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Introduction
Along with high prevalence of  obesity worldwide, nonalcoholic fatty liver disease (NAFLD) is becom-
ing one of  the most common forms of  chronic liver diseases, among which nonalcoholic steatohepatitis 
(NASH) increases the risk for cirrhosis and hepatocellular carcinoma (1, 2). Hepatocyte death plays a 
critical role in the disease progression from simple steatosis to NASH. Although in vitro studies showed 
that engulfment of  dead hepatocytes by phagocytic cells, such as macrophages and hepatic stellate cells, 
activates fibrogenic programs (3–5), the precise in vivo mechanism remains to be elucidated. Macrophages 
are the major phagocytic cells in the liver and mediate proinflammatory and profibrotic effects in vari-
ous experimental models (6, 7). In contrast, macrophages can regress excessive deposition of  extracellular 
matrix in carbon tetrachloride–induced liver fibrosis (8). These observations, taken together, suggest the 
differential functions of  macrophages in liver fibrosis in response to a variety of  internal and external stress-
es. In addition, recent evidence has pointed to macrophage heterogeneity in their origin (e.g., circulating 

Although recent evidence has pointed to the role of organ- and pathogenesis-specific macrophage 
subsets, it is still unclear which subsets are critically involved in the pathogenesis of nonalcoholic 
steatohepatitis (NASH). Using melanocortin-4 receptor–deficient (MC4R-KO) mice fed Western 
diet (WD), which exhibit liver phenotypes similar to those of human NASH, we found a histological 
structure, termed hepatic crown-like structure (hCLS), in which CD11c+ macrophages surround dead/
dying hepatocytes, a prominent feature of NASH. Here, we demonstrate that hCLS-constituting 
macrophages could be a novel macrophage subset that drives hepatocyte death-triggered liver 
fibrosis. In an “inducible NASH model,” hepatocyte death induces hCLS formation and liver fibrosis 
sequentially in the short term. In combination with the long-term WD feeding model, we also 
showed that resident macrophages are a major cellular source of CD11c+ macrophages constituting 
hCLS, which exhibited gene expression profiles distinct from CD11c– macrophages scattered in the 
liver. Moreover, depletion of CD11c+ macrophages abolished hCLS formation and fibrogenesis in 
NASH. Our clinical data suggest the role of CD11c+ macrophages in the disease progression from 
simple steatosis to NASH. This study sheds light on the role of resident macrophages, in addition to 
recruited macrophages, in the pathogenesis of NASH.
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monocyte-derived macrophages vs. tissue-resident macrophages) and polarization (e.g., proinflammatory 
M1 vs. antiinflammatory M2). Thus, it is still unclear which macrophage subsets are critically involved in 
the pathogenesis of  NASH.

We have reported that melanocortin-4 receptor–deficient (MC4R-KO) mice fed high-fat diet or Western 
diet (WD) exhibit liver phenotypes similar to human NASH (9, 10). MC4R, a 7-transmembrane G protein–
coupled receptor, is expressed in the hypothalamic nuclei implicated in the regulation of  food intake and body 
weight (11). In addition to the previously known phenotypes, such as hyperphagic obesity, insulin resistance, 
and hepatic steatosis, MC4R-KO mice develop NASH-like liver phenotypes and multiple liver tumors (9, 10). 
Accordingly, MC4R-KO mice would provide a rodent model of  NASH to investigate the sequential events 
that comprise obesity-induced steatosis and liver fibrosis in combination with systemic metabolic derange-
ments. Importantly, there is a unique histological structure, termed hepatic crown-like structure (hCLS), in 
which CD11c+ macrophages surround dead or dying hepatocytes with large lipid droplets (10). The number 
of  hCLSs is positively correlated with the number of  dead cells and fibrosis area (10, 12), suggesting that the 
hCLS is involved in the development of  hepatocyte death-triggered liver fibrosis. Notably, hCLS is observed 
in patients with NASH, whereas it is rarely observed in those with chronic viral hepatitis (10).

Interestingly, adipose tissue in obesity exhibits similar histological structures, where CD11c+ 
macrophages aggregate around dead adipocytes to scavenge the residual lipid droplets (13). We have 
shown a molecular mechanism underlying adipose tissue CLS-induced interstitial fibrosis in obesity 
(14, 15). We and others have also reported that the MCP-1/CCR2 pathway plays a critical role in obe-
sity-induced macrophage infiltration and CLS formation in adipose tissue (16–20). In addition, there 
is considerable evidence indicating that recruited macrophages play an important role in experimental 
models of  liver fibrosis (21–25), whereas the role of  tissue macrophages or Kupffer cells is also impli-
cated (26). Thus, it remains to be elucidated which macrophage subsets interact with dead or dying 
hepatocytes and how hepatocyte death induces liver fibrosis.

In this study, we developed an “inducible NASH model” to analyze the molecular mechanisms under-
lying the cell death-triggered chronic inflammation. Using this inducible model and our conventional 
NASH model with 20-week WD feeding, we demonstrated that resident macrophages are a major cellular 
source of  the CD11c+ macrophages that constitute hCLS, which exhibited gene expression profiles distinct 
from CD11c– macrophages scattered in the liver. Moreover, depletion of  CD11c+ macrophages abolished 
hCLS formation and fibrogenesis in NASH. Our clinical data suggest the role of  CD11c+ macrophages 
in disease progression from simple steatosis to NASH. This study provides evidence that CD11c+ macro-
phages in hCLS would be a macrophage subset that drives metabolic stress–induced liver fibrosis, suggest-
ing a NASH-specific pathological mechanism.

