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ABSTRACT 

ADENO-ASSOCIATED VIRUS-BASED GENE THERAPY FOR TREATING LUNG 
SURFACTANT DEFICIENCIES 

Jakob Matthias Domm 
University of Guelph, 2018

Advisor: 
Dr. Sarah Wootton 

 

Monogenic lung surfactant deficiencies are fatal and lead to death in neonates 

within a year of life unless they receive a lung transplant. Deficiencies such as 

Surfactant protein-B (SP-B) deficiency or ATP-binding cassette subfamily A member 3 

(ABCA3) deficiency lead to decreased functionality of lung surfactant, atelectasis, and 

severe respiratory distress. We investigated three different strategies to deliver 

therapeutic transgenes for transient expression to prolong life, or integrate corrective 

genes to cure the disorder. The first method utilized a single AAV6.2FF vector to deliver 

SP-B cDNA to a deficient mouse model and we observed an extension of survival. The 

second method employed a split-vector system to deliver both halves of ABCA3 cDNA 

separately to recombine in vivo, and was found to result in efficient expression of full 

length ABCA3 in the distal airways of mice. Thirdly, we developed an AAV6.2FF-

mediated CRISPR/Cas9 gene-editing platform that caused efficient insertion and 

expression of promoterless transgenes in dividing alveolar type II cells. Together, these 

findings show efficacy of AAV-based gene therapy options to either extend life, or 

replace a gene in dividing cells to correct lung surfactant deficiency. 
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1 

1 Literature review and proposal 

1.1 Lung surfactant dysfunction review 

1.1.1 Introduction to lung surfactant dysfunction 

Dysfunctions in lung surfactant production, metabolism and transport are rare 

genetic disorders that often lead to respiratory disease in newborn and pediatric 

populations 1. Many of these dysfunctions are fatal, leading to death within one year of 

life, despite modern treatments 2. Mutations leading to surfactant dysfunction include 

loss-of-function mutations in the case of Surfactant Protein-B (SP-B) 3,4 or ATP-binding 

cassette subfamily A member 3 (ABCA3) deficiencies 5, and gain-of-toxic-function 

mutations in the case of Surfactant Protein-C (SP-C) disorder 6. In general, SP-B and 

ABCA3 are vital for packaging lipids for export from type II alveolar (ATII) cells of the 

lung, and SP-C along with SP-B are central to adsorption of secreted lipids to the air-

liquid interphase of the alveolar surface 1,7. Genetic mutations leading to SP-B 

deficiency are associated with fatal respiratory distress in neonates 1,3, mutations in the 

coding sequence of SP-C often present as interstitial lung disease in older infants 6, and 

mutations in the coding sequence of ABCA3 present as both respiratory distress and 

interstitial lung disease in newborns 5. Treatment for these surfactant dysfunctions 

varies, but commonly relies on short-term relief via exogenous surfactant replacement, 

or lung transplantation 2. Many experts in the field have therefore stressed the need of a 

gene therapy option to correct these dysfunctions, and not just temporarily alleviate 

symptoms 1. 

1.1.2 Alveolar structure and function  

During inhalation, ambient atmosphere enters the lungs through the trachea, 

travels through the bronchi where it further divides into bronchioles and finally reaches 

alveoli at the ends of alveolar ducts, or alveolar sacs 8. On average, a pair of human 

lungs house 480 million alveoli for gas exchange 9. The alveoli is structured by two 

major cell types: alveolar type I cells (ATI) and alveolar type II cells (ATII) with alveolar 

macrophages within the alveolar space 8,10. Alveolar macrophages are found within the 
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alveoli, and serve to destroy foreign material and recycle pulmonary surfactant 10. ATI 

cells are long, squamous epithelial cells that are found adjacent to lung endothelial cells 
10. These cells are critical for gas exchange, and therefore line the majority of the 

alveoli, with vasculature in close proximity for oxygen uptake 10. ATII cells comprise 

approximately 5% of the alveolar surface, but are the sole cell type responsible for 

pulmonary surfactant production and secretion 10. ATII cells secrete pulmonary 

surfactant through lamellar bodies, which are lysosomally derived storage structures for 

surfactant proteins and lipids, and structurally are a collection of compactly packed, 

concentrically organized phospholipid membranes 1. Following lung injury, it has been 

shown that subclasses of ATII cells can act as lung progenitor cells, repairing the lung 

epithelium and restoring pulmonary surfactant production 11,12. Pulmonary surfactant 

reduces lung surface tension and allows alveoli to expand and contract fluidly with 

inhalation and exhalation 10. Together, alveolar macrophages, ATI and ATII cells serve 

to facilitate gas-exchange in alveoli by reducing surface tension and allowing gas 

exchange across the epithelium, all while protecting against harmful pathogens. 

1.1.3 Pulmonary surfactant composition and function 

 Pulmonary surfactant was discovered over the course of the 20th century, 

beginning in 1929 when Kurt von Neergaard stated that “retractile forces of the lungs 

depend on surface tension in the alveoli, and this could be the cause of atelectasis (a 

complete or partial collapse of the lung), in the newborn lung” 13. This led to a series of 

experiments which discovered in 1947 that surface tension in the lung restricted inflation 

by air, but not by fluids 14. In the 1950’s, Pattle et al discovered a thin lining of the 

alveoli, and determined its composition to be predominantly lipid with a lesser 

component of proteins 15,16. Then, in the 1960’s, several researchers published findings 

further elucidating the components of pulmonary surfactant as a complex mixture of 

proteins, unsaturated phospholipids and nonphosphorylated lipids 17–19.  

Pulmonary surfactant is a complex mixture of lipids and proteins that function 

together to reduce the surface tension within alveoli. More precisely, pulmonary 



 

 

 

 

3 

surfactant in humans is composed of 36.6% dipalmitoylphosphatidylcholine (dPC), 

32.3% unsaturated phosphatidylcholine (PC), 10.6% surfactant proteins (including 

surfactant protein-A, surfactant protein-B, surfactant protein-C, and surfactant protein-

D), 9.9% phosphatidylglycerol, 3% phosphatidylethanolamine, 2.4% cholesterol, 2.3% 

sphingomyelin, 1.3% lysobisphosphatidic acid, 1.6% phosphatidylinositol and 0.3% 

diacylglycerol 20. dPC and PC, being the most abundant alveolar lipids, are the major 

contributors to surface tension reducing properties of pulmonary surfactant, and 

therefore provide protection against atelectasis at the end of expiration 21.  

Surfactant protein A (SP-A) and surfactant protein D (SP-D) are glycoproteins 

belonging to a family of C-type lectins with collagen-like regions, and are therefore 

called collectins 22. These two surfactant proteins are hydrophilic, and have roles in lipid 

homeostasis and in innate immunity 23. SP-A has been shown to specifically bind to 

dPC, and binding of SP-D to minor pulmonary surfactant lipids has also been 

demonstrated 24,25. These results suggest SP-A and SP-D play a role in surfactant 

homeostasis and lipid recycling, although the mechanism of such has yet to be 

elucidated. It has been shown, however, that SP-D can be directly bound and absorbed 

back into ATII cells through lamellar bodies 26. It has also been observed that SP-D 

deficient mice display defects in the uptake and recycling of pulmonary surfactant lipids 

back into ATII 27. These defects in recycling of lipids led to alveolar lipid accumulation, 

airspace enlargement, as well as an increase in H2O2 and matrix metalloproteinases-2, -

9, and -12 from alveolar macrophages 28. In respect to innate immunity, SP-A and SP-D 

bind and agglutinate a range of non-self antigens 23. These surfactant proteins have 

been observed to bind to pathogenic bacteria, fungi and allergens, and serve to 

opsonize those structures for immune cell ingestion 23.  

Surfactant protein B (SP-B) and surfactant protein C (SP-C) are small, 

hydrophobic proteins that primarily function to produce and maintain the lipid film lining 

alveoli 29. SP-B expression is limited to ATII cells of the alveolus and to club cells within 

bronchioles (although complete processing of SP-B does not occur in club cells), 

whereas SP-C is solely expressed from ATII cells 29. SP-B binds to phospholipid 
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bilayers and contributes to packaging of surfactant in lamellar bodies; whereas SP-C is 

an integral membrane protein which largely functions in the formation and preservation 

of lung surfactant within alveoli 1. SP-B and SP-C primarily function through lipid binding 

and sequestering into the lamellar body, and then into the alveoli to reduce surface 

tension 1. Both SP-B and SP-C are expressed as larger precursor proteins that undergo 

extensive proteolytic cleavage to result in their functional, hydrophobic, mature proteins 

of 79-amino acids and 35-amino acids, respectively 1,29.  

1.1.4 Surfactant protein B and surfactant protein C processing 

 Surfactant protein B is expressed as a precursor protein of 381 amino acids, and 

undergoes multiple stages of maturation 29. Following expression, an SP-B signal 

peptide at the NH2 terminus signals transport of pro-SP-B into the lumen of the 

endoplasmic reticulum, and then through the Golgi apparatus and into multivesicular 

bodies; which then fuse with lamellar bodies for export 29. Within the Golgi apparatus 

and multivesicular bodies, pro-SP-B undergoes cleavage to yield 3 products: the NH2-

terminal pro-peptide, a 79-amino acid mature SP-B peptide (residues 201-279) and a 

COOH-terminal pro-peptide 29,30. Cleavage is facilitated by napsin, cathepsin H and 

other proteolytic enzymes 31. Interestingly, following cleavage, the NH2-terminal pro-

peptide functions as a chaperone for SP-B, and without it, SP-B has been shown to 

return and accumulate in the endoplasmic reticulum 32. Little is known whether the 

COOH-terminal pro-peptide has any function following cleavage 33. 

 Surfactant protein C is expressed as a precursor protein of 191- or 197-amino 

acids 33. Pro-SP-C lacks a signal peptide and is therefore only partially translocated 

through the membrane of the endoplasmic reticulum; anchored predominately by 

residues of the mature protein (precursor residues 13-35; whereas mature SP-C 

residues are 24-58) 29,34. Within the endoplasmic reticulum, and continuing through the 

Golgi apparatus, multivesicular bodies and lamellar bodies, pro-SP-C is processed by 

palmitoylation and a series of proteolytic C- and N- terminal cleavages 29. Remarkably, 

in the absence of mature SP-B, SP-C undergoes abnormal processing, fails to fully 
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mature, and results in secretion of immature SP-C 35,36. This finding supports a 

prevailing theory that SP-B aids in maturation of SP-C. SP-B and SP-C processing are 

outlined in Figure 1. 

 

Figure 1. Lung surfactant processing and secretion in alveolar type II cells.  

 

1.1.5 Pulmonary surfactant secretion  

 Lamellar bodies export pulmonary surfactant to the ATII plasma membrane for 

secretion 1. As previously mentioned, surfactant proteins enter the lamellar body by 

trafficking through the Golgi apparatus and into multivesicular bodies, which then fuse 

with lamellar bodies 29. Alternatively, lipids enter the lamellar body through an ATP-

binding cassette protein 3 channel, known as ABCA3 37. ABCA3 is a large, integral 

membrane protein that is found in the limiting, or outer, membrane of lamellar bodies 37. 

ABCA3 is thought to function as the importer of lipids into lamellar bodies 38. Lamellar 

bodies are then trafficked to the apical surface of ATII cells and the limiting membrane 
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of the lamellar body fuses with the ATII plasma membrane 39. This fusion pulls open the 

lamellar body and exposes its contents to the alveolar space for exocytosis 39. During 

exocytosis, pulmonary proteins and lipids are secreted, however, ABCA3 is internalized 

and recycled back into ATII cells 40. Pulmonary lipids are then adsorbed to the air-liquid 

interface of alveoli by hydrophobic SP-B and SP-C, where SP-B then forms a meshwork 

of surfactant tubular myelin 41,42. Pulmonary surfactant lipids are eventually recycled 

back into ATII cells, catabolized by alveolar macrophages 43, or remain in the lung to 

contribute in the reduction of alveolar surface tension 1.  

1.1.6 Surfactant protein-B deficiency  

 SP-B deficiency was described in 1993 when an infant died at the age of 5 

months of progressive respiratory failure 44. This newborn died despite treatment with 

mechanical ventilation, corticosteroids, exogenous surfactant replacement, and 

extracorporeal membrane oxygenation 44. The infant had SP-B deficiency, which is 

usually fatal within 3 to 6 months after birth and displays features of complete lack of 

SP-B and decrease in SP-C in lung lavage fluid, alveolar proteinosis, respiratory 

distress syndrome (RDS) and eventual complete pulmonary failure 45.    

 SP-B deficiency is an autosomal recessive disorder that may be caused by many 

different mutations such as the most common 121ins2 frameshift mutation in exon 4 or 

other mutations such as the C248X mutation 46. The 121ins2 mutation accounts for two 

thirds of the SP-B deficient population, while the remaining third may have one of 

numerous other mutations affecting SP-B expression, including but not limited to: 

nonsense, missense, frameshift or splice-site mutations, as well as insertions and 

deletions 47. Generally, the 121ins2 mutation leads to early transcriptional termination, 

an unstable transcript lacking its poly A tail and subsequently decreased or absent 

expression of SP-B 46.  

 A lack of SP-B expression has notable histopathologic findings such as alveolar 

proteinosis or less commonly, infantile desquamative interstitial pneumonitis 1.  Alveolar 

proteinosis with SP-B deficiency is noted as the buildup of eosinophilic, granular, 
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periodic acid-Schiff positive, lipoproteinaceous substance within the alveoli 1. This build 

up is most commonly composed of desquamated and decomposed ATII cells and 

foamy alveolar macrophages 1.  Additionally, thickening of the interstitial septa as well 

as hyperplastic alveolar epithelia may be seen 1. Lamellar bodies and secreted tubular 

myelin are absent, and instead irregular multivesicular bodies are detected 48,49. 

 Immunohistochemistry (IHC) revealed that SP-B deficient individuals had 

reduced or completely absent staining of pro-SP-B or mature SP-B, and increased SP-A 

and immature SP-C in the alveoli 50. Since SP-B is vital for full SP-C processing 36, It 

has also been demonstrated that the immature SP-C secreted in SP-B deficient 

individuals has reduced surface activity and displays inhibited lipid binding compared to 

mature SP-C 51. This discovery, paired with the finding that alveolar macrophage 

phagocytosis is impaired in SP-B deficient individuals 52, suggests that SP-B deficiency 

is a disease not only of decreased lipid export into alveoli and increased alveolar 

surface tension, but also of decreased recycling and catabolism of surfactant 

components.  

1.1.7 Surfactant protein-C disorder 

 SP-C disorder was first described in 2001 in a newborn who had respiratory 

insufficiency and interstitial lung disease 6. The individual was found to have thickened 

alveolar septa, hyperplastic ATII cells, and overall nonspecific interstitial pneumonitis 

caused by a heterozygous substitution mutation in the SP-C coding sequence 6. There 

are over 40 different genetic mutations that have been identified in the SP-C coding 

sequence leading to SP-C disorders 33. Unlike SP-B deficiency, however, which is a 

recessive and lethal disorder, SP-C genetic disorders tend to be inherited in a dominant 

fashion and exhibit less severe phenotypes 53.  

 Clinical presentation of SP-C disorders tends to be varied in type and time of 

onset. Between 10% and 15% of patients with an SP-C genetic disorder display 

respiratory distress within 1 month of life, whereas 40% begin to show symptoms 

between 1 and 6 months 1. Similarly in diversity, appearance of symptoms in the 



 

 

 

 

8 

neonatal period may result in respiratory distress syndrome or even death, while 

presentation of the disorder in older infants is more often associated with general 

symptoms of diffuse lung disease 1,54,55. This variability in clinical presentation of the 

disorder is thought to be due to genetic background, age and previous contact with 

toxins and pathogens, as well as the type and location of mutation 56–58. 

 Of the more than 40 mutations in the SP-C coding sequence, most are found 

near the carboxyl terminus of pro-SP-C and thought to obstruct proper folding and 

downstream processing into mature SP-C 6,59,60. These mutations consist of 

predominantly missense mutations along with small insertions, deletions, frameshift 

mutations and splice-site mutations 6,61.  

 Histopathologic manifestations of SP-C genetic disorders generally consist of 

alveolar damage, interstitial thickening, hyperplastic ATII cells, and varying levels of 

alveolar proteinosis of foamy macrophages and granular material 1. Most often, these 

features cause the disorder to be diagnosed as pulmonary fibrosis 1,62. In SP-C disorder 

an absence of mature SP-C is observed along with the presence of abnormal lamellar 

bodies, SP-A, pro-SP-B, SP-B, SP-D and mutant pro-SP-C in ATII cells was shown 62,63. 

Mutant pro-SP-C has been seen in the cytoplasm, endoplasmic reticulum, endosomal 

compartments and perinuclear location 62,64. The robust generation of misfolded, mutant 

pro-SP-C may lead to endoplasmic reticulum stress, proteasome dysfunction and 

downstream caspase 3-, caspase 4- and cytochrome c-related apoptotic cell death 65,66. 

ATII cell-death may then lead to chronic interstitial inflammation and thickening, fibrosis 

of the lung, and decreased overall surfactant production 1. Together these findings 

suggest that SP-C genetic disorders lead to a reduction of properly processed SP-C 

and therefore a decrease in lipid adherence to the alveolar-air interface, along with the 

processing of a possibly toxic, mutant SP-C; all of which contribute to lung disease.   

1.1.8 ABCA3 deficiency  

 Genetic ABCA3 deficiency is a lethal disease that was first described in 2004 in 

infants from racially diverse backgrounds 67. These infants had differing types of 
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mutations in the abca3 gene, but all experienced severe respiratory distress leading to 

death, and had abnormal lamellar body formations in their ATII cells, which was later 

observed by electron microscopy 67. Similar to SP-B deficiency, ABCA3 deficiency is 

association with early death and high mortality rates 55. In fact, one study found the 

average age of death for homozygous ABCA3 deficient individuals to be 1.9 months 

with a 100% mortality rate 55. Although ABCA3 deficiency is a homozygous recessive 

disorder, many individuals with two heterozygous ABCA3 mutations have a disease 

phenotype, but may live significantly longer 1. It is therefore notable that although 

ABCA3 deficiency is expressed with a disease phenotype, the deficiency has been 

shown to be caused by many different types of mutations in diverse locations of the 

abca3 gene, and disease is most severe when those mutations are homozygous 67.   

 ABCA3 deficiency is an autosomal disorder, which may be caused by one of 

more than 150 distinct mutations in the ABCA3 coding sequence 67–69. These mutations 

have been observed across the ABCA3 coding sequence and consist of missense, 

nonsense, frameshift and splice-site mutations as well as insertions and deletions 1. 

One of the more common mutations for ABCA3 deficiency affects the first cytosolic loop 

of ABCA3, replacing valine for glutamic acid in codon 292 (E292V) 5. The carrier 

frequency of the E292V mutation is 3-5 fold higher than the most common mutations in 

SP-B deficiency or SP-C disorders 70. Carriers of ABCA3 deficiency, although not 

homozygous for the lethal disease, may experience non-specific symptoms such as 

cough, hypoxemia or failure to thrive, with onset in infancy or later in childhood 5. 

Regardless of the mutation, ABCA3 mutations result in reduced expression of ABCA3, 

reduced functionality of ABCA3, or both. 

 Histopathologic findings of ABCA3 deficiency are similar to those of SP-B 

deficiency, with initial diagnoses of neonatal alveolar proteinosis or less commonly, 

infantile desquamative interstitial pneumonitis 1. Electron microscopic evaluation of 

ABCA3 deficiency reveals numerous small, abnormal lamellar bodies with tightly 

packed phospholipid membranes 68, likely due to the absence of the lipid ABCA3 

transporter. Immunohistochemistry shows staining for SP-A, pro-SP-B, SP-B, pro-SP-C, 
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SP-C and SP-D in ABCA3 deficient individuals, although occasionally staining for 

mature SP-B and mature SP-C is absent 71. This finding helped lead to the hypothesis 

that normal lamellar bodies are required for SP-B and SP-C processing 72. The reduced 

lamellar body function and downstream lipid export into alveoli along with a decrease in 

fully processed mature SP-B and SP-C is likely why homozygous ABCA3 deficiency 

exhibits such a severe phenotype.  

1.1.9 Treatment and gene therapy approaches to correct surfactant dysfunction 

 Surfactant dysfunctions caused by mutations in the coding sequences of SP-B, 

SP-C or ABCA3 are often treated with drugs and methods to aid lung development in 

neonates, improve blood flow to the lung or decrease alveolar surface tension 1,73–75. 

These treatments; however, often have short-lived responses, and in the case of SP-B 

and ABCA3 deficiencies, do not alter the course of the disease. Only lung 

transplantation has shown efficacy in correcting those deficiencies 75. Unfortunately, 

lung transplantation requires a donor healthy pair of matched lungs and carries inherent 

risks resulting in mortality rates of 50% over the next 5 years of life 75. These reasons 

are why many experts in the field of pulmonary surfactant defects are suggesting that 

some form of gene therapy to either express the deficient protein in trans, or to correct 

the deficiency at the genetic level must be pursued 76.  

 Gene therapy techniques to treat surfactant dysfunction were first published in 

1994 using recombinant adenovirus to express SP-B in rats 77. This study confirmed the 

expression of mature SP-B in the lung, but noted low levels of expression and an 

inflammatory response provoked by the virus, and thus therapeutic trials were not 

pursed 77,78. More than twenty years later in 2017, a research team looked at delivering 

a therapeutic copy of the cDNA for SP-B using electroporation-mediated gene transfer 
79. Barnett et al argued that electroporation of SP-B cDNA would allow rapid and strong 

expression of the transgene, limit the immune response induced by the treatment, and 

although facilitate expression only transiently, may help prolong the life of neonates in 

the hopes of receiving a lung transplant 79. Results indicated that electroporation of SP-



 

 

 

 

11 

B cDNA could restore SP-B expression, repair lamellar body structure and function, 

lessen alveolar wall thickening and improve survival in SP-B deficient mice 79.  

 Methods using adenoviral vectors, or electroporation-mediated gene transfer 

have shown great efficacy expressing SP-B, and treating SP-B deficiency in the short-

term 77,79. These treatments; however, would rely on infants subsequently receiving a 

lung transplant since SP-B expression was short-lived and did not correct the genetic 

deficiency. It could therefore be suggested that a method to edit and correct the genetic 

deficiency for the life of an individual would be a desirable outcome and an alternative 

treatment strategy when lung transplantation is not an option. Gene therapy vectors, 

such as adeno-associated virus, may lead to long-term expression of transgene, and 

could function as a vehicle to deliver genome-editing machinery. However, in order to 

edit the genome, or insert a new gene, the first question to be addressed is what cell 

type must be manipulated; need it be a progenitor cell? This question has been a topic 

of debate as groups seek to understand what cell type truly is the ATII progenitor.  

1.1.10 Lung epithelial progenitor cells 

 Unlike organs such as the intestines, which consistently house active stem cells, 

the lungs may contain facultative progenitor cells that are only recruited following injury 
11,80. There are multiple prevailing theories as to which types of cells in the lung can 

function as facultative progenitors. One of these theories is that bone-marrow derived 

cells can function as lung progenitors 81,82. A study in 2008 showed that following severe 

pulmonary fibrosis, bone marrow derived cells will migrate in large numbers to active 

fibrotic lesions throughout the lung 81. Another theory is that basal cells and club cells 

function in repair of bronchiolar airway epithelium succeeding injury 83. Alternatively, 

Kim et al identified a lung progenitor cell type at the bronchoalveolar duct junction, 

termed bronchoalveolar stem cells 84. More recently, another theory was described in 

2018 that suggested a Wnt-responsive subclass of ATII cells termed alveolar epithelial 

progenitors (AEP) are a resident cell type capable of regenerating lung alveolar 

epithelial cells 11. These hypotheses collectively aim to elucidate the types of cells 
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responsible for progenitor function, and illustrate that many types of progenitor cells 

may contribute to lung repair and are activated following different stimuli and degree of 

lung damage.  

 The theory that a subclass of epithelial cells function as facultative progenitors 

was first described when the expression of telomerase, a progenitor cell marker, was 

observed in a subclass of ATII cells following lung injury 85. Soon after, a class of 

epithelial cells was discovered that express p63, proliferate and radiate to regions of 

alveolar ablation following injury, form cytokeratin 5 immunostained (KRT5+) pods and 

express markers typical of alveolar epithelial cells 86,87. Ray et al furthered these 

findings in 2016 and demonstrated that this KRT5+ population of cells are also Sox2-

derived, and can again repopulate alveolar parenchyma following injury by H1N1 

infection 88. Although this population of cells is able to proliferate and radiate into 

regions of injury, it was noted in 2017 that it did not express SP-C except after forced 

Wnt triggering 89. In 2018, Zacharias et al characterized the Wnt-responsive AEP cell 

and noted that it is of different lineage than the SOX2+ KRT5+ epithelial line, as Wnt-

responsive AEPs minimally transcribe Krt5 and Sox2, in addition to expressing SP-C 11. 

It is therefore likely that within lung epithelial cell populations, there are multiple cell 

types originating from different special compartments which are capable of participating 

in lung repair and can divide into SP-C expressing ATII cells.  

1.1.11 Lung surfactant dysfunction - conclusions 

 Pulmonary surfactant dysfunctions are rare disorders, but result in severe, if not 

fatal, phenotypes 4,67,90. Dysfunctions such as SP-B or ABCA3 deficiencies often result 

in decreased lipid adherence in the alveolar-air interface, an increase in alveolar surface 

tension, pulmonary distress and eventual death, whereas SP-C disorders often result 

from gain-of-toxic mutations and lead to pulmonary distress 4,67,90. There are currently 

few treatment options, which are generally only transient and require subsequent lung 

transplantation. Gene therapy using vectors such as adeno-associated virus (AAV) has 
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been suggested as a potential solution for pulmonary surfactant dysfunction, but in 

order for it to be successful, must facilitate long term expression of a therapeutic gene. 

1.2 Adeno-associated virus-based gene therapy review 

1.2.1 Introduction to AAV molecular biology 

Adeno-associated virus (AAV), of the family Parvoviridae and genus 

Dependoparvovirus, is a small, non-enveloped virus that depends on a helper virus for 

productive infection 91. Although prevalence of AAV infection is common in the human 

population (>80% in the case of AAV2) 92, there is no clear association of infection with 

symptoms or disease 93.  AAV can transduce a wide variety of tissues 94 and can persist 

in both dividing and non-dividing cell types, often remaining as episomal monomeric or 

concatemeric circular DNA 95. Despite having a small genome, AAV is able to attach to 

cellular receptors, gain entrance into the cell by the endosomal route, traffic to the 

nucleus, release DNA into the nucleus, replicate its genome in the presence of helper-

functioning proteins, express viral proteins, and package new virions 96.  

1.2.2 AAV genome 

 The AAV genome is single stranded DNA of about 4.7kb in length 97. Broadly, the 

genome can be divided into its inverted terminal repeats (ITR) at either end, which form 

secondary structures, flanking two genes (rep and cap) that encode four nonstructural 

proteins and three structural proteins, respectively 98. The genomic structure of AAV can 

be seen in Figure 2. AAV utilize three viral promoters: p5, p19 and p40 to express 

proteins from the rep and cap open reading frames (ORF) 99. The rep ORF encodes 

four overlapping coding sequences for Rep78, Rep52, Rep68 and Rep40; the cap ORF 

encodes three capsid viral protein (VPs) coding sequences for VP1, VP2 and VP3 91. 

Rep proteins are expressed from the p5 (Rep78 and Rep68) and p19 (Rep52 and 

Rep40) promoters within the rep ORF 96. Following expression, Rep78 transcripts may 

be spliced to form Rep68 transcripts, and Rep52 transcripts may be spliced to form 

Rep40 transcripts 100. Viral proteins (VP) are expressed from the p40 promoter 96. VP1 

is translated from an mRNA transcript that contains the entire cap ORF; VP2 and VP3 
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are expressed from a different mRNA transcript from the cap ORF, and are translated 

from an alternate (ACG) or conventional (ATG) start codon, correspondingly 96.  

 

Figure 2. AAV genome.  
Top: wild type AAV, bottom: AAV vectors used in gene therapy. 

 

 Inverted terminal repeats (ITR) flanking the AAV genome are base-paired 

regions that can form secondary structures, and contain elements required for 

replication, packaging and even gene expression 100–104. It is known that ITRs can form 

T- or Y-shaped hairpin structures, but recently some evidence has suggested that ITRs 

can resemble telomeres, and form non-B, non-Z triple-stranded arrangements 101. It has 

been proposed that this model of ITR structure could point to a mechanism enabling 

AAV vector genomes to persist in cells for long periods of time, perhaps, as Berns and 

Muzyczka commented, the ITR structure may inhibit methylation and prevent 

subsequent shut down of gene expression 105. The ITR also plays a critical role in 

replication of the viral genome as it is the primer for synthesis of daughter strands of 



 

 

 

 

15 

DNA, and serves as the viral origin of replication 96. This feature is largely due to the 

ITR’s capacity to self-anneal, providing a base-paired 3’ hydroxyl group for 

unidirectional strand synthesis 96. In terms of genome packaging, the ITR has been 

reported to function as a packaging signal 106–108. It has been hypothesized, following 

the discovery that Rep proteins associate with both capsid proteins and ITRs during 

packaging 109,110, that Rep proteins may bind specifically to ITRs and facilitate 

attachment of AAV ssDNA to the capsid during viral packaging 111. This hypothesis was 

strengthened by findings that the helicase function of Rep52 and Rep40 are required for 

encapsulation of ssDNA genomes 112. Packaging of the genome is largely affected by 

its total size, as packaging of AAV genomes that are less than 4.1kb or more than 5.2kb 

in length is greatly hindered 113. Although it had been suggested that AAV can be 

packaged with 5.6kb to even 8kb genomes, it was later shown that this phenomenon is 

due to packaging of partial fragments of the genomes which recombined in co-

transduced cells, only to appear like the entire genome was packaged 114. As a result of 

this finding, AAV has been used to deliver gene fragments in vivo, to recombine and 

express the full-length gene 115. This recombination has allowed researchers to express 

larger length genes that otherwise would not package into one virion. Furthermore, it 

has been reported that the ITR may function as a promoter 116 and enhancer in 

response to Rep proteins 117, and as a transcription element binding site for proteins 

such as Sp1 or histone acetylase YYI 102–104. Remarkable in these findings was that the 

ITR promoter activity was often independent of TATA box use 102. Much is yet to be 

discovered about the ITR function, but a role in replication, packaging, and gene 

expression for AAV is becoming clearer.  

