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SUMMARY

Although recent evidence suggests the involvement of iron accumulation in the
pathogenesis of nonalcoholic steatohepatitis (NASH), the underlying mechanisms
remain poorly understood. Previously, we reported a unique histological struc-
ture termed "crown-like structure (CLS),” where liver-resident macrophages
(Kupffer cells) surround dead hepatocytes, scavenge their debris, and induce
inflammation and fibrosis in NASH. In this study, using magnetic column separa-
tion, we show that iron-rich Kupffer cells exhibit proinflammatory and profibrotic
phenotypic changes during the development of NASH, at least partly, through
activation of MiT/TFE transcription factors. Activation of MiT/TFE transcription
factors is observed in Kupffer cells forming CLSs in murine and human NASH.
Iron chelation effectively attenuates liver fibrosis in a murine NASH model. This
study provides insight into the pathophysiologic role of iron in NASH. Our data
also shed light on a unique macrophage subset rich in iron that contributes to
CLS formation and serves as a driver of liver fibrosis.

INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is commonly observed in patients with the metabolic syndrome and is
one of the most prevalent chronic liver diseases in the world. The term NAFLD refers to a spectrum of chronic
liver disease ranging from simple steatosis to nonalcoholic steatohepatitis (NASH), of which the latter predis-
poses patients to cirrhosis and hepatocellular carcinoma (Tilg and Moschen, 2010). As proposed by the multiple
parallel hits hypothesis, the pathogenesis of NASH involves a multistep process; in this context, metabolic
stresses such as lipid accumulation and insulin resistance and inflammatory stimuli such as proinflammatory cy-
tokines and oxidative stress have been intensively investigated (Tilg and Moschen, 2010). Among various etiol-
ogies, aberrant iron metabolism is also considered to be a "hit” in the pathogenesis of NASH (Nelson et al.,
2012). For instance, 10%-50% patients with NAFLD exhibit hepatic iron accumulation and/or hyperferritinemia
(Valenti et al., 2006; Manousou et al., 2011; Nelson et al., 2012; Ryan et al., 2018). High-fat-diet feeding decreases
duodenal expression of oxidoreductases in mice, resulting in suppression of iron absorption (Sonnweber et al.,
2012). Moreover, phlebotomy effectively ameliorates liver damage (Sumida et al., 2006; Valenti et al., 2011).
Because iron increases oxidative stress through the Fenton reaction, iron overload may be involved in the path-
ogenesis of various chronic diseases including NAFLD (Galaris and Pantopoulos, 2008). However, the patho-
physiologic role of iron in NASH remains controversial (O'Brien and Powell, 2012).

Liver comprises parenchymal hepatocytes and a variety of stromal cells including macrophages and hepatic stel-
late cells, all of which interact with each other to remodel tissue structure during the development of NASH. We
previously demonstrated that hepatocyte death, a prominent feature of NASH, triggers a phenotypic change of
resident macrophages in the liver (Kupffer cells), leading to liver fibrosis (Itoh et al., 2013, 2017). Indeed, in murine
and human NASH, there is a unique histological structure termed “crown-like structure (CLS),” in which dead
hepatocytes with large lipid droplets are surrounded by CD11¢-positive Kupffer cells; in contrast, CD11¢c-nega-
tive Kupffer cells are scattered throughout the liver (Itoh et al., 2013, 2017). During the maturation of CLSs,
Kupffer cells become positive for CD11c¢ through cross talk with dead hepatocytes and acquire proinflammatory
and profibrotic properties (Itoh et al., 2017). Thus, CD11c-positive Kupffer cells may be a novel macrophage sub-
set crucial for liver fibrosis in NASH (ltoh et al., 2017). However, the molecular mechanism underlying the pheno-
typic change of Kupffer cells remains to be elucidated.
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Figure 1. Iron loading accelerates proinflammatory and profibrotic changes in the liver in a murine model of
NASH

(A-D) Effects of a single injection of iron-dextran on proinflammatory and profibrotic changes in the livers of MC4R-KO
mice. (A) Experimental protocol. MC4R-KO mice fed standard diet (SD) or Western diet (WD) for 8 weeks (normal liver and
simple steatosis, respectively) received a single intraperitoneal injection of iron-dextran (0.1 g/kg body weight) and were
analyzed on day 1. (B) Co-staining of iron deposition (Perls’ staining, blue) and macrophages (F4/80 immunostaining,
brown) of the liver 1 day after iron-dextran injection. Insets: higher magnification of Kupffer cells. Scale bars, 50 um. (C)
Hepatic mRNA expression of genes related to iron metabolism, inflammation, and fibrosis. Data represent the mean +
SEM. n = 4. *p < 0.05 versus the respective SD, #p < 0.05 (Tukey-Kramer test). (D) mRNA expression of genes related to
inflammation and fibrosis in Kupffer cells (CD11b* F4/80") isolated from MC4R-KO mice fed WD for 10 weeks (simple
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Figure 1. Continued

steatosis) receiving a single injection of iron-dextran. Data represent the mean + SEM. n=5. *p < 0.05 versus vehicle
(two-tailed unpaired Student'’s t test).

(E-H) Effects of repeated injection of iron-dextran in MC4R-KO mice during NASH development. (E) Experimental
protocol. MC4R-KO mice were fed WD for 16 weeks, and the mice received once-weekly injection of iron-dextran (3 mg/
week) during the last 11 weeks. (F) Hepatic mRNA expression of genes related to inflammation and fibrosis. Data
represent the mean + SEM. n=5.*p < 0.05 versus WT/SD, #p < 0.05 (Tukey-Kramer test). (G) F4/80 immunostaining of the
livers. Arrows indicate crown-like structures (CLSs). Scale bars, 50 um. Data represent the mean + SEM. n = 5. *p < 0.05
versus WT/SD (Tukey-Kramer test). (H) Type Ill collagen immunostaining of the livers. Scale bars, 50 pm. Data represent
the mean £ SEM. n = 5. *p < 0.05 versus vehicle (two-tailed unpaired Student’s t test).

See also Figures S2 and S3.

There is considerable evidence that iron metabolism plays a critical role in macrophages at steady state
and in response to infections (Soares and Hamza, 2016). Because iron is an essential micronutrient for
both microbial pathogens and their mammalian hosts, iron deficiency in macrophages is thought to pre-
dispose the host to bacterial infections (Schaible and Kaufmann, 2004). With regard to the potential under-
lying mechanism, low intracellular iron selectively impairs the Toll-like receptor 4 signaling in macrophages
(Wang et al., 2009). Moreover, increasing evidence suggests a role for iron metabolism in non-infectious
diseases such as atherosclerosis, cancer, and neurological disorders (da Silva et al., 2017; Gillen et al.,
2018; Guo et al., 2018). Iron overloading skews macrophages toward a proinflammatory phenotype in a
mouse model of skin wound healing (Sindrilaru et al., 2011), suggesting a role for iron metabolism in macro-
phage function and polarization in sterile inflammation in vivo. In addition, a recent study revealed a pos-
itive association between hepatic iron deposition in reticuloendothelial system cells (presumably Kupffer
cells) and the severity of NASH (Maliken et al., 2013). These observations led us to hypothesize that aberrant
iron metabolism in Kupffer cells is crucial for chronic inflammation in NASH.

Here, we show that iron-rich Kupffer cells exhibit proinflammatory and profibrotic phenotypic changes dur-
ing the development of NASH. Using magnetic column separation, we divided Kupffer cells prepared from
amurine NASH model into two fractions: ferromagnetic Fe-hi and remaining Fe-lo. Fe-hi Kupffer cells were
responsible for upregulation of proinflammatory and profibrotic genes. With regard to the molecular
mechanism, MiT/TFE transcription factors were involved in iron accumulation-mediated phenotypic
changes of Kupffer cells. Furthermore, we confirmed activation of MiT/TFE transcription factors in Kupffer
cells in murine and human NASH. This study provides insight into the pathophysiologicrole of iron in NASH
and sheds light on a unique macrophage subset rich in iron.

