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Abstract

Disordered lipid accumulation in the arterial wall is a hallmark of atherosclerosis. Previous studies found that the expression
of triggering receptor expressed on myeloid cells 2 (TREM?2), a transmembrane receptor of the immunoglobulin family, is
increased in mouse atherosclerotic aortic plaques. However, it remains unknown whether TREM2 plays a role in atheroscle-
rosis. Here we investigated the role of TREM2 in atherosclerosis using ApoE knockout (ApoE~'~) mouse models, primary
vascular smooth muscle cells (SMCs), and bone marrow-derived macrophages (BMDMs). In ApoE~'~ mice, the density of
TREM2-positive foam cells in aortic plaques increased in a time-dependent manner after the mice were fed a high-fat diet
(HFD). Compared with ApoE~'~ mice, the Trem2~'~/ApoE~'~ double-knockout mice showed significantly reduced athero-
sclerotic lesion size, foam cell number, and lipid burden degree in plaques after HFD feeding. Overexpression of TREM2 in
cultured vascular SMCs and macrophages exacerbates lipid influx and foam cell formation by upregulating the expression
of the scavenger receptor CD36. Mechanistically, TREM?2 inhibits the phosphorylation of p38 mitogen-activated protein
kinase and peroxisome proliferator activated-receptor gamma (PPARY), thereby increasing PPARYy nuclear transcriptional
activity and subsequently promoting the transcription of CD36. Our results indicate that TREM2 exacerbates atherosclero-
sis development by promoting SMC- and macrophage-derived foam cell formation by regulating scavenger receptor CD36
expression. Thus, TREM2 may act as a novel therapeutic target for the treatment of atherosclerosis.
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BODIPY 4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-
3a,4a-diaza-s-indacene

CD36 Cluster of differentiation 36 Deh
dehydrocorydaline

DAPI 4',6-diamidino-2-phenylindole

DEGs Differentially expressed genes

Deh Dehydrocorydaline
Dil-oxLDL Dil-labeled oxLDL

GEO Gene Expression Omnibus
HFD High-fat diet

IF Immunofluorescence

MAPK Mitogen-activated protein kinase

M-CSF Macrophage colony-stimulating factor

Mfi Mean fluorescence intensity

mSMCs Mouse primary aortic SMCs

ORO Oil Red O

OxLDL Oxidized low-density lipoprotein

p-ERK1/2  Phosphorylated ERK1/2

p-INK Phosphorylated INK

p-p38 Phosphorylated p38

PPARYy Peroxisome proliferator activated-receptor
gamma

SMCs Vascular smooth muscle cells

t-ERK1/2  Total ERK1/2

t-JNK Total INK

t-p38 Total p38

TREM2 Triggering receptor expressed on myeloid
cells 2

a-SMA a-Smooth muscle actin

Introduction

Atherosclerosis is the leading cause of cardiovascular and
cerebrovascular diseases [1, 2]. The accumulation of LDL-
carried cholesterol in the arterial wall is one of the most
striking features of atherosclerosis. Macrophages engulf
these lipids and transdifferentiate into foam cells, a phe-
nomenon of lipid metabolism disorder that is a hallmark of
atherosclerosis. In addition, recent studies have found that
approximately 50% of foam cells are derived from smooth
muscle cells (SMCs) [3-6]. Foam cell formation is a patho-
logical hallmark throughout the atherosclerotic diseases.
Targeting foam cells is one of the current clinical approaches
to prevent the progression of atherosclerosis [7, 8]. More
specifically, foam cells are thought to determine plaque
stability and progression. However, to date, the regulatory
mechanism of foam cell formation remains unclear.

The triggering receptor expressed on myeloid cells 2
(TREM2) is a transmembrane receptor of the immunoglob-
ulin family with a wide variety of ligands [9, 10]. TREM2
has been shown to have pathogenic effects leading to cen-
tral nervous system dysfunction, diabetes, and liver-related
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disease by regulating lipid metabolism, inflammation,
immune cell viability, and apoptosis [9, 11-15]. Further-
more, lipid metabolism also plays an important role in the
occurrence and progression of atherosclerosis. Previous
scRNA-seq studies of total aortic CD45-positive cells have
found high expression of TREM2 in atherosclerosis-prone
models [16—18]. However, the precise role of TREM2 in the
atherosclerotic process remains elusive.

In the present study, we demonstrate that TREM?2 plays
an important role in lipid metabolism in atherosclerosis.
TREM2 expression is increased in atherosclerotic-prone
mouse plaques in a time-dependent manner. Conversely,
TREM?2 deficiency attenuates atherosclerotic plaque size and
lipid deposition in ApoE™"~ mice (Trem2™'~/ApoE™") com-
pared with Trem2**/ApoE™~ mice. Furthermore, TREM2
promotes both macrophage-derived and SMC-derived foam
cell formation by activating the scavenger receptor CD36.
This indicates that TREM2 is a novel target for the treatment
of atherosclerosis.

Materials and methods
Array data acquisition and processing

The gene expression profiles of GSE43292 were down-
loaded from Gene Expression Omnibus (GEO, https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE43292).
We used the keywords “TREM?2” and “Carotid” to search
GEO datasets for related profiles. Thirty-two hypertensive
patients with atheroma plaque and adjacent carotid tissue
were included in GSE43292. Then the online statistical tool
GEO2R was used to analyze the differentially expressed
genes (DEGs) and identify TREM?2 in Excel. Moreover,
we analyzed log2 (fold change) and —1logl10 (P value) to
discriminate TREM2 expression. We also utilized the GEO
profile GDS5083 to obtain TREM2 values in the two groups.

