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Diet-Induced Dysbiosis and Genetic
Background Synergize With Cystic
Fibrosis Transmembrane Conductance
Regulator Deficiency to Promote

Cholangiopathy in Mice

Dominique Debray,l’z* Haquima E1 Mourabit,* Fatiha Merabtene,! Loic Brot,> Damien Ulveling,4 Yves Chrétien,!

Dominique Rainteau,® Ivan Moszer,* Dominique Wendum,"’ Harry Sokol,>*** and Chantal Housset!"®**

The most typical expression of cystic fibrosis (CF)-related liver disease is a cholangiopathy that can progress to cir-

rhosis. We aimed to determine the potential impact of environmental and genetic factors on the development of

CF-related cholangiopathy in mice. Cystic fibrosis transmembrane conductance regulator (Cfér)”” mice and Cfir

+/+

littermates in a congenic C57BL/6J background were fed a high medium-chain triglyceride (MCT) diet. Liver histo-
pathology, fecal microbiota, intestinal inflammation and barrier function, bile acid homeostasis, and liver transcrip-

tome were analyzed in 3-month-old males. Subsequently, MCT diet was changed for chow with polyethylene glycol
(PEG) and the genetic background for a mixed C57BL/6J;129/0Ola background (resulting from three backcrosses), to
test their effect on phenotype. C57BL/6] Cftr’ mice on an MCT diet developed cholangiopathy features that were
associated with dysbiosis, primarily Escherichia coli enrichment, and low-grade intestinal inflammation. Compared

with Cftr*/+ littermates, they displayed increased intestinal permeability and a lack of secondary bile acids together

with a low expression of ileal bile acid transporters. Dietary-induced (chow with PEG) changes in gut microbiota

composition largely prevented the development of cholangiopathy in Cftr'/" mice. Regardless of Cftr status, mice in a
mixed C57BL/6J;129/0la background developed fatty liver under an MCT diet. The Cf#*’" mice in the mixed back-
ground showed no cholangiopathy, which was not explained by a difference in gut microbiota or intestinal permea-

bility, compared with congenic mice. Transcriptomic analysis of the liver revealed differential expression, notably of

immune-related genes, in mice of the congenic versus mixed background. In conclusion, our findings suggest that

CFTR deficiency causes abnormal intestinal permeability, which, combined with diet-induced dysbiosis and immune-
related genetic susceptibility, promotes CF-related cholangiopathy. (Hepatology Communications 2018;2:1533-1549).

ystic fibrosis (CF) is a disease caused by genetic
defects in cystic fibrosis transmembrane con-
ductance regulator (CFTR), a chloride chan-
nel driving ion and fluid secretion in various epithelia,
including the lungs, intestine, pancreas, and bile ducts.
Liver disease is increasingly frequent and severe in

patients with CF, which has been attributed, at least
partly, to an increase in median survival."? Yet, the
phenotypic expression and severity of CF liver disease
is extremely variable, ranging from simple steatosis to
cirrhosis.* A cholangiopathy in patients with CF,
referred to as focal biliary cirrhosis, has been described

Abbreviations: CF, cystic fibrosis; CFTR, cystic fibrosis transmembrane conductance regulator; CK19, cytokeratin 19; C. leptum, Clostridium
leptum; E. coli, Escherichia coli; ELISA, enzyme-linked immunosorbent assay; FC, fold change; FDR, false discovery rate; FITC, fluorescein
isothiocyanate; MCT; medium-chain triglyceride; NF-kB, nuclear factor kappa B; PCR, polymerase chain reaction; PEG, polyethylene glycol;

gPCR, quantitative polymerase chain reaction.

Received July 24, 2018; accepted September 19, 2018.

Additional Supporting Information may be found at onlinelibrary.wiley.com/doi/10.1002/hep4.1266/suppinfo.
Supported by the Cystic Fibrosis Patients Association Vaincre La Mucoviscidose, the Microbiome Foundation, and INSERM Contrat d’Interface

Hospitalier (to C.H.).
*These authors share first authorship.

1533


mailto:﻿
http://onlinelibrary.wiley.com/doi/10.1002/hep4.1266/suppinfo

DEBRAY, ELMOURABIT, ET AL.

as collagen deposition around irregular, proliferating
bile ducts.”) It is considered the most typical and rel-
evant hepatic lesion that, in some patients, progresses
to multilobular cirrhosis and/or portal hypertension.
Of unknown pathogenesis, CF-related cholangiopa-
thy has been classically attributed to defective chloride
secretion in bile duct epithelial cells (i.e., cholangio-
cytes), the only CFTR-expressing cell type in the
liver.”) It has been speculated that this would cause a
defect in fluid and bicarbonate secretion in bile ducts
and a change in the composition of bile which, con-
sequently, would become inspissated and cytotoxic
for cholangiocytes.”) However, defective chloride
secretion in cholangiocytes has been dismissed as the
only explanation, notably because these cells possess
alternative calcium-dependent chloride channels.®”)
The marked heterogeneity of CF liver disease has
suggested that additional mechanisms were involved.
Meconium ileus at birth has been identified as an
independent risk factor for liver disease in several
cohorts,>®? indicating a potential role of the gut—
liver axis. There is also evidence to indicate that the
clinical expression of CF-related liver disease is influ-
enced by the genetic background,"”) even though so
far, a strong association has been demonstrated only