RESULTS

Iron loading accelerates hepatic proinflammatory and profibrotic changes in a murine NASH
model

In this study, we employed genetically obese MC4R-KO (knockout) mice fed Western diet (WD) as a murine
NASH model. The mice developed simple steatosis after 4 weeks of WD feeding, NASH-like liver phenotypes
(micro- and macrovesicular steatosis, ballooning degeneration, massive infiltration of inflammatory cells, and
pericellular fibrosis) at 16 weeks and multiple liver tumors at 1 year (Figure S1) (Itoh et al., 2011; Wang et al.,
2016; Hasenour et al., 2020). To investigate the effect of iron loading on NASH, MC4R-KO mice fed standard
diet (SD) (normal liver) or WD for 8 weeks (simple steatosis) received a single intraperitoneal injection of iron-
dextran and were analyzed on day 1 (Figures TA-1C). Iron accumulation detected by Perls’ staining was mostly
observed in F4/80" macrophages (or Kupffer cells) (Figure 1B), suggesting the uptake of iron-dextran through
phagocytotic activity. Efficient iron loading was confirmed by elevated mRNA levels of iron metabolism-related
genes such as Hepcidin and Bmpé (Figure 1C). In this experimental setting, iron loading resulted in a significant
increase in mRNA levels of proinflammatory and profibrotic genes such as ltgax (CD11c, a marker for Kupffer
cells exhibiting phenotypic changes in NASH), Tnfa (tumor necrosis factor alpha), Ccl3 (chemokine (C-C motif)
ligand 3), and Timp1 (tissue inhibitor of metalloproteinase 1) in the livers of MC4R-KO mice fed WD, versus only a
modest increase in MC4R-KO mice fed SD. Notably, Kupffer cells isolated from iron-treated MC4R-KO mice fed
WD showed higher mRNA levels of proinflammatory and profibrotic genes than those from vehicle-treated mice
(Figure 1D). Moreover, macrophage depletion using clodronate liposomes abolished the iron loading-induced
increase in these mRNA levels in the livers of MC4R-KO mice fed WD (Figure S2). Collectively, these results indi-
cate that Kupffer cells are responsible for iron-mediated proinflammatory and profibrotic changes in iron-treated
steatotic livers.
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Figure 2. Iron chelation attenuates proinflammatory and profibrotic changes in the liver in an inducible NASH
model

Effects of repeated injection of the iron chelator 2-DP on NASH-like liver phenotypes in the inducible NASH model.
(A) Experimental protocol. MC4R-KO mice were fed WD for 5 weeks (simple steatosis), received a single intraperitoneal
injection of CCly at a dose of 0.15 mL/kg for induction of the NASH model, and then were analyzed on days 5and 7. During
the last 2 weeks of the experimental period, the mice received daily intraperitoneal injection of 2-DP (20 mg/kg body
weight/day).

(B) Hepatic mRNA expression of genes related to inflammation and fibrosis on day 5. Data represent the mean + SEM.n=
9. *p < 0.05 versus vehicle (two-tailed unpaired Student’s t test).

(C and D) Immunostaining for F4/80 (C) and type Il collagen (D) of the livers on day 7. Arrows indicate CLS. Scale bars,
50 pm. Data represent the mean + SEM. n = 13-14. N.S., not significant (two-tailed unpaired Student's t test).

See also Figure S4.

Moreover, we examined the long-term effect of iron loading on the development of NASH (Figures 1E-1H).
MC4R-KO mice were fed WD for 16 weeks and received once-weekly injection of iron-dextran during the
last 11 week (Figure 1E). Repeated injection of iron-dextran did not change body weight, liver weight, or
blood parameters (serum ALT and AST, and blood glucose), but significantly decreased hepatic triglycer-
ide contents and expression of the lipogenic gene Fasn (Figure S3). Notably, iron loading significantly
increased mRNA levels of proinflammatory and profibrotic genes, together with type Ill collagen-positive
areas, whereas it did not affect CLS formation (Figures 1F=1H). These findings indicate that iron loading
accelerates proinflammatory and profibrotic changes in the liver during the development of NASH in
MC4R-KO mice fed WD.

Iron chelation attenuates hepatic proinflammatory and profibrotic changes in an inducible
NASH model

To further elucidate the role of iron metabolism in the pathogenesis of NASH, we examined the effects of
the iron chelator 2,2'-dipyridyl (2-DP) on liver fibrosis in an inducible NASH model (Figure 2A), in which a
single injection of carbon tetrachloride (CCly, a potent hepatotoxic chemical) into MC4R-KO mice fed
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Figure 3. Iron accumulation is involved in proinflammatory and profibrotic responses in NPCs during NASH
pathogenesis

(A and B) Effects of FeCl; on primary non-parenchymal cells (NPCs). (A) Experimental protocol. NPCs prepared from the
livers of MC4R-KO mice fed WD for 5 weeks (simple steatosis) were cultured with or without FeCls for 48 h. (B) mRNA levels
of genes related to inflammation and fibrosis in primary NPCs. Data represent the mean + SEM. n = 4. *p < 0.05 versus
vehicle (Tukey-Kramer test).

(C and D) Effects of the iron chelator 2-DP on primary NPCs. (C) Experimental protocol. NPCs prepared from the livers of
MC4R-KO mice fed WD for 14 weeks (NASH) were cultured with or without 2-DP for 12 h. (D) mRNA levels of genes related
to inflammation and fibrosis in primary NPCs. Data represent the mean + SEM. n = 4. *p < 0.05 versus vehicle (Tukey-
Kramer test).

WD for 5 weeks (simple steatosis) recapitulates NASH-like liver phenotypes in the short term (Itoh et al.,
2017). Using this model, we demonstrated that hepatocyte death triggers a phenotypic change in Kupffer
cells, inducing CLS formation and fibrogenesis in the liver (Itoh et al., 2017). In this study, daily injection of 2-
DP effectively decreased mRNA levels of proinflammatory and profibrotic genes and liver fibrosis, whereas
it did not affect the number of CLSs, body weight, liver weight, hepatic triglyceride contents, or blood pa-
rameters (Figures 2B-2D and S4). These results confirm the role of iron metabolism in liver fibrosis in the
NASH model.

Iron accumulation is involved in proinflammatory and profibrotic responses in NPCs during
the development of NASH

As liver is composed of hepatocytes and non-parenchymal cells (NPCs) such as Kupffer cells, hepatic stel-
late cells, and sinusoidal cells, we next sought to determine which cell types are responsible for iron accu-
mulation-mediated proinflammatory and profibrotic responses. First, primary NPCs prepared from the
livers of MC4R-KO mice fed WD for 5 weeks (simple steatosis) were treated with FeCls for 48 h in culture
(Figure 3A). Iron loading significantly increased mRNA levels of proinflammatory and profibrotic genes
(Figure 3B). Conversely, primary NPCs prepared from the livers of MC4R-KO mice fed WD for 14 weeks
(NASH) were treated with 2-DP for 12 h in culture (Figure 3C). Iron chelation significantly suppressed
mRNA expression of these genes (Figure 3D). These observations suggest that iron metabolism in NPCs
is involved in proinflammatory and profibrotic responses in the NASH model.

