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ARTICLE INFO ABSTRACT

Keywords: Triggering receptor expressed on myeloid cells 2 (TREM2) is a transmembrane receptor protein predominantly
Ischemic stroke expressed in microglia within the central nervous system (CNS). TREM2 regulates multiple microglial functions,
Lipid droplet including lipid metabolism, immune reaction, inflammation, and microglial phagocytosis. Recent studies have
I,;/[(;r_ﬁh?n flammation found that TREM2 is highly expressed in activated microglia after ischemic stroke. However, the role of TREM2
TREM2) in the pathologic response after stroke remains unclear. Herein, TREM2-deficient microglia exhibit an impaired

phagocytosis rate and cholesteryl ester (CE) accumulation, leading to lipid droplet formation and upregulation of
Perilipin-2 (PLIN2) expression after hypoxia. Knockdown of TREM2 results in increased lipid synthesis (PLIN2,
SOAT1) and decreased cholesterol clearance and lipid hydrolysis (LIPA, ApoE, ABCA1, NECH1, and NPC2),
further impacting microglial phenotypes. In these lipid droplet-rich microglia, the TGF-p1/Smad2/3 signaling
pathway is downregulated, driving microglia towards a pro-inflammatory phenotype. Meanwhile, in a neuron-
microglia co-culture system under hypoxic conditions, we found that microglia lost their protective effect against
neuronal injury and apoptosis when TREM2 was knocked down. Under in vivo conditions, TREM2 knockdown
mice express lower TGF-p1 expression levels and a lower number of anti-inflammatory M2 phenotype microglia,
resulting in increased cerebral infarct size, exacerbated neuronal apoptosis, and aggravated neuronal impair-
ment. Our work suggests that TREM2 attenuates stroke-induced neuroinflammation by modulating the TGF-p1/
Smad2/3 signaling pathway. TREM2 may play a direct role in the regulation of inflammation and also exert an
influence on the post-ischemic inflammation and the stroke pathology progression via regulation of lipid
metabolism processes. Thus, underscoring the therapeutic potential of TREM2 agonists in ischemic stroke and
making TREM2 an attractive new clinical target for the treatment of ischemic stroke and other inflammation-
related diseases.
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1. Introduction

Microglia as resident immune cells of the central nervous system
(CNS) play a crucial role in the pathophysiology of ischemic stroke [1].
These cells rapidly respond to ischemic stroke by undergoing activation
and by releasing various bioactive molecules, such as cytokines, che-
mokines, and reactive oxygen species (ROS) [2,3]. Whereas the initial
activation of microglia is essential for triggering both immune response
and tissue repair, dysregulated and excessive microglial activation can
exacerbate brain injury and contribute to secondary neuronal damage.
Therefore, functional modulation of microglia in ischemic stroke holds
great promise for therapeutic interventions with regard to neuro-
protection, tissue recovery, and neurological outcome [1,4].

Increasing evidence has shown that modulation of microglial func-
tion can help minimize the extent of inflammation and prevent the
spread of secondary injury following ischemic stroke [1,5,6]. Triggering
receptor expressed on myeloid cells 2 (TREM2), a cell surface receptor
expressed on microglia, plays a pivotal role in modulating such micro-
glial function and in maintaining brain homeostasis [7,8]. Current
studies suggest that TREM2 is involved in various microglial activities,
including phagocytosis, calcium mobilization, energy metabolism,
cytokine production, and immune response regulation [8]. Under
experimental conditions of either ischemic or hemorrhagic stroke,
TREM2 yields neuroprotection and neurological recovery through
regulating post-ischemic inflammation and neuronal apoptosis [9-12].
Some of these mechanisms involved in the process affect a regulation of
the TLR4 and the PI3K/Akt signaling pathway [13,14].

TREM2 does not exclusively affect the aforementioned TLR4 or
PI3K/Akt signaling pathways but rather regulates a plethora of signaling
cascades. Indeed, previous reports describe an implication of TREM2 in
regulating cholesterol homeostasis and lipid uptake by myeloid cells
[15,16]. TREM2 deficient microglia are also associated with altered
cholesterol metabolism and impaired lipid clearance [17,18]. Microglia
with dysfunctional TREM2 exhibit a reduced ability to phagocyte
lipid-rich cellular debris, leading to the accumulation of lipids and the
formation of lipid-laden cells [15,19]. In the context of lipid metabolism,
activation of TREM2 signaling pathways can enhance the expression of
genes involved in lipid uptake, such as scavenger receptors, and promote
the clearance of lipid particles. TREM2 also plays a pivotal role in the
biogenesis of lipid droplets (LD). It has also been recognized as a lipid
sensor within microglia, and the accumulation of LD in aging microglia
has been associated with a dysfunctional pro-inflammatory phenotype
[20]. In the realm of neurodegenerative diseases, TREM2 has been
observed to decrease LD accumulation in aging microglia [21,22]. In
contrast, another study found increased expression of TREM2 in chronic
cerebral hypoperfusion, and TREM2 knockdown inhibited LD accumu-
lation in microglia, prompting microglial polarization towards an
anti-inflammatory and homeostatic phenotype [23]. Therefore, TREM2
regulates LD formation differentially in various diseases, and its neu-
roprotective role remains controversial. As such, the effect of TREM2 on
post-ischemic LD formation remains unclear. Overall, TREM2 plays a
critical role in the maintenance of lipid homeostasis and the resolution
of innate immune inflammation in microglia [24,25].

Microglial activity, however, is not exclusively regulated by one
signaling cascade. As such, the TGF-f1 (Transforming growth factor-
beta 1) pathway also plays a significant role in immune response mod-
ulation, inflammation regulation, tissue repair, and clearance processes
[26,27]. Recent studies in the cancer field have unveiled the impact of
TGF-f1 and the TGF-p1/Smad2/3 cellular pathway on lipid metabolism
and the genesis of LD [28-31]. In studies focused on breast and lung
cancer, TGF-f receptor-mediated pathways can influence cell invasion
and lung metastasis by inhibiting LD formation [29,30]. Additionally, in
research concerning cancer and bone-related conditions, TGF-$ has been
found to decrease markers of adipose differentiation and LD formation
[28,31], thereby affecting M2 polarization in macrophages [31].
Nevertheless, the specific role of TREM2 in post-ischemic LD formation
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of microglia via the TGF-p1/Smad2/3 cellular pathway remains poorly
understood. Dysfunction in either TREM2 or TGF-f1 pathways can
therefore both impair microglial functions, including phagocytosis of
amyloid-beta plaques (Af) and clearance of cellular debris, which lead
to neuroinflammation and disease progression [8,32,33]. Previous
studies report that TREM2 is closely linked to the TGF-B1 signaling
pathway in microglia. Hence, TREM2 deficiency results in abnormalities
of the TGF-B1 signaling pathway, which in turn triggers abnormal in-
flammatory responses and apoptosis [34]. Conversely, activation of
TREM2 promotes microglia M2 polarization and the release of TGF-f1,
which alleviates neuroinflammation and autophagy by activating
PI3K/Akt or mTOR signaling [35,36]. In response to TGF-f1, such
activated microglia display an increased expression of TREM2 and an
increased migratory activity, which facilitates phagocytosis and sup-
pression of secondary neurodegeneration within the peri-infarct tissue
[37]. Activated TREM2, in turn, influences TGF-f1 signaling in micro-
glia, presenting a regulatory feedback loop between TREM2 and TGF-p1
that helps maintain immune homeostasis and limit excessive inflam-
mation in the central nervous system [38,39]. A malfunction of this
interplay may therefore contribute to secondary brain tissue injury,
highlighting the importance of understanding the relationship between
TREM2 and TGF-p1 in microglia. The present study therefore analyzes
the impact of TREM2 regulation on phenotype and function of microglia
under both in vitro and in vivo stroke conditions with a special focus on
LD formation and the TGF-f1/Smad2/3 signaling.