**These authors share senior authorship.
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between the Z-allele of the 1-antiprotease (SerpinAl)
gene and severe CF liver disease. 1

A number of CF mouse models have been gener-
ated—in particular, knockout models—in which the
endogenous Cffr gene has been disrupted by homol-
ogous recombination in embryonic stem cells. Most
of the sz‘r'/ " mice show severe intestinal obstruction,
similar to the meconium ileus observed in infants
with CF, but little or no pathological change in the
other organs that are affected in human CF. The
sz‘r'/' mice usually die of intestinal obstruction soon
after weaning unless they are maintained on a liquid
diet with a high medium-chain triglyceride (MCT)
content or on polyethylene glycol (PEG), an osmotic
laxative.'? Thus far, multiorgan pathology, includ-
ing lung, liver, and pancreatic diseases characteristic
of CF, has been reported only once in a CF mouse
model (i.e., congenic C57BL/6] Cftr_/' mice fed an
MCT diet)." Bile duct proliferation was apparent
by 3 to 5 months of age in these mice, and by 12
months, many had focal biliary cirrhosis.*® In con-
trast, in sz‘r'/_ mice in a mixed C57B1L/6];129/0la
background, we found no bile duct abnormality.!#1%
Here, using sz‘r_/_ mouse models with different diets
and genetic backgrounds, we aimed to evaluate the
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effect of dietary and genetic factors on the develop-
ment of CF-related cholangiopathy.

Materials and Methods
ANIMAL EXPERIMENTS

All experiments were approved by the Institutional
Animal Care and Use Department (DSV, Paris,
Agreement No. 75-12-01). B6-129P2-Cpr™Une
(Gfr"™) mice harboring homozygous S489X Cfir
mutation™ and their wild-type (Cf"") littermates
were bred to maintain the C57BL/6] congenic back-
ground using heterozygous breeding pairs provided by
Peter Durie.¥ The same $489X Cftr mutation was
maintained in a mixed C57BL/6J;129/0la genetic
background, as a result of three backcrosses of 129/
Ola-Cf#"™ ™ mice with C57BL/6] mice, performed
at CDTA-TAAM (Orléans, France).">™ At wean-
ing (21-25 days of age), mice were fed an MCT
liquid diet (Peptamen, Nestlé Health Science,
France)™ or a standard solid chow (AO3, Safe,
Augy, France), in which case PEG (Macrogol 4000,
Beaufour-Ipsen, Dreux, France) was continuously
supplied at a concentration of 4.5% in the drinking
water.'¥ Additional C57BL/6] wild-type mice were
fed Peptamen or AO3 chow (with or without PEG
supply), up until the age of 3 months, for the study
of fecal microbiota. The composition of Peptamen
and AO3 chow is provided in Supporting Table
S1. Mice were maintained on corncob pellet bed-
ding in specific pathogen-free conditions, following
the 2014 Federation for Laboratory Animal Science
Associations guidelines, in individually ventilated
cages. Only males were investigated at the age of 3
months. Feces were collected in sterile Petri dishes and
stored at -80°C. Laparotomy was performed in animals
in the nonfasted state, except for intestinal permea-
bility assay, under isoflurane anesthesia. Gallbladder
bile was collected by aspiration, and bile volumes were
determined gravimetrically as described.™ The liver
and small intestine were ablated for analyses.

BILE ACIDS

Total and individual bile acid concentrations in bile
were measured using high-performance liquid chro-

matography coupled with tandem mass spectrometry,
as described.™
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FECAL MICROBIOTA
DNA was extracted from 200 mg of feces and

subjected to quantitative polymerase chain reac-
tion (qQPCR) analysis of dominant bacterial taxa, as
described™® (see Appendix for details).

(IMMUNO)HISTOLOGY,
REVERSE-TRANSCRIPTION ¢PCR,
INTESTINAL PERMEABILITY,
FECAL LIPOCALIN 2, AND RNA
SEQUENCING

See Appendix.

STATISTICAL ANALYSIS

Comparisons were performed using a Mann-
Whitney nonparametric U test and GraphPad Prism
Software (La Jolla, CA). Normalization and differential
analysis of RNA sequencing data were performed with
the DESeq2 package. Enrichment pathway analysis
was performed with the Enrichr package. Analyses and
graphical outputs were performed in R version 3.3.2.
A Pvalue of less than 0.05 was considered significant.