Iron-rich Kupffer cells exhibit proinflammatory and profibrotic properties during the
development of NASH

We have already demonstrated that there is a small subset of Kupffer cells that become positive for
CD11c through interactions with dead hepatocytes during the development of NASH, thereby inducing
sustained inflammation and fibrosis in the liver (Itoh et al., 2013, 2017). Because Kupffer cells are a major

iScience 24, 102032, February 19, 2021 5
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Figure 4. Iron-rich Kupffer cells exhibit proinflammatory and profibrotic properties during the development of
NASH

(A) Experimental protocol for preparation of iron-rich (Fe-hi) and remaining (Fe-lo) tissue-resident macrophages or
Kupffer cells (F4/80" CD11b™). Hepatic nonparenchymal cells (NPCs) were prepared from the livers of MC4R-KO mice fed
WD for 4, 8, and 16 weeks (simple steatosis, simple steatosis, and NASH, respectively) and wild-type mice fed SD for

4 weeks (normal liver). The NPCs were divided into Fe-hi and Fe-lo fractions by magnetic bead column separation. Then,
Fe-hi and Fe-lo Kupffer cells were sorted by the flow cytometer.

(B) FACS gating to identify Kupffer cells in NPCs. F4/80" CD11b™ cells in the CD45" fraction were defined as Kupffer cells.
(C) Iron levels in Fe-hi and Fe-lo Kupffer cells prepared from the livers of MC4R-KO mice fed WD for 13 weeks (NASH).
Data represent the mean + SEM. n = 3-7. *p < 0.05 versus Fe-lo (two-tailed unpaired Student's t test).

(D) The number of Fe-hi and Fe-lo Kupffer cells in the livers. Data represent the mean + SEM. n=8. *p < 0.05 versus WT/
SD (p < 0.05, Tukey-Kramer test).

(E) The ratio of Fe-hi to Fe-lo Kupffer cells in the livers. Data represent the mean + SEM. n = 8. *p < 0.05 versus WT/SD
(Tukey-Kramer test).

(F) mRNA levels of genes related to inflammation and fibrosis in Fe-lo and Fe-hi Kupffer cells. Data represent the mean +
SEM. n = 3-5. *p < 0.05 versus the respective WT/SD (Fe-lo or Fe-hi) (Dunnett's test), #p < 0.05 (two-tailed unpaired
Student's t test).

cellular source of iron accumulation in the liver (Theurl et al., 2016), we narrowed down the target cell
type to Kupffer cells. Iron is the most predominant cellular metal with ferromagnetic features. Thus, using
magnetic column separation, we divided NPCs into two fractions: ferromagnetic Fe-hi and remaining Fe-
lo (Figure 4A). Depending on the cellular iron contents, Fe-hi cells were enriched on the magnetic col-
umn, whereas Fe-lo cells were in the flow through (Orr et al., 2014; da Silva et al., 2017; Hubler et al.,
2018). Each fraction was subjected to fluorescence-activated cell sorting (FACS) analysis, and Fe-hi
and Fe-lo Kupffer cells (CD11b™* F4/80") were purified (Figure 4B). Fe-hi Kupffer cells displayed higher
cellular iron content than Fe-lo ones (Figure 4C). The number of Fe-hi and Fe-lo Kupffer cells was higher
in MC4R-KO mice fed WD during the course of NASH development than in wild-type mice fed SD (Fig-
ure 4D). The ratio of Fe-hi to Fe-lo Kupffer cell number was significantly elevated in MC4R-KO mice fed
WD for 16 weeks (NASH) (Figure 4E). In this experimental setting, mMRNA expression of ltgax was mark-
edly increased in Fe-hi Kupffer cells from MC4R-KO mice fed WD during the course of NASH develop-
ment, whereas there was only a modest increase in Fe-lo cells (Figure 4F). Fe-hi Kupffer cells also
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Figure 5. MiT/TFE transcription factors are activated in CD11c* Kupffer cells and iron-treated cultured

macrophages

(A-C) Transcriptome analysis of CD11c¢” Kupffer cells in NASH and FeCls-treated RAW264 cells. (A) Venn diagram
showing the commonly upregulated (> 1.5-fold) 305 genes. CD11c¢" and control Kupffer cells were prepared from MC4R-
KO mice fed WD (NASH) and wild-type mice fed SD (normal liver) for 20 weeks, respectively. RAW264 cells were treated
with or without FeCls (500 uM) for 24 h. (B) Pathway analysis of these 305 genes. The overlap included pathways related to
phagocytosis and lysosome. (C) Heatmap of the overlapped 305 genes in RAW264 cells under indicated conditions.
RAW?264 cells, transfected with siRNA targeting GFP (si-GFP) or MiT/TFE transcription factors (si-Tfe3/Tfeb), were treated
with or without FeCl3 (500 pM) for 24 h. Arrows indicate genes annotated with “Phagosome” or “Lysosome.”
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Figure 5. Continued

(D) mRNA expression of genes annotated as “Phagosome” and “Lysosome.” Data represent the mean + SEM. n=3.*p <
0.05 and #p < 0.05 versus the respective si-GFP (vehicle or FeCl3) (Dunnett’s test).

(E) mRNA levels of Tfe3 and Tfeb. Data represent the mean + SEM. n = 3. *p < 0.05 versus si-GFP (Dunnett's test).

(F) Increased lysosomal stress in iron-treated RAW264 cells. RAW264 cells were treated with (black bar) or without (white
bar) FeCl; (500 uM) for 24 h, stained with acridine orange (AO) and then subjected to flow cytometry analysis. AO emits
red fluorescence within acidic lysosomes, indicative of intact lysosomal membranes, whereas green fluorescence reflects
the release of AO from lysosomes into the cytosol, indicating stressed lysosomes. Data represent the mean + SEM. n=5.
*p < 0.05 versus vehicle (two-tailed unpaired Student’s t test).

(G) Immunostaining of TFE3 in primary hepatic macrophages. Hepatic macrophages prepared from MC4R-KO mice fed
WD for 6 weeks (simple steatosis) were treated with or without FeCl; (200 uM) for 6 h. Scale bars, 25 pm.

(H-J) Hepatic mRNA levels of Atpé6v0d2. Data represent the mean + SEM. (H and I) MC4R-KO mice receiving a single (H)
or repeated (I) injection of iron-dextran (experimental protocols are shown in Figures 1A and 1D, respectively). (H) n = 4.
*p < 0.05 versus the respective SD (Tukey-Kramer test). (I) n = 5. *p < 0.05 versus WT/SD, #p < 0.05 (Tukey-Kramer test). (J)
The inducible NASH model receiving 2-DP injection (experimental protocol, Figure 2A). n = 9. *p < 0.05 (two-tailed
unpaired Student’s t test).

(K) mRNA levels of Atpév0d2 in Fe-lo and Fe-hi Kupffer cells prepared from MC4R-KO mice fed WD for 8 weeks (simple
steatosis) and WT mice fed SD (normal liver) (experimental protocol, in Figure 4A). Data represent the mean + SEM. n=
3-5. *p < 0.05 versus the respective WT/SD (Fe-lo or Fe-hi), #p < 0.05 (Tukey-Kramer test).

See also Figure S5 and Table S1.

expressed higher levels of mRNAs encoding proinflammatory and profibrotic genes than Fe-lo Kupffer
cells. These findings strongly suggest that Fe-hi Kupffer cells expressing CD11c are responsible for
inflammation and fibrosis in the livers of MC4R-KO mice fed WD.

