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Abstract
Paraoxonase 1 (PON1) plays an anti-inflammatory role in the cardiovascular system. Levels of serum
PON1 and polymorphisms in this gene were linked to Alzheimer disease (AD) and Parkinson disease
(PD), but its function in the neuroimmune system and AD are not clear. To address this issue, we used
PON1 knockout rats previously generated by our lab to investigate the role of PON1 in microglia.
Knockout of PON1 in rat brain tissues protected against LPS-induced microglia activation. PON1
deficiency in rat primary microglia increased TREM2 (triggering receptor expressed in myeloid cells 2)
expression, phagocytosis and IL-10 (M2-phenotype marker) release, but decreased production of pro-
inflammatory cytokines such as IL-1β, IL-6, IL-12, IL-18 especially TNF-α (M1-phenotype markers) induced
by LPS. PON1 deficiency in rat primary microglia activated TREM2 pathway but decreased LPS-induced
ERK activation. The phagocytosis promoting effect of PON1 knockout could be reversed by
administration of recombinant PON1 protein. The interaction between PON1 and TREM2 was verified by
co-immunoprecipitation (co-IP) using rat brain tissues or over-expressed BV2 cell lysates, which might be
involved in lysosomal degradation of TREM2. Furthermore, PON1 knockout may also enhance microglial
phagocytosis and clearance of exogenous Aβ by an intrahippocampal injection and decrease the
transcription of cytokines such as IL-1β, IL-6 and TNF-α in vivo. These results suggest an inhibitory role of
PON1 in microglial phagocytosis dependent on its interaction with TREM2. These findings provide novel
insights into the role of PON1 in neuroinflammation and highlight TREM2 as a potential target for
Alzheimer’s disease therapy.

Background
PON1 is a member of the multi-gene paraoxonase (PON) family comprised of three members, PON1,
PON2 and PON3, located on chromosome 7 in humans [1]. Human PON1 is an esterase that displays
both paraoxonase and arylesterase activities for hydrolyzing and detoxifying toxic organophosphorus
compounds, interaction with various drugs, and antioxidant activity by hydrolyzing oxidized
phospholipids in high-density lipoprotein (HDL) and low-density lipoprotein (LDL) [2-6]. PON1 expression
can be modulated by diet, life-style and pharmaceuticals [7], but also by genetic polymorphisms in the
promoter and coding regions [8-10]. PON1 is now considered to be a major antioxidant factor for
eliminating oxidized HDL [5]. Levels of serum PON1 and polymorphisms in the PON1 gene were linked to
atherosclerosis, coronary artery disease, and stroke [11-14]. 

PON1 is synthesized mainly in the liver and secreted into the blood where it associates predominantly
with HDL [2]. However, immunohistochemical studies and RT-PCR have revealed the presence of PON1 in
a wide variety of tissues including brain, spinal cord, heart and kidney in humans [15], mice [16] and
rats [17]. Whether this is due to local synthesis or to PON1 being transported from liver to other tissues by
HDL is unclear. Although PON1 is present in brain tissue, its role in neurodegenerative diseases is
controversial. Many studies on Parkinson's disease (PD) suggest that the MM55 PON1 genotype is a
susceptibility marker for PD and is associated with exposure to organophosphates in the
environment [18]. Neither L55M nor Q192R PON1 show association with the pathogenesis of PD,



Page 3/28

however [19]. In dementias, associations with beta-amyloid levels, senile plaque accumulation and
cholinesterase activity suggest an involvement of the PON1 gene in the pathogenesis of AD and response
to treatment [20]. AD and other dementias are associated with decreased PON1 activity [21, 22], but the
majority of meta-analyses failed to find any association between PON1 polymorphisms and the
development of neurodegenerative diseases such as AD and PD [23, 24]. PON1 might be a potential
player in the pathogenesis of neurological disorders, but the precise pathogenic links and the
mechanisms are still unclear. 

In previous studies, we established a PON1 knockout (KO) rat model and found that PON1 KO impaired T
cell development in the thymus [25], suggesting that PON1 might be a novel immune regulator. As the
resident macrophages of the central nervous system (CNS), microglia strongly influence the pathological
response to a stressor by cordoning off brain lesions, phagocytizing cellular debris, and releasing
cytokines, chemokines, and growth factors [26, 27]. However, the role of PON1 in microglial phagocytosis
is unknown. In the present study, we demonstrated that PON1 inhibited microglial phagocytosis by down-
regulation of triggering receptor expressed in myeloid cells 2 (TREM2). Knockout of PON1 negatively
regulated the production of pro-inflammatory cytokines induced by LPS or Aβ but facilitated TREM2-
dependent microglial phagocytosis in vivo and in vitro.

Methods
Human brain samples and animals

Human brain tissues were obtained from the Human Brain Bank as previously described [28]. PON1-/- rats
were generated previously in our lab [25]. Knockout (KO) rats were genotyped by PCR using the primers, 5′
AAGCGGGTGCTGAAGACT and 5 ′ACTGCTGGCTCCTTCTCA. A 521-bp fragment of WT and a 179-bp
fragment of the PON1 KO gene were amplified with 30 PCR cycles consisting of 94°C for 30 s, 60°C for 30
s and 72°C for 45 s. All rat experiments were approved by the Animal Care and Use Committees of the
Institute of Laboratory Animal Science of Peking Union Medical College (ZLF18002).

LPS administration

WT and PON1-/- rats have similar body weight at the same age (Fig.S2). PON1 KO rats (250-300 g) and
control SD rats (250-300 g) were given an intraperitoneal injection of saline (control) or 5 or 20 mg/kg
LPS (Sigma). 

