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Abstract
Inhibition of immunocyte in�ltration and activation has been proven to effectively ameliorate hepatic
in�ammation and �brosis in nonalcoholic steatohepatitis (NASH). Paired immunoglobulin-like receptor B
(PirB) and its human orthologue receptor, leukocyte immunoglobulin-like receptor B (LILRB2), are
immune-inhibitory receptors with unknown roles in NASH. Here, we demonstrate that PirB/LILRB2
regulates the migration of macrophages in NASH pathogenesis and �brogenesis by binding to its NASH-
associated ligand angiopoietin-like protein 8 (ANGPTL8). Mechanistically, PirB facilitates the ANGPTL8-
induced in�ltration of monocyte-derived macrophages (MDMs) into the liver by regulating the
phosphorylation of P38, AKT, and P65. Hepatocyte-speci�c knockout of its ligand ANGPTL8 reduces
MDM in�ltration and resolves lipid accumulation and �brosis progression in the livers of NASH mice. In
addition, PirB−/− bone marrow (BM) chimaeras abrogated ANGPTL8-induced MDM migration to the liver.
PirB ectodomain protein can ameliorate the lipid accumulation in�ammatory response and �brosis of
NASH by sequestering ANGPTL8. Furthermore, LILRB2-ANGPTL8-axis-associated MDM migration and
in�ammatory activation are also observed in human peripheral blood monocytes. Taken together, our
�ndings reveal a novel role of PirB/LILRB2 in NASH pathogenesis and identify PirB/LILRB2-ANGPTL8
signalling as a potential target for the management or treatment of NASH.

Introduction
Nonalcoholic fatty liver disease (NAFLD), which is one of the most common liver disorders, is associated
with increased overall mortality1, 2. Nonalcoholic steatohepatitis (NASH), the in�ammatory subtype of
NAFLD, has a higher probability of progressing to end-stage liver diseases, such as cirrhosis and hepatic
carcinoma3. However, there remain di�culties in the treatment of NASH due to a lack of approved
pharmacological agents2. Therefore, it is urgent to identify novel targets for better implementation of
NASH treatment.

Liver macrophages have been shown to be involved in the progression of steatohepatitis and
subsequently hepatic �brosis4. The liver harbours the largest proportion (approximately 80%) of
macrophages in the body5. Liver macrophages consist of heterogeneous populations, including Kupffer
cells (KCs), which are resident and principally nonmigratory phagocytes with self-renewing ability, and
monocyte-derived macrophages (MDMs), which are recruited from circulation. The macrophage pool of
the liver can be rapidly expanded by in�ltrated MDMs when KCs are decreased during diseases or after
injury6. Experimental mouse models of NASH have displayed increased MDM in�ltration and cytokine
release, which are critical pathogenic events promoting steatohepatitis and hepatic �brogenesis7. Hence,
inhibition of MDM recruitment and activation could be a widely accepted therapeutic strategy to
attenuate steatohepatitis 7–10.

Paired immunoglobulin-like receptor B (PirB) and its human orthologue receptor, leukocyte
immunoglobulin-like receptor B-2 (LILRB2), are mainly expressed in various immunocytes and enable
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them to properly respond to extrinsic stimuli11. PirB/LILRB2 are classi�ed as inhibitory receptors for their
intracytoplasmic domain (ITIM motifs), which can recruit phosphatases SHP-1, SHP-2, or SHIP to
negatively regulate cell activation11, such as downregulation of immune responses and inhibition of
regeneration of adult neuron cells12. However, the role of PirB in hepatic in�ammation is unknown.
Considering that the liver harbours many immunocytes and that the metabolic homeostasis of the whole
body is maintained by hepatic immunologic balance, PirB/LILRB2, as an immune-inhibitory receptor,
could play a pivotal role in metabolic diseases. Through analysing published RNA-seq data13, 14, we
found that LILRB2 expression in livers is increased in NAFLD/NASH patients. As immunosuppression has
been proven to be effective for ameliorating hepatic in�ammation and �brosis in NASH 2, we speculated
that LILRB2/PirB, as immune-inhibitory receptors, would be potential targets for NASH therapy.

LILRB2 has been proven to be a receptor for several angiopoietin-like proteins (ANGPTLs), and the
binding of ANGPTLs to these receptors supported the ex vivo expansion of haematopoietic stem cells15.
In contrast to other ANGPTLs, ANGPTL8 is a hepatokine that is exclusively expressed by the liver in
humans16. More importantly, ANGPTL8 is associated with NAFLD both in mice and humans17, albeit with
unsolved mechanisms. Recent studies suggested that ANGPTL8 was a ligand for PirB18, 19. Whether
ANGPTL8 interacts with PirB and acts as a pro- or anti‐in�ammatory factor and whether circulating
ANGPTL8 exerts extracellular functions in metabolic diseases remain controversial 16, 20.

In this study, we explored the role of LILRB2/PirB and their NASH-associated ligand in steatohepatitis,
providing evidence that the LILRB2/PirB-ANGPTL8 axis is the pathogenic driver of NASH pathogenesis
and �brogenesis.

Results

Hepatic LILRB2/PirB are increased in NASH patients and
murine models
To investigate hepatic expression of LILRB2 in patients during NASH progression, RNA-seq analysis was
performed using data published in the NCBI GEO repository 13, 14. Liver samples from NASH patients were
histologically scored from 0 (normal control) to 8 according to the semiquantitative NASH-Clinical
Research Network NAFLD Activity Score 21. LILRB2 mRNA expression was increased in the livers of
simple steatosis and NASH patients (Fig. 1a-c). Meanwhile, the expression of its ligand ANGPTL8 in the
liver was signi�cantly higher in patients with the full spectrum of NASH (scored as 1–8) than in the
controls (scored as 0) (Fig. 1d). In addition, we noticed that LILRB2 expression in the liver was even
higher in NASH patients than in simple steatosis patients (Fig. 1b).