Results

MOUSE MODEL OF CF-RELATED
CHOLANGIOPATHY

First, we investigated male Cf&’" mice and their
Cfir'’* littermates in the congenic C57BL/6] back-
ground. At weaning, all mice were fed a liquid diet
with a high MCT content. At the age of 3 months,
Cfir’"™ mice weighed less than their Gfir"’* littermates,
in keeping with the growth failure caused by CFTR
deficiency (Fig. 1A, left panel). In addition, consistent
with the occurrence of liver damage, liver-to-body
weight ratio was increased in Cftr”" mice compared
with their Cf#"" counterparts (Fig. 1A, right panel).
Standard histology showed the presence of mild por-
tal fibro-inflammatory lesions in the liver of Cfr’"

mice (Fig. 1B). The expansion of ductular reactive
cells characteristic of bile duct damage was evident
in sz‘r'/_ mice, as shown by cytokeratin 19 (CK19)
immunostaining (Fig. 1C, left panel). Quantitative
analyses confirmed that CK19-immunostained area
was significantly increased in Gftr’" compared with
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FIG. 1. Mouse model of CF-related cholangiopathy. C57BL/6] Cftr’/’ mice and Cftf'/+ littermates on an MCT diet were subjected
to the following phenotypic analyses at the age of 3 months: body weight (A, left panel) and liver-to-body weight ratio (A, right
panel); hematoxylin and eosin staining of liver tissue sections (B, a portal fibro-inflammatory infiltrate is shown in inset); CK19
immunostaining of liver tissue sections (C, left panel) and morphometric analysis of CK19-immunostained areas (C, right panel); sirius
red staining of liver tissue sections (D, left panel) and count of mice according to the staging of fibrosis’”’ (FO: none; F1: portal fibrosis;
F2: periportal fibrosis without bridging) (D, right panel). Scale bar: 100 pm; means + SEM of at least 7 animals.

C’ﬁ‘f'/+ mice (Fig. 1C, right panel). Liver fibrosis
assessed by sirius red staining was also detected in the
knockout mice (Fig. 1D, left panel). In these animals,
fibrosis was restricted to the portal and periportal area,
ranging from FO to F2, according to the staging used
in the most common scoring systems.(m (Fig. 1D,
right panel) Combined, these features were typical of
CF-related cholangiopathy at an early stage. The age

of mice at the time of analysis (i.e., 3 months) was
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indeed shown to be an early time point in the devel-

opment of cholangiopathy in this model.1¥

GUT-LIVER AXIS IN THE
MOUSE MODEL OF CF-RELATED
CHOLANGIOPATHY

Previous studies highlighted a possible role of
the gut-liver axis in the pathogenesis of CF-related
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cholangiopathy.1® Therefore, we analyzed the fecal
microbiota of C’fz‘r " mice with CF-related cholan-
giopathy and Cf#r" */* littermates by means of qPCR
targeting bacteria 16S ribosomal RNA gene. Total
bacterial counts were not significantly different
between the two groups (Fig. 2A, left panel). However,
differences were observed in the relative abundance of
species, the most significant being a higher proportion
of Escherichia coli (E. coli) in sz‘r_/_ versus Cﬂr+/+ mice
(Fig. 2A, right panel).

Furthermore consistent with previous reports,
Cftr " mice exhibited increased intestinal permea-

bility as assessed by a 6-fold increase in portal blood
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fluorescein isothiocyanate (FITC)—dextran following
gavage, compared with Gf#r”" littermates (Fig. 2B, left
panel). Fecal lipocalin 2, a sensitive biomarker of intes-
tinal inflammation in rnrce,( 0 was slightly increased
in Cfir"’* mice under MCT diet compared with those
under standard chow diet and, to an even greater
extent, in sz‘r_/' mice under MCT diet (Fig. 2B, right
panel). This latter result suggested that MCT diet
promoted low-grade intestinal inflammation, which
was even further aggravated by CFTR deficiency, in
C57BL/6] mice.

The gut-liver axis is critical for bile acid homeostasis.

We showed that gallbladder emptying was deficient
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FIG. 2. Gut-liver axis in the mouse model of CF-related cholangiopathy. C57BL/6] sz‘r’/' mice and Cﬂr+/+ littermates on an MCT
diet were subjected to the following analyses at the age of 3 months: quantification of fecal bacteria by qPCR targeting bacteria 16S
ribosomal RNA (A); dosage of FITC—dextran in portal blood, following gavage (B, left panel) and enzyme-linked immunosorbent
assay (ELISA) of fecal lipocalin 2 (B, right panel); measurement of gallbladder bile volume after overnight feeding (C, left panel), total
bile acid concentrations (C, middle panel), and proportion of secondary bile acids (deoxycholic acid, hyodeoxycholic acid, lithocholic
acid, and their conjugates) (C, right panel) in gallbladder bile; and reverse-transcription qPCR analyses of bile acid transporters in the

