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Abstract

Hepatobiliary disease causes significant morbidity in people with cystic fibrosis (CF), yet this
problem remains understudied. We previously found that newborn CF pigs have microgallbladders
with significant luminal obstruction in the absence of infection and consistent inflammation. In
this study, we sought to better understand the early pathogenesis of CF pig gallbladder disease. We
hypothesized that loss of CFTR would impair gallbladder epithelium anion/liquid secretion and
increase mucin production. CFTR was expressed apically in non-CF pig gallbladder epithelium
but was absent in CF. CF pig gallbladders lacked cAMP-stimulated anion transport. Using a novel
gallbladder epithelial organoid model, we found that CI~ or HCO3™ was sufficient for non-CF
organoid swelling. This response was absent for non-CF organoids in CI"/HCO3™-free conditions
and in CF. Single-cell RNA sequencing revealed a single epithelial cell type in non-CF
gallbladders that co-expressed CFTR, MUC5AC, and MUC5B. Despite CF gallbladders having
increased luminal MUC5AC and MUC5B accumulation, there was no significant difference in the
epithelial expression of gel-forming mucins between non-CF and CF pig gallbladders. In
conclusion, these data suggest that loss of CFTR-mediated anion transport and fluid secretion
contribute to microgallbladder development and luminal mucus accumulation in CF.
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Cystic fibrosis (CF) is a life-shortening disease with significant healthcare costs, affecting
about 70,000 people worldwidel. Mutations in the gene encoding the cystic fibrosis
transmembrane conductance regulator (CFTR), an anion channel, lead to multi-organ system
disease including the hepatobiliary system?. CF hepatobiliary disease represents the third
leading cause of death for people with CF3-5. Diagnosis of CF hepatobiliary disease is
complicated due to variability of disease forms; it is also unclear why only a fraction of
individuals with CF develop hepatobiliary disease®-9. While CFTR modulators are
efficacious in individuals with certain CF7R mutations, these therapies do not benefit all
patients and they are not a curel®. Thus, there is a need to better understand CF hepatobiliary
disease pathogenesis.

CFTR is expressed in the gallbladder and this organ can be used to better understand the role
of CFTR in the extrahepatic biliary tract!!: 12, The gallbladder stores, concentrates, and
modifies bile. Gallbladder disease exists in up to 30% of individuals with CF13: 14, Potential
forms of CF gallbladder disease include cholelithiaisis, cholecystitis and a small gallbladder
(microgallblader)15: 18, Interestingly, gallbladder CFTR expression is high relative to other
tissues in humans?’: 18, However, the exact function of CFTR in the gallbladder is unclear.
In studies with human and murine gallbladder tissue, CFTR activation leads to greater anion
secretion in non-CF versus CF mucosal®-21. CFTR™~ mice have more acidic gallbladder
bile and demonstrate defective gallbladder emptying relative to wild-type controls?2. These
models have certain limitations. For example, when studying human surgical tissue samples,
patients are frequently older and have advanced disease complicating the study of the onset
of CF diseasell: 19:20, CF mouse models do not demonstrate a phenotype resembling human
CF biliary disease, limiting the translational impact of pathogenesis studies?2: 23,

The CF pig model recapitulates human CF disease and allows for assessing CF pathogenesis
at birth24 25, Newborn CF pigs demonstrate a microgallbladder2®. CF pigs also have
decreased bile volume secretion and a more acidic gallbladder bile pH, consistent with
defective CFTR function?”. Luminal obstruction is also found in the newborn CF pig
gallbladder, although the composition of this obstructing material is unknown26. In contrast
to CF pig airway disease, the gallbladder phenotype develops in the absence of infection or
consistent inflammation2®: 28 and the underlying pathogenesis is not yet clear. Thus, the CF
pig gallbladder represents a model to study CF mucus pathogenesis in the absence of
infection and inflammation.

In this study, we investigated gallbladder disease in the newborn CF pig (i.e., in the first 24
hours of life), focusing on the role of CFTR in gallbladder epithelial anion and fluid
secretion and the development of the mucus phenotype. We hypothesized that CFTR loss in
the newborn pig gallbladder impairs CI7/HCO3™ transport and fluid secretion and enhances
mucin production.

METHODS
CF pig model.

The development of the CF pig model has been previously reported?4. Animals were
purchased from Exemplar Genetics (Sioux City, 1A). All protocols were approved by the
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University of lowa Institutional Animal Care and Use Committee (IACUC). Newborn
(within the first 24 hours of life) CFTR** and CFTR™" pigs (henceforth referred to as non-
CF and CF pigs respectively) were sedated with ketamine/xylazine (Akorn) and euthanized
with phenobarbital sodium/phenytonin sodium (Euthasol; Virbac).

