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Abstract

Repeated exposure to toll-like receptor 4 (TLR4) ligands, such as lipopolysaccharide (LPS), 

reduces responses of monocytes/macrophages to LPS (LPS/endotoxin tolerance). Microglial 

exposure to Aβ deposits, a TLR4 ligand, may cause “Aβ/LPS tolerance”, leading to decreased Aβ 
clearance. We demonstrated that microglial activation by LPS is diminished in Aβ deposit-bearing 

12-month-old model mice of Alzheimer’s disease (AD), compared with non-AD mice and Aβ 
deposit-free 2-month-old AD mice. Because miR-146a plays a predominant role in inducing TLR 

tolerance in macrophages and because miR-146a in extracellular vesicles (EVs) shed by 

inflammatory macrophages increases in circulation, we investigated potential roles of miR-146a 

and inflammatory EVs in inducing TLR tolerance in microglia and in altering expression of 

inflammatory AD risk genes. We found that miR-146a upregulation induces TLR tolerance and 

alters expression of inflammatory AD risk genes in response to LPS treatment in BV2 microglia. 
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LPS brain injection altered expression of the AD risk genes in 12-month-old AD mice but not in 

non-AD littermates. EVs from inflammatory macrophages polarize BV2 microglia to M1 

phenotype and induce TLR tolerance. Microglia exposed to Aβ in the brain show reduced cytokine 

responses to systemic inflammation due to peripheral LPS injection, indicating TLR/Aβ tolerance 

in microglia. Our results suggest that increased miR-146a induces microglial Aβ/LPS tolerance 

and that circulating EVs shed by inflammatory macrophages contribute to microglial Aβ/LPS 

tolerance, leading to reduced Aβ clearance. Our study also suggests that altered expression of 

inflammatory AD risk genes may contribute to AD development via the same molecular 

mechanism underlying LPS tolerance.
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Introduction

Patients with Alzheimer’s disease (AD) develop deposits of aggregated amyloid β-protein 

(Aβ) in neuritic plaques and cerebral vessels. According to the amyloid cascade hypothesis, 

accumulation of Aβ in the brain is postulated to be a causal event in the etiology of AD 

(Selkoe and Hardy 2016). Aβ deposits in the brain are accompanied by innate immune 

responses such as activated microglia and increased levels of cytokines (Akiyama et al. 

2000). Moreover, there is a broad range of evidence, which supports the notion that 

peripheral inflammation promotes AD progression and initiates altered activation of 

microglia and neurodegeneration (Fulop, Itzhaki et al. 2018, Holmes 2013, Perry and 

Holmes 2014). Aging is the largest known risk factor for AD and characterized by chronic, 

systemic low-grade inflammation, referred to as “inflamm-aging” (Fulop, Witkowski et al. 

2018, Hebert et al. 2013). Additionally, almost all highly ranked, modifiable risk factors for 

AD such as depression, hypertension, diabetes, obesity, hyperlipidemia and cardiovascular 

disease are characterized by a chronic, systemic low-grade inflammation (Deckers et al. 

2015, Kennedy et al. 2014). Furthermore, the importance of immune responses in the 

pathogenesis of AD is strongly supported by the genome-wide association studies on 

patients with late-onset AD, which identified a dozen genetic risk variants that are involved 

in immune/inflammatory responses (Pimenova et al. 2018). Likewise, certain TLR4 gene 

variants are also associated with AD risk (Chen et al. 2012, Miron et al. 2019). However, the 

molecular mechanisms by which these genetic variants and inflammatory diseases lead to 

increased AD risk remain to be elucidated.

Toll-like receptors (TLRs) are a class of pattern-recognition receptors in the innate immune 

system. TLR ligation initiates a signaling cascade leading to activation of transcription 

factors that upregulate expression of cytokines, chemokines, growth factors and other 

inflammatory mediators. One of the important roles of TLRs is to activate phagocytes/

microglia in response to pathogens and damaged host cells, and to clear pathogens, damaged 

tissues, and accumulated wastes. Indeed, an acute (one-time) injection of lipopolysaccharide 

(LPS), a TLR4 ligand, into the brains of AD mouse models activates microglia and decrease 

brain Aβ deposits (DiCarlo et al. 2001, Herber et al. 2004, Malm et al. 2005). However, 
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repeated exposure to certain TLR ligands such as LPS induces hyporesponsiveness to 

subsequent LPS or TLR ligand challenge (endotoxin/TLR tolerance). Because Aβ 
aggregates activate microglia via TLR4 (Capiralla et al. 2012, Tahara et al. 2006), chronic 

exposure of microglia to Aβ aggregates may induce “Aβ tolerance” similar to TLR 

tolerance, possibly leading to decreased clearance of Aβ aggregates and reduced neuronal 

survival and plasticity. In agreement with this notion, we previously demonstrated that LPS 

brain injection activates less microglia in 12-month-old AD model (TgAPP/PS1) mice with 

Aβ deposition than in 12-month-old wild-type littermates (non-Tg mice) but activates more 

microglia in 2-month-old TgAPP/PS1 mice without Aβ deposition than in 2-month-old 

wild-type littermates (Go et al. 2016).

