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Triggering receptors expressed on myeloid cells (TREMs) encompass
afamily of cell-surface receptors chiefly expressed by granulocytes,
monocytes and tissue macrophages. These receptors have been
implicated ininflammation, neurodegenerative diseases, bone
remodelling, metabolic syndrome, atherosclerosis and cancer. Here,
Ireview the structure, ligands, signalling modes and functions of
TREMs in humans and mice and discuss the challenges that remainin
understanding TREM biology.
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Introduction

Myeloid lineage cells have crucial functions in immune responses as
well as in the development, homeostasis and remodelling of all tis-
sues; they recognize soluble mediators in the tissue microenviron-
ment and surface ligands expressed on neighbouring cells through
multiple receptors. Pattern recognition receptors, such as Toll-like
receptors (TLRs), NOD-like receptors and scavenger receptors, signal
the presence of molecular patterns that portend microbial invasion
or tissue damage. Other receptors perceive the state of the organism
and help to set thresholds for cellular responses to each molecular
pattern encountered, ultimately controlling the amplitude and dura-
tion of the response. By integrating the responses of all receptors,
myeloid cells can generate a carefully graded response to a specific
set of conditions.

Triggering receptors expressed on myeloid cells (TREMs) are a
family of cell-surface receptors expressed broadly on myeloid cells.
The first TREM identified, TREMI, was characterized as an amplifier
of theimmune response that potentiates granulocyte and monocyte
responses to microbial products’. The TREM family has since been
extended to include proteins expressed on granulocytes, monocytes
and tissue macrophages, as well as on macrophage and dendritic cell
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Fig.1| General structure of the TREM molecules. A three-dimensional model
ofthe structure of the triggering receptors expressed on myeloid cells (TREMs),
based on the three-dimensional TREM2 structure predicted by AlphaFold*”.

The extracellular region of the TREMs consists of an IgV fold on along stalk. The
N terminus leader sequence and the C terminus transmembrane and cytoplasmic
domains are also depicted.

(DC) lines. Generally, TREMs appear to function primarily as modula-
torsthat define the threshold and duration of myeloid cell responses.
TREMs have been found to have both positive and negative functionsin
regulating the activation and differentiation of myeloid cells and have
beenimplicated in multiple conditions and diseases.

In this Review, I detail the genomic organization, structure and
signalling mechanisms of TREMs, and extensively discuss the func-
tions of TREM1and TREM2, which are the best-characterized TREMs.
Ibriefly review our knowledge of other, less-investigated TREM family
members. Finally, | summarize the challenges that remain in under-
standing TREM biology and harnessing our knowledge for therapeutic
intervention in human diseases.

The TREM family of receptors

TREMs are evolutionary conserved

TREMs encompass a family of related immunoglobulin superfamily
cell-surfacereceptors withasingle extracellular V-type immunoglobulin
domainthatsitsonastalkin the extracellular region (Fig.1). Human and
mouse TREMs are encoded by gene clusters on human chromosome
6p21.1and mouse chromosome 17C, respectively (Fig. 2). The human
cluster includes NCR2 (encoding NKp44), TREMI1, TREML4 (encoding
TREM-like4), TREML2, TREM2 and TREMLI.The mouse cluster includes
TremS, Trem4, Treml, Trem3, Treml4, Treml2, Treml6, Trem2 and Treml1
(geneorder from centromereto telomere). TREMs are conserved from
teleost fish to humans®*. However, their numbers and signalling motifs
vary across species (Fig. 2), suggesting that TREMs evolved through
duplication, followed by selection of variants by yet unknown factors,
perhaps including infectious agents. The closest relatives of TREMs
include the CD300 family members (also known as CMRF or IREM
receptorsinhumans®®and CLMreceptorsin mice’) and the polymeric
immunoglobulin receptor. Other structurally related but evolution-
ary distant receptors include VISTA and TIM3. Part of the TREM gene
cluster, NCR2, encodes the NKp44 receptor and is expressed by natural
killer cells, type 1and type 3 innate lymphoid cells, rather than by mye-
loid cells. The unique biology of the NKp44 receptor is not examined
here, asit has been reviewed elsewhere'.

TREM signalling as part of an integrated network

Most TREMs have a short cytoplasmic domain that lacks obvious sig-
nalling motifs. However, a positively charged amino acid present in
the transmembrane domain enables pairing with one or more trans-
membrane adapters that contain a negatively charged residue in the
transmembrane domain and a signalling motif in the cytoplasmic
domain. The most prominent adapter is DNAX-activating protein of
12 kDa (DAP12), encoded by TYROBP, which contains a cytoplasmic
immunoreceptor tyrosine-based activation motif (ITAM)" (Fig. 3). In
response to TREM receptor ligation, SRCkinases phosphorylate ITAM
tyrosines that forma docking site for the protein tyrosine kinase SYK,
which instigates activation of scaffolding proteins and downstream
signalling molecules. These include phosphatidylinositol 3-kinase
(PI3K), linker for activation of T cells family member 2 (LAT2), phos-
pholipase Cy2, guanine exchange factor VAV family members and the
E3 ubiquitin ligase CBL. PI3K triggers the kinase AKT, which activates
mTOR andinactivates glycogen synthase kinase 33 (GSK33). Activation
ofthe mTOR pathway supports protein synthesis and energy metabo-
lism™. Inactivation of GSK3 stabilizes B-catenin, thereby promoting
cell survival and proliferation®. Phospholipase Cy2 degrades phos-
phatidylinositol 4,5-biphosphate into inositol 1,4,5-triphosphate and
diacylglycerol, whichinduce intracellular Ca** mobilization and NF-kB
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Fig.2 |Human and mouse TREM gene clusters. The triggering receptor
expressed on myeloid cell (TREM) gene clusters are located on human
chromosome 6p21.1and mouse chromosome 17C. Both clusters include genes
encoding TREM1, TREM2, TREML1, TREML2 and TREML4. The human cluster
includes NCR2, which encodes NKp44, areceptor expressed on natural killer
cellsand group 3 innate lymphoid cells. The mouse cluster contains additional
genes encoding TREM3, TREM4, TREMS and TREML6. Genes highlighted
ingreen associate with DNAX-activating protein 12 kDa (DAP12), although

TREM2 also associates with DAP10. TREML6 (gene indicated inred) isabona

fide inhibitory receptor with cytoplasmic immunoreceptor tyrosine-based
inhibitory motifs. TREMLI (gene highlighted in yellow) contains a cytoplasmic
motif similar to animmunoreceptor tyrosine-based inhibitory motif but delivers
activating signals. The signalling properties of TREML2 (gene highlighted
ingrey) remain unknown. Arrows indicate the orientation of the gene.

For additional details, see ref.”.

activation, respectively. VAV family members promote actin cytoskel-
eton rearrangement, whereas CBL acts as a negative regulator; LAT2
isahub for other signalling molecules but has also beenreportedasa
negative signalling regulator™. Although the ITAM signalling pathway
in T cells has been shown to activate transcription factors such as AP-1,
NFAT and NF-kB, which drive gene expression, transcription factors
downstream of the TREM-DAP12 pathway have not been identified, with
the exception of early growth response 2 (EGRF2)", and thus represent
animportant area of future research.

DAP12 signalling intermingles with other signalling pathways.
DAP12 and SYK activation are required for B2 integrin signalling'®"
(Fig. 3). Conversely, DAP12 modulates TLR signalling, particularly
activation of extracellular signal-regulated kinase (ERK)'*' (Fig. 4). One
study demonstrated that the DAP12ITAM binds to the phosphotyrosine-
binding domain of downstream of kinase 3 (DOK3). In turn, DOK3
recruits the adapters GRB2 and SOS1 that are required to initiate ERK
signalling, sequestering them from TLRs?°. DAP12 and DOK3 can also
recruit the inositol phosphatase SHIP1, which can also cross-regulate
intracellular signalling pathways. In addition to DAP12, TREMs can
associate with another transmembrane adapter resembling DAP12,
known as DAP10, encoded by HCST*** (Fig. 3). Like DAP12, DAP10 con-
tainsanegatively charged residue in the transmembrane domain that
enables binding to TREMs. However, DAP10 lacks a canonical cytoplas-
mic ITAM and instead contains a cytoplasmic YXNM motif, similar to
thatidentified in the T cell co-stimulatory molecules CD28 and ICOS.
This motif can directly recruit the p85 subunit of PI3K" and GRB2
(refs.?>?*). Overall, the integration of DAP12 and DAP10 signalling with
other signal transduction pathways creates a network that facilitates
regulation of cellular responses to extracellular stimuli. Of note, TREM-
mediated signals highlighted here and their functional outcomes may
vary depending on theindividual TREM molecule, the cell type in which
TREMs are expressed and the physiological and pathological contexts
inwhich TREM signals occur.

