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sepsis-induced inflammatory responses
and organ injuries
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Abstract

Mounting attention has been focused on defects of the autophagy-lysosomal pathway in sepsis, however, the precise
mechanisms governing the autophagy-lysosomal process in sepsis are poorly known. We have previously reported
that £rbin deficiency aggravated the inflammatory response and organ injuries caused by sepsis. In the present study,
we found that £rbin knockout impaired the autophagy process in both muramyl dipeptide (MDP)-induced bone
marrow-derived macrophages (BMDMSs) and sepsis mouse liver and lung, as detected by the accumulation of LC3-II
and SQSTM1/p62, and autophagosomes. Pretreatment with autophagy inhibitor chloroquine (CQ) further aggravated
inflammatory response and organ injuries in vivo and in vitro sepsis model. We also observed that the impaired lyso-
somal function mediated autophagic blockade, as detected by the decreased expression of ATP6V, cathepsin B (CTSB)
and LAMP2 protein. Immunoprecipitation revealed that the C-terminal of Erbin (aa 391-964) interacts with the N-ter-
minal of transcription factor EB (TFEB) (aa 1-247), and affects the stability of TFEB-14-3-3 and TFEB-PPP3CB complexes
and the phosphorylation status of TFEB, thereby promote the nucleus translocation of TFEB and the TFEB target genes
transcription. Thus, our study suggested that Erbin alleviated sepsis-induced inflammatory responses and organ inju-
ries by rescuing dysfunction of the autophagy-lysosomal pathway through TFEB-14-3-3 and TFEB-PPP3CB pathway.
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Introduction
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brane of the autophagosome fuses with the lysosomal
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membrane to form an autolysosome, in which the cyto-
solic materials are degraded by the cathepsins and hydro-
lytic enzymes [4]. Any perturbed step might result in the
dysfunction of autophagy and human diseases.

The current new view is that lysosomes are no longer
just static organelles that process and recycle cellular
waste but highly dynamic structures that mediate the
adaptation of cell metabolism to the environment [5, 6].
Lysosomes are acidic organelles containing more than
50 different hydrolases, and proper function of these
enzymes requires a low pH (4.5-5.0) within the lyso-
some, maintained by empty Vacuolar-type proton pump-
ing ATPase (V-ATPase), providing a suitable condition
for lysosomal degradation of its contents [7]. In the
course of autophagy, the process of degradation and recy-
cling strictly depends on the lysosomal function, as the
contents in the autophagosomes are eventually degraded
by lysosomes via autophagosome-lysosome fusion [8—
10]. Xia et al. [11] found that the V-ATPase 6V0OD2 gene
defect impaired the acidic environment of macrophage
lysosome, led to the accumulation of autophagy pro-
teins LC3-1I and p62 in macrophages and the blockage of
autophagic flux, and aggravated the mitochondrial dam-
age and inflammatory response. In addition, they found
that V-ATPase 6V0D2 gene knockout also aggravated
Dextran sulfate sodium (DSS) -induced colitis in mice
and Salmonella typhi-induced death in animals.

Lysosomes can mediate signaling pathways and tran-
scriptional programs that sense the metabolic state of
cells by regulating lysosomal biogenesis and autophagy,
most of which depend on transcription factor EB (TFEB)
[8]. TEEB is one of the MiT-TFE family members, which
can combine a palindromic DNA sequence located in
the proximal promoter of target genes and regulate the
expression of lysosomal and autophagy-related genes
[12]. Normally, phosphorylated TFEB binds to the
molecular chaperone YWHA/14-3-3 in the cytoplasm.
Under stress conditions, such as starvation or infec-
tion, cytoplasmic TFEB is rapidly dephosphorylated.
The dephosphorylated TFEB dissociates from molecular
companion protein 14-3-3 and transfers from cytoplas-
mic into intracellular nuclei, activating lysosomal and
autophagy-related gene expression. Meanwhile, the bal-
ance between phosphorylation and dephosphorylation of
TEEB by PPP3CB determines cytoplasmic and nucleus
distribution [13-15].

Erbin, a newly identified PDZ protein that acts as an
adaptor for the ERBB2/HER?2 in epithelia, contains 16
leucine-rich repeats (LRRs) in its amino terminus and
a PDZ domain at its carboxy terminus [16]. Erbin was
discovered as a regulator of inflammation response due
to its ability to bind specifically to intracellular receptor
nucleotide-binding oligomerization domain-containing
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protein 2 (NOD?2), which is one of the pattern recogni-
tion molecules (PRMs), detecting peptidoglycan (PGN)
through the recognition of muramyl dipeptide (MDP)
common to bacteria, and then up-regulation of pro-
inflammatory cytokines [17, 18]. The present study
showed that Erbin alleviated the inflammatory response
and organ injuries caused by sepsis by promoting lyso-
somal biogenesis and autophagy, bridging the immune
system and the core autophagosomal machinery.
Mechanically, Erbin interacts with TFEB and affects the
stability of TFEB-14-3-3 and TFEB-PPP3CB complexes,
promoting the activation of TFEB and the nucleus trans-
location, thus regulating the lysosomal biogenesis. Our
results revealed a novel mechanism of autophagy acti-
vation regulated by Erbin protein, leading to the sup-
pression of inflammatory response and avoiding organ
injuries of sepsis.

Materials and methods

Materials

MDP was purchased from Sigma-Aldrich (A9519). Lipo-
fectamine-3000 (L3000015) was purchased from Invit-
rogen Corporation. Rapamycin (RAPA) was purchased
from Solarbio (R8140). Chloroquine (CQ) and M-CSF
were purchased from MedChemExpress (HY-W031727).
Lysotracker Red (C11046) and Hoechst 33342 (C1022)
were purchased from Beyotime Biotechnology. Unless
specified otherwise, all biochemical reagents were pur-
chased from Sigma-Aldrich. Mammalian expression
plasmids for HA-tagged Erbin, Myc-tagged TFEB, and
its mutants were constructed by standard molecular biol-
ogy techniques. To verify constructs and the specificity
of antibodies, all constructs were transfected into 293T
cells, and expression was analyzed using Western blot.
All constructs were confirmed by DNA sequencing.