Animal preparation

All animal experiments conformed to the Management Rules
of the Chinese Ministry of Health and were approved by
the Ethical Committee of Union Hospital affiliated with
Tongji Medical School of Huazhong Technology Univer-
sity (Wuhan, China). All animal procedures were in accord-
ance with the guidelines from Directive 2010/63/EU of the
European Parliament on the protection of animals used for
scientific purposes. Animals were housed in SPF-rated
(specific pathogen-free) animal centers and maintained on
a 12-h light/dark cycle. Male ApoE™'~ mice were purchased
from Vital River Animal Center (Beijing, China). TREM2-
knockout mice (Trem2~'~) on the C57BL/6N background
were purchased from Cyagen (Santa Clara, CA, USA,
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https://www.cyagen.com/cn/zh-cn/sperm-bank-live/83433).
Trem2~'~ mice were crossed with ApoE™'~ mice to generate
Trem2~'~/ApoE~'~ mice. The knockout mice were validated
by genotyping and PCR. Subsequently, 8-week-old male
Trem2*"*/ApoE~'~ mice and male Trem2~'~/ApoE™'~ mice
were fed a HFD consisting of 1.25% cholesterol and 20%
fat (#D12079B; Special Diet Services Ltd., Essex, UK) for
12 weeks [19, 20]. At the end of the experiments, mice were
fasted for 4 h and euthanized by 100% CO, gas for approxi-
mately 5 min in the CO, chamber with a 30-70% fill rate
followed by cervical dislocation. Then mice were perfused
with 20 mL phosphate-buffered saline (PBS) before surgi-
cally obtaining tissue samples of the heart, aorta, and carotid
arteries.

Analysis of atherosclerotic lesions

The entire aorta was isolated from the aortic sinus to the
bifurcation of the common iliac artery and fixed with 4%
paraformaldehyde solution for 24 h. Then the surround-
ing adipose tissue from the aorta was removed and opened
longitudinally. The artery was then stained with Oil Red O
(ORO) solution for 15 min at room temperature. The ORO-
stained plaque area, as a percentage of the total lumen sur-
face area, was determined using Adobe Photoshop software
(Adobe Inc., San Jose, CA, USA). All morphometric analy-
ses were performed in a double-blinded manner. For the aor-
tic sinus, hematoxylin and eosin (H&E), Masson and ORO
staining were performed on serial 6 pm cross-sections. The
necrotic core was defined as the area with no nucleus. The
fibrous caps were quantified by the thickness from the outer
edge of the cap to the largest necrotic core boundary. Means
were taken by averaging three serial cryosections from each
mouse. Then we observed and photographed these sections
under an Olympus light microscope (Olympus Corporation,
Japan). The lesion area was measured with Adobe Photoshop
software [21].

Immunofluorescence (IF) staining

Frozen sections of the aortic sinus were stained with ORO
and H&E staining. For immunofluorescence staining, tis-
sue sections were co-incubated with primary antibodies
against TREM2, CD68, a-smooth muscle actin (a-SMA),
or 4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-
indacene (BODIPY; #D3922; Thermo Fisher Scientific Inc.,
Waltham, MA, USA). The immune complexes were detected
with a fluorescently labeled secondary antibody, and 4',6-
diamidino-2-phenylindole (DAPI; #G1012; Wuhan Service-
bio Technology Co., Ltd.) was used to mark the nuclei. The
positive cells in the immunostained sections were observed
and captured by a Nikon A1-Si confocal microscope (Nikon
Corporation, Tokyo, Japan). The positive area and positive

cell count in the plaque in each section were measured using
the NIS-element software (Nikon Corporation) and ImageJ
Pro Plus.

Cell culture and treatment

The experimental method for obtaining mouse primary aor-
tic SMCs (mSMCs) was the same as described previously
[22]. Cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; HyClone Inc., Logan, UT, USA) supple-
mented with 10% fetal bovine serum (FBS; #0500; Scien-
cell Research Laboratories, Carlsbad, CA, USA), 100 U/
mL penicillin, and 100 U/mL streptomycin and incubated at
37 °C in a humidified atmosphere with 5% CO.,.

Raw264.7 cells were purchased from the Cell Resource
Center of Shanghai Institute (Shanghai, China). Raw264.7
cells were cultured as described above.

Bone marrow-derived macrophages (BMDMs) were
isolated from femurs of Trem2** mice or Trem2™~ mice
with a C57 background in RPMI-1640 containing 10% FBS.
Macrophage colony-stimulating factor (M-CSF, 20 ng/mL,
Peprotech) was added to the culture medium for 6 days. The
cells were then used for subsequent experiments.

Cell lines stably overexpressing TREM2 were obtained
after transduction with an appropriate lentiviral vector pre-
pared by Shanghai Genechem Co., Ltd. (Shanghai, China)
for follow-up experiments (LV-TREM?2). Lentiviral GFP-
tagged vectors were used as the control group (LV-GFP).
After selection for 3 days in puromycin-containing medium
(10 ng/mL), a lentivirus-transfected cell line was obtained
for use in subsequent experiments. CD36 small-interfering
RNAs (siRNAs) were purchased from Augctgenes CO., Ltd.
(Wuhan, China). The RiboFect CP Transfection kit (#166T;
RiboBio, Guangzhou, China) was used to transfect siRNA
constructs. Cells were starved in serum-free medium over-
night before conducting all functional studies.

Dil-oxLDL uptake analysis

The analysis of the uptake of Dil-labeled oxLDL (Dil-
oxLDL; #YB-0010; Yiyuan Biotechnologies Co., Ltd.,
Guangzhou, China) has been described elsewhere [23].
mSMCs and Raw264.7 cells were cultured in the appropri-
ate medium and incubated with Dil-oxLDL (10 pg/mL) for
4 h. Then we washed the cells with PBS three times and ana-
lyzed the uptake level of lipids by fluorescence microscopy.
Moreover, flow cytometry analysis was used to calculate the
mean fluorescence intensity (mFI).

