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The role of triggering receptor expressed
on myeloid cells‑1 (TREM‑1) in central nervous
system diseases
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Abstract
Triggering receptor expressed on myeloid cells-1 (TREM-1) is a member of the immunoglobulin superfamily and
is mainly expressed on the surface of myeloid cells such as monocytes, macrophages, and neutrophils. It plays an
important role in the triggering and amplification of inflammatory responses, and it is involved in the development
of various infectious and non-infectious diseases, autoimmune diseases, and cancers. In recent years, TREM-1 has also
been found to participate in the pathological processes of several central nervous system (CNS) diseases. Targeting
TREM-1 may be a promising strategy for treating these diseases. This paper aims to characterize TREM-1 in terms of its
structure, signaling pathway, expression, regulation, ligands and pathophysiological role in CNS diseases.
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Introduction
Triggering receptors expressed on myeloid cells (TREMs)
are a group of receptors expressed on myeloid cells (e.g.,
monocytes, macrophages, neutrophils). The TREM gene
cluster is located on human chromosome 6p21 [1] and
has immunoglobulin-like folded transmembrane glycoproteins in the extracellular region that belong to the
immunoglobulin superfamily. It is mainly involved in
the regulation of inflammation and plays an important
role in the innate and adaptive immune response [2].
TREM-1 and triggering receptor expressed on myeloid
cells-2 (TREM-2) are two of the most well-characterized members. Both have been studied extensively in
CNS disorders, and they are also both expressed on
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microglia. Although structurally similar, their functions
are different. Many studies show that TREM-1 promotes
inflammation, while TREM-2 inhibits it. The pathways
are partially crosslinked (Table 1). TREM-1 promotes
inflammation and inhibits apoptosis through the PI3K/
Akt pathway [6], which may lead to a chronic inflammatory state of cells, while TREM-2 inhibits autophagy
through this pathway [11]. TREM-1 promotes inflammation through the MEK/ERK and nuclear factor kappa
B (NF-κB) signaling pathways [6, 128], while TREM-2
inhibits inflammation by inhibiting these pathways [7,
10]. TREM-1 can enhance the toll-like receptor (TLR)4-induced inflammatory response, and TLR4 can also
increase TREM-1 expression, which may be dependent on the MEK/ERK and NF-κB pathways [28, 94].
Activation of TREM-2 can inhibit the TLR pathway via
interleukin-1 receptor activated kinase 3 (IRAK3), and
the activated TLR4 pathway can also inhibit TREM-2
expression at the transcriptional level and interfere with
TREM-2 by cleaving it into the soluble type [12, 13].
In recent years, growing evidence has shown that
TREM-1 plays an important role in the pathology of
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Table 1 The similarities and differences between TREM-1 and TREM-2 in CNS diseases
Similarity

Difference
TREM-1

TREM-2

Structure

Composed of three parts: the extracellular immunoglobulin-like
Enzyme: MMPs
domain, the transmembrane domain and the cytoplasmic domain
Two subtypes exist: the membrane-bound type and the soluble
type [3–5]

Enzyme: ADAM 10 and ADAM 17 [5]

Ligands

PAMPs? DAMPs? (still unclear) [6, 7]

HMGB1, HSP70,
CD177, actin, PGLYRP1,
eCIRP(see “ligands”
section)

Cellular debris, lipids, Aβ, nucleic
acids, ApoE, LDL [5, 7–9]

Promote inflammation:
JAK-STAT3/5, MEK/ERK,
PI3K/Akt, NF-κB [6, 128];
Inhibit apoptosis: PI3K/
Akt [6];
Promote pyroptosis:
NLRP3/caspase-1 [84,
85, 100];
Induce oxidative stress:
ROS [84, 127];
Interact with the TLR4
pathway to enhance
inflammation [28, 94]

Except DAP12, TREM-2 can also
bind to DAP10 [5];
Promote phagocytosis and
actin cytoskeleton rearrangement:
VAV2/3-Rac1/Cdc42-Arp2/3 [7];
Promote cell growth: Pyk2/βcatenin [7];
Inhibit inflammation: Inhibit NF-κB
and MEK/ERK [7, 10];
Inhibit Autophagy: PI3K/Akt-mTOR
[11];
Mutual inhibition with the TLR4
pathway [12, 13]

Signaling Pathways The transmembrane domain undergoes signaling by binding to
DAP12 containing the ITAM. ITAM is phosphorylated by Src-family
kinase, and recruits Syk to trigger downstream signaling cascades,
including PI3K/Akt and MEK/ERK [3–5]

various neurological disorders, such as ischemic stroke,
subarachnoid hemorrhage (SAH), cerebral hemorrhage,
glioma, Parkinson’s disease (PD), Alzheimer’s disease
(AD), CNS infections, spinal cord injury (SCI) and Spinal
cord ischemia–reperfusion injury (SCIRI). In this paper,
we provide a general overview of the structure, expression and physiological function of TREM-1 signaling and
its role in different neurological disorders.
TREM‑1 structure

Two isoforms of TREM-1 exist: the membrane-bound
type (mTREM-1) and the soluble type (sTREM-1).
Human mTREM-1 is a type I transmembrane glycoprotein receptor with a relative molecular mass of approximately 30 kDa. It contains 234 amino acids and consists of
three parts: the extracellular immunoglobulin structural
domain, the transmembrane region, and the cytoplasmic structural domain [3]. The extracellular structural
domain is mainly responsible for binding ligands, and the
transmembrane region transmits signals intracellularly
by binding to the DNAX-activating protein 12 (DAP12)
junction protein with a noncovalent bond. sTREM-1 is
a glycosylated peptide with only an immunoglobulinlike structural domain, and there are two hypotheses
about its origin. The first hypothesis is that the hydrolysis of mTREM-1 by metalloproteinases (MMPs) leads to
the shedding of the extracellular region [14]. Weiss et al.
[15]. incubated mouse bone marrow-derived neutrophils
with unactivated MMP-9 or activated MMP-9. Stimulation of neutrophils with activated MMP-9 decreased

mTREM-1 expression and increased sTREM-1 levels
compared to unactivated MMP-9. In addition, reduced
sTREM-1 expression after inhibition of MMP-9 in a
mouse model of coinfection with influenza virus and
Streptococcus pneumoniae confirmed that the enzyme
cleaves TREM-1. They also proposed that the TREM-1
sequence
(MRKAGLWGLLCVFFVSEVKAAIVLEE
ERTDLVEQTLTVKCPFNIMKYANSQKAWQR-LPDGKEPLTLVV TQRPFTRPSEVHMGKFTLKHDPSEAMLQVQMTDLQVTDSGLYRCVIYHPPNDPVVLFHPVRLVVTKGSSDVFTPVIIPITRITERPILITTKYSPSDTTTTRSLPKPTAVVSSPGLGVTIINGTDADSVSTSSVTISVICGIISKSLVFIILFIVTKRTFG)
contains
a cleavage site of MMP-9 (underlined). The second
hypothesis is that it is produced by alternative splicing
of the TREM-1 gene [16, 17]. Baruah et al. [17] demonstrated that sTREM-1 is a splice variant of TREM-1. It
acts as an endogenous decoy receptor that competes with
mTREM-1 for the same ligand and blocks the mTREM-1
signaling pathway.
The TREM‑1 signaling pathway

Activation of the TREM-1 signaling pathway is initiated by the ligands of mTREM-1. Since the receptor has
no immunoreceptor tyrosine-based activation motif
(ITAM), it needs to be associated with the ITAM-containing adapter protein DAP12 for signaling. Positively
charged lysine residues in the transmembrane structural
domain of TREM-1 are noncovalently bonded to negatively charged aspartate residues in the transmembrane
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region of the DAP12 junction protein. Upon binding to
DAP12, tyrosine phosphorylation in ITAM mediated by
Src-family kinases recruits the zeta-associated protein of
70 kDa (ZAP70) and spleen tyrosine kinase (SYK) [18],
which initiates a cascade of downstream signaling reactions, including the phosphoinositide phospholipase
C-gamma (PLCγ), phosphoinositide 3-kinase (PI3K),
Janus kinase (JAK), and mitogen-activated protein kinase
(MAPK) pathways. These pathways induce Ca2+ mobilization, actin cytoskeleton rearrangement, and the activation of transcription factors, which are responsible for
encoding the expression of cell-surface molecules, proinflammatory cytokines and chemokines [19–22].
In addition to the direct effects induced by TREM-1
signaling, there is growing evidence for crosstalk between
TREM-1-induced innate immune pathways and pattern recognition receptors (PRRs), particularly TLRs and
nucleotide-binding and oligomerization domain (NOD)like receptors (NLRs). Activation of TLRs can increase
the expression of TREM-1 [23–26]. TREM-1 amplifies the inflammatory response by regulating signaling
downstream of PRRs, thus increasing inflammatory factor release and amplifying innate and adaptive immune
responses. Myeloid differentiation factor 88 (MyD88),
CD14, IL-10, and IL-1β are significantly reduced when
TREM-1 expression is decreased in macrophages,
whereas the expression of linker proteins and effector
proteins in the TLR4 pathway is not significantly affected.
The expression of TLR4 is not altered after knockdown
of TREM-1, but the TLR4-induced NF-κB pathway is
downregulated [27]. Wang et al. [28]. found that mice
with high tidal volumes develop ventilation-induced lung
injury (VILI), elevated expression of TREM-1, TLR4,
MyD88, and NF-κB, and increased levels of the proinflammatory cytokines TLR4, MyD88, and NF-κB after
upregulation of TREM-1. The opposite results were
observed with the TREM-1 antagonist, suggesting that
the exacerbation of TREM-1-induced VILI in mice is
associated with the TLR4-MyD88-NF-κB-dependent
signaling pathway. In both in vitro and in vivo studies,
infection with Aspergillus fumigatus (A. fumigatus) has
been shown to upregulate TREM-1 expression on corneal
epithelial cells. The TREM-1 antagonist peptide inhibits
the elevation of inflammatory cytokines caused by fungal
infection, whereas blockade of TLR4 enhances the effect
of the TREM-1 antagonist peptide. TLR4 and MyD88
inhibition partially suppress A. fumigatus-induced
TREM-1 upregulation, confirming TREM-1 and TLR4
crossover in corneal fungal infections [29]. TREM-1 is
not only involved in amplifying TLR signaling but also
has a synergistic effect on the recognition of peptidoglycan (PGN)-induced inflammatory responses by NLRs.
After moderate stimulation of TREM-1 by NLR ligand,
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activated TREM-1 can amplify NLR signaling, induce
NOD2 expression, and increase IL-1β and IL-6 expression [30].
Regulation of TREM‑1 expression

