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1  |   INTRODUCTION

CF liver disease (CFLD) is the third-leading cause of mortal-
ity in people with CF (Registry, 2018). Up to a third of people 
with CF develop CF-related hepatobiliary disease (Colombo 
et al., 2002; Lamireau et al., 2004). Recent studies suggest 
that the cumulative incidence of CFLD increases as people 
with CF get older (Boelle et al., 2019; Toledano et al., 2019). 
CF therapies have increased the median age of survival to 

47 years of age (Foundation CF, 2019). As the CF population 
gets older, the prevalence of CFLD may increase. Thus, there 
is a need to better understand the pathogenesis of CFLD.

Within the liver, CFTR is only expressed in the bile ducts 
(Cohn et al., 1993). In humans, there are a variety of different 
manifestations of CF hepatobiliary disease; most commonly 
CFTR dysfunction associates with focal biliary cirrhosis 
(Blanc & Di Sant'Agnese, 1956; Colombo, 2007; Colombo 
et al., 2002; Leung & Narkewicz, 2017; Oppenheimer & 
Esterly, 1975a, 1975b; Vawter & Shwachman, 1979). In 
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Abstract
Hepatobiliary disease causes significant morbidity and mortality in people with cystic 
fibrosis (CF), yet this problem remains understudied. Previous studies in the newborn 
CF pig demonstrated decreased bile flow into the small intestine and a microgall-
bladder with increased luminal mucus and fluid secretion defects. In this study, we 
examined the intrahepatic bile ducts of the newborn CF pig. We assessed whether our 
findings from the gallbladder are present elsewhere in the porcine biliary tract and if 
CF pig cholangiocytes have fluid secretion defects. Immunohistochemistry demon-
strated apical CFTR expression in non-CF pig intrahepatic bile ducts of a variety of 
sizes; CF pig intrahepatic bile ducts lacked CFTR expression. Assessment of serum 
markers did not reveal significant signs of hepatobiliary disease except for an eleva-
tion in direct bilirubin. Quantitative histology demonstrated that CF pigs had smaller 
bile ducts that more frequently contained luminal mucus. CF intrahepatic cholangio-
cyte organoids were smaller and lacked cAMP-mediated fluid secretion. Together 
these data suggest that cholangiocyte fluid secretion is decreased in the CF pig, con-
tributing to structural changes in bile ducts and decreased biliary flow.
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severe CFLD cases, multilobular fibrosis or portal hyperten-
sion develops requiring liver transplantation (Colombo et al., 
2002; Lindblad et al., 1999). It is unclear why only some peo-
ple with CF develop hepatobiliary disease or why there is 
such a broad spectrum of CFLD; furthermore, the pathogen-
esis of CFLD remains unclear (Debray et al., 2011).

Mouse models have contributed to our understanding of 
CFLD. Alterations in bile acid composition have been iden-
tified in CF mouse models (Bodewes et al., 2015b; Debray 
et al., 2012). Work by Strazzabosco et al. identified CFTR 
as a regulator of innate immunity and CFTR loss led to an 
exaggerated TLR4 response to endotoxin (Fiorotto et al., 
2011). This abnormal innate immune response caused cyto-
kine production and immune cell recruitment, contributing 
to the development of CFLD in mice (Fiorotto et al., 2016). 
These mouse studies suggest that CFLD requires a “second-
hit.” While this is interesting, there are some limitations with 
CF mouse models. For instance, without aging or induced 
colitis, CFTR−/− mice develop mild to no hepatobiliary dis-
ease compared to humans (Fiorotto et al., 2019; Olivier et al., 
2015). Thus, translating results from mouse studies to human 
CFLD may be challenging.