Results
Role of  recruited macrophages in hCLS formation and liver fibrosis in NASH. On the basis of  previous knowl-
edge regarding the role of  CCR2 in liver fibrosis (21–25), we investigated the involvement of  CCR2 in 
hCLS formation and liver fibrosis in a mouse model of  NASH using MC4R-KO mice. Bone marrow cells 
(BMCs) from CCR2-KO and wild-type mice were transferred into lethally irradiated MC4R-KO or wild-
type mice. After the 4-week recovery period, the bone marrow–chimeric MC4R-KO mice were fed WD 
for an additional 20 weeks (Figure 1A), at which point MC4R-KO mice develop NASH (9). There was no 
significant difference in body weight, epididymal fat and liver weights, and blood glucose concentrations ad 
lib between MC4R-KO mice reconstituted with CCR2-KO BMCs and those reconstituted with wild-type 
BMCs (CCR2-BM MC/WD and WT-BM MC/WD, respectively) (Supplemental Table 1; supplemental 
material available online with this article; https://doi.org/10.1172/jci.insight.92902DS1). CCR2 defi-
ciency in BMCs reduced macrophage infiltration and CLS formation in the epididymal fat of  MC4R-KO 
mice, along with increasing insulin sensitivity (Supplemental Figure 1). This is consistent with the previous 
reports using diet-induced obese mice (16–20).

At least two macrophage populations exist in the liver: F4/80hiCD11blo resident macrophages or 
Kupffer cells (F4/80hi macrophages) and F4/80loCD11bhi recruited macrophages (CD11bhi macrophages) 
under steady-state conditions (Figure 1B) (27). CCR2 deficiency in BMCs almost abolished the increase in 
the number of  CD11bhi macrophages in MC4R-KO mice, whereas it did not affect the number of  F4/80hi 
CD11bhi macrophages (Figure 1C). Histological analysis revealed no apparent difference in hepatic ste-
atosis, hCLS formation, myofibroblast accumulation, and liver fibrosis between CCR2-BM MC/WD and 



3insight.jci.org   https://doi.org/10.1172/jci.insight.92902

R E S E A R C H  A R T I C L E

Figure 1. Role of recruited macrophages in liver fibrosis in a murine model of NASH. (A) Experimental protocol for bone marrow–specific CCR2-defi-
cient MC4R-KO mice. Lethally irradiated MC4R-KO mice and wild-type mice were reconstituted with bone marrow (BM) cells prepared from CCR2-KO 
or wild-type mice. After a 4-week recovery period, MC4R-KO mice were fed Western diet (WD) for an additional 20 weeks (CCR2-BM MC/WD and 
WT-BM MC/WD). Wild-type mice were kept under standard diet (SD) as a control (WT-BM WT/SD). (B) FACS gating to identify macrophage popula-
tions in hepatic nonparenchymal cells (NPCs). CD45+ cells were analyzed with F4/80 and CD11b, and resident (F4/80hi) and recruited (CD11bhi) macro-
phages were identified. (C) FACS analysis of the percentage of resident and recruited macrophages in the CD45+ cell population of hepatic NPCs. (D) 
Hematoxylin and eosin staining of the liver, and histological analysis for interstitial fibrosis (E, Sirius red staining), myofibroblast accumulation (F, 
αSMA immunostaining), and hCLS formation (G, F4/80 immunostaining). Arrowheads, ballooning hepatocytes; white arrows, inflammatory cells; 
black arrows, hCLS. CV, central veins. Scale bar: 50 μm. (H) Hepatic mRNA expression of genes related to inflammation (Emr1 [F4/80], Tnfa, Itgax 
[CD11c]) and fibrogenesis (Timp1, Col1a1). Data represent mean ± SEM. *P < 0.05, **P < 0.01 (Tukey-Kramer test). n = 5–9.
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WT-BM MC/WD mice (Figure 1, D–G, and Supplemental Figure 2). In this study, the F4/80+ area mostly 
reflects the number of  F4/80hi macrophages. In addition, mRNA expression of  inflammatory genes (Tnfa 
and Itgax, which encodes M1 macrophage marker CD11c) and fibrogenic genes (Col1a1 [collagen I] and 
Timp1 [tissue inhibitor of  metalloproteinase 1]) was indistinguishable between the mice (Figure 1H). Col-
lectively, these data suggest that, in contrast to adipose tissue, CCR2-mediated recruited macrophages are 
dispensable for hCLS formation and liver fibrosis in MC4R-KO mice.