terminal ileum (D). Means + SEM of at least 4 animals.
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in other CF mouse models, causing a disruption in
the enterohepatic circulation of bile acids and a cho-
lecystohepatic shunt, which ultimately decreased the
formation of secondary, toxic bile acids.1¥ Therefore,
we hypothesized that such a mechanism could be pro-
tective and explain the absence of liver tissue alter-
ation in these models. In the present model, MCT
diet fostered gallbladder emptying, and no signifi-
cant difference in postprandial gallbladder volumes
was observed between Cf#r”* and Cfir’™ mice (Fig.
2C, left panel). Nevertheless, the proportion of sec-
ondary bile acids in bile remained much lower in
the latter (Fig. 2C, right panel). The expression of
genes encoding ileal bile acid transporters (i.e., api-
cal sodium—dependent bile salt transporter [Asbt],
ileal bile acid-binding protein [Ibabp], and organic
solute transporter o/p [Ost o/f]) were all profoundl/y
down-regulated in Cf#r’~ mice compared with Gfir™*
littermates (Fig. 2D). Therefore, the lack of second-
ary bile acids was attributable to ileal malabsorption
and did not support the hypothesis of increased bile
acid cytotoxicity against cholangiocytes in mice with
CF-related cholangiopathy.

Although the possibility of increased bile acid tox-
icity was ruled out, mice with CF-related cholangi-
opathy displayed abnormal intestinal permeability and
gut dysbiosis characterized by an overgrowth of E.
coli, consistent with the translocation of proinflamma-
tory bacterial products from the gut lumen into the
portal circulation.

EFFECTS OF DIETARY
INTERVENTION ON THE GUT
AND LIVER PHENOTYPE IN CF
MICE

We then asked whether the gut microbiota dysbi-
osis was involved in the development of cholangiopa-
thy. To address this question, we performed a dietary
intervention to modify the gut microbiota and assess
its effect on liver disease. At weaning, C57BL/6]
Cfir'’* and Cfr’”™ mice were transferred to a chow
diet combined with PEG supply instead of MCT.
PEG was required to prevent intestinal obstruction
in Cftr'/' mice. At first, we determined the effect of
the two diets (i.e., MCT and chow plus PEG versus
standard chow) on the gut microbiota in C57BL/6]
wild-type mice. The major finding was that MCT
diet, compared with either chow or chow plus PEG,

1538
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provoked a significant enrichment in E. co/i (Fig. 3A).
Accordingly, the feeding of sz‘r'/ " mice with chow
plus PEG instead of MCT diet caused a marked
depletion in E. co/i (Fig. 3B). This prevented intesti-
nal inflammation, as shown by lower levels of fecal
lipocalin 2 and less inflaimmatory infiltrates than in
MCT-fed animals (Fig. 3C). Cﬁr'/' mice under chow
plus PEG displayed growth failure but no increase in
liver-to-body weight ratio as opposed to those under
MCT diet (Fig. 3D, left and middle panels). They
also showed no evidence of liver tissue alterations
on standard histology (Fig. 3D, right panel). CK19
immunostaining revealed a small increase in ductu-
lar structures, although to a much lesser extent than
in MCT-fed Cftr'/_ mice (Fig. 3E). Furthermore, no
significant fibrosis was detected by sirius red staining
(Fig. 3F). These data demonstrated that, through gut
microbiota modulation, dietary intervention, to a large
extent, prevented intestinal inflammation and cholan-
giopathy features in Cf#r”" mice. Supporting Fig. S1
shows the comparison of MCT-fed Cfr'~ mice with
Cfir'’* mice.

GENETIC SUSCEPTIBILITY TO CF-
RELATED CHOLANGIOPATHY

To address the relative effect of genetic background
and diet on CF-related cholangiopathy, we used Cﬁ‘r_/_
mice in a mixed C57BL/6J;129/0la genetic back-
ground. Cfir"" mice and their Cfir"'* littermates in the
mixed background were randomly assigned at weaning
to chow plus PEG or MCT diet. Regardless of diet,
Cfir"” in the mixed background displayed growth fail-
ure with normal liver-to-body weight ratio (Fig. 4A).
Standard histology of the liver showed simple steatosis
in MCT-fed Cfr*’* and Cfir’” mice and no patho-
logical change in those under chow plus PEG (Fig.
4B, left panel). Steatosis was assessed by the percent-
age of hepatocytes containing large or medium-sized
intracytoplasmic lipid droplets, using a validated scale
of 0 to 3 (S0: <5%; S1: 5%-33%; S2: 34%-66%; S3:
>66%).*) Steatosis of at least 5%, which is required
to define fatty liver disease, was observed essentially in
C57BL/6J;129/0la mice under MCT diet. In these
animals, the score of steatosis ranged from SO to S3,
with the same distribution among Cf#"'* and Cfr”"
mice (Fig. 4B, right panel). These findings indicated
that MCT diet caused steatosis in mice harboring
129/0la haplotypes, through CFTR-independent
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FIG. 3. Diet-induced changes in the gut microbiota and CF mouse phenotype. (A) The effect of diet was evaluated in C57BL/6] wild-
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analyses by gPCR targeting bacteria 16S ribosomal RNA at the age of 3 months. (B-F) C57BL/6] Cftr mice that were fed an MCT
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eosin staining of intestinal tissue sections (C, right panel, showing an inflammatory infiltrate in MCT-fed mice as opposed to those
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sections (D, right panel, showing normal histology in mice under PEG); CK19 immunostaining of liver tissue sections (E, right
panel, showing minimal ductular reaction in mice under PEG) and morphometric analysis of CK19-immunostained areas (E, left
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mechanisms. CK19 immunostaining and sirius red
staining further indicated that Cftr_/' mice in the
mixed genetic background did not develop ductular
reaction (Fig. 4C) or liver fibrosis (Fig. 4D).

