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Abstract:

The cystic fibrosis (CF) field is the beneficiary of five species of animal models that lack functional cystic
fibrosis transmembrane conductance regulator (CFTR) channel. These models are rapidly informing
mechanisms of disease pathogenesis and CFTR function regardless of how faithfully a given organ reproduces
the human CF phenotype. New approaches of genetic engineering with RNA-guided nucleases are rapidly
expanding both the potential types of models available and the approaches to correct the CFTR defect. The
application of new CRISPR/Cas9 genome editing techniques are similarly increasing capabilities for in vitro
modeling of CFTR functions in cell lines and primary cells using air-liquid interface cultures and organoids.
Gene editing of CFTR mutations in somatic stem cells and induced pluripotent stem cells is also transforming
gene therapy approaches for CF. This short review evaluates several areas that are key to building animal and
cell systems capable of modeling CF disease and testing potential treatments.

Introduction:

Animal models of disease are indispensable for understanding disease pathogenesis and critical for
developing new therapies. The cystic fibrosis (CF) field is unusually fortunate in this regard with multiple
species that offer unique advantages (Figure 1). While the CF mouse lacks a spontaneous lung and pancreatic
phenotype, it has provided a wealth of insight into the biological underpinnings of CFTR-deficient epithelia in
other organs such as the intestine, and lessons learned from CF mice have laid a rich foundation for other CF
animal models (1, 2). The CF ferret and pig recapitulate the full spectrum of the CF phenotype observed in
human patients, from inflammatory and infectious lung disease to in utero meconium ileus and CF-related
diabetes (CFRD). However, the ferret and pig models are resource intensive and pose some challenges that
limit broad utilization by the field. The CF rat acquires gut obstruction at weaning and while it remains unclear if
the CF rat lung will become spontaneously infected, the tracheal surface has a reduced airway surface liquid
layer (ASL) but normal mucociliary clearance at birth (3). The rabbit is the newest addition to the Noah’s Ark of
CF models (4), however, other than gut obstruction at weaning, the phenotype remains unclear and the model
is awaiting publication in a peer-reviewed forum. CRISPR/Cas9-targeting technologies used to disrupt the
CFTR gene in rabbits also has significant potential for generating in vitro models of epithelia for the study of
cellular processes impacted by CFTR. This brief review will discuss salient features of both in vitro and in vivo
CF model systems.

Animal models of CF:

The CFTR-knockout pig and ferret were first generated nearly 10 years ago (5, 6). These species were chosen
because of their conserved lung cell biology with humans (Table 1). For example, ferrets and pigs contain
submucosal glands (SMGs) throughout the cartilaginous airways, while in mice and rats SMGs are limited to
the trachea and rabbits lack SMGs. Organs affected by the lack of CFTR in pigs and ferrets include the lung,
pancreas, intestine, liver, gallbladder, and vas deferens (7-11). We will focus this portion of the review on
several of these organs and compare across the most described model species.

Table 1. Cellular anatomy of the airways in CF animal models.

Species Submucosal Glands Secretory Cell Type Secretory Cell Type Respiratory
(Airway Level) (Proximal Airways) (Distal Airways) Bronchioles
Mouse Proximal Trachea Club Club Absent
Rat Trachea Serous Club Absent
Rabbit Absent Club Club Absent
Ferret Trachea / Bronchial Goblet Club Several generations
Pig Trachea / Bronchial Goblet Club Single generation
Human Trachea / Bronchial Goblet Club Several generations

The information in this table was largely extracted from the following book (12).

Lung disease. CFTR-knockout mice were engineered soon after the discovery of the gene (13, 14) and while
they have an intestinal phenotype, it is generally accepted that CF mice do not spontaneously develop lung
infections like CF humans (2, 15). Nonetheless, certain strains of CF mice have an elevated proinflammatory
response to Pseudomonas-laden beads agar bead instilled in the lung when compared to control animals (16);
however, this abnormal response is thought to stem from CFTR function within the hematopoetic compartment
since bone marrow transplants between CF>WT and WT->CF can either produce or reverse the phenotype,
respectively (17). The lack of substantial and spontaneous lung disease in CF mice has prompted the creation
of alternative mouse models that exhibited the classic muco-obstructive and inflammatory pathology observed



