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INTRODUCTION 
 

Alzheimer's disease (AD), an age-dependent 

neurodegenerative disease, is considered the most 

common cause of dementia and is characterized by 

extracellular amyloid plaques and intracellular 

neurofibrillary tangles in the brain and up to now there 

have been no effective treatments [1, 2]. There will be 

152 million people suffering from dementia worldwide 

by 2050 [3]. However, the pathologic mechanism of AD 

is not precisely clear now. Mounting evidence has 

shown that neuroinflammation plays a critical role in 

the process of AD. Microglia, an innate immune cell in 

the central nervous system (CNS), constantly maintains 

the brain homeostasis and makes a series of response 

when the balance of microenvironment is disrupted in 
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ABSTRACT 
 

Triggering receptor expressed on myeloid cells 2 (TREM2) has been shown with a neuroprotective function 
against inflammation and neuronal injury in Alzheimer’s disease (AD). However, the TREM2 induced anti-
inflammatory mechanism is still not well known. In this study it has been demonstrated that the expression of 
TREM2 was upregulated in hippocampus of 5xFAD mice, whereas TREM2 knock-out mediated by AAV 
significantly increased the levels of pro-inflammatory cytokines and aggravated cognitive defect. Additionally, 
FoxO3a, a downstream member of the PI3K/AKT pathway, could be activated by TREM2 defect via the 
PI3K/AKT signaling in 5xFAD mice. That suggests TREM2-induced protection is associated with the PI3K-FoxO3a 
axis. On the contrary, overexpression of TREM2 alleviated the LPS-induced inflammatory response and induced 
M2 phenotype microglia in vitro. This phenomenon can be abolished by applying the PI3K inhibitor LY294002, 
suggesting FoxO3a not only participates in TREM2-induced anti-inflammation response, but is also involved in 
regulating the phenotype of microglia. Taken together, our results show that the protective functions of 
TREM2, both in inflammatory response and cognitive impairment as well as in the decrease of M1 phenotype 
microglia, are related to PI3K/AKT/FoxO3a signaling pathway in AD mice. 
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many diseases [4]. Activated microglia phagocytoses 

abnormal substance and releases pro-inflammatory 

cytokines. Moreover, these cytokines would magnify 

inflammatory reactions and cause neuronal injury, as 

well as the dysfunction of learning and memory [5, 6]. 

Therefore, better understanding the mechanism that 

underlines the activation of microglia and the 

neuroinflammation could advance the therapeutic 

strategy for AD. 

 

Triggering receptor expressed on myeloid cells 2 

(TREM2) is recently considered as second genetic risk 

factor only followed APOE4 in AD, it is a 

transmembrane protein from the immunoglobulin 

superfamily and mainly expressed on microglia in the 

CNS [7, 8]. TREM2 is involved in inflammatory 

response, proliferation, transport, and phagocytosis  

in microglia [9, 10]. The potential ligands for  

TREM2 include bacteria, poly-anionic molecules, 

apolipoproteins and lipoprotein particles [11, 12]. 

TREM2 binds to the adaptor, DNAX-activating protein 

of 12kDa (DAP12), which enacts downstream cellular 

response or intracellular signaling pathway [13, 14]. 

Mounting of studies has indicated that TREM2 

knockout inhibits microglia activation and increase the 

load of amyloid plaques in hippocampus at the late 

stage of AD [15]. Knocking TREM2 out aggregates 

retention memory defects and impairs the clearance 

capacity of microglia via regulating the IL-1β/IL-1RN 

axis at 7 months of 5xFAD mice [16]. Moreover, 

rs75932628, an SNP leading to an Arg to His change at 

amino acid 47 (R47H), impair the TREM2 downstream 

activation in a TREM2-dependent manner in vitro  

[17, 18]. Conversely, upregulation of TREM2 in  

AD model mouse ameliorated spatial cognitive 

impairment, reduced the load of amyloid plaques and 

proinflammatory cytokine levels by a DAP12-

dependent manner during middle age [19]. Furthermore, 

the TREM2-TYROBP signaling pathway inhibits 

proinflammatory response through inhibiting the TLR 

pathway [13, 20]. Although studies indicate that 

TREM2 inhibits pro-inflammatory cytokine levels and 

enhances the phagocytosis of microglia in the brain, the 

precise mechanism remains unclear. 

 

Forkhead transcription factor DAF-16 (FoxO3a), from 

mammalian forkhead box protein O family, is a 

conserved transcriptional factor which is crucial for life 

span [21]. FoxO3a activity is modulated through post-

translational modifications (PTMs) by a series of kinases 

and followed by translocation between nucleus and 

cytoplasm, regulating the genes involved in metabolism, 

inflammatory response, autophagy, oxidative stress and 

cell death [21, 22]. AKT (protein kinase B) is activated 

by upstream of phosphatidylinositol 3-kinase (PI3K) that 

is recruited downstream of TREM2. FoxO3a is 

modulated by the PI3K-AKT pathway [23]. Moreover, 

phosphorylated FoxO3a (p-FoxO3a) by calorie restriction 

(CR) pathway alleviated the amyloid plaques and 

cognitive disorder in the Tg2576 mice, suggesting that 

inactivation of FoxO3a attenuated the pathology of AD 

[24]. Exposure to Aβ1-42 stimulates microglia activation, 

which relies upon unphosphorylated FoxO3a 

translocating into the nucleus and can be reversed by 

silencing FoxO3a [25]. Interestingly, recent findings 

suggested that KO-TREM2 in vivo and in vitro, 

microglia could increase autophagy via inactivating 

mTOR signaling pathway in AD [10]. However, 

autophagy inhibitor (3-methyladeninei) could block the 

inflammatory response in LPS-stimulated acute injury of 

lung. Inactivation of FoxO3a/Autophagy signaling 

pathway induced by punicalagin could downregulate the 

increase of proinflammatory cytokines induced by LPS 

[26, 27]. Furthermore, TREM2 can inhibit inflammatory 

response through alleviating oxidative stress caused by 

activating the PI3K/AKT pathway [28], while tempol 

attenuates the inflammation via PI3K/AKT/FoxO3a 

pathway in obstructed kidney [29]. 