In addition to myeloid cells, TREM-1 expression has also
been detected in nonimmune cells, such as airway epithelial cells [31], corneal epithelial cells [29], gastric epithelial cells [32], hepatic endothelial cells [33], Kupffer cells
[34], and hepatic stellate cells [35]. Bosco et al. [36] analysed gene expression profiles and found that in hypoxia,
TREM-1 transcript levels are significantly upregulated
in monocyte-derived mature dendritic cells (mDCs),
thereby inducing the increased secretion of proinflammatory cytokines and chemokines. TREM-1 expression on
monocyte-derived immature dendritic cells (iDCs) is also
elevated in chronic hypoxia and can be antagonized by
cellular reoxygenation [37]. Hypoxia-inducible transcription factors (HIFs) are important transcriptional effectors
that regulate the cellular response to hypoxia, and HIF1a expression is downregulated in iDCs and mDCs during hypoxia [38], presumably because HIF-1a is involved
in regulating TREM-1 expression under hypoxia. In
addition, 1,25(OH)2D3 regulates the innate immune
response of human monocytes and macrophages through
the upregulation of TREM-1 expression [39]. Nguyen
et al. [40] observed elevated TREM-1 expression in porcine keratin-forming cells after addition of vitamin D.
In another study, rapamycin, a specific inhibitor of the
mammalian target of the rapamycin (mTOR) signaling pathway, was found to inhibit TREM-1 expression
induced by 1,25(OH)2D3, suggesting that 1,25(OH)2D3
induces TREM-1 expression through the mTOR signaling pathway [41]. Prostaglandin E2 (PGE2)-pretreated
peripheral blood mononuclear cells were activated,
which resulted in increased TREM-1 expression as well
as interleukin 8 (IL-8) and tumour necrosis factor alpha
(TNF-α) production [42]. Other substances, such as
lipopolysaccharide (LPS; TLR4 ligand) [23, 24], lipophosphatidic acid (TLR2 ligand) [25], tryptophanyl-tRNA
synthetase 1 (WARS1, TLR2 and TLR4 ligand) [26], and
sodium urate [43], can increase TREM-1 expression.
However, Molad et al. [44] found that administration
of CpG oligodeoxynucleotides (CpG-ODNs) alone did
not alter mTREM-1 expression, but the combination of
CpG-ODNs with LPS significantly inhibited LPS-induced
TREM-1 upregulation, suggesting that the CpG-ODNinduced TLR9 pathway negatively regulates TREM-1
expression on macrophages. In addition, prostaglandin
D2 (PGD2), prostaglandin J2 (PGJ2), and 15-deoxy-deltaprostaglandin J2 (15-dPGJ2) can also suppress TREM-1
expression through the activation of nuclear factor erythroid 2-related factor 2 (Nrf2) and the inhibition of NF-κB
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[45]. Antimicrobial peptides such as LL-37 [46] and LP17
[47] and anti-inflammatory cytokines such as interleukin
10 (IL-10) [48] and transforming growth factor β (TGF-β)
[49] are also known to inhibit mTREM-1 activity.
The expression of TREM-1 is regulated by transcription factors (e.g., activator protein 1 (AP-1), NF-κB, PU.1,
Nrf2). Recognition of pathogen-associated molecular
patterns (PAMPs) and danger-associated molecular patterns (DAMPs) by the innate immune system activates
macrophages and microglia, triggering an inflammatory response, and activated macrophages and microglia regulate TREM-1 expression at the transcriptional
level. In turn, activation of TREM-1 can also promote
macrophage and microglia activation. Binding sites for
NF-κB, PU.1 and AP-1 are present in the promoter of
TREM-1 [50]. LPS or Pseudomonas aeruginosa (P. aeruginosa) can activate macrophages, and subsequently NF-κB
and PU.1 induce the expression of TREM-1 in RAW264.7
cells, and inhibition of NF-κB or overexpression of PU.1
can inhibit TREM-1 expression. Silencing PU.1 increases
TREM-1 expression [50]. In addition, Nrf2 also inhibits
LPS- and P. aeruginosa-induced TREM-1 expression in
RAW264.7 cells [45]. Activation of isolated mouse and
human microglia with LPS significantly induces TREM-1
expression, and the same response was observed in acute
encephalitis and cerebral ischemia. Inhibition of NF-κB
prevents LPS-induced TREM-1 expression [51]. Kupffer
cells (KCs) are liver-resident macrophages. Stimulation by HIV and HCV activates KCs and upregulates the
expression of proinflammatory cytokines, chemokines,
and TREM-1. Activation of TREM-1 by a targeted agonist increases HIV/HCV-mediated macrophage inflammatory responses. Silencing TREM-1 suppresses the
inflammatory response induced by HIV/HCV-stimulated
macrophages [52]. These studies support that microglia and macrophage activation can increase TREM-1
expression. In vivo and in vitro experiments have demonstrated that sTREM-1 can cause microglial overactivation
through the PI3K/AKT signaling pathway, leading to hippocampal damage [53]. In an AD model, TREM-1 facilitated microglial phagocytosis of amyloid beta (Aβ) [54].
Numerous preclinical experiments have demonstrated
that TREM-1 inhibition can inhibit macrophage and
microglia activation, thereby attenuating the inflammatory response [55]. The above studies suggest that microglial activation interacts with TREM-1 expression and
that this action is at least partially dependent on NF-κB
signaling.

TREM‑1 Ligands
TREM-1 ligands are elusive, and the molecular mechanisms of receptor‒ligand interactions are poorly studied. In CNS diseases, no clear TREM-1 ligand has been
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reported to date. Existing studies have suggested that
high-mobility group box 1 (HMGB1), PGN recognition
protein 1 (PGLYRP1), heat shock protein 70 (HSP70),
CD177, actin, and extracellular cold-inducible RNAbinding protein (eCIRP) may be natural ligands for
TREM-1, and all of these endogenous ligands are associated with inflammatory responses. HMGB1 is a ubiquitous nuclear protein that acts as a DAMP and activates
multiple PRRs that regulate innate and adaptive immune
responses. Using immunoprecipitation and surface
plasmon resonance (SPR), Wu et al. [34]. observed that
HMGB1 can directly interact with TREM-1, but the signal transduction pathway that follows their binding is
unclear. HMGB1 can be released by neurons and glial
cells and participates in the pathophysiology of many
CNS diseases, including blood‒brain barrier disruption and neuroinflammation [56]. It has been reported
that damaged neurons after SAH release HMBG1 and
HSP70 [57, 58]. The expression of TREM-1 and HMGB1
is increased after ICH, and the two proteins interact to
promote inflammatory responses. HMGB1 inhibitor
reduces neuroinflammation after ICH. One study suggested that damaged neurons after ICH release HMBG1
and induce inflammatory responses. HMBG1 may be
a potential endogenous ligand for TREM-1 [59]. The
investigators proposed that there may be a neurotoxic
cycle between microglia and neurons. TREM-1-induced
microglial pyroptosis leads to the release of inflammatory mediators which damage neurons. The damaged
neurons release large amounts of HMGB1 and HSP70,
which further activate microglial pyrolysis via TREM-1.
However, this hypothesis needs to be verified by further
studies. In neurodegenerative diseases such as AD, frontotemporal dementia, Parkinson’s disease and multiple
sclerosis, HMGB1 released by damaged tissues is considered a risk factor for promoting cellular senescence,
memory impairment, chronic neurodegeneration and
the progression of neuroinflammation [60, 61]. Under
chronic unpredictable mild stress conditions, HMGB1
released from microglia and hippocampal neurons can
lead to neuroinflammation, which may cause depressionlike behaviour [62]. Since the downstream receptors of
HMGB1 also include receptors for advanced glycation
end-products (RAGE) and TLRs, it remains to be seen
whether the proinflammatory effects of HMGB1 in the
CNS are produced through activation of TREM-1.
eCIRP is an endogenous inflammatory mediator that
has also been identified as a DAMP that promotes inflammation, tissue damage, and death in systemic inflammation [63–65]. Denning et al. [66]. demonstrated a strong
affinity between eCIRP and TREM-1 by SPR, and their
immunofluorescence experiments demonstrated the
colocalization of eCIRP and TREM-1 on macrophages
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after recombinant murine CIRP (rmCIRP) stimulation.
Furthermore, LP17 reduced rmCIRP-induced systemic
inflammation and lung injury and inhibited rmCIRPinduced TNF-α production in RAW264.7 cells, indicating that eCIRP is a novel TREM-1 ligand. These authors
also synthesized a novel peptide inhibitor, M3, that could
block the interaction between eCIRP and TREM-1 and
inhibit the eCIRP-mediated inflammatory response. Borjas et al. [67]. used M3 to treat hepatic ischemia/reperfusion (I/R) mice and found that M3 attenuated hepatic
I/R injury by inhibiting TREM-1. Furthermore, the survival rate of the M3-treated group was higher in mice
undergoing nonischemic hepatic lobectomy after liver
I/R, supporting the importance of TREM-1 and eCRIP
in inflammation. In brain-specific inflammation, microglia can express CIRP, but studies on whether eCRIP
released from microglia can activate TREM-1 are lacking. Aβ-mediated neural stress is associated with AD.
Exposure to Aβ stress increases the release of eCIRP
from BV2 microglia. eCIRP mediates neuroinflammation
through activation of the IL-6Rα/STAT3/cyclin-dependent kinase-5 (Cdk5) signaling pathway in neurons [68].
In a middle cerebral artery occlusion (MCAO) model,
CIRP and TNF-α levels were observed to be elevated.
CIRP-deficient mice show significantly reduced brain
infarct volume and TNF-α expression and microglial
activation. Therefore, CIRP may play a key role in activating microglia and inducing neuroinflammation. In addition, hypoxia has been found to induce CIRP expression,
translocation and release from BV2 microglia. eCIRP
induces TNF-α expression through the NF-κB pathway, leading to neuronal damage [69]. Alcohol exposure
induces microglia to express CIRP and release eCIRP,
which acts as a mediator of neuroinflammation causing
neuronal damage and death [70]. eCIRP can also mediate alcohol-induced hypometabolism and cognitive
impairment in brain regions [71]. Whether eCIRP causes
inflammation through activation of TREM-1 in CNS disorders is an important question for future research.
Sharapova et al. [72, 73]. demonstrated that both
recombinant innate immune protein Tag7 (also known as
PGLYRP1) and HSP70 are potential ligands for TREM1, and their binding to TREM-1 induces the activation
of cytotoxic lymphocyte subpopulations, the latter of
which are lethal to major histocompatibility complexnegative tumour cells. HSP70 is also present in necrotic
bone marrow cell lysates and is responsible for the production of proinflammatory cytokines [74]. However,
direct binding of HSP70 to TREM-1 was not observed
in the experiments by Wu et al. [34], possibly because
HMGB1 has a stronger affinity than HSP70. However,
studies of HSP70 in CNS diseases have shown that it
reduces neurodegeneration, stimulates neurogenesis,
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restores memory, and protects neurons from various
types of stress injury. Recombinant HSP70 or HSP70
pharmacological inducers are promising potential drugs
for the treatment of ischemic injury and neurodegenerative diseases [75–77]. Given that the protective role of
HSP70 in CNS diseases is opposite to the proinflammatory role of TREM-1, it seems unlikely that HSP70 is a
ligand for TREM-1 in the CNS. PGLYRP1 is a neutrophil granule protein with antimicrobial properties that
forms a TREM-1 ligand complex by binding to PGN.
Read et al. [78]. used SPR and flow cytometry to demonstrate that PGLYRP1 and TREM-1 can bind to each
other. While PGN can enhance the binding of both, it
cannot bind directly to TREM-1. This research suggests
that peptidoglycan in the bacterial cytoderm stimulates
neutrophil degranulation and that the released PGLYRP1
binds to PGN and induces TREM-1 expression, thereby
enhancing the immune response. Colonna et al. [79].
first suggested that CD177 may be an endogenous ligand
for sTREM-1. They incubated HEK293 cells transfected
with CD177 with sTREM-1 and found that the two were
bound to each other, thus supporting this hypothesis. In
2007, Haselmayer et al. [80]. used recombinant soluble
fusion protein to demonstrate the presence of a ligand
for TREM-1 on human platelets. In 2017, Fu et al. [81].
found that recombinant actin could bind directly to the
extracellular structural domain of TREM-1 and enhance
inflammation, which could be inhibited by LP17, but the
response was not observed in TREM-1-/-mice. Furthermore, they found that actin colocalized with TREM-1
on lung tissue sections from septic mice, suggesting that
actin is the TREM-1 ligand present on platelets.
Whether known or other unknown ligands exist in
CNS diseases and how they activate the TREM-1 signaling pathway require more research.
TREM‑1 signaling in central nervous system diseases