TLR tolerance has been intensively investigated for decades and several regulatory 

molecules in the TLR signaling pathways have been identified as modulators of TLR 

tolerance. Particularly, miR-146a plays a predominant role in development of TLR tolerance 

(Saba et al. 2014) and miR-146a expression in several different AD mouse models increases 

around the onset of Aβ deposits (Arena et al. 2017, Li et al. 2011). Moreover, circulating 

miR-146a increases during peripheral inflammation associated with certain AD risk factors 

including aging, diabetes, cardiovascular disease and periodontitis and miR-146a belongs to 

inflammation-related miRs (inflamma-miRs) and senescence-associated miRs (SA-miRs) 

(Han et al. 2020, Olivieri et al. 2013, Rippo et al. 2014). These findings suggest the potential 

role of miR-146a in Aβ/TLR tolerance in AD, which results in decreased clearance of Aβ 
aggregates. However, the molecular mechanisms underlying TLR tolerance appear to be 

complex and specific to cell/tissue types and induction conditions. To investigate the 

molecular mechanism involved in Aβ- and inflammation-induced TLR tolerance in AD, we 

determined expression levels of signaling molecules that are known to regulate TLR 

signaling as well as expression levels of immune-related AD risk genes in 2- and 12-month-

old TgAPP/PS1 mice treated with hippocampal injection of LPS. Furthermore, because 

miR-146a plays a central role in negative regulation of TLR signaling in monocytes/

macrophages and can regulate expression of multiple genes (Chan et al. 2013, Quinn et al. 

2012, Saba et al. 2014), we have tested if up- or down-regulation of miR-146a in BV2 

mouse microglial cells can modulate LPS tolerance, M1 and M2 phenotype, and expression 

of AD risk genes.

Methods

Animals and LPS treatment

B6.Cg-Tg(APPswe,PSEN1dE9) 85Dbo/J mice (here referred to as TgAPP/PS1 mice) were 

purchased from Jackson Laboratory (Bar Harbor, ME) and used as a transgenic mouse 

model of AD. TgAPP/PS1 mice express a chimeric mouse/human APP with the double 

mutations (K670N and M671L) and human presenilin 1 (PS1) with an exon 9 deletion found 

in familial AD patients. TgAPP/PS1 mice develop Aβ deposits in the brain as early as 4 

months of age. The same experimental mice that had been reported in (Go et al. 2016) were 

used for this study. To determine the effect of LPS on gene expression in young mice with 

no Aβ deposits, 2-month-old TgAPP/PS1 mice and their non-transgenic littermates (non-Tg 

mice) received 4μg LPS injection into their right hippocampus. To determine the effect of 
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LPS on gene expression in old mice with Aβ deposits, 12-month-old TgAPP/PS1 and non-

Tg mice received of 2μg LPS due to decreased survival with the original higher LPS dose 

(4μg). Control groups similarly received phosphate-buffered saline (PBS) injection. Because 

microglial activation peaks 7 days after intrahippocampal injection (Herber et al. 2004), 

experimental mice were euthanized 7days after LPS injection and their brains were quickly 

removed and stored in −80° C. Additionally, 13-month-old TgAPP/PS1 mice and their non-

transgenic littermates (non-Tg mice) were intraperitoneal injected with LPS (0.5 mg/Kg 

bodyweight) or PBS. Mice were euthanized 24 hours after intraperitoneal injection and their 

brains were quickly removed and hippocampi were separated and stored in −80°C. The 

animal protocols described here were prospectively reviewed and approved by the 

Institutional Animal Care and Use Committee of the University of Illinois College of 

Medicine at Peoria. Methods of euthanasia were consistent with the recommendations of the 

Panel on Euthanasia of the American Veterinary Medical Association.

BV2 cell culture and microRNA mimic transfection

BV2 cells were plated in 6-well plates (3.5 × 105cells/ml). Cells were transfected with 25 

nM of negative control-mimic, miR-146a mimic, or miR-146a inhibitor using Lipofectamine 

RNAiMax Transfection reagent (Life Technologies, Grand Island, NY) and, then 24 h later, 

treated with LPS (100ng/ml). Culture media were collected for TNF-α ELISA at 3, 6 and 24 

h after LPS treatment and messenger RNA (mRNA) for qPCR at 24 h (n = 6).

