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Abstract: The high mobility group box 1 (HMGB1), a well-known danger-associated molecule pattern
(DAMP) molecule, is a non-histone chromosomal protein localized in the nucleus under normal
physiological conditions. HMGB1 exhibits diverse functions depending on its subcellular location. In
the present study, we investigated the role of HMGB1-induced autophagy in the lipopolysaccharide
(LPS)-treated BV2 microglial cell line in mediating the transition between the inflammatory and
autophagic function of the nucleotide-binding oligomerization domain-containing 2 (NOD2), a cy-
toplasmic pattern-recognition receptor. The induction of the microtubule-associated protein 1 light
chain 3 (LC3), an autophagy biomarker, was detected slowly in BV2 cells after the LPS treatment, and
peak induction was detected at 12 h. Under these conditions, NOD2 level was significantly increased
and the binding between HMGB1 and NOD2 and between HMGB1 and ATG16L1 was markedly
enhanced and the temporal profiles of the LC3II induction and HMGB1-NOD2 and HMGB1-ATG16L1
complex formation coincided with the cytosolic accumulation of HMGB1. The LPS-mediated au-
tophagy induction was significantly suppressed in BV2 cells after HMGB1 or NOD2 knock-down
(KD), indicating that HMGB1 contributes to NOD2-mediated autophagy induction in microglia.
Moreover, NOD2-RIP2 interaction-mediated pro-inflammatory cytokine induction and NF-κB activ-
ity were significantly enhanced in BV2 cells after HMGB1 KD, indicating that HMGB1 plays a critical
role in the modulation of NOD2 function between pro-inflammation and pro-autophagy in microglia.
The effects of the cell-autonomous pro-autophagic pathway operated by cytoplasmic HMGB1 may be
beneficial, whereas those from the paracrine pro-inflammatory pathway executed by extracellularly
secreted HMGB1 can be detrimental. Thus, the overall functional significance of HMGB1-induced
autophagy is different, depending on its temporal activity.

Keywords: HMGB1; NOD2; autophagy; inflammation; microglia

1. Introduction

The high mobility group box 1 (HMGB1) is a well-known damage-associated molecu-
lar pattern (DAMP) molecule. However, depending on its subcellular location, HMGB1
exhibits diverse functions. As a nuclear protein, HMGB1 is involved in DNA replication
and repair, transcription regulation, and chromatin structure-modulation as a non-histone
chromosomal protein [1–3]. When it is present in the extracellular milieu after being re-
leased from dying cells or secreted from activated immune cells, HMGB1 induces and
aggravates inflammatory responses [4,5]. Interestingly, cytosolic HMGB1 plays a critical
role as an autophagy regulator; starvation-induced oxidative stress promotes the transloca-
tion of HMGB1 from the nucleus to the cytoplasm and the translocated HMGB1 enhances
the autophagic flux via direct interaction with Beclin-1 [6]. Controlling the switch between
the pro-autophagic and pro-apoptotic functions of Beclin 1 and autophagy-related 5 (ATG5)
by cytosolic HMGB1 during inflammation has also been reported in inflammatory bowel

Cells 2022, 11, 2410. https://doi.org/10.3390/cells11152410 https://www.mdpi.com/journal/cells

https://doi.org/10.3390/cells11152410
https://doi.org/10.3390/cells11152410
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://doi.org/10.3390/cells11152410
https://www.mdpi.com/journal/cells
https://www.mdpi.com/article/10.3390/cells11152410?type=check_update&version=1


Cells 2022, 11, 2410 2 of 15

disease [7]. In addition, HMGB1-p53 complex regulates the tumor cell survival and death
by promoting either apoptosis or autophagy through the modulation of the cytoplasmic
translocation of the reciprocal binding partner [8].

The nucleotide-binding oligomerization domain (NOD) acts as a cytoplasmic pathogen
recognition sensor, functioning as a host defense against pathogens and inflammation [9,10].
NOD1 and NOD2 recognize the peptidoglycans (PGNs) localized on the bacterial cell
wall; in particular, NOD2 recognizes bacteria by interacting with muramyl dipeptide
(MDP), a PGN present both in Gram-positive and Gram-negative bacteria, through its C-
terminal leucine-rich repeats domain [11,12]. The NOD1 and NOD2 activation initiates the
pro-inflammatory processes by activating the receptor-interacting protein 2 kinase (RIP2,
CARD-containing serine/threonine kinase), and subsequently the activation of nuclear
factor-kappa B (NF-κB) [13]. Interestingly, MDP (a NOD agonist) also increases the number
of autophagosomes in bone marrow-derived macrophages, and NOD1 and NOD2 play
a crucial role in autophagy initiation in response to invasive bacteria via the recruitment
of autophagy-related protein 16-1 (ATG16L1) [14]. In addition, ATG16L1 regulates the
NOD-induced inflammatory response by interfering with the poly-ubiquitination of the
RIP2 adaptor and recruitment of RIP2, resulting in anti-inflammatory function [15]. There-
fore, NOD2 plays an important role in inducing inflammation and autophagy, and these
two functions seem to be closely associated.

The extracellular secretion of HMGB1 occurs in diverse ways. Post-translational modi-
fications regulate the secretion of HMGB1 [16] and stimuli triggering lysosomal exocytosis
regulate the extracellular secretion of HMGB1 [17]. The extracellular delivery of interleukin
(IL)-1β and HMGB1 via an autophagy-based unconventional secretory pathway has been
reported, and critical roles for ATG5, inflammasomes, and one of the two mammalian
Golgi reassembly-stacking protein (GRASP) paralogs, GRASP55 (GORASP2), have also
been shown [18]. The cytosolic HMGB1 increases the autophagosome formation, which
subsequently induces the extracellular secretion of HMGB1 under various pathological
conditions [7,19–21]. HMGB1 plays a vital role in various pathological conditions in the
central nervous system (CNS), and numerous studies have reported the activation of mi-
croglia and aggravation of its pro-inflammatory function by HMGB1. We have previously
reported that the LPS treatment induces the HMGB1 translocation from the nucleus to the
cytosol and to the extracellular environment in the ischemic brain and microglia [5,22–24].
In the present study, we investigated the putative role of cytosolic HMGB1 in autophagy
induction, in particular, whether cytosolic HMGB1 modulates the function of NOD2 be-
tween inflammation and autophagy by interacting with NOD2 using the LPS-treated BV2
microglial cell line.

2. Materials and Methods
2.1. Cell Cultures and Treatment

The BV2 murine microglial cell line was maintained in Dulbecco’s modified Eagle’s
medium (DMEM; Sigma, St. Louis, MO, USA), supplemented with 5% heat-inactivated
fetal bovine serum (Hyclone, Logan, UT, USA), penicillin (20 U/mL), and streptomycin
(20 mg/mL) in a 5% CO2 incubator. The BV2 cells were stimulated with lipopolysaccharide
(LPS, obtained from Escherichia coli O111: B4) at the concentration as indicated in each
experiment. For the inhibitor treatment, the BV2 cells were pretreated with Bafilomycin
A1 (BA; 50 nM, Sigma, St. Louis, MO, USA), Chloroquine (CQ; 5 µM, Sigma), or 3-
methyladenine (3MA; 5 mM. Caymanchem, Ann Arbor, MI, USA) for 2 h and then treated
with LPS (1 µg/mL) for 24 h.

2.2. siRNA Transfection

The siNOD2 and siCon (control siRNA) were purchased from Integrated DNA Tech-
nologies, Inc. (Coralville, IA, USA). The siNOD2 and siCon (80 pmol each) were individ-
ually mixed with Oligofectamine and Opti-MEM (both Invitrogen, Carlsbad, CA, USA),
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according to the manufacturer’s instructions, and then the siRNA-Oligofectamine complex
was added to the BV2 cells (6 × 104 cells/well) and incubated for 24 h.