Figure 2. Establishment of an inducible NASH model. (A) Experimental protocol of the inducible NASH model using MC4R-KO mice. Eight-week-old 
MC4R-KO mice were fed WD for 4 weeks and received a single injection of CCl4 at a dose of 0.1 ml/kg (diluted 1:40 in olive oil) or olive oil as vehicle (Veh) 
intraperitoneally. (B) Serum ALT concentrations after CCl4 injection. (C) Hematoxylin and eosin staining, (D) cytokeratin 18 immunostaining, and (E) Sirius 
red staining of the liver at each time point after the low-dose CCl4 injection. Arrows, ballooning degeneration of hepatocytes. CV, central veins. Scale bar: 
50 μm. (F) Time course of hepatic mRNA expression of genes related to inflammation (Tnfa and Itgax) and fibrogenesis (Tgfb1 and Col1a1). Data represent 
mean ± SEM. *P < 0.05, **P < 0.01 vs. Veh (day 7), #P < 0.05, ##P < 0.01 (Tukey-Kramer test). n = 7–15.
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Establishment of  an inducible NASH model using MC4R-KO mice treated with CCl4. We next attempted to estab-
lish an inducible NASH model, since it is technically difficult to examine which macrophage subset is respon-
sible for hCLS formation and how hepatocyte death is involved in this process using our conventional NASH 
model (MC4R-KO mice fed WD for 20 weeks). In this study, MC4R-KO mice fed WD for 4 weeks to induce 
simple steatosis received a single injection of  low-dose CCl4 (0.1 ml/kg), a potent hepatotoxic chemical (Fig-
ure 2A). There was a transient increase in serum alanine aminotransferase (ALT) concentrations 2 days after 
CCl4 injection (Figure 2B), when swollen hepatocytes appeared around central veins (Figure 2C). These cells 
were negative for cytokeratin 18 immunostaining (Figure 2D), consistent with histopathological features of  
ballooning degeneration in human NASH (28). Sirius red staining revealed pericellular fibrosis mainly in the 
area around central veins 7–10 days after CCl4 injection (Figure 2E). Moreover, mRNA expression of  inflam-
matory and fibrogenic genes was upregulated in parallel with those histological changes (Figure 2F).

We next performed TUNEL staining in the inducible NASH model. Following CCl4-induced 
hepatocyte necrosis at day 2 in the area around central veins (Figure 2C), the number of  TUNEL+ cells 
was increased from day 4 (Figure 3A). hCLS formation was observed in parallel with liver fibrosis (Fig-
ure 2E and Figure 3B). As we previously reported in our conventional NASH model (10), CD11c+ mac-
rophages comprised the hCLS (Figure 3C), which was surrounded by α-smooth muscle actin+ (αSMA+) 
myofibroblasts and collagen depositions (Figure 3, D and E). On the other hand, scattered F4/80hi 
macrophages were negative for CD11c immunostaining (Figure 3C).

We further optimized the experimental protocol of  the inducible NASH model. Administration 
of  CCl4 dose-dependently increased serum ALT concentrations at day 1 and aggravated hCLS for-
mation and liver fibrosis at day 7 (Supplemental Figure 3). Notably, CCl4 injection of  wild-type mice 

Figure 3. Time course of hCLS formation in the inducible NASH model. Time course of the number of TUNEL+ cells (A) and hCLS (B) in the inducible NASH 
model using MC4R-KO mice. Arrowheads, TUNEL+ cells; arrows, hCLS. CV, central veins; PV, portal veins. Immunostaining for F4/80 and CD11c (C), F4/80 
and type I collagen (D), and αSMA immunostaining (E) in the livers of MC4R-KO mice 7 days after CCl4 injection. Scale bar: 50 μm. Data represent mean ± 
SEM. **P < 0.01 vs. Veh (day 7), ##P < 0.01 (Tukey-Kramer test). n = 7–15.
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fed standard diet (SD) did not induce these histolog-
ical changes, although there was a transient increase 
in serum ALT concentrations at day 2, together with 
hepatocyte injury and necrosis in the area around 
central veins (Supplemental Figure 4). Similarly, CCl4 
injection failed to induce NASH-like liver phenotypes 
in wild-type mice fed WD and MC4R-KO mice kept 
under SD for 4 weeks (data not shown). On the other 
hand, wild-type mice fed WD for a longer period (16 
weeks) developed NASH following injection of  CCl4 
(Supplemental Figure 5), suggesting that functional 
impairment of  MC4R is not crucial for hCLS forma-
tion. Moreover, activation of  Fas signaling in livers 
from WD-fed MC4R-KO mice induced hCLS forma-
tion and liver fibrosis (Supplemental Figure 6). Taken 
together, we established the inducible NASH model, 
in which a single injection of  hepatotoxic chemical 
into MC4R-KO mice with simple steatosis recapitu-
lates NASH-like liver phenotypes in the short term.

Role of  F4/80hi macrophages in hCLS formation and 
liver fibrosis in NASH. Using the inducible NASH mod-
el, we next examined the in vivo fate of  F4/80hi macro-
phages with the cell-tracking dye PKH26. MC4R-KO 
mice were lethally irradiated and reconstituted with 
BMCs from EGFP-transgenic mice and then were fed 
WD to induce steatosis (Figure 4A). Two weeks after 
the intravenous injection of  PKH26 in MC4R-KO 
mice for phagocytic cell labeling, peripheral mono-
cytes and CD11bhi macrophages in the liver were 
PKH26– because of  their high turnover, whereas most 
F4/80hi macrophages were double positive for PKH26 
and EGFP at this time point (Figure 4B). Histological 
examinations revealed that PKH26+ cells aggregate 
to constitute the hCLS in the inducible NASH model 
(Figure 4C). Moreover, macrophages in hCLS gradu-

ally became positive for CD11c during the course of  hCLS formation (Figure 4, D and E). Collectively, 
these data suggest that F4/80hi macrophages comprise hCLS, along with a phenotypic change.