The antibodies used for western blot were anti-Erbin
(Novus Biologicals, NBP2-56104), anti-LC3-I/II (Cell
Signaling Technology (CST), 4108s), anti-SQSTM1/
P62 (CST, 8025S), anti-Beclinl (CST, 3495), anti-ATG5
(CST, 12994s), anti-ATG7 (CST, 8558s), anti-Cathepsin
B (CST, 31718), anti-ATP6V1A (ABclonal, A14706),
anti-ATP6V1B2 (ABclonal, A16770), anti-LAMP2 (Santa
Cruz, G1619), anti-p-actin (CST, 4970s), anti-FLAG
(Sigma, F1804), anti-GFP (Abcam, ab290), anti-PPP3CB
(Abcam, ab58161), anti-pan 14-3-3 (Santa Cruz Biotech-
nology, sc-133232), anti-TFEB (CST, 4240), anti-phos-
pho (Ser)-14-3-3 binding motif (CST, 9601), anti-TFEB
(Thermo  Pierce, PA1-31552), anti-phospho-TFEB
(Ser211) (E9S8N) (CST, 37681). HRP conjugated second-
ary antibodies, Pierce(R) Goat Anti-Rabbit IgG, (H&L)
(#31460) and Pierce(R) Goat Anti-Mouse IgG, (H&L)
(#31430), were purchased from Thermo.
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Cells culture and treatment

Bone marrow-derived macrophages (BMDMs) were col-
lected from the femurs of Erbin? and Erbin/fi-1y?2-Cre
mice, and cells were simultaneously lysed in 1xACK
buffer. Then, the BMDMs were cultured in DMEM
(Hyclone) supplemented with 10% fetal bovine serum
(HyClone, Logan, UT, USA), 100 U/ml of penicillin and
100 pg/ml of streptomycin, and M-CSF (20 ng/ml) in a
humidified atmosphere containing 5% CO, at 37 °C. 7
days later, the supernatant was removed, and the cells
were harvested via trypsin digestion and cultured for fur-
ther experiments. Cells were treated with MDP (10 pg/
ml) for 6 h with or without various agonists or inhibi-
tors according to the experimental design. Cells were
collected and homogenized immediately to extract RNA
or protein or fixed neutral-buffed formalin for stain-
ing. Cells were stained with LysoTracker Red to detect
the acidic microenvironment of the lysosome. Confocal
images were obtained using an FV10i FLUOVIEW Con-
focal Microscope (Olympus, Tokyo, Japan). The human
monocytic cell line THP-1 was a gift from Pro. Ying Zhu
of Wuhan University. THP-1 cells were differentiated to
macrophages with 60 nM TPA for 12-14 h, and cells were
cultured for 24 h without TPA. THP-1 cells were cultured
in RPMI-1640 medium (Sigma, USA) supplemented
with 10% heat-inactivated FBS (Sigma, USA). HeLa and
HEK293T cells were from the American Type Culture
Collection. The HIV molecular clones pNL-4-3AEnv or
control lentiviral vector were transfected in 293T cells
with vesicular stomatitis virus-G envelope. After 24 h of
transfection, the supernatant was collected, filtered, and
normalized for viral budding by ELISA (ZeptoMetrix).

Animals

Erbin conditional knockout mice and Lyz2-Cre were
obtained from Cyagen (Guangzhou) Biosciences. Erbin®
f/Lyz2=Cre mice were obtained by crossing the Erbin flox
mice with Lyz2-Cre mice. Erbin whole gene knock-
out mice in the C57BL/6 background were generated
by Wuhan Xianran Biological Technology Co. LTD.
Erbin~/~ mice were bred with C57BL/6 mice to obtain
Erbin® heterozygotes. Erbin~/~ mice and littermate con-
trol obtained from heterozygote crosses were used for all
experiments. All mice were male, eight weeks old at the
time of use. Mice were maintained in specific pathogen-
free conditions under a 12-h/12-h light/dark cycle and
allowed ad libitum access to water and a standard labora-
tory diet but deprived of food just before cecal ligation
and puncture (CLP). Control mice were also deprived of
food in the same manner. All procedures and treatments
were conducted by the ethical regulations set by the Ani-
mal Experimentation Committee of Wuhan University
(WQ20210298).
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Cecal ligation and puncture

Mice were anesthetized with sevoflurane. A 1- to 2-cm
ventral midline incision was performed, and the cecum
was isolated. The feces at the upper end of the cecum
were gently squeezed to fill the end of the cecum. Liga-
tion was performed at the midpoint of the cecal valve and
cecum with sterile No.4 silk thread, and a 21G sterile nee-
dle was used to puncture the cecum at the midpoint of
the ligation site and the top of the cecum. Gently squeeze
the cecum, extrude a little content to ensure the perfo-
ration is unobstructed, wipe the extruded content, then
push the cecum back to the abdominal cavity, close the
abdominal cavity, and layer by layer suture. Postopera-
tive fluid resuscitation was performed with normal saline
(37 °C, 5 ml/100 g) and buprenorphine (0.05 mg/kg) for
analgesia. Sham-operated animals received the same sur-
gical procedures without ligation and puncture. Animals
had free access to food and water postoperatively. To
inhibit autophagosome-lysosome formation during sep-
sis, chloroquine (CQ) (60 mg/kg) was pre-injected intra-
peritoneally. Mice were subjected to CLP and killed at
predetermined times to examine time-dependent effects.
The serum was collected for biochemical analysis. The
liver and lungs were collected and frozen immediately in
liquid nitrogen for western blot or fixed in neutral-buft-
ered formalin for histochemical examination.