To test whether PirB and its ligand ANGPTL8 were upregulated in mice during NASH progression, we
developed murine NASH models by feeding C57BL/6 mice a 6-month choline-de�cient high-fat diet
(CDHFD) or a 2-month methionine-choline de�cient (MCD) diet (Fig. 1e-h). NASH was determined by
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histological characterization of the liver (Fig. 1e) and auxiliarily by remarkable increases in the liver-to-
body weight ratio, hepatic TG content, and abnormalities in liver functions (Fig. S1a-e). Compared with
age-matched controls, livers of NASH models exhibited signi�cantly elevated PirB and ANGPTL8 at both
the transcriptional and translational levels (Fig. 1f-h).
Hepatic PirB is mainly expressed in monocyte-derived macrophages (MDMs)

PirB was highly expressed in the immune and haematopoietic systems (Fig. 2a). To generate a PirB-
expressing atlas in the liver, we examined different cell types in liver tissue and found that PirB was
mainly expressed in hepatic macrophages (Fig. 2b).

Since hepatic macrophages include liver-resident Kupffer cells (KCs) and foreign monocyte-derived
macrophages (MDMs) in�ltrating from circulation 22. We thus FACS-puri�ed KCs
(F4/80hiCD11bloCLEC2hiLy6c-) and MDMs (F4/80loCD11bhiCLEC2loLy6c+) prior to qPCR and
immunocytochemical analysis. The results showed that PirB was highly expressed in MDMs compared to
KCs and colocalized with its ligand ANGPTL8 on the cell membrane by means of immunohistology and
immunoprecipitation (Fig. 2c). After recombinant ANGPTL8 protein treatment, MDMs, but not KCs or
hepatocytes, exhibited signi�cantly increased cytokine expression (Fig. 2d), suggesting that MDMs may
be potential cells targeted by ANGPTL8 in the liver.

ANGPTL8 promotes MDM migration and activation

Different from other ligands for PirB, ANGPTL8 is a unique secreted protein that is mainly expressed in
liver tissue (Fig. S2a) and associated with the NAFLD Activity Score (Fig. 1d). To identify the potential
functions of ANGPTL8 in MDMs, we further analysed ANGPTL8-induced changes in the transcriptional
pro�le of MDMs through mRNA sequencing (Fig. 2e). Pathway enrichment analysis revealed that
upregulated pathways in MDMs after ANGPTL8 treatment were correlated with leukocyte chemotaxis and
migration (Fig. 2e). Furthermore, to understand the role of hepatocellular ANGPTL8 in liver macrophages,
we generated mice with hepatocyte-speci�c Angptl8 knockout (hereafter referred to as Angptl8HepKO) (Fig.
S2a). KO was determined by signi�cantly decreased hepatic expression of ANGPTL8 (Fig. S2a). Although
we failed to observe a difference in KC numbers between Angptl8HepKO and their loxp/loxp littermates
(hereafter referred to as loxp) mice, we noticed that the Angptl8HepKO mice exhibited signi�cantly
decreased numbers of MDMs and Ly6C+ monocytes in the liver (Fig. 2f; Fig. S2b). Several previous
studies have revealed that the depletion of KCs may result in compensatory generation of MDMs23.
Nevertheless, in our study, KC depletion by clodronate liposomes led to an increase in MDM numbers only
in the liver of the loxp mice but not in the Angptl8HepKO mice (Fig. 2g). In addition, no signi�cant
proliferative difference between MDMs and KCs was detected after administration of ANGPTL8 in vitro
(Fig. S2c). Therefore, we speculated that Angptl8HepKO mice exhibited a reduced capacity for
MDM recruitment and that ANGPTL8 may be required for MDMs to �ll the empty niche that KCs vacated.
This result was in agreement with the observed correlation between ANGPTL8 and leukocyte chemotaxis
in pathway enrichment analysis (Fig. 2e).
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To trace the origin of the increased MDMs after KC depletion, we �rst developed bone marrow (BM)
chimaeras by transplanting 5×106 BM cells from congenic mTmG mice into loxp or Angptl8HepKO

recipient mice, which were exposed to low-dose irradiation (3 Gy) (Fig. 2h). We reasoned that such a mild
irradiation regimen would be su�cient to favour the engraftment of donor cells, which will then generate
and enable the tdTomato+ monocytes to enter the bloodstream and spare radioresistant KCs according
to previous studies 23. Not surprisingly, we examined the chimaerism of circulating monocytes 2 weeks
after BM transplantation and found that more than 70% of the Ly-6C+ monocytes (FACS-puri�ed) were
tdTomato+ (Fig. S2d). Meanwhile, approximately 10% of the neutrophils and B cells and less than 2% of
the T cells were tdTomato+ (Fig. S2d). These chimaeras were then injected with clodronate liposomes for
10 days. As expected, tdTomato+ cells were signi�cantly increased in the livers of loxp mice, suggesting
recruitment of these cells from the circulation after KC depletion. However, a minor change in tdTomato+
cells in the liver was observed in Angptl8HepKO mice (Fig. 2i). To validate the contribution of ANGPTL8 to
the liver MDM pool, different amounts of recombinant ANGPTL8 protein were injected into Angptl8HepKO

mice through the tail vein. MDM levels were increased 4-6 hours after rANGPTL8 injection in a dose-
dependent manner (Fig. 2j). In vitro, MDMs were found to be transferred to the lower wells with
recombinant ANGPTL8 protein treatment in a dose-dependent and time-responsive manner through a
Transwell assay (Fig. 2k; Fig. S2e-f).

