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ABSTRACT

Background and aims: Alcohol-associated liver disease (ALD) is a leading cause of liver-related morbidity
and mortality worldwide, with no currently effective treatment. ALD is caused by excessive lipid
buildup, which eventually triggers inflammation and fibrosis in the liver. Activation of hepatic Kupffer
cells (KCs) and macrophages drives liver inflammation, which can worsen alcohol-induced liver injury.
The autophagy-lysosome system is crucial for macrophages to support their innate immune functions.
Transcription factor EB (TFEB) is a key regulator of autophagy and lysosomal biogenesis, but the role of
macrophage TFEB in ALD development is unknown. The aim of this study was to evaluate the effects of
Gao-binge alcohol consumption on myeloid cell TFEB and elucidate the role of myeloid TFEB in ALD.
Methods: Two-to-three-month-old male and female LysM Cre~ (WT) and LysM Cre* Tfeb Flox/Flox (f/f)
(myeloid-Tfeb KO) mice were subjected to chronic alcohol feeding plus an acute binge following the
Gao-binge model. Serum alanine aminotransferase, aspartate aminotransferase, triglycerides, and
cholesterol content were determined using biochemical assays. Total hepatic protein content and
messenger RNA (mRNA) levels of autophagy-related proteins and inflammatory markers were deter-
mined using immunoblotting, immunohistochemistry, and real-time quantitative polymerase chain
reaction (RT-qPCR). Isolated hepatic infiltrating macrophages and KCs from mice given intragastric
ethanol infusions were analyzed by Western blot for TFEB and autophagy-related protein content. Raw
264.7 macrophages were treated with ethanol, lipopolysaccharide (LPS), and LPS plus ethanol to
examine nuclear TFEB translocation using immunofluorescence.
Results: We found that TFEB levels were higher in macrophage/KC cells than in hepatocytes and chol-
angiocytes. While ethanol feeding increased serum alanine aminotransferase and aspartate amino-
transferase levels, as well as hepatic triglyceride levels, no significant differences were observed
between WT and myeloid-Tfeb KO mice. The number of F4/80-positive KCs/macrophages was similar in
all four experimental groups, but hepatic neutrophil infiltration increased in alcohol-fed myeloid-Tfeb
KO mice. LPS or ethanol alone induced nuclear TFEB translocation only moderately in Raw 264.7
macrophages.
Conclusions: Our findings suggest that myeloid TFEB is dispensable for alcohol-induced liver injury in
mice.
© 2026 The Third Affiliated Hospital of Sun Yat-sen University. Publishing services by Elsevier B.V. on
behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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E-mail address: wxding@kumc.edu (Wen-Xing Ding).

1. Introduction

The global prevalence rate of alcohol-associated liver disease
(ALD) has been steadily increasing in recent years, affecting almost
5% of the global population.' Additionally, the National Institute on
Alcohol Abuse and Alcoholism (NIAAA) reported in 2022 that
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alcohol has been associated with more than 46% of liver-related
deaths in the United States (The data was collected and compiled
by the Centers for Disease Control and Prevention). ALD is
considered a spectrum of disorders and pathologies, ranging from
increased lipid accumulation to the development of more severe
conditions such as alcohol-associated steatohepatitis (ASH) with
increased ductular reactions, megamitochondria, inflammation,
and fibrosis.>* ALD has been extensively connected to the
increased occurrence of liver cirrhosis and hepatocellular carci-
noma, labeling it as one of the leading causes of death associated
with these debilitating liver diseases.>>® Toxicity from excessive
alcohol consumption leads to the activation of immune cells and
increased inflammation in the liver, driven by various pathways
that culminate in damage and eventual death of hepatocytes.’

A key pathway that is involved in inflammatory signaling and
induced by heavy alcohol consumption in the liver is driven by
Kupffer cell (KC) activation.® In the 1870s, KCs were first identified
as the resident macrophages in the sinusoidal space in the liver.
These specialized cells are derived from bone marrow precursor
cells.”!% In the context of alcohol-induced liver injury, KCs respond
to inflammatory signaling that is prompted by the generation of
highly reactive molecules as well as the direct interaction with
bacterial endotoxin, lipopolysaccharide (LPS). Once in the portal
circulation, LPS translocates to the liver and binds to a class of
receptors termed Toll-like receptors (TLRs) on KCs, inducing their
activation. KCs produce inflammatory signaling molecules such as
tumor necrosis factor-alpha (TNF«), chemokines, and reactive ox-
ygen species (ROS) that promote further damage to hepatocytes,
affecting the overall health of the liver.®'%!" Chronic alcohol con-
sumption leads to a continual state of hepatic inflammation, pro-
moting progression from a reversible state to a non-reversible
condition of alcohol-induced cirrhosis.>'>4

