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Simple Summary: TREM2+ macrophages were recently reported to be highly enriched and asso-
ciated with immunosuppression in various cancer types. Hence, TREM2 targeting represents a
new promising approach for cancer treatment that is based on reprogramming of tumor-associated
macrophages to reshape anti-tumor immunity and overcome resistance to current therapies.

Abstract: Tumor-associated macrophages (TAMs) represent a key component of the tumor microen-
vironment and are generally associated with immunosuppression and poor prognosis. TREM2 is a
transmembrane receptor of the immunoglobulin superfamily expressed in myeloid cells. TREM2
has been extensively studied in microglia and neurodegenerative diseases and recently emerged
as a marker of pro-tumorigenic macrophages. The accumulation of TREM2-expressing TAMs was
reported across numerous cancer patients and tumor models. TREM2 genetic blockade or TREM2
targeting with antibodies resulted in improved tumor control, enhanced response to anti-PD1, and
significant changes in the tumor immune landscape. Preclinical studies paved the way for an ongoing
clinical trial with a TREM2 depleting antibody and inspired further exploration of TREM2 targeting
therapies. Here, we review the current knowledge about the impact of TREM2 in cancer, with an
emphasis on the TREM2+ macrophage signature across different cancer types, the contribution of
TREM2 to TAM phenotype and function, and the promising effects of TREM2 modulation.

Keywords: TREM2; tumor-associated macrophages; cancer; immunotherapy

1. Introduction

TREM2 (Triggering Receptor Expressed on Myeloid cells 2) is a type I transmembrane
receptor expressed on myeloid cells, primarily macrophages. The extracellular region of
TREM2 contains an immunoglobulin-like domain for ligand binding and a stalk region
with a cleavage site for the metalloproteases ADAM10 and ADAM17 [1]. TREM2 has a
short intracellular tail lacking a signaling domain. Hence, TREM2 requires the adaptor
proteins DAP12 and DAP10 for intracellular signaling [2]. DAP12, encoded by TYROBP,
induces the recruitment and activation of the spleen tyrosine kinase (SYK), which in turn
promotes a signaling cascade including PLCG2, PI3K, and AKT, resulting in the elevation
of intracellular Ca2+ and mTOR activation [3–5]. DAP10 is homologous to DAP12, encoded
by HCST, and contains a binding sequence for PI3K [6]; therefore, this branch of the TREM2
pathway may primarily rely on this kinase. Overall, TREM2-dependent signaling promotes
protein synthesis and metabolic processes involved in immune activation and cell survival.
Putative TREM2 ligands include anionic lipids, lapidated apolipoprotein (especially APOE),
and membrane phospholipids such as phosphatidylserine exposed on apoptotic cells [7–9].
A soluble form of TREM2 (sTREM2) was identified and can be detected in serum and
cerebrospinal fluid (CSF) [10]. TREM2 has been extensively studied in microglia because of
its significant impact on neurodegenerative disorders, as well as physiological processes in
the brain [5].

Recently, attention has been focused on TREM2-expressing tumor-associated macrophages
(TAMs). TAMs represent a major component of the tumor microenvironment (TME), being
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primarily immunosuppressive and associated with poor prognosis [11–13]. TAMs can affect
tumor growth, directly and indirectly, promoting tumor cell survival and proliferation, as
well as angiogenesis, invasiveness, and immune evasion. The therapeutical targeting of
TAMs to either reduce TAM frequency or modulate TAM phenotype and function is one of
the biggest challenges for cancer immunotherapy [11,13]. TREM2 emerged as a specific
marker of TAMs, consistent throughout different human cancers and tumor models, and
strongly associated with immunosuppression. TREM2, therefore, represents a promising
therapeutic target, holding great potential for immunotherapy treatments, possibly in
combination with T-cell-targeting therapies. Here, we will provide an overview of the
impact of TREM2 on myeloid cells and then focus on the most recent literature on TREM2 in
tumor immunology. We will discuss the TREM2+ macrophage signature in human cancers
and the contribution of TREM2 to TAM phenotype and function. We will also highlight the
impact of TREM2 targeting in tumor models and its clinical applications.

2. TREM2 in Myeloid Cells, Historical Perspective

TREM2 was initially cloned from human PBMC in 2000 [14,15], followed by the identi-
fication of the mouse orthologous soon after [16]. Early studies further revealed that the
adaptor molecule DAP12 associates with TREM2 [15], and its expression is upregulated on
monocyte-derived alternatively activated macrophages [17], thus suggesting that TREM2
might be involved in macrophage activation.

Null mutations in either TREM2 or TYROBP genes were reported to cause a rare
form of early-onset neurodegenerative disorder known as polycystic lipomembranous
osteodysplasia with sclerosing leukoencephalopathy (PLOSL), or Nasu–Hakola Disease
(NHD) [18–20]. Affected patients often develop osteoporosis with bone cysts and frac-
tures, frontotemporal atrophy, basal ganglia calcification, and white matter degeneration
within the third-to-fourth decade of life [21,22]. The etiology of the disease remains un-
clear. Microglia are the only cells in the human brain expressing TREM2 or DAP12 [23],
suggesting that microglial dysfunction might play a role in the onset of the disease. Further-
more, NHD patients exhibited deficient differentiation of osteoclasts in vitro [24,25], raising
the possibility that juvenile osteodysplasia might be associated with neurodegeneration
and dementia in adulthood. More recently, TREM2 received growing attention because
of its genetic association with Alzheimer’s disease (AD). Multiple GWAS studies have
consistently linked polymorphic variants of TREM2, especially the single nucleotide poly-
morphism (SNP) causing R46H substitution, to late-onset AD [26–29]. R47H polymorphism
appears to reduce ligand binding and generates a hypofunctional variant of the wild-type
TREM2 [8,30–32]. Currently, the mechanistic basis for the correlation between TREM2
defects and AD pathology is under investigation.

At the functional level, TREM2 appeared to play different roles depending on the
cell type and pathological settings [33–42] (Figure 1). Nevertheless, the induction of cell
survival and metabolic programs often emerged as a conserved effector function in multiple
contexts [2,5,8]. More recently, TREM2 also has emerged as a key player in lipid metabolism.
Trem2-deficient mice exhibited accumulation of intracellular cholesterol in brain microglia
during demyelination [36,43], along with defective myelin repair in the central nervous
system (CNS) white matter [40,41,44,45]. These findings indicate that TREM2-induced
lipid metabolism in microglia critically regulates myelin turnover. TREM2 is also known
to orchestrate microglial reactivity during amyloid pathology. In mouse models of AD,
wild-type microglia proliferate and migrate in the proximity of the amyloid plaques, thus
forming a cellular barrier encasing the amyloid deposits [46]. Conversely, Trem2-deficient
microglia fail to cluster around amyloid plaques, thus resulting in impaired barrier function
and increased neuronal damage [8,35,47,48].
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Figure 1. Role of TREM2 in physiological and pathological conditions. TREM2 is expressed
in macrophages across different tissue conditions and contributes to several physiological and
pathological processes. DAM, disease-associated microglia. LAM, lipid-associated macrophages.

Furthermore, the absence of Trem2 impaired activation of the microglial transcriptional
program in response to amyloid beta pathology and neurodegeneration [33,34]. Notwith-
standing, it remains unclear whether such defects in microglia depend on accelerated cell
death or insufficient response towards the amyloid lesions.

In the last decade, the introduction of single-cell RNA sequencing (scRNAseq) tech-
nology revolutionized the field of medical sciences, and the opportunity to study the
transcriptome of immune populations at the single-cell level in an unbiased manner pio-
neered the discovery of TREM2-expressing cells across different tissues and conditions. For
instance, TREM2 is highly expressed in peripheral macrophage populations involved in
physiological conditions, metabolism, host defense, and different pathologies (Figure 1). In
microglia, TREM2 was reported to be enriched in the disease-associated microglia (DAM)
subset, which accumulates during neurodegenerative diseases. In fact, Trem2 expression
in microglia was associated with the DAM signature (Apoe, Cd9, Cd11c, Cd63, Clec7a, Lpl,
Cst7, Tyrobp, Fth1, B2m) and with the downregulation of steady state genes (Cx3cr1, P2ry12,
P2ry13) [23,33]. In the adipose tissue, Trem2 drives the accumulation of a population of
lipid-associated macrophages (LAMs) that promotes phagocytosis, energy metabolism,
and lipid catabolism, providing a protective response in the context of a high-fat diet
and the loss of metabolic homeostasis [37]. LAMs were characterized by the enriched
expression of Trem2, Cd9, Lpl, and Cd36, having a genetic signature that is reminiscent of
DAM [37]. Trem2+ macrophages are also enriched in atherosclerotic plaques and specialize
in lipid catabolism [49]. In liver disorders, a TREM2+CD9+ subset of monocyte-derived
macrophages (also referred to as “scar-associated” macrophages) expands during liver cir-
rhosis and contributes to pathogenesis [50–52]. During acute pulmonary viral infection, the
release of sTrem2 inhibits macrophage apoptosis and causes chronic inflammation [53]. In
the skin, sTrem2 contributes to the inhibition of hair growth. Dermal Trem2+ macrophages
were shown to release oncostatin M (OSM), which maintains hair follicle stem cell quies-
cence [54]. Moreover, Trem2 is expressed by osteoclasts and is involved in bone density
and osteoclast survival, providing a potential mechanism for the bone lesions associated
with NHD [55].
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3. Contribution of TREM2 to the Immune Response in Tumors
3.1. TREM2+ Macrophages Are Enriched in Human Cancers and Associated
with Immunosuppression