 

Based on the above, this study is carried out to address 

whether the FoxO3a is involved in TREM2-induced 

anti-inflammatory response and its related signaling 

pathway in the 5xFAD mice model. Finally, we found 

that TREM2 can attenuate inflammatory response via 

the PI3K/AKT/FoxO3a signaling pathway and alleviate 

cognitive impairment in AD mice. 

 

RESULTS 
 

The expression of inflammatory cytokines was 

increased at the hippocampus in 5xFAD mice 

 

To evaluate the level of inflammatory molecules in the 

whole hippocampus of 6-month 5xFAD mouse the 

amyloid plaques, associated risk factors (IL-1β, TNF-α, 

APOE, GFAP) and neurofilament light chain (NfL) were 

examined. As shown in Figure 1A, massive Aβ plaques 

were obviously observed in the hippocampus (DG) in 

5xFAD compared to Wide Type (WT) group. qPCR 

results showed that the expression of apolipoprotein E 

(APOE), GFAP, IL-1β and TNF-α was significantly 

increased in 5xFAD mice (Figure 1B). The serum NfL, a 

marker of AD, was also prominently upregulated (Figure 

1C). All the results showed that inflammatory response 

was increased in the hippocampus of 5xFAD mice, 

compared to WT mice [12, 30].  

 

The expression and localization of TREM2 and 

FoxO3a in the hippocampus in 5xFAD mice 
 

For investigating the relations between TREM2 and/or 

FoxO3a in AD pathology, first, the TREM2 level was 
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examined by qPCR and western blot in whole 

hippocampus, in which the mRNA and protein level 

of TREM2 were significantly increased in the 

hippocampus in 5xFAD than WT (Figure 2A–2C). 

Additionally, the brain sections from WT and 5xFAD 

mice were also examined by confocal microscopy for 

colocalization of TREM2 and microglia marker Iba-1 

(myeloid cell marker ionized calcium-binding adapter 

molecule 1). The results showed that the TREM2 was 

significantly upregulated and overlapped with Iba-1 

surrounding the amyloid plaques, and that more 

amoeboid phenotype (activated) microglia in the DG 

area of hippocampus in 5xFAD mice (Figure 2D, 2E). 

These results revealed the TREM2 was mainly 

expressed on amoeboid microglia and was 

upregulated in 5xFAD mice. The mRNA and protein 

levels of FoxO3a were also examined (Figure 2F–2H), 

there is no difference in total protein or mRNA levels 

of FoxO3a between WT and 5xFAD mice (Figure 2G, 

2H). Interestingly, the phosphorylation of FoxO3a (p-

FoxO3a) was significantly increased in hippocampus 

in 5xFAD mice. We also examined where the p-

FoxO3a locates in microglia by co-staining brain 

sections targeting their specific markers (p-FoxO3a 

and Iba-1), the results showed that more p-FoxO3a 

colocalized with Iba-1 in 5xFAD mice compared to 

WT mice (Figure 2I, 2J). 

 

TREM2 knockdown exacerbates cognitive and 

memory function in the 5xFAD mouse  
 

To evaluate whether TREM2 affects cognitive and 

memory function in 5xFAD mice, all-in-one CRISPR-

Cas9-AAV-TREM2 was injected into the hippocampus 

(DG) area of 5xFAD mice in order to downregulate 

TREM2 (Figure 3A). The efficiency of TREM2 

knockdown was confirmed by western blot (Figure 3B, 

3C) and qPCR (Figure 3D). In which the levels of 

TREM2 protein and mRNA were significantly declined, 

respectively, compared to 5xFAD-NC group, 

suggesting that the endogenous TREM2 gene were 

significantly silenced in hippocampus. 

 

The 5xFAD, 5xFAD-AAV-NC, and 5xFAD-AAV-

TREM2 groups were firstly investigated at 28 days after 

AAV or PBS injected to the 7 months old mice. Open-

field test (OFT) was used for anxiety behavior. We 

found there were no significant differences among the 

three groups at the total distance and center time tested 

in the center of circular chamber for 5 min (Figure 3E, 

3F). The OFT results indicated that all of the groups 

were in normal activity and no anxiety-like behavior. 

 

Then, the spatial learning and memory were assessed by 

the Morris Water Maze test (MWM). Spatial learning 

was examined through continuous 6 days training trails. 

Swim speed in training trails was similar in all of the 

groups (Figure 3G). The escape latency to find the 

hidden platform was significantly increased on day 4 to 

6 in 5xFAD-AAV-TREM2 group compared with the 

other two groups, and no differences between 5xFAD 

and 5xFAD-AAV-NC group (Figure 3H). In the  

probe test (hidden platform was removed away), which 

was used for evaluating the memory recall, the 

percentage of time in the target quadrant, as well as  

the time crossing the platform were significantly 

decreased in 5xFAD- AAV-TREM2 group compared to 

5xFAD and 5xFAD-AAV-NC groups (Figure 3I, 3J, 

3L). There were no differences in the time moving to 

visible platform among all groups (Figure 3K). Taken 

together, these results indicated that the learning and 

memory function was significantly attenuated in  

the 5xFAD-AAV-TREM2 (TREM2-lack) group 

without movement disorder and anxious behaviors.  

 

 
 

Figure 1. The expression of inflammatory cytokines in the hippocampus in 5xFAD mice. (A) Representative image of Aβ load 
stained with Thioflavine S (green) in hippocampus (DG). Scale bar, 100μm. (B) The expression of GFAP, APOE, TNF-α, IL-1β were evaluated by 
qPCR (n=4). (C) The quantification of serum NfL (n=5). All of the results are shown as mean ± SEM. * P<0.05, ** P<0.01, *** P<0.001, vs WT 
group. 
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TREM2 deficiency induces FoxO3a activation and 

increases amyloid plaques in hippocampus in 5xFAD 

mice 
 

First, the load of amyloid plaques was stained with Thio 

S to verify if TREM2 can modulate Aβ clearance of 

microglia. The increased Aβ was observed in 5xFAD-

AAV-TREM2 group compared with other groups 

(Figure 4A, 4B). Next, whether TREM2 knockdown 

affects FoxO3a activation in microglia was investigated. 

