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Abstract

Hepatocyte apoptosis is a key feature of metabolic dysfunction–associated steatohepatitis 

(MASH), but the fate of apoptotic hepatocytes in MASH is poorly understood. Here, we explore 

the hypotheses that clearance of dead hepatocytes by liver macrophages (efferocytosis) is impaired 

in MASH because of low expression of the efferocytosis receptor T cell immunoglobulin and 

mucin domain containing 4 (TIM4; gene Timd4) by MASH liver macrophages, which then 
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drives liver fibrosis in MASH. We show that apoptotic hepatocytes accumulate in human and 

experimental MASH, using mice fed the fructose-palmitate-cholesterol (FPC) diet or the high-

fat, choline-deficient amino acid–defined (HF-CDAA) diet. Apoptotic hepatocyte accumulation 

is associated with impaired efferocytosis and loss of TIM4. Administration of neutralizing anti-

TIM4 antibodies or genetic deletion of Timd4 in Kupffer cells of FPC and HF-CDAA diet–fed 

mice decreased efferocytosis by liver macrophages, increased profibrotic activation of collagen-

producing hepatic stellate cells (HSCs), and accelerated the progression to fibrotic MASH. 

Genetic restoration of macrophage Timd4 in FPC and HF-CDAA diet–fed MASH mice or cell 

therapy with TIM4+ macrophages enhanced apoptotic hepatocyte clearance and decreased HSC 

activation and liver fibrosis. Studies using an ex vivo macrophage HSC cross-talk model and 

the HF-CDAA MASH model revealed that inactivation of HSCs by efferocytosing macrophages 

involved macrophage reprogramming to secrete interleukin-10 (IL-10), which activated the IL-10 

receptor on HSCs to dampen their profibrotic activation. These findings reveal a key process in 

the progression from hepatic steatosis to early MASH fibrosis and identify a mechanism-based 

therapeutic strategy to prevent fibrotic MASH progression.

INTRODUCTION

Metabolic dysfunction–associated steatohepatitis [MASH; formerly nonalcoholic 

steatohepatitis (NASH)] is emerging as the leading cause of liver disease (1), characterized 

by hepatosteatosis; inflammation; and, most importantly, liver fibrosis due to activation 

of hepatic stellate cells (HSCs) (2, 3). However, limited pharmacological therapies exist 

to mitigate liver fibrosis in MASH (4, 5). An important feature of MASH is hepatocyte 

death, as well as apoptosis and necroptosis, but the mechanisms linking hepatocyte death 

with MASH progression, particularly liver fibrosis, remain poorly understood (6, 7). One 

possibility is that dead hepatocytes release factors that promote HSC activation and liver 

fibrosis (8–10). However, clinical evidence that blocking caspase-dependent apoptosis 

mitigates MASH is lacking. For example, the pan-caspase inhibitor emricasan failed to 

improve liver histology and paradoxically increased liver fibrosis in patients with MASH 

(11).

The accumulation of dead cells in disease settings indicates impaired clearance of dead 

cells by macrophages (“efferocytosis”) (12, 13). Macrophages bind apoptotic cells through 

cell surface receptors, leading to dead cell engulfment and degradation. Efferocytosis 

not only prevents dead cell accumulation but also reprograms macrophages to execute 

tissue resolution functions, and impaired efferocytosis contributes to many human chronic 

inflammatory diseases (12, 13). Accordingly, we hypothesized that the accumulation of 

dead hepatocytes in MASH reflects impaired efferocytosis and proresolving macrophage 

reprogramming (14). In a previous study, we showed that the clearance of necroptotic 

hepatocytes is impaired in MASH, contributing to MASH progression (15), but the 

mechanism requires further study. Other groups have shown that deletion of triggering 

receptor expressed on myeloid cells 2 (TREM2) in macrophages impairs efferocytosis ex 

vivo and exacerbates experimental MASH (16–19) and that TREM2-mediated efferocytosis 

by liver macrophages can promote the repair of liver injury (20). However, the mechanisms 
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linking efferocytosis to MASH progression, particularly MASH fibrosis, and the therapeutic 

implications remain to be fully elucidated.

Previous in vitro studies have shown that T cell immunoglobulin and mucin domain 

containing 4 (TIM4; gene Timd4) can mediate efferocytosis by normal liver resident 

macrophages [Kupffer cells (KCs)] (21–23), but the role of TIM4 in efferocytosis and liver 

fibrosis in MASH is unknown. On the basis of these in vitro data and the finding that TIM4 

is decreased in MASH liver macrophages compared with KCs (24–27), we hypothesized 

that loss of TIM4 may impair efferocytosis in MASH and thereby contribute to MASH 

progression. To test this hypothesis, we used diet-induced mouse MASH models with TIM4 

loss of function (neutralization antibody or genetic targeting) or TIM4 gain of function 

(macrophage-inducible transgenesis).

RESULTS

Efferocytosis by liver macrophages is decreased in human and experimental MASH and is 
correlated with the loss of macrophage TIM4

Apoptosis in hepatocytes is a key feature of MASH, and accumulation of apoptotic 

hepatocytes has been reported in MASH liver (6, 7). Given that efferocytosis by 

macrophages is crucial in clearing dead cells and maintaining tissue homeostasis, we 

postulated that the efferocytic ability of liver macrophages is impaired in advanced 

MASH versus early MASH. To evaluate our hypothesis, we used human liver biopsy 

specimens with various metabolic dysfunction–associated steatotic liver disease activity 

scores {referred to as NAS [nonalcoholic fatty liver disease (NAFLD) activity score] 

based on the older term NASH} and conducted an in situ efferocytosis assay, as we 

previously described (28–30). On the basis of measurements of the ratio of macrophage-

associated:free terminal deoxynucleotidyl transferase–mediated deoxyuridine triphosphate 

nick end labeling+ (TUNEL+) cells, efferocytosis by liver macrophages was markedly 

decreased in advanced MASH liver (NAS, 3 to 6) compared with normal or early 

MASH liver (NAS, 0 to 2). In addition, the decrease in efferocytosis in MASH liver 

was accompanied by an increase in the total number of TUNEL+ cells (Fig. 1A). We 

next explored a mouse model of steatohepatitis in which mice are fed the high-fat, 

choline-deficient amino acid–defined (HF-CDAA) diet (31, 32). These mice develop hepatic 

steatosis at 2 weeks, early liver fibrosis at 4 weeks, and advanced liver fibrosis at 8 

and 12 weeks of diet feeding (fig. S1A) (31, 32). Consistent with the human data, the 

ratio of macrophage-associated:free cl-caspase3+ (apoptotic) cells, which is a measure of 

efferocytosis by liver macrophages, was markedly decreased at the 8- and 12-week time 

points, accompanied by an increase in cl-caspase3+ cells (Fig. 1B).

