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Introduction
The biliary tree occupies a substantial space in the liver and has 
crucial functions such as the transport and maturation of bile (1). 
Cholangiopathies led to approximately 16% of liver transplanta-
tions in the USA between 1988 and 2014 (2) and include primary 
sclerosing cholangitis (PSC), primary biliary cholangitis (PBC), 
biliary atresia, cholangiocarcinoma, sclerosing cholangitis of 
critically ill patients (SC-CIPs), and coronavirus disease 2019 
(COVID-19) cholangiopathy (1, 3). Classical clinical presentations 
for these disorders include cholestasis and portal inflammation, 
fibrosis, as well as portal hypertension and disturbances of the 
liver microcirculation (4). Ductular reaction, which involves bili-
ary epithelial or liver progenitor cell proliferation as well as portal 
inflammation and portal fibrosis, is observed in numerous hepa-
topathies and is notably associated with a poor outcome in chronic 
liver diseases of various etiologies (5, 6). Although several studies 
reported a potent role for immune cells in promoting the ductu-
lar reaction (5, 7–9), the precise mechanisms underlying bile duct 
injury and regeneration have not been identified because of the 
lack of a specific biliary epithelial cell (BEC) injury model.

Several models have been used to study BEC injury, but they 
are associated with chronic injury and inflammation and are not 
specific for BEC injury (10). For example, multidrug resistance 
gene 2–deficient (Mdr2-deficient) mice spontaneously develop 
severe biliary fibrosis and have been extensively used to mimic 
PSC progression, but the chronicity of this model impedes the 
study of mechanisms that promote BEC repair (11). Extrahepatic 
bile duct obstruction has also been induced by injection of bili-
atresone (12). More recently, a novel model of sclerosing cholangi-
tis has been described, consisting of intrabiliary injection of BV6, 
an antagonist of the inhibitors of apoptosis (IAP), and leading to 
TRAIL toxicity and BEC damage (13). Using this model, Guicciardi 
et al. showed that BEC damage is followed by CCL2-dependent 
proinflammatory monocyte recruitment, which was prevented by 
genetic deletion of the Ccr2 gene or using the CCR2/CCR5 antag-
onist cenicriviroc (13). Impairment of CCL2-dependent monocyte 
recruitment reduced liver injury and fibrosis in the BV6 model, 
however, bile duct regeneration has not been characterized in this 
model. Moreover, it has been shown that conditional deletion of 
the murine double minute 2 (Mdm2) gene in bile ducts caused 
BEC senescence, a classic feature in PBC and PSC, and subse-
quently increased macrophage activation and fibrogenesis (14). 
These findings further argue in favor of a role for injured cholan-
giocytes to recruit immune and fibrogenic cells. Bile duct ligation 
(BDL) surgery is another model widely used to explore cholan-
giopathies. In this model, cholestasis is induced by ligation and 
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JCI132305DS1). Moreover, portal hypertension and liver ischemia 
are hallmarks of chronic liver diseases, cholestatic disorders, and 
arterial thrombosis leading to liver failure (4). Here, we show that 
acute BEC injury, per se, induced hypoxia-associated Hif1a and 
Angpt2 mRNA expression (Supplemental Figure 1B), decreased 
liver microcirculation, and increased portal vein pressure (Figure 
1E and Supplemental Figure 1C). Of note, we did not observe per-
sistent liver microcirculation impairment at later time points (data 
not shown), which is in line with Hif1a and Angpt2 mRNA expres-
sion and the rapid liver microcirculation recovery that occurred 
after acute BEC injury. Moreover, there was a potent and rapid 
elevation of the inflammation-related cytokines Il6, Tnfa, Il1b, and 
Ccl2, which peaked 3 hours after ILY injection, indicating an early 
and intense inflammatory response to acute BEC injury (Figure 
1F). All these parameters remained unchanged in control ihCD59 
mice injected with ILY (data not shown).

Acute BEC injury alone triggers bile duct repair, i.e., portal fibro-
genesis and BEC proliferation. In our model of BEC injury, we 
demonstrated that acute and targeted BEC injury is sufficient 
to induce portal fibrogenesis after 48 hours. This was notably 
shown by the increased Picrosirius red and α-smooth muscle actin 
(α-SMA) staining (Figure 2, A–C) and the increased expression of 
fibrogenesis-related genes (Figure 2D and Supplemental Figure 
2). Furthermore, we found that hepatic expression of liver regen-
eration–associated genes including Afp, Pkm2, Cd133, and Tweak 
(5) was upregulated 48 hours after BEC injury (Figure 2E). More-
over, we examined BEC proliferation by measuring BrdU incorpo-
ration into BECs. As illustrated in Figure 2, F and G, BrdU incorpo-
ration into pan-cytokeratin+ (panCK+) cells peaked 48 hours after 
ILY injection. BrdU incorporation into other cells, such as hepato-
cytes, was very rare (data not shown). To summarize these data, 
our model of acute BEC death displays the classical histopathol-
ogy observed in patients with cholangiopathies, including portal 
inflammation, fibrosis, and BEC proliferation, as well as cholesta-
sis and portal hypertension, and represents what we believe to be 
a good model to study the early signals that drive bile duct repair.

Microdissection and RNA-Seq identify integrin αvβ6 as one of the 
most upregulated genes in proliferating BECs after acute BEC injury, 
which is also observed in patients with cholangiopathies. To identify  
potential mechanisms implicated in bile duct repair after acute 
cholangiocyte damage, we performed next-generation sequencing 
and untargeted transcriptome RNA-Seq of purified regenerating 
BECs 48 hours after ILY-induced injury. We adapted an innovative 
staining protocol that allowed for next-generation sequencing of 
the purified BEC’s transcriptome captured by expression microdis-
section (xMD) (Figure 3A and Supplemental Figure 3). Although 
the differential gene expression and pathway enrichment analysis 
revealed significant differences and notably potent induction in 
organ regeneration and cell-cycle genes, we also observed a clear 
increase in the expression of extracellular matrix component and 
adhesion molecule genes (Figure 3, B and C, and Supplemental 
Table 2). The 5 genes that were most upregulated in proliferating 
BECs after acute injury included Mapk8ip2, Cdkn1a, Itgb6, Rgs4, 
and Ccl2 (Figure 3D and Table 1). Ccl2 upregulation, which is in 
line with data obtained using the BV6 model (13), could have con-
tributed to monocyte recruitment in our model. Cdkn1a, which 
encodes p21, inhibits cell proliferation and is implicated in cellular 

sectioning of the common bile duct. This procedure is associated 
with intense hepatocyte death and large necrotic areas in the liver, 
potent inflammation, and perilobular fibrosis (10, 11, 15). All these 
models suffer from the lack of specific BEC damage or lead to irre-
versible liver injury that may prevent or obscure BEC-specific tis-
sue responses during bile duct regeneration.

To better understand the consequences attributable to a sole 
BEC injury and to unravel the mechanisms underlying bile duct 
repair through BEC proliferation after acute injury, we developed 
a mouse model of inducible BEC death by overexpressing human 
CD59 (hCD59) on BECs (biliary-specific hCD59-transgenic mice, 
referred to hereafter as ihCD59BEC-TG mice). ihCD59BEC-TG mice 
were generated by breeding floxed hCD59-knockin mice (ihCD59) 
with Sox9CreERT+ mice that express Cre recombinase under the 
regulation of the Sox9 promoter following tamoxifen injection. 
Injection of these mice with intermedilysin (ILY), a pore-forming 
toxin that lyses hCD59-expressing cells exclusively by binding to 
hCD59 but not mouse CD59, resulted in the acute, selective death 
of BECs (16). ILY has a large pharmacological window with no 
known off-target effects. Thus, ihCD59BEC-TG mice represent an 
innovative, biliary cell–specific model for studying BEC injury and 
regeneration after specific cell–targeted acute death. Using this 
model, we demonstrate here that acute and targeted BEC death 
was sufficient to induce rapid monocyte recruitment, cholestasis, 
and liver blood microcirculation impairment. Additionally, bile 
acid accumulation in the portal area directly drove these recruited  
monocytes to a regenerative phenotype, enabling these cells to 
support BEC proliferation through integrin αvβ6.