2.3. Generation of HMGB1 Knockdown (KD) Stable Cell Line

To generate the HMGB1 knockdown BV2 cells, a stable transfection of the plasmid-
expressing HMGB1 shRNA (5′-GATCCCGAAGCACCCGGATGCTTCTTTCAAGAGAAG
AAGCATCCGGGTGCTTCTTTTTTGGAAA-3′) was conducted [5]. The HMGB1 shRNAs
were synthesized and subcloned into the pU6 plasmid (Ambion, Austin, TX, USA), and
then transfected into BV2 cells [5]. The cells with reduced HMGB1 expression were selected,
and stable cell lines were established by selection with 400 µg/mL G418 for six weeks. The
level of HMGB1 was analyzed using immunoblot analysis, and a stable cell line showing
the lowest HMGB1 level was selected shHMGB1-BV2 (3-5).

2.4. Nuclear Extract Preparation

The nuclear extracts were prepared from BV2 cells (5 × 106 cells) using nuclear extrac-
tion kits (Thermo Fisher Scientific, Rockford, IL, USA), according to the manufacturer’s
instructions. The crude nuclear proteins in the supernatants were collected and stored at
−70 ◦C until further use.

2.5. Cell Culture Media Preparation

The culture medium was collected and concentrated using a Nanosep® centrifugal
device (Pall Life Science, Port Washington, NY, USA). Briefly, 500 µL of culture medium
was harvested in the upper reservoir of the device and centrifuged for 10 min at 14,000 rpm
at room temperature. The concentrated medium was collected and stored at −70 ◦C until
further use.

2.6. Immunofluorescence Staining

The BV2 cells were washed once with ice-cold phosphate-buffered saline (PBS) and
fixed with 4% paraformaldehyde (Sigma Aldrich, St. Louis, MO, USA) for 20 min. Fixed
BV2 cells were blocked and permeabilized with 1% goat serum and 0.1% Triton X-100 in
PBS, followed by incubation with primary antibodies for anti-light chain 3 (LC3; 1:200;
PM036, MBL, Woburn, MA, USA) and anti-HMGB1 1:200; ab190377, Abcam, Cambridge,
UK) at 4 ◦C overnight. For the double immunostaining, FITC ant-rabbit IgG (Merck
Millipore, Burlington, MA, USA) or rhodamine anti-mouse IgG (Merck Millipore) was
used as the secondary antibody and incubated for 1 h at room temperature. The cells were
counterstained with DAPI (Merck Millipore) to visualize the nuclei and then observed
under a fluorescence microscope (Axio Observer; Zeiss, Oberkochen, Germany).

2.7. Immunoblotting

The BV2 cells were washed twice and collected in ice-cold PBS. The cells were re-
suspended at 4 ◦C in RIPA buffer containing 150 mM NaCl, 50 mM Tris-HCl (pH7.4),
0.5% Triton X-100, 0.5% NP-40, 0.25% sodium deoxycholate, and complete mini protease-
inhibitor cocktail tablets (Roche, Basel, Switzerland), and incubated on ice for 15 min.
The samples were centrifuged for 10 min at 14,000 rpm at 4 ◦C, and the supernatant was
harvested. Equal amounts of protein were loaded onto 6–12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gels and transferred to polyvinylidene
fluoride (PVDF) membranes (Merck Millipore, Darmstadt, Germany), and blocked with 5%
non-fat dry milk in Tris-buffered saline (25 mM Tris, 2.7 mM KCl, 137 mM NaCl, and 0.1%
Tween-20; pH 7.4). The complete experimental procedure is previously described [25]. In
brief, after blocking, the membrane was incubated with target primary antibodies overnight
in a cold room at 4 ◦C with constant shaking. The primary antibodies for anti-LC3 (1:2000;
2775S, Cell Signaling Technology, Danvers, MA, USA), anti-HMGB1 (1:2000; ab18256, Ab-
cam, Cambridge, UK), anti-alpha tubulin (1:10,000; GTX112141, Genetex, Irvine, CA, USA),
anti-LaminB1 (1:2000; D9V6H, Cell Signaling Technology), anti-ATG5 (1:1000; SC-33210,
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Santa Cruz, Dallas, TX, USA), anti-ATG7 (1:2000; D12B11, Cell Signaling Technology), anti-
ATG14 (1:2000; 28021-1-AP, Proteintech, Chicago, IL, USA), anti-ATG16 (1:2000; D6D5, Cell
Signaling Technology), anti-Beclin-1 (1:5000; 11306-1-AP, Proteintech), anti-SQSTM1/p62
(1:2000; ab56416, Abcam), and anti-NOD2 (1:1000, DF12125, Affinity Biosciences, Cincinnati,
OH, USA) were diluted as indicated for each antibody. The membrane was washed with
Tris-buffered saline with 0.1% Tween (TBST) and incubated with target secondary antibody
for 1 h. The membrane was washed in TBST twice for 10 min each and the signals were
detected, using a chemiluminescence kit (Merck Millipore). The signals were confirmed by
band intensity analysis, using Image J software.

2.8. Immunoprecipitation-Linked Immunoblot Analysis

The cell lysates (0.5–1 mg of total protein) were immunoprecipitated with anti-HMGB1
(Abcam), or anti-NOD2 (Santa Cruz) at 4 ◦C overnight on protein A-Sepharose beads. The
bead-bound complexes were pelleted, washed several times with lysis buffer, and boiled
with a SDS sample buffer for 5 min prior to SDS-PAGE. For the Western blot analysis,
the proteins were transferred to PVDF membranes after SDS-PAGE and blocked with
5% non-fat dry milk. The blots were incubated with specific primary antibodies, such as
anti-HMGB1 (1:2000; ab190377, Abcam,), anti-NOD2 (1:1000; DF12125, Affinity Bioscience),
or anti-ATG16 (1:2000; 8089, Cell Signaling Technology), overnight at 4 ◦C. The signals
were detected, using a chemiluminescence kit (Merck Millipore).

2.9. RNA Preparation and Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

The cell lysates were collected from BV2 and shHMGB1-BV2 cells at 4, 6, 8, and 12 h
after the LPS treatment and the total RNA was prepared using TRIzol reagent (Thermo
Fisher Scientific) and 1 µg RNA samples were used for cDNA synthesis using a RT-PCR kit
(Roche, Mannheim, Germany), following the manufacturer’s instructions. The sequences
of the primer sets are summarized in Table 1.

Table 1. Oligonucleotide primers used in RT-PCR analysis.

Gene
(GenBank Accession No.) Oligonucleotide Primer Sequences PCR Product Size (bp) Tm

IL-1β (M98820) 5′-AGC ATC CAG CTT CAA ATC TCA-3′

5′-CGA GGC ATT TTT GTT GTTCAT-3′ 271 54

IL-6 (BC132458) 5′-GGA AAT GAG AAA AGA GTT GTG CAA T-3′

5′-CCT TAG CCA CTC CTT CTG TGA-3′ 370 54

TNF-α (NM012675) 5′-CTC AAA ACT CGA GTG ACA AG-3′

5′-CTC CGT GAT GTC TAA GTA CT-3′ 422 46

iNOS (AY090567) 5′-AAGAACGTGTTCACCATGAGG-3′

5′-CCAGTAGCTGCCACTCTCATC-3′ 363 54

GAPDH (DQ403053) 5′-TCA TTG ACC TCA ACT ACA TGG T-3′

5′-CTA AGC AGT TGG TGG TGC AG-3′ 252 54

2.10. Statistical Analyses

The statistical analyses were performed using analysis of variance (ANOVA) followed
by the Newman–Keuls test. All of the results are presented as the mean ± SEM. The
statistical significance was set at (p < 0.05).