One mechanism of impaired efferocytosis is the loss of macrophage receptors that recognize 

apoptotic cells. We therefore measured mRNAs encoding efferocytosis receptors in 12-week 

HF-CDAA–fed mice versus chow-fed mice. The mRNAs encoding c-mer proto-oncogene 
tyrosine kinase (Mertk), brain-specific angiogenesis inhibitor 1 (Bai1), and AXL receptor 
tyrosine kinase (Axl) were increased, not decreased, in MASH versus control liver (fig. S1B, 

first three groups), suggesting that defective efferocytosis in MASH cannot be explained 

by deficiencies in these receptors. The finding with Mertk is consistent with our previous 
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demonstration that liver macrophage efferocytosis in mice fed the MASH-inducing fructose-

palmitate-cholesterol (FPC) diet for 16 weeks was not impaired by deletion of macrophage 

MerTK (33), and we now show similar results using the HD-CDAA MASH model (fig. 

S1C). However, consistent with previous reports in MASH mice (24–27), the mRNA 

encoding the efferocytosis receptor TIM4 (Timd4) and TIM4 protein were decreased in 

the livers of both FPC- and HF-CDAA–induced MASH mice (fig. S1B, fourth group, and 

fig. S1, D to I). We observed a decrease in Timd4 expression after 8 weeks of HF-CDAA 

feeding (fig. S1D), which coincides with the point at which impaired liver macrophage 

efferocytosis occurs in the HF-CDAA model (see Fig. 1B). In addition, both liver TIM4 

protein by immunoblot and TIM4 expression in Clec4f+ KCs by immunofluorescence 

microscopy were decreased after 12 weeks of HF-CDAA feeding (fig. S1, E and F). Similar 

results were found in the livers of mice fed the FPC MASH diet for 16 weeks (fig. S1, 

G to I). Consistent with the HF-CDAA time course data above, KC TIM4 expression was 

not decreased in 8-week FPC-fed mice (fig. S1J), which have steatosis but not MASH 

(34). TIM4, as measured by immunoblot, was decreased in human MASH liver compared 

with normal liver (Fig. 1C), and immunofluorescence staining showed that the expression 

of TIM4 in liver CD68+ macrophages was decreased in human MASH (Fig. 1D). These 

data are consistent with data in the Gene Expression Omnibus dataset GSE126848 showing 

that TIMD4 mRNA is lower in human MASH versus control liver (35). In summary, 

mouse and human MASH show evidence of impaired efferocytosis, and this is associated 

with a decrease in TIM4 expression on liver macrophages. On the basis of these findings, 

we focused on the hypothesis that the decrease in macrophage TIM4 in MASH is a key 

mechanism for impaired efferocytosis and, consequently, progression to fibrotic MASH.

Antibody-mediated TIM4 blockade and genetic deletion of KC TIM4 reduce efferocytosis 
and accelerate liver fibrosis in experimental MASH

To investigate the role of TIM4 in the clearance of apoptotic hepatocytes by human KCs 

ex vivo, we incubated primary human KCs with fluorescently labeled Fas-induced apoptotic 

hepatocytes in the presence of anti-TIM4 versus immunoglobulin G (IgG) control. Anti-

TIM4 decreased efferocytosis as measured by either volume or mean fluorescence intensity 

(MFI) of engulfed apoptotic hepatocytes (Fig. 2A). Similar results were found using primary 

mouse liver KCs (Fig. 2B). To evaluate the role of TIM4 in early steatohepatitis, mice were 

fed the HF-CDAA diet for 4 weeks, with anti-TIM4 or IgG administered during weeks 3 

and 4 (Fig. 2C). The two groups of mice had similar body and liver weights (fig. S2A). 

Anti-TIM4 administration decreased the ratio of macrophage-associated:free cl-caspase3+ 

(apoptotic) cells, indicating impaired efferocytosis (Fig. 2D). Anti-TIM4 increased liver 

fibrosis as assessed by both picrosirius red and collagen 1A1 (COL1A1) staining (Fig. 2, E 

and F). Hepatic stellate cell activation was also increased by anti-TIM4 administration, as 

indicated by higher α–smooth muscle actin+ (α-SMA+) and osteopontin+ (Opn+) areas (Fig. 

2, G and H). The livers of the anti-TIM4 cohort also showed an increased cytokeratin 19+ 

(CK19+) area, indicating the presence of bile ductular reaction (Fig. 2I), which is associated 

with MASH pathogenesis (36, 37). Last, anti-TIM4 administration increased the number 

of hepatic F4/80+ macrophage crown-like structures (hCLS) in the liver (Fig. 2J), which is 

a characteristic feature of mouse and human MASH associated with liver fibrosis (10). In 
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contrast, anti-TIM4 did not affect hepatosteatosis, plasma alanine aminotransferase (ALT) 

activity, or liver macrophage as assessed by Adgre1 mRNA (fig. S2, B to D).

To investigate the role of KC TIM4 in liver efferocytosis and steatohepatitis progression, 

we generated Timd4fl/fl mice (fig. S2E) and crossed them KC-specific with C-type lectin 

domain family 4, member f (Clec4f)-Cre mice (38) to knock down (KD) TIM4 in KCs 

(KC-TIM4-KD). Timd4fl/fl mice were used as the control mice. We first characterized chow-

fed mice and found that liver Timd4 mRNA expression was decreased in KC-TIM4-KD 

mice, whereas the liver mRNAs of other efferocytosis receptors were similar between KD 

and control mice (fig. S2F). Consistent with the Timd4 data, immunofluorescence analysis 

showed markedly decreased TIM4 expression in liver macrophages in the KD cohort (fig. 

S2G), whereas the expression of Clec4f was similar in control and KD livers (fig. S2H). 

We then fed the mice the HF-CDAA diet for 4 weeks and verified decreased KC-TIM4 in 

the KD livers (Fig. 3A). We chose 4 weeks because the goal was to test the hypothesis 

that liver fibrosis would be accelerated if TIM4 were knocked down in KCs during a 

period when Timd4 in liver was still expressed (see fig. S1D above). The two cohorts had 

similar body and liver weights and blood glucose (fig. S2, I and J), but KC-TIM4-KD was 

associated with defective efferocytosis by liver macrophages, indicated by a reduced ratio 

of macrophage-associated:free cl-caspase3+ cells and increased total cl-caspase3+ number 

per field (Fig. 3B). The KD mice had increased liver fibrosis based on picrosirius red and 

COL1A1 staining (Fig. 3, C and D) and evidence of increased HSC activation based on 

higher α-SMA+ and Opn+ areas (Fig. 3, E and F). As with the anti-TIM4 experiment, the 

KD mice had increased CK19+ area and hCLS (Fig. 3, G and H). These changes occurred 

despite no change in hepatosteatosis and only a modest decrease in plasma ALT activity 

(fig. S2, K and L). KC-TIM4-KD also lowered efferocytosis and fibrosis in HF-CDAA–fed 

female mice without affecting hepatosteatosis (Fig. 3, I to K, and fig. S3, A to E).