The CF pig has signs of hepatobiliary disease at birth and 
recapitulates disease seen in humans (Meyerholz et al., 2010; 
Rogers et al., 2008; Uc et al., 2012). For example, some new-
born CF pig livers have biliary proliferation, fibrosis, and in-
flammation; and multilobular cirrhosis can be observed in 
older CF pigs (Meyerholz et al., 2010; Rogers et al., 2008; 
Stoltz et al., 2013). The exact pathogenesis contributing to 
these changes is not clear. In newborn CF pigs, we previously 
found reduced bile flow into the small intestine and that the 
CF pig gallbladder was obstructed by mucus without signs of 
infection, inflammation, or changes in mucin expression (Uc 
et al., 2012; Zarei et al., 2020). In the extrahepatic tract, we 
also showed that CF pig gallbladder organoids lacked cAMP-
mediated fluid secretion (Zarei et al., 2020). Our rationale 
for this study was to further examine the newborn CF pig 
liver and assess if fluid secretion defects and mucus changes 
contribute to early CF disease in the intrahepatic tract. We 
hypothesized that like the newborn CF pig gallbladder, the 
intrahepatic bile ducts would demonstrate mucus changes 
and fluid secretion defects without other signs of hepatobi-
liary disease.

2  |   MATERIALS AND METHODS

2.1  |  CF pig model

The development of the CF pig model has been previously 
reported (Rogers et al., 2008). Animals were purchased 
from Exemplar Genetics (Sioux City, IA). All protocols 
were approved by the University of Iowa Institutional 

Animal Care and Use Committee (IACUC). Newborn 
(within the first 24 h of life) CFTR+/+ and CFTR−/− pigs 
(henceforth referred to as non-CF and CF pigs, respec-
tively) were sedated with ketamine/xylazine (Akorn) and 
euthanized with phenobarbital sodium/phenytoin sodium 
(Euthasol; Virbac).

2.2  |  Immunohistochemistry

Immunohistochemistry studies were performed by the 
University of Iowa Comparative Pathology Laboratory 
(Meyerholz et al., 2016). Briefly, the liver and gallbladder 
from newborn piglets were excised and fixed in 10% normal-
buffered formalin (room temperature, 1  h). Tissues were 
embedded in paraffin, serially sectioned using a microtome 
(~4  µm), and dehydrated through a sequence of xylene/al-
cohol baths. Subsequently, antigen retrieval was performed 
using the NxGen Decloaking ChamberTM (Biocare Medical) 
with a citrate buffer (pH 6.0, 110°C, 15 min). Endogenous 
peroxidase activity was quenched (hydrogen peroxide 3%, 
8  min), endogenous avidin/biotin was blocked (Avidin/
Biotin Blocking Kit, Vector Laboratories, Inc.), and nonspe-
cific background was blocked (equine serum, 5% in 1x Dako 
Buffer). CFTR immunohistochemistry was performed with 
mouse anti-CFTR 769 (1:1200, 60  min; CFF/UNC), gen-
erously supplied by Dr. John Riordan, University of North 
Carolina—Chapel Hill and the Cystic Fibrosis Foundation 
Therapeutics. The anti-CFTR antibody was validated based 
on cellular localization, absent signal in CFTR-deficient tis-
sue, and previous studies (Zarei et al., 2020). Secondary Ab 
(1:200, 30 min; Vector Biotinylated Anti-Mouse IgG) was then 
applied followed by Vector ABC Reagent (30 min, Standard 
VECTASTAIN® Elite® ABC Kit, Vector Laboratories, Inc.) 
and chromogen (room temperature, DAB plus for 5 min fol-
lowed by DAB Enhancer for 3 min). Positive and negative 
controls (pancreatic duct cells and hepatocytes, respectively) 
were used during staining to validate staining specificity. 
Tissues were counterstained with Harris hematoxylin (1 min, 
Surgipath, Leica Microsystems, Inc.). Slides were blued in 
Scott's Tap water, dehydrated through a sequence of alcohol/
xylene baths, and subsequently coverslipped. High-resolution 
images of the slides were acquired with the 20× objective at 
0.24 μm/pixel resolution by the Panoramic 1000 slide scan-
ner (3DHISTECH).

