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Toll-Like Receptor 2–Mediated Autophagy Promotes
Microglial Cell Death by Modulating the Microglial
M1/M2 Phenotype

Kun Ma,1,2 Jingjing Guo,3 Guan Wang,1 Qiuying Ni,2 and Xinjie Liu 1,4

Abstract— Toll-like receptor 2 (TLR2) regulates the innate immune response of microglia
during infection via autophagy.Microglial M1/M2 phenotypic switching after infection could
serve as a novel pathogenic mechanism for cerebral infection. Hence, it has important
implications for the damage and restoration of neurological function. However, the effect
of TLR2-mediated autophagic signaling on microglial phenotypic transition remains unclear.
Therefore, we investigated the mechanisms of TLR2-mediated autophagic signaling in the
regulation of microglial M1/M2 phenotypes. Using Western blot analysis and immunofluo-
rescence, increased autophagy was observed in peptidoglycan (PGN)-stimulated BV2 cells,
while reduced autophagy was observed in TLR2-KO cells. In contrast to the TLR2 antagonist
CU-CPT22 group, increased autophagy was observed in the presence of the TLR2 agonist
Pam3CSK4, which was associated with a significant increase in expression levels of M1
phenotype biomarkers (CD86, TNF-α, IL-6), higher levels of apoptosis, and decreased
expression levels of M2 markers (CD206, IL-10, Arg-1). In the TLR2-KO mice, the
expression levels of autophagy-related proteins in CD11b+ cells were lower than those in
CD11b+ cells in the PGN-injected wild-type mice, and neuronal apoptosis was also reduced,
but there were no significant differences compared to the control group. Collectively, our
study demonstrates that the inhibition of autophagy or the absence of TLR2 induces

microglial polarization to-
wards the M2 phenotype,
promotes microglial surviv-
al alone, and alleviates the
development of neuroin-
flammation. In summary,
TLR2-mediated autophagic
signaling contributes to reg-
ulating the inflammatory re-
s p o n s e t o a c t i v a t e
m i c r o g l i a l M 1 / M 2
switching, which affects

Main Points • Transition from the M1 to the M2 phenotype promotes
microglial survival.

• Autophagy is associated with the M1 phenotype and increased
apoptosis.

• Inhibition or absence of TLR2 is associated with reduced
autophagy.
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microglial survival after infection.
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INTRODUCTION

Microglia are the major immune cells in the brain that
act as the first defense of the central nervous system. Upon
infection, trauma, or ischemia, microglia can be rapidly
activated, contributing to the inflammatory response. Ac-
tivated microglia show a wide range of diverse functional
states, mainly including pro-inflammatory M1 and anti-
inflammatory M2 subtypes [1–4]. In many pathophysio-
logical processes, microglia play a dual role through phe-
notypic switching. After injury, microglia quickly change
their phenotype to secrete a large and diverse range of
molecules that mediate inflammation. The M1 phenotype
represents a detrimental state of microglia and is character-
ized by the high expression of pro-inflammatory media-
tors, such as tumor necrosis factor-α (TNF-α), interleukin
(IL)-1, and IL-6, while the M2 phenotype is characterized
by high levels of anti-inflammatory mediators, such as IL-
10, IL-4, and arginase-1 (Arg-1) [5–7]. Moreover, the M1-
like phenotype is characterized by an increased expression
of surface markers, such as CD16/32, CD86, and CD40,
while increased expression of CD206 is correlated with the
M2 phenotype [8–10]. However, the mechanism underly-
ing the switching of the microglial phenotype under infec-
tion conditions is still unclear.

Autophagy is a fundamental cellular homeostatic
mechanism that is important for the control of inflamma-
tory responses in the CNS and neurotoxicity [11, 12].
Autophagy is also a highly conserved process in which
damaged and aging organelles and misfolded and dena-
tured proteins are delivered to lysosomes for degradation
and recycling of their functional blocks through anabolic
reactions [13–15]. Autophagy plays a dual role in cancer,
where it can prevent tumor initiation via its quality control
function or can sustain tumor metabolism and survival via
nutrient recycling [16]. During periods of starvation, stim-
ulation of autophagy is important to provide cells with
amino acids and fatty acids to maintain the level of cell
metabolism [17, 18]. In a mouse model of Alzheimer’s
disease (AD) pathology, autophagy efficiency has demon-
strated promising therapeutic effects on neuronal function
and cognitive performance [19]. The interactions between
autophagy proteins and immune signaling molecules are
much more complex. Autophagy-associated proteins can
either induce or inhibit immune and inflammatory

responses, and immune and inflammatory signals can also
regulate autophagy [20, 21]. A recent study found that
autophagy is associated with microglial phenotypic trans-
formation [3]. However, whether autophagy participates in
the switching of the microglial phenotype following cere-
bral infection is unknown.