We also tested the effect of KC-TIM4-KD in the 16-week FPC MASH model (Fig. 3L). 

As with the HF-CDAA model, we achieved robust KD of KC-TIM4 (fig. S3J), and there 

were no substantial differences between the two cohorts in body and liver weight, blood 

glucose, plasma ALT, and hepatosteatosis (fig. S3, F to I). KC-TIM4-KD caused a decrease 

in efferocytosis by liver macrophages (Fig. 3M) and increases in liver fibrosis (Fig. 3N and 

fig. S3K); α-SMA+ and Opn+ areas (fig. S3, L and M); and mRNAs associated with HSC 

activation, namely, collagen type I alpha 1 chain (Col1a1), collagen type I alpha 2 chain 
(Col1a2), collagen type III alpha 1 chain (Col3a1), secreted phosphoprotein 1 (Spp1), and 

tissue inhibitor of metalloproteinases 1 (Timp1) (Fig. 3O). The livers of the KD mice also 

had increases in CK19+ area (fig. S3N) and hCLS (fig. S3O). In contrast, mRNAs encoding 

proteins associated with inflammation were similar between the two cohorts (fig. S3P). 

Thus, when KC-TIM4 is genetically lowered in early MASH, before it is naturally lowered 

in later MASH, the progression to MASH fibrosis is accelerated.

Macrophage TIM4 restoration after the development of steatosis promotes efferocytosis 
and suppresses the progression to liver fibrosis in MASH mice

The most important causation question related to TIM4, efferocytosis, and MASH is 

whether the restoration of macrophage TIM4 during the transition from early to advanced 
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MASH would dampen the progression to liver fibrosis. To achieve this goal, we created a 

transgenic (Tg) model in which Timd4 could be expressed in macrophages in a doxycycline 

(Dox)–inducible manner (iTg mice). We crossed mice transgenic for TRE (7 tetO+ minimal 

CMV promoter)–Timd4-bGHpA, with macrophage-specific Cd68rtTA mice, using mice 

with TRE-Timd4-bGHpa alone and Cd68rtTA as controls. The iTg and control mice were 

fed the HF-CDAA diet for 10 weeks, with Dox administered in the drinking water between 

weeks 6 and 10 (Fig. 4A). This protocol successfully restored TIM4 in liver macrophages 

(Fig. 4B), and 93.9 ± 1.0% of the TIM4 signal was in MAC2+ (also known as galectin-3) 

macrophages versus MAC2− cells (non-macrophages) in the livers of the iTg mice, similar 

to endogenous TIM4 in control mice (95.5 ± 0.6% in MAC2+ versus MAC2− cells). 

Restoration of macrophage TIM4 did not exert any influence on body weight, liver weight, 

or blood glucose (fig. S4, A and B). The TIM4-restored mice showed improved efferocytosis 

(Fig. 4C) and decreased liver fibrosis (Fig. 4, D and E), HSC activation (Fig. 4, F and G), 

bile ductular reaction (Fig. 4H), and hCLS (Fig. 4I). These improvements occurred without 

any changes in hepatic steatosis or plasma ALT (fig. S4, C and D).

We then conducted a similar experiment in 16-week FPC-fed mice, intervening with Dox 

between weeks 9 and 16 so that macrophage TIM4 would be restored during steatosis-to-

MASH progression (Fig. 4J), which is the period during TIM4 expression and efferocytosis 

decrease (above) and liver fibrosis increases (34). The results were similar to those with the 

HF-CDAA model. There was a restoration of liver macrophage TIM4 in the Dox-treated 

cohort (Fig. 4K), and 91.6 ± 0.9% of the TIM4 signal was in MAC2+ macrophages versus 

MAC2− cells in the livers of the iTg mice, similar to endogenous TIM4 in control mice (95.6 

± 1.2% in MAC2+ versus MAC2− cells). As in the HF-CDAA model, control and iTg mice 

had similar body weights, liver weights, blood glucose, hepatic steatosis, and plasma ALT 

(fig. S4, E to H). Restoration of macrophage TIM4 led to improvements in liver macrophage 

efferocytosis (Fig. 4L) and decreases in liver fibrosis (Fig. 4M and fig. S4I), α-SMA+ 

(Fig. 4N) and OPN+ areas (fig. S4J), mRNAs associated with HSC activation [Col1a1, 

Col1a2, Col1a3, transforming growth factor–β1 (Tgfb1), and Timp1] (Fig. 4O), CK19+ 

areas (fig. S4K), and hCLS (fig. S4L). In contrast, mRNAs encoding proteins associated 

with inflammation were similar between the two cohorts (fig. S4M).

As a third model, we restored TIM4 in MASH liver by administering TIM4-expressing 

“designer” macrophages, made by transducing hematopoietic stem cells with retroviral 

Timd4 and then allowing them to differentiate into macrophages (Timd4 macrophages). For 

this experiment, mice were fed the HF-CDAA diet for 8 weeks, followed by intravenous 

injection of phosphate-buffered saline (PBS), nontransduced control macrophages, or Timd4 

macrophages every 2 weeks for the next 8 weeks while continuing the diet (16 weeks 

total) (Fig. 5A). We also included a nonsteatohepatitis cohort that was maintained on chow 

diet for the duration of the experiment with PBS injection. In preliminary experiments, we 

showed that luciferase-expressing bone marrow–derived macrophages (BMDMs; Luc-Mϕs) 

injected into HF-CDAA–fed mice localized to the liver (fig. S5A) and that preinjection 

Timd4 macrophages had increased cell surface TIM4 expression compared with control 

BMDMs (fig. S5B). The control and Timd4 macrophages injected into the recipient CD45.2 

mice were from CD45.1 mice. Consistent with the data in fig. S5A, the livers of the 

mice treated with control macrophages or Timd4 macrophages showed the presence of 
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CD45.1+ cells, whereas the livers of the mice injected with PBS showed no CD45.1 staining 

(fig. S5C). We found that treatment with Timd4 macrophages, which elevated liver TIM4 

expression as designed (Fig. 5B), enhanced efferocytosis by liver macrophages (Fig. 5C) 

and lowered liver fibrosis (Fig. 5D). The mice injected with Timd4 Mϕs also had decreases 

in COL1A1+, α-SMA+, Opn+ areas (Fig. 5, E to G), and hCLS (fig. S5D) compared with 

mice injected with control BMDMs or PBS. The protective effects of Timd4 macrophages 

were not associated with changes in body weight, liver weight, plasma ALT, or hepatic 

steatosis (fig. S5, E to G). We then conducted a similar experiment in 4-week HF-CDAA–

fed mice treated with human monocytes transduced with human TIMD4 and then allowed to 

differentiate into macrophages [TIMD4 human monocyte–derived macrophages (HMDMs)]. 

Control groups included mice injected with control HMDMs and non-MASH chow-fed mice 

injected with saline vehicle, and all mice were analyzed 2 weeks after injection (Fig. 5H). 