2. Materials and methods
2.1. Legal issues, animal housing, randomization and blinding

All animal studies were conducted with local governmental approval
according to the protocols of the Institutional Animal Care and Use
Committee at Shanghai Jiao Tong University, which were consistent
with the National Institutes of Health guidelines and regulations, and
following both ARRIVE and STAIR guidelines for the care and use of
laboratory animals. Male C57BL/6 J mice aged 10-12 weeks (Vital River
Laboratory Animal Technology Co., Beijing, China) were maintained in
groups of 5 animals per cage on a regular 12 h light/12 h dark cycle.
Throughout the entire stage of the study, all experiments were con-
ducted in a strictly randomized manner. The researchers, possessing
local animal experimental licenses, performed animal surgeries and
sample collections while maintaining a blinded approach during all
study phases. Another researcher was responsible for preparing the
experimental solutions and collecting the data. The allocation of solu-
tions and groups was only revealed and disclosed upon completion of
the study.

2.2. Cell cultures

All animals for primary cells isolation were kept under 12-hour light/
dark circles and received food and water ad libitum. All mice were kept
according to the regulations of the European Union (2010/63 EU) in the
animal central facility of University Medicine Gottingen (UMG). All
experiments were performed in accordance with the animal ethics
approval given by the State Authority of Lower Saxony. For all studies,
mice were group-housed whenever possible and were randomly
assigned to experimental groups. Primary microglia were isolated from
newborn pups at postnatal 0-2 days (reproduced by C57Bl/6 J female
wild-type mice) [40], obtained from UMG. All cells were tested for po-
tential contamination before the experiment. After the entire brains of
the pups were extracted and transferred to a dish filled with cold PBS,
the cortex and hippocampus were then delicately isolated. The tissue
was digested with 1 mL of 0.25% Trypsin-EDTA and 100 pL of DNAse.
Digestion was then terminated with 5 mL of warm primary microglia
medium (DMEM-F12 supplemented with 10% FBS and 1% pen-
icillin/streptomycin). After separating microglia from other brain cell
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types using density gradient centrifugation, the homogeneous cell sus-
pension was transferred to a T75 flask precoated with poly-L-ornithine
(PLO). The culture medium was changed and treated with the murine
macrophage colony-stimulating factor ( M-CSF, Peprotech, Hamburg,
Germany to stimulate microglial proliferation after 5 days. When the
microglia have covered the bottom of the flask (about another 5 days),
the flask was rigorously shaken to ensure floating of the microglia in the
conditioned medium. The primary microglia suspension was seeded at
40,000 cells/cm? in PLO-coated dishes or flasks. All primary microglia
were passaged 3-4 times to remove astrocytes and neurons before being
used in experiments.

Primary cortical neurons were prepared from pregnant C57BL/6 J
female mice at embryonic day 16.5 (E16.5), which were sacrificed by
CO4, euthanasia [41]. The cerebral cortex and hippocampus were care-
fully isolated and moved into a 15-mL tube with cold PBS. The tissue at
the bottom was digested with 1 mL of 0.25% Trypsin-EDTA and 100 pL
of DNAse. Primary neuron culture medium (neurobasal medium sup-
plemented with 2% B27, 1% penicillin/streptomycin, L-glutamine, and
additional transferrin) was added to stop the digestion. The medium
containing primary neurons was carefully pipetted and centrifuged at
300x g for 5 min, and finally seeded on poly-L-ornithine/laminin (Sig-
ma-Aldrich, Taufkirchen, Germany) pre-coated plates at a density of
200,000 cells/cm?

2.3. Oxygen-glucose deprivation (OGD)

The cells were exposed to OGD when the confluence reached
80-90%. Before OGD, cells were washed twice with PBS and incubated
with the BSSO solution (116 mM NaCl, 5.4 mM KCl, 0.8 mM MgSOy4, 1
mM NaH,;PO4H0, 26.2 mM NaHCOs, 10 mM HEPES, 0.01 mM glycine
and 1.8 mM CaCly, pH 7.4) and transferred to the hypoxic incubator
(Toepffer Lab Systems, Goeppingen, Germany) containing 0.2% O3, 5%
CO4 and 70% humidity. After OGD, the BSSO solution was removed and
incubated with the original medium for reoxygenation (RO).

2.4. Primary neuron-microglia co-culture system

The co-culture model used primary microglia and primary neurons to
study the effect of microglia on neuron survival under hypoxia condi-
tions. The experiment was based on the protocol of Skaper et al. [42].
Primary microglia were seeded into 6-well (4 x 10° cells/insert) or
24-well (2 x 10* cells/insert) transwells (3 um pore size; Costar,
Maryland, USA). To assess the effect of microglia on neurons under
hypoxia, five different microglia species were tested: group 1, microglia
with siRNA vehicle under normoxia condition as control; group 2,
microglia with negative control siRNA under hypoxia condition; group
3, microglia with siRNA-TREM2 under hypoxia condition; group 4,
microglia with negative control siRNA under hypoxia condition plus
TGF-f1 receptor inhibitor treatment; group 5, microglia with
siRNA-TREM2 under hypoxia condition plus recombinant TGF-f1
treatment. These primary microglia were added to plates pre-seeded
with primary neurons, and this co-culture system would be exposed to
OGD for 4 h, and incubated for another 48 h RO. Microglia were
co-cultured with primary neurons at the start of the OGD of neurons.

2.5. TREM2 siRNA transfection of microglia

Primary microglia were stably transfected with FlexiTube small
interfering RNA (siRNA) for mouse TREM2 (NM_018965 target
sequence CTTCTGCACTTTGGACATTAA) or negative control siRNA
using HiPerFect Transfection Reagent (Qiagen, Hilden, Germany). The
siRNA transfection was performed in serum-free medium, following the
manufacturer’s instruction. The most efficient target sequence for RNA
interference was selected from the sequence provided by Qiagen
(#S101455097). All siRNAs were tested for mRNA knockdowns by real-
time polymerase chain reaction (PCR). After 24 h of transfection, the
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cells were used for subsequent experiments.
2.6. Cell viability and cytotoxicity assay

Cell viability was measured via a colorimetric assay by using the
MTT (Thiazolyl Blue Tetrazolium Bromide, Sigma-Aldrich, St. Louis,
MO) viability assay [43]. After OGD/RO, cell viability was presented as
relative changes in percentage compared to normoxic control group.
Absorbance was measured with Tecan Sunrise colorimetric microplate
reader (Tecan Group AG, Mannedorf, Switzerland) at a wavelength of
570 nm. Cytotoxicity was determined by the release of lactate dehy-
drogenase (LDH) from cells to detect levels of cytotoxicity. A 50 pL
aliquot of medium is transferred to another new 96-well plate for each
group. An equivalent dose of the test reagent provided by the manu-
facturer is added to each well to measure the release of LDH from the
cells. Measure the optical absorbance at a wavelength of 490 nm.