Toll-like receptors (TLRs) are highly expressed in
multiple cell types in the CNS, such as the microglia,
neurons, and astrocytes. TLRs represent the first point of
contact between the organism and the environment, and for
this reason, altering the activity or the expression of spe-
cific TLRs could reduce or prevent the development of
diseases associated with an inflammatory status [22–24].
Animal studies have shown that Toll-like receptor 2
(TLR2)-knockout (KO) mice are more susceptible to men-
ingitis due to Streptococcus pneumonia and infection with
Mycobacterium tuberculosis [25]. Moreover, we observed
that activation of microglial cells with peptidoglycan
(PGN) results in cell activation followed by the induction
of autophagy and autophagy-dependent cell death [26].
However, it is unknown whether autophagy alters the
microglial phenotype through the TLR2 signaling
pathway.

Despite the increasing reports studying the effects of
autophagy on microglial phenotypic switching under var-
ious pathological conditions, little emphasis has been
placed on microglial cells during infection. In this study,
using in vivo mice models and in vitro assays, we investi-
gated the relationship between autophagy and the TLR2
pathway in microglial cells treated with PGN. Then, we
examined the effect of autophagic flux on the alternation of
the BV2 microglial phenotype and its effect on cell
survival.

MATERIALS AND METHODS

BV2 Cell Culture

The mouse microglia BV2 cell line (Central Labora-
tory of Shandong University Medical College, China) was
cultured in Dulbecco’s modified Eagle’s medium (DMEM;
HyClone, USA) containing 10% fetal bovine serum and
penicillin-streptomycin (100 U/ml; 0.1 mg/ml) at 37 °C in
a 5% CO2-humidified incubator. Cells were trypsinized
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(0.25% trypsin; Invitrogen, Thermo Fisher Scientific,
USA) after entry into logarithmic growth phase to obtain
single cell suspensions, which were subsequently seeded
into 6-well plates (100 μl of 2 × 105 cells/well; Eppendorf,
USA) for the signaling experiments. The cells were divided
into 4 treatment groups: phosphate-buffered saline (PBS),
PGN, PGN + CU-CPT22 (TLR2 antagonist; Sigma,
Merck, USA), and PGN + Pam3CSK4 (TLR2 agonist;
APExBIO, USA).

TLR2 Small Interfering RNA and Transfection

Three isoforms of TLR2 mRNA sequences were
screened to select the small interfering RNA (siRNA)
sequence to inhibit TLR2 expression. BV2 cell culture
medium was replaced with fresh complete medium 2 h
before transfection. The siRNA sequences (Guangzhou
Ruibo Biotech Co., Ltd., China) were inserted into the
plasmids (containing siRNA and empty vector) and were
subsequently transfected into BV2 cells in the logarithmic
phase using Lipofectamine 2000 (Invitrogen, Thermo
Fisher Scientific, USA). The cells were cultured for 6 h
before refreshing the culture medium, and growth contin-
ued for another 48 h. Western blot analysis was performed
to verify TLR2 knockdown in the cells transfected with
siTLR2 as previously described [25]. The siRNA that
induced the greatest knockdown efficiency was selected
for subsequent experiments. The anti-TLR2 antibody for
Western blot analysis was purchased from Merck (USA).

Western Blot Analysis

PGN-treated BV2 cells were harvested and then lysed
with RIPA buffer (Sigma, USA) containing a protease
inhibitor on ice to obtain a total cell lysate. The protein
concentration of the cell lysate was determined using a
BCA assay (Biyuntian Biotechnology Co., Ltd., China).
Proteins (20 μg) were separated using 10% SDS-PAGE
and then transferred to nitrocellulose membranes
(Millipore, MA, USA). The blots were incubated with
anti-mouse LC3 (PTG; Sanying Biotechnology, Wuhan,
China), rabbit anti-mouse Beclin-1 (Affinity Biosciences,
Cincinnati, OH, USA), anti-TLR2 (Merck, USA), and anti-
mouse GAPDH (Abcam, USA) primary antibodies at 4 °C
overnight followed by incubation with horseradish
peroxidase–conjugated goat anti-rabbit or goat anti-
mouse (Merck, USA) secondary antibodies for 1 h at room
temperature. The bands were then developed using an
enhanced chemiluminescence reagent (Merck, USA) and
were analyzed using ImageJ software.

