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Abstract

Cystic fibrosis (CF) is a common life-limiting disorder. Dysfunctional cystic fibrosis
transmembrane conductance regulator (CFTR) protein hinders mucociliary clearance in the
airways, leading to a cycle of infection, inflammation, and tissue damage. Pharmaceutical
intervention is available for patients of the most common CF-causing genotype (F508del),
but burden of care remains high, and patients carrying non-F508del variants are ineligible
for drug use. CRISPR-Cas9 is a promising technology to eliminate underlying causes of
genetic disorders. We hypothesised firstly that a CRISPR approach based in homology
independent targeted integration could be used to generate a “one size fits all” treatment
strategy for CF patients harbouring “undruggable” genotypes ineligible for pharmaceutical
intervention, and secondly that receptor-targeting nanoparticles (RTNs) could be used to
deliver CRISPR machinery to differentiated airway epithelial cells.

We characterised a CF mutant cell line homozygous for an undruggable variant in
order to provide a phenotypic baseline for future treatment studies. Characterisation via
Ussing chamber and scanning ion conductance microscopy confirmed that variant cells
exhibited lack of ion transport, dehydrated airway surface liquid, and decreased mucosal
elasticity. To provide proof of concept for a CRISPR-based strategy using homology-
independent targeted integration (HITI), CRISPR-Cas9 machinery and donor were
transfected via plasmids and used to edit an eGFP reporter construct into the AAVS1 safe
harbour locus. The reporter construct inserted with an efficiency of ~40%. RTNs were then
investigated for their ability to transfect airway epithelial cells; to enhance editing efficiency,
RTNs were packaged with CRISPR ribonucleoprotein (RNP). RTNs were assayed for their

biophysical characteristics (size and charge) and their ability to transfect airway epithelial



cells in vitro using luciferase-based reporter assays. RTNs’ ability to penetrate human airwa
mucus was investigated in vitro, establishing that CF mucus provides a significant barrier to
RTN mobility in fluid. When transfection of differentiated air-liquid interface (ALI) cultures
was attempted, we found negligible transfection using RTNs.

These results lay the groundwork for future study. The editing efficiency achieved

using HITI exceeds the predicted rate required for rescue of CF pathology; therefore,

y

replacing the reporter construct donor with a CFTR cDNA donor could potentially represent

a variant-agnostic treatment for CF. RTNs’ promising performance in submerged cells and
isolated non-CF mucus, but not ALI-differentiated non-CF cells, provides insight into the
barriers to in vivo RTN-mediated transfection. Future work with these RTNs will require
further optimisation of their formulation (addition of polyethylene glycol to lipid
formulations and repeat of phage display in ALI to identify new targeting peptides) and ALI
transfection protocols (applications of mucolytics, chemicals to loosen tight junctions and

increase accessible membrane surface area, paralysis of cilia).



Impact Statement

While great gains have been made in cystic fibrosis (CF) treatment in the past
decade, it remains a life-limiting disease. In particular, while recent pharmaceutical
advances can alleviate disease for an estimated 90% of patients, there remains a population
of patients unable to benefit from current available drugs. Additionally, even in patients
eligible for the drug, burden of care remains high.

Due to the monogenic nature of the disease, CF is good candidate for gene-based
medicine. However, many prior attempts to treat CF with genetic medicine have not been
approved following clinical trial. The current pharmaceutical treatments available to
patients leave a high burden of care and are only applicable to patients harbouring a specific
genotype; therefore, a variant-agnostic approach is required. Therefore, CRISPR-mediated
integration of a full CFTR cDNA is a promising option. When it comes to CRISPR-Cas9 based
approaches to treating CF, there are three major obstacles. Firstly, many precision editing
strategies are inherently low-efficiency, and the high number of CF-causing variants makes
mutation-specific approaches an ineffective strategy. Secondly, the non-dividing nature of
the target tissue makes transfection difficult and eliminates the possibility of relying on
homology-directed repair. The research presented in this thesis attempts to address both
issues. Firstly, the CRISPR-based editing strategy used herein accomplishes high-precision
insertion of a reporter construct without relying on homology-directed repair, meaning that
it is usable in both dividing and non-dividing cells (such as those making up the airway
epithelium). This strategy was found to yield high editing efficiency and provides proof of
concept for a potential “one size fits all” solution to rescue CF regardless of patient

genotype. This is an exciting prospect because the current major treatment for CF (the



triple-combination therapy drug Trikafta) is incapable of rescuing CF pathology in patients
who do not carry a specific class of genotype. Secondly, receptor-targeted nanoparticles
(RTNs) are investigated for their ability to more effectively transfect airway epithelial cells
than non-targeting nanoparticles, assayed for motility in airway mucus, and tested for their
ability to transfect fully differentiated models of the airway epithelium. Both the RTNs and
the DNA editing strategy can be more broadly applied to other monogenic diseases, as the
target locus for editing is a genomic safe harbour rather than the endogenous disease-
causing locus, and the targeting elements of RTNs are modular and modifiable.

The work herein has been presented at conferences internationally, and manuscripts

are in preparation or under review for publication.
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Introduction



1.1 Cystic Fibrosis

1.1.1 The CFTR gene and protein biosynthesis

Cystic fibrosis (CF) is a severely life-limiting genetic disease caused by mutations in
the CFTR gene that normally encodes cystic fibrosis transmembrane conductance regulator
protein. The CFTR gene is located on chromosome 7 and consists of 27 exons across ~190 kb
(not including promoter) encoding a ~4.5 kb cDNA [1-3]. Several alternatively spliced forms
of CFTR mRNA have been detected, but these isoforms are typically tissue-specific and in
many cases their precise function is unknown [4]. For example, an isoform excluding exon 5
is co-expressed in the heart alongside the full-length transcript [5]. In rabbits, relative
expression of each isoform was found to fluctuate from balanced to imbalanced in favour of
the exon 5 isoform over the course of development [6]. Similarly, an isoform expressed in
the kidney during nephrogenesis includes a 165-bp deletion inducing a frameshift and
premature stop codon; in human fetal kidney cells, this isoform was found to increase in
expression relative to full-length CFTR over the course of development [7].