Immunohistochemistry and quantitative histology.

Immunohistochemistry studies were done by the University of lowa Comparative Pathology
Laboratory?®. Briefly, gallbladders from newborn piglets were excised and fixed in 10%
normal-buffered formalin (room temperature, 1 hour). Tissues were embedded in paraffin,
serially sectioned using a microtome (~4 um) and hydrated through a sequence of xylene/
alcohol baths. Subsequently, antigen retrieval was done using the NxGen Decloaking
Chamber™ (Biocare Medical) with a citrate buffer (pH 6.0, 110° C, 15 minutes).
Endogenous peroxidase activity was quenched (hydrogen peroxide 3%, 8 minutes),
endogenous avidin/biotin was blocked (Avidin/Biotin Blocking Kit, Vector Laboratories,
Inc.) and nonspecific background was blocked (equine serum, 5% in 1x Dako Buffer). CFTR
immunohistochemistry was done with mouse anti-CFTR 769 (1:1200, 60 minutes; CFF/
UNC), generously supplied by Dr. John Riordan, University of North Carolina — Chapel Hill
and the Cystic Fibrosis Foundation Therapeutics. MUC5AC and MUC5B
immunohistochemistry reagents were mouse anti-MUCS5AC (clone 45M1) monoclonal
(1:75, 30 minutes; Novus Biologicals) and anti-MUCS5B polyclonal (1:60,000, 30 minutes;
LifeSpan BioSciences) respectively. Secondary Ab (1:200, 30 minutes; Vector Biotinylated
Anti-Mouse 1gG) was then applied followed by Vector ABC Reagent (30 minutes, Standard
VECTASTAIN® Elite® ABC Kit, Vector Laboratories, Inc.) and chromogen (room
temperature, DAB plus for 5 minutes followed by DAB Enhancer for 3 minutes). Tissues
were counterstained with Harris hematoxylin (1 minute, Surgipath, Leica Microsystems,
Inc.). Slides were blued in Scott’s Tap water, dehydrated through a sequence of alcohol/
xylene baths and subsequently coverslipped. For quantitative mucin histology, high
resolution images of the slides were acquired with the 20x objective at 0.24 um/pixel
resolution by the Panoramic 1000 slide scanner (3DHISTECH). Gallbladder tissue sections
were visualized using the 3DHISTECH CaseViewer software (3DHISTECH) to quantify
histological features of all tissue specimens. Area quantifications of mucin positive regions
of images was done through the Fiji software. Briefly, an image mask for the gallbladder
epithelium was traced, the image was thresholded, and the percentage of thresholded area
relative to mask area was calculated. As a positive control for MUC5AC and MUC5B,
newborn non-CF pig airways were also sectioned and stained in parallel; thresholding
settings were optimized and established from positive tissue controls.

CFTR immunocytochemistry.

Gallbladders from newborn piglets were excised, placed in ice-cold 30% sucrose solution,
quick frozen with liquid nitrogen in optical cutting temperature compound, and stored at
-80° C. Frozen tissue was then sectioned using a Cryostat microtome (7 pum sections), fixed
in 4% formaldehyde (room temperature, 15 minutes), permeabilized with 0.2% Triton X-100
(Thermo Fisher; room temperature, 20 minutes) and blocked in Super-Block (Thermo
Fisher) supplemented with 5% filtered normal goat serum (Jackson Immunologicals; room
temperature, 1 hour). Sections were then immunostained with rabbit anti-p-Z0-1 (1:100;
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Zymed) and mouse anti-CFTR 596 (1:100, CFF/UNC) for 2 hours at 37° C. Subsequently,
the sections were incubated in goat anti-mouse Alexa Fluor 488 (1:1000; Molecular Probes)
and goat anti-rabbit Alexa Fluor 568 (1:1000; Molecular Probes/Invitrogen), mounted in
Vectashield plus DAPI (Vector Labs), and visualized using an Olympus Fluoview F\VV1000
confocal microscope.

Ussing chamber studies.

Gallbladders were separated from the liver parenchyma, a longitudinal cut was made along
the surface of the gallbladder exposing the lumen, and a 3 mm x 3 mm square section was
excised, mounted in Ussing chambers (Physiologic Instruments), and bathed in a Krebs-
Ringer solution (144 mM NacCl, 25 mM HCO3, 1.2 mM CaCly, 1.2 mM MgCl,, 2.4 mm
KoHPO,4, 0.6 mm KH,PO4, 5 mM dextrose in 5% CO» (vol/vol), pH = 7.4) on both the
apical and basolateral sides, as previously described3°. The final concentrations of the
chemicals were the following: forskolin (apical - 10 uM), IBMX (apical - 100 pM), GlyH
(apical - 100 uM), DIDS (apical - 100 pM), and bumetanide (basolateral - 100 pM).

