
Research article
XBP1-mediated activation of the STING signalling
pathway in macrophages contributes to liver fibrosis
progression
Authors
Qi Wang, Qingfa Bu, Mu Liu, Rui Zhang, Jian Gu, Lei Li, Jinren Zhou, Yuan Liang, Wantong Su, Zheng Liu,
Mingming Wang, Zhexiong Lian, Ling Lu, Haoming Zhou

Correspondence

hmzhou@njmu.edu.cn (H. Zhou), lvling@njmu.edu.cn (L. Lu), zxlian1@ustc.edu.cn (Z. Lian).

Graphical abstract

Stress

Chronic liver injury

Proinflammatory
response

Liver fibrosis

IL-1β
TNF-α

Macrophage

Activated HSCs

Quiescent HSCs

ROS
ROS
ROS

ER stress

mtDNA

Mitochondria

damage

Mito
phag

y

cGAS

STING

TBK1P

P IRF3 NLRP3

Cleaved
caspase-1sXBP1BNIP3

IRE1αP

+ TGF-β1
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� Macrophage STING signalling can be activated by mtDNA

cytosolic leakage frommacrophages themselves.
� Xbp1 depletion suppresses cGAS/STING/NLRP3 activation

by restoring BNIP3-mediated mitophagy activation in
macrophages.

� XBP1 targets and inhibits the transcription of Bnip3
directly in macrophages.

� Myeloid-specific Xbp1 deficiency, or STING deficiency, or
Nlrp3 depletion protect livers against fibrosis in mice.

� Pharmacological inhibition of XBP1 ameliorates liver
fibrosis in mice.
https://doi.org/10.1016/j.jhepr.2022.100555
Liver fibrosis is a typical progressive process of chronic liver
disease, driven by inflammatory and immune responses, and
is characterised by an excess of extracellular matrix in the
liver. Currently, there is no effective therapeutic strategy for
the treatment of liver fibrosis, resulting in high mortality
worldwide. In this study, we found that myeloid-specific
Xbp1 deficiency protected the liver against fibrosis in mice,
while XBP1 inhibition ameliorated liver fibrosis in mice. This
study concluded that targeting XBP1 signalling in macro-
phages may provide a novel strategy for protecting the liver
against fibrosis.
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Background & Aims: XBP1 modulates the macrophage proinflammatory response, but its function in macrophage stimulator
of interferon genes (STING) activation and liver fibrosis is unknown. X-box binding protein 1 (XBP1) has been shown to
promote macrophage nucleotide-binding oligomerization domain, leucine-rich repeat and pyrin domain-containing 3
(NLRP3) activation in steatohepatitis. Herein, we aimed to explore the underlying mechanism of XBP1 in the regulation of
STING signalling and the subsequent NLRP3 activation during liver fibrosis.
Methods: XBP1 expression was measured in the human fibrotic liver tissue samples. Liver fibrosis was induced in myeloid-
specific Xbp1-, STING-, and Nlrp3-deficient mice by carbon tetrachloride injection, bile duct ligation, or a methionine/choline-
deficient diet.
Results: Although increased XBP1 expression was observed in the fibrotic liver macrophages of mice and clinical patients,
myeloid-specific Xbp1 deficiency or pharmacological inhibition of XBP1 protected the liver against fibrosis. Furthermore, it
inhibited macrophage NLPR3 activation in a STING/IRF3-dependent manner. Oxidative mitochondrial injury facilitated
cytosolic leakage of macrophage self-mtDNA and cGAS/STING/NLRP3 signalling activation to promote liver fibrosis. Mecha-
nistically, RNA sequencing analysis indicated a decreased mtDNA expression and an increased BCL2/adenovirus E1B inter-
acting protein 3 (BNIP3)-mediated mitophagy activation in Xbp1-deficient macrophages. Chromatin immunoprecipitation
(ChIP) assays further suggested that spliced XBP1 bound directly to the Bnip3 promoter and inhibited the transcription of
Bnip3 in macrophages. Xbp1 deficiency decreased the mtDNA cytosolic release and STING/NLRP3 activation by promoting
BNIP3-mediated mitophagy activation in macrophages, which was abrogated by Bnip3 knockdown. Moreover, macrophage
XBP1/STING signalling contributed to the activation of hepatic stellate cells.
Conclusions: Our findings demonstrate that XBP1 controls macrophage cGAS/STING/NLRP3 activation by regulating
macrophage self-mtDNA cytosolic leakage via BNIP3-mediated mitophagy modulation, thus providing a novel target against
liver fibrosis.
Lay summary: Liver fibrosis is a typical progressive process of chronic liver disease, driven by inflammatory and immune
responses, and is characterised by an excess of extracellular matrix in the liver. Currently, there is no effective therapeutic
strategy for the treatment of liver fibrosis, resulting in high mortality worldwide. In this study, we found that myeloid-specific
Xbp1 deficiency protected the liver against fibrosis in mice, while XBP1 inhibition ameliorated liver fibrosis in mice. This study
concluded that targeting XBP1 signalling in macrophages may provide a novel strategy for protecting the liver against fibrosis.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Received 20 April 2022; received in revised form 2 August 2022; accepted 4 August 2022;
available online 18 August 2022
† These authors share co-first authorship.

* Corresponding authors. Addresses: Hepatobiliary Center, The First Affiliated
Hospital of Nanjing Medical University, 300 Guang Zhou Road, Nanjing 210029,
China. Guangdong Provincial People’s Hospital, Guangdong Academy of Medical
Sciences, Guangzhou, 510080, China. Tel.: 025-68303947 (Z. Lian).
E-mail addresses: hmzhou@njmu.edu.cn (H. Zhou), lvling@njmu.edu.cn (L. Lu),
zxlian1@ustc.edu.cn (Z. Lian).
Introduction
Liver fibrosis is a reparative response to various types of hepatic
injury. Macrophages, one of the most widely studied immune
cell populations in liver fibrosis, regulate both the progression
and regression of liver fibrosis.1

Cyclic GMP-AMP synthase (cGAS), a cytosolic DNA sensor,
and its downstream effector, stimulator of interferon genes
(STING), are important for the innate immune response to
intracellular DNA from the invading viral and bacterial patho-
gens. Recently, emerging evidence has shown the critical role of
cGAS/STING in sensing endogenous DNA in autoimmune
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Fig. 1. Myeloid-specific Xbp1 deficiency ameliorates experimental liver fibrosis. (A) The gene expression of XBP1 in human liver tissues was determined by
quantitative RT-PCR; 1-way ANOVA. (B) The protein levels of XBP1 in human normal and fibrotic liver tissues were analysed using Western blot technique with
respect to the loading control b-actin; n = 6/group; 1-way ANOVA. (C) Normal or fibrotic liver sections from patients were subjected to H&E and Sirius Red
staining and a-SMA immunohistochemical analysis (n = 6/group; original magnification 200 × ; scale bar = 100 lm). (D) Dual immunofluorescence staining
showing spliced XBP1 (red) and CD68 (green) colocalization in human liver tissues. (E) The ratio of sXBP1 + CD68+/CD68+ cells; n = 6/group; 1-way ANOVA. (F)
The expression levels of Xbp1 in liver tissue frommice with CCl4-, BDL-, and MCD-induced liver fibrosis were examined by quantitative real-time PCR; n = 6 mice/
group; Student t test. (G) The levels of XBP1 in liver tissue from mice with CCl4-, BDL- and MCD-induced liver fibrosis were analysed using Western blot with
respect to the loading control b-actin; n = 6 mice/group; Student t test. (H-J) Xbp1FL/FL and Xbp1M-KO male mice were subjected to CCl4-, BDL-, or MCD-induced
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diseases and cancer.2 In the liver, STING-dependent innate
immune activation of macrophages is involved in regulating
non-alcoholic steatohepatitis (NASH),3,4 viral hepatitis5,6 and
liver cancer.7 Given that mitochondrial DNA (mtDNA) release
has been noted in stressed macrophages, we examined whether
the endogenous mtDNA released from macrophages could be
sensed by cGAS/STING and further induce a proinflammatory
response in liver fibrosis.