2.3  |  Histopathology and 
quantitative histology

Tissues were fixed, embedded, and processed as described 
for immunohistochemistry. The Comparative Pathology 
Laboratory (University of Iowa) completed histochemical 
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staining with amylase-pretreated Periodic acid-Schiff 
(dPAS). High-resolution images of the slides were acquired 
with the 20× objective at 0.24 μm/pixel resolution by the 
Panoramic 1000 slide scanner (3DHISTECH). Tissue sec-
tions were visualized using the 3DHISTECH CaseViewer 
software (3DHISTECH) to quantify histological features of 
all tissue specimens. To provide a standardized sampling 
for measurements, the right medial liver lobe was sec-
tioned containing the gallbladder. A liver parenchyma area 
of at least 30 mm2 was evaluated and all ducts within the 
liver section that had a discernable lumen were quantified. 
Quantitative (duct diameter and lumen diameter) and semi-
quantitative (mucus scoring) measures were performed in 
a manner blinded to the group to avoid bias (Meyerholz & 
Beck, 2018). To account for different sectioning planes, the 
minor diameter was measured for the duct and lumen diam-
eters. We studied mucus using the dPAS stain (Meyerholz 
et al., 2018a). Ordinal scoring of mucus had 4 levels: 0–no 
dPAS staining present in duct, 1–dPAS staining present in-
tracellularly or on the cell surface, 2–dPAS staining present 
in lumen, 3 – lumen obstructed with dPAS material, bile, or 
cellular material.

2.4  |  Newborn non-CF and CF 
serum analysis

Blood was collected from newborn pigs within the first 24 h 
of life. Subsequently, the serum was transferred into spe-
cialized serum-separation collection tubes. The University 
of Iowa Hospitals and Clinics Diagnostic Laboratories per-
formed serum-based tests assaying liver transaminases (ala-
nine transaminase, aspartate transaminase), bilirubin (total 
and direct), gamma glutamyl-transferase, and alkaline phos-
phatase levels.

2.5  |  Generation of intrahepatic pig 
biliary organoids

Methodology for the organoid model was adapted from 
a published protocol for biliary organoids (Sampaziotis 
et al., 2017). Liver samples were placed in cold William's 
E media supplemented with nicotinamide (10 mM, Sigma), 
sodium bicarbonate (17 mM), 2-phospho-L-ascorbic acid 
trisodium (0.2  mM, Sigma), sodium pyruvate (6.3  mM, 
Sigma), glucose (14 mM), HEPES (20 mM), dexametha-
sone (100  nM), insulin–transferrin–selenous acid (ITS) 
premix (1:100, Corning), and penicillin–streptomycin 
(100 U/ml; 100 µg/ml, Gibco). This media will henceforth 
be referred to as supplemented William's E media. Tissues 
were kept at 4°C for less than 24 h until the sample could 
be processed.

Approximately a 2 × 2 × 2 mm section of liver was re-
moved, minced using sterile scalpels in William's E media 
containing collagenase (1 mg/ml, Sigma Aldrich), and incu-
bated for 1 h at 37°C. The digestion solution was then me-
chanically disrupted and strained over a 70 µm cell strainer. 
Collagenase was neutralized by adding William's E media 
with fetal bovine serum for a final concentration of 2% fetal 
bovine serum by volume. Cells were centrifuged down at 
440  g for 5  min. The cell pellet was washed with supple-
mented William's E media and centrifuged down again at 
440g for 5 min. The resulting cell pellet was resuspended in 
supplemented William's E media containing the following 
growth factors: 500 ng/ml of human recombinant R-spondin 
1 (R&D) and 40  ng/ml of human epidermal growth factor 
(R&D). This growth factor-containing media is referred to 
as biliary organoid media. For the initial plating of the cells, 
10  μM Y-27632 dihydrochloride (Tocris) was also added 
to the media but was not included for subsequent media 
changes. The cell pellet was mechanically dissociated so that 
there were cell clusters of approximately 5–20 cells and re-
suspended in biliary organoid media. Matrigel (Corning) was 
added to the cell suspension (Matrigel-cell suspension ratio 
by volume = 2:1) and the final mixture was plated in pre-
warmed 6-well or 24-well culture plates in small, 10–20 µl 
drops. The plates were inverted and incubated for 10–20 min 
at room temperature and then for another 30–40 min at 37°C. 
Four hundred microliters (24-well) or 1 ml (6-well) of pre-
warmed biliary organoid media was then added to each well. 
Media was changed every 3–4  days. Organoids were pas-
saged approximately once every 2–3 weeks: organoids were 
mechanically dissociated from Matrigel using cold William's 
E media, centrifuged at 440g for 5 min, and re-plated at a 
dilution of 1:5.