TREM2 was recently described as a marker of immunosuppressive TAMs, being part
of a gene signature that was partially consistent across different tumor types and models
(Figure 2). We recently characterized the TREM2 contribution to the TAMs phenotype
using the MCA1956 sarcoma model in Trem2-deficient mice [38]. Trem2 expression was
detected by scRNAseq across all macrophage clusters. Cx3cr1+ macrophages expressed the
highest levels of Trem2 and were strongly reduced in tumors of Trem2 knockout mice. This
cluster was enriched for genes associated with immunosuppression (Mrc1, Mertk, Cd81),
complement genes (C1qa), chemokines (Ccl2, Ccl7), extracellular matrix remodeling (Chil1),
and angiogenesis (Vcam1) [38].

TREM2, APOE, C1QA-C, 
MARCO, APOC1, CD163, SPP1

TREM2, APOE, C1QA-C, 
LILRB5, MERTK, STAB1, IGF1 
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FABP5, PDL3, NUPR1 

TREM2, APOE, CD9, FAPB5
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Figure 2. TREM2-expressing macrophages are accumulated in different human tumors.
TREM2+ macrophage signature is shared across numerous human cancers and is associated
with immunosuppression.

3.1.1. Lung Adenocarcinoma

One of the first pieces of evidence of TREM2 expression in TAMs was from Lavin et al.,
who performed an scRNAseq analysis of myeloid cells from 18 treatment-naïve patients
with stage I lung adenocarcinoma lesions [56]. A simultaneous single-cell analysis of
immune cells from tumor lesions, normal lung tissue, and the blood of each patient identi-
fied a subset of TREM2-expressing macrophages specifically enriched in tumors. Along
with TREM2, these cells were enriched for genes involved in lipid metabolism (APOE),
immunosuppression (MARCO, CD163, CD81), and the complement cascade (C1QB), sug-
gesting that TREM2 specifically marks a subset of tumor-specific immunosuppressive
macrophages [56]. ScRNAseq analysis of early-stage non-small cell lung cancer (NSCLC)
showed that the TREM2 transcript was present in all the identified populations of monocyte-
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derived macrophages [57]. TREM2 was particularly enriched along with the immunosup-
pressive gene LILRB4 [57,58]. Interestingly, in this context a subset of monocyte-derived
macrophages was enriched for SPP1 and, in fact, was part of the immune activation
program that was associated with a better response to anti-PD-L1 [57].

TREM2+ macrophages were also identified in samples of advanced-stage NSCLC
that were obtained from patients before and after initiating systemic targeted therapy [59].
ScRNAseq analysis revealed that TREM2+ TAMs were enriched for lipid metabolism genes
(APOE, APOC1, CTSD, PLD3), complement components (C1QA-C), as well as SPP1 and
FOLR2 genes. This population was slightly decreased upon treatment, but there was
no difference in progressive disease versus residual/stable disease. This indicates that
targeted therapy promotes TAM modulation, but in this specific context, namely type
of treatment and advanced stage of disease, TREM2+ TAMs were not associated with a
favorable response [59]. A different study analyzed a large dataset of NSCLC patients, and
TREM2+ TAMs were shown to be enriched for APOE, APOC1, SPP1, C1QB-C, APOC2, and
MARCO genes, as compared to TREM2- TAMs [60]. Moreover, TREM2+ TAMs expressed
higher levels of immunosuppressive markers such as CD206, ARG-1, and IL-10 by flow
cytometry. CD8 T cells in tumors with high TREM2+ TAMs had a diminished production
of effector molecules, such as Perforin (PRF1) and TNF-a. Using NSCLC tissue microarrays,
it was noted that higher TREM2 expression positively correlated with advanced tumor
stages, shortened overall survival, and recurrence-free survival [60]. Moreover, patients
with progressive disease upon anti-PD-1 therapy showed a higher proportion of TREM2+

cells compared to patients with stable disease or partial response. This supports the
potential prognostic value of TREM2 in NSCLC patients, as well as the relevance of TREM2
targeting in anti-PD-1 non-responders [60]. Overall, TREM2+ macrophages were shown to
be accumulated in NSCLC tumors and associated with an immunosuppressive LAM-like
signature, as well as poor patient outcome.

3.1.2. Breast Cancer

A deeper characterization of the immune landscape of breast cancer (BC) subtypes
can help identify new targets and promote the development of precision medicine ap-
proaches [61]. Multiple scRNAseq studies provided an extensive overview of the immune
composition in different subtypes of BC [61–65]. It was shown that TAMs constitute a
major component of BC tumors, and TREM2 appeared to be highly expressed in TAM
populations across different subtypes in numerous studies [61–65]. In treatment-naïve
patients with diverse subtypes, TREM2-expressing macrophages accounted for 30–40%
of total myeloid cells [61]. The TREM2 transcript was correlated with genes associated
with lipid metabolism (CD9, FABP5, APOE), immunosuppression (CD81, FN1, CD276,
MARCO, SPP1), and complement components (C1QB), as well as chemokine genes associ-
ated with immune stimulation (CCL3) [61,62]. ScRNAseq analysis of 12 treatment-naïve
luminal BC patients on primary tumors, metastatic lymph nodes, and blood defined two
phenotypically distinct macrophage populations based on the expression of FOLR2 and
TREM2. TAMs were present in both tumor and metastatic lymph nodes and were defined
based on the shared expression of APOE, APOC1, and C1QA-C, and the mutually exclusive
expression of TREM2/CADM1 and FOLR2 [63]. In line with previous studies, TREM2
macrophages expressed SPP1 and were associated with the LAM signature (FABP5, CD9,
MSR1), as well as immunosuppressive genes (FN1) and type I IFN-induced genes (ISG15,
IFI27, IFI6). FOLR2 macrophages were enriched in tumors with high CD8 T cell infiltra-
tion and associated with favorable clinical outcomes, suggesting that they might promote
anti-tumor immunity in luminal BC. By flow cytometry, the ratio of FOLR2 to TREM2
macrophages was reduced during tumor progression in primary tumors and metastatic
lymph nodes. Histological analysis showed that FOLR2+ macrophages were primarily
localized in the tumor stroma, while TREM2+ TAMs were found both in the stroma and
in tumor nests, especially along the invasive margin and forming cell clusters. This could
suggest that TREM2+ macrophages might be engaged in closer bidirectional interactions
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with tumor cells, being therefore more exposed to tumor-derived immunosuppressive
factors, and in turn affecting tumor cell survival, proliferation, and invasiveness. More-
over, hierarchical clustering suggested the transcriptional proximity of TREM2+ TAMs
to CD14+CCR2+ monocytes in breast tumors, implying that they are monocyte-derived
macrophages [63]. Altogether, TREM2 and FOLR2 might define two functionally distinct
TAM populations, highlighting TAM heterogeneity in vivo and paving the way for TREM2
and FOLR2 targeting in BC patients. Further understanding of TAM diversity in other
BC subtypes will be of great interest to efficiently modulate macrophage phenotypes and
promote anti-tumor immunity.

To assess the changes related to treatment response in the tumor microenvironment,
a scRNAseq study involved a cohort of 22 patients with advanced triple-negative breast
cancer (TNBC), treated with chemotherapy alone or in combination with anti-PD-L1 [64].
Macrophage frequency was higher at baseline in non-responders in the combination therapy
cohort. The analysis of differentially expressed genes (DEG) in macrophages of pretreat-
ment samples from responders versus non-responders showed that TREM2, SPP1, FN1, C3,
and LDHA genes were enriched in non-responders. This highlights the potential prognostic
value of TREM2+ macrophages in TNBC patients. TREM2+ macrophages were positively
correlated with regulatory T cell accumulation and negatively associated with cytotoxic
CD8+ T cells [64]. In anti-PD-1-treated BC patients, TREM2 TAMs (TREM2, CX3CR1, C3,
PLD4, CCL3) were inversely correlated with T cell clonal expansion, suggesting an associa-
tion with poor response to anti-PD-1 therapy [65]. The enrichment of TREM2 macrophages
was correlated with worse survival in luminal and triple-negative BC patients, as well
as in a meta-analysis of different cohorts [38,61,63]. Altogether, TREM2 macrophages
were associated with immunosuppression, LAM signature, poor T cell infiltration, worse
outcome, and reduced response to ICT in BC.