 There are frequent and ongoing discoveries regarding the AAV genome. In 2004, 

Cao et al characterized a new promoter, p81, that facilitates expression of the also 

newly discovered X gene 118. This X gene was found overlapping the 3’ end of cap, and 

expresses a protein involved in viral replication 118. When Cao et al removed this gene 

from AAV, an approximate 33% reduction in viral replication and production was 

observed. Similarly, a protein termed assembly activating protein (AAP) was found to be 
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expressed in an alternate reading frame in cap 119. AAP was described as a protein 

responsible for nuclear localization of capsid proteins and concurrent capsid assembly; 

however, in 2016, AAP was pronounced nonessential in AAV serotypes 4, 5 and 11 for 

packaging 120. Also in 2016, Stutika et al noted that AAV is capable of expressing non-

coding RNAs, as well as being able to perform antisense transcription and translation 
121,122. This literature review suggests that the AAV genome is currently not entirely 

characterized in terms of its features, functions, transcripts or proteins expressed, and 

that more work is needed to better understand the genome of this virus.  

1.2.3 Capsids and tropisms of AAV  

 Many different serotypes of AAV have been discovered and sequenced, with 

more being characterized each year. Discovered AAVs can be classified into eight 

genetic groups, clades A-F, each with distinct tissue tropisms and antigenic reactivity 91. 

Clades A-F correspond to serotypes AAV1 – AAV9 (with AAV1 and AAV6 in the same 

clade), and each serotype additionally relates to differing tissue tropisms 96. For 

example, AAV2 shows broad tissue tropism in a host and interacts with host 

receptors/co-receptors of: heparin sulfate proteoglycan, fibroblast growth factor 

receptor, hepatocyte growth factor receptor, integrins, and the 37/67-kilodalton laminin 

receptor 123–128. A full description of characterized AAV capsids commonly used in 

generating recombinant AAV can be seen in Table 1. In addition to AAV serotypes with 

differing tissue tropism, different gene expression kinetics have also been 94. Zincarelli 

et al broadly characterized AAV serotypes into gene expression levels as well as time-

to-expression groups. They characterized AAVs as (i) low expression serotypes (AAV2, 

3, 4 and 5), (ii) moderate expression (AAV1, 6, and 8) and (iii) high expression (AAV7 

and 9) serotypes. Zincarelli et al then characterized AAV serotypes as (a) slow-onset 

(AAV2, 3, 4 and 5) or (b) rapid-onset of expression (AAV1, 6, 7, 8, 9). Collectively, these 

divergent tropisms and expression kinetics are largely due to amino acid sequences 

within capsid VPs, capsid protein formations, as well as capsid interactions with host 

cell receptors 96. 
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 Tropism Receptors References 

AAV1 Neuronal and skeletal α2-3/α2-6 N-linked sialic acid 129–133 

AAV2 Broad tissue tropism, 
especially kidney 

Heparin sulfate proteoglycan, fibroblast growth factor 
receptor, hepatocyte growth factor receptor, integrins, 
and the 37/67-kilodalton laminin receptor. 

123–128 

AAV3 Liver  Heparin sulfate proteoglycan, and the 37/67-
kilodalton laminin receptor. 

134 

AAV4 CNS and photoreceptor 
cell types 

α2-3 O-linked Sialic acid  135–137 

AAV5 Neuronal, retinal, and 
photoreceptor cell types 

α2-3 N-linked sialic acid and platelet derived growth 
factor receptor  

135,137–140 

AAV6 Muscle and lung Heparin sulfate proteoglycan, α2-3/α2-6 N-linked 
sialic acid and epidermal growth factor receptor 

130,141–144 

AAV7 Muscle and liver  Not determined  94 

AAV8 Liver, muscle, heart and 
pancreas 

37/67-kilodalton laminin receptor. 126,145–151 

AAV9 Liver, muscle and lung Galactose and 37/67-kilodalton laminin receptor. 126,152,153 

Table 1. AAV serotype 1-9 tissue tropisms and receptors.  

Tissue tropisms outline tissues frequently demonstrated to be permissive to the particular serotype of 
AAV, however, the list is not exhaustive. 

 

AAV capsids serve in interaction and binding to host cells, entry into the 

endosome, trafficking to the nucleus and release of DNA into the nucleus 96. AAV 
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capsids are constructed from VP1, VP2, and VP3 into a T=1 icosahedral particle 154. 

The VPs are combined in a predicted ratio of 1:1:8/10 to total 60 VPs per capsid, 

creating a viral particle of approximately 25nm diameter 155. In respect to function, it has 

been determined that amino acid stretches common among VP1-3 act in receptor 

attachment as well as vector assembly and DNA packaging; the N-terminal regions 

common to VP1 and VP2 assist in nuclear entry and an N-terminal region unique to 

VP1 termed VPIu, functions as a phospholipase, aiding in endosomal escape upon 

gaining entrance to the cell 96.  

1.2.4 Cellular entry of AAV 

After receptor binding, AAV is predominately internalized into clathrin-coated 

vesicles in a dynamin-dependent process 156. Alternatively, it has been suggested that 

AAV may enter the cell through non-coated pits, or through a pathway relying on intact 

actin cytoskeleton and membrane cholesterol 157. Dynamin-dependent entry has been 

demonstrated to occur within 100ms of repeat contact with cellular receptors 158, and 

triggers intracellular signaling pathways such as the phosphoinositol-3-kinase pathway, 

which aids movement of AAV particles to the nucleus 159. Endosomal trafficking to the 

nucleus is often slow, and AAV may traverse through early/late endosomes, recycling 

endosomes, or lysosomes before localizing to the nucleus 160–162. AAV5, for example, 

has been shown to enter the trans-Golgi network as well as the aforementioned cellular 

compartments 157, and AAV2 has been observed in the late endosomal and lysosomal 

compartments 163,164. It has been suggested that the acidification in compartments such 

as the lysosome is essential for capsid processing, but other researchers have 

demonstrated that AAV2 can escape from the early endosome before entry to the 

nucleus, and can do so without lysosomal acidification 160,165. Additionally, it has been 

noted that when infecting HeLa cells at a low multiplicity of infection (MOI), AAV2 can 

be found in Rab7-positive late endosomes, whereas at a high MOI AAV2 can be found 

predominately in Rab-11 positive recycling endosomes 162. Therefore, the path AAV 

takes within the cell may be complex, and affected by serotype, cell-type and dose of 

virus.  
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1.2.5 Endosomal processing of AAV 

Before AAV entry to the nucleus, further processing and endosomal/lysosomal 

escape must occur. In the case of AAV2, when endosomal acidification was blocked by 

NH4Cl or bafilomycin A, viral infection did not occur 160,163,164,166. Additionally, endosomal 

proteases have been shown to associate with the capsids of AAV2 and AAV8, 

potentially aiding in capsid processing and uncoating 167. Together, these findings 

suggest that some amount of capsid processing occurs in the endosome, before AAV 

escapes. Exit from the endosome is likely in part dependent on phospholipase activity of 

VPIu 168; in fact, when point mutations were created in this gene, decreased levels of 

AAV delivered transgene expression were observed 169. However, VPIu is internal to the 

viral capsid, and the exact mechanism by which it is externalized to aid in endosomal 

escape is unclear 170.   

1.2.6 Cytoplasmic processing of AAV 

After escape from the endosome, further processing and transport has to occur 

within the cytoplasm before nuclear entry. Multiple research groups have demonstrated 

that treatment of cells with cytoplasmic proteasome inhibitors increases AAV gene 

expression, particularly in the case of serotypes AAV2, AAV5, AAV7 and AAV8 163,171–

176. Additionally, inhibiting cytoplasmic EGFR-PTK signaling decreases ubiquitination of 

AAV2 capsids, leading to a decrease in proteasomal degradation and a subsequent 

increase in AAV transduction and gene expression 177–179. Together, these results 

suggest that cytoplasmic proteasomal processing of AAV capsids can be detrimental to 

AAV gene transduction.  

AAV that has escaped cytoplasmic degradation by proteasomes must then 

transport to the nucleus either by Brownian diffusion 158, or by active movement along 

the cytoskeleton 180,181. In some cases, treatment of cells with microtubule- or 

microfilament-disrupting agents led to decreased viral trafficking to the nucleus 
158,159,182. In addition, it was demonstrated that adding a dynein light chain binding 

peptide on the AAV2 capsid increased viral transduction, possibly due to dynein 
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dependent trafficking to the nucleus 182. Regardless, it appears that processing and 

translocation of AAV within the cytoplasm, en route to the nucleus, plays a major role in 

viral transduction.   

AAV translocation to the nucleus occurs in the cytoplasm, after endosomal 

escape. It has been suggested that a nuclear localization signal (NLS)-resembling motif 

at the VP1/VP2 N-termini could play a role in transport of the virus towards the nucleus 
183,184. This NLS-resembling motif is composed of three clusters of basic sequences of 

amino acids 183. When these basic amino acids were exchanged for non basic residues, 

a decrease in localization of AAV to the nucleus was seen 185. Furthermore, it is likely 

that endosomal processing of AAV capsids to reveal this pseudo-NLS is required, as it 

was shown that microinjection of AAV directly into the cytoplasm did not localize to the 

nucleus 183. In brief, it is likely that prior to nuclear entry, AAV must undergo processing 

and transport in both the endosome/lysosome and the cytoplasm.   

1.2.7 Nuclear entry and uncoating of AAV 

There are multiple prevailing theories as to how AAV genomic DNA actually 

enters the nucleus. These theories differ regarding whether AAV uncoating occurs in 

the nucleus, in the cytoplasm 186, or injection into the nucleus 96. Most recently, in 2015, 

Kelich et al employed single point edge excitation sub-diffraction microscopy to 

determine that AAV enters the nucleus through the nuclear pore complex (NPC) before 

uncoating, and not by nuclear membrane budding into the nucleus 187. They also 

determined that only 17% of AAV2 particles in the cytoplasm are able to traverse the 

NPC, highlighting the selectivity of this means of entry. Other research groups have 

discovered that entry through the NPC is not independent of host proteins, but actually 

reliant on them 188–190. AAV is dependent on importin-β, a nucleolar import protein, as 

well as nucleolin, a nuclear protein that has been found in association with chromatin as 

well as cytoplasmic pre-ribosomal particles, for binding and entry into the nucleus 188–

190. In terms of uncoating of the virus once inside the nucleus, it is suggested that the 

basic motifs on the N-termini of VP1/VP2, that also contains a CDK2/CyclinA kinase-
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binding motif, lead to phosphorylation and sequential uncoating of the virus 191. Nuclear 

entry and uncoating of AAV is a complex, and poorly understood process. The process 

of uncoating, taking 2 to 13 hours, and ultimately resulting in 1-2% of cytoplasmic AAV 

making it into the nucleus 192, requires more research to be fully understood.   

1.2.8 Integration of AAV DNA 

Wild-type AAV has the unique ability to integrate into the human genome, in a 

site-specific manner 193,194. This trait is entirely unique to AAV among other eukaryotic 

viruses. In 1990, Kotin et al identified cellular-viral junctions in cell lines transduced with 

AAV, and observed that these consistently mapped to a specific region on human 

chromosome 19 194, now known as aavs1. This finding was further confirmed a year 

later by Samulski et al using a protein-DNA binding method 195. It was then 

demonstrated that AAV integration could result in a safe modification to the genome, 

despite insertion into a highly gene-rich genomic location 196,197. Henckaerts et al 

observed in 2009 that targeted insertion of AAV into a mouse cell line genomic location 

that resembles AAVS1 led to persistence of the AAV genome over many lineages. They 

then injected these cells into blastocysts to investigate phenotypic changes. They noted 

that a marker gene inserted by AAV integration was present in tissues throughout the 

animals in the absence of any apparent phenotypic effect for the lifespan of the animals 
197. These results encouraged many other studies eventually using AAV in gene 

therapy, which led to the idea that AAV integration is safe and does not disrupt host 

genes.  

 The mechanism of AAV integration is thought to parallel AAV DNA replication. It 

has been proposed that Rep proteins target the AAV genome to AAVS1 which is 

followed by initiation of DNA replication and then strand-switching between the AAV 

genome and host chromosome 194. This theory was strengthened by findings showing 

that when Rep was provided in trans to recombinant AAV (which lack Rep proteins), this 

site-specific integration could be restored 198,199. Lastly, it was demonstrated that Rep 

motifs are essential and adequate for site-specific integration of the AAV genome 



 

 

 

 

22 

through a functional integration assay using episomes carrying the AAVS1 and Rep 

motifs 193. In effect, it is known that wild-type AAV can site-specifically integrate into the 

aavs1 location on human chromosome 19, but, many mysteries remain such as with 

what efficiency does AAV integrate and can this unique feature be utilized when using 

recombinant AAV in gene therapy by providing Rep proteins?  

1.2.9 Immune responses towards AAV 

 Immunity towards AAV is mediated through both the innate and adaptive immune 

systems. Responses towards AAV are often initiated through triggering the innate 

TLR9-MyD88 pathway, which leads to induction of pro-inflammatory cytokines and type 

1 interferon (IFN) production 200. TLR9 is an endosomal pathogen recognition receptor 

that will respond to the single stranded AAV genome if the virus capsid is degraded to 

expose its genome in the endosome 201. Despite initial responses being solely toward 

the AAV genome, this pathway is crucial for the development of a cell-mediated 

response to virally expressed genes as well as a neutralizing antibody response to both 

the expressed genes and AAV capsid 202.  

 Pro-inflammatory cytokines expressed following TLR9 activation lead to 

infiltration of immune system cells and a downstream adaptive response 200. Multiple 

clinical and pre-clinical trials have demonstrated the effect of an anti-AAV T cell 

response 203,204. Each time it was demonstrated that the T cell response, predominated 

by CD8+ cytotoxic T cells, was directed towards the capsid, and not an expressed 

transgene 204. Alternatively, it has been shown that anti-AAV antibodies may be targeted 

against the capsid or expressed transgene 203,205.  

 The degree of the collective immune response is largely affected by AAV target 

tissue. For example, AAV targeted to the liver often confers long-term transgene 

expression 206, whereas muscular injections of AAV have led to a strong, transgene 

specific immune response 207. Interestingly, in general non-secreted proteins are more 

immunogenic than secreted, likely due to the regulatory function of T regulatory cells 

towards secreted proteins in the periphery 208.  
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1.2.10 AAV design for gene therapy application 

 Adeno-associated virus (AAV) is largely used in gene therapy applications due to 

its safety, ease of engineering, and gene transfer efficacy. Over 140 clinical trials 

utilizing AAV are ongoing, with approval in the United States recently gained using AAV 

to treat retinal disease in children, termed Luxturna 209. Additionally, AAV is being 

applied in promising clinical trials such as the treatment of hemophilia B (AMT-060, 

showing efficacy in improving factor IX (FIX) availability for coagulation at 2 years 

follow-up 210; and  SPK-9001, demonstrating efficacy at improving FIX levels and 

lowering bleeding events 211), and spinal muscular atrophy (AVXS-101, exhibiting 

success in phase I trials at restoring motor function in babies suffering from spinal 

muscular atrophy and currently recruiting for phase III trials 212). These examples of 

AAV use in clinical trials also demonstrate the versatility of AAV tropism. Luxturna, 

AMT-060, SPK-9001 and AVSX-101 deliver therapeutic genes through AAV 

encapsulated with different capsids: AAV2, AAV5, bio-engineered Spark100 213, and 

AAV9, respectively. Different AAV capsids confer diverse tissue tropisms and 

transduction kinetics 94; features that can be exploited when delivering therapeutic 

genes to different tissues. It has also been demonstrated that AAV capsids can be 

engineered to increase viral production, circumvent pre-existing anti-capsid immunity 

and alter its transduction profile or tissue tropism.  

 Novel AAV capsids have been engineered through DNA shuffling 214,215, or 

targeted mutations 216 to create AAV vectors with altered rates of transduction and cell 

specificities. DNA shuffling, first described in 2008, was used to generate hybrid capsids 

from eight wild-type AAV serotypes 214. Following enrichment and selection, Grimm et al 

isolated a novel AAV2/AAV8/AAV9 hybrid, termed AAV-DJ, which displayed enhanced 

transduction in the liver of naïve and pooled immunoglobulin-immunized mice. These 

findings first uncovered the potential application of engineered AAV capsids for tissue 

targeting. Further, in 2009 Limberis et al produced a single-point mutation in the AAV6 

capsid that led to an increase in transduction in mouse and human airway epithelium. 

This capsid, termed AAV6.2, was created by modifying a phenylalanine residue at 
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position 129 to leucine 216. Moreover, mutating two specific surface exposed tyrosine 

residues to phenylalanine on AAV capsids led to increased transduction of liver 217 and 

skeletal muscle 218. It is interesting that in the case of AAV6.2, altering a phenylalanine 

residue led to an increase in transduction, whereas in the case of AAV2, altering a 

tyrosine residue into phenylalanine led to an increase in liver transduction 172. 

Additionally, when all three of these mutations were combined to form AAV6.2FF, a 10-

fold increase in transgene expression was observed in the lung when compared to 

AAV6 219. 

Capsid engineering has also been suggested to benefit AAV use in gene therapy 

by prolonging time of expression through immune system escape. The prevalence of 

IgG against AAV1, AAV2, AAV4, AAV6, AAV8 and AAV9 within the human population is 

67%, 72%, 40%, 46%, 38% and 47%, respectively 220. Anti-AAV IgG have the potential 

to diminish the effectiveness of AAV delivery and decrease overall time of protein 

expression 221. However, in 2001, an AAV2/AAV5 hybrid capsid was shown to escape 

AAV neutralizing antibodies and effectively transduce target tissue leading to transgene 

expression 222. This finding suggests novel capsids may be able to escape pre-existing 

anti-AAV antibodies and express protein for a prolonged period of time due to immune 

system escape. However, the length of time AAV expresses a transgene in a host is 

variable and the transgene is often silenced after a period of time regardless of the 

immediate immune response 105. In support of this, Halbert et al noted that transgene 

expression did not persist in rabbit airways following AAV administration 223. Together, it 

can be suggested that AAV administration does not consistently confer long-term 

expression, particularly within the respiratory tract, and that alternative methods must be 

employed to facilitate long-term therapeutic gene expression.  

1.3 CRISPR/Cas-based genome editing 

1.3.1 Introduction to CRISPR/Cas-based genome editing 

The advent of applied CRISPR (clustered regularly interspaced palindromic 

repeats) / Cas (CRISPR-associated genes) technology has allowed the development of 
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novel therapeutics to edit a host genome for long-term effects. CRISPR/Cas technology 

followed the development of other genome editing platforms such as transcription 

activator-like effector nucleases (TALENs) and zinc finger nucleases (ZFNs). However, 

CRISPR/Cas systems cut DNA more efficiently and safely, and are produced with 

greater ease 224,225. CRISPR/Cas9 facilitates a precise DNA breakage leading to DNA 

repair pathways such as non-homologous end joining (NHEJ), to knockout a gene, or 

homologous recombination (HR) to knock-in a gene.  

CRISPR/Cas9 genes were first discovered as a type of bacterial adaptive 

immunity that consisted of enzymatic machinery and transcribed inserts which were 

homologous to phage DNA 226,227. Makarova et al noted that this system functioned by 

the integration of foreign genes into prokaryotic chromosomes to yield adaptive 

immunity through subsequently targeting Cas interference proteins to segments of 

bacteriophage or plasmid DNA complementary to the integrated genes 227,228. In 2011 it 

was established that Cas enzymes were guided to their DNA target through duplex 

formation of crRNA and tracrRNA; crRNA being composed of a spacer homologous to 

the target DNA and a structural segment called the repeat, and tracrRNA, known as the 

handle or scaffold region, forming a complex with crRNA for securing to Cas enzymes 
229. In gene therapy applications, a programmable single guide RNA (gRNA), replaces 

the crRNA:tracrRNA duplex in targeting Cas enzymes. 

Recently there has been a high rate of discovery of new CRISPR systems to use 

in therapeutic applications. In fact, approximately 95% of archaeal and 48% of bacterial 

genomes contain CRISPR systems, those without are often larger microorganisms, 

substituting DNA repair machinery for CRISPR defenses 230. In 2015, Makarova et al 

established a classification system to group these new found CRISPR systems, and 

established 2 classes of Cas proteins, composed of five (recently becoming six 231) 

types of enzymes 232. The current CRISPR/Cas classification system is summarized in 

Table 2. 
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Class  Type Effector enzyme 

Class 1 

(Multi subunit effector enzyme) 

Type I Cas3 

Type III Cas10 

Type IV Csf1 

Class 2 

(Single subunit effector enzyme) 

Type II Cas9 

Type V Cpf1 

Type VI Cas13 

Table 2. Classification of CRISPR/Cas systems, first established by Makarova et al, 2015. 

 

Different types of CRISPR/Cas effector enzymes have been applied in widely 

varied functions. These functions include single base editing 233, inducing single 

stranded DNA nicks 234, transcriptional regulation 235, chromatin modification 236, 

intracellular target visualization 237, RNA targeting 231 and double stranded DNA breaks 
238. Most commonly used in gene therapy applications are Type II and Type V CRISPR 

systems to facilitate double stranded breaks. Type 2 Cas9 systems confer double 

stranded DNA cleavage producing blunt ends 238. Frequently, Streptococcus pyogenes 

Cas9 has been used in gene therapy applications. The SpCas9 protein is large, 

targeted to host DNA by a single guide RNA, which is bound to Cas9 by a scaffold RNA 

(tracrRNA), and recognizes the protospacer adjacent motif (PAM) sequence 5’-NGG to 

activate DNA cleavage 238. Cas9 cleaves 3-bp upstream of its PAM 239, facilitating NHEJ 

and HR by its double-stranded break. CRISPR-SpCas9 systems have been delivered 

through electroporation or nanoparticles in vitro and in vivo 240,241, but its delivery to 

postnatal, somatic tissue has been a challenge. Alternatively, CRISPR-SpCas9 systems 
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have been supplied through viral vectors such as adenovirus 242 or lentivirus 243, but 

these methods convey an added potential immune response 78. Therefore, in 2015, Ran 

et al discovered a smaller Cas9 enzyme from Staphylococcus aureus that would be 

suitable for delivery via AAV 239. Type II SaCas9 is similar to SpCas9, although it is 

significantly smaller and recognizes the PAM 5’-NNGRRT 239. Ran et al found SaCas9 

to be a highly efficient modifier of the genome; with over 40% induction of insertions and 

deletions (INDELS) following SaCas9 administration in vitro and in vivo. Type V Cpf1 

systems, discovered in 2015 by Zetsche et al, confer double stranded DNA cleavage 

producing staggered sticky ends. Cpf1 is small, capable of delivery by AAV, targeted to 

host DNA by a single guide RNA which lacks a scaffold, and recognizes the protospacer 

adjacent motif (PAM) sequence 5’-TTN to activate DNA cleavage 244. Cpf1 cleaves 

further away from its PAM than does its competitor Cas9, which may lend itself to 

increased homologous recombination and therefore knock-in efficiency, as it has been 

suggested that Type II Cas binding to DNA following cleavage inhibits DNA repair 

pathways 230.  

Regardless of the CRISPR system used, DNA double stranded break pathways 

of non-homologous end joining often lead to a sequential gene knockout, and 

homologous recombination leads to gene insertion. 

1.3.2 Double stranded DNA break repair: non-homologous end joining  

 Non-homologous end joining (NHEJ) is a process that occurs in both dividing and 

non-dividing cells often independent of the cell cycle, and is the major double stranded 

break repair (DSBR) pathway in eukaryotes 245. The principles of NHEJ are outlined in 

Figure 3. Not only does NHEJ repair double stranded breaks, but it also repairs breaks 

occurring during variable, (diversity), joining recombination with respect to T and B cell 

receptor generation, class switch recombination with respect to antibody production 245, 

and telomere maintenance 246. In general, NHEJ occurs to ligate two DNA ends in three 

steps: i) recognition of each end of the double stranded break, ii) processing to remove 

damaged ends of DNA not suitable for ligation and iii) joining of the two ends 247. The 
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first step is initiated by Ku70/Ku80 binding directly to either end of the double stranded 

break, and recruitment of a DNA-dependent protein kinase catalytic subunit (DNA-

PKcs) to stabilize the complex and bring each DNA end into close proximity 248,249. The 

second step of preparing each DNA end for ligation can occur through different 

mechanisms: in one case an endonuclease, Artemis, trims each end to reveal regions 

of complementary 250, whereas in another case DNA polymerase mu and lambda are 

recruited to fill small gaps 251,252. Continuing on in processing of the DNA ends, a 

phosphonucleotide kinase is recruited to remove 3’-P groups and add 5’-P groups 253. 

The final step, connecting the ends together, is performed by a ligase such as XRCC4-

LIG4 254. This final step of NHEJ is error prone, and often results in small insertions and 

deletions (INDELS) 247.  

1.3.3 Double stranded DNA break repair: homologous recombination 

 Homologous recombination (HR) is a process that occurs exclusively in dividing 

cells undergoing S or G2 phases of the cell cycle, and functions to repair double 

stranded breaks in DNA through exchange of genetic material with a homologous DNA 

segment 247. HR frequently is utilized in chromosomal DNA duplication and crossing-

over in dividing cells, and therefore maintains high fidelity so as to not damage the 

genome 247. HR is believed to be initiated by the MRN complex (consisting of Mre11, 

Rad50 and Nbs1 In eukaryotes), which recognizes double stranded breaks and recruits 

the protein kinase, ataxia telangiectasia to facilitate HR initiation 255,256. The MRN 

complex then associates with the C-terminal binding protein-interacting protein to 

facilitate 5’-3’ resection, in concert with exonucleases, to produce the required 3’ ssDNA 

overhang for HR 257. Broken ends of DNA with 3’ overhangs are then stabilized by 

replication protein A (RPA), which activates ataxia telangiectasia and Rad3-related 

protein (ATR) 247. Rad52 sequentially facilitates replacement of ATR with Rad51, which 

form the necessary Rad51 nucleoprotein filaments for strand invasion from a 

homologous template DNA 258,259. Once initiated, HR can generally be divided into three 

steps: i) strand invasion and exchange, ii) branch migration and iii) resolution 260. During 

the first step of HR, broken DNA is matched with a homologous segment of DNA (sister 
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chromatid, or therapeutic repair template), followed by strand invasion to form a D-loop 
260. Through the second step, the D-loop forms a Holiday junction which is then 

extended away from the initial crossover site, synthesizing new DNA using homologous 

DNA as template 260. Finally, the Holiday junction is cleaved to form distinct double 

stranded DNA molecules 261. Alternatively, the second step of HR has also been 

modeled where D-loop resolution occurs without crossing over or Holiday junction 

formation. This model is termed the synthesis-dependent strand annealing pathway 247. 

An overview of homologous recombination can be visualized in Figure 3. 

 

Figure 3. Double stranded break repair pathways: NHEJ and HR. 

1.3.4 Recent CRISPR/Cas9 trials  

 Many preclinical trials have utilized AAV-delivered CRISPR/Cas systems to 

promote gene-knockouts via NHEJ, or gene insertions via HR. When used for gene 

editing applications, AAV demonstrates high safety, with low toxicity or elicited immune 
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responses, and an ease of engineering 96. In addition, it was noted that when AAV was 

used to deliver repair template, a two- to three-log enhancement of gene insertion over 

plasmid delivery was observed262. The observed enhancement was not observed when 

adenovirus or retrovirus was used262. These finding were confirmed by Gaj et al who 

displayed that AAV delivered repair template along with pre-assembled Cas9 increased 

rates of CRISPR/Cas9 facilitated homologous recombination by 12-fold over 

conventional plasmid delivery techniques 263. Moreover, as previously mentioned, AAV 

capsid design allows tissue specific delivery of gene editing technology which facilitates 

precise therapeutic targeting 94,216. These characteristics of AAV have helped it gain 

popularity in gene editing work over the past few years. Selections of this in vivo work 

have been summarized in Table 3.   

Target tissue 
(Disease) 

AAV 
serotype 

Application Therapeutic 
Outcome 

Brain 
(Huntington disease) 

AAV1 Gene knockout of mutant 
huntingtin. 

Decreased expression of mutant 
huntingtin in mouse brain 264. 

Brain 
(Schizophrenia) 

AAV2g9 Gene knockout of schizophrenia 
risk gene MIR137. 

Brain-specific gene knock-out of 
MIR137 encoding gene 265. 

Brain 
(Study function) 

AAV1 Gene knockout of NeuN. NeuN protein reduction in injected 
regions of the brain 266. 

Muscle 
(Duchene muscular 

dystrophy) 

AAV8 Gene knockout of mutated exon 
23 from the dystrophin gene. 

Improved overall muscle function 267. 

Muscle 
(Duchene muscular 

dystrophy) 

AAV6 Gene knockout of mutated 
dystrophin gene, and knock-in of 

corrected gene. 

Improved overall muscle function 268. 

Muscle 
(Congenital muscular 
dystrophy type 1A) 

AAV9 Gene correction of splice defect 
by NHEJ. 

Improved overall muscle function 
without signs of paralysis 269. 

Retina 
(age-related macular 

degeneration) 

AAV9 Gene knockout of Vegfa, and 
Hif1a. 

Reduced amplitude of age-related 
macular degeneration pathology: 
choroidal neovascularization 270. 

Retina 
(Leber Congenital 

Amaurosis 10) 

AAV5 Gene deletion of Cep290 intron. Restored expression of non-mutant 
Cep290 271. 

Retina 
(Retinal degeneration) 

AAV8 Gene knockout of Nrl.  Prevented retinal degeneration, and 
increased protection of rods and cones 

272. 
Liver 

(Ornithine 
transcarbamylase) 

AAV8 Gene knock-in of Otc Correction of mutation in 10% 
hepatocytes, and increased survival 
upon high-protein diet challenge 273. 

Liver AAV8 Gene knock-in of Fah. Correction of mutation in >6% 
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(Hereditary 
tyrosinemia) 

hepatocytes, and decreased weight 
loss or liver damage 274. 

Liver 
(Hemophilia B) 

AAV8 Gene knock-in of F9. Increased FIX levels to correct 
deficiency and restore homeostasis 275. 

Heart 
(PRKAG2 cardiac 

syndrome) 

AAV9 Gene knockout of Prkag2 Restored heart morphology and 
function 276. 

Lung 
(Modeling lung 

adenocarcinoma) 

AAV9 Gene knockout of Lkb1 and p53, 
as well as gene insertion of 

KrasG12D mutations. 

Formation of loss-of-function 
mutations in Lkb1, p53 as well as HR-

mediated KrasG12D mutations for 
cancer modeling 266. 