Results
ihCD59BEC-TG mice: a model of rapid and specific BEC injury and of 
bile duct repair. In order to decipher the immunological mecha-
nisms implicated in bile duct injury and repair, and because most 
mouse liver injury models are associated with strong injury to 
both hepatocytes and BECs, we took advantage of our recently  
developed model of targeted acute BEC injury in ILY-treated, 
BEC-specific (ihCD59BEC-TG) mice (16) and characterized bile 
duct repair after acute injury. As illustrated by H&E staining in 
Figure 1A, ILY injection into ihCD59BEC-TG mice rapidly induced 
mononuclear cell accumulation in the portal areas. In addition, 
TUNEL staining revealed very localized and specific BEC dam-
age, as early as 3 hours after ILY injection. Neither necrotic areas 
nor TUNEL+ hepatocytes were observed in the parenchyma (Fig-
ure 1A), whereas alanine aminotransferase (ALT) and alkaline 
phosphatase (ALP) serum levels only showed a limited increase 
that was possibly attributable to a surrounding hepatocyte stress 
response (Figure 1B). Acute BEC death led to a potent elevation 
of the total bilirubin (TBIL) serum concentration, which peaked 
between 6 and 9 hours after ILY injection (Figure 1C). Interesting-
ly, TUNEL staining and TBIL returned to normal levels 24 hours 
after the initial injury, thus demonstrating that this procedure 
yields a model of acute intrahepatic BEC injury (Figures 1, A–C). 
Cholestasis was also evidenced by an increase in bile acid concen-
trations in liver homogenates (Figure 1C), and a dysregulation of 
bile acid metabolism–related gene (Fxr, Gpbar1, Cyp7a1, Cyp8b1) 
expression (Figure 1D and Supplemental Figure 1A; supplemental 
material available online with this article; https://doi.org/10.1172/
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Figure 1. ILY injection triggers a specific and rapid hCD59+ BEC injury leading to liver blood microcirculation impairment and inflammation in 
ihCD59BEC-TG mice. ihCD59 (control group) and ihCD59BEC-TG (injured) mice were injected intravenously with ILY (140 μg/kg). Mice were euthanized, and 
samples were collected at the indicated time points after injection. (A) H&E and TUNEL staining was performed. Black arrows indicate injured bile 
ducts. Scale bars: 50 μm. (B) ALT and ALP serum levels were measured (n = 3–4 per group). (C) TBIL serum levels and liver bile acid concentrations were 
measured (n = 3–6 per group). (D) Relative expression of cholestasis-associated genes from snap-frozen liver homogenates (statistical analyses are 
shown in Supplemental Figure 1A). (E) Liver blood microcirculation from circled areas labeled 1 and 2 and portal vein pressure were measured 6 hours 
after ILY injection (n = 7–14 per group). Scale bar: 5 mm. (F) Relative expression of inflammation-associated genes from liver homogenates (n = 3–7 per 
group). Data represent the mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.005, compared with control ihCD59 mice, by 1-way ANOVA (B, C, and F) 
and unpaired Student’s t test (E). ND, nondetectable.
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other integrins did not show a significant change at 48 hours (Fig-
ure 4C). Furthermore, immunohistochemical analyses revealed 
that ITGβ6 protein was strongly induced in ductular cells in patients 
with a variety of chronic liver diseases (Figure 4D and Supplemental 
Figure 4). Finally, we investigated whether macrophage and ductu-
lar cell accumulation, hallmarks of chronic liver disease, correlated 
with ITGβ6 expression in liver sections from patients with cholan-
giopathies (PBC and PSC). These studies revealed colocalization of 
macrophages and ITGβ6 staining in CK19+ cells in livers from these 
patients (Figure 4, D and E).

Integrin αvβ6 is critical for BEC proliferation in 2 mouse models 
of bile duct injury induced by ILY-targeted hCD59 or BDL. Because 
Itgb6 induction was so strong in our model of acute BEC inju-

senescence, a known phenomenon implicated in the pathogenesis 
of hepatobiliary diseases (17). The effects of Mapk8ip2 and Rgs4 on 
cell proliferation have not been reported. In contrast, Itgb6 encodes 
ITGβ6 protein, which has been suggested to be a prognostic marker  
in cholangiocarcinoma and to promote BEC and liver progenitor 
cell proliferation in cholestasis and liver regeneration models (8, 
18–21). Using quantitative reverse transcription PCR (qRT-PCR), 
we confirmed that mRNA expression of Itgb6 was highly elevated 
in liver homogenates of ILY-injured animals (Figure 4A). Further-
more, ITGβ6 immunostaining revealed very localized ITGβ6 pro-
tein expression in BECs 48 hours after ILY injection (Figure 4B). 
mRNA expression of the adhesion molecule fibronectin 1 (Fn1) (18), 
an ITGβ6 cognate binding partner, was also increased, whereas  

Figure 2. Acute BEC-specific injury 
alone triggers portal fibrogenesis 
and BEC proliferation. ihCD59 and 
ihCD59BEC-TG mice were injected  
intravenously with ILY and eutha-
nized at the indicated time points. 
Forty-eight hours after ILY injec-
tion, (A) Picrosirius red (scale bar: 
100 μm) and (B) α-SMA (red) stain-
ing was performed. White arrows 
in the left panel indicate bile ducts, 
white arrows in the right panel 
indicate bile ducts surrounded  
by α-SMA. Scale bar: 20 μm. (C) 
Picrosirius red– and α-SMA–stained 
areas were quantified (n = 4–15 per 
group). (D) Expression of fibrogen-
esis-related genes was assessed in 
liver homogenates at the indicated 
time points after ILY administra-
tion (n = 3–7 per group). Statistical 
analysis is shown in Supplemental 
Figure 2. (E) Hepatic expression 
of liver regeneration–associated 
genes was assessed by qRT-PCR 
(n = 3–7 per group). (F) Mice were 
injected with BrdU 2 hours prior to 
euthanization, and panCK (green) 
and BrdU (red) staining was per-
formed. White arrows indicate pro-
liferating BECs that incorporated 
BrdU. (G) BrdU+panCK+ cells were 
quantified (n = 9–18 per group). 
Scale bar: 20 μm. Data represent 
the mean ± SEM. *P < 0.05 and 
**P < 0.01, compared with control 
ihCD59 mice, by 1-way ANOVA (E 
and G) and an unpaired Student’s 
 t test (C).
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ry, we aimed to evaluate its functional role 
in BEC proliferation by deleting the Itgb6 
gene in ihCD59BEC-TG mice. Surprisingly, we 
failed to generate ihCD59BEC-TG Itgb6–KO 
mice (ihCD59BEC-TG Itgb6KO) for unknown rea-
sons, so, instead, we generated ihCD59LIV-TG 

Itgb6KO mice, in which ILY injection induced 
both BEC and hepatocyte death, as revealed 
by necrotic areas and mononuclear cell infil-
trates in the liver parenchyma (Supplemental 
Figure 5 and ref. 16). Despite a previous study 
describing the potential of ITGβ6 as a target 
to prevent chronic liver fibrosis (19), our data 
showed that α-SMA staining and fibrogenesis- 
related gene expression remained unchanged 
in ihCD59LIV-TG Itgb6KO mice compared with 
ihCD59LIV-TG mice (Figure 5, A and B). Simi-
larly, there was no influence of Itgb6 deficien-
cy on macrophage recruitment in the portal 
areas (Figure 5C). In contrast, BEC prolifera-
tion was markedly suppressed, as evidenced 
by a striking reduction of BrdU+panCK+ cells 
in ihCD59LIV-TG Itgb6KO mice compared with  
ihCD59LIV-TG mice (Figure 5D).

We further assessed the role of ITGβ6 in 
another well-established model of cholestat-
ic disorders by performing BDL in WT and  
Itgb6KO mice with multiplex fluorescence 
immunostaining. We observed no differences 
in tissue injury, monocyte recruitment, liver 
blood microcirculation and portal pressure, 
or early fibrosis (Figure 5E and Supplemental 
Figures 6 and 7). However, Itgb6 deficiency 
led to reduced BEC proliferation in the BDL 
model (Figure 5E and Supplemental Figure 7).