Similar to its effects on inflammatory signaling, acute and
chronic alcohol consumption damages organelles and proteins due
to increased amounts of ROS present from alcohol metabolism in
the hepatocyte.””' Typically, damaged macromolecules are
removed via the degradative process of macroautophagy, also
known as autophagy. Autophagy is essential in restoring cellular
and metabolic homeostasis in the liver after stress-induced injury
and is regulated by several well-established mechanisms.'®*?> One
mechanism that regulates autophagy is transcription factor EB
(TFEB), a member of the microphthalmia/transcription factor E
(MIiT/TFE) family. TFEB is most notably known for being a master
regulator of autophagy, as it upregulates essential genes involved
in both autophagy and lysosomal function.?>~%® TFEB is ubiquitous
in its expression across various cell types; however, its activity is
higher in cells with high Ilysosomal activity, such as
macrophages.?>?730

Though it has been established that acute alcohol con-
sumption induces autophagy, excessive or chronic alcohol
consumption is known to impair this process.>>> We have
previously shown that hepatic autophagy mediated by TFEB is
impaired in alcohol-fed mice using a chronic-on-binge model
(Gao-binge model). We showed that alcohol-induced reduction
of TFEB led to significant decreases in the expression of lyso-
somal biogenesis genes, such as lysosomal-associated mem-
brane protein 1 (Lampl) and lysosomal V-ATPases.’!*?
However, the effects of Gao-binge alcohol consumption on
myeloid cell TFEB and how myeloid TFEB would affect ALD have
yet to be elucidated. In the present study, we established
myeloid-specific Tfeb knockout mice, and these knockouts and
their wild-type counterparts were subjected to chronic alcohol
feeding plus an acute binge (Gao-binge) alcohol model. The
research aim for this study was to evaluate the role of myeloid
TFEB in alcohol-induced liver injury in mice.
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2. Materials and methods
2.1. Ethics approval

All procedures were approved by the Institutional Animal Care
and Use Committee of the University of Kansas Medical Center
(IACUC protocol #: IPROT02024-387) and were conducted in
accordance with international ethical standards. Our study
examined both male and female animals, and results are reported
for both sexes.

2.2. Animal models

2.2.1. Generation of myeloid cell TFEB KO mice

Tfeb Flox/Flox (f/f) mice were generated as described previously
and were crossed with LysM Cre mice (C57BL/6]) (Jackson Labo-
ratory, Bar Harbor, ME, USA) for six generations.>> All animals were
specific pathogen-free and maintained in a barrier rodent facility
under standard experimental conditions.

2.2.2. Gao-Binge alcohol model

Two-to-three-month-old male and female LysM Cre™ and LysM
Cre* Tfeb ™ mice were subjected to the Gao-Binge alcohol model as
described previously.>*> Briefly, the Lieber-DeCarli liquid control
diet (F1259SP, Bio-Serv, Flemington, NJ, USA) was administered to
mice for 5 days to allow for acclimation to the diet. On the sixth
day, mice were either kept on the control diet or fed the ethanol
diet (F1258SP, Bio-Serv, Flemington, NJ, USA; plus 5% ethanol) for
10 days. Post the 10-day feeding period, mice were removed from
the liquid diet and given an ethanol gavage (5 g/kg) or a maltose/
dextran gavage (9 g/kg; #3653, Bio-Serv, Flemington, NJ, USA). At
8 h post-gavage, mice were anesthetized with Avertin, euthanized,
and serum and liver tissues were collected.

Mice were allocated into groups based on sex, genotype, and
diet. Male LysM Cre- Tfeb” mice were divided into control (n = 7)
and ethanol-fed (n = 8) groups, while female LysM Cre- Tfeb”/ mice
were divided into control (n = 6) and ethanol-fed (n = 8) groups.
Male LysM Cret Tfeb #/ mice comprised control (n = 7) and
ethanol-fed (n = 10) groups, and female LysM Cre™ Tfeb 7 mice
comprised control (n = 3) and ethanol-fed (n = 5) groups.

2.2.3. Isolation of parenchymal and nonparenchymal cells from
mouse liver

Hepatocytes, cholangiocytes, and KCs were isolated from the
livers of mice in each experimental group using retrograde, non-
recirculating perfusion with 0.05% Collagenase Type IV (#C5138,
Sigma-Aldrich, St. Louis, MO, USA) following the protocol as pre-
viously described.?®” Red blood cells were subsequently removed
from the fraction containing cholangiocytes and KCs using Red
Blood Cell lysing Buffer (#R7757, Sigma-Aldrich, St. Louis, MO,
USA) per manufacturer’s instructions. Additionally, both chol-
angiocytes and KCs were further isolated from the remaining
fraction using gradient Percoll (#17-0891-01, GE Healthcare, Chi-
cago, IL, USA) centrifugation as previously described.>%>”