2.6  |  Organoid swelling assay

Methodology for organoid swelling was adapted from an 
existing protocol (Boj et al., 2017). All experiments were 
performed on the Zeiss LSM-880  multiphoton confocal 
microscope with temperature control (37°C) and humid-
ity chamber. Intrahepatic organoids were plated in 96-well 
plates in 3 µl drops (1:2 biliary organoid media to Matrigel) 
1–2 days prior to imaging and supplemented with 100 µl of 
biliary organoid media with 10  μM Y-27632 dihydrochlo-
ride. On the day of the experiment, one vial of calcein green 
(50  μg; Invitrogen, Thermo Fischer) was thawed and dis-
solved in 5.1 μl of DMSO. The resuspended calcein green 
(2.5 μl) was added to 580 μL of organoid media. 10 μL of this 
final solution was then added to each well for imaging and 
allowed to incubate for 30 min. Approximately 30 min prior 
to the experiment, media was aspirated and replaced with 
Krebs–Ringer solution [118.9 mM NaCl, 25 mM NaHCO3, 
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1.2 mM CaCl2, 1.2 mM MgCl2, 2.4 mM K2HPO4, 0.6 mM 
KH2PO4, and 5 mM dextrose in 5% CO2 (vol/vol), pH = 7.4]. 
Baseline measurements were obtained. Forskolin (final con-
centration =10 μM) or DMSO (final dilution = 1:1000) was 
added to the wells and organoids were monitored for 1 h with 
an image acquisition interval of 5  min. Segmentation and 
area measurement for each well were performed through the 
Zen software (Zeiss) and reported as a total area per well.

2.7  |  Organoid immunocytochemistry

Organoid immunocytochemistry was based on (Dekkers 
et al., 2019). Biliary organoids were mechanically dissociated 
from the Matrigel, washed, and fixed in 4% PFA for 15 min 
at 4ºC. Organoids were kept in suspension at 4ºC while they 
were permeabilized in 0.3% Triton for 1  h and blocked in 
Superblock (Thermo Fisher) with 4% normal goat serum for 
48 h. Organoids were then incubated with primary antibod-
ies overnight: mouse anti-CFTR (clone 769) (1:100 dilution, 
University of North Carolina—Chapel Hill and the Cystic 
Fibrosis Foundation Therapeutics) and rabbit anti-Na+/K+-
ATPase (clone EP1845Y) (1:100 dilution, Abcam). The anti-
CFTR antibody was validated based on cellular localization, 
absent signal in CFTR-deficient tissue, and previous studies 
(Zarei et al., 2020). The anti-Na+/K+-ATPase was validated 
based on cellular localization and previous studies (Nieto-
Torres et al., 2014). Organoids were then washed with PBS 
and incubated overnight with goat anti-mouse and goat anti-
rabbit secondary antibodies conjugated to Alexa-Fluor 488 
and Alexa-Fluor 568 (Molecular Probes/Invitrogen), respec-
tively. Secondary-only controls were used during staining 
to identify any non-specific staining. Organoids were then 
washed in PBS, mounted with VECTASHIELD plus DAPI 
(Vector Labs), plated on chambered coverglass (Lab-Tek), 

and visualized with a Zeiss LSM-880 multiphoton confocal 
microscope 40x water lens.

2.8  |  Statistics

All statistics were conducted using GraphPad Prism soft-
ware unless stated otherwise. Non-parametric t-tests (Mann–
Whitney) were conducted when appropriate. p < 0.05 was 
considered statistically significant.

3  |   RESULTS

3.1  |  CF pig intrahepatic bile ducts lack 
CFTR

We previously showed that CFTR is expressed in the pig 
gallbladder (Zarei et al., 2020). Studies with human tissue 
have demonstrated CFTR expression in the intrahepatic bile 
ducts (Cohn et al., 1993). Immunohistochemistry studies of 
non-CF pig livers revealed apical CFTR staining in differ-
ent sized intrahepatic bile ducts; this staining was present in 
100% of non-CF intrahepatic bile ducts and absent in CF pig 
samples (Figure 1). No other cell type within the non-CF pig 
liver demonstrated positive CFTR staining. Thus, in newborn 
pigs, CFTR expression within the liver localizes to the apical 
membrane of the biliary tract.