Survival Analysis

The cumulative percent mortality was calculated every 12 hours for LPS-treated rats during the 48-h
period after injection. Survival was determined at the point where no further loss of animals occurred.
Kaplan-Meier curves were generated using GraphPad Prism 7.

Histochemical staining and analysis 
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Rats were anaesthetized with pentobarbital and the brains were carefully dissected out. Routinely, brain
tissues were fixed in 10% formalin andembedded in paraffin blocks. After heat mediated antigen retrieval
with Tris/EDTA buffer pH 9.0 were performed, sections were stained with antibody to the microglia
marker, ionized calcium-binding adaptor protein-1 (Iba1) (1:200, ab178847, abcam). Stained sections
were scanned using a Panoramic III scanner (3D Histech, Hungary) and digital images were
obtained. Images were analyzed using Image J software according to the protocol reported previously by
Young and Morrison[29]. The sections were evaluated by an observer blinded to the rat genotypes.

Serum

At the indicated time points after LPS injection, blood samples were taken and allowed to clot for 30 min
at room temperature. Serum was obtained after centrifugation at 1500×g for 10 min at 4 °C. 

Cell culture and treatment 

Microglial cells were isolated from brains of 1-3 day-old neonatal WT or PON1-/-rats according to a
previously described procedure with modifications [30]. Briefly, after enzymatic digestion and mechanical
dissociation, mixed glial suspensions were filtered through a 70-μm cell strainer, and cells were collected
by centrifugation, resuspended in DMEM/F12 supplemented with 10% FBS (Gibco), and cultured in 75-
cm2 flasks (Nunc, Roskilde, Denmark) in a humidified atmosphere of 5% CO2 /95% air at 37°C. After 7-10
days, the top layer microglia cells were obtained by shaking off the astrocytic layer of the glial cultures
and harvested by centrifugation and seeded onto 6 or 12-well plates for further experiments. Microglia
were treated with LPS (Sigma) at a concentration of 200 ng/mL or recombinant human PON1 protein
(TP310356, Origene). Control cells were treated with DPBS. Cells for immunofluorescence analysis were
seeded onto glass coverslips in 12 -well plates. Cells for RT-PCR and western blot were seeded onto 6 -
well plates.

BV2, a mouse microglial cell line, was cultured in DMEM containing 10% FBS (Gibco) with 1%
penicillin/streptomycin (Invitrogen). For co-IP and western blot, BV2 cells were seeded onto 10-cm culture
dishes and harvested 36-48h following transfection.

Cytokine and chemokine measurement

Rat serum was collected and the level of IL-10 and TNF-α in serum was determined using ELISA kits
(R1000 and RTA00, R&D Systems). Cell culture supernatants were obtained by centrifugation and
cytokines were detected with a 23-plex rat cytokine panel (Luminex).

Western immunoblotting

Total protein lysates from rat brain tissues or cultured cells were prepared as previously described [28].
After SDS-PAGE, the proteins were transferred to nitrocellulose (Millipore), and the membranes were
incubated overnight with antibodies against PON1 (1:500, ab24261, abcam) (Antibody against p-DAP12
was designed and prepared by Genscript in USA, and other antibodies used are listed in Table S1). After
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incubation with the appropriate secondary antibody for 1h at room temperature, antibody binding was
detected with an HRP-conjugated immunoglobulin G (Santa Cruz) using a chemiluminescence detection
system (Santa Cruz). For quantitative analysis, the PON1 level was normalized to GAPDH using Image J
software.

RNA isolation and quantitative RT-PCR

Total RNA was extracted using Trizol (Invitrogen, UK) and treated with RNase-free DNase I to remove any
contaminating genomic DNA. First-strand cDNA was synthesized from 2 ug of total RNA using random
hexamer primers according to the Superscript III reverse transcriptase manufacturer’s protocol (Invitrogen,
USA). Detection of PON1 and TREM2 mRNA was carried out by RT-PCR, using GAPDH for normalization.
The primers for human PON1 were 5’- TTGGGTTTAGCGTGGTCGTAT-3’ and 5’-
TCCAACCCAAAGGTCTCCTG -3’; for human GAPDH 5’- AACGGATTTGGTCGTATTG-3’ and 5’-
GCTCCTGGAAGATGGTGAT’. The primers for rat PON1 were 5’-TAAAGGAATCGAAGCGGGTGC-3’ and 5’-
CGGTGGACGAGGAGTCTGG-3’; for rat GAPDH 5’- TATCGGACGCCTGGTTAC-3’ and 5’-
TGCTGACAATCTTGAGGGA-3’. For rat TREM2: r-TREM2-F 5’-CTCTCCACGTGTTTGTCCTGT-3’; r- TREM2-R
5’-TCATCTGTGATGACCGTGCT-3’. The primer sequences of seven cytokines were listed in supporting
Table S2. Twenty-four cycles of RT-PCR were performed using the following conditions: denaturation at
94°C for 30 s; annealing for rat or human PON1 and TREM2 at 60°C for 30 s; annealing at 55°C for
GAPDH for 30 s; and extension at 72°C for 30 s. 

RNA sequencing

RNA sequencing was done by Novogene (Beijing, China). Briefly, total RNA was isolated from rat primary
microglia treated with or without LPS and RNA-Seq libraries were prepared by standard protocols. After
cluster generation, the libraries were sequenced on an Illumina Hiseq platform and 125 bp/150 bp paired-
end reads were generated. Differential gene expression analysis was performed using the DESeq2 R
package (1.16.1). The p values were adjusted using the Benjamini & Hochberg method and p<0.01 was
the criterion for differential expression. Gene ontology (GO) enrichment analysis was performed by
function ‘sota’ in the ‘clValid’ package and GO terms with p< 0.01 were considered significantly enriched
by differential expressed genes.