X-box binding protein 1 (XBP1) is a downstream transcription
factor of a transmembrane protein serine/threonine kinase,
inositol-requiring enzyme-1a (IRE1a), in the endoplasmic retic-
ulum (ER) stress signalling pathway. Stimulation of macrophages
with Toll-like receptor (TLR) ligands results in IRE1a activation,
which can cleave the unspliced XBP1 (uXBP1) mRNA into un-
conventional spliced XBP1 (sXBP1) mRNA. The sXBP1 further
enhances the transcription of inflammatory cytokines. The
macrophage innate immune response, which is triggered by
XBP1 activation, has been described in recent studies.8–10

Although ER stress is a major contributor to liver fibrosis,11 the
role of Xbp1 in regulating macrophage STING signalling and liver
fibrosis remains largely unknown.

Mitophagy is an evolutionarily conserved cellular process
that removes dysfunctional and superfluous mitochondria.
Although the accumulation of cytosolic mtDNA induces cGAS/
STING-dependent immune activation, mitophagy affects im-
mune homeostasis by repressing the mitochondrial injury
and promoting the elimination of pathogenic mtDNA. ER stress
can also regulate autophagy/mitophagy.12 Xbp1 deficiency in
the nervous system protects against amyotrophic lateral scle-
rosis by increasing autophagy.13 Thus, herein, we hypothesised
that XBP1 promotes macrophage self-mtDNA cytosolic leakage
by impairing mitophagy, leading to macrophage STING activa-
tion and subsequent intrahepatic inflammation and liver
fibrosis.
Materials and methods
Human liver specimens and peripheral blood mononuclear
cell collection
Tissue samples (n = 54) were obtained from patients who un-
derwent resection for liver fibrosis. The control group samples
(n = 42) consisted of surgically resected specimens obtained from
patients with hepatic haemangioma. In addition, peripheral
blood samples were collected from 12 patients with liver fibrosis
who were preparing for partial hepatectomy and 12 patients
with hepatic haemangioma who underwent surgical resection
(normal controls). All patients were referred to the First Affiliated
Hospital of Nanjing Medical University after they provided
informed consent. All research was performed in compliance
with government policies and the Declaration of Helsinki. The
demographic information of the study population is shown in
Tables S1–S4. All procedures were approved by the Ethics
Committee of the First Affiliated Hospital of Nanjing Medical
University (approval number: 2020-SR-511).
experimental fibrosis, and the collected liver samples were subjected to H&E a
100 lm. Representative of 6 mice/group. The proportions of the Sirius Red-posi
ANOVA. The values are shown as mean ± SD. Statistical significance was assesse
tion; CCl4, carbon tetrachloride; MCD, methionine/choline deficient diet; a-SMA

JHEP Reports 2022
Experimental animal models
Wild-type (WT), male, 6- to 8-week-old, FloxP-Xbp1 (Xbp1FL/FL),
FloxP-Nlrp3 (Nlrp3FL/FL), Lyz2-Cre Xbp1-knockout (Xbp1M-KO),
Lyz2-Cre Nlrp3-knockout (Nlrp3M-KO) mice on a C57BL/6 back-
ground (Nanjing Biomedical Research Institute of Nanjing Uni-
versity, Nanjing, China), and FloxP-Tmem173 (STING) (Tmem173FL/
FL), Lyz2-Cre Tmem173-knockout (Tmem173M-KO) mice (Shanghai
Model Organisms, Inc, Shanghai, China) were used in the ex-
periments. They were fed sterilised water and food under spe-
cific pathogen-free conditions. Hepatic fibrosis models were
developed using carbon tetrachloride (CCl4) injection, bile duct
ligation (BDL), or a methionine/choline-deficient diet (MCD). For
CCl4 models, mice were intraperitoneally injected with CCl4 (10%
in olive oil, 2 ml/kg, twice per week for 8 weeks) or a vehicle
(olive oil) to induce fibrosis and sacrificed 48 h after the last
injection. For BDL models, the common bile duct was exposed
and ligated twice with 6-0 silk sutures after a midline laparot-
omy. The abdomen was closed with a 6-0 suture, and the mice
were allowed to wake up on a heating pad. The control mice
underwent a sham operation without ligation of the common
bile duct. Mice were anesthetised with isoflurane and sacrificed
2 weeks after BDL or sham surgery. For MCD models, mice were
fed MCD (Research Diets, Inc., New Brunswick, CA, USA) or a
normal chow diet (NCD) for 8 weeks. Liver tissue was collected
for further analysis. In the CCl4 group, the BCL2/adenovirus E1B
interacting protein 3 (Bnip3) siRNA or scramble siRNA (Santa
Cruz, CA, USA) was mixed with mannose-conjugated polymers
(Polyplus-transfection, Illkirch, France) according to the manu-
facturer’s instructions, and injected into the mice via the tail vein
(2 mg/kg) every 3 days beginning 2 weeks after CCl4 injections.
The mice were sacrificed and liver tissues were collected at the
end of the treatment. In the BDL group, Bnip3 siRNA or scramble
siRNA was injected into the mice every 3 days via the tail vein
after BDL. In the MCD group, mice were injected with Bnip3
siRNA or scramble siRNA every 3 days via the tail vein beginning
2 weeks after the initiation of MCD feeds. The C57BL/6 back-
ground mice were intraperitoneally injected with the XBP1 in-
hibitor toyocamycin (0.5 mg/kg per day). In the CCl4 group,
toyocamycin or PBS was injected intraperitoneally into the mice
every day beginning 4 weeks after CCl4 treatment. In the BDL
group, toyocamycin or PBS was injected intraperitoneally into
the mice every day beginning 1 week after BDL. In the MCD
group, mice were injected intraperitoneally with toyocamycin or
PBS every day, beginning 4 weeks after feeding with MCD. All
animal procedures were performed in strict accordance with the
recommendations of the protocol (No: NMU08-092) endorsed by
the Institutional Animal Care and Use Committee of Nanjing
Medical University.