CD169, or Siglec-1, is a type I lectin containing 17 immunoglobulin domains; it is expressed in certain 
subsets of  resident macrophages in spleen, lymph node, bone marrow, and intestine (29–32). In spite of  the 
role in adaptive immune response (33), little is known about CD169+ cells in the liver. mRNA of  Siglec1 
as well as Clec4f, a marker for resident macrophages, was exclusively expressed in F4/80hi macrophages 
relative to CD11bhi macrophages from the livers of  SD-fed wild-type mice (Figure 5A). In contrast, there 

Figure 4. Involvement of resident macrophages in hCLS for-
mation. (A) Experimental protocol for resident macrophage 
tracing in the inducible NASH model. (B) FACS analysis of 
peripheral monocytes and hepatic NPCs 2 weeks after PKH26 
administration. The blue line indicates MC4R-KO mice with-
out PKH26 administration, and the red line indicates MC4R-
KO mice administered with PKH26. (C) Representative image 
of the livers of PKH26-treated MC4R-KO mice 7 days after 
CCl4 injection. (D) Immunofluorescent staining for F4/80 and 
CD11c from day 5–7 in the inducible NASH model. Arrows, 
hCLS. (E) Time course of the number of CD11c+ hCLSs in the 
inducible NASH model. Scale bar: 50 μm. Data represent 
mean ± SEM. n = 6.
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was a predominant expression of  Itgam, which encodes CD11b, Ccr2 and Ly6c1 in CD11bhi macrophages. 
CD169 immunostaining was colocalized with Clec4f  in F4/80hi macrophages in wild-type and MC4R-KO 
mice fed SD and WD for 20 weeks, respectively (Figure 5B). Moreover, hCLS-constituting macrophages 
were positive for CD169 immunostaining in the conventional and inducible NASH models (Figure 5, C 
and D). We confirmed the data using another NASH model with wild-type mice fed WD for a long period 
(Supplemental Figure 7, A and B).

Next, we depleted these cells using CD169 promoter–driven diphtheria toxin receptor knockin 
(CD169-DTR) mice to investigate the cellular source of  hCLS (34). Five days after CCl4 injection in the 
inducible NASH model, diphtheria toxin (DT) was administered to MC4R-KO mice with BMCs from 
CD169-DTR or wild-type mice (Figure 6A). Seven days after CCl4 injection, FACS analysis revealed 
almost complete depletion of  F4/80hi macrophages, without any detectable effect on other cell types (Fig-
ure 6B). Histologically, treatment with DT abolished the increase in hCLS number and fibrosis area (Fig-
ure 6, C and D). In line with this, upregulated mRNA expression of  genes related to inflammation and 
fibrogenesis was effectively suppressed by depletion of  CD169+ macrophages (Figure 6E). These observa-
tions suggest that CD169+F4/80hi macrophages are a major cellular source of  hCLS.

Role of  CD11c+ macrophages in hCLS formation and liver fibrosis in NASH. To elucidate the functional 
role of  CD11c+F4/80hi macrophages in the pathogenesis of  NASH, we generated bone marrow–chime-
ric MC4R-KO mice reconstituted with BMCs from CD11c promoter–driven DTR-transgenic (CD11c-
DTR) mice. CD11c+ cells were depleted with DT 5 days after CCl4 injection in the inducible NASH 
model (Figure 7A). The number of  hCLSs was remarkably decreased with DT treatment, resulting in 
reduction of  fibrosis area and downregulation of  Itgax and Tgfb1 mRNA expression (Figure 7, B–D). 
Moreover, we depleted CD11c+ macrophages after MC4R-KO mice developed NASH (Figure 7E). The 

Figure 5. Characterization of CD169 as a marker for resident macrophages in the liver. (A) F4/80hi resident and CD11bhi recruited macrophages were sorted 
from hepatic NPCs of wild-type mice fed SD. mRNA expression of Emr1, Clec4f, Siglec1 (CD169), Itgam, Ccr2, and Ly6c1 was analyzed by quantitative real-
time PCR. Data represent mean ± SEM. **P < 0.01 (2-tailed unpaired Student’s t test). n = 5. (B) Immunofluorescent staining for Clec4f and CD169 of livers 
of wild-type mice fed SD (WT/SD) and MC4R-KO mice fed WD (MC/WD) for 20 weeks. Immunofluorescent staining for CD169 and type I collagen in MC/
WD and WT/SD for 20 weeks (C) and the inducible NASH model (D). Veh, WD-fed MC4R-KO mice 7 days after vehicle (olive oil) injection; CCl4_day7, WD-fed 
MC4R 7 days after CCl4 injection. Scale bar: 50 μm.
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number of  hCLSs was markedly decreased after DT injection and was restored at day 4 (Figure 7, F and 
G); in addition, expression of  Itgax and Tgfb1 was increased starting at day 4 (Figure 7H). Furthermore, 
we performed immunofluorescent analysis to confirm CD11c expression in the restored hCLS (Sup-
plemental Figure 8). Besides MC4R-KO mice, similar results were observed in wild-type mice fed WD 
(Supplemental Figure 7, C and D). These findings suggest the role of  hCLS-constituting CD11c+F4/80hi 
macrophages in liver fibrosis in NASH.

