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Abstract

Necroptosis contributes to hepatocyte death in nonalcoholic steatohepatitis (NASH), but the fate 

and roles of necroptotic hepatocytes (necHCs) in NASH remain unknown. We show here that the 

accumulation of necHCs in human and mouse NASH liver is associated with an up-regulation of 
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the “don’t-eat-me” ligand CD47 on necHCs, but not on apoptotic hepatocytes, and an increase in 

the CD47 receptor SIRPα on liver macrophages, consistent with impaired macrophage-mediated 

clearance of necHCs. In vitro, necHC clearance by primary liver macrophages was enhanced 

by treatment with either anti-CD47 or anti-SIRPα. In a proof-of-concept mouse model of 

inducible hepatocyte necroptosis, anti-CD47 antibody treatment increased necHC uptake by liver 

macrophages and inhibited markers of hepatic stellate cell (HSC) activation, which is responsible 

for liver fibrogenesis. Treatment of two mouse models of diet-induced NASH with anti-CD47, 

anti-SIRPα, or AAV8-H1-shCD47 to silence CD47 in hepatocytes increased the uptake of necHC 

by liver macrophages and decreased markers of HSC activation and liver fibrosis. Anti-SIRPα 
treatment avoided the adverse effect of anemia found in anti-CD47–treated mice. These findings 

provide evidence that impaired clearance of necHCs by liver macrophages due to CD47-SIRPα 
up-regulation contributes to fibrotic NASH, and suggest therapeutic blockade of the CD47-SIRPα 
axis as a strategy to decrease the accumulation of necHCs in NASH liver and dampen the 

progression of hepatic fibrosis.

INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is a rapidly growing health issue, affecting 

~25% of the adult population worldwide and ~40% of the U.S. adult population (1–3). 

In 20 to 30% of subjects with NAFLD, nonalcoholic steatohepatitis (NASH) will develop, 

manifested by liver injury, necroinflammation, and fibrosis (1). NASH fibrosis in particular 

is associated with an increased risk of cirrhosis, liver failure, and hepatocellular carcinoma, 

resulting in a higher demand for liver transplantation (4, 5). Although several potential 

therapeutics are being investigated in clinical trials (6, 7), there are currently no U.S. Food 

and Drug Administration–approved drugs for NASH treatment due in part to an incomplete 

understanding of the pathophysiology of NASH, particularly the progression to NASH 

fibrosis.

The onset and progression of NASH are driven by multiple factors, including insulin 

resistance, hepatosteatosis, inflammation, oxidative and endoplasmic reticulum stress, and 

hepatocyte death (8–10). One theory holds that molecules leaking from uncleared dead 

cells, such as damage-associated molecular patterns, might activate hepatic macrophages 

and hepatic stellate cells (HSCs), triggering hepatic inflammation and fibrosis (11, 12). 

However, major gaps remain in our understanding of the roles of hepatocyte death in 

NASH. There is evidence that both apoptosis and necroptosis, among other types of cell 

death, are involved in NASH pathogenesis (13, 14). However, a recent clinical trial showed 

that suppressing hepatocyte apoptosis with the pan-caspase inhibitor, emricasan, failed to 

improve hepatic fibrosis (15). We therefore turned our attention to necroptosis, which has 

emerged as a likely pathogenic pathway in many diseases (16, 17), including human and 

experimental NASH (18–25). In necroptosis, the interaction of tumor necrosis factor (TNF) 

family death receptors with their ligands, for example, TNFα and FasL, in cells with 

impaired apoptosis signaling promotes the formation of a complex of receptor-interacting 

protein (RIP) kinases 1 and 3 (“necrosome”), which phosphorylate the mixed-lineage kinase 

domain-like (MLKL) pseudokinase. This process promotes MLKL oligomerization and 
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plasma membrane association, causing membrane permeabilization, calcium efflux, and, 

ultimately, lytic cell death (26).

The consequences of cell death are linked in large part to the efficiency of their phagocytic 

clearance by macrophages and other cell types (27, 28). When cells die by apoptosis, 

macrophages carry out the process of efferocytosis to rapidly engulf and degrade dead 

cells, which prevents post-apoptotic necrosis, dampens inflammation, and activates tissue 

resolution pathways (27, 28). The inadvertent phagocytosis of live cells is inhibited 

by the expression of the “don’t-eat-me” signal CD47, which prevents cell uptake by 

macrophages owing to CD47-mediated activation of the macrophage SIRPα receptor 

(29, 30). In particular, CD47 binding to SIRPα activates Src homology region 2 domain-

containing phosphatase-2 (SHP-2), which inhibits myosin accumulation at the cell surface 

and subsequent dead cell engulfment (29). In contrast to efferocytosis of apoptotic cells, 

a recent study indicated that macrophages could only ingest small pieces of necroptotic 

cells (31). The study showed that necroptotic cells express high amounts of CD47 and that 

blocking CD47 enabled macrophages to more fully engulf necroptotic cells (31).

Studies focusing on acute liver injury have suggested the beneficial anti-inflammatory 

and pro-resolving effects of efferocytosis by liver macrophages (11, 32, 33). However, 

the possible role of impaired efferocytosis in the pathogenesis of NASH remains largely 

unknown. In considering the importance of necroptosis in NASH and the idea that 

necroptotic cells may be poorly cleared by macrophages in other settings, we hypothesized 

that failed uptake of necroptotic hepatocytes (necHCs) by liver macrophages in NASH might 

promote NASH progression. The findings here support this hypothesis, focusing on the role 

of the CD47-SIRPα axis and its therapeutic implications.