2.7. Middle cerebral artery occlusion (MCAO) and animal groups

For induction of ischemic stroke in mice, the middle cerebral artery
occlusion (MCAO) model based on our previous study was used [44].
Male C57BL/6 J mice (aged 10-12 weeks) were anesthetized with 3%
isoflurane at the beginning of surgery and maintained with 2.5% during
surgery. After sterilization and analgesia of the mice, a 1 cm incision was
carefully incised to expose the right common carotid artery (CCA). A
silicon-coated microfilament was inserted into the right CCA and was
slowly pushed forward to the right middle cerebral artery (MCA) to
block blood flow. Laser Speckle Imaging System (LSIS, RWD Life Sci-
ence, Shenzhen, Guangdong, China) was applied to ensure successful
blood flow block and cerebral blood flow parameters were recorded.
After 60 min, the microfilament was removed for reperfusion. The
experimental paradigm design and cerebral blood flow parameters of
LSIS are shown in Supplementary Fig. S1. The survival rate of each
group of mice used in the experiment are shown in Supplementary
Table 1.

2.8. TREM2 siRNA transfection of mice in vivo

Mice were placed in a stereotaxic locator (Wuhan Yihong Technol-
ogy Co., Ltd., Wuhan, China) 10 min after successful establishment of
the MCAO model as previously described [26,27]. Each mouse received
3 pL of a mixture of TREM2-siRNA (Qiagen, Shanghai, China) and
control siRNA (1.8 pL control siRNA, 0.8 uL. RNA-Mate, 0.4 pL ddH20).
The liquid was slowly injected into the lateral ventricles at a rate of 0.5
pL/min via a mini-pump (RWD, Shenzhen, China).

2.9. 2,3,5-Triphenyltetrazolium chloride (TTC) staining

Brains were dissociated and cut into 2 mm thick coronal sections, 2
mm sections were incubated with 2% TTC solution for 30 min at 37 °C in
the dark, and the staining process was stopped with 4% para-
formaldehyde in PBS. The infarct proportion was calculated by the
formula: corrected percentage of infarct volume = (contralateral
hemispheric volume - ipsilateral non-infarcted volume) / contralateral
hemispheric volume x 100%.

2.10. Immunohistochemistry and immunocytochemistry staining

Primary microglia were seeded on PLO-coated chambers at a density
of 4 x 10*/em?. Cells were washed once with cold PBS and then fixed in
4% paraformaldehyde (PFA) for 20 min. The cells were washed three
times with PBS, then permeabilized with 0.25% Triton X-100 for 15 min
and blocking at room temperature for 1 h. After the incubation of pri-
mary antibodies (Ibal, CD68, CD11b, TMEM119, NeuN, CD206, GFAP,
and CX3CR1) overnight, the slides were incubated with the corre-
sponding secondary antibody for 2 h or with BODIPY 493/503 for 30
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min. For in vivo tissue staining, post-perfusion brain samples from
C57BL/6 J mice were fixed in 4% PFA for 24 h, dehydrated with 30%
sucrose, and prepared into 14 pm tissue sections with a cryostat. Cry-
osections were incubated with citrate solution for antigen retrieval,
followed by 1 h of blocking at room temperature. Sections were incu-
bated overnight with the following primary antibodies: Ibal, CD68, and
CD206. After primary antibody incubation, sections were washed three
times in TBS, the following secondary antibodies were incubated at
room temperature for 2 h (RT). Then the sections were washed three
times in TBS. Nuclei staining was then performed with 4°,6-Diamidin-2-
phenylindol (DAPI, 1:10,000; AppliChem, Darmstadt, Germany).
Finally, Vectashield (Vector Laboratories, H-1000) was used for
mounting. Specific antibody working concentrations are shown in
Supplementary Table 2.

2.11. Apoptosis TUNEL staining assay

Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL, in situ cell death detection kit, Sigma-aldrich) staining was
used to detect cell death according to the manufacturer’s instructions.
After specific treatment, cells were fixed and permeabilized. Subse-
quently, working reaction mixture was prepared with 50 pL total volume
of Enzyme solution into 450 pL label solution to obtain 500 pL TUNEL
reaction mixture. Then the cells were incubated with the TUNEL reac-
tion mixture for 1 h at 37 °C in the dark. Afterward, DAPI staining is used
to stain cell nuclei.

2.12. Quantitative analysis of immunofluorescence data

The cortex and striatum were detected as regions of interest (ROI),
five randomly selected fields of view per overlay were photographed,
and three images were taken for each region. The average neuron or
microglia density was determined for all ROIs. For cell slides in vitro,
photographs were taken in 3 fields of view. Each overlay was randomly
selected. Immunofluorescence slides were photographed with a Zeiss
Axioplan 2 fluorescence microscope (Zeiss, Oberkochen, Germany) or
confocal scanning laser microscope (Zeiss LSM 700, Zeiss, Germany).
Images were processed with ZEN software version 3.20. Cell colocali-
zation analysis and fluorescence intensity quantification were per-
formed with ImageJ software version 1.60.

2.13. Western blotting analysis

The brain tissue samples and the cell samples were lysed in a solution
buffer containing RIPA Lysis and Extraction Buffer (Thermo Scientific,
Waltham, USA), 1 mmol/L EDTA, 1% protease inhibitor, and 1%
phosphatase inhibitor with a homogenisator or sonicator for 10 min and
subsequently centrifuged at 4 °C with 14,000 rpm for 15 min. Protein
concentrations were quantified with the Pierce BCA protein assay kit
(Thermo Fisher Scientific, USA). Equal amounts of protein were loaded
on 8-12% SDS-PAGE gel and electrophoretically separated in sample
buffer (dithiothreitol, final 0.1 M concentration, 0.1% SDS, 0.1 M Tris
HCI; pH 7.0). The electrophoresis gel was transferred to a polyvinylidene
fluoride membrane (Merck Group, Darmstadt, Germany) by the tank
transfer protocol. The membranes were then incubated in blocking
buffer for 1 h at room temperature, followed by overnight incubation for
optimal results with primary antibodies: TREM2, TGF-p1, p-Smad 2/3,
Smad 2/3, PLIN2, BAX, Bcl-2, and GAPDH. After three times washes
with TBS-T, the blots were incubated with secondary antibodies
(1:10,000) for 1 h. Specific antibody working dilutions are given in the
Supplementary Table 2. ImageJ version 1.60 was used to measure the
grey value of each blot.

2.14. Quantitative real-time polymerase chain reaction (qRT-PCR)

To extract total RNA, TRIzol (Invitrogen, Darmstadt, Germany) was
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used according to the manufacturer’s instructions. The total RNA con-
centration was determined with a NanoDrop ND1000 Spectrophotom-
eter (NanoDrop, Wilmington, DE, USA). The mRNA was reversely
transcribed to cDNA with the RevertAid H Minus First Strand cDNA
Synthesis Kit, followed by qRT-PCR with the SYBR Green I Master Kit for
LightCycler® 480 (Merck Group) according to the manufacturer’s in-
structions. All PCR primers were purchased from Eurofins Genomics
(Luxembourg, Germany). The sequences of all primers are shown in
Supplementary Table 3. The relative expression levels were calculated
and quantified using the 2722CT method after normalization with the
reference p-actin. The reported results are based on at least three inde-
pendent experiments performed on different batches of cells or mice.