Pervasive: 
lymphocytes, spleen, 
liver, heart, lung and 

kidney 
(Removal of HIV-1 

DNA) 

AAV9 Gene knockout of HIV-1 DNA. Deletion of target segment of HIV-1 
DNA, and decreased HIV-1 gene 

expression in circulation lymphocytes 
277. 

Table 3. Summary of selected AAV-delivered CRISPR/Cas systems. 

1.3.5 Current advancement in CRISPR/Cas9 technologies  

 CRISPR/Cas gene editing has been generally hindered by two pitfalls: 1) low 

HR-mediated knock-in frequencies and 2) safety concerns.  

HR events occurring following CRISPR/Cas gene editing are often few, and 

infrequent. Most often, NHEJ occurs, while HR may occur in less than 1% of cells 278, 

and therefore several techniques have been developed to increase HR-mediated gene 

insertions. These techniques include different delivery vehicles, gene editing of 

progenitor cells, small molecule enhancers, location and number of double stranded 

breaks, as well as the design of repair template used for HR. Not only does AAV 

increase rates of HR due to its recombinogenic genome 263, but it is also capable of 

transducing dividing cells (as are many other viral delivery techniques such as lentivirus, 

adenovirus or Baculovirus) 279. In gene editing trials that target tissues such as the liver, 

which consistently house rapidly dividing, active stem cells 80, researchers have often 

noted a positive selection of cells with the mutation corrected following CRISPR/Cas 

gene editing 278. It is therefore reasonable to believe that when a disease mutation 

(otherwise fatal to a cell) is corrected in dividing cells, positive selection and proliferation 

of repaired cells may be observed 278. Moreover, small molecular enhancers such as 
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RS-1 280, SCR7 281, Nocodazole 282, L755507 281, and Brefeldin A 283 have been shown 

to enhance HR. These small molecules have been found to enhance HR in cell culture, 

as well as small animals. RS-1 increased HR events two- to five-fold in rabbit embryos 
280, SCR7 by two- to three-fold in porcine fetal fibroblast cells 281, Nocodazole increased 

HR efficiency from ~9% to ~20% in human embryonic kidney 293T cells 282, L755507 by 

two- to three-fold in porcine fetal fibroblast cells 281, and Brefeldin A by three-fold for 

large insertions and nine-fold for small insertions in mouse embryonic stem cells 283. 

Interestingly, many of these small molecules have also been shown to decrease NHEJ 

events while increasing HR events 283. Furthermore, gRNA and repair template design 

have been, and continue to be, optimized to increase HR efficiency. Auer et al observed 

that CRISPR/Cas9-mediated knock-in in zebrafish was increased by more than two-fold 

when two separate gRNAs were used as opposed to one. In this study, targeting one 

gRNA close to the point of insertion and another further downstream improved knock-in 

efficiency over either gRNA alone 284. Additively, Xu et al determined that each gRNA 

design is crucial to increase its cutting efficiency, and therefore activation of double 

stranded break repair pathways 285. In respect to the HR repair template, Zhang et al 

noted that >600bp of homology in each repair template arm led to increased efficiency 

of HR-mediated gene insertion 286. Zhang et al also demonstrated that linear repair 

template knock-in efficiency is superior to circular repair templates 286; a finding which 

supports the use of AAV in gene editing due to its linear ssDNA genome 96. Together, 

these advancements are contributing to increase the HR-mediated knock-in efficiency of 

AAV-delivered CRISPR gene editing systems.  

 The safety of CRISPR/Cas-mediated gene editing is another pitfall that has 

encouraged recent studies. CRISPR/Cas genome editing has the potential to illicit 

changes in the genome at unwanted locations, called “off-targets”, which in turn could 

disrupt host gene expression. CRISPR/Cas-mediated gene editing has seen 

advancements in its safety through gRNA design, development of high fidelity 

nucleases, and systems to silence Cas nucleases. Software such as CHOPCHOP, 

Optimized CRISPR Design, and E-CRISP 287–289 have been developed to design 
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gRNAs with efficient on-target cutting and decreased off-target effects, thereby 

improving efficacy and safety of a CRISPR-Cas system. In addition, researchers have 

manipulated Cas nucleases to develop enzymes of higher fidelity, such as the cases of 

eSpCas9, SpCas9-HF1, and HypaCas9. In 2016, Slaymaker et al discovered they could 

decrease off-target cutting by decreasing the positive charge of a DNA non-target 

strand binding groove of Cas9 290. eSpCas9, with a decreased positive charge, lessons 

DNA strand separation and aids in decreasing off-target cutting where gRNA binding is 

weaker due to mismatches 290. SpCas9-HF1 was conceived similarly, although 

Kleinstiver et al mutated the enzyme to weaken binding to the phosphate backbone of 

the target DNA strand 291. Likewise, this manipulation led to fewer off-target cuts. 

HypaCas9, developed in 2017 by Chen et al compared similarly, if not better than 

eSpCas9 and SpCas9-HF1 in terms of decreased off-target cutting 292. Chen et al found 

that other high fidelity Cas9 nucleases stall in an inactive form upon DNA binding, a 

feature that adds to their specificity. Chen et al sought to expand upon this finding and 

determined mutations in Cas9 in the Rec3 domain that enhanced Cas9 stalling. Lastly, 

researchers have been developing systems to silence Cas nucleases, to shut the 

enzyme off after cutting or in the event of a deleterious effect. In 2012, Bondy-Denomy 

et al noticed that some bacteriophage could infect and propagate in bacteria that had 

functioning CRISPR/Cas systems even though they held spacer sequences to target 

Cas nucleases to the viral DNA 293. Since then, 21 unique families of anti-CRISPR 

proteins have been discovered in bacteriophage 294. These proteins have been utilized 

to decrease off-target effects while restricting gene editing to specific tissues, among 

other uses 294,295. In summary, much advancement in the safety of CRISPR/Cas gene 

editing by reducing off-target cuts has been developed with likely more to come in the 

near future.   

1.4 Conclusion 

SP-B and ABCA3 deficiencies are largely fatal within the first year of newborns 

who have not received a lung transplant. It is therefore crucial to pursue gene therapy 

treatment options for these diseases. The translation of AAV and CRISPR/Cas to gene 
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therapy applications has led to trials treating various diseases. AAV has seen a 

progression through better understanding of its unique biology and discovery of new 

wild-type serotypes to the targeted manipulation of viral capsids to confer select tissue 

tropisms; whereas CRISPR/Cas gene editing systems have evolved to become smaller, 

more efficient and safer. Together, these advancements have contributed to the 

versatility and effectiveness of AAV-delivered, CRISPR/Cas gene editing technologies, 

currently being used in preclinical trials. It is therefore conceivable that AAV-delivered 

gene therapy methods have potential as treatment options for lung surfactant 

deficiencies as well.     

1.5 Research proposal 

1.5.1 Hypothesis: 

 Lung surfactant deficiencies can be effectively treated through therapeutic protein 

delivery by Adeno-Associated Virus; utilizing methods of transient gene expression, 

split-vector administration, and gene editing with CRISPR/Cas9 to attain therapeutic 

expression levels.  

1.5.2 Objective 1: 

Rescue surfactant-protein B deficient mice with an AAV vector transiently 
expressing SP-B cDNA. This objective will be met by engineering an AAV plasmid to 

express murine SP-B-cDNA-myc from the strong CASI promoter. This plasmid construct 

will be confirmed via sequencing and co-transfected with the AAV6.2ff capsid plasmid in 

HEK293 cells for viral production. AAV-6.2ff-SPB will be harvested, purified, and used 

to transduce HEK293 cells to confirm SP-B-cDNA-myc expression via western blot. 

AAV-6.2ff-SPB will be administered to SP-B deficient mice at 1x1011 vg/mouse, and 

survival to endpoint will be assessed and compared to mice receiving an empty vector. 

Groups will be compared using a Mantel-Cox log-rank test. A challenge will be 

establishing uniform delivery to the lungs; therefore, multiple doses of intranasal 

injections will be performed per mouse. In addition, the accumulation of too much SP-B 

production from CASI promoters may elicit an immune response and/or contribute to 
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alveolar proteinosis, and therefore development of a disease phenotype. If this problem 

occurs, the vector promoter will be switched to the endogenous SP-B promoter, 

providing more regulated levels of SP-B expression. 

1.5.3 Objective 2: 

 Determine whether the ABCA3 coding sequence, split into separate AAV vectors, 
will recombine and express in vivo to produce a therapeutic, full-length protein. 

This objective will be met by cloning each half of the murine ABCA3 cDNA into separate 

AAV plasmids, with a region of 500bp ABCA3 homology between the two. The first 

vector will contain a CASI promoter, and the 5’ end of ABCA3, whereas the second 

vector will contain the 3’ end of ABCA3 followed by a flag tag. Both constructs will be 

flanked by viral ITRs. The plasmids will be confirmed via sequencing and individually 

co-transfected with the AAV6.2FF capsid plasmid into HEK293 cells for viral production. 

Batches of AAV6.2FF-5ABCA3 and AAV6.2FF-3ABCA3ft will be separately harvested 

and purified, and then co-administered intranasally to BALB/c mice at 1x1011 vg/mouse 

each. Recombination will be assessed through immunohistochemistry and western 

blotting for the flag tag, and compared to mice receiving either vector alone, or no 

vector. A potential pitfall in meeting this objective is the possibility of low rates of 

recombination between the vectors, and therefore low expression of full length ABCA3. 

If low levels of full length ABCA3 are observed in the lung, higher doses of virus will be 

administered. There is also the potential of encapsulating AAV with the larger, bocavirus 

capsid to increase packaging capacity and allow delivery of full length ABCA3 cDNA.  

1.5.4 Objective 3: 

Develop a platform to insert genes into the genome of progenitor lung ATII cells 
for life long expression. CRISPR/Cas9 will be utilized to cut DNA downstream of the 

surfactant protein-C promoter, facilitating insertion of a transgene. gRNAs will be 

designed, cloned into AAV-Cas9, and then assessed for rates of targeted gene cutting 

using a T7 endonuclease assay. This assay will also be used to assess off-target 

cutting. Once characterized, AAV6.2FF will be used to vectorize AAV-Cas9-gRNA and 
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AAV-repair template (containing the transgene to be inserted); these viruses will be 

called AAV6.2FF-Cas9-gRNA and AAV6.2FF-repair-GFP/AP, respectively. AAV6.2FF-

Cas9-gRNA and AAV6.2FF-repair-GFP will be used to determine the knock-in efficiency 

in lung epithelial cells, following intranasal administration to mice and flow cytometry 

analysis. GFP expression will be compared between mice receiving treatment vectors, 

the repair template alone, and no virus controls. An ANOVA will assess significant 

differences in GFP expressing lung epithelial cells between mice receiving AAV6.2FF-

Cas9-gRNA along with AAV6.2FF-repair-GFP and PBS. Next, mouse lungs receiving 

these viruses will be processed and co-stained for pro-SP-C and GFP to ensure this 

system does not affect SP-C expression. Finally, mice will receive PR8 influenza to 

model lung injury, prior to receiving AAV-6.2FF-Cas9-gRNA and AAV6.2FF-repair-GFP. 

Lungs will be processed to visualized progenitor ATII migration to regions of damage, 

and GFP knock-in within this cell type will be assessed. A challenge is the low rates of 

gene insertion through homologous recombination. This will be overcome through high 

dose AAV-repair administration, along with the addition of small molecule enhancer RS-

1. This gene-editing platform will be designed for use as a correction method for SP-B 

deficiency. In a host, it is likely that progenitor ATII cells that have been manipulated 

through gene editing to express a corrective copy of SP-B, will experience positive 

selection and proliferate in the lung. This potential phenomenon would cause the 

effective gene correction rate to be much higher than established using GFP insertion 

experiments. 
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2.1 Abstract 

Surfactant protein-B (SP-B) deficiency is a fatal neonatal respiratory disease 
leading to death within one year of life. The course of disease is currently only 
altered by lung transplantation; therefore, it is suggested that AAV6.2FF-mediated 
gene transfer of SP-B cDNA to the lung could extend survival in deficient 
individuals. We observed an extension of survival in SP-B deficient mice from 
less than a week in control mice, to up to 39 days in AAV6.2FF-SPB treated mice, 
even when a low-dose of virus was used. These findings may apply to the clinic 
in the extension of life in SP-B deficient individuals to gain more time in order to 
receive a lung transplant.  

Surfactant Protein-B (SP-B) deficiency is a rare, monogenic infantile disease 

caused most commonly by a frameshift mutation and is usually fatal within 3 to 6 

months of birth despite modern treatments 3,44,45. Infants with this disease 

phenotypically display a decrease or complete lack of SP-B, limited surfactant protein C 

(SP-C) processing, respiratory distress syndrome, alveolar proteinosis and eventual 

pulmonary failure and death 45.  
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Lung surfactant is a combination of lipids and proteins, such as SP-B, which 

reduce surface tension within the alveoli and protect against atelectasis at the end of 

expiration 21. SP-B is a small, highly hydrophobic protein that is essential for the 

formation and maintenance of the lipid film lining alveoli 29. In the distal lung, SP-B is 

expressed solely from alveolar type II (ATII) cells, and functions through binding 

phospholipids, packaging surfactant into lamellar bodies for export to alveoli 1, 

adsorbing exported lipids to the air-liquid interface of alveoli, and forming a meshwork of 

surfactant tubular myelin within the alveoli 41,42. 

 Surfactant dysfunction caused by mutations in the SP-B gene are often treated 

with drugs and methods to benefit lung development in neonates, improve blood flow to 

the lung or decrease alveolar surface tension 1,73–75. These treatments however, do not 

alter the course of the disease. Only lung transplantation has shown efficacy in treating 

the disease 75, but, not only does lung transplantation require a healthy pair of matched 

donor lungs, it also carries risks of its own such as mortality rates of 50% over the next 

5 years of life 75. The severity of this infantile disorder, and lack of available efficacious 

treatments has prompted the study of gene therapy techniques to treat this deficiency.  

 Both adenovirus 77 and electroporation 79 (among other methods) have been 

utilized to deliver SP-B cDNA to the lungs of SP-B deficient rodents and have displayed 

expression of corrective SP-B. The studies utilizing adenovirus, however, noted low 

levels of expression and an inflammatory response provoked by the virus, and thus did 

not pursue therapeutic trials 77,78. Conversely, Barnet et al observed electroporation-

mediated delivery of SP-B cDNA extended life of SPB deficient mice from less than two 

weeks, to over 50% survival at ~25 days and 10% survival to day 40 79. Barnet et al 

noted electroporation of SP-B cDNA could restore SP-B expression, repair lamellar 

body structure and function, lessen alveolar wall thickening and improve survival in SP-

B deficient mice 79.  

 We delivered SP-B cDNA through an ATII tropic, adeno-associated virus, 

serotype AAV6.2FF, which facilitates a 10-fold increase in transgene expression in the 
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lung when compared to AAV6 219. We hypothesized that AAV-mediated delivery of SP-B 

cDNA would elicit more efficient gene transfer than electroporation methods, and lead to 

extended survival in a deficient mouse model. In the present study, we observed a 

similar extension of survival in SP-B deficient mice compared to Barnet et al when 

delivering a low-dose of AAV6.2FF-SPB, and plan to continue trials to establish a dose-

response relationship.     

2.2 Results 

2.2.1 SP-B expression and processing can be affected by epitope tag location.  

Two murine SP-B constructs were designed with differing epitope tag location 

(figure 4A). SPB-myc designed with a myc tag at the carboxy terminus of SPB cDNA, 

and SPB-HA-myc with the similar myc tag location, but also an HA tag mid-way through 

the SPB cDNA at the carboxy terminus of the coding sequence for processed, mature 

SP-B. These constructs were transfected into human HEK 293 or murine MLE12 lung 

epithelial cells and assessed for expression by detection of their tags (figure 4B). As 

expected, only SPB-HA-myc was detectable by an anti-HA antibody, however, the only 

band size observed was ~50kDa: approximately the size of unprocessed SPB. 

Processed SPB was not observed following expression from the SPB-HA-myc 

construct. In addition, SPB-HA-myc was only detectable for its HA tag when expressed 

in MLE12 cells, and not 293 cells.  

Transfection with any of the constructs led to expression of SPB-myc, evident by 

detection at ~42kDa when an anti-myc antibody was used. Only SPB-myc constructs, 

and not SPB-HA-myc displayed processing at the N-terminus. This trimming was 

evident by the band appearing at ~25kDa. This trend was reproduced when SPB-myc 

was vectorized with AAV6.2FF, and used to transduce 293 cells at an MOI of 20,000 

(Figure 4B).  
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2.2.2 AAV6.2FF transient expression of SP-B prolongs survival in SP-B deficient 
mice  

Conditional SP-B -/- mice were transduced with a low dose of 1e10 vg of 

AAV6.2FF-SPB-myc or PBS, and removed from doxycycline (dox) 3 weeks later (figure 

4C). All PBS control mice reached endpoint in less than a week post removal from dox, 

whereas mice receiving the vector survived up to 39 days post removal from dox (figure 

4D). Mice receiving PBS all reached endpoint from 3 to 5 days, or more precisely, 75 

hours to 117 hours. Of the AAV6.2FF-SPBmyc treated mice, five mice died within a 

similar time frame as the PBS mice (more accurately 75 hours to 98 hours), whereas 

four mice did not reach endpoint until day 6 to day 13. The final AAV6.2FF-SPBmyc 

delivered mouse survived for 39 days, or 955 hours, post removal from dox.  
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Figure 4. AAV6.2FF-SPB expresses SPB and extends survival in a deficient mouse model.  
(A) Schematic of SP-B expressing constructs utilized. (B) SPB-myc was compared with SPB-HA-myc for 
expression and processing following transfection into HEK 293 or MLE12 cells. (C) SPB -/- Mice received 
either PBS or AAV6.2FF-SPBmyc intratracheally (n=10 per group) and were removed from doxycycline to 
stop endogenous SP-B expression three weeks later. (D) Kaplan-Meier survival curve of SPB -/- mice 
administered AAV6.2FF or PBS (n=10 per group). Groups were statistically significant with a p-value of 
0.0067 generated via a log-rank (Mantel-Cox) test. 
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2.3 Discussion  

Due to the fatality of SP-B deficiency and limited treatment options available, gene 

therapy methods such as AAV-mediated gene transfer are appealing. We observed an 

extension of survival upon delivery of AAV6.2FF-SPB in a conditionally deficient mouse 

model despite delivering a low-dose of virus. Work from our lab has shown that doses of 

1e11 vg AAV6.2FF equate to ~10% transduction in lung epithelial cells (chapter 2 figure 

5), with higher doses transducing as many as 80-90% (results unpublished). The 

present study utilized a dose of 1e10 vg of AAV6.2FF, therefore it is conceivable that a 

higher dose of virus may equate to a larger proportion of epithelial cells transduced, and 

perhaps extended survival in the mouse model.  

Initially, we sought to design a SP-B expressing vector, which could be 

distinguished from wild-type SP-B via an epitope tag. We designed vectors with a myc 

tag at the C-terminus of the unprocessed protein, along with a vector expressing the 

myc tag in addition to an HA tag at the C-terminus of the mature peptide. The HA tag at 

the C-terminus of the mature peptide diminished N-terminus processing of the full-

length peptide below detectable levels. These findings are suggestive that the use of an 

epitope tag on the c-terminus of mature SP-B may affect processing of the protein 296. 

SP-B is processed from its unprocessed form, to its mature form in a series of steps. 

First, SP-B is expressed as a precursor protein of 381 amino acids 29. Within the Golgi 

apparatus and multivesicular bodies, pro-SP-B undergoes cleavage to yield three 

products: the NH2-terminal pro-peptide, a 79-amino acid mature SP-B peptide 

(restudies 201-279) and a COOH-terminal pro-peptide 29,30. This successful cleavage 

was only seen using the SPB-myc construct, and not SPB-HA-myc, therefore SPB-myc 

was chosen for further experiments.  

Mice receiving 1e10 vg of AAV6.2FF-SPBmyc lived up to 39 days (955 hours) post 

removal from doxycycline (dox). The SPB deficient mouse model contains a tetracycline 

inducible SP-B promoter, with endogenous SP-B expression rapidly tapering following 

removal from dox and death within 3 to 5 days. The extension of survival we observed 
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was similar to Barnet et al, who observed up to 10% of mice surviving to day 40 

following electroporation-mediated gene transfer of SP-B cDNA. Previous studies have 

employed other methods of SP-B delivery in attempt to restore surfactant levels. In one 

case, adenovirus was used to deliver SP-B cDNA, however, expression was very 

transient and accompanied by a large immune response towards the virus 77,78. The 

immune response alone prompted researchers to no longer pursue adenoviral-mediated 

gene transfer in the context of neonatal SP-B deficiency; the neonatal lung is fragile as 

is without the additional inflammation. In another case, SP-B was expressed through 

delivery of mRNA by an aerosol spray 297. Kormann et al noted that twice weekly nasal 

application of the spray restored 71% of the wild-type SP-B expression, and mice 

survived to the designated end of the study at 28 days.  Additionally, Mahiny et al 

utilized mRNA delivered genome editing technology to correct SP-B deficiency at the 

molecular level, yet observed a decrease in SP-B expression at day 20 and mice 

reaching endpoint before day 36 post removal from dox 298. Our results along with the 

aforementioned studies are extremely promising; yet highlight the transientness of 

current gene therapy methods investigated to treat SP-B deficiency. It is unknown if 

expression levels of SP-B fade over time due to an immune response towards the 

vector of delivery, due to the type of cell targeted and its rate of turnover, or due to 

some other factor. In the case of SP-B deficiency, it is known that dead ATII cells 

contribute to alveolar proteinosis, and living ATII will divide to account for lost cells. This 

division over time may dilute out cells transiently expressing SP-B, even though AAV 

has been shown to express transgene in vivo for multiple months 94. It is also unclear if 

the extension of survival in SP-B deficient mice to a month would relate to a similar time 

frame in newborns or what difference can be predicted. It is quite likely that a difference 

will be observed, however, as the current mouse model allows viral expression of SP-B 

to reach maximum before mice are removed from dox and endogenous SP-B 

expression is diminished. SP-B deficient newborns are born without functioning SP-B. 

Additionally, this may increase the chance of an immune response directed toward viral 

expression SP-B.  
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In effect, this increase in survival of SPB deficient mice from a low-dose delivery of 

AAV6.2FF-SPB may extend survival in newborns, widening the window for lung 

transplantation. Higher doses of AAV6.2FF-SPB may extend survival longer, with a 

larger proportion of lung epithelial cells transduced.   

2.4 Methods  

2.4.1 Construct cloning.  

pACASI-SPB-myc-WPRE-ITR was cloned using the vector pACASI-MCS-

WPRE-ITR and insert full-length murine SP-B-myc synthesized by GeneArt. pACASI-

MCS-WPRE-ITR is a vector suitable for AAV production with inverted terminal repeats 

(ITRs) flanking the CASI promoter, MCS for transgene insertion, Woodchuck Hepatitis 

Virus Posttranscriptional Regulatory Element (WPRE) for enhancing transgene 

expression, and an SV40 polyadenylation site. Full-length SP-B-myc was amplified 

using primers: SPB FOR BAMHI: 5'- TATGGATCCATGGCCAAGAGCCATCTGCT and 

SPB REV XBAI: 5'- TATTCTAGATCACAGATCCTCTTCTGAGA. pACASI-MCS-WPRE-

ITR was then digested with XbaI, BamHI and DpnI (NEB), and then dephosphorylated. 

Both fragments were purified using the NucleoSpin® Gel and PCR Clean-Up kit (Takara 

#40609) and subsequently ligated using an insert to vector ratio of 3:1, at room 

temperature using T4 DNA ligase (Invitrogen™ #15224041) to produce pACASI-

SPBmyc-WPRE-ITR.  

pACASI-SPB-HAmyc-WPRE-ITR was cloned using the vector pACASI-MCS-

WPRE-ITR and insert full-length murine SP-B-myc synthesized by GeneArt. First, Full-

length SPB-HAmyc was produced by linearizing and inserting an HA tag into full-length 

SPB-myc using HA-flanked primers: SPBintHA FOR: 

TACCCATACGATGTTCCAGATTACGCTAGATGCTCTACCGAGGACGC  

and SPB intHA REV: 

AGCGTAATCTGGAACATCGTATGGGTACAGCACCAGGCCACACACGAGC. 

Following PCR amplification, the fragment was DpnI digested and gel purified using the 

NucleoSpin® Gel and PCR Clean-Up kit. The PCR product was then self-ligated at 
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room temperature using T4 DNA ligase (Invitrogen™ #15224041) to produce full-length 

SPB-HA-myc and transformed into SURE 2 supercompetent bacteria. Next, in order to 

transfer SPB-HAmyc into pACASI-MCS-WPRE-ITR, full-length SPB-HAmyc was PCR 

amplified using SPB FOR BAMHI: 5'- TATGGATCCATGGCCAAGAGCCATCTGCT and 

SPB REV XBAI: 5'- TATTCTAGATCACAGATCCTCTTCTGAGA primers. pACASI-

MCS-WPRE-ITR was then digested with XbaI and BamHI and then dephosphorylated. 

Both fragments were purified using the NucleoSpin® Gel and PCR Clean-Up kit (Takara 

#40609) and subsequently ligated using an insert to vector ratio of 3:1, at room 

temperature using T4 DNA ligase to produce pACASI-SPB-HAmyc-WPRE-ITR.  

2.4.2 Cell culture  

Human embryonic kidney 293 cells (HEK293) (ATCC® CRL-1573™) and murine 

lung epithelial 12 cells (MLE12) (ATCC® CRL-2110™) were maintained at 37°C and 

5% carbon dioxide. HEK293 cells were grown in high glucose DMEM (HyClone™ 

SH30022.01) with 10% cosmic calf serum (HyClone™ SH30087), 2mM L-glutamine, 

and 1% pen-strep. MLE12 cells were grown in DMEM/F12 1:1 media including HEPES 

(HyClone™ SH30261) with the addition of 2% fetal bovine serum (HyClone™ 

SH30088), Insulin-Transferrin-Selenium (Gibco™ 41400045) to a final concentration of 

1x (equating to Insulin 0.005 mg/mL, transferrin 0.01 mg/mL, sodium selenite 30 nM), 

10 nM hydrocortisone (Sigma H6909), 10 nM Beta-estradiol (Sigma E2758), 2mM L-

glutamine and 1% pen-strep. 

2.4.3 AAV production 

 AAV production was performed by dual plasmid calcium phosphate transfection 

of HEK293 cells, followed by heparin column purification. First, packaging plasmid, 

pDGM6.2ff and AAV genomic plasmids were produced in GT116 E. coli and purified 

through QIAGEN maxi prep kits. Next, HEK293 cells were expanded, and co-cultured 

into 40 x 15cm dishes. Once cells reached ~90% confluency, they were cotransfected 

with both the packaging plasmid and genome plasmid. Transfection conditions for one 

15cm dish proceeded as follows. First, 22.5µg of the genome plasmid and 45µg of 
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packagin plasmid were diluted in 250µl of 2.5M CaCl2, and qs. to 2.5mL. Next, 2.5mL of 

2x Hepes-Buffered Saline pH7.0 was added drop-wise to the plasmid containing 

solution, while swirling it. The combined solution was incubated at room temperature for 

10mins, and then added drop-wise to 293 cells. Cell media was changed 4-12 hours 

later with serum free DMEM. Cells and supernatant were harvest on the 5th day post 

transfection, freeze-thawed three times, and clarified through centrifugation at 18,000g 

for 30 minutes followed by supernatant filtration through a 0.22 PES filter (Millipore 

GPWP14250). Column purification then proceeded, powered by a peristaltic pump 

through Cole Parmer MasterFlex Precision Tubing L/S 14. First, 20mL 1M NaOH was 

run through the tubing, followed by 100mL water then 100mL basal DMEM. Next, a 5mL 

HiTrap® Heparin High Performance column (GE Healthcare, 17-0407-03) was attached 

to the tubing, and 50mL basal DMEM was run through it at a flow rate of 1-2mL/minute. 

Clarified AAV supernatant was then run through the column, followed by wash steps of 

50mL HBSS without Mg2+ or Ca2+ , 25mL 0.5% N-lauroylsarcosine, 50mL HBSS without 

Mg2+  or Ca2+ , 50mL HBSS with Mg2+  and Ca2+ , then 50mL 200mM NaCl. Virus was 

then eluted with 25mL of 300mM NaCl and collected in 5mL fractions. Fractions 2 and 3 

were further concentrated using an Amicon Ultra-4 (100,000 NMWL) centrifugal device 

(UFC810024) that had been pretreated during the day with 5% Tween-20. AAV samples 

were then tittered using a Taqman qPCR assay, following the protocol outlined by 

Aurnhammer et al299, or stored at -80°C for long-term storage.   

2.4.4 Western blotting 

 Cells were harvested, and lysates prepared by digestion in RIPA buffer for 30 

minutes on ice. Next, samples were centrifuged at 12,000RPM for 20 minutes at 4°C, 

and supernatant was collected. Samples were loaded onto a 7% polyacrylamide gel, 

and run at 110V for 1.5 hours, and then transferred to a PVDF (polyvinylidene 

difluoride) at 100V for 1 hour at 4°C in a Tris running buffer containing 0.1% w/v SDS. 

Membranes were then washed in PBS plus 1% Tween20 (PBST) three times, and 

blocked in a PBST plus 5% dry nonfat milk solution (PBSTM) for 1 hour with rotation. 

Membranes were then incubated overnight with rotation at 4°C in PBSTM with either 
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1:2000 rabbit anti-myc (Abcam 9106), or rabbit anti-HA (Cell Signaling 3724). The next 

day, membranes were washed in PBST three times and then incubated at room 

temperature for 1 hour with rotation in PBSTM with 1:4000 goat anti-rabbit horseradish 

peroxidase conjugated secondary antibody (Life Sciences 1571722). Membranes were 

then washed in PBST two times, PBS once, then covered in Horseradish peroxidase 

(HRP) substrate (Luminata WBLUF0100) and imaged using a Bio Rad Chemidoc.   

2.4.5 Mouse care and viral delivery  

 Mouse experiments were performed in compliance with the guidelines set forth 

by the Canadian Council on Animal Care. Efforts were made to minimize animal 

suffering. Mouse experiments utilized SP-B deficient mice. sftpb-/- mice were bred and 

housed at the University of Ottawa in a specific pathogen-free isolation facility with a 

diet containing doxycycline. Mice received AAV intratracheally under isoflurane 

anesthetic, and were removed from doxycycline on day 21-post viral delivery, and 

measured to end-point. End-point measurement was labored breathing. 