During translation of the polypeptide chain by the ribosome, the ribosome nascent
chain complex (RNC) is translocated to the endoplasmic reticulum (ER) [8]. Folding begins
cotranslationally, but final domain assembly is achieved in the ER with assistance from
chaperone molecules including calnexin [9]. Also in the ER, the protein undergoes an initial
N-glycosylation stage [10]. From the ER, properly folded protein is translocated to the Golgi
apparatus for final glycosylation modification. Via these two glycosylation stages, the
protein grows in size from 130 kDa to 150 kDa to 170 kDa [10]. Relative intensity of bands at
these three distinct sizes (termed Bands A, B, and C respectively) is often used in Western

blotting to assess successful protein processing and maturation [11-13]. Once the protein



has reached its mature form, it is trafficked via the trans-Golgi network (TGN). Golgi-
secreted vesicles are trafficked through cytoskeletal actin fibres via interaction with Myo5b,
deposited at the apical cell membrane, and embed their transmembrane (TM) domains to
form active ion channels [14].

The most common CF-causing mutation is known as F508del. A three base pair
deletion results in absence of a critical phenylalanine residue, which prevents proper inter-
domain association and correct protein folding [15-17]. It has been shown that F508del
protein does not successfully exit the ER for transport to the Golgi apparatus. Instead, the
misfolded protein is bound by Hsp70 and targeted for degradation in a pre-Golgi

compartment [18, 19].

1.1.2 CFTR protein structure and molecular function

CFTR encodes CFTR, an adenosine triphosphate (ATP)-gated chloride-bicarbonate ion
channel protein belonging to the ATP-binding cassette (ABC) transporter protein
superfamily [20]. Human CFTR consists of 1480 amino acids comprising five domains: two
transmembrane domains (TMD1 and 2, sometimes also called membrane-spanning domains
or MSDs), each associated with one of two nucleotide-binding domains (NBD1 and 2), and
one regulatory domain (RD). The two TMDs together form the ion channel pore, which
allows or disallows passage of chloride anions via its opening and closing. Opening and
closing of the channel is mediated by hydrolysis of ATP by the NBDs [20, 21]. Activation of
the NBDs requires dual phosphorylation of the RD by protein kinase A (PKA) [20]. At the
apical membrane, CFTR turnover is mediated via cycles of endocytosis and re-trafficking.
Normally, a single CFTR molecule has a half-life of approximately 30 hours at the apical

membrane [22].
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Fig. 1.1: lllustration of the protein structure of CFTR. From Cystic Fibrosis

Mutation Database (http://www.genet.sickkids.on.ca/cftr/). NH> is N-

terminal amine group; MSD is membrane-spanning domain, NBD is
nucleotide-binding domain, R is regulatory domain, COOH is C-terminal
carboxyl group. Domains shown as grey or yellow shapes; intervening peptide

sequence shown as black line. Cell membrane shown as red structure.

1.1.3 CFTR and CF

CFTR is expressed in various mucus-producing exocrine tissues including the airway,
the pancreas, and the in-utero vas deferens [23]. The ion channel protein’s primary role in
these tissues is in regulating the viscosity of mucus. Trafficking of anions across the cell
membrane creates osmotic pressure at the epithelial surface, which draws water into
mucus to maintain appropriately thin consistency [24].

CFTR activity is essential for a variety of organ-specific functions; hence, CF is a highly
pleiotropic disease. For example, in the pancreas, inappropriately thick mucus can clog bile

ducts and prevent secretion of digestive enzymes, leading to malnutrition [25, 26].
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Thickened mucus in the intestines also results in inhibited digestion and nutrient absorption
[25]. During gestation, formation of mucus plugs in the vas deferens lead to degradation of
the tissue, resulting in infertility [26]. However, the most severe impacts of CFTR

dysfunction are found in the airway.

1.1.4 CFin the airway

In the healthy airway, the epithelium is coated in thin, watery airway surface liquid
(ASL). ASL consists of two layers: the periciliary layer (PCL) and the mucus layer [27]. Mucus
is responsible for trapping dirt, pathogens, and any other foreign substances. Cilia move
within the PCL, which is made of 96% water [28]. Their movement is coordinated in a
directional sweeping motion that transports mucus up and out of the airway; this
phenomenon is commonly referred to as mucociliary clearance (MCC) or the mucociliary
escalator [29]. Additionally, the ASL contains bacteria-killing cells and antibacterial
compounds [30].

In people with CF, thickened mucus and reduced ASL layer height create a wide
variety of health problems. Mucus forms sticky plugs that impede free airflow [31].
Bronchiectasis impedes ciliary movement, meaning that dust and pathogens are not
removed from the lung [32]. Dysregulation of ion trafficking alters ASL pH, which in turn
inhibits the bacteria-killing activity of immune cells [33]. This non-removal and uninhibited
growth of bacteria leads to chronic treatment-resistant infection [34-36], which contributes
to eventual mortality. Infection in turn leads to inflammation. Swelling of the airway tissues
causes further inhibition of airflow. Furthermore, chronic recruitment of neutrophils creates
downstream harm. Neutrophils release elastases which damage the collagen matrices of the

lungs, further contributing to inflammation [37]. Dead neutrophils also release their DNA in



structures known as neutrophil extracellular traps (NETs), which contribute further to
thickening of mucus and function as anchoring points for bacterial biofilms [34]. Thusly,
thickened mucus caused by CFTR dysfunction causes a cycle of damage and inflammation in
airway tissues. Progressive loss of lung elasticity, chronic bacterial infection, and mucosal
blockages in the airway lead to impeded lung function; this is typically measured by forced
expiratory volume in one second (FEV1), which in later stages of lung disease can decrease
to 30% of non-CF patients [38]. At the last stage of lung disease, patients require lung
transplant as a lifesaving intervention. In the UK, median age of survival is 48.4 years [39];
however, in countries with less developed healthcare systems, median survival age can be

as low as 12 [40].