in human CF lungs. Targeted overexpression of a subunit of the epithelial sodium channel (B-ENaC) in mouse
airways produced a model strikingly similar to CF lung disease, including reduced mucociliary transport (MCT),
airway obstruction with mucus, neutrophil dominant immune responses, increased susceptibility to bacterial
infections, and shortened lifespan (18, 19). The need for animal models that fully reproduce the human CF
lung phenotype prompted the creation of CF ferrets and pigs. CFTR-knockout ferrets and pigs both acquire
spontaneous lung infections after birth, generally within weeks to months (8, 9). The CF ferret is particularly
susceptible to bacterial colonization within the first few weeks of life and must be reared on antibiotics to
survive this period (8, 10). However, once the ferret lung is mature (~1 month of age), CF lung disease
progresses more slowly following removal of antibiotics over several months (10). Colonizing bacterial flora in
both models are quite diverse but Staphylococcus, Streptococcus, Enterococcus, and other enteric bacteria
predominate (9, 10). Mucus secretion is exuberant and remains unusually adherent to tissue structures, both at
the submucosal gland duct and along epithelial surfaces (8-11, 20), and mucociliary clearance is severely
impaired (20-22). Studies of lung inflammation in both species reveal two seemingly distinct patterns. In the
newborn CF pig, lungs have normal levels of neutrophils and IL-8 on the bronchoalveolar lavage (BAL) fluid
(7). By contrast, the lungs of CF ferrets born sterilely versus natural birth exhibit dysregulated neutrophil and
IL-8 centered inflammation to bacterial exposure during birth as compared to non-CF animals (21) and this
same theme progresses in older infected CF ferrets (23). The similarity of both transgenic models to the
human lung phenotype is enabling the rapid translation of therapies that target the fundamental defect in CF
lung disease, including approaches to alter the airway surface pH (24, 25) and gene therapy (26-28).

Pancreatic disease and CFRD. In contrast to CF mice and rats, which do not develop exocrine pancreatic
disease (2, 3), CF pigs and ferrets have a significant pancreatic phenotype (11, 29, 30). Disease progression in
the pancreas differs between the two species, initiating in utero in CF pigs (29) and after birth in CF ferrets (8,
11). These pancreatic phenotypes have enabled a better understanding of the pathogenesis of CFRD. Both CF
ferret and pig are born with glycemic abnormalities characterized by altered or impaired insulin secretion (31,
32) and abnormalities in insulin secretion are also observed in isolated CF ferret islets (31). Recent studies in
the CF ferret model have determined that early exocrine-mediated inflammation reduces beta cell mass and
impairs insulin secretion very early in life and that a fibrogenic-to-adipogenic transition is linked to a resurgence
of islets with improved glycemic status (33). This phenomenon of early-onset impaired glucose tolerance
followed by recovery has also been recently observed in 2-4-year-old CF children (34). Similar to CF humans,
older CF ferrets bifurcate into two groups that have either normal or CFRD phenotypes. These findings
demonstrate that CFRD is primarily an insulin-deficient disease that emerges early in life and that it develops in
well-defined phases characterized by periods of intense inflammation and subsequent pancreatic remodeling.
Improved understanding of these processes may empower the early diagnosis and treatment of CF patients at
risk for CFRD later in life.

Hepatic disease. The incidence of CF liver disease (CFLD) is 5-10% and contributes 2.5% to the overall
mortality of CF patients (35, 36). This also begins early in life with a mean age of diagnosis of 10 years (37)
and there is no current effective therapy that averts hepatic failure. Ursodeoxycholic acid (UDCA, ursodiol) is
recommended and does appear to help, but many patients still progress to complete liver failure and require
transplantation (36, 38). Whereas CF mice do not develop liver disease (although there is an abnormal
response to chronic cholate administration) (39), both CF pig and ferret models develop liver and gallbladder
disease, although the onset of gallbladder disease is much earlier in CF pigs (7, 11, 35). While bile pH in the
gallbladder is significantly more acidic in newborn CF pig (40), it is unchanged in newborn CF ferrets despite
the lack of cAMP-mediated chloride conductance (41). Interestingly, newborn CF ferrets are born with elevated
alanine aminotransferase (ALT) and total bilirubin levels, suggestive of liver disease (8). Despite the low
incidence (0.3%) of clinically apparent liver disease in CF infants (42), 53% demonstrate abnormally elevated
liver function tests including ALT and this typically resolves by 2—-3 years of age (43). However, this rise in liver
function enzymes during the CF neonatal period was not associated with neonatal cholestasis in CF infants
(43) or CF ferrets (8). Furthermore, serum ALT and bilirubin levels are normalized by UDCA treatment during
the neonatal period CF ferrets (8), as has also been shown to be the case in CF infants (44). Like the
pancreas, such studies are beginning uncover early phases of self-resolving disease pathology that may
impact liver function later in life. Further investigation of hepatic disease in these larger models may lead to
improved methods of treatment of a fairly neglected, but significant, organ affected in CF.