This experiment required the use of NOD scid gamma (NSG) mice to prevent an immune 

allograft reaction. In preliminary in vitro experiments, we documented elevated TIM4 

expression by flow cytometry in TIMD4 versus control HMDMs (fig. S6A) and then showed 

that TIMD4 HMDMs had enhanced efferocytosis ability compared with control HMDMs 

or HMDMs transduced with an irrelevant plasmid (fig. S6B). Mice treated with TIMD4 

HMDMs had enhanced efferocytosis by liver macrophages (Fig. 5I) and decreased liver 

fibrosis (Fig. 5J and fig. S6C), α-SMA+ areas (Fig. 5K), Opn+ areas (fig. S6D), and hCLS 

(fig. S6E) compared with mice treated with control HMDMs or saline, without changes in 

body weight, liver weight, and hepatic steatosis (fig. S6, F and G). These combined data 

show that restoration of macrophage TIM4 using in vivo transgenesis or cell therapy with 

TIM4-expressing macrophages improves efferocytosis and dampens the progression to liver 

fibrosis.

Efferocytosis by liver macrophages stimulates IL-10 production, which lowers HSC 
activation

Efferocytosis can reprogram macrophages to a proresolving, disease-suppressing state (12, 

39), and thus, we wondered whether this process contributed to the antifibrotic effect 

seen with restoration of TIM4-mediated efferocytosis in MASH. Among the proresolving 

molecules known to be induced by efferocytosis is interleukin-10 (IL-10) (30, 40), and 

previous reports not related to MASH have suggested that IL-10 can lower HSC activation 

and liver fibrosis (41–43). We therefore considered the hypothesis that TIM4-mediated 

efferocytosis lowers liver fibrosis by inducing the synthesis and secretion of IL-10 by liver 

macrophages. To begin, we incubated KCs from normal livers or macrophages from the 

livers of 4-week HF-CDAA–fed mice (early steatohepatitis) with apoptotic hepatocytes. 

Note that KCs still populate the liver at this 4-week time point. We found that Il10 mRNA 

was induced in both types of macrophages by apoptotic hepatocytes (Fig. 6A). IL-10 protein 

was also increased in early steatohepatitis macrophages exposed to apoptotic hepatocytes 

(Fig. 6B). We next probed our hypothesis ex vivo. First, we incubated primary mouse HSCs 

partially activated by a low concentration of TGF-β1 with recombinant IL-10 plus control 

IgG or anti–IL-10 receptor (IL-10R). IL-10 lowered the expression of Col3a1 and actin 

alpha 2, smooth muscle (Acta2) in the HSCs, which was prevented by anti–IL-10R (fig. 

S7A), indicating that IL-10 can deactivate HSCs in an IL-10R–dependent manner. Next, 

we incubated early steatohepatitis macrophages with or without apoptotic hepatocytes and 
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then transferred the conditioned medium (CM) to partially activated HSCs treated with anti–

IL-10R antibody or control IgG. The CM of early MASH macrophages further activated 

the HSCs, as indicated by an increase in Spp1 and Timp1 mRNAs, but the increase was 

lower when the CM came from macrophages incubated with apoptotic hepatocytes (Fig. 

6C, bars 1 to 3 in each graph). The ability of CM from macrophages exposed to apoptotic 

hepatocytes to lower HSC activation was abrogated when the HSCs were treated with anti–

IL-10R antibody (Fig. 6C, fourth bar in each graph). To prove the importance of TIM4, we 

conducted another CM experiment comparing early steatohepatitis macrophages from the 

livers of wild-type (WT) versus KC-TIM4-KD mice. Apoptotic hepatocyte–exposed WT but 

not TIM4-KD macrophages secreted IL-10 into the medium (Fig. 6D). As before, the CM 

of WT macrophages exposed to apoptotic hepatocytes lowered HSC expression of Spp1 and 
Timp1, but this effect was not observed with CM from TIM4-KD macrophages exposed to 

apoptotic hepatocytes (Fig. 6E). These combined in vitro and ex vivo data are consistent 

with the hypothesis that efferocytosis lowers HSC activation by inducing IL-10.

We next explored this hypothesis in vivo, first analyzing the livers of the macrophage 

TIM4-KD and macrophage TIM4-iTg MASH mice described in the previous sections. 

Consistent with the hypothesis, IL-10 expression was decreased in the livers of TIM4-KD 

mice (fig. S7B) and increased in the livers of TIM4-iTg mice versus the respective control 

groups (fig. S7C). In contrast, plasma IL-10 was not elevated in the TIM4-iTg mice (fig. 

S7D). Similarly, IL-10 expression was increased in the livers, but not plasma, of TIM4 

macrophage–treated HF-CDAA mice (fig. S7, E to G). We tested causation by determining 

whether the liver fibrosis–mitigating effect of macrophage TIM4-iTg could be diminished 

by administration of anti–IL-10R antibody (Fig. 6F). Consistent with the findings from 

our previous iTg experiment, the livers of iTg versus control mice in the IgG arm showed 

decreases in Sirius red staining; percent area of COL1A1, α-SMA, and OPN; and F4/80+ 

crown-like structures (Fig. 6, G to K, third versus first bars). However, all of these 

parameters were higher in iTg mice treated with anti–IL-10R versus IgG, negating the liver 

fibrosis–mitigating effect of boosting macrophage TIM4 expression (Fig. 6, G to K, fourth 

versus third bars). The detrimental effects of anti–IL-10R were not associated with changes 

in body weight, liver weight, blood glucose, plasma ALT, or hepatic steatosis (fig. S7, H 

to K). When considered together with the results of the in vitro and ex vivo experiments 

above and the prior literature on IL-10 (41–43), these data support the overall concepts 

that impaired TIM4-mediated efferocytosis promotes the progression to liver fibrosis and 

that genetic correction of this impairment can lower liver fibrosis through the efferocytosis-

induced reprogramming of macrophages to secrete IL-10, which decreases HSC activation 

(fig. S7L).

DISCUSSION

A key feature of MASH is hepatocyte apoptosis, which correlates with the clinically most 

important feature of the disease, liver fibrosis (6, 7). Therefore, an important area in MASH 

research is to understand the fate of apoptotic hepatocytes and how hepatocyte apoptosis 

might be linked to liver fibrogenesis. Addressing these fundamental issues may suggest 

new types of strategies to prevent fibrosis progression in MASH. In terms of apoptotic 

hepatocyte fate, the finding that apoptotic hepatocytes increase in advanced human and 
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experimental MASH suggests that there is a defect in their clearance. However, previous 

reports examining this area have not provided direct evidence for impaired engulfment 

of apoptotic hepatocytes by macrophages in MASH liver, given that they did not report 

the ratio of macrophage-associated:free apoptotic hepatocytes in situ. The data here show 

that this ratio is lower in human and mouse steatohepatitis/MASH liver versus control 

liver, is further lowered by genetic KD of macrophage TIM4, and is improved by 

macrophage TIM4 restoration. These findings are consistent with previous work showing 

that TIM4 can function as an efferocytosis receptor (21–23) and that TIM4 expression 

by liver macrophages is decreased in MASH (24–27). We showed that the changes in 

TIM4-mediated efferocytosis in our various models were directly and mechanistically linked 

to liver fibrosis, that is, increased fibrosis with macrophage TIM4 KD and vice versa for 

macrophage TIM4 restoration. These findings complement those of a previous report from 

our group examining the fate of hepatocytes that undergo a different type of cell death, 

necroptosis. We showed that the clearance of necroptotic hepatocytes is also defective 

in steatohepatitis/MASH, but the mechanism is due to increases in signal regulatory 

protein alpha (SIRPα) on MASH liver macrophages and CD47 on necroptotic hepatocytes 

rather than a decrease in a specific macrophage receptor (15). Although blocking either 