In recent years, many studies have found that TREM-1
expressed on microglia is involved in the pathological
processes of CNS diseases, including ischemic stroke,
SAH, cerebral hemorrhage, glioma, PD, AD, CNS infections, SCI and SCIRI (Tables 2, 3). TREM-1 may be
a potential target for the treatment of these diseases.
Microglia are the major immune cells in the CNS and
play an important role in mediating the inflammatory
response in CNS diseases. Microglia can recognize and
eliminate foreign invaders, repair local tissue damage
caused by injury, and play an important role in neural
circuit regulation and general homeostasis. Tissue injury
activates microglia and induces TREM-1 expression, and
elevated TREM-1 further promotes microglial activation
and polarization into the proinflammatory phenotype.
However, persistent or chronic activation of microglia
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Table 2 The role of the TREM-1 signaling pathway in CNS diseases
Disease

Study Models

Molecules in the
TREM-1 Signaling
Pathway

Conclusions

Refs.

Ischemic Stroke

Rat MCAO model/in vitro

ROS, NLRP3

TREM-1 induced microglia activation, oxidative stress and pyroptosis

[84]

Mouse MCAO model/in vitro SYK

TREM-1 induced inflammation and pyroptosis [85]

Subarachnoid hemorrhage

Mouse

SYK

TREM-1 promoted microglia activation and
neutrophil infiltration, induced neuroinflammation

[95]

Rat

TLR4

TREM-1 interacted with the TLR4 pathway to
promote EBI

[94]

Rat

p38MAPK/MMP-9, ZO-1 TREM-1 was involved in blood‒brain barrier
disruption and brain oedema

Mouse

NLRP3

TREM-1 induced microglia pyroptosis and
[100]
neutrophil infiltration, promoted neuroinflammation, and led to neuronal apoptosis and
degeneration

Intracerebral hemorrhage

Mouse

PKCδ/CARD 9

TREM-1 regulated microglia polarization and
induced neuroinflammation

[59]

Parkinson’s disease

Zebrafish

MAPK

TREM-1 inhibition improved locomotor
impairment, suppressed inflammation

[110]

Rat

MAPK

TREM-1 inhibition inhibited microglia and
astrocyte hyperactivation

[110]

In vitro

MAPK

TREM-1 inhibition suppressed inflammation
and enhanced autophagy

[110]

Alzheimer’s disease

Mouse

Aβ

TREM-1 promoted microglia phagocytosis
[54]
of Aβ, alleviated AD neuropathology and
improved AD-related spatial cognitive deficits

Spinal cord injury

Mouse/in vitro

HO-1

TREM-1 promoted microglia activation,
induced inflammation and oxidative stress

[127]

SYK

TREM-1 mediated neuronal apoptosis

[128]

Spinal cord ischemia‒reperfusion injury Mouse/in vitro

[99]

Table 3 TREM-1 expression in CNS diseases
Disease

TREM-1 Isoform Sample Results

Ischemic Stroke

TREM-1

Refs.

Serum

TREM-1 levels were elevated and correlated with stroke severity

[83]

Post-stroke depression (PSD) sTREM-1

Plasma

Reduced sTREM-1 levels in patients with PSD were negatively associated with the
severity of depressive symptoms

[89]

Subarachnoid hemorrhage

sTREM-1

CSF

Early elevation of sTREM-1 was positively correlated with white blood cells, CRP,
and the severity of the disease

[92]

sTREM-1

Plasma

sTREM-1 levels were elevated and positively correlated with Hunt-Hess classification and CRP levels

[95]

sTREM-1

CSF

sTREM-1 levels were positively correlated with the Hunt-Hess classification

[93, 94]

Intracerebral hemorrhage

sTREM-1

Serum

Elevated sTREM-1 levels may correlate with the severity of disease

[104]

Alzheimer’s disease

TREM-1

Blood

TREM-1 mRNA levels were elevated

[111]

sTREM-1

Plasma

Elevated sTREM-1 levels were positively correlated with AD progression and total
tau protein levels

[112]

Gliomas

TREM-1

Blood

Patients with TREM-1/TREM-2 ratios greater than 125 had shorter survival times
than those with ratios less than 125

[122]

sTREM-1

Serum

sTREM-1 levels were lower than that of normal subjects

[122]

Bacterial meningitis

sTREM-1

CSF

sTREM-1 levels were elevated

[123]

sTREM-1

CSF

sTREM-1 levels were elevated and correlated with mortality

[124]

sTREM-1

CSF

sTREM-1 levels were higher in surviving patients than in deceased patients

[125]

sTREM-1

CSF

sTREM-1 concentrations were elevated

[126]

External ventricular drainrelated ventriculitis
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may lead to irreversible central nervous injury. In addition, innate immune cells generate an immune response
in response to pathogen invasion or tissue damage, and
the induced inflammatory response is associated with
the activation of PRRs. As previously discussed, there
is crosstalk between PRRs and the TREM-1 signaling
pathway.
Ischemic stroke

Acute ischemic stroke is a major cause of disability and
death in adults. It is mainly caused by atherosclerosis
and thromboembolism. Microglia are activated after a
stroke and can induce the secretion of proinflammatory
cytokines that result in neuroinflammation and cause the
progression of ischemic brain injury [82]. The detection
of biomarkers involved in the neurological injury process
may help to assess prognosis. In a prospective cohort
study that included 50 patients with acute ischemic
stroke, Backes et al. [83]. evaluated the feasibility of using
serum TREM-1 and TREM-2 as potential biomarkers for acute ischemic stroke. Serum levels of TREM-1
and TREM-2 were found to be elevated in patients after
stroke. There was a correlation between TREM-1 with
the modified Rankin Scale (mRS) and National Institutes
of Health Stroke Scale (NIHSS) within 24 h. Patients with
a poor outcome (mRS > 2) at hospital discharge had significantly higher serum TREM-1 concentrations within
24 h of onset. This study suggests that elevated TREM-1
within 24 h of onset correlates with stroke severity and
is an independent prognostic factor for stroke. However, TREM-1 and TREM-2 levels did not correlate with
neurological prognosis after 4 years. The sample size in
this study was relatively small, and a larger sample size
is needed to further validate the results. Liang et al. [84].
found upregulation of TREM-1 on microglia after cerebral infarction in a rat MCAO model. LP17 reduced
infarct volume, decreased brain oedema, inhibited microglial activation, and reduced neuronal damage. Both
in vivo and in vitro experiments have shown that inhibition of TREM-1 decreases reactive oxygen species (ROS)
and malondialdehyde levels, enhances superoxide dismutase (SOD) activity, and increases haem oxygenase-1
(HO-1) levels. In LP17-treated animals, the mRNA levels of TNF-α, cyclooxygenase-2 (COX-2) and IL-6 are
decreased, and IL-10 expression is increased. In a pyroptosis-related study, NOD-, leucine-rich repeat (LRR)- and
pyrin domain-containing protein 3 (NLRP3), caspase-1,
gasdermin D (GSDMD), ASC (an apoptosis-associated
speck-like protein containing a CARD), IL-1β and IL-18
levels were found to be elevated after cerebral infarction,
while LP17 decreased their expression. This suggests
that TREM-1 can exacerbate brain damage by promoting microglial activation, participating in oxidative stress
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via ROS, and inducing pyroptosis via NLRP3/caspase-1
(Fig. 1). TREM-1 has also been found to be expressed
on microglia in a mouse MCAO model. Inhibition of
TREM-1 inhibits CARD9/NF-κB-mediated inflammation
and NLRP3/caspase-1-mediated microglial pyroptosis,
as well as neutrophil infiltration. Caspase-1 activated by
SYK can cleave GSDMD to release n-terminal fragments,
which forms pores on microglia and leads to the extracellular release of IL-1 and IL-18. Microglial pyroptosis
and neutrophil infiltration may be important factors in
exacerbating neuroinflammation. Inhibition of TREM-1
not only ameliorates ischemia-induced neural damage
but also promotes cell proliferation in the hippocampal
region, enhances synaptic plasticity, and improves longterm neurobehavioural function in mice, providing a new
direction for the treatment of ischemic stroke [85]. Liu
et al. [86]. found that when peripheral blood CD11b( +)
CD45( +) myeloid cells were transferred to the ischemic
brain, TREM-1 expression was induced within a few
hours after stroke. Positron emission tomography and
computerized tomography imaging of mice using radioactive 64Cu-labelled TREM-1 antibody as a tracer showed
that the TREM-1 signal was significantly more pronounced in the cortex and striatum on the infarcted side
compared to the contralateral side in addition to its significantly higher expression in the spleen and intestine.
Previous studies have shown that sympathetic activation
after stroke increases intestinal permeability [87, 88], promotes bacterial translocation, and causes bacteremia. In
one study, TREM-1 was found to be produced in intestinal and peripheral monocytes and macrophages induced
by intestinal barrier disruption and bacterial translocation after MCAO. TREM-1 expression in the peripheral
blood and spleen also decreased after intestinal permeability was decreased with adrenergic inhibitors. Additionally, TREM-1 activation in the intestine exacerbates
intestinal epithelial permeability, thereby further contributing to bacterial translocation across the intestinal barrier, which is associated with the development of
bacteremia after stroke. Researchers have used genetic
and pharmacological approaches to inhibit TREM-1
expression and found reduced brain infarct size and
increased survival in mice. It is hypothesized that targeting TREM-1 treatment may reduce ischemic brain injury
and stroke-associated infections. Poststroke depression
(PSD) is a common poststroke complication that exacerbates cognitive impairment, impairs neurological recovery, and reduces quality of life. Some investigators have
found that sTREM-1 and glial cell-derived neurotrophic
factor levels are reduced in the peripheral blood of PSD
patients compared to nondepressed poststroke patients,
and are negatively correlated with the severity of depressive symptoms, suggesting that glial cells (i.e., astrocytes
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Fig. 1 TREM-1 signaling pathway. Two isoforms of TREM-1 exist: the membrane-bound type (mTREM-1) and the soluble type (sTREM-1).
mTREM-1 is located on the plasma membrane, and its extracellular immunoglobulin(Ig)-like domain is responsible for recognizing ligands such as
pathogen-associated molecular patterns and danger-associated molecular patterns. After activation, the transmembrane (TM) domain transmits
signals intracellularly by binding to the adapter molecule DAP12. Upon binding, tyrosine phosphorylation in immunoreceptor tyrosine-based
activation motif (ITAM) that is mediated by Src-family kinases recruits the zeta-associated protein of 70 kDa (ZAP70) and spleen tyrosine kinase
(SYK), thereby initiating a cascade of downstream signalization, including the activation of the phosphoinositide phospholipase C-gamma (PLCγ),
phosphoinositide 3-kinases (PI3K), Janus kinase (JAK), and mitogen-activated protein kinases (MAPK) pathways. These pathways induce C
 a2+
mobilization, actin cytoskeleton rearrangement, and activation of transcription factors, which are responsible for encoding the expression of
inflammatory mediators. Metalloproteinases (MMPs) can cleave mTREM-1 into the soluble form, which competes with mTREM-1 for the same
ligands and blocks mTREM-1 signaling. Decoy peptides that have been developed for the TREM-1 ligand-binding domain include LP17, LR12,
and M3, while GF9 is an inhibitor that targets the transmembrane structural domains of TREM-1. All of these can block mTREM-1 and inhibit the
activity of the inflammatory pathway. In addition to the inflammatory pathway, TREM-1 induces pyroptosis through the NLRP3/Caspase-1 signaling
pathway and participates in oxidative stress through ROS release. The above pathways together contribute to neuronal damage

and microglia) may be involved in the development of
depressive symptoms in the early poststroke period [89].
Subarachnoid hemorrhage

