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ABSTRACT
Macroautophagy/autophagy is a lysosome-dependent catabolic process for the turnover of proteins and
organelles in eukaryotes. Autophagy plays an important role in immunity and inflammation, as well as
metabolism and cell survival. Diverse immune and inflammatory signals induce autophagy in macrophages
through pattern recognition receptors, such as toll-like receptors (TLRs). However, the physiological role of
autophagy and its signaling mechanisms in microglia remain poorly understood. Microglia are phagocytic
immune cells that are resident in the central nervous system and sharemany characteristics withmacrophages.
Here, we show that autophagic flux and expression of autophagy-related (Atg) genes in microglia are
significantly suppressed upon TLR4 activation by lipopolysaccharide (LPS), in contrast to their stimulation by
LPS in macrophages. Metabolomics analysis of the levels of phosphatidylinositol (PtdIns) and its 3-phosphory-
lated form, PtdIns3P, in combination with bioinformatics prediction, revealed an LPS-induced reduction in the
synthesis of PtdIns and PtdIns3P in microglia but not macrophages. Interestingly, inhibition of PI3K, but not
MTOR orMAPK1/3, restored autophagic flux with concomitant dephosphorylation and nuclear translocation of
FOXO3. A constitutively active form of FOXO3 also induced autophagy, suggesting FOXO3 as a downstream
target of the PI3K pathway for autophagy inhibition. LPS treatment impaired phagocytic capacity of microglia,
includingMAP1LC3B/LC3-associated phagocytosis (LAP) and amyloid β (Aβ) clearance. PI3K inhibition restored
LAP and degradation capacity of microglia against Aβ. These findings suggest a unique mechanism for the
regulation of microglial autophagy and point to the PI3K-FOXO3 pathway as a potential therapeutic target to
regulate microglial function in brain disorders.

Abbreviations: Atg: autophagy-related gene; Aβ: amyloid-β; BafA1: bafilomycin A1; BECN1: beclin 1,
autophagy related; BMDM: bone marrow-derived macrophage; CA: constitutively active; CNS: central nervous
system; ZFYVE1/DFCP1: zinc finger, FYVE domain containing 1; FOXO: forkhead box O; ELISA:enzyme-linked
immunosorbent assay; HBSS: Hanks balanced salt solution; LAP: LC3-associated phagocytosis; MAP1LC3B:
microtubule-associated protein 1 light chain 3; LPS: lipopolysaccharide; LY: LY294002; MTOR: mechanistic
target of rapamycin kinase; Pam3CSK4: N-palmitoyl-S-dipalmitoylglyceryl Cys-Ser-(Lys)4; PtdIns: phosphatidyli-
nositol; PtdIns3P: phosphatidylinositol-3-phosphate; PLA: proximity ligation assay; Poly(I:C): polyinosinic-
polycytidylic acid; qRT-PCR: quantitative real-time polymerase chain reaction; RPS6KB1: ribosomal protein S6
kinase, polypeptide 1; TLR: Toll-like receptor; TNF: tumor necrosis factor; TFEB: transcription factor EB; TSPO:
translocator protein.

ARTICLE HISTORY
Received 30 January 2018
Revised 17 October 2018
Accepted 30 October 2018

KEYWORDS
Amyloid; FOXO3; LC3-
associated phagocytosis;
microglia; PI3K; PtdIns3K

Introduction

Autophagy is an evolutionarily conserved intracellular degrada-
tion process of cytosolic constituents through formation of autop-
hagosomes followed by their fusion with lysosomes, which results
in autolysosome formation [1,2]. In addition to the conventional
homeostatic and adaptive function of autophagy, recent studies
have shown that autophagy also plays critical roles in immunity by
regulating cytokine production and release, inflammasome activa-
tion, antigen presentation, and clearance of invading pathogens
[3–6].

Accumulating lines of evidence indicate that autophagy is
necessary for optimal immune function. For example, autop-
hagy removes invading pathogens such as mycobacteria or
toxic materials [7]. Mutations in genes involved in autophagy,
such as those encoding ATG16L1 (autophagy-related protein
16 like 1), NOD2, and IRGM, are reproducibly associated
with Crohn disease, a chronic inflammatory bowel disease,
because these mutations impair defense against bacteria and
lead to overproduction of proinflammatory cytokines [8–10].
Autophagy also controls the processing and transit of antigen-
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presenting major histocompatibility complex classes I and II
to the cell surface to promote T cell responses to infection
[11]. In addition, autophagy influences the transcription and
release of several cytokines [12–14].

Autophagy is activated by inflammatory stimuli in various
types of immune cells; among the latter, the best-studied in
this respect are macrophages, the principal phagocytic cells at
the front line of host defense. The activity of autophagy in
macrophages contributes the phagocytic ability and degrada-
tion through MAP1LC3B/LC3-associated phagocytosis (LAP).
The LAP process uses a subset of autophagy molecules to
conjugate MAP1LC3B directly to the phagosome membrane
and is required for the efficient clearance of pathogens, dead
cells and misfolded protein [15–18]. Activation of toll-like
receptors (TLRs), especially TLR4 and TLR7, induces autop-
hagy in macrophages [19,20]. TLRs belong to the pattern
recognition receptor family, and activation of TLR signaling
upon exposure to microorganisms or their derivatives is cru-
cial for immune cell activation and host defense [21]. Several
proteins, such as RIP1, MAPK11/12/13/14 (formerly referred
to as the p38 family), and HMOX1 (heme oxygenase 1),
regulate lipopolysaccharide (LPS)-induced autophagy in
macrophages [19,22,23]. LPS-induced autophagy is also
observed in other cell types including hepatocytes, cardiomyo-
cytes, and peritoneal mesothelial cells [24–26].

Microglia are principal immune cells in the central nervous
system (CNS) that are important for normal brain development
and homeostasis [27]. Microglia release inflammatory media-
tors and neurotrophic factors, engulf and degrade microbes,
and phagocytose cellular debris and apoptotic cells [28]. As the
brain’s professional phagocytes, microglia are also able to dis-
pose of other brain-derived materials including myelin frag-
ments, axonal and synaptic structures, as well as protein
deposits, such as amyloid β (Aβ) plaques [29]. Through these
capabilities, microglia respond to CNS damage and promote
repair of injury and restoration of homeostasis in the brain
[27]. However, in the wake of pathological insults or in the
presence of developmental defects, activated microglia secrete
multiple proinflammatory cytokines and other inflammatory
mediators that are detrimental to nearby neurons. Thereby,
microglia activation is one of the key pathogenic pathways
causing tissue injury in various neurodegenerative diseases,
such as Alzheimer disease (AD), Parkinson disease, and amyo-
trophic lateral sclerosis [30].

Ontogenically, microglia are myeloid cells of embryonic
hematopoietic, not neural, origin; they migrate to the devel-
oping nervous system from the embryonic yolk sac at the very
early days of development, as recently established in several
species including humans and rodents [31]. Therefore, micro-
glia are ontogenic relatives of peripheral tissue macrophages,
and the 2 cell types share striking functional similarities and
activation phenotypes. However, despite these physiological
resemblances, whether immune signaling and autophagy
interact similarly in microglia and macrophages has not yet
been explored.

In this study, we examined the effects of TLR signaling
activation on microglial autophagy. Interestingly, the autopha-
gic responses elicited by LPS in microglia and macrophages
were opposite. We found that LPS markedly repressed

autophagy through inhibition of FOXO3 and impaired the
phagocytic capability of microglia. Our findings reveal differ-
ential regulation of autophagy between activated microglia and
macrophages and we propose the class I phosphoinositide
3-kinase (PI3K)-FOXO3 pathway as a potential therapeutic
target for treatment of brain disorders through regulation of
microglial function.