@™
[ -]

lung epithelial cell
neutrophil DNA
o P. aeruginosa

@® immune cell

mucus

* neutrophil

< cilia

‘ dust particle

Fig. 1.2: Schematic of the CF airway. Large branched structure represents subsection
of human airway with epithelial cells shown as pink rounded rectangles.

1) Mucus plugs (green globular shape) block airways.

2) Cilia movement (black curved lines) is impeded.

3) Lack of mucociliary clearance leads to chronic bacterial infection (orange

circles).



4) Tissue damage leads to swelling, which further restricts airflow.
5) Neutrophils (red jagged shapes) release elastases, damaging collagen
matrices, and DNA (red double helices), further thickening mucus.

6) Altered ASL pH reduces bacterial killing ability of immune cells (blue circles).

1.1.5 CF mutation classes

CF mutations have historically been categorised into six mutation classes [41].
Mutations resulting in no protein production whatsoever, often caused by premature stop
codons and resulting in the most severe clinical phenotypes, belong to Class |. The most
common CF-causing variant, F508del, results in misfolded protein and subsequent
degradation by the ER-associated degradation pathway; mutations of this type are known as
Class IlI. Class Il mutations result in dysregulated CFTR channel activity, leading to reduced
open probability. Class IV mutations impact conductance of the ion channel pore, reducing
ion transport. Alterations in splicing pattern, which result in a decreased quantity of
functional protein product, are caused by Class V mutations. Finally, Class VI mutations
result in conformational changes that reduce retention at the apical membrane, leading to

accelerated turnover.
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Fig. 1.3: lllustration of CFTR dysfunction due to different classes of mutation.

CFTR protein (blue shapes) is expressed from DNA and trafficked to cell



membrane (rounded rectangle). lon flow indicated by green arrows;
development of CFTR from DNA to mature protein to properly trafficked
protein indicated by blue arrows; loss of indicated phenomenon indicated by

red X.

In a study of CF variants in Europe and Israel, it was found that 51.3% of patients
harboured a Class Il/Class Il genotype, with the second most frequent combination (Class
I/Class Il) trailing at 11.2% [42]. This is explained by the fact that F508del, the most common
CFTR variant, is a Class |l mutation. However, relative proportion of mutation classes varied
with geographic population. For example, Class | variants were markedly more prevalent in
Israel, while Class Il was most prevalent in Ireland. Israel was the only country surveyed in
which F508del was not the most common allele; among the Ashkenazi population, the most
common CF-causing allele is the variant W1282X, a Class | mutation [43].

As previously stated, the most common CFTR mutation is F508del, a three-
nucleotide deletion falling under Class Il; this variant also exhibits class Il (gating) and VI
(peripheral stability) defects [17]. Nearly 90% of people with CF carry at least one copy of
this allele [15]; therefore, pharmaceutical interventions have primarily focused on

addressing this mutation.

1.1.6 Genetic modifiers and environmental factors impacting CF

Many attempts have been made to examine the association of non-CFTR genes’
impacts on CF pathology. However, several studies have reported either conflicting or non-
replicatable results. In a 2019 systematic review of reports of CF gene modifiers,

Shanthikumar et al screened 140 reports for genes that have been positively identified by
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multiple studies and not contradicted by any other studies [44]. No genes were identified
that directly interact with CFTR based on these criteria; however, several genes involved in
other CF-related processes were identified and reviewed for functional relevance.

Increased levels of endothelin receptor type A (ENDRA), a proinflammatory peptide,
was found to increase airway constriction and therefore lung disease severity. TGFB1 and
MIF were implicated in inflammatory responses. Overexpression of the cytokine TGFB1 has
been associated with increased inflammation and fibrosis; similarly, reduced expression of
the proinflammatory mediator MIF has been associated with increased lung function and
decreased rates of infection. HFE and HMOX1 were both associated with infection
susceptibility. Loss of function of HFE, which encodes a protein crucial for maintaining iron
homeostasis, was found to be associated with more severe and faster-progressing loss of
lung function.

Several genes not directly related to inflammation were also identified. Methylation
of GCLC, a rate-limiting enzyme in synthesis of the antioxidant glutathione, and of the
glutathione transferase GSTM3, were implicated in more severe lung disease. Methylation
of HMOX1, which encodes the antioxidant agent heme oxygenase 1, was found to correlate
with more severe lung disease. The genes encoding the solute carrier proteins SLC9A3 and
SLC6A14 were identified via multiple genome-wide association studies and were found to
be associated with pleiotropic effects across the lung and digestive system. SLC9A3 is
implicated in sodium homeostasis, and SLC6A14 is a sodium- and chloride-dependent
transporter of amino acids; dysregulation of both sodium and chloride ions are a hallmark of
CF.

Furthermore, a systematic review of environmental impacts on CF disease identified

proximity to roadways, exposure to secondhand smoke, and general air pollution as
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impactors of FEV1, while warmer climates and indoor allergens were associated with higher
incidence of lung infection [45]. Additionally, factors such as distance to treatment centres

and income were also implicated in progression of lung disease and mortality rate.