Statistical analysis
All data are presented as mean ± SD and were analysed using
SPSS (version 22.0, IBM, Armonk, NY, USA). The Student t test
and 1-way ANOVA were used to analyse the differences among
the different groups. Statistical significance was set at p <0.05.
nd Sirius Red staining and a-SMA immunohistochemical analysis. Scale bar =
tive and a-SMA-positive areas were also quantified; n = 6 mice/group; 1-way
d using the Student t test or ANOVA. **p <0.01; *p <0.05. BDL, bile duct liga-
, alpha-smooth muscle actin; XBP1, X-box binding protein 1.
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Fig. 2. XBP1 regulates macrophage activation in a STING-NLRP3-dependent manner. (A) Western blot was performed to analyse the levels of NLRP3 in liver
macrophages isolated from Xbp1FL/FL and Xbp1M-KO mice treated with CCl4, BDL, or MCD. Statistical analysis was carried out using 1-way ANOVA. (B) Western blot
was performed to analyse the levels of TLR4, p-IRE1a, XBP1, NLRP3, cleaved caspase-1, pro-caspase-1, cleaved IL-1b, and pro-IL-1b in Xbp1FL/FL and Xbp1M-KO

BMDMs treated with LPS or LPS + ATP. Statistical analysis was carried out using 1-way ANOVA. (C) Western blot was performed to analyse the levels of STING in
liver macrophages isolated from Xbp1FL/FL and Xbp1M-KO mice treated with CCl4, BDL, or MCD. Statistical analysis was carried out using 1-way ANOVA. (D) Western
blot was performed to analyse the levels of cGAS, STING, p-TBK1, TBK1, p-IRF3, and IRF3 in Xbp1FL/FL and Xbp1M-KO BMDMs treated with LPS. Statistical analysis
was carried out using 1-way ANOVA. (E) Immunofluorescence staining showing STING (green) and NLRP3 (red) colocalization in Xbp1FL/FL and Xbp1M-KO BMDMs
stimulated with LPS. (F) Immunofluorescence was used to detect the expression of NLRP3 in LPS-stimulated Xbp1M-KO BMDMs transfected with LV-Tmem173 or
Sh-Irf3. (G) The gene levels of Tnfa, Il6, Il1b, and Cxcl10 in BMDMs; n = 3/group; 1-way ANOVA. (H) Schematic diagram of the putative IRF3 binding site within the
Nlrp3 promoter. The BMDMs were subjected to ChIP assay with anti-IRF3 or IgG antibody. The representative results from 3 independent experiments are shown.
(I) Relative Bnip3 mRNA expression in Xbp1FL/FL BMDMs treated with Sh-Irf3 or KIN1148 with or without LPS stimulation were determined using qPCR; n = 3
biological replicates/group; 1-way ANOVA. (J) Western blot was performed to analyse the levels of p-IRF3 in liver macrophages isolated from Xbp1FL/FL and Xbp1M-

KO mice treated with CCl4, BDL, or MCD. Statistical analysis was carried out using 1-way ANOVA. (K) Western blot was performed to analyse the levels of p-IRF3 in
human normal or fibrotic liver tissue; Student t test. The values are shown as the mean ± SD. Statistical significance was assessed by Student t test or ANOVA. **p
<0.01; *p <0.05. BDL, bile duct ligation; BMDMs, bone marrow-derived macrophages; BNIP3, BCL2/adenovirus E1B interacting protein 3; CCl4, carbon tetra-
chloride; ChIP, chromatin immunoprecipitation; cGAS, cyclic GMP-AMP synthase; IRE1a, inositol-requiring enzyme-1a; IRF3, interferon regulatory factor 3; LPS,
lipopolysaccharide; MCD, methionine/choline-deficient diet; NLRP3, nucleotide-binding oligomerization domain, leucine-rich repeat and pyrin domain-
containing 3; STING, stimulator of interferon genes; TBK1, TANK binding kinase 1; TLR, toll-like receptor; TNF-a, tumour necrosis factor alpha; XBP1, X-box
binding protein 1.
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Results
Myeloid Xbp1 deficiency ameliorates experimental liver
fibrosis
Although XBP1 activation in myofibroblasts promotes fibrotic
diseases,14 the precise role of XBP1 signalling in regulating
macrophage activation during liver fibrosis remains unclear.
First, we compared the XBP1 expression in normal and fibrotic
liver tissues from humans. Increased gene (Fig. 1A) and protein
(Fig. 1B) expression of XBP1 was observed in fibrotic liver tissues.
Liver fibrosis was confirmed by histopathological examination,
Sirius Red staining, and immunohistochemical staining for
alpha-smooth muscle actin (a-SMA) (Fig. 1C). Furthermore,
enhanced sXBP1 expression was observed in macrophages from
fibrotic livers (Fig. 1D) and was considerably higher in those with
advanced fibrosis than in those with mild fibrosis (Fig. 1E).
Similarly, increased XBP1 expression was also found in fibrotic
liver tissues from different murine fibrotic models (Fig. 1F and G).
In addition, the results revealed that XBP1 was expressed at
higher levels in macrophages from fibrotic livers than in controls,
and in macrophages than in hepatic stellate cells (HSCs) from
different fibrotic models (Fig. S1A–D). Subsequently, we deter-
mined the role of myeloid Xbp1 depletion in the regulation of
liver fibrosis using myeloid Xbp1-knockout (Xbp1M-KO) mice. To
produce myeloid-specific knockout mice, homozygous Xbp1FL/FL

mice were bred with homozygous Lyz2-Cre mice, and their
heterozygous offspring were backcrossed with homozygous
Xbp1FL/FL mice (Fig. S2A). The overall expression levels of XBP1 in
liver tissue or hepatocytes of Xbp1FL/FL and Xbp1M-KO mice was
not significantly different. Hepatic non-parenchymal cells
(NPCs), hepatic macrophages, and bone marrow-derived mac-
rophages (BMDMs) isolated from Xbp1M-KO mice exhibited
significantly lower levels of XBP1 than those isolated from
Xbp1FL/FL mice (Fig. S2B). Xbp1M-KO mice exhibited significant
protection against liver fibrosis, as indicated by reduced Sirius
Red and a-SMA staining (Fig. 1H–J), and reduced gene levels of
Acta2, Col1a1, and Timp1 (Fig. S2C).