ELISA to Detect Cytokine Expression Levels

ELISAwas performed to determine the level of cyto-
kine secretion from the PGN-treated BV2 cells. The pro-
tein lysate of the BV2 cells treated with PGN for 24 h was
labeled using an ELISA cytokine detection kit
(MultiSciences, China) and a CD206 and CD86 receptor
detection kit (USCN, Wuhan, China). Absorbance values
of TNF-α, IL-6, CD86, IL-10, Arg-1, and CD206 cyto-
kines were obtained at 450 nm using a microplate reader
(Bio-Rad, USA).

Flow Cytometry

Cells were cultured for 24 h and then harvested in ice-
cold PBS at 4 °C for flow cytometry analysis to assess
microglial survival under different conditions. Annexin V-
FITC/PI staining solution (10 μl; BD, NJ, USA) was added
to 100 μl of a 1 × 106/ml cell suspension in binding buffer
in a 5-ml flow tube and incubated at room temperature for
15 min in the dark. After adding 400 μl of PBS to the flow
tube, the suspension was analyzed using a flow cytometer
(BD, USA).

Immunofluorescence

PGN and non-PGN-treated microglia grown on mi-
croscope slides were fixed with 4% paraformaldehyde for
10 min at room temperature, washed twice with PBS, and
then incubated in 5% normal goat serum (Gibco; Thermo
Fisher Scientific, USA). The slides were then incubated
with 0.05% Tween 20 (Sigma, USA) for 1 h to reduce
nonspecific binding before incubation with anti-LC3B and
anti-LAMP-1 primary antibodies for 1 h at room tempera-
ture. Next, three washes with PBSwere performed, follow-
ed by incubation with secondary antibody for 1 h and
examination under an LSM780 fluorescence microscope
(Zeiss, Germany).

Animal Handling and Grouping

Twelve 6–8-week-old male specific pathogen-free
(SPF) grade C57BL/6J mice (Central Laboratory of Shan-
dong University Medical College, China), weighing 20 ±
2.5 g, were randomly divided into four groups (n = 3; PBS,
PGN, PGN + 3-methyladenine (3-MA), and PGN +
siRNA-(si)TLR2 lentivirus groups) and were housed in
separate well-ventilated cages at 20–25 °C with a relative
humidity of 45–55% under a 12-h day/night cycle. The
mice were given food and water ad libitum. Regular
cleaning and disinfection of the cages were performed to
ensure that the breeding environment was pathogen-free,
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clean, and comfortable. The experiments complied with
the Regulations of the Administration of Laboratory Ani-
mals of the Ministry of Health of China (Document No. 55
of 2001) and were approved by the Animal Ethics Com-
mittee of Shandong University, China. The Staphylococcus
aureus extracts PGN and 3-MA were purchased from
Sigma (Merck, USA). The lentivirus for siRNA transfec-
tion was purchased from Hanheng Biotechnology, China.

TLR2-KO Mouse Model

To establish the TLR2-KO model, mice were anes-
thetized with 0.75 mg/10 g of sodium pentobarbital (China
Pharmaceutical Group Shanghai Chemical Reagent Com-
pany, China) and then fixed on a stereotaxic instrument.
After disinfection, the skin on the top of the head was cut in
the middle, and a 0.8-mm-diameter drill bit was used to
expose the anterior fontanelle of the brain (1.5 mm open-
ing). Then, si-TLR2 lentivirus (Heyuan Biotechnology
Co., Ltd., China) was injected into the lateral ventricle
according to the positioning coordinates: 1.7 mm depth
and 0.6 mm after the anterior fontanelle. The skin was
disinfected and sutured after the injection. The surgery
was performed quickly under anesthesia to minimize dis-
comfort and unnecessary injury to the mice. The surgery
was performed in accordance with the Animal Manage-
ment Regulations (School of Medicine, Shandong Univer-
sity, China).