3.2  |  CF pigs do not demonstrate significant 
alterations in serum markers of liver disease

We asked whether CFTR loss caused hepatobiliary dysfunc-
tion that could be detected in the blood. Newborn CF pigs 

F I G U R E  1   Newborn pig intrahepatic 
bile ducts express apical CFTR. Examples 
of apical CFTR in the newborn pig 
intrahepatic biliary tract detected by 
immunohistochemistry (brown) for non-CF 
and CF, top and bottom, respectively (scale 
bar = 20 μm). Red arrows indicate bile ducts
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had elevated total and direct bilirubin serum levels compared 
to non-CF (Figure 2a,b), but similar indirect bilirubin lev-
els between genotypes (data not shown). Other serum mark-
ers associated with biliary disease, alkaline phosphatase, and 
gamma-glutamyl transferase tended to be higher in CF relative 
to non-CF pigs but did not reach statistical significance (Figure 
2c,d). Aspartate aminotransferase (AST), but not alanine ami-
notransferase (ALT), levels were elevated in the CF pig (Figure 
2e,f). These findings suggest that newborn CF pigs do not have 
significant changes in serum-based hepatobiliary markers.

3.3  |  The newborn CF pig intraheptic biliary 
tree has smaller duct lumens

At birth, all CF pigs have microgallbladders that are oc-
cluded with mucus (Meyerholz et al., 2010). To determine 

if similar changes are present in intrahepatic bile ducts 
with CFTR loss, we conducted a quantitative histological 
study of newborn pig intrahepatic bile ducts. CF pig livers 
contained similar numbers of bile ducts per area and these 
bile ducts trended toward smaller external duct diameters 
compared to non-CF (p = 0.07) (Figure 3a,b). However, 
CF intrahepatic bile duct lumen diameters were smaller 
than non-CF (Figure 3c,d). We also developed a quantita-
tive scoring system to assess mucus changes within the CF 

F I G U R E  2   Serum markers of hepatobiliary dysfunction 
in newborn CF pigs. Serum biomarkers associated with biliary 
dysfunction include: (a) total bilirubin, (b) direct bilirubin, (c) gamma-
glutamyl transferase, (d) alkaline phosphatase, (e) AST, and (f) ALT. 
Each symbol represents a serum sample from one animal [non-CF 
n = 8 (4 male, 4 female), CF n = 6 (3 male, 3 female)]. Bars represent 
mean ± SEM. *p < 0.05 using Mann–Whitney test

(a) (b)

(c) (d)

(e) (f)

F I G U R E  3   Changes in the porcine intraheptic biliary tract with 
CFTR loss. Quantitative histological measures of bile ducts include: 
(a) ducts per area of liver, (b) average duct diameter, (c) average 
duct lumen diameter, and (d) lumen-to-duct diameter ratio. (e) dPAS 
representative images of mucus scoring in intrahepatic bile ducts (from 
left to right): no mucus in lumen, epithelial-associated mucus, luminal 
mucus without obstructed lumen, and luminal mucus with obstructed 
lumen (scale bar = 20 μm). (f) Total (epithelial and luminal) mucus 
scoring and (g) luminal mucus scoring. Each symbol represents 
measurements from one animal [non-CF n = 9 (6 male, 3 female); 
CF n = 9 (3 male, 6 female)]. Bars represent mean ± SEM. *p < 0.05 
using Mann–Whitney test

(a) (b)

(c) (d)

(e)

(f) (g)

(a) (b)

(c) (d)

(e)

(f) (g)
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pig intrahepatic biliary tract (Figure 3e). Compared to non-
CF, a greater portion of CF intrahepatic bile ducts tended 
to contain mucus, either associated with the epithelium or 
in the duct lumen; however, this did not reach statistical 
significance (Figure 3f,g). Thus, CF pig intrahepatic bile 
ducts are smaller and tend to contain greater mucus than 
non-CF.