3. Results
3.1. Temporal Profile of Autophagy Induction in LPS-Treated Microglia

When we examined the temporal profile of autophagy induction in LPS (1 µg/mL)-
treated microglia, the induction of the microtubule-associated protein 1 (LC3), a biomarker
of autophagy, occurred slowly and the peak induction was detected at 12 h post treat-
ment and a significantly enhanced level was sustained at 24 h (Figure 1A,B). In contrast,
the protein level of the SQSTM1/p62 (sequestome 1) gradually decreased (Figure 1A).
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When we stained the BV2 cells with anti-LC3 antibody, the immunoreactivity of LC3 was
redistributed after the LPS treatment from a diffuse pattern to the typical punctate type
(Figure 1C). The number of LC3 puncta was significantly increased, reaching a peak at
12 h after the LPS treatment and a significantly enhanced level was sustained at 24 h
(Figure 1D). In addition, the expression of the other autophagy-related molecules, such as
ATG7, ATG14, and ATG16, was upregulated in the LPS-treated BV2 cells and the maximum
induction detected at 12 h or 24 h after the LPS treatment (Figure 1E,F). The expression of
Beclin-1, a well-known key regulator of autophagy, was also significantly induced and the
maximum induction was also detected at 12 h after the LPS treatment (Figure 1E,F). When
we disrupted the autophagy flux by pre-treating the BV2 cells with Bafilomycin A1 (Baf)
or chloroquine (CQ), which inhibits autophagosome-lysosome fusion, the LC3II level at
24 h after the LPS treatment was significantly increased (Figure 1G,H), indicating that the
autophagy flux was impaired. The LC3 puncta accumulated in the cytosol of the BV2 cells
and their number significantly increased at 12 h and 24 h after the LPS treatment (Figure S1,
Supplementary Materials). It is important to note that the autophagy induction in the
LPS-treated BV2 cells was significantly suppressed after treatment with a Toll-like receptor
4 (TLR4) antagonist, TLR4-IN-C34 (Figure 1I,J), indicating a critical role for TLR4 signaling.
Collectively, these results indicate that autophagy was slowly induced in a TLR4-dependent
manner in the LPS-treated BV2 cells, that it peaked at 12 h, and then decreased thereafter.

3.2. NOD2 Plays a Critical Role in LPS-Induced Autophagy in BV2 Cells

To investigate whether NOD2 is involved in autophagy induction in microglia after
the LPS treatment, the NOD2 level was examined in the BV2 cells after treatment with LPS
(500 ng/mL). The amount of NOD2 was significantly increased after the LPS treatment,
reaching the maximum level at 12 h (Figure 2A). To further examine the importance of
NOD2, the LC3-II induction was examined in the BV2 cells wherein the NOD2 expression
was knocked down (KD) via transfection with NOD2 siRNA (siNOD2-BV2). The basal
NOD2 level was reduced to 13.2± 7.6% of that in the control cells and this reduction was not
detected in the cells transfected with the scrambled siRNA of NOD2 (siSC-BV2) (Figure 2B).
Notably, the LC3II induction observed at 12 h after the LPS treatment (Figure 1A,B) was
not detected in the siNOD2-BV2 cells, where the basal level of LC3II was 29.9 ± 9.1% of
that in the control cells and the LPS-mediated induction was not detected (Figure 2C).
However, such a basal level reduction in LC3II was not observed and its induction after the
LPS treatment was detected in the siSC-BV2 cells (Figure 2C), indicating that NOD2 plays
an important role in the autophagy induction in the LPS-treated BV2 cells. In addition,
the basal level of the autophagy-related molecules (ATG7, ATG5, and ATG16) was also
significantly suppressed in the NOD2 KD BV2 cells and induction after the LPS treatment
was not observed (Figure 2D,E). These results further support a notion that NOD2 plays
a critical role in the LPS-mediated induction of autophagy in microglia.
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the means ± SEM in B (n = 4); (C,D) Immunofluorescence staining was conducted at 12 and 24 h after 
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in C (Scale bar, 20 μm), and quantification of the dot– or ring–shaped LC3 signals (representing 
autophagosomes) are shown in D (n = 12); (E,F) ATG7, ATG14, ATG16, and Beclin-1 levels were 
examined using immunoblotting. Representative immunoblots are presented in E, and quantifica-
tion results are presented as the means ± SEM in F (n = 3 for ATG7 and ATG14, n = 4 for ATG16 and 
Beclin-1). (G,H) BV2 cells were pretreated with Bafilomycin A1 (Baf, 50 nM) or chloroquine (CQ, 5 
μM) for 2 h and then treated with LPS (500 ng/mL) for 24 h, and level of LC3 was examined using 
immunoblotting; (I,J) BV2 cells were treated with LPS (100 ng/mL) for 12 h in the presence or ab-
sence of TLR4-IN-C34 (5 and 10 μM), and LC3 levels were examined using immunoblotting. Repre-
sentative immunoblots are presented in H and I, and quantification data are presented in G and J (n 
= 4). * p < 0.05, ** p < 0.01 vs. PBS-treated control cells, ## p < 0.01 between indicated groups using 
one–way ANOVA with Student–Newman–Keuls test. 

Figure 1. LPS induces autophagy in BV2 cells. BV2 cells were treated with LPS (1 µg/mL) for
2, 4, 6, 12, and 24 h (A–F). (A,B) Protein levels of LC3 and SQSTM1/p62 were examined using
immunoblotting. Representative immunoblots are presented in (A), and quantification results are
presented as the means ± SEM in (B) (n = 4); (C,D) Immunofluorescence staining was conducted
at 12 and 24 h after LPS treatment with anti-LC3 antibody (green) and DAPI (blue). Representative
images are shown in (C) (Scale bar, 20 µm), and quantification of the dot– or ring–shaped LC3 signals
(representing autophagosomes) are shown in (D) (n = 12); (E,F) ATG7, ATG14, ATG16, and Beclin-1
levels were examined using immunoblotting. Representative immunoblots are presented in (E),
and quantification results are presented as the means ± SEM in (F) (n = 3 for ATG7 and ATG14,
n = 4 for ATG16 and Beclin-1). (G,H) BV2 cells were pretreated with Bafilomycin A1 (Baf, 50 nM) or
chloroquine (CQ, 5 µM) for 2 h and then treated with LPS (500 ng/mL) for 24 h, and level of LC3
was examined using immunoblotting; (I,J) BV2 cells were treated with LPS (100 ng/mL) for 12 h
in the presence or absence of TLR4-IN-C34 (5 and 10 µM), and LC3 levels were examined using
immunoblotting. Representative immunoblots are presented in (H) and (I), and quantification data
are presented in (G) and (J) (n = 4). * p < 0.05, ** p < 0.01 vs. PBS-treated control cells, ## p < 0.01
between indicated groups using one–way ANOVA with Student–Newman–Keuls test.
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Figure 2. NOD2 deficiency suppresses LPS-induced autophagy in BV2 cells. (A) BV2 cells were
treated with LPS (500 ng/mL) for 4, 6, 8, 12, and 24 h, and the level of NOD2 was examined using
immunoblotting (n = 3); (B–E) NOD2 siRNA or scrambled siRNA were transfected into BV2 cells
(siNOD2-BV2 and siSC-BV2 cells, respectively); At 24 h after transfection, the basal NOD2 levels
were examined using immunoblot analysis (B); At 24 h after transfection, the cells were treated
with LPS (500 ng/mL), and the LC3 levels at 12 h post LPS treatment were examined (C); Levels of
ATG5, ATG7, and ATG16 were examined in BV2, siNOD2-BV2, and siSC-BV2 cells at 12 h after LPS
treatment using immunoblotting (D,E). Representative immunoblots are presented and quantification
results are presented as the means ± SEM. * p < 0.05, ** p < 0.01 vs. PBS-treated control cells, and
## p < 0.01 between indicated groups using one–way ANOVA with Student–Newman–Keuls test.