Moreover, we analysed the transcriptional changes in MDMs after ANGPTL8 treatment in vitro and found
that M1 (in�ammatory phenotype) marker genes were highly upregulated, whereas most M2 (anti-
in�ammatory phenotype) marker genes were downregulated or remained unchanged (Fig. S2g).
Consequently, we referred to CD11c as an M1 marker and CD206 as an M2 marker with F4/80 costaining
to identify the polarization of MDMs by �ow cytometry. After ANGPTL8 treatment, the CD11c+ population
was increased (5.9% vs. 32.1%), whereas the CD206+ population was decreased (69.5% vs. 27.4%) (Fig.
2l). This population shift was similar to the lipopolysaccharide (LPS)-induced shift in MDMs (Fig. 2l).
These results implied that ANGPTL8-treated MDMs bore more resemblance to M1-like macrophages.

Considering that M1 macrophages and their derived proin�ammatory cytokines may regulate hepatocyte
steatosis and apoptosis 24-26, we cocultured primary hepatocytes with MDMs to explore whether
crosstalk exists between these two cell types (Fig. 2M). ANGPTL8 treatment in the coculture resulted in a
signi�cant increase in the levels of certain proin�ammatory cytokines, including IL-1β, IL-6, and TNF-α, in
the culture medium (Fig. S2h), an aggravation of hepatocyte apoptosis, a promotion of palmitate (PA)-
induced formation of intracellular lipid vacuoles and an increase in TG content (Fig. 2m; Fig. S2i), and
correspondingly, an upregulation of various lipogenic genes, including Fasn, Srebp, and Scd-1 (Fig. S2j).
However, primary hepatocytes from either loxp or Angptl8HepKO mice (without MDM coculture) did not
show any difference in PA-induced lipogenesis (Fig. S2k). These results indicated that macrophages were
required for the effects of ANGPTL8 on hepatocytes. 

ANGPTL8 activates NF-κB signalling through PirB
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NF-κB is a key transcription factor implicated in the in�ammatory signalling cascade of macrophages. A
previous study suggested that ANGPTL8 is a negative regulator of NF-κB27. In contrast, our study
observed an increase in the translocation of the P65 subunit of NF-κB to the nucleus in MDMs stimulated
with rANGPTL8 (Fig. 3a). Consistently, an increase in the phosphorylation of the P65 subunit of NF-κB
was also detected after rANGPTL8 treatment in a time-dependent manner (Fig. 3b). These data indicated
that ANGPTL8 promotes the activation of NF-κB in MDMs. To elucidate the regulatory mechanisms
through which ANGPTL8 enhances NF-κB activation, we tested the phosphorylation of various key
upstream signalling molecules of NF-κB (including JAK1-STAT1, STAT6, P38, ERK1/2, AKT, IRAK-1 and
TAK-1) and found that ERK1/2, P38, and AKT phosphorylation was also enhanced by rANGPTL8
treatment in MDMs (Fig. 3b left). These three molecules are downstream signalling factors of PirB 11, 18.
Furthermore, a neutralizing antibody for PirB ectodomains abrogated ANGPTL8-induced phosphorylation
of P65, ERK1/2, P38, and AKT in MDMs (Fig. 3b right), indicating that ANGPTL8 may activate NF-κB
through PirB. 

PirB mediates ANGPTL8-induced MDM migration and activation

We next examined whether PirB mediates the effect of ANGPTL8 on MDM migration and activation. PirB
antibodies also inhibited ANGPTL8-induced mRNA expression of certain proin�ammatory cytokines (Fig.
3c). Importantly, blockade of TNF-α and PirB, but not IL-1b or IL-6, using corresponding neutralizing
antibodies in coculture medium (hepatocytes cocultured with MDMs) protected hepatocytes from lipid
accumulation and apoptosis (Fig. 3d). In addition, we puri�ed MDMs using FACS from PirB-/- mice.
Although slightly higher in expression, mRNA expression of cytokines (Il-1b, Il-6, and Tnf-α) in MDMs from
PirB-/- mice showed no signi�cant change after ANGPTL8 stimulation (Fig. 3e). Similar conclusions in
migration were drawn when blocking or depleting PirB on MDMs (Fig. 3f-g). Blockade of PirB on MDMs
from WT mice with anti-PirB ectodomain antibodies signi�cantly reduced ANGPTL8-induced migration of
MDMs (Fig. 3f). Likewise, MDMs from PirB-/- mice exhibited a lower response to ANGPTL8 stimulation in
cell migration than those from WT mice (Fig. 3g). In addition to ANGPTL8, ANGPTL2 has also been
proven to be associated with macrophage migration via integrin-α5β1 in adipose tissues28. However, in
our study, ANGPTL8-induced migration of macrophages was independent of integrin-α5β1 receptors (Fig.
3f), possibly because of the absence of a �brinogen-like domain (which is contained in the other seven
ANGPTL members) in the ANGPTL8 protein structure29. Considering that the amino acid sequences of
PirB ectodomains are highly homologous with those of PirAs (over 92% identity) and that both receptors
contain six extracellular immunoglobulin-like domains 11, we also validated whether PirA contributes to
ANGPTL8-induced MDM activation. Knockdown of PirA in RAW264.7 cells through lentiviral shRNA did
not result in an inhibition in ANGPTL8-induced expression of the cytokines, while knockdown of PirB
impaired the dose-dependent upregulation of Il-1β, Il-6, and Tnf-α by ANGPTL8 (Fig. S3a-b), suggesting
that PirB but not PirA receptors mediates the above effects of ANGPTL8. Moreover, we observed that the
inhibition of three main downstream signalling molecules of PirB (P38, AKT and NF-κB) through their
corresponding inhibitors (SB203580, MK-2206, and BAY 11-7082) led to an abrogation in ANGPTL8-
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induced MDM activation and migration, whereas an ERK1/2 inhibitor (U0126) alone failed to have a
similar effect (Fig. S3c-e).

