bacterial translocation and then mortality.53 These results have 
recently been confirmed by Pamuk et al. who demonstrated that 
inhibition of Syk, involved in TREM-1/DAP12 pathway, pro-
vides similar protective effects.54

Pancreatitis. During acute pancreatitis (AP) humoral medi-
ators released by monocytes/macrophages and PMN may 
lead to aggravation of inflammation and remote organ injury. 
Mortality of severe AP remains very high: 25 to 50%.55,56 In 
patients with AP, plasma sTREM-1 concentrations were higher 
in non-survivors than in survivors,55 and may be helpful to early 
predict the development of organ dysfunction.57 Expression 
of TREM-1 on myeloid cells in these patients is upregulated 
and correlates to disease severity.58 TREM-1 upregulation and 
elevated levels of plasma sTREM-1 were also found in a rat 
model of severe AP, in which peritoneal macrophage depletion 
resulted in a decrease in serum sTREM-1 levels. Using this 
model, Kamei et al. were able to demonstrate a salutary effect 
of TREM-1 modulation with an LP17-associated organ dys-
function improvement.59

Chronic inflammatory disorders. Inflammatory bowel dis-
eases. TREM-1 appears to be crucially implicated in inflamma-
tory bowel diseases (IBD).60,61 TREM-1 expression on myeloid 
cells in IBD patients or animals is upregulated and correlates with 
disease severity.60 The number of TREM-1+ macrophages in the 
inflamed intestine of patients with both acute and chronic IBD 
is increased as compared to controls in which resident intestinal 
macrophages express very low level of TREM-1. This aberrant 
TREM-1 expression mediates enhanced secretion of pro-inflam-
matory chemokines and cytokines.60 In parallel, serum sTREM-1 
concentrations are significantly enhanced in patients with IBD.61 
As expected, LP17 treatment attenuated intestinal inflammation 
in an animal model of colitis.60 Interestingly, both early and late 
LP17 treatment showed the same efficacy.

These data suggest that TREM-1 may be a potential thera-
peutic target during chronic intestinal inflammatory diseases.

Rheumatic diseases. Recent studies show that TREM-1 could 
be implicated in the development and evolution of rheumatoid 
arthritis (RA), an autoimmune inflammatory disease, as well as 
during septic arthritis. Indeed, infiltrated leucocytes in inflam-
matory synovia expressed high levels of TREM-1.62 Moreover, 
patients with RA or septic arthritis showed elevated levels of 
sTREM-1 in synovial fluid that correlated with TNFα concen-
tration and with the number of infiltrated leucocytes. TREM-1 
expressing cells were of myelomonocytic lineage and synovio-
cytes didn’t express TREM-1.63,64 Soluble TREM-1 was also 
more elevated in the plasma from RA patients than controls.62 
In vitro stimulation of human primary synovial cells isolated 
from RA patients (comprising synoviocytes but also infiltrated 
leucocytes) by αTREM-1 showed increased cytokine produc-
tion (TNFα, IL-8, IL-1β, GM-CSF) as compared to controls. 
These data suggest that TREM-1 could play a role in amplifying 
inflammation during arthritis and that modulating the TREM-1 
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beneficial. The advantage of modulating TREM-1 is that such 
an approach does not totally abrogate the inflammatory response 
which is essential for bacterial clearance, control of cancer pro-
gression. Thus, peptides like LP17 may represent a new prom-
ising class of anti-inflammatory compounds able to modulate 
rather than to inhibit inflammation during numerous inflamma-
tory diseases.
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Conclusion

TREM-1 appears to work as a sensor for extracellular danger-
associated molecular patterns that emerged from the Matzinger’s 
danger theory.73 Such sensors integrate different signals that fur-
ther defined organism response.

A large number of experimental studies dealing both with 
acute or chronic inflammatory diseases, of infectious aetiology 
or not, have demonstrated the role of TREM-1 in amplifying 
the inflammatory response triggered by the aggression. In all 
these studies, the modulation of the TREM-1 pathway proved 

References
1.	 Diefenbach A, Raulet DH. Innate immune recognition 

by stimulatory immunoreceptors. Curr Opin Immunol 
2003; 15:37-44.

2.	 Kubagawa H, Burrows PD, Cooper MD. A novel 
pair of immunoglobulin-like receptors expressed by B 
cells and myeloid cells. Proc Natl Acad Sci USA 1997; 
94:5261-6.

3.	 Cantoni C, Bottino C, Vitale M, et al. NKp44, a 
triggering receptor involved in tumor cell lysis by 
activated human natural killer cells, is a novel member 
of the immunoglobulin superfamily. J Exp Med 1999; 
189:787-96.