Iron accumulation induces lysosomal dysfunction in macrophages

Next, we compared gene expression profiles between NASH liver-derived CD11c-positive Kupffer cells
and iron-treated cultured macrophages to clarify how iron metabolism is involved in the phenotypic
change of CD11c-positive Kupffer cells with proinflammatory and profibrotic properties (Figure 5A).
We found that 305 genes were commonly upregulated in CD11c-positive Kupffer cells from NASH livers
(versus CD11¢c-negative Kupffer cells from normal livers) and iron-treated RAW264 macrophages (versus
untreated RAW264 macrophages). As expected, genes related to “cytokine-cytokine receptor interac-
tion” and “chemokine signaling pathway” were enriched in these 305 genes, indicative of the proinflam-
matory and profibrotic phenotypes. Moreover, pathway analysis revealed that the two most enriched
pathways were “phagosome” and “lysosome” (Figure 5B). These results are consistent with our previous
findings that CD11c-positive Kupffer cells aggregate around dead hepatocytes to scavenge accumulated
lipids and cell debris within CLSs (Itoh et al., 2013, 2017). It is also known that cellular iron accumulation
triggers lysosomal dysfunction through increased production of reactive oxygen species (Boya and
Kroemer, 2008). Moreover, ChIP Atlas enrichment analysis identified TFE3 as a potential transcription fac-
tor enriched in the enhancer regions of these 305 genes (Table S1).

TFE3 is a member of the MiT/TFE transcription factors, which regulate lysosomal biogenesis and func-
tions in response to lysosomal dysfunction (Puertollano et al., 2018). In this study, knockdown of two
MIT/TFE transcription factors, Tfe3 (Transcription factor E3) and Tfeb (Transcription factor EB), effectively
suppressed iron treatment-induced upregulation of phagosome- and lysosome-related genes such as
Atpév0d2 (ATPase, H" transporting, lysosomal 38kDa, VO subunit d2), Cdé3, and Ctsk (Cathepsin K) (Fig-
ures 5C and 5D). We validated these small interfering RNAs (siRNAs) by examining the effect of each of
them on Tfe3 and Tfeb mRNA expression (Figure 5E). Moreover, using acridine orange staining, we
observed that iron treatment induced lysosomal dysfunction in RAW264 macrophages (Figure 5F). In
addition, iron treatment increased nuclear localization of TFE3 in primary hepatic macrophages isolated
from steatotic livers, whereas it did not increase mRNA levels of Tfe3 and Tfeb (Figures 5G and S5).
Furthermore, Atp6v0d2 expression was significantly elevated in the livers of MC4R-KO mice receiving
a single injection (Figure 5H) or repeated injection (Figure 5I) of iron-dextran (related data are shown
in Figures 1A-1C and 1E-1H, respectively). 2-DP treatment significantly suppressed Atp6v0d2 expression
in the inducible NASH model (Figure 5J; related data were shown in Figure 2). Finally, Atp6v0d2 expres-
sion was markedly upregulated in Fe-hi Kupffer cells prepared from MC4R-KO mice fed WD for
8 weeks (Figure 5K; related data are shown in Figure 4). These findings, taken together, indicate activa-
tion of MIT/TFE transcription factors in CD11c-positive Kupffer cells, probably through lysosomal
dysfunction induced by iron accumulation.
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Figure 6. MiT/TFE transcription factors are involved in iron accumulation-induced macrophage phenotypic

changes
(A) Effects of lysosomal stress on mRNA levels of genes related to inflammation and fibrosis in RAW264 cells. RAW264

cells were treated with chloroquine (50 pM) or bafilomycin A1 (100 nM) for the indicated time. Data represent the mean +
SEM. n = 4. *p < 0.05 versus vehicle (two-tailed unpaired Student’s t test).

(B and C) Effects of iron loading on mRNA levels of genes related to inflammation and fibrosis in RAW264 cells (B) and
primary hepatic macrophages (C). RAW264 cells were treated with FeCls for 24 h. Hepatic macrophages isolated from
MC4R-KO mice fed WD for 6 weeks (simple steatosis) were treated with or without FeClz (200 uM) for 6 or 12 h. Data
representthe mean + SEM. n = 3-6. *p < 0.05 versus vehicle (Tukey-Kramer test (B) or two-tailed unpaired Student’s t test
().

(D) Role of MIiT/TFE transcription factors in iron loading-induced upregulation of inflammation and fibrosis-related genes
in RAW264 cells. RAW264 cells were transfected with siRNA targeting GFP (si-GFP) or MiT/TFE transcription factors (si-
Tfe3/Tfeb). Forty-eight hours after transfection, the cells were treated with or without FeCls (500 pM) for additional 24 h.
Data represent the mean + SEM. n = 3. *p < 0.05 and #p < 0.05 versus the respective si-GFP (vehicle or FeCls) (Dunnett'’s

test).

MIT/TFE transcription factors are involved in iron accumulation-mediated macrophage
phenotypic changes

Next, we investigated how MiT/TFE transcription factors influence proinflammatory and profibrotic prop-
erties in macrophages. Chloroquine and bafilomycin A1, which potently induce lysosomal dysfunction,
markedly upregulated expression of Itgax, Tnfa, Ccl3, and Timp1 in RAW264 macrophages (Figure 6A).
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Figure 7. MIiT/TFE transcription factors are activated in CD11c* Kupffer cells constituting CLSs in murine and
human NASH

(A-D) Immunostaining of TFE3 and TFEB in CLSs in the NASH model using MC4R-KO mice. (A) Experimental protocol. (B—
D) Immunostaining of F4/80 and TFE3 (B), CD11c and TFE3 (C), and F4/80 and TFEB (D) in the livers of MC4R-KO mice fed
WD for 16 weeks (NASH) and WT mice fed SD (normal liver). Data represent the mean + SEM. n = 4-5. Scale bars, 25 um.
(E) Immunostaining of F4/80 and TFE3 in the livers of MC4R-KO mice fed SD (normal liver) receiving a single injection of
iron-dextran. Scale bars, 25 pm.

(F-H) Effects of dietary deficiency of methionine and choline on hepatic mRNA levels of inflammation and fibrosis-related
genes. (F) Experimental protocol. (G) Immunostaining of F4/80 and TFE3 in the livers of WT mice fed methionine and

10 iScience 24, 102032, February 19, 2021



iScience

Figure 7. Continued

choline-deficient diet for 4 weeks. Scale bars, 25 um. (H) Hepatic mRNA expression of genes related to inflammation
andfibrosis, together with Atpév0d2, a target gene of MiT/TFE transcription factors. Data represent the mean + SEM.
n = 3.*p < 0.05 versus SD (two-tailed unpaired Student’s t test).

(I) Immunostaining of CD68, CD11c¢, and TFE3 in the livers of patients with NAFLD/NASH. Scale bars, 50 pm.

See also Table S2.

Similarly, FeCls treatment dose-dependently increased the expression of these genes, except for Timp1
(Figure 6B). Similar results were observed in primary hepatic macrophages prepared from steatotic livers
(Figure 6C). Moreover, iron-induced upregulation of these genes was significantly inhibited by knockdown
of Tfe3 and Tfeb in RAW264 macrophages (Figure 6D). As addressed above, ltgax (CD11c¢) is a marker for
Kupffer cells constituting CLSs in NASH. Therefore, our observations indicate that iron accumulation in
Kupffer cells is involved in lysosomal dysfunction and subsequent activation of MiT/TFE transcription fac-
tors, which contributes to phenotypic changes and sustained inflammation during the development of
NASH.