Biology of TREM1

TREMLI: an amplifier of inflammation in pathogenic infections
TREML1 is expressed on neutrophils, monocytes and some tissue macro-
phages, such as alveolar macrophages. Initial studies linked TREM1to
microbial infections: TREM1was found to be upregulated in response
to bacterial lipopolysaccharide (LPS) and other microbial products;
immunohistochemistry revealed strong expressionintheinflammatory

infiltrates of tissues affected by bacterial infections*?°. Of note,
the ligands of TREML1 are still poorly understood (Box 1). Although
antibody-mediated stimulation of TREM1 alone induced modest cel-
lular activation and cytokine secretion, combined stimulation with
anti-TREM1 antibody and ligands of TLRs**® or NOD-like receptors®
resulted in synergistic cytokine secretion, suggesting that TREM1 is
anamplifier of the inflammatory response in the context of microbial
infections. In vivo studies using mouse models of sepsis induced by
LPS, polymicrobial abdominal infection or Pseudomonas aeruginosa
corroborated this function. Modulation of TREM1 signalling in these
models using soluble decoys — for instance, the extracellular domain
of TREM1 fused with IgG-Fc (TREMI-Fc) or the synthetic peptide LP17,
which mimics a highly conserved domain of TREM1 — attenuated
blood levels of inflammatory cytokines and improved survival®**%,
These results were further supported by studies in DAP12-deficient
mice, which found that abrogating DAP12 signalling attenuated the
inflammatory response to septic infection. Together, these studies
suggested that careful modulation of TREM1 signalling may be ben-
eficialininfections and sepsis by attenuating excessive inflammation
without markedly affecting pathogen elimination by neutrophils and
monocytes. However, complete abrogation of TREM1signalling does
impair control of infection, at least in the case of certain pathogens.
P. aeruginosa-induced pneumonia in mice lacking TREM1 was associ-
ated with elevated production of local and systemic cytokines along
with higher mortality than seen in control mice*. TREM1 deficiency
impaired transepithelial migration of neutrophils into the airspace,
preventing neutrophils from reaching the site of infection and killing
bacteria. A follow-up study showed that TREM1 enhances neutrophil
chemotaxis by promoting NOX-dependent superoxide production®.
TREMI-deficient mice were more susceptible to pneumoniainduced by
Streptococcus pneumoniae®, whereas antibody-mediated TREM1activa-
tionimproved host defence®. In mice infected with Kiebsiella pneumo-
niae, TREM1 deficiency enhanced bacterial translocation in the small
intestine, increasing the generation of liver abscesses and mortality™,
whereas the control of infections with Leishmania major, Legionella
pneumoniae and influenza virus was unaffected in TREM1-deficient
mice’. In conclusion, TREM1-mediated amplification of inflammation
may have variable consequences on host defence, ranging from effec-
tive pathogen control to exaggerated and detrimental inflammation,
depending onthe context. These variable effects impact the potential
for therapeutic manipulation of TREML.
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Fig.3| TREM activating signals through DAP12 and DAP10. Engagement of
activating triggering receptors expressed on myeloid cells (TREMs) by specific
ligands triggers phosphorylation of the immunoreceptor tyrosine-based
activation motifs (ITAMs) located in the cytosolic domain of homodimeric
DNAX-activating protein 12 kDa (DAP12) by an SRC kinase family member.

The phosphorylated ITAMs recruit the protein tyrosine kinase SYK, which is

also phosphorylated and activated by the SRC kinase. SYK activates multiple
downstream targets and scaffolds, including phosphatidylinositol 3-kinase
(PI3K) comprising the p110 and p85 subunits (part a), the adapter linker for
activation of T cells family member 2 (LAT2) (parts b,c) and B2 integrins (part d).
Inparta, PI3K activates AKT, which in turn activates mechanistic target of rapamycin
(mTOR) signalling. AKT also phosphorylates glycogen synthase kinase 33
(GSK3B), resulting in GSK3 inactivation, stabilization of B-catenin and cell
cycling. In partb, LAT2 phosphotyrosines form docking sites for phospholipase
Cy2 (PLCy2), which degrades phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P,)

intoinositol 1,4,5-triphosphate (Ins(1,4,5)P;) and diacylglycerol (DAG) to

elicit Ca** mobilization and NF-kB activation, respectively. In partc, LAT2
phosphotyrosines also form docking sites for the adaptors GRB2 and SLP76.
These adaptors initiate the mitogen-activated protein kinase (MAPK) pathway
and recruit guanine exchange factors of the VAV family, which promote
rearrangement of the actin cytoskeleton. In partd, B2 integrins require SYK
signals to acquire an open and active conformation that can bind to ligands.
TREM2 and perhaps other DNAX-activating protein 12 kDa (DAP12)-associated
TREMs also recruit homodimeric DAP10, which contains an YXNM motif that
directly recruits the p85 subunit of PI3K and the adapter GRB2, activating the
pathways highlighted earlier. Of note, signalling pathways presented here

are generalized and may vary depending on the TREM, the cell type inwhich
the receptor is expressed and the physiological or pathological context.
PtdIns(3,4,5)P;, phosphatidylinositol 3,4,5-trisphosphate.

Soluble TREM1 is abiomarker and a potential treatmentin
sepsis

The extracellular portion of TREM1is produced and released as soluble
TREMI1 (sTREMI). Amajor source of sSTREMI1is the translation of a TREM1
mRNA splice variant lacking the sequence encoding the transmem-
brane and cytoplasmic regions of TREMI (refs. ***%). However, proteo-
lytic cleavage of surface-expressed TREM1 by matrix metalloproteases
may also contribute to sSTREM1 production®**°, sTREM1 was detected
invivointhe plasmaof mice challenged with LPS or subjected to poly-
microbial abdominal infection®. Clinical studies reported detection
of sSTREM1in serumand bronchioalveolar lavage fluid of patients with
pneumonia*. sTREM1 in the bronchioalveolar lavage fluid was more
accurate than any other clinical or laboratory finding in predicting
the presence of bacterial or fungal infection. Further studies in sepsis
have corroborated thatincreased sTREMI plasma concentrations cor-
relate with mortality, but are insufficient to predict mortality alone*.
sTREM1was also elevated in the plasma of patients with cystic fibrosis
and correlated with levels of proteases*. Very recently, sTREM1 plasma
concentrations were found to be significantly elevated in patients with
COVID-19 compared with healthy controls**.sTREM1together withIL-6
concentrations was an accurate predictor for intubation, mortality and
oxygenrequirementin patients with COVID-19 in intensive care units®.
In addition to the use of STREM1 as a prognostic biomarker, research

has focused on sTREM1 as a treatment in sepsis. In arecent phase Ila
clinicaltrial, patients with septic shock were treated with nangibotide
(also known as LR12), a12-amino acid peptide that acts as a ligand-
trapping molecule, modulating the TREM1-mediated amplification
ofinflammatory-response*®. The study has demonstrated LR12 safety
and revealed trends towards clinically relevant benefits. A phase IIb
clinicaltrialin patients withseptic shockis currently underway tofurther
explore this effect (NCT04429334, ClinicalTrials.gov).