Immunofluorescence

Primary microglia were seeded on coverslips overnight and then fixed using 4% paraformaldehyde.
Immunofluorescence staining was performed post-fixation using the antibodies listed in Table S1
and appropriate secondary antibodies. Images were captured using a laser scanning confocal
microscope (SPF Leica) and processed with Photoshop version 7 (Adobe Systems Inc.).

Co-immunoprecipitation (co-IP) assays

To determine the interaction between PON1 and TREM2, co-IP assays for both proteins from gene-
transfected cells and endogenous proteins were performed.
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For gene-transfected co-IP assay, BV2 cells seeded in 10 cm dishes were transiently cotransfected with 5
μg of Myc-PON1(HG13083-CM, Sino Biological) and 5 μg of Flag-TREM2 (HG11084-CF, Sino Biological)
or 5 μg of Myc-TREM2 (HG11084-CM, Sino Biological) and 5 μg of Flag-PON1 (HG13083-CF, Sino
Biological), using the FuGENE® HD transfection reagent (E2311, Promega) according to manufacturer’s
instructions. As a control, Myc-PON1 or Myc-TREM2 and 5 μg of empty vector pCMV3 were co-
transfected in parallel. At 24-36 h post-transfection, cells were harvested and lysed with Pierce IP Lysis
buffer (Thermo) containing protease inhibitors (Roche), and cell lysates were incubated with anti-flag M2
affinity gel (A2220, Sigma) overnight at 4°C. The precipitates were collected by centrifugation, washed
with ice-cold phosphate-buffered saline (PBS) three times, eluted with 60 μL of SDS loading buffer, and
subjected to western blot analysis.

For endogenous proteins, total brain lysates were prepared with the same IP buffer as above. One aliquot
was used for IP of the target protein, while the other served as the input control. PON1 antibody (1:100,
ab126597, abcam)was added to the lysate and incubated overnight at 4°C on a tube roller-mixer at low
speed. The following day, 50 µL of protein A/G agarose (Pierce 20241, Thermo) was added to the lysates
and incubated at room temperature for two hours. The precipitates were collected and analyzed as
above.

Phagocytosis 

Microglial phagocytosis of TAMRA labeled beta-amyloid (AS-60488, 1 mM, Anaspec) and FITC-dextran
(53557-1G, 1 mg/ml, Sigma) was quantified by confocal microscopy after incubation of microglial cells
at 37°C. At the indicated time points, the Aβ- or dextran-containing medium was removed and cells were
washed, fixed with 4% PFA, and incubated with DAPI (Thermo Fisher) for staining the nuclei. 

Disuccinimidyl suberate (DSS) crosslinking

Binding of PON1 and APOE was examined by cross-linking. The crosslinking reagent disuccinimidyl
suberate (DSS) was added at a concentration of 5 mM to mechanically fractured rat brain tissues. After
30 min at room temperature, a quench solution was added to a final concentration of 20 mM Tris (pH 7.5)
and incubated for 15 minutes at room temperature. SDS-sample buffer was added to the reaction mixture
and heated at 90°C for 5 min. Western blots were exposed to the corresponding antibodies for the
detection of PON1, APOE and TREM2 (Table S1).

Stereotactic injections

Before Aβ1-42 (ChinaPeptides，Shanghai) was used, it was firstly incubated in sterile saline at 37℃ for 2
days to allow the formation of different-sized oligomers. Three-month old WT and PON1-/- rats, weighing
250–300 g, were randomly divided into four groups: 0-day, 3-day, 7-day model, and 14-day model. The
rats were anesthetized and maintained with 1.5%-2% isoflurane in oxygen, mounted in a stereotactic
frame (RWD, Shenzhen, China), and injected with 4ug/1ul Aβ1-42 into each side of the hippocampus at
coordinates (AP: −3.5 mm, ML: 2.0 mm, DV: 3.0 mm) using a Nanoliter injector 2000 (World Precision
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Instruments Inc., Sarasota, FL, USA). The injection was performed within 5 min and following the
injection, the needle remained in the target location for 5 min before it was gradually withdrawn.

Statistical analyses

All experiments were performed at least three times, and all samples were tested in triplicate. The data are
shown as the mean± S.D. unless otherwise noted. Student’s t-test was used for statistical analysis when
only two groups were tested. Two-way analysis of variance was used to compare multiple groups. In all
cases, a p< 0.05 was considered statistically significant. Statistical analyses were performed using Graph
Pad Prism version 7.0 (Graph Pad Software, La Jolla, CA, USA).

Results
PON1 is expressed in both human and rat brain tissues and rat primary microglia.

Given the important function of PON1 in macrophages [31], we proposed that PON1 might play a role in
brain macrophages, microglia. PON1 mRNA was detected in both human and rat brain tissues and the
level in rat liver was approximately 3.8 times higher than in rat brain (Fig. 1A, B). The absence of PON1
protein in PON1 KO rats was confirmed by western blot of total proteins from brain tissues and primary
microglia (Fig. 1C, D). PON1 was also detected in HM1900 and BV2 microglia cell lines (Fig. S1). To
identify the location of PON1 protein in microglia, we stained brain tissue sections from WT rats at two
months of age. Immunofluorescence analysis indicated that PON1 protein was primarily localized in
neurons, but also expressed in a small number of Iba1-positive microglia (Fig. 1E). Unlike the results from
brain tissue sections, immunofluorescence staining of primary microglia from neonatal rats showed
PON1 co-localized with Iba1 in almost all microglia. PON1 immunostaining was not observed in
microglia from PON1-/- rat (Fig. 1F). PON1 also co-localized with MAP2 in cultured neurons and with
GFAP in cultured astrocytes (Fig. 1G).