3.4  |  CF intrahepatic biliary organoids 
demonstrate morphological defects and lack 
forskolin-induced swelling

We previously demonstrated reduced secretin-stimulated bile 
flow into the intestine of newborn CF pigs (Uc et al., 2012). 
We hypothesized that this defect was due, in part, to re-
duced cholangiocyte fluid secretion. To test this hypothesis, 

we created organoids from pig intrahepatic cholangiocytes 
(Tysoe et al., 2019). Within 4 days, organoids formed from 
liver tissue (Figure 4a). Non-CF organoids demonstrated 
a large central lumen surrounded by a layer of cells, while 
CF organoids did not form a substantial lumen (Figure 4a). 
Immunofluorescence studies in non-CF organoids showed 
CFTR staining along the epithelial surface facing the lumen. 
This staining pattern confirmed apical-in organoid polarity 
but also that these organoids contain cholangiocytes (Figure 
4b). CF organoids did not demonstrate CFTR staining 
(Figure 4b). After 9 days in culture, non-CF organoids were 
larger than CF under unstimulated conditions (Figure 5a,b). 
With forskolin treatment, non-CF organoids swelled, while 
CF organoids did not change in size (Figure 5c). During our 
studies, we noticed that forskolin treatment in some donors 
caused organoids to swell until a maximal point—they sub-
sequently would “burst” and reduce in size. Consequently, to 

F I G U R E  4   CF porcine biliary 
organoids demonstrate structural defects. (a) 
Brightfield images of non-CF (left) and CF 
(right) organoids after 1 day (top) and 4 days 
(bottom) in culture (scale bar = 50 μm). 
(b) Immunofluorescence showing apical 
CFTR (red) in non-CF and CF porcine 
biliary organoids. Green = Na+/K+ ATPase. 
Blue = DAPI (scale bar = 50 μm)

(a)

(b)
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quantify the full effect of forskolin treatment, we measured 
the maximal swelling of organoids during the time course. 
We saw an exaggerated difference between non-CF and CF 
organoid swelling (Figure 5d), suggesting that the effect of 
cAMP-mediated secretion may be more than we initially ob-
served. Collectively, these data suggest that CF intrahepatic 
cholangiocytes demonstrate morphological and fluid secre-
tion defects.

4  |   DISCUSSION

We demonstrated that CF pig intrahepatic bile ducts have 
smaller duct lumens compared to non-CF. We also show 
that CF pig intrahepatic cholangiocyte organoids are smaller 

at baseline and do not swell in response to cAMP-mediated 
stimulation. These findings were observed in the absence 
of significant changes in serum-based indicators of hepato-
biliary disease. Therefore, these data suggest that defects in 
bile duct morphology and fluid secretion are present without 
significant clinically evident intrahepatic disease in newborn 
CF pigs.

These studies suggest that bile flow within the CF liver 
is decreased. Previous studies by our group demonstrate de-
creased secretin-stimulated biliary flow into the intestine of 
newborn CF pigs (Uc et al., 2012). Our histological studies 
suggest that this reduced flow is correlated with smaller size 
of intrahepatic bile ducts. Studies suggest that people with CF 
have abnormalities with intrahepatic bile ducts; these studies 
demonstrated a wide variety of bile duct appearances includ-
ing narrowing and tapering of some bile ducts but beading 
and dilation of others (Gaskin et al., 1988; King et al., 2000; 
Nagel et al., 1989). These latter changes may suggest lumi-
nal obstructions that dilate proximal portions of the biliary 
tract due to the accumulation of hepatic products and bile. 
Previous studies by our group and others also demonstrate 
narrowing in the extrahepatic biliary tract (Gaskin et al., 
1988; Meyerholz et al., 2010; Nagel et al., 1989). In addi-
tion to changes in bile duct size, our data demonstrate a trend 
for greater mucus in CF intrahepatic bile ducts and this po-
tentially could be a contributor to decreased bile flow in the 
newborn CF pig biliary tract. Further studies of the CF pig 
may aid in understanding this manifestation of CF hepatobi-
liary disease.