TREM1 sustains non-infectious inflammation

Beyond infections, TREMI has been implicated in many sterile
inflammatory processes. TREM1 potentiated neutrophil-mediated
inflammationingout, whichisinduced by deposition of monosodium
urate monohydrate crystals®’. Overexpression of the TREM1-Fc decoy in
theliver by adenoviral gene transfer tempered hepatic granulomatous
inflammation elicited by zymosan*®. TREM1 deficiency was beneficial
in a mouse model of chronic liver injury and fibrosis induced by car-
bon tetrachloride administration. In this model, TREM1 was highly
upregulated on Kupffer cells, circulating monocytes and monocyte-
derived macrophages; lack of TREMI1 restricted Kupffer cell activa-
tion, infiltration of inflammatory cells, liver injury and fibrogenesis*.
TREM1 also amplifies inflammatory responses in cardiovascular and
cerebrovascular diseases; TREM1 was expressed in advanced human
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atheromas and myeloid cells infiltrating vascular lesions in mouse
models of dyslipidaemia and atherosclerosis®’. Genetic deletion of
TREMI substantially attenuated diet-induced atherogenesis by mode-
rating pro-atherogenic cytokine production and foamy cell formation
induced by lipids. TREM1 expression was also upregulated inischaemic
myocardium after infarctionin mice and humans®. Genetic deletion of
TREM1 or pharmacological blockade using the LP17 peptide attenuated
myocardialinflammation, neutrophil recruitment, release of CCL2 and,
consequently, monocyte mobilization to the heart, ultimately resulting
inimproved left ventricular function and survival. Moreover, TREM1
induced monocyte recruitment and inflammation in a mouse model
of angiotensin Il-induced abdominal aortic aneurysm*. During stroke,
theinitial cerebralischaemiais followed by secondary injury owing to
immune responses to ischaemicbrain components. TREM1was shown
tobeinduced, notonlyinthebrainbutalsointhe gut, following stroke
and to amplify inflammatory responses to endogenous brain compo-
nents as well as bacterial components derived fromintestinal inflamma-
tionand leakage®™. Overall, these studies suggest that targeting TREM1
may be helpfulinlimiting sterile inflammation, particularly in cardiac
ischaemia and stroke in which this event can be particularly harmful.
Beyond inflammation, a study proposed a role for TREM1 signals in
therepair of kidney tubules after acute kidney injury**, extending the
potential impact of TREM1in human pathology.

TREMLl s a pathogenic factor in autoimmunity

In the setting of non-infectious inflammation, TREM1 has been impli-
cated in autoimmune diseases, such as inflammatory bowel disease,
rheumatoid arthritis, psoriasis, nephritis and systemic lupus erythe-
matosus. Patients with inflammatory bowel disease had more TREM1*
macrophagesinthe gutlamina propria® and higher serum concentra-
tions of STREM1 than did healthy controls, regardless of whether the dis-
easewasactive orinactive’®”. Inmouse models of colitisinduced by T cell
transfer or dextran sulfate sodium, disease, inflammatory infiltrates
and expression of pro-inflammatory cytokines were markedly attenu-
atedin TremI”~ mice®. In comparison to healthy controls, patients with
rheumatoid arthritis had relatively high plasma levels of sSTREM1 that
correlated with disease activity*®. Moreover, TREM1 blockade using
arecombinant adenovirus encoding TREM1-Fc or the LP17 peptide
significantly ameliorated joint inflammation in mice with collagen-
induced arthritis®. Similarly, blockade of TREM1 assuaged a model of
nephritis induced by administration of an anti-glomerular basement
membrane antibody®. Increased expression of TREM1in the skinand
plasmasTREM1 has been reported in psoriasis®; however, TREM1 defi-
ciency had no functionalimpact in models of psoriasiform dermatitis,
contactdermatitis or epidermolysis bullosa®. Finally, although patients
with systemic lupus erythematosus had higher circulating levels of
sTREMI1 than did healthy controls®’, TREM1 deficiency counterintui-
tively promoted autoimmunity in the Fas”” mouse model; in this case,
autoimmunity was associated with enhanced DC production of BAFF®*,
suggesting anovel function of TREM1in modulating BAFF expression
through an as-yet undefined mechanism.

TREMI contributes to cancer inflammation

Myeloid cells infiltrating the tumour microenvironment, such as
tumour-associated macrophages (TAMs) and granulocytes, are key
components of the inflammatory infiltrate of many solid human
tumours that promote angiogenesis, immunosuppression, cancer
progression and resistance to therapy®>*®. Growing evidence suggests
that TREM1" myeloid cells contribute to tumour stromainflammation
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Fig. 4| TREM-modulating signals through DAP12. DNAX-activating
protein12kDa (DAP12) can deliver inhibitory signals that modulate Toll-like
receptor (TLR) signalling. In part a, DAP12 immunoreceptor tyrosine-based
activation motifs (ITAMs) bind the phosphotyrosine-binding domain of
downstream of kinase 3 (DOK3), which in turn recruits the adapters GRB2 and
SOS, subtracting them from TLRs and thereby interfering with the capacity
of TLRs to initiate extracellular signal-regulated kinase (ERK) signalling.

In partb, DAP12 and DOK3 can also recruit the inositol phosphatase SHIPI,
which degrades phosphatidylinositol 3,4,5-trisphosphate (PtdIns(3,4,5)P;)
to phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P,), regulating the
recruitment and activation of intracellular signalling molecules tethered to
the membrane through PtdIns(3,4,5)P;.

and tumour progression. In humans, high levels of TREM1 and/or its
soluble form have been associated with poorer survivalin several solid
malignancies, such as hepatocellular carcinoma® and non-small-cell
lung cancer®®. TREM1 deficiency in the diethylnitrosamine-induced
model of hepatocellular carcinogenesis attenuated Kupffer cell acti-
vation, curbing liver injury and ultimately tumour development®.
In an orthotopic liver cancer model, hypoxia induced TREM1* TAMs,
which caused dysfunction of CD8" T cells, tumour progression and
resistance to checkpoint blockade. In this model, TREM1 signalling
was inhibited with the nonapeptide GF9 that blocks the interaction
of TREM1with DAP12 without affecting ligand binding. This treatment
reversed immunosuppression and resistance to the checkpoint inhibi-
tor anti-PDL1 (ref.”®). The GF9 peptide also attenuated tumour growth
and prolonged survival in amodel of pancreatic cancer”.

Although TREML1 is mainly expressed in granulocytes and macro-
phages, ithasbeenshown that TREMlisinduced intumour-associated
DCs through activation of the nuclear receptors RXR, RAR, LXR and
VDR”. In patients with cancer, TREM1was found in DCs from pleural effu-
sions and ascites, which contain the LXR ligands such as oxysterols and
the RXR ligand such as 9-cis retinoic acid; moreover, in vitro exposure
of monocyte-derived DCs to tumour-conditioned fluids induced the
expression of TREM1 together with LXR and RAR target genes. TREM1
engagement enhanced DCrelease of TNF and IL-1B, suggesting an active
role of TREMI' DCs ininflammation-driven cancer. Accordingly,inbone
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Box 1
TREMI1 ligands

Despite considerable progress in the functional characterization

of triggering receptor expressed on myeloid cells 1 (TREM1), TREM1
ligands remain incompletely defined. Two studies have implicated
peptidoglycan recognition protein 1as a ligand for TREM1, either

as a complex with bacterially derived peptidoglycan®® or as an
N-terminal peptide?'. Another study has shown that TREM1 binds
to the extracellular cold-inducible RNA-binding protein eCIRP, an
endogenous molecule that can be released by damaged tissues®.
Whether these molecules or other ligands activate TREM1 in mice or
in humans is poorly understood. Two independent crystallographic
structures of TREM1 have been solved. In one structure, TREM1
forms a unigue head-to-tail dimer in solution and has two potential
ligand-binding surfaces on the basis of surface conformation and
electrostatic potential®*®. In another structure, TREM1 exists as a
monomer®*. However, no structure of TREM1in a complex with any
of the reported ligands has been solved. Identification of TREMT1
ligands and their molecular interaction with TREM1 is an important
goal for the field.

marrow chimeric mice, B6 mice reconstituted with TremI”~bone mar-
row controlled Lewis lung carcinoma better than B6 mice reconstituted
with wild type bone marrow. Together, these studies suggest that TREM1
may be both a potential biomarker and a therapeutic target in human
oncology. An anti-TREM1 antibody is currently in a phase 1a-1b FIH
study in combination with pembrolizumab in patients with advanced
solid tumours (NCT04682431, ClinicalTrials.gov), with the goal of
reprogramming TAMs towards an immunostimulatory phenotype.