SAH is mainly caused by aneurysm rupture. Its morbidity and mortality rates are high, and the inflammatory
response is the main factor that causes poor prognosis in
patients [90, 91]. Sun et al. [92–94]. showed significantly
elevated levels of sTREM-1 in cerebrospinal fluid (CSF)
in patients with SAH, the extent of which correlated with
the intensity of the inflammatory response and the severity of disease, suggesting that TREM-1 may be involved in
initiating and amplifying the inflammatory cascade process in early brain injury (EBI) after SAH. They hypothesized that sTREM-1 could be used as a biologic marker
to assess the severity and prognosis of SAH. Additionally,
plasma sTREM-1 concentrations are elevated in patients

with aneurysmal SAH and are positively correlated with
SAH severity and C-reactive protein (CRP) levels [95].
After SAH, in addition to the activation of resident
immune cells in the brain, neutrophils also rapidly infiltrate the brain parenchyma and contribute to the mediation of neuroinflammation [96, 97]. In an experimental
SAH model, TREM-1 interacted with SYK to activate the
CARD9/NF-κB pathway and the PAD4/NETs pathway,
the former triggering the proinflammatory subtypes of
microglia and inducing neuroinflammation. Neutrophil
extracellular traps (NETs) can also cause inflammation
and promote M1 microglial polarization, exacerbating
the inflammatory response [97, 98]. Blockade of TREM-1
attenuates microglial inflammation-related injury and
inhibits the mutual interference between peripheral and
central immunity [95]. Sun et al. [94]. demonstrated in an
EBI model induced by SAH that intracerebral TREM-1
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started to increase at 6 h and peaked at 48 h in microglia
and vascular endothelial cells. The expression of TLR4,
MyD88, and NF-κB decreased after TREM-1 inhibition
by LP17, while the opposite result was observed in the
TREM-1 agonist group. Inhibition of TLR4 decreased
TREM-1 levels and significantly improved neurological scores, brain oedema, and blood‒brain barrier disruption. This study shows that crosstalk exists between
TREM-1 and TLR4 pathways, which jointly promote
inflammation and exacerbate EBI. In another study, Sun
et al. [99]. demonstrated that the protective effect of LP17
on EBI was dose-dependent and was associated with the
inhibition of downstream p38MAPK/MMP-9 expression
and reduced degradation of zonula occludens-1 (ZO1). Xu et al. [100] found that TREM-1 induced microglial pyroptosis and aggravated neuroinflammation via
NLRP3. Inhibition of TREM-1 reduced microglial activation and pyroptosis, inhibited neutrophil infiltration
and neuronal apoptosis, and reduced brain oedema and
blood‒brain barrier disruption, thereby improving brain
function. Therefore, targeting TREM-1 may be a potential approach to the treatment of SAH.
Intracerebral hemorrhage

Spontaneous intracerebral hemorrhage (ICH) is a common neurological disease caused by the spontaneous
rupture of intracranial vessels. It is mostly associated with
hypertension and cerebrovascular malformations and has
the highest mortality rate among cerebrovascular diseases. The release of inflammatory mediators induced by
microglial activation is involved in secondary brain injury
after ICH [101]. After brain injury, microglia initially
polarize into the M1 phenotype and secrete inflammatory factors that are involved in the brain injury process.
Within 7 days after ICH, microglia polarize into the M2
phenotype, which contributes to haematoma clearance
and brain injury repair [102]. Therefore, modulation of
the microglial phenotype may be a new target for brain
hemorrhage therapy. TREM-1 expression is elevated in
an experimental rat brain hemorrhage model [103]. In a
mouse model of ICH, the expression of HMGB1, TREM1, PKC and CARD9 was elevated. TREM-1 is expressed
on microglia. Inhibition of TREM-1 ameliorates neurobehavioural deficits, reduces brain oedema, decreases
M1 phenotype microglia around the haematoma, promotes microglial polarization into the M2 phenotype,
and inhibits proinflammatory cytokine release. CARD9
activation reverses the effects of LP17. Administration
of TREM-1 monoclonal antibody increases neurobehavioural deficits and proinflammatory cytokine release
and decreases the number of M2 microglia, and inhibition of PKCδ reverses these results. It is hypothesized
that TREM-1 may regulate microglial polarization and
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affect neuroinflammation through the PKCδ/CARD9
signaling pathway. In addition, the TREM-1 interaction
with HMGB1 increases after ICH. Inhibition of HMBG1
decreases neuroinflammation, and this effect is reversed
by activating TREM-1. Researchers have proposed that
HMGB1 may be a ligand for TREM-1 [59]. Clinical investigations have found elevated serum sTREM-1 concentrations in patients with primary cerebral hemorrhage,
which may be used to assess the severity of disease and
the prognosis of patients with ICH [104]. In a transcriptome analysis of peripheral whole blood from 18 patients
with ICH, 440 genes associated with ICH were identified,
and were mainly expressed in inflammatory pathways,
including NF-κB, TREM-1, and other neuroinflammatory
signaling pathways. Therefore, the investigators proposed
that the pathways and genes identified in their study may
be therapeutic targets for cerebral hemorrhage [105].
Parkinson’s disease

PD is one of the most common neurodegenerative diseases. Its prevalence increases with age, with a prevalence of 1% in people aged 60 years or older [106]. In
China, the prevalence in people over 60 years of age was
1.37% in 2015, with a total of approximately 3.62 million
patients [107]. Neuroinflammation mediated by microglial hyperactivation has been reported to be involved in
the pathological process of neurodegenerative diseases
[108]. Microglia are overactivated in the brain tissue
of PD patients, and a large number of proinflammatory
molecules can be detected in the brain tissue and CSF of
patients [109]. However, the molecular mechanisms of
microglia in the progression of PD have not been studied extensively. Feng et al. [110] investigated the role of
TREM-1 in PD models and found that the LPS-induced
upregulation of nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2) and NF-κB protein in BV2 cells and
the downregulation of IkappaB (IκB) protein levels were
reversed by LP17. In addition, LP17 enhanced the LPSinduced expression of autophagy-related proteins, and
transfection of small interfering RNA (siRNA) in BV2
cells to inhibit TREM-1-attenuated inflammation and
enhanced autophagy. LP17 also alleviates zebrafish dyskinesia and downregulates TREM-1, iNOS, and calpain-1
mitochondrial RNA (mRNA) expression in 6-hydroxydopamine (6-OHDA)-induced zebrafish PD models
while also reversing the downregulation of tyrosine
hydroxylase (TH) protein expression and the upregulation of TNF-α protein expression induced by 6-OHDA.
LP17 significantly attenuates 6-OHDA-induced glial cell
hyperactivation in rat PD models. Therefore, inhibition
of TREM-1 could play a neuroprotective role by enhancing autophagy and attenuating neuroinflammatory
responses.
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Alzheimer’s disease

AD is the most common neurodegenerative disease and
the most common cause of dementia. Aβ deposition in
the brain parenchyma and neurogenic fibre tangles are
the main causes of AD. Jiang et al. [54]. found increased
amyloid deposition in the mouse brain after TREM-1
inhibition by intracerebral injection of lentiviral particles,
whereas TREM-1 overexpression by a lentiviral strategy
or agonistic antibodies alleviated AD neuropathology
and improved AD-related spatial cognitive deficits. This
suggests that TREM-l regulates the progression of AD by
promoting microglial phagocytosis of Aβ. Sao et al. [111].
found significantly elevated TREM-1 mRNA levels in
the blood of AD patients. Additionally, plasma sTREM-1
concentrations are significantly elevated in AD patients
and positively correlated with disease progression
and total tau protein levels in plasma [112]. In patients
with mild cognitive impairment and AD, the TREM-1
mutant rs2234246 is closely associated with brain amyloid deposition [113]. It is hypothesized that TREM-1
may be involved in AD by influencing neuropathology,
but the exact mechanism is not clear. Neuroinflammation plays an important role in the development of AD
[114]. Patients with AD have elevated levels of IL-1, IL-6,
TNF-α and interferon gamma (IFN-γ) in the brain, and
activated microglia can be seen around amyloid plaques
[115]. We hypothesize that TREM-1 may be involved
in the progression of AD by inducing neuroinflammation. Tau oligomers (TauO) are considered the most
neurotoxic tau proteins causing cognitive impairment
[116]. Exposure of primary astrocytes to TauO induces
HMGB1 release, which mediates astrocyte senescence
and paracrine senescence in adjacent cells. Ethyl pyruvate (EP) and glycyrrhetinic acid (GA) inhibit HMGB1
release and prevent TauO-induced cellular senescence
by inhibiting the activation of the p38MAPK and NF-κB
signaling pathways and reducing TauO-associated senescence-associated secretory phenotype (SASP) levels and
neuroinflammation. In addition, hTau transgenic mice
develop tauopathy at 12 months of age, and EP + GA
treatment significantly reduces TauO and the number
of senescence-like cells and reduces neuroinflammation, thus improving cognitive function. TauO-induced
HMGB1 release plays a key role in cellular senescence,
chronic neuroinflammation and the progression of senescence-associated tau protein pathology. This may be an
important pathological mechanism in AD [60]. The SASP
includes the active secretion of various chemokines,
inflammatory cytokines and proteases and is an indicator of human ageing [117]. HMGB1 is a recognized component of SASP [118]. TauO colocalizes with astrocytes
and microglia in the brains of AD patients, and TauO can
trigger chronic neuroinflammation [119]. Translocation
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of HMGB1 from the nucleus to the cytoplasm in TauOassociated astrocytes and microglia is a feature of cellular
senescence [120, 121]. Whether TauO has similar effects
on microglia as it does on astrocytes, and whether tauOinduced chronic neuroinflammation is associated with
the TREM-1 pathway activated by HMGB1 are questions
that require further study.
Gliomas