2.2.4. Fluorescence-activated cell sorting (FACS) isolation for
migrating vs. resident hepatic macrophages

C57BL/6] mice were subjected to 6 or 7 weeks of intragastric
feeding to develop mouse ASH. Hepatic infiltrating macrophages
(IMs) and KCs were isolated as described previously.>® Briefly, five
days after injection of the PKH26-labeled peripheral blood
mononuclear cells (PBMCs), IMs (including migrated PBMCs and
resident KCs) were isolated from the recipient mice. Isolated cells
were incubated with anti-mouse CD16/CD32 for 10 min on ice to
block nonspecific binding, and then with the following antibodies:
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CD45-V450 (BD Biosciences, Franklin Lakes, NJ, USA), F4/80-FITC
(eBioscience, Thermo Fisher Scientific, Waltham, MA, USA), and
CX3CR1-APC (R&D Systems, Minneapolis, MN, USA) for 30 min,
followed by three washes with cold PBS. For FACS analysis, after
gating on CD45™" cells, hepatic macrophages were separated into
PKH26" and PKH26  groups. IMs are CD45"Ly6G'®VF4/80°"-
CD11bM8" and KCs are CD45*Ly6G'°" F4/80M8"CD11b'°%. Total
lysates from IMs and KCs were subjected to Western blot analysis.

2.3. Biochemical assays

To assess liver function and injury, the activities of alanine
transaminase (ALT; A7526-625, Pointe Scientific, Canton, MI, USA)
and aspartate aminotransferase (AST; A7561-150, Pointe Scientific,
Canton, MI, USA) were measured in the serum using commercially
available kits, as previously described.?® Serum and hepatic levels
of triglycerides (TGs) and cholesterol were also determined using
the corresponding colorimetric kit from Pointe Scientific (TG,
#T7532; cholesterol, #C7510; Canton, MI, USA) as previously
described.*

2.4. Western blot analysis

Total liver and cell lysates were homogenized using radio-
immunoprecipitation assay (RIPA) buffer (1% NP40, 0.5% sodium
deoxycholate, and 0.1% sodium dodecyl (lauryl) sulfate) supple-
mented with protease inhibitor cocktail. Protein concentration
was measured using the BCA Protein Assay (#23227, Thermo Sci-
entific, Rockford, IL, USA). Liver lysates were loaded at 30 pg and
cell lysates were loaded at 3 pg of protein for electrophoretic
separation on a 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gel and transferred to a polyvinylidene
fluoride (PVDF) membrane. Membranes were then blocked for 1 h
at room temperature in 5% blocking solution containing evapo-
rated milk and Tris-buffered Saline plus 0.1% Tween-20 (TBST) and
probed with the appropriate primary antibodies overnight at 4 °C,
followed by incubation with secondary antibodies for 1 h on the
next day. Antibodies used for Western blot are listed in Table 1.
After incubation with secondary antibodies, membranes were
washed three times in TBST in 5-min intervals. SuperSignal West
Pico Plus chemiluminescent substrate (#34578, Thermo Scientific,
Rockford, IL, USA) was used to develop the membranes for protein
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visualization. The membranes were imaged using the Li-Cor Od-
yssey Fc imaging system and densitometry analysis was per-
formed with Image] software (NIH).

2.5. Histology and immunohistochemistry

Paraffin-embedded liver sections (5 pm thick) were stained
using hematoxylin and eosin (H&E) for visualization of liver his-
tology. For immunohistochemistry, liver sections were deparaffi-
nized, followed by 3% hydrogen peroxide treatment for quenching.
Tissue sections were treated with citrate buffer pH 6.0 for heat-
induced antigen retrieval. After antigen retrieval, liver sections
were blocked using UltraVision Protein Block (Epredia, TA-125-
PBQ, Kalamazoo, MI, USA) to prevent non-specific background
staining. Post-blocking, slides were incubated with primary anti-
body overnight at 4 °C and with the appropriate secondary anti-
body at 37 °C for 1 h the next day. Antibodies used for
immunohistochemistry are listed in Table 1. Positive staining was
developed using ImmPACT NovaRED HRP substrate (Vector Labo-
ratories, SK-4805, Newark, CA, USA) and counterstained with he-
matoxylin for nuclear staining. Tissue sections were visualized at
20 x for positively stained areas using microscopy.

2.6. Cell culture and immunofluorescence staining

Raw 264.7, macrophage cells, a mouse monocyte/macrophage
cell line from ATCC, were used. Cells were thawed and plated in a
100 mm dish and maintained with Dulbecco’s Modified Eagle
medium (DMEM) high glucose cell culture medium (Gibco,
Thermo Fisher Scientific, 11965092, Rockford, IL, USA) supple-
mented with 10% fetal bovine serum (FBS), 1% penicillin/strepto-
mycin as the antibiotic, and 1% ir-glutamine. Raw 264.7
macrophage cells were grown on coverslips placed in a 12-well
plate. Cells were allowed to adhere overnight and treated with
the following chemicals: 250 nmol/L Torin1l, 100 ng/mL LPS,
80 mmol/L ethanol (EtOH), or a combination of 100 ng/mL LPS and
80 mmol/L (mM) EtOH. Cells treated with Torin1 or LPS were
incubated for 2 h, whereas those treated with EtOH were incu-
bated for 6 h. After the incubation period, cells were washed with
1x phosphate-buffered saline (PBS) and then fixed in 4% para-
formaldehyde (PFA in PBS) at 4 °C overnight. After fixation, cov-
erslips were washed with 1x PBS and blocked in blocking buffer