Bronchoalveolar lavage fluid (BALF) collection

and inflammatory cell counting and protein concentration

determination

Mice were euthanized at the experimental time, and the
lungs were lavaged with 1 ml PBS through the tracheal
cannula to obtain BALF. The BALF was centrifuged
at 800 % for 15 min at 4 °C, and cell pellets were resus-
pended in PBS. The total number of inflammatory cells
in the BALF was determined by counting the cells with
a hemocytometer. The polymorphonuclear neutrophils
(PMN:s) cells were fixed and stained using Wright Stain
solution. Then they were classified by a laboratory tech-
nologist blinded to the experimental design to determine
the percentage of neutrophils. The total protein concen-
tration in the supernatants was determined by the BCA
method.

Western blot and immunoprecipitation assay

Immunoprecipitation was performed by lysing cells in IP
buffer (50 mM Tris-HCI 8.0, 5 mM NaCl, 1 mM EDTA,
0.1% NP40). Cell lysates containing 1 mg protein of each
treatment were incubated at 4 °C with primary antibody
for 4 h before Dynabeads protein G (Thermo Scientific)
was added to the samples. After further incubation for
4 h at 4 °C, beads were washed three times in ice-cold
lysis buffer, and the immunoprecipitated complexes were
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eluted by boiling for 5 min in 1.5 SDS buffer. Lastly, the
eluted immunoprecipitated complexes were resolved for
immunoblotting analysis.

Immunofluorescence

BMDMs were seeded at 1x10° cells on the coverslips
and rested overnight for proper attachment. After treat-
ment, cells were washed twice with sterile PBS, fixed with
4% ice-cold paraformaldehyde (PFA), then permeabi-
lized with 0.25% Triton X-100 and blocked in 3% bovine
serum albumin (BSA). Incubated with primary antibody
overnight at 4 °C. The next day, coverslips were incubated
with FICT-conjugated secondary antibody for 1 h at
37 °C. The coverslips were stained with DAPI and photo-
graphed under fluorescence microscopy.

Transmitted electron microscopy

BMDMs were fixed in a fixative buffer containing 2.5%
buffered glutaraldehyde and 2% paraformaldehyde in 0.1
M of phosphate-buffered solution at 4 “C for 1 h, then
fixed with 1% osmic acid for 1 h, washed with distilled
water, and embedded in Epon-812. Samples were cut
into ultrathin section (70 nm) using an LKB-V ultrami-
crotome (Bromma, Sweden) and stained with 0.2% lead
citrate and 2% uranyl acetate. The sections were exam-
ined with a Hitachi H-600 transmission electron micro-
scope (Hitachi, Tokyo, Japan).

Isolation of total RNA and qPCR

Total RNA was extracted using the TRIzol reagent (Inv-
itrogen) according to the manufacturer’s instructions.
Real-time quantitative PCR (qPCR) analysis was per-
formed using the Roche LC480 and SYBR RT-PCR kits
(DBI Bioscience, Ludwigshafen, Rhineland-Palatinate,
Germany) according to the manufacturer’s instruc-
tions. The data were normalized according to the level of
[B-actin expression in each sample.

Co-immunoprecipitation (Co-IP)

Cells were collected and lysed in IP-lysis buffer (50 mM
Tris—HCI, 150 mM NacCl, 1% Triton X-100, 1 mM EDTA,
10% glycerol, and protease inhibitor cocktail, pH7.4).
Supernatants were collected by centrifugation (15,000
g, 15 min, 4 °C) and were pre-cleared with 30 pl protein
G-conjugated agarose (GE Healthcare Life Sciences) fol-
lowed by centrifugation (2000 g, 2 min, 4 °C). The pre-
cleared supernatants were incubated with the indicated
antibodies (1 pg/ml) for 3 h or overnight at 4 °C, followed
by immunoprecipitation with 30 pl protein G-conjugated
agarose for 2 h at 4 °C. The precipitates were washed
5-7 times with IP-wash buffer (50 mM Tris—Cl, 300 mM
NacCl, 1% Triton X-100, 1 mM EDTA, pH 7.4), and bound
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proteins were separated by SDS-PAGE with subsequent
immunoblotting analysis.

Western blotting

Total proteins were extracted by RIPA buffer (Beyotime
Biotechnology, PO013E) containing complete protease
inhibitors (Roche Applied Sciences). The protein con-
centration was quantified using the Pierce® BCA Pro-
tein Assay Kit (Pierce, 23225). Samples containing the
same amounts of proteins were then separated by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis in
8-15% acrylamide gels and transferred to polyvinylidene
difluoride (PVDEF, Millipore, IPVH00010) membranes.
The membranes were blocked in 5% non-fat milk and
incubated with indicated primary antibodies at 4 °C over-
night. After incubating with horseradish peroxidase-con-
jugated secondary antibody, the bands were visualized by
the ECL detection system (Millipore).

Nuclear extraction

Cells were incubated in serum-free media for 24 h,
washed twice with cold PBS, and scraped into 1 ml cold
PBS. Cells were harvested by centrifugation (15 s) and
incubated in two packed cell volumes of buffer A (10 mM
HEPES, pH 8, 0.5% Nonidet P-40, 1.5 mM MgCl,, 10 mM
KCl, 0.5 mM DTT, and 200 mM sucrose) for 5 min at 4 °C
with the flipping of the tube. The crude nuclei were col-
lected by centrifugation (30 s); pellets were rinsed with
buffer A, resuspended in one packed cell volume of buffer
B (20 mM HEPES, pH 7.9, 1.5 mM MgCl,, 420 mM NaCl,
0.2 mM EDTA, and 1.0 mM DTT), and incubated on a
shaking platform for 30 min at 4 °C. Nuclei were centri-
fuged (5 min), and supernatants were diluted 1:1 with
buffer C (20 mM HEPES, pH 7.9, 100 mM KCl, 0.2 mM
EDTA, 20% glycerol, and 1 mM DTT). Cocktail pro-
tease inhibitor tablets were added to each type of buffer.
Nuclear extracts were snap-frozen in liquid nitrogen and
stored at — 70°C until use.