As the number of  CD11c+F4/80hi macrophages was increased in WD-fed MC4R-KO mice relative 
to SD-fed wild-type mice (Figure 8, A and B), we performed microarray analysis to compare the gene 
expression patterns. The heatmap in Figure 8C showed that F4/80hi macrophages from WD-fed MC4R-
KO mice were not categorized as typical M1 and M2 macrophages. In addition, there were apparent 
differences in the gene expression patterns between CD11c+ and CD11c– F4/80hi macrophages (Figure 8, 
C–F). Pathway analysis revealed that genes related to inflammation and extracellular matrix remodeling 

Figure 6. CD169+ macrophages are a major cellular source of hCLS. (A) Experimental protocol for depletion of CD169+ cells in the inducible NASH model 
using CD169-DTR bone marrow–chimeric MC4R-KO (CD169-DTR–bone marrow MC4R-KO) mice. DT, diphtheria toxin; Veh, WD-fed WT-BM MC4R-
KO mice injected with olive oil as a vehicle; CCl4_dep (-), inducible NASH model without depletion of CD169+ cells (WD-fed and CCl4-injected WT-BM 
MC4R-KO mice with DT treatment); CCl4_dep (+), inducible NASH model with depletion of CD169+ cells (WD-fed and CCl4-injected CD169-DTR–bone 
marrow MC4R-KO mice with DT treatment). (B) FACS analysis of hepatic NPCs. CD45+ cells were analyzed as follows: resident macrophage, F4/80hiC-
D11clo; recruited macrophage, F4/80loCD11bhi; neutrophil, Ly6GhiCD11b+; T cell, CD4+; conventional dendritic cell (cDC), CD11b–CD11c+. **P < 0.01 (2-tailed 
unpaired Student’s t test). n = 5. (C) Immunostaining for F4/80 and quantification of hCLS number. (D) Fibrosis area evaluated by Sirius red staining. 
n = 6–9. (E) Hepatic mRNA expression of genes related to inflammation (Siglec1, Emr1, and Itgax) and fibrogenesis (Tgfb1 and Col1a1). Data represent 
mean ± SEM. Scale bar: 50 μm. (C–E) *P < 0.05, **P < 0.01 (Tukey-Kramer test). n = 6–9.
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Figure 7. Role of CD11c+ macrophages in hCLS formation and fibrogenesis. (A) Experimental protocol for depletion of CD11c+ cells in the inducible NASH model 
using CD11c-DTR bone marrow–chimeric MC4R-KO mice. Veh, WD-fed WT-BM MC4R-KO mice injected with olive oil as a vehicle; CCl4_dep (-), inducible NASH 
model without depletion of CD11c+ cells (WD-fed and CCl4-injected WT-BM MC4R-KO mice with DT treatment); CCl4_dep (+), inducible NASH model with depletion 
of CD11c+ cells (WD-fed and CCl4-injected CD11c-DTR–bone marrow MC4R-KO mice with DT treatment). n = 5–8. (B) Immunostaining for F4/80 and quantification 
of hCLS number and (C) fibrosis area. Arrows, hCLS. *P < 0.05, **P < 0.01 (Tukey-Kramer test). (D) Hepatic mRNA expression of Itgax and Tgfb1. (E) Experimental 
protocol for depletion of CD11c+ cells in the long-term WD-fed NASH model. CD11c-DTR MC4R-KO mice were injected with DT following 20-week WD feeding and 
were sacrificed at each time point (1, 4, and 10 days after DT injection). n = 7–8. (F) Immunostaining for F4/80 and (G) quantification of hCLS number. Arrows, 
hCLS. (H) Hepatic mRNA expression of Itgax and Tgfb1. Data represent mean ± SEM. *P < 0.05, **P < 0.01, #P < 0.05, ##P < 0.01 vs. MC/WD-Dep (-) (Tukey-Kramer 
test). Scale bar: 50 μm.
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Figure 8. Microarray analysis of resident macrophages in the liver. (A) Representative FACS data of CD11c expression of F4/80hiCD11blo resident 
macrophages isolated of MC4R-KO mice fed WD (MC/WD, black line) and wild-type mice fed SD (WT/SD, gray shade) for 20 weeks. (B) Percentage 
of CD11c+ cells in resident macrophages. Data represent mean ± SEM. **P < 0.01 (2-tailed unpaired Student’s t test). n = 5–7. (C) Heatmap showing 
relative expression levels of M1- and M2-related genes in resident macrophages. Lane 1 indicates resident macrophages isolated from the livers of 
wild-type mice fed SD (F4/80hiCD11blo CD11c- cells). Lanes 2 and 3 indicate CD11c– and CD11c+ resident macrophages of MC4R-KO mice fed WD for 20 
weeks (F4/80hiCD11bloCD11c- and F4/80hiCD11bloCD11c+ cells, respectively). Hierarchical clustering analysis (D) and principal component analysis (E) of 
resident macrophages from WT/SD and MC/WD. (F) Scatterplot of gene expression profiling for CD11c– and CD11c+ resident macrophages of MC4R-KO 
mice fed WD. Green lines indicate the cutoffs for 2-fold induction and repression. (G) Pathway analysis of the genes more than 2-fold upregulated or 
downregulated in CD11c+ resident macrophages compared with CD11c– resident macrophages of MC4R-KO mice using the Reactome databases. The 
top 5 upregulated and downregulated pathways were indicated.
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were upregulated and/or downregulated in CD11c+F4/80hi macrophages compared with CD11c–F4/80hi 
macrophages (Figure 8, F and G). These observations support the notion that CD11c+F4/80hi macro-
phages in the hCLS would be a macrophage subset that promotes liver fibrosis in NASH.

Role of  CD11c+ macrophages in human NASH. Finally, we examined the characteristics of  hCLS-con-
stituting macrophages using liver biopsy specimens from patients with NAFLD/NASH. Immunostain-
ing using serial sections revealed that expression of  CD169 and CD11c was positive in the macrophages 
constituting the hCLS (Figure 9, A and B). The number of  CD11c+ hCLSs was positively correlated 
with the scores for hepatic steatosis and ballooning degeneration, a hallmark for hepatocyte injury 
(Figure 9C). In this study, the patients with NAS 6 and fibrosis stage 2 showed the highest number of  
CD11c+ hCLSs (Figure 9C). These observations suggest the clinical relevance of  CD11c+ macrophages 
in hCLS in human NAFLD/NASH.