Next, we aimed to determine whether the absence
of cholangiopathy features in C57BL/6]J;129/0la
Cftr_/ " mice could be explained by a potential effect of
the genetic background on gut microbiota or intestinal
barrier function. MCT-fed Gf#r’" mice in the mixed
background displayed a similar enrichment of the gut
microbiota in E. co/i as those in the congenic back-
ground (Fig. 5A). Regardless of diet, Cf#”" mice in

DEBRAY, ELMOURABIT, ET AL.

the mixed background also showed a similar increase
in intestinal permeability as those in the congenic
background (Fig. 5B). However, despite a similar
enrichment of their microbiota in E. co/i, MCT-fed
Cftr’”™ mice in the mixed background, unlike those
in the congenic background, developed no intestinal
inflammation, as attested by low levels of fecal lipo-
calin 2 (Fig. 5C). Overall, these data indicated that
the C57BL/6] genome conferred susceptibility to gut
and liver inflaimmation in response to diet-induced
changes of the gut microbiota in CFTR-deficient
mice, whereas the 129/Ola sequences conferred
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susceptibility to diet-induced fatty liver regardless of
Cftr status.

IMMUNE-RELATED PATHWAYS
UNDERLYING GENETIC
SUSCEPTIBILITY TO CF-RELATED
CHOLANGIOPATHY

To gain insight into the mechanisms through
which genetic background provides susceptibility
to CF-related cholangiopathy, we performed RNA
sequencing analyses of the liver from MCT-fed
Cfir’”™ mice in the congenic (susceptible) and mixed
(nonsusceptible) background. At the time of analysis,
mice were 3 months old, which is an early time point
of CF-related cholangiopathy in congenic mice.1¥
Bioinformatics procedures identified 415 genes with
significant differential expression, among which 271
were overexpressed in the congenic mice, and 144
in mice with the mixed background (Fig. 6A and
Supporting Table S2). The most discriminant of all
genes was CD1d2, expressed only in the latter. CD1
are major histocompatibility complex class I-like anti-
gen-presenting molecules. They are encoded by two
homologous genes in mice: CD1d1 and CDI1d2. The
two CDI1d molecules present a different repertoire of
self-antigens, which affect the selection of invariant
natural killer T cells, in lymphoid organs and in the
liver.?? In C57BL/ 6] mice, the CD142 gene contains
a frame-shift mutation that abolishes its expression.(23)
As a result, no expression of CD1d2 was found in the
liver of congenic mice, which contrasted with high lev-
els of expression in the liver of all C57BL/6J;129/0la
mice. Other immune-related genes were expressed at
lower levels in the liver of congenic mice compared
with those in the mixed background (Fig. 6B), such
as hepcidin (Hamp), a peptide with bactericidal activ-
ity against E. coli®Y; scavenger receptor A5 (Scara5)
and toll-like receptor 5 (77r5), which both participate
in the clearance of bacteria®~; Mannan-binding
lectin-associated serine protease-1 (Masp-1), a com-
plement lectin pathway enzyme that enhances the
antimicrobial immune response®”; Chitinase 3-Like
1 (Chill), a protein increased in the circulation during
E. coli endotoxemia,(zs) which promotes host resis-
tance and tolerance to bacteria®”; or tumor necrosis
factor receptor superfamily, member 14 (7nfrsf14),
a susceptibility loci for primary sclerosing cholan-
gitis,®” critical for the development of protective
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mucosal CD8 T-cell memory.®? Sushi domain-con-
taining protein 4 (Susd4), a complement inhibitor that
presumably limits beneficial complement activation
(e.g., in pathogens removal) to the local site,(32) was
also underexpressed by more than 58-fold in the liver
of congenic mice. Overexpressed genes in the liver of
congenic mice consisted of nucleotide-binding leu-
cine-rich repeat and pyrindomain-containing recep-
tor 12 (Vrp12), a negative regulator of nuclear factor
kappa B (NF-kB) signaling resulting in the enhance-
ment of intracellular bacterial survival(33); chemokines
(Cxcl5, Cxcl9, Cx3cl1, Ccl5, Ccl2); chemokine recep-
tors (Cxcr3, Cxcr4, C5ar2); caspases (Casp4, Casp12);
and the NF-kB family member Re/b. These results
suggested that the immune response to gut-derived
pathogens was inefficient and inflammation was exac-
erbated in the liver of C57BL/6] mice as compared
with C57BL/6J;129/0la mice. CD45 immunostain-
ing provided further evidence for the chemoattraction
of leukocytes to the liver, notably around bile ducts,
in C57BL/6] Cftr’ mice (Fig. 6C). Protein—protein
interactions predicted by the analysis of genes overex-
pressed in the liver of these mice formed a large net-
work (Fig. 7), providing links among (a) inflammation
(lower left node), (b) fibrosis (upper left node), and
(c) cell (presumably cholangiocyte) proliferation (right
node).