2.15. Engyme linked immunosorbent assay (ELISA)

Concentrations of TGF-p1 were determined with commercial ELISA
kits (Thermo Fisher Scientific, USA) according to the manufacturer’s
instructions. A 96-well plate was coated with capture antibody at 100
pL/well. The plate was then sealed and incubated overnight at 4 °C. The
wells were blocked with 200 pL ELISA/elispot diluent for 1 h of incu-
bation. Standard samples were prepared as instruction for a standard
curve, and 100 pL/well of diluted detection antibody was added to each
well and incubated for 1 h. After aspirating and 3-5 times washing, 100
pL/well of diluted horseradish (avidin-HRP) was added to each well and
incubated at room temperature for 30 min. The absorbance of the
samples was detected at 450 nm by the colorimetric reader.

2.16. Quantification of total cholesterol, free cholesterol, and cholesteryl
ester

Total cholesterol, free cholesterol, and cholesteryl ester in tissue or
cell samples were analyzed by commercially available cholesterol
quantification kits (Abcam, ab65359, Germany). For generating a
standard curve, the standard solution was diluted into 25 pL of different
proportions to prepare six sets of standard samples. Testing samples
were divided into two reaction mixtures, i.e., with or without cholesterol
esterase. Total cholesterol and free cholesterol were measured sepa-
rately, and added to appropriate wells of a 96-well plate. Reagent and
enzyme mix were mixed thoroughly as a reaction buffer according to the
commercial instruction. Samples were mixed with reaction buffer and
incubated at 37 °C for 60 min in the dark. The fluorescence value was
measured at exc/em = 535/587 nm with a fluorometric microplate
reader and normalized with the standard curve.

2.17. Flow cytometry analysis

CD206 + M2 microglia in the cerebral hemisphere after MCAO were
determined by flow cytometry with a fluorescence-activated cell sorter.
Ischemic cerebral hemispheres were mechanically homogenized in lysis
buffer (0.5% BSA, 5% glucose, 10 mg/mL DNase in PBS) and centrifuged
at 1600 rpm for 10 min. Thereafter, the pellets were dissolved in a 30%
Percoll solution (GE Healthcare, USA) and loaded onto a gradient con-
taining 45% and 70% Percoll. After centrifugation, the cells were aspi-
rated between stages and dissolved in working solution (3% fetal bovine
serum in PBS). Before antibody labeling, the cell suspension was incu-
bated with anti-mouse Fc-Block (final concentration of 2.5 pg/mL) for
10 min at 4 °C to prevent non-specific binding. After washing, cells were
incubated with anti-CD45, anti-CD11b and anti-CD206 (BioLegend, San
Diego, USA) overnight. Flow cytometry quantification was obtained
using FlowJo v. 10.8.1 (BD FACSDiva™) software.

2.18. In vitro phagocytosis assay
For in vitro phagocytosis assays, primary microglia were seeded on

96-well plates (1 x 10* cells/well) and incubated in the cell culture
medium and treated with various conditions for 24 h. Following specific
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treatments, 5 ng of pHRodo Red Zymosan Bioparticles (Thermo Fisher
Scientific, P35364) were dissolved in the cell culture medium according
to the instruction of the supplier. Cells were incubated with or without
Zymosan Bioparticles for 4 h. In order to extinguish the signal inter-
ference of the extracellular fluorescent bioparticles, cells were washed
with 0.25 mg/mL trypan blue in PBS for one time. After cells were
subsequently lysed with 1% PBS-Triton, the samples were analyzed
using a fluorescence plate reader (560 nm excitation wavelength and
585 nm emission wavelength). To acquire images of phagocytosis,
microglia were seeded on 4-well chambers (4 x 10* cells/well, Sarstedt,
Germany). pHRodo Red Zymosan Bioparticles were added as described
above. The cells were then washed two times with PBS before fixation
and permeabilization, then incubated with specific primary and sec-
ondary antibodies. Nuclei were stained with DAPI. Immunofluorescence
slides were photographed with Zeiss Axioplan 2 fluorescence micro-
scope (Zeiss, Oberkochen, Germany).

2.19. Analysis of post-stroke motor coordination deficits

In the tests for the analysis of motor coordination in mice, the rotarod
test, the tightrope test, the balance beam test, and the corner turn test
were performed at the time points given (pre-ischemia day 1; post-
ischemia day 2, 5 and 7) [45]. Mice were trained on days 1 and 2
prior to the MCAO surgery to ensure correct test behavior as previously
reported [46-49]. The rotarod, the balance beam and the tightrope
walking tests were performed for three individual tests, and the mean
was calculated thereafter. For the rotarod test, the recorded parameter
was the time until the mice fell off, with a maximum test time of 300 s.
Details of the scoring sheet for the tightrope test can be found in the
Supplementary Table 4. The corner turn test consisted of 10 trials per
test day, during which the lateral index (number of right turns per 10
trials) was calculated, with a high lateral index close to a score of 1
indicating severe motor coordination deficits.

2.20. Statistical Analysis

For comparison of two groups, the two-tailed independent Student’s
t-test was used. For comparison of three or more groups, a one-way
analysis of variance (ANOVA) followed by Tukey’s post-hoc-test, and
if appropriate, a two-way ANOVA was used. The effect size was 0.3.
Unless otherwise stated, data are presented as means with SD values. A
p-value of < 0.05 was considered statistically significant. Statistical
software was Graphpad Prism version 8.0.

3. Results

3.1. Oxygen-glucose deprivation (OGD) induces an upregulation of
TREM?2 expression in primary microglia

The purity and characteristics of the extracted primary microglia
cultures were characterized by phase contrast microscopy and staining
for microglial markers: Ibal, CD11b, CX3CR1, and TMEM119 (Supple-
mentary Fig. S2A). To determine the optimal OGD duration, primary
microglia and neurons were exposed to different OGD times (2 h, 4 h, 6
h, and 8 h). We found 4 h of OGD as the ideal duration, resulting in a cell
viability of 50% for microglia and neuronal cells (Supplementary
Fig. S2B-D). We then identified the cell types in which TREM2 was
increased following exposure to hypoxia. We selected the microglia
marker Iba-1, the astrocyte marker GFAP, and the neuronal marker
NeuN. By immunofluorescence co-localization staining analysis of
TREM2, we found that TREM2 was predominantly expressed in micro-
glia but not in astrocytes or neurons (Fig. 1A). Furthermore, we exam-
ined changes in TREM2 expression in microglia at protein levels after
hypoxia by Western blotting and found that TREM2 expression signifi-
cantly peaked after 4 h of OGD and subsequently decreased (Fig. 1B).
Interestingly, the increase in protein abundance of TREM2 depended on
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the duration of RO (12 h, 24 h, and 48 h), which in turn correlated with
the extent of cell injury (Fig. 1C). Immunocytochemistry staining
revealed increased patterns of M2 polarization of microglia exposed to 4
h of OGD with different RO times of 24 h or 48 h, respectively, as
indicated by co-staining against Ibal and CD206 (Fig. 1D).