3.3. Cytoplasmic HMGB1 Binds to NOD2 and ATG16 in LPS-Treated BV2 Cells

To examine the role of the cytosolic HMGB1 in the autophagy induction in the LPS-
treated BV2 cells and its association with NOD2, we investigated the temporal profile of the
HMGB1 translocation from the nucleus to the cytoplasm and its accumulation in the culture
media in the LPS-treated BV2 cells. We found that HMGB1 remained in the cytoplasm for
more than 12 h (between 6 and 18 h) before it was secreted extracellularly (Figure 3A–C).
Interestingly, the immunofluorescence staining of the BV2 cells with anti-HMGB1 at 18 h
after the LPS treatment revealed that the cytosolic HMGB1 was detected as diffusely
stained puncta (Figure 3D), indicating the participation of HMGB1 in autophagosome
formation. These observations prompted us to examine whether HMGB1 interacts directly
with NOD2 in the process of autophagosome formation. The co-immunoprecipitation
analysis revealed an enhanced interaction between HMGB1 and NOD2 first at 6 h after
the LPS treatment, it continued to increase, and peaked at 12 h (Figure 3E). We also found
that HMGB1 interacts with ATG16L1 at 6 h after the LPS treatment, and this interaction
was maintained until 12 h and then decreased (Figure 3F). Notably, the time points when
HMGB1 was co-immunoprecipitated with NOD2 or ATG16L1 coincided with the period of
HMGB1 localization in the cytoplasm (Figure 3A,B). These results indicate that the cytosolic
HMGB1 interacts with NOD2 and ATG16 and may be involved in the autophagosomal
complex formation.
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Figure 3. Cytosolic HMGB1 translocated from the nucleus after LPS treatment interacts with NOD2
and ATG16 in BV2 cells. (A,B) BV2 cells were treated with LPS (100 ng/mL), and the levels of HMGB1
in nucleus and cytosol were examined after 6, 12, 18, and 24 h of LPS treatment using immunoblotting.
Representative immunoblots are presented in (A) and quantification results of cytosolic is presented
as the mean ± SEM (n = 4) in (B); (C) BV2 cells were treated with LPS (100 ng/mL), and the levels
of HMGB1 in culture medium were examined after 6, 12, 18, and 24 h of LPS treatment using
immunoblotting. Representative immunoblots are presented and quantification result is presented
as the mean ± SEM (n = 6); (D) Immunofluorescence staining was carried out at 4, 8, and 18 h
after LPS treatment with the anti-LC3 antibody, and representative images at each time point and
high magnification images obtained from 18 h are presented. Scale bar, 50 µm; (E,F) BV2 cells
were treated with LPS (100 ng/mL) for 3, 6, 9, 12, and 18 h, and the interactions between HMGB1-
NOD2 (E) or HMGB1-ATG16 (F) were examined using co-immunoprecipitation. Antibodies used in
immunoprecipitation and immunoblotting are presented in each experiment. * p < 0.05, ** p < 0.01 vs.
PBS-treated control cells.

3.4. Suppression of LPS-Induced Autophagy in HMGB1 KD BV2 Cells

To further investigate the importance of HMGB1 in autophagy formation in the LPS-
treated BV2 cells, we generated HMGB1 KD BV2 cell lines by stably transfecting shHMGB1
(shHMGB1-BV2). Among the few lines showing stable transfection, the shHMGB1-BV2
(3-5) cell line was selected and used (Figure S2, Supplementary Materials). In the shHMGB1-
BV2 (3-5) cells, the HMGB1 level was reduced to 20.7 ± 11.9% of that in the wild type,
and the ratio between the levels in the nucleus and cytoplasm seemed to be maintained
(Figure 4A,B). Importantly, the basal LC3 level in the shHMGB1-BV2 cells was significantly
higher than that in the wild type; however, the LPS-mediated LC3 induction was not
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detected in the shHMGB1-BV2 cells at all of the examined time points, including the peak
induction at 12 h (Figure 4C). This observation indicates an important role for HMGB1
in the LPS-induced microglial autophagy. In addition, the significant reduction in the
autophagosome-like dots at 12 h post-LPS treatment visualized using anti-LC3 staining
further strengthened the critical role of HMGB1 in this process (Figure 4D,E). Interestingly,
the basal level of NOD2, ATG16, and Beclin-1 was significantly higher in the shHMGB1-
BV2 cells compared to the normal BV2 cells (Figure 4F–I). However, further induction after
the LPS treatment was not observed for ATG16, and Beclin-1; in contrast, it was observed
for NOD2 (Figure 4F–I). Together, these results indicate that HMGB1 plays an important
role in autophagy in the LPS-treated microglia.
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Figure 4. LPS-induced autophagy is significantly suppressed in HMGB1 KD BV2 cells. BV2 cells were
transfected with pU6 plasmid expressing HMGB1 shRNA (shHMGB1-BV2) or empty pU6 plasmid
(pU6-BV2), and shHMGB1-BV2 (3-5) cell line was selected. (A,B) Nuclear and cytosolic HMGB1 levels
were examined using immunoblot analysis in wild type, pU6-BV2, and shHMGB1-BV2 cells, and
representative immunoblot and quantification results are presented (n = 3); (C,F–I) Wild-type BV2,
pU6-BV2, and shHMGB1-BV2 cells were treated with LPS (1 µg/mL) for 6, 12, and 24 h, and the levels
of LC3 (C), and NOD2, ATG16, and Beclin-1 (F–I) were examined using immunoblotting analysis.
Representative immunoblots are presented in (C) and (F), and quantification results are presented as
the mean ± SEM (n = 4) in (C) and (G–I); (D,E) Wild-type BV2, pU6-BV2, and shHMGB1-BV2 cells
were treated with LPS (1 µg/mL) for 12 and 24 h, and immunofluorescence staining was performed
with anti-LC3 antibody (green) and DAPI (blue). Representative images are shown in (D), and
quantification of the dot- or ring-shaped LC3 signals (representing autophagosomes) are presented as
the mean ± SEM (n = 12) in (E). Scale bar, 20 µm. * p < 0.05, ** p < 0.01 vs. PBS-treated control cells.
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3.5. HMGB1 KD Augments Inflammation in LPS-Treated BV2 Cells at Early Time Points

The significant suppression of the LPS-induced LC3 upregulation and puncta for-
mation, with a significant induction of the NOD2 basal level in the shHMGB1-BV2 cells
prompted us to examine if the pro-inflammatory cytokine induction was enhanced in
the shHMGB1-BV2 cells. In the normal BV2 cells, inducible nitric oxide synthase (iNOS)
induction gradually increased between 4 h and 12 h after the LPS treatment (Figure 5A,B).
Interestingly, in the BV2-shHMGB1 cells, the iNOS induction at 4 h after the LPS treatment
was significantly higher and this enhanced induction was sustained at 6 h after the LPS
treatment (Figure 5A,B). Importantly, similarly enhanced inductions of IL-1β, IL-6, and
tumor necrosis factor (TNF) α were observed in the BV2-shHMGB1 cells with some vari-
ations in the differences in induction levels and time points (Figure 5A,C–E). The results
indicate an enhanced pro-inflammatory response during this early period after the LPS
treatment in the HMGB1 KD BV2 cells.
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Figure 5. Induction of pro-inflammatory cytokine expression is enhanced in LPS-treated HMGB1 KD
BV2 cells. BV2 or shHMGB1-BV2 cells were treated with LPS (500 ng/mL) for 4, 6, 8, and 12 h, and
expression of iNOS, IL-1β, IL-6, and TNFα was examined using RT-PCR analysis. Representative
results are presented in (A) and quantification results are presented as the mean ± SEM in (B–E).
* p < 0.05, ** p < 0.01 vs. PBS-treated control cells, # p < 0.05, ## p < 0.01 between indicated groups
using one-way ANOVA with Student–Newman–Keuls test.