Biology of TREM2
TREM22is alipid-binding receptor
TREM2 is an activating receptor associated with DAP12 and DAP10.
It is expressed by tissue macrophages, both on the cell surface and
inintracellular pools. TREM2" macrophages include microgliain the
central nervous system, osteoclastsin the bone and macrophage sub-
sets in the liver, adipose tissue, skin, gut and tumours. TREM2 binds
to phospholipids and sulfatides’, enabling recognition of apoptotic
cells that expose phospholipids, and lipoproteins such as high-density
lipoprotein and low-density lipoprotein”. Among lipoproteins, much
attention has been focused on high-density lipoprotein containing
apolipoprotein E (APOE)>"®, whichis particularly abundantin the brain.
TREM2 also binds to microbial lipids, such as certain bacterial LPS”
and non-glycosylated mycolic acids of mycobacteria’. The structural
basis for lipid binding remains unclear. An initial characterization of
the TREM2 three-dimensional structure identified cationic and hydro-
phobicregionsin theimmunoglobulindomain of TREM2 that were pre-
dicted to bind to the polar head and the acyl chains of phospholipids,
respectively””. However, another TREM2 three-dimensional structure
together with phosphatidylserine found that TREM2 forms trimers of
dimerswitha phospholipid-binding site of the interface of each dimer®’.
TREM2 has also been reported to bind to proteins with a strong
tendency to aggregate and accumulate in neurodegenerative dis-
eases. TREM2 binds to neurotoxic 3-amyloid (AB) peptides, which

form amyloid plaques in Alzheimer disease (AD)*'"*, As AB binds to
many receptors with various binding affinities, it will be important
to elucidate the structural basis of this interaction and how different
receptors contribute to cellular responses to AP. A recent study also
showed TREM2 binding to TDP-43, a nuclear protein that becomes
mislocalized to the cytoplasm, forminginclusionbodies implicatedin
frontotemporal dementia and amyotrophic lateral sclerosis®*. Whether
TREM2interactsin vivo withneuronalintracellularinclusion requires
furtherinvestigations. Additional TREM2-binding partners have been
reported. One study has proposed that TREM2 binds to galectin-3,
apB-galactoside-bindinglectin broadly expressedin the human body®.
However, it should be noted that galectin-3 binds to numerous sur-
face proteins decorated with glycans. Endogenous TREM2 ligands
have also been hypothesized to exist on astrocytoma cell lines”” and
bone marrow-derived macrophages®, but have never beenidentified.
Finally, TREM2hasbeen proposedtoformacomplexinciswith plexin-Al,
which binds to semaphorin 6D for axon guidance, bone remodelling
and cardiac morphogenesis. In these circumstances, TREM2 may func-
tion as a co-receptor for plexin-Al (ref. ¥). Overall, the TREM2-lipid
interactionis quite established, whereas other interactions may require
more substantial validation through structural and functional studies.

TREM2 impacts microglia and osteoclast functions

TREM2 was originally identified and characterized in vitro in human
DCs generated from blood monocytes cultured in vitro with GM-CSF
and IL-4 (ref. ®) and a mouse macrophage cell line®’. The first insights
into the function of TREM2in natura came fromstudies of arare disease
known as Nasu-Hakoladisease (NHD). NHD is an autosomal recessive
disorder that causesjoint swellingand recurring bone fractures during
adolescence, followed by an early-onset frontal-type dementia that
ultimately causes death before the fifth decade®. Pathological features
include multiple bone cysts and a sclerosing leukoencephalopathy
characterized by substantial loss of myelin and gliosis. Genetic studies
have shown that NHD is caused by homozygous loss-of-function muta-
tions in either TYROBP (encoding DAP12) or TREM2 genes’?. Similar
TREM2 mutations can also cause frontotemporal dementia with no
bone pathology®***. These studies suggested an essential function
of TREM2 in osteoclasts and microglia, the macrophages of the bone
and brain, respectively.

Accordingly, invitro studies have shown that monocytesand bone
marrow cells derived from patients with NHD or TREM2-deficient or
DAP12-deficient mice were unable to generate multinucleated osteo-
clasts that resorb bone™ . Manipulation of TREM2 expression also
affected multiple functions of cultured microglia: TREM2 overex-
pression enhanced chemokine receptor expression, cell migration
and phagocytosis; conversely, attenuation of endogenous TREM2
expression hindered phagocytosis of apoptotic cells but augmented
transcription of inflammatory cytokines'*’. However, these in vitro
studies have provided limited insight into how TREM2 impacts such
awiderange of macrophage functions. Moreover, mice lacking either
TREM2 or DAP12 did not reproduce the strong clinical features of NHD.
DAP12-deficientand TREM2-deficient mice showed low-to-mild osteo-
petrosisinvivorather than developing the bone cysts seenin patients
with NHD?”81%! In addition, neuropathology in DAP12-deficient and
TREM2-deficient mice was much milder than in NHD sclerosing leu-
koencephalopathy: only moderate myelin reduction in certain brain
regions and slight impairment of neuronal synapse functions and
behaviour were observed’”’®. Why mouse models do not recapitulate
NHD pathology remains unclear.
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Microgliarequire TREM2 to restrain Alzheimer disease
pathology

In 2013, heterozygous hypomorphic variants of TREM2, chiefly
TREM2**" have been found to increase risk for developing AD'%*'%,
Thus, the TREM2-DAP12 pathway and its impact in microglia biology
gained much broader attention. AD is the leading cause of late-onset
dementia among the elderly, affecting millions of individuals world-
wide'®*. The pathology of AD is quite different from that of NHD: it
initiates with the formation of brain extracellular aggregates of AP pep-
tides. Ap deposits elicit hyperphosphorylation of neuronal tau, which
formsintracellular cytotoxic aggregates that cause neuron and synaptic
loss, ultimately leading to cognitive impairment. Familial early-onset
AD s linked to gene variants that facilitate the processing of amyloid
precursor protein into AB'”. However, the risk of sporadic late-onset
AD is associated with multiple gene variants, among which TREM2""
and others have pinpointed the involvement of genes expressed in
microglia. The AD-associated TREM2*" variant is unable to effectively
bind to phospholipid ligands” 7. The structural basis of impaired
ligand recognition is unclear. In one structural study of TREM2, R47H
and other AD-associated variants, such as R62H, affected the cationic
surface predicted to bind to the polar head of phospholipids”. How-
ever, another structure of TREM2**"indicated that the R47H mutation
may induce conformational changes that indirectly affect a distinct
phospholipid-binding site generated by TREM2 oligomerization®.
Studies involving mouse models of Af accumulation and in patients
with AD have demonstrated that the hypofunctional TREM2*** vari-
ant impairs the ability of microglia to encase AP plaques, facilitating
spreading and neurotoxicity of A plaques as well as progression of
AD'%'%7_ A similar phenotype was observed in AD models in mice that
lacked TREM2 (refs.”>19%1°%) or that were grafted with human microglia
lacking TREM2 (ref."'). Conversely, overexpression of TREM2 protected
from Ap pathology™.