ORO staining and BODIPY staining

Cells were fixed with 4% paraformaldehyde in PBS
(#G0002; Wuhan Servicebio Technology Co., Ltd., Wuhan,
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China) and then washed three times with PBS, followed by
ORO staining (#G1015; Wuhan Servicebio Technology Co.,
Ltd.) for 15 min at room temperature as described previously
[24]. An Olympus optical microscope (Olympus Corpora-
tion, Tokyo, Japan) was used to assess staining, which was
quantified by Image-Pro Plus 6.0 software (Media Cyber-
netics, Inc., Rockville, MD, USA). For BODIPY staining,
cells were washed with PBS three times and incubated with
BODIPY (1 pg/mL) for 1 h [25]. Cells were collected and
detected by flow cytometry.

Western blot analysis

Cell lysate and aortic homogenate were prepared with
RIPA lysis buffer (#PM0013B; Beyotime Biotechnology,
Shanghai, China) containing complete protease inhibitors
(#G2006, #G2007 and #G2008; Wuhan Servicebio Tech-
nology Co., Ltd. and mixed with loading buffer (Biosharp,
Shanghai, China). Cell lysates and aortic shredded mixtures
(30-50 pg) were then subjected to Western blot analysis
with the following rabbit antibodies: MSR1, OLR1, CD36,
ABCA1, ABCGI, total and p-p38, total and p-PPARYy. Ulti-
mately, the immunoreactive protein bands were detected by
enhanced chemiluminescence like described previously [26].
The protein GAPDH was used as an internal control. More
information on antibodies is available in supplementary file
Table S1.

Real-time PCR

Total RNA was extracted from mSMCs and Raw264.7 cells
using TRIzol reagent (#15596026, Invitrogen, Carlsbad, CA,
USA). The obtained total RNA was used to prepare cDNA,
which was then amplified using a SYBR Premix Ex TaqTM
Kit (#RR420A; Takara Bio Inc., Kusatsu, Shiga, Japan) on
a thermocycler (Bio-Rad Laboratories, Hercules, CA, USA).
The amplification program is set according to the instruc-
tions (https://www.vazyme.com/Home.html). ACTB served
as the control for comparison. More information on Prim-
ers is available in supplementary file Table S2. qRT-PCR
was set up with two secondary wells and performed in at
least triplicate independent experiments. Data analysis was
performed using the comparative CT method as previously
described [27].

Statistical analysis

Continuous variables are expressed as the mean + SEM
unless otherwise specified. The two groups were compared
using unpaired student's ¢ test. Multiple groups were ana-
lyzed using analyses of variance (ANOVA) followed by
Tukey’s multiple comparisons. P < 0.05 was considered sta-
tistically significant. All data were analyzed using GraphPad
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Prism 9.0 software (GraphPad Software Inc., San Diego,
CA, USA).

Results

Upregulation of TREM2 expression in plaques
during atherogenesis

Previous studies have suggested that TREM2 is involved in
lipid metabolism and that the expression of TREM2 mRNA
is increased in atherosclerosis [14, 16—18, 28]. We analyzed
the GSE43292 dataset from the Gene Expression Omnibus
(GEO) datasets (including 32 patients with atheroma plaque
and adjacent carotid tissue) and found that the expression of
TREM?2 mRNA was increased in carotid artery plaques com-
pared with macroscopically intact tissue (Fig. 1a, P <0.0001,
https://www.ncbi.nlm.nih.gov/geo/tools/profileGraph.cgi?
ID=GDS5083:8126279). Given the results in human ath-
erosclerotic plaques, we detected the mRNA level in mice
during plaque development. The TREM2 mRNA level in
the aorta of ApoE~'~ mice was increased in a time-depend-
ent manner (Fig. 1b). Furthermore, we treated Raw264.7
cells and mSMCs, the two most abundant types of cells in
atherosclerotic plaques, with the atherogenic factor oxLDL
(50 pg/mL) in vitro and found a time-dependent increase in
TREM?2 mRNA (Fig. 1c) [3, 26, 29]. Confocal fluorescence
microscopy also further confirmed the trend of TREM2
expression in plaques of Trem2™*/ApoE~'~ mice (Fig. 1d,
e). We validated the antibody using knockout mice to rule
out nonspecific staining (Supplementary material online,
Fig. Sla). These data suggest that TREM2 is increased in
atherosclerotic plaques.