Protein purification

For in vitro pull-down assays, Erbin was cloned into the
expression vector pGEX-4T-1 (Amersham Pharmacia,
Buckinghamshire, UK) and was expressed in Rosetta
(DE3) pLys (Novagen) E. coli cells. The recombinant
proteins were purified on glutathione-sepharose bead
(Pharmacia, Buckinghamshire, UK) columns to obtain
relatively pure GST-Erbin. His-ATG16L, and His-TFEB
were induced in the same manner and purified on the
Ni—-NTA columns (Qiagen, Germany). For the in vitro
pull-down assays, GST-Erbin, and His-TFEB were incu-
bated together in various combinations. After a short
incubation, the reaction systems were immunoprecipi-
tated using agarose-immobilized indicated antibodies or
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protein A/G agarose beads and were then analyzed by
western blotting.

Histological analysis

The liver and lung tissues were harvested to observe mor-
phologic alterations at 6 h, 24 h, and 48 h after CLP. The
lung’s right middle lobe and the liver’s right lobe were
excised, washed, and fixed with 4% (v/v) paraformal-
dehyde for 24 h at 4 °C. The liver and lung tissues were
embedded in paraffin, sectioned at 4 pum thickness,
dewaxed and rehydrated, and stained with hematoxylin
and eosin (H&E) solution (hematoxylin, MHS16; eosin,
HT110132; Sigma-Aldrich, USA) to estimate pathologi-
cal damages. The stained slides were then observed with
a light microscope, and the digital micrographs were
taken for analysis. Histologic changes were evaluated by
a pathologist blinded to the experiment. The histological
score of the lungs was calculated according to our study
[29].

Serum analysis

The blood was collected from the abdominal aorta,
and the serum was obtained following centrifuga-
tion (1000xg for 10 min). The levels of TNF-a, IL-6,
IL-1f, HMGBI, and IL-10 in serum were determined
using enzyme-linked immunosorbent assay (ELISA)
kits according to the manufacturer’s instructions (R&D
Systems, Minneapolis, MN, USA). The absorbance was
measured at 450 nm using an ELISA reader (BioTek
Instruments, Inc., USA).

Statistical analysis

Data were expressed as mean+ SEM. Statistical signifi-
cance was analyzed with one-way analysis of variance
(ANOVA) followed by post hoc (Bonferroni t); P val-
ues < 0.05 were considered significant. We used SPSS 23.0
to perform the statistical analysis.

Results

Erbin plays an anti-inflammatory protective role

in polymicrobial sepsis animals and MDP-treated BMDMs
To investigate the physiological role of Erbin in the
inflammatory response to sepsis and sepsis-induced
organ injury, we employed the CLP to establish a pol-
ymicrobial sepsis animal model, which has been widely
used in previous studies [19]. As shown in Fig. 1A, CLP
induced the production of many pro-inflammatory
cytokines, including tumor necrosis factor-a (TNF-a),
IL-6, IL-1PB, and high mobility group box 1 (HMGB1) in
the serum of wildtype (WT) mice, which were markedly
elevated in Erbin knockout mice. In the same experi-
ments, CLP-induced anti-inflammatory cytokine IL-10
production was much lower in the Erbin knockout CLP
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mice then in the WT mice. These results suggested that
Erbin deficiency aggravated sepsis-induced inflam-
matory response. Furthermore, H&E staining showed
that Erbin-knockout aggravated liver injury, which
was indicated by multiple foci of hepatocyte necrosis,
inflammatory cell infiltration, and fatty change in the
liver of CLP mice (Fig. 1B). Consistently, the secre-
tion of aspartate aminotransferase (AST) and alanine
transaminase (ALT), which are biochemical enzymes of
hepatocytes, is much increased in the serum of Erbin
knockout mice (Fig. 1C). We also investigated the effect
of Erbin-knockout on lung histopathology in sepsis
mice. H&E staining showed that CLP-induced severe
pathological changes, including pulmonary capillary
congestion, pulmonary interstitial edema, mass inflam-
matory cells infiltration into the alveolar space and lung
interstitium, as well as alveolar wall thickening in WT
mice, which were dramatically enhanced in the lung tis-
sues of CLP-challenged Erbin knockout mice (Fig. 1D).
Moreover, we have also employed a scoring system
to assess the degree of lung injury [20]. As shown in
Fig. 1E, the quantitative scoring of histological lung
injury in Erbin knockout mice was markedly increased
compared with that in WT mice after CLP. Addition-
ally, the BALF protein concentration and wet/dry ratio,
two widely used indicators of pulmonary vascular per-
meability, were significantly increased in CLP-chal-
lenged Erbin knockout mice compared to those sham
WT mice (Fig. 1F, G). We also detected the ratio of the
number of polymorphonuclears (PMNs) relative to the
total cells in the BALF. Compared to the WT mice, the
PMNs/total cells ratio in Erbin knockout mice was dra-
matically increased after CLP (Fig. 1H). These results
suggested that Erbin-deficiency triggers aggravated
liver and lung injuries in CLP-challenged mice. Finally,
we examined the rates of CLP-induced septic lethality
of both WT and Erbin knockout mice, showing that
Erbin deficiency decreased the survival rate of sepsis
mice (Fig. 1I).