Discussion
Much attention has been paid to understanding how simple steatosis progresses to NASH; this would 
provide insights into therapeutic targets for NASH and potential biomarkers for identifying high-risk 
patients. In this study, we clearly demonstrate that CD11c+ resident macrophages in the hCLS play 
a critical role in liver fibrosis during the development of  NASH. Since these macrophages aggregate 
around dead or dying hepatocytes to constitute hCLS, where parenchymal and stromal cells interact 
with each other, it is conceivable that hCLS provides a local microenvironment in the steatotic liver 
where cell death-triggered stromal cellular responses drive profibrotic mechanisms, thereby inducing 
the development of  NASH. Moreover, CD11c+ resident macrophages in the hCLS would comprise a 
macrophage subset distinct from CD11c– resident macrophages scattered in the liver in terms of  the 
gene expression profiles and histological localization. During the past decade, evidence has accumu-
lated that macrophages are highly heterogenous in organs and pathologies, rather than simply dichot-
omous (proinflammatory M1 vs. antiinflammatory M2) (29, 35, 36). Accordingly, it is important to 
identify a specific macrophage subset in each pathogenic condition in vivo. This notion is consistent 
with the recent report by Satoh et al., suggesting that there are multiple macrophage subsets in a 
murine model of  lung fibrosis, only one of  which is responsible for fibrogenesis (37). So far, limited 
information has been available on in situ localization of  macrophage subsets in inflamed tissues. Since 
hCLS is not observed in human viral hepatitis (10) and CD11c+ macrophages form hCLS in human 
NASH, characterization of  this macrophage subset may offer a pathological mechanism specific to 
metabolic stress–induced liver fibrosis.

Figure 9. CD169 and CD11c expression in hCLS in human NASH. Representative images of liver serial sections stained with CD68 and CD169 antibodies 
(A) and CD68 and CD11c antibodies (B) in patients with NASH. Arrows, hCLS. Scale bar: 50 μm. (C) Correlation of CD11c+ hCLS number and each histological 
score. Data represent mean ± SEM. *P < 0.05, **P < 0.01 (Tukey-Kramer test).
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It is important to understand the molecular mechanism underlying tissue remodeling, since it may 
elicit a solution to tackle chronic inflammatory diseases, including NASH and obesity. On the flip side, it 
is technically difficult to examine the causality and precise time course of  chronic inflammation on a long-
term basis. In this regard, our inducible NASH model possesses several advantages as follows. First of  all, 
it enables us to investigate the sequential events after hepatocyte injury or death, which eventually lead to 
histologically detectable fibrosis. Indeed, we demonstrate that hCLS is a cell death-triggered stromal cellu-
lar response. Second, hCLS synchronously develops in the inducible NASH model, whereas the lesions are 
at multiple stages of  chronic inflammation in our conventional NASH model and human NASH. Third, it 
is useful to screen for novel therapeutic strategies targeting inflammation and fibrosis in the liver, without 
affecting systemic glucose and lipid metabolism. Finally, we can save time and cost using the inducible 
NASH model. On the other hand, we should be careful about its limitation as a disease model, since nei-
ther hepatocyte death induced by CCl4 nor anti-Fas antibody in the inducible model fully recapitulate the 
pathophysiology of  NASH. Nevertheless, this disease model would help further the understanding of  the 
molecular mechanism of  NASH.

Interestingly, chemically induced hepatocyte injury is not sufficient to induce hCLS formation and 
liver fibrosis in the inducible NASH model. Indeed, the NASH-like liver phenotypes are not observed when 
low-dose CCl4 is administered to wild-type mice fed SD or WD or MC4R-KO mice fed SD for 4 weeks, 
although CCl4 injection induces initial liver injuries and hepatocyte degeneration, with swollen appearance 
in both mice. These results led us to speculate that preconditioning of  hepatocytes and/or macrophages is 
important for hepatocyte death-induced hCLS formation. Previous studies reported that pharmacological 
blockade as well as genetic deletion of  the central melanocortin system increases de novo lipogenesis in 
the liver and white adipose tissue independently of  hyperphagia and that stimulation of  the system increas-
es lipolysis in the white adipose tissue (38, 39). In addition, we and others have shown that the central 
melanocortin system is involved in macrophage infiltration and proinflammatory cytokine production in 
peripheral tissues (40, 41). In this regard, it is noteworthy that CCl4 injection can induce hCLS formation in 
wild-type mice fed WD for a longer period, suggesting that functional impairment of  MC4R is not crucial 
for hCLS formation. Further studies are required to understand the molecular mechanism of  hCLS forma-
tion during the development of  NASH.