PON1 deficiency reduces LPS lethality

Exposure to bacterial lipopolysaccharide (LPS) induces tumor necrosis factor (TNF-α) production and
causes death in rodents [32-34]. Intravenous injection of 20 mg/kg LPS into WT rats resulted in death of
100% (5/5, female) of the rats within 48 h after injection. In contrast, only 40% of the PON1-/- (2/5,
female) rats were dead within 48 h at the same dose. Intravenous injection of 5 mg/kg LPS into WT rats
resulted in death of 26.7% (4/15) of the rats within 48 h. In contrast, just 6.7% (1/15) of PON1-/- rats was
dead within 48 h after injection of 5 mg/kg LPS. This significant (p<0.05) difference in LPS mortality
demonstrates that PON1 deficiency protects against LPS-induced death (Fig. 2A). The appearance of WT
and PON1-/- rats at 1 h and 6 h after injection of 5 mg/kg LPS is shown in Fig. 2B.

TNF-α is considered to be the cytokine responsible for LPS lethality. Inhibition of the LPS-induced serum
levels of TNF-α by the absence of PON1 is expected to make rats less susceptible to LPS. The level of
TNF-α in the peripheral blood of PON1-/- rats (n = 4) and WT rats (n = 4) was determined up to 3 h after
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injection of a lethal dose of LPS (20 mg/kg) and the results indicated that both WT and KO rats showed
an increase in TNF-α starting at 30 min after injection, peaking at 90 min and declining between 120 and
180 min (Fig. 2C). TNF-α levels in PON1-/- rats declined significantly faster than in WT rats (p <0.01, two
way ANOVA), indicating that the absence of PON1 protects against the toxic effects of LPS in rats. An
ELISA was also performed and confirmed that the absence of PON1 decreased TNF-α (Fig. 2D, p <0.05，
n = 4/group) and increased the release of IL-10 (Fig. 2E, p <0.05, n = 4/group) in serum at 6 h after
injection of 5 mg/kg LPS.

PON1 deficiency inhibits LPS-induced microglial activation in vivo

PON1 inhibits monocyte-to-macrophage differentiation and PON1 KO caused obvious morphological
changes of macrophages in mice [35]. The results of Iba1 immunohistochemistry showed that the
microglia in brain sections from PON1-/- rats were larger (Fig. 3A-C) and had fewer and shorter branches
(Fig. 3D, E) than those from WT rats without LPS treatment. The microglia from WT rats with LPS
treatment showed M1-like activation and polarization with amoeboid shape with no long branches (Fig.
3A, B). In contrast, the microglia from PON1-/- rats still had large cell bodies with several longer branches
than those from WT rats after LPS stimulation.

PON1 deficiency in rat microglia decreased LPS-induced cytokine levels 

The phenotypes of primary microglia were further analyzed by immunofluorescence staining and
cytokine measurement. The microglial cells from PON1-/- rats were larger than those from WT rats and
LPS treatment decreased the cell size in WT rats but not those in PON1-/- rats (Fig. 4A). To determine
whether PON1 KO altered cytokine release from microglia, we quantified the levels of IL-1β, IL-6, IL-12, IL-
18, TNF-α (M1-phenotype markers) and IL-10 (M2-phenotype marker) in cell supernatants following LPS
administration (Fig. 4B). IL-1β, IL-6, and TNF-α were all significantly decreased (48.4%, 17.1% and 26.6%
respectively) in PON1-/- microglia compared to WT. A significant 4.5-fold increase of IL-10 was observed
in PON1-/- microglia compared to WT. The increase in LPS-induced M1-phenotype markers, IL-12, IL-18
and TNF-α was smaller in PON1-/- microglia than in WT; although IL-1β, IL-6, IL-12, IL-18, TNF-α, and IL-10
were all increased in WT and PON1-/- microglia after LPS. The increase in LPS-induced IL-10 (M2-
phenotype marker) in PON1-/- microglia was larger than in WT. Additional seven cytokines of IL-4, IL-5, IL-
7, IL-12, MCP-1, VEGF and G-CSF showed no significant difference between the two groups (Fig.S3). IL-
4VInducible nitric oxide synthase (iNOS), a key inflammatory mediator, was also significantly increased in
WT and PON1-/- microglia after LPS stimulation; but the increase of iNOS in PON1-/- microglia was
smaller (Fig.4C, D). In accord with the cytokine results, the increase in P-ERK/ERK in PON1-/- microglia
was less than in WT (Fig.4E), which might explain the differences in cytokine release. These data also
suggest that PON1 KO promotes M2-Like polarization in rat microglia. 

PON1 deficiency enhances phagocytosis in rat primary microglia 



Page 9/28

To determine whether PON1 deficiency affected phagocytosis, we measured the internalization of
fluorescently labeled Aβ peptide, previously reported to be phagocytosed by microglia [36]. The results
demonstrated that PON1 depletion significantly enhanced intracellular levels of fluorescent Aβ (Fig. 5A,
B). Consistent with the enhanced uptake, we found a similar effect using fluorescently labeled dextran
(Fig. 5C, D), which targets phagocytosed compounds. These results show that PON1 depletion in
microglia increased the overall phagocytic activity. A 24 h treatment with 200 ng/ml LPS inhibited the
phagocytic ability of WT and PON1-depleted microglia (Fig. 5A-D). Addition of human recombinant PON1
protein to WT and PON1-/- microglia inhibited the phagocytic ability of both (Fig. 5E, F).