Development of porcine gallbladder organoid model.

Methodology for the organoid model was adapted from a published protocol for human
gallbladder tissue3L. The gallbladder and cystic duct were separated from the liver
parenchyma, a longitudinal incision was made along the gallbladder to expose its lumen, and
the excised tissue was placed in cold William’s E media supplemented with nicotinamide
(10 mM), sodium bicarbonate (17 mM), 2-phospho-L-ascorbic acid trisodium (0.2 mM),
sodium pyruvate (6.3 mM), glucose (14 mM), HEPES (20 mM), dexamethasone (100 nM),
insulin-transferrin-selenous acid (ITS) premix (1:100), and penicillin-streptomycin (100
U/mL; 100 ug/mL). The pig gallbladder tissue was minced using sterile scalpels and
digested for 2 hours at 37° C in William’s E media containing collagenase (Sigma-Aldrich,
10 mg/mL). After incubation, 2% by volume fetal bovine serum was added to neutralize the
collagenase and the cell suspension was filtered over a 100 um filter. Cells were centrifuged
down at 440 g for 5 minutes. The cell pellet was washed with supplemented William’s E
media and centrifuged down again at 440 g for 5 minutes. The resulting cell pellet was
resuspended in supplemented William’s E media containing the following growth factors:
500 ng/mL human recombinant R-spondin 1 (R&D) and 100 ng/mL human epidermal
growth factor (R&D). This growth factor-containing media is referred to as gallbladder
organoid media. For the initial plating of the cells, 100 uM 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 10-20
cells. Two parts by volume Matrigel (Corning) was added to the cell suspension and the final
mixture was plated in prewarmed 24-well culture plates in small, 5-10 pL drops (35 uL per
well). The plates were inverted and incubated for 10-20 minutes at room temperature and
then for another 30-40 minutes at 37° C. 400 pL of prewarmed gallbladder organoid media
was then added to each well. Media was changed every 3—4 days. Organoids were passaged
approximately once per month: organoids were mechanically dissociated from Matrigel
using cold William’s E media, centrifuged at 440 g for 5 minutes, and re-plated at a dilution
of 1.5.
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Organoid swelling assay.

All experiments were done on the Zeiss LSM-880 multiphoton with temperature control
(37° C) and humidity chamber. All experiments were done with passage 0 or 1 organoids.
Non-CF and CF pig organoids were plated in 24-well culture dishes 3—4 days prior to
imaging. Approximately 30 minutes prior to the experiment, media was aspirated and
replaced with Krebs-Ringer solution (118.9 mM NaCl, 25 mM NaHCOQOs3, 1.2 mM CaCl,, 1.2
mM MgCl,, 2.4 mm Ky;HPO,, 0.6 mm KH,PO,4, 5 mM dextrose in 5% CO, (vol/vol), pH =
7.4), CI™-free ringer solution (118.9 mM sodium gluconate, 25 mM NaHCO3, 2.4 mm
KoHPOy, 0.6 mm KH,PO4, 5 mM calcium gluconate, 1 mM magnesium gluconate, 5 mM
dextrose in 5% CO, (vol/vol), pH = 7.4), HCO3™-free Ringer’s solution (135 mM NaCl, 1.2
mM CaCl,, 1.2 mM MgCl,, 2.4 mm K,HPOy4, 0.6 mm KH,PO4, 5 mM HEPES, 5 mM
dextrose, pH = 7.4), or CI™-free and HCO3™-free Ringer’s (143.9 mM sodium gluconate, 2.4
mm KyHPQOy, 0.6 mm KH,PO4, 5 mM calcium gluconate, 1 mM magnesium gluconate, 5
mM dextrose, pH = 7.4). Baseline measurements of 5-10 organoids per condition were
obtained. Forskolin (final concentration - 10 uM) was added to the Ringer’s solution and
organoids were monitored for 1 hour with an image acquisition interval of 5 minutes. Whole
organoid areas were obtained by hand tracing the images in Fiji.

Organoid immunocytochemistry.

Pig gallbladder organoids were mechanically dissociated from the Matrigel, washed, and
fixed in 4% PFA for 15 minutes at 4° C. Organoids were kept in suspension at 4° C while
they were permeabilized in 0.03% Triton for 1 hour, and blocked in Superblock (Thermo-
Fisher) with 4% normal goat serum for 48 hours. Organoids were then incubated with
primary antibodies 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). Organoids were then
washed with PBS and incubated with goat anti-mouse and goat anti-rabbit secondary
antibodies conjugated to Alexa-Fluor 488 and Alexa-Fluor 568 (1:1000; Molecular Probes/
Invitrogen), respectively. Organoids were washed again with PBS. Organoids were then
incubated with Alexa-Fluor 633 conjugated phalloidin (1:40; Molecular Probes/Invitrogen)
for 1 hour at room temperature. Organoids were then washed in PBS, mounted with
Vectashield plus DAPI (Vector Labs), coverslipped, and visualized with an Olympus
Fluoview FVV1000 confocal microscope 60x oil lens.