2.4.6 Statistical analysis 

 Statistical analysis and graphing was performed using Prism7 software. Data 

was visualized as Kaplan-Meier curves and compared using log rank tests and Cox 

proportional hazards test.  
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3.1 Abstract 

ABCA3 deficiency is a fatal neonatal respiratory disease, and the only long-
term treatment approach is lung transplantation. Although gene expression by 
AAV is transient, it can produce transgene at high levels for weeks up to years in 
some tissues. This split-vector delivery approach delivered separate halves of 
ABCA3 cDNA that recombined and expressed full-length ABCA3 in mouse lungs. 
This strategy will be applied to mask ABCA3 deficiency, with the downstream 
goal of extending life until lung transplantation becomes available. 

ABCA3 deficiency is a monogenic disease 67–69 that leads to pulmonary 

surfactant deficiency, respiratory failure, and often death 55. The disease, although rare, 

is more prevalent than any other known genetic surfactant dysfunction 70, and is the 

leading genetic cause of reparatory failure in newborns 300.  

Pulmonary surfactant, secreted from ATII cells, is essential for reducing lung 

surface tension and protecting against atelectasis at the end of expiration 21. Surfactant 

is composed of lipids and proteins which are packaged into lamellar bodies inside ATII 

cells for secretion into alveoli 21. A transporter protein known as ABCA3 functions to 

import those surfactant lipids into lamellar bodies 38. ABCA3 itself is a large, integral 

membrane ATP-binding cassette protein 37 that is found in the limiting, or outer, 

membrane of lamellar bodies 37. In ABCA3 deficiency, a number of different autosomal 
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recessive mutations in the ABCA3 coding sequence may lead to decreased quantity or 

function of the protein, thereby limiting lipid transport into lamellar bodies and 

downstream export into alveoli. ABCA3-related lung disease is usually treated to aid 

lung development in neonates, improve blood flow to the lung or decrease alveolar 

surface tension 1,73–75. These treatments however, have transient effects and do not 

change the course of disease; in fact, homozygous ABCA3 deficiency is invariably fatal 

unless newborns receive a lung transplant 75, which comes with risks of its own such as 

mortality rates of 50% over the next 5 years of life 75. 

We therefore devised a method to deliver a corrective copy of ABCA3 to ATII cells 

using a split-vector AAV system and novel serotype AAV6.2FF. Full-length ABCA3 is 

too large to package within a single AAV vector, so we employed the split-vector 

technology first established by Halbert et al. This method utilizes a dual-vector system, 

delivering either half of a full-length gene in separate vectors with a 500 bp region of 

homology between the two, which recombines and expresses the full-length product 

upon delivery 115. The split-vector system we established was capable of expressing 

full-length ABCA3 in distal lung ATII cells. 

3.2 Results 

3.2.1 AAV6.2FF can efficiently transduce alveolar type II cells  

 Initially, we endeavored to determine if AAV6.2FF would be capable of 

transducing surfactant producing, alveolar type II (ATII) cells of the distal lung. 

Therefore, AAV6.2FF-CAG-GFP was delivered intranasally to mice at a dose of 1e11 

vg. GFP expression was observed at 21 days post-transduction via flow cytometry. 

11.90% +/-  1.10% SEM of CD45-EpCAM+ lung epithelial cells expressed GFP 

compared to 3.42% +/-  0.46% SEM of EpCAM+CD45+ (P-vaue = 0.0020), 0.19% +/-  
0.06% SEM of EpCAM-CD45- (P-value = 0.0006) and 0.25% +/-  0.19% SEM EpCAM-

CD45+ (P-value = 0.0006) cells expressed GFP (figure 5A,B). Furthermore, a large 

proportion of AAV6.2FF-CAG-GFP transduced cells stained positive for both GFP and 

the ATII-specific marker, proSPC, when visualized microscopically (figure 5C).  
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Figure 5. AAV6.2FF efficiently transduces alveolar type II cells in mouse lungs. 
(a) GFP-expression 21 days post delivery of 1e11 vg of AAV6.2FF-CAG-GFP, which transiently 
expresses GFP. Comparisons were made between groups using a one-way ANOVA (F=83.33) with 
Tukey’s multiple comparisons test. (b) Example gating of individual mouse lung samples used to compile 
panel (a). (c) Co-staining with anti-GFP and anti-proSPC of mouse lung tissue 25 days post delivery of 
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AAV6.2FF-CAG-GFP to show transduction of AAV6.2FF serotype in ATII cells. Magnification was 400x 
(left) with 400x and digital zoom (right). 

 

3.2.2 Construct confirmation  

 ABCA3 constructs were cloned and produced in viral vectors with a 500bp 

overlap (figure 6A). CASI-5pABCA3 and 3pABCA3ft-WPRE were initially confirmed to 

contain the desired inserts through gel digestion. The constructs were then tested for 

complementarity in their overlap through Sanger sequencing. These constructs 

contained the desired 500bp-overlapping region of complementary suggested by Halber 

et al to be sufficient for recombination in vivo.  

3.2.3 AAV split-vectors recombine to express full length ABCA3ft in the distal 
lung 

 We then confirmed that split-vector delivery of ABCA3ft results in successful 

recombination of full-length ABCA3ft in mouse lungs. Mice receiving 5e10 vg of 

AAV6.2FF-CASI-5pABCA3 and 5e10 vg of AAV6.2FF-3pABCA3ft-WPRE expressed 

full-length ABCA3ft by 21 days post-transduction, whereas the mouse receiving PBS did 

not express ABCA3ft detectable by immunoprecipitation and western blotting (figure 

6B). Furthermore, mice receiving the split-vector combination displayed expression of 

full-length ABCA3ft in the distal lung from epithelial cells within alveoli (figure 6C), 

whereas again, the mouse receiving PBS did not display any FLAG tag staining by 

immunohistochemistry (IHC). IHC results were suggestive that full-length ABCA3ft was 

expressed in alveolar epithelial cells (figure 6C).  
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Figure 6. AAV6.2FF split-vector delivery of ABCA3 cDNA with a 500bp overlap causes expression 
of full-length ABCA3 in mouse lung. 
(a) Schematic recombination of split-vector constructs harboring either half of the ABCA3 cDNA with a 
500 bp overlap between then. (b) Immunoprecipitation western blot using an anti FLAG-tag antibody of 
mouse lung lysate 21 days post delivery of AAV6.2FF-CASI-5PABCA3 and AAV6.2FF-3PABCA3ft-
WPRE (JD-007-01 to JD-007-03) or PBS (JD-007-04) intranasally. (c) FLAG tag immunohistochemistry of 
mouse lungs 21 days post delivery of AAV6.2FF-CASI-5PABCA3 and AAV6.2FF-3PABCA3ft-WPRE (JD-
007-01 to JD-007-03) or PBS (JD-007-04) intranasally. 

 

3.3 Discussion  

This work sought to deliver full-length ABCA3 to mouse lungs using a split-vector 

AAV-delivery platform. Murine ABCA3 is approximately 5.1kb in length, which exceeds 

the 4.7kb packaging capacity of AAV 97. In previous work, Halbert et al expanded the 

packaging capacity of AAV by delivering two parts of a larger gene in separate vectors, 

with an overlapping region of homology between the two115. This method has similarly 

been applied to delivering therapeutic genes such as with muscular dystrophy and 

retinal degeneration, achieving therapeutic effects in both cases 301–303. We applied this 
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method to deliver ABCA3 to mouse lungs using the recently created AAV6.2FF 

serotype, which has enhanced tropism for the lung219.  

Split-vector constructs were produced to have a region of homology of 500 bp. 

This was to mimic the overlapping distance found to be efficient at recombination and 

expression by Halbert et al. Other methods may have been chosen, such as using 

trans-splicing vectors 304 or oversized, fragmented vectors 305, however, conflicting 

results make it currently challenging to determine the method most efficient at gene 

expression 303,305,306. Overlapping dual vectors was the chosen method as it allows us to 

control the size of truncated genes in each vector, unlike fragmented vectors, which 

limits deleterious recombination products. Additionally, overlap vectors are likely reliant 

on homologous recombination to express the full length gene product, a process which 

is functioning in dividing cells 247 such as the target cell of this therapy, ATII cells.  

Initially it was important to confirm that we had a method of efficient delivery of 

the split-vectors to ATII cells of the lung. In 2018 our group published a paper 

characterizing AAV6.2FF, and found it to be a better transducer and quicker transgene 

expresser in the lung 219. AAV6.2FF was found to outcompete AAV6 in transgene 

expression across different cell lines, including mouse lung epithelial cells, as well as in 

the lung in transduced mice. In the current work, we sought to extend these findings and 

confirm that AAV6.2FF is not only an efficient transducer of the mouse lung, but also 

that it effectively transduces ATII cells of the distal lung. In order to do this, AAV6.2FF 

would have to be able to access the distal lung, and then transduce the apical surface 

of ATII cells. We found through flow cytometry that AAV6.2FF transduces more than 

10% of EpCAM positive, CD45 negative, mouse lung epithelial cells. Within this 

population may be ATII cells, but also ATI cells and proximal lung epithelial cells. 

Therefore, we needed to confirm that a proportion of this AAV6.2FF transduced 

population was ATII cells, and did so through co-staining of AAV6.2FF delivered GFP 

and pro-SPC, a well-established marker specific to ATII cells. We were able to observe 

efficient staining of GFP and pro-SPC, confirming that AAV6.2FF can in fact transduce 

and express transgene in ATII cells of the distal lung. This finding ensured that we could 
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deliver the split-vector system to ATII cells for expression from this cell type essential for 

pulmonary surfactant regulation.  

Split-vector delivery of ABCA3ft to mouse lungs was successful at expressing full 

length ABCA3ft, detected by its FLAG-tag and size of approximately 150 kDa. The 

FLAG tag was placed on the carboxyl terminal of AAV6.2FF-3pABCA3ft-WPRE, which 

does not possess a promoter, so detection of a FLAG tagged protein at ~150 kDa is 

suggestive of recombination of the full-length protein. Histologically viewed, a large 

proportion of distal lung epithelial cells expressed ABCA3ft. Qualitatively observed, an 

average of 0.96 +/- 0.09 SEM epithelial cells per alveoli expressed ABCA3ft. Although 

the threshold level of ABCA3 required to restore pulmonary function and prolong life in 

an ABCA3 deficiency model is currently unknown, it can be inferred from the previous 

chapter that in the case of a different lung surfactant deficiency, SP-B deficiency, life 

can be extended in SP-B deficient mice (figure 4) using a low-dose of virus that is 

conducive to transducing less than 10% of lung epithelial cells (figure 5). Additively, in 

2017 Rindler et al noted that in an ABCA3 deficient mouse model, mice remained 

observationally healthy even when pulmonary surfactant levels were 10% of that in non-

deficient mice 307. Those results suggest that restoring surfactant homeostasis, even in 

a low percentage of cells is sufficient to rescue a deficient individual. Perhaps when 

survival studies are performed using split-vector ABCA3ft to restore surfactant 

homeostasis, a similar trend will be observed.  

In terms of optimizing this therapy, alternative dosing delivery methods will be 

explored to optimize split-vector delivery of ABCA3ft as a therapeutic. Carvalho et al 

observed that when increasing split-vector doses from 1e7 vg to 1e8 vg and 1e9 vg in 

vitro, a corresponding increase in protein levels of 18- and 103-fold occurred 308. 

Additionally, Carvalho et al also noted that AAV serotype serves a role at altering 

reconstitution levels of split-vectors. Our split-vector strategy at delivering full-length 

ABCA3ft will require further optimization of dosing, and more work is needed to 

understand the capsid role in recombination.  
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Functional and immunological studies will also need to be performed to 

determine the mechanism of delivered ABCA3 and any apparent immune response 

towards transgene or capsid. It will be important to establish whether delivery of split-

vector ABCA3 can restore lamellar body structure in ABCA3 deficiency as well as 

promote secretion of surfactant proteins and lipids into the alveolar space 68,71. 

Additionally, individual vector receiving groups will need to be utilized as controls for 

effects caused by the AAV capsid or expression of fragmented ABCA3. ABCA3 

deficiency can be caused by numerous mutations in the human population 67–69, but the 

most common mutation is a substitution mutation in codon 292, that results in full-length 

ABCA3 expression with the single amino acid change 309. It is currently unclear, albeit 

unlikely, whether individuals with this mutation will view a corrective copy of ABCA3 as 

foreign, and illicit an immune response, however work will need to be done to 

investigate this.  

Clinically, this recombination and expression of full-length ABCA3ft in the distal 

lung could have crucial implications for pulmonary surfactant homeostasis. ATII cells in 

the distal lung are the sole cell type responsible for pulmonary surfactant homeostasis 

in the distal lung, and theoretically, expression of ABCA3 from this split-vector system in 

ATII cells could temporarily mask the deficiency. It is important to note that AAV gene 

expression is transient, especially in dividing cells such as ATII cells, but it can produce 

transgene at high levels for weeks up to years in some tissues 310. This suggests that 

clinically, this split-vector system would be beneficial not in correcting the deficiency, but 

perhaps in temporarily extending life until the individual could receive a lung transplant. 

Additionally, numerous studies have highlighted that AAV may be readministered 

intramuscularly due to its low immunogenicity 200,311, and that transient immune 

suppression allows readministration to the lung in rabbits 223. Therefore, 

readministration of this split-vector system may be possible, and could perhaps even 

further life extension. The average time delay before an infant is diagnosed with a 

genetic surfactant deficiency is 19 days, and then on average 76 days later that 

individual receives a lung transplant 75,312. Unfortunately, 30% of those infants will die 
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before receiving the lung transplant 75, therefore, a treatment regimen such as split-

vector delivery of ABCA3 and perhaps with readministration may prolong life long 

enough to receive the organ transplant.  

Alternatively, therapeutic options are being investigated to correct the deficiency 

at its genetic level. In 2017, Bak and Porteus reported that split-vectors carrying parts of 

the larger gene can be delivered in tandem with a CRISPR/Cas9 system to facilitate 

insertion of the entire gene into the genome at a specific location 313. Conceivably, the 

AAV-CRISPR platform reported in a later chapter in this thesis could be paired with this 

split-vector system to insert full-length ABCA3 behind the SP-C promoter in ATII cells, 

with high integrational efficiency. This integration may facilitate expression of full-length 

ABCA3, which would not be lost as ATII cells divide. The integration and expression of 

full-length ABCA3 could potentially correct ABCA3 deficiency for the life of the 

individual.  

3.4 Methods 

3.4.1 Construct cloning  

Murine ABCA3 was synthesized in two separate pieces with a 500bp region of 

homology between them. The 5 prime (5p) end of ABCA3 spanned base pairs 1-2709 of 

the ABCA3 coding sequence, and was termed 5pABCA3. A KpnI cut site, 5’ UTR then 

KOZAK sequence of GCCGCCACC preceded synthesized 5pABCA3. A HindIII 

restriction site followed 5pABCA3. The 3p end of ABCA3 spanned base pairs 2209-

5112 of the ABCA3 coding sequence, and was termed 3pABCA3. A SpeI cut site 

preceded 3pABCA3. A flag tag (DYKDDDDK), stop codon, then KpnI restriction site 

followed 3pABCA3. 5pABCA3 and 3pABCA3 were synthesized by GeneArt and were 

codon optimized for expression in mice.  

To construct CASI-5pABCA3-ITR, the backbone pACASI-MCS-WPRE was used 

to clone into. pACASI-MCS-WPRE-ITR is a vector suitable for AAV production with 

inverted terminal repeats (ITRs) flanking the promoter CASI, MCS for transgene 
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insertion, Woodchuck Hepatitis Virus Posttranscriptional Regulatory Element (WPRE) 

for enhancing transgene expression and an SV40 polyadenylation site. pACASI-MCS-

WPRE and KpnI-5UTR-KOZAK-5pABCA3-HindII were both digested with KpnI and 

HindIII restriction enzymes (NEB). This digestion removed the WPRE and cut into the 

MCS of pACASI-MCS-WPRE-ITR. Both fragments were purified using the NucleoSpin® 

Gel and PCR Clean-Up kit (Takara #40609) and subsequently ligated using an insert to 

vector molar ratio of 3:1 at room temperature using T4 DNA ligase (Invitrogen™ 

#15224041) to produce CASI-5pABCA3-ITR, or, ITR-CASI-KpnI-5UTR-KOZAK-

5pABCA3 (1-2709)-HindII-SV40-ITR.  

The construction of 3pABCA3ft-WPRE-ITR also used the backbone pACASI-

MCS-WPRE-ITR. pACASI-MCS-WPRE and SpeI-3pABCA3-ft-KpnI-stop were digested 

with SpeI and KpnI restriction enzymes (NEB). This digestion removed the promoter 

CASI, and cut into the MCS of pACASI-MCS-WPRE-ITR. Both fragments were purified 

using the NucleoSpin® Gel and PCR Clean-Up kit and subsequently ligated using an 

insert to vector molar ratio of 3:1 at room temperature using T4 DNA ligase to produce 

3pABCA3ft-WPRE-ITR, or, ITR-SpeI-3pABCA3(2209-5112)-ft-KpnI-stop-WPRE-SV40-

ITR.  

3.4.2 Sanger sequencing 

 DNA samples were submitted for sequencing at the Advanced Analysis Center, 

Genomics Facility, University of Guelph, ON, and performed using an Applied 

Biosystems 3730 DNA analyzer. 

3.4.3 Cell culture  

 Human embryonic kidney 293 cells (HEK293) (ATCC® CRL-1573™) were 

maintained at 37°C and 5% carbon dioxide. HEK293 cells were maintained in high 

glucose DMEM (HyClone™ SH30022.01) with 10% cosmic calf serum (HyClone™ 

SH30087), 2mM L-glutamine, and 1% pen-strep.  
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3.4.4 AAV production 

 AAV production was performed by dual plasmid calcium phosphate transfection 

of HEK293 cells, followed by heparin column purification. First, packaging plasmid, 

pDGM6.2ff and AAV genomic plasmids were produced in GT116 E. coli and purified 

through QIAGEN maxi prep kits. Next, HEK293 cells were expanded, and co-cultured 

into 40 x 15cm dishes. Once cells reached ~90% confluency, they were cotransfected 

with both the packaging plasmid and genome plasmid. Transfection conditions for one 

15cm dish proceeded as follows. First, 22.5µg of the genome plasmid and 45µg of 

packaging plasmid were diluted in 250µl of 2.5M CaCl2, and qs. to 2.5mL. Next, 2.5mL 

of 2x Hepes-Buffered Saline pH7.0 was added drop-wise to the plasmid containing 

solution, while swirling it. The combined solution was incubated at room temperature for 

10mins, and then added drop-wise to 293 cells. Cell media was changed 4-12 hours 

later with serum free DMEM. Cells and supernatant were harvest on the 5th day post 

transfection, freeze-thawed three times, and clarified through centrifugation at 18,000g 

for 30 minutes followed by supernatant filtration through a 0.22 PES filter (Millipore 

GPWP14250). Column purification then proceeded, powered by a peristaltic pump 

through Cole Parmer MasterFlex Precision Tubing L/S 14. First, 20mL 1M NaOH was 

run through the tubing, followed by 100mL water then 100mL basal DMEM. Next, a 5mL 

HiTrap® Heparin High Performance column (GE Healthcare, 17-0407-03) was attached 

to the tubing, and 50mL basal DMEM was run through it at a flow rate of 1-2mL/minute. 

Clarified AAV supernatant was then run through the column, followed by wash steps of 

50mL HBSS without Mg2+ or Ca2+ , 25mL 0.5% N-lauroylsarcosine, 50mL HBSS without 

Mg2+  or Ca2+ , 50mL HBSS with Mg2+  and Ca2+ , then 50mL 200mM NaCl. Virus was 

then eluted with 25mL of 300mM NaCl and collected in 5mL fractions. Fractions 2 and 3 

were further concentrated using an Amicon Ultra-4 (100,000 NMWL) centrifugal device 

(UFC810024) that had been pretreated during the day with 5% Tween-20. AAV samples 

were then tittered using a Taqman qPCR assay, following the protocol outlined by 

Aurnhammer et al299, or stored at -80°C for long-term storage.  
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3.4.5  Mouse care and viral delivery 

 Mouse experiments were performed in compliance with the guidelines set forth 

by the Canadian Council on Animal Care. Efforts were made to minimize animal 

suffering. The Animal Care Committee at the University of Guelph approved all methods 

performed at the University of Guelph. Four, three-week old female BALB/c mice 

(Charles River Laboratories, Wilmington, MA) were housed at the University of Guelph 

in a specific pathogen-free isolation facility. Three mice received 5e10 vg of AAV6.2FF-

CASI-5pABCA3 and 5e10 vg of AAV6.2FF-3pABCA3ft-WPRE split over two-doses of 

40uL diluted in PBS intranasally under anesthetic (isoflurane), and one mouse received 

two doses of 40uL of PBS intranasally under light anesthetic. Mice were euthanized on 

day 21-post viral delivery and lungs were harvested. 

3.4.6 Lung tissue dissociation, staining and flow cytometry  

 Mice were euthanized and immediately the thorax was opened up, taking care 

not to puncture the lungs. Lungs were perfused through the pulmonary artery with 10mL 

cold PBS using a 21G, 1½ inch needle. A cannula was then inserted into the trachea, 

and 2mL of 10U/mL dispase II (D4693) was instilled through the cannula. The trachea 

was then tied off, removed, placed in 1mL of dispase II, and incubated at room 

temperature for 45 minutes. After 45 minutes, lungs were removed and placed into 

dishes containing 7mL of DMEM with DNAseI (D4527-10KU). Using small, curved 

forceps, lungs were teased apart. The 7mL of media with lung tissue was then rotated 

at room temperature for 5 minutes, and then filtered through 40µm cell strainers. Lung 

suspensions were then centrifuged at 500g for 5min in a swinging bucket rotor. 

Supernatant was removed and pellets resuspended in 1ml of ACK lysis buffer (150 mM 

NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA in H2O, pH 7.2-7.4) to remove red blood 

cells and incubated at room temperature for 2mins. Next, 10mL of HBSS with Ca2+ and 

Mg2+ was added to neutralize ACK lysis buffer. Samples were then centrifuged at 500g 

for 5mins. Supernatant was removed, pellets resuspended in 200µl of FACS buffer 

(PBS with 1% BSA) and samples were transferred to a U-bottom 96well plate. Plates 

were centrifuged at 500g for 5mins. Samples were then resuspended in 50µl of FACS 
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buffer and an anti-mouse CD16/32 antibody (BioLegend® 101301) at a 1:100 dilution to 

block Fc domains, and incubated at 4°C in the dark for 20mins. Next, 150µl of FACS 

buffer was added to samples, and plates were centrifuged again at 500g for 5mins. 

Supernatant was removed and samples were resuspended in 50µl total volume of 

FACS buffer containing primary antibodies of PE/Cy7 anti-mouse CD45.2 (BioLegend® 

109829), and APC/Fire™ 750 anti-mouse CD326 (Ep-CAM) (BioLegend® 118229) at a 

1:100 dilution, along with 5µl per sample of 7-AAD Viability Staining Solution 

(BioLegend® 420403) and incubated at 4°C in the dark for 20mins. Next, 150µl of 

FACS buffer was added to samples, and plates were spun down again at 500g for 

5mins. Supernatant was removed and samples were resuspended in 200µl of FACS 

buffer then filtered through 10µm filters into round bottom tubes. 400µl of FACS buffer 

was added to dilute each sample, and then analyzed on a FACSCanto II using BD 

FACSDiva software for processing and FlowJo v10 for analysis. Compensation was 

performed using the same antibodies with UltraComp eBeads™ Compensation Beads 

(Invitrogen 01-2222-41) following manufacturer protocol, and CAG-GFP transfected 293 

cells.  

3.4.7 Immunoprecipitation and western blotting 

 Lung samples were harvested, and lysates prepared by digestion in RIPA buffer 

containing protease inhibitor for 1 hour on ice, with ceramic bead homogenization by 

vortexing every 10 minutes. Samples were then centrifuged at 12,000RPM at 4°C, and 

supernatants were collected. Lysates were then incubated at 4°C with rotation with 

ANTI-FLAG® M2 Affinity Gel (Sigma-Aldrich A2220) for 2 hours and pulled down. IP 

samples were loaded onto a 7% polyacrylamide gel, and run at 110V for 1.5 hours, and 

then transferred to a PVDF (polyvinylidene difluoride) at 110V for 1.5 hours at 4°C in a 

Tris running buffer containing 0.1% w/v SDS. Membranes were then washed in PBS 

plus 1% tween20 (PBST) three times, and blocked in a PBST plus 5% dry nonfat milk 

solution (PBSTM) for 1 hour with rotation. Membranes were then incubated overnight 

with rotation at 4°C in PBSTM with 1:2000 rabbit anti-flag antibody (Ab 21536). The next 

day, membranes were washed in PBST three times and then incubated at room 
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temperature for 1 hour with rotation in PBSTM with 1:4000 goat anti-rabbit horseradish 

peroxidase conjugated secondary antibody (Life Sciences 1571722). Membranes were 

then washed in PBST two times, PBS once, then covered in Horseradish peroxidase 

(HRP) substrate (Luminata WBLUF0100) and imaged using a Bio Rad Chemidoc. 

3.4.8 FLAG tag immunohistochemistry 

 Mouse lungs were perfused through the pulmonary artery with 10mL of cold 

PBS, and then inflated with 4% paraformaldehyde over 5 minutes with 25cm pressure. 

After 5 minutes, tracheas were tied using sutures. Lungs were then removed, placed in 

15mL of 4% paraformaldehyde and incubated for 4 hours with rotation. Next, lungs were 

washed three times for 15 minutes in PBS, and then gradually dehydrated through 15 

minute wash steps in 30% ethanol, 50% ethanol, then finally 70% ethanol. Lungs were 

kept in 70% ethanol until processing and embedding in paraffin. After embedding, 

paraffin blocks were cut with a microtome. 

 Staining of slides began with paraffin removal wash steps in xylene for 5 minutes, 

three times, followed by 2 minute washes in 100% ethanol twice, 95% ethanol three 

times and 70% ethanol once. Slides were washed in PBS, then permealized for 10 

minutes in PBS with the addition of 1% Triton X-100 (PBS-TR). Slides were again 

washed in PBS, and then incubated in 3% H2O2 solution in PBS for 10 minutes. Slides 

were then washed twice in PBS with the addition of 1% Tween-20 (PBS-TW), then 

boiled for 12 minutes in a citrate buffer pH 6.0 (210mg citric acid, 1.6g sodium citrate, 

water up to 500mL). Slides were allowed to cool to room temperature for 20 minutes. 

Next, slides were blocked in 5% BSA in PBS-TW for 2 hours, then rabbit anti-flag 

antibody was added to slides in 5% BSA PBS-TW at a 1:100 dilution, and incubated at 

4°C in a humidity chamber overnight. The next day, slides were washed twice for 3 

minutes in PBS-TW then covered with 1-3 drops of SignalStain Boost Detection 

Reagant (HRP, rabbit, Cell Signaling #8114) and incubated at room temp in a humidity 

chamber for 1 hour. Slides were then rinsed three times in PBS-TW for 5 minutes each. 

A silver and gold Sigma Fast DAB pellet were added to 5mL of water, vortexed into 
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solution, and then applied to slides for no more than 10 minutes (or until color change 

occurred). Slides were then rinsed three times in PBS-TW for 5 minutes each. Next 

slides were counterstained with hematoxylin. Lastly, slides were dehydrated through 

washes of 70% ethanol twice for 1 minute, 95% ethanol three times for one minute, 

100% ethanol twice for 3 minutes, then finally xylene twice for 3 minutes. Slides were 

then covered with mounting medium and coverslips, allowed to harden overnight, then 

visualized microscopically.  

3.4.9 Immunofluorescence staining  

 Lungs were harvest inflated with 1mL of 3.2% paraformaldehyde and then 

removed and placed in 3.2% paraformaldehyde for 1 hour to fix. Lungs were then 

washed three times with cold PBS, then equilibrated overnight with 30% sucrose, then 2 

hours in 15% sucrose 50% OCT, then embed and frozen in 100% OCT embedding 

media. Sections were made and fixed onto slides. Next, a box was drawn around 

samples using a PAP pen. Slides were washed in PBS, then permealized for 10 

minutes in PBS with the addition of 1% Triton X-100 (PBS-TR). Slides were again 

washed in PBS, and then incubated in 0.3% H2O2 solution in PBS for 10 minutes. Next, 

slides were blocked in 5% BSA in PBS-TW for 2 hours, then rabbit anti-Pro-SPC 

antibody (Abcam ab90716) and chicken anti-GFP (Abcam ab-13970) were added to 

slides in 5% BSA PBS-TW at a 1:500 dilution, and incubated at 4°C in a humidity 

chamber overnight. The next day, slides were washed in PBS-TR, and then secondary 

antibodies of Alexa Fluor® 488 conjugated Goat anti-Rabbit (Invitrogen A-11034) and 

Alexa Fluor® 647 AffiniPure Donkey Anti-Chicken (Jackson Laboratories 703-605-155) 

were applied to slides in 5% BSA PBS-TW at a 1:200 dilution, and incubated at room 

temperature in a humidity chamber for 1 hour. Slides were then rinsed in PBS-TW, and 

a drop of ProLong™ Diamond Antifade Mountant with DAPI (ThermoFisher Scientific 

P36962) was added and slides were coverslipped and allowed to cure overnight in a 

light-sealed box. Slides were visualized on an Olympus Fluoview 500 confocal 

microscope. 
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4.1 Abstract 

Monogenic surfactant deficiencies often lead to death in newborns and the 
only viable treatment method is lung transplantation. CRISPR/Cas9 gene-editing 
technology has allowed efficient and precise gene-editing in vivo, which we 
applied to insert a promoterless gene for cell specific expression. This 
technology was paired with AAV serotype AAV6.2FF, which has enhanced 
tropism for the distal lung, to deliver a platform capable of inserting genes to be 
expressed from the alveolar type II specific endogenous surfactant protein C 
promoter. We observed knock-in rates of 0.75% in lung epithelial cells. 
Additionally, these gene-edited cells were capable of expansion upon lung injury 
with influenza. This AAV6.2FF-CRISPR platform may have utility in integrating 
therapeutic genes to treat various surfactant dysfunctions.  

Alveolar type II (ATII) cells are resident in distal lung alveoli and are capable of 

dividing and repopulating ATII and alveolar type I (ATI) cells upon lung injury. 