Reduced liver inflammation was observed in Xbp1M-KO mice,
as evidenced by the reduced staining of intrahepatic CD11b+

macrophages and Ly6G+ neutrophils (Fig. S3A–D), the decreased
TNF-a and IL-1b levels and increased IL-10 expression (Fig. S3E
and F). These findings demonstrated that Xbp1 deficiency
attenuated liver inflammation and fibrosis.
Xbp1 deficiency reduces macrophage STING/NLRP3 activation
The regulatory role of nucleotide-binding oligomerization
domain, leucine-rich repeat, and pyrin domain-containing 3
(NLRP3) inflammasome activation has been reported previously.
Hepatocyte pyroptosis and NLRP3 inflammasome particle release
induced HSC activation and liver fibrosis;15 NLRP3 inflamma-
some blockade reduced liver inflammation and fibrosis.16,17 We
found that mice with myeloid Nlrp3 knockout developed less
liver fibrosis than the WT (Nlrp3FL/FL) controls (Fig. S4A–D). To
assess the effect of XBP1 on NLRP3 activation in macrophages
during liver fibrosis, we analysed the hepatic NLRP3 levels of
Xbp1FL/FL and Xbp1M-KO mice treated with different fibrotic
models. Decreased NLRP3 activation was observed in the Xbp1M-

KO (Fig. 2A). BMDMs were stimulated with lipopolysaccharide
(LPS) alone or LPS and ATP, and the NLRP3 signalling pathway
was analysed. TLR4, p-IRE1a, XBP1, and NLRP3 signalling path-
ways were activated by LPS stimulation with or without ATP,
whereas those of C-caspase-1 and IL-1b, which are downstream
JHEP Reports 2022
signals in the NLRP3 pathway, were activated by LPS stimulation
with ATP. Xbp1 deficiency significantly reduced NLRP3 signalling
pathway activation in BMDMs in response to LPS with ATP (Fig.
2B). Moreover, 4l8C, an antioxidant inhibitor of IRE1a, was
also used to treat BMDMs; results showed that IRE1a inhibition
significantly decreased the sXBP1 expression in macrophages in
response to LPS with or without ATP (Fig. S4E).

Macrophage STING activation is involved in liver inflamma-
tion and fibrosis,3,4 and studies have reported that NLRP3 sig-
nalling is regulated by STING activation.18,19 We next analysed
the role of STING signalling in regulating the NLRP3-mediated
inflammatory response in macrophages and liver fibrosis.
Attenuated liver fibrosis was found in Tmem173M-KO mice (Fig.
S5A–D). Xbp1M-KO mice with liver fibrosis showed decreased
STING activation in liver macrophages (Fig. 2C). LPS stimulation
activated STING signalling in BMDMs, as evidenced by the
increased levels of cGAS, STING, p-TBK1, and p-IRF3 proteins;
these effects were significantly reduced by Xbp1 depletion (Fig.
2D). As shown in Fig. 2E, reduced STING- and NLRP3-positive
staining was detected in Xbp1-deficient BMDMs following LPS
stimulation. Furthermore, STING overexpression by lentiviral
transfection increased the NLRP3 activation in Xbp1M-KO BMDMs
after LPS stimulation. Meanwhile, Irf3 blockade by short hairpin
RNA (shRNA) transfection decreased the NLRP3 activation and
abrogated the role of STING overexpression in its activation in
Xbp1M-KO BMDMs (Fig. 2F and Fig. S5E and F). This indicates that
the XBP1/STING/IRF3 axis plays a critical role in regulating
NLRP3 signalling. Moreover, Xbp1 depletion in macrophages
decreased proinflammatory gene expression (Fig. 2G). Bioinfor-
matics analysis of the murine Nlrp3 promoter revealed a putative
IRF3 binding site (−753/−733), which was subsequently
confirmed by the chromatin immunoprecipitation (ChIP) assay
(Fig. 2H). Furthermore, IRF3 activation with KIN1148, a small-
molecule IRF3 agonist, enhanced Nlrp3 mRNA expression in
LPS-stimulated BMDMs (Fig. 2I). The p-IRF3 levels in hepatic
macrophages isolated from Xbp1FL/FL and Xbp1M-KO mice treated
with CCl4, BDL, or MCD, and in human tissue samples were
increased (Fig. 2J,K). Collectively, these findings suggested that
Xbp1 deficiency reduced macrophage NLRP3 activation in a
STING/IRF3-dependent manner.

Liver fibrosis triggers the cytosolic release of self-mtDNA in
macrophages
To investigate the underlying mechanism of XBP1 in regulating
macrophage STING signalling, RNA sequencing analysis was
conducted on Xbp1FL/FL and Xbp1M-KO BMDMs after LPS stimu-
lation (Fig. S6A). This showed that 25 genes affecting mtDNA
expression were significantly downregulated in Xbp1M-KO

BMDMs compared with the Xbp1FL/FL BMDMs (Fig. 3A). The 2
representative components of mtDNA, mt-Cytb and mt-Nd4,
were significantly decreased in LPS-stimulated Xbp1M-KO BMDMs
(Fig. 3B). Cytosolic mtDNA is an important upstream ligand of the
STING signalling pathway. Although the role of exogenous
mtDNA released from other parenchymal cells in activating
cGAS/cGAMP/STING has been well documented,20 it remains
unclear whether endogenous mtDNA from stressed macro-
phages can activate STING. Our study showed that Xbp1 deple-
tion decreased the cytosolic mtDNA accumulation in
macrophages after LPS stimulation, as shown by qPCR analysis
(Fig. 3C). RNA sequencing analysis demonstrated that Xbp1
depletion downregulated the expression of proinflammatory
genes in LPS-stimulated macrophages (Fig. 3D). Furthermore,
5vol. 4 j 100555
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Fig. 3. Liver fibrosis triggers cytosolic release of self-mtDNA in macrophages. (A) Heat map showing clustering of 25 downregulated genes that affect mtDNA
expression in Xbp1M-KO BMDMs compared with Xbp1FL/FL BMDMs in response to LPS stimulation. (B) mtDNA was extracted as described in the Materials and
methods section. Relative total mtDNA expression in Xbp1FL/FL and Xbp1M-KO BMDMs were determined using qPCR with primers specific for mtDNA (mt-Cytb, mt-
Nd4) and nuclear DNA (Tert); n = 3 biological replicates/group. (C) Relative levels of total cytosolic mtDNA in Xbp1FL/FL and Xbp1M-KO BMDMs treated with LPS were
determined using qPCR with primers specific for mtDNA (D-loop) and nuclear DNA (Tert); n = 3 biological replicates/group. (D) Heat map showing clustering of 5
downregulated proinflammatory genes in Xbp1M-KO BMDMs compared with Xbp1FL/FL BMDMs in response to LPS stimulation. (E) Liver macrophages were isolated
as described in the Materials and methods section. The mitochondrial membrane potential of macrophages was determined by tetramethylrhodamine methyl
ester (TMRM) staining. (F) Mitochondrial superoxide accumulation was determined by measuring the MitoSOX Red fluorescence intensity in macrophages
isolated from the different groups according to the manufacturer’s instructions; n = 3 biological replicates/group. (G) Enzymatic activity of MnSOD in macro-
phages isolated from the different groups was determined according to the manufacturer’s instructions; n = 3 biological replicates/group. (H) Cytosolic mtDNA
was extracted as described in the Materials and methods section. Relative amounts of total cytosolic mtDNA in macrophages isolated from the different groups
were determined using qPCR with primers specific for mtDNA (D-loop) and nuclear DNA (Tert); n = 3 biological replicates/group. (I) The mitochondrial membrane
potential of Xbp1FL/FL and Xbp1M-KO BMDMs treated with LPS was determined by TMRM staining. (J) The levels of ROS in BMDMs were examined using 2’,7’-
dichlorodihydrofluorescein diacetate (DCFH-DA) (original magnification 200 × ). (K) Enzymatic activity of MnSOD in Xbp1FL/FL and Xbp1M-KO BMDMs treated with
LPS was determined according to the manufacturer’s instructions; n = 3 biological replicates/group. (L) The levels of ROS in LPS-stimulated Xbp1FL/FL BMDMs
treated with or without toyocamycin or tunicamycin were examined using DCFH-DA (original magnification 200 × ). (M) mtDNA released from mitochondria in
Xbp1FL/FL and Xbp1M-KO BMDMs treated with LPS, as shown by confocal microscopy. Arrowheads, mtDNA released into cytoplasm. (N) Immunofluorescence
staining of cytoplasmic dsDNA confirmed mtDNA depletion by EtBr. Scale bar, 20 lm. (O) Relative total mtDNA levels in LPS-stimulated Xbp1FL/FL and Xbp1M-KO