4.	 Dietrich J, Cella M, Seiffert M, Buhring HJ, Colonna 
M. Cutting edge: signal-regulatory protein β1 is a 
DAP12-associated activating receptor expressed on 
myeloid cells. J Immunol 2000; 164:9-12.

5.	 Bouchon A, Dietrich J, Colonna M. Cutting edge: 
inflammatory responses can be triggered by TREM-1, 
a novel receptor expressed on neutrophils and mono-
cytes. J Immunol 2000; 164:4991-5.

6.	 Daws MR, Lanier LL, Seaman WE, Ryan JC. Cloning 
and characterization of a novel mouse myeloid DAP12-
associated receptor family. Eur J Immunol 2001; 
31:743-91.

7.	 Chung DH, Seaman WE, Daws MR. Characterization 
of TREM-3, an activating receptor on mouse mac-
rophages: definition of a family of single Ig domain 
receptors on mouse chromosome 17. Eur J Immunol 
2002; 32:59-66.

8.	 Bouchon A, Hernandez-Munain C, Cella M, Colonna 
M. A DAP12-mediated pathway regulates expression 
of CC chemokine receptor 7 and maturation of human 
dendritic cells. J Exp Med 2001; 194:1111-22.

9.	 Bouchon A, Facchetti F, Weigand MA, Colonna M. 
TREM-1 amplifies inflammation and is a crucial 
mediator of septic shock. Nature 2001; 410:1103-7.

10.	 Colonna M, Fachetti F. TREM-1: a new player in acute 
inflammatory responses. J Infect Dis 2003; 187:397-
401.

11.	 Bleharski JR, Kiessler V, Buonsanti C, Sieling PA, 
Stenger S, Colonna M, et al. A role for triggering recep-
tor expressed on myeloid cells-1 in host defense during 
the early-induced and adaptive phases of the immune 
response. J Immunol 2003; 170:3812-8.

12.	 Radsak MP, Salih HR, Rammensee H, Schild H. 
Triggering receptor expressed on myeloid cells-1 in 
neutrophil inflammatory responses: differential regu-
lation of activation and survival. J Immunol 2004; 
172:4956-63.

13.	 Gibot S, Kolopp-Sarda MN, Béné MC, Bollaert PE, 
Lozniewski A, Mory F, et al. A soluble form of the trig-
gering receptor expressed on myeloid cells-1 modulates 
the inflammatory response in murine sepsis. J Exp Med 
2004; 200:1419-26.

14.	 Lanier LL, Bakker AB. The ITAM-bearing transmem-
brane adaptor DAP12 in lymphoid and myeloid cell 
function. Immunol Today 2000; 21:611-4.

15.	 Sharif O, Knapp S. From expression to signaling: roles 
of TREM-1 and TREM-2 in innate immunity and 
bacterial infection. Immunobiology 2008; 213:701-13.

16.	 Fortin CF, Lesur O, Fulop T. Effects of TREM-1 acti-
vation in human neutrophils: activation of signaling 
pathways, recruitment into lipid rafts and association 
with TLR4. Int Immunol 2007; 19:41-50.

17.	 Haselmayer P, Grosse-Hovest L, von Landenberg P, 
Schild H, Radsak MP. TREM-1 ligand expression on 
platelets enhances neutrophil activation. Blood 2007; 
110:1029-35.

18.	 McVicar DW, Taylor LS, Gosselin P, Willette-Brown J, 
Mikhael AI, Geahlen RL, et al. DAP12-mediated signal 
transduction in natural killer cells. A dominant role for 
the Syk protein-tyrosine kinase. J Biol Chem 1998; 
273:32934-42.

19.	 Tessarz AS, Cerwenka A. The TREM-1/DAP12 path-
way. Immunol Lett 2008; 116:111-6.

20.	 Hara H, Ishihara C, Takeuchi A, Imanishi T, Xue 
L, Morris SW, et al. The adaptor protein CARD9 is 
essential for the activation of myeloid cells through 
ITAM-associated and Toll-like receptors. Nat Immunol 
2007; 8:619-29.

21.	 Hara H, Saito T. CARD9 versus CARMA1 in innate 
and adaptive immunity. Trends in Immunology 2009; 
30:234-42.

22.	 Dower K, Ellis DK, Saraf K, Jelinsky SA, Lin L. 
Innate immune responses to TREM-1 activation: over-
lap, divergence and positive and negative cross-talk 
with bacterial lipopolysaccharide. J Immunol 2008; 
180:3520-34.