Characterization of the microglial transcriptome in TREM2-
deficient mice during accumulation of Ap plaques demonstrated that
TREM2isrequired to sustain microgliaacquisition of an AB-responsive
programme widely known as disease-associated microglia'®”">"3,
This programme entails the expression of TREM2, integrins (Cd1Ic),
pro-inflammatory chemokines (Ccl4), extracellular matrix proteins
(SppI) and genes directing lipid metabolism (Lpl), cholesterol efflux
(ApoE) and lysosomal function (Ctsb, Ctsd and Cts7) (Table1). In paral-
lel with disease-associated microglia, Ap induces additional distinct
microglial responses delineated by an interferon-response profile,
MHC class Il expression'* and proliferation, all of which are also
TREM2-dependent™",

Why does the microglial response to A require TREM2? The ability
ofthe TREM2-DAP12-SYK complex to elicit PI3K-AKT signalling is cru-
cial. Inturn, AKT activates the mTOR signalling pathway, which sustains
synthesis of proteins and production of energy that microgliarequire
to cope with and respond to A accumulation'>*’. Moreover, AKT phos-
phorylates and inactivates GSK3[, enabling 3-catenin-induced pro-
liferation of microglia**'”. Finally, AKT supports cell survival. These
studies provide a unifying mechanism for the wide-ranging microglial
functions that have been attributed to TREM2, including phagocy-
tosis, migration, cytokine secretion, as well as lipid and cholesterol
metabolism",

Oneoutstanding question is what binds to and stimulates TREM2
in AD. TREM2binds to phospholipids and sulfatides; hence, apoptotic
cells, lipidated APOE and myelin debris are all potential candidates. In
addition, TREM2 can bind to A, stimulating intracellular activating

signals and A3 phagocytosis. A few reports have suggested that TREM2
may also recognize non-lipidated APOE", which is a component of
AR plaques that enhances their compactness'. In turn, TREM2-
activated microglia produce APOE'?"2' which binds to plaques,
generating an autocrine circuit that sustains the microglial response
to AB plaques' %, Supporting this notion, in APOE-deficient mice,
microgliafail to cluster around amyloid plaques, resulting in reduced
AP plaque compactionandincreased neurite dystrophy as observedin
TREM2-deficient mice'**. However, it should be noted that APOE has a
complex functioninlipid metabolism that mayimpact AD pathogenesis
independently of TREM2 activation. Moreover, APOE is encoded by
three polymorphicalleles, APOE2, APOE3 and APOE4, among which the
APOE4alleleincreases the risk of AD compared with the most prevalent
APOE3allele, whereas the APOE2 allele reduces risk'”. Whether TREM2
bindsto all APOE isoforms with similar affinity”>’° or has higher affinity
for APOE4 (ref. ''°) is unclear. Thus, future studies should determine
whether the interaction with TREM2 contributes to the known effect
of APOE4 on disease risk.

Although TREM2 supports the microglial response to A plaques,
theimpact of TREM2inregulating intracellular tau pathology in mouse
models is amatter of debate. Mice lacking TREM2 or carrying the hypo-
functional R47H variant of TREM2 exhibited less severe pathology in
the P301S model of taupathy, suggesting that TREM2 activation may be
detrimental at late disease stages when tau pathology is prevalent™*'>,
However, TREM2 deficiency aggravated pathology in several models,
namely, in humanized tau mice that lack the endogenous tau'®, in A
plaque-bearing mice injected with human tau prepared from patients
with AD'™ and in mice that develop AP plaques along with tauopathy
pathology and neurodegeneration™’. Regardless of the reasons
underlying these discrepancies, given the established importance of
the TREM2 pathway in eliciting microglial responses to Af3, perhaps the
most crucial question is whether we can harness TREM2 for AD ther-
apy. Three studies have shown that an agonistic anti-TREM2 antibody
injectedin the circulation can cross the blood-brainbarrier, reach the
brain parenchyma and activate microgliain mouse models of AD"51¢%3,
Importantly, the first phasell clinical study evaluating the efficacy and
safety of ananti-TREM2 antibody in slowing AD progressionis currently
ongoing (NCT04592874, ClinicalTrials.gov). Results of this trial will be
essential to gauge the suitability of TREM2 as a therapeutic target in
AD and perhaps in other neurodegenerative diseases.

TREM2 sustains microglial processing of myelin

Microglia contribute to myelination remodelling in the central nerv-
ous system during development and homeostasis; in response to
pathology that causes myelin damage, microglia clear myelin debris,
allowing replacement of damaged myelin with newly formed myelin
and they neutralize toxicity of oxidized lipid by-products™*"*>. TREM2
binds to myelin lipids, phagocytoses them and delivers intracellular
signals that induce metabolic programmes of lipid catabolism and
cholesterol efflux. Theimpact of TREM2 in this process hasbeen clearly
demonstrated in a model of demyelination induced by cuprizone,
atoxic substance that causes death of oligodendrocytes and massive
demyelination in the corpus callosum. A marked defect in the ability
of microglia to clear myelin debris in TREM2-deficient mice treated
with cuprizone was evident, resulting in delayed remyelination*'*,
Furthermore, TREM2 deficiency impaired microglial expression of
genes controllinglipid catabolism and cholesterol secretion*'*, This
defect caused microglial accumulation of lipid droplets and biased
theircompositiontowardstheaccumulationofcholesterylesterandtheir

Nature Reviews Immunology



Review article

Table 1| Signatures of TREM2* macrophages in human diseases and mouse models

Species Organ, tissue or cell type Gene signature associated with TREM2' macrophages Refs.
Lipid and Tetraspanin Phagocytic Galectin  Osteopontin Other genes
cholesterol genes genes genes
metabolism genes
Mouse Microglia ApOE, Lpl Cd9 Cst7,Ctsd - Spp1 Clec7a, Cd11c, 12
Tyrobp, Clg
Adipose tissue from animals Lpl, Lipa, Cd36, Cd9 Ctsb LgalsT, - Ctsl 19
on a high-fat diet Fabp4, Fabp5 Lgals3
Atherosclerotic lesions Fabp4, Abcg1 Cd9 Ctsd, Ctsb, Lgals3 Spp1 Hvent (52183
Ctsz
Liver in nonalcoholic steatohepatitis - Cd9, Cd63 = = Spp1 Gpnmb )
or nonalcoholic fatty liver disease
Sarcoma tumours - Cd9, Cd63 - - - Argl, Vgefa, Cx3crl, eSS
Mrcl, Clec4d
Human  Liver, cirrhosis = CcD9 = LGALS3 SPP1 C1QC, IL1B, CCR2, 2
TNFSF12, CXCLS8,
PDGFB, VEGFA
Skin, acne APOE, LPL - CTSB LGALS3 SPP1 CD68, GPNMB, TYROBP, L3
CCL18, IL18, STOOA8
Breast tumours APOE, FABP5 CD9 - - SPP1 FN1, C1QA, C1QB, C1QC 2
184,186
Non-small-cell lung carcinoma APOE, APOC1 - - - SPP1 MARCO, C1QA, C1QB, 178181
tumours C1QC, CD163
Hepatocellular carcinoma tumours ~ FABP5 = = = SPP1 CD163, FOLR2, PDL3, (52218
NUPR1

TREM2, triggering receptor expressed on myeloid cells 2.

oxidized derivatives"®. Consistent with these results, TREM2-deficient
microgliawere also unable to cope with excessive myelin debris gener-
ated in another model of demyelination induced by local injection of
lysolecithin®®. Overall, these reports support the possibility of har-
nessing TREM2 for treating demyelinating diseases. An encouraging
observationinthis directionis thatthe administration of an agonistic
TREM2 antibody promoted myelin clearance and remyelinationin the
cuprizone model'.