MiT/TFE transcription factors are activated in CD11c” Kupffer cells constituting CLSs in
NASH in mice and humans

To prove this notion in vivo, we performed immunohistochemical analysis of TFE and TFEB. Nuclear immu-
nostaining of TFE3, indicating activation of TFE3, was observed in macrophages forming CLSs in the livers
of MC4R-KO mice fed WD for 16 weeks (NASH), whereas there was only faint staining of TFE3, probably in
hepatocytes, in wild-type mice fed SD (normal liver) (Figures 7A and 7B). We confirmed that CD11c-positive
Kupffer cells in CLSs were the main cell type expressing TFE3 in the NASH model (Figure 7C). Notably, most
CLSs were positive for TFE3 immunostaining (Figures 7B and 7C). Similarly, more than half of CLSs were
immunostained with TFEB (Figure 7D). A single injection of iron-dextran to lean mice (normal liver)
increased immunostaining of TFE3 in Kupffer cells (Figure 7E). Moreover, TFE3 immunostaining was
observed in macrophages forming CLSs in a different experimental model of NASH induced by deficiency
of methionine and choline (Figures 7F and 7G). As shown in Figure 7H, deficiency of methionine and choline
in wild-type mice exhibited histological features characteristic of NASH, along with CLS formation and up-
regulation of ltgax and Atp6v0d2. Finally, we examined TFE3 expression using liver biopsy specimens from
patients with NAFLD/NASH (Table S2). In humans, CLSs can be detected by CD68 immunostaining, as re-
ported previously (Iltoh et al., 2013). Immunostaining using serial sections revealed that approximately 40%
of CLSs were immunostained with TFE3 (Figure 71). These observations, taken together, suggest that MiT/
TFE transcription factors are activated in CD11c¢-positive Kupffer cells constituting CLSs in murine and hu-
man NASH, thereby contributing to the pathogenesis of NASH.

DISCUSSION

Iron accumulation has been proposed as a “hit” in the multiple parallel hits hypothesis (Nelson et al., 2012). How-
ever, the underlying mechanism(s) and the responsible cell type(s) are incompletely understood. This study pro-
vided novel evidence on the role of iron accumulation in Kupffer cells during the development of liver fibrosis in
NASH. Our findings demonstrate that (1) proinflammatory and profibrotic CD11c-positive Kupffer cells in NASH
comprise the Fe-hi fraction, (2) iron accumulation in Kupffer cells activates MiT/TFE transcription factors to in-
crease proinflammatory and profibrotic properties, (3) activated MiT/TFE transcription factors are observed in
Kupffer cells forming CLSs in mouse models of NASH and human NASH, and (4) iron chelation attenuated liver
fibrosis in a murine NASH model (Figure Sé). Thus, we defined Kupffer cells as a target cell type responsible for
iron accumulation-mediated chronic inflammation in NASH. This is consistent with our observations that iron
loading and chelation did not affect serum markers for hepatocyte injury and CLS formation. This study also pro-
vides insight into the role of iron in the multiple parallel hits hypothesis.

Among various cell types involved in the pathogenesis of NASH, macrophages are crucial for the progres-
sion of inflammation and fibrosis. Although substantial attention has hitherto been paid to the role of infil-
trating macrophages, we recently revealed the critical role of a novel subset of CD11c-positive Kupffer cells
in inflammation and fibrosis in NASH (Itoh et al., 2017). Although surface markers are still indispensable for
evaluating macrophage subpopulation, this study proposes a novel categorization of Kupffer cells based
on their cellular iron content, in which the Fe-hi fraction corresponds to the CD11c-positive Kupffer cells
during the development of NASH. In this regard, Orr et al. previously reported that alternatively activated
macrophages undergo an inflammatory shift, together with altered iron metabolism, in adipose tissue
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during the development of obesity (Orr et al., 2014). In addition to the nomenclature based on their origin
(tissue resident versus bone marrow-derived) and polarization (proinflammatory versus anti-inflammatory)
(Satoh et al., 2017), recent evidence suggests a pathogenesis-specific macrophage subset (Itoh et al.,
2017). Collectively, our data link a macrophage subset responsible for liver fibrosis with the aberrant cellular
metabolism of iron in the pathogenesis of NASH.

It is important to discuss how iron accumulates in a particular group of Kupffer cells during the develop-
ment of NASH. We previously reported that Kupffer cells give rise to formation of CLSs, where they scav-
enge debris of dead hepatocytes and residual lipids, and thus gradually become positive for CD11c during
CLS maturation, probably through interaction with dead cells (Itoh et al., 2017). Given that CD11c-positive
Kupffer cells in CLSs comprise the Fe-hi fraction, iron may accumulate in these Kupffer cells in a phagocy-
tosis-dependent manner. Indeed, Kupffer cells exhibit high phagocytic activity (Varol et al., 2015). It is
therefore conceivable that phagocytosis of dead hepatocytes causes iron accumulation in Kupffer cells
forming CLSs, thereby inducing phenotypic changes including elevated expression of CD11c. In addition,
our preliminary data suggest that mRNA expression of Ferroportin, an iron exporter, is markedly reduced in
Kupffer cells from NASH livers (Y.K., unpublished data). In the next step, it will be interesting to examine
whether the Fe-hi Kupffer cells in NASH originate from the same subpopulation at steady state. Cell fate
tracing experiments would help elucidate the causality of aberrant iron metabolism in Kupffer cell polari-
zation in vivo during the development of NASH.

With regard to the molecular mechanism underlying iron accumulation-induced phenotypic changes of
Kupffer cells, we demonstrated the involvement of lysosomal stress and subsequent activation of MiT/
TFE transcription factors. MiT/TFE transcription factors regulate gene expression directly or coordinately
with SMADs and FOXOs (Hua et al. 1999; Nakagawa et al., 2006). In addition to their previously known role
in lysosomal biogenesis, this study showed that MiT/TFE transcription factors are capable of regulating
expression of proinflammatory and profibrotic genes in macrophages. On the other hand, other signaling
pathways downstream of lysosomal stress may contribute to this process, as the effect of knockdown of
MiT/TFE transcription factors was only partial. Lysosomal stress triggers diverse cellular responses such
as inflammasome activation, autophagy induction, and leakage of lysosomal cathepsins (Papadopoulos
and Meyer, 2017). Notably, intracellular calcium release under lysosomal stress conditions activates
signaling pathways of mitogen-activated protein kinases and nuclear factor-kB (Okada et al., 2014; Chen
et al., 2018). Accordingly, further studies are needed to clarify the molecular mechanisms underlying
iron accumulation-induced phenotypic changes of Kupffer cells during the development of NASH.

Although this study focused on Kupffer cells, recent evidence suggested a role for iron in hepatocytes in the
pathogenesis of NASH. For instance, lipid peroxidation causes hepatocyte ferroptosis, an iron-dependent
non-apoptotic form of cell death, in the pathogenesis of NASH (Yang and Stockwell, 2016). Several studies re-
ported that inhibition of ferroptosis effectively prevents the progression of steatosis, hepatocyte death, inflam-
mation, and fibrosis in certain types of murine NASH models (Tsurusaki et al., 2019; Li et al., 2020; Qi et al., 2020).
Conversely, iron accumulation may affect lipid metabolism in the liver; i.e., dietary iron overload or iron-dextran
injection suppresses steatosis and liver injury in diet-induced obese mice (Padda et al., 2015; Folgueras et al.,
2018). Another study also showed that dietary iron deficiency upregulates hepatic lipogenic gene expression
inrats (Davis et al., 2012). In line with these reports, we observed in this study that chronic iron-dextran challenge
suppressed triglyceride accumulation and upregulation of Fasn mRNA in the liver; nevertheless, the treatment
resulted in exacerbation of liver fibrosis. This is probably because MC4R-KO mice exhibit morbid obesity with
severe hepatic steatosis at a level sufficient to provoke chronic inflammation in the liver even if the symptoms
are attenuated to a certain extent. Moreover, MiT/TFE transcription factors exert anti-steatotic effects in hepa-
tocytes from obese mice (Nakagawa et al., 2006; Settembre et al., 2013). Based on these observations, it will be
intriguing to investigate whether MiT/TFE transcription factors and/or ferroptosis in hepatocytes trigger CLS for-
mation and the subsequent phenotypic changes of Kupffer cells during the development of NASH.