PON1 deficiency and LPS treatment changed the transcriptomic profiles in rat primary microglia 

Twelve microglia samples treated with or without LPS (200 ng/ml) were subjected to RNA-seq.
Differential expression analysis demonstrated that PON1 knockout down-regulated a number of genes
associated with nervous system development, cell-cell signaling, glial cell differentiation and gliogenesis,
while only two genes associated with nervous system development were up-regulated (Fig. 6A, B, Table
1). However, after LPS treatment, PON1 knockout microglia showed an increase in down-regulated and
up-regulated genes associated with nervous system development and regulation of ion transport (Fig. 6
A, C, Table 1). LPS treatment resulted in similar changes in gene profile in PON1 KO and WT rats (Fig. 6D-
G, fold change >2, p <0.01). The genes with the most significant variation were classified in four
categories by GO analysis. The two categories of up-regulated genes induced by LPS treatment were
associated with the defense response, the response to lipopolysaccharide, the response to molecule of
bacterial origin, immune system processes and multi-organism processes (Fig. 6D, E, p <0.01). Additional
categories of down-regulated genes induced by LPS treatment were associated with immune system
processes, the dynein complex, leukocyte differentiation, extracellular matrix, chromosome segregation
and the proteinaceous extracellular matrix                      (Fig. 6F, G, p <0.01). These results demonstrate
that PON1 KO changed the transcriptome profiles of microglia, which might be partly responsible for the
phenotypic changes of microglia from PON1 KO rats.

PON1 deficiency up-regulated TREM2 signal in rat primary microglia 

To investigate the mechanism underlying PON1-mediated phagocytosis and cytokine release, we
analyzed the protein expression of genes that are known to be involved in LPS response and
phagocytosis (Fig.7, Fig.S4, Fig.S5). Triggering receptor expressed on myeloid cells 2 (TREM2) is a
receptor expressed in microglia. The TREM2/DAP12 signaling pathway reduces inflammatory responses
and promotes phagocytosis. As expected, TREM2 (Fig. 7A, B) and the phosphorylated tyrosine kinase, P-
Syk, (Fig. 7A, C) were significantly increased in PON1-/- microglia compared to WT, but decreased with
LPS treatment of both WT and PON1-/- microglia, similar to the results of the phagocytosis assay.
Expression of the guanine nucleotide exchange factors, Vav2 (Fig.7A, D) and Vav3 (Fig.7A, E), and actin-
related protein, Arp2 (Fig.7A, F), were increased in PON1-/- microglia compared to WT, but were not
affected by LPS. The data suggested that PON1 deficiency enhanced phagocytosis by activation of the
TREM2 signaling pathway and up-regulation of the actin cytoskeleton. As shown above, TREM2 protein
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levels were significantly increased in PON1-/- microglia compared to WT (Fig. 7A, B) even though TREM2
mRNA was not altered by PON1 deficiency (Fig. 7G). However, when human PON1 recombinant protein
was added to PON1-/- microglia, the protein level of TREM2 and P-DAP12 was decreased dependent on
the PON1 protein concentration (Fig. 7H-J). 

PON1 protein interacts with TREM2 and promotes its lysosome localization in microglial cells 

Co-immunoprecipitation (co-IP) was employed to identify the mechanism of TREM2 regulation by PON1.
The results confirmed that there was a direct interaction between endogenous PON1 and TREM2 proteins
in rat brain tissues (Fig. 8A, B) and between over-expressed human PON1 and TREM2 proteins in BV2
cells (Fig. 8C, D). Immunofluorescence assays verified the co-localization of TREM2 and the lysosomal
marker LAMP1 in primary microglia (Fig. 8E). PON1-/- microglia showed a highly increased, clustered
distribution of TREM2 on the cell surface compared to WT. After administration of recombinant human
PON1 protein, the distribution of TREM2 decreased but there was increased co-localization of TREM2
with LAMP1 in WT and PON1-/- microglia. APOE is a novel ligand for TREM2 [37], and we used DSS
crosslinking to test whether the binding of APOE and TREM2 was disrupted by PON1. The crosslinking
between APOE and TREM2 was increased in PON1-/- rat brain tissues relative to WT (Fig. 8F-H),
suggesting that PON1 might compete with APOE for binding to the TREM2 receptor on microglia.

Taken together, the results suggested that PON1 interacts with TREM2 and promotes its internalization
and degradation in lysosomes. Conversely, PON1 deficiency increases TREM2 and causes clustering on
the surface of the microglial cells (Fig. 8I), which might promote TREM2 binding to APOE and
phagocytosis.

PON1 deficiency facilitated microglial Aβ42 clearance in vivo

We investigated the effects of PON1 knockout or not on microglial phagocytosis or Aβ clearance in a rat
model of AD produced by an intrahippocampal injection of amyloid-β1-42 (Aβ1-42) (Fig. 9A). The results
indicated that PON1 knockout enhanced the clearance of Aβ1 –42 (Fig. 9B, C). Aβ1 –42 injected into the
hippocampus of WT and PON1-/- rats induced microglial activation, proliferation, accumulation and
phagocytosis, and the amount of Aβ1 –42 then gradually decreased along with the time increase (Fig. s6
and Fig. 9D, E). PON1 knockout significantly increased the number of microglia cells around the injection
sites and Aβ1 –42 uptake of single microglia cell, finally reduced the deposit of Aβ42 inside
hippocampus neurons (Fig. s6 and Fig. 9F, G). On another hand, PON1 knockout decreased Aβ-induced
increase of cytokines including IL-1β, TNF-α, iNOS, IL-10 and IL-6，and increased the expression of Mrc-1,
one receptor mediated endocytosis (Fig. 9H). In contrast with LPS, Aβ1 –42 injection increased the
transcription of TREM2 in both WT and PON1-/- rats along with the time increase, and the protein level of
TREM2 in PON1-/- rats was still higher than WT rats (14 days post-injection) (Fig. s7). These results
suggest that PON1 knockout and increased TREM2 protein level may facilitate microglial clearance of
exogenic Aβ in rat brains.
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Discussion
The expression of PON1 in brain has long been controversial. PON1 immunostaining showed the
presence of protein in white matter areas of mouse [16] and rat brains [38], and the Human Protein Atlas
program has just detected weak PON1 protein expression in human glioblastoma. PON1 mRNA was also
detected in homogenates of the frontal cortex of AD and healthy controls [15], as well as in the frontal
cortex of rat brain [17]. In our study, PON1 mRNA was detected in human prefrontal lobe and rat brain
tissues, and PON1 protein was expressed in rat brain and microglia. Thus, it is inferred that both local
synthesis and HDL delivery from liver contribute to the wide distribution of PON1 in brain [38, 39]; but its
role in brain disease is unclear.