Gliomas are the most common primary brain tumours,
with glioblastomas being the most malignant. It has been
reported that in patients with high-grade gliomas (GIII
and GIV), patients with a TREM-1/TREM-2 ratio above
125 survived a significantly shorter amount of time than
those with a ratio less than 125 [122]. This finding could
aid in the prediction of prognoses for glioma patients.
In addition, contrary to most findings that sTREM-1
concentrations are elevated in tumour tissues, serum
sTREM-1 levels are lower in glioma patients than in
healthy volunteers [122], though this result needs to be
confirmed by expanding the sample size.
CNS infections

The common causative agents of bacterial meningitis
are Streptococcus pneumoniae, Neisseria meningitidis,
and Haemophilus influenzae. The mortality rate of this
disease is high, and an early, rapid, and accurate diagnosis of acute bacterial meningitis is important to improve
patients’ prognoses. However, many patients lack typical clinical manifestations, and CSF culture may show
false negative results, which makes early diagnosis difficult. Some studies have found that sTREM-1 levels in
CSF may contribute to the diagnosis of bacterial meningitis. Liu et al. [123]. found that the combined detection of sTREM-1 and decoy receptor 3 (DcR3) was more
accurate than the detection of sTREM-1 or DcR3 alone.
Determann et al. [124]. performed a retrospective cohort
analysis and showed elevated levels of sTREM-1 in the
CSF of patients with bacterial meningitis and demonstrated that its concentration correlates with mortality
and could help predict prognosis. In another prospective
study, sTREM-1 was similarly found to be elevated in the
CSF of patients with bacterial meningitis with high specificity. However, contrary to the findings of Determann
et al. sTREM-1 concentrations have also been shown to
be higher in surviving patients than in deceased patients
[125]. Due to the small sample size, a large prospective
study is needed to confirm the role of sTREM-1 in the
diagnosis and prognosis of bacterial meningitis. Additionally, elevated sTREM-1 may be used to aid in the
diagnosis of external ventricular drain-related ventriculitis and to distinguish between colonization and infection
[126].
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Other CNS diseases

SCI is a serious neurological disease. It includes both
primary and secondary injuries. SCI has a high disability rate and poor neurological recovery, which significantly affects the quality of survival of patients and
increases the socioeconomic burden. In a mouse model
of SCI, TREM-1 protein and mRNA levels were elevated, the number of spinal cord neurons was reduced,
microglia and astrocytes were activated, and TREM-1
knockout mice exhibited better motor function and
reduced expression of inflammation-related factors. In
addition, TREM-1 inhibition decreased oxidative stress
markers and increased antioxidants such as superoxide
dismutase-1 (SOD1), nicotinamide adenine dinucleotide plus hydrogen (NADH) quinone oxidoreductase
1 (NQO-1), HO-1, and Nrf2. The same results were
obtained in LPS-stimulated astrocytes and BV2 cells
by transfection with TREM-1 siRNA, and the aforementioned reduction in inflammation, oxidative stress,
and microglial activation after TREM-1 inhibition was
abolished by the use of the HO-1 inhibitor. This demonstrates that inhibition of TREM-1 attenuates inflammation and oxidative stress, thereby improving SCI
[127]. SCIRI can induce free radical release, inflammatory factor production, and enhanced endoplasmic
reticulum stress, leading to irreversible neurological
damage. In a mouse model of SCIRI, spinal cord neuronal apoptosis is exacerbated, and TREM-1 protein
and mRNA expression are significantly upregulated.
SYK expression is downregulated and neuronal apoptosis is reduced after intrathecal injection of short hairpin RNA (shRNA) adenovirus to knock down TREM-1
expression. An oxygen-glucose-serum deprivation/
recovery (OGSD/R) model was established with N2a
cells to simulate the pathophysiological process of
SCIRI in vitro. Under OGSD/R conditions, TREM-1
expression was significantly elevated, SYK phosphorylation levels were increased, the proapoptotic factors
caspase-3 and Bax were upregulated, and the apoptosis inhibitor B-cell lymphoma-2 (Bcl2) was downregulated. Furthermore, after transfection with siRNA,
caspase-3, Bax, and Bcl2 protein levels were restored,
and the TREM-1 interaction with SYK was found to
mediate neuronal apoptosis through the activation of
the PI3K/AKT and NF-κB signaling pathways by immunoprecipitation and immunofluorescence [128]. Under
chronic social stress conditions, microglia are activated
in mouse hippocampal neurons, thereby increasing the
number of typical pathways associated with inflammation, including TREM-1 signaling [129]. It has been
hypothesized that TREM-1 may be associated with
chronic social stress disorder, though the exact mechanism needs to be studied in depth.
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Conclusion and prospective research avenues
In summary, the TREM-1 signaling pathway in CNS diseases exacerbates brain damage by participating in neuroinflammation. Blocking TREM-1 can inhibit the release
of inflammatory mediators and improve prognosis. To
date, peptide blockers developed for the TREM-1 ligandbinding structural domain include LP17, LR12, and M3,
of which nangibotide (also known as LR12) has been
evaluated for safety and pharmacokinetics in a phase IIa
clinical trial in patients with septic shock [130]. A phase
IIb randomized controlled trial is currently underway
in patients with septic shock to further validate efficacy,
safety and tolerability [131]. GF9 is a TREM-1 inhibitor
that targets transmembrane structural domains that was
discovered by Sigalov et al. [132], and its effectiveness has
been demonstrated in animal models of arthritis [133],
alcoholic liver disease [134], pertussis [135], and pancreatic cancer [136]. The efficacy achieved by TREM-1
inhibitors in animal experiments lays the foundation for
the development of immunomodulatory strategies in
human patients, and TREM-1 may become a new target
for the treatment of CNS diseases.
However, there are still many limitations in previous
studies. For example, the exact mechanism of TREM-1 in
the inflammatory cascade is not yet fully understood. In
addition, current studies of TREM-1 in human CNS diseases are mainly observational studies with small sample
sizes and limited mechanistic studies. Furthermore, there
are few studies on the source and nature of TREM-1
ligands and their expression in CNS disease processes.
Finally, the interplay between central and peripheral
immunity mediated by TREM-1 in CNS diseases has not
been thoroughly investigated. Elucidation of the origin
and identity of ligands, the molecular mechanisms of
receptor‒ligand interactions and the regulation of signal
transduction will contribute greatly to our understanding
of TREM-1 biology and provide a basis for the development of novel and more effective targeted therapeutic
agents based on endogenous ligands. We expect that a
large number of TREM-1 modulators with clinical application potential will emerge in the near future. In addition, the diagnostic and prognostic value of sTREM-1
in CNS diseases needs to be supported by studies with
larger samples to provide more evidence.
Abbreviations
TREM-1: Triggering receptor expressed on myeloid cells-1; TREMs: Triggering
receptors expressed on myeloid cells; TREM-2: Triggering receptor expressed
on myeloid cells-2; DAP10: DNAX-activating protein 10; DAP12: DNAX-activating protein 12; MMPs: Metalloproteinases; CNS: Central nervous system; SAH:
Subarachnoid hemorrhage; SCI: Spinal cord injury; PD: Parkinson’s disease;
AD: Alzheimer’s disease; ITAM: Immunoreceptor tyrosine-based activation
motif; ZAP70: Zeta-associated protein of 70 kDa; SYK: Spleen tyrosine kinase;
PLCγ: Phosphoinositide phospholipase C-gamma; PI3K: Phosphoinositide
3-kinases; Akt: Protein kinase B; JAK: Janus kinase; MAPK: Mitogen-activated

Zhang et al. Molecular Brain

(2022) 15:84

protein kinases; HIFs: Hypoxia-inducible transcription factors; Ig-like domain:
Immunoglobulin-like domain; TM domain: Transmembrane domain; mDCs:
Mature dendritic cells; iDCs: Immature dendritic cells; mTOR: Mammalian
target of the rapamycin; IL-8: Interleukin 8; TNF-α: Tumor necrosis factor
alpha; PGE2: Prostaglandin E2; PGN: Peptidoglycan; LPS: Lipopolysaccharide;
WARS1: Tryptophanyl-tRNA synthetase 1; CpG-ODN: CpG oligodeoxynucleotides; PGD2: Prostaglandin D2; PGJ2: Prostaglandin J2; TLR: Toll-like receptor;
15-dPGJ2: 15-Deoxy-delta-prostaglandin J2; Nrf2: Nuclear factor erythroid
2-related factor 2; NF-κB: Nuclear factor kappa B; IL-10: Interleukin 10; TGF-β:
Transforming growth factor β; HMGB1: High-mobility group box 1; HSP70:
Heat shock protein 70; PGLYRP1: PGN recognition protein 1; PRRs: Pattern
recognition receptors; SPR: Surface plasmon resonance; eCIRP: Extracellular
cold-inducible RNA-binding protein; rmCIRP: Recombinant murine CIRP; I/R:
Ischemia/reperfusion; NOD: Oligomerization domain; NLRs: NOD-like receptors; KCs: Kupffer cells; mRS: Modified Rankin Scale; NIHSS: National Institutes
of Health Stroke Scale; MCAO: Middle cerebral artery occlusion; ROS: Reactive
oxygen species; PSD: Post-stroke depression; CSF: Cerebrospinal fluid; CRP:
C-reactive protein; EBI: Early brain injury; ZO-1: Zonula occludens-1; NLRP3:
NOD-, leucine-rich repeat (LRR)- and pyrin domain-containing protein 3; PKCδ:
Protein kinase C-delta; CARD9: Caspase recruitment domain family member
9; COX-2: Cyclooxygenase-2; iNOS: Nitric oxide synthase; IκB: I kappa B; siRNA:
Small interfering RNA; mRNA: Mitochondrial RNA; 6-OHDA: 6-Hydroxydopamine; TH: Tyrosine hydroxylase; Aβ: Amyloid beta; IFN-γ: Interferon gamma;
TauO: Tau oligomers; SASP: Senescence-associated secretory phenotype;
DcR3: Decoy receptor 3; SOD: Superoxide dismutase; NADH: Nicotinamide
adenine dinucleotide plus hydrogen; NQO-1: Quinone oxidoreductase 1; HO1: Heme oxygenase-1; SCIRI: Spinal cord ischemia–reperfusion injury; shRNA:
Short hairpin RNA; OGSD/R: Oxygen-glucose-serum deprivation/recovery;
Bcl2B: Cell lymphoma-2; IRAK3: Interleukin-1 receptor activated kinase;
GSDMD: Gasdermin D; PAMP: Pathogen-associated molecular patterns; DAMP:
Danger-associated molecular patterns; ERK: Extracellular signal-related kinase;
RAGE: Receptor for advanced glycation end-products; EP: Ethyl pyruvate; GA:
Glycyrrhetinic acid.
Acknowledgements
Not applicable.
Author contributions
HB-N and JF-S provided ideas and supervision for the review.CY-Z and XG-K
wrote the manuscript, both authors contributed equally to this work. BL-Z
edited the manuscript. All authors read and approved the final manuscript.
Funding
This study was supported by the National Natural Science Foundation of
China (No. 81901254), the Project of Suzhou Health Talent Training (No.
GSWS2020105), the Project of Zhangjiagang Health Talent Training (No.
ZJGWSRC202004), the Project of Zhangjiagang Science and Technology (No.
ZKS2017).
Availability of data and materials
Not applicable.