Myofibroblast activation is strongly asso-
ciated with bile duct repair and favors ITGβ6 
expression in BECs. The above data revealed 
that acute BEC injury leads to myofibroblast 
activation. Interestingly, we also observed 
colocalization of fibrogenic cells and macro-
phages in the liver upon BEC injury and pro-
liferation, as demonstrated by immunostain-
ing with desmin (hepatic stellate cell marker) 
and IBA1 (Figure 6A and Supplemental Figure 
8A). To further examine the colocalization of 
fibrogenic cells and macrophages, we crossed  
Coll1GFP mice, in which collagen-producing 
cells are labeled with GFP protein (17), with 
ihCD59BEC-TG mice to generate ihCD59BEC-TG 
Coll1GFP double-mutant mice. As illustrated in 
Figure 6, B and C, and Supplemental Figure 8, 
B and C, we observed colocalization of IBA1+ 
macrophages and collagen or α-SMA–express-
ing fibrogenic cells in our acute BEC injury 
model. Additionally, α-SMA+ and IBA1+ cell 
clusters were identified and quantified in sev-

Figure 3. xMD and RNA-Seq identify ITGβ6 as one of the most upregulated genes in BECs after 
acute, targeted BEC death. ihCD59 and ihCD59BEC-TG mice were injected intravenously with ILY. (A) 
Fresh-frozen liver tissue sections collected 48 hours after ILY injection were stained with a CK19 
antibody using an RNA-friendly staining protocol, followed by purification of CK19+ biliary cells by 
xMD and transcriptome RNA-Seq analysis (n = 2 in each group, as detailed in Supplemental Figure 
3). Representative CK19 immunostaining on frozen liver sections and leftover versus lifted-off 
samples are shown. Only purified BECs (lifted off) were used for RNA-Seq and analysis. Scale bar: 
100 μm. (B) GO term enrichment analysis of differentially expressed genes between the control 
and injured groups. GO terms comprising integrin αvβ6 (Itgb6) are shown with a red star. (C) Heat-
map of differentially expressed genes between the injured and control groups. (D) Volcano plot of 
expressed genes (RPKM ≥0.05). Differentially expressed genes (FDR ≤0.05) between the injured 
and control groups are shown in red.
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eral models of liver injury and in patients with various liver diseases  
(Figure 6D and Supplemental Figures 9 and 10), which suggests 
that these inflammatory and fibrogenic cell clusters were more 
prominent in models or diseases that specifically target BECs  
rather than hepatocytes.

To decipher the potential role of myofibroblasts in inducing 
BEC proliferation, we obtained collagen-producing myofibro-
blasts (MFBs) (CD45–GFP+ cells) from carbon tetrachloride–
injected (CCl4-injected) Coll1GFP mice and performed cell sorting 
(Supplemental Figure 11A). We then cocultured BECs with these 
primary MFBs for 24 hours and found that coculturing with MFBs 
did not affect BEC proliferation (Ki67 staining) but increased Itgb6 
expression in BECs (Figure 6, E–G). Intriguingly, 48 hours after 
injection of ILY into ihCD59BEC-TG Coll1GFP mice, we also found the 
presence of GFP+ (collagen+) cells expressing monocyte-derived 
macrophage (MoMF) markers such as CD45, CD11b, F4/80, and 
CCR2 (Supplemental Figure 11, B–D). This GFP+ (collagen+) mac-
rophage population needs to be further characterized.

Macrophage depletion abrogates bile duct repair and ITGβ6 
expression in BECs. Monocyte/macrophage recruitment is a direct 
consequence of tissue injury and is known to play crucial roles in 
cell debris clearance as well as in the initiation of tissue regener-
ation and fibrosis in a classical immune response (22). To explore 
the role of macrophages in BEC injury and bile duct repair, we 
injected ihCD59BEC-TG and control mice with clodronate-loaded 
liposomes to deplete monocytes and macrophages and evaluated 
the tissue response to acute BEC death. We studied the effects of 
macrophage depletion on BEC injury and repair 6 and 48 hours 
after ILY injection, as we identified these time points to be the 
peaks of bile duct injury and BEC proliferation, respectively. Mac-
rophage depletion was verified by the absence of F4/80 and IBA1 
staining and reduced mRNA expression of the inflammation- 
related genes Il6, Tnfa, and Il1b (Supplemental Figure 12). Mac-
rophage depletion did not influence liver or BEC injury, as 
shown by similar TUNEL staining in panCK+ BECs and simi-
lar ALT activity in the serum (Figure 7A and Supplemental Fig-
ure 13, A and B). However, and interestingly, serum TBIL levels 
were lowered after macrophage depletion, as was total bile acid 
accumulation in the liver of ihCD59BEC-TG mice (Figure 7B). Fur-
ther, macrophage depletion reversed the downregulation of Fxr, 

Cyp7a1, and Cyp8b1 and the upregulation of Gpbar1 (Figure 7C 
and Supplemental Figure 13C). These data indicate that macro-
phages did not participate in the initial injury caused by the ILY 
toxin, but on the other hand may have exacerbated cholestasis.  
Clodronate-mediated macrophage depletion led to significantly 
reduced Picrosirius red and α-SMA staining 48 hours after ILY 
injection (Figure 7D). Accordingly, fibrogenesis-related gene 
expression was dramatically reduced in the clodronate-treated 
mice (Figure 7E and Supplemental Figure 13D). Most import-
ant, our results revealed that macrophage depletion dramatically  
decreased proliferation of the remaining BECs in our specific 
BEC injury model (Figure 7F). As illustrated in Figure 7, G and H, 
clodronate-loaded liposome injection drastically reduced ITGβ6 
staining and mRNA expression. Interestingly, when macrophage 
depletion was performed 8 hours after injury, BEC proliferation 
and fibrogenesis were reduced to a similar extent at 48 hours, 
showing that the initial inflammation response was not solely 
responsible for inducing portal regeneration, but that the extended  
presence of macrophages was required for proper bile duct repair 
(Supplemental Figure 14). Altogether, these data revealed a role 
for macrophages in mediating ITGβ6 upregulation in BECs.

Circulating CCR2+ monocytes and not Kupffer cells are rapidly 
recruited around damaged bile ducts, promoting BEC proliferation 
and hepatic Itgb6 expression. Liver macrophages are composed of 
resident Kupffer cells and MoMFs (23). To further characterize the 
monocyte/macrophage population recruited around injured bile 
ducts, we performed immunostaining for CLEC4F, which is used 
to identify Kupffer cells, and IBA1, a pan-macrophage marker  
of both Kupffer cells and infiltrating monocytes/macrophages 
(24–28). Here, we showed that as early as 3 hours after acute  
injury, IBA1+CLEC4F– circulating monocytes were recruited 
around damaged bile ducts, whereas IBA1+CLEC4F+ Kupffer cells 
did not migrate toward the injured area (Figure 8A and Supple-
mental Figure 15). IBA1, panCK, and TUNEL costaining further 
showed that there was a significant increase in direct contact 
between monocytes and BECs following acute injury (Figure 8B 
and Supplemental Figure 16). Moreover, MoMF numbers were 
increased in the liver, as assessed by flow cytometry, whereas T 
cell and neutrophil numbers remained constant, and these cells 
did not accumulate in portal areas, demonstrating a potent role of 

Table 1. Top-five induced and repressed transcripts in microdissected BECs from the ihCD59BEC-TG mouse model, 48 hours after  
ILY injection

Name Identifier Fold change log fold change P value FDR P value
Induced Mapk8ip 2ENSMUSG00000022619 169.27 7.4 8.79 × 10–5 0.02

Cdkn1a ENSMUSG00000023067 77.89 6.28 1.12 × 10–4 0.03
Itgb6 ENSMUSG00000026971 51.49 5.69 1.09 × 10–6 7.71 × 10–4

Rgs4 ENSMUSG00000038530 48.64 5.6 1.43 × 10–5 5.82 × 10–3

Ccl2 ENSMUSG00000035385 41.89 5.39 4.91 × 10–5 0.02
Repressed Rgs16 ENSMUSG00000026475 –14.67 –3.87 5.59 × 10–10 1.36 × 10–6