Our previous research revealed that PON1 KO impaired T cell development in rat thymus [25], suggesting
that PON1 functions as a novel immune regulator. In the present study, we found that microglia from
PON1 KO rats were larger in cell body and had fewer and shorter branches. PON1 KO reduced LPS-
induced microglia activation (Fig. 3), promoted phagocytosis (Fig. 5) and inhibited the production of
specific cytokines (Fig. 4). These data were similar to previous reports on PON1 KO mice in which
macrophages were larger, contained larger cytosolic compartments, and appeared more granular than
control C57BL/6 macrophages and rePON1 inhibited monocyte-to-macrophage differentiation [35].
Interestingly, we found that PON1 KO protected rats from LPS-induced lethality and decreased the LPS-
induced TNF-α release in serum (Fig. 2), these data are similar to the previous data of Van Oosten et al.,
who showed that apolipoprotein E (APOE) protection from LPS lethality and inhibited the LPS-induced
increase in TNF-α [34]. Thus, it seemed that PON1 had an opposite effect on LPS endotoxemia and on the
release of TNF-α by macrophages or microglia compared to APOE. APOE has been suggested as a
putative ligand for the recently identified immune receptor, TREM2, which is mainly expressed on
microglia and promotes anti-inflammatory responses and phagocytosis [40–42]. APOE binding increased
phagocytosis by primary microglia dependent upon TREM2 expression [37]. Our results demonstrated the
interaction of PON1 with TREM2 and the up-regulation of TREM2 by PON1 KO. Thus, we proposed that
PON1 might affect microglial phagocytosis by competing with APOE for binding to the TREM2 receptor
on microglia (Fig. 7F-H). APOE was previously reported to bind to PON1 with high affinity and the stabile
PON1 complex was involved in anti-atherogenic activity [43]. Although we found that TREM2 was cross-
linked with ApoE in cortical homogenates in the absence of PON1 (Fig. 8F-H), further investigations are
needed to elucidate the complicated associations of PON1, APOE and TREM2.

In this study, we focused on the role of PON1 and PON1 KO-induced microglial phagocytosis. We
demonstrated for the first time that the absence of PON1 in microglia increased TREM2 protein levels,
which was reversed by administration of PON1 recombinant protein, in parallel with changes in
phagocytic activity. TREM2 inhibited the LPS-induced pro-inflammatory responses and its up-regulation
improved cognitive impairment and pathology in a mouse model of AD [44–47]. PON1 KO showed
similar effects to TREM2 on microglia, promoting phagocytosis and inhibiting the production of certain
cytokines. These results suggested that PON1 regulated the activation of microglia through TREM2
signaling. We verified the interaction between TREM2 and PON1 proteins, and showed that the interaction
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could promote the internalization of TREM2 into lysosomes and potential degradation, but additional
research needs to be done to confirm this.

LPS triggers inflammatory responses in humans and other mammals. Many papers reported that LPS
promoted phagocytosis [48–50], while some studies showed an inhibitory effect of LPS on phagocytosis
[51–53]. We demonstrated that LPS significantly enhanced the production of TNF-α in microglia and
inhibited PON1 KO-induced phagocytosis. Previous studies reported that TLR4 activation by LPS
impaired the phagocytic capacity of microglia [51]. TNF-α inhibited phagocytosis induced by activated
macrophages [52, 53], suggesting that the level of TNF-α was negatively correlated with the phagocytic
ability of macrophages. LPS or PON1 down-regulated TREM2 (Fig. 6A, H), which might also be
responsible for the reduction in phagocytosis seen after exposure to LPS. This result is consistent with a
previous report that LPS down-regulated TREM2 mRNA in BV2 cells [54].

Conclusion
In conclusion, the present study offers evidence that upregulation of TREM2 by PON1 knockout
facilitates microglial phagocytosis and inhibits the production of proinflammatory cytokines both in vivo
and in vitro; the interaction between PON1 and TREM2 resulted in the localization of TREM2 to
lysosomes. These findings provide insights into the role of PON1 in neuroinflammation and illustrate the
potential of TREM2-directed therapeutics in neurodegenerative diseases.
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Table 1. Significantly enriched GO terms (biological process) affected by PON1 knockout or in
combination with LPS treatment.

PON1-/- vs WT

Factor DAVID Go terms Down-reg
genes

up-reg
genes 

p
value

PON1 KO GO:0007399 nervous system
development

n =46 n =2 5.05E-
08

GO:0007267 cell-cell signaling n =26 n =0 2.75E-
05

Go:0010001 glial cell
differentiation

n =11 n =0 6.94E
-06

Go:0042063 gliogenesis  n =12 n =0 1.02E-
05

PON1-/- LPS vs WT LPS

Factor DAVID Go terms Down-reg
genes

up-reg
genes 

p
value

PON1 KO and LPS
treatment

GO:0007399 nervous system
development

n = 47 n =7 3.77E-
09

GO:0007267 cell-cell signaling n =25 n =4 1.07E-
05

Go:0010001 glial cell
differentiation 

n =14 n =0 8.58E-
08

Go:0042063 gliogenesis n =14 n =0 1.22E-
06

GO:0035637 regulation of ion
transport

n =16 n =3 2.99E-
05

Abbreviations: DAVID, database for annotation, visualization and integrated discovery; GO, gene ontology;
KO, knockout; up-reg, up-regulated; down-reg, down-regulated. 
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Figure 1