3.2. TREM2 upregulates TGF-f1 expression activating the TGF-f1/
Smad2/3 pathway

Western blotting regarding TGF-p1 expression in microglia exposed
to hypoxia displayed a similar temporal resolution pattern as seen for
TREM2. As such, TGF-f1 expression peaked at 4 h of OGD (Fig. 2A) and
increased even further depending on the duration of RO (12 h, 24 h, and
48 h) (Fig. 2B). To further validate the regulation of microglial function
by TREM2 through the TGF-p1/Smad2/3 signaling pathway, we knock
downed TREM2 and validated the knockdown efficiency both at the
mRNA level (Supplementary Fig. S3A) and at the protein level (Sup-
plementary Fig. S3B, C). Designing a neuron/microglia co-culture sys-
tem, the impact of TREM2-silenced microglia on neuronal survival after
OGD was analyzed (Fig. 2C). When primary microglia were exposed to
OGD, both TGF-f1 (Fig. 2D) and p-Smad2/3 (Fig. 2E) protein levels were
significantly upregulated. In contrast, p-Smad2/3 and TGF-p1 expres-
sion were reduced in the si-TREM2 group. The application of recombi-
nant TGF-B1 (rTGF-f1), in turn, reversed the effect of si-TREM2-induced
down-regulation of both p-Smad2/3 and TGF-p1. Neither rTGF-f1 nor
TGF-f1 receptor inhibitor treatment, however, affected TREM2 protein
levels themselves (Supplementary Fig. S3D).

3.3. OGD induces upregulation of TREM2 associated with changed
cholesterol levels and microglial activity

We further examined the role of TREM2 in post-hypoxic microglia
with regard to morphology and functional activity. We found that mRNA
levels of CD206, TGF-p1, PLIN2, and TNF-a were significantly upregu-
lated upon induction of OGD/RO. When TREM2 was silenced, mRNA
levels of the inflammatory factor TNF-a and the LD marker PLIN2 were
increased, whereas levels of the M2 phenotype marker CD206 and the
anti-inflammatory factor TGF-p1 were reduced. The latter was reversed
by ectopic rTGF-B1 treatment (Fig. 3A-D). ELISA assays confirmed the
aforementioned PCR results, i.e., protein levels were in line with mRNA
levels (Fig. 3E). Further experiments focused on an analysis of microglial
lipid patterns after regulation of TREM2. The mRNA levels of several
lipid metabolism-related genes (LMRG) were significantly upregulated
after induction of OGD/RO. When TREM2 was knocked down, lipid and
cholesterol synthesis was elevated (upregulation of PLIN2 and SOAT),
whereas with impaired cholesterol clearance and lipid transport
(downregulation of ApoE, ABCA1l, and NPC2) lipid hydrolysis was
impaired (downregulation of LIPA and NCEH). Unlike previous in-
flammatory genes, using rTGF-$1 did not alter the LMRG mRNA levels
(Supplementary Fig. S4A-G). Total cholesterol (TC), free cholesterol
(FC) and cholesteryl esters (CE) were increased in microglia exposed to
OGD. Silencing TREM2 increased these three lipids forms even further,
whereas ectopic r'TGF-f1 reversed these effects. The TGF-p1 inhibitor,
on the contrary, had no significant effect in this respect (Fig. 3F-H). In
line with this, silencing of TREM2 induced an upregulation of PLIN2 on
the protein level (Fig. 3I). A co-localization staining analysis of a LD
marker (BODIPY) and the M2 microglia marker CD206 revealed that
knockdown of TREM2 significantly elevated microglial LD aggregation
and reduced the number of M2 microglia (CD206 +). This trend was
exacerbated by TGF-p1 inhibitor treatment, an observation that was
reversed by rTGF-p1 treatment. Interestingly, BODIPY+ microglia with
large amounts of LDs failed to co-localize with the CD206 marker
(Fig. 3J-L). These data suggest that TREM2 may play an inhibitory role
for regulating post-hypoxic inflammatory responses of cultured
microglia.
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Fig. 1. Oxygen-glucose deprivation (OGD) induces upregulation of the expression of TREM2 and stimulates M2 polarization in primary microglia. A Immunoflu-
orescence staining of TREM2 (red) expression of astrocytes, microglia, and neurons (green) in normoxia conditions. B Quantitative analysis of TREM2 expression of
microglia exposed to different hypoxia times (2 h, 4 h, 6 h, 8 h, normoxia as control group) using Western blot analysis normalized with the housekeeping protein
GAPDH (n = 3). C Quantitative analysis of TREM2 expression of microglia after 4 h of hypoxia following different reoxygenation times (RO, 12 h, 24 h, 48 h,
normoxia as control group) using Western blot analysis normalized with the housekeeping protein GAPDH (n = 3). D Immunofluorescence staining of M2 microglia
(CD206 +, red) with regard to the dynamic change after hypoxia. The data are quantified as percentage of M2 microglia of total microglia (Ibal +, n = 5). Statistical
tests: Data are expressed as mean + SD, NS: no significance, *p < 0.05, * *p < 0.01, * **p < 0.001, * ** *p < 0.0001. Scale bars, 20 um (A) and (D). Abbreviation:
TREM2, Triggering Receptor Expressed on Myeloid Cells 2; OGD, oxygen-glucose deprivation; RO, reoxygenation.
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Fig. 2. Silencing of TREM2 in primary microglia downregulates the expression of TGF-p1 and p-Smad2/3 after hypoxia. A Quantitative analysis of TGF-p1 expression
of microglia exposed to different hypoxia times (2 h, 4 h, 6 h, 8 h, normoxia as control group) using Western blot analysis normalized with the housekeeping protein
GAPDH (n = 3). B Quantitative analysis of TGF-p1 expression of microglia after 4 h of hypoxia following different reoxygenation times (RO, 12h, 24 h. 48 h,
normoxia as control group) using Western blot analysis normalized with the housekeeping protein GAPDH (n = 3). C Schematic diagram of the siRNA-TREM2
treatment of microglia and the microglia/neuron co-culture system: Primary microglia were treated with siRNA-TREM2 knockdown 24 h before co-culture with
neurons. After OGD/RO, microglia were used for ELISA, phagocytosis efficiency, PCR and Western blotting assays. Neurons were used for MTT cell survival assays,
LDH cytotoxicity release assays, and apoptosis assays, respectively. D Quantitative analysis of p-Smad2/3 and Smad2/3 expression in microglia using Western blot
analysis normalized with the housekeeping protein GAPDH in five groups: group 1 (normoxia as control group); group 2 (OGD/RO treatment with siRNA solvent);
group 3 (10 nM siRNA-TREM2 with 24 h incubation before OGD/RO); group 4 (2 uM TGF-p1 receptor inhibitor treatment in group 2); group 5 (10 ng/mL re-
combinant TGF-f1 treatment in group 3) (n = 3). E Quantitative analysis of TGF-p1 expression in microglia using Western blot analysis normalized with the
housekeeping protein GAPDH in the five groups mentioned above (n = 3). Statistical tests: Data are expressed as mean =+ SD, *p < 0.05, * *p < 0.01, * **p < 0.001,
and * ** *p < 0.0001. Abbreviation: TGF-$1, Transforming growth factor beta 1; OGD, oxygen-glucose deprivation; RO, reoxygenation; siRNA, small interfering
RNA; si-TREM2, TREM2 siRNA; inh, TGF-B1 receptor inhibitor; rTGF-B1, recombinant TGF-f1; IF, Immunofluorescence staining; WB, Western blotting assay; LDH,

lactate dehydrogenase.

3.4. TREM?2 affects phagocytosis of microglia after hypoxia

We also investigated whether or not TREM2 modulates phagocytosis
of microglia under the same conditions as reported before. In cultured
primary microglia, OGD stimulation resulted in a slight increase in the
number of phagocytic Zymosan particles in activated microglia (no
statistical significance), whereas treatment with siRNA-TREM2 signifi-
cantly reduced phagocytosis in comparison to OGD conditions (Fig. 4A-
B). Of note, rTGF-pl treatment partially restored phagocytosis in
TREM2-silenced microglia. No effect was observed when primary
microglia were treated with the TGF-p1 inhibitor compared to the nor-
moxia group. In addition, phagocytosis efficiency was also measured by
detecting the fluorescence intensity of Zymosan Bioparticles (Fig. 4C).
Such an experimental approach demonstrated that silencing of TREM2
inhibits phagocytosis of microglia after OGD, which is consistent with
previous results from the fluorescent staining. Thus, TREM2 appears to
regulate phagocytosis independent of the TGF-f1 receptor-mediated
signaling pathway.