Our studies also found that CF intrahepatic biliary or-
ganoids had defective fluid secretion. This is consistent 
with our studies in the CF pig gallbladder (Zarei et al., 
2020). The exact function of biliary fluid secretion, spe-
cifically pertaining to CFTR, is still not clear, but likely 
contributes to decreased bile flow in CF pigs (Uc et al., 
2012). Our histology studies may suggest two possible 
roles. First, the trend of increased luminal mucus in CF pig 
intrahepatic bile ducts suggests that CFTR-mediated fluid 
secretion may be important for mucus and bile clearance 
in the biliary tract. Previous studies have found bile plugs 
present in a minority of children with CF, which may rep-
resent the same mucus obstruction present in CF pig bile 
ducts (Lindblad et al., 1992; Lykavieris et al., 1996). This 
may be due to mucus accumulation due to decreased fluid 
secretion. Mice under chronic cholate feeding also demon-
strated decreased biliary flow with CFTR loss (Bodewes 
et al., 2015a). In vitro studies with human induced plurip-
otent stem, cell-derived cholangiocytes have also shown 
decreased secretin-mediated fluid secretion with CFTR 
dysfunction (Fiorotto et al., 2018). Second, the structural 
changes of intrahepatic bile ducts in CF pigs imply that 
CFTR may be involved in the development of the biliary 
tract in utero. Studies in the pig airway demonstrate that 

F I G U R E  5   CF porcine biliary organoids are smaller at baseline. 
(a) Brightfield images of non-CF (left) and CF (right) organoids after 
9 days in culture (scale bar = 100 μm). (b) Organoid area for non-CF 
and CF porcine biliary organoids on day 9 of culture [non-CF n = 12 
(8 male, 4 female), CF n = 13 (5 male, 8 female)]. (c) Fold change of 
whole organoid area post-incubation in 10 µM forskolin for 30 min. 
Values are normalized to organoid response to vehicle (DMSO). (d) 
Maximal swelling achieved, on average, by non-CF and CF organoids 
prior to swelling-induced rupture. Each symbol represents average 
organoid area from one animal [non-CF n = 10 (5 male, 5 female), CF 
n = 8 (5 male, 3 female)]. Organoid swelling assays were performed 
after 1–2 days of culture. Bars represent mean ± SEM. *p < 0.05 using 
Mann–Whitney test

(a)

(b)

(c) (d)
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CFTR loss contributes to airway developmental abnormal-
ities (Meyerholz et al., 2018b).

Our previous studies in the CF pig gallbladder demon-
strate fluid secretion defects. We found similar results here 
in CF pig intrahepatic bile ducts. These studies together may 
suggest a general mechanism of CF pathogenesis within the 
entire biliary tract: CFTR dysfunction leads to defective 
fluid secretion ultimately decreasing bile flow. The buildup 
of biliary luminal contents, over time, may contribute to CF 
hepatobiliary disease and ultimately end-stage liver disease 
or cirrhosis.

Unlike our previous studies in the pig gallbladder, the 
difference in luminal mucus between non-CF and CF in 
intrahepatic bile ducts was less dramatic. One possibil-
ity may be that CFTR is expressed at a greater level in 
the gallbladder relative to the intrahepatic bile ducts. It 
is possible that intrahepatic bile duct contents, including 
mucus, may be less reliant on CFTR for normal clearance. 
Another potential explanation for this may be that the 
gallbladder has a higher expression of gel-forming mucins 
than the intrahepatic bile ducts at birth. Last, intrahepatic 
bile ducts may develop mucus accumulation and obstruc-
tion in advanced CF hepatobiliary disease. In any case, 
further studies of mucus accumulation in intrahepatic 
ducts are warranted.

Direct bilirubin, a biliary specific marker, was increased 
in CF pigs. One potential explanation for this may be mucus 
obstruction and decreased bile flow in the biliary tract—
buildup within the bile ducts may ultimately spillover into the 
serum. The elevated direct hyperbilirubinemia in newborn 
CF pigs is the reminiscent of neonatal cholestasis, a rare and 
early form of CFLD (Leeuwen et al., 2014; Lindblad et al., 
1999). Unlike CF pigs, however, CF neonatal cholestasis is 
typically self-resolving without further complication and 
there are no clear associated histological changes (Leeuwen 
et al., 2014; Lindblad et al., 1999).