Table 1

List of antibodies used for Western blots, immunohistochemistry, and immunofluorescence.
Antibody Source Cat#
p-actin Sigma-Aldrich A5441
CK19 Developmental Studies Hybridoma Bank (University of lowa, lowa City, USA) TROMA-III
F4/80 monoclonal antibody (BM8) Thermo Fisher Scientific 14-4801
GAPDH Cell Signaling Technology 2118
HNF4a (P1/P2) Perseus Proteomics PP-H1415-00
LAMP-2 Developmental Studies Hybridoma Bank ABL-93-c
LC3 Made by the lab, available by request N/A
Ly-6G Cell Signaling Technology 87048S
p62 Abnova H00008878-M01
TFEB Thermo Fisher Scientific A303-673A
VATPvV1A Proteintech 17115-1-AP
VATPv1B2 Proteintech 15097-1-AP
HRP-Goat Anti-Mouse IgG Jackson ImmunoResearch 115-035-146
HRP-Goat Anti-Rabbit IgG Jackson ImmunoResearch 111-035-144
HRP-Goat Anti-Rat IgG Jackson ImmunoResearch 112-035-143
Alexa Fluor® 488 AffiniPure® Goat Anti-Rabbit IgG Jackson ImmunoResearch 111-545-144
Alexa Fluor® 594 AffiniPure® Goat Anti-Mouse IgG Jackson ImmunoResearch 115-585-003
Rhodamine Red™-X AffiniPure® Goat Anti-Rat IgG Jackson ImmunoResearch 112-295-167
HRP Horse Anti-Rabbit IgG Vector Laboratories MP-7401
HRP Goat Anti-Rat IgG Vector Laboratories MP-7444-15
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(1x PBS, 0.4% Triton X-100, and 10% goat serum) for 1 h at room
temperature. Next, cells were incubated in the appropriate pri-
mary antibodies (diluted in staining buffer containing 1x PBS, 0.4%
Triton X-100, and 2% goat serum) overnight at 4 °C. Cells were then
washed in 1x PBS, followed by incubation in secondary antibodies
(diluted in the above-mentioned staining buffer) for 1.5 h at room
temperature. The coverslips were washed with 1x PBS to remove
the secondary antibody solution. Antibodies used for immuno-
fluorescence are listed in Table 1. The cover slips were incubated
with Hoechst 33342 (Thermo Fisher Scientific, Waltham, MA, USA)
for nuclear staining for 10 min at room temperature, then washed
with 1x PBS and mounted to microscope slides. Cells were imaged
using a Nikon fluorescence microscope (Melville, NY, USA).

2.7. RNA isolation from liver tissue and reverse transcription

Frozen liver tissue from each treatment group was homoge-
nized and used for isolating RNA following the protocol for TRIzol
Reagent (#15596018, Invitrogen, Carlsbad, CA, USA). Briefly, sam-
ples were mixed with chloroform and centrifuged. After centri-
fugation, the aqueous form was removed and used for RNA
precipitation. Samples were then mixed with 100% isopropanol for
the precipitation step, followed by 12000 g for 10 min. Lastly, the
pellet was washed in 75% ethanol, centrifuged at 7500 g for 5 min,
and resuspended in RNase-free water.

Purified RNA for both cells and liver tissue was used to syn-
thesize first-strand cDNA using reverse transcription according to
the Maxima H Minus First Strand cDNA synthesis kit protocol
(Thermo Fisher Scientific, K1652, Rockford, IL, USA). Briefly, tem-
plate RNA (3 pg) was mixed with Oligo(dT)18, dNTP mix, 5x RT
buffer, RiboLock RNase inhibitor, Maxima H Minus reverse tran-
scriptase, and nuclease-free water, and then amplified using a
thermocycler to generate complementary DNA (cDNA).

2.8. RT-qPCR

Real-time quantitative polymerase chain reaction (RT-qPCR)
was used to determine the mRNA expression levels of select genes
using a Bio-Rad CFX384 real-time PCR detection system and SYBR
Green mix (#B21202, Biomake, Bio-Connect, Netherlands). Actin or
18s was used as the housekeeping gene for normalization. The
mRNA expression of the following genes was determined: Tnfe, Il-
1b, Ly6g, Adgrel, Mcp-1, Mip-1a, Mip-2, and Cxcl-1. The fold change
for each gene was expressed relative to the control diet-fed LysM
Cre Tfeb #f mice (Table 2). Calculation of the fold change for each
gene was performed using the 22Ct method.

Table 2
Sequences of primers for quantitative real-time PCR analysis.