Results

Autophagy is suppressed by LPS in microglia

Autophagy induction by TLR ligands in macrophages is well
established [20]. To examine the effect of TLR ligands on
autophagy in microglia, we treated primary microglia with
N-palmitoyl-S-dipalmitoylglyceryl Cys-Ser-(Lys)4 (Pam3

CSK4), polyinosinic-polycytidylic acid (poly I:C), LPS, or
viral single-stranded RNA, which are ligands specific to
TLR1/2, TLR3, TLR4, and TLR7, respectively (Figure S1(a)).
As a readout of the inflammatory response, release of TNF
(tumor necrosis factor), a proinflammatory cytokine, was
measured in the medium (Figure S1(b)). Autophagy was
assessed by western blotting with an antibody detecting
microtubule-associated protein 1 light chain 3 beta
(MAP1LC3B), which is the most widely used marker for
autophagosome formation [1]. Following autophagy induc-
tion, the soluble form of MAP1LC3B (MAP1LC3B-I) is cova-
lently conjugated to phosphatidylethanolamine and becomes
the lipidated form (MAP1LC3B-II) on elongating phagophore
membranes. Therefore, an increase in the conversion of
MAP1LC3B-I to MAP1LC3B-II can be used as an indicator
of autophagosome formation [1,32]. Interestingly, all 4 tested
ligands greatly decreased the MAP1LC3B-II level (Figure S1
(a)). A decrease in MAP1LC3B-II level sometimes indicates its
rapid consumption due to accelerated autophagic flux [1].
This possibility can be tested based on the amount of accu-
mulated MAP1LC3B-II in the absence and presence of an
autophagic flux blocker, such as bafilomycin A1 (BafA1),
which is a selective inhibitor of the vacuolar-type H+-
ATPase and blocks autophagy [33]. In the presence of
BafA1, all TLR ligands still decreased MAP1LC3B-II accumu-
lation compared to BafA1 only, indicating that the decrease
was caused by a reduced autophagic flux rather than by
accelerated autophagy (Figure S1(a)).

To study the underlying molecular mechanism, we selected
LPS, a TLR4 ligand and prototypical potent immune stimu-
lator. LPS is an endotoxin component derived from Gram-
negative bacteria and is widely used to activate immune cells.
We observed a remarkable decrease in MAP1LC3B-II level
following LPS treatment in a wide range of doses, and BafA1
treatment confirmed that the decrease was due to a reduced
autophagic flux (Figure 1(a)). For quantification of
MAP1LC3B-II levels, we used 2 control samples, lane 1
(LPS− and BafA1−) and lane 5 (LPS− and BafA1+) as the
references, and first compared control sample (lane 1) with
BafA1-added samples (lane 5–8). Then, due to very low
MAP1LC3B-II abundance in LPS-treated samples without
BafA1 (lane 2–4), we increased exposure time and compared
their levels with control (lane 1). Next, based on the ratio
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Figure 1. Autophagy is suppressed by LPS in microglia. (a) Analysis of autophagic flux in primary microglia after treatment with the indicated dosages of LPS for
24 h. Graph, quantification of MAP1LC3B-II after normalization to ACTB (n = 3). (b) Analysis of autophagic flux in BMDMs after treatment with the indicated dosages
of LPS for 24 h. Graph, quantification of MAP1LC3-II after normalization to ACTB (n = 3). (c) Analysis of autophagic flux in BV-2 microglial cells after treatment with
LPS (1 μg/mL) for 6 or 24 h. (d) Analysis of autophagic flux in Raw264.7 macrophages after treatment with LPS (1 μg/mL) for 6 and 24 h. (e) Quantification of ZFYVE1
puncta following LPS treatment in BV-2 cells (n > 30 cells per condition). (f) Quantification of ZFYVE1 puncta following LPS treatment in Raw264.7 cells (n > 40 cells
per condition). (g) Quantification of GFP-MAP1LC3B puncta in BV-2 cells 24 h after LPS (1 μg/mL) treatment (n > 30 cells per condition). (h) Time course analysis of
MAP1LC3B-II level in primary microglia. Cells were treated with LPS (1 μg/mL) for 1, 2, 6, 12, or 24 h. Graph, quantification of MAP1LC3B-II after normalization to
ACTB (n = 4). In all experiments where BafA1 was used, BafA1 (20 nM) was added 2 h before sampling. Scale bars: 10 μm. All data are mean ± SEM. *P < 0.05,
**P < 0.01, and ***P < 0.001 compared to the control (Con) unless indicated otherwise.
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between 2 controls (lane 1 and 5), the relative MAP1LC3B-II
band density of LPS-treated samples without and with BafA1
conditions was calculated. Autophagy suppression following
LPS treatment was also detected in the murine microglial cell
line BV-2 (Figure 1(c)). To compare these findings to those in
macrophages, we examined the effect of LPS on autophagic
flux in bone marrow-derived macrophages (BMDMs). In line
with previous studies that reported autophagy induction by
LPS in macrophages, LPS increased the MAP1LC3B-II level
and autophagic flux in BMDMs (Figure 1(b)). Likewise, LPS
treatment induced autophagy in the murine macrophage cell
line Raw264.7 (Figure 1(d)). MAP1LC3B-II levels in BMDMs
were quantified following the same way as in primary
microglia.

ZFYVE1/DFCP1 (zinc finger, FYVE domain containing 1)
is a phosphatidylinositol-3-phosphate (PtdIns3P)-binding
protein that is recruited to the PtdIns3P-enriched omegasome
structure, promoting the nucleation step of autophagosome
formation [34]. Thus, ZFYVE1 puncta are an early autophagic
marker downstream of the activation of the class III phospha-
tidylinositol 3-kinase (PtdIns3K)-ATG14 complex [35]. To
investigate whether LPS treatment differently affects the initial
autophagosome formation in microglia and macrophages, we
transfected BV-2 and Raw264.7 cells with ZFYVE1-GFP and
measured the formation of GFP puncta. Intriguingly, LPS
treatment noticeably increased ZFYVE1 puncta formation in
Raw264.7 cells, consistent with autophagy induction, but not
in microglia (Figure 1(e,f)). Next, we monitored autophago-
some formation in BV-2 cells after transfection with GFP-
MAP1LC3B and observed a great reduction in the number of
MAP1LC3B puncta upon LPS treatment (Figure 1(g)). LPS
also decreased BafA1-induced accumulation of MAP1LC3B
puncta (Figure 1(g)). Consistent with these imaging analyses
of autophagosome formation, a time-course study of
MAP1LC3B protein levels in microglia by western blot ana-
lysis showed that the suppression of autophagy by LPS was
significant from 6 h and lasted until at least 24 h (Figure 1(h)).
These data suggest that LPS suppresses autophagy in micro-
glia, in contrast to its effect in macrophages.

As a positive control for autophagy induction in microglia,
we induced autophagy by incubating the cells in Hanks
balanced salt solution (HBSS), which causes amino acid and
serum starvation. Incubation in HBSS greatly increased
autophagic flux, as indicated by higher accumulation of
MAP1LC3B-II in starved than in control cells following
BafA1 treatment (Figure S2). These data suggest that autop-
hagy is induced normally in response to nutrient starvation in
microglia and is specifically suppressed by TLR-triggered
immune signaling.