23.	 Ornatowska M, Azim AC, Wang X, Christman JW, 
Xiao L, Joo M, et al. Functional genomics of silencing 
TREM-1 on TLR4 signaling in macrophages. Am J 
Physiol Lung Cell Mol Physiol 2007; 293:1377-84.

24.	 Kelker MS, Foss TR, Peti W, Teyton L, Kelly JW, 
Wüthrich K, et al. Crystal structure of human trigger-
ing receptor expressed on myeloid cells 1 (TREM-1) at 
1.47 A. J Mol Biol 2004; 342:1237-48.

25.	 Kelker MS, Debler EW, Wilson IA. Crystal structure of 
mouse triggering receptor expressed on myeloid cells 1 
(TREM-1) at 1.76 A. J Mol Biol 2004; 344:1175-81.

26.	 Knapp S, Gibot S, de Vos A, Versteeg HH, Colonna M, 
van der Poll T, et al. Cutting edge: expression patterns 
of surface and soluble triggering receptor expressed on 
myeloid cells-1 in human endotoxemia. J Immunol 
2004; 173:7131-4.

27.	 Ramanathan B, Minton JE, Ross CR, Blecha F. 
Cloning of porcine triggering receptor expressed on 
myeloid cells-1 (TREM-1) and its induction by lipo-
polysaccharide, peptidoglycan and Salmonella enterica 
serovar Typhimurium infection. Dev Comp Immunol 
2005; 29:1-7.

28.	 Gibot S, Massin F, Le Renard P, Béné MC, Faure GC, 
Bollaert PE, et al. Surface and soluble triggering recep-
tor expressed on myeloid cells-1: expression patterns in 
murine sepsis. Crit Care Med 2005; 33:1787-93.

29.	 Zheng H, Heiderscheidt CA, Joo M, Gao X, Knezevic 
N, Mehta D, et al. MYD88-dependent and -indepen-
dent activation of TREM-1 via specific TLR ligands. 
Eur J Immunol 2010; 40:162-71.

30.	 Zeng H, Ornatowska M, Joo MS, Sadikot RT. TREM-
1 expression in macrophages is regulated at transcrip-
tional level by NFkappaB and PU.1. Eur J Immunol 
2007; 37:2300-8.

31.	 Gómez-Piña V, Soares-Schanoski A, Rodríguez-Rojas 
A, Del Fresno C, García F, Vallejo-Cremades MT, et 
al. Metalloproteinases shed TREM-1 ectodomain from 
lipopolysaccharide-stimulated human monocytes. J 
Immunol 2007; 179:4065-73.

32.	 Wong-Baeza I, González-Roldán N, Ferat-Osorio E, 
Esquivel-Callejas N, Aduna-Vicente R, Arriaga-Pizano 
L, et al. Triggering receptor expressed on myeloid cells 
(TREM-1) is regulated post-transcriptionally and its 
ligand is present in the sera of some septic patients. Clin 
Exp Immunol 2006; 145:448-55.

33.	 Hamerman JA, Tchao NK, Lowell CA, Lanier LL. 
Enhanced Toll-like receptor responses in the absence of 
signaling adaptor DAP12. Nat Immunol 2005; 6:579-86.

34.	 Hamerman JA, Jarjoura JR, Humphrey MB, Nakamura 
MC, Seaman WE, Lanier LL, et al. Cutting edge: inhi-
bition of TLR and FcR responses in macrophages by 
triggering receptor expressed on myeloid cells (TREM)-
2 and DAP12. J. Immunol 2006; 77:2051-2055.

35.	 Gibot S, Buonsanti C, Massin F, Romano M, Kolopp-
Sarda MN, Benigni F, et al. Modulation of the trig-
gering receptor expressed on the myeloid cell type 1 
pathway in murine septic shock. Infect Immun 2006; 
74:2823-30.

36.	 Gibot S, Alauzet C, Massin F, Sennoune N, Faure GC, 
Béné MC, et al. Modulation of the triggering receptor 
expressed on myeloid cells-1 pathway during pneumo-
nia in rats. J Infect Dis 2006; 194:975-83.

37.	 Gibot S, Massin F, Marcou M, Taylor V, Stidwill R, 
Wilson P, et al. TREM-1 promotes survival during 
septic shock in mice. Eur J Immunol 2007; 37:456-66.

38.	 Gibot S, Cravoisy A, Levy B, Bene MC, Faure G, 
Bollaert PE. Soluble triggering receptor expressed on 
myeloid cells and the diagnosis of pneumonia. N Engl 
J Med 2004; 350:451-8.

39.	 Wiersinga WJ, Veer CT, Wieland CW, Gibot S, 
Hooibrink B, Day NP, et al. Expression profile and func-
tion of triggering receptor expressed on myeloid cells-1 
during melioidosis. J Infect Dis 2007; 196:1707-16.

