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Abstract
Despite enormous advances in translational biomedical research, there remains a growing demand for improved animal models
of human disease. This is particularly true for diseases where rodent models do not reflect the human disease phenotype.
Compared to rodents, pig anatomy and physiology are more similar to humans in cardiovascular, immune, respiratory, skeletal
muscle, and metabolic systems. Importantly, efficient and precise techniques for genetic engineering of pigs are now available,
facilitating the creation of tailored large animal models that mimic human disease mechanisms at the molecular level. In this
article, the benefits of genetically engineered pigs for basic and translational research are exemplified by a novel pig model of
Duchenne muscular dystrophy and by porcine models of cystic fibrosis. Particular emphasis is given to potential advantages of
using these models for efficacy and safety testing of targeted therapies, such as exon skipping and gene editing, for example, using
the clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated system. In general, genetically tai-
lored pig models have the potential to bridge the gap between proof-of-concept studies in rodents and clinical trials in patients,
thus supporting translational medicine.
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Genetically Engineered Pig Models of Human
Monogenic Diseases

Rare monogenic diseases are an attractive market for the phar-

maceutical industry, since they provide—once the underlying

mutation is identified—validated targets for drug development

(Brinkman et al. 2006) or genetic treatment approaches

(O’Connor and Crystal 2006). Development of drugs for these

orphan diseases frequently has higher success rates and shorter

times to approval and may—in spite of much smaller target

patient populations—generate potential lifetime revenues com-

parable to nonorphan drugs (Fagnan et al. 2014). Currently the

molecular etiology for more than half of the estimated 7,000

rare monogenic human diseases is known, and marked accel-

eration of disease gene discovery is expected from the dramatic

improvements in DNA-sequencing technologies and associated

analyses (Boycott et al. 2013). Model organisms are required to

dissect the biological consequences of a particular mutation

and to provide proof of concept for therapeutic intervention.

The mouse is the most widely used model organism in mamma-

lian genetics, and powerful platforms/networks for large-scale

systematic mutagenesis and standardized phenotyping have

been established (Bradley et al. 2012; Infrafrontier Consortium

2015). However, mutant mouse models do not always reflect

the phenotypes of the corresponding human genetic diseases.

Moreover, translation of findings in mouse models into clinical

studies and applications may be difficult. Thus, large animal

models mimicking human anatomy and physiology more

closely are additionally needed. In this respect, the pig as a

monogastric omnivore is an attractive model organism (Aigner

et al. 2010). A detailed discussion of advantages of miniature

swine for use as relevant translational animal model is provided

by Tellez and Shanmuganayagam (in press).

Over the last three decades, a broad spectrum of techniques

for genetic engineering of pigs has facilitated the generation of

large animal models tailored for studying mechanisms of and

testing treatment options for human genetic diseases. A major

breakthrough was the establishment of somatic cell nuclear
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transfer (SCNT) in pigs, which provided for the first time a

technological basis for introducing targeted genetic modifica-

tions in this species (Lai et al. 2002; Dai et al. 2002). The low

rate of gene targeting/homologous recombination (HR) in

somatic cells was overcome by positive/negative selection (Jin

et al. 2003) or gene-trapping strategies (Lai et al. 2002), by

using adeno-associated virus (AAV) targeting vectors (Rogers,

Hao, et al. 2008) or large targeting constructs based on modi-

fied bacterial artificial chromosomes (BACs; Klymiuk, Mund-

henk, et al. 2012; Klymiuk et al. 2013). SCNT also facilitated

the establishment of other sophisticated modifications, such as

inducible transgene expression based on the binary Tet-On sys-

tem (Klymiuk, Bocker, et al. 2012).

The availability of porcine whole genome sequences (Groe-

nen et al. 2012) and the adaptation of efficient gen(om)e editing

technologies, such as zinc finger nucleases (ZFNs; Hauschild et

al. 2011; Whyte et al. 2011), transcription activator-like effec-

tor nucleases (TALENs; Carlson et al. 2012), and RNA-guided

endonucleases derived from the bacterial clustered regularly

interspaced short palindromic repeats (CRISPR)/CRISPR asso-

ciated (Cas) system (Hai et al. 2014), to this species will further

increase the potential to develop tailored pig models of human

monogenic diseases. While ZFNs and TALENs tremendously

improved upon the efficacy and specificity of gene editing, the

complexity of the redesign and construction of the entire pro-

tein for each target limits the use of these technologies (Sander

and Joung 2014). The emergence of CRISPR/Cas9 gene editing

technology provides an easier, faster, and less expensive

genetic engineering approach for generating targeted disease

models in pigs. A novel pig model of Duchenne muscular dys-

trophy (DMD) and pig models of cystic fibrosis (CF) is dis-

cussed in detail subsequently.

A Pig Model of DMD Resembles Biochemical,
Clinical, and Pathological Hallmarks of the
Human Disease

In humans, the severe X-linked disease DMD is caused by loss-

of-function mutations of the DMD gene (*2.5 Mb, 79 exons)

and affects 1 in 3,500 males. Characteristic mutations are losses

of complete exons with hot spots in the regions of exons 3–7 and

exons 45–55. These may lead to shifts in reading frame, out-of-

frame transcripts, and loss of the essential muscle cytoskeletal

protein dystrophin (Hoffman, Brown, and Kunkel 1987). DMD

is characterized by progressive muscle weakness and wasting:

most patients die of respiratory or heart failure between the

second and fourth decade of life (reviewed in Spurney 2011).

Genetic and pharmacological treatment approaches are in

different phases of clinical testing (reviewed in Fairclough,

Wood, and Davies 2013). Existing animal models of DMD pro-

vided insights into disease mechanisms but have limitations

related to the type of DMD mutation and/or the clinical pheno-

type (Nakamura and Takeda 2011).

The original X-linked muscular dystrophy mouse (mdx)

occurred spontaneously in the C57BL/10 strain and has a

nonsense mutation in exon 23 of the Dmd gene. Four further

mdx mice strains have been identified with different mutations.

In addition, an mdx mouse lacking Dmd exon 52 has been gen-

erated by gene targeting (Araki et al. 1997). However, mdx

mice do not develop overt muscle wasting except for the dia-

phragm and have a near-normal life span. The disparity in

pathological consequences of dystrophin loss in DMD patients

and the mdx mouse has been attributed to different patterns of

muscle growth and regeneration (Partridge 2013).

In addition, mutations in the DMD gene have been identified

in several dog breeds, with golden retriever muscular dystrophy

(GRMD) being the most extensively examined (reviewed in

McGreevy et al. 2015). GRMD dogs are more severely affected

than mdx mice, but display a highly variable phenotype, and are

difficult to breed. Further, the DMD mutation of the GRMD

model (point mutation at the intron 6 splice acceptor site, lead-

ing to skipping of exon 7, and a premature stop codon in exon

8) does not reflect the situation in the majority of human DMD

patients with a hot spot for deletions between exons 45 and 55

of the DMD gene. In addition to GRMD, DMD mutations have

been identified in 8 other dog breeds, but most studies are lim-

ited to case reports (reviewed in McGreevy et al. 2015). A

severe feline muscular dystrophy with dystrophin deficiency

is caused by a large deletion in the promoter region of the DMD

gene, but it has not been used as a model for testing therapeutic

approaches (reviewed in Nakamura and Takeda 2011).

Recently generated rat models of DMD have either CRISPR/

Cas-induced deletions between exons 3 and 16 (Nakamura et

al. 2014) or a TALEN-induced 11-bp deletion in exon 23 of the

Dmd gene (Larcher et al. 2014), resulting in dystrophin defi-

ciency. The DMD rats showed muscle weakness and histologi-

cal signs of muscular dystrophy. However, no treatment studies

were reported so far and findings from such studies may be—

due to the small size of rats—difficult to extrapolate to humans.

Very recently rhesus monkeys with mutant DMD alleles were

generated by using CRISPR/Cas for injection into fertilized

oocytes (Y. Chen et al. 2015). Although partial dystrophin

depletion and hypertrophic myopathy were observed, the mon-

keys were mosaic, resulting in genetic and phenotypic variabil-

ity, which limits their value as translational animal models.

To establish a tailored large animal model of DMD, we

deleted DMD exon 52 in male pig cells by gene targeting using

a modified BAC and generated DMD mutant pigs by nuclear

transfer (Klymiuk et al. 2013). Cloned DMD pigs lacked dys-

trophin in skeletal muscles and exhibited increased serum crea-

tine kinase levels, impaired movement and muscle weakness,

and a maximum life expectancy of 14 weeks. Pathological

analysis of DMD pigs demonstrated pale moist skeletal mus-

cles with multifocal areas of pale discoloration. Histological

examination revealed a myopathy with excessive fiber size var-

iation, numerous large rounded hypertrophic fibers, branching

fibers and fibers with central nuclei, as well as scattered clus-

ters of segmentally necrotic fibers, next to hypercontracted

fibers and groups of small regenerating muscle fibers

(Figure 1). These lesions were accompanied by interstitial

fibrosis and mononuclear inflammatory cell infiltration,
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mimicking the hallmarks of the human disease. The severity

and extent of these alterations progressed with age (Klymiuk

et al. 2013).

Transcriptome studies of skeletal muscle from young

(2 days old) and older (around 3 months) DMD pigs and

age-matched controls provided new insights into the hierar-

chy of physiological derangements of dystrophic muscle. The

transcriptome changes in 3-month-old DMD pigs were similar

to those of human DMD muscle, reflecting the processes of

degeneration, regeneration, inflammation, fibrosis, and

impaired metabolic activity. In contrast, the transcriptome

profile of muscle samples from 2-day-old DMD pigs showed

similarities with transcriptome changes induced by acute

exercise muscle injury, suggesting mechanical stress on the

muscle cell membranes as an early factor in the pathogenesis

of DMD (Klymiuk et al. 2013).