LPS downregulates the expression of Atg genes in
microglia

We further examined whether LPS regulates the expression of
Atg genes. Analyses by quantitative real-time polymerase
chain reaction (qRT-PCR) revealed that LPS significantly
suppressed the expression of several Atg genes including
Map1lc3b, Atg4c, Becn1, Atg7, Atg13, Atg14, and Atg16l1
24 h after LPS treatment (Figure 2(a)). Therefore, together

with great reduction in MAP1LC3B turnover and in the
number of MAP1LC3B-positive autophagosomes observed in
LPS-treated microglia (Figure 1), these data suggest that
autophagy suppression is sustained and is not merely
a result of a kinetic delay in autophagosome formation.

Next, we compared changes in the expression of Atg genes
between microglia and macrophages following LPS treatment.
In contrast to microglia, no Atg genes were downregulated in
BMDMs; rather, Atg5, Atg10, and Atg13 were significantly
upregulated (Figure 2(b)). To validate our results observed
in primary cell cultures and monitor the differential modula-
tion of autophagy genes between the 2 immune cell types
under more physiological conditions, we performed acute
isolation of microglia and peritoneal macrophages from the
same mice 24 h after LPS injection. Both microglia and
macrophages expressed high levels of the proinflammatory
cytokines Tnf and Il1b (interleukin 1 beta) (Figure S3). One
of the hallmarks of glial cell activation is the upregulation of
TSPO (translocator protein) [36,37]. As such, the transcrip-
tional levels of Tspo were highly elevated in both cell types
(Figure S3). These data indicated efficient activation of both
microglia and macrophages following LPS injection in vivo.
Microglia from LPS-injected mice showed a decrease in the
expression of all examined Atg genes, with remarkable sup-
pression of Map1lc3b, Atg4b, Atg5, Becn1, Atg13, and Atg16l1
(Figure 2(c)). Conversely, acutely isolated peritoneal
macrophages displayed strong upregulation of Atg genes
(Figure 2(c)). This comparative profiling of Atg gene expres-
sion in microglia and macrophages derived from the same
animals further confirmed the opposite outcomes of LPS
treatment in terms of autophagy in these 2 types of immune
cells. Taken together, the results of experiments with primary
cell cultures and acutely isolated cells indicate that LPS sup-
presses autophagy in microglia in contrast to autophagy
induction in their macrophage counterparts.

Suppression of autophagy by LPS is TLR4-dependent

To check whether the suppression of autophagy by LPS in
microglia was TLR4-dependent, we added LPS to microglia
isolated from tlr4−/− mice. The tlr4−/− genotype was confirmed
by PCR (Figure 3(a)) following our published protocol [38].
The level of autophagic flux in tlr4-knockout microglia was
not significantly affected by LPS (Figure 3(b)). Furthermore,
there were no noticeable changes in the expression of any of
the tested Atg genes following LPS treatment in tlr4−/− micro-
glia (Figure 3(c)). These data demonstrate that LPS-induced
autophagy suppression was through the key upstream regula-
tor, TLR4, but not due to other side effects of LPS.

Phosphatidylinositol measurements

Phosphoinositides, which include phosphatidylinositol
(PtdIns), are inositol lipids that represent a distinct family of
phospholipids [39]. PtdIns is a substrate of class III phospha-
tidylinositol 3-kinase (PtdIns3K); its phosphorylation pro-
duct, PtdIns3P, is essential for autophagy induction [35].
PtdIns3P binds to its effector proteins such as ZFYVE1 or
WIPI (WD-repeat protein interacting with phosphoinositides)
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Figure 2. LPS decreases the expression of Atg genes in primary microglia. (a) Time course analysis of the mRNA levels of Atg genes by qRT-PCR following LPS (1 μg/
mL) treatment (n = 3). (b) Comparison of relative mRNA levels of Atg genes between primary microglia (n = 5) and BMDMs (n = 4) 24 h after LPS (1 μg/mL)
treatment. (c) Comparison of relative mRNA levels of Atg genes, between microglia and peritoneal macrophages acutely isolated from the same LPS-injected mice
(5 mg/kg, intraperitoneally), 24 h post-injection (n = 3). In all experiments, mRNA levels were normalized to Actb. All data are mean ± SEM. *P < 0.05, **P < 0.01, and
***P < 0.001 compared to the control (Con).
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protein family, and mediates formation of omegasomes,
which function as a platform for the formation of the phago-
phore [34]. For this reason, we speculated that changes in the
PtdIns level might underlie the suppression of autophagy in
LPS-stimulated microglia. First, we performed pathway-based
analysis of publicly available data from gene expression profil-
ing of microglia acutely isolated from LPS-injected mice [40].
This analysis revealed that genes involved in the generation of
the PtdIns precursors myo-inositol and CDP-diacylglycerol
such as Impa1, Impa2, Cds1, and Cds2, were downregulated
(Figure 4). Moreover, genes involved in the synthesis of Ins3P,
Ins4P, phosphatidic acid, diacylglycerol, and Ins1,4,5P3 such
as Isyna1, Inpp1, Dgk, and Plc (Plcb1, Plcb2, Plcb3, Plcb4,
Plcd1, Plcd3, Plcd4, Plce1, Plcg1, Plcg2, Plcz1) were also down-
regulated (Figure 4) [40–46]. Therefore, these bioinformatics
data suggested that autophagy suppression by LPS might
result from decreased levels of PtdIns and PtdIns-derived
phospholipids leading to decreased autophagosome
biogenesis.

Predicted downregulation of PtdIns synthesis encouraged
us to examine the metabolomic correlates of PtdIns amounts
and autophagy levels in microglia and macrophages. To vali-
date our bioinformatics prediction by a metabolomics
approach, we measured the intracellular amounts of PtdIns
in microglia and BMDMs using Q-TOF LC/MS 16 h after LPS
treatment. Among various molecular structures of detected
PtdIns, PtdIns 38:4 was most abundant in both microglia and

BMDMs (Figure 5(a,b)). After LPS treatment, the amount of
PtdIns 38:4 in microglia significantly decreased, while in
BMDMs, this significantly increased (Figure 5(a,b)).
Reserpine, an indole alkaloid widely used as a standard meta-
bolite for LC/MS analysis, was used as the internal standard to
ensure the accuracy of LC/MS measurements (Figure S4).

Because PtdIns is the substrate for generation of PtdIns3P,
a decrease in the PtdIns content in microglia may lead to
a reduction in the PtdIns3P level. To test this idea, we
extracted lipids and determined the amount of PtdIns3P
using enzyme-linked immunosorbent assay (ELISA). At 12 h
after LPS treatment, we found a 25% decrease in BV-2 cells
(Figure 5(c)), but no change in Raw264.7 cells (Figure 5(d)).
Therefore, LPS reduces synthesis of PtdIns and PtdIns3P in
microglia but not in macrophages.

Taken together, one possible mechanism to explain the
difference in autophagic response to LPS between microglia
and macrophages can be the difference in the regulation of
PtdIns and PtdIns3P biosynthesis.

LPS suppresses autophagy via the PI3K-AKT1 signaling
pathway

To identify the signaling pathway responsible for the down-
regulation of autophagy genes following LPS treatment, we
focused on MTOR, MAPK1/3, and PI3K-AKT1. All these
kinases can be readily activated by LPS and inhibit autophagy.