1.1.7 Modulator therapies for CF

The latest pharmaceutical advancement in CF treatment combines three drugs of
two different classes (two correctors and a potentiator). Corrector molecules are used to
enhance protein folding into proper conformation for trafficking to and retention at the
apical membrane [26]; the corrector Tezacaftor inserts among four alpha helices that make
up the TMD1 domain, therefore stabilising their assembly (thought to occur during
biogenesis in the ER) [46, 47]. Potentiator molecules function by increasing open probability
of the ion channel pore at the cell surface [26]; the potentiator Ivacaftor binds to CFTR at
the site of a critical “hinge” region in TMD1, stabilising the open conformation [48].. The
drug Elexacaftor is thought to act as both corrector and potentiator. In its correcting
capacity, Elexacaftor binds at a later stage than Tezacaftor does, associating with TMD
helices to stabilise their interface with NBD1; this confers resistance to degradation by
proteases in the ER [46]. It has also been shown to enhance ion transport in non-CF cells,
suggesting that plays a role in potentiation as well as correction [49].

Ivacaftor was first of the three above compounds to receive FDA approval in 2012. It
was identified by Vertex Pharmaceuticals via a screen to identify compounds increasing
anion transport in cells harbouring the Class lll CFTR gating mutant G551D; in theory, it
could rescue other gating mutations as well [50]. It was later combined with Tezacaftor, also

developed by Vertex; the drugs’ use in combination was then approved for treatment of
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patients harbouring the F508del variant in 2018 [51]. In 2019, a drug combining all three
molecules (Tezacaftor, Elexacaftor, and Ivacaftor) was approved for use in patients in the
USA [52]. This was followed shortly by its introduction to UK patients in 2020. This “triple-
combination” drug is specifically engineered to correct defects caused by the F508del
mutation. In a phase 3, randomised, double-blind, placebo-controlled trial, patients
receiving the drug were found to have significant amelioration of pulmonary health as
measured by various metrics: FEV1, sweat chloride concentration, BMI, and frequency of
pulmonary exacerbations requiring hospital visits and/or antibiotics [53].

However, for the approximate 10% of patients carrying Class | mutations that result
in no rescuable protein product (i.e. nonsense, frameshift, and many splicing mutations),
triple-combination therapy is not a viable treatment option [54]. For patients carrying
“undruggable” mutations, molecular genetic approaches to treatment represent potential

lifesaving care.

1.1.8 In vitro methods of modelling and studying CF

1.1.8.1Cell lines

One of the most popular non-primary cell models in which to study CFTR and CF is
the 16HBE140- (hereafter 16HBE) cell line. Originally isolated from the bronchus of a one-
year-old heart-lung transplanted patient, these cells were immortalised via transformation
with a plasmid encoding a replication-defective simian virus 40 genome [55, 56]. Surviving
cells were found to be functionally immortal and express CFTR. Furthermore, multiple cell
lines have been derived from 16HBEs via gene editing, commonly referred to as 16HBEge
[57]. These lines are often generated to carry specific CF-causing mutations for modelling

and study. For example, lines harbouring F508del, G542X, and W1282X mutations have
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been generated via nucleofection of CRISPR RNP and ssODN HDR template [57]. The
F508del 16HBEge line was shown to exhibit negligible CFTR-mediated ion transport, an
effect rescuable by treatment with a CFTR corrector. 16HBEge lines harbouring nonsense
variants (W1282X and G542X) exhibited nonsense-mediated decay which was shown to be
rescuable by treatment with molecules inducing readthrough. A more recent study utilised
16HBEge cells carrying early (Y122X), middle (G542X), or late (W1282X and R1162X)
nonsense variants to provide evidence that NMD pathway inhibition could have an additive

effect on rescue by readthrough therapy [58],

1.1.8.2 Primary cell types and collection methods

Primary cells for CF study are commonly harvested from the upper (nasal) and lower
(tracheal and bronchial) airways via brushings. Nasal brushings are simple to perform: a
brush is inserted into the nose, epithelial surfaces briefly swabbed, and brush withdrawn
[59]. There is typically no endoscope or anesthesia required, and the procedure can be
performed in a few minutes. In lower airway sampling, target cells are much less accessible,
and thus a more complex procedure is required. An endoscope is typically inserted prior to
the brush in order to ensure proper location of sampling. So that no upper airway cells are
picked up by the brush during insertion or withdrawal, brushes can be housed in a
retractable sheath, or patients can be intubated to provide a physical barrier around the
advancing brush. During this time, the volunteer is normally placed under general or local
anesthetic [60, 61]. Because of the more complex and demanding nature of the procedure,
bronchial samples are commonly collected while a patient is already undergoing an invasive

procedure, whereas nasal samples can be obtained during a routine appointment.
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1.1.8.3 Extending proliferative potential

Samples of primary airway epithelial cells are invaluable tools for modelling and
studying the human airway. However, such cell populations have very limited proliferative
potential, and tend to be an effective model for only 2-4 passages, representing 3-4
population doublings [62].

The proliferative potential of keratinocyte, mammary, and prostate epithelial cells
have all been successfully extended via co-culture with growth-arrested feeder cells and
treatment with ROCK inhibitors [63, 64]. Feeder cells that have been growth-arrested via
irradiation or chemical inhibition form a layer of non-dividing cells. These cells secrete
compounds that stimulate growth; while the exact identities of these compounds are not
entirely elucidated, they are known to include insulin-like growth factor 2 [65]. Alongside
feeder cells, supplementation of cell media with chemical ROCK inhibitors has been shown
to promote expression of telomerase, as well as remodelling of the actin cytoskeleton, in a
manner that promotes proliferation [63, 64]. However, long-term sustainment of this
specialised cell culture is complex, time-consuming, and requires mixing of cells of interest
with feeder cells. Therefore, a single-dose genetic modification of primary cells enabling
long-term culture is favourable.