To further understand PirB function in vivo, we generated BM chimaeras by irradiating loxp and
Angptl8HepKO mice and reconstituted them with BM from WT or PirB-/- mice, respectively (WT/PirB-/-

→loxp; WT/PirB-/-→Angptl8HepKO) (Fig. 3h). Compared with the control (WT→loxp), MDM recruitment
was signi�cantly reduced in the liver of loxp-based PirB-/- BM chimaeras (PirB-/-→loxp) 10 days after
clodronate liposome administration. In contrast, Angptl8HepKO-based PirB-/- BM chimaeras (PirB-/-

→Angptl8HepKO) maintained the same friction of recruited MDMs as Angptl8HepKO-based WT BM
chimaeras (Fig. 3i). Taken together, our data show that PirB mediates the effects of ANGPTL8 on MDM
migration and activation both in vitro and in vivo.

MDM depletion reduced in�ammation and �brosis in NASH

Our previous data revealed that the macrophages (MDMs) that accumulated in the liver of NASH mice
mainly originated from the bone marrow. To elucidate the role of MDMs in NASH, mice were fed a CDHFD
for 6 months and received an injection of clodronate liposomes in the last month to deplete the
macrophages (Fig. 4a, b). Macrophage depletion caused a 72.1% decrease in collagen �bres and a 53.4%
decrease in lipid accumulation (Fig. 4c), concomitant with a 50% decrease in liver TG content and a
44.0% decrease in ALT plasma levels (Fig. 4e). These results indicated that MDM depletion protects mice
from the development of steatohepatitis. 

Hepatocyte-speci�c ANGPTL8 knockout reduces MDM in�ltration into the liver and ameliorates NASH

As ANGPTL8 promoted macrophage migration to the liver according to our previous data, we wondered
whether a reduction in hepatic ANGPTL8 could inhibit the development of CDHFD-induced NASH.
Angptl8HepKO mice together with their loxp littermates (as controls) were fed a CDHFD for 6 months (Fig.
4f). ANGPTL8 KO was determined by a signi�cant decrease in hepatic expression of ANGPTL8 (Fig. S4a).
Angptl8HepKO mice exhibited a lower liver weight and liver/body weight ratio than the controls after 6
months of CDHFD (Fig. S4b). Importantly, speci�c Angptl8 knockout in hepatocytes substantially
attenuated hepatic lipid accumulation (evidenced by Oil Red O staining and liver TG content) (Fig. 4g, h),
MDM recruitment (by CD11b staining and FACS) (Fig. 4g and Fig. S4c, d) and presented less
accumulation of extracellular matrix (by Sirius Red staining) (Fig. 4g). Plasma ALT levels were also
improved in Angptl8HepKO mice (Fig. 4i). Moreover, Angptl8 de�ciency in hepatocytes attenuated the
CDHFD-induced increase in in�ammatory marker expression (including Il-1β, Il-6, Tnf-α, and Tgf-β) (Fig.
2j). In summary, hepatocyte-speci�c ANGPTL8 knockout prevented CDHFD-induced hepatic in�ammation
and �brosis.

Soluble PirB ectodomain (sPirB) attenuated NASH

Soluble ectodomains of receptors act as decoys to sequester endogenous ligands, which could result in a
reduction in ligand binding and subsequent receptor signalling. Soluble PirB ectodomain protein (sPirB)
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has been thought to be a potential therapeutic approach for neurological diseases30, 31. However, the
effect of sPirB on NASH has not yet been reported. To study this, we generated a sPirB containing the �rst
six immunoglobulin G (Ig)–like domains and His tags for its further puri�cation and detection (Fig. S4e).
To determine the harbouring ability of sPirB, the protein levels of sPirB in the liver were evaluated. Twenty-
four hours after sPirB injection through the tail vein, there was an increased level of (His)6-positive
proteins in the liver when the sPirB administration amount reached 1 mg/kg or 3.0 mg/kg (Fig. S4f). The
sPirB protein expression level was increased 12 h after 1 mg/kg sPirB injection, peaked at 24 h and
persisted for 72 h (Fig. S4f). Therefore, we injected CDHFD-fed control and Angptl8HepKO mice with 1
mg/kg sPirB once every three days (Fig. 4k). After 3 months of injection, the fractions of MDMs in control
mice, but not in Angptl8HepKO mice, were signi�cantly decreased (Fig. 4l). Moreover, sPirB administration
resulted in a reduction in collagen �bres and hepatocyte apoptosis in the livers of the control mice (Fig.
4m), whereas no obvious improvement was observed in Angptl8HepKO mice (Fig. 4m) due to the slightly
pathological basal liver histology of Angptl8HepKO mice. These results suggest that sPirB could be a
potential therapeutic agent for NASH.