Gene Forward primer (5’-3’) Reverse primer (5’-3")

Actin TGTTACCAACTGGGACGACA GGGGTGTTGAAGGTCTCAAA
18s GAGCGAAAGCATTTGCCAAG GGCATCGTTTATGGTCGGAA
Tnfa CGTCAGCCGATTTGCTATCT CGGACTCCGCAAAGTCTAAG
Ly6g TGCGTTGCTCTGGAGATAGA CAGAGTAGTGGGGCAGATGG
1I-1b GCCCATCCTCTGTGACTCAT AGGCCACAGGTATTTTGTCG
Adgrel CTTTGGCTATGGGCTTCCAGTC ~ GCAAGGAGGACAGAGTTTATCGTG
Mcp-1 CCAGCCTACTCATTGGGAT GGGCCTGCTGTTCACAGTT
Mip-1« TGAGAGTCTTGGAGGCAGCGA  TGTGGCTACTTGGCAGCAAACA
Mip-2 CTCAGAGGAAGACGATGAAG GACGAGTTATCCCAGCCAAA
Cxcl-1 GCTGGGATTCACCTCAAGAA CTTGGGGACACCTTTTAGCA

Abbreviations: Adgrel, adhesion G-protein-coupled receptor E1; CXCL-1, C-X-C
motif chemokine ligand 1; IL-1b, interleukin-1 beta; MCP-1, monocyte chemo-
attractant protein-1; MIP-1a, macrophage inflammatory protein-lalpha; MIP-2,
macrophage inflammatory protein-2; TNFa, tumor necrosis factor-alpha.
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2.9. Statistical analysis

Statistical analysis was performed using GraphPad Prism soft-
ware (version 9.4.1 (681), GraphPad Software, Boston, MA, USA).
All experimental data were expressed as mean =+ standard error of
the mean (SEM). Either one-way analysis of variance (ANOVA)
followed by Tukey’s post-hoc test or two-tailed Student’s t-test
was used where appropriate. A P value less than 0.05 was
considered significant.

3. Results

3.1. Expression of TFEB is much higher in KCs than in hepatocytes
and cholangiocytes in the mouse liver

To determine the expression levels of TFEB in different cell
types in the mouse liver, hepatocytes, cholangiocytes, and KCs
were isolated, and an equal amount of cellular lysates was
subjected to Western blot analysis. As can be seen in Fig. 1A, the
levels of TFEB were much higher in KCs followed by hepatocytes,
with no detectable levels in cholangiocytes. Immunofluores-
cence staining with an F4/80 antibody confirmed that the iso-
lated KCs were F4/80 positive (Fig. 1B). The levels of TFEB in KCs
isolated from LysM Cret (myeloid-Tfeb KO) mouse livers were
significantly lower than those in KCs from LysM Cre~ (WT)
mouse livers using Western blot analysis (Fig. 1C) and immu-
nofluorescence staining (Fig. 1D), confirming the successful
deletion of Tfeb in myeloid-Tfeb KO mice. The levels of LC3-II
were also much lower in KC isolated from myeloid-Tfeb KO
mice than in WT mice, likely due to impaired autophagy in KCs
as a result of TFEB deletion. Analysis of the published human
single-cell RNA-seq dataset (GSE255772) showed that TFEB is
highly expressed in monocytes/macrophages and neutrophils,*°
but relatively low in hepatocytes (Fig. 1E). Additionally, KCs and
IMs were isolated from the livers of mice administered intra-
gastric ethanol infusions for 6 or 7 weeks to evaluate differences
in the expression of several lysosomal proteins. The protein
levels of TFEB-targeted genes, including LAMP2, VATPv1a, and
VATPv1b2, were higher in KCs but barely detectable in IMs.
Additionally, seven weeks of alcohol feeding further increased
the levels of these lysosomal proteins in KCs (Fig. 1F). Overall,
these data suggest that TFEB is primarily expressed in immune
cells rather than hepatocytes in mouse livers.