(a) (c)

(b)

Figure 3. Suppression of autophagy by LPS is TLR4-dependent. (a) The genotyping of tlr4−/− mice by RT-PCR. (b) Autophagic flux analysis in tlr4−/− microglia after
treatment with LPS (1 μg/mL) for 24 h. BafA1 (20 nM) was added 2 h before sampling. (c) Analysis of the mRNA levels of Atg genes in tlr4−/− microglia by qRT-PCR
24 h after LPS (1 μg/mL) treatment (n = 4).
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LPS markedly increased the phosphorylation of MAPK1/3 at
T203/Y205, MTOR at S2448, ribosomal protein S6 kinase,
polypeptide 1 (RPS6KB1; an MTOR substrate) at T389, and
AKT1 at T308 and S473 (Figure 6(a)). Treatment with
PD98059, a MAPK1/3 inhibitor, did not affect LPS-induced
autophagy suppression (Figure 6(b) and Figure S5(a)).
Rapamycin and Torin-1, both well-known MTOR inhibitors,
also failed to reverse autophagy suppression in LPS-treated
microglia (Figure 6(b)), while they completely dephosphory-
lated RPS6KB1, indicating efficient inhibition of MTOR
(Figure S5(b)). On the other hand, the PI3K inhibitors
LY294002 (LY) and wortmannin (Wort) which also have inhi-
bitory activity against the PtdIns3K counteracted the decrease
in MAP1LC3B turnover in LPS-treated cells (Figure 6(b)). We
further characterized the effects of LY on autophagic flux using
LY. LY remarkably rescued the MAP1LC3B-II level in LPS-

treated microglia as high as in the control; notably, LY also
elevated basal autophagic flux (Figure 6(c,d)). Phosphorylation
of AKT1 was almost completely blocked by LY, confirming
inhibition of PI3K (Figure 6(c) and Figure S5(c)). Collectively,
these data indicate that the PI3K-AKT1 signaling plays
a pivotal role in LPS-induced autophagy suppression in
microglia.

LY294002 rescues microglial autophagy by preventing
LPS-induced FOXO3 phosphorylation

Given the major role of the PI3K-AKT1 pathway in microglial
autophagy, we questioned which downstream targets mediate
the inhibitory effects of TLR4-PI3K-AKT1. We reasoned that,
among AKT1 downstream targets, FOXO3 may be a good
candidate for autophagy suppression because this transcription

Figure 4. Bioinformatics analysis of RNA sequencing data for microglia activated by LPS. LogFC (fold change) values from 0 to 1 (red) indicate upregulation of gene
expression and values below 0 (green) indicate downregulation.
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factor regulates the expression of core autophagy genes such as
Map1lc3b, Gabarapl1, Atg12, and Bnip3 in many tissues and
cell types under various conditions [47–49], and is negatively
regulated by AKT1 [50,51]. Phosphorylation of FOXO3 by
AKT1 results in its export from the nucleus and subsequent
degradation in the cytosol, and therefore abrogation of its
transcriptional activity [50]. On the other hand, unphosphory-
lated FOXO3 remains in the nucleus to activate target gene
expression. Therefore, we hypothesized that LPS-induced acti-
vation of AKT1 suppresses autophagy by inhibiting FOXO3
activity through phosphorylation and thus suppresses tran-
scriptional activation of Atg genes. As expected, LPS increased
FOXO3 phosphorylation at S253 in a time-dependent manner
(Figure 7(a)), whereas treatment with LY reduced FOXO3
phosphorylation (Figure 7(b)). Next, we examined the subcel-
lular localization of endogenous FOXO3 in control vs. LPS-
treated microglia in the absence or presence of LY using an
antibody specific to FOXO3. To avoid false detection of nuclear
localization, 4 images of FOXO3 from different layers of
a single cell were taken and of these collapsed stacks were
presented (Figure 6(c)). Intensities of FOXO3 from each layer
were measured and summed up using Zen software (Carl
Zeiss) (Figure S6(a,b)). In control microglia, FOXO3 was pre-
dominantly localized in the cytosol; LPS treatment induced
a robust export of FOXO3 from the nucleus, further increasing
cytosolic localization (Figure 7(c)). PI3K inhibition restored
FOXO3 nuclear retention in LPS-treated microglia with

a concurrent increase in the expression of the Atg genes in
both control and LPS-treated cells (Figure 7(c,e)).

Although PI3K activation and subsequent FOXO3 inhibi-
tion seemed to be important for autophagy suppression in
microglia, it did not readily explain why autophagy is sup-
pressed specifically in microglia but not in macrophages, since
PI3K is also activated after stimulation with TLR ligands in
macrophages [52]. Therefore, we examined whether FOXO3
localization in macrophages differs from that in microglia.
Interestingly, in comparison with microglia, a larger
proportion of endogenous FOXO3 in BMDMs was localized
in the nucleus at basal state (20% in microglia vs. 45% in
BMDMs in control cells), and LPS treatment significantly
increased nuclear FOXO3 localization rather than decreased
it (Figure 7(d)).

Next, we performed parallel analyses of AKT1 and
FOXO3 phosphorylation in BMDMs for comparison with
those in microglia. Interestingly, LPS-induced phosphory-
lation of FOXO3 peaked at the 2-h time point, but
returned to the basal level soon (Figure 7(f)). Similarly,
phosphorylation of AKT1 T308 was induced as early as
1 h following LPS treatment, however, it decreased quickly.
On the other hand, AKT1 S473 remained phosphorylated
until 24 h (Figure 7(f)). Overall, time-course analyses of
phosphorylation in LPS-treated BMDMs revealed
a transient increase of phosphorylation of FOXO3 and
AKT1 T308, which was quite different from persistent

Figure 5. LPS reduces the synthesis of PtdIns and PtdIns3P in microglia. (a, b) LC/MS metabolomics analysis of PtdIns 38:4 amounts in primary microglia (a) and
BMDMs (b) 16 h after LPS (1 μg/mL) treatment. (c, d) ELISA analyses of PtdIns3P amounts in BV-2 (c) and Raw264.7 cells (d) 16 h after LPS (1 μg/mL) treatment. All
data are mean ± SEM. **P < 0.01 and ***P < 0.001 compared to the control (Con).
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and robust phosphorylation of these residues in LPS-
treated microglia. These data support our claim that dis-
tinct regulation of FOXO3 may underlie the different reg-
ulation of autophagy in microglia and BMDMs in response
to LPS. These differences between microglia and
macrophages in the distribution and phosphorylation time-
course of FOXO3 at basal and activated states suggest
a deep integration of FOXO3 at the interface of autophagy
and immunity in microglia.

To directly ascertain the role of FOXO3 in microglia
autophagy, we expressed a constitutively active (CA) form of
FOXO3, which has 3 mutations (T32A, S253A, and S315A)
and does not undergo inhibitory phosphorylation by AKT1
[50]. Expression of GFP-tagged FOXO3-CA (FOXO3-CA-
GFP) in BV-2 cells resulted in its robust nuclear location
and increased the number of MAP1LC3B dots (Figure 8(a,
b)). The number of MAP1LC3B dots was further increased by
BafA1 treatment, demonstrating the recovery of autophagic
flux in FOXO3-CA-expressing cells (Figure 8(b)). These
results support our conclusion that FOXO3 is the main target
in suppression of autophagy in LPS-activated microglia. All

together, these data point to the TLR4-triggered PI3K-AKT1
activation and subsequent FOXO3 inhibition as the key effec-
tor steps required for the transduction of inflammatory cues
into suppression of autophagy in microglia.