Expression of PON1 in brain tissues and rat primary microglia.
PON1 mRNA was detected in brain tissues
(A) from control human postmortem samples (n = 4) or liver and brain tissues (B) from wild type rat (WT,
n = 3) and PON1 KO rat (PON1-/-, n = 3) by RT-PCR. The absence of PON1 mRNA in PON1-/- rat was
verified. The expression of PON1 protein in liver and brain tissues (C) from WT rats (n = 3) and PON1-/-
rats (n = 3) or in primary microglia (D) isolated from three day-old WT rats (n = 3) and PON1-/- rats (n = 3)
was compared by western blot. Double immunofluorescence staining of microglia using antibody against
PON1 (green) and Iba1 (red) were performed on brain sections (E) of WT rats (n = 4, magnification ×200,
scale bar = 100 μm, arrows indicate co-localization) or in primary microglia (F) isolated from WT and
PON1-/- rat (n = 4 each group, magnification ×630, scale bar = 50 μm). (G) Double immunofluorescence
staining of PON1 (green) and MAP2 (red) or of PON1 (green) and GFAP (red) were done in primary
neurons or astrocytes from WT rats (n = 6, magnification ×630, scale bar = 25 μm). The nuclei were
stained using DAPI (blue).
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Figure 2

PON1 deficiency and LPS-induced lethality. WT and PON1-/- rats were injected intraperitoneally with
saline or LPS (n = 8 or 7 for saline-treated group named WT (saline) and PON1-/- (saline); n =15 per group
for the 5 mg/kg LPS treatment group named WT (LPS-Low) and PON1-/- (LPS-Low); n =5 per group for
the 20 mg/kg LPS treatment group named WT (LPS-High) and PON1-/- (LPS-High)). (A) Kaplan-Meier
survival curve. # p<0.05 PON1-/- (LPS-High) versus WT (LPS-High). (B) Representative images of WT
(LPS-Low) and PON1-/- (LPS-Low) rats 1h or 6h post-injection. At the indicated time points, blood
samples were taken and serum TNF-α levels in (C) of WT (saline), PON1-/-(saline), WT (LPS-High) and
PON1-/- (LPS-High) rats were determined by ELISA (n = 4/group, male). Data indicate the mean± SD. #
p<0.05 PON1-/- (LPS-High) versus WT (LPS-High). TNF-α level (D) and IL-10 level (E) of WT (saline),
PON1-/- (saline), WT (LPS-Low) and PON1-/- (LPS-Low) rats 6 h post-injection of 5 mg/kg LPS were also
determined by ELISA (n = 4/group). Data are the mean± SD. * p<0.05 PON1-/- (LPS-Low) versus WT (LPS-
Low). NS indicates no significance, PON1-/-(saline) versus WT (saline).
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Figure 3

Effect of PON1 loss on LPS-induced morphological changes in microglia in rat brain sections. (A)
Representative micrographs of single microglia stained for Iba-1 show morphological evolution from
resting to active phenotype. (i) ramified microglial cells with projections; (ii) cells with short projections
and enlarged bodies; (iii) hypertrophic cells; and (iv) amoeboid cells; (B) Representative images of Iba1-
labeled microglia in brain sections of WT (saline), PON1-/- (saline), WT (LPS-Low) and PON1-/- (LPS-
Low) rats. (C) Five serial brain sections from each rat were used to count the number of Iba 1-labeled
microglia and three types of Iba1-positive cells with small, medium and large cell bodies were counted,
quantified and compared (mean ± SEM, n = 6 rats per group). Quantification of the number of projections
(D) and lengths of projections (E) of microglia were performed using Image J (sixty cells from 6 rats for
each group). ***p<0.001 indicates significance; NS indicates no significance.
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Figure 4

Effect of PON1 loss on LPS-induced changes in morphology and cytokine production in rat primary
microglia.
Microglia isolated from WT and PON1-/- rats (n = 9 rats per group) were treated with 200
ng/mL LPS or PBS for 24 h (WT, PON1-/-, WT LPS, PON1-/- LPS). (A) Staining of Iba1 (red) and Cd11b
(green) was performed and immunofluorescence was observed by confocal microscopy (magnification
×630, scale bar = 50 μm). (B)The levels of IL-1β, IL-6, IL-12, IL-18, TNF-α and IL-10 in cell supernatants (n
= 3 samples per group) were measured using a 23-plex rat cytokine panel. (C) Double
immunofluorescence label staining of Cd11b (green) and iNOS (red) was performed in WT, PON1-/-, WT
LPS and PON1-/- LPS microglia (magnification ×630, scale bar = 50 μm). Total protein lysates of WT,
PON1-/-, WT LPS and PON1-/- LPS microglia were collected and iNOS (D), P-ERK and ERK (E) were
detected by western blot. Quantitative analysis of iNOS using GAPDH (D) and P-ERK using t-ERK (E) for
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normalization were performed by Image J. The nuclei were stained with DAPI (blue). * p<0.05, ** p<0.01,
and *** p<0.001 indicate significance; NS indicates no significance.