In summary, we demonstrated that iron-rich Kupffer cells exhibit proinflammatory and profibrotic properties in a
murine model of NASH. Our data suggest that iron accumulation induces lysosomal stress, resulting in activation
of MiT/TFE transcription factors in CD11c-positive Kupffer cells forming CLSs, thereby contributing to inflamma-
tion and fibrosis in NASH. Although NASH results from various etiologies, activation of MiT/TFE transcription
factors in CLSs was observed in murine NASH models with or without obesity, as well as human NASH. There-
fore, this study provides insight into the molecular mechanism underlying the pathogenesis of NASH.
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Limitations of the study

In terms of the study limitation, our data are mainly based on the NASH model using MC4R-KO mice. Although
we verified the activation of MiT/TFE transcription factors in Kupffer cells forming CLS in another NASH model
using a methionine and choline-deficient diet and patients with NAFLD/NASH, other causes than iron accumu-
lation may activate MiT/TFE transcription factors. Given that 10%-50% of patients with NAFLD exhibit hepatic
iron accumulation and/or hyperferritinemia (Valenti et al., 2006; Manousou et al., 2011; Nelson et al., 2012;
Ryan et al., 2018), further work would be required to fully understand the molecular mechanisms underlying acti-
vation of MiT/TFE transcription factors in Kupffer cells during the development of NASH.
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Figure S1. Histological features of the livers of MC4R-KO mice as a murine NASH model (Related to
Figure 1).

(A) Schematic illustration of experimental protocol and liver phenotypes. MC4R-KO mice and wild-type (WT)
mice were fed Western diet (WD) and standard diet (SD) for up to 16 weeks, respectively. (B) Time course of
body weight. (C—E) Representative images of hematoxylin and eosin staining (C), F4/80 immunostaining (D),
and Sirius red staining (E). Arrows indicate CLSs. Inset: a higher magnification image of CLS. Scale bars, 50 ym.
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Figure S2. Effects of macrophage depletion on iron-induced proinflammatory and profibrotic
changes in the liver during WD feeding (Related to Figure 1).

(A) Experimental protocol. MC4R-KO mice fed WD for 16 weeks (NASH) received a single
intraperitoneal injection of iron-dextran on day 2 after treatment with clodronate liposomes or control
liposomes. Livers were analyzed on day 3. (B) Hepatic mRNA expression of genes related to
inflammation and fibrosis. Data represent the mean = SEM. n = 3-4. *P < 0.05 vs. control liposome,

vehicle, #P < 0.05 (Tukey-Kramer test).
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Figure S3. Effects of repeated injection of iron-dextran on body and liver weights, serum
parameters, hepatic triglyceride content, and hepatic mRNA levels of lipid metabolism-related
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MC4R-KO mice were fed WD for 16 weeks, and the mice received once-weekly injection of iron-dextran
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Figure S4. Effects of repeated injection of the iron chelator 2-DP on body and liver weights, serum
parameters, and hepatic triglyceride content in the inducible NASH model (Related to Figure 2).
MC4R-KO mice were fed WD for 5 weeks (simple steatosis), received a single intraperitoneal injection of
CCl, at a dose of 0.15 mL/kg for induction of the NASH model, and then analyzed on day 7. (A) Body weight,
blood glucose, liver weight, and hepatic triglyceride content. (B) Serum ALT and AST levels. Data represent
the mean = SEM. n = 13-14. The data are analyzed by 2-tailed unpaired Student’s t test.
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Figure Sb. Effects of iron loading on mRNA levels of Tfe3 and Tfeb in macrophages

(Related to Figure 5).

(A) Effects of iron loading on mRNA levels of Tfe3 and Tfeb in primary hepatic macrophages.
Hepatic macrophages isolated from MC4R-KO mice fed WD for 6 weeks (simple steatosis) were
treated with or without FeCl; (200 uM) for 6 hours. Data represent the mean = SEM. n = 3-4.
*P < 0.05 vs. vehicle (2-tailed unpaired Student’s t test). (B) mMRNA levels of Tfe3 and Tfeb in
RAW264 cells treated with FeCl, for 24 hours. Data represent the mean = SEM. n = 3. The data
are analyzed by Tukey-Kramer test. (C) mRNA levels of of Tfe3 and Tfeb in Kupffer cells isolated
from MC4R-KO mice fed WD for 10 weeks (simple steatosis) receiving a single injection of iron-
dextran (experimental protocol, Fig. 1A). Data represent the mean £ SEM. n = 5. *P < 0.05 vs.
vehicle (2-tailed unpaired Student’s t test).
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Figure S6. Potential molecular mechanisms underlying iron accumulation-induced Kupffer
cell phenotypic changes during the development of NASH (Related to Figures 1-7).

During the development of NASH, the Fe-hi Kupffer cell fraction acquires proinflammatory and
profibrotic properties, at least partly, through lysosomal stress and subsequent activation of MiT/TFE
transcription factors. Moreover, the Fe-hi Kupffer cell fraction contributes to CD11c-positive Kupffer
cells in CLSs, thereby serving as a driver of hepatocyte death—triggered chronic inflammation and
fibrosis.



Table S1. Transcription factors potentially activated or inhibited in response to iron
accumulation (Related to Figure 5).
ChIP Atlas enrichment analysis revealed transcription factors potentially enriched in the enhancer

regions of the commonly upregulated 305 and down-regulated 134 genes in Fig. 5A.

activated (28) inhibited (1)
Atf3 Stat1
Cebpa
Cebpb
Cebpd
Creb1
Ep300
Fli1

Fos
Jun
Junb
Jund
Mafb
Myc
Nelfe
Nr1h3
Nr3c1
Nr4a1
Pparg
Rad21
Rela
Runx1
Rxra
Spi1
Stat1
Stat6




Tbhp
Tfe3
Usf2




Table S2. Information of NAFLD/NASH patients (Related to Figure 7).

a. Clinical features of patients with NAFLD/NASH

mean SEM
Age (years) 55.3 3.8
BMI (kg/m?) 271 1.9
ALT (U/L) 140 32
AST (U/L) 91 22

b. Pathology scoring of human liver samples

mean SEM
Steatosis 1.9 0.2
Inflammation 1.8 0.1
Ballooning 1.7 0.2
NAS 5.4 0.2
Fibrosis stage 2.3 0.3




Table S3. Iron content in diets used in each experiment (Related to Figures 1-7).