Cpne1 ENSMUSG00000074643 –16.71 –4.06 3.59 × 10–6 1.83× 10–3

Pdgfrl ENSMUSG00000031595 –21.69 –4.44 2.93 × 10–8 4.94 × 10–5

Ugt1a10 ENSMUSG00000090165 –41.1 –5.36 2.60 × 10–4 0.05
Cyp3a41a ENSMUSG00000075551 –82.55 –6.37 6.38 × 10–6 2.84 × 10–3
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Figure 4. Increased ITGβ6 levels correlate with the ductular reaction in the ILY-ihCD59BEC-TG model and in human chronic liver diseases. (A–C) ihCD59 
and ihCD59BEC-TG mice were injected intravenously with ILY. (A) qRT-PCR analysis of relative expression of the Itgb6 gene in liver homogenates (n = 3–7 per 
group). (B) ITGβ6 immunostaining of BECs from ILY-treated ihCD59BEC-TG mice. Scale bar: 12.5 μm. (C) qRT-PCR analysis of relative gene expression of Fn1, 
Itgb1, Itgb5, and Itgb8 in liver homogenates (n = 3–7 per group). Data represent the mean ± SEM. *P < 0.05 compared with control ihCD59 mice, by 1-way 
ANOVA. (D) Representative immunostaining images from 17 livers of patients with cholangiopathies (PBC and PSC), showing a correlation between CK19, 
IBA1, and ITGβ6 staining. Scale bars: 50 μm. (E)ITGβ6 and IBA1 staining was quantified, and a correlation was established using Pearson’s r.
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monocytic cells in the early immune 
response (Supplemental Figures 
17 and 18). These recruited cells 
accumulating around injured bile 
ducts also expressed the CX3CR1 
and CCR2 chemokine receptors, 
as demonstrated in ihCD59BEC-TG 

Cx3cr1GFP and ihCD59BEC-TG Ccr2RFP 
reporter mice, respectively (Figure 
8, C and D), and were F4/80lo (data 
not shown), further arguing for 
monocyte recruitment rather than 
Kupffer cell migration.

We also noticed that CX3CR1GFP+  
and CCR2RFP+ cells were still present 
around regenerating bile ducts 48 
hours after ILY injection (Supple-
mental Figure 19). To elucidate the 
function of these monocytic cells, 
we first performed qRT-PCR analy-
ses of primary MoMFs isolated from 
ihCD59BEC-TG mice 48 hours after ILY 
injection and found that, compared 
with macrophages isolated from 
control livers, the activated MoMFs 
had a proregenerative phenotype, as 
characterized by increased expres-
sion of the Tweak gene, a known 
mitogen for BECs (29), and a ten-

Figure 5. ITGβ6 deficiency impairs 
BEC proliferation but not early portal 
fibrosis or inflammation in 2 models of 
bile duct injury. (A–D) ihCD59LIV-TG and 
ihCD59LIV-TG Itgb6KO mice were injected 
intravenously with ILY, and samples 
were collected at the indicated time 
points after ILY injection. (A) IBA1 
(red) and α-SMA (green) staining and 
quantitation were performed (n = 3–4 
per group). (B) Liver mRNA expression of 
fibrogenesis-related genes was assessed 
by qRT-PCR (n = 4 per group). (C) panCK 
(green) and IBA1 (red) staining was per-
formed, and cell clusters were quantified 
(n = 3–4 per group). (D) panCK (green) 
and BrdU (red) staining and quantitation 
were performed (n = 3–4 per group). 
White arrows indicate BrdU+ BECs. (E) 
WT and Itgb6KO mice were euthanized 
3 days after BDL. Immunostaining 
was performed on FFPE liver sections 
(single-channel images are shown in 
Supplemental Figure 7), and then mono-
cyte-derived IBA1+CLEC4F– macrophages 
and proliferating BrdU+panCK+ BECs 
were quantified (n = 8 per group). Data 
represent the mean ± SEM. *P < 0.05 
and **P < 0.01, by unpaired Student’s t 
test (A, C, and E) and 1-way ANOVA (B 
and D). Scale bars: 50 μm.
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Moreover, fibrogenesis-related gene expression was reduced in  
ihCD59BEC-TG Ccr2KO mice (Figure 8G and Supplemental Figure 
21B). Strikingly and as shown in Figure 8, H–J, ihCD59BEC-TG Ccr2KO 
mice displayed reduced BEC proliferation and reduced hepatic 
Itgb6 expression 48 hours after ILY injection. However, we observed 
no difference in BEC proliferation between ihCD59BEC-TG and  
ihCD59BEC-TG Cx3cr1KO mice (data not shown).

In response to bile acids, infiltrating CCR2+ macrophages pro-
mote BEC proliferation via the upregulation of ITGβ6 expression. 
Our data showed that CCR2+ monocytes played an important 
role in promoting BEC proliferation in vivo and that macrophage 
depletion abrogated BEC ITGβ6 expression in response to acute 

dency toward increased expression of Tgfb1, a potent profibro-
genic cytokine (Figure 8E and Supplemental Figure 20). Interest-
ingly, those macrophages also overexpressed G protein-coupled 
bile acid receptor 1 (Gpbar1), showing an increased sensitivity to 
bile acid–mediated signals (Figure 8E and Supplemental Figure 
20). We next aimed to better elucidate the role of MoMFs in bile 
duct repair after targeted and acute BEC damage. We performed 
an additional deletion of the Cx3cr1 or Ccr2 gene in ihCD59BEC-TG 
mice by generating ihCD59BEC-TG Cx3cr1KO or ihCD59BEC-TG Ccr2KO 
double-mutant mice. Interestingly, the Ccr2-deficient mice had 
reduced Picrosirius red staining and a tendency toward reduced 
α-SMA staining (Figure 8F and Supplemental Figure 21A). 

Figure 6. Myofibroblast activation is closely related to macrophage accumulation and BEC proliferation and increases Itgb6 expression after acute BEC 
injury. (A) ihCD59 and ihCD59BEC-TG mice were injected with ILY, and desmin (green) and IBA1 (red) staining was performed on liver sections. White arrows 
show close localization of IBA1+ and desmin+ cells. Scale bar: 50 μm. BD, bile duct. (B) ihCD59Coll1GFP and ihCD59BEC-TG Coll1GFP mice were injected with ILY, 
and GFP (green) and IBA1 (red) staining was performed. White arrows indicate stained cell clusters. Scale bar: 50 μm. (C) α-SMA (red) and IBA1 (green) or 
collagen GFP (brown) immunostaining on serial liver sections. Arrows indicate cell clusters. Scale bars: 50 μm. (D) α-SMA and IBA1 staining was performed, 
and stained cell clusters were quantitated in the indicated models of liver injury or in liver sections from patients with chronic liver disease (n = 3–10 per 
group). ILY-treated ihCD59Hep-TG and ILY-treated ihCD59BEC-TG mice represent hepatocyte and BEC injury models, respectively. Data represent the mean ± SEM. 
AH, alcoholic hepatitis; HCV/HCC, HCV infection and hepatocellular carcinoma; HAT, hepatic artery thrombosis. (E) Collagen I–producing (GFP+) CD45– MFBs 
were sorted from CCl4-injected Coll1GFP mouse livers, placed in Transwells, and cocultured with SV40-transformed murine BECs. Ki67 staining was performed 
in BECs after 24 hours (representative images are shown). Scale bar: 40 μm. (F) Ki67 staining was quantified (n = 4–8 per group). (G) Itgb6 mRNA expression 
analysis was performed on BECs cultured with primary myofibroblasts (n = 4–8 per group). Data represent the mean ± SEM. *P < 0.05 and ***P < 0.005, by 
unpaired Student’s t test (F and G) and 1-way ANOVA (D).
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Discussion
In the current study, we demonstrated that the ILY/ihCD59BEC-TG 
BEC-specific death-inducing method (16) represents a model of 
acute BEC injury, followed by bile duct repair. Unlike chronic injury  
models, this method allowed us to characterize 2 stages of tissue 
response to specific and targeted acute bile duct injury, consisting 
of (a) an injury response stage including BEC death, liver microcir-
culation impairment, and monocyte recruitment and (b) a regen-
erative stage in which the remaining BECs proliferate concurrently 
with portal fibrogenesis. This BEC proliferation in the regenerative 
stage is dependent on the recruitment of circulating MoMFs and a 
potent elevation in ITGβ6 expression. In addition, we demonstrat-
ed that bile acids play a role in promoting macrophage polarization 
toward a regenerative phenotype and in inducing cholangiocyte 
ITGβ6 expression. We have integrated all of these findings into a 
model representing how acute BEC injury triggers the early tissue 
response that induces BEC proliferation via the interaction of bile 
acids, macrophages, and ITGβ6 (Figure 9G).