3.1.3. Hepatocellular Carcinoma

In hepatocellular carcinoma (HCC) patients, the contribution of TREM2 macrophages
seems to be more controversial. In line with other studies, TREM2 TAMs were highly
enriched in tumors but not in adjacent liver tissue and were an indicator of shorter survival
in HCC patients [66], suggesting the immunosuppressive role of TREM2 in the liver TME.
TREM2+ macrophages expressed FOLR2, CD163, and C1Q-C, and also genes associated
with a LAM-like signature, such as FABP5, PLD3, LGALS3, CD36, and SPP1 [66].

On the contrary, a different study reported the presence of fetal liver-like FOLR2+

CD163+ TAMs, and SPP1+ TREM2+ TAMs, with the FOLR2-enriched population being the
one associated with more immunosuppressive interactions [67]. The TREM2 macrophage
signature was enriched for FABP5 and NUPR1 and was reminiscent of the LAM-like
signature (APOC1, LGALS1, CSTB, and PLD3). Collectively, this suggests that TREM2
macrophage impact in tumors can be influenced by tissue-specific factors. This highlights
the importance of exploring TAM heterogeneity in different organs and tumor types to
determine a specific phenotype and function of different TAM subsets.

3.1.4. Other Solid Tumors

TREM2+ macrophages have emerged in a variety of other solid cancers, highlighting
the universal role of TREM2 as a marker of immunosuppressive TAMs. In colorectal cancer
(CRC) patients, scRNAseq analysis of matched primary tumor and liver metastasis was per-
formed to characterize the immune landscape diversity and elucidate factors contributing
to metastasis [68]. Among monocyte/macrophage clusters, three were defined as im-
munosuppressive and named “malignancy-associated”: C1QC+ (TREM2, C1QA-C, MERTK,
MS4A4A, APOE), SPP1+ (FN1, VEGFA, IL1RN), and MKI67+ (HMGN2, H2AFZ) [68,69].
TREM2 was expressed in “malignancy-associated” macrophages, with the highest levels
in the C1QC+ subset that specifically accumulated in the tumor compared to the healthy
counterpart. C1QC+ and SPP1+ macrophages both accumulated in CRC liver metastasis,
with the latter being the most enriched in metastatic tissue compared to primary tumor [68].
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SPP1+ macrophages showed the strongest angiogenesis score, and were associated with
an unfavorable prognosis in colon adenocarcinoma, rectum adenocarcinoma, and CRC.
C1QC+ TAMs were associated with phagocytosis and, notably, expressed the Th1 cytokines
CXCL9 and CXCL10 [68]. In a TCGA CRC cohort, TREM2 expression was associated
with worse overall survival and correlated with immunosuppressive genes (i.e., MSR1,
HAVCR2) and lipid metabolism genes (APOC1, APOE, OLR1) [38]. To conclude, the C1QC+
(TREM2high) and SPP1+ macrophages possibly represent two phenotypically distinct TAM
populations in CRC and CRC-derived liver metastasis, but their functional role still needs
further investigation.

A meta-analysis of an scRNAseq dataset from melanoma patients treated with check-
point inhibitors (anti-PD-1, anti-CTLA4 + anti-PD-1 or anti-CTLA4) revealed that TREM2high

TAMs were 15.1-fold more abundant in non-responders [70]. The TREM2high TAMs sig-
nature was associated with the enrichment of the SPP1, RNASE1, MT1G, SEPP1, FOLR2,
APOC2, and C1QA-C transcripts, along with other genes associated with immunosuppres-
sion (MRC1, FN1, CD276, MMP12, TGFB2).

In clear cell renal carcinoma (ccRCC) patients, TREM2+ TAMs were defined by the ex-
pression of TREM2, APOE, and C1QA-C, along with other macrophage markers associated
with immunosuppression, such as LILRB5, MERTK, STAB1, and IGF1 [71]. A histologi-
cal examination revealed that this population (defined as CD68/CD163+C1Q+TREM2+)
was present only in tumor tissues and was significantly associated with post-surgical
disease recurrence.

A meta-analysis of an scRNA-seq dataset from pancreatic ductal adenocarcinoma
(PDA) tumors showed that TREM2+ macrophages were enriched in PDA tumors compared
to normal adjacent pancreas tissue and expressed C1QA-B, FOLR2, STAB1, and SEPP
genes [72].

Multiple pan-cancer studies also identified the TREM2 signature. Mulder and col-
leagues performed an integrated analysis of scRNAseq data from 13 different tissues
(healthy and diseased) across 41 datasets to define conserved gene signatures of human
mononuclear phagocytes [73]. A comparison of tumors to healthy tissues showed an
accumulation of TREM2+ macrophages in all the analyzed tumors (lung, colon, liver, breast,
stomach, and pancreas datasets), and TREM2+ TAMs were also enriched at the patient level
in tumor tissues (liver, lung, and colon datasets). In line with previous reports, TREM2+

macrophages showed an association with SPP1 and lipid metabolism genes (CD9, APOC1,
CD63, FABP5, LGALS3, LIPA), and similarities with the monocyte signature, suggesting
their monocytic origin [73]. Another study in 10 different human tumors revealed five clus-
ters of TAMs that expressed TREM2 [74], with two of them (PDGFB+ and FOLR2+ TAMs)
comprising up to 30% of the total monocyte/macrophage compartment, and being highly
associated with exhausted CD8+ T cells [74]. Moreover, flow cytometry analysis of 49 dif-
ferent human tumors showed that TREM2 expression was enriched in TAMs compared to
the other myeloid populations in the TME. Interestingly, ovarian cancer emerged as the
tumor type having the highest TREM2 expression (above 1000 geometric mean fluores-
cent intensity), combined with TAM frequency (above 40% of the CD45+ infiltrating cells).
Histological analysis showed that TREM2 expression strongly correlated with disease
stage in human ovarian cancer. This highlights the importance of patient stratification to
score TREM2/TAM enrichment and identify tumor types that may be more responsive to
TREM2-targeting therapies [74].

Moreover, a recent study examined brain metastases from different cancer types
(melanoma, breast, lung, ovarian, colorectal, and renal cancer) and revealed a cluster
of TREM2+ macrophages (APOE, SPP1, C1QA-C, APOC1, FCGR3A) [75], supporting a
possible impact of TREM2 in the metastatic process. Finally, an integrated transcriptomic
analysis from multiple datasets of human cancers identified TREM2-expressing TAMs in
lung, colon, liver, breast, stomach, pancreas, ovaries, skin, kidney, as well as head and neck
cancers [73,74,76,77].
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Collectively, although there are many factors affecting TAM transcriptional signature
(i.e., tissue, disease stage, treatment, methodology), TREM2 clearly emerges as a core
gene of immunosuppressive TAMs across numerous cancer types (Figure 2). Importantly,
this subset of TAMs consistently exhibited transcriptional programs associated with lipid
metabolism and immunosuppressive functions, and was often correlated with poor prog-
nosis and reduced response to therapy. Future studies will be needed to further elucidate
the functional relevance of TAM heterogeneity in vivo and help develop TAM-targeting
treatments in different tumors.

3.2. TREM2 Modulates Tumor-Associated Macrophage Phenotype and Function

Our laboratory and Ido Amit’s laboratory independently described the role of TREM2
in tumor immunity using either TREM2 genetic ablation or pharmacological blockade [38,78].
TREM2 deficiency was associated with reduced tumor growth in several transplantable
models: MCA-derived sarcoma (MCA1956 and MCA206 cell lines), MC38 colorectal carci-
noma, and PyMT breast cancer [38,78]. Consistently, TREM2 expression in the tumor was
correlated with reduced survival in patients with CRC and TNBC [38].

We showed that TREM2 was mainly expressed in TAMs, in sections from patients and
in the MCA1956 murine model [38]. The absence of TREM2 caused significant changes
in the tumor immune landscape, in both the myeloid and the lymphoid compartments.
ScRNAseq analysis revealed that the presence of Trem2 promoted the enrichment of im-
munosuppressive macrophage subsets (Cx3cr1+ and Mrc1+ macrophages), whereas TREM2-
deficient mice had an accumulation of immunostimulatory macrophage myeloid cells
(Cd83+ Cxcl9+ macrophages) [38]. Furthermore, the absence of TREM2 increased the overall
frequency of lymphoid cells, with a considerable accumulation of activated CD8 T cells.
Accordingly, CD8, but not CD4 T cell depletion, nullified the beneficial effects of TREM2
deletion [38]. Katzenelenbogen et al. also reported TREM2 expression in myeloid cells with
immunosuppressive activity in the MCA205 sarcoma model [78]. ScRNAseq analysis of
the tumor infiltrate identified two subsets of macrophages with an immunoregulatory phe-
notype, annotated as TAMs and Mregs (regulatory myeloid cells), respectively. TAMs were
enriched for C1qa, Spp1, Cx3cr1, and Apo1, while Mregs expressed high levels of Gpnmb,
Il7r, Hilpda, Vegfa, Hmox1, and Clec4d. Both populations co-expressed Trem2, Arg1, Cx3cr1,
Mrca1, and Pdpn [78]. Consistent with our findings, TREM2-deficient mice showed reduced
tumor growth, along with decreased Mreg and increased TAM population frequencies [78].
Furthermore, Trem2-deletion increased the infiltration of NK cells and cytotoxic T cells in
the tumor, whereas PD-1- and Tim-3-expressing T cells were reduced [78].