Vendor Iron (ppm) Figure
CE-2;
standard diet 300 1, 5H, 5l and 7E
CLEA Japan
98121701;
standard diet 37 4, 5K and 7A-C
Research Diets
D12079B; 1,2, 3, 4, 5G-K,
Western diet 37
Research Diets 6C and 7A-D
standard diet (methionine and choline-/A02082003BY; 37 JEH
supplemented control diet) Research Diets
A02082002BR;
methionine and choline-deficient diet 37 7F-H

Research Diets




Table S4. List of antibodies and dyes used in histological analyses (Related to Figures 1, 2,

5and 7).

a. Primary antibodies

Vendor

Type

Incubation

Thermo Fisher Scientific,

CD11c hamster monoclonal |1:100, 4°C, overnight
14-0114
Bio-Rad Laboratories Inc., IF 1:200, 4°C, overnight
F4/80 rat monoclonal
MCA497GA IHC 1:500, 4°C, overnight
TFE3 Sigma, HPA023881 rabbit polyclonal 1:500, 4°C, overnight
Bethyl Laboratories Inc,
TFEB rabbit polyclonal 1:200, RT, 1 hour

A303-673A

type lll collagen

SouthernBiotech,1330-01

goat polyclonal

1:100, 4°C, overnight

b. Secondary antibodies

Vendor

Conjugation

Incubation

donkey anti-goat

Themo Fisher Scientific

AlexaFluor 568

1:500, RT, 1 hour

Jackson ImmunoResearch

goat anti-hamster Laboratories Inc AlexaFluor 594 1:100, RT, 1 hour
goat anti-rabbit Themo Fisher Scientific  |AlexaFluor 488 1:200, RT, 1 hour
goat anti-rabbit Themo Fisher Scientific  |AlexaFluor 546 1:500, RT, 1 hour
goat anti-rat Themo Fisher Scientific  |AlexaFluor 488 1:200, RT, 1 hour

c. Dye

Vendor

Incubation

Hoechst 33342

Themo Fisher Scientific

8 uM, RT, 1 hour




Table S5. List of primers used to detect mRNAs (Related to Figures 1-7).

Acaca Fw TGAGATTGGCATGGTAGCCTG

Rv CTCGGCCATCTGGATATTCAG
Atp6v0d2 Fw GCCTGGTTCGAGGATGCAAA

Rv AAGTTGCCATAGTCCGTGGT
Bmp6 Fw TCTTCAAGGTGAGCGAGGTC

Rv CTCACTGCCGTTGTAGTCTGA
Ccl3 (Mip1a) Fw AACCAAGTCTTCTCAGCGCC

Rv GGAATCTTCCGGCTGTAGGAG
Cd63 Fw AGTTCCTTCTGTGAACCACCA

Rv GAGCAAAAACTTGACACACTTCA
Cpt1a Fw CCTGCATTCCTTCCCATTTG

Rv TGCCCATGTCCTTGTAATGTG
Ctsk Fw GCAGAGGTGTG TACTATGA

Rv GCAGGCGTTGTTCTTATT
Emr1 (F4/80) Fw CTTTGGCTATGGGCTTCCAGTC

Rv GCAAGGAGGACAGAGTTTATCGTG
Fasn Fw CCTGGATAGCATTCCGAACCT

Rv AGCACATCTCGAAGGCTACACA
Hepcidin Fw AAGCAGGGCAGACATTGCGAT

Rv CAGGATGTGGCTCTAGGCTATGT
Itgax (Cd11c) Fw GCCATTGAGGGCACAGAGA

Rv GAAGCCCTCCTGGGACATCT
Tfe3 Fw CCACACACTGAGTCGTCCAC

Rv TTCTCGAGGTGGGTCTGAAC




Tfeb Fw GTGCTGGGCTACATCAACCC

Rv TGTACACGTTCAGGTGGCTG
Timp1 Fw CATCACGGGCCGCCTA

Rv AAGCTGCAGGCACTGATGTG
Tnfa Fw ACCCTCACACTCAGATCATCTTC

Rv TGGTGGTTTGCTACGACGT
36B4 Fw GGCCCTGCACTCTCGCTTTC

Rv TGCCAGGACGCGCTTGT




Transparent Methods

Materials
All reagents were purchased from Sigma (St. Louis, MO) or Nacalai Tesque (Kyoto, Japan) unless

otherwise noted.

Animals

MC4R-KO mice were provided by Joel K. ElImquist (University of Texas Southwestern Medical
Center, Dallas, Texas, USA) (Balthasar et al., 2005). C57BL/6J wild-type mice were purchased from
CLEA Japan (Tokyo, Japan). The animals were housed in a temperature-, humidity-, and light-
controlled room (12-hour-light/dark cycle) and allowed free access to water and SD (CE-2; CLEA
Japan). Eight- to 10-week-old male MC4R-KO mice were fed WD (D12079B; 468 kcal/100 g, 41%
energy as fat, 34% sucrose, 0.21% cholesterol; Research Diets, New Brunswick, NJ) and control
wild-type mice were fed SD for the same periods. To evaluate the effect of acute iron loading,
MC4R-KO mice fed SD or WD for 8 weeks received a single intraperitoneal injection of iron-dextran
(0.1 g/kg body weight). To evaluate the effect of chronic iron loading on NASH development, MC4R-
KO mice fed WD for 16 weeks received once-weekly injection of iron-dextran (3 mg/week) during
the last 11 weeks. In the methionine and choline deficient (MCD) diet-induced NASH model, 9-
week-old male wild-type were fed MCD diet (A02082002BR; Research Diets) for 4 weeks. At the
end of the experiment, the mice were sacrificed, when fed ad libitum, under anesthesia. Iron content

of diets used in all experiments are outlined in Tables S3.

Macrophage depletion with clodronate liposomes

To deplete hepatic macrophages, MC4R-KO mice fed WD for 16 weeks received clodronate or
control liposomes (Katayama Chemical Industries, Osaka, Japan) intraperitoneally at a dose of 2
mL/kg. Then, mice received a single intraperitoneal injection of iron-dextran (0.1 g/kg body weight)

on day 2 after treatment with clodronate liposome or control liposome.

Inducible NASH model
After 5-week WD feeding, MC4R-KO mice received a single injection of CCls (FUJIFILM Wako Pure
Chemical Co., Osaka, Japan) intraperitoneally at a dose of 0.15 mL/kg diluted in olive oil. Mice

were kept on WD after CCls administration and were sacrificed at the indicated time point (Itoh et



al., 2017). During the last 2 weeks of WD feeding, the mice were daily injected with 2-DP (200
mg/kg body weight) intraperitoneally.

Blood analysis

Blood glucose levels were measured by a blood glucose test meter (Glutest Mint; Sanwa-Kagaku,
Nagoya Japan). Serum concentrations of ALT and AST were measured by the respective standard
enzymatic assays using a clinical biochemistry analyzer (DRI-CHEM NX500V; Fuijifilm, Tokyo,
Japan).

Hepatic triglyceride and cholesterol levels
Total lipids in the liver were extracted with ice-cold 2:1 (vol/vol) chloroform/methanol. Hepatic
triglyceride (TG) and cholesterol concentrations were determined using TG E-test Wako and

cholesterol E-test WAKO (FUJIFILM Wako Pure Chemical Co., Osaka, Japan), respectively.

Histological analysis

The liver was fixed with neutral-buffered formalin and embedded in paraffin. Two-um-thick sections
of the liver were stained with hematoxylin and eosin. Five-um-thick sections of the liver were stained
with Sirius red (Itoh et al., 2011) and Perls solution (2% HCI and 2% potassium ferrocyanide, 1:1).
Immunohistochemical staining for F4/80 and TFEB were performed as previously described (Iltoh
et al., 2011; Pastore et al., 2020). For immunofluorescent staining, the liver was embedded in OCT
compound and frozen in liquid nitrogen. Ten-um-thick frozen sections were stained with the
indicated primary antibodies and the respective secondary antibodies. Sections were mounted in
Vectashield mounting medium (Vector Laboratories, Burlingame, CA). Sections were photographed
using the FV10i-DOC confocal laser-scanning microscope (Olympus, Tokyo, Japan) and the
Keyence BZ-X710 all-in-one microscope (KEYENCE, Osaka, Japan). Positive areas for type lll
collagen were measured using the Keyence BZ-analyzer. The numbers of CLSs were counted in
the whole area of each F4/80-stained section and expressed as the mean number/mm?2. Antibodies

used for immunostaining are listed in Table S4.