Upon chronic or severe injury, liver progenitor cells or acti-
vated cholangiocytes proliferate and accumulate in the liver. This 
phenomenon, known as the ductular reaction, coincides with 
intense and localized inflammation and fibrogenesis as part of 
the tissue response to chronic or severe injury, in an attempt to 
repair or regenerate the bile ducts and liver architecture. Repair 
mechanism dysregulation and exacerbation may lead to chronic 
inflammation, fibrosis, and cirrhosis and may ultimately serve 
as a soil for liver cancer and organ failure. Although the ductular 
reaction is widespread in virtually any chronic liver disease, and 
BECs represent a crucial cell type implicated in liver function and 
architecture, there is a paucity of data on their regeneration and 
interaction with other cell populations in liver disease, given the 
lack of targeted BEC injury models.

Acute BEC injury rapidly leads to recruitment of monocytes to 
the injured area, which interact with myofibroblasts. Inflammatory  
monocytes are among the first responders after injury, clear-
ing pathogens and cell debris and initiating tissue regeneration. 
A recent study reported that macrophages play a crucial role in 
inducing the ductular reaction, portal area fibrosis, and mono-
cyte-driven inflammation in a chronic (Mdr2–/– mice) mouse model 
of sclerosing cholangitis (13). An interesting finding in the current 
study was that monocytes were rapidly recruited in response to 
sudden BEC death, as early as 3 hours after injury, and this recruit-
ment may have been induced by a number of factors, including the 
release of damage-associated molecular patterns (DAMPs) and/
or the production of chemokines (e.g., CCL2) by surrounding cells 
including BECs and Kupffer cells (32). Indeed, as shown in the cur-
rent study, Ccl2, which encodes the key CCL2 chemokine, was 1 
of the top 5 genes that were most strongly upregulated in regen-
erating BECs. Notably, we observed that recruited monocytes 
expressed CCR2 (the CCL2 receptor) and the chemokine receptor 
CX3CR1. However, an additional deletion of either Ccr2 or Cx3cr1 
did not dramatically affect monocyte recruitment in ILY-treated 
ihCD59BEC-TG mice (data not shown), suggesting that monocyte 
recruitment after acute BEC injury may be dependent on addi-
tional factors. Another possibility that we have not excluded  
is that because of the redundancy of both receptors, deletion of 1 
of them was insufficient to affect monocyte recruitment. Despite 

BEC injury. To understand the mechanisms involved and whether  
macrophages directly stimulate BEC proliferation, we isolated 
primary CCR2+ MoMFs from ILY-treated ihCD59BEC-TG mouse 
livers and cocultured them with BECs, followed by the measure-
ment of BEC proliferation. The data in Figure 9, A and B, revealed 
that coculturing with CCR2+ MoMFs markedly enhanced BEC 
proliferation, as demonstrated by increased Ki67 staining, and 
thus showed that CCR2+ macrophages from bile duct–injured liv-
ers can directly stimulate BEC proliferation. One of the charac-
teristics of bile duct injury is cholestasis, defined as the accumu-
lation of bile acids in the liver due to impaired bile export, which 
was also demonstrated in our model (shown in Figure 1C). Nota-
bly, bile acids have been shown to direct macrophages toward a 
proregenerative phenotype by targeting the farnesoid X receptor 
(FXR) and the G protein–coupled bile acid receptor 1 (GPBAR1, 
also known as TGR5) (30, 31). Thus, we asked whether macro-
phages respond to bile acids to favor increased expression of 
Itgb6 in BECs. To answer this question, we treated murine bone 
marrow monocytes with taurolithocholic acid (TLCA), a potent 
GPBAR1 agonist. The conditioned culture medium of these 
cells was then transferred to BEC cultures, followed by evalu-
ation of BEC Itgb6 expression and proliferation. As illustrated 
in Figure 9, C and D, and Supplemental Figure 22, TLCA alone 
increased Itgb6 expression but did not induce BEC prolifera-
tion, whereas conditioned media from TLCA-treated monocytes 
increased both BEC Itgb6 expression and proliferation. Simi-
larly, conditioned media from TLCA-treated RAW264.7 mac-
rophages increased BEC proliferation, as measured by an MTS 
absorbance assay (Figure 9E). Furthermore, incubation with an 
ITGβ6-blocking antibody prevented the induction of BEC pro-
liferation by conditioned media from TLCA-treated RAW264.7 
macrophages (Figure 9F). These data demonstrate that after 
bile acid stimulation, MoMFs promote BEC proliferation via the 
induction of ITGβ6 (Figure 9G).

Figure 7. Macrophage depletion reduces cholestasis, fibrogenesis, BEC 
proliferation and ITGβ6 expression after acute BEC injury. Macrophages 
were depleted in ihCD59BEC-TG mice by clodronate-loaded liposome injection 
(liposomes were injected as controls) 24 hours prior to ILY injection. (A) 
Six hours after ILY treatment, TUNEL and panCK staining was performed 
on paraffin-embedded liver sections, panCK+TUNEL+ cells were quantified 
(n = 3–4 in each group), and serum ALT activity was measured. Represen-
tative images are shown in Supplemental Figure 14B. (B) TBIL and total 
intrahepatic bile acid concentrations were assessed. (C) Hepatic bile acid 
metabolism–related gene expression was assessed by qRT-PCR 6 hours 
after ILY injection (n = 3–4 per group). Statistical analysis is shown in 
Supplemental Figure 14C. (D) Picrosirius red and α-SMA staining was per-
formed, and stained areas were quantified (n = 3–4 per group). Scale bars: 
50 μm. (E) Fibrogenesis-related gene expression was assessed by qRT-
PCR. Statistical analysis is shown in Supplemental Figure 14D. (F) panCK 
and BrdU immunostaining was performed and quantified in livers from 
clodronate-loaded liposome–injected ihCD59BEC-TG mice and in ihCD59BEC-TG 
Ccr2KO mice, 48 hours after ILY injection (n = 4 per group). White arrows 
indicate BrdU+ BECs. Scale bar: 30 μm. (G) Macrophages were depleted  
in hCD59BEC-TG mice by clodronate-loaded liposomes, followed by ILY 
injection. ITGβ6 immunostaining (brown) was then performed on mouse 
liver sections. Scale bar: 50 μm. (H) Liver Itgb6 mRNA expression from 
clodronate-injected hCD59BEC-TG mice (n = 4 in each group). Data represent 
the mean ± SEM. *P < 0.05, by unpaired Student’s t test.
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some cells may coexpress IBA1 and α-SMA or GFP (collagen I). 
Intriguingly, flow cytometric analyses revealed that numerous 
collagen-producing cells expressed macrophage markers such 
as CD45, CD11b, and F4/80 in ILY-treated ihCD59BEC-TG Coll1GFP 
double-mutant mice. Using the BDL model and Mdr2–/– mice, Kis-
seleva’s group implicated portal fibroblasts as well as circulating 
fibrocytes in the development of portal fibrosis (34, 35). Fibro-
cytes are defined as bone marrow–derived CD45+ circulating cells 
that can infiltrate tissues and produce collagen and have notably 
been observed in wound healing and fibrosis in multiple organs 
including the liver (34–36). The origin of fibrocytes is still subject 
to debate. Monocyte-derived, collagen-producing cells have been 
implicated in the wound-healing response or fibrosis in several 
organs, including skin, lung, kidney, and liver, and although their 
characterization varies among studies, they are commonly identi-
fied as CD45+CD11b+collagen I+ (37). In the liver, this phenotype 
may not only contribute to fibrogenesis but may also support BEC 
regeneration by providing mitogens and by participating in extra-
cellular matrix (ECM) deposition, a known requirement for chol-
angiocyte regeneration (12, 38–40). However, more studies are 
needed to confirm and characterize these potential monocyte-de-
rived, collagen-producing cells in our models.