Real-time quantitative polymerase chain reaction (QRT-PCR).

Total RNA was isolated from whole gallbladder using a RNeasy Lipid Tissue Kit (Qiagen)
according to the manufacturer’s instructions. cDNA was amplified using the 7900HT Fast
Real-Time PCR System (Applied Biosystems). qPCR was performed using the Takara Bio
SYBR Green Master Mix including ROX (Clontech). Gene expression relative to the beta
actin housekeeping gene was preformed using the AACT method. Primer sequences for the
genes assayed in this experiment are as follows: S-actin forward
CTGCGGCATCCACGAAACT, g-actinreverse GTGATCTCCTTCTGCATCCTGTC;
CFTR forward CACTACGCTGGTTCCAAATGC, CFTRreverse
ATCCCAACTGTTCCTTCTCCTTC.
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Bulk RNA sequencing.

Total RNA was isolated from whole gallbladder using a RNeasy Lipid Tissue Kit (Qiagen)
according to the manufacturer’s instructions. Genomic DNA was digested using DNase |
(Qiagen). RNA samples were then quantified using fluorimetry (Qubit 2.0 fluorometer; Life
Technologies), and RNA quality was assessed using an Agilent BioAnalyzer 2100 (Agilent
Technologies). Only samples with RNA integrity numbers >9 were used. Samples were then
processed and sequenced at the Genomic Division of the lowa Institute of Human Genetics.
Ribosomal RNA was depleted using the Ribo Zero Gold kit (Illumina). Sample libraries
were prepared using standard Illumina protocol with the TruSeq Stranded Total RNA kit
(IMumina). Sequencing was done on the Illumina Hiseq 4000 (Illumina) across 2 lanes with
150 base paired-end reads. FastQC (version 0.11.9) was used to verify the quality of the
reads. Raw reads were pseudoaligned using Sus scrofareference genome 11.1 and quantified
using Kallisto (version 0.45.0) with 100 bootstraps32, and gene-level differential expression
analysis was performed using Sleuth (version 0.30.0)33. Confidence intervals for fold
changes were calculated using DESeq_2 (version 1.28.1)34. Differentially expressed genes
were assessed by having a g-value less than 0.05; genes meeting this criteria were input into
the Ingenuity Pathway Analysis (Qiagen Inc.) and Enrichr3® 36 for pathway and gene
ontology biological process analyses, respectively.

Data records.

Data have been deposited in the National Center for Biotechnology Information (NCBI) and
are accessible through the GEO Series accession number GSE152145.

Single-cell RNA sequencing.

Statistics.

Whole gallbladder from a non-CF pig was excised and cut open to reveal the lumen. The
outermost layer of cells facing the lumen were mechanically scraped into DPBS-DTT. Cells
were dissociated for 1 hour in 1.4 mg/ml pronase and 40 U DNase and then filtered through
a 40 um tissue strainer. Density gradient centrifugation was performed with lodixanol
(OptiPrep) to separate live and dead cells. Cells were stained with trypan blue, counted using
a hemocytometer, and submitted for sequencing in DPBS with 0.04% BSA. Libraries were
prepared by the lowa Institute of Human Genetics-Genomics Division core facility at the
University of lowa using the Chromium Single Cell 3’ Reagent Kit v3 Chemistry (10x
Genomics) and sequenced on the HiSeq 4000 Sequencing System (Illumina). Single-cell
RNA sequencing data were assessed for quality using FastQC (version 0.11.9), preprocessed
using CellRanger (version 3.0.02), aligned using STAR (version 2.7.3)37, analyzed using
Seurat (version 3.0)38: 39, and visualized in the Loupe Cell Browser (10x genomics).

All statistics were conducted by Graphpad Prism software unless stated otherwise. Non-
parametric t-tests (Mann-Whitney), or one-way ANOVA analyses were conducted when
appropriate. P < 0.05 was considered statistically significant.
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RESULTS

Newborn pig gallbladder epithelia express CFTR

Earlier studies identified CFTR in the biliary tract epithelium!®: 40, To quantify CFTR levels
in porcine gallbladder epithelium, we first measured CF7R mRNA using qRT-PCR.
Newborn pig gallbladder expressed CFTR at levels similar to other tissues (Figure 1A). Both
immunohistochemical and immunocytochemical studies of newborn non-CF pig gallbladder
revealed a uniform, simple columnar epithelium with apical CFTR expression on nearly
every cell (Figures 1B and 1C). In contrast, using similar methodology, we previously found
that CFTR only localized to a subset of airway epithelial cells?4. Newborn CF pig
gallbladder epithelium lacked CFTR staining (Figures 1B and 1C).