Knockout of TREM2 attenuates atherosclerosis
progression

To ascertain the causal role of TREM?2 in atherogenesis,
we knocked out TREM2 in ApoE~~ mice and gener-
ated Trem2~'"/ApoE~'~ mice. The genotype of the mice
was confirmed by RT-PCR (Supplementary material
online, Fig. S1b). We fed Trem2*'*/ApoE™'~ mice and
Trem2~'~/ApoE~'~ mice a HFD for 12 weeks to induce
atherosclerosis and examined changes in aortic plaques.
ORO staining showed that the whole aortic lesion area
was decreased in Trem2™'~/ApoE™'~ mice compared
with Trem2**/ApoE~~ mice (Fig. 2a). In addition, the
aortic arch lesion size and necrosis core of aortic tissue
were decreased, while the thickness of fibrous caps was
increased in the Trem2~'~/ApoE~'~ group compared with
the Trem2**/ApoE~"~ group (Fig. 2a—c and Supplemen-
tary material online Fig. S1e). Consistent with the reduced
whole aortic lesion area and aortic arch lesion size by ORO
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Fig.1 TREM2 expression is
increased in atherosclerotic
plaques. a The mRNA levels of
TREM?2 in human atheroscle-
rotic plaque and non-carotid
plaque vascular tissue (adjacent
carotid tissue). The original data
came from the GEO database
GSE43292. student’s ¢ test. b
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fed a HFD for different periods
(week; n=>5/group, one-way
ANOVA test followed by a
post hoc Tukey’s test). ¢ Graph
shows the trend of TREM2
mRNA expression after stimula-
tion with oxLDL (50 pg/mL)
for different times (n=4/group,
one-way ANOVA followed by
a post hoc Tukey’s test). d, e
Representative confocal images
of TREM2 (red) in the athero-
sclerotic plaques of the aortic
sinus from ApoE ™"~ mice in the
indicated groups (n=6/group).
Nuclei were stained with
4',6-diamidino-2-phenylindole
(DAPI; blue). Scale bar: 50 um
(upper panel), 25 um (lower
panel). One-way ANOVA test
followed by a post hoc Tukey’s
test. All data are presented as
the mean+ SEM. *P <0.05,
*#P<0.01, ****P <0.0001;
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staining, lipid staining also decreased at the level of the
aortic sinus by ORO staining in Trem2~~/ApoE™'~ mice
(Fig. 2b, c). However, TREM2 deficiency had no effect
on body weight, lipoprotein profiles, or collagen content
(Supplementary material online, Fig. Slc—e). Then we
used BODIPY to observe the lipid burden and foam cell
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same tendency as ORO-positive area statistics in the aor-
tic sinus (Fig. 2b, c¢). These data suggest that knockout
of TREM2 reduces plaque progression and lipid accu-
mulation in the plaque and that TREM?2 is involved in
lipid metabolism and has an effect on the thickness of the
fibrous cap.
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Fig.2 Deletion of TREM2 ameliorates plaque formation and lipid
deposition. a Trem2*"*/ApoE™"~ and Trem2™~/ApoE™~ mice were
fed a HFD for 12 weeks. The percentage of whole aorta and aortic
arch area that was occupied by the ORO-positive area was assessed
(n=6-7/group, student’s 7 test). Scale bar: 0.5 cm. b Images of H&E,
ORO, and BODIPY-stained tissues showing the aortic sinus level
obtained from mice. The red area shows plaque lipid in the aorta.
Representative images of the aortic sinus were obtained from mice
in the Trem2*"*/ApoE~"~ and Trem2~'~/ApoE~'~ groups. For H&E
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staining, the necrotic core was marked by a yellow line and zoomed
in locally. Scale bar: 100 pm. ¢ Representative images showing
plaque area, the percentage of the plaque area of the necrotic core
and ORO-positive area (n=6/groups, student’s ¢ test). The foam cell
number of the plaque area occupied by BODIPY is presented among
the indicated groups (green; n=6/group, student’s ¢ test). DAPI was
used to stain nuclei (blue). All data are expressed as the mean+SEM
from three to five independent experiments. *P <0.05, **P<0.01,
kP <0.0001
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TREM2 is expressed in foam cells derived from SMCs
and macrophages in plaques

Lipid deposition is a hallmark of atherosclerosis and con-
tributes to plaque progression and instability. We examined
whether TREM2 is directly involved in lipid metabolism
dysfunction in atherosclerosis. Therefore, we co-immu-
nostained TREM2-specific antibodies with BODIPY in
plaques. The results showed that BODIPY-positive cells
were co-localized with TREM2 in plaques (Fig. 3). The
number of BODIPY/TREM2-positive cells gradually
increased with atherosclerosis progression (Fig. 3a, d).
These results were consistent with our in vivo observations
that TREM2 deficiency decreases the lipid burden in the
aortic root. As the main sources of foam cells are SMCs
and macrophages, we investigated the role of TREM2 in the
foaming process of these two kinds of cells [7].

TREM?2 antibodies were stained with an SMC marker
(-SMA) and macrophage marker (CD68) to perform immu-
nofluorescence staining in mouse aortic sinuses from mice
fed a HFD for different periods. The results showed that
TREM?2 was co-localized with a-SMA and CD68 in plaques.
Clearly, the number of TREM2/a-SMA-positive and
TREM2/CD68-positive cells increased with the progression
of atherosclerosis (Fig. 3b, c, e, f), indicating that TREM2 is
upregulated in atherosclerotic lesions and enriched in SMCs
and macrophages, underpinning our hypothesis that TREM?2
is involved in foaming in SMCs and macrophages during
atherogenesis.

TREM2 stimulates foam cell formation
through the CD36 receptor

To verify our hypothesis that TREM?2 is involved in form-
ing foam cells from macrophages and SMCs, we used
lentiviral constructs to overexpress TREM?2 in Raw264.7
cells and mSMC:s, respectively (Supplementary material
online, Fig. S2a). ORO staining analysis of the cells after
stimulation for 24 h with oxLDL (50 pg/mL) revealed lipid
accumulation in the two types of cells. Specifically, the
results showed that the ORO-positive area per cell in the
TREM?2-overexpressing Raw264.7 cell and mSMC groups
(LV-TREM2) was increased by approximately 2.0- and 2.8-
fold, respectively (Fig. 4a, b), compared to that in the control
group (LV-GFP). These results were confirmed in primary
BMDMs. Flow cytometry showed that the BODIPY fluo-
rescence intensity of Trem2~'~ BMDMs was weaker than
that of Trem2** mouse-derived BMDM:s (Supplementary
material online, Fig. S2b). This result was consistent with
what we observed in RAW?264.7 cells in vitro. Thus, these
data indicate that TREM?2 promotes macrophage and SMC
cholesterol accumulation and foam cell formation, which
is abolished by the knockout of TREM2. All these results