DMD pigs exhibit the functional and pathological hallmarks

of the human disease but develop them in an accelerated man-

ner. This offers improved opportunities for early and clear-cut

readouts in efficacy studies of new treatments as compared to

the currently available animal models. Since loss of exon 52

is a frequent mutation in human DMD, which can be treated

by exon skipping (reviewed in Fairclough, Wood, and Davies

2013), this pig model has the potential to test and refine this

therapeutic strategy.

A limitation of the published DMD pig model (Klymiuk et

al. 2013) is that it cannot be propagated by breeding, since

cloned male pigs do not survive until the age of sexual matu-

rity. Therefore, we introduced the DMDDexon52 mutation in

female cells and generated female carrier pigs by SCNT. The

first litter from a female carrier mated with a wild-type boar

contained male DMD piglets, female DMDDexon52 carriers as

well as male and female wild-type piglets according to the

expected Mendelian ratio (Figure 2A). Studies are in progress

to characterize the phenotype of DMD pigs generated by breed-

ing at the biochemical, clinical, and pathological level as done

previously (Klymiuk et al. 2013). At the age of 1 week, the

male DMD piglets showed already markedly elevated serum

creatine kinase levels (Figure 2B), indicating degeneration of

muscle fibers. Breeding of female DMDDexon52 carriers will

allow us to produce sufficient numbers of DMD piglets for sys-

tematic testing of targeted therapies as outlined subsequently.

DMDDexon52 Yucatan minipigs have been developed by

Exemplar Genetics, Inc., and a limited characterization is

included in their patent application WO2014117045A2.

Pig Models of CF Provide Important Insights
into Early Disease Mechanisms

CF is the most frequent inherited disease in Caucasians and

affects *70,000 individuals worldwide (Cutting 2015). The

causative gene CFTR encoding the CF transmembrane conduc-

tance regulator, an epithelial anion channel, was identified

decades ago. Almost 2,000 mutations of CFTR have been

reported, with deletion of phenylalanine at position 508

(F508del) being most common (Sosnay et al. 2013). The latter

causes aberrant folding of CFTR and subsequent degradation

of the majority of the synthesized protein. If F508del-CFTR

is trafficked to the cell membrane, it has reduced membrane

residency and aberrant chloride channel function (reviewed

in Cutting 2015). CF is a multisystemic disease affecting the

airways, the gastrointestinal tract including pancreas and hepa-

tobiliary system, and the reproductive tract. Chronic bacterial

infections and persistent inflammatory processes of the lung

are the main cause of morbidity and mortality associated with

CF (reviewed by Elston and Geddes 2007).

While defective transepithelial electrolyte transport plays a

role, there is no comprehensive explanation of the disease

pathogenesis in the affected organs. This is mainly due to the

lack of translational animal models that reflect the human dis-

ease phenotype sufficiently well. Although numerous Cftr

mutant mouse models have been established, they reproduce

the disease processes going on in CF patients only partially

(reviewed by Wilke et al. 2011). This is particularly true for the

pathology of the respiratory tract, which is the most important

cause of the declining patient’s quality of life leading to death.

A CFTR-deficient rat model was reported to exhibit histologi-

cal abnormalities in the ileum and increased intracellular

mucus in the proximal nasal septa, reduced airway surface

Figure 1. Severe muscular dystrophy in Duchenne muscular dystro-
phy (DMD) pigs. Cross sections of the biceps femoris muscle of a wild
type (A) and a DMD pig (B) at 3 months of age. DMD pigs display vari-
able muscle fiber diameters: large, rounded fibers with internalized
central nuclei and necrosis of muscle fibers. Plastic (glycol methacry-
late and methyl methacrylate) sections, 20� objective, H&E stains.
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liquid and periciliary liquid depth, and abnormal submucosal

gland size (Tuggle et al. 2014). However, although the CF rat

recapitulates several aspects of human CF (aberrant chloride

transport, intestinal obstruction, impaired growth, malforma-

tion of the trachea, and anomalous vas deferens), important

hallmarks such as obstructive lung disease, dysfunction of liver

and exocrine pancreas, and diabetes mellitus were not reported

in this model (reviewed in Cutting 2015).

Only recently have nonrodent animal models of CF been

established. CFTR-deficient pig models were generated by

introducing a stop codon in exon 10 (Rogers, Stoltz, et al.

2008) or a STOP box that terminates both transcription and

translation in exon 1 (Klymiuk, Mundhenk, et al. 2012). In a

third CF pig model, the most relevant human CFTR mutation

F508del in exon 10 was reproduced (Ostedgaard et al. 2011).

In spite of the different CFTR mutations, the models revealed

almost identical phenotypes. One of the major hallmarks is the

(almost) 100% penetrance of meconium ileus (MI), a mechan-

ical obstruction of the gut that occurs in human patients as well,

albeit at a frequency of only 10–20% (Kelly and Buxbaum

2015). Neither ileostomy, that is, surgical removal of meco-

nium, nor intensive enema, which resembles the standard treat-

ment of MI in human patients, was sufficient to resolve this

obstruction in CF pigs, which usually die at the age of several

weeks. Stoltz et al. (2013) generated a ‘‘gut-corrected’’ CF pig

expressing in the gut a CFTR transgene under the control of the

rat fatty acid binding protein 2 promoter. This transgenic rescue

can extend life to up to 12 months; however, in-depth evalua-

tion of CF pigs has been performed only in the neonatal state

and in a limited number of ileostomized pigs. Despite these

limitations, the CF pig model has contributed tremendously

to the understanding of CF pathogenesis. In particular, the

availability of neonatal material that can be seen as a ‘‘native’’

tissue revealed novel insights into the very early steps of CF

development.

Progressive obstruction of the respiratory tract is the most

important cause of morbidity in CF patients. While histological

examination of newborn CF pigs revealed apparently normal

lung tissue (Rogers, Stoltz, et al. 2008), the trachea had a trian-

gular rather than a circular shape and the cartilage appeared

thicker and more discontinuous than in wild-type samples

(Meyerholz et al. 2010; Klymiuk, Mundhenk, et al. 2012). This

was confirmed in human CF infants (Meyerholz et al. 2010;

Diwakar et al. 2015). In accordance to the findings in CF

patients, sinus disease developed spontaneously in older CF

pigs, whereas at birth sinuses were hypoplastic but did not

show evidence of infection or inflammation (Chang et al.

2012). Although the lungs of the newborn CF piglets did not

show signs of infection, defective bacterial eradication was

observed (Stoltz et al. 2010) and attributed to the decreased

pH on airway epithelia, which has been postulated to impair

bacterial killing (Pezzulo et al. 2012). Furthermore, mucus

Figure 2. Generation of Duchenne muscular dystrophy (DMD) pigs by breeding. (A) Heterozygous DMD mutant sow with her first litter pro-
duced by mating to a wild-type boar. The heterozygous DMD mutant sow was generated by somatic cell nuclear transfer from a female cell clone
in which exon 52 of one DMD allele was deleted by bacterial artificial chromosome targeting as described by Klymiuk et al. (2013), while the other
DMD allele was intact. Male DMD piglets (marked by an arrow), female carriers (marked by an asterisk), and wild-type pigs were obtained accord-
ing to the expected Mendelian ratio. (B) Serum creatine kinase activities are elevated already in 8-day-old DMD pigs, indicating damage and decay
of muscle fibers. Note that the heavily outlined circle in the wild-type group is from 2 animals (Nikolai Klymiuk, Barbara Keßler and Eckhard Wolf,
unpublished).
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detachment from submucosal glands of the airways has been

shown to be impaired (Hoegger et al. 2014).

Analyses of epithelial tissue and cultivated cells from CF

pigs revealed that the lack of CFTR caused reduced transcellu-

lar transport of Cl� and HCO3
�, but no alteration of Naþ trans-

port or liquid absorption was reported (J. H. Chen et al. 2010).

This was later confirmed in primary epithelial cells from

human CF patients (Itani et al. 2011). This was a major para-

digm shift driven by interrogation of the pig model, as the

thickening of mucus in CF airways has been postulated to occur

from a disturbance of osmolaric balance, whereas the pig

model data suggested a Naþ-independent mechanism. Conse-

quently, these data challenged the relevance of mouse models

overexpressing the epithelial Naþ channel, the only mouse

model showing mucus thickening in the airways, for CF

research (Collawn et al. 2012).

In conclusion, the established CF pig lines provide excellent

models to study early mechanisms of lung disease and to eval-

uate therapeutic strategies in newborn animals.

A ferret model of CF was generated by Sun et al. (2010).

The phenotypic changes in this model correspond to those of

the pig models and have been reviewed recently (Yan et al.

2015).

The Potential Role of DMD and CF Pig
Models for Evaluating Targeted Therapies

The recent developments of large animal models are benefit-

ting treatment strategies for both DMD and CF.

Genetic approaches to cure DMD include replacing the

defective DMD gene, readthrough of translation stop codons,

exon skipping to restore the reading frame, and increased

expression of the utrophin (UTRN) gene, which may compen-

sate the loss of dystrophin (reviewed in Fairclough, Wood, and

Davies 2013).

Challenges for gene therapy of DMD include the large size

of the DMD mRNA (14 kb) and the need to target all muscles.

DMD mini- and micro-genes have been developed to overcome

the size problem of full-length DMD complementary DNA

(reviewed in Davies 2013). The most commonly used viral vec-

tors to transduce muscle cells are based on AAV; however,

DMD gene delivery by using this vector has resulted in immune

responses against mini-dystrophin (reviewed in Davies 2013).