To test the impact of TREM2 pharmacological blockade in tumors, we developed a
recombinant monoclonal antibody (178 mAb) that specifically recognizes murine TREM2
and carries a mutation in the Fc portion to prevent Fc effector functions [38]. Mice treated
with the anti-TREM2 mAb displayed reduced tumor growth in the MCA sarcoma model
and TME that partially resembled the TREM2 knockout condition [38]. Upon 178 mAb
treatment, immunosuppressive Mrc1+ macrophages were reduced, while Nos2+ immunos-
timulatory macrophages were enriched, and T cells produced higher levels of IFNγ and
TNFα [38]. TREM2 deletion and anti-TREM2 mAb treatment were also shown to enhance
anti-PD1 treatment in the sarcoma and colorectal carcinoma models (MCA1956 and MC38).
Both models exhibited partial tumor rejection under anti-PD1 treatment [38]. However, the
combination of anti-PD1 and TREM2-deficiency or TREM2 blockade with the 178 mAb led
to a 100% tumor rejection. This indicates that TREM2 inhibition significantly amplifies the
efficacy of anti-PD1 immunotherapy.

Of note, the antibody treatment used in our study did not induce macrophage deple-
tion but rather skewed the macrophage phenotype within the TME. Although the 178 mAb
showed an ability to inhibit TREM2 function in vitro by blocking the ligand binding [38],
the exact mechanism of action in vivo needs to be fully elucidated. A different group suc-
cessfully depleted TREM2+ macrophage using an effector-enhanced anti-TREM2 antibody
(eFc mAb) [74]. In the EMT6 breast cancer and the ID8 ovarian cancer model, eFc mAb
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treatment significantly reduced tumor growth and a number of TREM2+ macrophages [74].
In the anti-PD-1 resistant colon carcinoma model CT26, the combination of anti-TREM2
and anti-PD-1 elicited tumor rejection in 20–60% of treated mice, along with increased
infiltration of activated CD8 T cells [74]. Residual TAMs also exhibited a more inflammatory
phenotype, with an increased expression of co-stimulatory molecules [74]. The translational
potential of TREM2 targeting using a depleting antibody is being further assessed in human
settings with an ongoing clinical trial testing the effect of the anti-TREM2 depleting mAb
PY314, as a single agent or in combination with Pembrolizumab (NCT 04691375) [74].

Taken together, TREM2 is emerging as a promising target for immunotherapy treat-
ments, especially if combined with ICT [38,78].

In liver tumors, divergent roles of TREM2 were reported. As discussed above, TREM2
expression was generally associated with immunosuppression and poor prognosis in
different types of tumors. In liver cancer cohorts, high TREM2 expression was correlated
with inferior overall and disease-specific survival, as well as disease stage [66,74]. However,
TREM2-deficient mice exhibited increased lesion number and dimension in the DEN-
induced HCC model [79]. TREM2 deficiency was associated with increased acute liver
damage, increased inflammatory mediators, and less fibrosis, and yet increased tumor
development and progression. The authors suggest that the protective role mediated by
TREM2 in HCC depends on different mechanisms, including the limitation of DNA damage
response and neoplastic transformation and proliferation [66]. Moreover, the same group
showed that TREM2 was expressed in human and murine hepatic stellate cells (HSCs)
during tissue injury and proposed that TREM2-expressing HSCs had a beneficial effect
in the HCC model [66,80]. The hepatic environment might therefore represent a unique
site where TREM2 impact on tumor growth is influenced by tissue-specific factors and cell
types, and this still needs to be further investigated.

There are still several open questions about TREM2 biology that remain to be ad-
dressed and will contribute to the development of effective treatment strategies. The
molecular mechanism by which TREM2 impacts TAM phenotype and function is still
unknown, as well as TREM2 ligands within the TME. Next, the origin of TREM2+ TAMs
still needs to be formally clarified with fate-mapping studies. Moreover, the potential
impact of soluble TREM2 in the context of cancer needs to be further elucidated.

4. Future Perspectives

TREM2 targeting represents a promising approach for re-establishing protective anti-
tumor immunity and overcoming resistance to current therapies. So far, the effect of
TREM2-macrophage elimination is under investigation in patients with solid tumors, using
a depleting mAb (PY314) alone or in combination with anti-PD1 (NCT 04691375) [74].

Further studies are needed to elucidate several aspects of anti-TREM2 treatment. First,
the approach utilized to target TREM2 might be further explored. Strategies to reprogram
macrophages to regain an anti-tumor effect might be more beneficial than macrophage
elimination alone in some cohorts. Second, different treatment strategies will reveal the ben-
efit of targeting TREM2 in combination with standard therapies (chemotherapy, radiation
therapy, etc.), targeted therapies, or immunotherapy treatments. Given the heterogeneity of
TME and the abundance of immunosuppressive mechanisms, combinational immunother-
apy strategies targeting both myeloid and lymphoid compartments hold great potential. In
this regard, the possibility of a redundant effect of anti-TREM2 and therapies that target
other myeloid receptors should be taken into consideration. Third, ongoing and future
analyses will help to understand how the efficacy of TREM2 modulation could be affected
by different stratification parameters, including disease type or subtype, stage, TREM2
expression level, and/or TREM2+ macrophage localization. In fact, the development of
methods to stratify patients and predict the specific response to various treatments and
combination treatments represents a crucial step in exploiting the potential of promising
approaches that have greatly improved the oncological field but still have partial efficacy.
Finally, multiple studies highlighted that TREM2 expression in treatment-naïve samples
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was associated with worse survival and poor response to therapy, suggesting that TREM2
expression could be used as a possible prognostic marker.

Funding: M.M. is supported by the Cancer Research Institute (CRI).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: M.M. is a recipient of the Cancer Research Institute Lloyd J. Old Memorial
Fellowship in Tumor Immunology. We thank Marco Colonna (Washington University in St. Louis)
for helpful discussion.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ulland, T.K.; Colonna, M. TREM2—A Key Player in Microglial Biology and Alzheimer Disease. Nat. Rev. Neurol. 2018, 14,

667–675. [CrossRef] [PubMed]
2. Peng, Q.; Malhotra, S.; Torchia, J.A.; Kerr, W.G.; Coggeshall, K.M.; Humphrey, M.B. TREM2- and DAP12-Dependent Activation of

PI3K Requires DAP10 and Is Inhibited by SHIP1. Sci. Signal. 2010, 3, ra38. [CrossRef] [PubMed]
3. Lowell, C.A. Src-Family and Syk Kinases in Activating and Inhibitory Pathways in Innate Immune Cells: Signaling Cross Talk.

Cold Spring Harb. Perspect. Biol. 2011, 3, a002352. [CrossRef] [PubMed]
4. Mócsai, A.; Ruland, J.; Tybulewicz, V.L.J. The SYK Tyrosine Kinase: A Crucial Player in Diverse Biological Functions. Nat. Rev.