are consistent with previous studies showing that TREM2
promotes lipid uptake in microglial cells [30]. To elucidate
the mechanism by which TREM2 promotes foam cell forma-
tion, we further examined the changes in the protein levels
of lipid uptake receptors (CD36, MSR1, and OLR1) and
efflux receptors (ABCG1 and ABCA1), which are major
lipid receptors for lipid metabolism in atherosclerosis. The
results showed that TREM2 did not significantly affect the
expression of the lipid uptake receptors MSR1 and OLRI.
Similarly, the expression of the lipid efflux receptors ABCG1
and ABCA1 was not affected by the expression of TREM?2.
However, it is worth noting that the protein level of CD36
was significantly increased in Raw264.7 cells and mSMCs
of the LV-TREM2 group compared to the LV-GFP group
(Fig. 4c, d). Moreover, TREM?2 increased the mRNA levels
of CD36 but not the transcription of other receptors (Fig. 4e,
f and Supplementary material online, Fig. S2¢). The mFI
of CD36 in plaques also showed a substantial decrease in
Trem2~'~/ApoE~'~ mice (Supplementary material online,
Fig. S2d). In congruence, this result was confirmed in pri-
mary BMDMs and mSMCs that the expression of CD36
was decreased during the knockout of TREM?2 (Fig. 4g and
Supplementary material online, Fig. S2e).

CD36 is the predominant receptor affecting lipid uptake
in atherosclerosis, so we used Dil-oxLDL to assess the
level of lipid uptake. Immunofluorometric analysis and flow
cytometry showed that TREM2 promoted Dil-oxLDL uptake
in both Raw264.7 cells and mSMCs (Fig. 5a, b), which was
in line with a previous study in microglial cells [30]. Con-
sistent with these results, BMDMs from Trem2~'~ mice
showed lower mFI than those from Trem2** mice (Sup-
plementary material online, Fig. S3a). To further assess the
effect of TREM2 on CD36 expression, we used a siRNA to
inhibit CD36 expression in cells overexpressing TREM?2.
The CD36 protein and mRNA levels were much lower in
siCD36 group compared with negative control (NC) group
(Supplementary material online, Fig. S3b and ¢). The results
revealed that CD36 silencing inhibited the TREM2-induced
increase in lipid accumulation and uptake in Raw264.7 cells
and mSMCs (Fig. 5c—f), indicating the role of TREM2-
CD36 signaling in atherosclerosis. This trend is consistent
with the results we observed in vivo and primary cells of
Trem2™'~ mice (Fig. 4g and Supplementary material online,
Fig. S2d-e). These data underpin the importance of TREM?2
in regulating foam cell formation by promoting lipid influx
regulated by CD36.

TREM2 regulates CD36 expression by regulating
p38MAPK and PPARy phosphorylation

The transcription factor PPARY is the most important fac-
tor regulating the transcription of CD36 [31-33]. West-
ern blot analysis revealed that TREM2 did not affect the
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«Fig.3 TREM2 is expressed in foam cells derived from macrophages
and SMCs in plaques. a—c¢ Representative images of aortic sinuses
obtained from the Trem2**/ApoE~'~ and Trem2™'~/ApoE~'~ groups
co-stained TREM?2 (red) with BODIPY (a, green), CD68 (b, green),
and a-SMA (c, green). For fluorescence images, nuclei were stained
with DAPI (blue). d—f The number of TREM2/BODIPY- (d),
TREM?2/CD68-, (e) or TREM2/a-SMA-positive cells (f) per mm?
of plaques in the indicated groups is shown (n=6-7/group, one-way
ANOVA followed by a post hoc Tukey’s test). All data are expressed
as the mean + SEM from three to five independent experiments. Scale
bar: 25 pm. ***P <0.001, ****P <(0.0001

protein expression level of PPARy under oxLDL stimulation
(Fig. 6a—d). However, the phosphorylation level of PPARy
at s273 was affected by TREM2. In the LV-TREM2 group,
the protein level of p-PPARY was significantly reduced, indi-
cating that TREM2 inhibits the phosphorylation of PPARY
compared to that in the LV-GFP group. These results indi-
cate that TREM2 regulates the transcription level of CD36
by regulating the phosphorylation level of PPARY, which in
turn regulates lipid accumulation and foam cell formation
in the atherosclerosis process.

The mitogen-activated protein kinase (MAPK) pathway
is a classical pathway involved in the activation of tran-
scription factors and regulates atherosclerosis and obesity,
[34, 35] which is involved in both PPARY signaling and the
TREM?2 signaling pathway [12, 36]. Thus, we examined
the activation of MAPK signaling (including p38, INK1/2,
and ERK1/2) after overexpression of TREM?2. The results
showed that phosphorylated p38 (p-p38) in the LV-TREM?2
group was reduced in Raw264.7 cells and mSMCs compared
to the LV-GFP group. In contrast, the total p38 (t-p38) level
did not change significantly. The levels of p-JNK, t-JNK,
p-ERK1/2, and t-ERK1/2 were not altered by the expression
of TREM2. These results suggest that p-p38 is involved in
the phosphorylation of PPARY. Next, we investigated the
effects of the p38 phosphorylation agonist dehydrocoryda-
line (Deh, 5 pM) in vitro. Deh or dimethyl sulfoxide (DMSO,
ctr) was used to stimulate cells for 12 h in the LV-TREM?2
and LV-GFP groups, and then the cell foaming model was
established by oxLDL. We found that increased lipid uptake
and accumulation induced by TREM2 were inhibited after
Deh stimulation (Fig. 6e, f), which aligns with our expecta-
tions. Furthermore, the results of Western blot analysis also
showed that the activity of PPARYy and the expression of
CD36 decreased after treatment with p38 phosphorylation
agonists (Fig. 6g, h). These data demonstrate that TREM?2
regulates the activity of PPARy by inhibiting the phospho-
rylation level of p-p38, leading to the promotion of CD36
expression and lipid uptake.