3.5. TREM?2 enhances neuroprotective properties of co-cultured microglia
under hypoxia conditions

In a co-culture system of primary cortical neurons and microglia
under OGD conditions, we found that TREM2-silenced microglia lost
their neuroprotective effects, and neurons co-cultured with them
showed decreased survival, reduced cell viability, and elevated cyto-
toxicity compared to controls (Fig. 5A-B). To determine whether the
microglial TREM2 affects neuronal hypoxic injury via the TGF-f1/
Smad2/3 pathway, we counteracted the effects of TGF-$1 on p-Smad2/3
signaling using the TGF-p1 receptor inhibitor. As expected, such an
experimental approach resulted in a most severe neuronal cell injury.
Administration of rTGF-pl activated the TGF-pl/Smad2/3 pathway,
reversing the damaging effect of silencing TREM2 due to si-TREM2
treatment alone. Likewise, TUNEL staining used in the five experi-
mental groups described above revealed that si-NC-treated microglia but
not si-TREM2-silenced microglia significantly reduced neuronal
apoptotic damage (Fig. 5C-D). Such results were confirmed by analyzing
the expression of the pro-apoptotic protein BAX and the anti-apoptotic
protein Bcl-2 in hypoxic neurons (Fig. 5E-F). TREM2 reduced
apoptotic signaling in hypoxic neurons via the TGF-pl/Smad2/3
pathway, whereas application of the TGF-f1 receptor inhibitor or the si-
TREM2 reversed this effect. This data suggests that TREM2 may be a key
player involved in regulating the neuronal protective effects of
microglia.

3.6. TREMZ2 regulates microglial morphology and activity via the TGF-
p1/smad2/3 pathway under in vivo stroke conditions

To study the role of TREM2 in regulating the TGF-p1/Smad2/3
pathway in microglia responding to ischemic stroke, we analyzed TGF-
f1, p-Smad2/3 and Smad2/3 protein expression in mice subjected to

60 min of MCAO. Firstly, TREM2 was knocked down using the optimal
and safest si-TREM2 dose and concentration (3 pL, 2 nM, injected in
3 min). Both PCR and Western blot assays confirmed a successful
knockdown of TREM2 in mice (Supplementary Fig. S5A-C). Samples
from the ischemic hemisphere showed that both TGF-B1 protein levels
and the p-Smad2/3/Smad2/3 expression ratio were increased in the
MCAO+si-NC control group, whereas a significant decrease was
observed in the si-TREM2 knockdown group. The latter was reversed by
rTGF-p1 treatment (Fig. 6A-B). However, PLIN2 expression showed a
significant upregulation in the TREM2 knockdown group, exhibiting an
opposite trend to TGF-f1 (Fig. 6C). In line with this, mRNA levels of
CD206, TGF-p1, PLIN2 and TNF-a were all differentially upregulated
after MCAO. Following the knockdown of TREM2, mRNA levels of the
inflammatory factors TNF-o and PLIN2 were further increased, whereas
levels of the M2 phenotypic marker CD206 and the anti-inflammatory
factor TGF-p1 were reduced and could be reversed by rTGF-f1 treat-
ment (Fig. 6D-G). Parallel to the results of the in vitro experiments, the
knockdown of TREM2 led to elevated lipid and cholesterol synthesis
alongside an impaired cholesterol clearance and lipid transport.
Nevertheless, alterations in LIPA and NCEH1, the regulators of lipid
hydrolysis, did not exhibit significant changes. Additionally, rTGF-p1
demonstrated a down-regulation in the LD formation and cholesterol
synthesis (PLIN2 and SOAT1). However, it did not significantly affect
the mRNA levels of other LMRGs in MCAO mice (Supplementary
Fig. S6A-G). The immunofluorescence staining analysis of ischemic
hemispheres revealed that TREM2 knockdown significantly reduced the
number of M2 phenotype (CD206 +) microglia and significantly
increased the number of M1 phenotype (iNOS+) microglia when
compared to the MCAO-+si-NC control group. Likewise, rTGF-p1 treat-
ment in si-TREM2 knockdown MCAO mice showed an increased number
of M2 polarized microglia within the ischemic hemisphere (Fig. 6H-J).
These in vivo results suggest that TREM2 may be a critical key player in
regulating PLIN2 expression, lipid accumulation and TGF-p1/Smad2/3
pathway activation in residing microglia of ischemic hemispheres.

3.7. TREM2 reduces post-stroke brain injury in mice

Based on our above findings, we further investigated whether or not
TREM2 knockdown affects apoptosis and infarct size in the post-
ischemic brain. Analyzing infarct volumes at day 7 post-ischemia
revealed that TREM2 knockdown resulted in increased brain infarcts
compared to the si-NC control group. Application of rTGF-f1, in
contrast, attenuated brain injury in the TREM2 knockdown mice
(Fig. 7A-B). Likewise, BAX/Bcl-2 ratios were significantly increased
after TREM2 knockdown, whereas rTGF-p1 reversed this effect (Fig. 7C-
D). The TUNEL staining experiments confirmed the aforementioned
results with regard to the extent of post-stroke brain injury in the
different experimental groups (Fig. 7E-F).
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Fig. 3. OGD induces the upregulation of TREM2, alters cholesterol levels, and regulates the polarization phenotype and inflammatory factor levels of microglia. A-D
Quantitative analysis of CD206 (A), TGF-p1 (B), PLIN2 (C), and TNF-a (D) mRNA expression in primary microglia using quantitative real-time polymerase chain
reaction (QRT-PCR) normalized with the housekeeping gene p-actin (n = 5). E For cytokine quantification, we measured the production of TGF-pl by using an
Enzyme-linked immunosorbent assay (ELISA) in the same five groups (n = 5). F-H Quantification of the level of total cholesterol (F), free cholesterol (G), and
cholesteryl ester (H) in the same five groups (n = 5). I Quantitative analysis of PLIN2 expression in microglia using Western blot analysis normalized with the
housekeeping protein GAPDH in the five groups mentioned above (n = 3). J Immunofluorescence co-staining of lipid droplets (LD, BODIPY, green) and M2 po-
larization of primary microglia (CD206, red) in the aforementioned 5 groups. K Quantification of the percentage of CD206 + microglia of total microglia (Ibal +,
n = 5). L Quantitative analysis of the mean fluorescence intensity (MFI) of BODIPY (n = 5). Statistical tests: Data are expressed as mean + SD, NS: no significance,
*p < 0.05, * *p < 0.01, * **p < 0.001, * ** *p < 0.0001. Scale bars, 20 um (J). Abbreviation: TGF-f1, Transforming growth factor beta 1; PLIN2, Perilipin 2; TNF-a,
Tumor necrosis factor alpha; OGD, oxygen-glucose deprivation; RO, reoxygenation; si-TREM2, TREM2 siRNA; inh, TGF-p1 receptor inhibitor; rTGF-p1, recombinant
TGF-pl; qRT-PCR, quantitative real-time polymerase chain reaction; ELISA, Enzyme-linked immunosorbent assay; LD, lipid droplets; MFI, mean fluores-