Readthrough strategies for nonsense mutations use small

molecule drugs such as aminoglycosides or ataluren (PTC124)

that introduce a conformational change in the mRNA and allow

the ribosome to insert an amino acid at a premature stop codon

site during translation. This approach has been estimated to be

applicable in *13% of patients with Duchenne/Becker muscu-

lar dystrophy (Finkel 2010). Clinical studies of ataluren demon-

strated dystrophin expression (Finkel et al. 2013) and a positive

effect on the outcome of a 6-min walk distance (6MWD) test

(Bushby et al. 2014). However, this study observed an unexpect-

edly large standard deviation of the 6MWD scores over 48

weeks, and the levels of dystrophin in muscle biopsies were dif-

ficult to interpret due to the poor sample quality.

Exon skipping is another strategy that could work for more

than 80% of all DMD mutations, including most out-of-frame

deletions (reviewed in Fairclough, Wood, and Davies 2013).

The aim of this strategy is to restore an intact reading frame

of the transcript. Skipping of specific exons can be induced

by intramuscular or systemic treatment with RNaseH-indepen-

dent antisense oligonucleotides (AONs), which hybridize to

complementary sequences in or adjacent to the target exon.

20-O-methyl-phosphorothioate AONs and morpholino phos-

phorodiamidate oligonucleotides have been tested in preclini-

cal studies and clinical trials (reviewed in Fairclough, Wood,

and Davies 2013) but have failed to show clear clinical benefit.

A new class of AONs made of tricyclo-DNA (tcDNA) rescued

dystrophin expression in skeletal muscles and heart and to a

lower level in the central nervous system of mdx mice (Goyen-

valle et al. 2015). Improvement of several clinical parameters

was reported in tcDNA AON-treated mdx mice and also in dou-

ble mutant mice which lack both dystrophin and UTRN and

show a more severe phenotype than the mdx mice.

In spite of these promising results in dystrophic mouse

models, it would be beneficial to test the efficacy of this new

exon skipping strategy in a clinically severe large animal

model before moving forward to clinical trials because a num-

ber of questions cannot be easily addressed in DMD patients.

These include (1) the best timing to initiate AON therapy

related to disease progression; (2) the amount of dystrophin

required for near normal muscle function; (3) the optimal

study duration, readouts, and outcome measures; (4) the best

effective systemic administration route; and (5) the optimal

dosage for a long-term therapy. Since our DMD exon 52-defi-

cient pig model is amenable to correction by skipping of exon

51 or 53 and can now be provided by breeding in sufficient

numbers for systematic studies, it appears to be ideally suited

for testing this new promising approach of exon skipping. In

addition, the DMD pig is useful to clarify efficacy and safety

aspects of AAV-DMD mini-gene therapy, including potential

immunological complications, and of readthrough treatment

strategies or cellular therapies. In comparison with the exist-

ing canine DMD models, studies in DMD pigs may be ethi-

cally more acceptable.

The existing CF pig models are useful for optimizing gene

therapy approaches, delivery, and safety. Gene therapy of CF

using viral vectors (adenovirus [ADV], AAV2, and lentivirus

[LV]) and nonviral vectors (reviewed in Griesenbach and Alton

2009; Prickett and Jain 2013) has not yet led to a clinically

applicable therapy but have uncovered a number of problems

limiting the efficacy of gene therapy for CF patients. These dif-

ficulties include challenges with the local delivery of gene

therapy vectors into epithelial cells through a thickened mucus

layer and immune reactions against the viral vectors. A recent

clinical trial of repeated nebulization of nonviral CFTR gene

therapy in CF patients revealed a significant, albeit modest,

treatment effect with a stabilization of lung function (Alton

et al. 2015). Large CF animal models with an airway and lung

structure similar to CF patients will help improve vector design

and delivery strategies. For example, Cao et al. (2013)
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demonstrated efficient transfer of LacZ reporter genes and

human CFTR expression cassettes into airway epithelia and

submucosal glands of normal pigs after intratracheal applica-

tion of aerosolized helper-dependent ADV. In addition, intra-

tracheal delivery of transfected airway epithelial cells has

been suggested as treatment of CF, and proof of principle for

efficient delivery of such cells has been shown in mice and

wild-type pigs (Gui et al. 2015). It will be interesting to test

these strategies in CF pigs, where gene or cell delivery may

be more challenging because of the preexisting mucus and

inflammation. CF pigs are also an interesting model for testing

viral CFTR gene delivery via the celiac artery into the pancreas,

a technique that has been recently established in wild-type pig-

lets (Griffin et al. 2014).

The F508del-CFTR pig model can be used for evaluating

combinations of CFTR correctors and potentiators. CFTR cor-

rectors, such as lumacaftor, reverse the folding defect of

F508del-CFTR and increase its amount. CFTR potentiators,

such as ivacaftor, increase the activity of the folding-corrected

F508del-CFTR (reviewed in Cutting 2015).

Correction of Genetic Defects Using the
CRISPR/Cas System

A recent major advancement is the use of genome editing tools

like the CRISPR/Cas system. These systems are transforming

the versatility, flexibility, and efficiency in the development

of translatable animal models, including pigs (reviewed in

Redel and Prather in press, this issue of Toxicologic Pathol-

ogy), and offer great potential for treating diseases due to

genetic defects. The concept of genome editing is based on the

introduction by a programmable nuclease of a site-specific

DNA double-strand break (DSB), which undergoes repair by

different cellular repair mechanisms. One is nonhomologous

end joining (NHEJ), which is induced by binding of KU hetero-

dimers and associated repair proteins to the ends of DSB.

The KU heterodimer is composed of the KU70 and KU80 sub-

units. Once the KU heterodimer is bound to the DSB ends, it

recruits other NHEJ factors, including DNA-dependent protein

kinase, catalytic subunit, X-ray cross-complementing protein 4

(XRCC4), DNA ligase IV, XRCC4-like factor, and aprataxin-

and PNK-like factor, to process the DSB ends and facilitate

their ligation (reviewed in Davis and Chen 2013). NHEJ is

error prone, often leading to insertions or deletions, frameshift

mutations, and gene knockouts. Alternatively, repair by HR

can be directed by binding of RAD51 to DSB ends, followed

by recruitment of accessory factors that direct HR with the

matching sister chromatid or with homology regions of an

exogenous repair template (Figure 3). The latter allows the

introduction of precise genetic modifications or the correction

of specific mutations (reviewed in Hsu, Lander, and Zhang

2014). The most widely used site-directed nucleases are ZFNs,

TALENs, and the bacterial CRISPR/Cas system. The pros and

cons of these systems have been subject to several recent

reviews (Hsu, Lander, and Zhang 2014; Kim and Kim 2014).

The CRISPR/Cas9 system was discovered when investigat-

ing the natural innate immune system of bacteria against virus

infections (reviewed in Sander and Joung 2014). The break-

through was in the recognition that the CRISPR/Cas9 system

from Streptococcus pyogenes could be adapted for targeting

and editing the genome precisely in any in vivo or ex vivo

model (Deltcheva et al. 2011). The CRISPR/Cas system has

attracted major attention and is now widely used since the site

specificity of the Cas9 nuclease is provided by a single-guide

RNA (sgRNA), which is easier and faster to engineer than

ZFNs or TALENs where FokI endonuclease needs to be fused

to specific DNA-binding proteins to generate programmable

site-specific nucleases.

Several modifications of the CRISPR/Cas system have been

developed, such as a new generation of Cas9, which increases

the direction of DNA repair to HR and at the same time reduces

the risk of off-target effects. A mutated variant of the enzyme,

called nickase, is only capable of cutting 1 single DNA strand

at a time (nick). By inducing 2 neighboring single-strand

breaks, a DSB-like cut can be achieved and direct the conclud-

ing repair event to the HR pathway (reviewed by Sander and

Joung 2014). In addition, the sgRNA-directed catalytically

inactive or ‘‘dead’’ Cas9 can be fused to activation domains

to mediate upregulation of specific endogenous genes

(reviewed by Sander and Joung 2014). A potential application

in DMD would be the targeted upregulation of UTRN to com-

pensate for the loss of dystrophin.

Recently the CRISPR/Cas9 system has been used to correct

the Dmd mutation in exon 23 of the mdx mouse (Long et al.

2014). The authors injected an sgRNA targeting Dmd exon

23, Cas9 mRNA, and a single-stranded oligodeoxynucleotide

as template for HR-mediated gene repair into zygotes from mdx

mice and transferred the embryos to pseudopregnant recipients.

The resulting offspring turned out to be genetic mosaics with

2–100% Dmd alleles corrected by HR. In addition, restoration

of an intact reading frame by NHEJ was observed. Strikingly,

correction of less than 20% of the mutant Dmd alleles was suf-

ficient to restore dystrophin expression in a majority of myofi-

bers with a level comparable to that of wild-type mice. This

was explained by the multinucleated structure of myofibers,

where correction of the Dmd gene in a subset of nuclei may

be sufficient to restore dystrophin in the entire myofiber.

Fusion of corrected satellite cells with dystrophic fibers might

also contribute to the restoration of dystrophin expression and

to the regeneration of dystrophic muscle (Long et al. 2014).

Another study used CRISPR/Cas9 with single or multi-

plexed sgRNAs to restore the DMD reading frame by targeting

the mutational hot spot at exons 45–55 and introducing shifts

within exons or deleting one or more exons in cultured myo-

blasts from DMD patients. Dystrophin expression could be

restored in vitro and remained stable after transplantation of the

cells into tibialis anterior muscles of immunodeficient mice

(Ousterout et al. 2015).

The promising results of these studies clearly open the per-

spective for CRISPR/Cas9-mediated correction of DMD muta-

tions in postnatal muscle cells of Duchenne patients, if
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appropriate delivery systems for the components of the

CRISPR/Cas9 system can be developed. AAV, in particular

AAV9 serotype providing robust expression in skeletal muscle,

heart, and brain, as well as injection of naked plasmid DNA,

chemically modified mRNA, and nanoparticles containing

nucleic acid have been discussed as potential solutions to meet

this challenge (Long et al. 2014).