RAW 264.7 cell culture, extracellular vesicle (EV) preparation and EV treatment of BV2 
cells

RAW 264.7 (ATCC® TIB-71™) cells were purchased from ATCC and cultured in DMEM 

containing 10% FBS. RAW cells were seeded in 6-well plates (3.5 × 105cells/ml) in 10% 

FBS DMEM. Forty hour later, the cells were treated with PBS or LPS (100 ng/ml) for 24 

hours, washed with PBS three times to remove LPS and, then, cultured in DMEM without 

FBS for 20 hours. EVs from the media were collected and purified using the Total Exosome 

Isolation Reagent kit (Life Technologies, Carlsbad, CA) according to the manufacturer’s 

instructions. Expression levels of miR-146a in EVs were calculated by the 2−ΔΔCt method of 

qPCR using ExiLENT SYBR® Green Master Mix and microRNA specific microRNA 

LNATM PCR primer sets (Exiqon) after normalization to the endogenous U6 small RNA 

and RNU1A1. EVs suspended in DMEM were added to BV2 cell cultures. For the first set 

of experiments (outlined in Fig. 3A), the BV2 culture media were collected for TNF-α 
ELISA at 3, 6 and 24 h after EV treatment and BV2 cells were harvested for isolation of 

mRNA for qPCR at 24 h (n = 6/group). For the second set of experiments (outlined in Fig. 

4A), BV2 cells were incubated with EVs for 24 h, washed with PBS three times and treated 

with LPS (100 ng/ml). The BV2 culture media were collected for TNF-α ELISA at 3, 6 and 

24 h after LPS addition and the BV2 cells were harvested for isolation of mRNA for qPCR 

at 24 h (n=6/group).

The EV samples were verified by transmission electron microscopy (TEM), nanoparticle 

tracking analysis (NTA) and expression of an EVs marker, TGS101. As for TEM, purified 

EVs were treated with 3% phosphotungstic acid for 5 min, placed on formvar grids, dried 

and scanned by a transmission electron microscope (JEOL, JEM100C). NTA was conducted 
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by System Bioscience (SBI, Palo Alto, CA). For immunoblot analysis, purified EVs were 

homogenized in RIPA lysis buffer (Sigma, St. Louis, MO) containing complete 

miniprotease-inhibitor and phosphatase inhibitors cocktail tablets (Roche Diagnostics 

Corporation, Indianapolis, IN) and centrifuged at 12,000 × g for 10 min 4°C for collecting 

supernatants. The proteins were electrophoresed under reducing conditions in 10% SDS-

PAGE gels and transferred to PVDF membranes. The membranes were incubated overnight 

at 4°C with anti-TSG101 antibody (1:500 diution) (Abcam, Cambridge, UK) and specific 

bands were visualized by an enhanced chmiluminescence system (Amershan, Arlington 

Heights, IL). EVs were labeled with PKH67 Green Fluorescent Cell Linker Mini Kit 

(Sigma, St. Louis, MO) according to the manufacturer’s instructions and EV uptake by BV2 

cells was visualized by fluorescence microscopy. The number of green cells were counted 

from three different experiments.

mRNA and microRNA Expression

Total RNA from the cerebra (n = 6/group), hippocampus and cultured BV2 cells was 

isolated using the Direct-zolTM RNA kit (Zymo Research Corporation, Irvine, CA). For 

quantification of mRNA expression, one microgram of total RNA from each sample was 

reverse transcribed using oligo (dT)15 primer and SuperScript® III Reverse Transcriptase 

(Life Technologies). Primer pairs used for real-time PCR are presented in Table I. The levels 

of mRNA expression were measured by real-time PCR using a CFX96 Real-Time PCR 

detection system (Bio-Rad) with FastStart SYBR Green Master Mix (Roche, Indianapolis, 

IN). Amplification conditions consisted of a 10-min preincubation at 95°C, followed by 40 

cycles of denaturation at 95°C for 15 s and primer annealing and extension for 1 min at 

60°C. PCR product melting curves were examined to confirm the homogeneity of PCR 

products. mRNA levels of each gene were normalized by subtracting cycle threshold (Ct) 

values obtained with beta-actin mRNA and expressed as 2 −ΔΔCt. The fold changes in 

hippcampus for each genotype were expressed as 2 −ΔΔCt (LPS) - 2 −ΔΔCt (PBS)avg.

Statistical analysis

SPSS version 19 was used for statistical analysis. Intergroup differences were assessed by a 

repeated measure ANOVA. A level of p≤ 0.05 was accepted as significant.

Results

LPS alters expression levels of AD risk genes and TLR signaling-related genes in 12-
month-old TgAPP/PS1 mice

We determined expression levels of selected genes that are involved in TLR signaling. Such 

genes included TLR4, CD14, IRAK4, TRAF6, IRF3, CCL2, p50 (NFkB), RELB, IkBα, 

A20, TSC1, COX2, SOCS1, TGF-β and IL-1β. No difference was found in expression levels 

of these genes between TgAPP/PS1 and non-Tg mice 7 days after LPS injection at 2 months 

of age (data not shown). Similarly, no difference was also found between TgAPP/PS1 and 

non-Tg mice 7 days after PBS injection at 12 months of age except that IL-1β was elevated 

in TgAPP/PS1 mice compared to non-Tg mice (Fig. 1A). At 12 months, expression levels of 

p50 (P < 0.05), A20 (P < 0.05), TGF-β (P < 0.05) and TLR4 (P < 0.05) in LPS-injected 