Furthermore, a subpopulation of ATII cells has recently been shown to function as 

alveolar epithelial progenitors 11,12. Proper functionality of ATII cells is essential for lung 

surfactant homeostasis, and several genetic surfactant dysfunctions may manifest from 
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these cells, such as SP-B and ABCA3 deficiencies, and SP-C disorders 1–3,5,7,44,314. 

These diseases lead to respiratory distress and often death in newborns 1. Limited 

treatment options are available for surfactant dysfunctions; in fact, only lung 

transplantation affects the course of disease, yet high mortality rates are associated 

with the transplant alone 75. Therefore, a method of correcting these genetic disorders 

for the life of an individual would be desirable.  

The advent of CRISPR/Cas9 technology has allowed gene editing with precise 

knock-ins through homologous recombination 315–318. More specifically, the discovery of 

Staphylococcus aureus Cas9 (SaCas9) allowed packaging of the smaller Cas9 within 

AAV; not possible with the more commonly used Streptococcus pyogenes Cas9 variant 
239. Regardless, CRISPR/Cas9 editing utilizes programmable guide RNAs to determine 

gene insertion site, but does not contain inherent machinery to promote cell type-

specific insertions. However, recent work has demonstrated the insertion of 

promoterless genes using CRISPR/Cas9 319–321, which we applied as a means to 

employ cell-specificity to gene editing. 

 We applied promoterless gene insertion to piggyback onto the endogenous 

surfactant protein-C (SP-C) promoter, which is highly specific to ATII cells. This 

technology was paired with the distal lung tropic AAV serotype AAV6.2FF to facilitate 

precise gene insertion in mice in a promoterless manner without disrupting endogenous 

SP-C expression. We termed this platform AAV6.2FF-CRISPR. Recently, an mRNA 

delivered nuclease platform was developed to insert gene segments into the lung, and 

was used to treat various dysfunctions such as surfactant protein-B (SP-B) deficiency 
298. Although the mRNA-delivered platform showed efficacy in extending life in SP-B 

deficient mice, Mahiny et al observed a decrease in expression over time and eventual 

death in treated mice. The authors discussed this likely due to the turnover of cells in 

the lung, a finding that would be reversed if progenitor cells had been targeted. 

Conversely, the AAV6.2FF-CRISPR platform was capable of gene insertion in dividing 

ATII cells, and expression of inserted genes was inherited by daughter cells.    
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4.2 Results  

4.2.1 Construct construction and confirmation 

Vectors were constructed and confirmed via Sanger sequencing. Repair template 

vectors were engineered to have 1 kb flanks complementary to the 3’-end of the SP-C 

coding sequence and the 3’-UTR of SPC, bordering a 2a peptide followed by either 

GFP or heat stable human placental alkaline phosphatase (AP) (figure 7A). Cas9 

expressing AAV vector, px601, was cloned to synthesize individual gRNAs from its U6 

promoter (figure 7A). The plasmid was a gift from Feng Zhang (Addgene plasmid # 

61591) 239. px601 was confirmed for its expression of HA-tagged Cas9 in cell culture 

(figure 7B).  

 

Figure 7 CRISPR platform construct confirmation 
(A) Vectors used in the promoterless AAV-CRISPR platform. (B) Western blot confirming expression of 
Cas9-HA from px601 in HEK 293 cells, detected using an anti-HA antibody. 
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4.2.2 In vivo gene insertion using AAV6.2FF-CRISPR platform facilitates efficient 
gene insertion in epithelial cells  

 AAV-CRISPR-GFP doses of 2e11 vg repair template and 1e11 vg of both gRNA5 

and gRNA6 along with 5.2 µg RS-1/mouse all delivered intratracheally, led to 0.73% +/-  
0.19% SEM (n=4) of mouse lung epithelial cells expressing the integrated GFP 

transgene (figure 8). gRNA5 and gRNA9 were chosen based on cut location, high on-

target cutting (supplemental table 1 and supplementary figure 1) and low off-target 

cutting (supplemental table 2 and supplemental table 3). Mice were administered three 

AAV6.2FF vectors, containing either the repair template-GFP or individual Cas9-

gRNAs, and were euthanized on day 28 for lung cell dissociation and flow cytometry 

(figure 8A,B). After excluding dead cells, doublets, and immune system related cells, 

cells were gated EpCAM positive and GFP positive to analyze GFP knock-in and 

expression in lung epithelial cell populations (figure 8C,F). Compared to the low-dose 

AAV-CRISPR-GFP knock-in rate of 0.01% in lung epithelial cells (supplemental figure 

2), this moderate dose experiment led to 0.73% +/-  0.19% SEM of epithelial cells 

expressing GFP, in contrast to 0.04% +/-  0.01% SEM epithelial cells expressing GFP in 

the repair template only group (p-value = 0.0036) and 0.02% +/-  0.01% SEM in the PBS 

control group (p-value = 0.0032) (figure 8C). In terms of total lung counts, these 

percentages correlated to 1249 +/-  359 SEM GFP-expressing lung epithelial cells total in 

the AAV-CRISPR group, compared to 44 +/-  9 SEM in the repair template only group (p-

value = 0.0067) and 20 +/-  3 SEM in the PBS control group (p-value = 0.0059) (figure 

8D). Dissociated lung cells were viewed microscopically to determine morphology 

(figure 8E). GFP positive cells isolated from AAV-CRISPR mice displayed a large, 

cuboidal shape, characteristic of ATII cells.  
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Figure 8. AAV6.2FF CRISPR/Cas9 system can induce efficient GFP insertion and expression. 
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(a) Experimental outline for determining knock-in efficiency of AAV6.2FF-CRISPR-GFP with the addition 
of RS-1 in mice. Groups sizes were n=4 except for positive control, AAV6.2FF-CAG-GFP at n=2. (b) 
Molecular mechanism for promoterless gene insertion behind the endogenous SP-C promoter using 
AAV6.2FF-CRISPR-GFP. (c) and (d) Comparison of GFP expression between groups of AAV-CRISPR 
(n=4), AAV-repair template only (n=4), and PBS only (n=4) in CD45 negative EpCAM positive lung 
epithelial cells. One-way ANOVA performed with Tukey’s multiple comparisons between groups; F=13.99 
in (c) and F=11.50 in (d). (e) Dissociated lung cells from mice transduced with AAV6.2FF-CRISPR-GFP 
or which had received PBS. Fluorescence viewed was FITC. (f) Example dot-plots of CD45 negative 
EpCAM positive cells from mouse lungs in groups of AAV6.2FF-CRISPR-GFP, AAV-repair template only, 
and PBS only. GFP positive gats are highlighted, and correspond to results seen in panel c.  

 

4.2.3 The promoterless AAV-CRISPR platform inserts genes in ATII cells behind 
the endogenous SP-C promoter, yet does not disrupt endogenous SP-C 
expression. 

We desired to determine if GFP was expressed in other cell types besides 

epithelial cells upon AAV-CRISPR delivery, as it was hypothesized that GFP would only 

be expressed from the endogenous SP-C promoter, which is exclusively active in 

epithelial ATII cells. It was found that compared to the 0.73% +/-  0.19% SEM of CD45- 

EpCAM+ epithelial cells expressing GFP, 0.24% +/-  0.08% SEM cells double positive for 

EpCAM and CD45 expressed GFP (p-value = 0.0233), whereas <0.01% +/-  <0.00% 

SEM of both EpCAM- CD45- (p-value = 0.0014) and EpCAM-CD45+ (p-value = 0.0014) 

cells expressed GFP (figure 9A,B). DNA was extracted from dissociated lung cells, and 

analyzed through PCR to confirm correct localization of gene insertion (figure 9C). 

Screening and nested primers were designed to bind with one primer within the GFP 

coding sequence and another upstream in the SP-C coding sequence beyond regions 

complementary to the repair template homology arms. Gel electrophoresis of lung 

extracted DNA revealed a positive band for GFP insertion from mice delivered 

AAV6.2FF-CRISPR-GFP, and was negative in PBS control mice (figure 9C). IHC was 

performed on AAV-CRISPR-GFP edited mouse lungs on day 21 post-transduction 

(figure 9D). Lungs were stained for GFP and pro-SPC then visualized. Cells double 

positive for GFP and proSPC were observed confirming that this promoterless AAV-
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CRISPR platform does not disrupt endogenous SP-C expression in ATII cells. 

 

Figure 9. AAV6.2FF-CRISPR inserts genes to be exclusively and precisely expressed in ATII cells 
behind the endogenous SPC promoter 
AAV6.2FF-CRISPR integration of GFP measured in different cell populations in the lung. Mice received 
2e11vg repair template, and 1e11 vg of each gRNA with Cas9, all vectorized individually with AAV6.2FF. 
Comparisons were made between groups using a one-way ANOVA (F=11.35) with Tukey’s multiple 
comparisons test. (b) Example gating of individual mouse lung samples used to compile panel (a). (c) 
PCR amplification of the inserted GFP using nested, touchdown PCRs. (d) Co-staining with DAPI, anti-
GFP and anti-proSPC of mouse lung tissue 21 days post transduction with AAV-CRISPR-GFP vectors, 
observed at 400x magnification.  
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4.2.4 AAV6.2FF-CRISPR platform functions to knock-in different sized genes into 
distal lung alveoli resident epithelial cells. 

 Mice were then transduced with this same AAV-CRISPR system intranasally, 

although, the repair template instead encoded the transgene for heat stable human 

placental alkaline phosphatase (AP) instead of GFP. On 21-days post-transduction, 

mice were euthanized and lungs processed and stained for AP (figure 10A,B). AP 

positive foci were distributed throughout the lungs when examined grossly (figure 10C). 

This was confirmed in both mice, in differing lobes, and within the lungs upon 

dissection. Control mice, which had received PBS intranasally, did not exhibit positive 

AP staining. AP positive foci were also observed microscopically in the lung (figure 

10D). AP staining was seen only in epithelial cells within the walls of alveoli in the distal 

lung. 
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Figure 10. Alkaline phosphatase insertion and expression following AAV6.2FF-CRISPR-AP 
transduction. 
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(a) Experimental outline and timeline for insertion of promoterless heat stable alkaline phosphatase for 
expression from the SPC promoter. Group sizes were n=2. (b) Molecular mechanism for promoterless 
gene insertion behind the endogenous SP-C promoter using AAV6.2FF-CRISPR-AP. (c) Mouse lung 
tissue viewed grossly upon heat inactivation of endogenous AP and staining for heat stable AP. (d) 
Mouse lung tissue viewed microscopically upon heat inactivation of endogenous AP and staining for heat 
stable AP and counter staining with eosin.  

 

4.2.5 AAV6.2FF-CRISPR platform can transduce and insert genes into lung 
progenitor cells, which proliferate following lung injury 

Mice were transduced with AAV-CRISPR-GFP and infected with PR8 influenza. 

25-days post infection, mice were euthanized, lungs harvested for 

immunohistochemistry, and stained with DAPI, along with anti-ProSPC and anti-GFP 

antibodies (figure 11A-B). Despite previous findings that ~10% of lung epithelial cells 

expressed GFP transiently following delivery with AAV6.2FF-CAG-GFP (chapter 3 

figure 5), a lower proportion of GFP-positive ATII cells were observed upon similar 

treatment, but with the addition of lung injury by PR8 influenza (figure 11B). AAV6.2FF-

CAG-GFP led to minimal GFP-positive ATII cells following lung injury with PR8, and 

these cells were evenly distributed.  

Conversely, treatment with AAV6.2FF-CRISPR-GFP lead to patches of multiple 

GFP-expressing ATII cells following PR8 lung injury and subsequent cell division (figure 

11). These GFP-expressing cells were found adjacent and at times bordering each 

other (figure 11B). In one instance, an ATII cell with GFP knocked-in was observed 

likely in the process of cell division (figure 11B; bottom right). Therefore, Lung injury 

facilitated patches of dividing cells positive for the gene knocked-in, juxtaposed to the 

even distribution of gene knock-in observed when no lung injury was induced (figure 

10).  
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Figure 11 AAV-CRISPR can transduce and integrate a gene for expression in dividing ATII cells. 
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(a) Experimental outline and timeline for lung injury with PR8 influenza and AAV-CRISPR-mediated 
insertion of promoterless GFP for expression from the SPC promoter. Group sizes were n=2 for each 
group except PBS only group (n=1). (b) Co-staining with DAPI, anti-GFP and anti-proSPC of mouse lung 
tissue 25 days post transduction with AAV-CRISPR-GFP and infection with PR8 influenza. Blue = DAPI, 
green = anti-ProSPC, white = anti-GFP. Slides were observed at 400x as well as 400x with digital zoom.  

4.3 Discussion 

This AAV-CRISPR platform was designed as a tool to integrate genes to be 

expressed exclusively from the SP-C promoter in ATII cells of the lung. The application 

of this work extends to monogenic diseases affecting lung surfactant production, such 

as SP-B deficiency, ABCA3 deficiency and certain types of SP-C deficiency: those that 

lack a gain-of-toxic function mutation. These genetic deficiencies are often fatal within 

one year of life, and have limited treatment options available; all that is currently an 

option is receiving a lung transplant, or transient treatments that do not extend life 

beyond a year 1. This platform was designed to correct these genetic diseases at the 

molecular level by inserting a promoterless gene for expression from the endogenous 

SP-C promoter, which is highly specific to ATII cells. Delivering a promoterless gene 

safeguards against expression from integration in cell-types other than ATII cells, and 

sites other than behind the SP-C promoter. Additively, a promoterless platform that 

utilizes the SP-C promoter is desirable as it employs the strong promoter which is 

regulated for surfactant expression 322,323, it improves safety as the inserted transgene is 

unlikely to be expressed anywhere other than in the lung specifically in ATII cells, which 

decreases the chance of developing an immune response, and the promoterless 

platform also decreases gene knock-in size. Precautions such as repair template design 

and gRNA cut locations were also taken to ensure integration selectively behind the SP-

C promoter, yet to prevent damage to the endogenous SP-C coding sequence itself. 

  First, we needed to develop the CRISPR platform, and chose to utilize repair 

template arms of 1kb per side, and two separate gRNAs: one cutting adjacent and 

downstream of the SP-C stop codon, and the other cutting a few hundred base pairs 

downstream. It was found that CRISPR/Cas9-mediated gene insertion in zebrafish was 

amplified by more than two-fold when two unique gRNAs were used instead of one 284. 
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We employed this strategy by targeting gRNA9 to cut proximate, yet downstream of the 

stop codon, and gRNA5 to cut further downstream (~200bp). We opted to use a triple 

vector platform, separating each gRNA into separate vectors. This decision was based 

on findings made by Tai et al. They noticed that multiplex gRNAs may become 

truncated when packaged into a single AAV and form chimeric gRNA 324. The repair 

template arm-length was modeled after Zhang et al who noted that >600bp of homology 

in each repair template arm led to increased efficiency of HR-mediated gene insertion 
286. 

 We observed gene insertions rates in lung epithelial cells of up to 1.27%, 

averaging at 0.73% +/-  0.19% SEM. These rates are consistent with other reports of 

homology-directed recombination efficiencies, some even reporting positive selection 

and expansion of corrected cells 278. In the case of a hepatocyte mutation, hereditary 

tyrosinemia, Yin et al observed initial knock-in rates of therapeutic gene, Fah, at ~0.4%, 

yet by day 30 detected ~33.5% Fah+ hepatocytes. They discussed this increase likely 

due to death of non-edited cells and the expansion of corrected, and surviving 

hepatocytes. In the case of lung surfactant dysfunctions, SP-B deficiency and ABCA3 

deficiency both may cause accumulation of ATII cell debris in alveoli, highlighting that 

dysfunctional cells are prone to death 1,3,5. In addition, it is known that following lung 

injury, a population of ATII cells are capable of expanding to repopulate the lung 325. It is 

therefore possible that the aforementioned expansion of corrected hepatocytes 

following CRISPR/Cas9-facilited insertion of a therapeutic gene may similarly be 

observed in the context of surfactant deficiency and treatment with AAV6.FF-CRISPR 

when used to insert a therapeutic gene. Conversely, Mahiny et al utilized an mRNA 

delivered nuclease for gene editing in the lung and did not observe this expansion and 

positive selection. Mahiny et al observed extension of survival in SP-B deficient mice; 

however, mice eventually reached endpoint. Authors commented that these findings 

were due to the proliferative nature of lung epithelial cells, which may have diluted 

gene-edited cells over time until endpoint was met 298. It is therefore likely that mRNA 

delivery used by Mahiny et al did not successfully target lung progenitor cells. 
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Additionally, Mahiny et al utilized AAV6 to deliver their gene-editing platform to mice and 

similarly observed mice eventually reach endpoint. Despite these findings, it is known 

that AAV can transduce both dividing and non-dividing cells 95 and we have shown our 

AAV6.2FF-delivered platform is capable of transducing and editing dividing ATII cells. 

In our study, patches of multiple GFP-integrated ATII cells were observed in close 

proximity following treatment with AAV6.2FF-CRISPR-GFP and lung injury with PR8. 

Given the dose of AAV6.2FF-CRISPR-GFP used previously led to about 0.75% of 

epithelial cells expressing GFP, it is highly unlikely that multiple cells adjacent to each 

other would all be GFP positive unless an initial edited cell divided and subsequent 

daughter cells retained the GFP knock-in. The patches of GFP-integrated ATII cells are 

therefore suggestive that AAV6.2FF-CRISPR is able to transduce and insert genes into 

dividing ATII cells. Although the lung contains different progenitor cell types involved in 

repair, originating from different locations, these cells are capable of migrating to a 

damaged region and reconstituting the alveolar epithelium, including ATII cells 89. It is 

therefore conceivable that AAV6.2FF-CRISPR is capable of transduction and gene 

insertion in a type of lung progenitor, which led to the observed patches of proliferative 

GFP knock-in cells. More work will be needed to determine whether the patches of GFP 

expressing-ATII cells following AAV6.2FF-CRISPR/Cas9-mediated knock-in truly 

correlate to insertion in progenitor cells, and if so, what type of progenitor was 

permissive.  

This platform is still being optimized and it is benefiting from the wealth of research 

being completed in the field of lung progenitor tracing and CRISPR/Cas gene-editing. 

Future studies will look at pairing the AAV6.2FF-CRISPR platform, used to insert a 

therapeutic SP-B corrective copy, with AAV6.2FF-SPB, which was previously shown to 

prolong survival in SP-B deficient mice, to promote positive selection of corrected cells 

in the SP-B deficient mouse model. Methods of increasing selective pressure on 

corrected ATII cells to expand will be explored, as will methods to increase the baseline 

knock-in rates of the platform. This study utilized RS-1 in the hopes of increasing knock-

in rates, and ifnar -/- mice in another case to theoretically facilitate efficient transduction 
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despite the low-dose of virus used. However, this study failed to contain controls to 

elucidate any benefit from either of these, and further studies will need to be done to do 

so. Moving forward, more work will be done to decrease off-target cutting and improve 

safety of the AAV6.2FF-CRISPR platform. Many teams are currently developing high 

fidelity Cas enzymes 292, inactivating Cas enzymes 294,295, or improving gRNA design for 

decreased off-targets 326; all work that will be applied to this platform in the future to 

improve its safety.  

Clinically, the AAV6.2FF-CRISPR platform may have applications in long-term 

correction of surfactant deficiencies through gene insertion in dividing ATII cells. 

Notably, gene-editing in progenitor lung cells may effectively lead to correction of the 

disease for the lifetime of an individual, without the need and accompanying risks of 

receiving a lung transplant or multiple doses of a gene therapy modality as expression 

fades over time.  

4.4 Methods 

4.4.1 Construct formation 

The CRISPR repair templates of pSPC-AP-ITR, pSPC-GFP-ITR and pSPC-SPB-

myc-ITR were cloned using pSPC-MCS-ITR, synthesized by GeneArt, and designed 

with both homology arms of ~1000bp to the 3’ end of the murine SP-C coding sequence 

and its 3’UTR. The repair template 5’ end is removed of the SP-C stop codon, and 

replaces it with a Thosea asigna virus 2a peptide. The repair template 3’ end is 

complementary to the SP-C 3’ UTR, yet has sites mutated to not bind selected guide 

RNAs. Alkaline phosphatase (AP) was digested from its vector using MluI and KpnI. 

pSPC-MCS-ITR was linearized also using MluI and KpnI and then dephosphorylated. 

Both fragments were gel purified using the NucleoSpin® Gel and PCR Clean-Up kit 

(Takara 740609), and then ligated together using an insert to vector ratio of 3:1, at room 

temperature using T4 DNA ligase to produce pSPC-AP-ITR. GFP was cloned into 

pSPC-MCS-ITR using the identical method to pSPC-AP-ITR production.  
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pSPC-SPBmyc-ITR was cloned with full-length murine SPBmyc and pSPC-MCS-

ITR using In-Fusion® HD Cloning Plus (Takara #638909). pSPC-MCS-ITR was 

linearized by digestion with MluI. Full-length SPBmyc was amplified using primers with 

15bp regions of complementary to either end of linearized pSPC-MCS-ITR: SPB 

infusion for: CCCCGGTCCTACGCGTACCGGATCCATGGCCAAG and SPB infusion 

rev: TACTGTTGCTCACCGGTACCCGAGATCCAGACATGATAAGATACATTGATGAG. 

This amplification of full-length SPBmyc was followed by DpnI digestion. Both digested 

pSPC-MCS-ITR and amplified full-length SPBmyc were then gel purified using the 

NucleoSpin® Gel and PCR Clean-Up kit, and combined using In-Fusion® HD Cloning 

Plus, to produce pSPC-SPBmyc-ITR.  

 Cas9 expressing AAV vector, px601, was cloned to synthesize individual gRNAs 

from its U6 promoter. The plasmid, px601, otherwise known as pX601-AAV-CMV::NLS-

SaCas9-NLS-3xHA-bGHpA;U6::BsaI-sgRNA was a gift from Feng Zhang (Addgene 

plasmid # 61591)239. Guide RNAs were cloned individually into px601 following the 

protocol outlined by the ZhangLab in the Genome Engineering Toolbox. In brief, px601 

was digested with BsaI and purified using the NucleoSpin® Gel and PCR Clean-Up kit. 

Next, pairs of oligos designed to become gRNAs were phosphorylated and annealed 

using T4 PNK (NEB) in a thermocycler (37°C for 30min, 95°C for 5 min, then ramped 

down to 25°C at a rate of -5°C/min), and then ligated into digested px601. Oligos were 

initially designed to begin with guanine for expression from the U6 promoter, contain 

either 5’-CAAC or 5’-AAAC for ligation into px601, and made to be ~21nt in length.  

4.4.2 Sanger sequencing 

 DNA samples were submitted for sequencing at the Advanced Analysis Center, 

Genomics Facility, University of Guelph, ON, and performed using an Applied 

Biosystems 3730 DNA analyzer. 
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4.4.3 Cell culture  

Human embryonic kidney 293 cells (HEK293) (ATCC® CRL-1573™) and murine 

lung epithelial 12 cells (MLE12) (ATCC® CRL-2110™) were maintained at 37°C and 

5% carbon dioxide. HEK293 cells were grown in high glucose DMEM (HyClone™ 

SH30022.01) with 10% cosmic calf serum (HyClone™ SH30087), 2mM L-glutamine, 

and 1% pen-strep. MLE12 cells were grown in DMEM/F12 1:1 media including HEPES 

(HyClone™ SH30261) with the addition of 2% fetal bovine serum (HyClone™ 

SH30088), Insulin-Transferrin-Selenium (Gibco™ 41400045) to a final concentration of 

1x (equating to Insulin 0.005 mg/mL, transferrin 0.01 mg/mL, sodium selenite 30 nM), 

10 nM hydrocortisone (Sigma H6909), 10 nM Beta-estradiol (Sigma E2758), 2mM L-

glutamine and 1% pen-strep. 

4.4.4 Western blotting 

 Cells were harvested, and lysates prepared by digestion in RIPA buffer for 30 

minutes on ice. Next, samples were centrifuged at 17,000g for 20 minutes at 4°C, and 

supernatant was collected. Samples were loaded onto a 7% polyacrylamide gel, and 

run at 110V for 1.5 hours, and then transferred to a PVDF (polyvinylidene difluoride) at 

100V for 1.5 hour at 4°C in a Tris running buffer containing 0.1% w/v SDS. Membranes 

were then washed in PBS plus 1% Tween20 (PBST) three times, and blocked in a 

PBST plus 5% dry nonfat milk solution (PBSTM) for 1 hour with rotation. Membranes 

were then incubated overnight with rotation at 4°C in rabbit anti-HA (Cell Signaling 

3724). The next day, membranes were washed in PBST three times and then incubated 

at room temperature for 1 hour with rotation in PBSTM with 1:4000 goat anti-rabbit 

horseradish peroxidase conjugated secondary antibody (Life Sciences 1571722). 

Membranes were then washed in PBST two times, PBS once, then covered in 

Horseradish peroxidase (HRP) substrate (Luminata WBLUF0100) and imaged using a 

Bio Rad Chemidoc.   
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4.4.5 Guide RNA development in silico  

Potential gRNA sites were determined using CHOPCHOP software 287,288. 

CHOPCHOP was used to search downstream and adjacent to the murine SP-C stop 

codon, using the parameters of a SaCas9 specific NGGRRT PAM, 20-21 nucleotides in 

length, and beginning with guanine for expression from the U6 promoter. gRNAs were 

ranked by CHOPCHOP based on estimated cutting efficiency, number of mismatches, 

existence of self-complementary regions and GC content. Seven total gRNAs (gRNA5, 

gRNA6, gRNA7, gRNA8, gRNA9, gRNA10, gRNA12) were selected and further 

assessed for off-targets by Cas-OFFinder327 software. Off-targets for each gRNA were 

ranked based on number of mismatched base pairs between the gRNA and genome, 

and the location of those mismatches (mismatches closer to the PAM being more likely 

to disrupt gRNA targeted Cas9 cutting). The top three off-targets for gRNA5 and gRNA9 

were further examined for genome locations and possible feature disruptions through 

Mouse Genome Informatics328–330 and Genome Data Viewer (National Center for 

Biotechnology Information).  

4.4.6 Determination of gRNA on-target cutting efficiencies  

 gRNA on-target cutting efficiencies were determined using a modified T7 

endonuclease I assay. First, MLE12 cells were transfected in a 12-well dish with px601-

sg5 to px601-sg12 plasmids using Lipofectamine™ 3000 (Invitrogen L3000001) to 

induce INDELS caused by Cas9-gRNA. At 48h post transfection, cells were harvest and 

DNA was extracted using a QIAamp DNA mini kit (Qiagen 51304) and eluted in 200uL 

of molecular grade H20. Next, a 1kb region surrounding the gRNA on-target location 

was amplified using Q5 polymerase (NEB M0492). Primers used can be seen in 

supplementary table 4. Amplified regions from the transfected MLE12 genome were 

then purified by ethanol precipitation, and individually reannealed to introduce 

mismatches at Cas9-gRNA cut locations using the thermocycler conditions: 37°C for 

30mins, 95°C for 10 minutes, then a decrease from 95°C to 85°C at -1°C/second, 85°C-

25°C at -0.1°C/second, and held at 4°C. Hybridized PCR products then underwent 

digestion for 1 hour at 37°C by T7 endonuclease I (NEB M0302) to cleave at 
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mismatches. Fragments were then analyzed by gel electrophoresis, as well as on a 

2100 Bioanalyzer, donated by Agilent, with DNA 1000 chips at the Advanced Analysis 

Center, Genomics Facility, University of Guelph, ON. Bioanalyzer results were 

normalized to apparent MLE12 transfection efficiency with a pCAG-GFP plasmid 

following calculation using the formula provided by New England BioLabsinc: 

%gene modification = 100 x (1-(1-fraction cleaved)1/2)    

4.4.7 Determination of gRNA off-target cutting efficiencies  

 gRNA off-target cutting efficiencies were determined using a TIDE 

DEcomposition assay 331 (https://tide.nki.nl/). First, MLE12 cells were transfected in a 

12-well dish with px601-sg5 to px601-sg12 plasmids using Lipofectamine™ 3000 

(Invitrogen L3000001) to induce INDELS caused by Cas9-gRNA. At 48h post 

transfection, cells were harvest and DNA was extracted using a QIAamp DNA mini kit 

(Qiagen 51304) and eluted in 200uL of molecular grade H20. Next, a 1kb region 

surrounding the gRNA off-target location was amplified using Q5 polymerase (NEB 

M0492). Primers used can be seen in supplementary table 4. Amplified regions from the 

transfected MLE12 genome were then gel extraction using a NucleoSpin® Gel and PCR 

Clean-Up kit (Takara #40609) and then sequenced at the Advanced Analysis Center, 

Genomics Facility, University of Guelph, ON, using an Applied Biosystems 3730 DNA 

analyzer. Sequence traces from transfected MLE12 gDNA and control MLE12 gDNA 

were analyzed using TIDE DEcomposition software 331 (https://tide.nki.nl/) to track 

INDELs produced at selected off-target locations, using parameters of max INDEL size 

of 10 bp, and maximum decomposition window size based on trace length.  

4.4.8 AAV production 

 AAV production was performed by dual plasmid calcium phosphate transfection 

of HEK293 cells, followed by heparin column purification. First, packaging plasmid, 

pDGM6.2ff and AAV genomic plasmids were produced in GT116 E. coli and purified 

through QIAGEN maxi prep kits. Next, HEK293 cells were expanded, and co-cultured 

into 40 x 15cm dishes. Once cells reached ~90% confluency, they were cotransfected 
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with both the packaging plasmid and genome plasmid. Transfection conditions for one 

15cm dish proceeded as follows. First, 22.5µg of the genome plasmid and 45µg of 

packagin plasmid were diluted in 250µl of 2.5M CaCl2, and qs. to 2.5mL. Next, 2.5mL of 

2x Hepes-Buffered Saline pH7.0 was added drop-wise to the plasmid containing 

solution, while swirling it. The combined solution was incubated at room temperature for 

10mins, and then added drop-wise to 293 cells. Cell media was changed 4-12 hours 

later with serum free DMEM. Cells and supernatant were harvest on the 5th day post 

transfection, freeze-thawed three times, and clarified through centrifugation at 18,000g 

for 30 minutes followed by supernatant filtration through a 0.22 PES filter (Millipore 

GPWP14250). Column purification then proceeded, powered by a peristaltic pump 

through Cole Parmer MasterFlex Precision Tubing L/S 14. First, 20mL 1M NaOH was 

run through the tubing, followed by 100mL water then 100mL basal DMEM. Next, a 5mL 

HiTrap® Heparin High Performance column (GE Healthcare, 17-0407-03) was attached 

to the tubing, and 50mL basal DMEM was run through it at a flow rate of 1-2mL/minute. 