The number of microglia (Iba-1) was significantly 

decreased around amyloid plaques in 5xFAD-AAV-

TREM2 group (Figure 4C, 4D). The number of overlap 

cells, p-FoxO3a and Iba-1, was significantly decreased 

and the p-FoxO3a level was downregulated in DG  

area in 5xFAD-AAV-TREM2 group (Figure 4C, 4D). 

 

 
 

Figure 2. The expression and localization of TREM2 and FoxO3a in the hippocampus in 5xFAD mice. (A, B) Western blot bands 
and its quantificational analysis of TREM2 (n=6), respectively. (F, G) Western blot bands and its quantificational analysis of FoxO3a (n=4), 
respectively. In which, p-FoxO3a was normalized to total FoxO3a expression and total FoxO3a was normalized to GAPDH. (C, H) The mRNA 
levels of TREM2 (n=6) and FoxO3a (n=4) were measured by RT-PCR in the hippocampus. (D, I) Brain sections were doubly stained with Iba-1 
(green) Ab for microglia and TREM2 Ab (red) or p-FoxO3a Ab (red) in the hippocampus from 5xFAD and WT mice at 7 months old. (E, J) 
Quantificational analysis of the expression of TREM2 and p-FoxO3a, respectively, which were matched with Fig D and Fig I (n=5), respectively. 
Original magnification, 20x; Scale bar=100 μm. * P<0.05, ** P<0.01, *** P<0.001, vs WT group. Bars were represented as mean ± SEM.  



 

www.aging-us.com 20866 AGING 

 
 

Figure 3. TREM2 defect aggravated cognitive and memory function in 5xFAD mice. (A) Schematic diagram of mouse brain 
hippocampal injection of AAV-TREM2 or control AAV. (B, C) western blot bands (B) and its quantificational analysis (C) of TREM2 in each 
groups (n=4). (D) Quantificational analysis of TREM2 mRNA by RT-PCR. (E, F) Total distance and center times were examined in open field 
test. (G, H) Swim speed and escape latency were recorded in training days. (I, J) Time percentage in target quadrant per group (I) and cross 
times (J) were recorded during the probe test. (K) Time to visible platform was examined in cued test. (L) Representative runs of three groups 
of mice in the probe test in MWM. Q1 was the target quadrant where the platform was located in the training days. Statistical difference was 
performed by two-way ANOVA and one-way ANOVA. * P<0.05, ** P<0.01, *** P<0.001, vs 5xFAD group; # P<0.05, ## P<0.01, ### P<0.001, vs 
5xFAD-NC group. Results were presented as mean±SEM, n=12 per group.  
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Taken together, TREM2 deficiency significantly 

activated FoxO3a (having less p-FoxO3a) and increased 

the amyloid plaques, suggesting FoxO3a may 

participate in TREM2-mediated AD pathology in the 

transgenic mice. 

 

TREM2 deficiency impairs PI3K/AKT/FoxO3a 

signaling and upregulates inflammatory response in 

vivo 

 

Several studies have demonstrated that AKT/FoxO3a 

pathway is involved in the inflammatory response in 

microglia. To further corroborate the association 

between TREM2 and PI3K/AKT/FoxO3a signaling, the 

active condition of PI3K/AKT/FoxO3a pathway and the 

inflammatory cytokine levels have been evaluated in the 

DG area of hippocampus from sacrificed mice on the 3rd 

day after MWM by western blot and qPCR (Figure 5A, 

5B). TREM2 deficiency significantly decreased the 

levels of downstream molecules including p-PI3K, 

p-AKT, p-FoxO3a and significantly increased the 

protein expressions of IL-6, TNF-α and IL-1β, compared 

to 5xFAD-AAV-NC and 5xFAD groups. Similarly, the 

upregulated mRNA levels of pro-inflammatory cytokine 

were also been observed in 5xFAD-AAV-TREM2 

(Figure 5C). In summary, TREM2 deficiency inactivated 

the PI3K/AKT/FoxO3a pathway and increased the 

inflammatory cytokines in 5xFAD mice. 
 

Upregulation of TREM2 attenuates inflammatory 

response through the activation of PI3K/AKT/ 

FoxO3a signaling in vitro 
 

To further verify that TREM2 regulates inflammatory 

response via the PI3K/AKT/FoxO3a signaling pathway, 

BV2 cells were employed for the test in vitro. Initially 

LPS was used to induce inflammatory response in BV2 

cells, the results showed that the expression of TREM2 

was decreased under LPS challenge (Figure 6A, 6B). 

Then, the overexpression of TREM2/plasmid (OE group) 

 

 
 

Figure 4. TREM2 deficiency increases amyloid plaques and decreases p-FoxO3a level in the hippocampus in 5xFAD mice.  
(A, B) Aβ load in hippocampus (DG) were stained (A) with Thioflavine S (green) and its quantification (B) in all groups (n=4 mice per group, 7 
fields/mice (DG)). (C) Brain sections were doubly stained with Iba-1 Ab (green) and p-FoxO3a Ab (red) in the hippocampus. (D) 
Quantificational analysis of p-FoxO3a level from Fig4 C (N=4 mice per group, 9 fields/mice (DG)). Scale bar=100 μm. ***P<0.001, vs 5xFAD 
group; ## P<0.01, ### P<0.001, vs 5xFAD-NC group. Results were described as mean ± SEM. 
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was transfected into BV2 cells. The levels of TREM2 

were identified by qPCR and Western blot, the mRNA 

and protein levels of TREM2 were significantly 

increased in OE group at 72 hr after the transfection, 

compared with other groups (Figure 6C–6E). 

Upregulation of TREM2 significantly increased the 

phosphorylation level of p-PI3K, p-AKT and p-

FoxO3a, but decreased the protein and mRNA levels 

of IL-6, IL-1β, and TNF-α in OE group in a TREM2-

dependent manner compared to the other groups 

(Figure 6F–6H). The inactivation of FoxO3a means 

less FoxO3a remaining in the nucleus or more p-

FoxO3a going into the cytoplasm from the nucleus 

(Figure 6I, 6J, p-FoxO3a/FoxO3a). To examine 

whether FoxO3a inactivation is a TREM2/AKT-

dependent manner, the inhibitor of PI3K, LY294002, 

was used to treat the microglial cells for blocking the 

PI3K/AKT signaling. In this case, the protective 

effects of TRME2 overexpression could be reversed by 

LY294002. The results showed that TREM2 inhibited 

proinflammatory cytokine levels through PI3K-

FoxO3a axis. 