Discussion

The reason why some patients with CF develop
focal biliary cirrhosis, a cholangiopathy that can prog-
ress to severe liver disease, has been enigmatic so far.
The present findings indicate that the pathogenesis of
CF-related cholangiopathy is multifactorial and influ-
enced by the gut-liver axis. They reveal that, in the
absence of CFTR, intestinal permeability is increased,
which, in conjunction with diet-induced dysbiosis and
a genetic-based ill-adapted immune response, pro-
motes bile duct damage (Fig. 8).

In addition to its channel function, CFTR was
also recently shown to operate as a hub for cytoskel-
etal elements, transmembrane proteins, and signaling
molecules.®* In cholangiocytes, CFTR promotes the
assembly of a protein complex that maintains the tyro-
sine kinase Rous sarcoma oncogene cellular homolog
(Src) in an inactive state.® Thus, in the absence of
CFTR at the apical membrane, this complex does not
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assemble, resulting in the self-activation of Src and
subsequent increase in TLR4 and NF-B signaling in
response to endotoxins.®”) Nonetheless, CF mouse
models in which these abnormalities were demon-
strated did not develop bile duct damage or portal
inflammation unless a second hit (i.e., dextran sodium
sulfate—induced colitis) was applied.(18’36) The current
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findings are fully consistent with an aberrant response
of CFTR-deficient cholangiocytes to gut-derived
bacterial products.

The intestinal mucosal barrier is important to pro-
tect the organism from the large number of bacteria
that inhabit the intestine. Impaired intestinal barrier
function has been reported both in patients with CF
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FIG. 8. Mechanistic model of CF-related cholangiopathy. The
absence of apical CFTR triggers abnormal permeability and a
pre-inflammatory status both in cholangiocytes and enterocytes.
The genetic background promotes an ill-adapted response to gut-
derived pathobiont, which is aggravated by diet-induced dysbiosis.
The combined failure of CFTR-deficient cholangiocytes and host

immunity in this response leads to bile duct damage.

and in CF mouse models."**” We found that intes-
tinal permeability was increased to a similar extent
in all Cftr knockout mice investigated in the present
study, regardless of their diet or genetic background.
Likewise, it has been reported that intestinal perme-
ability was abnormal in virtually all (ie., 96%) CF
subjects.®”) Acting as a hub, CFTR also stabilizes
the apical junction complex through actin-dependent
interactions in epithelial cells so that the loss of apical
protein networks orchestrated by CFTR has emerged
as a common mechanism of increased permeability
in CF epithelia, including gut and bile ducts.®*3%%% A
disruption of tight junctions that could explain
increased permeability has thus been demonstrated in
the small intestine of CF mice.®?

Increased intestinal permeability is expected to allow
the passage of bacterial components from the intestine
through the portal vein to the liver. It is therefore of
particular interest that, in the present study, cholangi-
opathy developed in Cffr knockout mice with micro-
biota enriched in E. co/i. Such dysbiosis was observed
at a very early stage of cholangiopathy, long before the
onset of cirrhosis, which can affect the gut microbiome

DEBRAY, ELMOURABIT, ET AL.

by itself.“Y The change in gut microbiota was largely
dietary-induced, but also aggravated by the lack of
CFTR. It was prevented by dietary intervention, and
as a result, bile duct alterations were minimized. The
central role of diet in modulating the gut microbiota
is well established. " Effects of dietary MCT on the
intestinal ecosystem were described,*? but this is the
first report on Peptamen, an MCT-rich diet used in
ill subjects, including those with CF. E. co/i dysbiosis
has also been described in young children with CE,*¥
who noticeably in this latter study were more often
tormula-fed than the healthy controls, although the
formula composition was not provided in this study.
The role of dysbiosis in the development of cholangi-
opathy was evidenced by the effect of PEG, known to
alter gut microbiota(44); and of all taxa, E. co/i was the
most likely involved, although we cannot exclude
the contribution of others.