SIRPα or CD47 improved necroptotic hepatocyte uptake and dampened the progression to 

liver fibrosis, these manipulations did not lower apoptotic hepatocytes (15). We therefore 

conclude that defective clearance of both necroptotic and apoptotic hepatocytes, which is 

caused by distinct mechanisms, both contribute to liver fibrosis in steatohepatitis/MASH.

A question that we have begun to address in this study is the mechanism linking 

defective clearance of apoptotic hepatocytes in MASH to liver fibrosis. In theory, the 

accumulation of apoptotic hepatocytes could directly contribute to fibrosis, for example, 

by releasing fibrogenic factors (8, 9, 37). However, the failure of apoptosis inhibitors to 

block MASH fibrosis in humans (11) suggests the possibility of alternative mechanisms. In 

this context, efferocytosis reprograms macrophages to carry out tissue resolution, and one 

such efferocytosis-induced resolution program that attracted our attention was the induction 

and secretion of IL-10. Efferocytosis leads to IL-10 induction in macrophages through 

signaling pathways activated by apoptotic cell cargo, including fatty acids and tryptophan 

(30, 40). Previous work has shown that transgenic overexpression of IL-10 or IL-10 

administration in mice reduced carbon tetrachloride–induced liver fibrosis, which was linked 

to decreased HSC activation ascribed to various mechanisms, including a decrease in CD4+ 

T cells and induction of HSC senescence (41–43). Moreover, in mice exposed to carbon 

tetrachloride or acetaminophen, signal transducer and activator of transcription 3–IL-10–

IL-6–induced reprogramming of efferocytosing macrophages contributed to liver repair (44). 

Our combined ex vivo macrophage HSC cross-talk data and in vivo MASH causation data 

support the idea that IL-10 is an important link between TIM4-mediated efferocytosis and 

protection from fibrosis in MASH. However, it is possible that efferocytosis induces the 

secretion of other antifibrotic factors or suppresses profibrotic factors in liver macrophages. 

In addition to the loss of macrophage-secreted IL-10 and possibly other macrophage-

mediated MASH-protective mechanisms, impaired efferocytosis may also lead to additional 

profibrotic processes, such as HSC activation by uncleared dead hepatocytes. Another 

efferocytosis receptor, TREM2, undergoes cleavage in MASH (16), and genetic deletion 
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of Trem2 in mice is associated with MASH progression (16–19). However, whether TREM2 

cleavage directly promotes MASH progression and, if so, whether the mechanism is related 

to impaired efferocytosis and IL-10 production remain to be explored. Last, an interesting 

aspect related to efferocytosis-induced macrophage reprogramming in MASH is that 

efferocytosis in other settings can promote fibrosis as part of the tissue resolution process, 

for example, by secreting TGF-β1 (12, 13). Thus, we propose that this reprogramming 

process has some distinct features in the unique setting of MASH, which is consistent 

with our showing that restoration of TIM4-mediated efferocytosis in MASH decreased liver 

Tgfb1. One factor may be the type of engulfed apoptotic cell, given that a previous study 

showed that the uptake of apoptotic hepatocytes by IL-4–treated BMDMs in vitro promotes 

an immune-suppressive phenotype (45), whereas another study showed that the uptake of 

apoptotic neutrophils by liver macrophages in the setting of carbon tetrachloride (CCl4)–

induced liver injury promotes TGF-β1–mediated HSC activation (46). Further studies will 

be needed to further investigate this topic.

Previous preclinical studies have shown that macrophage therapy can reduce carbon 

tetrachloride–induced liver fibrosis (47–50) or promote the repair of acute liver injury repair 

(44, 51). Moreover, recent clinical trials have provided evidence that the administration 

of autologous macrophage therapy for liver fibrosis is safe, although the nature of these 

trials precluded efficacy assessment (52, 53). We reason that the insights gained from this 

study could lead to previously unknown therapeutic strategies for improving liver fibrosis, 

which is the most important yet challenging aspect of MASH. By way of illustration, 

we conducted a proof-of-concept experiment showing the benefit of cell therapy using 

TIM4-expressing macrophages. Future iterations could involve administering macrophages 

expressing highly functional chimeric efferocytosis receptors (54), delivering mRNA (or 

small interfering RNA) to macrophages in vivo to boost efferocytosis (55), and using 

macrophage or RNA therapy that targets more than one MASH fibrosis mechanism. 

For example, the MASH fibrosis–protective mechanisms of boosting apoptotic hepatocyte 

clearance (here) and necroptotic hepatocyte clearance (15) are distinct and complementary, 

suggesting a possible additive benefit of enhancing both processes by combination cell 

or RNA therapy. Last, fibrotic MASH is an independent risk factor for atherosclerotic 

cardiovascular disease, which is the leading cause of death in people with MASH (56). 

Moreover, defective macrophage efferocytosis drives the formation of clinically dangerous 

(“unstable”) atherosclerotic plaques (57). Thus, efferocytosis-promoting therapy might lower 

cardiovascular risk in MASH subjects by dual mechanisms, that is, by decreasing liver 

fibrosis and directly improving plaque stability.

We note several limitations of this study. First, experimental MASH models may not reflect 

human MASH both in terms of mechanisms and treatment strategies. We attempted to 

mitigate this limitation by using complementary mouse models, each of which shares 

features with human MASH, and by looking for key aspects of our discoveries in human 

MASH liver and primary liver cells from human liver. Second, the exact molecular genetic 

mechanism through which the uptake of apoptotic hepatocytes reprograms macrophages to 

synthesize and secrete IL-10 remains to be elucidated. Third, scalability issues would make 

repeated macrophage therapy a challenging approach to treating a chronic disease such as 
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MASH. However, as noted above, the overall concept of this approach could be applied to 

efferocytosis enhancement treatments that are much more scalable, such as mRNA therapy.