CF pig gallbladders lack CFTR-mediated electrolyte transport

To investigate the role of CFTR in gallbladder epithelial electrolyte transport, we mounted
non-CF and CF gallbladder tissue in Ussing chambers and assayed transepithelial current.
Basal short-circuit current (Is.) was higher in non-CF than CF gallbladder tissue (Figure
2A). Forskolin and 3-isobutyl-2-methylxanthine (IBMX), which lead to CFTR activation,
increased Iy in non-CF but not CF gallbladders (Figures 2A and 2B). GlyH-101, a CFTR
inhibitor, decreased I¢; in non-CF tissues, but had no effect in CF. Subsequent addition of
apical 4,4’ -diisothiocyanostilbene-2,2”-disulfonic acid (DIDS), to block non-CFTR CI~
channels, and basolateral bumetanide, which inhibits the Na*-K*—2CI~ co-transporter
(NKCC), caused minimal Is; changes in either genotype (Figures 2A and 2B). These data
suggest that CFTR is a major contributor to anion transport in newborn pig gallbladder
tissues.

CF pig gallbladder epithelial organoids do not swell

Given the defects in anion transport, we hypothesized that epithelial fluid transport would be
defective in the CF pig gallbladder. Decreased fluid secretion by the biliary epithelium could
explain the small gallbladder (microgallbladder) and decreased bile output into the
duodenum observed in the CF pig2’. To investigate the role of CFTR in gallbladder fluid
secretion, we created non-CF and CF pig gallbladder organoids based upon work by
Sampaziotis and colleagues3. Pig gallbladder organoids formed within 34 days. Non-CF
organoids consistently developed a central lumen surrounded by a layer of epithelial cells
(Figure 3A). CF pig gallbladder organoids were smaller than non-CF (Figures 3A and 3B)
and had a variety of morphologies, frequently demonstrating smaller lumens and a
“budding” phenotype with multiple luminal spaces. Regardless, apical actin and basolateral
Na*/K*-ATPase staining demonstrated that both non-CF and CF organoids formed with the
apical epithelial surface facing the organoid lumen (Figure 3C). Similar to our tissue studies,
nearly every cell in non-CF organoids expressed apical CFTR whereas there was no staining
in CF organoids (Figure 3C). To assess fluid secretion in the organoid model, non-CF and
CF pig gallbladder epithelial organoids were treated with forskolin. CFTR activation in non-
CF organoids caused swelling (Video S1), while this response was completely absent in CF
pig organoids (Video S2; Figures 3D and 3E).
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Studies have demonstrated important roles for both CI~ and HCO3™ transport by CFTR#1-49,
Therefore, we determined the individual and combined contribution(s) of these two anions to
gallbladder epithelial fluid secretion. Conditions lacking either CI~ or HCO3™ maintained the
swelling response seen when both anions were present. Only in the absence of both CI™ and
HCO3™ did non-CF organoids fail to swell (Figure 3E).

Gallbladder epithelial cells co-express CFTR, MUC5AC, and MUC5B

Mucus changes are a common feature in CF. The gallbladder also expresses several gel-
forming mucins (MUC2, MUC5AC, MUC5B, MUC6)°0-53, Thus, we investigated the
expression of these mucins within the pig gallbladder epithelium. We conducted single-cell
RNA sequencing of the non-CF pig gallbladder. The epithelial cell population, identified by
epithelial-cell adhesion molecule (EPCAM) (Figure S1), demonstrated high expression of
MUCS5AC, MUC5B, and CFTR in the same cell population (Figure 4). MUCZ2and MUC6
were expressed at very low levels. These findings suggest that nearly all gallbladder
epithelial cells co-express CFTR, MUC5AC, and MUCS5B. Consistent with previous studies
in the gallbladder and cholangiocytes, we also found that these cells express genes related to
ion and fluid transport (SLC4A2, ANOI, SLCIA3, AQPI)>*57  receptor signaling (SCTR,
VIPRI1, P2RY2, TLR4)%8-61 and bile and cholesterol transport (ABCC3, SLC51A, ABCB4,
ABCC4)52-55 (Figure S1).