Histoimmunofluorescence

One week after establishing the TLR2-KO model,
mice were injected with the test agents (3.8 × 109 PFU/ml
si-TLR2 lentivirus, 5 μg PGN, 0.5 μg 3-MA, and 5 μl
PBS) via the same method as described for establishing the
TLR2-KO model. The mice were sacrificed after 48 h by
cutting the cervical vertebrae and the occipital bone from
the back with scissors, and the brain was rapidly removed.
Brain tissue sections (5 μm thickness) were subsequently
paraffinized and routinely dewaxed in water, and antigen
retrieval was performed via microwave treatment. The
tissue sections were next soaked in 3% hydrogen peroxide
solution for 10 min before incubation with rabbit anti-
CD11b (Wuhan Yun Clone, China) and mouse anti-
LC3B (CST, USA) primary antibodies overnight at 4 °C.
Next, FITC-labeled LC3B (green) and A555-labeled
CD11b (red) secondary antibodies (Invitrogen; Thermo
Fisher Scientific, USA) were added dropwise and were
incubated at 37 °C for 30 min before counterstaining with
DAPI (Sigma, USA) at room temperature for 10 min.
Finally, an anti-fluorescence quencher (Biyuntian

Biotechnology Co., Ltd., China) was added dropwise be-
fore sealing with a coverslip. The expression pattern of the
microglia-specific marker CD11b and autophagy protein
LC3B were observed using confocal fluorescence micros-
copy (Olympus, Japan) at × 400 magnification. Three ran-
dom sections in three different fields were selected to count
the number of positively stained autophagic microglial
cells. Image analysis was performed using Image-Pro Plus
6.0 software (Media Cybernetics, USA).

Nissl Staining

Brain hippocampal 4-μm-thick tissue sections were
paraffinized and then routinely dewaxed in water before
staining with Nissl body dye solution for 10 min. The
stained sections were subjected to 95% alcohol dehydra-
tion and were sealed with neutral gum for examination
using an Olympus light microscope (Japan) at × 400 mag-
nification. Three random sections in three different fields
were selected to count the number of apoptotic cells. Im-
ages were analyzed using Image-Pro Plus 6.0 software.

Statistical Analysis

Statistical analysis was performed using SPSS ver-
sion 17.0 software (IBM SPSS Inc., Chicago, IL, USA).
Data from at least three independent experiments are
expressed as the mean ± standard deviation (SD). Compar-
isons between two groups were performed using the t test,
and comparisons among more than two groups were per-
formed using one-way ANOVA. Values of p < 0.05 were
considered statistically significant.

RESULTS

Determination of Optimal PGN Concentration for
Infecting Microglia and Optimal Time Points for
Observing Autophagy Levels in Microglia

We tested three PGN concentrations (5 μg/ml,
15 μg/ml, and 30 μg/ml) to determine the optimal PGN
concentration and the optimal time points of autophagy
detection. Autophagy-associated proteins extracted from in-
fected BV2 cells in vitro were analyzed using Western blot
analysis at 12-h and 24-h culture time points. Autophagy
was significantly increased at the 24-h time point compared
to the 12-h time point. In addition, the 15 μg/ml PGN
concentration induced the highest autophagy expression
(*p < 0.05) and showed a comparable autophagy level to
that of 30 μg/ml PGN (Fig. 1). Thus, 15 μg/ml PGN and
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detection at 24 h were selected for use in subsequent
experiments.

Selection of the siRNA Sequence to Produce TLR2-KO

The siRNA sequence for TLR2-KO was selected
from three different siRNA sequences that were each
transfected into BV2 cells. TLR2 protein expression in
the BV2 cells after siRNA treatment was assessed using
Western blot analysis after 48 h of culture, with GAPDH as
the loading control (Fig. 2a). The third siRNA sequence
(si-TLR2-3) was selected for subsequent experiments, as it
induced a 4-fold reduction in TLR2 expression compared
to the other siTLR2 sequences (**p < 0.01).

PGN Infection Activates TLR2 Signaling and Increases
Autophagy in Microglia

To study the relationship between the autophagy level
and the TLR2 pathway, the TLR2-specific ligand PGNwas
added to activate the pathway. Western blot analysis was
performed to detect the expression of autophagy-
associated proteins LC3I/II and Beclin-1 at the 24-h culture

time point in the presence (PGN and PGN + TLR2-KO
groups) or absence (negative control (NC) and TLR2-KO
groups) of PGN (Fig. 2b), and immunofluorescence en-
abled observation of GFP-LC3 autophagic plaques
(Fig. 2c). Higher autophagy (increased number of autoph-
agic plaques) was observed in the PGN group (**p < 0.01)
but not in the TLR2-KO group (#p > 0.05) compared to the
control group. This result indicates that PGN enhances
autophagy by activating the TLR2 pathway.