BMDMs treated with EtBr were determined using qPCR with primers specific for mtDNA (D-loop) and nuclear DNA (Tert); n = 3 biological replicates/group. (P)
Western blot was performed to analyse the levels of cGAS, STING, p-TBK1, TBK1, p-IRF3, IRF3, and NLRP3 in LPS-stimulated Xbp1FL/FL and Xbp1M-KO BMDMs treated
with EtBr. The values are shown as mean ± SD. Statistical significance was assessed by 1-way ANOVA. **p <0.01; *p <0.05. BMDMs, bone marrow-derived
macrophages; cGAS, cyclic GMP-AMP synthase; EtBr, ethidium bromide; IRF3, interferon regulatory factor 3; LPS, lipopolysaccharide; MnSOD, manganese su-
peroxide dismutase; NLRP3, nucleotide-binding oligomerization domain, leucine-rich repeat and pyrin domain-containing 3; ROS, reactive oxygen species;
STING, stimulator of interferon genes; TBK1, TANK binding kinase 1.
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multiple mitochondrial abnormalities were detected in the
macrophages isolated from Xbp1FL/FL mice with fibrotic liver,
owing to a decreased mitochondrial membrane potential, mito-
chondrial superoxide accumulation, and decreased manganese
superoxide dismutase (MnSOD) activity. Compared with the
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findings in Xbp1FL/FL mice, macrophages from Xbp1M-KO mice
with fibrotic liver showed alleviated mitochondrial abnormal-
ities and injuries (Fig. 3E–G). In particular, liver fibrosis induced
mtDNA release and cytoplasmic accumulation, and this effect
was significantly reduced by Xbp1 depletion (Fig. 3H). A recent
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Fig. 5. BNIP3-mediated mitophagy activation decreases mtDNA release and STING-NLRP3 activation in Xbp1-deficient macrophages. (A) Western blot was
performed to examine intracellular BNIP3, LC3B, and p62 protein levels in LPS-stimulated Xbp1M-KO BMDMs transfected with SCR-siRNA or Bnip3-siRNA. Sta-
tistical analysis was carried out using the Student t test. (B) Autophagic microstructures in mitochondria in LPS-stimulated Xbp1M-KO BMDMs transfected with
SCR-siRNA or Bnip3-siRNAwere examined by transmission electron microscopy, 5,000 × magnification; scale bars, 2 lm. Arrowheads, mitophagy. (C) The levels of
ROS in LPS-stimulated Xbp1M-KO BMDMs transfected with SCR-siRNA or Bnip3-siRNAwere examined by DCFH-DA (original magnification 200 × ). (D) Relative total
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study reported that LPS significantly increased the level of
mtDNA in macrophages.21 We found that LPS-induced mito-
chondrial injury and oxidative stress in BMDMs, was mitigated
by Xbp1 deficiency (Fig. 3I–K). Meanwhile, toyocamycin-induced
XBP1 inhibition significantly suppressed oxidative stress;
whereas, tunicamycin-induced XBP1 activation significantly
promoted oxidative stress (Fig. S6B and Fig. 3L). Xbp1 depletion
decreased cytosolic mtDNA accumulation in macrophages after
LPS stimulation, as shown by mtDNA staining (Fig. 3M). To
examine the mtDNA requirement in macrophage STING/NLRP3
activation, we depleted mtDNA using ethidium bromide (EtBr)
treatment and confirmed it by staining and PCR (Fig. 3N and O).
The mtDNA depletion reduced the activation of STING/NLRP3
signalling in both Xbp1FL/FL and Xbp1M-KO BMDMs after LPS
stimulation (Fig. 3P). These findings suggested that liver fibrosis
induced macrophagic mitochondrial injury and self-mtDNA
cytosolic leakage, which subsequently activated macrophage
STING/NLRP3 signalling.
Xbp1 deficiency promotes mitophagy activation in
macrophages
Because mitophagy has evolved to preserve mitochondrial ho-
meostasis and promote the elimination of cytosolic pathogenic
mtDNA, we examined the involvement of mitophagy in STING
activation by modulating mtDNA release. Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis of
the RNA sequencing data demonstrated that autophagy and
mitophagy were significantly upregulated in LPS-stimulated
Xbp1M-KO BMDMs compared with Xbp1FL/FL BMDMs (Fig. 4A).
Two major mechanisms for mitophagy have been identified, 1
which is regulated by PINK1/Parkin and 1 by mitophagy re-
ceptors, including BNIP3, BCL2/adenovirus E1B interacting
protein 3-like (NIX) and FUN14 domain containing 1
(FUNDC1).22 A heat map of the RNA sequencing results indi-
cated that Bnip3 was markedly upregulated in the LPS-
stimulated Xbp1M-KO BMDMs (Fig. 4B). Bnip3 mRNA expres-
sion, as detected by qPCR, showed a similar result (Fig. 4C);
however, Fundc1 and Bnip3l mRNA expression was not signifi-
cant (Fig. S6C). Increased mitophagy activation was observed on
transmission electron microscopy in Xbp1M-KO BMDMs after LPS
stimulation (Fig. 4D), and accompanied by higher microtubule-
associated protein 1 light chain 3 beta (LC3B) levels and lower
sequestosome 1 (p62) levels (Fig. 4E). Compared with Xbp1FL/FL