cence intensity.
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Fig. 4. TREM2 enhances phagocytosis of microglia after hypoxia. A Immunofluorescence staining of CD68 (green) and Zymosan Bioparticles (red) in microglia in the
aforementioned 5 groups and the Cytochalasin D treated group as a positive control. B Quantification of the mean fluorescence intensity (MFI) of Zymosan Bio-
particles in microglia (n = 5). C Quantitative analysis of phagocytosis efficiency in microglia in the aforementioned 6 groups using quantitative fluorometric assay.
Statistical tests: Data are expressed as mean =+ SD, NS: no significance, *p < 0.05, * ** *p < 0.0001. Scale bars, 10 um (A). Abbreviation: OGD, oxygen-glucose
deprivation; MFI, mean fluorescence intensity; si-TREM2, TREM2 siRNA; inh, TGF-p1 receptor inhibitor; rTGF-p1, recombinant TGF-p1; Cyto D, Cytochalasin D.
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Fig. 5. TREM2 reduces neuronal cell death by upregulating TGF-p1 expression in microglia under conditions of hypoxia. A Cell viability was analyzed in primary
neurons co-cultured with different microglia. The co-culture system was exposed to 4 h of OGD followed by 48 h of RO using the MTT assay in the five groups: group
1, neurons-microglia co-culture system under normoxia condition; group 2, neurons and negative control siRNA treated microglia co-culture with OGD/RO; group 3,
neurons and siRNA-TREM2 treated co-culture with OGD/RO; group 4, neurons-microglia co-culture plus TGF-p1 receptor inhibitor treatment with OGD/RO; group 5,
neurons and siRNA-TREM2 treated microglia co-culture plus recombinant TGF-p1 treatment with OGD/RO (n = 5). Neurons incubated under normoxic conditions
were defined as 100% cell survival. B OGD-induced neuronal cell toxicity was further assessed by the lactate dehydrogenase (LDH) release assay in the afore-
mentioned 5 groups (n = 5). C Quantitative analysis of apoptotic cell rate in primary neuron by TUNEL assay in the aforementioned 5 groups (n = 5). D Immu-
nofluorescence staining of neuron (NeuN, green) and apoptotic cells (TUNEL, red) in neuron in the aforementioned 5 groups. E-F Quantitative analysis of anti-
apoptotic protein Bcl-2 and pro-apoptotic protein BAX expression in primary neurons using Western blot analysis normalized with the housekeeping protein
GAPDH in the same five groups (n = 3). Statistical tests: Data are expressed as mean =+ SD, NS: no significance, *p < 0.05, * *p < 0.01, * **p < 0.001, and
* %% *p < 0.0001. Scale bars, 20 um (D). Abbreviation: OGD, oxygen-glucose deprivation; si-TREM2, TREM2 siRNA; inh, TGF-p1 receptor inhibitor; rTGF-p1, re-

combinant TGF-B1; MTT, thiazolyl blue tetrazolium bromide; LDH, lactate dehydrogenase; Bcl-2, B-cell lymphoma 2; BAX, Bcl-2-associated X protein.

3.8. TREM?2 regulates cholesterol levels affecting M2 microglia
polarization and post-stroke neurological recovery of mice

In light of the above in vitro data on TREM2 regulation of cholesterol
levels and phenotypic polarization in microglia, we further verified
whether or not TREM2 exerts similar effects under in vivo stroke con-
ditions. Upon induction of stroke, only CE were significantly increased,
whereas knockdown of TREM2 significant increased levels of TC, FC and
CE. r'TGF-p1 treatment significantly reduced the si-TREM2-induced CE
upregulation, whereas FC was not significantly altered (Fig. 8A-C).
Using flow cytometry analysis, the number of CD206 + microglia of the
M2 phenotype was significantly decreased due to TREM2 knockdown
(Fig. 8D-E). The gating strategy as well as additional FACS density plots
are shown in Supplementary Fig. S7A-E. Assessing neurological recovery
on days 5 and 7 post-stroke, si-TREM2 knockdown caused animals to
perform significantly worse in the rotarod test, balance beam test,
tightrope test, and corner turn test when compared to the MCAO-si-NC
control and the si-TREM2 +rTGF-p1 treatment groups (Fig. 8F-I). These
results are in favor of TREM2 knockdown significantly exacerbating
motor coordination deficits in post-stroke mice.

4. Discussion

Neuroinflammation is a critical marker for secondary cell injury
during the process of ischemic stroke [50,51]. Following the latter, the
disruption of the blood-brain barrier along with neuronal cell death are
accompanied by the activation of microglia [52-54]. Regulation of
inflammation is one of the vital functions of microglia, which are
generally divided into resting MO microglia, pro-inflammatory M1
microglia, and anti-inflammatory M2 microglia [55-58]. Recent studies
have identified a possible involvement of lipid metabolism in regulating
microglia function [59,60], where TREM2 as a transmembrane protein
responsible for lipid transport, has shown potential for a
microglia-targeted therapy [10,12]. In the current study, knockdown of
TREM2 led to a shift in microglia towards a pro-inflammatory M1
phenotype and a reduction in TGF-f1 levels in the ischemic stroke
model. Our results indicated that upregulation of TREM2 in microglia
could mitigate post-ischemic neuroinflammation and neuronal
apoptosis, at least in part, through the TGF-p1/Smad2/3 signaling
pathway and cholesterol synthesis.

Interestingly, TREM2-mediated microglial activation exhibits
double-edged effects due to the different roles of activated microglia in
different disease models [61]. Recent studies have shown that TREM2
with its ligands, DAP12 and ApoE, are the major pathways that shift
microglia from a homeostatic state to a neurological disease-associated
state [19,62,63]. TREM2 and its ligands are risk factors for neurode-
generative diseases [64,65], and activated microglia proliferate in the
substantia nigra of brains and produce neurotoxic molecules, leading to
the gradual degeneration of dopaminergic neurons in a
non-cell-autonomous manner, and are therefore considered deleterious
in pathological progress [66]. However, Jay et al. concluded that
TREM2 deficiency leads to a reduction in inflammatory myeloid cell
infiltration and ameliorates AD pathology in the early stages [67], while
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exacerbating AD pathology in the late stages [68]. In stroke studies, the
increase in the amount of microglia after ischemia was inhibited in
TREM2 KO mice, and the proliferation and phagocytic activity of
microglia were diminished, ultimately leading to deterioration in the
neural scores of the mice [69,70]. Similarly, in our study, we also
observed a time-dependent elevation of TREM2 expression in microglia
exposed to hypoxia. This increase in TREM2 expression coincided with
the upregulation of TGF-p1, microglial phagocytosis and polarization,
while knockdown of TREM2 leads to severe neural damage. Hence,
TREM2 exhibits a neuroprotective role in post-stroke injury.