TLR2-Mediated Autophagy Regulates Microglial
Survival Through Microglial Phenotypic Switching

We used the TLR2 antagonist CU-CPT22 and agonist
Pam3CSK4 to determine the effect of autophagy on
microglial phenotypic transition and cell survival status.
Immunofluorescence revealed no significant difference in
TLR2 protein expression in the PGN group after the 24-h
culture time point (Fig. 3a). However, a significant increase
in TLR2 protein expression was observed in the PGN +
Pam3CSK4 group, while a significant reduction in TLR2
protein expression was noted in the PGN + CU-CPT22

Fig. 1. Autophagy levels in PGN-activated microglia. a Western blot images of autophagy-associated proteins in BV2 cells treated with different PGN
concentrations (5μg/ml, 15μg/ml, and 30μg/ml) at 12-h and 24-h culture time points. b Semiquantitative profiles of LC3I/II and Beclin-1 protein expression
at various PGN concentrations and culture detection time points. Data are presented as the mean ± SD; n = 3; *p < 0.05; **p < 0.01; #p > 0.05 vs. control.
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group. In addition, higher expression of autophagymarkers
LC3II and Beclin-1 was observed in the PGN +
Pam3CSK4 group compared to the PGN group, while
decreased autophagy marker expression was noted in the
PGN + CU-CPT22 group. The expression levels of the
M1-specific marker CD86 and the M1-associated cyto-
kines TNF-α and IL-6, as well as the M2-specific marker
CD206 and the M2-associated cytokines IL-10 and Arg-1,
were assessed using ELISA at the 24-h culture time point
(Fig. 3b). Increased autophagy and secretion of pro-

inflammatory cytokines, but no change in the expression
of cell markers, were observed in the PGN group. Similar-
ly, we found increased autophagy and pro-inflammatory
marker expression with obvious transition to the M1 phe-
notype and inhibition of M2 markers in the PGN +
Pam3CSK4 group. The reverse was observed in the PGN
+CU-CPT22 group, wherein microglia switched to theM2
phenotype with a concomitant decrease in M1-related pro-
tein expression (*p < 0.05; **p < 0.01). Using LC3B
(green) and LAMP-1 (red) immunofluorescence assays,

Fig. 2. PGN-induced autophagy in microglia is TLR2-dependent. Western blot images and semiquantitative profiles of LC3I/II and Beclin-1 protein levels a
in BV2 cells transfectedwith the three tested TLR2 siRNA sequences (si-TLR2-1, si-TLR2-2, and si-TLR2-3) and b in the negative control (NC), PGN, PGN
+ si-TLR2, and si-TLR2 groups co-cultured with 15 μg/ml PGN for 24 h. c Confocal micrographs showing GFP-LC3 expression in microglia at the 24-h
culture detection time point and corresponding histogram showing the average number of single LC3+ autophagosomes detected from three independent
experiments. Data are presented as the mean ± SD; n = 3; **p < 0.01; ***p < 0.001; #p > 0.05 vs. control.
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Fig. 3. TLR2-mediated autophagy regulates microglial phenotypic switching, which affects cell survival. a Western blot images and semiquantitative pr-
ofiles of TLR2, LC3II/I, and Beclin-1 protein levels in BV2 cells co-cultured with 15 μg/ml PGN for 24 h at 37 °C supplemented with 50 nM Pam3CSK4 or
10 μM CU-CPT22. b ELISA profiles of M1-associated markers (CD86, TNF-α, and IL-6) and M2-associated markers (CD206, Arg-1, and IL-10). c
Confocal images showing LC3B (green) and LAMP-1 (red) co-localization at the 24-h culture time point and a histogram of the number of co-localized
LC3B/LAMP-1-labeled autophagosomes in the four groups: NC, PGN + CU-CPT22, PGN, and PGN + Pam3CSK4. d Flow cytometry profiles showing the
level of apoptosis in the four groups of BV2 cells tested. Data are presented as the mean ± SD; n = 3; *p < 0.05; **p < 0.01; ***p < 0.001 vs. control.
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we observed an increased number of autophagosomes in
the PGN and PGN + Pam3CSK4 groups (Fig. 3c). Flow
cytometry showed that autophagy was enhanced with in-
creased apoptosis (Fig. 3d), and the extent of apoptosis was
consistent with M1 phenotypic switching.