We also investigated the changes in the expression lev-
els of the aforementioned proteins in vivo. The results fur-
ther confirm that TREM?2 affects atherosclerotic progres-
sion through p38/PPARY signaling and downregulation

of CD36 expression (Fig. 7a, b). In addition, CD36 was
decreased in Trem2~'=/ApoE™'~ mice compared with
Trem2™"*/ApoE~"~ mice. The lipid load and foam cells in the
aortic sinus were also significantly reduced through CD68-
BODIPY and a-SMA-BODIPY staining (Fig. 7c—e). Taken
together, these data suggest that deletion of TREM2 inhibits
foam cell formation in atherosclerosis by regulating CD36
expression.

Discussion

This study found that TREM2 is increased in atherosclerotic
plaques and that deletion of TREM?2 attenuates atheroscle-
rotic progression in ApoE~'~ mice. In vitro, overexpression
of TREM2 exacerbates foam cell formation in macrophages
and mSMCs by promoting lipid uptake through regulating
CD36 expression. Therefore, TREM2 is a potential target
for atherosclerosis treatment. Herein, we elucidated the role
of TREM2 in atherosclerosis and the mechanisms regulat-
ing foam cell formation, as shown in the Graphic Abstract.

TREM2 is a transmembrane receptor belonging to the
immunoglobulin family with a wide range of ligands, includ-
ing lipids, lipoproteins, cellular debris, and DNA [11]. In
central nervous system dysfunction, diabetes, and liver-
related disease, it has been found that TREM2 dysfunction
is involved in lipid metabolism and regulates pathophysi-
ological processes [37—41]. Recent studies using scRNA-
seq of total aortic CD45-positive cells also found that one
of the cell populations showed high TREM2 expression in
atherosclerosis-prone mouse aortae [16-18, 28, 42]. Addi-
tionally, we analyzed the GSE43292 dataset from the Gene
Expression Omnibus (GEO) datasets (including 32 hyper-
tensive patients with atheroma plaque and adjacent carotid
tissue) and found increased expression of TREM2 mRNA in
human carotid plaques compared to adjacent carotid tissue.
However, the causal role of TREM?2 in atherosclerosis has
not been previously explored.

To disclose the precise role of TREM2 in atherogenesis,
ApoE™'~ mice were crossbred with Trem2~'~ mice to gen-
erate Trem2~'~/ApoE~"~ double-knockout mice. The results
show that TREM2 plays an important role in the formation
of atherosclerotic plaques. Root morphometry revealed that
TREM2 deficiency significantly reduced plaque size, lipid
burden, necrotic core area, and BODIPY-positive cells per
mm? area compared to Trem2™*/ApoE™'~ mice. In addition,
Xu et al. studies suggested that geniposide inhibited lipid
metabolism and atherosclerosis in HFD-fed ApoE~~ mice
by regulating TREM2 expression [43]. All these data sug-
gest that TREM2 is closely related to foam cell formation
and lipid metabolism in atherosclerosis. Our results also
show that the knockout of TREM2 has an effect on plaque

@ Springer



137 Page100f18 X.Guo et al.
Bl LV-GFP
a LV-GFP LV-TREM2 b
5 '7-‘,,‘.""3‘;:" 3 ,«’,"z B LV-TREM2
~ 8 Y,
% y E é °
o . -a .
@ D =000 £600- :
[ g ‘5'.",.. _ G § i . g
LV-GFP LV-TREM2 g §4004 .
' 810004 ,. . T
Q © 52004 &
= e 3
) oo x X
[S » -~ kS > (@) o4 o 04
Raw264.7 mSMCs
Q¥
&
& &8 ok
& K . @
C ) < JRawzear? § 204 ™ i L - B :
, @ K B LV-TREM2 25 :
o[ CD3 fo | <2,
7o[E] sk 28 : £
o <t
o] o1 53107 83|
250[F WS ABCAT 83054 o8
110[===+] ABCG1 2 2
£ © 04
37 GAPDH © 2
[ ] o 2 LV-GFP LV-TREM2
(2]
d ,ég ',éy S 257 f E ]
a5 (I CD36 ng.o- . B LV-TREM2 2 o
oEEmver 591 £S
opmemlon 52, a2,
- ac o |
L Q =
110 [F= =] ABCG1 £ k-
37 [N GAPDH & Z o

g Trem2** Trem2”  gMDM 5 2.0
(kD) e § =
88 CD36 5515
x
(0]
o 5 1.0
[<8se}
5
4+ o a
(kD) Jrem2™ Trem2” - nsmcs 2 g 0.5
©
ss B8 &% == " ]cp3s 2
© o0