Declarations
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
1
Department of Neurology, The Third People’s Hospital of Zhangjiagang City,
Suzhou 215600, Jiangsu, China. 2 Department of Neurobiology and Anatomy, XuzhouKeyLaboratoryofNeurobiology, Xuzhou Medical University,
Xuzhou 221004, Jiangsu, China. 3 Department of Neurosurgery, The First
People’s Hospital of Zhangjiagang City, Suzhou 215600, Jiangsu, China.

Page 12 of 15

Received: 3 August 2022 Accepted: 7 October 2022

References
1. Kelker MS, Foss TR, Peti W, Teyton L, Kelly JW, Wüthrich K, et al. Crystal
structure of human triggering receptor expressed on myeloid cells 1
(TREM-1) at 147 Å. J Mol Biol. 2004;342(4):1237–48.
2. Diefenbach A, Raulet DH. Innate immune recognition by stimulatory
immunoreceptors. Curr Opin Immunol. 2003;15(1):37–44.
3. Radaev S, Kattah M, Rostro B, Colonna M, Sun PD. Crystal structure
of the human myeloid cell activating receptor TREM-1. Structure.
2003;11(12):1527–35.
4. Sharif O, Knapp S. From expression to signaling: roles of TREM-1 and
TREM-2 in innate immunity and bacterial infection. Immunobiology.
2008;213(9–10):701–13.
5. Deczkowska A, Weiner A, Amit I. The physiology, pathology, and
potential therapeutic applications of the TREM2 signaling pathway. Cell.
2020;181(6):1207–17.
6. de Oliveira Matos A, Dos Santos Dantas PH, Figueira Marques Silva-Sales
M, Sales-Campos H. The role of the triggering receptor expressed on
myeloid cells-1 (TREM-1) in non-bacterial infections. Crit Rev Microbiol.
2020;46(3):237–52.
7. Painter MM, Atagi Y, Liu CC, et al. TREM2 in CNS homeostasis and neurodegenerative disease. Mol Neurodegener. 2015;10:43.
8. Filipello F, Goldsbury C, You SF, Locca A, Karch CM, Piccio L. Soluble
TREM2: Innocent bystander or active player in neurological diseases?
Neurobiol Dis. 2022;165: 105630.
9. Kawabori M, Kacimi R, Kauppinen T, et al. Triggering receptor expressed
on myeloid cells 2 (TREM2) deficiency attenuates phagocytic activities
of microglia and exacerbates ischemic damage in experimental stroke.
J Neurosci. 2015;35(8):3384–96.
10. Wu R, Li X, Xu P, et al. TREM2 protects against cerebral ischemia/reperfusion injury. Mol Brain. 2017;10(1):20.
11. Mittal A, Sharma R, Sardana S, Goyal PK, Piplani M, Pandey A. A Systematic Review of updated mechanistic insights towards Alzheimer’s
disease. CNS Neurol Disord Drug Targets. 2022. https://doi.org/10.2174/
1871527321666220510144127 (published online ahead of print,
2022 May 10).
12. Hu Y, Li C, Wang X, Chen W, Qian Y, Dai X. TREM2, driving the microglial
polarization, has a TLR4 sensitivity profile after subarachnoid hemorrhage. Front Cell Dev Biol. 2021;9: 693342.
13. Cao C, Ding J, Cao D, et al. TREM2 modulates neuroinflammation with
elevated IRAK3 expression and plays a neuroprotective role after experimental SAH in rats. Neurobiol Dis. 2022;171: 105809.
14. 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(6):4065–73.
15. Weiss G, Lai C, Fife ME, et al. Reversal of TREM-1 ectodomain shedding
and improved bacterial clearance by intranasal metalloproteinase
inhibitors. Mucosal Immunol. 2017;10(4):1021–30.
16. Gingras M-C, Lapillonne H, Margolin JF. TREM-1, MDL-1, and DAP12
expression is associated with a mature stage of myeloid development.
Mol Immunol. 2002;38(11):817–24.
17. Baruah S, Keck K, Vrenios M, Pope MR, Pearl M, Doerschug K, et al.
Identification of a novel splice variant isoform of TREM-1 in human
neutrophil granules. J Immunol. 2015;195(12):5725–31.
18. Billadeau DD, Leibson PJ. ITAMs versus ITIMs: striking a balance during
cell regulation. J Clin Invest. 2002;109(2):161–8.
19. Aoki N, Kimura S, Xing Z. Role of DAP12 in innate and adaptive immune
responses. Curr Pharm Des. 2003;9(1):7–10.
20. Tessarz AS, Weiler S, Zanzinger K, Angelisová P, Horejsí V, Cerwenka A.
Non-T cell activation linker (NTAL) negatively regulates TREM-1/DAP12induced inflammatory cytokine production in myeloid cells. J Immunol.
2007;178(4):1991–9.
21. 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(49):32934–42.

Zhang et al. Molecular Brain

(2022) 15:84

22. Radsak MP, Salih HR, Rammensee H-G, Schild H. Triggering receptor
expressed on myeloid cells-1 in neutrophil inflammatory responses:
differential regulation of activation and survival. J Immunol.
2004;172(8):4956–63.
23. Bouchon A, Facchetti F, Weigand MA, Colonna M. TREM-1 amplifies inflammation and is a crucial mediator of septic shock. Nature.
2001;410(6832):1103–7.
24. Fortin CF, Lesur O, Fulop T Jr. Effects of TREM-1 activation in human
neutrophils: activation of signaling pathways, recruitment into lipid
rafts and association with TLR4. Int Immunol. 2007;19(1):41–50.
25. Zheng H, Heiderscheidt CA, Joo M, Gao X, Knezevic N, Mehta D,
et al. MYD88-dependent and-independent activation of TREM-1 via
specific TLR ligands. Eur J Immunol. 2010;40(1):162–71.
26. Nguyen TT, Yoon HK, Kim YT, Choi YH, Lee W-K, Jin M. TryptophanyltRNA synthetase 1 signals activate TREM-1 via TLR2 and TLR4. Biomolecules. 2020;10(9):1283.
27. 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(6):L1377–84.
28. Wang X, Luo B, Lu Y, Pang D, Zheng J, Mo J, et al. The triggering
receptor expressed by myeloid cells-1 activates TLR4-MyD88-NF-κBdependent signaling to aggravate ventilation-induced lung inflammation and injury in mice. Cell Tissue Res. 2018;374(1):137–48.
29. Hu L, Du Z, Zhao G, Jiang N, Lin J, Wang Q, et al. Role of TREM-1 in
response to Aspergillus fumigatus infection in corneal epithelial cells.
Int Immunopharmacol. 2014;23(1):288–93.
30. Netea MG, Azam T, Ferwerda G, Girardin SE, Kim SH, Dinarello CA.
Triggering receptor expressed on myeloid cells-1 (TREM-1) amplifies
the signals induced by the NACHT-LRR (NLR) pattern recognition
receptors. J Leukoc Biol. 2006;80(6):1454–61.
31. Rigo I, McMahon L, Dhawan P, Christakos S, Yim S, Ryan LK, et al.
Induction of triggering receptor expressed on myeloid cells (TREM-1)
in airway epithelial cells by 1, 25 (OH) 2 vitamin D
 3. Innate Immun.
2012;18(2):250–7.
32. Schmausser B, Endrich S, Beier D, Moran A, Burek C, Rosenwald A,
et al. Triggering receptor expressed on myeloid cells-1 (TREM-1)
expression on gastric epithelium: implication for a role of TREM-1 in
Helicobacter pylori infection. Clin Exp Immunol. 2008;152(1):88–94.
33. Chen LC, Laskin JD, Gordon MK, Laskin DL. Regulation of TREM
expression in hepatic macrophages and endothelial cells during
acute endotoxemia. Exp Mol Pathol. 2008;84(2):145–55.
34. Wu J, Li J, Salcedo R, Mivechi NF, Trinchieri G, Horuzsko A. The
proinflammatory myeloid cell receptor TREM-1 controls kupffer cell
activation and development of hepatocellular carcinomaTREM-1
is required for hepatocellular carcinoma development. Cancer Res.
2012;72(16):3977–86.
35. Liao R, Sun TW, Yi Y, Wu H, Li YW, Wang JX, et al. Expression of TREM-1
in hepatic stellate cells and prognostic value in hepatitis B-related
hepatocellular carcinoma. Cancer Sci. 2012;103(6):984–92.
36. Bosco MC, Pierobon D, Blengio F, Raggi F, Vanni C, Gattorno M, et al.
Hypoxia modulates the gene expression profile of immunoregulatory receptors in human mature dendritic cells: identification
of TREM-1 as a novel hypoxic marker in vitro and in vivo. Blood.
2011;117(9):2625–39.
37. Pierobon D, Bosco MC, Blengio F, Raggi F, Eva A, Filippi M, et al.
Chronic hypoxia reprograms human immature dendritic cells by
inducing a proinflammatory phenotype and TREM-1 expression. Eur J
Immunol. 2013;43(4):949–66.
38. Fang HY, Hughes R, Murdoch C, Coffelt SB, Biswas SK, Harris AL, et al.
Hypoxia-inducible factors 1 and 2 are important transcriptional
effectors in primary macrophages experiencing hypoxia. Blood.
2009;114(4):844–59.
39. Kim TH, Lee B, Kwon E, Choi SJ, Lee YH, Song GG, et al. Regulation of
TREM-1 expression by 1, 25-dihydroxyvitamin D3 in human monocytes/macrophages. Immunol Lett. 2013;154(1–2):80–5.
40. Nguyen AH, Lim VM, Fleegel JP, Hunter WJ, Agrawal DK. Cutaneous
expression of TREM, vitamin D receptor and HMGB1 in vitamin D
deficiency. Int J Clin Exp Pathol. 2016;9(8):8506–12.
41. Lee B, Kwon E, Kim Y, Kim JH, Son SW, Lee JK, et al. 1α, 25-Dihydroxyvitamin D3 upregulates HIF-1 and TREM-1 via mTOR signaling. Immunol
Lett. 2015;163(1):14–21.