Autophagy Is Associated with Microglial Damage and
TLR2 Signaling

The number of autophagosomes was the highest in
the microglia of the PGN group, and autophagy was sig-
nificantly reduced in the TLR2-KO and 3-MA groups
(Fig. 4a). Nissl bodies in normal microglia stained dark
blue with toluidine blue dye, and the nuclei stained light
blue, while damaged or apoptotic microglia were faintly
stained or unstained. Damaged or apoptotic microglia were
the most significant in the PGN group, unlike in the TLR2-
KO and 3-MA groups, which showed more intense Nissl

staining (Fig. 4b); these results indicated that enhanced
autophagy can increase microglial damage and that TLR2
inhibition or 3-MA-induced autophagy inhibition confers
cytoprotective effects on microglia.

DISCUSSION

Activation of microglial cells with bacterial PGNmay
result in the induction of microglial cell death by mecha-
nisms involving autophagy both in vitro and in vivo [26]. In
our present study, we found that PGN-stimulated
microglial cells can significantly increase the expression
of LC3-II and Beclin-1 after 24 h of co-culture, and the
level of autophagy was positively correlated with PGN
concentration, peaking at 15 μg/ml. Our Western blot
analysis, immunofluorescence assays, and TLR2-KO

Fig. 4. The effect of autophagy on microglial survival in PGN-treated mice. a Confocal fluorescence images at × 400 magnification showing LC3B (green)
and CD11b (red) co-localization in NC, PGN, PGN + TLR2-KO, and PGN + 3-MA mice at the 48-h culture time point and the histogram representing the
number of positively stained cells. **p < 0.01; ***p < 0.001 vs. control. bNissl staining images at × 400 magnification and the histogram of apoptotic cells in
the mouse hippocampus. The same apoptotic microglial cells (red arrow) are shown in each selected field for counting and calculation of the average values.
#p < 0.05; **p < 0.01.
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mouse model studies revealed that PGNwas able to induce
autophagy in microglia through the TLR2 signaling
pathway.

To support our results at the transcriptional level, we
selected the most effective siRNA sequence from among
three sequences to knockdown expression of the TLR2
gene in microglia and establish effective TLR2 silencing.
We analyzed the role of TLR2 in autophagy in PGN-
stimulated microglia in vitro, and our results showed that
knockdown of TLR2 by using siRNA markedly reduced
the autophagic level compared to treatment with control
siRNA. This result suggested that TLR2 plays a critical
role in autophagy in PGN-stimulated microglia. Further-
more, we observed that knocking down TLR2 by siRNA
significantly reduced the expression of LC3-II and Beclin-
1 proteins and the number of GFP-LC3 punctate structures.
Recently, other researchers have also demonstrated that
induction of autophagy could be suppressed by TLR2
silencing [27, 28]. Indeed, in TLR2-KO cells in vitro, it
has been demonstrated that knockdown of TLR2 led to
decreased autophagy that was dependent on significantly
reduced expression levels of LC3-II and Beclin-1 proteins
[29, 30]. These results consistently demonstrated that the
TLR2 signaling pathway is involved in autophagy activa-
tion. However, contrary to the findings of the present study,
Poluzzi et al. reported that TLR4, and not TLR2, is the
critical co-activator of M1 autophagy, along with CD44
[Poluzzi, 2019 citation]. Poluzzi et al. also demonstrated
that the CD44/TLR4 signaling axis, and not TLR2, was the
primary mediator of autophagy in biglycan-induced mac-
rophages, as they examined the effect on autophagy after
ischemia-reperfusion. Moreover, in the present study, we
used the Gram-positive cocci cell wall component PGN,
which is known to specifically activate TLR2, and not
TLR4, that primarily recognizes Gram-negative bacilli, to
enhance autophagy. Thus, these differences may account
for the distinct conclusions made in the present study
compared with the study of Poluzzi et al.