Hepatic nonparenchymal cell preparation
The mice were anesthetized, and the liver was perfused via the portal vein with PBS containing

0.5mM EDTA, followed by Hank’s balanced salt solution containing 1 mg/ml type IV collagenase



(Worthington Biochemical Co., Lakewood, NJ). The liver suspensions were shaken at 37°C for 30
minutes in type IV collagenase solution using the gentleMACS dissociator (Miltenyi Biotec,
Bergisch Gladbach, Germany). After filtered through a 100-um cell strainer, cells were collected by
centrifugation and resuspended in 30% Percoll. The cell suspensions were centrifuged at 500 x g
for 15 minutes to remove cell debris. Red blood cells were lysed by ACK buffer and NPCs were

used for subsequent analysis.

Separation of Fe-hi and Fe-lo Kupffer cells

Separation of Fe-hi and Fe-lo Kupffer cells from hepatic NPCs was performed as previously
described (Orr et al., 2014; Hubler et al., 2018). NPCs stained with antibodies against CD45 (30-
F11), CD11b (M1/70) and F4/80 (BM8) were separated into ferromagnetic Fe-hi and non-
ferromagnetic Fe-lo populations with autoMACS separator (Miltenyi Biotec) using Possel_s mode.
Due to their high iron content, ferromagnetic Fe-hi cells were enriched in the magnetic column,
whereas Fe-lo cells were in the flow through. After separation, Kupffer cells were analyzed or sorted
from Fe-hi and Fe-lo NPCs using FACSArialll (BD Biosciences, San Jose, CA) or SH800S Cell
Sorter (Sony Biotechnology, Tokyo, Japan). Antibodies used in flow cytometric analyses were

purchased from BioLegend, Inc. (San Diego, CA).

Kupffer cell iron content

Iron content of sorted Kupffer cells was measured as described previously (Riemer et al., 2019).

Cell culture and siRNA transfection

Isolated NPCs were cultured in RPMI1640 with 10% heat-inactivated FBS and antibiotics. NPCs
isolated from MC4R-KO mice fed WD for 5 weeks were treated with or without FeCls (200 or 500
puM; FUJIFILM Wako Pure Chemical Co.) for 48 hours. NPCs isolated from MC4R-KO mice fed WD
for 14 weeks were treated with or without 2-DP (100 or 200 uM) for 12 hours. Hepatic macrophages
were sorted from NPCs by autoMACS separator (Miltenyi Biotec) using a PE-conjugated F4/80
antibody (REA126; Miltenyi Biotec) and MojoSort Mouse anti-PE Nanobeads (BioLegend, Inc).
Isolated hepatic macrophages were cultured in RPMI1640 with 10% heat-inactivated FBS and
antibiotics. Hepatic macrophages isolated from MC4R-KO mice fed WD for 6 weeks were treated
with or without FeCls (200 uM) for 6 or 12 hours. RAW264 mouse macrophage cells were
maintained in DMEM with 10% heat-inactivated FBS and antibiotics. RAW264 cells were treated



for the indicated time with or without FeCls (200 or 500 uM), chloroquine (50 uM; Tokyo Chemical
Industry Co., Tokyo, Japan) or bafilomycin A1 (100 nM; Focus Biomolecules, Plymouth Meeting,
PA). For siRNA experiments, RAW264 cells were reverse-transfected with 32 nM of siRNA using
lipofectamine RNAi Max (Thermo Fisher Scientific). Forty-eight hours after transfection, cells were
treated with or without 500 uM of FeCls for 24 hours. The following nucleotide sequences were
used for dsRNA: 5- GCGAUUCAACAUUAACGAU4TJT -3’ for Tfe3 (Thermo Fisher Scientific), 5'-
CAAGAAGGAUCUGGACUUAGTYT -3 for Tfeb (Sigma) and 5-
CGGCAAGCTGACCCTGAAGTTCAT -3’ for GFP (Qiagen, Hilden, Germany).

Immunocytochemistry of primary hepatic macrophages.
Primary hepatic macrophages were seeded on chambered cover glasses (CELLview Slide, Greiner
Bio-One, Frickenhausen, Germany) and stimulated as indicated. Cells were fixed with neutral-

buffered formalin and stained with anti-TFE3 antibody.

Acridine orange staining

To evaluate the effect of iron on lysosomal function, RAW264 cells treated with or without FeCl3
(500 uM) were incubated with 5 pg/ml acridine orange (FUJIFILM Wako Pure Chemical Co.) for 30
minutes at 37°C. Then cells were washed and analyzed using the MACSQuant Analyzer 10
(Miltenyi Biotec). Cells were excited at 488 nm and emission was detected at 655-730 nm (red)
and 525 + 50 nm (green) to quantify the fluorescence of the lysosomal compartment and cytosolic

compartment, respectively.

Quantitative real-time PCR

Total RNA was extracted from the livers and cultured cells using Sepasol reagent (Nacalai Tesque)
and from the sorted cells using PureLink RNA Micro Kit (Thermo Fisher Scientific). cDNA synthesis
and quantitative real-time PCR were performed as described previously (ltoh et al., 2017). The
sequences of primers are shown in Table S5. Data were normalized to 36B4 levels, and analyzed

using the comparative CT method.

Microarray analysis
Total RNA extracted from RAW264 cells were purified using RNeasy MinElute Cleanup kit (Qiagen).

Microarray analysis was performed using SurePrint G3 Mouse GE 8 x 60K Ver. 2.0 microarrays



(Agilent Technologies, Santa Clara, CA) according to the manufacturer’s instructions. Microarray
data previously reported (accession GSE104901) were used for analysis of CD11c-positive Kupffer
cells isolated from MC4R-KO mice fed WD for 20 weeks and Kupffer cells isolated from wild-type
mice fed SD. Array data were processed in GeneSpring software version 14.9 (Agilent
Technologies). Differentially expressed genes were determined based on fold change (> 1.5). The
KEGG pathway analysis was performed using DAVID Bioinformatics Resources 6.8
(https://david.ncifcrf.gov/). Transcription factor analysis was performed using ChIP Atlas
(https://chip-atlas.org/) (Oki et al., 2018). Data have been deposited in NCBI's Gene Expression
Omnibus (accession GSE157472).

Human study

Sixteen Japanese NASH-suspected patients who had sustained liver dysfunction, dyslipidemia,
and insulin resistance were recruited at Yamaguchi University hospital. Liver samples were
obtained by ultrasound-guided liver biopsy to evaluate liver histology. Formalin-fixed and paraffin-
embedded liver specimens were stained with antibodies against CD68 (M0876; Agilent
Technologies), CD11c (ab52632; Abcam, Cambridge, MA), and TFE3 (ab179804; Abcam). The

clinical features of patients and pathology scoring of the livers are shown in Tables 2.

Statistical analysis
Data are presented as mean + SEM, and P < 0.05 was considered statistically significant. Statistical
analysis was performed using analysis of variance followed by Tukey-Kramer test or Dunnett's test.

Two-tailed unpaired Student’s t test was used to compare two groups.

Study approval

All animal experiments were approved by the guidelines for the care and use of laboratory animals
of Nagoya University and the Animal Care and Use Committee, Research Institute of Environmental
Medicine, Nagoya University (No. 20253). The clinical study complies with the Declaration of
Helsinki. Its protocol was approved by the Ethical Committee for Human and Genome Research of
Research Institute of Environmental Medicine, Nagoya University (No. 388) and the Institutional
Review Board of Yamaguchi University Hospital (2020-063). In brief, this study is a follow-back
study using existing materials and information. All samples were collected and stored for clinical

practice at Yamaguchi University Hospital. Although written informed consent was not obtained for



the current study, we disclosed detailed information on the study protocol, and provided all

participants with an opportunity to refuse their inclusion in the study.
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