Immunol. 2010, 10, 387–402. [CrossRef]
5. Ulland, T.K.; Song, W.M.; Huang, S.C.C.; Ulrich, J.D.; Sergushichev, A.; Beatty, W.L.; Loboda, A.A.; Zhou, Y.; Cairns, N.J.;

Kambal, A.; et al. TREM2 Maintains Microglial Metabolic Fitness in Alzheimer’s Disease. Cell 2017, 170, 649–663.e13. [CrossRef]
[PubMed]

6. Lanier, L.L. DAP10- and DAP12-Associated Receptors in Innate Immunity. Immunol. Rev. 2009, 227, 150–160. [CrossRef]
7. Daws, M.R.; Sullam, P.M.; Niemi, E.C.; Chen, T.T.; Tchao, N.K.; Seaman, W.E. Pattern Recognition by TREM-2: Binding of Anionic

Ligands. J. Immunol. 2003, 171, 594–599. [CrossRef]
8. Wang, Y.; Cella, M.; Mallinson, K.; Ulrich, J.D.; Young, K.L.; Robinette, M.L.; Gilfillan, S.; Krishnan, G.M.; Sudhakar, S.;

Zinselmeyer, B.H.; et al. TREM2 Lipid Sensing Sustains the Microglial Response in an Alzheimer’s Disease Model. Cell 2015, 160,
1061–1071. [CrossRef]

9. Yeh, F.L.; Wang, Y.; Tom, I.; Gonzalez, L.C.; Sheng, M. TREM2 Binds to Apolipoproteins, Including APOE and CLU/APOJ, and
Thereby Facilitates Uptake of Amyloid-Beta by Microglia. Neuron 2016, 91, 328–340. [CrossRef]

10. Piccio, L.; Buonsanti, C.; Cella, M.; Tassi, I.; Schmidt, R.E.; Fenoglio, C.; Rinker, J.; Naismith, R.T.; Panina-Bordignon, P.;
Passini, N.; et al. Identification of Soluble TREM-2 in the Cerebrospinal Fluid and Its Association with Multiple Sclerosis and
CNS Inflammation. Brain 2008, 131, 3081–3091. [CrossRef]

11. Mantovani, A.; Marchesi, F.; Malesci, A.; Laghi, L.; Allavena, P. Tumour-Associated Macrophages as Treatment Targets in
Oncology. Nat. Rev. Clin. Oncol. 2017, 14, 399–416. [CrossRef] [PubMed]

12. Molgora, M.; Colonna, M. Turning Enemies into Allies-Reprogramming Tumor-Associated Macrophages for Cancer Therapy.
Med 2021, 2, 666–681. [CrossRef] [PubMed]

13. Pittet, M.J.; Michielin, O.; Migliorini, D. Clinical Relevance of Tumour-Associated Macrophages. Nat. Rev. Clin. Oncol. 2022, 19,
402–421. [CrossRef] [PubMed]

14. Bouchon, A.; Dietrich, J.; Colonna, M. Cutting Edge: Inflammatory Responses Can Be Triggered by TREM-1, a Novel Receptor
Expressed on Neutrophils and Monocytes. J. Immunol. 2000, 164, 4991–4995. [CrossRef] [PubMed]

15. Bouchon, A.; Hernández-Munain, C.; Cella, M.; Colonna, M. A DAP12-Mediated Pathway Regulates Expression of CC Chemokine
Receptor 7 and Maturation of Human Dendritic Cells. J. Exp. Med. 2001, 194, 1111–1122. [CrossRef]

16. Daws, M.R.; Lanier, L.L.; Seaman, W.E.; Ryan, J.C. Cloning and Characterization of a Novel Mouse Myeloid DAP12-Associated
Receptor Family. Eur. J. Immunol. 2001, 31, 783–791. [CrossRef]

17. Turnbull, I.R.; Gilfillan, S.; Cella, M.; Aoshi, T.; Miller, M.; Piccio, L.; Hernandez, M.; Colonna, M. Cutting Edge: TREM-2
Attenuates Macrophage Activation. J. Immunol. 2006, 177, 3520–3524. [CrossRef]

18. Paloneva, J.; Manninen, T.; Christman, G.; Hovanes, K.; Mandelin, J.; Adolfsson, R.; Bianchin, M.; Bird, T.; Miranda, R.;
Salmaggi, A.; et al. Mutations in Two Genes Encoding Different Subunits of a Receptor Signaling Complex Result in an Identical
Disease Phenotype. Am. J. Hum. Genet. 2002, 71, 656–662. [CrossRef]

19. Klünemann, H.H.; Ridha, B.H.; Magy, L.; Wherrett, J.R.; Hemelsoet, D.M.; Keen, R.W.; De Bleecker, J.L.; Rossor, M.N.; Marien-
hagen, J.; Klein, H.E.; et al. The Genetic Causes of Basal Ganglia Calcification, Dementia, and Bone Cysts: DAP12 and TREM2.
Neurology 2005, 64, 1502–1507. [CrossRef]

http://doi.org/10.1038/s41582-018-0072-1
http://www.ncbi.nlm.nih.gov/pubmed/30266932
http://doi.org/10.1126/scisignal.2000500
http://www.ncbi.nlm.nih.gov/pubmed/20484116
http://doi.org/10.1101/cshperspect.a002352
http://www.ncbi.nlm.nih.gov/pubmed/21068150
http://doi.org/10.1038/nri2765
http://doi.org/10.1016/j.cell.2017.07.023
http://www.ncbi.nlm.nih.gov/pubmed/28802038
http://doi.org/10.1111/j.1600-065X.2008.00720.x
http://doi.org/10.4049/jimmunol.171.2.594
http://doi.org/10.1016/j.cell.2015.01.049
http://doi.org/10.1016/j.neuron.2016.06.015
http://doi.org/10.1093/brain/awn217
http://doi.org/10.1038/nrclinonc.2016.217
http://www.ncbi.nlm.nih.gov/pubmed/28117416
http://doi.org/10.1016/j.medj.2021.05.001
http://www.ncbi.nlm.nih.gov/pubmed/34189494
http://doi.org/10.1038/s41571-022-00620-6
http://www.ncbi.nlm.nih.gov/pubmed/35354979
http://doi.org/10.4049/jimmunol.164.10.4991
http://www.ncbi.nlm.nih.gov/pubmed/10799849
http://doi.org/10.1084/jem.194.8.1111
http://doi.org/10.1002/1521-4141(200103)31:3&lt;783::AID-IMMU783&gt;3.0.CO;2-U
http://doi.org/10.4049/jimmunol.177.6.3520
http://doi.org/10.1086/342259
http://doi.org/10.1212/01.WNL.0000160304.00003.CA


Vaccines 2022, 10, 943 11 of 13

20. Paloneva, J.; Kestilä, M.; Wu, J.; Salminen, A.; Böhling, T.; Ruotsalainen, V.; Hakola, P.; Bakker, A.B.H.; Phillips, J.H.;
Pekkarinen, P.; et al. Loss-of-Function Mutations in TYROBP (DAP12) Result in a Presenile Dementia with Bone Cysts. Nat. Genet.
2000, 25, 357–361. [CrossRef]

21. Paloneva, J.; Autti, T.; Raininko, R.; Partanen, J.; Salonen, O.; Puranen, M.; Hakola, P.; Haltia, M. CNS Manifestations of
Nasu-Hakola Disease: A Frontal Dementia with Bone Cysts. Neurology 2001, 56, 1552–1558. [CrossRef] [PubMed]

22. Kaneko, M.; Sano, K.; Nakayama, J.; Amano, N. Nasu-Hakola Disease: The First Case Reported by Nasu and Review: The 50th
Anniversary of Japanese Society of Neuropathology. Neuropathology 2010, 30, 463–470. [CrossRef] [PubMed]

23. Zhou, Y.; Song, W.M.; Andhey, P.S.; Swain, A.; Levy, T.; Miller, K.R.; Poliani, P.L.; Cominelli, M.; Grover, S.; Gilfillan, S.; et al.
Human and Mouse Single-Nucleus Transcriptomics Reveal TREM2-Dependent and TREM2-Independent Cellular Responses in
Alzheimer’s Disease. Nat. Med. 2020, 26, 131–142. [CrossRef] [PubMed]

24. Paloneva, J.; Mandelin, J.; Kiialainen, A.; Böhling, T.; Prudlo, J.; Hakola, P.; Haltia, M.; Konttinen, Y.T.; Peltonen, L. DAP12/TREM2
Deficiency Results in Impaired Osteoclast Differentiation and Osteoporotic Features. J. Exp. Med. 2003, 198, 669–675. [CrossRef]

25. Cella, M.; Buonsanti, C.; Strader, C.; Kondo, T.; Salmaggi, A.; Colonna, M. Impaired Differentiation of Osteoclasts in TREM-2-
Deficient Individuals. J. Exp. Med. 2003, 198, 645–651. [CrossRef]

26. Jonsson, T.; Stefansson, H.; Steinberg, S.; Jonsdottir, I.; Jonsson, P.V.; Snaedal, J.; Bjornsson, S.; Huttenlocher, J.; Levey, A.I.;
Lah, J.J.; et al. Variant of TREM2 Associated with the Risk of Alzheimer’s Disease. N. Engl. J. Med. 2013, 368, 107–116. [CrossRef]

27. Guerreiro, R.; Wojtas, A.; Bras, J.; Carrasquillo, M.; Rogaeva, E.; Majounie, E.; Cruchaga, C.; Sassi, C.; Kauwe, J.S.K.;
Younkin, S.; et al. TREM2 Variants in Alzheimer’s Disease. N. Engl. J. Med. 2013, 368, 117–127. [CrossRef]

28. Sims, R.; Van Der Lee, S.J.; Naj, A.C.; Bellenguez, C.; Badarinarayan, N.; Jakobsdottir, J.; Kunkle, B.W.; Boland, A.; Raybould, R.;
Bis, J.C.; et al. Rare Coding Variants in PLCG2, ABI3, and TREM2 Implicate Microglial-Mediated Innate Immunity in Alzheimer’s
Disease. Nat. Genet. 2017, 49, 1373–1384. [CrossRef]