Our findings showed that TREM2-induced anti-

inflammatory response correlated with FoxO3a 

inactivation and also raised the question of whether the 

nuclear translocation of FoxO3a is regulated by TREM2 

via PI3K/AKT. To identify whether nuclear trans-

location of FoxO3a is mediated by TRME2, subcellular 

localization of FoxO3a was detected by staining total 

FoxO3a in the cell. The results indicated that FoxO3a 

translocated into the nucleus from the cytoplasm after 

LPS treatment, and was reversed by TREM2 

upregulation. PI3K inhibitor, LY294002, abolished the 

effects of TREM2 overexpression (Figure 6I, 6J). 

Therefore the inactivation of FoxO3a attenuated LPS-

induced inflammatory response and was regulated by 

TREM2 via PI3K/AKT pathway in microglia. 

 

TREM2 overexpression decrease M1 microglia 

phenotype via PI3K-FoxO3a axis  
 

Activated microglia were divided into ‘pro-inflammatory’ 

microglia and ‘anti-inflammatory’ microglia in the  

brain, they are important to inflammatory response. To 

 

 
 

Figure 5. TREM2 downregulation inactivates the PI3K/AKT/FoxO3a pathway and increases the inflammatory cytokine levels. 
(A, B) Western blot bands (A) and quantificational analysis (B) of p-PI3K, p-AKT, p-FoxO3, IL-6, IL-1β and TNF-α in all groups (n=4). (C) The 
mRNA levels of proinflammatory cytokines (IL-1β, IL-6, TNF-α) were detected by qPCR (n=4 per group). *P<0.05, **P<0.01, ***P<0.001, vs 
5xFAD group; # P<0.05, ## P<0.01, ### P<0.001 vs 5xFAD-NC group. Data were presented as mean ± SEM. 
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Figure 6. TREM2 overexpression activates the PI3K/AKT/FoxO3a pathway and inhibits the inflammatory response in BV2 
cells. (A) Meaningful western blot bands and gray analysis of TREM2 (n=3), **P<0.01 vs Sham. (B) Confocal images and quantification 
analysis of fluorescence intensity of TREM2 (n=5). Scale bar, 50 μm. ***P<0.001 vs Sham. (C) A image of the overexpression of TREM2 
plasmid after cell transfection. (D, E) TRME2 mRNA and protein were detected by qPCR and Western blot, respectively, in whole-cell lysates 
(n=4). ***P<0.001 vs Sham; ## P<0.01 vs NC. (F, G) Representative western blot bands (F) and its quantification (G) of p-PI3K, p-AKT, p-FoxO3, 
IL-6, IL-1β and TNF-α (n=4). (H) mRNA levels of proinflammatory cytokines (IL-1β, IL-6, TNF-α) were examined by qPCR (n=4). (I) The FoxO3a 
(red) were stained in the cells and observed by confocal microscope. (J) The quantification of FoxO3a in both nucleus and cytoplasm in each 
group (n=8); Magnification= 40x. Scale bar=10μm. * P<0.05, ** P<0.01, *** P<0.001, vs Sham; # P<0.05, ## P<0.01, ### P<0.001, vs LPS-NC; & 
P<0.05, && P<0.01, &&& P<0.001, vs LPS-OE. Results were represented as mean ± SEM. 
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investigate whether TREM2 regulated the microglia 

polarization via PI3K/AKT/FoxO3a axis, the protein  

of CD206 and CD32 were assessed by western blot,  

also immunocytochemistry was used to analyze the 

phenotypes of microglial cells after staining with anti-

CD32(for M1) and anti-CD206(for M2) antibodies. The 

expression of CD206 significantly decreased under the 

stimulation of LPS, whereas TREM2 overexpression 

could restore it. However, the expression of CD206 

induced by overexpression of TRME2 could be blocked 

by LY294002 (Figure 7A–7C, 7E). Conversely, the 

expression of CD32 markedly increased by LPS-

stimulation, and could be restored by TREM2 

upregulation. The expression of CD32 under TREM2 

 

 
 

Figure 7. TREM2 overexpression decreases the number of M1 microglia via PI3K-FoxO3a pathway, but increased the number 
of M2 microglia. (A, B) Meaningful western blot bands (A) and their quantification (B) of CD32 and CD206 (n=4). (C–F) M2 and M1 microglia 
were evaluated with stained CD206 (C) or CD32 (D), respectively, by confocal microscope and their quantitative analysis of CD 206 (E) and 
CD32 (F). n=4 per group, 9 fields/sample. Scale bar=50 μm. * P<0.05, ** P<0.01, *** P<0.001, vs Sham; # P<0.05, ## P<0.01, ### P<0.001, vs 
LPS-NC; & P<0.05, && P<0.01, &&& P<0.001, vs LPS-OE. Results were showed as mean ± SEM. 
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upregulation was abolished by LY294002 (Figure 7A, 7B, 

7D, 7F). These data suggested that TREM2 could switch 

the phenotype of microglia via PI3K-FoxO3a pathway. 

 

Summary of the relations among TREM2 receptor, 

the PI3K/AKT/FoxO3a pathway and the levels of 

pro-inflammatory factors 
 

The results from our research has indicated knockdown 

of TREM2 could lead to the increase of pro-

inflammatory cytokines mediated by the inactivation of 

PI3K/AKT/FoxO3a signaling pathway, conversely 

overexpression of the receptor would exhibit the 

opposite consequence through the activation of the 

same pathway (Figure 8). 