For CF, proof of concept for a functional repair of mutant

CFTR by the CRISPR/Cas9 system was first demonstrated in

intestinal stem cell organoids of CF patients (Schwank et al.

2013), and efficient vectors based on helper-dependent ADV

(Cao et al. 2013) are available for testing this strategy in vivo.

Due to the small size of rodents, concepts proven in these mod-

els may be difficult to scale up to a level where clinical feasi-

bility can be demonstrated. In this respect, large animal models

such as the DMD pig (Klymiuk et al. 2013) and CFTR mutant

pigs will be critically important to evaluate efficacy and safety

issues of the CRISPR/Cas9 system in vivo, especially for long-

term use.

Risk Assessment for Genome Editing
Technologies

The therapeutic use of genome editing technologies in vivo or

ex vivo requires very specific safety considerations with regard

to the used technology, the choice of the gene delivery system,

and the most relevant preclinical species. For all areas, the tox-

icological pathologist can contribute to a successful design and

development of a gene editing strategy and therapy.

Briefly, for all genome editing platforms, the specificity of

targeting a gene is of major importance and off-target effects,

that is, mutagenesis of nontarget sequences, must be reduced

to a minimum. Compared to other gene therapeutic approaches,

the introduction of the CRISPR/Cas9 system promises a huge

step ahead toward a safer and more specific gene editing tech-

nology (Sander and Joung 2014). Recent progress in the design

of the sgRNA, the engineering of the Cas9 enzyme, and a better

understanding of the correlation between the concentration of

the Cas9 protein and its on- or off-target activity leads further

toward these goals (Corrigan-Curay et al. 2015). Off-target

sites can be predicted using sophisticated bioinformatic tools

such as PROGNOS (http://baolab.bme.gatech.edu/Research/

BioinformaticTools/prognos.html) and off-target DSB can be

identified in a genome-wide unbiased manner by sequencing-

based methods, such as GUIDE-seq (Tsai et al. 2015). Despite

these technical advances, evaluating off-target activity of any

of these gene editing systems is a challenge in animal models.

The differences between the animal and human genomes will

result in off-target activity that likely will not accurately pre-

dict effects in man. Human in vitro systems using patient or

volunteer-derived cells (e.g., induced pluripotent stem cells)

are likely necessary in addition to animal models for gaining

a full understanding of the potential for off-target gene editing

effects preclinically.

The choice of the right delivery system for gene editing

tools depends on the capacity, efficacy of delivery, targeting

of specific tissues and cell types, and the possibility of spe-

cies-specific adverse reactions. The 2 major classes of delivery

systems, which have been entered into clinic trials, are based on

viral or nonviral vector platforms (reviewed by Sheridan 2011).

Common viral delivery systems are genome integrated retro-

viruses (RV) and LV as well as genome nonintegrated ADV,

AAV, or modified herpes simplex virus (HSV; Hareendran et

al. 2013; Thomas, Ehrhardt, and Kay 2003), and for most,

except the HSV, the use of CRISPR/Cas9 has been successfully

demonstrated (Schmidt and Grimm 2015). All systems need to

overcome the host immune response that occurs at different

levels. In principle, all viral vectors have the potential to be

recognized as an infection and therefore stimulate the immuno-

logical defense system by recognition of viral gene products,

capsid proteins, foreign components of the gene editing tool

package, like the Cas9, or foreign transgene products (Thomas,

Ehrhardt, and Kay 2003).

Figure 3. Principles of genome editing. Designer nucleases comprise
a DNA-cutting domain as well as a unit that directs the DNA-cutting
domain to a desired site in the genome. Three types of nucleases are
regularly used: zinc finger nucleases and transcription activator-like
effector nucleases are synthetic enzymes that both use FokI as a
DNA-cutting domain, whereas the DNA-binding unit is either consti-
tuted of serially assembled zinc finger motifs or of DNA-binding
domains of transcription activator-like effectors. As FokI induces only
single-strand breaks, a pair of inverted nucleases is necessary to
induce a double-strand break (DSB). In contrast, CRISPR/Cas9 and
other RNA-guided endonucleases bind to their targets via a specific
RNA element that is linked to a protein that directly introduces a DSB
via its RuvC and HNH domains. Genomic modifications are intro-
duced during DSB repair by nonhomologous end joining (NHEJ),
micro-homologous end joining (MHEJ), or homologous recombina-
tion (HR). NHEJ fixes the DSB via blunt end ligation, whereas MHEJ
uses micro-homologies of a few base pairs in size located around the
DSB. In both processes, the exact kind of modification cannot be pre-
dicted but often insertions or deletions result in the knockout of the
targeted gene. For introducing a defined mutation, HR with exogen-
ous DNA that carries the desired modification as well as regions of
homology to the target site has to occur. Exogenous DNA has to
be cotransfected with the DSB-introducing nuclease and can be used
for the generation of a knockout, a knockin, or the repair of a gene.
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The toxicological pathologist should be prepared to face a

spectrum of morphological changes, which can range from

local, tissue-limited, inflammatory reactions to massive sys-

temic, cytokine-driven inflammation, eventually resulting in

disseminated intravascular coagulation, multiorgan failure, and

death. Furthermore, for ADV, a dose relationship has been

described between virus dose and cell toxicity and is character-

ized by a threshold-like immune response (Thomas, Ehrhardt,

and Kay 2003).

LV and AAV vectors have become more attractive since

they seem to avoid initial immune responses, but still the

transgene product can elicit such an effect (Hareendran et

al. 2013). To limit the drawbacks of other virus vehicle

systems, engineered AAV vectors like recombinant AAV

serotype variants have become a focus of intensive research

due to their nonpathogenic character, lower immunogenicity

profile, lower oncogenic risk for insertional mutagenesis, and

specific tissue tropism compared to other vectors (Hareendran

et al. 2013; Masat, Pavani, and Mingozzi 2013). In preclinical

studies, AAV vectors demonstrated favorable characteristics,

targeting a broad variety of tissues and providing a stable

transgene expression and a low immunogenicity (Asokan,

Schaffer, and Samulski 2012). The integration of virus gen-

ome, which is the case for LV and RV transduction, may

result in an increased risk for genotoxicity and insertional

mutagenesis by stimulation of oncogenes or inhibition of

tumor suppressor genes with an increased risk for tumorigen-

esis (Schmidt and Grimm 2015).

A significant spectrum of nonviral gene delivery methods

including naked plasmids, polymers, liposomes, peptides, and

inorganic particles have been explored both preclinically and

clinically (reviewed by Yin et al. 2014). Lipid nanoparticles

(LNPs) have been investigated for delivery of different DNA

and RNA species (microRNA and small interfering RNA) as

well as plasmid vectors. LNPs have a lower rate of efficacy

compared to viral vectors and an increased risk of stimulation

of the immune system and inducing inflammation, limiting the

spectrum of recommended tissue for genome targeting

approaches (Yin et al. 2014). As discussed subsequently, for

evaluating the safety of these delivery methods, the toxicologic

pathologist must consider the spectrum of safety relevant end

points appropriate for the gene delivery method and preclinical

safety plans have to be adapted.

In general, the therapeutic use of genome editing technolo-

gies in vivo or ex vivo requires very specific considerations with

regard to preclinical risk assessment. Regulatory guidance is

available (U.S. Department of Health and Human Services,

Food and Drug Administration 2013), but this field is develop-

ing rapidly and close communication with regulators will

enable a fit-for-purpose perspective and approach, both critical

for effective and efficient clinical development. The industry

guidance was developed by the Center for Biologics Evaluation

and Research and supports preclinical design for investiga-

tional cellular therapies, gene therapies, therapeutic vaccines,

xenotransplantation, and biologic-device combination prod-

ucts. For the purpose of this summary, we will focus on

discussions most germane to the toxicologic pathologist as a

principal investigator.

One of the most important considerations for the preclinical

development program is the selection of the animal model for

safety assessment. When evaluating safety it is critical that the

animal demonstrates a biological response to the test product

and that there is sufficient comparability of anatomy and phy-

siology to humans. Compared to the rodent, pig anatomy and

physiology are more similar to humans in regard to the cardio-

vascular, immune, respiratory, skeletal muscle, and metabolic

systems. The same is true for the organization and sequence

homology of the genome. Gene editing methodologies allow

the design of pig models that may reflect the clinical disease

better than rodents, as exemplified by the DMD and CF pig

models discussed in this review. The pig also affords flexibility

in the development of delivery systems/procedures that closely

imitate the approach for the clinic. Therefore, innovative mod-

els based on genetically engineered pigs are an area of rapid

growth in the safety assessment of gene therapy products. The

toxicologic pathologist should be a key partner for summariz-

ing the rationale of a specific animal model in the preclinical

section of the investigative new drug (IND) application or sim-

ilar regulatory document.

As implied earlier in this review, the use of animal models

that approximate the human disease may better define the

risk–benefit ratio associated with a gene therapy product. Chal-

lenges with these disease models include technical limitations

and inherent variability, further complicated by the limited his-

torical safety data and the fact that these models are often not

performed in good laboratory practices (GLP)-compliant facil-

ities. The regulators afford some flexibility for GLP in these

situations; therefore, the lack of a GLP-compliant facility is not

an insurmountable hurdle. While historical safety data may not

be available for the disease model, the use of pretest data for

clinical pathology parameters and the information available for

the founder animals can overcome some of this risk. The tox-

icologic pathologist should take a leadership role in guiding the

team on the inherent limitations of any model and put forward a

tiered, balanced recommendation and risk mitigation plan for

the project.