In summary, we have shown that decreased expression of TIM4 in liver macrophages 

during MASH progression contributes to defective efferocytosis, leading to impaired 

macrophage IL-10 production and increased HSC activation and liver fibrosis. Accordingly, 

genetic restoration of TIM4 in macrophages in MASH or treatment of MASH mice with 

macrophages genetically engineered to express TIM4 improves the clearance of apoptotic 

hepatocytes and decreases liver fibrosis. These findings elucidate a key mechanism of 

impaired efferocytosis in MASH, provide insight into how impaired efferocytosis activates 

HSCs in MASH, and suggest how this knowledge can be used to design previously unknown 

therapeutic strategies to block MASH fibrosis.

MATERIALS AND METHODS

Study design

The objective was to test the hypothesis that decreased expression of the efferocytosis 

receptor TIM4 in liver macrophages causes impaired clearance of apoptotic hepatocytes by 

liver macrophages, which promotes the progression to fibrotic MASH. We first compared 

human and mouse normal versus MASH livers for apoptotic hepatocytes, macrophage TIM4 

expression, and in situ efferocytosis. We then treated primary human and mouse KCs with 

anti-TIM4 antibody or siTimd4 and assayed the uptake of apoptotic hepatocytes. Next, we 

tested in vivo whether anti-TIM4 or genetic deletion of TIM4 in KCs could accelerate 

liver fibrosis in two validated models of diet-induced MASH/steatohepatitis models, the 

FPC model and the HF-CDAA model. Conversely, we tested whether inducible restoration 

of TIM4 in macrophages in mice with steatohepatitis or treatment of steatohepatitis with 

macrophages genetically engineered to overexpress TIM4 could restore efferocytosis and 

dampen MASH fibrosis. Last, we tested the hypothesis ex vivo and in steatohepatitis mice 

that efferocytosis-induced IL-10, by interacting with the IL-10 receptor on HSCs, could 

lower HSC activation and thereby lower liver fibrosis. The ex vivo experiments were 

repeated with at least three biological replicates, and the in vivo experiments used n > 7 

mice per group and two complementary diet–induced MASH/steatohepatitis models. The 

sample size for the mouse experiments was determined by previous mouse MASH or pilot 

experiments. Data exclusion criteria in the mouse experiments were >20% loss of body 

weight during the diet feeding period or a ratio of liver weight to body weight of <6% after 

MASH diet feeding. All mouse experiments were approved by the Columbia University 

Institutional Animal Care and Use Committee (protocol no. AABL5573). The data were 

analyzed in an unblinded manner. Human studies were approved by Columbia University 

Institutional Review Board (protocol no. IRB-AAAU1906).

Animal studies

Male WT C57/BL6J mice (10 to 12 weeks old, no. 000664) were obtained from the 

Jackson Laboratory and were allowed to adjust to the housing environment in the Columbia 

University Irving Medical Center for 1 week before starting experiments. The mice were 

fed an FPC diet (Envigo, no. TD. 160785 PWD) for 8 or 16 weeks to develop simple 
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steatosis and fibrotic MASH, respectively (34), or an HF-CDAA diet (Research Diets, no. 

A06071302) for 4 or 10 weeks to induce early or advanced steatohepatitis, respectively (31). 

Age-matched male mice were fed a control diet (PicoLab Rodent Diet 20, no. 5053). All of 

the mice were randomly assigned to experimental groups by investigators who were blinded 

in terms of group assignment. All mice were housed in standard cages at 22°C in a 12:12-

hour light-dark cycle in a barrier facility, and experiments were conducted by following the 

Guidelines for the Care and Use of Laboratory Animals at Columbia University. Animal 

protocol AABL5573 for these studies was approved by the Institutional Animal Care and 

Use Committee at Columbia University.

Statistical analysis

All quantitative data are presented as mean ± SEM. Statistical significance was determined 

using GraphPad Prism software (version 9.3). The Shapiro-Wilk test was used to test 

normality. Statistical significance between two groups was analyzed using the Student’s t 
test, and multiple groups were analyzed using one-way or two-way analysis of variance 

(ANOVA) with Fisher’s least significant difference (LSD) post hoc analysis. P values less 

than 0.05 were considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Efferocytosis by liver macrophages and the efferocytosis receptor TIM4 are decreased in 
human and experimental steatohepatitis.
(A) Immunostaining of human liver sections from patients with a NAS of 0 to 2 or 3 

to 6 using TUNEL (cell death) and anti-CD68 (macrophage, Mϕ) is shown on the left. 

Scale bar, 50 μm. Arrows indicate macrophage-associated TUNEL+ cells, and arrowheads 

indicate macrophage-free TUNEL+ cells. Efferocytosis was determined by calculating the 

ratio of macrophage-associated:free TUNEL+ cells (middle graph) and total TUNEL+ cells 

per field (right graph, n = 4 in the NAS 0 to 2 group and 13 in the NAS 3 to 6 group). 

(B) Livers from mice fed the HF-CDAA diet for the indicated weeks were assayed for 

efferocytosis, using anti–cleaved caspase3 (cl-CASP3, red) to mark apoptotic cells and 

anti-MAC2 (green) to stain macrophages (n = 3 to 9 mice per group). Examples of images 

at 3 and 12 weeks of diet feeding are shown on the left. Scale bar, 100 μm. Arrows indicate 

macrophage-associated apoptotic cells, and arrowheads indicate macrophage-free apoptotic 

cells. Quantification is shown in the graphs on the right. (C) Immunoblots (left) of TIM4 

in another cohort of human normal and MASH liver, with data quantification (right, n = 

7 per group). Glyceraldehyde phosphate dehydrogenase (GAPDH) was used as the loading 

control, and the data were quantified by the ratio of TIM4 to GAPDH band density and then 

normalized to the normal group. (D) The human normal and MASH liver sections used in 

(A) were immunostained for TIM4 (red) and CD68 (green), shown on the left. Scale bar, 50 

μm. Data were quantified (right) as TIM4 MFI in CD68+ macrophages relative to normal 
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liver (n = 5 in the normal group, and n = 7 in the MASH group). For immunofluorescence 

images, nuclei are stained with 4′,6-diamidino-2-phenylindole (DA PI; blue). All data are 

means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 by Student’s t test [(A), (C), and 

(D)] or one-way ANOVA (B) followed by Fisher’s LSD post hoc analysis.
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Fig. 2. Anti-TIM4 reduces efferocytosis and accelerates liver fibrosis in experimental 
steatohepatitis.
(A) Images (left) of primary human KCs stained for F-actin (red) after exposure to 

apoptotic human hepatocytes (apHCs; green) for 6 hours in the presence of IgG or anti-