TgAPP/PS1 mice were higher than those in non-Tg mice (Fig. 1B).
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To investigate the possible involvement of immune-related AD risk genes in the 

development of altered TLR4 signaling or LPS tolerance in microglia, expression levels of 

such genes in the cerebra were determined by real-time PCR. The genes examined were 

APOE, TREM2, CLU, INPP5D, CD33, ABCA7, ABCA1, CR1, MEF2C, SORL1 and 

EPHA1, which are known to modulate immune responses. Particularly, TREM2, CD33, 

CR1, INPP5D, APOE, ABCA7 and MEF2C are highly expressed in microglia and activation 

of these genes are involved in neuroprotective and/or neurotoxic activities of microglia 

(Malik et al. 2015, Verheijen and Sleegers 2018). There was no significant difference in 

expression levels of these genes between TgAPP/PS1 and non-Tg mice subjected to LPS 

injection at 2 months of age (data not shown). There was no significant difference in these 

genes between TgAPP/PS1 and non-Tg mice subjected to PBS injection at 12 months, also 

(Fig. 1A). At 12 months, however, expression levels of APOE (P = 0.01), TREM2 (P = 

0.001), INPP5D (P = 0.001), CD33 (P < 0.05) and ABCA1 (P < 0.01) were higher, and 

those of SORL1 (P < 0.01) were lower in LPS-injected TgAPP/PS1 mice than those in non-

Tg mice (Fig. 1B). Thus, altered expression of certain AD risk and TLR signaling genes in 

response to LPS was observed in 12-month-old TgAPP/PS1 mice after Aβ deposition.

MiR-146a can alter expression of certain AD risk genes and TLR signaling-related genes in 
response to LPS stimulation

Because miR-146a is thought to be a major driver behind TLR tolerance (Saba et al. 2014) 

and increase in several different AD mouse models including TgAPP/PS1 mice around the 

onset of Aβ deposits (Arena et al. 2017, Li et al. 2011), we investigated whether increased 

levels of miR-146a in cultured microglial cells can induce such alterations in gene 

expression in response to LPS treatment. BV2 cells were transfected with miR-146a mimic, 

miR-146a inhibitor or miR-negative control and then treated with LPS. As expected, LPS 

treatment induced increases in TNF-α levels in the media of BV2 cells treated with miR 

control (Fig. 2A). TNF-α levels in the media of miR control treated BV2 cells were 

conspicuously higher than those in miR-146a mimic-treated BV2 cells (P < 0.001) and 

consistently lower than those in miR-146a inhibitor-treated BV2 cells (P < 0.05) (Fig. 2A), 

indicating that increased miR-146a can inhibit LPS-induced inflammation in BV2 cells. Up- 

and down-regulation of miR-146a in BV2 cells by miR-146a mimic and inhibitor, 

respectively, was confirmed by qPCR (Fig. 2B, P < 0.001). LPS treatment decreased mRNA 

expression levels of IL-1β, IL-6 and TNF-α and increased that of IL-10 in miR-146a mimic-

transfected BV2 cells compared with those in miR control-transfected BV2 cells (Fig. 2B, P 

< 0.001). LPS treatment increased mRNA expression levels of IL-1β, IL-6 and TNF-α and 

decreased that of IL-10 in miR-146a inhibitor-transfected BV2 cells compared with those in 

miR control-transfected BV2 cells (Fig. 2B, P < 0.05). Thus, in response to LPS treatment, 

miR-146a mimic shifted BV2 cells toward an M2 phenotype and its inhibitor shifted them 

toward an M1 phenotype. LPS treatment increased INPP5D, CD33, MEF2C and TREM2 

expression and decreased ABCA1 and CR1 expression in miR-146a mimic-transfected BV2 

cells compared with those in miR control-transfected BV2 cells (Fig. 2C, P < 0.05). Such 

alterations in expression levels of the AD risk genes were not observed by miR-146a 

inhibitor transfection (Fig. 2C).
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Circulating exosomal miR-146a may contribute to microglial LPS/Aβ tolerance

Circulating microRNAs (miRNAs) are abundantly found in extracellular vesicles (EVs) 

including exosomes and microvesicles, which are shed by or released from many types of 

cells. Particularly, miRNAs in EVs have been repeatedly shown to be capable of inducing 

phenotypic changes in the recipient cells, resulting in modulation of immune/inflammatory 

response and metabolism (Fernandez-Messina et al. 2015, Robbins and Morelli 2014). 

Because peripheral EVs are capable of crossing the blood-brain barrier (BBB) (Agliardi and 

Clerici 2020, Matsumoto et al. 2017), it is possible that the peripheral inflammatory and 

metabolic states are conveyed to the cells in CNS via circulating exosomal miRNAs. 