LILRB2 mediates ANGPTL8-induced human peripheral blood monocyte migration

To evaluate the effects of ANGPTL8 and LILRB2 on circulating monocytes in humans, we collected
peripheral blood monocytes from healthy adults and NAFLD patients. We found that ANGPTL8
colocalized with LILRB2 in circulating monocytes from healthy humans (Fig. 5a). Interestingly, we noticed
that monocytes in NAFLD patients had higher LILRB2 expression than those in healthy individuals (Fig.
5b). Moreover, ANGPTL8-induced migration of circulating monocytes was more signi�cant in NAFLD
patients than in healthy people, and both could be abrogated by a neutralizing antibody against LILRB2
(Fig. 5c), indicating that LILRB2 may mediate ANGPTL8-induced monocyte migration. Similar to the
results observed in mice, we also identi�ed a proin�ammatory effect of ANGPTL8 on monocyte-derived
macrophages with increased mRNA expression of IL-1β, IL-6, and TNF-α after ANGPTL8 treatment (Fig.
5d), and this proin�ammatory effect was also abrogated by a neutralizing antibody against LILRB2 (Fig.
5d). Moreover, we observed an indirect promotive function of ANGPTL8 in hepatocyte lipogenesis, which
also involves hepatocyte-macrophage crosstalk in humans (Fig. 5f). These data further indicated that the
ANGPTL8-LILRB2 axis could be a potential therapeutic target for NASH in humans.

Discussion
In our study, we identi�ed PirB/LILRB2 on hepatic macrophages, which bind with their NASH-associated
ligand (ANGPTL8) to trigger the recruitment of macrophages to the liver during NASH pathogenesis. In
addition, the PirB/LILRB2-ANGPTL8 axis induces the proin�ammatory phenotype and stimulates cytokine
production in the liver via activation of the P38, AKT, and NF-κB signalling pathways, which in turn causes
aggravation of hepatocyte lipid accumulation and exacerbation from simple steatosis to steatohepatitis.

It has long been demonstrated that MDM recruitment is a critical pathogenic event that promotes
steatohepatitis and subsequently hepatic �brosis in NASH4, 7, 8, 32. NASH mice display a much higher
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number of recruited MDMs than resident KCs in the liver23, 32, and hepatic in�ammation during NASH is
mainly induced by recruited MDMs rather than resident KCs32, 33. Depletion of MDMs protects mice from
diet-induced hepatic steatosis and ameliorates the progression of NASH26, 34, 35. Therefore, MDM
recruitment in the liver is now targeted for NASH treatment. In our study, we found that liver-speci�c
ablation of Angptl8 reduced MDM recruitment and lipid accumulation and attenuated �brosis in the liver
of a NASH murine model. In contrast to other chemokines (such as CCL2, CCL5 and CXCL10), which are
expressed in various tissues and were previously reported to be associated with NASH36–38, ANGPTL8 is
exclusively secreted from the liver in humans39, with largely unknown regulatory mechanisms in MDM
migration even in NASH. Thus, hepatic ANGPTL8 could be a new target to bene�t in�ammation and
�brosis of the liver.

More importantly, in our study, we identi�ed LILRB2/PirB as a new chemokine receptor on MDMs that
mediates macrophage migration to the liver. The observations of ANGPTL8 raise another question: how
does a secreted protein from the liver exert its effects on MDMs? This question implies us to the receptors
on macrophages. Although several studies have already shown that ANGPTL8 physically interacts with
PirB in cardiac progenitor cells or hepatoma cells in mice 18, 19, our subsequent experiments
demonstrated that PirB receptors are mainly expressed in macrophages other than hepatocytes in the
liver. We noticed that PirB−/−-BM chimaeras exhibited decreased MDM in�ltration in WT-based mice but
did not in�uence Angptl8HepKO-based mice (probably due to their lower basal MDM numbers), revealing
that PirB plays a pivotal role in ANGPTL8-induced macrophage recruitment in livers. In addition,
administration of the soluble form of the PirB ectodomain protein also attenuated MDM recruitment in
the liver and restrained CDHFD-induced NASH by sequestering its ligand, ANGPTL8, suggesting that the
PirB ectodomain protein could be a potential therapeutic agent for the treatment of NASH by competing
with certain deleterious ligands.