RESULTS

CD47+ necHCs are increased in human and mouse NASH

To further substantiate previous data implicating necHCs in human NASH (18–21), 

we showed increases of the necroptosis markers p-MLKL and RIP3 by immunoblot 

(fig. S1A, first and third blots) and increased p-MLKL+ and RIP3+ hepatocytes by 

immunofluorescence microscopy in the livers of subjects with NASH compared with 

normal liver tissue (fig. S1, B and C). Macrophages in these livers did not show increased 

p-MLKL (fig. S1D). In contrast to p-MLKL, total MLKL was lower in human NASH 

liver compared with normal liver (fig. S1A, second blot). We then turned to the fructose-

palmitate-cholesterol (FPC) diet–induced mouse NASH model, which shows parallels to 

human NASH, including weight gain, insulin resistance, shared NASH-relevant signaling 

pathways in hepatocytes and HSCs, and fibrosis (34–41). In this model, steatosis occurs by 

8 weeks of diet and features of NASH, including early fibrosis, occur by 16 weeks (34). 

We found a progressive increase in p-MLKL+ cells in the liver during the 16-week FPC diet 

feeding period (fig. S1E). Furthermore, RIP3 was higher in the 16-week livers compared 

with control livers (fig. S1F, first blot). Because we were unable to obtain an anti–p-MLKL 

antibody for immunoblot analysis of mouse liver, we isolated a pelleted, or “insoluble,” form 

of MLKL, which has been used as an indicator of necrosome formation and necroptotic 

signal transmission in NASH liver (19). Immunoblot analysis showed a marked increase in 
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insoluble MLKL (and soluble MLKL) in the 16-week FPC livers compared with control 

livers (fig. S1F, second and third blots). Furthermore, RIP3+ cells having the morphology 

of hepatocytes were detected by immunofluorescence staining of 16-week FPC livers, and 

these cells colocalized with terminal deoxynucleotidyl transferase–mediated deoxyuridine 

triphosphate nick end labeling (TUNEL), a marker of cell death (fig. S1G). In contrast, 

<1% of NASH liver macrophages were p-MLKL positive by immunohistochemical staining 

(fig. S1H). To evaluate these findings in a different NASH model, we examined mice that 

were fed a high-fat choline-deficient L-amino–defined diet (HF-CDAA) (42). As in the FPC 

model, livers from HF-CDAA–fed versus chow-fed mice showed increased expression of 

p-MLKL, RIP3, and insoluble MLKL in the HF-CDAA cohort, and RIP3+ TUNEL+ cells 

were observed by immunofluorescence staining (fig. S1, I to K).

On the basis of a previous study showing that expression of the don’t-eat-me signaling 

molecule CD47 on necroptotic bone marrow–derived macrophages contributed to an 

impairment in their clearance by macrophages (31), we asked whether necHCs in NASH 

liver expressed CD47. CD47 protein was markedly increased in human NASH liver versus 

steatotic or normal liver (Fig. 1A and fig. S1A, fourth blot), and in these NASH livers, 

CD47 colocalized with p-MLKL+ cells versus p-MLKL− cells (Fig. 1B). In contrast, CD47 

expression was low in p-MLKL–negative cells and in macrophages in human NASH liver 

(Fig. 1B and fig. S2A). To test this finding in experimental NASH, we started with mice 

expressing ZsGreen in hepatocytes and fed them either the FPC diet for 12 weeks or the 

HF-CDAA diet for 4 weeks. In both models, CD47 expression was observed on RIP3+ 

hepatocytes in NASH liver, whereas RIP3+ cells were rarely observed in control liver 

(Fig. 1, C and D). As with the human study, CD47 expression was not detected in liver 

macrophages (fig. S2B). We were unable to detect CD47 on hepatocytes that were positive 

for the apoptosis marker cleaved caspase-3 in human NASH liver (fig. S2C), indicating 

specificity for necHCs versus apoptotic hepatocytes. To examine these findings in a more 

controlled, cell-autonomous setting, we used a cross-linkable chimeric RIP3 construct 

(RIP3-2xFV) that, when dimerized by the compound AP20187, becomes activated and 

triggers necroptosis (43). We injected mice with AAV8-TBG-mRIP3-2xFV to transduce 

hepatocytes with the construct and then isolated hepatocytes from these mice. Upon 

exposure of these hepatocytes to AP20187 ex vivo, necroptosis was induced, and robust 

CD47 expression on these necHCs was observed (Fig. 1E). We also created an ex vivo 

model of apoptotic hepatocytes by isolating hepatocytes from anti-Fas (Jo2)–treated mice 

(44), and consistent with the data in fig. S2C, we saw no expression of CD47 on these cells 

(fig. S2D). These combined data provide further support for the occurrence of hepatocyte 

necroptosis in human and experimental NASH and reveal that CD47 expression is induced 

specifically in necHCs in human and mouse NASH liver and in primary hepatocytes upon 

induction of necroptosis ex vivo.

Blocking CD47 increases necHC uptake by liver macrophages and blocks markers of HSC 
activation in a mouse model of hepatocyte necroptosis

To study the functional implications of increased CD47 expression on necHCs ex vivo, we 

exposed either primary hepatocytes from AAV8-TBG-mRIP3-2xFV mice or hRIP3-2xFV–

transduced human hepatocytes to AP20187 to generate necHCs. We then incubated 
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these necHCs with mouse or human liver macrophages in the presence of anti-CD47 or 

immunoglobulin G (IgG) control. We used spinning-disk confocal microscopy and image 

analysis to quantify the volume of necHCs engulfed by the liver macrophages and found 

that anti-CD47 treatment promoted necHC uptake in both the mouse (Fig. 2A, bars 1 and 

2) and human (Fig. 2B) systems. In contrast, the uptake of apoptotic hepatocytes by liver 

macrophages was initially high and was not further increased by anti-CD47 (Fig. 2A, bars 3 

and 4).

To test the role of CD47 in necHCs uptake in vivo, AAV8-TBG-mRIP3-2xFV–transduced 

and control AAV8-TBG-LacZ–transduced mice were administered AP20187 to promote 

necroptosis in hepatocytes. As expected, AP20187 administration led to up-regulation of 

hepatocyte RIP3 and increased plasma alanine transaminase (ALT) in the mRIP3-2xFV–

transduced mice but not in the AAV8-TBG-LacZ–transduced mice (fig. S3, A and B). 