In vitro, we isolated BMDMs from Erbin® and
Erbin/#1¥722=Cre mjce and primed the cells with MDP
for 6 h. Similar to in vivo results, the pro-inflammatory
cytokines TNF-a, IL-6, IL-13, HMGBI1, and the anti-
inflammatory cytokine IL-10 levels were increased
in the MDP-treated wild-type supernatant BMDMs,
and Erbin deficiency increased the pro-inflammatory
cytokines and decreased the IL-10 production (Fig. 1]).
All these results suggested that Erbin deficiency
increased sepsis-induced inflammatory response,
aggravated organ injuries, and reduced survival rates
in CLP-challenged mice, indicating an anti-inflamma-
tory protective role of Erbin in sepsis and MDP-treated
BMDMs.
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Erbin deficiency exacerbates autophagy impairment

in sepsis mice and MDP-treated BMDMs

To reveal the further mechanism of Erbin in sepsis, we
investigate the effects of Erbin on autophagy in polymi-
crobial sepsis mice and MDP-treated BMDMs. The liver
and lung tissues were dissected at 6 h, 24 h, and 48 h
after CLP. Transmission electron microscopy (TEM)
experiments showed that more autophagosomes were
observed in the liver or lung of Erbin knockout CLP mice
than WT CLP (Fig. 2A-D). Furthermore, we have exam-
ined the protein levels of several critical components in
the autophagy pathway. The results showed that CLP
increased LC3-II and SQSTM1 (p62) protein levels in
both liver and lung of WT mice, which further accumu-
lated in Erbin-knockout mice (Fig. 2E, F). Generally, the
increased conversion of LC3-I to LC3-II represents the
enhancement of autophagy. However, the failure of deg-
radation of LC3-II at the lysosomal stage could also lead
to the accumulation of LC3-II, resulting in the illusion
that autophagy flow is blocked or autophagy is enhanced.
De Wet et al. revealed that the increase of p62 level could
be detected in autophagy-deficient tissue cells, indicating
that the decrease of p62 level accompanies the enhance-
ment of autophagy, but the inhibition of autophagy
increases p62 instead [21]. Therefore, we evaluated
autophagy status by treating with rapamycin (RAPA,
an autophagy agonist) or CQ, a lysosomal inhibitor, and
detected LC3-II and p62 protein levels, respectively. CQ
treatment increased the level of LC3-II and p62 in liver
or lung tissues compared with CLP mice. Compared with
WT CLP mice treated with CQ, Erbin knockout caused a
further increased LC3-II or p62 in the liver and lung tis-
sues of CLP mice (Fig. 2G, H).

Additionally, in vitro experiments, Erbin’® and Erbinf
fLyz2-Cre BMDMs were exposed to 10 pg/ml MDP for 6
h. The TEM experiments showed that MDP treatment
increased autophagosome numbers in Erbin/! BMDMs,
and Erbin-knockout caused further more autophagosome

(See figure on next page.)

Fig. 2 £rbin deficiency exacerbates autophagy impairment in sepsis mice and MDP-treated BMDMs. A, CWT and £rbin

Page 7 of 16

numbers in MDP-treated BMDMs (Fig. 2I, J). Immuno-
fluorescence experiments also showed MDP treatment
increased LC3-I/1I staining in Erbin! BMDMs, and the
LC3-I/1I staining was further increased after Erbin abla-
tion in MDP-induced BMDMs (Fig. 2K). We used RAPA
as positive control, results showed that RAPA could
induce complete autophagic flux in BMDMs, with the
increased levels of LC3II and the decreased levels of p62.
However, MDP treatment increased the protein levels of
LC3-1I as well as p62, and Erbin-knockout caused fur-
ther accumulation of LC3-II and p62 proteins after MDP
treatment, with no significant changes in AGT5, ATG7,
Beclinl protein levels (Fig. 2M). To study autophagic
flux, CQ was used to inhibit autophagy, results showed
that the levels of LC3-II and p62 markedly increased in
MDP +CQ treated Erbin/¥72-Cr¢ BMDMs than those
in MDP + CQ treated Erbin®! BMDMs (Fig. 2N). Those
results indicated that Erbin deficiency could result in lys-
osomal dysfunction, damaged autophagosomes degrada-
tion and the accumulation of LC3-II and p62 proteins.

Erbin alleviates sepsis-induced inflammatory response

and organ injury by regulating the autophagy-lysosome
pathway (ALP)

To determine whether Erbin-mediated autophagy
regulates sepsis-induced inflammatory response and
organ injury, we investigated the level of inflammatory
cytokines TNF-a, IL-6, IL-13, HMGBI, and IL-10 in
polymicrobial sepsis mice and MDP-treated BMDMs
with CQ treatment. The CQ treatment caused a fur-
ther aggravated inflammatory response, as indicated
by the increased levels of pro-inflammatory cytokines
of TNF-q, IL-6, IL-1B, and HMGBI, and the decreased
levels of anti-inflammatory cytokine IL-10. Importantly,
Erbin deficiency further increased the inflammatory
response via CQ treatment in vitro and vivo compared
with Erbin® BMDMs or WT CLP mice treated with CQ,
respectively (Fig. 3A, B). The H&E staining experiments

~~ mice were subjected

to CLP 6 h, and the mouse liver and lung tissues were examined by transmission electron microscopy (TEM). B, D Autophagosomes were quantified
by analysis of (A) and (C) results. The arrow indicates autophagosomes. Scale bar: 1 um. E Western blotting was used to estimate the protein levels
of LC3-I/Iland p62 at 6 h, 24 h, and 48 h after CLP in mice liver tissue. F Western blotting was used to estimate the protein levels of LC3-I/Il and p62
at 6 h, 24 h, and 48 h after CLP in mice lung tissue. G CQ (60 mg/kg) was used as a pretreatment before CLP to inhibit autophagosome-lysosome
fusion. The protein expression of LC3-I/Il and p62 in liver tissues were detected by western blotting. H CQ (60 mg/kg) was used as a pretreatment
before CLP to inhibit autophagosome-lysosome fusion. The protein expression of LC3-I/Il and p62 in lung tissues was detected by western
blotting. | BMDMs were examined by transmission electron microscopy (TEM). The arrow indicates autophagosome. Scale bar: 1 um. J
Autophagosomes were quantified by analysis of results of (I). KThe LC3-I/Il fluorescence was detected by confocal microscopy, scale bar: 50um.