BMDMs, Xbp1M-KO BMDMs showed increased BNIP3 and no
significant changes in PINK1 or Parkin (Fig. 4E). Moreover, Bnip3
expression was increased when treated with toyocamycin, and
decreased when treated with tunicamycin in LPS-stimulated
Xbp1FL/FL BMDMs (Fig. 4F). Subsequently, we performed a bio-
informatics analysis to explore the potential mechanism by
which XBP1 activation regulates macrophagic BNIP3
PBS or MitoTEMPO were examined using DCFH-DA (original magnification 200
BMDMs treated with PBS or MitoTEMPO were determined using qPCR with prim
licates/group; Student t test. (I) Schematic showing the administration protocol
induced murine liver fibrosis models for the experiments shown in (J). (J) Xbp1
fibrosis and injected with SCR-siRNA or Bnip3-siRNA via the tail vein, and the
immunohistochemical analysis; scale bar=100 lm. Representative of 6 mice/gr
quantified; n = 6 mice/group; 1-way ANOVA. The values are shown as mean ± S
BMDMs, bone marrow-derived macrophages; BNIP3, BCL2/adenovirus E1B intera
lipopolysaccharide; NLRP3, nucleotide-binding oligomerization domain, leucine-r
oxygen species; STING, stimulator of interferon genes; XBP1, X-box binding prot
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expression. The results showed that a putative XBP1 binding
site (−852/−839) was within the murine Bnip3 promoter, and
was confirmed by the ChIP assay (Fig. 4G). sXBP1 stimulated the
Bnip3 transcriptional activity in a concentration-dependent
manner, as evidenced by the consistently decreasing Bnip3-
luciferase reporter gene in LPS-stimulated BMDMs, co-
transfected with pGL3-Bnip3-luciferase vector and Ad-sXbp1
(Fig. 4H). Furthermore, the gene expression levels of Bnip3 were
elevated in CCl4-, BDL-, and MCD-induced fibrotic liver tissue in
mice (Fig. 4I). Negative correlations between XBP1 and BNIP3
expression were also observed in human fibrotic liver tissues
(Fig. 4J). These results demonstrated the following: Bnip3 is a
target gene that is negatively regulated by XBP1; Xbp1 defi-
ciency promoted mitophagy activation in macrophages; and the
BNIP3 pathway plays a critical role in macrophagic mitophagy
regulation.
BNIP3-mediated mitophagy activation is responsible for
decreased mtDNA release and STING-NLRP3 activation in
Xbp1-deficient macrophages
To determine the essential role of BNIP3 in mediating mitophagy
in Xbp1-deficient macrophages, BNIP3 activation in Xbp1M-KO

BMDMs was blocked by siRNA transfection, and was confirmed
by the decreased LC3B and increased p62 protein levels (Fig. 5A)
and transmission electron microscopy (Fig. 5B). Inhibition of
mitophagy as a result of Bnip3 knockdown also exacerbated the
oxidative stress and mitochondrial injury in Xbp1M-KO BMDMs, as
indicated by increases in reactive oxygen species (ROS) produc-
tion (Fig. 5C). Moreover, increased mtDNA release, cytosolic
accumulation, and decreased mitochondrial membrane potential
were observed in Xbp1M-KO BMDMs after Bnip3 siRNA treatment
(Fig. 5D–F). Mitochondrial ROS inhibition by MitoTEMPO treat-
ment decreased the cytosolic accumulation of mtDNA in Xbp1FL/
FL BMDMs, indicating the critical role of ROS in mediating
mitochondrial injury and subsequent mtDNA release (Fig. 5G and
H). Mitophagy suppression by Bnip3 siRNA reversed the Xbp1
depletion-mediated reduction of cGAS/STING and NLRP3 acti-
vation (Fig. S7A–C).

To further test the in vivo effect of mitophagy suppression
by Bnip3 knockdown, the BNIP3 activation was blocked by
its siRNA in mice with CCl4-, BDL-, or MCD-induced liver
fibrosis (Fig. 5I). Bnip3 siRNA abrogated the protective effect of
myeloid Xbp1 depletion in alleviating liver fibrosis, as evi-
denced by H&E staining of hepatic tissue, increased Sirius
Red and a-SMA staining of liver tissue (Fig. 5J and K), and
increased gene expression of the profibrogenic markers Acta2,
Col1a1, and Timp1 (Fig. S7D). These findings suggested that
Xbp1 deficiency reduced mtDNA release and subsequent STING/
NLRP3 activation by promoting BNIP3-mediated mitophagy in
macrophages.
× ). (H) Relative amounts of total cytosolic mtDNA in LPS-stimulated Xbp1FL/FL

ers specific for mtDNA (D-loop) and nuclear DNA (Tert); n = 3 biological rep-
for mannose-conjugated SCR-siRNA and Bnip3-siRNA in CCl4-, BDL-, and MCD-
M-KO male mice were subjected to CCl4-, BDL-, or MCD-induced experimental
collected livers were subjected to H&E and Sirius Red staining and a-SMA
oup. (K) The proportions of the Sirius Red- and a-SMA-positive areas were
D. Statistical significance was assessed by Student t test or ANOVA. **p <0.01.
cting protein 3; LC3B, microtubule-associated protein 1 light chain 3 beta; LPS,
ich repeat and pyrin domain-containing 3; p62, sequestosome 1; ROS, reactive
ein 1.