Furthermore, the mRIP3-2xFV group showed increased expression of fibrosis-related 

mRNAs associated with HSC activation and liver fibrosis (fig. S3C), suggesting that necHCs 

promote HSC activation. We then injected the AP20187-treated mRIP3-2xFV–transduced 

mice with anti-CD47 or control IgG and observed an increase in the internalization of 

RIP3+ necHCs by liver macrophages (CLEC4F+) in the anti-CD47 cohort (Fig. 2C). Anti-

CD47 did not alter hepatocyte necroptosis itself as assessed by measuring p-MLKL ex 

vivo in hepatocytes from mRIP3-2xFV–transduced mice treated with AP20187 to induce 

necroptosis and then incubated with anti-CD47 or IgG (fig. S3D). Anti-CD47 suppressed the 

expression of mRNAs associated with activated HSCs and liver fibrosis and the expression 

of the inflammatory marker Il1b (Fig. 2D). We then linked this finding to HSC activation 

using the ex vivo model in Fig. 2A, in which anti-CD47 promoted the uptake of necHCs by 

liver macrophages. The data show that, when conditioned medium (CM) from a coculture of 

liver macrophages with necHCs was transferred to primary HSCs, two mRNAs associated 

with HSC activation—Col3a1 and Timp1—and this effect was blocked when the coculture 

included anti-CD47 (fig. S3E). In summary, in a mouse model of induced hepatocyte 

necroptosis, antibody-mediated blockade of CD47 increased the uptake of necHCs by liver 

macrophages and decreased markers of HSC activation, and CM from a liver macrophage-

necHC coculture induced HSC activation genes ex vivo in a CD47-dependent manner.

Anti-CD47 treatment and silencing hepatocyte CD47 increases necHC engulfment and 
mitigates hepatic fibrosis in experimental NASH

We next tested whether anti-CD47 treatment promotes necHC uptake by liver macrophages 

and suppresses NASH fibrosis in our two complementary mouse models of diet-induced 

NASH. In the FPC diet model, we intervened with anti-CD47 or IgG control after 8 

weeks of diet, that is, after steatosis had developed, to test the hypothesis that anti-CD47 

would attenuate the progression to fibrotic NASH. We first documented that anti-CD47 

treatment did not affect body weight or liver weight (fig. S4A). As hypothesized, anti-CD47 

treatment increased the ratio of macrophage-internalized RIP3+ cells to total RIP3+ cells and 

decreased total RIP3+ cells (Fig. 3A), consistent with increased uptake of necHCs by liver 

macrophages. Anti-CD47 lowered fibrosis (as measured by staining with both picrosirius 

red and aniline blue in Masson’s trichrome), alpha-smooth muscle actin (α-SMA)+ area, 

and expression of mRNAs associated with activated HSCs and liver fibrosis (Fig. 3, B to 

Shi et al. Page 5

Sci Transl Med. Author manuscript; available in PMC 2023 November 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



E). Furthermore, bulk RNA sequencing analysis of the livers from the two cohorts showed 

an overall decrease in collagen-related genes (false discovery rate–adjusted P < 0.05, fold 

change > 1.5) in the anti-CD47 versus IgG-treated cohorts (Fig. 3F). Plasma ALT was also 

decreased by anti-CD47 treatment (Fig. 3G). These beneficial changes occurred despite no 

differences between the two groups in steatosis, the expression of key genes associated with 

NASH inflammation, and NAFLD activity score (NAS) (fig. S4, B to D). The red blood cell 

number was ~15 to 20% lower in the anti-CD47 cohort (fig. S4E), consistent with human 

data showing that treatment with anti-CD47 lowers the red blood cell count in patients with 

cancer (45).

In the HF-CDAA diet–fed NASH model, anti-CD47 antibody treatment between weeks 2 

to 8 did not affect body weight but slightly decreased liver weight (fig. S4F). Similar to 

the findings with the FPC NASH model, anti-CD47 treatment enhanced RIP3+ cell uptake 

by liver macrophages and decreased total RIP3+ cells (Fig. 3H). In this model, we could 

accurately assess apoptotic hepatocyte clearance, because cleaved caspase-3+ (apoptotic) 

cells are more prominent than in the FPC model. Consistent with the ex vivo data in Fig. 

2A, we found that anti-CD47 treatment did not increase apoptotic cell clearance by liver 

macrophages (fig. S4G). Anti-CD47 decreased fibrosis in this model as assessed by staining 

for picrosirius red, aniline blue, and α-SMA+ area, and plasma ALT was also decreased by 

anti-CD47 treatment (Fig. 3, I to L). In mice fed the diet for 4 weeks, with IgG or anti-CD47 

given between weeks 2 and 4, the expression of mRNAs associated with activated HSCs 

and liver fibrosis was decreased by anti-CD47 treatment (Fig. 3M). As with the FPC model, 

steatosis, inflammatory parameters, and NAS score were similar between the two cohorts 

(fig. S4, H to J). In this model, the red blood cell number was not changed by anti-CD47 

cohort (fig. S4K), which may be due to the shorter period of treatment in this model versus 

the FPC model.

We conducted another experiment in which we treated steatotic mice with AAV8-H1-

shCD47 (shCD47) to silence CD47 in hepatocytes (34, 46). Mice were fed the FPC diet 

for 8 weeks to develop simple steatosis and then treated with AAV8-H1-shCD47 (shCD47), 

or AAV8-H1-shControl (shCtr), for an additional 8 weeks. We first documented that AAV8-

H1-shCD47 treatment caused an about 50% decrease in hepatocyte CD47 expression (Fig. 