Monocyte-derived CCR2+ macrophages enhance BEC repair 
through ITGβ6: a potential role of bile acid. In the current study, 
we demonstrated that macrophage depletion or Ccr2 deficiency 
reduced BEC proliferation in ihCD59BEC-TG mice, indicating that 
the recruited monocyte-derived CCR2+ macrophages promote bile 
duct repair. Macrophages are known partners of tissue regenera-
tion through their extensive production of mitogens. Indeed, our 
data showed that liver macrophages isolated at the peak of BEC 
proliferation overexpressed Tweak, a known mitogen for BECs and 
liver progenitor cells (29, 41, 42). Although fibrogenesis may lead 
to fibrosis, it provides crucial signals for bile ducts to regenerate 
and should thus be regarded as a part of normal bile duct regen-
eration, if it does not become excessive. This could partly explain 
why our data indicated that macrophage depletion, which reduced 
both inflammation and fibrogenesis, also impaired BEC prolifer-
ation, although the initial cell injury was identical. Furthermore, 
using the approach of RNA-friendly xMD, we were able to perform 
next-generation transcriptome sequencing specifically on regen-
erating BECs and identified 5 genes, namely Mapk8ip2, Cdkn1a, 
Itgb6, Rgs4, and Ccl2, that were most upregulated in proliferating 
BECs after acute injury. Given the small proportion of BECs in the 
liver, these important gene expression changes would not have 
been detectable using whole-tissue transcriptomics. Among these, 
ITGβ6 has been implicated in promoting BEC- and liver progeni-
tor–mediated liver regeneration (8, 18, 19, 21). Furthermore, it 
was previously proposed in a chronic mouse model of congenital 
hepatic fibrosis that macrophages are implicated in ITGβ6 induc-
tion in chronically injured BECs (43). For these reasons, we fur-
ther focused on the role of ITGβ6 in BEC proliferation in our ILY/ 
ihCD59BEC-TG acute BEC-specific death model. Immunohisto-
chemical analyses confirmed a robust upregulation of ITGβ6 
expression in this BEC injury model as well as in patients with 
chronic cholangiopathies, correlating with intense monocyte- 
derived macrophage recruitment in the portal area. Deletion 
of the Itgb6 gene attenuated BEC regeneration after acute BEC  

this, Ccr2-deficient mice displayed reduced BEC proliferation, 
suggesting that CCL2 signaling polarized recruited monocytes 
toward a regenerative phenotype. As evidenced by our data, acute 
BEC injury did not lead to the accumulation of neutrophils around 
damaged bile ducts. This was quite different from chronic liver  
injury–induced classical wound responses that are associated with 
significant neutrophil infiltration (9). Indeed, it was proposed 
very recently that during alcoholic hepatitis, recruited neutrophils 
aggravate cholangiocyte injury through the binding of BEC inte-
grin β1 (ITGβ1) with neutrophil membrane proteins, leading to 
a loss of the type 3 inositol 1,4,5-trisphosphate receptor (ITPR3) 
and increased cholestasis (33). On the other hand, our data sug-
gest that the moderate and localized BEC injury in ILY-treated  
ihCD59BEC-TG mice preferably leads to a monocyte-driven 
response, highlighting the required and beneficial roles of mono-
cyte recruitment without the induction of potentially detrimental 
neutrophilic activation during bile duct repair.

Another important finding from the current study was that the 
recruited monocytes after BEC injury were intimately interacting 
with collagen-producing cells in ILY-treated ihCD59BEC-TG mice 
in vivo. First, liver macrophages isolated from ihCD59BEC-TG mice 
during BEC regeneration tended to have increased Tgfb1 gene 
expression. Second, by performing immunohistochemical analy-
ses in 2 strains of ihCD59BEC-TGCx3cr1GFP and ihCD59BEC-TGColl1GFP 
double-mutant mice, we demonstrated that IBA+ macrophages 
near damaged bile ducts were in close contact with α-SMA+ and 
collagen-expressing fibroblasts. Macrophages and fibrogenic cells 
were so intimately colocalized that confocal microscopy led to a 
partial staining overlap, raising doubts about the possibility that 

Figure 8. Monocyte-derived CCR2+ macrophages accumulate around 
injured bile ducts after acute BEC injury, promoting BEC prolifera-
tion and Itgb6 expression. (A and B) ihCD59 and ihCD59BEC-TG mice were 
injected intravenously with ILY for 3 hours. Liver tissues were collected 
for immunofluorescence staining with IBA1 (red) and CLEC4F (green) or 
with anti-panCK (green) and anti-IBA1 (red) antibodies. Double-stained 
IBA1+CLEC4F+ Kupffer cells appear in yellow, whereas IBA1+CLEC4F– MoMFs 
appear in red in the upper panel of A. Double staining of anti-panCK 
(green) and anti-IBA1 (red) antibodies on liver sections as shown in lower 
panel A. The white arrow indicates an IBA1+ monocyte in contact with a 
panCK+ BEC. Single-channel images are provided in Supplemental Figure 
15. Scale bars: 20 μm. panCK+ and IBA1+ cell clusters from A were counted 
(n = 4 per group) as shown in B. (C) CCR2+ and CX3CR1+ recruited mono-
cytes from ILY-treated ihCD59BEC-TG Ccr2RFP or ihCD59BEC-TG Cx3cr1GFP reporter 
mice were counted as indicated (n = 5–7 per group). (D) Representative 
images of RFP and GFP staining in liver tissues from ihCD59BEC-TG Ccr2RFP 
and ihCD59BEC-TG Cx3cr1GFP reporter mice, respectively. Scale bars: 30 μm. (E) 
Liver MoMFs (CD45+CD11b+CCR2hiGR-1int) were isolated from ihCD59 and 
ihCD59BEC-TG mice 48 hours after ILY injection, and gene expression was 
analyzed by qRT-PCR. Statistical analysis is shown in Supplemental Figure 
20. (F) Picrosirius red and α-SMA staining was performed on liver tissues 
from ILY-treated ihCD59BEC-TG and ihCD59BEC-TG Ccr2KO mice, and stained areas 
were quantified (n = 4–7 per group). Representative images are shown in 
Supplemental Figure 21A. (G) Fibrogenesis-related gene expression was 
examined by qRT-PCR. Statistical analysis is shown in Supplemental Fig-
ure 21B. (H) panCK and BrdU immunostaining was performed on  
ihCD59BEC-TG and ihCD59BEC-TG Ccr2KO mouse livers 48 hours after ILY injection 
(n = 4–6 per group). Scale bar: 30 μm. (I) panCK+BrdU+ BECs were counted. 
(J) Itgb6 mRNA expression in livers from ILY-treated ihCD59BEC-TG and  
ihCD59BEC-TG Ccr2KO mice (n = 6–9 in each group). Data represent the mean ± 
SEM. *P < 0.05, **P < 0.01, and ***P < 0.005, by unpaired Student’s t test.
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Figure 9. Monocyte-derived CCR2+ macrophages promote BEC proliferation through ITGβ6 in vitro. (A) Sorted primary MoMFs (CD45+CD11b+CCR2hiGR-1int) 
isolated from 48-hour ILY-treated ihCD59BEC-TG mouse livers were cocultured with BECs for 24 hours. BECs were then fixed in 4% paraformaldehyde, and 
Ki67 staining was performed (representative images are shown). Scale bar: 40 µm. (B) Ki67+ BECs cultured with primary MoMFs were counted (n = 4–8 
per group). (C and D) Bone marrow–derived macrophages (BM-MFs) were isolated and stimulated with TLCA (20 μM). Conditioned media (CM) were then 
transferred to BECs. BECs were also directly treated with TLCA (20 μM). Itgb6 mRNA expression in BECs was assessed in C; Ki67 staining of BECs was 
analyzed in D. (E) RAW264.7 murine macrophages (RAW) were similarly treated with TLCA, and conditioned media were transferred to BECs, or BECs were 
directly treated (Direct trt) with TLCA (20 μM). BEC numbers were assessed by an MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-
fophenyl)-2H-tetrazolium)] absorbance assay (n = 5 per group). (F) RAW264.7 conditioned media were added to BEC culture with or without an 
ITGβ6-blocking antibody, followed by measurement of BEC proliferation (n = 10 per group). Data represent the mean ± SEM. *P < 0.05 and **P < 0.01, by 
unpaired Student’s t test for B–E, compared with the TLCA vehicle condition, and for F, compared with the ITGβ6-blocking antibody control condition. (G) 
Proposed mechanisms by which BEC injury alone triggers the early signals that induce BEC proliferation via the interaction of bile acids, macrophages, and 
ITGβ6. BEC injury leads to the release of chemoattractants (e.g., CCL2) and DAMPs, which rapidly recruit and activate circulating CCR2+ monocytes to the 
injured area. Macrophages induce portal fibrogenesis and further increase bile acid release. Macrophages, myofibroblasts, and bile acids upregulate ITGβ6 
expression in BECs, which contributes to BEC proliferation. The illustration in G was created using Servier Medical Art templates, which are licensed under 
a Creative Commons Attribution 3.0 Unported License; https://smart.servier.com.
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injury, per se, can lead to liver microcirculation dysregulation and 
increased portal vein pressure. We observed the impairment of  
liver microcirculation at early time points but not in the later 
reparative phase, suggesting that the proinflammatory immune 
reaction without fibrosis may be sufficient for portal hyperten-
sion. Additional studies will be required to unravel potential new 
therapeutic targets to modulate the immune response, poten-
tially ameliorating cholestatic liver damage and enhancing graft  
survival. Finally, bile duct damage may accompany virtually any 
liver injury. As shown by our data, further attention should be 
drawn to bile duct–related injury and repair mechanisms not only 
in cholestatic disorders, but also in other liver diseases.