3.6. Suppression of Autophagy Augments Proinflammatory Response in LPS-Treated BV2 Cells at
Early Time Points

Since the basal level of NOD2 is significantly higher in the HMGB1 KD BV2 cells than
that in the normal BV2 cells (Figure 4F,G), we investigated the possibility that this enhanced
NOD2 is involved in the augmentation of pro-inflammation but not the pro-autophagic
function, due to the limited cytosolic HMGB1 in the HMGB1 KD BV2 cells. To investigate
this possibility, we examined the pro-inflammatory cytokine expression after inhibiting
autophagy by pre-treating the normal BV2 and HMGB1 KD BV2 cell lines with 3-MA
(5 mM), an autophagy inhibitor, for 2 h. Interestingly, the levels of the pro-inflammatory
cytokine (iNOS, IL-1β, and IL-6) at 4 h after the LPS treatment were significantly higher
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in the wild-type-BV2 cells (Figure 6A–D). In contrast, in the BV2-shHMGB1 cells, pro-
inflammatory cytokine expression at 4 h after the LPS treatment was higher than those
in the normal BV2 cells, as observed in Figure 5, but no additional increase was detected
after the 3-MA treatment (Figure 6A–D), suggesting that the enhanced pro-inflammation
in the HMGB1 KD BV2 cells may result from the suppressed autophagy. Together these
results support that the cytosolic HMGB1 may be involved in the modulation of the pro-
inflammatory and pro-autophagic function of NOD2 in the LPS-treated BV2 cells, and it
was tilted to a pro-inflammatory function in the HMGB1 KD condition.
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Figure 6. Induction of pro-inflammatory cytokine expression is enhanced in LPS-treated HMGB1 KD
BV2 cells. (A–D) BV2 and shHMGB1-BV2 cells were pretreated with 3-MA (5 mM) for 2 h and then
treated with LPS (500 ng/mL) for 4 h, and the expression of iNOS, IL-1β, and IL-6 was examined
using RT-PCR. Representative results are presented in (A) and quantification results are presented
as the mean ± SEM in (B–D). * p < 0.05, ** p < 0.01 vs. PBS-treated control cells; (E) Schematic
representation depicting the modulation of NOD2-mediated autophagy by cytosolic HMGB1 in
BV2 cells.

4. Discussion

The present study demonstrates that the cytosolic HMGB1 plays a critical role in
the LPS-induced autophagy in BV2 cells. We showed that, under the LPS treatment, the
cytosolic HMGB1 that translocated from the nucleus interacts with NOD2, promoting the
formation of autophagosomes. In addition to Beclin-1 and p53, whose interaction with
HMGB1 modulates the pro-apoptotic versus pro-autophagic fate of the target cell [6–8],
here, we added NOD2 as a novel target whose functions between pro-inflammation and
pro-autophagy are modulated by HMGB1 (Figure 6E). To the best of our knowledge, this
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is the first report showing a direct interaction between HMGB1 and NOD2 and the novel
HMGB1 function in modulating NOD2 during infection.

NOD2 is an intracellular pattern-recognition receptor for MDP. The NOD2 activation
is involved in autophagy induction during Crohn’s disease pathogenesis [14,26] and in
pneumococcal meningitis [27]. Here, we showed that NOD2 is also activated under the
LPS treatment and interacts with HMGB1 and probably together with ATG16L1, and that
this complex may contribute to autophagosome formation. Moreover, the suppression of
the LPS-mediated autophagy induction in the NOD2 KD BV2 cells further substantiates
the vital role of NOD2 in autophagy induction. In addition to NOD2, we showed a critical
role for TLR4 in the LPS-induced autophagy, as has been reported in the primary human
macrophages and murine macrophage cell lines by Xu et al. (2007) [28]. TLR4 exerts
a dual function during the LPS-induced autophagy initiation in BV2 cells: microglia
activation and then the HMGB1 translocation from the nucleus to the cytoplasm [29], and
the subsequent NOD2 activation (Figure 6E). Therefore, two pattern-recognition receptors,
namely, TLR4 and NOD2, are involved in the LPS-induced autophagy in BV2 cells. Notably,
the synergistic effect of NOD2 and TLR4 on the activation of autophagy has been reported in
human submandibular gland inflammation [30], wherein NOD2 and TLR4 were activated
by their specific agonists, MDP and LPS, respectively.

In the present study, we found that the temporal profiles of LC3II induction and
HMGB1-NOD2 or HMGB1-ATG16L1 complex formation coincided with the cytosolic
accumulation of HMGB1. Upon moving to the extracellular space, HMGB1 remains in
the cytosol for longer than 12 h in BV2 cells (Figure 3A), and during this period, cytosolic
HMGB1 may function as a ligand for the intracellular NOD2 receptor and shift its function
to pro-autophagy. It is interesting to note here that a similar modulation of NOD2 signaling
by extracellular HMGB1, not cytosolic HMGB1, has been reported in an animal model of
acute lung injury, wherein extracellular HMGB1/TLR4 signaling activates NOD2, which
induces autophagy and suppresses NOD2-RIP2 signaling [31]. Therefore, in addition to
Beclin-1 and p53, we established NOD2 as a novel target for HMGB1, whose function is
modulated by cytosolic HMGB1.

It is intriguing to note that the basal LC3II level was significantly higher in the
shHMGB1-BV2 cells than in the normal BV2 cells and, similarly, the basal levels of NOD2,
ATG16L1, and Beclin1 were also significantly enhanced (Figure 4). However, no additional
induction of LC3II or other autophagy-related molecules occurred after the LPS treatment
(Figure 4). We cannot explain why the basal level of autophagy (LC3II induction and puncta
formation) and autophagy-related molecule expression were increased in the shHMGB1-
BV2 cells, wherein the level of HMGB1, a cargo for autophagosomes, was low. This may
be because slightly enhanced autophagosomes are necessary to secrete pro-inflammatory
cytokines, such as IL-1β, whose production was significantly increased early after the LPS
treatment in the shHMGB1-BV2 cells, as shown in Figure 5. It is also possible that other
basal autophagic pathways may be activated in the absence of HMGB1. However, further
studies regarding the relevance of this phenomenon and underlying molecular mechanism
are required.