4A), without affecting body or liver weight (fig. S5A). As hypothesized, shCD47 increased 

the ratio of macrophage-internalized RIP3+ cells to total RIP3+ cells and decreased total 

RIP3+ cells (Fig. 4B), consistent with increased uptake of necHCs by liver macrophages. 

shCD47 lowered fibrosis (as measured by staining with both picrosirius red and aniline 

blue in Masson’s trichrome), α-SMA+ area, and expression of mRNAs associated with 

activated HSCs and liver fibrosis (Fig. 4, C to F). Plasma ALT was also decreased by 

shCD47 treatment (Fig. 4G). These beneficial changes occurred despite no differences 

between the two groups in either steatosis or the expression of key genes associated with 

NASH inflammation and NAS score (fig. S5, B to D), and AAV8-H1-shCD47 did not 

affect red blood cell number compared to the control group (fig. S5E). Together, these 

data demonstrate that neutralization of CD47 or silencing of hepatocyte CD47 in mice 

with diet-induced NASH facilitates necHC uptake by liver macrophages and suppresses 

progression to hepatic fibrosis.
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SIRPα+ macrophages are increased in human and mouse NASH, and anti-SIRPα increases 
necHC engulfment and decreases hepatic fibrosis in experimental NASH

CD47 blocks the engulfment of apoptotic cells by interacting with macrophage SIRPα (29), 

but little is known about its regulation or role in impaired necroptotic cell uptake. In this 

context, we found that SIRPα expression in liver macrophages was markedly up-regulated 

in human NASH liver (Fig. 5, A and B), but not in human steatotic liver (fig. S6A). SIRPα 
expression was also increased in the livers of 16-week FPC diet–fed NASH mice compared 

with the normal livers of chow diet–fed mice or the steatotic livers of 4-week FPC diet–fed 

mice (Fig. 5, C and D, and fig. S6, B and C). The increase in SIRPα seen in FPC-NASH 

liver was found in both liver-resident Kupffer cells (KCs) (Mac2+Clec4f+) and infiltrated 

liver macrophages (Mac2+Clec4f−) (fig. S6D). Similar findings were also observed in the 

HF-CDAA mouse models of NASH (Fig. 5, E and F, and fig. S6, E to G).

To test whether anti-SIRPα could improve necHC uptake ex vivo, we incubated primary 

mouse liver macrophages with necHCs plus either anti-SIRPα or control IgG and observed 

an about twofold increase in necHC engulfment by anti-SIRPα (Fig. 5G). To test the role 

of anti-SIRPα in NASH, mice on the FPC diet for 8 weeks were treated with anti-SIRPα 
or IgG for an additional 8 weeks. Body weight was similar between the two cohorts, but 

liver weights were ~20% lower in anti-SIRPα–treated mice (fig. S7A). As with anti-CD47, 

anti-SIRPα increased RIP3+ cell internalization by liver macrophages and decreased total 

RIP3+ cells (Fig. 6A). Anti-SIRPα decreased hepatic fibrosis and α-SMA+ area (Fig. 6, B to 

D) and lowered the expression of mRNAs associated with HSC activation and liver fibrosis 

(Fig. 6E). Plasma ALT and hepatic Il1b and Mcp1 were also decreased by anti-SIRPα 
treatment (Fig. 6F and fig. S7B), but there was no change in hepatic steatosis or NAS score 

(fig. S7, C and D). Last, in contrast to the finding with anti-CD47, anti-SIRPα treatment did 

not decrease the red blood cell count (fig. S7E), which is consistent with the idea that this 

adverse effect can be avoided with anti-SIRPα versus anti-CD47 therapy (47).

Similar findings were observed in the HF-CDAA model. Anti-SIRPα treatment between 

weeks 2 and 8 did not affect body or liver weight (fig. S7F) but increased RIP3+ cell 

internalization by liver macrophages and decreased total RIP3+ cells (Fig. 6G), decreased 

hepatic fibrosis and α-SMA+ area (Fig. 6, H to J), and reduced mRNAs associated with 

HSC activation and liver fibrosis (Fig. 6K), all without affecting plasma ALT (fig. S7G). 

As with the anti-SIRPα–treated FPC NASH model, we found reductions in Il1b and Mcp1 
expression without a change in steatosis or NAS score (fig. S7, H to J), and red blood cell 

number was not lowered by anti-SIRPα treatment (fig. S7K).

To test whether anti-SIRPα treatment was beneficial after NASH developed, we fed mice 

the HF-CDAA diet for 6 weeks, which results in steatosis and early fibrosis (fig. S8, A and 

B). The mice were continued on the diet for an additional 6 weeks, during which they were 

treated with anti-SIRPα or IgG for additional 6 weeks (Fig. 7A). As in the NASH prevention 

experiment, anti-SIRPα treatment did not affect body or liver weight, liver steatosis, NAS 

score, plasma ALT (fig. S7, C to F), or red blood cell number (fig. S7G). However, the 

treatment increased RIP3+ cell internalization by liver macrophages and decreased total 

RIP3+ cells (Fig. 7B). Anti-SIRPα decreased hepatic fibrosis and collagen deposition (Fig. 

7, C and D) and reduced both α-SMA+ area and Opn+ area (Fig. 7, E and F). Thus, 
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antibody-mediated neutralization of SIRPα administered either before or after early NASH 

develops promotes necHC engulfment by liver macrophages and dampens progression of 

NASH fibrosis.

DISCUSSION

Different types of cell death, such as apoptosis and necroptosis, have been implicated 

in NASH development and progression, and inhibition of cell death has been shown to 

ameliorate NASH in various murine experimental models (25, 48–51). However, when an 

anti-apoptosis strategy was tested in a human clinical trial through the administration of 

the caspase inhibitor emricasan, NASH end points, particularly fibrosis, were not improved 

(48). An alternative approach is to promote the clearance of dead hepatocytes by liver 

macrophages, which, based on general concepts (27, 28), would be predicted to prevent 

hepatocyte necrosis and possibly promote inflammation resolution. There is a paucity of 

information on the role of dead hepatocyte clearance in the setting of NASH. We have 

shown here that CD47 expression by necHCs and SIRPα expression by liver macrophages 

are up-regulated in human and mouse NASH liver and that blocking the CD47-SIRPα axis 

ex vivo and in experimental NASH promotes necHC uptake by liver macrophages, which 

is associated with decreases in markers of HSC activation and liver fibrosis during NASH 

progression.