3.2. Loss of myeloid cell TFEB did not worsen Gao-binge alcohol-
induced liver injury

The levels of serum ALT were increased approximately 2-fold
and 7-fold in Gao-binge alcohol-fed male (P < 0.05) and female
WT mice, respectively, compared with control diet-fed WT mice
(Fig. 2A). There was an appreciable 2-fold increase in AST levels in
alcohol-fed female WT mice, though not significant (Fig. 2B). The
levels of serum ALT and AST in Gao-binge alcohol-fed female
myeloid-Tfeb KO mice were similar to those in Gao-binge alcohol-
fed female WT mice (Fig. 2A and B). There were no significant
changes in liver-to-body weight ratios among all the groups
(Fig. 2C). Gao-binge alcohol feeding significantly raised (P < 0.05)
serum alcohol levels to similar concentrations across genotypes in
both male and female mice (Fig. 2D). Gao-binge alcohol feeding
also increased hepatic TG levels, but no differences were observed
between WT and myeloid-Tfeb KO mice. The hepatic TG levels in
Gao-binge alcohol-fed female mice tended to be higher than in
males, regardless of genotype, although these differences did not
reach statistical significance (Fig. 2E). Consistent with the hepatic
TG data, H&E staining showed an increased number of lipid
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Fig. 1. TFEB is highly expressed in mouse Kupffer cells/macrophages but not hepatocytes and cholangiocytes. Primary hepatocytes (Hep), cholangiocytes (Cho), and Kupffer
cells (KCs) were isolated from wild-type mice, and total cell lysates of these cells were subjected to Western blot analysis (A). (B) Isolated KCs from WT mice were immuno-stained
for F4/80. Hoechst 33342 was used to stain the nuclei, followed by fluorescence microscopy and phase-contrast imaging. White arrows denote F4/80 positive KCs, and the black
arrow denotes a hepatocyte. (C) KCs were isolated from LysM Cre~ (WT) and LysM Cre™ Tfeb 7 (myeloid-Tfeb KO) mice, and total lysates were used for Western blot analysis. (D)
KCs were isolated from WT and myeloid-Tfeb KO mice and were immuno-stained for TFEB and F4/80. Hoechst 33342 was used to stain the nuclei, followed by fluorescence
microscopy. Representative images are shown. (E) Bioinformatic analysis of single-cell RNAseq for TFEB and TFE3 expression in human livers of a published public dataset
(GSE255772). (F) C57BL/6] mice were subjected to intragastric alcohol feeding for 6 and 7 weeks. IMs and KCs were isolated, and total cell lysates were used for Western blot
analysis. Molecular mass markers are indicated in kDa. Abbreviations: C, control; CK19, cytokeratin 19; E, ethanol; SE, short exposure; LE, long exposure; HNF4«, hepatocyte

nuclear factor 4-alpha; IMs, infiltrating macrophages; NKT cells, natural killer T cells.

droplets in Gao-binge alcohol-fed both WT and KO mice (Fig. 2F
arrows). Together, these data indicate that myeloid TFEB is
dispensable for Gao-binge alcohol-induced liver injury and
steatosis.

3.3. Loss of TFEB in KCs results in increased hepatic neutrophils and
decreased cytokine production in myeloid-Tfeb KO mice exposed to
Gao-binge alcohol

Staining for the macrophage surface marker, F4/80, did not
reveal any significant changes between the control diet and

75

ethanol diet-fed groups of both WT and myeloid-Tfeb KO mice
(Fig. 3A and B). Additionally, neutrophil accumulation was
determined using the neutrophil surface marker, Ly6G. As
shown in Fig. 3A and C, IHC staining of Ly6G in control diet and
Gao-binge alcohol-fed WT mice showed no significant differ-
ences, whereas the number of Ly6G-positive neutrophils was the
highest in Gao-binge alcohol-fed myeloid-Tfeb KO mice
compared to all other groups. This increased trend in Ly6G levels
in myeloid-Tfeb KO mice was further observed quantitatively
using RT-qPCR (Fig. 3D). Interestingly, hepatic mRNA levels of
several other inflammatory genes were either unchanged (such
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as Mcp-1 and Adgre1) or decreased (II-1b, Cxcl1, and Tnfa) in Gao- 3.4. Alcohol consumption leads to insufficient autophagy in LysM
binge alcohol-fed WT and myeloid-Tfeb KO mice compared to cret Tfeb" mice
control diet-fed WT mice (Fig. 3D). Taken together, these results

suggest that myeloid-TFEB may play a role in modulating he- Compared to the control diet-fed mice, hepatic levels of TFEB
patic neutrophil infiltration but not macrophages and expres- protein were markedly decreased in Gao-binge alcohol fed WT
sion of hepatic cytokines/chemokines. mice. Quantitative analysis showed an increased trend in the levels
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et

Cxcl1, Mip1a, Mip2, and Ly6g. "P < 0.05,

of LC3-II with decreased p62, confirming insufficient hepatic
autophagy as we previously reported.>' Gao-binge alcohol feeding
did not alter the levels of TFEB and p62 but increased hepatic LC3-
II (P < 0.05) (2.5-fold increase over control-diet fed WT mice) in
myeloid-Tfeb KO mice (Fig. 4), likely due to further impaired
autophagy. These results further suggest that alcohol impairs he-
patic autophagy in WT mice, which may be worsened in myeloid-
Tfeb KO mice.
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P < 0.0001. Abbreviations: Ctrl, control diet; EtOH, ethanol diet.

3.5. Ethanol and LPS moderately increase nuclear translocation of
TFEB in RAW macrophages

To investigate the localization of myeloid cell TFEB in macro-
phages under stress-induced conditions, Raw 264.7 macrophage
cells were treated with various stressors such as LPS, EtOH, and a
combination of both LPS and EtOH. As a positive control, cells were
also treated with Torin1, as it is known to stimulate TFEB nuclear
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e P

analysis of (A). Data are presented as means + SEM (n = 3-4).
ethanol diet.