Soluble TREM2 as a predictor of Alzheimer disease pathology
Aremarkable feature of TREM2is that the extracellular domainis shed
byproteasessuchas ADAM10and ADAM17 atthe H157-S158 bond within
the stalk region, leading to the generation of STREM2 (refs. **714%),
This phenomenon explains early reports showing that TREM2 expres-
sion is rapidly lost when myeloid cells are incubated with either
interferon-y (IFNy) or LPS, which activate proteases'®*%. However,
TREM2 surface expressionisalsoregulated in part by ligand-induced
internalization. Indeed, antibodies to the TREM2 extracellular
immunoglobulindomain that do not affect the putativelligand-binding
sites were shown to induce TREM2 internalization upon engaging
the target, blocking TREM2 cleavage'*’. A further source of STREM2
may be provided by an alternatively spliced transcript that lacks the
transmembrane domain'*. The biological significance of TREM2
shedding is being actively investigated. Mutations of H157 that
block shedding augment TREM2 cell-surface expression and signal-
ling"®. Moreover, sTREM2 may have its own functions: it may scavenge
TREM2 ligands, further curtailing TREM2 activation; it may have a
prosurvival effect on other cells, perhaps by interacting with a yet
unknown receptor**'*,

The impact of TREM2 shedding in AD has been actively investi-
gated. A rare human TREM2 H157Y variant that sheds more rapidly is
arisk factor for AD in a Chinese cohort'*, suggesting that shedding
isdetrimental in AD. However, stabilization of TREM2 surface expres-
sion in mice accelerated ApB pathology'*’. Moreover, variants of the
tetraspanin MS4A associated with reduced AD risk were correlated with
increased levels of sSTREM2in the cerebrospinal fluid (CSF), suggesting
aprotectiverole of sSTREM2 (refs.'”**%), A beneficial effect on Ap pathol-
ogy has also been reported after brain injection of STREM2 (ref. '*°).
As sSTREM2 can bind to amyloid aggregates'’®, it may contribute to
compacting amyloid plaques, reducing diffuse neurotoxic A plaques
that damage adjacent neurons. Regardless of its function in disease
progression, sSTREM2 can be a useful marker of AD pathology and cog-
nitive decline. CSF levels of sSTREM2 in patients with AD versus healthy
controls positively correlated with the levels of the neurodegenerative
markers AB42 and total levels of tau and phosphorylated tau, indicat-
ing co-occurrence of microglial activation with AD pathology™°7>,
Moreover, longitudinal studies of patients with AD showed that a higher
ratio of sSTREM2 versus phosphorylated tau in the CSF predicts slower
cognitive decline; in addition, high CSF concentrations of STREM2
were associated with attenuated amyloid and tau positron-emission
tomography™*'*, Thus, higher CSF levels of sSTREM2 in patients with
AD indicate longitudinal reduction of disease progression. Of note,
administration of an anti-TREM2 antibody in humans for AD therapy
caused a dose-dependent decrease in STREM2 in the CSF', suggest-
ing that sSTREM2 can also be a useful biomarker in AD therapy to trace
target engagement. Finally, an increase in STREM2 levels in the CSF
can indicate microglial activation in other neurodegenerative and

neuroinflammatory conditions such as multiple sclerosis™®°.
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TREM2involvement in metabolic disorders and
atherosclerosis

Beyond neurological disorders, TREM2 has been implicated in the
pathogenesis of other diseases, such as metabolic syndrome. People
who are obese tend to develop a metabolic syndrome encompassing
insulin resistance and various risk factors for cardiovascular disease™’.
Metabolic syndrome is in part caused by chronic low-grade inflam-
mation resulting from immune responses to lipid accumulation in
the adipose tissue'®. A study in mice with insulin resistance induced
by a high-fat diet revealed an accumulation of TREM2" macrophages,
called lipid-associated macrophages (LAMs), which formed crown-like
structures around hypertrophic adipocytes'’. Mainly derived from
blood monocytes, LAMs acquired distinctive expression of Cd9, Cd63
and Gpmnb and exhibited a functional programme for lipid catabolism
(Table 1). Genetic ablation of Trem2 inhibited the LAM programme
and aggravated adipocyte hypertrophy™*'°°. However, the metabolic
consequences of TREM2 deficiency in this model of obesity remain
unclear. One study reported body fat accumulation, hypercholester-
olaemia and insulin resistance'”, whereas another study showed no
effect onthese parameters'’. Further studies are necessary toresolve
this conundrum.

Acomplexinteraction between macrophages and lipid accumula-
tion also occurs in atherosclerosis. Lipid accumulation in the arterial
wallsis paralleled by the recruitment of macrophages that phagocytose
lipids through their scavenger receptors and become lipid-ladencells,
called foamy cells, which form a major component of atherosclerotic
lesions'’. In mouse models of atherosclerosis, foamy macrophages
express high levels of TREM2 as part of a transcriptional programme
similar to that observed in LAMs'®, This transcriptional profile is dis-
tinguished by high expression of CD9, markers of lipid loading and
cholesterol efflux (Fabp4 and Abcgl), lysosomal cathepsins (Ctsd),
galectin-3 (Lgals3) and Sppl (ref. '*®) (Table 1). Conversely, expres-
sion of inflammatory-response genes is low. Similar findings were
made in human macrophages from atherosclerosis lesions. Whether
TREM2 directly contributes to capture or lipid metabolism in foamy
macrophages has not been tested.

TREM2* macrophages have been implicated in liver cirrhosis, a
form of progressive scarring of the liver secondary to various condi-
tions, such as hepatitis and chronic alcoholism. A population of scar-
associated TREM2°CD9* macrophages with profibrogenic function
differentiates from circulating monocytes and expands in human liver
fibrosis'®* (Table 1). TREM2" macrophages have also beenidentified in
mouse models of liver diseases caused by diets excessively rich in fats
and calories, such as nonalcoholic fatty liver disease and nonalcoholic
steatohepatitis. A nonalcoholic steatohepatitis diet caused remodel-
ling of Kupffer cell gene expression programmes, resulting in TREM2
and CD9 expression, a scar-associated phenotype and cell death'*
(Table 1). Dead Kupffer cells were replaced by monocyte-derived
macrophages thatacquired convergent programmes, including TREM2
expression'¢, In a mouse model of nonalcoholic fatty liver disease
characterized by steatohepatitis and fibrosis, TREM2 deficiency facili-
tated macrophage release of exosomes containing amicroRNA affect-
ing mitochondria homeostasis in hepatocytes'*®, Further functional
investigation in TREM2-deficient mice will be required to establish
the impact of TREM2 in various liver diseases and its suitability as
atherapeutic target. As STREM2 levels were found to be increased in
the serumin human and mouse nonalcoholic steatohepatitis'’, it will
also be important to validate specificity and sensitivity of STREM2 as
adiagnostic or prognostic marker.

Ofnote, LAM, foamy macrophages and liver TREM2" macrophages
share the expression of several genes controlling lipid and cholesterol
metabolism (Table 1). Some of these genes are also expressed in micro-
gliainmodels of AD. This shared gene signature may be underpinned by
commonregulatory circuits utilizing transcription factors, such as the
nuclear receptors LXR and RXR, which are known to control fatty acid
metabolism and cholesterol efflux’’. These regulatory circuits may
alsoinduce TREM2to enhance lipid sensing, together with phagocytic
receptors, such as AXL and MERTK, which are capable of engulfing

apoptotic cells and lipidated particles"".

ATREM2-lipid connectionin skin macrophages

Acneisahuman skindisease characterized by excessive production of
lipids, particularly squalene, secreted as sebum by the pilosebaceous
unit. Increased sebum secretion, along with growth of the commensal
Cutibacterium acnes and obstruction of the hair follicle, causes inflam-
mation and clinical manifestations of acne’?. Multipronged analysis of
acnelesionsrevealed TREM2" macrophages adjacent to hair follicles and
sebaceous glands. TREM2* macrophages were close to the epithelium
lining the hair follicle and sebaceous glands and expressed a lipid meta-
bolic programme similar to that found in foamy macrophages of athero-
sclerotic lesions (Table 1). Furthermore, the addition of squalene to
monocyte-derived macrophagesinduced TREM2 expression but inhib-
ited phagocytosis of C. acnes, suggesting that these macrophages may
contribute to the pathogenesis of acne. TREM2" macrophages were
also found within the hair follicles of mice. These macrophages pro-
duce oncostatin M, which maintains hair follicle stem cellsin astate of
quiescence, inhibiting hair growth”*. How TREM2 contributes to the
functions of skin TREM2" macrophages is currently unknown.