MiR-146a is enriched in EVs released from macrophages stimulated by an artherogenic 

stimulus (Nguyen et al. 2018, Zhang et al. 2019) and in circulating EVs under inflammatory 

conditions (Brianza-Padilla et al. 2016, Han et al. 2020). Accordingly, circulating exosomal 

miR-146a in patients at risk of developing AD may be involved in the induction of LPS/Aβ 
tolerance in microglia, leading to accumulation of Aβ aggregates. Here, we investigated 

whether EVs isolated from LPS-treated monocytes/macrophages can induce inflammation 

(outlined in Fig. 3A) and LPS tolerance (outlined in Fig. 4A) in inactive microglia. RAW 

264.7 cells (mouse monocyte/macrophage cell line) were treated with PBS or LPS for 24 

hours, then washed three times with PBS to remove LPS, and further incubated (without 

serum) for 24 hours to isolate EVs from the medium. The sizes of the isolated EVs ranged 

from 50 – 100 nm in diameter by transmission electron microscopy (Fig. 3B). When 

nanoparticle tracking analysis was performed by Nanosight, the mean size and mode of the 

isolated EVs are 154.2 ± 1.2 nm and 79 ± 2.3 nm, respectively (Fig. 3C). The isolated EVs 

were subjected to immunoblot analysis using anti-TSG-101 antibody, which is commonly 

used as a marker protein for exosomes. Expressed TSG-101 in the isolated EVs was 

identified as 43 KDa protein by immunoblotting (Fig. 3D). LPS in the isolated EVs was 

undetectable by Pierce LAL chromogenic endotoxin quantitation kit (Data not shown). The 

isolated EVs were labeled with PKH67 Green Fluorescence and readily taken up by BV2 

cells within 3 hours after they were added to the culture (Fig. 3E). The average percentage of 

cells that were positive for green fluorescence was 97.1 ± 0.05% (Fig. 3F). The isolated EVs 

derived from LPS-treated RAW cells contained significantly higher levels of miR-146a than 

those derived from PBS-treated RAW cells (Fig. 3G). BV2 cells that were treated with the 

isolated EVs derived from LPS-treated RAW cells (lps-EV-BV2 cells), secreted modestly 

but significantly higher levels of TNF-α in the medium than BV2 cells that were treated 

with EVs derived from PBS-treated (control) RAW cells (pbs-EV-BV2 cells) 3 and 6 hours 

after the EV addition (Fig. 3H). The BV2 cells were harvested 24 hours after the EV 

addition and their mRNAs for M1 and M2 macrophage/microglia markers were subjected to 

qRT-PCR. Large increases in expression levels of M1 markers (IL-1β, IL-6, and TNF-α) 

were found in lps-EV-BV2 cells compared to pbs-EV-BV2 cells (Fig. 3I). In the separate 

experiments, 24 hours after the addition of EVs, lps-EV-BV2 and pbs-EV-BV2 cells were 

treated with LPS for 3, 6 and 24 hours and TNF-α levels in the media were determined by 

ELISA. pbs-EV-BV2 cells produced significantly more TNF-α than lps-EV-BV2 cells 24 

hours after LPS treatment (Fig. 4B). No difference in cell viability was found between the 

two groups and absolute TNF-α levels in Fig. 4B are much higher than those in Fig. 3E. 

After 24 hour-treatment with LPS, expression levels of M2 macrophage/microglia markers 

(TGF-β and IL-10) in lps-EV-BV2 cells are significantly higher than those in pbs-EV-BV2 
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cells (Fig. 4C). Thus, a LPS-tolerant state of microglia that were not previously exposed to 

LPS can be induced by EVs derived from LPS-treated macrophages.

Additionally, in order to verify the response of Aβ-exposed microglia to peripheral 

inflammatory exosome, 13-month-old TgAPP/PS1 mice and their littermates were subjected 

to intraperitoneal injection of LPS (0.5 mg/Kg bodyweight) or PBS and, 24 hours after the 

LPS or PBS injection, RNA was isolated from their hippocampi. Expression levels of M1 

(IL-1β, TNF-α and IL-6) and M2 (ARG1, IL-10 and TGF-β) markers were determined by 

real-time quantitative reverse transcription-PCR. Increases or decreases of gene expression 

by LPS injection are shown as fold changes after subtracting gene expression levels of PBS 

injection in TgAPP/PS1 mice and non-Tg littermates (Fig. 5). As expected, LPS injection 

increased expression levels of pro-inflammatory cytokines (IL-1β, TNF-α, and IL-6) in non-

Tg littermates and expression levels of IL-1β in LPS-injected non-Tg littermates were higher 

than those in LPS-injected TgAPP/PS1 mice (Fig. 5). Surprisingly, LPS injection induced 

decreases in TNF-α and IL-6 expression in TgAPP/PS1 mice (Fig. 5). These results suggest 

that microglia in 13-month-old TgAPP/PS1 mice are less responsive to systemic LPS 

injection than microglia in their non-Tg littermates, and that Aβ deposits induce LPS 

tolerance in microglia.

Discussion

MicroRNAs are one class of non-coding RNAs that post-transcriptionally regulate specific 

gene expression by several different mechanisms. MicroRNAs are estimated to control 

approximately 60 % of all mRNAs and play critical roles in pathophysiological functions 

including immune responses and neurodegenerative diseases. Among such miRNAs, 

miR-146a plays an important role as a negative regulator of innate immune responses 

(Taganov et al. 2006, Zhao and Starczynowski 2014). LPS stimulation induces miR-146a in 

monocytes and macrophages, which targets mRNAs for IL-1 receptor-associated kinase 1 

(IRAK1) and TNF receptor-associated factor 6 (TRAF6) and inhibits their expression. 