Lentiviral transduction with the mouse polycomb complex gene BMI-1 has been
shown to significantly extend primary cells’ proliferative and differentiation potential in
vitro. Munye et al reported that BMI-1 transduced normal human bronchial epithelial (NHBE
BMI-1) cells maintained healthy morphology, karyotype, and doubling time for up to 25
passages [66]. Air-liquid interface (ALIl) cultures were differentiated from NHBE BMI-1 cells
at passage 2.>10 (transduced at passage 2, maintained until passage 2 + >10) were found to

form pseudostratified epithelia. These epithelia exhibited cilia beat frequency,
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transepithelial electric resistance (TEER), and ion channel activity comparable to those of
untransduced passage 1 and 2 NHBEs [66]. Additionally, transcriptomic comparison of cells
with or without BMI-1 expression showed that 97.6% of genes showed no significant
differences in expression; those that did show differences were primarily related to cell

cycle regulation or epithelial-mesenchymal transition [67].

1.1.8.4 Air-liquid interface (ALI) culture

Underneath the outermost epithelial layer lies a population of airway basal cells,
which are capable of proliferation and differentiation [68]. ALI culture is a method of
stimulating undifferentiated airway basal cells to form a structure more closely resembling

|II

the airway epithelium [69]. The technique relies on “transwell” inserts, which slot into tissue
culture plate wells. Transwells contain micropores (typically 0.4 um in diameter) that allow
movement of liquid but not cells across the membrane.

Basal cells are initially seeded on transwells and submerged in growth media. Filling
the basal chamber also allows for liquid to contact cells’ basolateral sides through the
membrane pores. Once cells have formed a confluent monolayer, the submerging apical
media is removed and the growth media in the basal chamber is replaced with a specialised
differentiation-stimulating media; this step is commonly referred to as “airlifting” of
cultures. Over approximately 28 days, basal cells develop into an electrically resistant
pseudostratified epithelium [69]. This structure consists of multiple cell types: basal cells,
which are capable of proliferation and multipotent differentiation; club cells, which can
differentiate into ciliated and goblet cells, as well as de-differentiate into basal cells; goblet

cells, which generate and secrete mucus; ciliated cells, whose cilia sweep dirt and pathogens

out of the lungs; tuft cells, which are thought to have both chemosensory and
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immunological function; and ionocytes, which exhibit high CFTR expression [70, 71].
Transcriptomic analysis of these cultures has revealed them to be highly similar to those
found in airway biopsies [72, 73]. However, it has also been shown that use of different
differentiation-stimulating media can lead to variation in phenotypic profiles. When
commonly used media were compared for differentiation of NHBE cells, PneumacCult
medium was found to most closely resemble the in vivo airway in terms of mucosal
production and composition, proportional representation of cell types, and cilia length and

beat frequency [74].

submerged, undifferentiated basal cells basal cells’ apical surface exposed to air

‘ lOOOOOOd\/F basal media \ ‘OOOOOOO, JALI media

A AbA Abo dbd

complete differentiation into
pseudostratified epithelium

Fig. 1.4: Schematic of ALI culture. Basal cells are seeded on porous transwells
such that their basolateral surfaces contact liquid and are apically

submerged. Once a confluent monolayer is formed, apical media is aspirated,
and basolateral media replaced with differentiation-stimulating media. Over

4 weeks, a pseudostratified epithelium forms.
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ALl cultures derived from primary nasal and bronchial epithelial cells have been
compared using various functional readouts. One study used paired samples (i.e. nasal and
bronchial samples obtained from the same individuals)[75]. Cells were differentiated on ALI
and various parameters were examined. Investigated parameters included trans-epithelial
electrical resistance (TEER), representation of different cell types, and CFTR ion transport
ability (measured via Ussing chamber analysis, a technique described in Section 1.1.7.5). A
significant amount of variation was found in the differences between individuals’ paired
bronchial and nasal cell types. For example, some individuals’ nasal vs. bronchial TEER was
significantly different, while others showed no significant difference. This trend was also
observed in measurements of CFTR ion transport. However, pooled comparison of all
individuals’ nasal vs. bronchial epithelial samples revealed no significant difference between

cell types in ion transport or TEER [75].

1.1.8.5 Intestinal organoids: a non-airway model

One commonly used model is the intestinal organoid, or mini-gut. Organoids are
formed from self-renewing stem cells residing in intestinal crypt structures. In an initial
study, single mouse crypts were isolated and cultured, and within 14 days, had developed
into closed multi-crypt structures [76]. Soon after, a study was performed investigating CFTR
activity in such organoids [77]. CFTR protein abundance was assayed via immunoblotting in
freshly biopsied crypts and week-old organoids and found to be highly similar. CFTR activity
was assayed by detecting changes in membrane potential after drug-induced stimulation or
inhibition. Treatment with forskolin (a drug that stimulates CFTR-mediated ion transport by
increasing intracellular cAMP) resulted in depolarisation of the organoid membrane;

subsequent treatment with CFTRihh-172 (a drug that allosterically inhibits CFTR protein in a
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manner that favours the closed-channel state) resulted in repolarisation. Conversely,
organoids from CFTR-knockout mice displayed no response to forskolin or CFTRinh-172 [77].
This led to the development of the forskolin-induced swelling (FIS) assay. Treatment with
forskolin leads to CFTR-mediated influx of ions into the lumen of organoids, generating
osmotic pressure, which causes an influx of water and swelling of the entire organoid
structure [78]. This can be used to assess response to different treatment strategies

including drugs [79] and genetic medicine [80-83].

1.1.9 In vivo methods for studying CF

Beyond cell and organoid models, there are limited in vivo systems for preclinical
trialling of CF treatment strategies. One model of CF lung pathology relies on overexpression
of another ion channel protein, the epithelium sodium channel ENaC. Like CFTR, ENaC
resides at the apical membranes of airway epithelial cells and is responsible for trafficking
sodium ions through the epithelial surface in order to generate transepithelial osmotic
pressure [84]. However, while CFTR primarily expels Cl" ions into ASL, ENaC absorbs Na* ions
from ASL. This reciprocal activity ties CFTR and ENaC together in an ionic balancing act that
plays a major role in regulation of ASL and mucus consistency. An ENaC-overexpressing
mouse model has been found to recapitulate pathogenic hallmarks of CF, including
thickened plug-forming mucus, inflammation, and death due to lung disease [85]. This is an
invaluable tool for testing mucolytics, modulator drugs, and receptor-targeted nanoparticle
(RTN) delivery. However, because this model does not rely on mutant CFTR, it is less useful
for DNA editing strategies. Some conclusions could certainly be drawn from the effect of

adding an extra CFTR-expressing cDNA construct to supplement endogenous WT expression;
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however, this is not necessarily a faithful readout of such a strategy’s ability to compensate
for dysfunctional endogenous CFTR.