We need to discuss the histological features, cellular components, and pathologic roles of  hCLS 
and adipose tissue CLS, since they are the sites of  the crosstalk between dead or dying parenchymal 
cells and macrophages, and they thereby induce chronic inflammation and tissue fibrosis (10, 14, 15). 
Although both macrophages constituting hCLS and adipose tissue CLS are positive for CD11c, their ori-
gins may be different. Resident macrophages are a major cellular source of  hCLS, and CCR2 is dispens-
able for hCLS formation. In contrast, CCR2 is crucial for adipose tissue CLS. It is currently unclear why 
CCR2-mediated recruited macrophages do not play a major role in proinflammatory cytokine expression 
and pericellular fibrosis in the livers of  MC4R-KO mice. Further investigation is required to conclude the 
origin of  the macrophage subset constituting hCLS, since resident macrophages are reconstituted with 
bone marrow–derived macrophages in our bone marrow transplantation experiments and they may have 
differential phenotypes from yolk sac–derived resident macrophages (42). This study sheds light on the 
role of  resident macrophages in the pathogenesis of  NASH, rather than negating the substantial amount 
of  knowledge on the pathophysiologic role of  recruited macrophages. For the next step, it is important 
to examine the cellular crosstalk involving macrophages, hepatocytes, and fibroblasts to know how mac-
rophages in hCLS become CD11c+. It is also interesting to investigate gene expression profiles of  mac-
rophages in hCLS and adipose tissue CLS, which would give us insight into the tissue-specific molecular 
mechanisms underlying chronic inflammation-induced fibrogenesis.

In summary, we demonstrate that CD169+F4/80hi resident macrophages aggregate around dead or 
dying hepatocytes to constitute hCLS, thereby inducing persistent inflammation and pericellular fibrosis in 
a murine model of  NASH (Supplemental Figure 9). Our data also suggest that these macrophages in hCLS 
become CD11c+ in response to hepatocyte death, with unique polarization profiles. Although hCLS shares 
many histological features and pathologic roles with adipose tissue CLS, the cellular components may be 
different between the organs. Since limited information is available on in situ localization of  macrophage 
subsets in inflamed tissues, this study provides evidence that a macrophage subset in hCLS drives hepato-
cyte death-induced liver fibrosis, suggesting a NASH-specific pathological mechanism.
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Methods
Animals. MC4R-KO and CD169-DTR-knockin mice were provided by Joel K. Elmquist (University of  
Texas Southwestern Medical Center, Dallas, Texas, USA) and Masato Tanaka, respectively (11, 34). 
CD11c-DTR-transgenic mice were provided by Steffen Jung (Weizemann Institute of  Science, Rehovot, 
Israel) and Toshiaki Ohteki (43, 44). CCR2-KO and EGFP-transgenic mice were described previously 
(14, 17). C57BL/6J wild-type mice were purchased from CLEA Japan. The animals were acclimated to 
the environment in a temperature-, humidity-, and light-controlled room (12-hour-light/dark cycle) and 
allowed free access to water and SD (CE-2; 343.1 kcal/100 g, 12.6% energy as fat; CLEA Japan) for 1 
week. Eight-week-old male mice were fed WD (D12079B; 468 kcal/100 g, 41% energy as fat, 34.0% 
sucrose, 0.21% cholesterol; Research Diets). At the end of  the experiment, they were sacrificed, when fed 
ad libitum, under intraperitoneal pentobarbital anesthesia (30 mg/kg).

Inducible NASH model. After 4-week WD feeding, MC4R-KO mice received a single injection of  CCl4 
(WAKO) intraperitoneally at a dose of  0.1 ml/kg diluted 1:40 in olive oil. Mice were kept on WD after CCl4 
administration and were sacrificed at each time point. For additional details, see the Supplemental Methods.

Bone marrow transplantation. Bone marrow transplantation was performed as described previously (14). 
In brief, BMCs were collected from wild-type, EGFP-transgenic, CCR2-KO, CD169-DTR, and CD11c-
DTR donor mice and washed 2 times with cold PBS and injected intravenously (3 × 106 cells) into 7.5-Gy 
irradiated 8-week-old recipient mice. The substitution rate of  BMCs was determined by FACS analysis 
using peripheral blood and hepatic nonparenchymal cells of  MC4R-KO mice reconstituted with BMCs 
obtained from EGFP-transgenic donor mice. In this study, more than 95% of  peripheral blood cells and 
90% of  F4/80hi resident macrophages were substituted for GFP+ cells. After the 4-week recovery period, 
MC4R-KO mice were fed WD for the indicated period. Wild-type mice reconstituted with wild-type BMCs 
and fed SD served as a control.

Macrophage depletion experiment by DT treatment. Lethally irradiated MC4R-KO mice were reconstituted 
with BMCs from CD169-DTR or wild-type mice and administered DT at a dose of  10 μg/kg intraperitone-
ally. In the experiment using CD11c-DTR bone marrow–chimeric MC4R-KO mice, DT was administered 
at a dose of  0.4 μg/kg intraperitoneally.

Macrophage labeling using PKH26. The PKH26 cell linker kit (MilliporeSigma) was used following the 
manufacturer’s instruction with some modifications. Briefly, PKH26 fluorescence dye was diluted with 
diluent B 1:9 and injected 0.2 ml per body to MC4R-KO mice fed WD.

FACS analysis and sorting experiment. The mice were perfused with PBS from the portal vein to remove 
blood from the liver. The liver was dispersed in Hank’s balanced salt solution with calcium and magnesium 
supplemented with 1 mg/ml type IV collagenase (MilliporeSigma) and 50 μg/ml DNaseI (Roche) using 
a gentleMACS dissociator (Miltenyi Biotec). Liver suspensions were shaken at 37°C for 20 minutes and 
resuspended using the gentleMACS dissociator. After filtered through a 100-μm cell strainer, cells were 
collected by centrifugation and resuspended in 30% percoll. The cell suspensions were centrifuged at 500 x 
g for 15 minutes at room temperature to remove cell debris. Red blood cells were lysed by ACK buffer and 
nonparenchymal cells were washed twice with PBS and resuspended in PBS containing EDTA and 0.5% 
BSA. Cells were stained with antibodies against CD45 (30-F11), CD11b (M1/70), CD11c (N418), F4/80 
(BM8), Ly-6G (1A8), CD4 (GK1.5), and 7-AAD (BioLegend) and analyzed using FACSCantoII (BD Bio-
sciences) or sorted using FACSAriaII (BD Biosciences) for mRNA expression analysis.