Previous studies in NASH patients suggest that the accumulation and in�ammatory polarization (M1-
like) of hepatic macrophages is a hallmark feature of disease progression40, and M1-like macrophages
have been shown to be involved in the mechanisms of hepatocyte lipid metabolism41, 42. In our study, we
found that ANGPTL8 oriented macrophages into an in�ammatory phenotype, which is consistent with the
increasing evidence supporting that ANGPTL8 functions as a proin�ammatory protein43–45. In vitro, when
cocultured with ANGPTL8-treated macrophages, hepatocytes exhibited increased lipid accumulation,
elevated lipogenic genes, and aggravated apoptosis. These results are consistent with the observation
that hepatocytes exhibited increased lipogenesis and apoptosis when cocultured with M1 macrophages
in other studies 24–26. In our study, we further showed that the proin�ammatory effects of ANGPTL8 in
the liver were mainly regulated although its interaction with PirB, as evidenced by abolished cytokine
expression in PirB−/− macrophages or reduced cytokine expression in WT macrophages after treatment
with neutralizing antibodies against PirB. Therefore, we consider PirB to be an important immune-
inhibiting receptor that can be suppressed by its ligand, ANGPTL8, during NASH pathogenesis.
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To understand the molecular mechanisms, it is necessary to elucidate the signalling pathways by which
the ANGPTL8-PirB axis regulates cytokine production and MDM migration in the liver. Previous studies
have shown that the activation of the transcription factor NF-κB is intensively involved in macrophage
activation and is known to be central to the in�ammatory aspects of NASH 11, 18, 46. We thus examined
NF-κB signalling and found that ANGPTL8 activated NF-κB in MDMs by translocating its P65 subunit to
the nucleus. Furthermore, examination of the main upstream signalling pathways of NF-κB in MDMs
found that only ERK1/2, P38, and AKT robustly responded to ANGPTL8 stimulation. PirB blockade with
neutralizing antibodies or PirB knockdown through lentiviral infection abrogated the effects of ANGPTL8-
induced phosphorylation of ERK1/2, P38, and AKT, suggesting that ANGPTL8-responsive signals are
downstream of PirB. This result is consistent with previous studies showing that PirB regulates the
phosphorylation of ERK1/2, P38, and AKT11, 18. Despite 92% identity with PirB ectodomains, PirA
knockdown failed to have the same effect as the absence of immunoreceptor tyrosine-based inhibitory
motif (ITIM)-like motifs in their cytoplasmic sequences on mediating signal transduction11. Taken
together, ANGPTL8 induces the phosphorylation of ERK1/2, P38, AKT, and NF-κB signalling pathways
through PirB receptors and activates hepatic macrophages by enhancing their proin�ammatory effects
and migration.

In summary, ANGPTL8-PirB/LILRB2 is an important signalling axis for NASH pathogenesis via crosstalk
between hepatocytes and macrophages. It is possible that an increased ANGPTL8 level in the NASH liver
results in an induction of hepatic macrophage polarization, an enhancement in proin�ammatory cytokine
production, and an increase in the recruitment of circulating monocytes/macrophages in the liver. Thus,
blocking the binding of ANGPTL8 to PirB/LILRB2 receptors could be a promising therapeutic approach
for the treatment of NASH. A better understanding of the biological function of the ANGPTL8-PirB/LILRB2
axis in in�ammation would lead to a more pro�table development of possible therapeutic agents for
NASH treatment. Collectively, we revealed a previously unappreciated role of PirB/LILRB2 in NASH
pathogenesis and identi�ed ANGPTL8-PirB-NF-κB signalling as a potential target for the management of
NASH in the future.

Methods

Mouse strains used in the study
Wild-type C57BL/6J mice were from Beijing Huafukang Bioscience Co., Ltd. (Beijing, China). Hepatocyte-
speci�c Angptl8-knockout (Angptl8HepKO) mice were generated by Cyagen Biosciences Inc. (Guangzhou,
China, details listed in the Supplementary Methods). PirB knockout and mTmG mice were purchased
from Cyagen Biosciences Inc. The animal housing and diets used are listed in the Supplementary
Methods.
Liver macrophage depletion

Macrophage depletion was achieved by intraperitoneal injection of liposomes containing clodronate or
PBS (5 mg/ml, 100 µl per 10 g mouse, Yeasen Biotechnology Co., Ltd., Shanghai, China). Mice with NASH
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received an intraperitoneal injection of clodronate liposomes once a week in the last month of the diet
intervention (CDHFD).

Total body irradiation and bone marrow transplantation

Loxp and Angptl8HepKO mice were exposed to 3 Gy total body irradiation. Bone marrow cells were
harvested from donor mice by gently �ushing their femurs, and 5 × 106 cells were intravenously injected
into each recipient mouse. A two-week recovery period was observed to ensure donor bone marrow
engraftment and blood monocyte reconstitution.

Flow cytometry

Cell suspensions were stained with appropriate antibodies for 30 min on ice. The commercial antibodies
used in this study included anti-mouse FITC-CD45 (BioLegend, CA, USA, #103108), BV421-F4/80
(BioLegend, CA, USA, #123137), Percp/Cy5.5-CD11b (BioLegend, CA, USA, #550993), APC-Ly6C
(BioLegend, CA, USA, #), APC-Ly6G/Ly-6C (Gr-1) (BioLegend, CA, USA, #108411), PerCP-CD19 (BioLegend,
CA, USA, #115531), APC-CD3 (BioLegend, CA, USA, #100235), APC-CD206 (BioLegend, CA, USA,
#141707), and FITC-CD11c BioLegend, CA, USA, #117305). All antibodies were diluted according to the
manual from the manufacturer’s website. Dead cells and doublets were removed by dead-cell dye
staining (Zombie Aqua Fixable Viability Kit, BioLegend, CA, USA, #B297827).

Coculture of hepatocytes and monocyte-derived macrophages (MDMs)

Primary hepatocytes (5 × 105) were seeded in the lower chamber of 24-well Transwell plates (Corning, NY,
USA, #3450) 24 h before 2 × 105 primary mouse MDMs (isolation and differentiation described in the
Supplementary Methods) were seeded in the upper chamber. Half an hour later, the hepatocytes and
MDMs were incubated with or without 250 μM palmitate (PA) (Kunchuang Biotechnology, Xian, China,
#KCKJ008) and/or 40 nM recombinant ANGPTL8 (rANGPTL8) (Cusabio Biotechnology Co., Ltd., Wuhan,
China, #CSB-MP844436MO) at 37 ℃ for 18 h. For neutralizing antibody experiments, anti-TNFα (Thermo
Fisher Scienti�c, MA, USA, #AMC3012), anti-IL-1β (Thermo Fisher Scienti�c, MA, USA, #16-7012-81) and
anti-IL-6 (Thermo Fisher Scienti�c, MA, USA, #16-7061-81) were present at 1 μg/ml, and anti-
PirB was present at 10 μg/ml. After incubation, media and cells were collected for analysis of triglyceride
(TG) accumulation and in�ammatory cytokine production. The mRNA expression of cytokines in the
hepatocytes (the lower plates) and MDMs (the upper wells) was detected.