TIM4. Scale bar, 10 μm. The data were quantified (right) as both the average volume 

of engulfed cargo and the MFI of internalized apHCs (n = 7 biological replicates per 

group). (B) Quantification of efferocytosis by primary mouse KCs after exposure to PKH67-

labeled apoptotic mouse hepatocytes (n = 4 biological replicates per group). (C) Schematic 
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experimental design showing how mice were fed the HF-CDAA MASH diet for 4 weeks 

and treated with IgG or anti-TIM4 during weeks 3 to 4 (n = 5 mice per group). ip, 

intraperitoneal. (D) Images (left) of liver sections immunostained with anti-MAC 2 (green) 

and anti–cl-CA SP3 (red). Scale bar, 25 μm. Arrows depict efferocytic macrophages, and 

arrowheads depict macrophage-free apoptotic cells. Efferocytosis was quantified (right) as 

in Fig. 1B. (E) Staining (left) and quantification (right) of Sirius red–positive area. Scale 

bar, 200 μm. (F) Immunostaining (left) and quantification (right) of COL 1A1-positive 

area. Scale bar, 200 μm. (G) Immunostaining (left) and quantification (right) of α-SMA–

positive area (red). Scale bar, 50 μm. (H) Immunostaining (left) and quantification (right) 

of OPN-positive area. Scale bar, 200 μm. (I) Immunostaining (left) and quantification 

(right) of CK19-positive area. Scale bar, 200 μm. (J) Immunostaining (left) of F4/80, with 

quantification (right) of F4/80+ hCLS/area. Scale bar, 200 μm. For immunofluorescence 

images, nuclei are stained with DA PI (blue). All data are means ± SEM. *P < 0.05 by 

Student’s t test.
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Fig. 3. KD of KC TIM4 decreases efferocytosis and accelerates liver fibrosis in HF-CDAA diet–
induced steatohepatitis.
(A to H) Timd4fl/fl (control, Ctr) and Timd4fl/fl;Clec4f-Cre+/− (KD) male mice were fed 

the HF-CDAA diet for 4 weeks (n = 8 to 10 mice per group). (A) Schematic experimental 

design and efficiency of KC TIM4 KD as assessed through immunostaining (left) of liver 

sections using anti-TIM4 (red) and anti-F4/80 (green). Data were quantified (right) as 

macrophage TIM4 MFI relative to control mice (n = 4 mice per group). Scale bar, 50 

μm. (B) Images (left) of liver sections immunostained with anti-MAC2 (green) and anti–

cl-CA SP3 (red). Scale bar, 50 μm. Arrows depict efferocytic macrophages, and arrowheads 

depict macrophage-free apoptotic cells. Efferocytosis was quantified as in Fig. 1A. (C) 

Staining (left) and quantification (right) of Sirius red–positive area. Scale bar, 200 μm. 
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(D) Immunostaining (left) and quantification (right) of COL 1A1-positive area. Scale bar, 

200 μm. (E) Immunostaining (left) and quantification (right) of α-SMA–positive area (red). 

Scale bar, 50 μm. (F) Immunostaining (left) and quantification (right) of OPN-positive area. 

Scale bar, 200 μm. (G) Immunostaining (left) and quantification (right) of CK19-positive 

area. Scale bar, 200 μm. (H) Immunostaining (left) of F4/80, with quantification (right) 

of hCLS/area. Scale bar, 200 μm. (I to K) Timd4fl/fl (control, Ctr) and Timd4fl/fl;Clec4f-
Cre+/− (KD) female mice were fed the HF-CDAA diet for 8 weeks (n = 13 mice per 

group). (I) Schematic experimental design. (J) Images (left) of liver sections immunostained 

with anti-MAC2 (green) and anti–cl-CASP3 (red). Scale bar, 100 μm. The arrows depict 

an efferocytic macrophage, and the arrowheads depict macrophage-free apoptotic cells. 

Efferocytosis was quantified (right) as in Fig. 1A. (K) Staining (left) and quantification 

(right) of Sirius red–positive area. Scale bar, 200 μm. (L to O) Timd4fl/fl (control, Ctr) 

and Timd4fl/fl; Clec4f-Cre (KD) male mice were fed the FPC diet for 16 weeks (n = 8 or 

9 mice per group). (L) Schematic experimental design. (M) Images (left) of liver sections 

immunostained with anti-MAC 2 (red) and anti–cl-CASP3 (brown). Scale bar, 50 μm. 

The arrow depicts an efferocytic macrophage, and the arrowheads depict macrophage-free 

apoptotic cells. Efferocytosis was quantified (right) as in Fig. 1A. (N) Staining (left) and 

quantification (right) of Sirius red–positive area (arrows). Scale bar, 200 μm. (O) Liver 

mRNAs for the indicated fibrogenic genes expressed relative to the values for control mice. 

For immunofluorescence images, nuclei are stained with DA PI (blue). All data are means ± 

SEM. *P < 0.05 and **P < 0.01 by Student’s t test.
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Fig. 4. TIM4 restoration in liver macrophages in HF-CDAA and FPC diet–induced 
steatohepatitis/MASH promotes efferocytosis and lowers liver fibrosis.
(A) Schematic experimental design using control mice (TRE-TIMD4 and CD68rtTA; Ctr; 

n = 15) and inducible CD68rtTA:TRE-TIMD4 transgenic mice (iTg, n = 13) fed the 

HF-CDAA diet for 10 weeks, with Dox (75 μg/ml) added to the drinking water during 

weeks 6 to 10. (B) Immunostaining (left) of liver sections using anti-TIM4 (red) and 

anti-MAC 2 (green). Data were quantified (right) as macrophage TIM4 MFI relative 

to control mice. Scale bar, 50 μm. (C) Images (left) of liver sections immunostained 

with anti-MAC 2 (green) and anti–cl-CASP3 (red). Scale bar, 25 μm. Arrows depict 

macrophage-free apoptotic cells. Efferocytosis was quantified (right) as in Fig. 1A. (D) 
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Staining (left) and quantification (right) of Sirius red–positive area. Scale bar, 200 μm. 

(E) Immunostaining (left) and quantification (right) of COL 1A1-positive area. Scale bar, 

200 μm. (F) Immunostaining (left) and quantification (right) of α-SMA–positive area (red). 

Scale bar, 100 μm. (G) Immunostaining (left) and quantification (right) of OPN-positive 

area (red). Scale bar, 100 μm. (H) Immunostaining (left) and quantification (right) of CK19-

positive area. Scale bar, 200 μm. (I) Immunostaining (left) of F4/80, with quantification 

(right) of hCLS/area. Scale bar, 200 μm. (J) Schematic experimental design using control 

mice (TRE-TIMD4 and CD68rtTA; Ctr; n = 17) and inducible CD68rtTA:TRE-TIMD4 

transgenic mice (iTg, n = 8) fed the FPC diet for 16 weeks, with Dox (50 μg/ml) added 

to the drinking water during weeks 9 to 16. (K) Immunostaining (left) of liver sections 

using anti-TIM4 (red) and anti-MAC 2 (green). Data were quantified (right) as macrophage 

TIM4 MFI relative to control mice (n = 3 mice per group). Scale bar, 50 μm. (L) Images 

(left) of liver sections immunostained with anti-MAC 2 (red) and anti–cl-CA SP3 (brown). 