Emerging evidence indicates that autophagy may be a core regulator of CNS aging and
neurodegeneration. In particular, microglial autophagy plays a vital role in maintaining
brain homeostasis and the modulation of neuroinflammation. The neuroprotective effects
of microglial autophagy have also been reported in acute CNS pathologies, such as trau-
matic brain injury [32] and cerebral ischemia [33,34], and impairing microglial autophagy
aggravates the pathologies of Alzheimer’s disease [35,36] and Parkinson’s disease [37].
In addition, deficient autophagy in microglia impairs the synaptic pruning, causes social
and behavioral defects [38], and aggravates depression-like behavior [39,40]. Recently, the
interrelationship between autophagy induction and M1/M2 transition of macrophages or
microglia has been reported in atherosclerosis [41] and brain infection [42], in which au-
tophagy promotes the cell fate to M2 and M1, respectively. Therefore, although overall the
microglial autophagy seems beneficial both in the physiology and pathology of the brain,
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there are also a few examples of the detrimental effects of autophagy [43,44]. However, the
consequences of autophagy induction by cytosolic HMGB1 and its secretion by microglia
in vivo might be complicated depending on the time point due to the interplay between
different brain cells. Here, we demonstrate that it is beneficial for the microglia, whose
fate changes from pro-inflammation to pro-autophagy; however, it may be detrimental to
neighboring cells, such as neurons, astrocytes, and endothelial cells, since the extracellular
HMGB1 secreted from the microglia via autophagosomes exerts pro-inflammatory effects
on them. Therefore, the effects of the autocrine pathway by cytosolic HMGB1 occurring in
the microglia and those from the paracrine pathway by extracellular HMGB1 are different,
depending on the temporal progress (Figure 6E).

The present study reveals that cytosolic HMGB1 is involved in autophagic flux in
the LPS-treated BV2 cells by interacting with NOD2, which modulates inflammation and
autophagy. Further studies are needed to determine how HMGB1 regulates the autophagic
process, specifically the interaction with various factors in diverse cellular stresses or
diseases, and how it modulates its secretion based on these findings.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cells11152410/s1, Figure S1: Suppression of LPS-mediated au-
tophagy flux in BV2 cell by Chloroquine and Bafilomycin A1; Figure S2: Generation of HMGB1-
deficient stable BV2 cell lines.

Author Contributions: J.-K.L.: conception, literature search, figure preparation, writing the initial
draft and revising it critically, final approval of the published version of the manuscript; S.-W.K.:
conception, writing the initial draft, data curation, visualization; S.-A.O.: literature search, data
curation, visualization; S.-I.S. and D.D.: data curation, methodology, visualization. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by a Mid-carrier Research Grant (2018R1A2B2004264) funded by
the National Research Foundation (NRF) of Korea (to J.-K.L.) and by Inha University Research Grant
(2020) (63097-1) (to J-K L).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References
1. Javaherian, K.; Liu, J.F.; Wang, J.C. Nonhistone proteins HMG1 and HMG2 change the DNA helical structure. Science 1978, 199,

1345–1346. [CrossRef] [PubMed]
2. Alexandrova, E.A.; Marekov, L.N.; Beltchev, B.G. Involvement of protein HMG1 in DNA replication. FEBS Lett. 1984, 178,

153–155. [CrossRef]
3. Yuan, F.; Gu, L.; Guo, S.; Wang, C.; Li, G.M. Evidence for involvement of HMGB1 protein in human DNA mismatch repair.

J. Biol. Chem. 2004, 279, 20935–20940. [CrossRef]
4. Wang, H.; Bloom, O.; Zhang, M.; Vishnubhakat, J.M.; Ombrellino, M.; Che, J.; Frazier, A.; Yang, H.; Ivanova, S.; Borovikova, L.; et al. HMG-1

as a late mediator of endotoxin lethality in mice. Science 1999, 285, 248–251. [CrossRef] [PubMed]
5. Kim, J.-B.; Choi, J.S.; Min-Hyung, L.; Nam, K.; Piao, C.-S.; Kim, S.-W.; Lee, M.-H.; Han, P.-L.; Park, J.-S.; Lee, J.-K. HMGB1, a novel

cytokine-like mediator linking acute neuronal death and delayed neuroinflammation in the postischemic brain. J. Neurosci. 2006,
26, 6413–6421. [CrossRef] [PubMed]

6. Tang, D.; Kang, R.; Livesey, K.M.; Cheh, C.W.; Farkas, A.; Loughran, P.; Hoppe, G.; Bianchi, M.E.; Tracey, K.J.; Zeh, H.J., 3rd; et al.
Endogenous HMGB1 regulates autophagy. J. Cell Biol. 2010, 190, 881–892. [CrossRef] [PubMed]

7. Zhu, X.; Messer, J.S.; Wang, Y.; Lin, F.; Cham, C.M.; Chang, J.; Billiar, T.R.; Lotze, M.T.; Boone, D.L.; Chang, E.B. Cytosolic HMGB1
controls the cellular autophagy/apoptosis checkpoint during inflammation. J. Clin. Investig. 2015, 125, 1098–1110. [CrossRef]

8. Livesey, K.M.; Kang, R.; Vernon, P.; Buchser, W.; Loughran, P.; Watkins, S.C.; Zhang, L.; Manfredi, J.J.; Zeh, H.J., 3rd; Li, L.; et al.
p53/HMGB1 complexes regulate autophagy and apoptosis. Cancer Res. 2012, 72, 1996–2005. [CrossRef]

9. Franchi, L.; Park, J.H.; Shaw, M.H.; Marina-Garcia, N.; Chen, G.; Kim, Y.G.; Nunez, G. Intracellular NOD-like receptors in innate
immunity, infection and disease. Cell. Microbiol. 2008, 10, 1–8. [CrossRef]

https://www.mdpi.com/article/10.3390/cells11152410/s1
https://www.mdpi.com/article/10.3390/cells11152410/s1
http://doi.org/10.1126/science.628842
http://www.ncbi.nlm.nih.gov/pubmed/628842
http://doi.org/10.1016/0014-5793(84)81260-0
http://doi.org/10.1074/jbc.M401931200
http://doi.org/10.1126/science.285.5425.248
http://www.ncbi.nlm.nih.gov/pubmed/10398600
http://doi.org/10.1523/JNEUROSCI.3815-05.2006
http://www.ncbi.nlm.nih.gov/pubmed/16775128
http://doi.org/10.1083/jcb.200911078
http://www.ncbi.nlm.nih.gov/pubmed/20819940
http://doi.org/10.1172/JCI76344
http://doi.org/10.1158/0008-5472.CAN-11-2291
http://doi.org/10.1111/j.1462-5822.2007.01059.x


Cells 2022, 11, 2410 14 of 15

10. Kanneganti, T.D.; Lamkanfi, M.; Nunez, G. Intracellular NOD-like receptors in host defense and disease. Immunity 2007, 27,
549–559. [CrossRef]

11. Girardin, S.E.; Boneca, I.G.; Viala, J.; Chamaillard, M.; Labigne, A.; Thomas, G.; Philpott, D.J.; Sansonetti, P.J. Nod2 is a general
sensor of peptidoglycan through muramyl dipeptide (MDP) detection. J. Biol. Chem. 2003, 278, 8869–8872. [CrossRef]

12. Inohara, N.; Ogura, Y.; Fontalba, A.; Gutierrez, O.; Pons, F.; Crespo, J.; Fukase, K.; Inamura, S.; Kusumoto, S.; Hashimoto, M.; et al.
Host recognition of bacterial muramyl dipeptide mediated through NOD2. Implications for Crohn’s disease. J. Biol. Chem. 2003,
278, 5509–5512. [CrossRef]

13. Caruso, R.; Warner, N.; Inohara, N.; Nunez, G. NOD1 and NOD2: Signaling, host defense, and inflammatory disease. Immunity
2014, 41, 898–908. [CrossRef] [PubMed]

14. Travassos, L.H.; Carneiro, L.A.; Ramjeet, M.; Hussey, S.; Kim, Y.G.; Magalhaes, J.G.; Yuan, L.; Soares, F.; Chea, E.;
Le Bourhis, L.; et al. Nod1 and Nod2 direct autophagy by recruiting ATG16L1 to the plasma membrane at the site of
bacterial entry. Nat. Immunol. 2010, 11, 55–62. [CrossRef] [PubMed]