Non-CF and CF pig gallbladder transcriptional profiles are similar despite CF gallbladder

remodeling

Since gallbladder disease is present in the CF pig at birth and mucus accumulation
associates with CF disease in other organs, we determined if CFTR loss in the newborn pig
gallbladder induced transcriptional changes or altered mucin gene expression. RNA-
sequencing revealed, surprisingly, that only 163 genes were differentially expressed between
non-CF and CF pig gallbladders (Figure 5A and Supplemental Table 1). Gene ontology
analysis of these differentially expressed genes indicated that several pathways were altered
in CF including mitochondrial function, the unfolded protein response, and NRF-2 mediated
oxidative stress response (Figures 5B and 5C). Similar to the single-cell RNA sequencing
data, the predominant gel-forming mucins expressed were MUC5AC and MUC5B, while
MUCZ2and MUC6 had extremely low normalized transcript counts (Table 1). There was no
differential expression, between non-CF and CF, for MUC2, MUC5AC, MUC5B, or MUC6
after adjusting for multiple testing. These findings suggest that despite significant
gallbladder remodeling in CF, there are minimal transcriptional changes associated with
CFTR loss, including mucin transcript expression.

CF pig gallbladders have increased luminal MUC5AC and 5B accumulation

We were surprised to find that the CF pig gallbladder had minimal changes in mucin
transcription since our earlier work found significant luminal obstruction in the newborn CF
pig gallbladder24 26, To further investigate the mucus phenotype, we performed mucin
staining in non-CF and CF gallbladders. Given the low transcriptional expression of MUC2
and MUCS in the porcine gallbladder, we focused on MUC5AC and MUC5B. All newborn
non-CF pig gallbladder lumens were free of MUC5AC- and MUC5B-positive material
(Figure 6A and Table 2). CF pig gallbladders consistently demonstrated luminal
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accumulation of MUC5AC and MUC5B (Figure 6A and Table 2), despite lacking significant
inflammation26 or infection (Supplemental Table 2). To determine if the luminal mucus
changes correlated with epithelial mucus changes, we performed quantitative histological
analyses of non-CF and CF newborn pig gallbladder epithelium (Figure 6A). In both non-CF
and CF, mucin staining was variable between tissue samples, but MUC5B was the
predominant gel-forming mucin. Epithelial MUC5AC and MUC5B staining were similar
between non-CF and CF. (Figures 6B and 6C). Taken with our transcriptional studies, these
results suggest that the mucus obstructing the CF pig gallbladder is due to accumulation
rather than overproduction.

DISCUSSION

We previously found that at birth, CF pigs have a small gallbladder with luminal
obstruction24: 26. 28 Thjs study expands on our earlier work demonstrating that CFTR is
highly expressed in the pig gallbladder and is necessary for gallbladder epithelial anion
transport and fluid secretion. In addition, the CF pig gallbladder mucus phenotype is present
at birth without significant alterations in mucin mMRNA expression. Finding greater luminal
MUCS5AC and MUC5B accumulation in the newborn CF pig gallbladder suggests that these
mucus changes are most likely due to defective fluid secretion and mucus clearance as
opposed to mucin overproduction. Finally, these changes were associated with a limited
number of alterations of transcriptional pathways in the CF pig gallbladder.

Our data suggest that CFTR plays an important role in gallbladder epithelial anion and

liquid secretion. First, the gallbladder expresses a high level of CFTR. Single-cell RNA
sequencing and immunostaining demonstrated CFTR expression in nearly every gallbladder
epithelial cell. Second, electrophysiological studies of excised gallbladder tissue revealed
that the cAMP-mediated changes in Ig. are primarily CFTR-dependent. Forskolin-induced
gallbladder fluid secretion was also CFTR-dependent in our organoid model. Earlier studies
in human tissues have also found that CFTR contributes to anion transport in the
gallbladder® and fluid secretion in murine gallbladder tissues®. We have previously shown
that CFTR-mediated fluid secretion occurs during lung development®?. Thus, /n utero loss of
CFTR-mediated fluid secretion might account for the microgallbladder present at birth in CF
pigs. It is also possible that CFTR-mediated luminal anion secretion enables proper mucus
secretion and clearance in the gallbladder. Finally, although we did not investigate this
pathway, studies of intrahepatic bile duct units have found that CFTR might serve an
additional role in cholangiocytes by contributing to ATP release®8.

Just as in humans with CF, CF pigs have microgallbladders?® while other animal models,
such as CF mice, have enlarged gallbladders22. Unlike pigs however, microgallbladder
occurs in only one-third of people with CF13-16_ Gallbladder secretion may occur through
cAMP-mediated and Ca2*-mediated processes!®. With loss of CFTR, mice may demonstrate
increased activity in this latter mechanism whereas pigs do not have this compensatory
response. Human biliary secretion may be a combination of cAMP- and Ca2*-dependent
mechanisms. This may explain the incomplete penetrance and variability of hepatobiliary
disease in people with CF. However, studies indicate microgallbladder alone is not

Lab Invest. Author manuscript; available in PMC 2021 January 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zarei et al.

Page 10

predicative of CF liver disease’. Other factors, such as mucus clearance, may be important in
CF hepatobiliary disease.