Various animal models have been generated via knockout of endogenous CFTR, but
none thus far recapitulate all phenotypes of human disease. For example, CFTR-knockout
(KO) rats do not display evidence of enhanced airway inflammation or lung infection,
despite exhibiting evidence of mucosal plugging in lower airways, reduced ASL height, and
reduced mucociliary clearance [86]. Mouse models with disrupted CFTR generally do not
develop spontaneous lung disease. A congenic KO mouse line did display lung dysfunction,
but its use is complicated by high mortality rate due to intestinal issues, necessitating tissue-
specific rescue via expression of an hCFTR construct in the intestine [87]. Larger animal
models show more promise: pigs and ferrets show reduced mucociliary clearance,
progressive inflammation, mucus plugging, and chronic infection [86]. However, study in
these models is more demanding in terms of money, space, time, and ethical approval when
compared with smaller animals. Additionally, in CF mutant pigs, meconium ileus typically
prove fatal to neonates; therefore, intestine-specific CFTR expression cassettes are required
to maintain animals until pulmonary symptoms arise [88]. More recently, CF sheep and
rabbits have been investigated; despite recapitulating intestinal and select upper airway
phenotypes, rabbits did not exhibit lower airway disease [89]; mutant sheep exhibited
meconium ileus at similar rates to pigs, and therefore would likely require similar
conditional rescue [90]. Therefore, ALl culture remains a crucial model to assay DNA

editing’s effects on CFTR function in the airway.
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1.1.10CFTR’s interactions with an epithelial sodium channel (ENaC)

It has long been proposed that ENaC is inhibited by CFTR and that loss of CFTR
function therefore leads to ENaC overactivity [91]. Proteolytic cleavage by two additional
CF-relevant agents have also been found to stimulate ENaC: elastases produced by
neutrophils [92] and proteases released from Pseudomonas aeruginosa, one of the most
common bacterial invaders of the CF lung [93]. Unbalanced sequestering of Na* contributes
further to dehydration of ASL and mucus, as evidenced by the fact that ENaC overexpression
in the mouse airway leads to a phenotypic profile nearly identical to that of CFTR loss in
humans [94]. Furthermore, hypomorphic alleles of ENaC have been found to correlate with
slower lung disease progression in CF patients carrying the F508del mutation [95].

Given these findings, it has been proposed that inhibition of ENaC might ameliorate
the CF lung phenotype. ENaC inhibition by siRNA has also been shown to rescue CF
phenotypes in ALI-differentiated cells, such as ASL height, cilia beat frequency, and fluid
absorption rate [96]. It has further been proposed that ENaC inhibition could complement
the effects of CFTR modulators by contributing to polarisation of apical cell membranes,
thereby stimulating activity of any rescued CFTR at the surface [84]. A 2020 study
investigated a novel ENaC inhibitor (Bl 1265162) on CF and healthy ALl cultures [97].
Treatment with Bl 1265162 or the CFTR modulators ivacaftor/lumacaftor partially rescued
water retention at the apical surface. Furthermore, combining Bl 1265162 with the
modulators rescued water retention to a level similar to that seen in non-CF cells treated
with modulators. Taken together, this evidence suggests that ENaC inhibition could provide
relief to CF patients struggling with lung disease regardless of their eligibility for modulator

therapies and could enhance eligible patients’ response to the drugs.
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1.2 DNA Editing

1.2.1 Approaches relying on non-Cas9 nucleases

Broadly, genome editing can be defined as any process that makes permanent
alterations to the sequence of genomic DNA. In recent years, CRISPR-Cas9 (described in
detail in 1.2.2) has become the dominant force in the genome editing field. However, other

methods of DNA editing have existed for decades and are still in use.

1.2.1.1 Restriction enzymes and meganucleases

One of the earliest forms of DNA editing was achieved using restriction enzymes
(REs). REs are nuclease proteins, derived from bacteria, that bind and cleave DNA. The first
RE capable of cleaving at specific sequence, leaving behind predictable ends, was described
in 1970 [98]. Since then, thousands of such REs have been described [99]. The process of RE
digestion and subsequent ligation of different DNA molecules has been used for decades to
generate recombinant DNA. For example, RE digestion and subsequent ligation remains an
extremely common technique for plasmid subcloning [100, 101].

Meganucleases and homing endonucleases were also invaluable tools for early
genome editing and remain in use to some extent today. These proteins recognise and bind
longer sequences of DNA than REs (up to 40 bp), meaning that they are capable of
recognising unique sequences in the genome [102]. The LAGLIDADG family (named for a
conserved sequence of amino acids in the active site) includes two commonly used
nucleases, I-Crel and I-Scel. I-Crel, first characterised in the algae Chlamydomonas
reinhardtil, acts as a homodimer to recognise a 22 bp sequence; later studies identified the

amino acids crucial for DNA sequence recognition and engineered versions of the protein
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specific [103-105]. An engineered version of this endonuclease forms the basis of the ARCUS
system, which has been used in chimeric antigen receptor T cell production [106] and
elimination of latent hepatitis B virus [107]. The I-Scel nuclease, originally characterised in
Saccharomyces cerevisiae, underwent a directed evolution process to yield versions of the
protein with altered DNA recognition specificity [108]. Recently, I-Scel itself as a directed
evolution tool to assess the cutting efficiency of other nucleases [109]. A plasmid encoding I-
Scel was expressed in E. coli such that its activity would disrupt the bacterial genome and kill
the cell; a secondary plasmid encoding another nuclease was then introduced such that the
activity of the second nuclease would destroy the |-Scel expression construct, thus rescuing

the bacteria.