Once the animal model(s) is/are selected, the design of the

studies must develop a data set that allows for the safe conduct

of clinical proof-of-concept studies. Ideally from the animal

model(s), one has a rigorous data set that highlights the pro-

jected pharmacologically effective dose range and optimal dos-

ing schedule as well as a thorough understanding of the tissue

distribution of the gene therapy product and the potential bio-

logical activities, both wanted and unwanted. Taken together,

these data are used for the IND filing or similar and will inform

the clinical investigator and patient on the projected risks and

benefits of the therapy. Safety end points are included for char-

acterization of the potential toxicities associated with the phar-

macological activity associated with the gene therapy product

and potential effects of the delivery vehicle, transporter system,

or the gene editing tool and its constituents. For the toxicologic

pathologist, the parameters evaluated are very similar to those
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for a program evaluating the safety of a small molecule or bio-

logic and include clinical pathology, organ weights, and gross

and histopathology. Specialized histopathology such as immu-

nohistochemistry and tissue microarrays in addition to molecu-

lar tools like deep sequencing may be a useful adjunct for the

quantification of gene product expression in different tissues

(both target and nontarget). Also because of the inherent risk

for immunologic responses to the transporter system or key

constituents of the gene editing tool, advanced methods for

examination of immunopathologic effects may be warranted.

These could include cytokine analysis, flow cytometry, or other

immunotoxicologic measures of innate and adaptive immunity.

There are a few unique characteristics for the design of a

preclinical safety package for gene therapy products. First, the

normal paradigm of studies progressing from shorter term (2

weeks–1 month) to longer (up to 6 month–1 year) in a rodent

and a nonrodent model may not be appropriate. However, the

understanding of the chronic effects of the gene engineering

product (or delivery system/transporter system/gene editing

tool) may require longer-term studies. In fact, because integrat-

ing viral vectors or stem cells may be key constituents of a gene

therapy product, studies assessing the carcinogenicity potential

often occur earlier in a development program than would be the

case for a small molecule or biologic. Also it is possible that the

species specificity of the gene therapy product would justify a

rationale for only using 1 species (rodent or nonrodent) or alter-

natively a translatable animal disease model for preclinical

safety studies. In any case, close interaction between the toxi-

cologic pathologist and the regulatory agencies is key in the

planning of these studies. Generally, dosing (number and fre-

quency) in animal models mimics the clinical approach. There-

fore, the number of doses for a gene therapy product may be

limited no matter what the observation period is. Notably, the

limited number of doses and the lower milligram per kilogram

requirements for gene therapy products may result in less of a

preclinical pharmaceutical development hurdle for these stud-

ies as compared to preclinical studies for a small molecule or

biologic in larger species like the pig.

Conclusions and Perspectives

Tailored large animal models, especially pigs, have the poten-

tial to bridge the gap between proof-of-concept efficacy and

safety studies in rodent models and clinical trials. Due to major

advancements in technologies for genetic engineering of pigs,

there are models for numerous disease areas, including cancer

(reviewed by Flisikowska, Kind, and Schnieke 2013), meta-

bolic diseases (reviewed by Wolf et al. 2014), and neurodegen-

erative diseases (reviewed by Dolezalova et al. 2014). As a next

step, standardized phenotyping protocols such as those

described by Albl et al. (in press) in this issue of Toxicologic

Pathology will be required to fully exploit the translational

potential of these novel models. These should be developed

in close collaboration between academic partners and experts

from the pharmaceutical industry including toxicologic pathol-

ogists and clinicians to ensure the translational value of the

acquired data. Because the pig is accepted as an appropriate

large animal species for safety assessment, combined safety/

efficacy studies can be designed for the support of clinical

trials. The growing body of knowledge and experience with

genetically engineered large animal models will increase their

acceptance by funding agencies, industry, and regulatory

authorities as an important new element in drug development.
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Forschung und Therapieentwicklung mbH. The authors are members

of COST Action BM1308 ‘‘Sharing Advances on Large Animal Mod-

els—SALAAM.’’

References

Aigner, B., Renner, S., Kessler, B., Klymiuk, N., Kurome, M., Wunsch, A., and

Wolf, E. (2010). Transgenic pigs as models for translational biomedical

research. J Mol Med (Berl) 88, 653–64.

Albl, B., Haesner, S., Braun-Reichhart, C., Streckel, E., Renner, S., Wolf, E.,

Wanke, R., and Blutke, A. (in press). Graded tissue sampling guides for

porcine biomedical models. Toxicol Pathol.

Alton, E. W., Armstrong, D. K., Ashby, D., Bayfield, K. J., Bilton, D., Bloom-

field, E. V., Boyd, A. C., Brand, J., Buchan, R., Calcedo, R., Carvelli, P.,

Chan, M., Cheng, S. H., Collie, D. D., Cunningham, S., Davidson, H. E.,

Davies, G., Davies, J. C., Davies, L. A., Dewar, M. H., Doherty, A., Dono-

van, J., Dwyer, N. S., Elgmati, H. I., Featherstone, R. F., Gavino, J., Gea-

Sorli, S., Geddes, D. M., Gibson, J. S., Gill, D. R., Greening, A. P., Grie-

senbach, U., Hansell, D. M., Harman, K., Higgins, T. E., Hodges, S. L.,

Hyde, S. C., Hyndman, L., Innes, J. A., Jacob, J., Jones, N., Keogh, B.

F., Limberis, M. P., Lloyd-Evans, P., Maclean, A. W., Manvell, M. C.,

McCormick, D., McGovern, M., McLachlan, G., Meng, C., Montero, M.

A., Milligan, H., Moyce, L. J., Murray, G. D., Nicholson, A. G., Osadolor,

T., Parra-Leiton, J., Porteous, D. J., Pringle, I. A., Punch, E. K., Pytel, K.

M., Quittner, A. L., Rivellini, G., Saunders, C. J., Scheule, R. K., Sheard,

S., Simmonds, N. J., Smith, K., Smith, S. N., Soussi, N., Soussi, S., Spear-

ing, E. J., Stevenson, B. J., Sumner-Jones, S. G., Turkkila, M., Ureta, R. P.,

354 Toxicologic Pathology 44(3)



Waller, M. D., Wasowicz, M. Y., Wilson, J. M., and Wolstenholme-Hogg,

P., and UK Cystic Fibrosis Gene Therapy Consortium. (2015). Repeated

nebulisation of non-viral CFTR gene therapy in patients with cystic fibro-

sis: A randomised, double-blind, placebo-controlled, phase 2b trial. Lancet

Respir Med. 3, 684–91.

Araki, E., Nakamura, K., Nakao, K., Kameya, S., Kobayashi, O., Nonaka, I.,

Kobayashi, T., and Katsuki, M. (1997). Targeted disruption of exon 52

in the mouse dystrophin gene induced muscle degeneration similar to that

observed in Duchenne muscular dystrophy. Biochem Biophys Res Commun

238, 492–97.

Asokan, A., Schaffer, D. V., and Samulski, R. J. (2012). The AAV vector

toolkit: Poised at the clinical crossroads. Mol Ther 20, 699–708.

Boycott, K. M., Vanstone, M. R., Bulman, D. E., and MacKenzie, A. E. (2013).

Rare-disease genetics in the era of next-generation sequencing: Discovery

to translation. Nat Rev Genet 14, 681–91.

Bradley, A., Anastassiadis, K., Ayadi, A., Battey, J. F., Bell, C., Birling, M. C.,

Bottomley, J., Brown, S. D., Burger, A., Bult, C. J., Bushell, W., Collins, F.

S., Desaintes, C., Doe, B., Economides, A., Eppig, J. T., Finnell, R. H.,

Fletcher, C., Fray, M., Frendewey, D., Friedel, R. H., Grosveld, F. G., Han-

sen, J., Herault, Y., Hicks, G., Horlein, A., Houghton, R., Hrabe de Angelis,

M., Huylebroeck, D., Iyer, V., de Jong, P. J., Kadin, J. A., Kaloff, C., Ken-

nedy, K., Koutsourakis, M., Lloyd, K. C., Marschall, S., Mason, J., McKer-

lie, C., McLeod, M. P., von Melchner, H., Moore, M., Mujica, A. O., Nagy,

A., Nefedov, M., Nutter, L. M., Pavlovic, G., Peterson, J. L., Pollock, J.,

Ramirez-Solis, R., Rancourt, D. E., Raspa, M., Remacle, J. E., Ringwald,

M., Rosen, B., Rosenthal, N., Rossant, J., Ruiz Noppinger, P., Ryder, E.,

Schick, J. Z., Schnutgen, F., Schofield, P., Seisenberger, C., Selloum, M.,

Simpson, E. M., Skarnes, W. C., Smedley, D., Stanford, W. L., Stewart,

A. F., Stone, K., Swan, K., Tadepally, H., Teboul, L., Tocchini-Valentini,

G. P., Valenzuela, D., West, A. P., Yamamura, K., Yoshinaga, Y., and

Wurst, W. (2012). The mammalian gene function resource: The Interna-

tional Knockout Mouse Consortium. Mamm Genome 23, 580–86.

Brinkman, R. R., Dube, M. P., Rouleau, G. A., Orr, A. C., and Samuels, M. E.

(2006). Human monogenic disorders—A source of novel drug targets. Nat

Rev Genet 7, 249–60.

Bushby, K., Finkel, R., Wong, B., Barohn, R., Campbell, C., Comi, G. P., Con-

nolly, A. M., Day, J. W., Flanigan, K. M., Goemans, N., Jones, K. J., Mer-

curi, E., Quinlivan, R., Renfroe, J. B., Russman, B., Ryan, M. M., Tulinius,

M., Voit, T., Moore, S. A., Lee Sweeney, H., Abresch, R. T., Coleman, K.