Fig.4 TREM2 promotes foam cell formation in vitro. Lentiviral vec-
tors were constructed to deliver the TREM?2 gene (LV-TREM2). Len-
tiviral GFP (LV-GFP) was used as the control group (LV-GFP). a, b
Images of ORO-stained ox-LDL-loaded Raw264.7 cells and mSMCs
(a) in the indicated group. Graphs (b) show the ORO area positive
per cell (n=9/group, student’s ¢ test). Scale bar: 10 pm. ¢, d Repre-
sentative Western blots (left) of extracts obtained from Raw264.7
cells and mSMCs among the indicated groups of LV-GFP versus
LV-TREM2 (n=6/group, student’s ¢ test). e, f Quantitative real-time
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Fig.5 TREM?2 stimulates cholesterol uptake by regulating CD36. a
Representative fluorescence images of Raw264.7 cells and mSMCs
labeled with Dil-oxLDL at 37 °C for 4 h. Scale bar: 10 pm. b The
mean Dil-oxLDL burden detected by flow cytometry (n=9/group,
student’s #-test). ¢ and e Optical microscopy images (top) or confo-
cal laser scanning microscopy images (bottom) of Raw264.7 cells
and mSMCs labeled by ORO or Dil-oxLLDL. CD36 small-interfering
RNA (siRNA)-transfected Raw264.7 cells and mSMCs in the LV-

fibrous caps. Additionally, collagen deposition showed an
increasing trend, although it was not statistically significant.

Recent studies have reported that TREM?2 is expressed
in foam cells in atherosclerosis [14, 16—-18, 28]. In
addition, Do et al. reported that TREM2-positive mac-
rophages promote foam cell formation in acne lesions
[44]. We performed immunofluorescence staining to co-
immunostain TREM2 with the foam cell lipid marker
BODIPY and found that TREM2 is primarily located in
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GFP and LV-TREM2 groups before stimulation with oxLDL or Dil-
oxLDL. Scale bars: 10 pm. Graphs (d, f) show the area positive for
ORO per cell or mean Dil-oxLDL burden (mFI, n=6 and 9/group,
respectively; two-way ANOVA test followed by a post hoc Tukey’s
test). All data are expressed as the mean+ SEM from 3 to 5 independ-
ent experiments. ¥*P <0.05, ¥***P <0.001, ****P <0.0001. mFI mean
fluorescence intensity

the atherosclerotic plaque core and foam cells. Previous
studies have found that macrophages and SMCs are the
two main sources of foam cells [3, 45]. To trace the origin
of TREM2-positive foam cells, we performed immunoflu-
orescence staining and found that TREM2 is co-localized
with SMCs (a-SMA-positive) and macrophages (CD68-
positive) in plaques and that TREM2/BODIPY/a-SMA-
positive and TREM2/BODIPY/CD68-positive cells were
increased in a time-dependent manner. These results
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«Fig.6 TREM?2 regulates MAPK-p38 and PPARy phosphorylation.
a—d Representative Western blots and normalized ratios of p-p38:t-
p38, p-INK1/2:t-JNK1/2, p-ERK1/2:t-ERK1/2, and p-PPARy:t-
PPARy in RAW264.7 cells or mSMCs infected with LV-GFP or
LV-TREM2 group (n==6/group, student’s ¢ test). e, f Representative
images of ORO- and Dil-oxLDL-positive areas in Raw264.7 cells or
mSMCs obtained from the indicated group. Nuclei were stained with
DAPI (blue). RAW264.7 cells and mSMCs were cultured with the
p38 phosphorylation agonist dehydrocorydaline (Deh) before oxLDL
or Dil-oxLDL stimulation, and then the ORO- or Dil-oxLDL-positive
area was analyzed (n=6-9/group, two-way ANOVA followed by a
post hoc Tukey’s test). g, h Immunoblot analysis of the expression
of p-p38, t-p38, p-PPARY, t-PPARYy, and CD36 in RAW264.7 cells
and mSMCs treated with dehydrocorydaline (Deh) or an equal vol-
ume of DMSO (ctr, n==6/group, two-way ANOVA test followed by
a post hoc Tukey’s test). Quantitative data represent the fold change
observed after normalizing the indicated protein band intensities to
GAPDH. All data are presented as the mean+SEM from three to five
independent experiments. Scale bar: 10 pm. *P <0.05, **P<0.01,
#%P <(0.001, ****P <(0.0001. mFI mean fluorescence intensity. Deh,
dehydrocorydaline

confirm that TREM2 increases foam cell formation in
atherosclerosis.

The formation of foam cells is an important hallmark
of atherosclerosis [46]. Foam cells are mainly due to lipid
metabolism disorders, resulting in intracellular cholesterol
load. However, the mechanism responsible for foam cell
formation is not completely understood. Scavenger recep-
tors uncontrollably uptake modified lipoprotein, and lipid
efflux receptor barriers are mainly involved in lipid metabo-
lism during atherosclerosis, [47-50] subsequently increas-
ing the lipid load of blood vessels. Yeh et al. found that
TREM?2 promotes Dil-acLDL uptake and binds to APOB in
microglia in Alzheimer’s disease (AD) [30]. Analogously,
Linnartz-Gerlach et al. showed that microglia decrease
phagocytosis capability in Trem2~'~ mice [51]. These data
suggest that TREM2 is involved in lipid phagocytosis, which
is in line with our findings. In vitro, our data reveal that
TREM2 exacerbates foam cell formation by increasing the
transcript levels of scavenger receptor CD36 and promoting
lipid uptake. Yet, the expression of CD36 is reduced when
TREM?2 is knockout. CD36 is a class B scavenger receptor
that regulates excessive ox-LDL uptake, resulting in lipid
metabolism disorders and foam cell formation [52, 53]. We
further validated the role of CD36 and found that CD36
gene silencing abolished TREM2-induced lipid accumu-
lation in Raw264.7 cells and mSMC:s, indicating that the
TREM2-induced pro-atherosclerotic effect is dependent on
CD36 expression. In addition, the Dil-oxLDL uptake assay
is consistent with previous findings that TREM?2 promotes
lipid uptake in microglial cells [30]. These data underpin
the point that TREM2 regulates lipid influx and foam cell
formation in atherosclerosis.