P < 0.001,

translocation by preventing the mechanistic target of rapamycin
complex 1 (mTORC1)-mediated inhibitory phosphorylation of
TFEB.*! Torinl-treated macrophages had a significant increase
(P < 0.05) in nuclear TFEB translocation in Raw 264.7 macro-
phages. EtOH or LPS treatment alone or the combination of EtOH
and LPS only led to a moderate increase in nuclear TFEB trans-
location in macrophages (Fig. 5A and B). Together, these results
suggest that LPS and EtOH moderately increase nuclear TFEB
translocation in cultured macrophages.

4. Discussion

Though the function of hepatic TFEB in the context of alcohol-
induced liver injury has been previously studied,>"*? the role and
mechanisms by which myeloid cell TFEB contributes to alcohol-
induced liver injury have not been studied. Acute and chronic
alcohol consumption induces the production of the harmful me-
tabolites acetaldehyde and ROS and can disrupt the barrier be-
tween enterocytes, promoting the release of LPS into the
enterohepatic portal circulation.®!!? These events trigger KC and
macrophage activation and increase the expression of various
genes involved in inflammatory, chemoattractant, and antimicro-
bial responses associated with the activation of several transcrip-
tion factors, including nuclear factor kappa B (NF-xB), the
interferon-regulatory factor (IRF) family proteins, and cAMP-
response element binding protein 1 (CREB1).*> In response to
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P < 0.0001. Molecular mass markers are indicated in kDa. Abbreviations: Ctrl, control diet; EtOH,

pathogen exposure, the autophagy-lysosome system plays critical
roles in macrophages to promote antigen processing and presen-
tation, degradation of phagocytosed pathogens, secretion of NK
and T-cell cytotoxic granules, and TLR signaling.*> Additionally,
autophagy in macrophages can help engulf intracellular pathogens
and modulate inflammatory signaling through the inflammasome
complex.** Furthermore, macrophage TFEB is associated with the
production and secretion of inflammatory mediators such as C-C
motif chemokine ligand 2, IL-1p, and colony-stimulating factor-
1% Indeed, alcohol fed myeloid-specific Atg5 KO mice had
increased proinflammatory cytokine gene induction and hepato-
cyte death without affecting hepatic steatosis compared with
alcohol-fed wild-type mice, highlighting a protective role of
macrophage autophagy in protecting against ALD via anti-
inflammatory effects.®® In contrast to myeloid-specific Atg5 KO
mice, our study found that the myeloid-specific deletion of Tfeb in
mice does not affect liver injury or increase the expression of in-
flammatory cytokines and chemokines.

Several reasons may explain the different observations in
myeloid-specific Atg5 KO and Tfeb KO mice after alcohol exposure.
Myeloid-specific Atg5 KO mice were fed 5% ethanol for 21 days,
with a final ethanol gavage and LPS injection on the last day before
euthanasia. In contrast, myeloid-Tfeb KO mice underwent the Gao-
binge alcohol model, which involved 10 days of 5% ethanol feeding
and a single ethanol gavage without LPS. ATG5 is an essential
autophagy protein that complexes with ATG-12 and ATG16L for
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LPS + EtOH

Fig. 5. LPS and EtOH treatment moderately increase nuclear TFEB translocation in Raw 264.7 macrophages. Mouse Raw 264.7 macrophages were plated and treated with the
following compounds: 250 nmol/L Torin1 for 2 h, 100 ng/mL lipopolysaccharide (LPS) for 2 h, 80 mmol/L (mM) ethanol (EtOH) for 6 h, or the combination of 100 ng/mL LPS (2 h)
and 80 mmol/L (mM) EtOH (6 h). Cells were fixed followed by immunofluorescence staining and fluorescence microscopy. Hoechst 33342 was used to stain the cell nuclei. (A)
Representative immunofluorescent images are shown, taken at 60x magnification. (B) Quantification of the ratio of TFEB nuclear-to-cytoplasmic localization. The lower panels are
enlarged graphs from the boxed areas. White arrows denote cytosolic TFEB, red arrows denote nuclear TFEB, and arrowheads denote both cytosolic and nuclear TFEB. Hoechst
33342 was used as a nuclear stain. 117-199 cells were counted per treatment. Data are shown as means + SEM (n = 3). P < 0.05.

autophagosome formation. Deletion of ATG5 in the mouse liver
severely impairs hepatic autophagy, whereas deletion of hepatic
Tfeb in mice shows no phenotypes. Unlike ATG5, TFEB belongs to
the microphthalmia-associated transcription factor (MiTF) family
of proteins, which also includes MiTF, TFE3, and TFEC in
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mammalian cells.>* It is well known that these transcription fac-
tors all bind to the Coordinated Lysosomal Expression and Regu-
lation (CLEAR) sequence and have overlapping functions, so the
loss of one can be compensated by the others.”’ Indeed, mice with
deletion of TFEB alone in the liver or pancreas show no obvious
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effects, but double deletion of TFEB and TFE3 made mice more
susceptible to pancreatitis and alcohol-associated hepatitis.>#54°
Therefore, the absence of noticeable increased liver injury in
myeloid- Tfeb KO mice compared with WT mice after Gao-binge
alcohol may be due to the compensatory effects of other MiTF
family proteins in macrophages. Future studies should involve
deleting TFE3 or TFEC in myeloid- Tfeb KO mice to better under-
stand the role of MiTF family transcription factors in lysosomal
biogenesis during ALD.