9vol. 4 j 100555



A

F

B

LPS or LPS + DMXAA
Conditioned

media
transfer

TGFβ1

Primary mouse
hepatic stellate

cells or LX-2 cells

Macrophages isolated from
the bone marrow of Xbp1FL/FL

or Xbp1M-KO mice

Xbp1FL/FL

-

α-
SM

A

TGF-β1

D
AP

I
M

er
ge

50 μm

50 μm

50 μm

Xbp1M-KO

- -

Xbp1M-KO

+ DMXAA
+

Xbp1FL/FL

+
Xbp1M-KO

+

Xbp1M-KO 

+ DMXAA

C E

0

1

2

3

4

5

R
el

at
iv

e 
m

R
N

A 
ex

pr
es

si
on

 o
f T

im
p1

* *

* *

D

0

1

2

3

4

5
R

el
at

iv
e 

m
R

N
A 

ex
pr

es
si

on
 o

f C
ol

1a
1

* *

* *

0

1

2

3

4

5

R
el

at
iv

e 
m

R
N

A 
ex

pr
es

si
on

 o
f A

ct
a2

* *

* *
Xbp1FL/FL

Xbp1M-KO

Xbp1M-KO + DMXAA
Xbp1FL/FL + TGF-β1
Xbp1M-KO + TGF-β1
Xbp1M-KO + DMXAA + TGF-β1

- - - + + +
Xbp1M-KOXbp1FL/FL

Xbp1M-KO 

+ DMXAA Xbp1FL/FL Xbp1M-KO
Xbp1M-KO

+ DMXAA

α-
SM

A

TGF-β1

M
er

ge
D

AP
I

50 μm

50 μm

50 μm

G

0

1

2

3

4

5
R

el
at

iv
e 

m
R

N
A 

ex
pr

es
si

on
 o

f A
C

TA
2

* *

* *

Xbp1FL/FL

Xbp1M-KO

Xbp1M-KO + DMXAA

Xbp1FL/FL + TGF-β1
Xbp1M-KO + TGF-β1
Xbp1M-KO + DMXAA 
+ TGF-β1

H

0

1

2

3

4

5

R
el

at
iv

e 
m

R
N

A 
ex

pr
es

si
on

 o
f C

O
L1

A
1

* *

* *
I

0

1

2

3

4

5

* *

* *

R
el

at
iv

e 
m

R
N

A 
ex

pr
es

si
on

 o
f T

IM
P1

J

α-SMA

β-actin

MW

42

45

Collagen I

TIMP1

220

26

TGF-β1 - - - ++ +

Xbp
1F

L/F
L

Xbp
1M

-K
O

Xbp
1M

-K
O + D

MXAA

Xbp
1F

L/F
L

Xbp
1M

-K
O

Xbp
1M

-K
O + D

MXAA

50 μm

50 μm

50 μm

50 μm

50 μm

50 μm

50 μm

50 μm

50 μm

50 μm

50 μm

50 μm

50 μm

50 μm

50 μm

50 μm

50 μm

50 μm

50 μm

50 μm

50 μm

50 μm

50 μm

50 μm

50 μm

50 μm

50 μm

50 μm

50 μm

50 μm

Fig. 6. Macrophage XBP1/STING/NLRP3 signalling pathway mediates hepatic stellate cells activation. (A) Schematic drawing showing that primary mouse
HSCs or LX-2 cells were treated with CM of LPS-treated Xbp1FL/FL and Xbp1M-KO BMDMs and CM of LPS + DMXAA-treated Xbp1M-KO BMDMs in the absence or
presence of TGF-b1 for 24 h. (B) Immunofluorescence staining for a-SMA (green) in treated primary mouse HSCs. The expression levels of Acta2 (C), Col1a1 (D),
and Timp1 (E) in treated primary mouse HSCs were examined using quantitative real-time PCR; n = 3/group. (F) Immunofluorescence staining for a-SMA (green)
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Macrophage XBP1/STING signalling enhances the activation of
HSCs
To examine the direct effects of altering STING signalling in
Xbp1-deficient macrophages on HSC activation, we incubated
primary mouse HSCs with conditional media (CM) of LPS-treated
Xbp1FL/FL and Xbp1M-KO BMDMs in the presence or absence of
transforming growth factor beta 1 (TGF-b1) (Fig. 6A). In the
presence of TGF-b1, Xbp1FL/FL BMDM-CM treatment significantly
enhanced a-SMA staining in primary mouse HSCs (Fig. 6B),
indicating increased HSC activation. In contrast, diminished a-
SMA staining was observed in primary HSCs incubated with
Xbp1M-KO BMDM-CMs. Restoration of STING activation by
DMXAA in Xbp1M-KO BMDMs significantly enhanced a-SMA
staining in primary mouse HSCs. The expression levels of Acta2,
Col1a1, and Timp1 (Fig. 6C–E) in primary mouse HSCs showed
similar results. Moreover, analogous results were obtained by
incubating LX-2 cells (cell lines of human hepatic stellate cells) in
the absence or presence of TGF-b1 with CM from LPS-treated
Xbp1FL/FL and Xbp1M-KO BMDMs (Fig. 6F–J). These results further
confirmed that Xbp1 deficiency restricted the activation of HSC
by macrophage STING signalling.
Pharmacological inhibition of XBP1 ameliorates liver fibrosis
in mice
We explored the effects of XBP1 inhibition on liver fibrosis
development. A selective XBP1 inhibitor (toyocamycin) was
intraperitoneally injected into WT mice with CCl4-, BDL-, or
MCD-induced liver fibrosis (Fig. 7A). The results indicated that
pharmacological XBP1 inhibition alleviated liver fibrosis, as evi-
denced by hepatic tissue H&E staining, decreased Sirius Red and
a-SMA staining in murine liver tissues (Fig. 7B–D), and decreased
gene expression of the profibrogenic markers Acta2, Col1a1, and
Timp1 (Fig. 7E). These findings show that the pharmacological
inhibition of XBP1 attenuates liver fibrosis in mice. In summary,
we found that macrophage STING signalling could be activated
by cytosolic leakage of mtDNA from macrophages. Xbp1 deple-
tion decreased the cGAS/STING/NLRP3 activation by restoring
BNIP3-mediated mitophagy in macrophages (Fig. 7F).

XBP1 modulates macrophage STING signalling activation in patients
with liver fibrosis
To test the clinical relevance of macrophagic STING/NLRP3 acti-
vation in liver fibrosis, we first compared the expression of STING
and NLRP3 in human liver tissue with and without liver fibrosis.
Increased STING and NLRP3 activation were observed, as indi-
cated by the increased levels of protein and STING and NLRP3
mRNA (Fig. 8A–C). Additionally, there was increased co-staining
of CD68 with STING/NLRP3 in human fibrotic liver tissue (Fig. 8D
and E). Positive correlations between XBP1 and STING expression,
XBP1 and NLRP3 expression, and STING and NLRP3 expression
were observed in fibrotic liver tissue (Fig. 8F–H).

Subsequently, to determine the clinical significance of XBP1
signalling in regulating macrophagic STING/NLRP3 activation,
peripheral blood mononuclear cells (PBMCs) were isolated from
in treated LX-2 cells. The expression levels of ACTA2 (G), COL1A1 (H), and TIMP1 (
group. (J) The protein levels of a-SMA, collagen I, and TIMP1 in treated LX-2 ce
Statistical significance was assessed by ANOVA. *p <0.05. Acta2/a-SMA, actin, alp
conditional media; Col1a1, collagen, type I, alpha 1; DMXAA, 5,6-dimethylxanth
nucleotide-binding oligomerization domain, leucine-rich repeat and pyrin dom
growth factor beta 1; Timp1, tissue inhibitor of matrix metalloproteinase 1; XBP
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12 patients undergoing partial hepatectomy for liver fibrosis and
normal controls. Liver fibrosis increased the monocyte propor-
tion and enhanced XBP1/STING expression in CD11b+ PBMCs
(Fig. 8I and J, and Fig. S7E). These findings indicated that
macrophagic XBP1/STING/NLRP3 signalling contributed to the
pathogenesis of human hepatic fibrosis.
Discussion
XBP1 modulates the macrophage proinflammatory response, but
its function in macrophage STING activation and liver fibrosis is
unknown. Although most studies have analysed the critical role
of mtDNA release from other parenchymal cells in activating
macrophage STING signalling, little is known about whether
endogenous macrophagic mtDNA can activate the STING sig-
nalling pathway. Herein, we demonstrated that oxidative stress
during liver fibrosis induced mitochondrial injury in macro-
phages, which facilitated macrophage self-mtDNA cytosolic
leakage and cGAS/STING signalling activation. XBP1-mediated
mitophagy suppression was identified as a key modulator of
self-mtDNA leakage and subsequent cGAS/STING activation in
macrophages. Thus, our findings established that XBP1 controls
macrophage STING activation by regulating self-mtDNA cytosolic
leakage in liver fibrosis.