Histological analysis. The liver was fixed with neutral-buffered formalin and embedded in paraffin. Four-
μm-thick sections of  the liver and epididymal fat were stained with hematoxylin and eosin and Sirius 
red (9). Immunohistochemical staining for F4/80 (MCA497GA, Serotec), αSMA (ab5694, Abcam), and 
cytokeratin 18 (NB100-79923, Novus Biologicals) was performed as previously described (10). Apoptotic 
cells were detected by TUNEL assay using the Apop-Tag Plus Peroxidase In Situ Apoptosis Detection Kit 
(Millipore). Positive areas for Sirius red and F4/80 were measured using WinROOF software (Mitani) (9). 
The numbers of  hCLS and TUNEL+ cells were counted in the whole area of  each F4/80-stained section 
and expressed as the mean number/mm2. For immunofluorescent staining, the liver was embedded in 
OCT compound and frozen in dry ice acetone. Ten-μm-thick frozen sections were stained with antibod-
ies against F4/80 (Cl:A3-1, Bio-Rad), type I collagen (20151, Novotec), CD11c (14-0114, eBioscience), 
CD169 (142307, BioLegend), Clec4f  (MAB2784, R&D Systems), and secondary antibodies (anti-rat IgG 
Alexa Fluor 488 [A11006, Invitrogen], anti-rabbit IgG Alexa Fluor 568 [A11036, Invitrogen], anti-hamster 
IgG Alexa Fluor 594 [127-585-160, Jackson ImmunoResearch Laboratories] and anti-hamster IgG Alexa 
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Fluor 647 [127-605-160, Jackson ImmunoResearch Laboratories]) conjugated with Alexa Fluor 488, 568, 
or 594 (Invitrogen) and Alexa Fluor 647 (Jackson ImmunoResearch Laboratories). Sections were mounted 
in Vectashield mounting medium with DAPI (Vector Labs) and photographed using the FV10i-DOC con-
focal laser-scanning microscope (Olympus).

Quantitative Real-Time PCR. Total RNA was extracted from the liver using Sepasol reagent (Nacalai 
Tesque) and from the sorted cells using the PureLink RNA Micro Kit (Invitrogen). Quantitative real-time 
PCR was performed with the StepOnePlus Real-time PCR System using the Fast SYBR Green Master Mix 
Reagent (Applied Biosystems) as described previously (9). Primers used in this study are listed in Supplemen-
tal Table 2. Data were normalized to 36B4 or 18S levels and analyzed using the comparative CT method.

Microarray analysis. F4/80hiCD11blo resident macrophages were sorted based on the expression levels 
of  CD11c from the livers of  wild-type mice fed SD (CD11c–) and MC4R-KO mice fed WD for 20 weeks 
(CD11c– and CD11c+). Total RNAs were extracted from pooled macrophages of  7–9 mice using the PureLink 
RNA Micro Kit (Invitrogen). Microarray analysis was performed using SurePrint G3 Mouse GE 8 × 60K 
microarrays (Agilent Technologies) according to the manufacturer’s instructions. Data were obtained in quin-
tuplicate and were normalized to the median of  wild-type macrophages using GeneSpring software version 
14.5 (Agilent Technologies). The pathway analysis was performed using the Reactome databases (http://
reactome.org). Data have been deposited in NCBI’s Gene Expression Omnibus (accession GSE104901).

Human study. Sixty-five Japanese NASH-suspected patients who had sustained liver dysfunction, dyslipid-
emia, and insulin resistance were recruited at Yamaguchi University hospital and Heart Life Hospital. Liver 
samples were obtained by ultrasound-guided liver biopsy to evaluate liver histology. Mean NAFLD activity 
score was 5.2 ± 0.2 (steatosis 2.1 ± 0.1, inflammation 1.1 ± 0.1, ballooning 2.0 ± 0.1), and mean fibrosis stage 
was 2.0 ± 0.2. Formalin-fixed and paraffin-embedded liver specimens were stained with antibodies against 
CD68 (M0876, Dako), CD169 (sc-53442, Santa Cruz, CA), and CD11c (EP1347Y, Abcam) (10, 31).

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

Study approval. This study complies with the Declaration of Helsinki. All animal experiments were approved 
by the Institutional Animal Care and Use Committee of Tokyo Medical and Dental University (no. 2015-008C, 
no. 0170186A). The clinical study protocol was approved by the Medical Research Ethics Committee of Tokyo 
Medical and Dental University (no. 1366 and 1397), the Institutional Review Board of Yamaguchi University 
Hospital (H24-12 and H24-80), and the Institutional Review Board of Heart Life Hospital (24-6). The study is 
a follow-back study using existing materials and information. All samples were collected and stored for clinical 
practice at Yamaguchi University Hospital and Heart Life Hospital. Although written informed consent was 
not obtained for the current study, we obtained approval from Ethics Committee/Institutional Review Board of  
each institution based on Japanese Ethical Guidelines for Clinical Studies, 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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