Clarified AAV supernatant was then run through the column, followed by wash steps of 

50mL HBSS without Mg2+ or Ca2+ , 25mL 0.5% N-lauroylsarcosine, 50mL HBSS without 

Mg2+  or Ca2+ , 50mL HBSS with Mg2+  and Ca2+ , then 50mL 200mM NaCl. Virus was 

then eluted with 25mL of 300mM NaCl and collected in 5mL fractions. Fractions 2 and 3 

were further concentrated using an Amicon Ultra-4 (100,000 NMWL) centrifugal device 

(UFC810024) that had been pretreated during the day with 5% Tween-20. AAV samples 

were then tittered using a Taqman qPCR assay, following the protocol outlined by 

Aurnhammer et al299, or stored at -80°C for long-term storage.   

4.4.9 Alkaline phosphatase histochemistry  

 Mouse lungs were perfused through the pulmonary artery with 10mL of cold 

PBS, and then inflated with 4% paraformaldehyde over 5 minutes with 25cm pressure. 

After 5 minutes, tracheas were tied using sutures. Lungs were then removed, placed in 

15mL of 4% paraformaldehyde and incubated for 4 hours with rotation. Next, lungs were 

washed three times for 15 minutes in PBS, heat inactivated at 65°C for 1hr, and then 

incubated in the dark overnight in an alkaline phosphatase buffer (100 mM Tris at pH 
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8.5, 100 mM NaCl, 50 mM MgCl2) with 100 X-PHOS (10 mg/mL 5-bromo-4-chloro- 3-

indolyl phosphate, Sigma) and 100 nitro blue tetrazolium chloride (50 mg/mL, 

Invitrogen). Lungs were then gradually dehydrated through 15 minute wash steps in 

30% ethanol, 50% ethanol, then finally 70% ethanol. Lungs were kept in 70% ethanol 

until processing and embedding in paraffin. After embedding, paraffin blocks were cut 

with a microtome, and slides prepared. Slides were then counter stained with eosin, 

covered with mounting medium and coverslips, allowed to harden overnight, then 

visualized microscopically. 

4.4.10 Lung tissue dissociation, staining and flow cytometry  

 Mice were euthanized and immediately the thorax was opened up, taking care 

not to puncture the lungs. Lungs were perfused through the pulmonary artery with 10mL 

cold PBS using a 21G, 1½ inch needle. A cannula was then inserted into the trachea, 

and 2mL of 10U/mL dispase II (D4693) was instilled through the cannula. The trachea 

was then tied off, removed, placed in 1mL of dispase II, and incubated at room 

temperature for 45 minutes. After 45 minutes, lungs were removed and placed into 

dishes containing 7mL of DMEM with DNAseI (D4527-10KU). Using small, curved 

forceps, lungs were teased apart. The 7mL of media with lung tissue was then rotated 

at room temperature for 5 minutes, and then filtered through 40µm cell strainers. Lung 

suspensions were then centrifuged at 500g for 5mins in a swinging bucket rotor. 

Supernatant was removed and pellets resuspended in 1ml of ACK lysis buffer (150 mM 

NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA in H2O, pH 7.2-7.4) and incubated at room 

temperature for 2mins. Next, 10mL of HBSS with Ca2+ and Mg2+ was added to 

neutralize ACK lysis buffer. Samples were then centrifuged at 500g for 5mins. 

Supernatant was removed, pellets resuspended in 200µl of FACS buffer (PBS with 1% 

BSA) and samples were transferred to a U-bottom 96well plate. Plates were centrifuged 

at 500g for 5mins. Samples were the resuspended in 50µl of FACS buffer and an anti-

mouse CD16/32 antibody (BioLegend® 101301) at a 1:100 dilution to block Fc domains, 

and incubated at 4°C in the dark for 20mins. Next, 150µl of FACS buffer was added to 

samples, and plates were centrifuged again at 500g for 5mins. Supernatant was 
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removed and samples were resuspended in 50µl total volume of FACS buffer containing 

primary antibodies of PE/Cy7 anti-mouse CD45.2 (BioLegend® 109829), and 

APC/Fire™ 750 anti-mouse CD326 (Ep-CAM) (BioLegend® 118229) at a 1:100 dilution, 

along with 5µl per sample of 7-AAD Viability Staining Solution (BioLegend® 420403) 

and incubated at 4°C in the dark for 20mins. Next, 150µl of FACS buffer was added to 

samples, and plates were spun down again at 500g for 5mins. Supernatant was 

removed and samples were resuspended in 200µl of FACS buffer then filtered through 

10µm filters into round bottom tubes. 400µl of FACS buffer was added to dilute each 

sample, and then analyzed on a FACSCanto II using BD FACSDiva software for 

processing and FlowJo v10 for analysis. Compensation was performed using the same 

antibodies with UltraComp eBeads™ Compensation Beads (Invitrogen 01-2222-41) 

following manufacturer protocol, and CAG-GFP transfected 293 cells.  

4.4.11 Lung tissue DNA extraction 

 Following tissue dissociation using Dispase II (see above), lung cells were lysed 

and genomic DNA extracted using a QIAamp DNA Mini Kit (Qiagen 51304) and 

amplified using Q5 polymerase (NEB M0492), both following the manufacturer’s 

instructions. Primers used can be seen in supplemental table 5. Following the nested 

PCR, samples were analyzed via gel electrophoresis and gel purified using the 

NucleoSpin® Gel and PCR Clean-Up kit (Takara 740609) to remove residual AAV 

repair template.  

4.4.12 Immunohistochemistry 

 Lungs were harvest inflated with 1mL of 3.2% paraformaldehyde and then 

removed and placed in 3.2% paraformaldehyde for 1 hour to fix. Lungs were then 

washed three times with cold PBS, then equilibrated overnight with 30% sucrose, then 2 

hours in 15% sucrose 50% OCT, then embed and frozen in 100% OCT embedding 

media. Sections were made and fixed onto slides. Next, a box was drawn around 

samples using a PAP pen. Slides were washed in PBS, then permealized for 10 

minutes in PBS with the addition of 1% triton x-100 (PBS-TR). Slides were again 
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washed in PBS, and then incubated in 0.3% H2O2 solution in PBS for 10 minutes. Next, 

slides were blocked in 5% BSA in PBS-TW for 2 hours, then rabbit anti-Pro-SPC 

antibody (Abcam ab90716) and chicken anti-GFP (Abcam ab-13970) were added to 

slides in 5% BSA PBS-TW at a 1:500 dilution, and incubated at 4°C in a humidity 

chamber overnight. The next day, slides were washed in PBS-TR, and then secondary 

antibodies of Alexa Fluor® 488 conjugated Goat anti-Rabbit (Invitrogen A-11034) and 

Alexa Fluor® 647 AffiniPure Donkey Anti-Chicken (Jackson Laboratories 703-605-155) 

were applied to slides in 5% BSA PBS-TW at a 1:200 dilution, and incubated at room 

temperature in a humidity chamber for 1 hour. Slides were then rinsed in PBS-TW, and 

a drop of ProLong™ Diamond Antifade Mountant with DAPI (ThermoFisher Scientific 

P36962) was added and slides were coverslipped and allowed to cure overnight in a 

light-sealed box. Slides were visualized on an Olympus Fluoview 500 confocal 

microscope. 

4.4.13 Mouse care and viral delivery  

 Mouse experiments were performed in compliance with the guidelines set forth 

by the Canadian Council on Animal Care. Efforts were made to minimize animal 

suffering. The Animal Care Committee at the University of Guelph approved all methods 

performed at the University of Guelph.  

For all mouse experiments bar influenza treatment studies, three-week old 

female BALB/c mice (Charles River Laboratories, Wilmington, MA) and ifnar-/- mice 

were housed at the University of Guelph in a specific pathogen-free isolation facility. 

Mice received AAV at differing doses and/or RS-1 (Sigma R9782) at 5.2 µg/mouse, 

intranasally under light anesthetic. Mice were euthanized on day 21-post viral delivery, 

and lungs were harvested. 

For mouse experiments requiring influenza treatment groups, C57BL/6 mice 

were bred and housed at the University of Pennsylvania in a specific pathogen-free 

isolation facility. Mice received AAV and/or PR8 influenza intranasally under light 

anesthetic. 2e11 vg of repair template AAV and 1e11 vg of each gRNA-Cas9 AAV were 
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delivered over two days, with the addition of 75 TCID50 units of PR8 influenza on the 

second day. Mice were euthanized on day 25-post viral delivery, and lungs were 

harvested. 

4.4.14 Statistical analysis 

 Statistical analysis and graphing was performed using Prism7 software. Data 

was compared using either a one-way ANOVA without matching or pairing, assuming 

Gaussian distribution and using Tukey’s multiple comparisons test, or by using 

unpaired, two-tailed T tests, again assuming Gaussian distribution.  
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4.6 Supplemental Figures and Tables 

gRNA Sequence PAM Target 
Mismatches 

Placement of  
mismatch from start 

of gRNA 

Chromosomal 
target 

Sg5 
 

GCCACCCGCTTGGGTC
CAGTG 

NGGRRT 0 / Chr14, 70521154 
NNNRRT 3 4, 10, 16 chr4, 63095328 
NNGRRT 3 11, 18, 19 chr15, 73716806 
NNGRRT 3 11, 14, 20 chr6, 88516080 

Sg6 GGTGTCTCTCCTACGG
GCCAG 

NGGRRT 0 / chr14, 70520980 
NNGRRT 3 2, 10, 16 chr12, 91551719 

Sg7 GGGACTGAAGAAGCC
ACCCGC 

NNGRRT 0 / chr14, 70521142 
NNNRRT 3 7, 11, 16 chr5, 37444850 
NNNRRT 3 2, 4, 19 chrX, 8204332 
NNNRRT 3 1, 2, 11 chr11, 95234973 

Sg8 GTCAGTGGTCTCGGGA
GCTCG 

NNGRRT 0 / chr14, 70521198 
NNNRRT 3 13, 15, 21 chr10, 96584444 

Sg9 GAAAGGTACTGTTGCT
CACCT 

NNGRRT 0 / chr14, 70521297 
NNNRRT 2 7, 10 chr7, 128008466 
NNGRRT 3 8, 15, 19 chr15, 69691544 
NNNRRT 3 6, 16, 17 chr9, 34279761 

Sg10 GTCTCGGGAGCTCGGA
GGATG 

NNGRRT 0 / chr14, 70521191 
NNNRRT 3 1, 9, 16 chr13, 8870806 
NNNRRT 3 2, 3, 5 chr2, 16881652 
NNNRRT 3 5, 13, 20 chr10, 77560061 

Sg12 CACCGCAGGTGAGCAA
CAGTACCTTT 

NNGRRT 0 / chr14, 70521319 
NNGRRT 3 4, 17, 21 chr13, 90817128 

Supplementary table 1. Assessed gRNA target sites 
gRNA sites were initially formulated using CHOPCHOP software based on estimated cutting efficiency, 
number of mismatches, existence of self-complementary regions and GC content 287,288. gRNA sites were 
chosen to cut downstream, but as near as possible, to the SP-C stop codon so as to facilitate efficient 
gene insertion without disrupting SP-C gene expression if gene insertion did not occur. Seven total 
gRNAs (gRNA5, gRNA6, gRNA7, gRNA8, gRNA9, gRNA10, gRNA12) were selected and initially 
assessed for off-targets by Cas-OFFinder software 327, searching within bounds of 3 or less mismatches, 
using PAM of NNNRRT, and species mouse.  
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Supplementary figure 1. Optimization of on-target gRNA cutting by T7E1 assay 
A T7 endonuclease I assay was then performed in MLE12 cells to estimate on-target cutting of sgRNAs 
5-10 and sgRNA12. After transfection, DNA extraction, PCR amplification and then reannealing, DNA 
products were digested at mismatches with T7 endonuclease I and analyzed via gel electrophoresis and 
bioanalyzing. On-target cutting was calculated and displayed as % modification per transfected cell. 
gRNA5, gRNA6, gRNA9 and gRNA10 were the most efficient cutters, leading to 20.6%, 20.5%, 33.8% 
and 20.8% modification per transfected cell, respectively. gRNA7 and gRNA8 cut with lower efficiency 
17.6% and 9.7% displayed as % modification per transfected cell, and gRNA12 cut at a level below 
detection.gRNA9 and gRNA12 displayed very different cutting efficiencies, despite having a similar PAM 
and both being the nearest the transcriptionally active SP-C cDNA. Additively, in general sgRNA5 
appeared to have no gain in cutting efficiency over the other gRNAs, despite being the sole cutter utilizing 
the PAM NGGRRT instead of NNGRRT.  

 

 

gRNA Sequence Chromosomal 
target 

Feature type  
(gene) 

Sg5 
 

GCCACCCGCTTGGG
TCCAGTG 

Chr14, 70 521 154 On target 
(Surfactant protein C) 

chr4, 63 095 328 Gene coding  
(zinc finger protein 

618) 
chr15, 73 716 806 Non coding 
chr6, 88 516 080 Gene non coding 

(Sec61 alpha 1 
subunit) 

Sg9 GAAAGGTACTGTTG
CTCACCT 

chr14, 70 521 297 On target 
(Surfactant protein C) 

chr7, 128 008 466 Gene coding  
(tripartite motif-
containing 72) 

chr15, 69 691 544 Non coding 
chr9, 34 279 761 Non coding 

Supplementary table 2. Potential on- and off-target feature types of gRNA5 and gRNA9. 
Chromosomal target locations were determined via Cas-OFFinder software 327, searching within bounds 
of 3 or less mismatches, using PAM of NNNRRT, and species mouse. Feature types of chromosomal 
target were determined Mouse Genome Informatics 328–330 and Genome Data Viewer (National Center for 
Biotechnology Information). 
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 On-Target Off-Target 
 Chr14 Sg5chr4 Sg5chr6 Sg9chr7 Sg9chr9 Sg9chr15 

Sg5 9.6 0.8% 7.0% / / / 
Sg9 20.2% / / 0.7% 3.2% 2.8% 

Supplementary table 3. Estimated off-target cutting based on percent INDEL production efficiency 
determined by TIDE analysis of sequencing chromatographs. 
Off-target cutting was assessed using a TIDE assay 331 which determined that the selected gRNAs 
displayed low off-target cutting efficiencies compared to on-target cutting.  

 

 

 

Target Primer 

On target  F: GAGAGCATCCCTAGTCTTGAG 
R: GAGCTTCTGCTAGAAGCCG 

gRNA5 chr 4, 63 095 328 F: CAAGCCATTCATCTGTAGAATG 
R: CATGTTCCAGACACTGTGT 

gRNA5 chr6, 88 516 080 F: CACAGATGAAGCCAAACAAGA 
R: GCTGTCTGTCAGACCTGT 

gRNA5 chr15, 73 716 806 F: GTCCTCTCATGGCAGAGAT 
R: CTAGTCCTCTGTGGAGGAT 

gRNA9 chr7, 128 008 466 F: GACAGAATTCCTCATGGTGAG 
R: ACATGAGTGCATGCAATACC 

gRNA9 chr9, 34 279 761 F: GCTCCAGCTACAGTGTTCAT 
R: CTGAAGCACTCATTGTTGAATC 

gRNA9 chr15, 69 691 544 F: GTCTTTCTGCTTTCCCTCAC   
R: GCCTTCTCACCAGAGGTAT 

Supplementary table 4. Primers used to amplify estimated off-target sites for TIDE assay. 
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Supplementary figure 2. Low-dose knock-in of GFP with the AAV-CRISPR platform. 
(a) Molecular mechanism for promoterless gene insertion behind the endogenous SP-C promoter using 
AAV6.2FF-CRISPR-GFP. (b) Mice received 3e10vg repair template, and 3e10vg of each gRNA with 
Cas9, all vectorized individually with AAV6.2FF. At 21 days post-transduction, mice were euthanized and 
lungs processed for flow cytometry. GFP-expression was then measured in CD45 negative, EpCAM 
positive lung epithelial cells. Results were analyzed via a one-way ANOVA and found to be not significant 
by Tukey’s multiple comparison test.  

 

 

 

Use Primer Sequence Binds in AAV 
repair template? 

Screen PCR SPC Nested 2 Forward CGTTGTCGTGGTGATTGTAGG NO 
 wtGFP Screen Reverse GGTCTGCTAGTTGAACGCTTC YES 
Nested PCR SPC Nested 3 Forward GCCTAGTGTGATAACCATCGATTGC NO 
 wtGFP Nested Reverse GTAGTGACAAGTGTTGGCCATG YES 

Supplementary table 5. Summary of primers used for the nested touchdown PCRs used to confirm 
location of In Vivo knock-in of GFP.  
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5 General Summary and Discussion 

5.1 Overview 

 We investigated three different gene therapy methods to be applied in treating 

monogenic lung surfactant dysfunctions: transient expression from a single AAV vector, 

split-vector delivery of two parts of a larger gene, and gene insertion of promoterless 

genes using AAV-CRISPR/Cas9. Each method is best used in different situations.  

 Transient expression of a gene from a single vector is most applicable to 

extending life of deficient individuals by replacing a faulty gene, with the end goal of 

receiving a lung transplant. This method is safer than gene-editing techniques, as it 

doesn’t involve manipulating the genome, yet is transient with effects eventually fading 

away. Other studies have applied differing transient expression strategies employing 

electroporation 332 or mRNA 297,298 delivery of SP-B, and have seen extended survival in 

a deficient mouse model. We applied this method using AAV6.2FF in the treatment of 

SP-B deficient mice and also found prolonged survival, however, even treated mice 

eventually succumbed to the genetic disease. The average wait for an infant requiring a 

lung transplant is 76 days before they receive the organ 75,312, but ultimately 30% of 

infants suffering from genetic surfactant deficiency will die before they receive 

transplanted lungs 75. We saw survival in mice extended by over a month upon low-

dose delivery of AAV6.2FF-SPBmyc. In newborns this extension may relate to more 

newborns living long enough to receive a lung transplant.  

 Split-vector delivery of two parts of a larger gene is a useful tool for delivering 

genes which exceed the 4.7 kb packaging constraints of AAV 97. Halbert et al first 

established this method and found split-vector delivery to facilitate gene expression in 

as many lung cells as an individual vector alone 115. Since then, split-vector delivery has 

been applied to diseases such as muscular dystrophy and retinal degeneration, 

achieving preclinical therapeutic effects in both cases 301–303. We applied split-vector 

techniques to ABCA3 deficiency to deliver the large ABCA3 cDNA in two parts with 

AAV6.2FF. We observed highly efficient expression of ABCA3-FLAG in the distal lung 
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of mice with approximately 1 epithelial cell per alveoli displaying ABCA3-FLAG 

expression. Similar to transient expression of SP-B, this expression of ABCA3-FLAG 

would likely fade over time, and may be used to extend life in the case of ABCA3 

deficiency, instead of correct the deficiency. 

 Lastly, gene insertion using AAV6.2FF-delivered CRISPR/Cas9 technology is 

best used to correct a disorder at the genetic level. Success of this platform, however, is 

largely dependent on the cell-type edited. Mahiny et al applied mRNA-delivered gene 

editing technology to SP-B deficiency and observed high knock-in rates and an 

extension of survival, but despite affecting the disorder at the genetic level, expression 

levels of SP-B faded and mice eventually reached endpoint 298. Therefore, in order for 

gene-editing technology to be of use, it must safely and specifically be delivered to the 

target cell type and edit progenitor cells. In the case of surfactant dysfunctions, ATII 

progenitor cells 325 must be targeted to correct the deficiency long-term. We used 

AAV6.2FF to target CRISPR/Cas9 to ATII cells of the lung and observed knock-in rates 

of 0.73% +/-  0.19 SEM of promoterless transgene expressed from the endogenous SP-

C promoter. Additionally, we observed that the gene-edited population of lung epithelial 

cells was able to proliferate upon lung injury, and further express the inserted transgene 

in daughter cells. This expansion suggests that in a disease model, insertion of a 

therapeutic gene with AAV6.2FF-CRISPR/Cas9 may result in positive selection of 

proliferation of those edited cells. However, off-target effects and low knock-in 

efficiencies are roadblocks that must be overcome to further this platform.  

5.2 Future Directions 

Future work will be focused on survival and functional studies with transiently 

expressed SP-B and ABCA3, and studies investigating cell type targeted by AAV6.2FF-

CRISPR/Cas9; does this system target progenitor cells? AAV6.2FF will be delivered in 

increasing doses to SP-B deficient mice while assessing SP-B expression, SP-C 

processing, lamellar body structure, and overall lung function. Split-vector deliver of 

AAV6.2FF-ABCA3-FLAG will be used in an ABCA3 deficient mouse model, and survival 
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will be assessed. Further, these vectors will be characterized for functionality in terms of 

lamellar body structure and surfactant lipid quantity in the lung following delivery. 

Escalating doses will be studied to determine the optimal dose of split-vector ABCA3 

required for efficient recombination and expression. The feasibility of readministering 

AAV6.2FF to the lung will also be explored. The gene-editing AAV6.2FF-CRISPR/Cas9 

platform will be further assessed for safety and off-target affects via deep sequencing, 

and targeted cells will be elucidated. As previously mentioned, we observed clusters of 

GFP-positive ATII cells following gene insertion and lung injury with PR8. We desire to 

determine whether these clustered cells are a type of lung progenitor cell and if so, are 

they alveoli resident, where do they originate from, and are they capable of expansion in 

the context of lung surfactant dysfunction?  

AAV6.2FF-SPBmyc, split-vector ABCA3, and AAV6.2FF-CRISPR/Cas9 are 

currently being further tested by collaborators who seek to use them clinically to treat 

surfactant dysfunction in newborns.  

 

 

 

 

 

 

 

 

 

 



 

 

 

 

96 

6 References 
1. Wert, S. E., Whitsett, J. A. & Nogee, L. M. Genetic disorders of surfactant 

dysfunction. Pediatr. Dev. Pathol. 12, 253–74 (2009). 

2. Kurath-Koller, S., Resch, B., Kraschl, R., Windpassinger, C. & Eber, E. Surfactant 
Protein B Deficiency Caused by Homozygous C248X Mutation-A Case Report 
and Review of the Literature. AJP Rep. 5, e53–9 (2015). 

3. Nogee, L. M. et al. A mutation in the surfactant protein B gene responsible for 
fatal neonatal respiratory disease in multiple kindreds. J. Clin. Invest. 93, 1860–3 
(1994). 

4. Nogee, L. M., deMello, D. E., Dehner, L. P. & Colten, H. R. Deficiency of 
Pulmonary Surfactant Protein B in Congenital Alveolar Proteinosis. N. Engl. J. 
Med. 328, 406–410 (1993). 

5. Bullard, J. E., Wert, S. E., Whitsett, J. A., Dean, M. & Nogee, L. M. ABCA3 
mutations associated with pediatric interstitial lung disease. Am. J. Respir. Crit. 
Care Med. 172, 1026–31 (2005). 

6. Nogee, L. M. et al. A Mutation in the Surfactant Protein C Gene Associated with 
Familial Interstitial Lung Disease. N. Engl. J. Med. 344, 573–579 (2001). 

7. Gower, W. A. & Nogee, L. M. Surfactant dysfunction. Paediatr. Respir. Rev. 12, 
223–9 (2011). 

8. Alveoli: Gas Exchange and Host Defense. in Functional Ultrastructure 224–225 
(Springer-Verlag). doi:10.1007/3-211-26392-6_116 

9. Ochs, M. et al. The Number of Alveoli in the Human Lung. Am. J. Respir. Crit. 
Care Med. 169, 120–124 (2004). 

10. Payne, K. & Wellikoff, A. Alveolar structure and function. (San Rafael, Calif., 
2013). 

11. Zacharias, W. J. et al. Regeneration of the lung alveolus by an evolutionarily 
conserved epithelial progenitor. Nature (2018). doi:10.1038/nature25786 

12. Nabhan, A., Brownfield, D. G., Harbury, P. B., Krasnow, M. A. & Desai, T. J. 
Single-cell Wnt signaling niches maintain stemness of alveolar type 2 cells. 
Science eaam6603 (2018). doi:10.1126/science.aam6603 

13. Neergaard, V. New notions on a fundamental principle of respiratory mechanics: 
the retractile force of the lung, dependent on the surface tension in the alveoli. 
Zeitschrift fur Gesundh. und Exp. Medizin 66, 373–394 (1929). 



 

 

 

 

97 

14. Gruenwald, P. Surface tension as a factor in the resistance of neonatal lungs to 
aeration. Am. J. Obstet. Gynecol. 53, 996–1007 (1947). 

15. Pattle, R. E. & Thomas, L. C. Lipoprotein Composition of the Film lining the Lung. 
Nature 189, 844–844 (1961). 

16. Pattle, R. E. Properties, Function and Origin of the Alveolar Lining Layer. Nature 
175, 1125–1126 (1955). 

17. Bondurant, S. & Miller, D. A. A method for producing surface active extracts of 
mammalian lungs. J. Appl. Physiol. 17, 167–168 (1962). 

18. Miller, D. A. & Bondurant, S. Surface characteristics of vertebrate lung extracts. J. 
Appl. Physiol. 16, 1075–1077 (1961). 

19. Clements, J. A. Surface phenomena in relation to pulmonary function. 
Physiologist 5, 11–28 (1962). 

20. Whitsett, J. A. Composition of Pulmonary Surfactant Lipids and Proteins. in Fetal 
and Neonatal Physiology 1005–1013 (Elsevier, 2004). doi:10.1016/B978-0-7216-
9654-6.50103-X 

21. Veldhuizen, R., Nag, K., Orgeig, S. & Possmayer, F. The role of lipids in 
pulmonary surfactant. Biochim. Biophys. Acta 1408, 90–108 (1998). 

22. Kishore, U. et al. Surfactant proteins SP-A and SP-D: Structure, function and 
receptors. Mol. Immunol. 43, 1293–1315 (2006). 

23. Lawson, P. R. & Reid, K. B. The roles of surfactant proteins A and D in innate 
immunity. Immunol. Rev. 173, 66–78 (2000). 

24. Kuroki, Y. & Akino, T. Pulmonary surfactant protein A (SP-A) specifically binds 
dipalmitoylphosphatidylcholine. J. Biol. Chem.  266, (1991). 

25. Ogasawara, Y., Kuroki, Y. & Akino, T. Pulmonary surfactant protein D specifically 
binds to phosphatidylinositol. J. Biol. Chem. 267, (1992). 

26. Herbein, J. F., Savov, J. & Wright, J. R. Binding and uptake of surfactant protein 
D by freshly isolated rat alveolar type II cells. Am. J. Physiol. Cell. Mol. Physiol. 
278, L830–L839 (2000). 

27. Botas, C. et al. Altered surfactant homeostasis and alveolar type II cell 
morphology in mice lacking surfactant protein D. Proc. Natl. Acad. Sci. U. S. A. 
95, 11869–74 (1998). 

28. Yoshida, M. & Whitsett, J. A. Alveolar macrophages and emphysema in surfactant 



 

 

 

 

98 

protein-D-deficient mice. Respirology 11, S37–S40 (2006). 

29. Weaver, T. E. Synthesis, processing and secretion of surfactant proteins B and C. 
Biochim. Biophys. Acta 1408, 173–9 (1998). 

30. Korimilli, A., Gonzales, L. W. & Guttentag, S. H. Intracellular localization of 
processing events in human surfactant protein B biosynthesis. J. Biol. Chem. 275, 
8672–9 (2000). 

31. Ueno, T. et al. Processing of pulmonary surfactant protein B by napsin and 
cathepsin H. J. Biol. Chem. 279, 16178–84 (2004). 

32. Pryhuber, G. S. Regulation and Function of Pulmonary Surfactant Protein B. Mol. 
Genet. Metab. 64, 217–228 (1998). 

33. Nogee, L. M. Alterations in SP-B and SP-C Expression in Neonatal Lung Disease. 
Annu. Rev. Physiol. 66, 601–623 (2004). 

34. Gustafsson, M., Vandenbussche, G., Curstedt, T., Ruysschaert, J.-M. & 
Johansson, J. The 21-residue surfactant peptide (LysLeu4)4Lys(KL4) is a 
transmembrane α-helix with a mixed nonpolar/polar surface. FEBS Lett. 384, 
185–188 (1996). 

35. Clark, J. C. et al. Targeted disruption of the surfactant protein B gene disrupts 
surfactant homeostasis, causing respiratory failure in newborn mice. Cell Biol. 92, 
7794–7798 (1995). 

36. Vorbroker, D. K., Profitt, S. A., Nogee, L. M. & Whitsett, J. A. Aberrant processing 
of surfactant protein C in hereditary SP-B deficiency. Am. J. Physiol. Cell. Mol. 
Physiol. 268, L647–L656 (1995). 

37. Yamano, G. et al. ABCA3 is a lamellar body membrane protein in human lung 
alveolar type II cells. FEBS Lett. 508, 221–5 (2001). 

38. Ban, N. et al. ABCA3 as a lipid transporter in pulmonary surfactant biogenesis. J. 
Biol. Chem. 282, 9628–34 (2007). 

39. Ryan, U. S., Ryan, J. W. & Smith, D. S. Alveolar type II cells: studies on the mode 
of release of lamellar bodies. Tissue Cell 7, 587–99 (1975). 

40. Bates, S. R., Tao, J.-Q., Schaller, S., Fisher, A. B. & Shuman, H. Lamellar body 
membrane turnover is stimulated by secretagogues. Am. J. Physiol. Cell. Mol. 
Physiol. 278, L443–L452 (2000). 

41. Serrano, A. G. & Pérez-Gil, J. Protein–lipid interactions and surface activity in the 
pulmonary surfactant system. Chem. Phys. Lipids 141, 105–118 (2006). 



 

 

 

 

99 

42. Hawgood, S., Derrick, M. & Poulain, F. Structure and properties of surfactant 
protein B. Biochim. Biophys. Acta 1408, 150–60 (1998). 

43. Veldhuizen, R. & Possmayer, F. Phospholipid metabolism in lung surfactant. 
Subcell. Biochem. 37, 359–88 (2004). 

44. Nogee, L. M., deMello, D. E., Dehner, L. P. & Colten, H. R. Deficiency of 
Pulmonary Surfactant Protein B in Congenital Alveolar Proteinosis. N. Engl. J. 
Med. 328, 406–410 (1993). 

45. Herman, T. E., Nogee, L. M., McAlister, W. H. & Dehner, L. P. Surfactant protein 
B deficiency: radiographic manifestations. Pediatr. Radiol. 23, 373–5 (1993). 