LPS reduces MAP1LC3B-associated phagocytosis and Aβ
degradation via the PI3K-AKT1 signaling pathway in
microglia

Microglia serve as professional phagocytes in the brain
[27,53]. To understand the physiological implications of sup-
pressed autophagy in microglial function, we estimated the
phagocytic capacity of LPS-treated microglia. First, we ana-
lyzed MAP1LC3B/LC3B-associated phagocytosis (LAP) in
activated microglia. Recent reports have illustrated the inter-
section of phagocytosis and autophagy in the context of
microbial invasion or activation of TLR signaling in macro-
phages. Following TLR stimulation in macrophages, an
increase in MAP1LC3B translocation to the phagosome and
enhanced digestion of an ingested organism are observed in
an ATG5-, ATG7-, or BECN1-dependent manner [15,16].

Figure 6. LPS suppresses autophagy via the PI3K-AKT1 signaling pathway in primary microglia. (a) Western blotting analyses of phosphorylation of AKT1 (T308,
S473), MTOR (S2448), MAPK1/3 (T203/Y205), and RPS6KB1 (T389) following LPS treatment (1 μg/mL) in primary microglia. (b) Western blotting analysis of MAP1LC3B-
II level after inhibition of MAPK1/3 (with PD98059), MTOR (with rapamycin or Torin-1) or PI3K (with LY294002; LY or wortmannin; Wort) in primary microglia treated
with LPS (1 μg/mL) for 12 h. (c) Analysis of autophagic flux after inhibition of PI3K with LY (20 μM) in primary microglia treated with LPS (1 μg/mL) for 12 h. (d)
Quantitative analysis of MAP1LC3B-II levels in primary microglia. In all experiments, the blots shown are representative of at least 3 experiments with similar results.
All inhibitors were added 1 h prior to LPS treatment. All data are mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 compared to the control (Con) unless indicated
otherwise. #P < 0.05 and ##P < 0.01 compared to the control treated with BafA1 only.

AUTOPHAGY 761



However, the interplay of TLR signaling and phagocytosis in
microglia has not been studied yet. Therefore, we examined
the effect of LPS on LAP in microglia, based on our finding

that LPS significantly suppressed autophagy. Interestingly,
only 15% of zymosan particles entered a MAP1LC3B-
positive autophagosome in LPS-treated primary microglia,

Figure 7. Phosphorylation of FOXO3 by PI3K-AKT1 suppresses autophagy in primary microglia. (a) Time course analysis of phosphorylation of FOXO3 (S253) in
primary microglia following LPS treatment (1 μg/mL). (b) Phosphorylation of FOXO3 (S253) in primary microglia after LY294002 (LY, 20 μM) treatment at 6 and 12 h
following LPS (1 μg/mL) treatment. The blots shown are representative of 3 experiments with similar results. (c, d) Analyses of nuclear localization of FOXO3 in
primary microglia (n > 30 cells per condition) (c) and BMDMs (n = 30 cells per condition) (d) 12 h after LPS (1 μg/mL) treatment with 1 h pretreatment of LY (20 μM).
Endogenous FOXO3 (green) was visualized by immunocytochemistry. Scale bars: 10 μm. Graphs, quantitative analysis of FOXO3 nuclear localization. (e) Analysis of
the mRNA levels of Atg genes in primary microglia treated with LPS (1 μg/mL) for 12 h with 1 h pretreatment of LY (20 μM). Relative mRNA levels were quantified by
qRT-PCR and normalized to ACTB (n = 3). (f) Time-course analyses of phosphorylation of FOXO3 (S253) and AKT1 (T308, S473) in BMDMs following LPS treatment
(1 μg/mL). All data are mean ± SEM. n.s., not significant. *P < 0.05, **P < 0.01, and ***P < 0.001 compared to the control (Con) unless indicated otherwise. #P < 0.05,
##P < 0.01, and ###P < 0.001 compared to the LPS-treated cells.
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compared with 73% at basal state, indicating that markedly
fewer MAP1LC3B-associated phagosomes were formed fol-
lowing LPS treatment (Figure 9(a)). LY treatment highly
upregulated the formation of MAP1LC3B-positive phago-
somes surrounding zymosan (to 55%; Figure 9(a)). In BV-2
cells, LAP occurred at a much lower rate than in primary
microglia. Nonetheless, the knockdown of Atg7 in BV-2 cells
significantly lowered MAP1LC3B-associated phagosome for-
mation at basal state in comparison with the control cells and
also prevented the LY-induced recovery of LAP (Figure 9(b)),
suggesting that canonical autophagy is required for LAP in
microglia. To further investigate the pathological significance
of autophagy suppression by LPS, we assessed the association
of autophagosomes with fibrillary Aβ by proximity ligation
assay (PLA). Deposition of Aβ is a characteristic of AD, and
dysfunctional microglial activity is thought to lead to
impaired Aβ clearance in AD, although the detailed mechan-
isms linking activated microglia and reduced clearance of Aβ
in a neuroinflammatory environment remain unclear [54,55].
PLA allows quantitative visualization of the direct association
between MAP1LC3B-containing autophagosomes and
engulfed FITC-conjugated fibrillary Aβ, since the combina-
tion of antibodies against MAP1LC3B and Aβ produces fluor-
escent signals only when they are in close contact.
A subpopulation of internalized Aβ was targeted by autop-
hagy, as shown by the PLA signals (red in Figure 9(c)). LPS
treatment significantly decreased PLA signals, which were

restored by LY (Figure 9(c)). Aβ degradation rates in LPS-
treated and (LY+LPS)-treated cells corresponded well to the
Aβ and MAP1LC3B proximity anticipated by PLA assay.
More Aβ remained in LPS-treated microglia, whereas (LY
+LPS)-treated cells were as efficient as control cells in Aβ
degradation (Figure 9(d)). These data indicate that LPS-
induced PI3K-AKT1 signaling downregulates autophagy-
associated phagocytic capability of microglia and this down-
regulation can be reversed by PI3K inhibition.

Discussion

An interesting finding of this study is that, unlike in macro-
phages, autophagic flux is significantly suppressed by TLR
activation in microglia. A decrease in the expression was
observed for nearly all tested Atg genes, demonstrating sus-
tained suppression of autophagy in LPS-treated microglia.
The results of metabolomic correlation in PtdIns amounts
and autophagy levels conjectured from bioinformatics predic-
tion also strongly support our observations. Since this was in
sharp contrast to autophagy induction in LPS-treated macro-
phages and other immune cells, we sought to elucidate the
signaling mechanisms underlying autophagy suppression in
TLR-triggered microglia. To this end, we examined the roles
of several signaling pathways known to be activated by TLR4
activation, and identified the PI3K-AKT1-FOXO3 pathway as
a key suppressor of autophagy in activated microglia. FOXO3

Figure 8. Overexpression of constitutively active FOXO3 (FOXO3-CA) increases the number of MAP1LC3B puncta under basal conditions and following LPS treatment.
(a) Nuclear localization of FOXO3-CA-GFP in BV-2 cells. (b) Increased number of MAP1LC3B dots in FOXO3-CA-GFP-transfected BV-2 cells compared to control cells
transfected with the GFP-only control vector. LPS (1 μg/mL) was added for 12 h and MAP1LC3B puncta (red) were visualized by immunocytochemistry with an
antibody against endogenous MAP1LC3B. Scale bar: 10 μm. Graph, quantification of the puncta from at least 30 cells per condition, using an LSM700 confocal
microscope (Carl Zeiss). BafA1 (20 nM) was added 2 h before sampling. All data are mean ± SEM. n.s., not significant. *P < 0.05 compared to the control in the
absence of BafA1. #P < 0.05 and ###P < 0.001 compared to the control in the presence of BafA1.
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has not been previously associated with autophagy in micro-
glia and, to the best of our knowledge, our report is the first to
show the critical role of FOXO3 in the regulation of autop-
hagy in microglia. Other notable findings of our study are the
first demonstration of LAP and diminished phagocytic cap-
ability in activated microglia.