Transwell migration assay

Primary mouse MDMs (5 × 105) were seeded with 100 μl of serum-
free Dulbecco's modi�ed Eagle medium (DMEM) atop 8-µm polycarbonate �lter inserts
in Transwell chamber plates (Corning, NY, USA, #3422), and 500 μl of serum-free DMEM was added to the
lower chamber. After incubation for 30 min, PBS or 5 nM, 20 nM, or 40 nM rANGPTL8 protein was added
to the lower chamber. After incubation for 6 h, 12 h or 24 h, cells that had not migrated were removed with
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a cotton swab from the upper surface of �lters, and cells that had migrated to the lower surface of the
membrane were stained with crystal violet at 25°C for 10 min, washed with PBS, and subsequently
observed with a light microscope.

PirB ectodomain protein injection

The recombinant protein for PirB (sPirB) was prepared by Cusabio (Wuhan, China, # CSB-
MP012941MO2). The PirB ectodomain DNA fragment was synthesized by CUSABIO (Wuhan, China). The
DNA fragment was inserted into the pSecTag2A plasmid, which contained a (His)6 tag. The plasmid was

transformed into HEK293 cells, and the recombinant protein was puri�ed using a Ni2+-nitrilotriacetic acid
super �ow agarose column. CDHFD-fed loxp and Angptl8HepKO mice received an intravenous injection of
1 mg/kg sPirB once every three days for three months.

Human peripheral blood and liver samples

Heparinized blood samples obtained from the Tongji Hospital of Wuhan were collected from NAFLD
patients (n = 11, from the endocrinology department) and healthy volunteers (n = 10, from the physical
examination centre). Primary liver specimens (n = 9) were obtained from haemangioma surgical
resection. The isolation of human primary liver cells and human peripheral blood monocytes is listed in
the Supplementary Methods.

Statistical analyses

For animal studies, mice were randomized by body weight prior to dietary challenge, and no blinding was
performed for subsequent analyses. Statistical analyses were performed with Prism 7 (GraphPad
Software, Inc., USA) or RStudio version 1.1.442 (RStudio, Inc., USA). For data with a normal distribution
and homogeneity of variance, one-way ANOVA was performed for comparisons among more than two
groups. Two-tailed Student’s t tests were performed to evaluate signi�cant differences between two
groups. The statistical tests used for each experiment are indicated in the �gure legends. All data are
expressed as the mean ± s.e.m. unless otherwise indicated. Differences for which P < 0.05 were
considered signi�cant. All in vitro experiments were performed in triplicate. Animal feeding, treatments
and histological analyses were performed in a single-blinded fashion. No blinding was used for the
remaining analyses. 

Details of the isolation of primary cells, immunocytochemistry, oil red O staining, RNA sequencing (RNA-
seq), real-time quantitative PCR (qPCR), western blotting and other experiments are provided in the
Supplemental Methods.

Data availability statements

All methods and protocols used are included in the main manuscript or supplementary �les. All reagents,
antibodies, and resources are listed in the Supplementary tables.
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Figures

Figure 1



Page 17/19

Increased ANGPTL8 and LILRB/PirB in the liver in human and murine NASH. (a-d) LILRB2 and ANGPTL8
mRNA levels in the livers of NASH patients from GEO datasets (GSE136103, GSE126848, GSE167523,
and GSE130970). (d) NASH characterization by H&E, F4/80, Sirius Red, and TUNEL staining of the
indicated groups. (e) Representative images showing immuno�uorescence staining of PirB and
ANGPTL8 in liver tissues. (f) Liver PirB and Angptl8 mRNA expression in 6-month CDHFD-fed and 2-
month MCD-fed mice. (g) Western blot analysis of liver ANGPTL8 and PirB protein in 6-month CDHFD-fed
and 2-month MCD-fed mice. Scale bar, 100 µm. The data are shown as the mean ± s.e.m. (n = 5-7
mice/group) and were statistically analysed by one-way ANOVA with the Bonferroni test (a, c, d) or two-
tailed Student’s t test (b, g). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ND: normal diet;
CDHFD: choline-de�cient high-fat diet; MCD, methionine-choline de�cient.