TREM2in cancer

TREM2 was recently found to be highly expressed on TAMs in vari-
ous types of human cancer and mouse models and was implicated
in TAM immunosuppressive functions. One study found that TREM2
was expressed in TAMs that infiltrate a wide variety of human tumours
and three mouse models of sarcoma, colorectal cancer and breast
cancer'”’; TREM2 deletion or blockade with amonoclonal antibody in
these models constrained tumour growth, enhanced antitumour CD8*
T cell responses and modified the TAM landscape, altering the bal-
ance betweenimmunosuppressive macrophages (CX3CR1*or CD206")
and immunostimulatory macrophages (CXCL9'CD83" or iNOS*)'”.
TREM2 deletion or functional blockade also synergized with anti-PD1
treatment in promoting antitumour CD8" T cells, tumour rejection
and reshaping of TAMs'”. Another study characterizing immune cell
subsets in a sarcoma model by single-cell RNA sequencing coupled
with intracellular protein activity also identified an immunosuppres-
sive TREM2" macrophage population expressing Argl, Gpnmb, I[7r,
Cd63, Vegfa, Hilpda, Hmox1 and Clec4d"® (Table 1). Trem2 deletion in
this model curbed tumour growth by facilitating cytotoxic T cell and
naturalkiller cell responses, accompanied by waning of PD1-expressing
and TIM3-expressing dysfunctional T cells'*. Another study deline-
ated the relationship of TREM2" macrophages and T cell composition
in human ovarian cancer as well as additional different tumours by
single-cell RNA sequencing of CD45" infiltrates'”’. Further analysis of
thousands of tumours from The Cancer Genome Atlas and the Geno-
type Tissue-Expression Project confirmed broad TREM2 expression.
TREM2' TAMs were particularly enriched in ovarian cancer, and TREM2
expression correlated with the severity of the disease stage and wors-
ened recurrence-free survival. Depletion of TREM2" TAMs with an
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Glossary

The Cancer Genome Atlas
A project aiming to catalogue the

Genotype Tissue-Expression
Project

A data resource and tissue bank
established by the US National Institutes
of Health.

genetic mutations responsible for
cancer by using genome sequencing
and bioinformatics.

Polymeric immunoglobulin
receptor

A transmembrane protein expressed by
mucosal epithelial cells that transports
polymeric IgA, IgM and immune

V-type immunoglobulin
domain
Animmunoglobulin-like domain
resembling the antibody variable
domain.

complexes from the basolateral to the

apical surface of the epithelium.

anti-TREM2-specific antibody curtailed tumour growth in an ortho-
topic ovarian cancer model as well as in models of colon and breast
cancer; acombination of anti-TREM2 and anti-PD1 effectively controlled
growth of an anti-PD1-resistant colon cancer model, although neither
alone curbed tumour growth'”’. On the basis of this study, a TREM2-
depleting antibody is currently being tested as a single agent or in
combination with pembrolizumab for tumour therapy (NCT04691375,
ClinicalTrials.gov).

In humans, TREM2-expressing TAMs have been extensively found
insingle-cellimmune cell atlases of early and late metastatic non-small-
celllung cancer”7®", In these tumours, TREM2* TAMs mainly derived
fromblood monocytes and expressed molecules associated with lipid
metabolism,immunosuppressionand complement activation; profuse
TREM2' TAM infiltration correlated with disease progression'®’. TREM2
has also been extensively studied in human breast cancer>'*, TREM2*
TAMs showed a transcriptome profile similar to that found in lung
cancer, derived mainly from blood monocytes and were associated
with immunosuppression and negative prognosis. Of note, TREM2
and folate receptor-f3 (FOLR2) expression were mutually exclusive,
definingimmunosuppressive and immunostimulatory TAMs, respec-
tively'*. Histological analyses further showed a different spatial distri-
bution of these subsets: although FORL2® TAMs were mostly present
in the tumour stroma, TREM2* TAMs were found in both stroma and
tumour nests, particularly along the invasive margin, suggesting that
TREM2' TAMs may be directly imprinted by tumour cells. TREM2*
TAMs inversely correlated with responsiveness to checkpoint block-
ade immunotherapy. Colorectal carcinoma and its liver metastases
were also shown to harbour a heterogenous population of TAMs that
included one subset expressing both TREM2 and the complement com-
ponent C1QC'. TREM2* TAMs were also found in melanoma’®®, clear
cell renal carcinoma' and pancreatic ductal adenocarcinoma™’ and
shownto associate withimmunosuppression and disease recurrence.
Single-cell transcriptomics of 15 human parenchymal brain metastases
identified metastasis-associated macrophages expressing TREM2,
APOE and C1QB" (ref.™).

Studies on the impact of TREM2* TAMs in hepatocellular carci-
nomaare divergent. Onereport corroborated that theseimmunosup-
pressive macrophages inversely correlated with survival'>. However,
another reportshowed that mice deficientin TREM2 developed more
diethylnitrosamine-induced liver tumours along with exacerbated
liver damage, inflammation and oxidative stress'”. Overall, TREM2"

TAMs generally enforce immunosuppression and support tumour
growth, although their impact may vary depending on the type and
pathogenesis of the tumour.

A function for TREM2 in tissue repair versus inflammation
Although not expressed in peripheral blood monocytes, TREM2 is
induced by CSF1, CSF2 and IL-4. This explains why TREM2 was detected
inhuman monocyte-derived DCs cultured in CSF2 and IL-4 but not in
primary DCs®. IL-4 inducibility also explains why TREM2 was detected
in alternatively activated macrophagesin vitro' as well as in lung and
lymph node myeloid cells during allergic airway inflammation'*. The
induction of TREM2 expression by CSF1and IL-4 supportstheideathat
TREM2 facilitates tissue remodelling and repair, rather than inflam-
mation. Consistent with this notion, it has been shown that TREM2
modulates macrophage responses to TLRs. Genetic deletion or down-
regulation of TREM2 in bone marrow-derived or peritoneal macro-
phages enhanced their capacity to produce inflammatory cytokines,
such as TNF and IL-6, in response to various TLR agonists'®**. TREM2
deficiency completely accounted for asimilarincrease in cytokine pro-
duction observed in DAP12-deficient mice upon stimulation with TLR
ligands'®®, As noted earlier, biochemical studies have demonstrated
that DAP12inhibits ERK activation by TLRs by recruiting DOK3, which
sequesters the adapters SOS and GRB2 that are required for initiating
the RAS-MEK-ERK signalling pathway™ (Fig. 3). However, as TREM2 has
alsobeenreported torecruit the inhibitory phosphatase SHIP1 (ref.?),
TREM2 may attenuate inflammation also through additional pathways.
Finally, TREM2 has beenreported to facilitate wound repair of colonic
mucosa'” but exacerbate colonic inflammation in two mouse models
of colitis'®. As both models are dependent on gut microbiota, these
seemingly contrasting observations suggest a complex interaction
between TREM2" myeloid cellsin the gut mucosa, intestinal microbiota
and their products, which needs to be explored in detail.

Other TREM family members

TREML4

TREML4 is a DAP12-associated receptor expressed on a broad range
of myeloid cells. It was initially found in mouse CD8a* DCs and spleen
macrophages'” and shown to mediate phagocytosis of dead cells'”
and to present antigens that artificially bound TREML4 through con-
jugation with an anti-TREML4 mAb'®, Subsequently, an unbiased
invitrogenome-scale screen found that TREML4 amplifies TLR7 signal-
ling in macrophages'”’. As TLR7 detects single-stranded viral RNAs,
TREML4-deficient macrophages failed to produce type linterferons
inresponsetoinfluenzavirus. Conversely, TREML4 deficiency moder-
ated the production ofinflammatory cytokines and autoantibodiesin
the MRL-Ipr mouse model of autoimmunity. Another unbiasedin vivo
genome-scale screeninamouse model of polymicrobial sepsisidenti-
fied TREML4 as aregulator of neutrophil survival and function*’. Dele-
tion of Treml4 improved survival and phagocytic function of mature
neutrophils, paralleled by attenuated release of extracellular traps,
free radical generation and associated organ damage; this combina-
tion ultimately provided protection from cytokine storm and mor-
tality during polymicrobial sepsis, as well as secondary infection by
P. aeruginosa. In humans, TREML4 has been linked to macrophage
involvementin coronaryartery calcification, afeature of atherosclerosis
thatstrongly predicts risk for future cardiovascular events*”. TREML4
expression was upregulated in the peripheral blood of patients with
coronary artery calcification and linked to a single-nucleotide polymor-
phism that increases the relative risk of coronary artery calcification.
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Moreover, TREML4 was expressed in CD68" macrophages surrounding
the necrotic core of coronary plaques complicated by calcificationin
atherosclerotic lesions.