 

DISCUSSION 
 

In this study, we explored the anti-inflammatory effects 

and the possible signal transduction pathway mediated 

by TREM2 receptor in 5xFAD mice and microglia 

cells. Our results showed that (1) The expression of 

TREM2 was significantly increased in hippocampus in 

6-7 months old 5xFAD mice. The total FoxO3a protein 

was no difference, but the phospho-FoxO3a (p-FoxO3a) 

was increased in 5xFAD mice and colocalized with 

microglia, suggesting that Foxo3a may be involved in 

AD progress; (2) Downregulation of TREM2 by 

injecting CRISPR/Cas9-AAV-TREM2 aggregated the 

cognitive function and increased the amyloid plaque 

deposition in 5xFAD mice; (3) the PI3K/AKT/ 

FoxO3a pathway was found to be involved in the anti-

inflammatory process modulated by TREM2 in these 

aspects: (i) knockdown of TREM2 significantly 

inhibited the PI3K/AKT pathway and activated 

FoxO3a (that means less p-FoxO3a/FoxO3a ratio), so 

the inflammatory response was enhanced in 5xFAD 

mice. (ii) Conversely, upregulation of TREM2 

activated the PI3K/AKT/FoxO3a pathway leading to 

the translocation of FoxO3a from nucleus to 

cytoplasm as p-FoxO3a form, so the proinflammatory 

cytokine levels were decreased in BV2 cells; (4) 

TREM2 could modulate the number of M1 microglia 

via PI3K-FoxO3a axis. Based on these data, the 

conclusion could be drawn that TREM2 might serve 

as a critical role in regulating microglial function and 

anti-inflammation via the PI3K/AKT/FoxO3a 

signaling pathway, which was one of the signal 

pathways involved in producing these functions. 

 

Neuroinflammation was known as a strong propeller in 

AD. Mounting evidence indicated that activated 

microglia can release proinflammatory cytokines (IL-1β, 

IL-6, and TNF-α) and injure neurons, they are 

responsible for AD progression. Researches have 

demonstrated that Toll-like receptors, as well as NOD-

like receptors, responded to Aβ stimulation and mediated 

inflammatory response in microglia [31, 32]. To 

maintain the brain balance, these receptors activate 

downstream molecules (such as nuclear factor NFκB) to 

translocate into the nucleus to regulate the expressions of 

proinflammatory cytokine in microglia [33, 34]. 

TREM2, an immune receptor mainly expressed on 

microglia in CNS, mediated proliferation, growth, 

phagocytosis, survival, and inflammation. Recently, 

deficiency of TREM2 downregulated plaque-associated 

microglia and activated inflammatory response in AD 

mouse, suggesting that TREM2 is necessary for 

microglia to response to amyloid plaques(Aβ) and anti-

inflammation [16, 35]. The mechanism of TREM2-

induced anti-inflammation in AD is still unknown. In 

our research, TREM2 were significantly increased and 

colocalized with microglia in the hippocampus in 

5xFAD mice, this are in line with the previous studies 

that TREM2 has been increased in AD mouse models 

and AD patients [36, 37]. Based on our results, TREM2 

do participate in the inflammatory process in AD.  

 

Increasing evidences showed that TREM2 exhibited 

some protective effects, including anti-inflammation, 

autophagy inhibition and enhanced phagocytosis in 

neurodegenerative diseases, such as AD, Parkinson's 

disease (PD), and epilepsy [38]. Previous research 

demonstrated that TREM2 could ameliorate learning 

and memory defects through decreasing Aβ 

accumulation at hippocampus in AD mice [39]. 

Upregulation of TREM2 mitigates cognitive decline by 

suppressing inflammatory response via PI3K/AKT 

pathway in epilepsy [28]. TREM2-knockout in 

microglia significantly aggravated cognitive function 

and downregulated inflammatory genes in 5xFAD mice 

[16]. Moreover, the decrease of microgliosis was 

observed in TREM2 mutant R47H patients [13]. 

Consistent with the previous studies, in this study, 

knockdown of TREM2 aggravated learning and 

memory disorder without affecting anxious behavior 

and significantly increased the level of pro-

inflammatory cytokines in 5xFAD mice. Conversely, 

overexpression of TREM2 could downregulate the 

expressions of IL-6, IL-1β and TNF-α. Overexpression 

of TREM2 could also shift the microglial phenotype by 

increasing M2 microglia but decreasing M1 microglia 

in LPS-induced microglia. These indicated that 

upregulation of TREM2 could inhibit neuroinflammation 

and improve cognitive function in AD mice.  

 

FoxO3a, a transcription factor involved in the forkhead 

box O family, plays an important role in brain 

homeostasis and development in the CNS. The function 

of FoxO3a was governed by PTM which controls its 

subcellular localization and transcriptional activity [40]. 

One of the main upstream regulators of FoxO3a was 
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PI3K/AKT pathway. When AKT is activated it 

phosphorylates FoxO3a to become p-FoxO3a, and the 

latter would translocate from the nucleus to the 

cytoplasm. p-FoxO3a is unable to regulate its targeting 

genes, such as autophagy-associated genes [27]. TREM2 

upregulation inhibits inflammation and alleviates 

neuronal injury and oxidation through PI3K/AKT 

pathway activation [28]. Thus, FoxO3a might be a 

downstream molecule of TREM2 and behind the 

PI3K/AKT pathway. Recent study demonstrated that 

autophagy was suppressed by downregulating 

autophagy-related genes (ATG) through the PI3K-AKT-

FoxO3a signaling pathway in activated microglia [41]. 

According to these studies, FoxO3a might take an 

important role in the inflammatory response. In our 

study, the data showed that TREM2 deficiency 

significantly downregulated the levels of p-PI3K,  

p-AKT, and p-FoxO3a, thus increased the expressions  

of IL-1β, TNF-α, IL-6. Our results suggested that 

TREM2 negatively associated with the levels of  

pro-inflammatory cytokines via PI3K/AKT/FoxO3a 

signaling. Meanwhile, overexpression of TREM2  

in microglia significantly upregulated the levels of p-

PI3K, p-AKT, and p-FoxO3a followed by the decrease 

of the expressions of IL-1β, TNF-α, IL-6. Moreover, 

TREM2 inhibits inflammatory cytokine levels via 

PI3K/AKT/FoxO3a signaling pathway and LY294002, a 

PI3K inhibitor, can reverse TREM2-mediated anti-

inflammatory effects by blocking the PI3K-FoxO3a axis. 

Along these lines, we believed that TREM2 attenuated 

inflammation via the activation of PI3K/AKT/FoxO3a 

signaling pathway in 5xFAD mice.  