L., Eagle, M., Florence, J., Gappmaier, E., Glanzman, A. M., Henricson, E.,

Barth, J., Elfring, G. L., Reha, A., Spiegel, R. J., O’Donnell, M. W., Peltz,

S. W., McDonald, C. M., and PTC124-GD-007-DMD Study Group. (2014).

Ataluren treatment of patients with nonsense mutation dystrophinopathy.

Muscle Nerve 50, 477–87.

Cao, H., Machuca, T. N., Yeung, J. C., Wu, J., Du, K., Duan, C., Hashimoto,

K., Linacre, V., Coates, A. L., Leung, K., Wang, J., Yeger, H., Cutz, E.,

Liu, M., Keshavjee, S., and Hu, J. (2013). Efficient gene delivery to pig air-

way epithelia and submucosal glands using helper-dependent adenoviral

vectors. Mol Ther Nucleic Acids 2, e127.

Carlson, D. F., Tan, W., Lillico, S. G., Stverakova, D., Proudfoot, C., Christian,

M., Voytas, D. F., Long, C. R., Whitelaw, C. B., and Fahrenkrug, S. C.

(2012). Efficient TALEN-mediated gene knockout in livestock. Proc Natl

Acad Sci U S A 109, 17382–87.

Chang, E. H., Pezzulo, A. A., Meyerholz, D. K., Potash, A. E., Wallen, T. J.,

Reznikov, L. R., Sieren, J. C., Karp, P. H., Ernst, S., Moninger, T. O., Gan-

semer, N. D., McCray, P. B., Jr., Stoltz, D. A., Welsh, M. J., and Zabner, J.

(2012). Sinus hypoplasia precedes sinus infection in a porcine model of

cystic fibrosis. Laryngoscope 122, 1898–905.

Chen, J. H., Stoltz, D. A., Karp, P. H., Ernst, S. E., Pezzulo, A. A., Moninger, T.

O., Rector, M. V., Reznikov, L. R., Launspach, J. L., Chaloner, K., Zabner,

J., and Welsh, M. J. (2010). Loss of anion transport without increased

sodium absorption characterizes newborn porcine cystic fibrosis airway

epithelia. Cell 143, 911–23.

Chen, Y., Zheng, Y., Kang, Y., Yang, W., Niu, Y., Guo, X., Tu, Z., Si, C.,

Wang, H., Xing, R., Pu, X., Yang, S. H., Li, S., Ji, W., and Li, X. J.

(2015). Functional disruption of the dystrophin gene in rhesus monkey

using CRISPR/Cas9. Hum Mol Genet 24, 3764–74.

Collawn, J. F., Lazrak, A., Bebok, Z., and Matalon, S. (2012). The CFTR and

ENaC debate: How important is ENaC in CF lung disease? Am J Physiol

Lung Cell Mol Physiol 302, L1141–46.

Corrigan-Curay, J., O’Reilly, M., Kohn, D. B., Cannon, P. M., Bao, G., Bush-

man, F. D., Carroll, D., Cathomen, T., Joung, J. K., Roth, D., Sadelain, M.,

Scharenberg, A. M., von Kalle, C., Zhang, F., Jambou, R., Rosenthal, E.,

Hassani, M., Singh, A., and Porteus, M. H. (2015). Genome editing tech-

nologies: Defining a path to clinic. Mol Ther 23, 796–806.

Cutting, G. R. (2015). Cystic fibrosis genetics: From molecular understanding

to clinical application. Nat Rev Genet 16, 45–56.

Dai, Y., Vaught, T. D., Boone, J., Chen, S. H., Phelps, C. J., Ball, S., Monahan,

J. A., Jobst, P. M., McCreath, K. J., Lamborn, A. E., Cowell-Lucero, J. L.,

Wells, K. D., Colman, A., Polejaeva, I. A., and Ayares, D. L. (2002). Tar-

geted disruption of the alpha1,3-galactosyltransferase gene in cloned pigs.

Nat Biotechnol 20, 251–55.

Davies, K. (2013). The era of genomic medicine. Clin Med 13, 594–601.

Davis, A. J., and Chen, D. J. (2013). DNA double strand break repair via non-

homologous end-joining. Transl Cancer Res 2, 130–43.

Deltcheva, E., Chylinski, K., Sharma, C. M., Gonzales, K., Chao, Y., Pirzada,

Z. A., Eckert, M. R., Vogel, J., and Charpentier, E. (2011). CRISPR RNA

maturation by trans-encoded small RNA and host factor RNase III. Nature

471, 602–7.

Diwakar, A., Adam, R. J., Michalski, A. S., Tamegnon, M. M., Fischer, A. J.,

Launspach, J. L., Horan, R. A., Kao, S. C., Chaloner, K., Meyerholz, D. K.,

and Stoltz, D. A. (2015). Sonographic evidence of abnormal tracheal carti-

lage ring structure in cystic fibrosis. Laryngoscope 125, 2398–404.

Dolezalova, D., Hruska-Plochan, M., Bjarkam, C. R., Sorensen, J. C., Cunning-

ham, M., Weingarten, D., Ciacci, J. D., Juhas, S., Juhasova, J., Motlik, J.,

Hefferan, M. P., Hazel, T., Johe, K., Carromeu, C., Muotri, A., Bui, J.,

Strnadel, J., and Marsala, M. (2014). Pig models of neurodegenerative dis-

orders: Utilization in cell replacement-based preclinical safety and efficacy

studies. J Comp Neurol 522, 2784–801.

Elston, C., and Geddes, D. (2007). Inflammation in cystic fibrosis–when and

why? Friend or foe? Semin Respir Crit Care Med 28, 286–94.

Fagnan, D. E., Gromatzky, A. A., Stein, R. M., Fernandez, J. M., and Lo, A. W.

(2014). Financing drug discovery for orphan diseases. Drug Discov Today

19, 533–38.

Fairclough, R. J., Wood, M. J., and Davies, K. E. (2013). Therapy for Duch-

enne muscular dystrophy: Renewed optimism from genetic approaches.

Nat Rev Genet 14, 373–78.

Finkel, R. S. (2010). Read-through strategies for suppression of nonsense muta-

tions in Duchenne/Becker muscular dystrophy: Aminoglycosides and ata-

luren (PTC124). J Child Neurol 25, 1158–64.

Finkel, R. S., Flanigan, K. M., Wong, B., Bonnemann, C., Sampson, J., Swee-

ney, H. L., Reha, A., Northcutt, V. J., Elfring, G., Barth, J., and Peltz, S. W.

(2013). Phase 2a study of ataluren-mediated dystrophin production in

patients with nonsense mutation Duchenne muscular dystrophy. PLoS One

8, e81302.

Flisikowska, T., Kind, A., and Schnieke, A. (2013). The new pig on the block:

Modelling cancer in pigs. Transgenic Res 22, 673–80.

Goyenvalle, A., Griffith, G., Babbs, A., El Andaloussi, S., Ezzat, K., Avril, A.,

Dugovic, B., Chaussenot, R., Ferry, A., Voit, T., Amthor, H., Buhr, C.,

Schurch, S., Wood, M. J., Davies, K. E., Vaillend, C., Leumann, C., and

Garcia, L. (2015). Functional correction in mouse models of muscular dys-

trophy using exon-skipping tricyclo-DNA oligomers. Nat Med 21, 270–75.

Griesenbach, U., and Alton, E. W. (2009). Cystic fibrosis gene therapy: Suc-

cesses, failures and hopes for the future. Expert Rev Respir Med 3, 363–71.

Griffin, M. A., Restrepo, M. S., Abu-El-Haija, M., Wallen, T., Buchanan, E.,

Rokhlina, T., Chen, Y. H., McCray, P. B., Jr., Davidson, B. L., Divekar,

A., and Uc, A. (2014). A novel gene delivery method transduces porcine

pancreatic duct epithelial cells. Gene Ther 21, 123–30.

Groenen, M. A., Archibald, A. L., Uenishi, H., Tuggle, C. K., Takeuchi,

Y., Rothschild, M. F., Rogel-Gaillard, C., Park, C., Milan, D., Megens,

H. J., Li, S., Larkin, D. M., Kim, H., Frantz, L. A., Caccamo, M., Ahn,

H., Aken, B. L., Anselmo, A., Anthon, C., Auvil, L., Badaoui, B., Beat-

tie, C. W., Bendixen, C., Berman, D., Blecha, F., Blomberg, J., Bolund,

L., Bosse, M., Botti, S., Bujie, Z., Bystrom, M., Capitanu, B., Carvalho-

Klymiuk et al. 355



Silva, D., Chardon, P., Chen, C., Cheng, R., Choi, S. H., Chow, W.,

Clark, R. C., Clee, C., Crooijmans, R. P., Dawson, H. D., Dehais, P.,

De Sapio, F., Dibbits, B., Drou, N., Du, Z. Q., Eversole, K., Fadista,

J., Fairley, S., Faraut, T., Faulkner, G. J., Fowler, K. E., Fredholm,

M., Fritz, E., Gilbert, J. G., Giuffra, E., Gorodkin, J., Griffin, D. K.,

Harrow, J. L., Hayward, A., Howe, K., Hu, Z. L., Humphray, S. J.,

Hunt, T., Hornshoj, H., Jeon, J. T., Jern, P., Jones, M., Jurka, J., Kana-

mori, H., Kapetanovic, R., Kim, J., Kim, J. H., Kim, K. W., Kim, T. H.,

Larson, G., Lee, K., Lee, K. T., Leggett, R., Lewin, H. A., Li, Y., Liu,

W., Loveland, J. E., Lu, Y., Lunney, J. K., Ma, J., Madsen, O., Mann,

K., Matthews, L., McLaren, S., Morozumi, T., Murtaugh, M. P., Nara-

yan, J., Nguyen, D. T., Ni, P., Oh, S. J., Onteru, S., Panitz, F., Park, E.