Recently, it was shown that microglia are a highly
plastic cell population in the CNS that serve multiple roles
not only in homeostasis of the CNS but also in recovery
from pathological conditions [32, 33]. TLR2 plays a role in
the host antibacterial immune response to both bacterial
meningitis and brain abscesses [34, 35]. However, whether
the TLR2 signaling pathway participates in autophagy of
microglia following cerebral infection is unknown. Our
Nissl staining and histoimmunofluorescence studies have
shown a correlation between autophagy and TLR2 signal-
ing pathways in the TLR2-KO model. We showed that
PGN injection into the mouse brain triggered formation

of LC3B+ puncta in CD11b+ cells, recruitment of
leukocytes and phagocytes to the injection site, and
damage to microglia. Moreover, these effects of PGN
were reduced in TLR2-KO and 3-MA-treated mice as
evidenced by the decreased autophagy, inflammatory cell
recruitment, and microglial apoptosis. Previous studies
have also found that PGN injection into the brain paren-
chyma triggered LC3B+ puncta formation in CD45+ cells,
pro-inflammatory mediator production, and neurotoxicity
[36]. Our findings are consistent with previous reports.
This observation suggested that inhibition of these signal-
ing pathways could reduce microglial activation and leu-
kocyte recruitment, thereby enabling neuroprotection.

Autophagy can be viewed as a double-edged sword.
Autophagy is protective when activated by mild physio-
logical stressors; however, over-activation of autophagy
can lead to a series of fatal consequences [37, 38]. Re-
searchers have found that both over-activation and inacti-
vation of autophagy can lead to neuronal death [39, 40].
However, the mechanism influencing the effect of TLR2-
mediated autophagy on microglial survival is unknown.
Our immunofluorescence assays and ELISA analysis have
confirmed that autophagy is involved in microglial M1/M2
phenotypic switching, and it regulates microglial survival.
Pam3CSK4 treatment significantly increased the level of
LC3B/LAMP-1 fluorescence co-localization compared to
PGN treatment alone, and over-activation of autophagy
promoted high expression of the M1 phenotypic marker
CD86 and pro-inflammatory mediators, such as TNF-α
and IL-6, while the TLR2 antagonist CU-CPT22 treatment
inhibited the expression of M1 markers and upregulated
the level of M2 phenotypic marker CD206 and anti-
inflammatory mediators, such as IL-10 and Arg-1. In ad-
dition, using flow cytometry, we found that the TLR2
agonist increased microglial apoptosis, whereas the TLR2
antagonist significantly reducedmicroglial apoptosis, com-
pared to PGN treatment alone. Animal studies have also
shown that TLR2-KO mice or 3-MA-treated mice had
decreased autophagy and reduced microglial apoptosis
following cerebral infection. These results indicate that
over-activation of autophagy is responsible for the M1
polarization of microglia and promotes microglial apopto-
sis. Indeed, the effects of autophagy on the microglial
phenotype are different under various pathological condi-
tions. Other studies have reported that inhibition of autoph-
agic flux induced an M1 microglial phenotype following
oxygen-glucose deprivation/reperfusion in BV2 cells, with
high levels of TNF-α, iNOS, and COX-2 [3]. In addition,
upregulation of autophagy promoted microglia towards an
M2 phenotype while inhibition of autophagy increased the
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M1 polarization associated with neurodegenerative dis-
eases [41, 42]. These studies demonstrated the multifaceted
nature of autophagy under different pathological condi-
tions. In summary, our results first suggested that an
inhibited autophagic flux induced an M2 microglial phe-
notype following infection, and this phenomenon promot-
ed microglial survival.

In conclusion, our studies have shown that TLR2
deficiency or inhibition of autophagy contributes to en-
hanced neuroprotective properties in PGN-induced mi-
croglia. Moreover, TLR2-mediated autophagy could regu-
late microglial M1/M2 phenotype switching. Over-
activation of autophagy promoted microglial M1 polariza-
tion and increased apoptosis. Inhibition of autophagy in-
duced microglial polarization towards the M2 phenotype,
decreased the inflammatory response, and, in turn, promot-
ed neuroprotection. Our studies suggest that modulating
autophagy-regulated M1/M2 polarization may be a poten-
tial strategy for treating neuroinflammation-related disor-
ders. These findings may have revealed a novel immune
regulatory mechanism that links the innate immune recep-
tor TLR2 and autophagy-regulated M1/M2 polarization
after infection.
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