 

Microglia can be divided into M0 “homostatic function 

molecule’’, M1 microglia “pro-inflammation effects’’, 

and M2 microglia “anti-inflammatory effects” [42]. 

Inflammation is manipulated by the coactions of M1 

and M2 microglia in CNS. Single-cell RNA sequencing 

showed that TREM2 could promote M2 microglia 

activation, suggesting TREM2 could attenuate 

inflammatory response through modulating the 

microglia polarization [9]. However, the mechanism is 

still unknown. Here, we hypothesized that TREM2 may 

modulate microglia polarization by regulating 

transcriptional activity of FoxO3a. Interestingly, we 

found that overexpression of TREM2 increased M2 

phenotype microglia in LPS-treated microglia through 

inhibited FoxO3a transcriptional activity, and this can 

be reversed by LY294002. Based on our data, we found 

that TREM2 regulated the microglia phenotype between 

M1 and M2 through FoxO3a subcellular localization via 

PI3K/AKT signaling pathway. 

 

 
 

Figure 8. A schematic diagram of TREM2 modulating the inflammatory response via PI3K/AKT/FoxO3a pathway in microglia. 
On the left (red), the result is led from the knockdown of TREM2, while on the right (green) the result is caused by the overexpression of 
TREM2 receptor. 
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In this study, there was still something needed to be 

improved. First, although TREM2 possess multiple 

beneficial properties in AD pathology, including the 

increase of phagocytosis, anti-apoptosis, inhibition of 

oxidative stress, but here we only focus on 

inflammatory response. So we cannot exclude that 

TREM2 may exert its protective effects through other 

way, such as inactivation of NF-κB or activation of 

mTOR pathway [33, 34]. Second, we downregulated 

TREM2 in the hippocampus by injecting CRISPR/ 

Cas9-AAV targeting at TREM2, and that can’t 

achieve totally to knock-out TREM2 gene. Further 

studies are needed to target the TREM2-induced other 

related effects, such as the relationship between 

Foxo3a and microglia polarization. 

 

CONCLUSIONS 
 

The results from our research indicated TREM2 

receptor could modulate the inflammatory response 

through PI3K/AKT/FoxO3a signaling pathway in AD 

mice (summed in Figure 8). TREM2 could also 

improve the learning and memory deficits in 5xFAD 

mice via the activation of the same signaling pathway. 

Therefore, upregulation of TREM2 or activation of 

PI3K/AKT/FoxO3a pathway may serve as a potential 

therapeutic target in AD treatment. 

 

MATERIALS AND METHODS 
 

Mouse model of AD 

 

5xFAD mice (n= 64; 25–30g) and WT littermates 

(C57BL/6J mice, n=16; 25-30g) were purchased from 

Jackson Laboratory (MMRRC) and housed under 

standard condition. Six to seven mice were bred in 

cages (divided by sex), under the condition of 12h 

light/dark cycle with free access to food and water. 

Only 6-7 month old 5xFAD or C57BL/6J male mice 

were used in this study. All of the protocols were 

approved by the Southern Medical University Animal 

Ethics Committee. 

 

Experiment design 

 

Experiments were designed as Figure 9. 

 

Experiment 1 
To evaluate the typical pathology of 5xFAD mouse 

model at 6-7 months old, many AD related factors were 

 

 
 

Figure 9. Experimental design and groups. TREM2, Triggering receptor expressed on myeloid cells 2; 5xFAD group was injected with 
PBS; 5xFAD-NC group was injected with scramble sgRNA (CRISPR/Cas9 on AAV); 5xFAD-AAV-TREM2 group was injected with TREM2 specific 
sgRNA (CRISPR/Cas9 on AAV). Sham, treated with PBS only; LPS, treated with lipopolysaccharide; LPS+NC, treated with LPS and negative 
plasmid; LPS+OE, treated with LPS and TREM2 plasmid; NfL, Neurofilament light chain; IF, immunofluorescence; LY294002, PI3K inhibitor; 
qPCR, Real-time PCR; WB, Western blot. 
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selected for measurement. The amyloid plaques (Aβ) in 

hippocampus, the proteins/mRNA in the whole brain, 

and the serum NfL, a marker of AD were measured by 

Thioflavine S-straining, qPCR, and the single molecule 

array, respectively. We also investigated the expression 

and colocalization of TREM2 and FoxO3a by western 

blot and immunofluorescence.  

 

Experiment 2 

To examine the effects of TREM2 on the 

PI3K/AKT/FoxO3a signaling pathway, downregulation 

of TREM2 were performed by injecting AAV into the 

DG area. The 5xFAD mice(n=52) were randomly 

divided into three groups: 5xFAD (injection of PBS; 

n=16), 5xFAD-AAV-NC (injection of Scramble sgRNA 

CRISPR/Cas9 All-in-One AAV; n=16), 5xFAD-AAV-

TREM2 (injection of TREM2 sgRNA CRISPR/Cas9 

All-in-One AAV; n=16). 4 mice were used to test the 

AAV-induced efficiency by Western blot and qPCR. 

Behavioral tests were performed at 28 days after AAV 

injection by OFT and MWM. Staining Thio S was used 

to assess the amyloid plaques in hippocampus at 3 days 

after behavior test. The PI3K/AKT/FoxO3a signaling 

and inflammatory response were investigated by 

western blot and qPCR. The expression of FoxO3a was 

also detected by immunofluorescence. 

 

Experiment 3 

To further investigate TREM2-induced anti-

inflammation via PI3K/AKT/FoxO3a signaling, 

overexpression plasmid of TREM2 and LY294002 

(PI3K inhibitor) were used in BV2 cells. Cells were 

divided into five groups: Sham, LPS, LPS+NC 

(LPS+Negative vector), LPS+OE (LPS+TREM2/ 

vector), LPS+OE+LY294002 (LPS+TREM2/vector 

+LY294002). Western blot and qPCR were carried out 

for the efficiency of transfection at 48-72 hr after 

plasmid transfection. Then, the PI3K/AKT/FoxO3a 

pathway and inflammatory response were evaluated by 

western blot and qPCR. Moreover, the microglia 

phenotype and localization of FoxO3a were detected by 

immunofluorescence to demonstrate that FoxO3a is 

involved in TREM2-regulating microglia phenotype 

switch.  