40.	 Jarrar D, Chaudry IH, Wang P. Organ dysfunction 
following hemorrhage and sepsis: mechanisms and 
therapeutic approaches. Int J Mol Med 1999; 4:575-83.

41.	 Hierholzer C, Harbrecht B, Menezes JM, Kane J, 
MacMicking J, Nathan CF, et al. Essential role of 
induced nitric oxide in the initiation of the inflam-
matory response after hemorrhagic shock. J Exp Med 
1998; 187:917-28.

42.	 Meng ZH, Dyer K, Billiar TR, Tweardy DJ. Essential 
role for IL-6 in postresuscitation inflammation in 
hemorrhagic shock. Am J Physiol Cell Physiol 2001; 
280:343-51.

43.	 Meldrum DR, Shenkar R, Sheridan BC, Cain BS, 
Abraham E, Harken AH. Hemorrhage activates myo-
cardial NFkappaB and increases TNFalpha in the heart. 
J Mol Cell Cardiol 1997; 29:2849-54.

44.	 Samy TS, Ayala A, Catania RA, Chaudry IH. Trauma-
hemorrhage activates signal transduction pathways in 
mouse splenic T cells. Shock 1998; 9:443-50.



230	 Self/Nonself	 Volume 1 Issue 3

64.	 Murakami Y, Akahoshi T, Aoki N, Toyomoto M, 
Miyasaka N, Kohsaka H, et al. Intervention of an 
inflammation amplifier, triggering receptor expressed 
on myeloid cells 1, for treatment of autoimmune arthri-
tis. Arthritis Rheum 2009; 60:1615-23.

65.	 Sharma SM, Choi D, Planck SR, Harrington CA, 
Austin CR, Lewis JA, et al. Insights in to the patho-
genesis of axial spondyloarthropathy based on gene 
expression profiles. Arthritis Res Ther 2009; 11:168.

66.	 Ratjen FA. Cystic fibrosis: pathogenesis and future 
treatment strategies. Respir Care 2009; 54:595-605.

67.	 del Fresno C, Gómez-Piña V, Lores V, Soares-Schanoski 
A, Fernández-Ruiz I, Rojo B, et al. Monocytes from 
cystic fibrosis patients are locked in an LPS tolerance 
state: downregulation of TREM-1 as putative underly-
ing mechanism. PLoS ONE 2008; 3:2667.

68.	 del Fresno C, García-Rio F, Gómez-Piña V, Soares-
Schanoski A, Fernández-Ruíz I, Jurado T, et al. Potent 
phagocytic activity with impaired antigen presentation 
identifying lipopolysaccharide-tolerant human mono-
cytes: demonstration in isolated monocytes from cystic 
fibrosis patients. J Immunol 2009; 182:6494-507.

69.	 Coussens LM, Werb Z. Inflammation and cancer. 
Nature 2002; 420:860-7.

70.	 van Kempen LCL, de Visser KE, Coussens LM. 
Inflammation, proteases and cancer. Eur J Cancer 
2006; 42:728-34.

71.	 Johansson M, Tan T, de Visser KE, Coussens LM. 
Immune cells as anti-cancer therapeutic targets and 
tools. J Cell Biochem 2007; 101:918-26.

72.	 Ho C, Liao WY, Wang CY, Lu YH, Huang HY, Chen 
HY, et al. TREM-1 expression in tumor-associated 
macrophages and clinical outcome in lung cancer. Am 
J Respir Crit Care Med 2008; 177:763-70.

73.	 Matzinger P. Tolerance, danger and the extended fam-
ily. Annu Rev Immunol 1994; 12:991-1045.

55.	 Ferat-Osorio E, Wong-Baeza I, Esquivel-Callejas 
N, Figueroa-Figueroa S, Duarte-Rojo A, Guzmán-
Valdivia-Gómez G, et al. Triggering receptor expressed 
on myeloid cells-1 expression on monocytes is associ-
ated with inflammation but not with infection in acute 
pancreatitis. Crit Care 2009; 13:69.

56.	 Swaroop VS, Chari ST, Clain JE. Severe acute pancre-
atitis. JAMA 2004; 291:2865-8.

57.	 Yasuda T, Takeyama Y, Ueda T, Shinzeki M, Sawa H, 
Takahiro N, et al. Increased levels of soluble triggering 
receptor expressed on myeloid cells-1 in patients with 
acute pancreatitis. Crit Care Med 2008; 36:2048-53.