TREML1

TREML1isunique withinthe TREM cluster interms of expression, signal-
ling and function. TREML1 s exclusively expressed in the a-granules of
megakaryocytes and platelets**? under the control of RUNX1 (ref. 2*%).
Upon activation, TREMLI1 translocates to the cell surface of platelets
and binds to fibrinogen®®, facilitating platelet aggregation and pro-
tecting against haemorrhage®®. TREML1 was also found to promote
platelet-neutrophil interactions and neutrophil accumulation in the
lung during acute lung injury®**, as well as platelet-monocyte aggre-
gate formation in patients with tuberculosis**®. TREML1 may sustain
plateletactivation atleast in part by facilitating outside-in signalling of
B3integrin®”’. The modalities of these signals are poorly understood.
TREML1does not associate with DAP12 but has an extended cytoplasmic
domain containing two tyrosine motifs resembling immunoreceptor
tyrosine-based inhibitory motifs’®>. One motif was shown to recruit
the protein tyrosine phosphatase SHP2 (ref. %), which can mediate
either activation or inhibition depending on context. In the case of
TREMLYI, recruitment of SHP2 was associated withintracellular calcium
release. Further biochemical and signalling studies are warranted to
elucidate this pathway.

Like TREM1 and TREM2, TREML1 is shed from the cell surface,
generatingasoluble form of TREML1 detectable inthe serum of humans
and mice. Plasma levels of sSTREMLI correlated with the presence of
disseminated intravascular coagulation in patients with sepsis, pro-
viding a sensitive marker of platelet activation***. Moreover, STREML1
regulated inflammation in a mouse model of sepsis by tempering
platelet-neutrophil crosstalk®” and alleviated pulmonary haemor-
rhage during acute lunginjury®®*, suggesting the potential therapeutic
relevance of TREML1decoysin these conditions. The crystal structure
of the extracellular domain of TREMLI has been solved™, corrobo-
rating the presence of a classical immunoglobulin fold containing a
regionanalogous to complementarity determining region 3, which may
function as aligand-binding site.

TREML2

TREML2 transcripts were initially found in human and mouse B cells?",
although how TREML2 functions in B cells is not yet known. TREML2
neither associates with DAP12 nor contains canonical signalling motifs
in the cytoplasmic domain, although potential endocytosis and SH3

binding motifs have been noted. TREML2 is also expressed in mouse
neutrophils aswell asin resident peritoneal and lung macrophages, but
notinmonocytes, suggesting that its expressionis associated with ter-
minal differentiation of monocyte-derived macrophages. Inresponse
toinflammatory mediators, neutrophils but not B cells strongly upregu-
late TREML2 expression”. Inhumans, TREML2is expressed by B cells,
monocytes and neutrophils. TREML2 was detected in primary granules
in neutrophils and was retained in the plasma membrane following
granule exocytosis, rather than being expelled on neutrophil extracel-
lular traps®. A missense variant in TREML2 was reported to be asso-
ciated with reduced AD risk®*?"*, Given that the patterns of TREML2
expression are unrelated to microglia and other brain macrophages,
these reports may reflect a linkage disequilibrium between TREML2
and TREM2 variants within the TREM gene cluster.

TREM family members expressed solely in mice

TREM3, TREM4, TREMS and TREML6 are only encoded in mouse>*".
TREMLSG6 is the only TREM family member that contains a canonical
immunoreceptor tyrosine-based inhibitory motifin the cytoplasmic
tail, whichisindicative of aninhibitory function, but this has not been
confirmed experimentally. TREM3, TREM4 and TREMS contain posi-
tively charged amino acids intheir transmembrane domains and associ-
ate with DAP12 (refs. >**). TREM4 is uniquely expressed in plasmacytoid
DCs, asubset of DCs specialized in the production of IFNa*°. Similar
to TREM2 (ref. ¥) (discussed earlier), TREM4 was found to associate
with plexin-Al, the receptor for semaphorin 6D, on the plasmacytoid
DC cell surface. Limited TLR signals induced TREM4 expression and,
together with semaphorin 6D, triggered IFNa production. The ability
of plasmacytoid DCsto produce IFNa was markedly weakened by each of
the following: diminished expression of TREM4, inhibited formation
of the TREM4-plexin-A complex and lack of DAP12 (ref. ?°). TREM3 was
identified from a murine macrophage library?”. Although transcripts
for TREM3 have been detected in murine macrophage and myeloid
cell lines, protein expression has not been reported and a potential
activating function of TREM3 has been shown only in an artificially
transfected natural killer cell line. TREMS5 has not been studied.

Concluding remarks

Although much has been achieved in understanding the biology of
TREM1 and TREM2 since their identification, many questions remain
to be addressed. Given the multiple ligands reported for TREM1 and
TREM2, future biochemical and structural studies should define their
relative affinities, the three-dimensional details of the interaction

Table 2 | Potential therapeutic indications of TREM-based therapies

TREM target Goal Indications Therapeutics ClinicalTrials.gov ID
TREM1 Activation  Tumours®, synergy with immune checkpoint ~ Agonistic TREM1 antibodies, small TREM1 agonists NCT04682431
therapy?, liver disease, stroke, cardiovascular
disease
TREM1 Inhibition Sepsis?®, tumours, liver inflammation Ligand-trapping peptide (LR12), TREM1-Fc decoy, NCT04429334
signalling-blocking peptide (GF9)
TREML1 Inhibition Sepsis Ligand-trapping peptide, blocking antibodies -
TREM2 Activation Alzheimer disease?, metabolic disease Agonistic antibodies, small molecules NCT04592874
TREM2 Inhibition Tumours®, synergy with immune checkpoint ~ TREM2-blocking antibodies, small-molecule TREM2 NCT04691375

therapy?®

inhibitors, antibodies depleting TREM2* tumour-associated

macrophages

?Indications in which triggering receptor expressed on myeloid cells (TREM)-based therapeutics are currently being tested in clinical trials.
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betweenthese ligands and their cognate receptors, and their functional
impact. The signalling mediators downstream of TREM1 and TREM2
have been extensively defined in the cytosol, but not much is known
about how theyimpact transcription factors and chromatin accessibil-
ity. Mostin vivo studies have been performed in knockout mice. How-
ever, TREM molecules differ between mice and humans. Forexample,
the Trem3gene closely linked and homologous to Trem1 is expressedin
mice butisnotfoundinhumans. Thus, it willbe important to establish
whether the presence of additional and/or non-homologous TREM
molecules in mice may impact disease models; perhaps, generating
new mouse models that more closely recapitulate human TREMs, such
astransgenic or humanized mice, would be appropriate. TREM1-based
therapies have been designed and tested for sepsis and cancer, as have
TREM2-based therapies for neurodegeneration and cancer (Table 2). 1t
is predictable that these approaches will further develop through anew
generation of TREM agonists and antagonists that may impact ligand
binding or delivery of intracellular signals through DAP12 and DAP10
adapters. Modified TREM2 agonists with increased brain availability
canbe developedtoincrease efficacy and reduce potential activation
of peripheral macrophages®’. Moreover, indications for TREM-based
treatments may extend to other diseases, such as metabolic and
cardiovascular disorders (Table 2). Methods for detecting STREM1
andsTREM2in human biological fluids will further enable diagnosis and
prognosis of several diseases as well as the identification of patients
who may specifically benefit from TREM-based therapies. Other TREM
family molecules, particularly TREML4 and TREML1, may also be con-
sidered potential therapeutic targets in sepsis or other inflammatory
diseases (Table 2). This will require further studies of their ligands,
signalling properties, interaction with other pathways and impact in
various mouse models of infection, inflammation and cancer.

Published online: 07 February 2023
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