Mounting evidence indicated that activated microglia release pro-/
anti-inflammatory cytokines, and play both a detrimental and protective
role in post-ischemic damage [55,71]. However, whether TREM2 acts as
a pro- or anti-inflammatory mediator in microglia remains unclear. One
of the reasons for this controversy may be related to the different ligands
mediated by TREM2 in acute or chronic inflammation. DAP12, one of
the important ligands of TREM2, is the dominant switch that shifts
microglia from a homeostatic state to a disease-associated state [62,72].
It increases the production of Af plaques and the spread of Tau proteins,
accelerating brain pathology and behavioral deficits, and ultimately
increasing the risk of many neurodegenerative diseases [72-75]. On the
other hand, in a neurodegenerative diseases study, TREM2 restored
microglia homeostasis by TREM2-APOE mediated pathways, which may
be achieved by regulating major transcription factors homologous to
microglia, including TGF-p [19]. TREM2 synergizes with its ligand
APOE to bind to apoptotic neurons and increase TREM2-mediated
phagocytosis [76]. In contrast, TREM2 deficiency may lock microglia
in a homeostatic state and block essential microglia defenses during
disease progression [77]. In our study, we also confirmed that the
knockdown of TREM2 inhibited TGF-p1 and its downstream signaling,
resulting in impaired microglial phagocytosis and failure of cellular
debris clearance.

TREM2 has been shown to effectively influence diverse downstream
pathways and molecules, including PI3K/Akt and TLR4/NF-«B signaling
pathways, to regulate the expression of pro-inflammatory cytokines in
microglia [78,79]. It promotes phagocytosis of apoptotic neurons and
inhibits the expression of pro-inflammatory molecules such as TNF-a
[80,81]. In the current study, knockdown of TREM2 expression in
microglia followed by the downregulation of the TGF-p1/Smad2/3
signaling pathway, significantly reduced anti-inflammatory cytokine
TGF-p1, further causing a notable decrease in M2 microglia, ultimately
led to a loss of the neuroprotective effects exerted by microglia. This
TREM2-modulated microglial phenotypic alteration was also validated
in another study on LPS-induced neuroinflammation, that upregulation
of TREM2 could contribute to the M2 anti-inflammatory microglia
phenotype [79]. Moreover, in line with our findings, growing evidence
has indicated that TREM2 can participate in the modulation of micro-
glial polarization towards the M2 anti-inflammatory phenotype via
various signaling pathways including TLR4-mediated pathways, JAK/-
STAT pathway, and PI3K/Akt pathway [82-86]. However, the concept
of "disease-associated microglia" (DAM) has recently emerged [19,87].
This high expression of TREM2 in "neurodegenerative phenotype
microglia" in chronic neuroinflammatory diseases, at least in mouse
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models of AD and ALS, has been shown to be a major inducer of this
deleterious phenotype [19,87]. Although the role of TREM2 in the
phenotypic regulation of microglia is still controversial, at least in acute
ischemic injury research, anti-inflammatory actions of resident micro-
glia are, in part, mediated by TREM2, which is critically involved in
anti-inflammation, anti-apoptosis and immunomodulation after
ischemia [49,88].

Dysregulation of lipid metabolism is also a critical factor in the
progression of microglia-mediated inflammation [89,90]. Lipid synthe-
sis and cholesterol esterification are important for LD formation, and
both lipid aggregation and LD formation are important hallmarks of
microglia senescence and inflammation [91]. It has been shown that
TREM2 can greatly reduce a variety of lipids, including CE and TAG,
DAG, alleviate the lipid burden, and regulate the transition of physio-
logical microglia to pathological DAM [92]. Previous studies demon-
strated that TREM2 regulates lipid metabolism in the CNS including
cholesterol, myelin, and phospholipids [15,92,93]. TREM2 knockdown
of microglia exhibited severe CE storage impairment, similar to foamy
microglia or macrophages in chronic neuroinflammatory diseases [15,
92]. This disruption of the dynamic balance of lipid metabolism resulted
in the accumulation of a variety of lipids, including cholesterol, which
produces peroxidation-induced pro-inflammatory toxic [94]. In our
study, LD accumulation and cholesterol over-synthesis after ischemia
may promote neuronal death and inflammatory responses. The mRNA
levels of LMRGs were significantly upregulated after ischemia, resulting
in increased lipid synthesis and decreased cholesterol clearance and
lipid hydrolysis, and rTGF-pl did not alter LMRG mRNA levels.
Furthermore, TREM2 knockdown resulted in upregulation of CE, FC,
and TC in the mouse brain accompanied by severe neurological deficits,
whereas TGF-B1 receptor inhibitors did not affect cholesterol levels, and
rTGF-B1, in turn, reduced cholesterol levels after ischemia. The possible
mechanism is that, albeit microglial cholesterol metabolism is inde-
pendent of the TGF-p/Smad2/3 pathway, the anti-inflammatory factor
reduces the expression of various key factors of lipid synthesis [95].
Furthermore, the knockdown of TREM2 impaired cholesterol clearance
in microglia, and phagocytized cholesterol converted to CE, finally
forming LD-rich microglia. Thus, TREM2 may play a vital role in both
the direct regulation of inflammation through the TGF-p1/Smad2/3
pathway and via regulating lipid metabolic processes followed by the
impact on the microglial phenotype [84]. The cholesterol burden caused
by this process might also contribute to impaired phagocytosis in
microglia. Our results validate the recent findings that TREM2 may
mediate CE clearance and phagocytosis in microglia by regulating lipid
metabolism [15,96], suggesting a promising link between TREM2 and
lipid metabolism.

Despite the conflicting findings on the beneficial or detrimental ef-
fects of TREM2, emerging evidence from a combination of preclinical
and clinical studies strongly indicates that a novel soluble form of
TREM2 (sTREM2) exhibits a protective role against AD pathology [97].
However, the precise mechanisms mediating STREM2 function remain
largely unknown. In addition, in a study of tetravalent TREM2 agonistic
antibodies in AD, TREM2 activation was increased 100-fold by modifi-
cation of the TREM2 into a tetravalent variable structural domain
immunoglobulin (TVD-Ig) [98]. TREM2 activation enhanced phagocy-
tosis of lipid complexes by microglial and reduced endogenous tau
hyperphosphorylation, improving cognitive function, albeit
antibody-based treatment remained low potency and difficulty crossing
the blood-brain barrier [98,99]. Another study of anti-human TREM2
have revealed that TREM2 deficiency impairs key substrates of phago-
cytosis including APOE, inhibits SDF-10/CXCR4-mediated chemotaxis,
and ultimately leads to impaired responses to pf-amyloid plaques [34].
Likewise, upregulation of TREM2 improved cognitive function by
enhancing microglia phagocytosis and inhibiting pro-inflammatory re-
sponses, including Ap deposition, neuroinflammation and synaptic loss
[100]. Additionally, a potential function of TREM2 by modulating the
macrophage anti-mycobacterial response was identified that human
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TREM2 binds specifically to the pathogenic mycobacterium tuberculosis
(MT), promotes macrophage uptake of MT, and is responsible for the
blockade of TNF-a, IL-1B, and the enhancement of interferon-p (IFN-)
and IL-10 production [101]. Therefore, antibody-mediated or pharma-
cologic targeting of TREM2 may be a promising new strategy for the
treatment of multiple inflammatory diseases.

In conclusion, our present work demonstrates that TREM2 plays an
important role in ischemic brain injury. TREM2 attenuates post-
ischemic injury by upregulating the TGF-p/Smad2/3 signaling
pathway, contributing to the M2-type anti-inflammatory polarization of
microglia, reducing cholesterol loading, and maintaining microglial
phagocytosis. Our work highlights the therapeutic potential of TREM2
in ischemic stroke conditions, making TREM2 an attractive new clinical
target for the treatment of ischemic stroke and other inflammation-
related diseases. However, the specific mechanism of TREM2-
associated signaling modulation must be further investigated before a
clinical translation is in order.
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