1.2.1.2 Zinc finger nucleases (ZFNs)

ZFNs combine the DNA recognition abilities of zinc fingers (originally described in X.
laevis) and the DNA cleavage abilities of the Fokl endonuclease (originally derived from
flavobacterium) [110]. Zinc fingers are small protein structural motifs with “finger” domains
that extend to bind with DNA. The amino acid sequence of these finger domains can be used
to direct binding to specific DNA sequences. Typically, one ZF targets 3-4 nucleotides worth
of DNA; therefore, a tandem array of six ZFs can uniquely bind an 18-bp sequence of DNA,
which theoretically represents uniqueness in the genome [111]. These engineered DNA
recognition proteins are fused to Fok/ nucleases to form ZFNs. Fokl activity requires
dimerisation; therefore, two ZFNs are designed to target upstream and downstream of the
desired cut site. Upon binding to the DNA in the proper orientation, each ZFN contributes its

Fokl cargo to a dimer, which induces a DSB in the DNA at the desired locus [111, 112].
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1.2.1.3 Transcription activator-like effector (TALE) proteins

The DNA-binding domain of TALE proteins contains a repeat domain. Within the
repeat domain, two hypervariable amino acids dictate specificity to a nucleotide [113, 114].
Much like in the case of ZFNs, this represents an opportunity to construct arrays of TALE
domains that specify binding to a unique DNA sequence of the genome. Also similarly to
ZFNs, pairs of customised TALE proteins can be paired with Fok/ nuclease to form TALE-

nucleases (TALENSs) [115, 116].

1.2.2 Fundamentals of CRISPR-Cas9

As early as the mid-2000s, researchers had begun studying a naturally occurring
bacterial adaptive immunity system that essentially allowed bacterial cells to create
customisable endonucleases [117]. This system, dubbed “CRISPR-Cas9,” was adapted over
the next decade for use in mammalian cells [118-120]. This technology revolutionised the

field of DNA editing with its precision and efficiency.

1.2.2.1 Origins of CRISPR-Cas9

The CRISPR-Cas9 DNA editing system is derived from a system of adaptive immunity
found in prokaryotes [121]. Upon infection by agents introducing foreign DNA (i.e.
bacteriophages), cells incorporate short lengths of invasive viral genetic material (spacers)
into sections of the genome called clustered regularly interspaced palindromic repeats
(CRISPR). The RNAs produced by these incorporated sequences are used as “guides” to
search for homology to previously encountered foreign DNA. Complexed with these CRISPR
RNAs (crRNAs) are CRISPR-associated nuclease proteins (in S. pyogenes, Cas9). Their

association is stabilised by a scaffolding molecule (trans-activating CRISPR RNA or tracrRNA);
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the combination of tracrRNA and crRNA is commonly called a guide RNA (gRNA, sometimes
called single guide RNA or sgRNA) [118]. The Cas9 ribonucleoprotein (RNP) searches the
genome until it finds a site with homology to the spacer sequence encoded by the gRNA.
Upon binding to a protospacer-adjacent motif (PAM) site (NGG in wild type SpCas9), Cas9
cuts both strands of the DNA three nucleotides upstream of the PAM, creating a double-

strand break (DSB). This is typically followed by some degree of resection of the cut strands

[122].
Spacer PAM tracrRNA
Genomic DNA Cas9
cut site
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Fig. 1.5: Schematic of CRISPR-Cas9 binding and cutting genomic DNA based
on homology to gRNA sequence. Cas9 protein (blue shape) complexes with
guide RNA, which itself consists of a tracrRNA (yellow hairpin) and crRNA
(blue). DNA is cut three bp upstream of the PAM (pink). Yellow triangles

indicate site of DSB formation.
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By 2013, the necessary components of a CRISPR reaction (tracrRNA, crRNA, and
Cas9), had been elucidated in both bacterial and in vitro free DNA [118, 123, 124]. That year,
two groups simultaneously reported successful cleavage of genomic DNA in mammalian
cells using the CRISPR system [119, 120]. By designing a custom crRNA that targeted the
desired locus in the genome, Cas9 was shown to function as a customisable restriction
enzyme to create DSBs at any genomic position.

Substantial elucidation of the CRISPR-mediated DSB formation has been performed.
Cas9 gains nuclease activity only when complexed with a gRNA. Upon association of the
gRNA with the DNA strand complementary to the crRNA sequence, Cas9 cuts both strands
three base pairs upstream of the PAM motif. The RuvC domain cuts the noncomplementary
strand, and the HNH domain cuts the complementary strand [125]. Cas proteins have also
been characterised and adapted from other bacterial hosts, including AsCas12a
(Acidaminococcus sp., PAM sequence TTTV, generates sticky ends) and SaCas9
(Staphlococcus aureus, PAM sequence NNGRRT) [126]. Furthermore, engineering of Cas
proteins has led to nucleases with relaxed PAM specificity [127] and smaller protein size for
ease of delivery [128]. A major concern with use of any Cas protein is that of
immunogenicity, although studies on the prevalence of antibodies against Cas9 in the
general population have yielded drastically different results, ranging from <5% to >90%
[129]. Proposed methods to avoid this issue include engineering Cas9 to remove

immunogenic epitopes and performing editing ex vivo [130].