In addition to its role in the activation of KCs and other mac-
rophages, chronic alcohol exposure has been documented to
trigger F4/80" KC death through the induction of apoptosis,
resulting in as much as a 10% reduction in KC population in some
studies.”®>! Additionally, this apoptosis was found to be driven by
factors such as alcohol-induced phosphorylation of FOX03 as well
as the increased production of growth differentiation factor 15
(GDF15) derived from elevated catecholamine levels in the
liver.’%>2 A loss of KC population has been reported to be restored
by circulating monocytes recruited to sites of inflammation in the
liver induced by chronic ethanol exposure. Eventually, these
monocytes will differentiate into an anti-inflammatory phenotype
to mitigate proinflammatory signaling, an observation made in
both human alcohol-associated hepatitis (AH) and animal
models.’*>>>% Increased circulation and hepatic infiltration of
neutrophils have been observed in human AH patients as well.
Elevated neutrophil levels are generally believed to be harmful in
the development of ALD, but recent single-cell studies have shown
that neutrophils are highly diverse, explaining their varied roles in
ALD progression. For example, recent studies identified a subset of
interleukin-8 (IL-8) positive neutrophils as key drivers of severe
AH progression.*>> Hepatic neutrophil infiltration is guided by
various chemokines such as C-X-C motif chemokine ligand 1
(CXCL1), MIP-2, and IL-8. We found that Gao-binge alcohol feeding
reduced hepatic Cxcl1 expression, which was already lower even in
control diet-fed myeloid-Tfeb KO mice. Interestingly, the number
of hepatic neutrophils was significantly higher (P < 0.05) in
alcohol-fed myeloid-Tfeb KO mice in comparison to WT control and
Gao-binge fed as well as myeloid-Tfeb KO control diet-fed mice.
The observed reduction in hepatic Cxcl1 expression in alcohol-fed
Tfeb KO mice might indicate a secondary feedback inhibition
caused by increased neutrophil infiltration. Measuring hepatic and
circulating levels of CXCL1 in these mice would provide more in-
sights to better understand these findings. Nonetheless, it appears
that the absence of myeloid-specific TFEB may promote hepatic
neutrophil infiltration.

Our study also offered some insights on whether ethanol or LPS
would affect TFEB nuclear translocation in macrophages. It has
been well documented that TFEB nuclear translocation is regulated
mainly via its phosphorylation by mTORC1. mTORC1-mediated
phosphorylation of TFEB results in its cytosolic retention and
degradation. Indeed, we found that inhibition of mTORC1 by Torin
1 increased nuclear TFEB translocation in Raw 264.7 macrophages.
Interestingly, LPS or ethanol alone only moderately increased TFEB
nuclear translocation in the macrophages, and the combination of
both ethanol and LPS did not further increase nuclear TFEB
translocation. As ethanol is metabolized into acetaldehyde mainly
in hepatocytes by alcohol dehydrogenase and acetaldehyde de-
hydrogenase, future studies are needed to investigate whether
acetaldehyde would affect TFEB nuclear translocation in
macrophages.

Although this study provided some insight into the role of
myeloid TFEB in ALD models, several limitations remained. First,
alcohol-induced changes to autophagy-related proteins and in-
flammatory signaling were only investigated in whole liver lysates
from myeloid-Tfeb KO mice and their wild-type counterparts. Flow
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cytometry analysis of macrophage and neutrophil polarization in
isolated macrophages and neutrophils from myeloid-Tfeb KO and
WT mice would provide further insight into the roles of TFEB and
chronic alcohol exposure in the overall functionality of these
myeloid cells. As previously discussed, TFEB belongs to the MiTF
family of transcription factors that includes TFEB analogs of TFE3,
MITF, and TFEC. It is highly likely that other MiTF members may
compensate for the loss of TFEB. Deletion of either TFE3 or TFEC in
conjunction with TFEB in myeloid cells would provide additional
insight into the roles of myeloid cell autophagy and inflammatory
signaling in ALD. In addition, we only measured the mRNA changes
of the chemokines, which may not necessarily reflect the protein
changes of these chemokines. Future studies are needed to mea-
sure protein changes and further clarify the role of myeloid TFEB-
mediated inflammatory response in ALD. Macrophage lysosomes
are critical for clearing neutrophils, especially apoptotic neutro-
phils by efferocytosis. Future studies are needed to determine
whether the loss of TFEB in macrophages may affect the clearance
of neutrophils, resulting in prolonged neutrophil retention.

5. Conclusions

This study demonstrated that the loss of myeloid TFEB is not
necessary for alcohol-induced liver injury. Although neutrophil
infiltration increased in livers lacking myeloid TFEB, liver injury
was not further worsened.
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