In vitro models to study CFTR function and CF pathogenesis:



Here we briefly review in vitro cell models that have been used and developed to study CFTR function in light
of recent developments in gene editing techniques. It is acknowledged that polarized in vitro models of
epithelia are critical to better understand the role of CFTR. These models, however, show limitations since they
rely on comparing a CF condition to a non-CF condition, thus introducing genetic background variability and
restricted access to few CFTR variants. In addition, manipulation of CFTR gene expression by conventional
methods remains very challenging in these polarized systems.

The recent revolution in genome editing has brought a rise in the use of techniques such as transcription
activator-like effector nucleases (TALENSs), zinc-finger nucleases (ZFNs) and clustered regularly interspaced
short palindromic repeats-Cas9 (CRISPR-Cas9) system for CF research (45, 46). Based on the type |l
CRISPR system described in Streptococcus pyogenes, CRISPR-Cas9 consists of RNA endonuclease (Cas9)
that cleaves DNA, and a single guide RNA molecule complementary to a target sequence flanked by proto-
spacer adjacent motifs (47). CRISPR-Cas9 has created the opportunity to simply manipulate CFTR gene
expression in established epithelial cell models, resulting in insertions or deletions of the targeted locus, or
precise replacement of mutations when a homologous donor template is supplied. Although, early CRISPR-
Cas9 systems displayed off-target effects, new versions show highly specific target gene binding and editing
(45, 48).

Typically, cell lines derived from adenocarcinomas like Calu-3 (submucosal airway glands) and T84 (colon)
cells are widely used because of their high level of CFTR expression, its apical localization when cultured on
Transwell® filters, and their ability to develop a significant transepithelial resistance. Standardization of the
culture protocol made primary human airway epithelial cells (HAECs) one of the favored in vitro models for CF
research (49). Primary HAEC cultures are established by expanding progenitor cells isolated from biopsies
(polyps, nasal and bronchial brushes, dissected bronchi) of donors and patients, which are then seeded on
Transwell® filters and exposed to an air-liquid interface for several weeks. Under these conditions, progenitor
cells differentiate into a pseudostratified epithelium that recapitulates the typical mucociliary structure of the
airway epithelium (49). Pharmacological correction of CFTR function in primary nasal HAECs can be used as a
biomarker in personalized CF treatment. These cultures, which can regenerate after injury, also represent an
excellent model to investigate the mechanisms of differentiation and repair in vitro (50, 51). The CRISPR-Cas9
system has already been applied to both model systems to efficiently knockdown CFTR (52, 53).

Among other in vitro-based assays to monitor CFTR function, organoids have become a model of choice for
CF research. Organoids are progenitor cells grown in a 3D-environment in the presence of conditioned
medium or supporting cells that organize similarly to in vivo organs (with an internal lumen). Representative
organoids of the intestinal and respiratory systems have been generated and these models represent robust
systems for screening of drugs that may act alone or in combination to correct CFTR channels harboring
different mutations (54, 55). The feasibility of using CRISPR-Cas9 to correct defective CFTR in intestinal
organoids has been demonstrated (56), indicating that this approach can be applied to other organ-derived 3D
structures exhibiting the CF phenotype. Somatic progenitor cells from other CFTR-expressing tissues may be
an interesting alternative (57), as seen in human mesenchymal cultures from periodontal ligament stem cells,
which are easy to isolate and propagate in vitro.

New development of in vitro models to study tissue regeneration and disease modeling came with the
discovery of human embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) (58, 59). iPSCs
are obtained by reprogramming somatic cells into an ESC state, and then differentiating them into specific
human tissues (60). Although differentiation of iPSCs is challenging, their derivation toward an airway
epithelium has already been reported, making iPSCs a limitless source of cells (61-63). This system, when
used in conjunction with organoid culture (64), offers the possibility to obtain a CF model that can be patient-
specific, carrying rare CFTR mutations. The CRISPR-Cas9 approach has been also used to efficiently target
correction of F508del-CFTR patient-derived iPSCs differentiated to proximal airway cells (48).

All these reports pave the way for in vitro manipulation of CFTR expression in non-CF and CF epithelia with
their isogenic controls, and open new perspectives for disease modeling (Figure 2). Introducing rare CFTR
mutations and/or generating organ-like tissues will allow for the identification of more specific molecules for
drug development and test their efficiency according to the cellular environment where CFTR is natively
expressed. Understanding the influence of modifier genes or interactors on CFTR function will be feasible, as



well as genetically manipulating alternative signaling pathways that contribute to epithelial homeostasis.
Finally, CRISPR-Cas9 may accelerate correction of CFTR mutations in the context of cell and gene therapy.