Two recent reports deserve comment. First, an interesting study suggested that hepatocytes 

have an epigenetic mechanism to prevent the expression of RIP3 (52). However, using 

the techniques described in Materials and Methods, we, like others (18–20, 22–25), were 

able to show expression of RIP3 and p-MLKL in human and mouse NASH liver, and we 

documented specific expression in hepatocytes (18). Second, we showed that necHCs are 

the major cell type in NASH liver expressing CD47 and that silencing CD47 specifically 

in hepatocytes mitigated NASH. Nonetheless, it is possible that certain macrophage 

populations in NASH liver express lower levels of CD47 (53), which could, in theory, 

contribute to some of the effects of anti-CD47 on NASH progression.

Several studies have shown that genetic deficiency of RIP3 (19) or MLKL (54), or inhibition 

of necroptosis (25), improves experimental NASH. However, another study showed that 

RIP3 deficiency exacerbates high-fat diet (HFD)–induced liver inflammation, and the 

authors suggested that fibrosis may be exacerbated owing to a shift in hepatocyte death 

to apoptosis (55). Our work was not designed to address this question directly, but the 

associations of hepatocyte necroptosis with worsening NASH and of necHC clearance with 

NASH improvement are consistent with a pro-NASH effect of hepatocyte necroptosis. 

Nonetheless, we do not yet know how much of the improvement in NASH with CD47-

SIRPα blockade is due to the ridding of necHCs versus a possible beneficial process 

activated in macrophages when they are stimulated to engulf necHCs.

Despite our analyses of human NASH liver and our ex vivo experiments with human 

necHCs and human macrophages, it is uncertain whether our anti-CD47/anti-SIRPα 
treatment studies in mouse NASH will translate to human NASH. In terms of previous 

studies supporting translational significance, CD47 deficiency was shown to protect against 

Shi et al. Page 8

Sci Transl Med. Author manuscript; available in PMC 2023 November 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



HFD-induced obesity and liver steatosis (56), and a recent preprint reported a beneficial 

effect of anti-CD47 on NASH in mice fed the so-called Amylin liver NASH diet (57), 

which induces NASH-like features. In contrast, another study showed that CD47 deficiency 

exacerbates chronic HFD-induced NASH (58). The reason for the differences among these 

studies remains to be determined, but none of them reported on the effects of the absence 

or neutralization of CD47 on dead cell clearance by liver macrophages or tested the effect 

of anti-SIRPα. This latter point is key for several reasons. First, the similar effects of 

anti-CD47 and anti-SIRPα on liver fibrosis implicate the CD47-SIRPα axis per se in the 

mechanism, for example, by enhancing dead cell engulfment versus some other effect of 

blocking CD47. Second, whereas systemic blocking of CD47 can result in anemia (45), 

as shown here, we did not observe anemia in mice treated with anti-SIRPα, which is 

consistent with previous reports (47, 59), or with specifically silencing of hepatocyte CD47. 

Third, anti-SIRPα but not anti-CD47 or hepatocyte CD47 silencing lowered markers of liver 

inflammation in NASH. Thus, although hepatocyte-specific CD47 silencing using small 

interfering RNA (siRNA) platforms in current clinical use (60–62) may have promise, these 

data suggest a possible benefit of targeting SIRPα for NASH treatment in the future. An 

anti-SIRPα monoclonal antibody (GS-0189) designed to treat non-Hodgkin’s lymphoma is 

undergoing a phase 1 clinical trial (NCT04502706), which could provide further information 

for clinical applications of targeting SIRPα by antibody treatment.

MATERIALS AND METHODS

Study design

The overall objective of this study was to investigate the role of liver macrophages 

and their interactions with necHCs in NASH progression, focusing on the hypothesis 

that increased CD47-SIRPα axis signaling prevents liver macrophages from efficiently 

engulfing necHCs, contributing to NASH progression. After confirming that the hepatocyte 

necroptosis occurred in both human and mouse NASH liver, we found the increased CD47 

expression in necHCs in these livers. We then tested whether blocking CD47 by anti-CD47 

antibody or using AAV8-H1-shCD47 could promote necHC engulfment in vitro and in vivo, 

using initially an AAV8-TBG-mRIP3-2xFV model, in which hepatocyte necroptosis can 

be induced by a cross-linker. We then tested anti-CD47 in NASH progression using two 

well-known NASH models, the FPC model and the HF-CDAA model (34, 42). Given the 

unfavorable effects of systemic anti-CD47 treatment and the therapeutic potential of using 

anti-SIRPα to target the CD47-SIRPα axis, we turned our attention to SIRPα and found 

increased SIRPα expression in NASH liver macrophages, which led us to test whether 

anti-SIRPα treatment could also enhance necHC uptake in vitro and in vivo and dampen 

NASH progression in the aforementioned NASH models.

Human liver specimens

Deidentified normal and NASH human liver specimens were acquired from the Liver 

Tissue Cell Distribution System at the University of Minnesota, and deidentified steatosis 

human liver specimens were acquired from the Cooperative Human Tissue Network at the 

University of Pennsylvania. The specimens were collected postmortem on the date of liver 

transplantation and preserved as frozen samples. The diagnostic information is included in 
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table S1. Phenotypic and pathological characterizations were conducted by physicians and 

pathologists associated with the Liver Tissue Cell Distribution System. All human studies 

(protocol AAAU1906) were approved by the Columbia University Institutional Review 

Board and were conducted in accordance with National Institutes of Health and institutional 

guidelines for human subject research.

Experimental models

Male wild-type C57/BL6J mice (10 to 12 weeks old) were obtained from The Jackson 

Laboratory (Bar Harbor, ME, #000664) and were allowed to adjust to the housing 

environment in the Columbia University Irving Medical Center for 1 week before initiation 

of experiments. We randomly assigned mice to the experimental groups and were blinded 

for the NASH studies. The mice were fed either an FPC diet (Envigo, #TD. 160785 PWD) 

(34) for 16 weeks or HF-CDAA (Research Diets, #A06071302) (42) for 12 weeks to induce 

fibrotic NASH. Age-matched mice were fed a control diet (PicoLab Rodent Diet 20, #5053). 