CFTR loss in porcine gallbladder epithelium did not affect MUC5AC or MUC5B
expression, but we did find increased MUC5AC and MUC5B accumulation in CF
gallbladder lumens. In contrast, Kuver et a/. found that mucin mRNA levels were reduced in
murine CF gallbladder epithelial cells, while mucin secretion was increased®. Species
differences and/or in vitrovs. in vivo experimental models might account for differing
findings.

It is interesting that nearly all epithelial cells in the porcine gallbladder express both CFTR
and the gel-forming mucins MUC5AC and MUC5B. Whether this co-expression of CFTR
and mucins in gallbladder epithelial cells is required for normal mucus secretion is not
known. There is some evidence that CFTR is present on mucus granules in the gallbladder®.
Similarly, CFTR is expressed in intestinal goblet cells and its loss leads to defective mucus
release’L. In contrast, studies in the airway show different cell types express CFTR and
mucins?9: 72. 73, Recently, a rare cell type in the airway, termed the ionocyte, has also been
identified’4 7>, The ionocyte is a Foxil-positive cell which expresses very high levels of
CFTR"4 75, While the function of the ionocyte is not clear, this discovery raises the question
of whether a similar cell type exists in other epithelial tissues besides the lungs. Using
single-cell RNA sequencing, we did not find an “ionocyte-like” cell or any Foxil-expressing
cells in gallbladder epithelium. Future studies aimed at determining how CFTR expression is
differentially regulated within the same and different tissues will be important in
determining how loss of CFTR function in each of these cell types contributes to CF
pathogenesis. At least in the gallbladder epithelium, our data suggest that CFTR function in
mucus secreting cells is essential to physiological mucus secretion and subsequent mucus
clearance.

Reminiscent of the CF pig, gallbladder mucocele formation in domestic dogs also involves
mucus obstruction of the gallbladder lumen. Kesimer ef a/. found that dogs with gallbladder
mucoceles had increased MUC5AC and MUCS5B content, an increased ratio of MUC5AC/
MUCSB and defective mucin unpacking’®. A subsequent metabolomics study found that
dogs with gallbladder mucoceles had decreased levels of cCAMP and adenosine, which could
be associated with impaired CFTR-mediated fluid secretion and mucocele formation’’.
Similar to these findings, our study found decreased anion and fluid secretion with increased
luminal mucus in the CF pig and further support an important role for CFTR in mucus
clearance.

Our study found transcriptional alterations in several pathways. Mitochondrial-associated
processes were enriched in both of our pathway analyses. Previous studies have found
alterations in mitochondria physiology in CF including mitochondrial calcium uptake8: 79,
electron transport chain function8%-82, and reactive oxygen species generations83. The exact
relationship between CFTR dysfunction and mitochondrial defects is unknown but could be
an important focus for future studies. The NRF2-mediated oxidative stress response was also
enriched in CF samples. Studies in the airway have found that CFTR loss associates with
decreased NRF2 activity and increased oxidant levels84. Subsequent studies found that
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CFTR modulators rescue the Nrf2-associated phenotype in a CF mouse model® suggesting
that NRF2 may play an important role in CF pathogenesis.

This study has strengths and limitations. Strengths include: 1) We use the CF pig, a model
that recapitulates many aspects of CF disease seen in humans24 26: 28 2) The CF pig
gallbladder demonstrates a mucus phenotype at birth in the absence of infection and
consistent inflammation. This enabled our studies to be performed devoid of these
confounding factors. 3) We investigated transcript-, protein-, and functional-level
mechanisms that contribute to the mucus phenotype seen in the CF pig gallbladder. 4) We
used a novel organoid model to assess fluid transport in the CF pig gallbladder epithelium.
Limitations of this study include: 1) We did not assess real-time mucus secretion. While our
histological studies suggest that the CF pig gallbladder epithelium can secrete but not clear
mucus, we did not directly test this hypothesis. 2) We only studied the gallbladder at one
timepoint. It would be informative to study the gallbladder phenotype at earlier time points
in embryological development. 3) We did not examine how increased luminal mucus affects
epithelial physiology in a chronic setting and how increased luminal mucus in the biliary
tract contributes to CF hepatobiliary disease.

In conclusion, this study reveals mucus accumulation in the newborn CF pig gallbladder in
the absence of infection or inflammation and without transcriptional changes in the gel-
forming mucins. We also demonstrated fluid secretion defects in the CF gallbladder
epithelium. These findings suggest that the CF pig gallbladder has defective mucus
clearance and may have implications for initiation of CF hepatobiliary disease and future
therapeutic approaches.
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Figure 1. The newborn pig gallbladder epithelium expresses apical CFTR.