Another abnormality in the gut of Cffr knock-
out mice was a marked decrease in the expression
of bile acid transporters. Unlike dysbiosis or intes-
tinal inflammation, but like increased permeability,
this abnormality was independent of either diet or
genetic background. Such a down-regulation of bile
acid transporters likely accounts for the increase in
fecal bile acid excretion that most studies reported in
patients with CF and in CF mouse models“®*”) as
well as for the reduced formation of secondary bile
acids that we reported in Cffr knockout mice under
PEG.™ A defect in gallbladder emptying promotes a
cholecystohepatic shunt of bile acids, which amplifies
the lack of secondary bile acids in this latter model.1?
We found that, compared with PEG, MCT diet alle-
viated gallbladder emptying defect, but the amount of
secondary bile acids was still abnormally low in Cf#r
knockout mice. Consistent with a previous report, 47)
bile hydrophobicity was also abnormally low in Cfzr
knockout mice under MCT diet (not shown) and
therefore could not account for the development of
cholangiopathy.

The present work also demonstrates the effect
of genetic factors on CF liver disease. Liver phe-
notype was different in MCT-fed Cffr knockout
mice, depending on whether their background was
C57BL/6] congenic or mixed with 129/0Ola. The
comparison of common mouse strains showed that
the 129/0la strain was more susceptible than the
C57BL/6] strain to store fat in the liver in response
to a high-fat diet.*® Accordingly, mice in the
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C57BL/6J;129/0la background essentially developed
fatty liver in the present study, indicating that, in con-
junction with diet, the genetic background is instru-
mental in the development of liver steatosis, whereas
CFTR deficit per se had no effect. This suggests that
hepatic steatosis, even though frequent, is not a spe-
cific feature of CEX

The genetic background was determinant in the
pathogenesis of CF-related cholangiopathy, which,
unlike steatosis, occurred only in the C57BL/6]
congenic mice. Combinatorial effects of diet and
genetics occur in the setting of inflammatory bowel
diseases.*” Here, we showed that genetic susceptibil-
ity significantly influenced the effect of diet-induced
dysbiosis on both intestinal and bile duct inflamma-
tion. In the C57BL/6] background, the effect of the
MCT diet on dysbiosis surpassed a potential anti-
inflammatory effect of MCT that was reported in
the intestine.*” To gain insight into how genetics
cooperated with diet to promote CF cholangiopathy,
we compared the transcriptomic profile of the liver
from MCT-fed Cf#r knockout mice in the C57BL/6]
and C57BL/6]J;129/0la background. We identified
several genes that were overexpressed in the liver
of C57BL/6] mice and conveyed the hyperinflam-
matory state observed in this background. We also
identified genes related to innate and adaptive
immunity, which were underexpressed in the liver
of C57BL/6] mice. The effect of mouse genomic
variation on gene regulation among different strains
was reported,®” from which we inferred that
allele-specific expression bias contributed to differ-
ent expressions in the liver, notably to the under-
expression of immune-related genes, unlikely to be
a consequence of tissue damage. Of unquestionable
genetic origin was the absence of CD142 expression
in C57BL/6] mice,?® although probably more than
one gene conferred the C57BL/6] strain its suscepti-
bility to CF cholangiopathy.

We conclude from previous and present work that
CF-related cholangiopathy results from a combined
failure of CFTR-deficient cholangiocytes and host
immunity in responding to gut-derived pathobiont.
Diet acting on gut microbiota further potentiates
these disorders. Importantly, diet is a controllable fac-
tor in the pathogenesis of CF liver disease. This opens
new therapeutic perspectives through dietary manipu-
lation in a disease for which no treatment has proven
effective so far.>¥
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Supporting Methods

(IMMUNO)HISTOLOGY

Paraffin-embedded formalin-fixed 4-pm-thick liver
tissue sections were subjected to hematoxylin and
eosin staining, sirius red staining, or immunostaining.
For immunostaining, tissue sections were incubated in
sodium citrate 10 mmol/L, pH 6, for 20 minutes at
95°C, to unmask epitopes. Incubations with primary
antibodies were performed using anti-CK19 rat mono-
clonal antibody (TROMA 1II; Developmental Studies
Hybridoma Bank, University of Iowa, Iowa City, IA;
ready-to-use, overnight at 4°C) or anti-CD45 rat
monoclonal antibody (30-F11; Invitrogen by Thermo
Fisher Scientific, San Diego, CA; dilution 1/30, over-
night at 4°C). Incubations were then performed using
horseradish peroxidase—conjugated antibodies raised
against rat immunoglobulin G (Vector Laboratories,
Burlingame, CA) or rabbit immunoglobulin G (Novo-
Link, Leica, Nanterre, France) and 3-amino-9-ethyl-
carbazole (Vector Laboratories) as a substrate. Tissue
sections were counterstained with Novocastra (Leica)
hematoxylin. Stained sections were scanned on a vir-
tual slide scanner (Hamamatsu, (Tokyo, Japan) 2.0
HT using a 3-charge-coupled device, time-delay inte-
gration camera with a resolution of 1.84 pm/pixel
(x20 objective) and 0.92 pm/pixel (x40 objective).
Morphometric analyses were performed using Image]
analysis software (National Institutes of Health,
Bethesda, MD). The counting of labeled cells was
performed using NDP.view2 software (Hamamatsu).
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REVERSE-TRANSCRIPTION PCR