15. Sorbara, M.T.; Ellison, L.K.; Ramjeet, M.; Travassos, L.H.; Jones, N.L.; Girardin, S.E.; Philpott, D.J. The protein ATG16L1 suppresses
inflammatory cytokines induced by the intracellular sensors Nod1 and Nod2 in an autophagy-independent manner. Immunity
2013, 39, 858–873. [CrossRef] [PubMed]

16. Bonaldi, T.; Talamo, F.; Scaffidi, P.; Ferrera, D.; Porto, A.; Bachi, A.; Rubartelli, A.; Agresti, A.; Bianchi, M.E. Monocytic cells
hyperacetylate chromatin protein HMGB1 to redirect it towards secretion. EMBO J. 2003, 22, 5551–5560. [CrossRef]

17. Gardella, S.; Andrei, C.; Ferrera, D.; Lotti, L.V.; Torrisi, M.R.; Bianchi, M.E.; Rubartelli, A. The nuclear protein HMGB1 is secreted
by monocytes via a non-classical, vesicle-mediated secretory pathway. EMBO Rep. 2002, 3, 995–1001. [CrossRef] [PubMed]

18. Dupont, N.; Jiang, S.; Pilli, M.; Ornatowski, W.; Bhattacharya, D.; Deretic, V. Autophagy-based unconventional secretory pathway
for extracellular delivery of IL-1beta. EMBO J. 2011, 30, 4701–4711. [CrossRef] [PubMed]

19. Thorburn, J.; Horita, H.; Redzic, J.; Hansen, K.; Frankel, A.E.; Thorburn, A. Autophagy regulates selective HMGB1 release in
tumor cells that are destined to die. Cell Death Differ. 2009, 16, 175–183. [CrossRef] [PubMed]

20. Wang, Z.; Zhou, H.; Zheng, H.; Zhou, X.; Shen, G.; Teng, X.; Liu, X.; Zhang, J.; Wei, X.; Hu, Z.; et al. Autophagy-based
unconventional secretion of HMGB1 by keratinocytes plays a pivotal role in psoriatic skin inflammation. Autophagy 2021, 17,
529–552. [CrossRef]

21. Kim, Y.H.; Kwak, M.S.; Lee, B.; Shin, J.M.; Aum, S.; Park, I.H.; Lee, M.G.; Shin, J.S. Secretory autophagy machinery and vesicular
trafficking are involved in HMGB1 secretion. Autophagy 2021, 17, 2345–2362. [CrossRef] [PubMed]

22. Kim, S.W.; Jin, Y.; Shin, J.H.; Kim, I.D.; Lee, H.K.; Park, S.; Han, P.L.; Lee, J.K. Glycyrrhizic acid affords robust neuroprotection in
the postischemic brain via anti-inflammatory effect by inhibiting HMGB1 phosphorylation and secretion. Neurobiol. Dis. 2012, 46,
147–156. [CrossRef] [PubMed]

23. Shin, J.H.; Lee, H.K.; Lee, H.B.; Jin, Y.; Lee, J.K. Ethyl pyruvate inhibits HMGB1 phosphorylation and secretion in activated
microglia and in the postischemic brain. Neurosci. Lett. 2014, 558, 159–163. [CrossRef]

24. Kim, I.D.; Lee, H.; Kim, S.W.; Lee, H.K.; Choi, J.; Han, P.L.; Lee, J.K. Alarmin HMGB1 induces systemic and brain inflammatory
exacerbation in post-stroke infection rat model. Cell Death Dis. 2018, 9, 426. [CrossRef] [PubMed]

25. Iyaswamy, A.; Wang, X.; Krishnamoorthi, S.; Kaliamoorthy, V.; Sreenivasmurthy, S.G.; Durairajan, S.S.K.; Song, J.-X.; Tong, B.C.-K.;
Zhu, Z.; Su, C.-F.; et al. Theranostic F-SLOH mitigates Alzheimer’s disease pathology involving TFEB and ameliorates cognitive
functions in Alzheimer’s disease models. Redox Biol. 2022, 51, 102280. [CrossRef]

26. Homer, C.R.; Richmond, A.L.; Rebert, N.A.; Achkar, J.P.; McDonald, C. ATG16L1 and NOD2 interact in an autophagy-dependent
antibacterial pathway implicated in Crohn’s disease pathogenesis. Gastroenterology 2010, 139, 1630–1641.e2. [CrossRef] [PubMed]

27. Wang, G.; Fu, Y.; Ma, K.; Liu, J.; Liu, X. NOD2 regulates microglial inflammation through the TAK1-NF-kappaB pathway and
autophagy activation in murine pneumococcal meningitis. Brain Res. Bull. 2020, 158, 20–30. [CrossRef] [PubMed]

28. Xu, Y.; Jagannath, C.; Liu, X.D.; Sharafkhaneh, A.; Kolodziejska, K.E.; Eissa, N.T. Toll-like receptor 4 is a sensor for autophagy
associated with innate immunity. Immunity 2007, 27, 135–144. [CrossRef]

29. Li, W.; Deng, M.; Loughran, P.A.; Yang, M.; Lin, M.; Yang, C.; Gao, W.; Jin, S.; Li, S.; Cai, J.; et al. LPS Induces Active HMGB1
Release from Hepatocytes into Exosomes through the Coordinated Activities of TLR4 and Caspase-11/GSDMD Signaling. Front.
Immunol. 2020, 11, 229. [CrossRef]

30. Li, J.; Li, B.; Cheng, Y.; Meng, Q.; Wei, L.; Li, W.; Zhang, J.; Huang, S. The synergistic effect of NOD2 and TLR4 on the activation of
autophagy in human submandibular gland inflammation. J. Oral Pathol. Med. 2019, 48, 87–95. [CrossRef]

31. Wen, Z.; Fan, L.; Li, Y.; Zou, Z.; Scott, M.J.; Xiao, G.; Li, S.; Billiar, T.R.; Wilson, M.A.; Shi, X.; et al. Neutrophils counter-
act autophagy-mediated anti-inflammatory mechanisms in alveolar macrophage: Role in posthemorrhagic shock acute lung
inflammation. J. Immunol. 2014, 193, 4623–4633. [CrossRef] [PubMed]

32. Jin, Y.; Wang, R.; Yang, S.; Zhang, X.; Dai, J. Role of Microglia Autophagy in Microglia Activation after Traumatic Brain Injury.
World Neurosurg. 2017, 100, 351–360. [CrossRef] [PubMed]

33. Sheng, R.; Zhang, L.S.; Han, R.; Liu, X.Q.; Gao, B.; Qin, Z.H. Autophagy activation is associated with neuroprotection in a rat
model of focal cerebral ischemic preconditioning. Autophagy 2010, 6, 482–494. [CrossRef]