Figure 5

PON1 deficiency enhances microglial phagocytosis Primary microglia isolated from WT and PON1-/- rats
(n = 12 rats per group) were treated with 200 ng/mL LPS or PBS for 24 h (WT, PON1-/-, WT LPS, PON1-/-
LPS). Microglial phagocytosis of TAMRA-labeled amyloid (A) or FITC-dextran (C) was observed under
confocal microscopy at the indicated time points and areas covered by Aβ for 1h (B, fifty cells per group
except 25 cells for WT LPS group) or dextran for 3h (D, fifty cells per group) of were quantified using
Image J (magnification ×630, zoom 2, scale bar = 25 μm). Primary microglia isolated from WT and
PON1-/- rats (n = 6 rats per group) were exposed to human recombinant PON1 protein at a concentration
of 1ng/ul or PBS for 1 h (WT, PON1-/-, WT+PON1, PON1-/-+PON1). The microglial phagocytosis of FITC-
dextran for 3 h was observed under confocal microscopy (magnification ×630, scale bar = 50 μm) (E) and
areas covered by dextran were quantified (F, sixty cells per group) using image J. The nuclei were stained
with DAPI (blue). * p<0.05, ** p<0.01, and *** p<0.001 indicate significance.
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Figure 6

Comparison of transcriptome profiles in rat primary microglia. (A) The integrated heat map showed
differential gene expression in WT, PON1-/-, WT LPS and PON1-/- LPS microglia (n=3 cell samples from 9
rats each group). Volcano plots depict the genes differentially expressed between WT and PON1-/-
microglia (B) and between WT LPS and PON1-/- LPS microglia (C). Differentially expressed genes were
classified into four categories using the SOTA function in the clValid package. Among them, two
categories of genes were significantly up-regulated (D and E) and two categories were significantly down-
regulated (F and G) in LPS-treated WT and PON1-/- microglia compared to controls. The top GO terms,
corresponding to enrichment p values and gene numbers are shown on the right side.
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Figure 7

PON1 deficiency activates TREM2 signaling in rat primary microglia. The total protein lysates of WT,
PON1-/-, WT LPS and PON1-/- LPS microglia were prepared and the levels of TREM2 (A and B), P-Syk (A
and C), Vav2 (A and D), Vav3 (A and E) and Arp2 (A and F) were determined by western immunoblotting.
The relative protein expression levels of TREM2, Vav2, Vav3, and Arp2 were normalized to GAPDH and
the relative protein expression of P-Syk was normalized to t-Syk. Values are expressed as mean ± S.D. (n 
= 3 each group). (G) Total RNA from WT, PON1-/-, WT LPS and PON1-/- LPS microglia was isolated and
the mRNA level of TREM2 was determined by RT-PCR with GAPDH used for normalization. Total protein
lysates from WT and PON1-/- microglia incubated with recombinant PON1 protein for 24h at a
concentration of 0, 1, 2, 4 ng/ul were prepared and the level of TREM2 (H and I) and P-DAP12 (H and J)
were determined by western blot. The relative protein expression levels of TREM2 were normalized to β-
actin and the relative protein expression of P- DAP12 was normalized to t- DAP12. Values are expressed
as mean ± S.D. (n = 3).* p<0.05, ** p <0.01, *** p<0.001 indicate significance.
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Figure 8

Interaction between PON1 and TREM2. Co-immunoprecipitation (Co-IP) was used to determine the
interaction between TREM2 and PON1 in WT rat brains and BV2 cells over-expressing PON1. Western
blots showed co-IP of endogenous PON1 and TREM2 by anti- PON1 antibody (A) or by anti-TREM2
antibody (B) in rat brain tissues (n =6). Flag-PON1 or empty vector was co-transfected with Myc-TREM2
into 1.0 × 107 BV2 cells. The tags were then switched (Flag-TREM2 and Myc-PON1) and the co-
transfection repeated. BV2 lysates were immunoprecipitated with anti-FLAG M2 beads and western blots
showed co-IP of PON1 and TREM2 (C and D). Next, WT and PON1-/- microglia were incubated with
1ng/ul human PON1 recombinant protein for 15mins and immunofluorescence staining was performed
to determine the distribution of TREM2 and the co-localization of TREM2 and LAMP1 proteins (E). DAPI
was used to stain cell nuclei. (4× zoom of ×630 original magnification, scale bar = 2 μm). DSS
crosslinking was performed on mechanically fractured rat brain tissues, and western blotting was used to
detect PON1 (F), APOE (G) and TREM2 (H) proteins in control and cross-linked samples. A preliminary
model of the proposed mechanism of PON1 action in microglia is shown (I).
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Figure 9

PON1 deficiency and Aβ clearance in vitro
The protocol for Aβ injection into the hippocampus of WT and
PON1-/- rats (A). Representative images (B) and quantitation analysis (C) of Aβ oligomers (red) at the
injection sites of WT and PON1-/- rat brains (three sections for each rat, n= 5 WT, n= 4-6 PON1-/-). DAPI
(blue) stained the nucleus. Representative confocal images (D&E) and relative quantitation analysis
(F&G) of microglia labelled with Iba1 (green) merged with Aβ (red) at the injection sites of WT and
PON1-/- rats 3- or 14-day post-injection. Scale bar, 750 or 250 or 50 μm. n= 9 WT, n= 6 PON1-/- for
microglia cells per field and phagocytic microglia cells of Day3; n= 27 WT, n= 30 PON1-/- for Aβ uptake
per cell of Day3; n= 6 WT, n= 6 PON1-/- for microglia cells per field of Day14; n= 5 WT, n= 5 PON1-/- for
phagocytic microglia cells of Day14; n= 33 WT, n= 45 PON1-/- for Aβ uptake per cell of Day14. The
relative mRNA levels of IL-1β, TNF-α, iNOS, IL-10, Mrc-1 and IL-6 in the hippocampus from WT and
PON1-/- rats were detected by real time PCR, and GAPDH was used for normalization (H). n= 6 for WT
and PON1-/- rats 0-day post-injection; n= 4 for WT and PON1-/- rats 1-day and 3-day post-injection. *
p<0.05, ** p <0.01 indicate significance, ns indicate no significance.
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