Because IRAK1 and TRAF6 are important signaling molecules of the MyD88-dependent 

pathways in all TLRs with the exception of TLR3, miR-146a forms a negative feedback 

regulation loop in TLR signaling in the MyD88 pathways (Taganov et al. 2006). MiR-146a 

is upregulated during LPS tolerance and counteracts overly inflammatory responses. 

Overexpression of miR-146a can induce both homologous and cross-tolerance and 

knockdown of miR-146a reduces the effects of LPS tolerance in THP-1 human monocytes 

(Nahid et al. 2011). Thus, miR-146a is thought to play a dominant role in LPS tolerance in 

monocytes/macrophages (Chan et al. 2013, Nahid et al. 2011, Quinn et al. 2012). The role of 

miR-146a in LPS tolerance in microglia was not investigated previously. In our study, we 

have demonstrated that miR-146a overexpression in BV2 microglia can induce diminished 

inflammatory response similar to the state of LPS tolerance and its downregulation reversed 

the inflammatory response.

Reported levels of miR-146a in the brain, cerebrospinal fluid and blood/plasma in AD 

patients are controversial (Juzwik et al. 2019). These discrepancies are attributed to 

insufficient sample sizes and differences in detection methods, brain regions, post-mortem 

intervals, and disease stages, indicating technical difficulties. However, miR-146a levels in 
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several different lines of AD mouse models (TgAPP/PS1, Tg2576, Tg-CRND8, PSAPP, 

3xTg-AD, and 5xFAD) significantly increase after development of AD-type neuropathology 

(Arena et al. 2017, Li et al. 2011), suggesting that Aβ deposition induces a state similar to 

LPS tolerance by miR-146a upregulation in microglia. Additionally, miR-146a-deficient 

macrophages show enhanced phagocytic activities (Lochhead et al. 2014) and increased 

miR-146a levels are associated with decreases in phagocytic and migratory capabilities of 

cultured microglia (Caldeira et al. 2014) These support our hypothesis that miR-146a 

induces Aβ/TLR tolerance in microglia, leading to reduced clearance of Aβ. However, the 

cause-effect relationships of altered TLR4 signaling and microRNA expression in AD 

pathogenesis and β-amyloidosis remain to be further elucidated.

Because greater increases in expression levels of certain AD risk genes (APOE, TREM2, 

CD33, INPP5D and ABCA1) by LPS injection were observed only in 12-month-old 

TgAPP/PS1 mice (Fig. 1) but not in 2-month-old mice (data not shown), we have tested if 

miR-146a upregulation in microglia can induce increases in expression levels of AD risk 

genes by LPS treatment. MiR-146a upregulation in BV2 cells increased expression of only 

TREM2, CD33 and INPP5D after LPS treatment (Fig. 2C). Thus, miR-146a upregulation in 

BV2 microglia partly recapitulated the changes observed in 12-month-old TgAPP/PS1 mice. 

Interestingly, INPP5D, an AD risk gene, suppresses TLR4-mediated LPS responses involved 

in endotoxin tolerance (An et al. 2005, Xiong and Medvedev 2011). Similarly, TREM2 and 

CD33 have been reported to downregulate TLR4 signaling (Ishida et al. 2014, Ito and 

Hamerman 2012). In line with these observations, systemic LPS injection diminished 

expression of pro-inflammatory cytokines in the hippocampus of 13-month-old TgAPP/PS1 

mice (Fig. 5). Accordingly, increased levels of INPP5D, TREM2 and CD33 may reduce 

cytokine responses by suppressing TLR4 signaling in Aβ-exposed microglia in 13-month-

old TgAPP/PS1 mice. Our results suggest that certain AD genetic risk variants may increase 

AD risk via the same molecular pathways that involve the altered TLR signaling.

EVs play crucial roles in cell-to-cell communication by transferring RNAs, proteins and 

lipids as carriers in circulation between nearby cells as well as distant cells involved in 

immune and inflammatory responses (Bruno et al. 2019, Robbins and Morelli 2014). 