W., Park, H. S., Pascal, G., Paudel, Y., Perez-Enciso, M., Ramirez-

Gonzalez, R., Reecy, J. M., Rodriguez-Zas, S., Rohrer, G. A., Rund,

L., Sang, Y., Schachtschneider, K., Schraiber, J. G., Schwartz, J., Sco-

bie, L., Scott, C., Searle, S., Servin, B., Southey, B. R., Sperber, G.,

Stadler, P., Sweedler, J. V., Tafer, H., Thomsen, B., Wali, R., Wang,

J., Wang, J., White, S., Xu, X., Yerle, M., Zhang, G., Zhang, J., Zhang,

J., Zhao, S., Rogers, J., Churcher, C., and Schook, L. B. (2012). Anal-

yses of pig genomes provide insight into porcine demography and evo-

lution. Nature 491, 393–98.

Gui, L., Qian, H., Rocco, K. A., Grecu, L., and Niklason, L. E. (2015). Efficient

intratracheal delivery of airway epithelial cells in mice and pigs. Am J Phy-

siol Lung Cell Mol Physiol 308, L221–28.

Hai, T., Teng, F., Guo, R., Li, W., and Zhou, Q. (2014). One-step generation of

knockout pigs by zygote injection of CRISPR/Cas system. Cell Res 24,

372–75.

Hareendran, S., Balakrishnan, B., Sen, D., Kumar, S., Srivastava, A., and

Jayandharan, G. R. (2013). Adeno-associated virus (AAV) vectors in gene

therapy: Immune challenges and strategies to circumvent them. Rev Med

Virol 23, 399–413.

Hauschild, J., Petersen, B., Santiago, Y., Queisser, A. L., Carnwath, J. W.,

Lucas-Hahn, A., Zhang, L., Meng, X., Gregory, P. D., Schwinzer, R., Cost,

G. J., and Niemann, H. (2011). Efficient generation of a biallelic knockout

in pigs using zinc-finger nucleases. Proc Natl Acad Sci U S A 108,

12013–17.

Hoegger, M. J., Fischer, A. J., McMenimen, J. D., Ostedgaard, L. S., Tucker, A.

J., Awadalla, M. A., Moninger, T. O., Michalski, A. S., Hoffman, E. A.,

Zabner, J., Stoltz, D. A., and Welsh, M. J. (2014). Impaired mucus detach-

ment disrupts mucociliary transport in a piglet model of cystic fibrosis. Sci-

ence 345, 818–22.

Hoffman, E. P., Brown, R. H., Jr., and Kunkel, L. M. (1987). Dystrophin: The

protein product of the Duchenne muscular dystrophy locus. Cell 51,

919–28.

Hsu, P. D., Lander, E. S., and Zhang, F. (2014). Development and applications

of CRISPR-Cas9 for genome engineering. Cell 157, 1262–78.

Infrafrontier Consortium. (2015). INFRAFRONTIER—Providing mutant

mouse resources as research tools for the international scientific commu-

nity. Nucleic Acids Res 43, D1171–75.

Itani, O. A., Chen, J. H., Karp, P. H., Ernst, S., Keshavjee, S., Parekh, K.,

Klesney-Tait, J., Zabner, J., and Welsh, M. J. (2011). Human cystic fibrosis

airway epithelia have reduced Cl- conductance but not increased Naþ con-

ductance. Proc Natl Acad Sci U S A 108, 10260–65.

Jin, D. I., Lee, S. H., Choi, J. H., Lee, J. S., Lee, J. E., Park, K. W., and Seo, J. S.

(2003). Targeting efficiency of a-1,3-galactosyl transferase gene in pig

fetal fibroblast cells. Exp Mol Med 35, 572–77.

Kelly, T., and Buxbaum, J. (2015). Gastrointestinal manifestations of cystic

fibrosis. Dig Dis Sci 60, 1903–13.

Kim, H., and Kim, J. S. (2014). A guide to genome engineering with program-

mable nucleases. Nat Rev Genet 15, 321–34.

Klymiuk, N., Blutke, A., Graf, A., Krause, S., Burkhardt, K., Wuensch, A.,

Krebs, S., Kessler, B., Zakhartchenko, V., Kurome, M., Kemter, E.,

Nagashima, H., Schoser, B., Herbach, N., Blum, H., Wanke, R.,

Aartsma-Rus, A., Thirion, C., Lochmuller, H., Walter, M. C., and Wolf,

E. (2013). Dystrophin-deficient pigs provide new insights into the hier-

archy of physiological derangements of dystrophic muscle. Hum Mol

Genet 22, 4368–82.

Klymiuk, N., Bocker, W., Schonitzer, V., Bahr, A., Radic, T., Frohlich, T.,

Wunsch, A., Kessler, B., Kurome, M., Schilling, E., Herbach, N., Wanke,

R., Nagashima, H., Mutschler, W., Arnold, G. J., Schwinzer, R., Schieker,

M., and Wolf, E. (2012). First inducible transgene expression in porcine

large animal models. FASEB J 26, 1086–99.

Klymiuk, N., Mundhenk, L., Kraehe, K., Wuensch, A., Plog, S., Emrich, D.,

Langenmayer, M. C., Stehr, M., Holzinger, A., Kroner, C., Richter, A.,

Kessler, B., Kurome, M., Eddicks, M., Nagashima, H., Heinritzi, K., Gru-

ber, A. D., and Wolf, E. (2012). Sequential targeting of CFTR by BAC vec-

tors generates a novel pig model of cystic fibrosis. J Mol Med (Berl) 90,

597–608.

Lai, L., Kolber-Simonds, D., Park, K. W., Cheong, H. T., Greenstein, J. L., Im,

G. S., Samuel, M., Bonk, A., Rieke, A., Day, B. N., Murphy, C. N., Carter,

D. B., Hawley, R. J., and Prather, R. S. (2002). Production of alpha-1,3-

galactosyltransferase knockout pigs by nuclear transfer cloning. Science

295, 1089–92.

Larcher, T., Lafoux, A., Tesson, L., Remy, S., Thepenier, V., Francois, V., Le

Guiner, C., Goubin, H., Dutilleul, M., Guigand, L., Toumaniantz, G., De

Cian, A., Boix, C., Renaud, J. B., Cherel, Y., Giovannangeli, C., Concordet,

J. P., Anegon, I., and Huchet, C. (2014). Characterization of dystrophin

deficient rats: A new model for Duchenne muscular dystrophy. PLoS One

9, e110371.

Long, C., McAnally, J. R., Shelton, J. M., Mireault, A. A., Bassel-Duby, R.,

and Olson, E. N. (2014). Prevention of muscular dystrophy in mice by

CRISPR/Cas9-mediated editing of germline DNA. Science 345, 1184–88.

Masat, E., Pavani, G., and Mingozzi, F. (2013). Humoral immunity to AAV

vectors in gene therapy: Challenges and potential solutions. Discov Med

15, 379–89.

McGreevy, J. W., Hakim, C. H., McIntosh, M. A., and Duan, D. (2015). Ani-

mal models of Duchenne muscular dystrophy: From basic mechanisms to

gene therapy. Dis Model Mech 8, 195–213.

Meyerholz, D. K., Stoltz, D. A., Namati, E., Ramachandran, S., Pezzulo, A. A.,

Smith, A. R., Rector, M. V., Suter, M. J., Kao, S., McLennan, G., Tearney,

G. J., Zabner, J., McCray, P. B., Jr., and Welsh, M. J. (2010). Loss of cystic

fibrosis transmembrane conductance regulator function produces abnorm-

alities in tracheal development in neonatal pigs and young children. Am J

Respir Crit Care Med 182, 1251–61.

Nakamura, A., and Takeda, S. (2011). Mammalian models of Duchenne Mus-

cular Dystrophy: Pathological characteristics and therapeutic applications.

J Biomed Biotechnol 2011, 184393.

Nakamura, K., Fujii, W., Tsuboi, M., Tanihata, J., Teramoto, N., Takeuchi,

S., Naito, K., Yamanouchi, K., and Nishihara, M. (2014). Generation of

muscular dystrophy model rats with a CRISPR/Cas system. Sci Rep 4,

5635.

O’Connor, T. P., and Crystal, R. G. (2006). Genetic medicines: Treatment stra-

tegies for hereditary disorders. Nat Rev Genet 7, 261–76.

Ostedgaard, L. S., Meyerholz, D. K., Chen, J. H., Pezzulo, A. A., Karp, P. H.,

Rokhlina, T., Ernst, S. E., Hanfland, R. A., Reznikov, L. R., Ludwig, P. S.,

Rogan, M. P., Davis, G. J., Dohrn, C. L., Wohlford-Lenane, C., Taft, P. J.,

Rector, M. V., Hornick, E., Nassar, B. S., Samuel, M., Zhang, Y., Richter,

S. S., Uc, A., Shilyansky, J., Prather, R. S., McCray, P. B., Jr., Zabner, J.,

Welsh, M. J., and Stoltz, D. A. (2011). The DeltaF508 mutation causes

CFTR misprocessing and cystic fibrosis-like disease in pigs. Sci Transl

Med 3, 74ra24.

Ousterout, D. G., Kabadi, A. M., Thakore, P. I., Majoros, W. H., Reddy, T. E.,

and Gersbach, C. A. (2015). Multiplex CRISPR/Cas9-based genome edit-

ing for correction of dystrophin mutations that cause Duchenne muscular

dystrophy. Nat Commun 6, 6244.

Partridge, T. A. (2013). The mdx mouse model as a surrogate for Duchenne

muscular dystrophy. FEBS J 280, 4177–86.