L The LC3-I/ll fluorescence staining was quantified by analysis of results of (K). M Erbin™" and Erbin172=<¢ BMDMs were treated with MDP (6

h), and the western blotting was used to estimate the protein levels of LC3-I/ll, p62, Beclin1, ATG5, and ATG7. 200 nM RAPA was used as a positive
control for autophagy. N CQ (5 uM) was used as a pretreatment before MDP to inhibit autophagosome-lysosome fusion. The LC3-I/Il conversion
and p62 accumulation were detected by western blotting in BMDMs. *P < 0.05, **P<0.01, ***P <0.001 from ANOVA followed by Tukey’s post hoc

test



(2023) 21:916

Fang et al. Journal of Translational Medicine

A WT Sham

(4
B g E Liver Tissue
1 owr wt Erbin*
ga __» WEDbIN" o ph) Sham 6 24 48 Sham 6 24 48 kDa
o
£ Erbin ‘ - ‘158
3
€6
]
Lcal 16
54
e e
&, Lcall 14
£ p62| *—----”.‘62
So -
L fcQ e ; |
T ANED AN -actin | ee— ————— | 45
T 0o B
D o F Lung Tissue
5 =k wr Erbin*
=8 W Erbin”
= —— CLP(h) Sham 6 24 48 Sham 6 24 48 kDa
6 T
26 Erbin “m |158
=1
[
e 4 LC3-I 16
S LC3-1l e —— ——— — 14
82
2 p62 | L | 5D
Q
go
L SLEL B—actin|-------- 45
& O O
I Erbin™  ErbinsMDP Erbinomce Erpinmmzcesypp K LC3
¥ 7y
=
o
=
3]
o
o
=
=
%
=
[}
=
o
@
=
Js > I Erbin™ S
-g @ 150 ., R Erpin?Myz20e @
=3 $
3 [0} =
c E . é
g '3 100 w
S g
n @ 2}
o 3 =3
> 1 o
8 o 50 =
s g £
3 2 £
2 90 s
S MDPT & - & .

Page 8 of 16

Erbin”+CLP

Erbin” Sham

Liver Tissue
G Erbin™
cQ - -~ % - =
CLP Sham + + Sham + + kDa
Erbin b e . 158
LC3I 16
LC3I| | - 11
PE2 | i i a— | 62
B-actin | W s s s - | 45
Lung Tissue
H Erbin*
cQ = = - =
CLP Sham + + Sham + + kDa
Erbin 158
LC3I 16
LC3I| | ——— 14
p62 e —| 52
B-actin | e e o——— - 45

Hoechst Merge

Erbin Erbinfiyz2-cre Erbin® Erbinfiyz2-cre

RAPA(200nM) - - + - -+ cacuM) - - -+ - - 4
MDP(1Oug/ml) -+ - - kDa MDE(Oug/ml) = 4 3 = £ + kba
Erbin | s s s ‘ 158 Erbin | e meos S | 158
Lcal & W | 16 LC3I | e e | 16
LC3Il | 4 - - - | 2 LC3I| | s —————— | 14
62 ~’”m 62 p62 L . ———————— | ()
et practin | | 45

55

AlgS ‘ ————— ‘
Atg7 |<-—"‘ﬁ'

B-actin | S —————— 1 45

Fig. 2 (Seelegend on previous page.)



Fang et al. Journal of Translational Medicine (2023) 21:916 Page 9 of 16

A BMDMs-TNF-a BMDMs-IL-6 BMDMs-IL-18 BMDMs-HMGB1 BMDMs-IL-10 = Erbin®
600 - 0 o 0 e 00 e 0 mm Erbinffiyz2-cre

_ I 200 - e U
£400 =150 E150 E400 £ 60
> 3100 E o 240 1
2,00 g 2100 2,00 a

50 ] wux TN 20

0 S 0 0

N N
SO S &L S &L
P éOQ & éoq & ®OQ
S S )

600 IL- 1B sexx IL-10 = Erbin™

» 1500. HMGB1 150 e et
400 21000 = g100 T

200 = g 500 = 2 50

o LT 0 Ll 0

& 2 I
9 K 3
O O oY

p SN OY Y ) AL K - Y gy Lge
Fig. 3 Erbin-mediated autophagy response alleviated sepsis-induced inflammatory response and organ injury. A Erbin™ and Erbinf//yz2-cre
BMDMs were pretreated with CQ (5 uM) for 12 h and then treated with MDP for 6 h. The TNF-q, IL-6, IL-13, HMGB1, and IL-10 levels were measured
in the supernatant of Erbin™ and Erbin™Y2-¢e BMDMs. B The Erbin™~ and WT littermate mice were pretreated with CQ (60 mg/kg) before CLP
1 h, and mice were euthanized after CLP 6 h. The serum TNF-q, IL-6, IL-13, HMGB1 and IL-10 levels were measured by ELISA. C, D Histopathologic

changes in the liver and lung tissues were detected by H&E staining. Each group had 10 mice. Data shown are representative of 3 independent

experiments. *P<0.05, **P<0.01, ***P<0.001 from ANOVA followed by Tukey's post hoc test

showed that the inhibition of autophagy by CQ treatment
caused severe injury of the liver and lung tissues of WT
mice after the CLP challenge, which the injury scores
were dramatically aggravated in the liver and lung tis-
sues of CLP-challenged Erbin knockout mice (Fig. 3C, D).
Those observations indicated that Erbin promoted the
autophagy process and alleviated sepsis-induced inflam-
matory response and organ injury.

Erbin improves lysosomal biogenesis in MDP-treated
BMDMs

To further explore the regulatory mechanism of Erbin in
autophagy process during sepsis. We detected the lysoso-
mal acidic microenvironment by using LysoTracker Red
stain. Compared with MDP-treated Erbin! BMDM:s,
the fluorescence intensity was decreased in MDP-treated
Erbin-knockout BMDMs, indicating that Erbin defi-
ciency reduced the acidification of lysosomes (Fig. 4A,

B). Interestingly, we detected the protein levels of vacu-
olar-type proton pumping ATPase (V-ATPase) subunits
ATP6V1A and ATP6V1B2. Compared with MDP-treated
Erbin™® BMDMs, the ATP6V1A and ATP6V1B2 levels
were reduced in MDP-treated Erbin/1/ly22-cr¢ BMDMs,
The levels of lysosome proteins lysosome-associated
membrane protein-2 (LAMP-2) and CTSB were sig-
nificantly decreased in MDP-treated Erbinf//lyz2-cre
BMDMs than that in MDP-treated Erbin®? BMDMs
(Fig. 4C). Those results indicated that Erbin deficiency
decreased lysosome numbers and lysosomal degradative
function.