46. Tredano, M. et al. Compound SFTPb 1549C→GAA (12 lins2) and 457delC 
heterozygosity in severe congenital lung disease and surfactant protein B (SP-B) 
deficiency. Hum. Mutat. 14, 502–509 (1999). 

47. Tredano, M. et al. Analysis of 40 sporadic or familial neonatal and pediatric cases 
with severe unexplained respiratory distress: Relationship toSFTPB. Am. J. Med. 
Genet. 119A, 324–339 (2003). 

48. deMello, D. E. et al. Ultrastructure of lung in surfactant protein B deficiency. Am. 
J. Respir. Cell Mol. Biol. 11, 230–239 (1994). 

49. Stahlman, M. T., Gray, M. P., Falconieri, M. W., Whitsett, J. A. & Weaver, T. E. 
Lamellar body formation in normal and surfactant protein B-deficient fetal mice. 
Lab. Invest. 80, 395–403 (2000). 

50. Nogee, L. M., Wert, S. E., Proffit, S. A., Hull, W. M. & Whitsett, J. A. Allelic 
Heterogeneity in Hereditary Surfactant Protein B (SP-B) Deficiency. Am. J. 
Respir. Crit. Care Med. 161, 973–981 (2000). 

51. Li, J. et al. N-Terminally Extended Surfactant Protein (SP) C Isolated from SP-B-
Deficient Children Has Reduced Surface Activity and Inhibited Lipopolysaccharide 
Binding. Biochemistry 43, 3891–3898 (2004). 

52. Akei, H. et al. Surface tension influences cell shape and phagocytosis in alveolar 
macrophages. Am. J. Physiol. Cell. Mol. Physiol. 291, L572–L579 (2006). 

53. Chakraborty, M. & Kotecha, S. Pulmonary surfactant in newborn infants and 
children. Breathe 9, 476–488 (2013). 

54. Soraisham, A. S., Tierney, A. J. & Amin, H. J. Neonatal respiratory failure 
associated with mutation in the surfactant protein C gene. J. Perinatol. 26, 67–70 
(2006). 



 

 

 

 

100 

55. Deutsch, G. H. et al. Diffuse Lung Disease in Young Children. Am. J. Respir. Crit. 
Care Med. 176, 1120–1128 (2007). 

56. Glasser, S. W. et al. Pneumonitis and Emphysema in sp-C Gene Targeted Mice. 
J. Biol. Chem. 278, 14291–14298 (2003). 

57. Lawson, W. E. et al. Increased and Prolonged Pulmonary Fibrosis in Surfactant 
Protein C-Deficient Mice Following Intratracheal Bleomycin. Am. J. Pathol. 167, 
1267–1277 (2005). 

58. Glasser, S. W. et al. Macrophage dysfunction and susceptibility to pulmonary 
Pseudomonas aeruginosa infection in surfactant protein C-deficient mice. J. 
Immunol. 181, 621–8 (2008). 

59. Kabore, A. F., Wang, W. J., Russo, S. J. & Beers, M. F. Biosynthesis of surfactant 
protein C: characterization of aggresome formation by EGFP chimeras containing 
propeptide mutants lacking conserved cysteine residues. J. Cell Sci. 114, 293–
302 (2001). 

60. Wang, W.-J., Mulugeta, S., Russo, S. J. & Beers, M. F. Deletion of exon 4 from 
human surfactant protein C results in aggresome formation and generation of a 
dominant negative. J. Cell Sci. 116, 683–92 (2003). 

61. Liu, T., Sano, K., Ogiwara, N. & Kobayashi, N. A novel surfactant protein C L55F 
mutation associated with interstitial lung disease alters subcellular localization of 
proSP-C in A549 cells. Pediatr. Res. 79, 27–33 (2016). 

62. Thomas, A. Q. et al. Heterozygosity for a Surfactant Protein C Gene Mutation 
Associated with Usual Interstitial Pneumonitis and Cellular Nonspecific Interstitial 
Pneumonitis in One Kindred. Am. J. Respir. Crit. Care Med. 165, 1322–1328 
(2002). 

63. Brasch, F. et al. Interstitial lung disease in a baby with a de novo mutation in the 
SFTPC gene. Eur. Respir. J. 24, 30–9 (2004). 

64. de Jong, P., Lequin, M., Mayo, J., Paré, P. & Tiddens, H. Variable phenotype 
associated with SP-C gene mutations: fatal case with the 173T mutation. Eur 
Respir J 24, (2004). 

65. Mulugeta, S. et al. Misfolded BRICHOS SP-C mutant proteins induce apoptosis 
via caspase-4- and cytochrome c -related mechanisms. Am. J. Physiol. Cell. Mol. 
Physiol. 293, L720–L729 (2007). 

66. Mulugeta, S., Nguyen, V., Russo, S. J., Muniswamy, M. & Beers, M. F. A 
Surfactant Protein C Precursor Protein BRICHOS Domain Mutation Causes 
Endoplasmic Reticulum Stress, Proteasome Dysfunction, and Caspase 3 



 

 

 

 

101 

Activation. Am. J. Respir. Cell Mol. Biol. 32, 521–530 (2005). 

67. Shulenin, S. et al. ABCA3 Gene Mutations in Newborns with Fatal Surfactant 
Deficiency. N. Engl. J. Med. 350, 1296–1303 (2004). 

68. Bruder, E. et al. Ultrastructural and molecular analysis in fatal neonatal interstitial 
pneumonia caused by a novel ABCA3 mutation. Mod. Pathol. 20, 1009–1018 
(2007). 

69. Nogee, L. M. Genetics of pediatric interstitial lung disease. Curr. Opin. Pediatr. 
18, 287–292 (2006). 

70. Garmany, T. H. et al. Population and Disease-Based Prevalence of the Common 
Mutations Associated With Surfactant Deficiency. Pediatr. Res. 63, 645–649 
(2008). 

71. Brasch, F. et al. Alteration of the Pulmonary Surfactant System in Full-Term 
Infants with Hereditary ABCA3 Deficiency. Am. J. Respir. Crit. Care Med. 174, 
571–580 (2006). 

72. Fitzgerald, M. L. et al. ABCA3 inactivation in mice causes respiratory failure, loss 
of pulmonary surfactant, and depletion of lung phosphatidylglycerol. J. Lipid Res. 
48, 621–32 (2007). 

73. Hamvas, A. et al. Surfactant protein B deficiency: antenatal diagnosis and 
prospective treatment with surfactant replacement. J. Pediatr. 125, 356–61 
(1994). 

74. Hamvas, A., Nogee, L. M., deMello, D. E. & Cole, F. S. Pathophysiology and 
treatment of surfactant protein-B deficiency. Biol. Neonate 67 Suppl 1, 18–31 
(1995). 

75. Palomar, L. M. et al. Long-term outcomes after infant lung transplantation for 
surfactant protein B deficiency related to other causes of respiratory failure. J. 
Pediatr. 149, 548–553 (2006). 

76. Aneja, M. K. & Rudolph, C. Gene therapy of surfactant protein B deficiency. Curr. 
Opin. Mol. Ther. 8, 432–8 (2006). 

77. Yei, S. et al. Adenoviral-mediated gene transfer of human surfactant protein B to 
respiratory epithelial cells. Am. J. Respir. Cell Mol. Biol. 11, 329–336 (1994). 

78. Liu, Q. & Muruve, D. A. Molecular basis of the inflammatory response to 
adenovirus vectors. Gene Ther. 10, 935–940 (2003). 

79. Barnett, R. C. et al. Featured Article: Electroporation-mediated gene delivery of 



 

 

 

 

102 

surfactant protein B (SP-B) restores expression and improves survival in mouse 
model of SP-B deficiency. Exp. Biol. Med. 242, 1345–1354 (2017). 

80. Afelik, S. & Rovira, M. Pancreatic β-cell regeneration: Facultative or dedicated 
progenitors? Mol. Cell. Endocrinol. 445, 85–94 (2017). 

81. Hashimoto, N., Jin, H., Liu, T., Chensue, S. W. & Phan, S. H. Bone marrow-
derived progenitor cells in pulmonary fibrosis. J. Clin. Invest. 113, 243–52 (2004). 

82. Sage, E. K., Loebinger, M. R., Polak, J. & Janes, S. M. The role of bone marrow-
derived stem cells in lung regeneration and repair. StemBook (Harvard Stem Cell 
Institute, 2008). doi:10.3824/STEMBOOK.1.20.1 

83. Hong, K. U., Reynolds, S. D., Watkins, S., Fuchs, E. & Stripp, B. R. Basal cells 
are a multipotent progenitor capable of renewing the bronchial epithelium. Am. J. 
Pathol. 164, 577–88 (2004). 

84. Kim, C. F. B. et al. Identification of Bronchioalveolar Stem Cells in Normal Lung 
and Lung Cancer. Cell 121, 823–835 (2005). 

85. Driscoll, B., Buckley, S., Bui, K. C., Anderson, K. D. & Warburton, D. Telomerase 
in alveolar epithelial development and repair. Am. J. Physiol. Cell. Mol. Physiol. 
279, L1191–L1198 (2000). 

86. Kumar, P. A. et al. Distal Airway Stem Cells Yield Alveoli In Vitro and during Lung 
Regeneration following H1N1 Influenza Infection. Cell 147, 525–538 (2011). 

87. Vaughan, A. E. et al. Lineage-negative progenitors mobilize to regenerate lung 
epithelium after major injury. Nature 517, 621–625 (2014). 

88. Ray, S. et al. Rare SOX2+Airway Progenitor Cells Generate KRT5+Cells that 
Repopulate Damaged Alveolar Parenchyma following Influenza Virus Infection. 
Stem cell reports 7, 817–825 (2016). 

89. Xi, Y. et al. Local lung hypoxia determines epithelial fate decisions during alveolar 
regeneration. Nat. Cell Biol. 19, 904–914 (2017). 

90. Nogee, L. M. et al. A Mutation in the Surfactant Protein C Gene Associated with 
Familial Interstitial Lung Disease. N. Engl. J. Med. 344, 573–579 (2001). 

91. Berns, K. I. & Giraud, C. Biology of adeno-associated virus. Curr. Top. Microbiol. 
Immunol. 218, 1–23 (1996). 

92. Blacklow, N. R. et al. A seroepidemiologic study of adenovirus-associated virus 
infection in infants and children. Am. J. Epidemiol. 94, 359–66 (1971). 



 

 

 

 

103 

93. Berns, K. I. & Muzyczka, N. AAV: An Overview of Unanswered Questions. Hum. 
Gene Ther. 28, 308–313 (2017). 

94. Zincarelli, C., Soltys, S., Rengo, G. & Rabinowitz, J. E. Analysis of AAV Serotypes 
1–9 Mediated Gene Expression and Tropism in Mice After Systemic Injection. 
Mol. Ther. 16, 1073–1080 (2008). 

95. Penaud-Budloo, M. et al. Adeno-associated virus vector genomes persist as 
episomal chromatin in primate muscle. J. Virol. 82, 7875–85 (2008). 

96. Snyder, R. O. & Moullier, P. Adeno-associated virus : methods and protocols. 
(Springer Protocols, 2011). 

97. Rose, J. A., Hoggan, M. D. & Shatkin, A. J. Nucleic Acid from an Adeno-
Associated Virus: Chemical and Physical Studies. Proceedings of the National 
Academy of Sciences of the United States of America 56, 86–92 

98. Lusby, E., Fife, K. H. & Berns, K. I. Nucleotide sequence of the inverted terminal 
repetition in adeno-associated virus DNA. J. Virol. 34, 402–9 (1980). 

99. McLaughlin, S. K., Collis, P., Hermonat, P. L. & Muzyczka, N. Adeno-associated 
virus general transduction vectors: analysis of proviral structures. J. Virol. 62, 
1963–73 (1988). 

100. Qiu, J. & Pintel, D. Processing of adeno-associated virus RNA. Front. Biosci. 13, 
3101–15 (2008). 

101. Gottlieb, J. & Muzyczka, N. Substrate specificity of HeLa endonuclease R. A G-
specific mammalian endonuclease. J. Biol. Chem. 265, 10842–50 (1990). 

102. Haberman, R. P., McCown, T. J. & Samulski, R. J. Novel transcriptional 
regulatory signals in the adeno-associated virus terminal repeat A/D junction 
element. J. Virol. 74, 8732–9 (2000). 

103. Cathomen, T., Stracker, T. H., Gilbert, L. B. & Weitzman, M. D. A genetic screen 
identifies a cellular regulator of adeno-associated virus. Proc. Natl. Acad. Sci. U. 
S. A. 98, 14991–6 (2001). 

104. Ling, C. et al. Enhanced transgene expression from recombinant single-stranded 
D-sequence-substituted adeno-associated virus vectors in human cell lines in 
vitro and in murine hepatocytes in vivo. J. Virol. 89, 952–61 (2015). 

105. Berns, K. I. & Muzyczka, N. AAV: An Overview of Unanswered Questions. Hum. 
Gene Ther. 28, 308–313 (2017). 

106. Wang, X. S., Ponnazhagan, S. & Srivastava, A. Rescue and replication of adeno-



 

 

 

 

104 

associated virus type 2 as well as vector DNA sequences from recombinant 
plasmids containing deletions in the viral inverted terminal repeats: selective 
encapsidation of viral genomes in progeny virions. J. Virol. 70, 1668–77 (1996). 

107. Wang, X. S., Qing, K., Ponnazhagan, S. & Srivastava, A. Adeno-associated virus 
type 2 DNA replication in vivo: mutation analyses of the D sequence in viral 
inverted terminal repeats. J. Virol. 71, 3077–82 (1997). 

108. Xiao, X., Xiao, W., Li, J. & Samulski, R. J. A novel 165-base-pair terminal repeat 
sequence is the sole cis requirement for the adeno-associated virus life cycle. J. 
Virol. 71, 941–8 (1997). 

109. Wistuba, A., Weger, S., Kern, A. & Kleinschmidt, J. A. Intermediates of adeno-
associated virus type 2 assembly: identification of soluble complexes containing 
Rep and Cap proteins. J. Virol. 69, 5311–9 (1995). 

110. Prasad, K.-M. R. & Trempe, J. P. The Adeno-Associated Virus Rep78 Protein Is 
Covalently Linked to Viral DNA in a Preformed Virion. Virology 214, 360–370 
(1995). 

111. Dubielzig, R., King, J. A., Weger, S., Kern, A. & Kleinschmidt, J. A. Adeno-
associated virus type 2 protein interactions: formation of pre-encapsidation 
complexes. J. Virol. 73, 8989–98 (1999). 

112. Chejanovsky, N. & Carter, B. J. Mutagenesis of an AUG codon in the adeno-
associated virus rep gene: effects on viral DNA replication. Virology 173, 120–8 
(1989). 

113. Dong, J.-Y., Fan, P.-D. & Frizzell, R. A. Quantitative Analysis of the Packaging 
Capacity of Recombinant Adeno-Associated Virus. Hum. Gene Ther. 7, 2101–
2112 (1996). 

114. Wu, Z., Yang, H. & Colosi, P. Effect of Genome Size on AAV Vector Packaging. 
Mol. Ther. 18, 80–86 (2010). 

115. Halbert, C. L., Allen, J. M. & Miller, A. D. Efficient mouse airway transduction 
following recombination between AAV vectors carrying parts of a larger gene. Nat. 
Biotechnol. 20, 697–701 (2002). 

116. Flotte, T. R. et al. Expression of the cystic fibrosis transmembrane conductance 
regulator from a novel adeno-associated virus promoter. J. Biol. Chem. 268, 
3781–90 (1993). 

117. McCarty, D. M., Christensen, M. & Muzyczka, N. Sequences required for 
coordinate induction of adeno-associated virus p19 and p40 promoters by Rep 
protein. J. Virol. 65, 2936–45 (1991). 



 

 

 

 

105 

118. Cao, M., You, H. & Hermonat, P. L. The X Gene of Adeno-Associated Virus 2 
(AAV2) Is Involved in Viral DNA Replication. PLoS One 9, e104596 (2014). 

119. Sonntag, F., Schmidt, K. & Kleinschmidt, J. A. A viral assembly factor promotes 
AAV2 capsid formation in the nucleolus. Proc. Natl. Acad. Sci. U. S. A. 107, 
10220–5 (2010). 

120. Earley, L. F. et al. Adeno-associated Virus (AAV) Assembly-Activating Protein Is 
Not an Essential Requirement for Capsid Assembly of AAV Serotypes 4, 5, and 
11. J. Virol. 91, e01980–16 (2017). 

121. Stutika, C. et al. Comprehensive Small RNA-Seq of Adeno-Associated Virus 
(AAV)-Infected Human Cells Detects Patterns of Novel, Non-Coding AAV RNAs in 
the Absence of Cellular miRNA Regulation. PLoS One 11, e0161454 (2016). 

122. Stutika, C. et al. A Comprehensive RNA Sequencing Analysis of the Adeno-
Associated Virus (AAV) Type 2 Transcriptome Reveals Novel AAV Transcripts, 
Splice Variants, and Derived Proteins. J. Virol. 90, 1278–1289 (2016). 

123. Summerford, C. & Samulski, R. J. Membrane-associated heparan sulfate 
proteoglycan is a receptor for adeno-associated virus type 2 virions. J. Virol. 72, 
1438–45 (1998). 

124. Qing, K. et al. Human fibroblast growth factor receptor 1 is a co-receptor for 
infection by adeno-associated virus 2. Nat. Med. 5, 71–77 (1999). 

125. Kashiwakura, Y. et al. Hepatocyte Growth Factor Receptor Is a Coreceptor for 
Adeno-Associated Virus Type 2 Infection. J. Virol. 79, 609–614 (2005). 

126. Akache, B. et al. The 37/67-kilodalton laminin receptor is a receptor for adeno-
associated virus serotypes 8, 2, 3, and 9. J. Virol. 80, 9831–6 (2006). 

127. Summerford, C., Bartlett, J. S. & Samulski, R. J. αVβ5 integrin: a co-receptor for 
adeno-associated virus type 2 infection. Nat. Med. 5, 78–82 (1999). 

128. Asokan, A., Hamra, J. B., Govindasamy, L., Agbandje-McKenna, M. & Samulski, 
R. J. Adeno-Associated Virus Type 2 Contains an Integrin  5 1 Binding Domain 
Essential for Viral Cell Entry. J. Virol. 80, 8961–8969 (2006). 

129. Chen, S. et al. Efficient Transduction of Vascular Endothelial Cells with 
Recombinant Adeno-Associated Virus Serotype 1 and 5 Vectors. Hum. Gene 
Ther. 16, 235–247 (2005). 

130. Wu, Z., Miller, E., Agbandje-McKenna, M. & Samulski, R. J. 2,3 and  2,6 N-Linked 
Sialic Acids Facilitate Efficient Binding and Transduction by Adeno-Associated 
Virus Types 1 and 6. J. Virol. 80, 9093–9103 (2006). 



 

 

 

 

106 

131. Burger, C. et al. Recombinant AAV Viral Vectors Pseudotyped with Viral Capsids 
from Serotypes 1, 2, and 5 Display Differential Efficiency and Cell Tropism after 
Delivery to Different Regions of the Central Nervous System. Mol. Ther. 10, 302–
317 (2004). 

132. Wang, C., Wang, C.-M., Clark, K. R. & Sferra, T. J. Recombinant AAV serotype 1 
transduction efficiency and tropism in the murine brain. Gene Ther. 10, 1528–
1534 (2003). 

133. Xiao, W. et al. Gene therapy vectors based on adeno-associated virus type 1. J. 
Virol. 73, 3994–4003 (1999). 

134. Ling, C. et al. Strategies to generate high-titer, high-potency recombinant AAV3 
serotype vectors. Mol. Ther. - Methods Clin. Dev. 3, 16029 (2016). 

135. Davidson, B. L. et al. From the Cover: Recombinant adeno-associated virus type 
2, 4, and 5 vectors: Transduction of variant cell types and regions in the 
mammalian central nervous system. Proc. Natl. Acad. Sci. 97, 3428–3432 (2000). 

136. Weber, M. et al. Recombinant adeno-associated virus serotype 4 mediates 
unique and exclusive long-term transduction of retinal pigmented epithelium in rat, 
dog, and nonhuman primate after subretinal delivery. Mol. Ther. 7, 774–781 
(2003). 

137. Kaludov, N., Brown, K. E., Walters, R. W., Zabner, J. & Chiorini, J. A. Adeno-
Associated Virus Serotype 4 (AAV4) and AAV5 Both Require Sialic Acid Binding 
for Hemagglutination and Efficient Transduction but Differ in Sialic Acid Linkage 
Specificity. J. Virol. 75, 6884–6893 (2001). 

138. Walters, R. W. et al. Binding of Adeno-associated Virus Type 5 to 2,3-Linked 
Sialic Acid Is Required for Gene Transfer. J. Biol. Chem. 276, 20610–20616 
(2001). 

139. Zabner, J. et al. Adeno-associated virus type 5 (AAV5) but not AAV2 binds to the 
apical surfaces of airway epithelia and facilitates gene transfer. J. Virol. 74, 3852–
8 (2000). 

140. Pasquale, G. Di et al. Identification of PDGFR as a receptor for AAV-5 
transduction. Nat. Med. 9, 1306–1312 (2003). 

141. Wu, Z. et al. Single amino acid changes can influence titer, heparin binding, and 
tissue tropism in different adeno-associated virus serotypes. J. Virol. 80, 11393–7 
(2006). 

142. Weller, M. L. et al. Epidermal growth factor receptor is a co-receptor for adeno-
associated virus serotype 6. Nat. Med. 16, 662–4 (2010). 



 

 

 

 

107 

143. Ng, R. et al. Structural characterization of the dual glycan binding adeno-
associated virus serotype 6. J. Virol. 84, 12945–57 (2010). 

144. Blankinship, M. J. et al. Efficient transduction of skeletal muscle using vectors 
based on adeno-associated virus serotype 6. Mol. Ther. 10, 671–678 (2004). 

145. Wang, A. Y., Peng, P. D., Ehrhardt, A., Storm, T. A. & Kay, M. A. Comparison of 
Adenoviral and Adeno-Associated Viral Vectors for Pancreatic Gene Delivery In 
Vivo. Hum. Gene Ther. 15, 405–413 (2004). 

146. Loiler, S. A. et al. Localized Gene Expression Following Administration of Adeno-
associated Viral Vectors via Pancreatic Ducts. Mol. Ther. 12, 519–527 (2005). 

147. Wang, Z. et al. Adeno-associated virus serotype 8 efficiently delivers genes to 
muscle and heart. Nat. Biotechnol. 23, 321–328 (2005). 

148. Pan, X. et al. Long-term robust myocardial transduction of the dog heart from a 
peripheral vein by adeno-associated virus serotype-8. Hum. Gene Ther. 24, 584–
94 (2013). 

149. Gao, G. et al. Clades of Adeno-associated viruses are widely disseminated in 
human tissues. J. Virol. 78, 6381–8 (2004). 

150. Nakai, H. et al. Unrestricted hepatocyte transduction with adeno-associated virus 
serotype 8 vectors in mice. J. Virol. 79, 214–24 (2005). 

151. Nam, H.-J. et al. Structure of Adeno-Associated Virus Serotype 8, a Gene 
Therapy Vector. J. Virol. 81, 12260–12271 (2007). 

152. Shen, S., Bryant, K. D., Brown, S. M., Randell, S. H. & Asokan, A. Terminal N -
Linked Galactose Is the Primary Receptor for Adeno-associated Virus 9. J. Biol. 
Chem. 286, 13532–13540 (2011). 

153. Bell, C. L. et al. The AAV9 receptor and its modification to improve in vivo lung 
gene transfer in mice. J. Clin. Invest. 121, 2427–35 (2011). 

154. Xie, Q. et al. The atomic structure of adeno-associated virus (AAV-2), a vector for 
human gene therapy. Proc. Natl. Acad. Sci. U. S. A. 99, 10405–10 (2002). 

155. Horowitz, E. D. et al. Biophysical and ultrastructural characterization of adeno-
associated virus capsid uncoating and genome release. J. Virol. 87, 2994–3002 
(2013). 

156. Duan, D. et al. Dynamin is required for recombinant adeno-associated virus type 
2 infection. J. Virol. 73, 10371–6 (1999). 



 

 

 

 

108 

157. Bantel-Schaal, U., Hub, B. & Kartenbeck, J. Endocytosis of adeno-associated 
virus type 5 leads to accumulation of virus particles in the Golgi compartment. J. 
Virol. 76, 2340–9 (2002). 

158. Seisenberger, G. et al. Real-Time Single-Molecule Imaging of the Infection 
Pathway of an Adeno-Associated Virus. Science (80-. ). 294, 1929–1932 (2001). 

159. Sanlioglu, S. et al. Endocytosis and nuclear trafficking of adeno-associated virus 
type 2 are controlled by rac1 and phosphatidylinositol-3 kinase activation. J. Virol. 
74, 9184–96 (2000). 

160. Bartlett, J. S., Wilcher, R. & Samulski, R. J. Infectious entry pathway of adeno-
associated virus and adeno-associated virus vectors. J. Virol. 74, 2777–85 
(2000). 

161. Ding, W., Zhang, L., Yan, Z. & Engelhardt, J. F. Intracellular trafficking of adeno-
associated viral vectors. Gene Ther. 12, 873–880 (2005). 

162. Ding, W., Zhang, L. N., Yeaman, C. & Engelhardt, J. F. rAAV2 traffics through 
both the late and the recycling endosomes in a dose-dependent fashion. Mol. 
Ther. 13, 671–82 (2006). 

163. Douar, A.-M., Poulard, K., Stockholm, D. & Danos, O. Intracellular Trafficking of 
Adeno-Associated Virus Vectors: Routing to the Late Endosomal Compartment 
and Proteasome Degradation. J. Virol. 75, 1824–1833 (2001). 

164. Hansen, J., Qing, K. & Srivastava, A. Adeno-associated virus type 2-mediated 
gene transfer: altered endocytic processing enhances transduction efficiency in 
murine fibroblasts. J. Virol. 75, 4080–90 (2001). 

165. Xiao, W., Warrington, K. H., Hearing, P., Hughes, J. & Muzyczka, N. Adenovirus-
facilitated nuclear translocation of adeno-associated virus type 2. J. Virol. 76, 
11505–17 (2002). 

166. Pajusola, K. et al. Cell-type-specific characteristics modulate the transduction 
efficiency of adeno-associated virus type 2 and restrain infection of endothelial 
cells. J. Virol. 76, 11530–40 (2002). 

167. Akache, B. et al. A Two-hybrid Screen Identifies Cathepsins B and L as Uncoating 
Factors for Adeno-associated Virus 2 and 8. Mol. Ther. 15, 330–339 (2007). 

168. Zádori, Z. et al. A viral phospholipase A2 is required for parvovirus infectivity. Dev. 
Cell 1, 291–302 (2001). 

169. Kleinschmidt, J. A. et al. The VP1 capsid protein of adeno-associated virus type 2 
is carrying a phospholipase A2 domain required for virus infectivity. J. Gen. Virol. 



 

 

 

 

109 

83, 973–978 (2002). 

170. Bleker, S., Sonntag, F. & Kleinschmidt, J. A. Mutational Analysis of Narrow Pores 
at the Fivefold Symmetry Axes of Adeno-Associated Virus Type 2 Capsids 
Reveals a Dual Role in Genome Packaging and Activation of Phospholipase A2 
Activity. J. Virol. 79, 2528–2540 (2005). 

171. Duan, D., Yue, Y., Yan, Z., Yang, J. & Engelhardt, J. F. Endosomal processing 
limits gene transfer to polarized airway epithelia by adeno-associated virus. J. 
Clin. Invest. 105, 1573–1587 (2000). 

172. Yan, Z. et al. Ubiquitination of both Adeno-Associated Virus Type 2 and 5 Capsid 
Proteins Affects the Transduction Efficiency of Recombinant Vectors. J. Virol. 76, 
2043–2053 (2002). 

173. Ding, W. et al. Second-strand genome conversion of adeno-associated virus type 
2 (AAV-2) and AAV-5 is not rate limiting following apical infection of polarized 
human airway epithelia. J. Virol. 77, 7361–6 (2003). 

174. Yan, Z. et al. Distinct classes of proteasome-modulating agents cooperatively 
augment recombinant adeno-associated virus type 2 and type 5-mediated 
transduction from the apical surfaces of human airway epithelia. J. Virol. 78, 
2863–74 (2004). 

175. Denby, L., Nicklin, S. A. & Baker, A. H. Adeno-associated virus (AAV)-7 and -8 
poorly transduce vascular endothelial cells and are sensitive to proteasomal 
degradation. Gene Ther. 12, 1534–1538 (2005). 

176. Jennings, K. et al. Proteasome Inhibition Enhances AAV-Mediated Transgene 
Expression in Human Synoviocytes in Vitro and in Vivo. Mol. Ther. 11, 600–607 
(2005). 

177. Zhong, L. et al. A Dual Role of EGFR Protein Tyrosine Kinase Signaling in 
Ubiquitination of AAV2 Capsids and Viral Second-strand DNA Synthesis. Mol. 
Ther. 15, 1323–30 (2007). 

178. Zhong, L. et al. Next generation of adeno-associated virus 2 vectors: Point 
mutations in tyrosines lead to high-efficiency transduction at lower doses. Proc. 
Natl. Acad. Sci. 105, 7827–7832 (2008). 

179. Zhong, L. et al. Tyrosine-phosphorylation of AAV2 vectors and its consequences 
on viral intracellular trafficking and transgene expression. Virology 381, 194–202 
(2008). 

180. Kelkar, S. et al. A Common Mechanism for Cytoplasmic Dynein-Dependent 
Microtubule Binding Shared among Adeno-Associated Virus and Adenovirus 



 

 

 

 

110 

Serotypes. J. Virol. 80, 7781–7785 (2006). 

181. Zhao, W. et al. Role of cellular FKBP52 protein in intracellular trafficking of 
recombinant adeno-associated virus 2 vectors. Virology 353, 283–293 (2006). 

182. Hirosue, S. et al. Effect of inhibition of dynein function and microtubule-altering 
drugs on AAV2 transduction. Virology 367, 10–18 (2007). 

183. Sonntag, F., Bleker, S., Leuchs, B., Fischer, R. & Kleinschmidt, J. A. Adeno-
Associated Virus Type 2 Capsids with Externalized VP1/VP2 Trafficking Domains 
Are Generated prior to Passage through the Cytoplasm and Are Maintained until 
Uncoating Occurs in the Nucleus. J. Virol. 80, 11040–11054 (2006). 