Pezzulo, A. A., Tang, X. X., Hoegger, M. J., Alaiwa, M. H., Ramachandran, S.,

Moninger, T. O., Karp, P. H., Wohlford-Lenane, C. L., Haagsman, H. P.,

van Eijk, M., Banfi, B., Horswill, A. R., Stoltz, D. A., McCray, P. B., Jr.,

Welsh, M. J., and Zabner, J. (2012). Reduced airway surface pH impairs

bacterial killing in the porcine cystic fibrosis lung. Nature 487, 109–13.

Prickett, M., and Jain, M. (2013). Gene therapy in cystic fibrosis. Transl Res

161, 255–64.

356 Toxicologic Pathology 44(3)



Redel, B. K., and Prather, R. S. (in press). Meganucleases revolutionize the

production of genetically engineered pigs for the study of human diseases.

Toxicol Pathol.

Rogers, C. S., Hao, Y., Rokhlina, T., Samuel, M., Stoltz, D. A., Li, Y., Petroff,

E., Vermeer, D. W., Kabel, A. C., Yan, Z., Spate, L., Wax, D., Murphy, C.

N., Rieke, A., Whitworth, K., Linville, M. L., Korte, S. W., Engelhardt, J.

F., Welsh, M. J., and Prather, R. S. (2008). Production of CFTR-null and

CFTR-DeltaF508 heterozygous pigs by adeno-associated virus-mediated

gene targeting and somatic cell nuclear transfer. J Clin Invest 118,

1571–77.

Rogers, C. S., Stoltz, D. A., Meyerholz, D. K., Ostedgaard, L. S., Rokhlina, T.,

Taft, P. J., Rogan, M. P., Pezzulo, A. A., Karp, P. H., Itani, O. A., Kabel, A.

C., Wohlford-Lenane, C. L., Davis, G. J., Hanfland, R. A., Smith, T. L.,

Samuel, M., Wax, D., Murphy, C. N., Rieke, A., Whitworth, K., Uc, A.,

Starner, T. D., Brogden, K. A., Shilyansky, J., McCray, P. B., Jr., Zabner,

J., Prather, R. S., and Welsh, M. J. (2008). Disruption of the CFTR gene

produces a model of cystic fibrosis in newborn pigs. Science 321, 1837–41.

Sander, J. D., and Joung, J. K. (2014). CRISPR-Cas systems for editing, regu-

lating and targeting genomes. Nat Biotechnol 32, 347–55.

Schmidt, F., and Grimm, D. (2015). CRISPR genome engineering and viral

gene delivery: A case of mutual attraction. Biotechnol J 10, 258–72.

Schwank, G., Koo, B. K., Sasselli, V., Dekkers, J. F., Heo, I., Demircan, T.,

Sasaki, N., Boymans, S., Cuppen, E., van der Ent, C. K., Nieuwenhuis,

E. E., Beekman, J. M., and Clevers, H. (2013). Functional repair of CFTR

by CRISPR/Cas9 in intestinal stem cell organoids of cystic fibrosis

patients. Cell Stem Cell 13, 653–58.

Sheridan, C. (2011). Gene therapy finds its niche. Nat Biotechnol 29, 121–28.

Sosnay, P. R., Siklosi, K. R., Van Goor, F., Kaniecki, K., Yu, H., Sharma, N.,

Ramalho, A. S., Amaral, M. D., Dorfman, R., Zielenski, J., Masica, D. L.,

Karchin, R., Millen, L., Thomas, P. J., Patrinos, G. P., Corey, M., Lewis, M.

H., Rommens, J. M., Castellani, C., Penland, C. M., and Cutting, G. R.

(2013). Defining the disease liability of variants in the cystic fibrosis trans-

membrane conductance regulator gene. Nat Genet 45, 1160–67.

Spurney, C. F. (2011). Cardiomyopathy of Duchenne muscular dystrophy: Cur-

rent understanding and future directions. Muscle Nerve 44, 8–19.

Stoltz, D. A., Meyerholz, D. K., Pezzulo, A. A., Ramachandran, S., Rogan, M.

P., Davis, G. J., Hanfland, R. A., Wohlford-Lenane, C., Dohrn, C. L., Bar-

tlett, J. A., Nelson, G. A. T., Chang, E. H., Taft, P. J., Ludwig, P. S., Estin,

M., Hornick, E. E., Launspach, J. L., Samuel, M., Rokhlina, T., Karp, P. H.,

Ostedgaard, L. S., Uc, A., Starner, T. D., Horswill, A. R., Brogden, K. A.,

Prather, R. S., Richter, S. S., Shilyansky, J., McCray, P. B., Jr., Zabner, J.,

and Welsh, M. J. (2010). Cystic fibrosis pigs develop lung disease and exhi-

bit defective bacterial eradication at birth. Sci Transl Med 2, 29ra31.

Stoltz, D. A., Rokhlina, T., Ernst, S. E., Pezzulo, A. A., Ostedgaard, L. S.,

Karp, P. H., Samuel, M. S., Reznikov, L. R., Rector, M. V., Gansemer,

N. D., Bouzek, D. C., Alaiwa, M. H., Hoegger, M. J., Ludwig, P. S., Taft,

P. J., Wallen, T. J., Wohlford-Lenane, C., McMenimen, J. D., Chen, J. H.,

Bogan, K. L., Adam, R. J., Hornick, E. E., Nelson, G. A. T., Hoffman, E.

A., Chang, E. H., Zabner, J., McCray, P. B., Jr., Prather, R. S., Meyerholz,

D. K., and Welsh, M. J. (2013). Intestinal CFTR expression alleviates

meconium ileus in cystic fibrosis pigs. J Clin Invest 123, 2685–93.

Sun, X., Sui, H., Fisher, J. T., Yan, Z., Liu, X., Cho, H. J., Joo, N. S., Zhang, Y.,

Zhou, W., Yi, Y., Kinyon, J. M., Lei-Butters, D. C., Griffin, M. A., Nau-

mann, P., Luo, M., Ascher, J., Wang, K., Frana, T., Wine, J. J., Meyerholz,

D. K., and Engelhardt, J. F. (2010). Disease phenotype of a ferret CFTR-

knockout model of cystic fibrosis. J Clin Invest 120, 3149–60.

Tellez, A., and Shanmuganayagam, D. (in press). Comparative advantages of

miniature swine for use as relevant translational models of human disease

for accelerating discovery, development and validation of therapies and

medical devices. Toxicol Pathol.

Thomas, C. E., Ehrhardt, A., and Kay, M. A. (2003). Progress and problems

with the use of viral vectors for gene therapy. Nat Rev Genet 4, 346–58.

Tsai, S. Q., Zheng, Z., Nguyen, N. T., Liebers, M., Topkar, V. V., Thapar, V.,

Wyvekens, N., Khayter, C., Iafrate, A. J., Le, L. P., Aryee, M. J., and Joung,

J. K. (2015). GUIDE-seq enables genome-wide profiling of off-target clea-

vage by CRISPR-Cas nucleases. Nat Biotechnol 33, 187–97.

Tuggle, K. L., Birket, S. E., Cui, X., Hong, J., Warren, J., Reid, L., Chambers,

A., Ji, D., Gamber, K., Chu, K. K., Tearney, G., Tang, L. P., Fortenberry, J.

A., Du, M., Cadillac, J. M., Bedwell, D. M., Rowe, S. M., Sorscher, E. J.,

and Fanucchi, M. V. (2014). Characterization of defects in ion transport

and tissue development in cystic fibrosis transmembrane conductance reg-

ulator (CFTR)-knockout rats. PLoS One 9, e91253.

U.S. Department of Health and Human Services, Food and Drug Administra-

tion, Center for Biologics Evaluation and Research. (2013). Guidance for

industry: Preclinical assessment of investigational cellular and gene ther-

apy products. Accessed June 20, 2015. http://www.fda.gov/downloads/

BiologicsBloodVaccines/GuidanceComplianceRegulatoryInformation/

Guidances/CellularandGeneTherapy/UCM376521.pdf.

Whyte, J. J., Zhao, J., Wells, K. D., Samuel, M. S., Whitworth, K. M., Walters,

E. M., Laughlin, M. H., and Prather, R. S. (2011). Gene targeting with zinc

finger nucleases to produce cloned eGFP knockout pigs. Mol Reprod Dev

78, 2.

Wilke, M., Buijs-Offerman, R. M., Aarbiou, J., Colledge, W. H., Sheppard, D.

N., Touqui, L., Bot, A., Jorna, H., de Jonge, H. R., and Scholte, B. J. (2011).

Mouse models of cystic fibrosis: Phenotypic analysis and research applica-

tions. J Cyst Fibros 10, S152–71.

Wolf, E., Braun-Reichhart, C., Streckel, E., and Renner, S. (2014). Genetically

engineered pig models for diabetes research. Transgenic Res 23, 27–38.

Yan, Z., Stewart, Z. A., Sinn, P. L., Olsen, J. C., Hu, J., McCray, P. B., Jr., and

Engelhardt, J. F. (2015). Ferret and pig models of cystic fibrosis: Prospects

and promise for gene therapy. Hum Gene Ther Clin Dev 26, 38–49.

Yin, H., Kanasty, R. L., Eltoukhy, A. A., Vegas, A. J., Dorkin, J. R., and Ander-

son, D. G. (2014). Non-viral vectors for gene-based therapy. Nat Rev Genet

15, 541–55.

Klymiuk et al. 357

http://www.fda.gov/downloads/BiologicsBloodVaccines/GuidanceComplianceRegulatoryInformation/Guidances/CellularandGeneTherapy/UCM376521.pdf
http://www.fda.gov/downloads/BiologicsBloodVaccines/GuidanceComplianceRegulatoryInformation/Guidances/CellularandGeneTherapy/UCM376521.pdf
http://www.fda.gov/downloads/BiologicsBloodVaccines/GuidanceComplianceRegulatoryInformation/Guidances/CellularandGeneTherapy/UCM376521.pdf


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