Most of the previous studies on the role of autophagy in
immunity and inflammation have focused on peripheral tissue
macrophages or other types of cells, and little is known about
the roles and regulatory mechanisms of autophagy in micro-
glia. The few available studies on autophagy in microglia show
inconsistent results. Song et al. [56] have studied microRNA-

Figure 9. LPS suppresses MAP1LC3B-associated phagocytosis (LAP) and Aβ degradation via the PI3K-AKT1 signaling pathway in microglia. (a) Analysis of LAP in
primary microgliawhere stimulated with LPS (1 μg/mL) for 12 h and then incubated with zymosan for another 2 h. LY (20 μM) was added 1 h prior to LPS.
Immunocytochemistry images show MAP1LC3B (green), zymosan (red), and nucleus (blue). Graph, quantitative analysis of MAP1LC3B-positive phagosomes from 3
independent experiments (n = 45 to 113 cells). (b) Analysis of LAP in Atg7 knockdown BV-2 cells (n = 35 to 63 cells). BV-2 cells were infected with lentivirus
expressing Atg7-targeting (shAtg7) or control (shCon) shRNA for stable knockdown. Experimental conditions were the same as (a). (c) Analysis of PLA signal between
MAP1LC3B and Aβ in primary microglia after treatment with LPS (1 µg/mL) for 12 h. LY (20 µM) was added 1 h prior to LPS treatment. Graph, quantification of PLA
signal (n = 82 to 135 cells). (d) Measurement of Aβ degradation in LPS-stimulated primary microglia. FITC-conjugated Aβ1−42 fibrils were added to the cells and the
fluorescence intensity of the remaining FITC-Aβ1−42 was measured using a fluorescence microscope 6, 12, or 24 h later. Graph, quantification of Aβ fibril intensities
from 3 independent experiments (n = 82 to 106 cells). *P < 0.05, **P < 0.01, and ***P < 0.001 compared to the control (Con) unless indicated otherwise.
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mediated autophagy gene regulation in microglia and observe
a large reduction in BECN1 and ATG3 protein levels in LPS-
treated BV-2 cells. In line with this report, an in vivo study
reveals autophagy impairment in the brains of LPS-injected
mice, as evidenced by substantial reductions in BECN1 and
MAP1LC3B-II levels and an increase in SQSTM1/p62 in the
cortex and hippocampus, but these authors do not perform
cell type-specific analyses [57]. However, neither of the 2
studies examine autophagic flux. In contrast, Han et al. [58]
observe activation of a nonclassical autophagy pathway and
an increase in the formation of MAP1LC3B puncta following
LPS treatment in BV-2 cells, which is different from our
results (Figure 1(c,g)). We did not further examine the differ-
ent effects of LPS on MAP1LC3B puncta formation because
we did not observe autophagy activation following LPS treat-
ment in BV-2 cells. However, it is noteworthy that autophagy
suppression by LPS was stronger in primary microglia than in
BV-2 cells.

The mechanisms of autophagy inhibition may vary depend-
ing on cell type and even on the state of the cells of the same
type. Signaling cascades involved in TLR-triggered autophagy
are known to follow cascades similar to those involved in
nutritional stress-induced autophagy signaling [59]. However,
while starvation inhibits MTOR, which is the principal negative
regulator of autophagy, MTOR is robustly activated in both
microglia (Figure 6) and macrophages following TLR4 activa-
tion, as shown by others [60] and us (data not shown). This
seemingly paradoxical activation of MTOR in activated macro-
phages with induced autophagy exemplifies the complicated
signaling pathways distinct from starvation-induced autophagy
signaling. There are also reports of MTOR-independent autop-
hagy inhibition. In skeletal muscle, rapamycin does not induce
autophagy, and FOXO3 activates autophagy independently of
MTOR complex 1 activity [61]. Similarly, we observed no
noticeable changes in autophagy level upon MTOR inhibition
in LPS-treated microglia. Therefore, though the activation of
MTOR might have partially affected autophagy level, the major
player in LPS-induced autophagy suppression in microglia is
PI3K-AKT1 signaling.

Transcriptional regulation plays a critical role in modulat-
ing autophagy. TFEB (transcription factor EB) is a master
regulator of Atg gene expression. MTOR and MAPK1/3 are
the key kinases that negatively regulate TFEB [62,63] by
phosphorylating and holding it on lysosomes, which results
in autophagy inhibition [64]. When dephosphorylated, TFEB
translocates to the nucleus and activates various autophagy
genes to induce autophagy [62]. In our study, we were not
able to detect any differences in the nuclear location of TFEB
in primary microglia between basal state and LPS treatment
(data not shown). We did not further examine whether rapa-
mycin or PD98059 induced TFEB translocation. However,
since they were not effective in inducing autophagy in acti-
vated microglia, it is plausible that autophagy relies more on
PI3K-AKT1-FOXO3 signaling than on MTOR-MAPK1/
3-TFEB in microglia. It should be mentioned that, although
PI3K inhibition restored the expression levels of Atg genes in
LPS-treated microglia, some Atg genes examined do not have
known FOXO3˗binding sequences in their promoter regions.
Therefore, it remains to be determined whether these genes

have yet unknown FOXO3-binding sequences, or other tran-
scription factors are also affected by LPS in microglia.

Despite the lack of knowledge on the autophagy regulatory
mechanisms in microglia, the importance of autophagy in
microglial function is gaining recognition [18,29,65]. For exam-
ple, mice lacking microglial Atg7 show various neural deficits,
including hindered synaptic pruning, defective social behavior,
impaired Aβ clearance, and enhanced inflammasome activation
[18,65]. These lines of evidence suggest that proper regulation of
microglial autophagy is essential for normal brain function and
demonstrate the physiological importance of microglial autop-
hagy in brain function and pathology [29,66].

Suppression of autophagy by TLR signaling observed in this
study can provide a clue to understanding how impaired micro-
glial function can cause the loss of brain homeostasis and
contribute to the pathogenesis of neurodegenerative diseases.
Notably, in the brains of patients with neurodegenerative dis-
eases such as AD, the ability of microglia to phagocytose and
degrade Aβ is reduced [54,67,68]. However, the elaborate
mechanisms of how microglial phagocytic activity is impaired
in AD remain to be elucidated. Previously, it has been assumed
that excessive production of Aβ in AD patients first overloads
the autophagy-lysosome pathway and subsequently causes the
malfunction of the autophagy system and ‘burning-out’ of
microglia [69,70]. However, our data suggest that suppression
of autophagy and downregulation of phagocytic degradation
capability is already eminent in microglia activated at the
onset of neuroinflammation. In line with our observations,
proinflammatory cytokines are reported to reduce Aβ-elicited
phagocytosis, but Aβ treatment does not induce overt microglia
activation or reduce phagocytic capacity [71]. Another interest-
ing study reports a reduced BECN1 level and inefficient phago-
cytic degradation of Aβ in microglia derived from human AD
patients [55]. Although the level of autophagy is not examined
in this study, autophagy suppression is expected in AD patient-
derived microglia. The authors discuss that, although it is
unknown why BECN1 level is reduced in AD microglia,
BECN1 deficiency is not simply the result of amyloid accumula-
tion but might have other causes [55]. Therefore, our results
explain well these previous observations made in AD patients
and mouse models.