STING activation in macrophages has been shown to
contribute to liver fibrosis. Macrophages from patients with non-
alcoholic fatty liver disease (NAFLD) showed increased STING
expression.3 In the diet-induced NASH model, mice with myeloid
STING knockout developed less severe hepatic steatosis,
inflammation, and fibrosis than control mice.3 Similarly, hepatic
cGAS/STING activation was upregulated in the CCl4-induced liver
fibrosis model,23 whereas STING or Irf3 deficiency prevented
liver inflammation and fibrosis.24

Accumulating evidence suggests that NLRP3 inflammasome
activation is an important driver of various acute and chronic
liver diseases. NLRP3 inflammasome blockade reduces liver
inflammation and fibrosis in mice with experimental NASH.16

NLRP3 inflammasome particles derived from hepatocyte pyrop-
tosis can be engulfed by HSCs to further promote liver fibrosis.15

Cytosolic DNA not only activates the cGAS-STING axis, but also
directly triggers NLRP3 inflammasome activation.25,26 Further-
more, NLRP3 activation by STING signalling has been identified.
Cytosolic DNA recognition by the cGAS-STING axis induces a cell
death program by initiating potassium efflux upstream of
NLRP3.18 We have previously reported that STING-dependent
NLRP3 activation contributed to exacerbated liver ischemia and
reperfusion injury in aged mice.17 We found attenuated inflam-
mation and liver fibrosis in both Tmem173-and Nlrp3-deficient
mice. In addition, NLRP3 activation was inhibited by STING
deficiency in macrophages, both in vivo and in vitro, indicating
the regulatory role of STING signalling in NLRP3 activation.

Exogenous mtDNA from other parenchymal cells can be
engulfed by macrophages and activate STING signalling via the
cGAS/cGAMP/STING pathway.20 Both in vivo and in vitro studies
I) in treated LX-2 cells were examined using quantitative real-time PCR; n = 3/
lls were examined using Western blot. The values are shown as mean ± SD.
ha 2, smooth muscle, aorta; BMDMs, bone marrow-derived macrophages; CM,
enone-4-acetic acid; HSC, hepatic stellate cell; LPS, lipopolysaccharide; NLRP3,
ain-containing 3; STING, stimulator of interferon genes; TGF-b1, transforming
1, X-box binding protein 1.
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showed that mtDNA from stressed hepatocytes could activate
macrophage STING signalling in NASH2 and liver ischemic
injury18 models. A recent study showed that tumour-derived
cGAMP, and not cytosolic DNA, is transferred to non-tumour
cells to activate STING signalling.27 In contrast, little is known
about the role of endogenous mtDNA from stressed macrophages
in the regulation of STING signalling. The observations of our
study were consistent with that of a recent study that LPS
significantly increased the level of mtDNA in macrophages.21

Furthermore, the cytoplasmic release of mtDNA could activate
the cGAS/STING pathway, leading to inflammation in amyo-
trophic lateral sclerosis.28 Thus, we analysed and showed that
macrophage self-mtDNA cytosolic leakage activated cGAS/STING
signalling in macrophages.

Mitophagy is an evolutionarily conserved cellular process that
eliminates dysfunctional or superfluous mitochondria, thus fine-
tuning mitochondrial numbers and preserving its homeostasis
under physiological and pathological conditions. Two major
mechanisms for mitophagy have been identified, involving
PINK1/Parkin and mitophagy receptor signalling pathways,
including BNIP3, NIX, and FUNDC1.22 Prkn- and Pink1-deficient
mice show a strong inflammatory phenotype following exhaus-
tive exercise with accumulated mtDNA mutations, and this effect
is rescued by STING inhibition.29 Parkin/PINK1 mutations impair
mitophagy and subsequent mtDNA release, which contributes to
the pathogenesis of Parkin/PINK1-linked Parkinson’s disease.30

Failure to clear impaired mitophagy-induced cytosolic mtDNA
by deletion of the autophagy-related gene Irgm1 results in
STING-dependent type I interferon activation.31 BNIP3L/NIX- and
FUNDC1-mediated mitophagy is required for mitochondrial
network remodelling during cardiac progenitor cell differentia-
tion and their abrogation during differentiation leads to sus-
tained mitochondrial fission, doughnut-shaped impaired
mitochondrial formation, and accumulation of mtDNA in cells.32

Therefore, specific interventions that target mitophagy to pre-
serve and restore mitochondrial function have emerged as
promising therapeutic strategies to prevent and treat inflam-
matory diseases.33 Our study found that XBP1 activation signif-
icantly suppressed BNIP3-mediated mitophagy and exacerbated
liver fibrosis.

The XBP1 signalling effect on ER stress macrophage activation
regulation has been reported recently.34 TLR4/2-activated XBP1
is required for optimal, sustained production of proinflammatory
cytokines in macrophages, and Xbp1 deficiency results in a
highly increased bacterial burden in mice.35 Xbp1 knockdown
reduces the macrophagic LPS-induced inflammatory response in
human cystic fibrosis.36 In sterile liver inflammatory injury, XBP1
is critical in mediating macrophage NLRP3 activation.9 ROS-
JHEP Reports 2022
dependent XBP1 activation in macrophages contributes to
NASH progression.37 However, the effect of XBP1 signalling on
macrophage STING regulation and its role in liver fibrosis remain
unclear. Most of the studies on STING and XBP1 have focused on
NASH models,3,38 and our current study demonstrated that the
XBP1/STING/NLRP3 axis affected fibrogenesis, independent of
steatosis. We found that XBP1 enhanced proinflammatory
macrophage activation in a STING-dependent manner, which
played an important role in promoting liver fibrosis.

Functional interplays between ER stress, mitophagy, and
ROS have been identified and studied.17 The generation of ROS
is a common feature of hepatic fibrogenesis, and is required for
the optimal activation of multiple immune cell types.39,40

Oxidative stress in HSCs increases the unfolded protein
response based on XBP1 splicing, which triggers autophagy.41

XBP1 regulates Parkinson’s disease pathophysiology by pro-
moting PINK1-dependent mitophagy activation.42 Furthermore,
ROS can induce mitophagy43 and be inhibited by mitophagy.
Mitophagy is required for the clearance of damaged mito-
chondria, reduction of ROS production, and inhibition of
inflammasome activation.44 Inhibiting mitophagy drives
macrophage activation in a mitochondrial ROS-dependent
manner.45,46 We analysed the crosstalk between XBP1,
mitophagy, and ROS and revealed that Xbp1 knockout reduced
ROS production by promoting BNIP3-mediated mitophagy
activation in macrophages.

Macrophages can regulate the development of liver fibrosis
depending on their heterogeneity.1 Resident activated Kupffer
cells initiate the inflammatory response to liver injury. They re-
cruit Ly6chi macrophages with proinflammatory and profibro-
genic properties, ultimately promoting hepatocyte death and
induce accumulation and survival of activated HSCs.47–49

Monocyte-derived macrophages mainly function to promote
inflammation and fibrosis. In a mouse model of CCl4-induced
fibrosis, the Ly6chiCD11b+F4/80+ inducible, nitric oxide synthase-
producing hepatic macrophage population was identified as the
main profibrogenic population.50 However, the precise role of
distinct types of liver macrophages in regulating liver fibrosis
remains to be studied in detail. Future studies of XBP1 and
mitophagy in different macrophage subpopulations is imperative
to explore the specific types of macrophages responsible for liver
fibrosis.

In conclusion, our findings demonstrated that XBP1 activated
macrophage STING signalling by promoting self-mtDNA cytosolic
leakage in liver fibrosis. These findings suggest that macrophage
self-mtDNA could serve as an intrinsic trigger for macrophage
cGAS/STING activation, which could be regulated by modulating
XBP1/mitophagy.
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