Because miR-146a is enriched in circulating EVs in inflammatory conditions associated 

with increased risk of AD (Brianza-Padilla et al. 2016, Han et al. 2020), we have tested if 

EVs derived from inflammatory macrophages can induce inflammation and LPS tolerance in 

the recipient microglia of the EVs. The EVs polarized inactive microglia to an M1 

phenotype characterized by increased expression of IL-1β, IL-6 and TNF-α and decreased 

expression of IL-10 (Fig. 3F). This M1 polarization by the EVs derived from inflammatory 

macrophages appeared to induce LPS tolerance in the recipient microglia, suggesting that 

peripheral inflammation found in AD risk factors such as diabetes, hyperlipidemia and 

periodontitis leads to increased risk of developing AD by inducing microglial Aβ/LPS 

tolerance via inflammatory EVs in circulation. These findings warrant further investigation 

of potential roles of inflammatory EVs in circulation in increasing risk of AD.
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Conclusion

This study is the first to report that TLR4 signaling change is involved in altered expression 

of certain AD risk genes in an AD mouse model and microglial cell culture and that EVs 

derived from inflammatory macrophages can induce LPS tolerance in microglia. LPS 

tolerance and altered AD risk gene expression in an AD mouse model can be partly 

recapitulated in cultured microglia by upregulating miR-146a. Our results suggest that 

increased miR-146a induces microglial Aβ/LPS tolerance, leading to reduced Aβ clearance 

and that certain risk genes increase AD risk via the same molecular mechanisms underlying 

LPS tolerance. It will be interesting to determine if TLR4 alleles that are associated with AD 

risk can modulate Aβ/LPS tolerance via altering miR-146a expression.
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Fig. 1. 
LPS injection increases mRNA expression levels of certain AD risk genes and TLR4 

signaling-related genes in TgAPP/PS1 mice at age 12 months. TLR4 signaling-related genes 

and mRNA expression levels of certain AD risk genes in the cerebral tissues from 12-month-

old TgAPP/PS1 and non-Tg mice injected with PBS (A) or LPS (B) were determined by 

quantitative real-time PCR using cDNA prepared by reverse-transcription of mRNA. mRNA 

levels were normalized by subtracting cycle threshold (Ct) values obtained with β-actin 

mRNA and are shown as 2−ΔΔCt [ΔCt = Ct (gene of interest) - Ct (β-actin)] (means ± SEM). 

*P < 0.05, #P < 0.01, and ##P < 0.001.
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Fig. 2. 
MiR-146a regulates TLR signaling, microglial M1 and M2 phenotypes and AD risk gene 

expression in BV2 microglia. BV2 cells transfected with miR-negative control, miR-146a 

mimic, or miR-146a inhibitor were treated with LPS. MiR-146a mimic decreases and its 

inhibitor increases TNF-α in the BV2 cell media compared to miR control at the indicated 

time points after LPS treatment (A). MiR-146a mimic and its inhibitor increases and 

decreases expression levels of miR-146a, respectively (B, column at the extremely left). In 

response to LPS treatment, miR-146a mimic and its inhibitor shift BV2 cells toward an M2 

and M1 phenotype, respectively (B). MiR-146a mimic increases INPP5D, CD33, MEF2C 

and TREM2 and decreases ABCA1 and CR1 expression compared to miR control (C). 

MiR-146a inhibitor revokes such expression changes (C). *P < 0.05 and ##P < 0.001.
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Fig. 3. 
EVs derived from LPS-treated RAW cells induce inflammation and M1 polarization in BV2 

microglia. (A) Schematic diagram of RAW and BV2 cultures. RAW cells were treated with 

PBS or LPS (100 ng/ml) for 24 hours, washed three times with PBS to remove LPS, and 

further incubated in FBS-free DMEM for 24 hours to isolate EVs from the medium. The 

EVs suspended in DMEM were added to BV2 cell cultures. (B) EVs isolated from the media 

of RAW cell cultures range from 50 – 100 nm in diameter by transmission electron 

microscopy (bar size: 50nm). (C) The mean size and mode of the isolated EVs are 154.2 ± 

1.2 nm and 79 ± 2.3 nm, respectively, by nanoparticle tracking analysis (NTA). (D) TGS101, 

an exosomal marker, in EVs was identified by western blotting. (E and F) EV uptake by 

BV2 cells is confirmed by fluorescence microscopy 3 hours after EV addition to the culture 

(bar size: 15μm) and quantified by counting the number of green particle positive and 

negative cells. The percentages of green-positive cells are shown. (G) The expression levels 
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of miR-146a in EVs derived from PBS- and LPS-treated RAW cells were determined by 

qPCR. LPS treatment (LPS) increases miR-146a levels in EVs shed by RAW cells compared 

to PBS treatment (PBS) (* P<0.05). (H) EVs from LPS-treated RAW cells (LPS) increase 

TNF-α secretion from BV2 cells compared to EVs from PBS-treated RAW cells (PBS) at 

3h, 6h and 24h after EV addition (* P<0.05, ## P<0.001). (I) Expression levels of M1 and 

M2 marker genes were determined by qPCR. EVs from LPS-treated RAW cells polarizes 

BV2 cells towards an M1 phenotype (LPS) (n=6) (## P<0.001).
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Fig. 4. 
EVs derived from LPS-treated RAW cells induce LPS tolerance in BV2 microglia. (A) 

Schematic diagram of RAW and BV2 cultures. RAW cells were treated with PBS or LPS 

(100 ng/ml) for 24 hours, washed three times with PBS to remove LPS, and further 

incubated in FBS-free DMEM for 24 hours to isolate EVs from the medium. BV2 cells were 

treated with the EVs for 24 hours, washed with PBS three times, and stimulated with LPS 