29. Wightman, D.P.; Jansen, I.E.; Savage, J.E.; Shadrin, A.A.; Bahrami, S.; Holland, D.; Rongve, A.; Børte, S.; Winsvold, B.S.;
Drange, O.K.; et al. A Genome-Wide Association Study with 1,126,563 Individuals Identifies New Risk Loci for Alzheimer’s
Disease. Nat. Genet. 2021, 53, 1276–1282. [CrossRef]

30. Ellwanger, D.C.; Wang, S.; Brioschi, S.; Shao, Z.; Green, L.; Case, R.; Yoo, D.; Weishuhn, D.; Rathanaswami, P.; Bradley, J.; et al.
Prior Activation State Shapes the Microglia Response to Antihuman TREM2 in a Mouse Model of Alzheimer’s Disease. Proc. Natl.
Acad. Sci. USA 2021, 118, e2017742118. [CrossRef]

31. Wang, S.; Mustafa, M.; Yuede, C.M.; Salazar, S.V.; Kong, P.; Long, H.; Ward, M.; Siddiqui, O.; Paul, R.; Gilfillan, S.; et al.
Anti-Human TREM2 Induces Microglia Proliferation and Reduces Pathology in an Alzheimer’s Disease Model. J. Exp. Med. 2020,
217, e20200785. [CrossRef]

32. Song, W.M.; Joshita, S.; Zhou, Y.; Ulland, T.K.; Gilfillan, S.; Colonna, M. Humanized TREM2 Mice Reveal Microglia-Intrinsic and
-Extrinsic Effects of R47H Polymorphism. J. Exp. Med. 2018, 215, 745–760. [CrossRef] [PubMed]

33. Keren-Shaul, H.; Spinrad, A.; Weiner, A.; Matcovitch-Natan, O.; Dvir-Szternfeld, R.; Ulland, T.K.; David, E.; Baruch, K.; Lara-
Astaiso, D.; Toth, B.; et al. A Unique Microglia Type Associated with Restricting Development of Alzheimer’s Disease. Cell 2017,
169, 1276–1290.e17. [CrossRef] [PubMed]

34. Krasemann, S.; Madore, C.; Cialic, R.; Baufeld, C.; Calcagno, N.; El Fatimy, R.; Beckers, L.; O’Loughlin, E.; Xu, Y.; Fanek, Z.; et al.
The TREM2-APOE Pathway Drives the Transcriptional Phenotype of Dysfunctional Microglia in Neurodegenerative Diseases.
Immunity 2017, 47, 566–581.e9. [CrossRef] [PubMed]

35. Wang, Y.; Ulland, T.K.; Ulrich, J.D.; Song, W.; Tzaferis, J.A.; Hole, J.T.; Yuan, P.; Mahan, T.E.; Shi, Y.; Gilfillan, S.; et al. TREM2-
Mediated Early Microglial Response Limits Diffusion and Toxicity of Amyloid Plaques. J. Exp. Med. 2016, 213, 667–675.
[CrossRef]

36. Nugent, A.A.; Lin, K.; van Lengerich, B.; Lianoglou, S.; Przybyla, L.; Davis, S.S.; Llapashtica, C.; Wang, J.; Kim, D.J.; Xia, D.; et al.
TREM2 Regulates Microglial Cholesterol Metabolism upon Chronic Phagocytic Challenge. Neuron 2020, 105, 837–854.e9. [CrossRef]

37. Jaitin, D.A.; Adlung, L.; Thaiss, C.A.; Weiner, A.; Li, B.; Descamps, H.; Lundgren, P.; Bleriot, C.; Liu, Z.; Deczkowska, A.; et al.
Lipid-Associated Macrophages Control Metabolic Homeostasis in a Trem2-Dependent Manner. Cell 2019, 178, 686–698.e14.
[CrossRef]

38. Molgora, M.; Esaulova, E.; Vermi, W.; Hou, J.; Chen, Y.; Luo, J.; Brioschi, S.; Bugatti, M.; Omodei, A.S.; Ricci, B.; et al. TREM2
Modulation Remodels the Tumor Myeloid Landscape Enhancing Anti-PD-1 Immunotherapy. Cell 2020, 182, 886–900.e17.
[CrossRef]

39. Hou, J.; Zhang, J.; Cui, P.; Zhou, Y.; Liu, C.; Wu, X.; Ji, Y.; Wang, S.; Cheng, B.; Ye, H.; et al. TREM2 Sustains Macrophage-
Hepatocyte Metabolic Coordination in Nonalcoholic Fatty Liver Disease and Sepsis. J. Clin. Investig. 2021, 131, e135197.
[CrossRef]

40. Poliani, P.L.; Wang, Y.; Fontana, E.; Robinette, M.L.; Yamanishi, Y.; Gilfillan, S.; Colonna, M. TREM2 Sustains Microglial Expansion
during Aging and Response to Demyelination. J. Clin. Investig. 2015, 125, 2161–2170. [CrossRef]

41. Safaiyan, S.; Besson-Girard, S.; Kaya, T.; Cantuti-Castelvetri, L.; Liu, L.; Ji, H.; Schifferer, M.; Gouna, G.; Usifo, F.;
Kannaiyan, N.; et al. White Matter Aging Drives Microglial Diversity. Neuron 2021, 109, 1100–1117.e10. [CrossRef] [PubMed]

42. Lee, S.H.; Meilandt, W.J.; Xie, L.; Gandham, V.D.; Ngu, H.; Barck, K.H.; Rezzonico, M.G.; Imperio, J.; Lalehzadeh, G.;
Huntley, M.A.; et al. Trem2 Restrains the Enhancement of Tau Accumulation and Neurodegeneration by β-Amyloid Pathology.
Neuron 2021, 109, 1283–1301.e6. [CrossRef] [PubMed]

http://doi.org/10.1038/77153
http://doi.org/10.1212/WNL.56.11.1552
http://www.ncbi.nlm.nih.gov/pubmed/11402114
http://doi.org/10.1111/j.1440-1789.2010.01127.x
http://www.ncbi.nlm.nih.gov/pubmed/20500450
http://doi.org/10.1038/s41591-019-0695-9
http://www.ncbi.nlm.nih.gov/pubmed/31932797
http://doi.org/10.1084/jem.20030027
http://doi.org/10.1084/jem.20022220
http://doi.org/10.1056/NEJMoa1211103
http://doi.org/10.1056/NEJMoa1211851
http://doi.org/10.1038/ng.3916
http://doi.org/10.1038/s41588-021-00921-z
http://doi.org/10.1073/pnas.2017742118
http://doi.org/10.1084/jem.20200785
http://doi.org/10.1084/jem.20171529
http://www.ncbi.nlm.nih.gov/pubmed/29321225
http://doi.org/10.1016/j.cell.2017.05.018
http://www.ncbi.nlm.nih.gov/pubmed/28602351
http://doi.org/10.1016/j.immuni.2017.08.008
http://www.ncbi.nlm.nih.gov/pubmed/28930663
http://doi.org/10.1084/jem.20151948
http://doi.org/10.1016/j.neuron.2019.12.007
http://doi.org/10.1016/j.cell.2019.05.054
http://doi.org/10.1016/j.cell.2020.07.013
http://doi.org/10.1172/JCI135197
http://doi.org/10.1172/JCI77983
http://doi.org/10.1016/j.neuron.2021.01.027
http://www.ncbi.nlm.nih.gov/pubmed/33606969
http://doi.org/10.1016/j.neuron.2021.02.010
http://www.ncbi.nlm.nih.gov/pubmed/33675684


Vaccines 2022, 10, 943 12 of 13

43. Gouna, G.; Klose, C.; Bosch-Queralt, M.; Liu, L.; Gokce, O.; Schifferer, M.; Cantuti-Castelvetri, L.; Simons, M. TREM2-Dependent
Lipid Droplet Biogenesis in Phagocytes Is Required for Remyelination. J. Exp. Med. 2021, 218, e20210227. [CrossRef] [PubMed]

44. Cignarella, F.; Filipello, F.; Bollman, B.; Cantoni, C.; Locca, A.; Mikesell, R.; Manis, M.; Ibrahim, A.; Deng, L.; Benitez, B.A.; et al.
TREM2 Activation on Microglia Promotes Myelin Debris Clearance and Remyelination in a Model of Multiple Sclerosis. Acta
Neuropathol. 2020, 140, 513–534. [CrossRef]

45. Cantoni, C.; Bollman, B.; Licastro, D.; Xie, M.; Mikesell, R.; Schmidt, R.; Yuede, C.M.; Galimberti, D.; Olivecrona, G.;
Klein, R.S.; et al. TREM2 Regulates Microglial Cell Activation in Response to Demyelination in Vivo. Acta Neuropathol. 2015, 129,
429–447. [CrossRef]