For the FPC diet–induced NASH model, the mice were fed the diet for 8 weeks before 

intraperitoneal injection with either anti-CD47 antibody (200 μg per mouse; Bio X Cell, 

#BE0283, RRID: AB_2687806) or anti-SIRPα antibody (100 μg per mouse; Bio X Cell, 

#BE0322, RRID: AB_2819049) three times a week for an additional 8 weeks. Mice in 

the control group were treated with the same dose of isotype IgG. To silence CD47 in 

hepatocytes in the FPC model, the mice were fed the FPC diet for 8 weeks, followed by 

intravenous injection with AAV8-H1-shCD47 [3.0 × 1011 genome copies (gc) per mouse, 5’-

CACCAgcagaactacttggattagttCTCGAGAACTAATCCAAGTAGTTCTGC-3’] or AAV8-H1-

shControl virus as previously published (34). The mice were continued on the diet for 

an additional 8 weeks before analysis. For the HF-CDAA diet–induced NASH model, the 

mice were fed on HF-CDAA diet for 2 weeks, followed by intraperitoneal injection with 

either anti-CD47 or anti-SIRPα antibody (same dose as above) three times a week for an 

additional 6 weeks. Mice in the control group were treated with isotype-matched IgG. To 

investigate the treatment effects of anti-SIRPα in the HF-CDAA diet–induced NASH model, 

the mice were fed the diet for 6 weeks and then injected intraperitoneally with anti-SIRPα 
antibody (100 μg per mouse; Bio X Cell, #BE0322) or the same dose of isotype IgG three 

times a week for an additional 6 weeks. For one experiment, we treated inducible ZsGreen 

mice [B6.Cg-Gt(ROSA)26Sortm6(CAG-ZsGreen1)Hze/J; The Jackson Laboratory, #007906] 

with AAV8-TBG-Cre virus (2 × 1011 gc per mouse; Addgene, #107787-AAV8) and then 

fed the mice either the FPC or HF-CDAA NASH diet for 12 or 4 weeks, respectively. Livers 

were collected and fixed in 10% formalin for 24 hours before cutting into 100-μm sections 

using a vibratome. To establish necHCs in vivo, we generated AAV8-TBG-mRIP3-2XFv 

based on previous research (43). Male wild-type C57/BL6J mice were treated with the 

virus (2 × 1011 gc permouse) via intravenous injection (RIP3-transduced mice) before 

administering a homodimerizer (10 mg/kg; AP20187) to induce necroptosis in hepatocytes. 

In the anti-CD47 treatment experiment, RIP3-transduced mice were treated with anti-CD47 

(200 μg per mouse; Bio X Cell, #BE0283, RRID: AB_2687806) or IgG 30 min before 

injection with AP20187, and the livers were treated 16 hours later. All in vivo data were 

biological replicates. All animals were housed in standard cages at 22°C in a 12-hour–12-

hour light-dark cycle in a barrier facility, and experiments were performed by following the 
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Guide for the Care and Use of Laboratory Animals. The protocol AABL-5573 was approved 

by the Institutional Animal Care and Use Committee at Columbia University.

Statistical analysis

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

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

Statistical significance between two groups was analyzed using the Student’s t test if the 

data followed a normal distribution. Otherwise, a non-parametric Mann-Whitney U test was 

used. Multiple groups were analyzed using one-way analysis of variance (ANOVA) with 

Tukey post hoc testing. P values of <0.05 were considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. CD47 + necHCs are increased in human and mouse NASH.
(A) Immunoblots of CD47 and p-MLKL in normal (n = 4), steatotic (n = 5), and 

NASH (n = 5) human livers, with data quantification (*P < 0.05; **P < 0.01 versus 

normal). (B) Immunofluorescence staining of human normal and NASH liver sections 

using anti–p-MLKL (green) and anti-CD47 (red). Arrowheads indicate p-MLKL and CD47 

colocalization. Scale bar, 50 μm (**P < 0.01, n = 5 per group). (C) Male ZsGreen-inducible 

mice were injected with AAV8-TBG-Cre to label hepatocytes and were then fed the FPC 

NASH diet for 12 weeks. Liver sections (100 μm thickness) were immunostained with 

anti-CD47 (red) and anti-RIP3 (white). The green channel, which identifies hepatocytes, 

is shown in the merge image. Arrowheads indicate RIP3-CD47 colocalization. Scale bar, 

10 μm. Data were quantified as mean fluorescence intensity (MFI) of CD47 and RIP3 

per hepatocyte (**P < 0.01, n = 3 biological replicate hepatocytes per group). (D) Similar 
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to (C), but the mice were fed the HF-CDAA diet for 4 weeks. Scale bar, 10 μm. ***P 
< 0.001, n = 7 to 8 biological replicate hepatocytes per group. (E) Primary hepatocytes 

isolated from AAV8-TBG-mRIP3-2xFV–injected mice were treated with vehicle control or 

AP20187 treatment (10 nM) to induce necroptosis ex vivo and then immunostained for 

RIP3 (green) and CD47 (red). Scale bar, 25 μm. necHC, necroptotic hepatocyte; HC, live 

hepatocyte. For all images, nuclei are stained with 4’,6-diamidino-2-phenylindole (DAPI; 

blue). All data are means ± SEM.