Methods
Mice. Two- to 4-month-old male and female mice were used 
in this study. We generated BEC-specific hCD59-transgenic  
(ihCD59BEC-TG) mice as previously described (16). Tamoxifen was 
prepared in corn oil and injected intraperitoneally (50 mg/kg) into 
ihCD59BEC-TG mice every 2 days for a total of 3 injections to induce 
BEC hCD59 expression. ILY was administered once by tail vein 
injection (140 μg/kg) after a 1-week tamoxifen washout period.  
Liver-specific hCD59-transgenic (ihCD59LIV-TG) mice, in which 
hCD59 is expressed on both hepatocytes and BECs, were generated 
by crossing ihCD59 mice with albumin-Cre–transgenic mice (The 
Jackson Laboratory). ihCD59 mice were generated on a C57BL/6 
background, and littermate control mice were used for ihCD59BEC-TG 
and ihCD59LIV-TG mice. Integrin αvβ6–deficient (Itgb6KO) mice on a 
C57BL/6 background were provided by Dean Sheppard’s laborato-
ry (UCSF, San Francisco, California, USA) (50). ihCD59LIV-TG Itgb6KO 
double-mutant mice were generated via several steps of crossing of 
ihCD59LIV-TG mice with Itgb6KO mice. Itgb6KO (with Cre– ihCD59) lit-
termates were used as controls for the ihCD59LIV-TG Itgb6KO double- 
mutant mice. Hepatocyte-specific hCD59-transgenic (ihCD59HEP-TG) 
mice were generated by injecting 5 × 1010 genome copies per ihCD59 
mouse of AAV8-TBG-PI-Cre-rBG (Perelman School of Medicin at 
the University of Pennsylvania, Philadelphia, Pennsylvania, USA) 
(16). Hepatocyte injury in these mice was induced by 3 daily ILY 
tail vein injections (140 μg/kg). Mice were euthanized 48 hours 
after the last injection. The Sox9CreERT+, Cx3cr1GFP, Ccr2RFP mouse 
strains that express tamoxifen-inducible Cre, GFP, or RFP under 
the Sox9, Cx3cr1, or Ccr2 promoters, respectively, were purchased 
from The Jackson Laboratory. Homozygous Ccr2RFP mice were used 
as Ccr2-KO animals, and heterozygous Ccr2RFP mice were used as 
CCR2 reporter mice. Cx3cr1GFP and Ccr2RFP mice were on a C57BL/6J 
background as described on The Jackson Laboratory’s website.  
Coll1GFP mice expressing GFP under the Col1a1 promoter were 
described previously in the C3H/C57B1 strain (51). All mouse 
strains used in this study were backcrossed for at least 5 generations 
on a C57BL/6J background. Tamoxifen- and ILY-injected ihCD59 
littermates were used as negative controls.

Other mouse liver injury models included carbon tetrachloride 
(CCl4) injection and BDL. CCl4 was injected once (1 mL/kg, diluted 
10% v/v in corn oil), and samples were collected 72 hours later. BDL 
and sectioning was performed as previously described (52), and tis-
sues were collected 3 or 7 days after surgery.

Macrophage depletion was performed by intravenous injection 
of 70 mg/kg clodronate disodium–loaded liposomes (FormuMax). 

injury and BDL. Macrophage depletion or CCR2 deficiency 
impaired ITGβ6 expression and BEC regeneration. In addition, 
incubation with an ITGβ6-blocking antibody reduced the BEC 
proliferation in vitro that was induced by conditioned media from 
TLCA-treated macrophages. Together, these in vivo and in vitro 
findings highlight an important role of macrophages in promot-
ing BEC regeneration through ITGβ6. In addition, in our model,  
hepatic expression of fibronectin 1, a potent ITGβ6 agonist (18) 
that is mainly produced by hepatocytes and activated macro-
phages, was upregulated after acute BEC injury. Thus, it is likely  
that activated macrophages promote BEC regeneration by 
expressing fibronectin, which interacts with ITGβ6 on BECs.

A hallmark of bile duct injury is cholestasis, which leads to 
accumulation of bile acids. In the current study, we demonstrated  
that TLCA treatment directly upregulated ITGβ6 expression on 
BECs without affecting BEC proliferation, whereas conditioned 
media from TLCA-treated macrophages enhanced BEC prolif-
eration in an ITGβ6-dependent manner. These data suggest that 
bile acids can direct monocytes toward a regenerative pheno-
type, which stimulates BEC proliferation via ITGβ6. However, 
how bile acid–activated macrophages promote BEC prolifera-
tion via ITGβ6 remains unknown. It has been shown that acti-
vated macrophages produce fibronectin 1 (18), but we did not 
detect Fn1 upregulation in TLCA-treated macrophages (data not 
shown), although we observed Fn1 upregulation in the liver after 
acute BEC injury. Therefore, it is possible that other unknown 
ITGβ6 ligands are involved in BEC proliferation induced by 
TLCA-treated macrophages. Programmed death ligand 1  
(PD-L1) is a potential candidate, since it has been shown to 
promote bladder cancer cell proliferation through ITGβ6 (44). 
PD-L1 expression has been detected on macrophages (45). We 
observed the presence of PD-L1–expressing cells in both nor-
mal and regenerating conditions and demonstrated the pres-
ence of PD-L1+IBA1+ macrophages in close contact with BECs, 
48 hours after acute BEC injury and 3 days after BDL surgery 
(Supplemental Figure 23). The Hippo pathway, notably impli-
cating YAP and TAZ, and c-Met have been reported to be crit-
ical in controlling the ductular reaction (46–49). However, we 
did not observe a reduction in those 3 pathways in Itgb6KO mice 
compared with WT mice after acute BEC injury (Supplemental 
Figure 24). Collectively, but tentatively, our data suggest that 
PD-L1, but not YAP/TAZ or c-Met, may contribute to macro-
phage-mediated promotion of BEC proliferation through the 
upregulation of ITGβ6.