 

Cell culture and transfection 
 

To further investigate the effects TREM2 on the 

PI3K/AKT/FoxO3a pathway and inflammatory 

response in vitro, BV2 cells (ATCC, USA) were 

transfected with TREM2/pEZ-M90 expression plasmid 

or pEZ-M90 control plasmid(vector with eGFP green 

fluorescence) mixed with Lipofectamin 2000 (Life 

Technologies, USA) at the ratio of 1ug:2 μL. To 

examine the transfection efficiency, these two plasmids 

were also transfected into 293T cells (ATCC, USA). 

BV2 and 293T cells were seeded in 24 wells plate at a 

density of 2 x 105 cell/mL in Dulbecco’s Modified 

Eagle Medium (DMEM) containing 4.5 g/L D-glucose 

(Gibco, Thermo Fisher Scientific, USA) supplemented 

with 10% fetal bovine serum (Gibco, Lifetechnology, 

USA). After the plasmid mixture was added to the cells 

in 24-well plates, the transfected cells were firstly 

incubated under 5% CO2 at 37° C for 6 hr with the 

medium containing no FBS. Then the medium was 

changed to DMED containing 10%FBS and continued 

to incubated for 24-72 hr under the same condition. The 

efficiency of transfection (in 293T cell) was 

visualization under microscope (Olympus). For the 

transfected BV2 cell, the medium was replaced with 

non-FBS DMEM before cell harvest. The interested 

proteins were quantitated by western blot and/or qPCR 

at 24-72 hr after transfection (OE group). BV2 cells 

were further treated with LPS (500 ng/mL) or PBS for 

12 hr after transfection (OE+LPS). In another group, 

BV2 cells were pretreated with LY294002 (10 μM) for 

1 hr followed by adding LPS for 12 hr after transfection 

(OE+ LY294002+LPS). 

 

NFL assay 
 

Neurofilament light chain (NfL) was detected according 

to previously described [30]. Briefly, blood was collected 

from 5xFAD and WT group mice. The serum was stored 

for 1 hr at 37° C to await coagulation. Then, the serum 

was centrifuged at 10000 x g for 5 minutes at 4° C and 

stored at -80° C. Blood samples were detected using 

single molecule array (Simoa) with a NfL kit. 

 

Stereotaxic microinjection 
 

Stereotaxic microinjection was performed as previous 

description [43]. Briefly, the mice were anesthetized 

with pentobarbital sodium (50 mg/kg) and placed in a 

frame which was fixed the brain of the mouse. A small 

incision was made and a hole was drilled in the left and 

right of the bregma (2.0 mm lateral of the bregma). The 

TREM2 CRISPR all-in-one AAV (Applied Biological 

Materials Inc., Canada, sgRNA1: GCAAGGC 

CTGGTGTCGGCAG, sgRNA2: GTGATGGTGA 

CGGTTCCAGC, sgRNA 3: ACGCGGGCCTC 

TACCAGTGT) or scramble CRISPR AAV (Applied 

Biological Materials Inc., Canada, sgRNA: 

GCACTCACATCGCTACATCA) were bilaterally 

injected into DG (AP=-2.0mm, ML=1.2mm, DV=2mm, 

0.5μl, 0.5μl min-1) according the manufacturer's 

instructions. The needle was left in for 5 min after AAV 

injected and then withdrawn slowly. After the incision, 

these mice were closed with sutures and placed back to 

the original cage. The behavioral tests were conducted 

after twenty-eight days according to the specific 

property of AAV. Then, the bilateral hippocampus  
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was taken by sacrificing the mice to evaluate the 

efficiency of the TREM2 knockdown by RT-PCR and 

western blot.  

 

Immunofluorescence 

 

The immunofluorescence was performed by 

previously description [44]. Briefly, the mice were 

anesthesia with 0.75% pentobarbital sodium, and 

perfused with saline solution and followed with 4% 

paraformaldehyde. The brain was removed and then 

post-fixed in 4% paraformaldehyde at 4° C for 24 hr. 

Afterward, the brain was dehydrated in 30% sucrose 

solution until the brain sinks to the bottom. Samples 

were embedded in optimal cutting temperature 

compound (OCT) at -22° C followed by cutting into 

25-μm-thick sections using a cryostat (CM1950; 

Leica, Germany). The redundant sections were 

collected and frozen at -80° C until used. Cells were 

washed four times with PBS and fixed with 4% 

paraformaldehyde. The sections and/or cells were 

blocked by 5% BSA containing 1% triton X-100 at 

37° C for 2 hr and followed by incubated overnight at 

4° C, then incubated with various primary antibodies: 

anti-Iba-1 (1:300, Millipore, NP001614), anti-TREM2 

(1:1000, R&D System, AF1729), anti-FoxO3a 

(1:1000, Thermo Fisher Scientific, MA5-14932), anti-

CD206 (1:500, R&D System, AF2535), anti-CD32 

(1:500,R&D System, AF21460), anti-p-FoxO3a 

(1:500, Boster, BM4401). After washing four times 

with PBS, the corresponding secondary antibodies 

(1:5000) were incubated at room temperature for 1.5 

hr and next mounted onto the slide with DAPI.  

 

Thioflavine S (Thio S, Sigma, USA) were diluted with 

50% ethanol. Brain sections were strained with 1% Thio 

S for 5 min, then washing the sections with 70% ethanol 

for 4 times followed by  3 times wash with PBS. The 

samples were visualized using confocal microscopy 

(Nikon; Japan) and harvested a photograph to analysis 

the interested area. The results were analyzed in four to 

five different fields in the DG area per mouse by image 

J. The data were showed with cells/field.  

 