We found that TREM?2 promotes CD36 expression at the
transcriptional level. Hendrikx et al. recently reported that

TREM?2 knockout decreases CD36 transcription in non-
alcoholic steatohepatitis (NASH) [54]. Similarly, a recent
study by Kim et al. also reported high expression of CD36 in
TREM2-positive macrophages [55]. PPARY is an important
transcription factor contained at the CD36 promoter, [56]
which promotes CD36 mRNA expression and is involved in
lipid metabolism in human fatty liver disease, atheroscle-
rosis, diabetes, and obesity [36, 57-63]. Previous studies
found that PPARY is also involved in TREM2-dependent
signaling [39]. Accordingly, we detected the effect of PPARYy
on TREM2-CD36 signaling and indicated that TREM2
promotes the activation of PPARY, therefore promoting
CD36 transcription. To elucidate the molecular mechanism
involved in TREM2 and PPARY-CD36 signaling, we next
detected changes in the MAPK pathway, which is one of
the signaling pathways that regulate PPAR in metabolic
disease [64—-67]. MAPK includes the p38 (also known as
MAPK14) pathway, extracellular-signal-regulated kinase
(ERK) pathway, and JUN N-terminal kinase (JNK) pathway.
Classical MAPK signaling regulates many pathophysiologi-
cal effects, such as inflammation, lipid metabolism, prolif-
eration, migration, and apoptosis [68, 69]. Previous studies
showed that MAPK is regulated by TREM2 and involved
in PPARY regulation in Parkinson’s disease, Alzheimer's
disease, obesity, diabetes, and atherosclerosis [57, 70-75].
However, it remains unknown whether MAPK is involved
in the regulation of TREM?2 and regulates PPARY activ-
ity in foam cells. The present study suggests that TREM?2
overexpression inhibits p38 phosphorylation rather than
JNK1/2 or ERK1/2, subsequently activating PPARy and
CD36 expression. In addition, pharmacological activation
of p38 inhibits the pro-atherosclerotic effect of TREM2 on
CD36 expression. These results are consistent with previous
studies showing that TREM?2 inhibited p38 phosphorylation
in diabetes mellitus and chronic cerebral hypoperfusion to
regulate inflammation [12, 39], and subsequently increase
the active form of PPARY. Collectively, these data suggest
that p38/PPARY signaling is involved in TREM2-regulated
foam cell formation and CD36 receptor upregulation.
TREM?2 is a novel lipid receptor. We demonstrated that it
is involved in the progression of atherosclerosis by regulat-
ing the expression of the scavenger receptor CD36 in our
study. The current pharmacological prevention of athero-
sclerosis is mainly lipid-lowering therapy, including statins,
PCSKD inhibitors, and antiplatelet drugs [76, 77]. Previ-
ous study suggested that TREM?2 regulates atherosclerosis
by regulating the process of autophagy through the mTOR
pathway [43]. Our previous study also demonstrated that
P2Y12R receptor inhibitor clopidogrel plus statins reverse
plaque progression in atherosclerosis [3]. Yet, there is an
urgent need for new targets for the treatment of atherosclero-
sis due to the complications of statins and antiplatelet drugs
in some patients and the high price of PCSK9 inhibitors
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[78-80]. In this article, we revealed that the regulation of Recent studies on the relationship between TREM2
TREM2 delays the progression of plaque in the hyperlipi- and atherosclerosis have been increasing, suggesting
demia state, thus providing a new idea for the clinical treat-  that TREM?2 may play an essential role in atherosclero-
ment of hyperlipidemia state. sis. In this article, we verified the mechanism of TREM?2
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«Fig.7 TREM?2 deficiency decreases foam cell formation in vivo.
a Immunoblot analysis of the expression of p-p38, t-p38, p-PPARY,
t-PPARY, and CD36 in extracts from the aortas of mice in the indi-
cated group. Trem2**/ApoE™'~ mice and Trem2~'~/ApoE™~ mice
were fed a HFD for 12 weeks to induce atherosclerotic lesions. Quan-
titative data represent the fold change observed. Protein expression
levels are calculated in (b n=6/group, student’s ¢ test). ¢ Fluorescence
images of CD68-BODIPY or a-SMA-BODIPY at the aortic sinus
from Trem2**/ApoE™~ mice and Trem2~'~/ApoE™~ mice. Nuclei
were stained with DAPI (blue). Scale bar: 50 pm. d, e The number
of CD68/BODIPY- or a-SMA/BODIPY-positive cells per mm? of
plaques in the indicated groups is presented (n=6/group, student’s ¢
test). All data are shown as the mean+SEM from three to five inde-
pendent experiments. *P <0.05, ¥**P <0.01

promoting the expression of CD36 through the P38-PPARY
pathway, thereby promoting foam cell formation. However,
TREM?2 and MAPK seem act as “signaling bottlenecks”.
They signal a range of ligands and transmit them to effec-
tors to elicit a complex pathological and physiological
responses in vivo environment. Therefore, the regulatory
mechanism of TREM?2 in atherosclerosis still needs a
long way to be explored. In addition, the transgenic mice
with global knockout of TREM2 for the experiments in
this manuscript were used, more precise conditional gene
knockout mice in macrophages and SMCs may be needed
for further verification.

In summary, this study elucidates the important role of
TREM?2 in promoting lipid metabolism and foam cell forma-
tion in atherosclerotic progression. TREM?2 promotes mac-
rophage- and SMC-derived foam cell formation by regulat-
ing the expression of CD36. This study provides a novel
target for the treatment of atherosclerosis.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-023-04786-9.
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