Figure 2

ANGPTL8 promotes MDM migration and activation. (a, b) PirB mRNA expression. (c)
Immunocytochemistry staining to assess the colocalization of ANGPTL8 and PirB in hepatic
macrophages (MDMs and KCs) treated with exogenous rA8. Scale bar, 25 µm. (d) Cytokine mRNA
expression in MDMs, KCs, and hepatocytes treated with PBS and rA8. (e) Pathway enrichment analysis in
MDMs treated with PBS and rA8. (f) Flow cytometry analysis of KCs (CLEC2hi F4/80hi CD11blo), MDMs
(CLEC2loCD11bhiF4/80lo), and Ly-6C+ monocytes (CD11bhi Ly-6Chi) in loxp/loxp and Angptl8HepKO mice.
(g) Liver macrophage, KC and MDM quanti�cation in loxp/loxp and Angptl8HepKO mice after KC deletion
(0, 1, 3, 7, 10 days) with clodronate liposomes (n=3-4). (h) Experimental scheme to develop bone marrow
(BM) chimaeras using loxp and Angptl8HepKO cells as recipients and congenic mTmG cells as donors (n =
10-11). (i) tdTomato+ cells and quanti�cation in liver sections. (j) Flow cytometry analysis of KCs
(CLEC2hiF4/80hiCD11blo) and MDMs (CLEC2loCD11bhiF4/80lo) in the livers of Angptl8HepKO mice after
rA8 injection (n= 7-11). (k) Quanti�cation of MDM migration to rA8 over time (n = 3-4). (l) Flow cytometry
of MDM polarization after treatment with PBS (blue), rA8 (red), and LPS (orange). (m) Hepatocytes were
cocultured with MDMs and treated with rA8 and PA, after which they were stained for lipid droplets (Oil
Red O; scale bar, 100 µm) and apoptosis (TUNEL, highlighted by yellow arrow; scale bar, 200 µm). The
data are shown as the mean ± s.e.m. and were statistically analyzed by one-way ANOVA (j) or two-tailed
Student’s t test (d, g, i, k). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. rA8, recombinant
ANGPTL8 protein; KCs, Kupffer cells; MDMs, monocyte-derived macrophages; PA, palmitate.

Figure 3
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PirB mediates ANGPTL8-induced MDM migration and activation. (a) Nuclear translocation of P65 in
MDMs. Scale bar, 100 µm. (b) Western blot analysis of the phosphorylation of signalling molecules
downstream of PirB in MDMs treated with rA8 and anti-PirB antibody. (c) Effect of anti-PirB antibody on
cytokine expression in rA8-treated MDMs (n = 12). (d) Effect of neutralizing antibodies against cytokines
(anti-IL-1β, anti-IL-6, and anti-TNF-α) and PirB (anti-PirB) on lipogenesis and apoptosis of hepatocytes
cocultured with MDMs in the presence of rA8 and PA (n = 4). (e) Cytokine expression of MDMs from WT
or PirB-/- mice after rA8 or PBS treatment (n = 6). (f) Effect of anti-PirB antibody and anti-integrin-α5β1 on
ANGPTL8-induced MDM migration (n = 4-6). Scale bar, 200 µm. (g) PirB-/- MDMs were resistant to
ANGPTL8-induced migration (n = 5). (h) Experimental scheme to develop bone marrow (BM) chimaeras
using loxp and Angptl8HepKO as recipients and WT or PirB-/- as donors. (i) Flow cytometry analysis and
quanti�cation of KCs (CLEC2hiF4/80hiCD11blo) and MDMs (CLEC2loCD11bhiF4/80lo, black circles
indicated) in the livers of the indicated BM chimaeras (n = 5-6). The data are shown as the mean ± s.e.m.
and were statistically analysed by one-way ANOVA (c and d) or two-tailed Student’s t test (e-g and i). *P <
0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. rA8, recombinant ANGPTL8 protein; KCs, Kupffer cells;
MDMs, monocyte-derived macrophages; PA, palmitate; BM, bone marrow; NS, non-signi�cant.

Figure 4

Hepatocyte-speci�c ANGPTL8 depletion and soluble PirB ectodomain (sPirB) protein ameliorate NASH.
(a) Experimental setup for macrophage depletion in NASH livers. (b) Flow cytometry analysis of KCs and
MDMs after macrophage deletion. (c) Representative liver images of liver sections. Scale bar, 100 µm. (d)
Liver TG contents and (e) ALT of NASH mice with macrophage depletion (n = 4). (f) Experimental setup
for inducing NASH in Angptl8HepKO mice by CDHFD feeding. (g) Representative liver images of liver
sections (scale bar, 100 µm), (h) liver TG contents, (i) ALT, and (j) in�ammatory marker expression in the
indicated groups. (k) Experimental setup for sPirB injection. (l) Flow cytometry analysis of KCs and
MDMs 3 months after sPirB injection. (m) Representative liver images of liver sections. Scale bar, 100
µm. The data are shown as the mean ± s.e.m. and were statistically analysed by two-tailed Student’s t
test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. MDMs, monocyte-derived macrophages, KCs:
Kupffer cells; ND: normal diet; CDHFD: choline-de�cient high-fat diet; sPirB, soluble PirB ectodomain
protein.

Figure 5

LILRB2 mediates ANGPTL8-induced human peripheral blood monocyte migration. (a)
Immunocytochemistry colocalization of ANGPTL8 and LILRB2 on primary human peripheral blood
monocytes (pHPBM) treated with exogenous rA8. Scale bar, 10 µm. (b) LILRB2 mRNA expression in
pHPBMs from healthy adults and NASH patients (n = 10). (c) Migration of pHPBMs to ANGPTL8 was
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abrogated by anti-LILRB2 antibody (n = 10). (d) Cytokine mRNA expression in peripheral blood monocyte-
derived macrophages treated with PBS and rA8 (n = 6). (e) Primary human hepatocytes were cocultured
with monocyte-derived macrophages and treated with rA8 and PA, after which Oil Red O and TG were
measured (scale bar, 100 µm). The data are shown as the mean ± s.e.m. and were statistically analysed
by two-tailed Student’s t test (b, d, e) and one-way ANOVA (c). *P < 0.05, **P < 0.01, ***P < 0.001, and
****P < 0.0001. pHPBM, primary human peripheral blood monocytes; rA8, recombinant ANGPTL8 protein.
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