Erbin promotes TFEB nuclear translocation

and transcription activity

TFEB is located in the cytoplasm in the form of phos-
phorylation, and dephosphorylated TFEB transfers from
cytoplasmic into intracellular nucleus, activating the
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expression of lysosomal and autophagy-related genes.
We found that Erbin knockout increased the phospho-
rylated TFEB/S211 level in MDP-treated Erbin//lyz2-cre
BMDMs compared with MDP-treated Erbin? BMDMs
group, and Erbin over-expression inhabited the phospho-
rylated TFEB/S211 level in THP-1macrophages (Fig. 5A,
B). Consistently, the subcellular fractionation experi-
ments showed that Erbin over-expression increased
the cytoplasm-to-nucleus translocation of TFEB, and
Erbin knockdown decreased the nuclear translocation of
TFEB after MDP stimulation (Fig. 5C—E). These results
indicated that Erbin promotes the TFEB nuclear trans-
location. The mRNA levels of the TFEB target genes
VPS18, SYNJ2, and HSP8 were significantly decreased
in MDP-treated Erbin-knockdown THP-1 macrophages
compared to the control group (Fig. 5F). Those results
suggested that Erbin promotes TFEB nuclear transloca-
tion and transcription activity.

Erbin binds to TFEB and regulates the stability

of TFEB-14-3-3 and TFEB-PPP3CB complexes

Except for ATG proteins involved in the regulation of
autophagy, several diverse factors are involved in the
regulation of autophagy-lysosome pathway, including
TFEB and lysosome-associated proteins in sepsis [16].
To explore how Erbin regulates lysosomal biogenesis,

we investigated whether Erbin associates with TFEB. We
transferred several plasmids in 293T cells, we found that
Erbin strongly interacted with TFEB (Fig. 6A). To explore
the mechanism of Erbin-regulated TFEB cytoplasm-to-
nucleus translocation, we transfected with HA-Erbin
and Flag-TFEB in 293T cells, immunoprecipitation indi-
cated that TFEB could combine with 14-3-3, and Erbin
co-expression impaired TFEB-14/3/3 complex forma-
tion (Fig. 6B). Meanwhile, we transferred HA-Erbin in
293T cells, and we found that TFEB could combine with
PPP3CB, and Erbin co-expression enhanced the interac-
tion between TFEB and PPP3CB (Fig. 6C). The 293T cells
were co-transfected with Myc-TFEB and the indicated
truncated Erbin constructs, the further domain mapping
experiments showed that the C-terminal of Erbin (aa
391-964) was required for binding Erbin to TFEB. Addi-
tionally, TFEB interacted with Erbin via its N-terminal
(aa 1-247) (Fig. 6D, E). Thus, these results suggest that
Erbin regulates autophagy through TFEB-14-3-3 and
TFEB-PPP3CB complexes.

Discussion

The present study demonstrates that Erbin deficiency
disrupts autophagy progress, thus amplifying the
inflammatory response and organ injury during sep-
sis. Importantly, its impaired acidic microenvironment
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prepared and subjected to western blot analyses. Lamin A and (3-actin were used as the internal control for nuclear and cytosolic fractions,
respectively. E Experiments were performed similarly to those in D, except indicated siRNA was used. F THP-1 macrophages were transfected

with siRNA control or si-Erbin for 36 h and treated with or without MDP (10 pg/ml) for 6 h before gPCR analyses. The data shown are representative

of 3 independent experiments

of lysosomes accounted for the autophagy dysfunction.
Mechanically, Erbin promotes lysosomal biogenesis and
autophagy through directly targeting TFEB and regulat-
ing TFEB-14-3-3 and TFEB-PPP3CB complexes, thus
alleviating inflammatory responses and organ injuries.
Results obtained in the current study are represented
schematically in Fig. 7.

Erbin binds to NOD2, one of the PRRs, and detects
PGN through recognizing of MDP common in the
gram-positive and gram-negative bacterium and then
up-regulation of pro-inflammatory molecules. McDon-
ald et al. found that Erbin deletion led to increased sen-
sitivity of mouse fibroblasts (MEFs) to MDP, as shown
by a significant increase in cytokine MCP-1 levels after
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Fig. 6 Erbin binds to TFEB and regulates the stability of TFEB-14-3-3 and TFEB-PPP3CB complexes. A 293T cells were transfected with indicated
plasmids. 48 h post-transfection, Co-IP and immunoblot analysis were performed with indicated antibodies. B, C Experiments were performed
similarly to those in A, except indicated plasmids were used. D Schematic diagram of the full-length and truncated constructs of Erbin. The 293T
cells were co-transfected with Myc-TFEB and the indicated truncated Erbin constructs for 48 h. Co-immunoprecipitation and immunoblot analyses
were performed with the indicated antibodies. E Schematic diagram of the full-length and truncated constructs of TFEB. The 293T cells were
co-transfected with HA-Erbin and the indicated truncated TFEB constructs for 48 h. Co-immunoprecipitation and immunoblot analyses were

performed with the indicated antibodies

Erbin deletion [17]. Shen et al. found that Erbin-deficient
mice exhibited a more severe inflammatory response and
intestinal barrier disruption of colitis mice [22]. Here, we
found that Erbin deficiency aggravated sepsis-induced

Erbin in sepsis.