Scale bar, 100 μm. Arrows depict efferocytic macrophages, and the arrowhead depicts a 

macrophage-free apoptotic cell. Efferocytosis was quantified (right) as in Fig. 1A. (M) 

Staining (left) and quantification (right) of Sirius red–positive area. Scale bar, 100 μm. (N) 

Immunostaining (left) and quantification (right) of α-SMA–positive area (red). Scale bar, 50 

μm. (O) Liver mRNAs for the indicated fibrogenic genes, expressed relative to the values 

for control mice. All data are means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 by 

Student’s t test.
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Fig. 5. Treating steatohepatitis mice with TIM4-expressing macrophages promotes efferocytosis 
and lowers liver fibrosis.
(A to G) C57BL/6J mice fed the HF-CDAA diet for 16 weeks were intravenously (iv) 

injected biweekly with PBS (vehicle control) (n = 10 mice), control (Ctrl) BMDMs 

(n = 11 mice), or BMDMS transduced with retroviral Timd4 (Timd4-BMDMs, n = 12 

mice). A fourth group of mice was maintained on a chow diet for the duration of the 

experiment and injected with PBS vehicle (n = 6 mice). The livers were harvested for 

analysis 2 weeks later. (A) Schematic exerimental design. M-CSF, macrophage colony-

stimulating factor. (B) Staining (top) and quantification (bottom) of livers for TIM4 

expression per area and per total F4/80+ macrophages. Scale bar, 50 μm. (C) Images 
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(top) of liver sections immunostained with anti-MAC2 (green) and anti–cl-CASP3 (red). 

Scale bar, 100 μm. Arrows depict efferocytic macrophages, and arrowheads depict a 

macrophage-free apoptotic cell. Efferocytosis was quantified (bottom) as in Fig. 1A. (D) 

Staining (left) and quantification (right) of Sirius red–positive area. Scale bar, 200 μm. 

(E) Immunostaining (left) and quantification (right) of COL 1A1-positive area. Scale bar, 

200 μm. (F) Immunostaining (left) and quantification (right) of α-SMA–positive area (red). 

Scale bar, 50 μm. (G) Immunostaining (left) and quantification (right) of OPN-positive 

area. Scale bar, 200 μm. (H to K) NSG mice fed the HF-CDAA diet for 4 weeks were 

injected intravenously with saline vehicle (n = 7 mice), control HMDMs (n = 7 mice), 

or HMDMs differentiated from monocytes transduced with retrovirus encoding TIMD4 
(TIMD4 HMDMs; n = 6 mice). A fourth group of mice was maintained on a chow diet for 

the duration of the experiment and injected with saline vehicle (n = 5 mice). The livers were 

harvested for analysis 2 weeks later. (H) Schematic experimental design. (I) Images (left) of 

liver sections immunostained with anti-MAC 2 (green) and anti–cl-CA SP3 (red). Scale bar, 

100 μm. Arrows depict efferocytic macrophages, and arrowheads depict macrophage-free 

apoptotic cells. Efferocytosis was quantified (right) as in Fig. 1A. (J) Staining (left) and 

quantification (right) of Sirius red–positive area. Scale bar, 200 μm. (K) Immunostaining 

(left) and quantification (right) of α-SMA–positive area (red). Scale bar, 50 μm. All data are 

means ± SEM. *P < 0.05 and ***P < 0.001 for all panels by one-way ANOVA followed by 

Fisher’s LSD post hoc analysis.
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Fig. 6. Evidence that IL-10 secreted by efferocytosing TIM4+ macrophages lowers HSC 
activation and liver fibrosis in steatohepatitis.
(A) IL10 expression in primary mouse KCs (left) and liver macrophages (right) from 

4-week HF-CDAA mice (early steatohepatitis) incubated with or without apHCs (n = 3 or 4 

biological replicates per group) The mRNA data were normalized to unfed control KCs or 

early steatohepatitis macrophages. (B) Immunoblot of IL-10 (left) with quantification (right) 

in early steatohepatitis macrophages incubated with or without apHCs. β-Actin was used as 

the loading control, and the data were quantified by the ratio of IL-10 to β-actin. (C) CM 

was collected from macrophages incubated with or without apHCs and then transferred to 

primary mouse HSCs treated with TGF-β1 (5 ng/ml) with or without anti–IL-10R antibody 

or control IgG antibody. After 48 hours, the HSCs were assayed for Spp1 (left) and Timp1 
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(right) mRNA expression (n = 4 biological replicates per group). (D) Macrophages isolated 

from 4-week HF-CDAA–fed control (Ctr) or TIM4-KD mice (see Fig. 2) were incubated 

with or without apHCs. IL-10 protein in the medium was assayed by immunoblot (top), 

and Il10 mRNA in the cells was assayed by quantitative polymerase chain reaction (qPCR; 

bottom, n = 4 biological replicates per group). (E) The CM from the experiment in (D) 

was transferred to TGF-β1–activated primary mouse HSCs and assayed 48 hours later for 

Spp1 (left) and Timp1 (right) mRNAs. (F) Schematic experimental design. Control mice 

(TRE-TIMD4 and CD68rtTA; Ctr) and inducible CD68rtTA:TRE-TIMD4 transgenic mice 

(iTg) were fed the HF-CDAA diet for 8 weeks. During weeks 5 to 8, Dox (75 μg/ml) was 

added to the drinking water, and the mice were injected intraperitoneally (three times/week) 

with 200 μg per mouse anti–IL-10R or IgG antibody (n = 8, 8, 6, and 8 mice per group). 

(G) Staining (left) and quantification (right) of Sirius red–positive area. Scale bar, 200 μm. 

(H) Immunostaining (left) and quantification (right) of COL 1A1-positive area. Scale bar, 

200 μm. (I) Immunostaining (left) and quantification (right) of α-SMA–positive area (red). 

Scale bar, 100 μm. (J) Immunostaining (left) and quantification (right) of OPN-positive area 

(red). Scale bar, 50 μm. (K) Immunostaining (left) of F4/80, with quantification (right) of 

hCLS/area. Scale bar, 200 μm. All data are means ± SEM. *P < 0.05, **P < 0.01, and ***P 
< 0.001 by Student’s t test for (A) and (B), by one-way ANOVA for (C) to (E) followed 

by Fisher’s LSD post hoc analysis, and by two-way ANOVA for (G) to (K) followed by 

Fisher’s LSD post hoc analysis.

Shi et al. Page 29

Sci Transl Med. Author manuscript; available in PMC 2026 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	INTRODUCTION
	RESULTS
	Efferocytosis by liver macrophages is decreased in human and experimental MASH and is correlated with the loss of macrophage TIM4
	Antibody-mediated TIM4 blockade and genetic deletion of KC TIM4 reduce efferocytosis and accelerate liver fibrosis in experimental MASH
	Macrophage TIM4 restoration after the development of steatosis promotes efferocytosis and suppresses the progression to liver fibrosis in MASH mice
	Efferocytosis by liver macrophages stimulates IL-10 production, which lowers HSC activation

	DISCUSSION
	MATERIALS AND METHODS
	Study design
	Animal studies
	Statistical analysis

	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.