After RNA extraction from ileum samples and
reverse-transcription qPCR  was performed with
the Sybr Green Master Mix (Applied Biosystems,
Courtaboeuf, France) on an Mx3000P (Agilent
Technologies, Massy, France) device, primer sequences

)

were reported.™ All reactions were run with

200 nmol/L of each target forward and reverse primer
and 50 nmol/L of each 18S forward and reverse
primer. Target gene messenger RNA (mRNA) levels
were normalized with respect to 18S ribosomal RNA
and expressed as relative levels (278ACY).

INTESTINAL PERMEABILITY
ASSAY

After overnight fasting, mice were given 150 pL
of a solution containing 15 mg of FITC—dextran (10
kDa; Sigma, St Louis, MO) by gavage. Five hours
later, mice were killed and portal blood was collected.
Fluorescence in serum was measured on a fluorimeter
(Tecan Infinite M200, Minnedorf, Switzerland), and
the concentrations of FITC—dextran were determined
using a standard curve of known FITC-dextran
concentrations.

FECAL LIPOCALIN 2 ASSAY

Frozen fecal samples were reconstituted in phos-
phate-buffered saline containing 0.1% Tween 20 (100
mg/mL) and vortexed for 20 minutes to get a homog-
enous fecal suspension, which was then centrifuged
at 12,000 rpm and 4°C for 10 minutes. Lipocalin 2
concentrations were measured in the supernatants
using Duoset murine lipocalin 2 ELISA kit (R&D
Systems, Minneapolis, MN) as described.?”

ANALYSES OF FECAL
MICROBIOTA

DNA was extracted from 200 mg of feces as
described.® Nucleic acids were precipitated by
isopropanol for 10 minutes at room temperature,
tollowed by incubation for 15 minutes on ice and cen-
trifugation at 15,000¢ and 4°C for 30 minutes. Pellets
were suspended in 112 pL of phosphate buffer and
12 pL of potassium acetate. After RNase treatment
and DNA precipitation, nucleic acids were recovered
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by centrifugation at 15,000¢ and 4°C for 30 minutes.
The DNA pellet was finally suspended in 100 pL of
tris-ethylenediaminetetraacetic acid buffer.

The quantitative analysis of dominant bacterial
taxa was performed on fecal DNA through real-time
qPCR using an ABI 7000 Sequence Detection System
apparatus with 7000 system software version 1.2.3
(Applied Biosystems, Foster City, CA). Amplification
and detection were achieved in 96-well plates with a
Takyon SYBR Green PCR kit (Eurogentec, Liege,
Belgium). Each reaction was performed in duplicate
in a final volume of 25 pLL with 10 pL of appropriate
dilutions of the DNA sample. Primers and amplifi-
cation protocol were described."® Bacterial counts
were transformed to logarithms (i.e., Log10 of colony
forming units) for statistical analysis.

RNA SEQUENCING ANALYSES

Liver tissue samples from Cﬁr_/_ mice under MCT
diet, four in the C57BL/6]J;129/0Ola background and

DEBRAY, ELMOURABIT, ET AL.

three in the C57BL/6] background, were qualified for
RNA sequencing analyses. Total RNA was extracted
following the RNeasy protocol (Qiagen, Courtaboeuf,
France). The quality of RNA was analyzed on a
Tapestation (Agilent, Les Ulis, France). Libraries were
generated from total RNA and constructed according
to manufacturer protocols (Kapa mRNA stranded kit
for ILLUMINA). Paired-end sequencing (2 x 75 bp)
was performed on a NextSeq 500 machine using the
High Output Kit ILLUMINA). Raw sequencing data
were quality controlled with the FastQC program.
Low-quality reads were trimmed or removed using
Trimmomatic (minimum length: 40 bp). Paired reads
were aligned to the mouse reference genome (mm10
build) with the STAR software (option for no multi-
hits). Mapping results were quality checked using RNA-
SeQC. Gene counts were obtained by using RSEM
tools (rsem-calculate-expression, option for paired-end
and stranded). The 10.5 version of STRING data-
base®" was used to search for protein—protein associa-
tion networks, with a confidence cutoff >0.7.
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