Shi et al. Page 18

Sci Transl Med. Author manuscript; available in PMC 2023 November 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. Blocking CD47 increases necHC uptake by liver macrophages and blocks markers of HSC 
activation in a mouse model of hepatocyte necroptosis.
(A) Representative images of primary mouse macrophages stained for F-actin (red) after 

exposure to mouse necHCs (green) or apoptotic hepatocytes (apHCs; green) in the presence 

of IgG or anti-CD47 for 5 hours. Scale bars, 10 μm. Arrowheads indicate large volume of 

engulfed cargo. The data were quantified as the average volume of engulfed cargo (**P 
< 0.01 versus IgG necHC group, n = 6 biological replicate cells per group). (B) Two 

representative images of F-actin–labeled primary human macrophages (red) after incubation 

with human necHCs (green) in the presence of IgG or anti-CD47 for 5 hours. Arrowheads 

indicate large volume of engulfed cargo. Scale bars, 10 μm. The data were quantified as 

the average volume of engulfed cargo (**P < 0.01, n = 7 cells per group). (C) Male 

C57BL/6J mice were injected with AAV8-TBG-mRIP3-2xFV virus, and 10 days later, they 

were administered AP20187 to induce hepatocyte necroptosis plus either 16 hours of IgG 

or anti-CD47 treatment. The top images show costaining of Kupffer cells (KCs) using 

anti-CLEC4F (green) and RIP3 (red) in liver sections. Scale bar, 50 μm. Zoom image 

areas in the white square are shown in the bottom panel. Arrowheads depict macrophages 

(Mϕs) with internalized necHCs. Scale bar, 25 μm. The data were quantified as the ratio of 

macrophage-internalized necHCs to total necHCs (**P < 0.01, n = 3 to 4 mice per group). 

(D) The livers from (C) were quantified for mRNAs related to HSC activation and liver 

fibrosis (*P < 0.05, n = 3 to 4 mice per group). For all images, nuclei are stained with DAPI 

(blue). All data are means ± SEM.
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Fig. 3. Anti-CD47 treatment increases necHC engulfment and mitigates hepatic fibrosis in 
experimental NASH.
(A to G) Male C57BL/6J mice were fed the FPC NASH diet for 16 weeks and treated with 

IgG or anti-CD47 between weeks 8 and 16 (n = 7 to 8 mice per group). (A) Representative 

images of liver sections immunostained with anti-Mac2 to stain macrophages (green) and 

anti-RIP3 (red). Scale bar, 50 μm. Zoom images of the areas in the white square are shown 

in the right panel. Arrowheads depict macrophages with internalized necHCs. Scale bar, 

25 μm. The data were quantified as the ratio of macrophage-internalized necHCs to total 

necHCs and total RIP3+ cells (*P < 0.05; **P < 0.01). (B) Staining and quantification of 

picrosirius red–positive area (arrowheads) (*P < 0.05). Scale bar, 100 μm. (C) Trichrome-
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stained images, with quantification of aniline blue–positive area, indicated by arrowheads 

(*P < 0.05). Scale bar, 100 μm. (D) Immunofluorescence staining and quantification of 

α-SMA–positive area (arrowheads) (**P < 0.01). Scale bar, 50 μm. (E) Quantification 

of mRNAs related to HSC activation and liver fibrosis (*P < 0.05) (n=4 to 7 mice). (F) 

Heatmap of genes involved in collagen formation in IgG versus anti-CD47 cohorts (n = 

4 mice per group). (G) Plasma ALT activity (*P < 0.05) (n=4 to 7 mice). (H to L) Male 

C57BL/6J mice were fed the HF-CDAA NASH diet for 8 weeks and treated with IgG or 

anti-CD47 between 2 and 8 weeks (n = 4 to 5 mice per group). (H) Representative images 

of liver sections immunostained with anti-Mac2 to stain macrophages (green) and RIP3 (red) 

in liver sections. Scale bar, 100 μm. Zoom images of the areas in the white square are 

shown in the right panel. Arrowheads depict macrophages with internalized necHCs. Scale 

bar, 25 μm. The data were quantified as the ratio of macrophage-internalized necHCs to 

total necHCs and total RIP3+ cells (*P < 0.05; **P < 0.01). (I) Staining and quantification 

of picrosirius red–positive area (arrowheads) (*P < 0.05). Scale bar, 100 μm. (J) Trichrome-

stained images, with quantification of aniline blue–positive area, indicated by arrowheads 

(**P < 0.01). Scale bar, 100 μm. (K) Immunofluorescence staining and quantification of 

α-SMA–positive area (arrowheads) (**P < 0.01). Scale bar, 50 μm. (L) Plasma ALT activity 

(*P < 0.05). (M) Mice were fed the HF-CDAA NASHdiet for 4 weeks and treated with IgG 

or anti-CD47 between weeks 2 and 4, followed by quantification of mRNAs related to HSC 

activation and liver fibrosis (*P < 0.05, n = 5 mice per group). All data are means ± SEM.
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Fig. 4. Hepatocyte CD47 silencing promotes necHC engulfment and attenuates hepatic fibrosis in 
experimental NASH.
Male C57BL/6J mice were fed the FPC NASH diet for 16 weeks and treated with AAV8-

H1-shControl (shCtr) or AAV8-H1-shCD47 (shCD47) between weeks 8 and 16 (n = 8 to 10 

mice per group). (A) Relative hepatocyte CD47 MFI. Scale bar, 25 μm. (B) Representative 

images of liver sections immunostained with anti-Mac2 to stain macrophages (green) 

and anti-RIP3 (red). Scale bar, 50 μm. Arrowheads depict macrophages with internalized 

necHCs. The data were quantified as the ratio of macrophage-internalized necHCs to total 

necHCs and total RIP3+ cells (*P < 0.05; **P < 0.01). (C) Staining and quantification 

of picrosirius red–positive area (arrowheads) (*P < 0.05). Scale bar, 50 μm. (D) Trichrome-

stained images, with quantification of aniline blue–positive area, indicated by arrowheads 

(*P < 0.05). Scale bar, 50 μm. (E) Immunofluorescence staining and quantification of 

α-SMA–positive area (arrowheads) (**P < 0.01). Scale bar, 50 μm. (F) Quantification of 

mRNAs related to HSC activation and liver fibrosis (*P < 0.05). (G) Plasma ALT activity 

(*P < 0.05).
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Fig. 5. SIRPα+ macrophages are increased in human and mouse NASH.
(A) Immunofluorescence staining of SIRPα (red) and CD68+ macrophage (green) in human 

normal or NASH liver sections. Arrowheads indicate SIRPα-macrophage colocalization. 