Western blot 
 

To examine the protein levels of PI3K/AKT/FoxO3a 

pathway and inflammatory cytokines conducted by 

TREM2, all of the samples were prepared for western 

blot. Western blot was performed as described 

previously [30]. Briefly, hippocampi or microglial cells 

were lysed in RIPA buffer (including phosphatase 

inhibitor, cocktail protease inhibitors) and next 

collected the supernatant after that the samples were 

centrifuged at 12,000 x g for 25 min at 4° C. The 

concentration of the total proteins was detected by BCA 

(Thermo Fisher, USA) according to manufacturer’s 

instruction. All of proteins were boiled with working 

SDS loading buffer at 100° C for 15 min. Total protein 

(25 μg) of each sample was loaded onto 4-12% gel and 

then proteins were transferred onto 0.45 μM 

polyvinylidene difluoride (PVDF) membranes 

(Milipore, USA). Next, the membranes were blocked 

using 5% milk at room temperature for 1.5 hr. The 

interested proteins were probed by specific primary 

antibodies overnight at 4° C (anti-GAPDH 1:3000, Cell 

Signaling Technology); anti-actin (1:1000, Cell 

Signaling Technology); anti-TRME2 (1:3000, R&D 

System); anti-FoxO3a (1:1000, Thermo Fisher 

Scientific); anti-phospho-FoxO3a (1:1000, BOSTER); 

anti-PI3K (1:1000,Cell Signaling Technology); anti-

phospho-PI3K (1:1000, Cell Signaling Technology); 

anti-AKT(1:1000, BOSTER); anti-phospho-AKT 

(1:500, AB clonal); anti-IL-1β (1:1000, BOSTER); anti-

TNF-α (1:1000, BOSTER). Then, blots were incubated 

with homologous secondary antibodies (1:5000, 

BOSTER) at room temperature for 1.5 hr. The bands 

were visualized with ECL regent (FdBio Science) and 

exposed to BioRad image system. The intensity of 

bands was analyzed by image J software.  

 

Quantitative real-time PCR 
 

To detect the mRNA levels of TREM2, FoxO3a and 

inflammatory cytokines (eg IL-1β, IL-6, TNF-α), the 

total RNA was extracted from hippocampus tissue and 

cells using Hi-pure universal RNA kit (Magen) according 

to the manufacturer's protocol. The concentration of 

mRNA was determined by Nanodrop 2000 (Thermo 

Fisher Scientific). The cDNA was synthesized using 

iScript cDNA Synthesis kit (Bio-Rad), and the reaction 

of qRT-PCR was performed by GoScriptTMqPCR 

Marster Mix (Promega, USA). Targeting genes were 

amplified by the following primers: TREM2 (sense 

primer: 5′-CTG GAA CCG TCA CCA TCA CT-3′, 

antisense primer: 5′-CAC CCT CGA AAC TCG ATG 

AC-3′); FoxO3a (sense primer: 5′-GAG TGA CTC CAG 

CAG CCT TG-3′, antisense primer: 5′-ATT CCA AGC 

TCC CAT TGA AC-3′); TNF-α (sense primer: 5′-TCA 

CTG GAG CCT CGA ATG TC-3′, antisense primer: 5′-

TCT GTG AGG AAG GCT GTG CA-3′); IL-1β (sense 

primer:5′-TGT GTA ATG AAA GAC GGC ACA C-3′, 

antisense primer: 5′-CTT GTG AGG TGC TGA TGT 

ACC A-3′); IL-6 (sense primer: 5′-CCA CGG CCT TCC 

CTA CTT C-3′, antisense primer: 5′-TTG GGA GTG 

GTA TCC TCT GTG A -3′); GAPDH (sense primer: 5′-

AGT GTT TCC TCG TCC CGT AGA-3′, antisense 

primer: 5′- TTG CCG TGA GTG GAG TCA TAC-3′); 

The gene of GAPDH was considered as housekeeping 

gene and the expression of the interested genes were all 

normalized to GAPDH. The data was analyzed using the 

comparative CT method. 
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Edu assay 
 

To examine the effects of TREM2 on proliferation of 

BV2, Edu assay kit (BeyoClick TM, China) was 

purchased. BV2 microglia were seeded in 24-well 

plates (1 x 105 cells/well), and then treated with PBS, 

negative vector or TREM2/vector (1 μg/well) for 12 

hr and then added the Edu working solution into 

culture medium. After that, microglial cells were 

fixed with 4% PFA for 15 min at room temperature 

and then the nucleus were labeled with DAPI for 10 

min. The results were visualized by confocal 

microscope at λ450 nm. 

 

Morris water maze  

 

The spatial memory was evaluated by Morris water 

maze (MWM) as described previously [45]. MWM was 

assessed in a circular pool (diameter 120 cm), which is 

made of polypropylene, filled with opacified water and 

maintained at 23° C (height 30 cm) and divided into 

four quadrants. A 10-cm circular opaque platform was 

placed 1 cm below the water surface. There the tested 

mice were released facing the wall from four quadrants 

in one day and free swim within 90 seconds. If the mice 

fail to find the hidden platform, the mice were guided 

into the hidden platform and stay 15 seconds and 

remove otherwise. The spatial probe trial was 

performed after 24 h from the last training session, 

remove the platform under the water level and release 

the mice from the contrary quadrant placing the hidden 

platform, record the percent time that the mice stayed in 

the hidden platform. After that, a cued test was 

performed by placing a submerged platform with a flag 

above the water level at the opposite side. One trial per 

mouse was implemented and the time to the visible 

platform was recorded.  

 

Open field test 

 

The rectangular chamber was employed in this test, 

which was made of gray polyvinyl chloride, to 

evaluate the muscular motor activity. A video camera 

was used to record the activity in the chamber. The 

mice were gently released into the center of the 

apparatus and to freely explore the new area for 5 

min. The data of each mouse was recorded and stored, 

total distance and center times were analyzed using 

Etho Vision 7.0 software. 

 

Statistical analyses 

 

All the statistical results were expressed by mean ± 

SEM (standard error of the mean). Statistical analysis 

was determined by GraphPad Prism 7.0 software. 

Quantification of confocal image or gray density was 

performed using Image J. The investigators were 

blinded to the genotype for behavioral tests and all the 

quantifications. Comparisons between two groups 

were analyzed by unpaired t test. Comparisons of 

multiple groups were evaluated using one-way 

ANOVA followed by Tukey's post hoc test. Data from 

MWM were performed by two-way repeated-

measures ANOVA followed by Tukey's post hoc test. 

The differences between the two groups were 

performed using the unpaired T-test. The significant 

difference was accepted if p ≤ 0.05. 
 

Ethics approval 
 

This study was approved by the Animal Ethics 
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