Page 13 of 15

42. Murakami Y, Kohsaka H, Kitasato H, Akahoshi T. Lipopolysaccharideinduced up-regulation of triggering receptor expressed on myeloid
cells-1 expression on macrophages is regulated by endogenous prostaglandin E2. J Immunol. 2007;178(2):1144–50.
43. He Y, Yang Q, Wang X, Jia A, Xie W, Zhou J. Inhibition of triggering receptor expressed on myeloid cell-1 alleviates acute gouty inflammation.
Mediators Inflamm. 2019;2019:5647074.
44. Molad Y, Pokroy-Shapira E, Carmon V. CpG-oligodeoxynucleotideinduced TLR9 activation regulates macrophage TREM-1 expression and
shedding. Innate Immun. 2013;19(6):623–30.
45. Syed MA, Joo M, Abbas Z, Rodger D, Christman J, Mehta D, et al. Expression of TREM-1 is inhibited by PGD2 and PGJ2 in macrophages. Exp Cell
Res. 2010;316(19):3140–9.
46. Amatngalim GD, Nijnik A, Hiemstra PS, Hancock RE. Cathelicidin peptide LL-37 modulates TREM-1 expression and inflammatory responses
to microbial compounds. Inflammation. 2011;34(5):412–25.
47. Wang L, Chen Q, Yu Q, Xiao J, Zhao H. TREM-1 aggravates chronic
obstructive pulmonary disease development via activation
NLRP3 inflammasome-mediated pyroptosis. Inflammation Res.
2021;70(9):971–80.
48. Bleharski JR, Kiessler V, Buonsanti C, Sieling PA, Stenger S, Colonna M,
et al. A role for triggering receptor expressed on myeloid cells-1 in host
defense during the early-induced and adaptive phases of the immune
response. J Immunol. 2003;170(7):3812–8.
49. Schenk M, Bouchon A, Birrer S, Colonna M, Mueller C. Macrophages
expressing triggering receptor expressed on myeloid cells-1 are underrepresented in the human intestine. J Immunol. 2005;174(1):517–24.
50. Zeng H, Ornatowska M, Joo MS, Sadikot RT. TREM-1 expression in macrophages is regulated at transcriptional level by NF-kappaB and PU1.
Eur J Immunol. 2007;37(8):2300–8.
51. Owens R, Grabert K, Davies CL, et al. Corrigendum: divergent neuroinflammatory regulation of microglial TREM expression and involvement
of NF-κB. Front Cell Neurosci. 2017;11:256.
52. Hyun J, McMahon RS, Lang AL, et al. HIV and HCV augments inflammatory responses through increased TREM-1 expression and signaling in
Kupffer and Myeloid cells. PLoS Pathog. 2019;15(7): e1007883.
53. Lu L, Liu X, Fu J, Liang J, Hou Y, Dou H. sTREM-1 promotes the phagocytic function of microglia to induce hippocampus damage via the
PI3K-AKT signaling pathway. Sci Rep. 2022;12(1):7047.
54. Jiang T, Zhang Y-D, Gao Q, Zhou J-S, Zhu X-C, Lu H, et al. TREM1
facilitates microglial phagocytosis of amyloid beta. Acta Neuropathol.
2016;132(5):667–83.
55. Siskind S, Brenner M, Wang P. TREM-1 modulation strategies for sepsis.
Front Immunol. 2022;13: 907387.
56. Nishibori M, Wang D, Ousaka D, Wake H. High mobility group box-1 and
blood-brain barrier disruption. Cells. 2020;9(12):2650.
57. Sun Q, Wu W, Hu YC, Li H, Zhang D, Li S, et al. Early release of highmobility group box 1 (HMGB1) from neurons in experimental
subarachnoid hemorrhage in vivo and in vitro. J Neuroinflammation.
2014;11:106.
58. Matz PG, Sundaresan S, Sharp FR, Weinstein PR. Induction of HSP70 in
rat brain following subarachnoid hemorrhage produced by endovascular perforation. J Neurosurg. 1996;85(1):138–45.
59. Lu Q, Liu R, Sherchan P, Ren R, He W, Fang Y, et al. TREM (triggering
receptor expressed on myeloid cells)-1 inhibition attenuates neuroinflammation via PKC (protein kinase C) δ/CARD9 (caspase recruitment
domain family member 9) signaling pathway after intracerebral hemorrhage in mice. Stroke. 2021;52(6):2162–73.
60. Gaikwad S, Puangmalai N, Bittar A, et al. Tau oligomer induced HMGB1
release contributes to cellular senescence and neuropathology
linked to Alzheimer’s disease and frontotemporal dementia. Cell Rep.
2021;36(3): 109419.
61. Fang P, Schachner M, Shen YQ. HMGB1 in development and diseases of
the central nervous system. Mol Neurobiol. 2012;45(3):499–506.
62. Wang B, Huang X, Pan X, et al. Minocycline prevents the depressive-like
behavior through inhibiting the release of HMGB1 from microglia and
neurons. Brain Behav Immun. 2020;88:132–43.
63. Aziz M, Brenner M, Wang P. Extracellular CIRP (eCIRP) and inflammation.
J Leukoc Biol. 2019;106(1):133–46.

Zhang et al. Molecular Brain

(2022) 15:84

64. Qiang X, Yang W, Wu R, Zhou M, Jacob A, Dong W, et al. Cold-inducible
RNA-binding protein (CIRP) triggers inflammatory responses in hemorrhagic shock and sepsis. Nat Med. 2013;19(11):1489–95.
65. Ode Y, Aziz M, Wang P. CIRP increases ICAM-1+ phenotype of neutrophils exhibiting elevated iNOS and NETs in sepsis. J Leukoc Biol.
2018;103(4):693–707.
66. Denning NL, Aziz M, Murao A, Gurien SD, Ochani M, Prince JM, et al.
Extracellular CIRP as an endogenous TREM-1 ligand to fuel inflammation in sepsis. JCI Insight. 2020;5(5): e134172.
67. Borjas T, Jacob A, Yen H, Patel V, Coppa GF, Aziz M, et al. Inhibition of the
interaction of TREM-1 and eCIRP attenuates inflammation and improves
survival in hepatic ischemia/reperfusion. Shock. 2022;57(2):246–55.
68. Sharma A, Brenner M, Jacob A, Marambaud P, Wang P. Extracellular CIRP
activates the IL-6Rα/STAT3/Cdk5 pathway in neurons. Mol Neurobiol.
2021;58(8):3628–40.
69. Zhou M, Yang WL, Ji Y, Qiang X, Wang P. Cold-inducible RNA-binding
protein mediates neuroinflammation in cerebral ischemia. Biochim
Biophys Acta. 2014;1840(7):2253–61.
70. Rajayer SR, Jacob A, Yang WL, Zhou M, Chaung W, Wang P. Cold-inducible RNA-binding protein is an important mediator of alcohol-induced
brain inflammation. PLoS ONE. 2013;8(11): e79430.
71. Wu L, Sun HL, Gao Y, et al. Therapeutic hypothermia enhances
cold-inducible RNA-binding protein expression and inhibits mitochondrial apoptosis in a rat model of cardiac arrest. Mol Neurobiol.
2017;54(4):2697–705.
72. Sharapova TN, Romanova EA, Ivanova OK, Sashchenko LP, Yashin DV.
Cytokines TNFα, IFNγ and IL-2 are responsible for signal transmission
from the innate immunity protein Tag7 (PGLYRP1) to cytotoxic effector
lymphocytes. Cells. 2020;9(12):2602.
73. Sharapova TN, Romanova EA, Ivanova OK, Yashin DV, Sashchenko LP.
Hsp70 interacts with the TREM-1 receptor expressed on monocytes
and thereby stimulates generation of cytotoxic lymphocytes active
against MHC-negative tumor cells. Int J Mol Sci. 2021;22(13):6889.
74. El Mezayen R, El Gazzar M, Seeds MC, McCall CE, Dreskin SC, Nicolls MR.
Endogenous signals released from necrotic cells augment inflammatory responses to bacterial endotoxin. Immunol Lett. 2007;111(1):36–44.
75. Zatsepina OG, Evgen’ev MB, Garbuz DG. Role of a heat shock transcription factor and the major heat shock protein Hsp70 in memory formation and neuroprotection. Cells. 2021;10(7):1638.
76. Yi H, Huang G, Zhang K, Liu S, Xu W. HSP70 protects rats and hippocampal neurons from central nervous system oxygen toxicity by suppression of NO production and NF-κB activation. Exp Biol Med (Maywood).
2018;243(9):770–9.
77. Xu B, Wang J, Liu S, Liu H, Zhang X, Shi J, et al. HSP70 alleviates spinal
cord injury by activating the NF-kB pathway. J Musculoskelet Neuronal
Interact. 2021;21(4):542–9.
78. Read CB, Kuijper JL, Hjorth SA, Heipel MD, Tang X, Fleetwood AJ, et al.
Cutting edge: identification of neutrophil PGLYRP1 as a ligand for
TREM-1. J Immunol. 2015;194(4):1417–21.
79. Bosco MC, Raggi F, Varesio L. Therapeutic potential of targeting
TREM-1 in inflammatory diseases and cancer. Curr Pharm Des.
2016;22(41):6209–33.
80. Haselmayer P, Grosse-Hovest L, von Landenberg P, Schild H, Radsak MP.
TREM-1 ligand expression on platelets enhances neutrophil activation.
Blood. 2007;110(3):1029–35.
81. Fu L, Han L, Xie C, Li W, Lin L, Pan S, et al. Identification of extracellular
actin as a ligand for triggering receptor expressed on myeloid cells-1
signaling. Front Immunol. 2017;8:917.
82. Yang J, Zhao Y, Zhang L, Fan H, Qi C, Zhang K, et al. RIPK3/MLKLmediated neuronal necroptosis modulates the M1/M2 polarization
of microglia/macrophages in the ischemic cortex. Cereb Cortex.
2018;28(7):2622–35.
83. Backes FN, de Souza A, Bianchin MM. Biomarkers in the prognostic
evaluation of ischemic stroke: Is there benefit in the measurements of
TREM-1 and TREM-2 in the acute phase? Clin Biochem. 2021;98:10–6.
84. Liang YB, Song PP, Zhu YH, Xu JM, Zhu PZ, Liu RR, et al. TREM-1-targeting
LP17 attenuates cerebral ischemia-induced neuronal injury by inhibiting oxidative stress and pyroptosis. Biochem Biophys Res Commun.
2020;529(3):554–61.