Our studies demonstrated that AST but not ALT levels 
were elevated in CF pigs. This may suggest an extrahepatic 
source of AST which can be found in other tissues includ-
ing skeletal muscle, kidneys, and heart (Uhlen et al., 2015). 
Other studies have found cardiac and skeletal muscle dys-
function with CFTR defects (Gruet et al., 2017; Labombarda 
et al., 2016). These other results may suggest a mild cardiac 
and/or skeletal muscle phenotype in the CF pig that contrib-
utes to the elevated AST level.

Our current studies found that other serum-based 
markers for hepatobiliary disease were not significantly 
elevated from non-CF. People with CF demonstrate peri-
odic increases in serum-markers of hepatobiliary disease 
(Bodewes et al., 2015b; Woodruff et al., 2017). One study 
suggests that it is common for children with CF to have 
increased serum markers of hepatobiliary disease by age 
21 (Woodruff et al., 2017). A possible explanation for the 

lack of significant changes in serum-based markers in the 
current study may be that significant hepatobiliary disease 
may only be present in older CF animals. Due to challenges 
in defining and diagnosing CFLD, approximate age of 
onset is difficult to ascertain. Some studies have reported 
the average age of onset being between 5 and 8 years old 
(Colombo et al., 2002; Lindblad et al., 1999). Recent stud-
ies have indicated that CFLD is diagnosed more as people 
with CF get older (Boelle et al., 2019; Koh et al., 2017; 
Toledano et al., 2019). Regardless, in humans, neonatal 
presentation of CFLD is rare and hepatobiliary dysfunc-
tion primarily presents over several years (Colombo et al., 
2002; Lindblad et al., 1999).

It is also possible that a second injury, in addition to 
CFTR loss, is required to initiate CFLD in pigs. Some 
mouse models of CFLD require the induction of chemi-
cal colitis in CFTR−/− mice (Fiorotto et al., 2011, 2016). 
Human cohort studies have been unsuccessful at identify-
ing factors that explain why some individuals with CF de-
velop liver disease while others do not (Bartlett et al., 2009; 
Boelle et al., 2019; Colombo et al., 2002; Lindblad et al., 
1999). Additionally, attempts to identify modifier genes 
involved in CFLD pathogenesis have not been successful 
(Debray et al., 2019). One study found an association with 
the SERPINA1 Z allele and CFLD (Bartlett et al., 2009). 
Longitudinal studies with CF pigs may help better under-
stand the time course and pathogenesis of CFLD. We have 
observed that some older CF pigs develop multilobular cir-
rhosis (Stoltz et al., 2013).

This study has strengths: (1) we used an animal model 
that resembles human CF disease; (2) we used clinical and 
histological measures to assess CFLD in a pig model; (3) 
we used a novel organoid model to study fluid secretion; (4) 
we assessed the markers of hepatobiliary disease at birth 
prior to the development of advanced disease. This study 
also has limitations: (1) the CF pig model may exaggerate 
certain features of CF hepatobiliary disease. For instance, 
microgallbladder occurs in up to 30% of people with CF; 
however, every newborn CF pig has some degree of micro-
gallbladder. This complete penetrance of CF disease in the 
biliary tract may suggest that CFTR plays a more significant 
role in the porcine hepatobiliary tract relative to humans; 
(2) we did not conduct studies in older animals and did not 
address whether hepatobiliary disease is progressive in the 
CF pig; (3) we did not determine how CFTR loss contrib-
utes to findings in advanced disease, such as cirrhosis; (4) 
we do not have an appropriate and efficient methodology 
to comprehensively evaluate the entire intrahepatic biliary 
tract; (5) in addition to the intrahepatic changes presented 
in this study, CF pigs demonstrate extrahepatic disease and 
meconium ileus—it is challenging to distinguish how these 
other aspects of CF disease may impact the results of this 
study.
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In this study, we determined that CF pigs have smaller 
intrahepatic bile ducts with fluid secretion defects at birth. 
These changes are present without significant elevation in 
serum markers of hepatobiliary disease relative to non-CF. 
These findings suggest that decreased biliary clearance may 
be involved in the early pathogenesis of CF pig hepatobiliary 
disease.
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