(100ng/ml). (B) TNF-α levels in the BV2 culture media were determined by ELISA at 3h, 

6h and 24h after LPS addition. In response to LPS stimulation, BV2 cells treated with EVs 

derived from PBS-treated RAW cells (PBS) secrete higher levels of TNF-α than BV2 cells 

treated with EVs derived from LPS-treated RAW cells (LPS) at 24h (## P<0.001). (C) 

Expression levels of M1 and M2 marker genes were determined by qPCR. In response to 

LPS stimulation, BV2 cells treated with EVs derived from LPS-treated RAW cells (LPS) 

express higher levels of M2 markers (TGF-β and IL-10) than BV2 cells treated with EVs 

derived from PBS-treated RAW cells (PBS) (n=6, * P<0.05, ## P<0.001).
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Fig. 5. 
LPS tolerance in 13-month-old TgAPP/PS1 mice but not in their non-Tg littermates. LPS 

(0.5 mg/Kg bodyweight) or PBS was intraperitoneally injected into 13-month-old 

TgAPP/PS1 mice and their non-Tg littermates. RNAs were isolated from the hippocampi of 

the experimental mice 24 hours after LPS or PBS injection, followed by Quantitative reverse 

transcription PCR. mRNA expression levels of pro-inflammatory cytokines and makers for 

M1 and M2 macrophages were normalized by subtracting cycle threshold (Ct) values 

obtained with β-actin mRNA and are determined as 2 −ΔΔCt [ΔCt = Ct (genes of interest) – 

Ct(beta-actin), ΔΔCt = ΔCt (LPS or PBS)- ΔCt(PBS)avg]. The fold changes for each 

genotype are shown as 2 −ΔΔCt (LPS) - 2 −ΔΔCt (PBS)avg (*P < 0.05 and #P < 0.01).
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Table I

Primer DNA Sequences

Gene Forward primer (5’ to 3’) Reverse primer (5’ to 3’)

TGF-β CTCCCGTGGCTTCTAGTGC GCCTTAGTTTGGACAGGATCTG

IL-1β GCCCCTGCATGGGAAATCAA ATCTTTTGGGGTCCGTCAACT

A20 GAACAGCGATCAGGCCAGG GGACAGTTGGGTGTCTCACATT

p50 ATGGCAGACGATGATCCCTAC TGTTGACAGTGGTATTTCTGGTG

TLR4 ATGGCATGGCTTACACCACC GAGGCCAATTTTGTCTCCACA

ApoE CTGACAGGATGCCTAGCCG CGCAGGTAATCCCAGAAGC

TREM2 CTGGAACCGTCACCATCACTC CGAAACTCGATGACTCCTCGG

INPP5D GCCCCTGCATGGGAAATCAA TGGGTAGCTGGTCATAACTCC

CD33 CCGCTGTTCTTGCTGTGTG AAGTGAGCTTAATGGAGGGGTA

ABCA1 GCTTGTTGGCCTCAGTTAAGG GTAGCTCAGGCGTACAGAGAT

CR1 AACACATGGTTACCAGGTGTACC CGTGCCTCTCCAGCCATAAG

MEF2C GTCAGTTGGGAGCTTGCACTA CGGTCTCTAGGAGGAGAAACA

SOCS1 CTGCGGCTTCTATTGGGGAC AAAAGGCAGTCGAAGGTCTCG

EPHA1 GTGTGGCGCTAGTGTCTGTAA CACGTTCCAGCTACTTCAACC

IL-1beta GCCCCTGCATGGGAAATCAA ATCTTTTGGGGTCCGTCAACT

IL-6 GAGGATACCACTCCCAACAGACC AAGTGCATCATCGTTGTTCATACA

TNF alpha CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG

ARG1 CACTCCCCTGACAACCAGCT AAGGACACAGGTTGCCCATG

IL-10 GGTTGCCAAGCCTTATCGGA ACCTGCTCCACTGCCTTGCT

CD14 CTCTGTCCTTAAAGCGGCTTAC GTTGCGGAGGTTCAAGATGTT

ABCA7 AATTACACCTATCGACGGAGACA TGACGGACAGCCACTAGGA

COX2 TTCAACACACTCTATCACTGGC AGAAGCGTTTGCGGTACTCAT

TSC1 ATGGCCCAGTTAGCCAACATT CAGAATTGAGGGACTCCTTGAAG

IkBα TGAAGGACGAGGAGTACGAGC TTCGTGGATGATTGCCAAGTG

RELB CCGTACCTGGTCATCACAGAG CAGTCTCGAAGCTCGATGGC

CCL2 TTAAAAACCTGGATCGGAACCAA GCATTAGCTTCAGATTTACGGGT

IRF3 GAGAGCCGAACGAGGTTCAG CTTCCAGGTTGACACGTCCG

TRAF6 AAAGCGAGAGATTCTTTCCCTG ACTGGGGACAATTCACTAGAGC

IRAK4 CATACGCAACCTTAATGTGGGG GGAACTGATTGTATCTGTCGTCG

beta-actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT
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