(A) qRT-PCR-determined CFTR expression in newborn non-CF pig tissue samples. Data are
relative to tracheal CFTR expression. Each symbol represents a different animal. The y-axis
is the fold-change calculated using the following-equation: fold-change = 272ACT \where
ACT is the difference between the CT value for CFTR and the housekeeping gene, B-actin,
and AACT represents the difference between the ACT values for the tissue of interest
normalized to tracheal expression. (B, C) Apical CFTR in newborn gallbladder detected by
immunohistochemistry (brown, B) and immunocytochemistry (green, C) for non-CF and CF,
top and bottom respectively (scale bar = 10 pm).
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Figure 2. Newborn CF pig gallbladder tissue lack CFTR-mediated anion transport.
(A) Representative traces from non-CF (blue) and CF (red) freshly excised newborn pig

gallbladders mounted in Ussing chambers for electrophysiological studies. The following
agents were added sequentially: apical 10 uM forskolin/100 uM IBMX (F&lI), apical 100
UM GlyH-101, apical 100 puM DIDS, and basolateral 100 pM bumetanide (Bumet). (B)
Changes in Isc (Algc) values from freshly-excised gallbladder tissue from 5 non-CF and 3
CF animals. Bars represent mean + SEM. * indicates p < 0.05.
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Figure 3. CF pig gallbladder organoids lack swelling response.
(A) Brightfield images of non-CF and CF organoids (scale bar = 100 um). (B) Whole

organoid area measurements at baseline. (C) Immunocytochemistry of non-CF and CF
organoids (scale bar = 50 um). (D) Representative images of non-CF and CF forskolin-
induced organoid swelling over time (0, 30, and 60 minutes). Dashed lines denote starting
area. (E) Fold change of whole organoid area post-incubation in 10 uM forskolin for 1 hour.
Values are normalized to organoid response to vehicle (DMSO) in the same conditions. Bars
represent mean + SEM. Each symbol represents data from a different animal. * indicates p <
0.05.
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Figure 4. Single cell RNA sequencing demonstrates a single population of gallbladder epithelial
cellsexpressing CFTR.

t-SNE plots of single cell RNA sequencing. Different cell types collected from luminal
scraping of the gallbladder epithelium. Each symbol correlates to a single cell while the
coloring of each cell represents the cell type grouping (indicated by the text in the same
color). CFTR expression correlates with epithelial cells. MUC5AC and MUC5B were highly
expressed in the same epithelial cells expressing CFTR. MUC2 and MUCG6 were not highly
expressed in the epithelial cell population. Each symbol represents a single cell and the hue
of each symbol represents the expression level for that gene.
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Figure 5. Newborn CF pig gallbladder s demonstrate limited transcriptional changes compared
tonon-CF.

(A) Volcano plot showing differential gene expression between CF and non-CF newborn pig
gallbladder. The y-axis represents the logarithm of the p-value adjusted for the false-
discovery rate. Some of the top differentially expressed genes (smallest adjusted p-value) are
labeled for reference. (B) Canonical Pathways from Ingenuity Pathway Analysis (IPA) and
(C) GO Biological pathways from EnrichR analysis using the list of differentially expressed
genes (adjusted p-value < 0.05).
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Figure 6. Newborn CF pigs demonstrate mucus accumulation within the gallbladder lumen, but
not in epithelium.

(A) Mucin immunohistochemistry for non-CF and CF pig gallbladder tissue. Quantification
of (B) MUC5AC and (C) MUCSB in the epithelium of newborn non-CF and CF pig
gallbladders. Each symbol represents measurements from an individual animal. Bars

represent mean = SEM. * indicates p < 0.05.
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Table 1

Bulk RNA sequencing summary of gel-forming mucins for non-CF (n=4) and CF (n=4). TPM represent the
mean of 4 animals per genotype from Kallisto. Fold change and confidence intervals are the product of

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

DESeq2.

Mucin | "OTCF | CF (FC",':‘jn%?]ag%‘i Adj. P-Value |  95% CI
mMucz | o068 | 586 8.36 0.15 (3.13, 22.35)
MUCSAC | 83.16 | 139.40 1.39 0.81 (0.70, 2.77)
MUCSB | 22396 | 128.74 0.49 0.30 (0.29, 0.84)
muce | o018 | 017 0.80 0.71 (0.4, 1.46)
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Table 2

Qualitative mucin immunohistochemistry of non-CF (n=11) and CF (n=15) gallbladder lumens. Percentages
and fractions (within parentheses) indicate the proportion of animals that have mucin-positive material in the

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny
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gallbladder lumen.

Genotype | MUC5AC-Positive Luminal Material | MUC5B-Positive Luminal Material
non-CF 0% (0/11) 0% (0/11)
CF 60% (9/15) 100% (15/15)
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