46. Condello, C.; Yuan, P.; Schain, A.; Grutzendler, J. Microglia Constitute a Barrier That Prevents Neurotoxic Protofibrillar Aβ42
Hotspots around Plaques. Nat. Commun. 2015, 6, 6176. [CrossRef] [PubMed]

47. Yuan, P.; Condello, C.; Keene, C.D.; Wang, Y.; Bird, T.D.; Paul, S.M.; Luo, W.; Colonna, M.; Baddeley, D.; Grutzendler, J. TREM2
Haplodeficiency in Mice and Humans Impairs the Microglia Barrier Function Leading to Decreased Amyloid Compaction and
Severe Axonal Dystrophy. Neuron 2016, 90, 724–739. [CrossRef]

48. Parhizkar, S.; Arzberger, T.; Brendel, M.; Kleinberger, G.; Deussing, M.; Focke, C.; Nuscher, B.; Xiong, M.; Ghasemigharagoz, A.;
Katzmarski, N.; et al. Loss of TREM2 Function Increases Amyloid Seeding but Reduces Plaque-Associated ApoE. Nat. Neurosci.
2019, 22, 191–204. [CrossRef]

49. Cochain, C.; Vafadarnejad, E.; Arampatzi, P.; Pelisek, J.; Winkels, H.; Ley, K.; Wolf, D.; Saliba, A.E.; Zernecke, A. Single-Cell
RNA-Seq Reveals the Transcriptional Landscape and Heterogeneity of Aortic Macrophages in Murine Atherosclerosis. Circ. Res.
2018, 122, 1661–1674. [CrossRef]

50. Ramachandran, P.; Dobie, R.; Wilson-Kanamori, J.R.; Dora, E.F.; Henderson, B.E.P.; Luu, N.T.; Portman, J.R.; Matchett, K.P.; Brice,
M.; Marwick, J.A.; et al. Resolving the Fibrotic Niche of Human Liver Cirrhosis at Single-Cell Level. Nature 2019, 575, 512–518.
[CrossRef]

51. Daemen, S.; Gainullina, A.; Kalugotla, G.; He, L.; Chan, M.M.; Beals, J.W.; Liss, K.H.; Klein, S.; Feldstein, A.E.; Finck, B.N.; et al.
Dynamic Shifts in the Composition of Resident and Recruited Macrophages Influence Tissue Remodeling in NASH. Cell Rep.
2021, 34, 108626. [CrossRef] [PubMed]

52. Xiong, X.; Kuang, H.; Ansari, S.; Liu, T.; Gong, J.; Wang, S.; Zhao, X.Y.; Ji, Y.; Li, C.; Guo, L.; et al. Landscape of Intercellular
Crosstalk in Healthy and NASH Liver Revealed by Single-Cell Secretome Gene Analysis. Mol. Cell 2019, 75, 644–660.e5. [CrossRef]
[PubMed]

53. Wu, K.; Byers, D.E.; Jin, X.; Agapov, E.; Alexander-Brett, J.; Patel, A.C.; Cella, M.; Gilfilan, S.; Colonna, M.; Kober, D.L.; et al.
TREM-2 Promotes Macrophage Survival and Lung Disease after Respiratory Viral Infection. J. Exp. Med. 2015, 212, 681–697.
[CrossRef]

54. Wang, E.C.E.; Dai, Z.; Ferrante, A.W.; Drake, C.G.; Christiano, A.M. A Subset of TREM2 + Dermal Macrophages Secretes
Oncostatin M to Maintain Hair Follicle Stem Cell Quiescence and Inhibit Hair Growth. Cell Stem Cell 2019, 24, 654–669.e6.
[CrossRef]

55. Otero, K.; Shinohara, M.; Zhao, H.; Cella, M.; Gilfillan, S.; Colucci, A.; Faccio, R.; Ross, F.P.; Teitelbaum, S.L.; Takayanagi, H.; et al.
TREM2 and β-Catenin Regulate Bone Homeostasis by Controlling the Rate of Osteoclastogenesis. J. Immunol. 2012, 188, 2612–2621.
[CrossRef] [PubMed]

56. Lavin, Y.; Kobayashi, S.; Leader, A.; Amir, E.D.; Elefant, N.; Bigenwald, C.; Remark, R.; Sweeney, R.; Becker, C.D.; Levine, J.H.; et al.
Innate Immune Landscape in Early Lung Adenocarcinoma by Paired Single-Cell Analyses. Cell 2017, 169, 750–765.e17. [CrossRef]
[PubMed]

57. Leader, A.M.; Grout, J.A.; Maier, B.B.; Nabet, B.Y.; Park, M.D.; Tabachnikova, A.; Chang, C.; Walker, L.; Lansky, A.; Le
Berichel, J.; et al. Single-Cell Analysis of Human Non-Small Cell Lung Cancer Lesions Refines Tumor Classification and Patient
Stratification. Cancer Cell 2021, 39, 1594–1609.e12. [CrossRef]

58. Sharma, N.; Atolagbe, O.T.; Ge, Z.; Allison, J.P. LILRB4 Suppresses Immunity in Solid Tumors and Is a Potential Target for
Immunotherapy. J. Exp. Med. 2021, 218, e20201811. [CrossRef]

59. Maynard, A.; McCoach, C.E.; Rotow, J.K.; Harris, L.; Haderk, F.; Kerr, D.L.; Yu, E.A.; Schenk, E.L.; Tan, W.; Zee, A.; et al.
Therapy-Induced Evolution of Human Lung Cancer Revealed by Single-Cell RNA Sequencing. Cell 2020, 182, 1232–1251.e22.
[CrossRef]

60. Zhang, H.; Liu, Z.; Wen, H.; Guo, Y.; Xu, F.; Zhu, Q.; Yuan, W.; Luo, R.; Lu, C.; Liu, R.; et al. Immunosuppressive TREM2(+)
Macrophages Are Associated with Undesirable Prognosis and Responses to Anti-PD-1 Immunotherapy in Non-Small Cell Lung
Cancer. Cancer Immunol. Immunother. 2022, 2. [CrossRef]

61. Wu, S.Z.; Al-Eryani, G.; Roden, D.L.; Junankar, S.; Harvey, K.; Andersson, A.; Thennavan, A.; Wang, C.; Torpy, J.R.;
Bartonicek, N.; et al. A Single-Cell and Spatially Resolved Atlas of Human Breast Cancers. Nat. Genet. 2021, 53, 1334–1347.
[CrossRef] [PubMed]

62. Azizi, E.; Carr, A.J.; Plitas, G.; Cornish, A.E.; Konopacki, C.; Prabhakaran, S.; Nainys, J.; Wu, K.; Kiseliovas, V.; Setty, M.; et al.
Single-Cell Map of Diverse Immune Phenotypes in the Breast Tumor Microenvironment. Cell 2018, 174, 1293–1308.e36. [CrossRef]
[PubMed]

http://doi.org/10.1084/jem.20210227
http://www.ncbi.nlm.nih.gov/pubmed/34424266
http://doi.org/10.1007/s00401-020-02193-z
http://doi.org/10.1007/s00401-015-1388-1
http://doi.org/10.1038/ncomms7176
http://www.ncbi.nlm.nih.gov/pubmed/25630253
http://doi.org/10.1016/j.neuron.2016.05.003
http://doi.org/10.1038/s41593-018-0296-9
http://doi.org/10.1161/CIRCRESAHA.117.312509
http://doi.org/10.1038/s41586-019-1631-3
http://doi.org/10.1016/j.celrep.2020.108626
http://www.ncbi.nlm.nih.gov/pubmed/33440159
http://doi.org/10.1016/j.molcel.2019.07.028
http://www.ncbi.nlm.nih.gov/pubmed/31398325
http://doi.org/10.1084/jem.20141732
http://doi.org/10.1016/j.stem.2019.01.011
http://doi.org/10.4049/jimmunol.1102836
http://www.ncbi.nlm.nih.gov/pubmed/22312126
http://doi.org/10.1016/j.cell.2017.04.014
http://www.ncbi.nlm.nih.gov/pubmed/28475900
http://doi.org/10.1016/j.ccell.2021.10.009
http://doi.org/10.1084/jem.20201811
http://doi.org/10.1016/j.cell.2020.07.017
http://doi.org/10.1007/s00262-022-03173-w
http://doi.org/10.1038/s41588-021-00911-1
http://www.ncbi.nlm.nih.gov/pubmed/34493872
http://doi.org/10.1016/j.cell.2018.05.060
http://www.ncbi.nlm.nih.gov/pubmed/29961579


Vaccines 2022, 10, 943 13 of 13

63. Ramos, R.N.; Missolo-koussou, Y.; Gerber-ferder, Y.; Bromley, C.P.; Lameiras, S.; Sedlik, C.; Caudana, P.; Kotsias, F.; Niborski, L.L.;
Viel, S.; et al. Tissue-Resident FOLR2+ Macrophages Associate with CD8+ T Cell Infiltration in Human Breast Cancer. Cell 2022,
185, 1189–1207.e25. [CrossRef] [PubMed]