Our findings are also in line with a recent conceptual shift
regarding the role of inflammation in AD. Recent studies have
not only demonstrated an intimate link between alterations in the
immune system and AD pathogenesis, but also suggest a much
earlier timing of immune system involvement in AD progression
than previously anticipated [72–76]. Therefore, immune func-
tions in the brain, which are mainly mediated by CNS-resident
microglia and other myeloid cells, should be studied as one of the
primary driving factors in the pathogenesis of AD more than the
accompanying event following Aβ overproduction and deposi-
tion [77]. In that regard, changes in microglial physiology in the
early stage of AD warrant more in-depth analysis.

Given the opposite consequences emanating from the same
stimuli in microglia and macrophages, we are far from under-
standing the mechanisms that regulate microglial autophagy
in the neuroinflammatory milieu of the degenerating brain.
Nevertheless, our observation of LPS-induced autophagy
impairment and decreased degradative capacity in microglia
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can shed new light on the contribution of neuroinflammation
to neurodegeneration and provide novel mechanistic insight
into neurodegenerative pathogenesis including AD, pointing
to the PI3K-FOXO3 pathway as a potential therapeutic target
to regulate microglial function in brain disorders.

Materials and methods

Reagents and antibodies

Antibodies against the following proteins were used: ACTB
(sc-47778, HRP-conjugated) from Santa Cruz Biotechnology;
MAP1LC3B (NB100-2220) from Novus Biologicals; phos-
phorylated FOXO3 (S253, ab47285) from Abcam; phosphory-
lated AKT1 (S473, 9271; T308, 4056), phosphorylated MTOR
(S2448, 2971), phosphorylated MAPK1/3 (T203/Y205, 4370),
phosphorylated RPS6KB1 (T389, 9206), and FOXO3 (99199)
from Cell Signaling Technology; FOXO3, Clone 648716
(MAB6165) from R&D Systems. The followings reagents
were used: LPS from Escherichia coli 0111:B4 (L4391) was
purchased from Sigma-Aldrich and diluted in phosphate-
buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 4.3 mM
Na2HPO4 and 1.4 mM KH2PO4, pH 7.4); BafA1 (B1793),
wortmannin (W1628), LY294002 (L9908), hexadimethrine
bromide (107689), and trichloroacetic acid (T6399) were pur-
chased from Sigma-Aldrich. Rapamycin (BML-A275-0005)
was purchased from Life Sciences Advanced Technologies.
FITC-labeled Aβ (M-2585) was purchased from Bachem.
PD98059 (9900) was purchased from Cell Signaling
Technology. A TLR ligand kit (Tlrl-kit 1mw) was purchased
from Invivogen.

Cell culture

All procedures for the care and use of laboratory animals were
approved by the Institutional Animal Care and Use
Committees of DGIST and Seoul National University. For
primary microglia culture, whole brains were isolated from
C57BL/6 wild-type or tlr4−/− mice at postnatal days 1 or 2.
The brains were dissected in serum-free high-glucose
Dulbecco Modified Eagle Medium (DMEM, Corning 10-013-
CVR) with sterile scissors and incubated with 0.25% trypsin-
EDTA solution for 7 min at 37°C. An equal volume of culture
medium composed of DMEM with 10% heat-inactivated fetal
bovine serum (FBS; Hyclone, SH30084.03) and 1% (100 U/ml)
penicillin–streptomycin (Hyclone, SV30010) was added to
stop trypsinization, and the brains were dissociated by gentle
pipetting. The dissociated cells were passed through a 70-μm
pore mesh and pelleted at 800 × g for 10 min. Each cell pallet
was suspended in culture medium and the cells were seeded in
a 100-mm dish per brain. Five days after plating, the medium
was changed to fresh medium. Thereafter, half of the medium
in each plate was changed every other day to fresh medium.
Primary microglia were confluent after 10–14 dand were
separated from mixed astrocytes by tapping the plate. High
enrichment with primary microglia (>95%, data not shown)
was verified by immunostaining with anti-AIF1/Iba-1 (Wako,
019-19741) and anti-GFAP (Novus Biologicals, NBP1-05198)

antibodies (specific microglia and astrocyte markers, respec-
tively), as we previously reported [37].

BMDMs were obtained from femurs and tibias of 6- to
7-week-old C57BL/6 mice as previously described [78].
BMDMs were grown in RPMI 1640 (GIBCO, 11875-093)
supplemented with 10% heat-inactivated FBS and 1% penicil-
lin-streptomycin.

BV-2 cells (kindly provided by Dr. Kyoungho Suk
(Kyungpook National University, Republic of Korea) are murine
immortalized microglia cell line [79]. The murine macrophage
cell line, Raw 264.7 cells were purchased from Korea Cell Line
Bank (Republic of Korea). BV-2 and Raw264.7 cells were grown
in DMEM supplemented with 10% heat-inactivated FBS and 1%
penicillin-streptomycin.

Generation of Atg7 knockdown BV-2 cells

shCon and shAtg7 lentiviruses (TRCN0000092164, Sigma-
Aldrich) were produced by following a published protocol
[80]. To obtain the control and stable Atg7 knockdown cell
lines, BV-2 cells were infected with the lentiviruses in the
presence of hexadimethrine bromide (8 µg/ml) for 24 h and
then the medium was replaced with fresh culture medium.
After 72 h, cells were selected using puromycin (8 µg/ml) for
2–3 d, and puromycin-resistant cells were re-seeded and
grown in fresh culture medium.

Acute isolation of primary microglia and peritoneal
macrophages

Brains were removed from 8-week-old C57BL/6 mice after
isolating peritoneal macrophages. Subsequently, brains were
washed with 1× HBSS, homogenized by razor-blade chopping
and transferred to microcentrifuge tubes. Tissue was disso-
ciated with a neural dissociation kit containing papain
(Miltenyi Biotec, 130-092-628) according to the manufac-
turer’s instructions. Myelin was removed using myelin
removal beads (Miltenyi Biotec, 130-096-733). Suspended
cells, with the beads, were passed through MACS separation
columns (Miltenyi Biotec, 130-042-401) and centrifuged for
3 min at 1200 × g. Each pellet was resuspended in MACS
buffer, transferred to a new microcentrifuge tube, and micro-
glia were isolated using ITGAM+/CD11b+ microbeads
(Miltenyi Biotec, 130-049-601).

Peritoneal macrophages were obtained from 8-week-old
C57BL/6 mice as previously described [81].

Plasmids and transfection

pEGFP-MAP1LC3B (21073) and a plasmid encoding
a constitutively active (CA) form of human HA-FOXO3
with 3 mutations (T32A, S253A, and S315A) were purchased
from Addgene (1788). FOXO3-CA was cloned into the pGFP-
N1 vector to generate FOXO3-CA-GFP. For magnetofection,
DNA was mixed with Lipofectamine 2000 (Invitrogen, 11668-
019) for 5 min. Magnetic nanoparticles CombiMAG
(Chemicell, 9005) were then added to the mixture, which
was incubated for an additional 30 min at 37°C for stabiliza-
tion and efficient combination of magnetic particles with the
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DNA–Lipofectamine 2000 complex. The mixture was then
delivered into BV-2 cells in DMEM without FBS and anti-
biotics for 3 h. The medium was then replaced with normal
culture medium for 24 h and cells were re-seeded onto glass
coverslips for immunocytochemistry experiments.

Immunocytochemistry

Primary microglia were fixed and permeabilized with absolute
methanol. Cells were blocked with antibody diluent reagent
solution (Thermo Fisher Scientific, 003218) for 30 min and
incubated with appropriate primary antibodies for 2 h at
room temperature, rinsed 3 times with PBS containing 0.1%
Tween-20 (Duchefa Biochemie, 9005-64-5) and incubated
with appropriate fluorescent dye-conjugated secondary anti-
bodies for 1 h at room temperature. Nuclei were stained with
Hoechst 33342. Images were obtained using an LSM700 con-
focal microscope (Carl Zeiss, Oberkochen, Germany).