Page 14 of 15

85. Xu P, Zhang X, Liu Q, Xie Y, Shi X, Chen J, et al. Microglial TREM-1 receptor mediates neuroinflammatory injury via interaction with SYK in
experimental ischemic stroke. Cell Death Dis. 2019;10:555.
86. Liu Q, Johnson EM, Lam RK, Wang Q, Bo Ye H, Wilson EN, et al. Peripheral
TREM1 responses to brain and intestinal immunogens amplify stroke
severity. Nat Immunol. 2019;20(8):1023–34.
87. Stanley D, Mason LJ, Mackin KE, Srikhanta YN, Lyras D, Prakash MD, et al.
Translocation and dissemination of commensal bacteria in post-stroke
infection. Nat Med. 2016;22(11):1277–84.
88. Crapser J, Ritzel R, Verma R, Venna VR, Liu F, Chauhan A, et al. Ischemic
stroke induces gut permeability and enhances bacterial translocation
leading to sepsis in aged mice. Aging (Albany NY). 2016;8(5):1049–63.
89. Pedroso VS, Vieira ÉL, de Miranda AS, Venna VR, McCullough LD, Teixeira
AL. Early post-stroke depressive symptoms are associated with low
peripheral levels of soluble triggering receptor expressed on myeloid
cells-1 (sTREM-1) and glial cell-derived neurotrophic factor (GDNF). Curr
Neurovasc Res. 2020;17(4):495–501.
90. Dhar R, Diringer MN. The burden of the systemic inflammatory
response predicts vasospasm and outcome after subarachnoid hemorrhage. Neurocrit Care. 2008;8(3):404–12.
91. Lucke-Wold BP, Logsdon AF, Manoranjan B, Turner RC, McConnell E,
Vates GE, et al. Aneurysmal subarachnoid hemorrhage and neuroinflammation: a comprehensive review. Int J Mol Sci. 2016;17(4):497.
92. Sun XG, Ma Q, Jing G, Wang L, Hao XD, Wang GQ. Early elevated levels
of soluble triggering receptor expressed on myeloid cells-1 in subarachnoid hemorrhage patients. Neurol Sci. 2017;38(5):873–7.
93. Sun XG, Ma Q, Jing G, Wang GQ, Hao XD, Wang L. Increased levels of
soluble triggering receptor expressed on myeloid cells-1 in cerebrospinal fluid of subarachnoid hemorrhage patients. J Clin Neurosci.
2017;35:139–43.
94. Sun XG, Zhang MM, Liu SY, Chu XH, Xue GQ, Zhang BC, et al. Role of
TREM-1 in the development of early brain injury after subarachnoid
hemorrhage. Exp Neurol. 2021;341: 113692.
95. Wu X, Zeng H, Xu C, Chen H, Fan L, Zhou H, et al. TREM1 regulates
neuroinflammatory injury by modulate proinflammatory subtype transition of microglia and formation of neutrophil extracellular traps via
interaction with SYK in experimental subarachnoid hemorrhage. Front
Immunol. 2021;12: 766178.
96. Provencio JJ, Swank V, Lu H, Brunet S, Baltan S, Khapre RV, et al. Neutrophil depletion after subarachnoid hemorrhage improves memory via
NMDA receptors. Brain Behav Immun. 2016;54:233–42.
97. Zeng H, Fu X, Cai J, et al. Neutrophil extracellular traps may be a potential target for treating early brain injury in subarachnoid hemorrhage.
Transl Stroke Res. 2022;13(1):112–31.
98. Hanhai Z, Bin Q, Shengjun Z, et al. Neutrophil extracellular traps,
released from neutrophil, promote microglia inflammation and contribute to poor outcome in subarachnoid hemorrhage. Aging (Albany NY).
2021;13(9):13108–23.
99. Sun XG, Duan HL, Jing G, Wang GQ, Hou YZ, Zhang MM. Inhibition of
TREM-1 attenuates early brain injury after subarachnoid hemorrhage
via downregulation of p38MAPK/MMP-9 and preservation of ZO-1.
Neuroscience. 2019;406:369–75.
100. Xu P, Hong Y, Xie Y, Yuan K, Li J, Sun R, et al. TREM-1 exacerbates neuroinflammatory injury via NLRP3 inflammasome-mediated pyroptosis in experimental subarachnoid hemorrhage. Transl Stroke Res.
2021;12(4):643–59.
101. Zhang Z, Zhang Z, Lu H, Yang Q, Wu H, Wang J. Microglial polarization and inflammatory mediators after intracerebral hemorrhage. Mol
Neurobiol. 2017;54(3):1874–86.
102. Tschoe C, Bushnell CD, Duncan PW, Alexander-Miller MA, Wolfe SQ.
Neuroinflammation after intracerebral hemorrhage and potential
therapeutic targets. J Stroke. 2020;22(1):29–46.
103. Zhang W, Zhao W, Ge C, Li X, Sun Z. Scopoletin attenuates intracerebral
hemorrhage-induced brain injury and improves neurological performance in rats. NeuroImmunoModulation. 2021;28(2):74–81.
104. Gu Y, Deng X, Liang C, Chen Y, Lei H, Zhang Q. Soluble triggering receptor expressed on myeloid cells-1 as a serum biomarker of early neurologic deterioration and prognosis in acute supratentorial intracerebral
hemorrhage. Clin Chim Acta. 2021;523:290–6.
105. Durocher M, Knepp B, Yee A, Jickling G, Rodriguez F, Ng K, et al.
Molecular correlates of hemorrhage and edema volumes following

Zhang et al. Molecular Brain

106.
107.
108.
109.
110.
111.
112.

113.
114.
115.
116.
117.
118.
119.
120.
121.
122.

123.

124.

125.

126.

(2022) 15:84

human intracerebral hemorrhage implicate inflammation, autophagy,
mRNA splicing, and T cell receptor signaling. Transl Stroke Res.
2021;12(5):754–77.
Tysnes OB, Storstein A. Epidemiology of Parkinson’s disease. J Neural
Transm. 2017;124(8):901–5.
Qi S, Yin P, Wang L, Qu M, Kan GL, Zhang H, et al. Prevalence of
Parkinson’s disease: a community-based study in China. Mov Disord.
2021;36(12):2940–4.
Nichols MR, St-Pierre MK, Wendeln AC, et al. Inflammatory mechanisms
in neurodegeneration. J Neurochem. 2019;149(5):562–81.
Muzio L, Viotti A, Martino G. Microglia in neuroinflammation and neurodegeneration: from understanding to therapy. Front Neurosci. 2021;15:
742065.
Feng CW, Chen NF, Sung CS, Kuo HM, Yang SN, Chen CL, et al.
Therapeutic effect of modulating TREM-1 via anti-inflammation and
autophagy in Parkinson’s disease. Front Neurosci. 2019;13:769.
Sao T, Yoshino Y, Yamazaki K, Ozaki Y, Mori Y, Ochi S, et al. TREM1 mRNA
expression in leukocytes and cognitive function in Japanese patients
with Alzheimer’s disease. J Alzheimers Dis. 2018;64(4):1275–84.
Jiang T, Gong PY, Tan MS, Xue X, Huang S, Zhou JS, et al. Soluble TREM1
concentrations are increased and positively correlated with total tau
levels in the plasma of patients with Alzheimer’s disease. Aging Clin Exp
Res. 2019;31(12):1801–5.
Liu YS, Yan WJ, Tan C-C, Li JQ, Xu W, Cao XP, et al. Common variant in
TREM1 influencing brain amyloid deposition in mild cognitive impairment and Alzheimer’s disease. Neurotox Res. 2020;37(3):661–8.
Newcombe EA, Camats-Perna J, Silva ML, Valmas N, Huat TJ, Medeiros
R. Inflammation: the link between comorbidities, genetics, and Alzheimer’s disease. J Neuroinflammation. 2018;15(1):276.
McGeer PL, Rogers J, McGeer EG. Inflammation, antiinflammatory
agents, and alzheimer’s disease: the last 22 years. J Alzheimers Dis.
2016;54(3):853–7.
Shafiei SS, Guerrero-Muñoz MJ, Castillo-Carranza DL. Tau Oligomers:
Cytotoxicity, Propagation, and Mitochondrial Damage. Front Aging
Neurosci. 2017;9:83.
Bussian TJ, Aziz A, Meyer CF, Swenson BL, van Deursen JM, Baker DJ.
Clearance of senescent glial cells prevents tau-dependent pathology
and cognitive decline. Nature. 2018;562(7728):578–82.
Basisty N, Kale A, Jeon OH, et al. A proteomic atlas of senescenceassociated secretomes for aging biomarker development. PLoS Biol.
2020;18(1): e3000599.
Nilson AN, English KC, Gerson JE, et al. Tau oligomers associate with
inflammation in the brain and retina of tauopathy mice and in neurodegenerative diseases. J Alzheimers Dis. 2017;55(3):1083–99.
Davalos AR, Kawahara M, Malhotra GK, et al. p53-dependent release of
Alarmin HMGB1 is a central mediator of senescent phenotypes. J Cell
Biol. 2013;201(4):613–29.
Kim DE, Davalos AR. Alarmin detection in senescent cells. Methods Mol
Biol. 2019;1896:71–81.
Kluckova K, Kozak J, Szaboova K, Rychly B, Svajdler M, Suchankova M,
et al. TREM-1 and TREM-2 expression on blood monocytes could help
predict survival in high-grade glioma patients. Mediators Inflammation.
2020;2020:1798147.
Liu YJ, Shao LH, Zhang J, Fu SJ, Wang G, Chen FZ, et al. The combination of decoy receptor 3 and soluble triggering receptor expressed on
myeloid cells-1 for the diagnosis of nosocomial bacterial meningitis.
Ann Clin Microbiol Antimicrob. 2015;14:17.
Determann RM, Weisfelt M, de Gans J, van der Ende A, Schultz MJ,
van de Beek D. Soluble triggering receptor expressed on myeloid
cells 1: a biomarker for bacterial meningitis. Intensive Care Med.
2006;32(8):1243–7.
Bishara J, Hadari N, Shalita-Chesner M, Samra Z, Ofir O, Paul M, et al.
Soluble triggering receptor expressed on myeloid cells-1 for distinguishing bacterial from aseptic meningitis in adults. Eur J Clin Microbiol
Infect Dis. 2007;26(9):647–50.
Gordón Sahuquillo M, Ramírez Galleymore P, Soriano Viladomiu
A, Palomo M, López Ferraz C, Villarreal E, et al. Diagnosing external
ventricular drain-related ventriculitis by means of local inflammatory
response: soluble triggering receptor expressed on myeloid cells-1. Crit
Care. 2014;18(5):567.

Page 15 of 15

127. Li Z, Wu F, Xu D, Zhi Z, Xu G. Inhibition of TREM1 reduces inflammation
and oxidative stress after spinal cord injury (SCI) associated with HO-1
expressions. Biomed Pharmacother. 2019;109:2014–21.
128. Shi W, Sun Y, Wang J, Tang Y, Zhou S, Xu Z, et al. Trem1 mediates
neuronal apoptosis via interaction with SYK after spinal cord ischemiareperfusion injury. Am J Transl Res. 2021;13(6):6117–25.
129. DiSabato DJ, Nemeth DP, Liu X, Witcher KG, O’Neil SM, Oliver B, et al.
Interleukin-1 receptor on hippocampal neurons drives social withdrawal and cognitive deficits after chronic social stress. Mol Psychiatry.
2021;26(9):4770–82.
130. François B, Wittebole X, Ferrer R, Mira J-P, Dugernier T, Gibot S, et al.
Nangibotide in patients with septic shock: a Phase 2a randomized
controlled clinical trial. Intensive Care Med. 2020;46(7):1425–37.
131. Francois B, Lambden S, Gibot S, Derive M, Olivier A, Cuvier V, et al.
Rationale and protocol for the efficacy, safety and tolerability of nangibotide in patients with septic shock (ASTONISH) phase IIb randomised
controlled trial. BMJ Open. 2021;11(7): e042921.
132. Sigalov AB. A novel ligand-independent peptide inhibitor of TREM-1
suppresses tumor growth in human lung cancer xenografts and prolongs survival of mice with lipopolysaccharide-induced septic shock.
Int Immunopharmacol. 2014;21(1):208–19.
133. Shen ZT, Sigalov AB. Rationally designed ligand-independent peptide
inhibitors of TREM-1 ameliorate collagen-induced arthritis. J Cell Mol
Med. 2017;21(10):2524–34.
134. Tornai D, Furi I, Shen ZT, Sigalov AB, Coban S, Szabo G. Inhibition of triggering receptor expressed on myeloid cells 1 ameliorates inflammation
and macrophage and neutrophil activation in alcoholic liver disease in
mice. Hepatol Commun. 2019;3(1):99–115.
135. Gallop D, Scanlon KM, Ardanuy J, Sigalov AB, Carbonetti NH, Skerry C.
Triggering receptor expressed on myeloid cells-1 (TREM-1) contributes to bordetella pertussis inflammatory pathology. Infect Immun.
2021;89(10): e0012621.
136. Shen ZT, Sigalov AB. Novel TREM-1 inhibitors attenuate tumor growth
and prolong survival in experimental pancreatic cancer. Mol Pharmaceutics. 2017;14(12):4572–82.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