64. Zhang, Y.; Chen, H.; Mo, H.; Hu, X.; Gao, R.; Zhao, Y.; Liu, B.; Niu, L.; Sun, X.; Yu, X.; et al. Single-Cell Analyses Reveal
Key Immune Cell Subsets Associated with Response to PD-L1 Blockade in Triple-Negative Breast Cancer. Cancer Cell 2021, 39,
1578–1593.e8. [CrossRef] [PubMed]

65. Bassez, A.; Vos, H.; Van Dyck, L.; Floris, G.; Arijs, I.; Desmedt, C.; Boeckx, B.; Vanden Bempt, M.; Nevelsteen, I.; Lambein, K.; et al.
A single-cell map of intratumoral changes during an-ti-PD1 treatment of patients with breast cancer. Nat. Med. 2021, 27, 820–832.
[CrossRef] [PubMed]

66. Zhou, L.; Wang, M.; Guo, H.; Hou, J.; Zhang, Y.; Li, M.; Wu, X.; Chen, X.; Wang, L. Integrated Analysis Highlights the
Immunosuppressive Role of TREM2+ Macrophages in Hepatocellular Carcinoma. Front. Immunol. 2022, 13, 848367. [CrossRef]

67. Sharma, A.; Seow, J.J.W.; Dutertre, C.A.; Pai, R.; Blériot, C.; Mishra, A.; Wong, R.M.M.; Singh, G.S.N.; Sudhagar, S.;
Khalilnezhad, S.; et al. Onco-Fetal Reprogramming of Endothelial Cells Drives Immunosuppressive Macrophages in Hepatocel-
lular Carcinoma. Cell 2020, 183, 377–394.e21. [CrossRef]

68. Liu, Y.; Zhang, Q.; Xing, B.; Luo, N.; Gao, R.; Yu, K.; Hu, X.; Bu, Z.; Peng, J.; Ren, X.; et al. Immune Phenotypic Linkage between
Colorectal Cancer and Liver Metastasis. Cancer Cell 2022, 40, 424–437.e5. [CrossRef]

69. Zhang, L.; Li, Z.; Skrzypczynska, K.M.; Fang, Q.; Zhang, W.; O’Brien, S.A.; He, Y.; Wang, L.; Zhang, Q.; Kim, A.; et al. Single-Cell
Analyses Inform Mechanisms of Myeloid-Targeted Therapies in Colon Cancer. Cell 2020, 181, 442–459.e29. [CrossRef]

70. Xiong, D.; Wang, Y.; You, M. A Gene Expression Signature of TREM2hi Macrophages and Γδ T Cells Predicts Immunotherapy
Response. Nat. Commun. 2020, 11, 5084. [CrossRef]

71. Obradovic, A.; Chowdhury, N.; Haake, S.M.; Ager, C.; Wang, V.; Vlahos, L.; Guo, X.V.; Aggen, D.H.; Rathmell, W.K.;
Jonasch, E.; et al. Single-Cell Protein Activity Analysis Identifies Recurrence-Associated Renal Tumor Macrophages. Cell 2021,
184, 2988–3005.e16. [CrossRef] [PubMed]

72. Kemp, S.B.; Steele, N.G.; Carpenter, E.S.; Donahue, K.L.; Bushnell, G.G.; Morris, A.H.; The, S.; Orbach, S.M.; Sirihorachai, V.R.;
Nwosu, Z.C.; et al. Pancreatic Cancer Is Marked by Complement-High Blood Monocytes and Tumor-Associated Macrophages.
Life Sci. Alliance 2021, 4, e202000935. [CrossRef]

73. Mulder, K.; Patel, A.A.; Kong, W.T.; Piot, C.; Halitzki, E.; Dunsmore, G.; Khalilnezhad, S.; Irac, S.E.; Dubuisson, A.;
Chevrier, M.; et al. Cross-Tissue Single-Cell Landscape of Human Monocytes and Macrophages in Health and Disease. Immunity
2021, 54, 1883–1900.e5. [CrossRef] [PubMed]

74. Binnewies, M.; Pollack, J.L.; Rudolph, J.; Dash, S.; Abushawish, M.; Lee, T.; Jahchan, N.S.; Canaday, P.; Lu, E.; Norng, M.; et al.
Targeting TREM2 on Tumor-Associated Macrophages Enhances Immunotherapy. Cell Rep. 2021, 37, 109844. [CrossRef]

75. Gonzalez, H.; Mei, W.; Robles, I.; Hagerling, C.; Allen, B.M.; Hauge Okholm, T.L.; Nanjaraj, A.; Verbeek, T.; Kalavacherla, S.; van
Gogh, M.; et al. Cellular Architecture of Human Brain Metastases. Cell 2022, 185, 729–745.e20. [CrossRef]

76. Zhang, X.; Wang, W.; Li, P.; Wang, X.; Ni, K. High TREM2 Expression Correlates with Poor Prognosis in Gastric Cancer. Hum.
Pathol. 2018, 72, 91–99. [CrossRef]

77. Cheng, S.; Li, Z.; Gao, R.; Xing, B.; Gao, Y.; Yang, Y.; Qin, S.; Zhang, L.; Ouyang, H.; Du, P.; et al. A Pan-Cancer Single-Cell
Transcriptional Atlas of Tumor Infiltrating Myeloid Cells. Cell 2021, 184, 792–809.e23. [CrossRef] [PubMed]

78. Katzenelenbogen, Y.; Sheban, F.; Yalin, A.; Yofe, I.; Svetlichnyy, D.; Jaitin, D.A.; Bornstein, C.; Moshe, A.; Keren-Shaul,
H.; Cohen, M.; et al. Coupled ScRNA-Seq and Intracellular Protein Activity Reveal an Immunosuppressive Role of TREM2
in Cancer. Cell 2020, 182, 872–885.e19. [CrossRef] [PubMed]

79. Esparza-Baquer, A.; Labiano, I.; Sharif, O.; Agirre-Lizaso, A.; Oakley, F.; Rodrigues, P.M.; Zhuravleva, E.; O’Rourke, C.J.; Hijona,
E.; Jimenez-Agüero, R.; et al. TREM-2 Defends the Liver against Hepatocellular Carcinoma through Multifactorial Protective
Mechanisms. Gut 2021, 70, 1345–1361. [CrossRef]

80. Perugorria, M.J.; Esparza-Baquer, A.; Oakley, F.; Labiano, I.; Korosec, A.; Jais, A.; Mann, J.; Tiniakos, D.; Santos-Laso, A.;
Arbelaiz, A.; et al. Non-Parenchymal TREM-2 Protects the Liver from Immune-Mediated Hepatocellular Damage. Gut 2019, 68,
533–546. [CrossRef]

http://doi.org/10.1016/j.cell.2022.02.021
http://www.ncbi.nlm.nih.gov/pubmed/35325594
http://doi.org/10.1016/j.ccell.2021.09.010
http://www.ncbi.nlm.nih.gov/pubmed/34653365
http://doi.org/10.1038/s41591-021-01323-8
http://www.ncbi.nlm.nih.gov/pubmed/33958794
http://doi.org/10.3389/fimmu.2022.848367
http://doi.org/10.1016/j.cell.2020.08.040
http://doi.org/10.1016/j.ccell.2022.02.013
http://doi.org/10.1016/j.cell.2020.03.048
http://doi.org/10.1038/s41467-020-18546-x
http://doi.org/10.1016/j.cell.2021.04.038
http://www.ncbi.nlm.nih.gov/pubmed/34019793
http://doi.org/10.26508/lsa.202000935
http://doi.org/10.1016/j.immuni.2021.07.007
http://www.ncbi.nlm.nih.gov/pubmed/34331874
http://doi.org/10.1016/j.celrep.2021.109844
http://doi.org/10.1016/j.cell.2021.12.043
http://doi.org/10.1016/j.humpath.2017.10.026
http://doi.org/10.1016/j.cell.2021.01.010
http://www.ncbi.nlm.nih.gov/pubmed/33545035
http://doi.org/10.1016/j.cell.2020.06.032
http://www.ncbi.nlm.nih.gov/pubmed/32783915
http://doi.org/10.1136/gutjnl-2019-319227
http://doi.org/10.1136/gutjnl-2017-314107

	Exploring the impact of TREM2 in tumor-associated macrophages
	Introduction 
	TREM2 in Myeloid Cells, Historical Perspective 
	Contribution of TREM2 to the Immune Response in Tumors 
	TREM2+ Macrophages Are Enriched in Human Cancers and Associated with Immunosuppression 
	Lung Adenocarcinoma 
	Breast Cancer 
	Hepatocellular Carcinoma 
	Other Solid Tumors 

	TREM2 Modulates Tumor-Associated Macrophage Phenotype and Function 

	Future Perspectives 
	References