inflammatory responses, organ dysfunction, and even
death. Therefore, Erbin might be an early warning indica-
tor for sepsis, which uncovers the therapeutic potential of
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acidic environment. In this process, Erbin physically interacts with TFEB and regulates TFEB-14-3-3 and TFEB-PPP3BC complexes stability,

which regulates the TFEB nuclear translocation, thus regulating TFEB transcription levels and improving lysosomal biogenesis. Thus, impaired
Erbin-mediated ALP leads to an aggravated sepsis inflammation response and a deteriorated prognosis. Those suggested that Erbin’s targeting
of TFEB might rescue the dysfunctional ALP and alleviate the inflammation response and organ injuries following sepsis

Autophagy serves as an immune response to microbial
infection [23], and several previous investigations have
suggested autophagy activity is increased in response to
sepsis insult based on the increased autophagosomes and
the conversion of LC3-I to LC3-11. However, this assump-
tion is not necessarily correct, as the presence of numer-
ous autophagosomes or the increased LC3-1I could result
from an increase in formation or a decrease in clearance
[24]. For example, in a pancreatitis model, the autophago-
some formation and LC3-1/II were significantly increased
after LPS treatment. However, this resulted from the
blockade fusion of autophagosomes and lysosomes
rather than the induction of autophagy [25]. SQSTM1/
p62, a stress-induced cellular protein, acts as a receptor
for selective autophagy and is considered to be a good
reflection of clearance function, with the LIR domain
interacting with multiple sites of LC3, and subsequently
degraded along with LC3 and the ubiquitinated protein
aggregates [26]. Thus, failing to efficiently degrade p62
suggested that autophagy should not be sufficient, pos-
sibly due to impaired lysosomal/autolysosomal functions

or decreased lysosome numbers. In the present study,
we found that Erbin alleviated the dysfunction of ALP
caused by sepsis, which may account for the protective
role of Erbin in sepsis.

Autophagy dysfunction is considered the potential
toxic mechanism of sepsis. Saitoh et al. reported that
Atgl6L1 deficiency increased caspase-1 activation and
IL-1B processing in LPS-stimulated macrophages [27].
Similarly, after endotoxin stimulation, IL-1f production
in ATG7-deficient or treated with autophagy inhibi-
tor 3-methyladenine (3-MA) macrophages is enhanced.
Chung et al. reported that pretreatment of chloroquine
aggravated LPS-induced lipid accumulation and inflam-
mation in C57BL6 mouse livers [28]. Autophagic inducer
RAPA improved the survival rate, histologic scores, lung
wet/dry weight ratio, PaO,/FiO,, MPO activity, the pro-
inflammatory cytokines TNF-a, HMGB1, IL-6, IL-10,
and MCP1 production in septic mice, but there were
exacerbated above indicators in sepsis mice pretreated
with autophagy inhibitor 3-MA [29]. Functionally, in our
study, expression patterns of inflammatory cytokine and
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organ injuries were significantly increased in Erbin defi-
ciency mice after being treated with CQ. Higher expres-
sion of TNF-a, IL-6, IL-1B, and HMGB1 accompanied
with aggravated organ injuries were observed in Erbin
deficiency after CQ treatment. It indicated that Erbin
alleviated sepsis-induced inflammatory responses and
organ injuries by rescuing autophagic flux impairment.

Since autophagy is a lysosome-dependent degrada-
tion process that includes the early stage of autophagy
initiation and the late stage of autophagy degradation
[30]. Fusion of autophagosomes with lysosomes is neces-
sary for complete autophagic flux [31]. Lysosome plays a
central role in ALP. The destruction of lysosomes com-
prises two sides named lysosomal membrane permeabi-
lization (LMP) and lysosomal membrane rupture (LMR)
[32]. Mutation of LAMP-1 and LAMP-2 influenced
autophagosomes’ combination with endosomal vesicles
to lysosomes, and lysosomal proteases cathepsins are
required for subsequent substrate degradation [33]. Each
of these lysosomal behaviors is influenced by the intra-
luminal pH of the lysosome, which is maintained in the
low acidic range by a proton pump, the vacuolar ATPase
(v-ATPase) [34]. In Erbin deficiency BMDMs, we found
lower levels of CTSB and LAMP2, as well as a more seri-
ous disrupted lysosome acidic environment, than the
MDP-treated WT BMDMs. These results suggested that
Erbin deficiency would destroy the lysosome structure
and lysosomal biogenesis to influence the autophagic
flux.

Additionally, there are other genes that affect multi-
ple steps of this progress. TFEB was recently discovered
as a major regulator of the ALP as well as a potential
therapeutic target [35]. In addition, PPP3CB-mediated
dephosphorylation of TFEB, and YWHA/14-3-3 dissoci-
ation were required for TFEB nuclear translocation [36].
In the present study, total TFEB expression was increased
in response to MDP treatment. Additionally, Erbin defi-
ciency resulted in a marked accumulation of TFEB pro-
tein in the cytoplasmic subfraction with a corresponding
decline in the nuclear subfraction. We also found that
Erbin overexpression promoted TFEB translocation
from the cytoplasm to the nucleus after MDP treatment
in vitro. Furthermore, co-immunoprecipitation showed
that Erbin promoted the dissociation of TFEB from
the TFEB-14-3-3 complex and enhanced the interac-
tion between TFEB and PPP3CB. The finding suggested
that Erbin-mediated TFEB translocation to the nuclear
through the regulation of TFEB-14-3-3 and TFEB-
PPP3CB complexes stability. It uncovered the potential
molecular mechanism of Erbin regulating autophagy
after sepsis insult.

In conclusion, our study demonstrated that Erbin pro-
moted the autophagy process and activated lysosomal
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biogenesis via direct targeting and activation of TFEB.
The cooperatively molecular action rescued autophagy
dysfunction caused by sepsis insult and alleviated inflam-
matory response and organ injuries during the sepsis
challenge. Our findings thus reveal novel insight into
the regulatory mechanisms of Erbin on autophagy and
inflammatory response and provide a potential therapeu-
tic target.
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