184. Wu, P. et al. Mutational analysis of the adeno-associated virus type 2 (AAV2) 
capsid gene and construction of AAV2 vectors with altered tropism. J. Virol. 74, 
8635–47 (2000). 

185. Grieger, J. C., Snowdy, S. & Samulski, R. J. Separate Basic Region Motifs within 
the Adeno-Associated Virus Capsid Proteins Are Essential for Infectivity and 
Assembly. J. Virol. 80, 5199–5210 (2006). 

186. Lux, K. et al. Green Fluorescent Protein-Tagged Adeno-Associated Virus 
Particles Allow the Study of Cytosolic and Nuclear Trafficking. J. Virol. 79, 11776–
11787 (2005). 

187. Kelich, J. M. et al. Super-resolution imaging of nuclear import of adeno-associated 
virus in live cells. Mol. Ther. Methods Clin. Dev. 2, 15047 (2015). 

188. Ojala, P. M., Sodeik, B., Ebersold, M. W., Kutay, U. & Helenius, A. Herpes 
simplex virus type 1 entry into host cells: reconstitution of capsid binding and 
uncoating at the nuclear pore complex in vitro. Mol. Cell. Biol. 20, 4922–31 
(2000). 

189. Kann, M., Sodeik, B., Vlachou, A., Gerlich, W. H. & Helenius, A. Phosphorylation-
dependent binding of hepatitis B virus core particles to the nuclear pore complex. 
J. Cell Biol. 145, 45–55 (1999). 

190. Qiu, J. & Brown, K. E. A 110-kDa Nuclear Shuttle Protein, Nucleolin, Specifically 
Binds to Adeno-Associated Virus Type 2 (AAV-2) Capsid. Virology 257, 373–382 
(1999). 

191. Senapathy, P., Tratschin, J. D. & Carter, B. J. Replication of adeno-associated 
virus DNA. Complementation of naturally occurring rep- mutants by a wild-type 
genome or an ori- mutant and correction of terminal palindrome deletions. J. Mol. 
Biol. 179, 1–20 (1984). 



 

 

 

 

111 

192. Xiao, P.-J., Li, C., Neumann, A. & Samulski, R. J. Quantitative 3D Tracing of 
Gene-delivery Viral Vectors in Human Cells and Animal Tissues. Mol. Ther. 20, 
317–328 (2012). 

193. Linden, R. M., Ward, P., Giraud, C., Winocour, E. & Berns, K. I. Site-specific 
integration by adeno-associated virus. Proc. Natl. Acad. Sci. U. S. A. 93, 11288–
94 (1996). 

194. Kotin, R. M. et al. Site-specific integration by adeno-associated virus. Proc. Natl. 
Acad. Sci. U. S. A. 87, 2211–5 (1990). 

195. Samulski, R. J. et al. Targeted integration of adeno-associated virus (AAV) into 
human chromosome 19. EMBO J. 10, 3941–50 (1991). 

196. Dutheil, N., Henckaerts, E., Kohlbrenner, E. & Linden, R. M. Transcriptional 
Analysis of the Adeno-Associated Virus Integration Site. J. Virol. 83, 12512–
12525 (2009). 

197. Henckaerts, E. et al. Site-specific integration of adeno-associated virus involves 
partial duplication of the target locus. Proc. Natl. Acad. Sci. U. S. A. 106, 7571–6 
(2009). 

198. Walsh, C. E. et al. Regulated high level expression of a human gamma-globin 
gene introduced into erythroid cells by an adeno-associated virus vector. Proc. 
Natl. Acad. Sci. 89, (1992). 

199. Balagué, C., Kalla, M. & Zhang, W.-W. Adeno-Associated Virus Rep78 Protein 
and Terminal Repeats Enhance Integration of DNA Sequences into the Cellular 
Genome. J. Virol. 71, 3299–3306 (1997). 

200. Rogers, G. L. et al. Innate Immune Responses to AAV Vectors. Front. Microbiol. 
2, 194 (2011). 

201. Harbison, C. E., Chiorini, J. A. & Parrish, C. R. The parvovirus capsid odyssey: 
from the cell surface to the nucleus. Trends Microbiol. 16, 208–214 (2008). 

202. Zhu, J., Huang, X. & Yang, Y. The TLR9-MyD88 pathway is critical for adaptive 
immune responses to adeno-associated virus gene therapy vectors in mice. J. 
Clin. Invest. 119, 2388–2398 (2009). 

203. Vandamme, C., Adjali, O. & Mingozzi, F. Unraveling the Complex Story of 
Immune Responses to AAV Vectors Trial After Trial. Hum. Gene Ther. 28, 1061–
1074 (2017). 

204. Mingozzi, F. et al. CD8+ T-cell responses to adeno-associated virus capsid in 
humans. Nat. Med. 13, 419–422 (2007). 



 

 

 

 

112 

205. Finn, J. D. et al. Eradication of neutralizing antibodies to factor VIII in canine 
hemophilia A after liver gene therapy. Blood 116, 5842–5848 (2010). 

206. Mátrai, J., Chuah, M. K. & VandenDriessche, T. Preclinical and clinical progress 
in hemophilia gene therapy. Curr. Opin. Hematol. 17, 387–392 (2010). 

207. Wang, L., Dobrzynski, E., Schlachterman, A., Cao, O. & Herzog, R. W. Systemic 
protein delivery by muscle-gene transfer is limited by a local immune response. 
Blood 105, 4226–4234 (2005). 

208. Colella, P. et al. Whole-body rescue of Pompe disease with AAV liver delivery of 
engineered secretable GAA transgenes. Neuromuscul. Disord. 27, S246 (2017). 

209. Russell, S. et al. Efficacy and safety of voretigene neparvovec (AAV2-hRPE65v2) 
in patients with RPE65-mediated inherited retinal dystrophy: a randomised, 
controlled, open-label, phase 3 trial. Lancet (London, England) 390, 849–860 
(2017). 

210. Leebeek, F. W. G. et al. Interim Results from a Dose Escalating Study of AMT-
060 (AAV5-hFIX) Gene Transfer in Adult Patients with Severe Hemophilia B. 
Blood 128, (2016). 

211. George, L. A. et al. Spk-9001: Adeno-Associated Virus Mediated Gene Transfer 
for Hemophilia B Achieves Sustained Mean Factor IX Activity Levels of >30% 
without Immunosuppression. Blood 128, (2016). 

212. Mendell, J. R. et al. Single-Dose Gene-Replacement Therapy for Spinal Muscular 
Atrophy. N. Engl. J. Med. 377, 1713–1722 (2017). 

213. Anguela, X. M. et al. Adeno-Associated Viral Vector Delivery of Optimized Human 
Factor VIII Achieves Therapeutic Factor VIII Levels in Non-Human Primates. 
Blood 126, (2015). 

214. Grimm, D. et al. In Vitro and In Vivo Gene Therapy Vector Evolution via 
Multispecies Interbreeding and Retargeting of Adeno-Associated Viruses. J. Virol. 
82, 5887–5911 (2008). 

215. Lisowski, L. et al. Selection and evaluation of clinically relevant AAV variants in a 
xenograft liver model. Nature 506, 382–386 (2014). 

216. Limberis, M. P., Vandenberghe, L. H., Zhang, L., Pickles, R. J. & Wilson, J. M. 
Transduction efficiencies of novel AAV vectors in mouse airway epithelium in vivo 
and human ciliated airway epithelium in vitro. Mol. Ther. 17, 294–301 (2009). 

217. Markusic, D. M. et al. High-efficiency Transduction and Correction of Murine 
Hemophilia B Using AAV2 Vectors Devoid of Multiple Surface-exposed Tyrosines. 



 

 

 

 

113 

Mol. Ther. 18, 2048–2056 (2010). 

218. Qiao, C. et al. Adeno-Associated Virus Serotype 6 Capsid Tyrosine-to-
Phenylalanine Mutations Improve Gene Transfer to Skeletal Muscle. Hum. Gene 
Ther. 21, 1343–1348 (2010). 

219. van Lieshout, L. P. et al. A Novel Triple-Mutant AAV6 Capsid Induces Rapid and 
Potent Transgene Expression in the Muscle and Respiratory Tract of Mice. Mol. 
Ther. - Methods Clin. Dev. 9, 323–329 (2018). 

220. Boutin, S. et al. Prevalence of Serum IgG and Neutralizing Factors Against 
Adeno-Associated Virus (AAV) Types 1, 2, 5, 6, 8, and 9 in the Healthy 
Population: Implications for Gene Therapy Using AAV Vectors. Hum. Gene Ther. 
21, 704–712 (2010). 

221. Manning, W. C., Zhou, S., Bland, M. P., Escobedo, J. A. & Dwarki, V. Transient 
Immunosuppression Allows Transgene Expression Following Readministration of 
Adeno-Associated Viral Vectors. Hum. Gene Ther. 9, 477–485 (1998). 

222. Hildinger, M. et al. Hybrid Vectors Based on Adeno-Associated Virus Serotypes 2 
and 5 for Muscle-Directed Gene Transfer. J. Virol. 75, 6199–6203 (2001). 

223. Halbert, C. L., Standaert, T. A., Wilson, C. B. & Miller, A. D. Successful 
readministration of adeno-associated virus vectors to the mouse lung requires 
transient immunosuppression during the initial exposure. J. Virol. 72, 9795–805 
(1998). 

224. Hafiz Ishfaq Ahmad,  al et al. CRISPR-Based Genome Editing. Curr. Issues Mol. 
Biol. (2018). doi:10.21775/cimb.028.047 

225. Gaj, T., Gersbach, C. A. & Barbas, C. F. ZFN, TALEN, and CRISPR/Cas-based 
methods for genome engineering. Trends Biotechnol. 31, 397–405 (2013). 

226. Jansen, R., Embden, J. D. A. van, Gaastra, W. & Schouls, L. M. Identification of 
genes that are associated with DNA repeats in prokaryotes. Mol. Microbiol. 43, 
1565–75 (2002). 

227. Makarova, K. S., Grishin, N. V, Shabalina, S. A., Wolf, Y. I. & Koonin, E. V. A 
putative RNA-interference-based immune system in prokaryotes: computational 
analysis of the predicted enzymatic machinery, functional analogies with 
eukaryotic RNAi, and hypothetical mechanisms of action. Biol. Direct 1, 7 (2006). 

228. Garneau, J. E. et al. The CRISPR/Cas bacterial immune system cleaves 
bacteriophage and plasmid DNA. Nature 468, 67–71 (2010). 

229. Deltcheva, E. et al. CRISPR RNA maturation by trans-encoded small RNA and 



 

 

 

 

114 

host factor RNase III. Nature 471, 602–7 (2011). 

230. Bernheim, A. et al. Inhibition of NHEJ repair by type II-A CRISPR-Cas systems in 
bacteria. Nat. Commun. 8, 2094 (2017). 

231. Cox, D. B. T. et al. RNA editing with CRISPR-Cas13. Science 358, 1019–1027 
(2017). 

232. Makarova, K. S. et al. An updated evolutionary classification of CRISPR–Cas 
systems. Nat. Rev. Microbiol. 13, 722–736 (2015). 

233. Gaudelli, N. M. et al. Programmable base editing of A•T to G•C in genomic DNA 
without DNA cleavage. Nature 551, 464–471 (2017). 

234. Ran, F. A. et al. Genome engineering using the CRISPR-Cas9 system. Nat. 
Protoc. 8, 2281–2308 (2013). 

235. Chavez, A. et al. Highly efficient Cas9-mediated transcriptional programming. Nat. 
Methods 12, 326–328 (2015). 

236. Liu, X. S. et al. Editing DNA Methylation in the Mammalian Genome. Cell 167, 
233–247.e17 (2016). 

237. Chen, B. et al. Dynamic Imaging of Genomic Loci in Living Human Cells by an 
Optimized CRISPR/Cas System. Cell 155, 1479–1491 (2013). 

238. Cong, L. et al. Multiplex Genome Engineering Using CRISPR/Cas Systems. 
Science (80-. ). 339, 819–823 (2013). 

239. Ran, F. A. et al. In vivo genome editing using Staphylococcus aureus Cas9. 
doi:10.1038/nature14299 

240. Kim, S., Kim, D., Cho, S. W., Kim, J. & Kim, J.-S. Highly efficient RNA-guided 
genome editing in human cells via delivery of purified Cas9 ribonucleoproteins. 
Genome Res. 24, 1012–9 (2014). 

241. Zuris, J. A. et al. Cationic lipid-mediated delivery of proteins enables efficient 
protein-based genome editing in vitro and in vivo. Nat. Biotechnol. 33, 73–80 
(2015). 

242. Holkers, M. et al. Adenoviral vector DNA for accurate genome editing with 
engineered nucleases. Nat. Methods 11, 1051–1057 (2014). 

243. Kabadi, A. M., Ousterout, D. G., Hilton, I. B. & Gersbach, C. A. Multiplex 
CRISPR/Cas9-based genome engineering from a single lentiviral vector. Nucleic 
Acids Res. 42, e147–e147 (2014). 



 

 

 

 

115 

244. Zetsche, B. et al. Cpf1 Is a Single RNA-Guided Endonuclease of a Class 2 
CRISPR-Cas System. Cell 163, 759–771 (2015). 

245. Lieber, M. R. The Mechanism of Double-Strand DNA Break Repair by the 
Nonhomologous DNA End-Joining Pathway. Annu. Rev. Biochem. 79, 181–211 
(2010). 

246. Rai, R. et al. The E3 ubiquitin ligase Rnf8 stabilizes Tpp1 to promote telomere 
end protection. Nat. Struct. Mol. Biol. 18, 1400–1407 (2011). 

247. Iyama, T. & Wilson Iii, D. M. DNA repair mechanisms in dividing and non-dividing 
cells. DNA Repair (Amst). (2013). doi:10.1016/j.dnarep.2013.04.015 

248. Rathmell, W. K. & Chu, G. A DNA end-binding factor involved in double-strand 
break repair and V(D)J recombination. Mol. Cell. Biol. 14, 4741–8 (1994). 

249. Taccioli, G. E. et al. Ku80: product of the XRCC5 gene and its role in DNA repair 
and V(D)J recombination. Science 265, 1442–5 (1994). 

250. Ma, Y., Pannicke, U., Schwarz, K. & Lieber, M. R. Hairpin opening and overhang 
processing by an Artemis/DNA-dependent protein kinase complex in 
nonhomologous end joining and V(D)J recombination. Cell 108, 781–94 (2002). 

251. Andrade, P., Martin, M. J., Juarez, R., Lopez de Saro, F. & Blanco, L. Limited 
terminal transferase in human DNA polymerase   defines the required balance 
between accuracy and efficiency in NHEJ. Proc. Natl. Acad. Sci. 106, 16203–
16208 (2009). 

252. Capp, J.-P. et al. The DNA polymerase lambda is required for the repair of non-
compatible DNA double strand breaks by NHEJ in mammalian cells. Nucleic 
Acids Res. 34, 2998–3007 (2006). 

253. Chappell, C., Hanakahi, L. A., Karimi-Busheri, F., Weinfeld, M. & West, S. C. 
Involvement of human polynucleotide kinase in double-strand break repair by 
non-homologous end joining. EMBO J. 21, 2827–2832 (2002). 

254. Ahnesorg, P., Smith, P. & Jackson, S. P. XLF Interacts with the XRCC4-DNA 
Ligase IV Complex to Promote DNA Nonhomologous End-Joining. Cell 124, 301–
313 (2006). 

255. Stracker, T. H. & Petrini, J. H. J. The MRE11 complex: starting from the ends. 
Nat. Rev. Mol. Cell Biol. 12, 90–103 (2011). 

256. Lavin, M. F. ATM and the Mre11 complex combine to recognize and signal DNA 
double-strand breaks. Oncogene 26, 7749–7758 (2007). 



 

 

 

 

116 

257. Sartori, A. A. et al. Human CtIP promotes DNA end resection. Nature 450, 509–
514 (2007). 

258. McIlwraith, M. J. et al. Reconstitution of the strand invasion step of double-strand 
break repair using human Rad51 Rad52 and RPA proteins. J. Mol. Biol. 304, 
151–164 (2000). 

259. McIlwraith, M. J. & West, S. C. DNA Repair Synthesis Facilitates RAD52-
Mediated Second-End Capture during DSB Repair. Mol. Cell 29, 510–516 (2008). 

260. Hiom, K. Recombination: Homologous recombination branches out. Curr. Biol. 11, 
R278–R280 (2001). 

261. West, S. C. Enzymes and Molecular Mechanisms of Genetic Recombination. 
Annu. Rev. Biochem. 61, 603–640 (1992). 

262. Russell, D. W. & Hirata, R. K. Human gene targeting by viral vectors. Nat. Genet. 
18, 325–30 (1998). 

263. Gaj, T. et al. Targeted gene knock-in by homology-directed genome editing using 
Cas9 ribonucleoprotein and AAV donor delivery. Nucleic Acids Res. 45, e98 
(2017). 

264. Monteys, A. M., Ebanks, S. A., Keiser, M. S. & Davidson, B. L. CRISPR/Cas9 
Editing of the Mutant Huntingtin Allele In Vitro and In Vivo. Mol. Ther. 25, 12–23 
(2017). 

265. Murlidharan, G. et al. CNS-restricted Transduction and CRISPR/Cas9-mediated 
Gene Deletion with an Engineered AAV Vector. Mol. Ther. - Nucleic Acids 5, e338 
(2016). 

266. Platt, R. J. et al. CRISPR-Cas9 knockin mice for genome editing and cancer 
modeling. Cell 159, 440–55 (2014). 

267. Nelson, C. E. et al. In vivo genome editing improves muscle function in a mouse 
model of Duchenne muscular dystrophy. Science (80-. ). 351, 403–407 (2016). 

268. Bengtsson, N. E. et al. Muscle-specific CRISPR/Cas9 dystrophin gene editing 
ameliorates pathophysiology in a mouse model for Duchenne muscular 
dystrophy. Nat. Commun. 8, 14454 (2017). 

269. Kemaladewi, D. U. et al. Correction of a splicing defect in a mouse model of 
congenital muscular dystrophy type 1A using a homology-directed-repair-
independent mechanism. Nat. Med. 23, 984–989 (2017). 

270. Kim, E. et al. In vivo genome editing with a small Cas9 orthologue derived from 



 

 

 

 

117 

Campylobacter jejuni. Nat. Commun. 8, 14500 (2017). 

271. Ruan, G.-X. et al. CRISPR/Cas9-Mediated Genome Editing as a Therapeutic 
Approach for Leber Congenital Amaurosis 10. Mol. Ther. 25, 331–341 (2017). 

272. Yu, W. et al. Nrl knockdown by AAV-delivered CRISPR/Cas9 prevents retinal 
degeneration in mice. Nat. Commun. 8, 14716 (2017). 

273. Yang, Y. et al. A dual AAV system enables the Cas9-mediated correction of a 
metabolic liver disease in newborn mice. Nat. Biotechnol. 34, 334–338 (2016). 

274. Yin, H. et al. Therapeutic genome editing by combined viral and non-viral delivery 
of CRISPR system components in vivo. Nat. Biotechnol. 34, 328–333 (2016). 

275. Ohmori, T. et al. CRISPR/Cas9-mediated genome editing via postnatal 
administration of AAV vector cures haemophilia B mice. Sci. Rep. 7, 4159 (2017). 

276. Xie, C. et al. Genome editing with CRISPR/Cas9 in postnatal mice corrects 
PRKAG2 cardiac syndrome. Cell Res. 26, 1099–1111 (2016). 

277. Kaminski, R. et al. Excision of HIV-1 DNA by gene editing: a proof-of-concept in 
vivo study. Gene Ther. 23, 690–695 (2016). 

278. Yin, H. et al. Genome editing with Cas9 in adult mice corrects a disease mutation 
and phenotype. Nat. Biotechnol. 32, 551–553 (2014). 

279. Lau, C.-H. & Suh, Y. In vivo genome editing in animals using AAV-CRISPR 
system: applications to translational research of human disease. F1000Research 
6, 2153 (2017). 

280. Song, J. et al. RS-1 enhances CRISPR/Cas9- and TALEN-mediated knock-in 
efficiency. Nat. Commun. 7, 10548 (2016). 

281. Li, G. et al. Small molecules enhance CRISPR/Cas9-mediated homology-directed 
genome editing in primary cells. Sci. Rep. 7, 8943 (2017). 

282. Lin, S., Staahl, B. T., Alla, R. K. & Doudna, J. A. Enhanced homology-directed 
human genome engineering by controlled timing of CRISPR/Cas9 delivery. Elife 
3, e04766 (2014). 

283. Yu, C. et al. Small molecules enhance CRISPR genome editing in pluripotent 
stem cells. Cell Stem Cell 16, 142–7 (2015). 

284. Auer, T. O., Duroure, K., De Cian, A., Concordet, J.-P. & Del Bene, F. Highly 
efficient CRISPR/Cas9-mediated knock-in in zebrafish by homology-independent 
DNA repair. Genome Res. 24, 142–53 (2014). 



 

 

 

 

118 

285. Xu, H. et al. Sequence determinants of improved CRISPR sgRNA design. 
Genome Res. 25, 1147–1157 (2015). 

286. Zhang, J.-P. et al. Efficient precise knockin with a double cut HDR donor after 
CRISPR/Cas9-mediated double-stranded DNA cleavage. Genome Biol. 18, 35 
(2017). 

287. Montague, T. G., Cruz, J. M., Gagnon, J. A., Church, G. M. & Valen, E. 
CHOPCHOP: a CRISPR/Cas9 and TALEN web tool for genome                    
editing. Nucleic Acids Res. 42, W401 (2014). 

288. Labun, K., Montague, T. G., Gagnon, J. A., Thyme, S. B. & Valen, E. 
CHOPCHOP v2: a web tool for the next generation of CRISPR genome 
engineering. Nucleic Acids Res. 44, W272–6 (2016). 

289. Heigwer, F., Kerr, G. & Boutros, M. E-CRISP: fast CRISPR target site 
identification. Nat. Methods 11, 122–123 (2014). 

290. Slaymaker, I. M. et al. Rationally engineered Cas9 nucleases with improved 
specificity. Science (80-. ). 351, 84–88 (2016). 

291. Kleinstiver, B. P. et al. High-fidelity CRISPR–Cas9 nucleases with no detectable 
genome-wide off-target effects. Nature 529, 490–495 (2016). 

292. Chen, J. S. et al. Enhanced proofreading governs CRISPR–Cas9 targeting 
accuracy. Nature 550, 407–410 (2017). 

293. Bondy-Denomy, J., Pawluk, A., Maxwell, K. L. & Davidson, A. R. Bacteriophage 
genes that inactivate the CRISPR/Cas bacterial immune system. Nature 493, 
429–432 (2012). 

294. Pawluk, A., Davidson, A. R. & Maxwell, K. L. Anti-CRISPR: discovery, mechanism 
and function. Nat. Rev. Microbiol. 16, 12–17 (2017). 

295. Shin, J. et al. Disabling Cas9 by an anti-CRISPR DNA mimic. Sci. Adv. 3, 
e1701620 (2017). 

296. Nogee, L. M. Genetics of the hydrophobic surfactant proteins. Biochim. Biophys. 
Acta - Mol. Basis Dis. 1408, 323–333 (1998). 

297. Kormann, M. S. D. et al. Expression of therapeutic proteins after delivery of 
chemically modified mRNA in mice. Nat. Biotechnol. 29, 154–157 (2011). 

298. Mahiny, A. J. et al. In vivo genome editing using nuclease-encoding mRNA 
corrects SP-B deficiency. Nat. Biotechnol. 33, 584–586 (2015). 



 

 

 

 

119 

299. Aurnhammer, C. et al. Universal Real-Time PCR for the Detection and 
Quantification of Adeno-Associated Virus Serotype 2-Derived Inverted Terminal 
Repeat Sequences. Hum. Gene Ther. Methods 23, 18–28 (2012). 

300. Whitsett, J. A., Wert, S. E. & Weaver, T. E. Diseases of Pulmonary Surfactant 
Homeostasis. Annu. Rev. Pathol. Mech. Dis. 10, 371–393 (2015). 

301. Sondergaard, P. C. et al. AAV.Dysferlin Overlap Vectors Restore Function in 
Dysferlinopathy Animal Models. Ann. Clin. Transl. Neurol. 2, 256–270 (2015). 

302. Potter, R. A. et al. Systemic Delivery of Dysferlin Overlap Vectors Provides Long-
Term Gene Expression and Functional Improvement for Dysferlinopathy. Hum. 
Gene Ther. hum.2017.062 (2017). doi:10.1089/hum.2017.062 

303. Lopes, V. S. et al. Retinal gene therapy with a large MYO7A cDNA using adeno-
associated virus. Gene Ther. 20, 824–33 (2013). 

304. Yan, Z., Zhang, Y., Duan, D. & Engelhardt, J. F. Trans-splicing vectors expand 
the utility of adeno-associated virus for gene therapy. Proc. Natl. Acad. Sci. U. S. 
A. 97, 6716–21 (2000). 

305. Hirsch, M. L. et al. Oversized AAV Transductifon Is Mediated via a DNA-PKcs-
independent, Rad51C-dependent Repair Pathway. Mol. Ther. 21, 2205–2216 
(2013). 

306. Dyka, F. M., Boye, S. L., Chiodo, V. A., Hauswirth, W. W. & Boye, S. E. Dual 
Adeno-Associated Virus Vectors Result in Efficient In Vitro and In Vivo Expression 
of an Oversized Gene, MYO7A. Hum. Gene Ther. Methods 25, 166–177 (2014). 

307. Rindler, T. N. et al. Alveolar injury and regeneration following deletion of ABCA3. 
JCI insight 2, (2017). 

308. Carvalho, L. S. et al. Evaluating Efficiencies of Dual AAV Approaches for Retinal 
Targeting. Front. Neurosci. 11, 503 (2017). 

309. Bækvad-Hansen, M., Nordestgaard, B. G. & Dahl, M. Heterozygosity for E292V in 
ABCA3, lung function and COPD in 64,000 individuals. Respir. Res. 13, 67 
(2012). 

310. Rivière, C., Danos, O. & Douar, A. M. Long-term expression and repeated 
administration of AAV type 1, 2 and 5 vectors in skeletal muscle of 
immunocompetent adult mice. Gene Ther. 13, 1300–1308 (2006). 

311. Greig, J. A. et al. Intramuscular administration of AAV overcomes pre-existing 
neutralizing antibodies in rhesus macaques. Vaccine 34, 6323–6329 (2016). 



 

 

 

 

120 

312. Hamvas, A. et al. Lung transplantation for treatment of infants with surfactant 
protein B deficiency. J. Pediatr. 130, 231–9 (1997). 

313. Bak, R. O. & Porteus, M. H. CRISPR-Mediated Integration of Large Gene 
Cassettes Using AAV Donor Vectors. Cell Rep. 20, 750–756 (2017). 

314. Nogee, L. M. et al. A Mutation in the Surfactant Protein C Gene Associated with 
Familial Interstitial Lung Disease. N. Engl. J. Med. 344, 573–579 (2001). 

315. Shalem, O., Sanjana, N. E. & Zhang, F. High-throughput functional genomics 
using CRISPR–Cas9. Nat. Rev. Genet. 16, 299–311 (2015). 

316. Doudna, J. A. & Charpentier, E. The new frontier of genome engineering with 
CRISPR-Cas9. Science (80-. ). 346, 1258096–1258096 (2014). 

317. O’Connell, M. R. et al. Programmable RNA recognition and cleavage by 
CRISPR/Cas9. Nature 516, 263–266 (2014). 

318. Hsu, P. D., Lander, E. S. & Zhang, F. Development and Applications of CRISPR-
Cas9 for Genome Engineering. Cell 157, 1262–1278 (2014). 

319. Senís, E. et al. TALEN/CRISPR-mediated engineering of a promoterless anti-viral 
RNAi hairpin into an endogenous miRNA locus. Nucleic Acids Res. 45, e3–e3 
(2017). 

320. Porro, F. et al. Promoterless gene targeting without nucleases rescues lethality of 
a Crigler-Najjar syndrome mouse model. EMBO Mol. Med. 9, 1346–1355 (2017). 

321. Xie, Z. et al. Optimization of a CRISPR/Cas9-mediated Knock-in Strategy at the 
Porcine Rosa26 Locus in Porcine Foetal Fibroblasts. Sci. Rep. 7, 3036 (2017). 

322. Kelly, S. E., Bachurski, C. J., Burhans, M. S. & Glasser, S. W. Transcription of the 
lung-specific surfactant protein C gene is mediated by thyroid transcription factor 
1. J. Biol. Chem. 271, 6881–8 (1996). 

323. Whitsett, J. A. & Glasser, S. W. Regulation of surfactant protein gene 
transcription. Biochim. Biophys. Acta - Mol. Basis Dis. 1408, 303–311 (1998). 

324. Tai, P. et al. Heterogeneic genome encapsidation of raav-CRISPR/Cas9 vectors 
underscores potential limitations for Promising in vivo gene-editing platforms. 
ASGCT (2018). 

325. Zacharias, W. J. et al. Regeneration of the lung alveolus by an evolutionarily 
conserved epithelial progenitor. Nature 555, 251–255 (2018). 

326. Fu, Y., Sander, J. D., Reyon, D., Cascio, V. M. & Joung, J. K. Improving CRISPR-



 

 

 

 

121 

Cas nuclease specificity using truncated guide RNAs. Nat. Biotechnol. 32, 279–
284 (2014). 

327. Bae, S., Park, J. & Kim, J.-S. Cas-OFFinder: a fast and versatile algorithm that 
searches for potential off-target sites of Cas9 RNA-guided endonucleases. 30, 
1473–1475 (2014). 

328. Bult, C. J. et al. Mouse Tumor Biology (MTB): a database of mouse models for 
human cancer. Nucleic Acids Res. 43, D818–D824 (2015). 

329. Finger, J. H. et al. The mouse Gene Expression Database (GXD): 2017 update. 
Nucleic Acids Res. 45, D730–D736 (2017). 

330. Smith, C. L. et al. Mouse Genome Database (MGD)-2018: knowledgebase for the 
laboratory mouse. Nucleic Acids Res. 46, D836–D842 (2018). 

331. Brinkman, E. K., Chen, T., Amendola, M. & van Steensel, B. Easy quantitative 
assessment of genome editing by sequence trace decomposition. Nucleic Acids 
Res. 42, e168–e168 (2014). 

332. Barnett, R. C. et al. Featured Article: Electroporation-mediated gene delivery of 
surfactant protein B (SP-B) restores expression and improves survival in mouse 
model of SP-B deficiency. Exp. Biol. Med. 242, 1345–1354 (2017). 

 