34. Chauhan, A.; Sharma, U.; Jagannathan, N.R.; Reeta, K.H.; Gupta, Y.K. Rapamycin protects against middle cerebral artery occlusion
induced focal cerebral ischemia in rats. Behav. Brain Res. 2011, 225, 603–609. [CrossRef] [PubMed]

http://doi.org/10.1016/j.immuni.2007.10.002
http://doi.org/10.1074/jbc.C200651200
http://doi.org/10.1074/jbc.C200673200
http://doi.org/10.1016/j.immuni.2014.12.010
http://www.ncbi.nlm.nih.gov/pubmed/25526305
http://doi.org/10.1038/ni.1823
http://www.ncbi.nlm.nih.gov/pubmed/19898471
http://doi.org/10.1016/j.immuni.2013.10.013
http://www.ncbi.nlm.nih.gov/pubmed/24238340
http://doi.org/10.1093/emboj/cdg516
http://doi.org/10.1093/embo-reports/kvf198
http://www.ncbi.nlm.nih.gov/pubmed/12231511
http://doi.org/10.1038/emboj.2011.398
http://www.ncbi.nlm.nih.gov/pubmed/22068051
http://doi.org/10.1038/cdd.2008.143
http://www.ncbi.nlm.nih.gov/pubmed/18846108
http://doi.org/10.1080/15548627.2020.1725381
http://doi.org/10.1080/15548627.2020.1826690
http://www.ncbi.nlm.nih.gov/pubmed/33017561
http://doi.org/10.1016/j.nbd.2011.12.056
http://www.ncbi.nlm.nih.gov/pubmed/22266336
http://doi.org/10.1016/j.neulet.2013.11.006
http://doi.org/10.1038/s41419-018-0438-8
http://www.ncbi.nlm.nih.gov/pubmed/29555931
http://doi.org/10.1016/j.redox.2022.102280
http://doi.org/10.1053/j.gastro.2010.07.006
http://www.ncbi.nlm.nih.gov/pubmed/20637199
http://doi.org/10.1016/j.brainresbull.2020.02.006
http://www.ncbi.nlm.nih.gov/pubmed/32109527
http://doi.org/10.1016/j.immuni.2007.05.022
http://doi.org/10.3389/fimmu.2020.00229
http://doi.org/10.1111/jop.12793
http://doi.org/10.4049/jimmunol.1400899
http://www.ncbi.nlm.nih.gov/pubmed/25267975
http://doi.org/10.1016/j.wneu.2017.01.033
http://www.ncbi.nlm.nih.gov/pubmed/28108422
http://doi.org/10.4161/auto.6.4.11737
http://doi.org/10.1016/j.bbr.2011.08.035
http://www.ncbi.nlm.nih.gov/pubmed/21903138


Cells 2022, 11, 2410 15 of 15

35. Heckmann, B.L.; Teubner, B.J.W.; Tummers, B.; Boada-Romero, E.; Harris, L.; Yang, M.; Guy, C.S.; Zakharenko, S.S.; Green,
D.R. LC3-Associated Endocytosis Facilitates beta-Amyloid Clearance and Mitigates Neurodegeneration in Murine Alzheimer’s
Disease. Cell 2019, 178, 536–551.e14. [CrossRef]

36. Luo, R.; Su, L.Y.; Li, G.; Yang, J.; Liu, Q.; Yang, L.X.; Zhang, D.F.; Zhou, H.; Xu, M.; Fan, Y.; et al. Activation of PPARA-mediated autophagy
reduces Alzheimer disease-like pathology and cognitive decline in a murine model. Autophagy 2020, 16, 52–69. [CrossRef]

37. Choi, I.; Zhang, Y.; Seegobin, S.P.; Pruvost, M.; Wang, Q.; Purtell, K.; Zhang, B.; Yue, Z. Microglia clear neuron-released
alpha-synuclein via selective autophagy and prevent neurodegeneration. Nat. Commun. 2020, 11, 1386. [CrossRef]

38. Kim, H.J.; Cho, M.H.; Shim, W.H.; Kim, J.K.; Jeon, E.Y.; Kim, D.H.; Yoon, S.Y. Deficient autophagy in microglia impairs synaptic
pruning and causes social behavioral defects. Mol. Psychiatry 2017, 22, 1576–1584. [CrossRef]

39. Tan, X.; Du, X.; Jiang, Y.; Botchway, B.O.A.; Hu, Z.; Fang, M. Inhibition of Autophagy in Microglia Alters Depressive-Like
Behavior via BDNF Pathway in Postpartum Depression. Front. Psychiatry 2018, 9, 434. [CrossRef]

40. Qin, Y.; Qiu, J.; Wang, P.; Liu, J.; Zhao, Y.; Jiang, F.; Lou, H. Impaired autophagy in microglia aggravates dopaminergic neurode-
generation by regulating NLRP3 inflammasome activation in experimental models of Parkinson’s disease. Brain Behav. Immun.
2021, 91, 324–338. [CrossRef] [PubMed]

41. Yang, Y.; Wang, J.; Guo, S.; Pourteymour, S.; Xu, Q.; Gong, J.; Huang, Z.; Shen, Z.; Diabakte, K.; Cao, Z.; et al. Non-lethal
sonodynamic therapy facilitates the M1-to-M2 transition in advanced atherosclerotic plaques via activating the ROS–AMPK–
mTORC1–autophagy pathway. Redox Biol. 2020, 32, 101501. [CrossRef] [PubMed]

42. Ma, K.; Guo, J.; Wang, G.; Ni, Q.; Liu, X. Toll-Like Receptor 2–Mediated Autophagy Promotes Microglial Cell Death by Modulating
the Microglial M1/M2 Phenotype. Inflammation 2020, 43, 101501. [CrossRef] [PubMed]

43. Xing, S.; Zhang, Y.; Li, J.; Zhang, J.; Li, Y.; Dang, C.; Li, C.; Fan, Y.; Yu, J.; Pei, Z.; et al. Beclin 1 knockdown inhibits autophagic
activation and prevents the secondary neurodegenerative damage in the ipsilateral thalamus following focal cerebral infarction.
Autophagy 2012, 8, 63–76. [CrossRef] [PubMed]

44. Yuan, B.; Shen, H.; Lin, L.; Su, T.; Zhong, L.; Yang, Z. Autophagy Promotes Microglia Activation Through Beclin-1-Atg5 Pathway
in Intracerebral Hemorrhage. Mol. Neurobiol. 2017, 54, 115–124. [CrossRef] [PubMed]

http://doi.org/10.1016/j.cell.2019.05.056
http://doi.org/10.1080/15548627.2019.1596488
http://doi.org/10.1038/s41467-020-15119-w
http://doi.org/10.1038/mp.2016.103
http://doi.org/10.3389/fpsyt.2018.00434
http://doi.org/10.1016/j.bbi.2020.10.010
http://www.ncbi.nlm.nih.gov/pubmed/33039664
http://doi.org/10.1016/j.redox.2020.101501
http://www.ncbi.nlm.nih.gov/pubmed/32179242
http://doi.org/10.1007/s10753-019-01152-5
http://www.ncbi.nlm.nih.gov/pubmed/31834572
http://doi.org/10.4161/auto.8.1.18217
http://www.ncbi.nlm.nih.gov/pubmed/22108007
http://doi.org/10.1007/s12035-015-9642-z
http://www.ncbi.nlm.nih.gov/pubmed/26732594

	Introduction 
	Materials and Methods 
	Cell Cultures and Treatment 
	siRNA Transfection 
	Generation of HMGB1 Knockdown (KD) Stable Cell Line 
	Nuclear Extract Preparation 
	Cell Culture Media Preparation 
	Immunofluorescence Staining 
	Immunoblotting 
	Immunoprecipitation-Linked Immunoblot Analysis 
	RNA Preparation and Reverse Transcription-Polymerase Chain Reaction (RT-PCR) 
	Statistical Analyses 

	Results 
	Temporal Profile of Autophagy Induction in LPS-Treated Microglia 
	NOD2 Plays a Critical Role in LPS-Induced Autophagy in BV2 Cells 
	Cytoplasmic HMGB1 Binds to NOD2 and ATG16 in LPS-Treated BV2 Cells 
	Suppression of LPS-Induced Autophagy in HMGB1 KD BV2 Cells 
	HMGB1 KD Augments Inflammation in LPS-Treated BV2 Cells at Early Time Points 
	Suppression of Autophagy Augments Proinflammatory Response in LPS-Treated BV2 Cells at Early Time Points 

	Discussion 
	References