Utility of CFTR Humanized Animal Models:

In vitro modeling described above provides advantages as the cells can be of human origin and readily
manipulated, while animal models come with their own cellular and organ physiology, which may differ from
humans. Insertion of full human genes into a relevant animal species is an attractive amalgamation of
respective strengths for each system that can be particularly beneficial for the testing of human-specific
elements of gene function, regulation, or response to potential therapeutics for a disease or condition. This
approach often involves the insertion of large genomic sequences that include promoters, untranslated flanking
regions, and introns, which most often exceed the carrying capacity of commonly used plasmid and viral
systems. Thus, bacteria artificial chromosomes (BAC) or yeast artificial chromosomes (YAC) are most often
used. To deliver BAC or YAC DNA to the germline of mice, three different techniques can be used: pronuclear
injection of purified DNA (65), lipofection of the DNA into embryonic stem cells (66), or yeast spheroblast fusion
with embryonic stem cells (67). Among the three methods, microinjection of isolated BAC or YAC DNA into the
zygote is the most common method to generate transgenic animals.

Using these techniques, researchers have created various mouse models to investigate human diseases such
as neurodegenerative conditions, cancers, and other genetic disorders. Overexpression of human amyloid
precursor protein (APP) and mutated APP in mice via YAC-mediated insertion has been achieved by multiple
groups to study Alzheimer’s disease (68, 69). Other YAC-based mouse models with mutated genes associated
with Alzheimer’s disease have also been generated (70-72). Transgenic mice expressing the full-length human
Huntington’s disease gene have been generated using YAC-mediated introduction of the coding sequence
(73). The resulting phenotype validates that YAC128 HD transgenic mice faithfully recapitulate many human
pathological features (74), thus providing an excellent model of this disease. Various other neurological
disorders such as epilepsy (75), Down’s Syndrome (76, 77), and Parkinson’s disease are benefiting from the
availability of humanized murine models. Humanized transgenic mouse models are similarly proving invaluable
in cancer and immunology research. Chimeric mice carrying human immunoglobulin heavy chain and c-myc
develop B-cell lymphomas (78, 79) and other transgenic mice expressing human immunoglobulins produced
human-specific antibodies when challenged with antigens of medical interest (80, 81). Besides neurological
disorders and cancers, a YAC-based human hemoglobin transgenic mouse model represents a useful tool for
Sickle cell disease studies (82, 83).

Both BAC and YAC technology have been used to generate models of cystic fibrosis. A pig model of cystic
fibrosis was generated using BACs carrying mutated porcine CFTR through homologous recombination in
somatic cells followed by nuclear transfer (84) and YAC DNA was used to generate a mouse expressing
human CFTR (85). More recently, BAC DNA was utilized to generate a mouse model that expresses human
CFTR (86). This model is currently being modified using CRISPR/Cas9 technology to generate specific
mutations seen in human CF patients. The availability of mouse and other larger animal models expressing
human CFTR provides the opportunity to unravel additional pathophysiological details and provides a robust
platform to test novel therapeutics for many diseases, including cystic fibrosis.

Summary and future directions:

The study of biologic systems requires the selection of a faithful model to which perturbations can be
investigated, quantified, and related to disease processes. In CF, this is complicated by the multi-system
nature of this disease. In recent years, the advances in genetic engineering of relevant species that fully
recapitulate the human disease have matured alongside the development of highly sophisticated in vitro model
systems that can compartmentalize various microenvironments. Together these arms provide unprecedented
flexibility in experimental design, allowing scientists to ask questions previously thought inaccessible in the
laboratory. Relating these studies in the laboratory to experimentally driven clinical trials in CF subjects, will
greatly enhance the field’s understanding of clinically important targets for therapy. These innovations are
revealing more about the pathogenesis of CF than ever thought possible and are redirecting efforts along new
lines of thought.
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Figure 1. Organ disease presence or absence in various CFTR-knockout (CF) animal models. Organs
affected in humans with CF are listed on the left. Check marks below each CF model species indicates disease
presence, while question marks denote disease has yet to be evaluated. Organs marked by an X indicate lack
of overt disease. NA, not applicable as rats do not have a gallbladder. Superscript denotes references for the
relevant studies in the literature.
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Figure 2. Uses of CRISPR-Cas9 in CF research and therapies. Delivery of CRISPR-Cas9 System by lentivirus
or other innovative vehicles will ease gene editing of polarized epithelia in vitro and in patients.