58.	 Wang D, Qin R, Liu Z, Gupta M, Chang Q. 
Expression of TREM-1 mRNA in acute pancreatitis. 
World J Gastroenterol 2004; 10:2744-6.

59.	 Kamei K, Yasuda T, Ueda T, Qiang F, Takeyama Y, 
Shiozaki H. Role of triggering receptor expressed on 
myeloid cells-1 in experimental severe acute pancreati-
tis. J Hepatobiliary Pancreat Sci 2010; 17:305-12.

60.	 Schenk M, Bouchon A, Seibold F, Mueller C. TREM-
1—expressing intestinal macrophages crucially amplify 
chronic inflammation in experimental colitis and 
inflammatory bowel diseases. J Clin Invest 2007; 
117:3097-106.

61.	 Park JJ, Cheon JH, Kim BY, Kim DH, Kim ES, Kim 
TI, et al. Correlation of serum-soluble triggering recep-
tor expressed on myeloid cells-1 with clinical disease 
activity in inflammatory bowel disease. Dig Dis Sci 
2009; 54:1525-31.

62.	 Kuai J, Gregory B, Hill A, Pittman DD, Feldman 
JL, Brown T, et al. TREM-1 expression is increased 
in the synovium of rheumatoid arthritis patients and 
induces the expression of pro-inflammatory cytokines. 
Rheumatology (Oxford) 2009; 48:1352-8.

63.	 Collins CE, La DT, Yang HT, Massin F, Gibot S, Faure 
G, et al. Elevated synovial expression of triggering 
receptor expressed on myeloid cells 1 in patients with 
septic arthritis or rheumatoid arthritis. Ann Rheum Dis 
2009; 68:1768-74.

45.	 Shimizu T, Tani T, Endo Y, et al. Elevation of plasma 
peptidoglycan and peripheral blood neutrophil activa-
tion during hemorrhagic shock: plasma peptidoglycan 
reflects bacterial translocation and may affect neutro-
phil activation. Crit Care Med 2002; 30:77-82.

46.	 Shimizu T, Yu HP, Hsieh YC, Hanasawa K, Tsuchiya M, 
Kodama M. Flutamide Attenuates Pro-inflammatory 
Cytokine Production and Hepatic Injury Following 
Trauma-Hemorrhage via Estrogen Receptor-related 
Pathway. Ann Surg 2007; 245:297-304.

47.	 Macias CA, Chiao JW, Xiao J, Arora DS, Tyurina YY, 
Delude RL. Treatment with a novel hemigramicidin-
TEMPO conjugate prolongs survival in a rat model of 
lethal hemorrhagic shock. Ann Surg 2007; 245:305-14.

48.	 Bini R, Olivero G, Trombetta A, Castagna E, Cotogni P.  
Effects of dimethyl sulfoxide, pyrrolidine dithiocar-
bamate and methylprednisolone on nuclear factor-
kappaB and heat shock protein 70 in a rat model of 
hemorrhagic shock. J Trauma 2008; 64:1048-54.

49.	 Gibot S, Massin F, Alauzet C, Derive M, Montemont 
C, Collin S, et al. Effects of the TREM 1 pathway 
modulation during hemorrhagic shock in rats. Shock 
2009; 32:633-7.

50.	 Oldenburg WA, Lau LL, Rodenberg TJ, Edmonds 
HJ, Burger CD. Acute mesenteric ischemia: a clinical 
review. Arch Intern Med 2004; 164:1054-62.

51.	 Victoni T, Coelho FR, Soares AL, de Freitas A, 
Secher T, Guabiraba R. Local and remote tissue injury 
upon intestinal ischemia and reperfusion depends on 
the TLR/MyD88 signaling pathway. Med Microbiol 
Immunol 2010; 199:35-42.

52.	 Suzuki T, Yamashita K, Jomen W, Ueki S, Aoyagi 
T, Fukai M, et al. The novel NFkappaB inhibitor, 
dehydroxymethylepoxyquinomicin, prevents local and 
remote organ injury following intestinal ischemia/
reperfusion in rats. J Surg Res 2008; 149:69-75.

53.	 Gibot S, Massin F, Alauzet C, Montemont C, 
Lozniewski A, Bollaert PE, et al. Effects of the TREM-
1 pathway modulation during mesenteric ischemia-
reperfusion in rats. Crit Care Med 2008; 36:504-10.

54.	 Pamuk ON, Lapchak PH, Rani P, Pine P, Dalle Lucca 
JJ, Tsokos GC, et al. Spleen tyrosine kinase inhibi-
tion prevents tissue damage after ischemia reperfusion 
injury. Am J Physiol Gastrointest Liver Physiol 2010; 
299:G391-9.