Conclusions and potential therapeutic implications. By taking 
advantage of a BEC-targeted and specific, acute injury model, 
we identified the early signals from recruited monocyte-derived 
CCR2+ macrophages to promote bile duct reparative processes  
through the induction of ITGβ6-mediated BEC proliferation. 
These findings complement previous studies demonstrating the 
relevance of ITGβ6 in chronic biliary injury models and highlight 
the role of ITGβ6 in early and acute bile duct injury. Our results 
underline the potent role of BEC injury in generating immune 
responses that dysregulate liver microcirculation. Portal hyper-
tension remains a challenging and major complication of liver 
cirrhosis and has been associated with potent bile duct injury, 
e.g., after liver transplantation (4). Our findings suggest that BEC 
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30 minutes for the secondary antibody. The capture was achieved by 
xMD, as previously described (54). Laser irradiation consisted of 5 dis-
charges at intensity level 5, against a white background with a SensEpil 
lamp (Home Skinovations).

BEC RNA purification, amplification, and next-generation sequenc-
ing. Total RNA was purified using a PicoPure RNA Isolation Kit (Ther-
mo Fisher Scientific), including DNase treatment. Preferential mRNA 
amplification was performed using the Ovation RNA-seq System 
V2 (NuGEN). The amplified material was quantified and its quality 
assessed using Qubit (dsDNA HS Assay Kit, Thermo Fisher Scientif-
ic) and Bioanalyzer (High Sensitivity DNA Kit, Agilent Technologies), 
respectively. The amplified material was sheared to approximately 
150 bp fragments using Covaris microtubes and a sonicator (Cova-
ris S2). Sequencing libraries were made using the Ion Plus Fragment 
Library Kit and Ion Xpress Barcode Adapters (IonTorrent, Thermo 
Fisher Scientific). Quantification and quality were assessed as in the 
previous step, as well as with the Ion Library TaqMan Quantitation Kit 
(IonTorrent, Thermo Fisher Scientific). Sequencing was performed 
using Ion P1 Hi-Q kits and the Ion P1 Chip Kit, version 3 in an Ion Tor-
rent Proton sequencer.

RNA-Seq bioinformatics analysis. CLC Genomics Workbench (QIA-
GEN Bioinformatics, version 10) was used to map sequencing reads to 
the mouse reference genome (Mm10) and for subsequent analysis. All 
steps were run using default settings for RNA-Seq analysis. Only pro-
tein-coding genes (21,950 genes) with an expression value of reads per 
kilobase per million mapped reads (RPKM) of 0.5 or higher were con-
sidered for the analysis (8483 genes). Filtering on a FDR-corrected P 
value of 0.05 or lower and a fold change greater than 2 resulted in 135 
genes. Pathway and Gene Ontology (GO) term enrichment analysis was 
performed using DAVID (55). RNA-Seq data are available in the NCBI’s 
GenBank via BioProject (accession number PRJNA510784).

Liver microcirculation and portal vein pressure. Hepatic microcircu-
lation was assessed by the laser speckle contrast approach as described 
previously (52). To measure mean portal pressure, a polyethylene can-
nula (PE-8) connected to a fluid-filled pressure catheter (ADInstru-
ments) was introduced into the portal vein. After stabilization, pres-
sure signal was recorded using the PowerLab data acquisition system 
and analyzed by LabChart 7 Software (ADInstruments).

Statistics. Results are expressed as the mean ± SEM (n = 3–10 per 
group as indicated), and statistical significance was determined by 
a 2-tailed, unpaired Student’s t test or 1-way ANOVA as appropriate 
(GraphPad Prism, GraphPad Software). Results were considered sig-
nificantly different for P values of less than 0.05. For RNA-Seq data 
analysis, a FDR-corrected P value was used. Correlations were calcu-
lated using Pearson’s r.

Study approval. Mice were cared for in accordance with NIH 
guidelines. The study was approved by the IACUC of the NIAAA. 
Normal human liver samples and chronic liver disease tissues were 
obtained from donor livers or recipient livers during liver transplan-
tation from the Liver Tissue Procurement and Distribution System at 
the University of Minnesota (Minneapolis, Minnesota, USA), with the 
patients’ written informed consent (supported by the NIH contract 
HHSN276201200017C).

Author contributions
AG, LG, DF, SJK, YH, YAA, JP, and KS were involved in the acqui-
sition, analysis, statistical analysis, and interpretation of the data. 

Mice were injected with 30 μg/g BrdU (MilliporeSigma) 2 hours before 
euthanasia to assess cell proliferation.

Monocyte cell culture. Primary monocytes were isolated from bone 
marrow as previously described, using the mouse Monocyte Isolation 
Kit (BM) (Miltenyi Biotec, Bergisch Gladbach). RAW264.7 murine 
macrophages were obtained from the American Type Culture Collec-
tion (ATCC). Cells were treated with TLCA at a final concentration of 
20 μM or with vehicle (0.5‰ dimethyl sulfoxide, MilliporeSigma).

Liver myofibroblast sorting. Coll1GFP mice were intraperitoneally 
injected with CCl4(1 injection of 0.5 mL/kg diluted 25% v/v in corn 
oil, every 3 days) to induce liver myofibroblast accumulation. Twenty- 
four hours after the last injection, livers were perfused with GBSS 
containing 0.5 g/L collagenase IV (Millipore Sigma), collected and 
minced with scissors, and further digested for 20 minutes at 37°C 
under agitation in GBSS containing 0.5 g/L collagenase IV and 0.5 g/L 
pronase (MilliporeSigma). Cells were then passed through a 70 μm cell 
strainer, and hepatocytes were removed after 3 consecutive low-speed 
centrifugations (60g for 5 minutes). Red blood cells were lysed using 
ACK Lysing Buffer (Thermo Fisher Scientific). CD45– (Coll1) GFP+ 
cells were sorted. The antibodies used for flow cytometry are listed 
in Supplemental Table 1. Myofibroblasts were then transferred onto 
Transwell plates and incubated with preattached BECs overnight.

MoMFs. Monocyte-derived CCR2+ macrophages (CD45+CD-
11b+CCR2hiGR-1int) were isolated from ihCD59BEC-TG mouse livers 48 
hours after ILY injection.

BEC culture and proliferation assay. SV40-transformed BECs were 
provided by Gianfranco Alpini’s group (Indiana University School of 
Medicine, Indianapolis, Indiana, USA) (53). Cell culture supernatant 
from activated monocytes or RAW264.7 cells were collected, centri-
fuged to remove potential cell debris, supplemented with 2% heat- 
inactivated FBS and blocking ITGβ6 antibody (Abcam) as indicated, 
and then added to the BEC culture. Following treatments, the cells 
were fixed in 4% paraformaldehyde for 15 minutes and then incubated 
with an anti-Ki67 antibody (Dako, Agilent Technologies) in 5% normal 
goat serum and 0.3% Triton X-100. Cell proliferation was assessed 
using a colorimetric MTS Assay Kit (Cell Proliferation, Abcam).

Immunohistochemical and multiplex immunofluorescence staining. 
Formalin-fixed, paraffin-embedded liver samples were sectioned and 
stained as described in the Supplemental Methods. For BDL samples, 
multiplex immunostaining was performed as previously described (27).

Staining and microdissection of BECs. BECs were stained for micro-
dissection using a modified immunohistochemistry protocol that pre-
serves RNA integrity for further next-generation sequencing. Brief-
ly, ihCD59BEC-TG and ihCD59 (control) mice were intravenously 
injected with ILY, and the liver was dissected 48 hours later, imme-
diately mounted with O.C.T. and frozen on dry ice and then stored 
at –80°C. Fresh-frozen liver sections (12 µm thick) were used, and a 
solution containing 1 mg/mL BSA and 0.1% Tween-20 was used for 
blocking and permeabilization. BECs were stained with the monoclo-
nal anti–cytokeratin-19 antibody (TROMA-III, Developmental Stud-
ies Hybridoma Bank) and revealed with an HRP-conjugated, anti-rat 
secondary antibody and DAB substrate (both from Vector Laborato-
ries). Every step was performed at 4°C, except for the DAB reaction 
and dehydration, which were performed at room temperature. Block-
ing and antibody mixes contained 0.5 U/L RNase Inhibitor (Applied 
Biosystems). Incubation durations were kept short: 30 minutes for 
blocking and permeabilization, 1 hour for the primary antibody, and 
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