Scale bar, 25 μm. The data were quantified as MFI of SIRPα relative to the normal 

liver group (*P < 0.05, n = 4 per group). (B) Immunoblots of SIRPα in human livers of 

normal or patients with NASH, with data quantification (***P < 0.001, n = 7 livers per 

group). (C) Immunofluorescence staining of SIRPα (red) and Mac2+ macrophages (green) 

in liver sections from 16-week FPC-fed mice. Arrowheads indicate SIRPα-macrophage 

colocalization. Scale bar, 25 μm. The data were quantified as relative SIRPα MFI (***P 
< 0.001, n = 5 mice per group). (D) Immunoblots of SIRPα in livers from chow-fed or 

16-week FPC-fed mice, with data quantification (***P < 0.001, n = 3 mice per group). 

(E) Immunofluorescence staining of SIRPα (red) and Mac2+ macrophages (green) in 

liver sections of 12-week HF-CDAA–fed mice. Arrowheads indicate SIRPα-macrophage 

colocalization. Scale bar, 50 μm. The data were quantified as SIRPα MFI (**P < 0.01, 

n = 5 mice per group). (F) Immunoblots of SIRPα in livers from chow-fed or 12-week 

HF-CDAA–fed mice, with data quantification (***P < 0.001, n = 4 mice per group). 

(G) Representative images of primary mouse macrophages stained for F-actin (red) after 

exposure to mouse necHCs (green) in the presence of IgG or anti-SIRPα. Scale bar, 10 

μm. Arrowheads indicate large volume of engulfed cargo. The data were quantified as the 

average volume of engulfed cargo (**P < 0.01 versus IgG necHC group; n = 7 biological 
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replicate cells per group). For all images, nuclei are stained with DAPI (blue). All data are 

means ± SEM.
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Fig. 6. Anti-SIRPα increases necHC engulfment and decreases hepatic fibrosis in experimental 
NASH.
(A to F) Male C57BL/6J mice were fed the FPC NASH diet for 16 weeks and treated with 

IgG or anti-SIRPα between weeks 8 and 16 (n = 7 to 10 mice per group). (A) Representative 

images of liver sections immunostained with anti-Mac2 to stain macrophages (green) and 

RIP3 (red) in liver sections. Scale bar, 50 μm. Zoom images of the areas in the white square 

are shown in the right panel. Arrowheads depict macrophages with internalized necHCs. 

Scale bar, 25 μm. The data were quantified as the ratio of macrophage-internalized necHCs 

to total necHCs and total RIP3+ cells (**P < 0.01). (B) Staining and quantification of 
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picrosirius red–positive area (arrowheads) (**P < 0.01). Scale bar, 100 μm. (C) Trichrome-

stained images, with quantification of aniline blue–positive area, indicated by arrowheads 

(*P < 0.05). Scale bar, 100 μm. (D) Immunofluorescence staining and quantification of 

α-SMA–positive area (arrowheads) (*P < 0.05). Scale bar, 50 μm. (E) Quantification of 

mRNAs related to HSC activation and liver fibrosis (*P < 0.05; **P < 0.01). (F) Plasma 

ALT activity (**P < 0.01). (G to J) Male C57BL/6J mice were fed the HF-CDAA NASH 

diet for 8 weeks and treated with IgG or anti-SIRPα between 2 and 8 weeks (n = 5 to 6 

mice per group). (G) Representative images of liver sections immunostained with anti-Mac2 

to stain macrophages (green) and RIP3 (red) in liver sections. Scale bar, 50 μm. Zoom 

images of the areas in the white square are shown in the right panel. Arrowheads depict 

macrophages with internalized necHCs. Scale bar, 25 μm. The data were quantified as the 

ratio of macrophage-internalized necHCs to total necHCs and total RIP3+ cells (**P < 0.01). 

(H) Staining and quantification of picrosirius red–positive area (arrowheads) (**P < 0.01). 

Scale bar, 100 μm. (I) Trichrome-stained images, with quantification of aniline blue–positive 

area, indicated by arrowheads (**P < 0.01). Scale bar, 100 μm. (J) Immunofluorescence 

staining and quantification of α-SMA–positive area (arrowheads) (*P < 0.05). Scale bar, 

50 μm. (K) Mice were fed the HF-CDAA NASH diet for 4 weeks and treated with IgG or 

anti-SIRPα between weeks 2 and 4, followed by quantification of mRNAs related to HSC 

activation and liver fibrosis (*P < 0.05, n = 5 mice per group). All data are means ± SEM.
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Fig. 7. Anti-SIRPα increases necHC engulfment and ameliorates hepatic fibrosis in mice with 
established early NASH.
Male C57BL/6J mice were fed the HF-CDAA NASH diet for 12 weeks and treated with 

anti-SIRPα or IgG between weeks 6 and 12 (n = 6 to 8 mice per group). (A) Illustration 

of the experimental design. (B) Representative images of liver sections immunostained with 

anti-Mac2 to stain macrophages (green) and RIP3 (red) in liver sections. Arrowheads depict 

macrophages with internalized necHCs. Scale bar, 25 μm. The data were quantified as the 

ratio of macrophage-internalized necHCs to total necHCs and total RIP3+ cells (**P < 0.01). 

(C) Staining and quantification of picrosirius red–positive area (arrowheads) (**P < 0.01). 

Scale bar, 100 μm. (D) Liver sections immunostained with anti–collagen 1a1 (Col1a1), with 

quantification of Col1a1 area, indicated by arrowheads (**P < 0.01). Scale bar, 100 μm. 

(E) Immunofluorescence staining and quantification of α-SMA–positive area (arrowheads) 

(**P < 0.05). Scale bar, 50 μm. (F) Immunofluorescence staining and quantification of 

osteopontin (Opn)–positive area (arrowheads) (**P < 0.05). Scale bar, 50 μm. All data are 

means ± SEM.
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