LAP assay with zymosan

Primary mouse microglia and BV-2 cells were pretreated with
LY294002 for 1 h and LPS was treated for 12 h. Cells were
then incubated with zymosan (Invitrogen, Z2843; 1 µg/ml for
2 h). After incubation, cells were fixed with absolute methanol
at −20°C for 20 min. Representative images of zymosan,
MAP1LC3B, and nuclei were obtained using a LSM700 con-
focal microscope, and cells with MAP1LC3B-positive phago-
somes were counted using a fluorescence microscope
(Axiovert 40 CFL, Carl Zeiss, Oberkochen, Germany).

PLA and measurement of Aβ degradation

FITC-conjugated Aβ1−42 fibrils were prepared as previously
described [18]. The fibrils (0.3 µM) were incubated with
primary microglia for 2 h. After fixation and permeabilization
with methanol, cells were incubated with mouse anti-Aβ (Cell
signaling technology, 15126) and rabbit anti-MAP1LC3B anti-
bodies and then with a pair of PLA probes (Sigma,
DUO92002 and DUO92004); probe ligation, signal amplifica-
tion (Sigma, DUO92007), and mounting (Sigma, DUO82040)
were performed according to the manufacturer’s instructions.
Representative images of FITC-Aβ and PLA signals were
obtained using an LSM700 confocal microscope, and the
number of PLA puncta was estimated using a fluorescence
microscope.

Degradation of FITC-Aβ1-42 fibrils (0.3 µM) was assessed
at 6, 12, or 24 h under a LSM700 confocal microscope and the
intensity of FITC fluorescence was analyzed using Zen soft-
ware (Carl Zeiss, Oberkochen, Germany).

PtdIns analysis

Cells were washed in Dulbecco PBS and then chilled solvent
mixture (chloroform:methanol, 1:2 (v:v), 900 µl per well of
6-well plate) containing 5 µM internal standard was added on
dry ice for quenching. The sample was transferred into a 2 ml
microcentrifuge tube, vortexed, and incubated with agitation
for 1 h at 4°C in the dark. After incubation, 300 µl of chilled

chloroform and 350 µl of chilled water were added to the
sample. The mixture was then vortexed for 1 min, centrifuged
at 8000 × g for 10 min at 4°C, and the lower organic phase
was transferred to another tube. The remaining aqueous
phase was re-extracted with 500 µl of chilled chloroform.
After vortexing for 1 min, the mixture was centrifuged at
8000 × g for 10 min at 4°C. The lower organic phase was
combined with the first organic extract. The pooled organic
phase was evaporated under nitrogen gas, and the residue was
reconstituted with 100 µl of methanol.

All samples were analyzed using an Agilent 1290 Ultra-
Performance Liquid Chromatography system coupled with an
Agilent 6530 Q-TOF LC/MS (Agilent Technologies, Santa
Clara, CA, USA) in negative ESI mode. The instrument para-
meters were as follows: gas temperature, 325°C; drying gas
flow rate, 11 L/min; nebulizer pressure, 30 psig; fragment
voltage, 170 V; skimmer voltage, 60 V; nozzle voltage, 500
V; and capillary voltage, −3500 V. Internal mass calibration
was performed using reference standards during the runs.

Samples (10 µl) were injected onto a Phenomenex Kinetex
C18 column (100 × 2.1 mm, 2.6 µm) which was kept at 40°C in
a column oven. The mobile phase consisted of 1:1 (v:v) water/
methanol containing 10 mM ammonium acetate and 0.2%
acetic acid (A) and 1:1 (v:v) isopropanol/acetone (B). Flow
rate was 300 µl/min. Gradient program, time (min):solvent
A (%):solvent B (%): 0:70:30, 3:50:50, 24:10:90, 24.1:70:30,
30:70:30. The autosampler temperature was 4°C.

Metabolic features were extracted and characterized using the
MassHunter Qualitative Analysis Software B.07.00 (Agilent
Technologies, Santa Clara, CA). Quantitative analysis of PtdIns
was performed using the MassHunter Quantitative Analysis
Software B.07.00 (Agilent Technologies).

Measurement of PtdIns3P

Cells were collected and incubated in cold 5% trichloroacetic
acid. Precipitate was subjected to sequential extraction with
methanol:chloroform (2:1 [v:v]) and methanol:chloroform:12N
HCl (80:40:1 [v:v:v]) for neutral and acidic lipids, respectively.
Neutral lipids were discarded and the amount of PtdIns3P in the
acidic lipid fraction was measured with a Mass ELISA kit
(K-3300, Echelon Biotechnology) following the manufacturer’s
instructions.

Western blotting

Cells were harvested and lysed in lysis buffer containing
250 mM sucrose (Duchefa Biochemie, 57-50-1), 50 mM
NaCl, 20 mM Tris-HCl, pH 7.4, 1 mM EDTA, 1% Triton
X-100, 1× protease and phosphate inhibitor cocktail (Thermo
Fisher Scientific, 78440), 1 mM dithiothreitol, and 1 mM
phenylmethylsulfonyl fluoride for 15 min on ice. After incu-
bation, lysates were centrifuged (16,100 × g, 10 min) and each
supernatant was collected. BCA protein assay reagents
(Thermo Fisher Scientific, 23225) were used to measure pro-
tein concentration. Samples were separated by SDS gel elec-
trophoresis and electro-transferred onto polyvinylidene
difluoride membrane in a semi-dry electrophoretic transfer
cell (Bio-Rad). Membranes were blocked with 5% nonfat dry
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milk powder dissolved in Tris-buffered saline (20 mM Tris
base, 0.5 M NaCl, pH 7.5) with 0.1% Tween-20 (TBST) for 1 h
at RT. The membranes were then incubated with primary
antibodies overnight at 4°C in a shaking incubator, washed
with TBST 3 times (10 min each) and incubated for 1 h at
room temperature with peroxidase-conjugated secondary
antibodies diluted in blocking solution. After washing, pro-
teins of interest were detected using either Pierce ECL
Western Blotting Substrate (Thermo Fisher Scientific, 32106)
or WesternBright ECL (Advansta, K-12045-D50).

qRT-PCR

Cells were lysed using the QIAzol Lysis Reagent (Qiagen,
79306), and RNA was isolated following the manufacturer’s
instructions. cDNA was synthesized using the ImProm-II
Reverse Transcriptase kit (Promega, A3802) and oligo-dT
primers. TOPreal qPCR 2× PreMIX (SYBR Green with low
ROX; Enzynomics, RT500M) containing nTaq-HOT DNA
polymerase was used for qRT-PCR, which was performed in
a CFX96 Real-Time System (Bio-Rad, Hercules, CA) with
primers listed in Table S1. Actb was used as the reference
gene for normalization.

ELISA of TNF

Cells were seeded onto a 24-well plate; the culture supernatant
from each well was collected at the end of scheduled experi-
ments and used to measure TNF concentration by ELISA
according to the manufacturer’s instructions (R&D Systems,
DY410-05).

Statistical analysis

At least 3 independent experiments were performed for each
condition, and the data were presented as mean ± standard
error of the mean (SEM) values. Statistical analysis was per-
formed by either unpaired Student t test and statistical sig-
nificance was evaluated using GraphPad Prism (GraphPad
Software).
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