1.2.2.2 DNA repair after DSBs
Mammalian cells use two main pathways to repair DSBs: homology-directed repair

(HDR) [131] and non-homologous end joining (NHEJ) [132].
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NHEJ consists of ligation of the ends of the DSB, with repair not based on intact
template DNA, but rather based on micro-homologies to single-stranded overhangs at the
DSB site [133]. Upon DSB formation, the Ku heterodimer recognises and binds the blunt
ends of the DSB. DNA-dependent protein kinases (DNA-PKcs) stabilises the DSB by keeping
the ends in close proximity. The Artemis protein exerts exonuclease activity on any hairpin
structures and/or single-stranded overhangs, while DNA polymerases fill in missing
nucleotides. Finally, ligation occurs, mediated by Ligase IV [134]. If overhangs together
preserve the original sequence found at the DSB site, then base-perfect repair is possible.
However, this is not always the case, and NHEJ often results in significantly less precise
repair, with unpredictable insertions and/or deletions (indels) frequently occurring.

A non-canonical form of NHEJ uses microhomology to repair DNA. This pathway,
known as microhomology-mediated end joining (MMEJ) tends to result in larger deletions
[133]. MME]J is initiated when MRE11 resects one DNA strand from the 5’ end; this nick
allows infiltration by nucleases including EXO1 and DNAZ2 that generate sections of ssDNA.
ssDNA flaps anneal based on sequence complementation, and proofreading-deficient
polymerases fill in gaps before a final ligation step joins the two ends. This frequently results
in larger deletions than those observed in canonical NHEJ [135].

A few studies have attempted to elucidate CRISPR-mediated NHEJ and MMEJ. One
such study found that target sequence can determine preference for NHEJ vs. MMEJ in a
manner conserved across cell types, and that MMEJ deletion frequency served as a
predictor of HDR efficiency [136]. Another study recapitulated that NHEJ is sequence-
dependent, and further characterised indels to provide evidence that the process is more
error-prone at the PAM-distal end than the PAM-proximal [137]. It has also been shown that

NHEJ-mediated 1 bp insertions are typically templated by the nucleotide located
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immediately upstream of the cut. The identity of this nucleotide also correlated with
whether an insertion or deletion was formed, with T/A associated with insertions and G/C
associated with deletions. These trends were leveraged to predict repair outcomes by
programming microhomology into target sequences [138].

HDR uses the homologous chromosome as a template to rebuild damaged DNA.
Upon DSB formation, a complex consisting of MRE11, RAD50, and NBS1 (the MRN complex)
binds exposed ends, lending stability to the DSB and preventing breakage of the
chromosome. This complex also recruits ataxia telangiectasia mutated (ATM), which
phosphorylates H2A histone family member X (H2AX); this in turn recruits DNA damage
checkpoint protein 1 (MDC1). After this initial stabilisation step, 5’ exonucleases (CtIP or
EXO/BLM) resect ends to generate single-stranded 3’ overhangs. The resultant ssDNA is
then coated by human replication protein A (RPA), which is subsequently replaced by DNA
repair protein RAD51, a process aided by BRCA1. RAD51 catalyses strand invasion and
annealing of either the sister chromatid or an experimenter-provided template molecule,
forming a D-loop structure. D-loops are then extended by DNA synthesis and ligated via the
double Holliday junction pathway, yielding precise homology-directed repair [131, 134, 139,
140]. This generates precise and base-perfect repair of the damaged DNA. Experimenters
can provide a customised template of DNA with homology arms that mimic the homologous
chromosome and altered intervening sequence, leading to incorporation of any desired
edits [141]. HDR has been used successfully to induce a variety of edits, from single-
nucleotide substitutions [142], to large-scale insertion [143] or deletion/replacement edits
[144]. However, HDR only occurs in actively dividing cells, as it relies on presence of a sister
chromatid alongside the DSB, which only occurs during S/G2 phases of the cell cycle [134].

Furthermore, even in actively dividing cells, NHEJ tends to dominate [134].
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Fig. 1.6: Schematics of main DNA repair pathways. A) Schematic of NHEJ. DNA
(ladder shape) is bound by proteins to stabilise the DSB before other enzymes
trim, fill in, and ligate strands. B) Schematic of HDR. Proteins (coloured
shapes) stabilise and resect ends of DNA (solid lines) before recruiting further
machinery to facilitate strand invasion with the homologous template. DNA is
rebuilt according to homology with the template. From Liu, M., et al.,
Methodologies for Improving HDR Efficiency. Front Genet, 2018. 9: p.

691[134].

NHEJ is useful for knocking out genes. Introducing two ribonucleoproteins (RNPs)
carrying two gRNAs distant from one another can essentially “cut out” large sections of
DNA, with the two resulting DSBs being resolved into one truncated repair product [144,
145]. Alternatively, indel formation can be relied upon to some extent to introduce
frameshift [146] and/or splicing [147] mutations using a single gRNA targeting a locus early
in a gene. In addition to knocking out genes, the dual RNP strategy can be used to excise
deleterious genetic features. For example, myotonic dystrophy type 1 is caused by repeat
expansion of a CTG motif in the gene DMPK. Researchers have developed a dual Cas9
approach to excise these repeats via injection of two recombinant AAV vectors carrying
CRISPR machinery. This strategy was shown to be effective in restoring normal DMPK
transcripts in patient-derived muscle cell lines and a myotonic dystrophy mouse model
[148], and is now currently under clinical testing [149].

It is also possible to use NHEJ to insert large DNA constructs into the genome by

introducing constructs as end ligation is taking place [143, 150]. However, due to the lack of
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homology-directed repair in canonical NHEJ, it is generally not possible to ensure that

constructs insert in the proper orientation [151].

1.2.2.3 Homology-independent targeted integration: a more precise NHEJ-based approach
Homology-independent targeted integration (HITI) is an NHEJ-based technique for
inserting large constructs of DNA in a specific orientation. The technique relies on inclusion
of a reverse-complemented gRNA sequence (RC-gRNA) flanking the desired DNA insert.
When donor template is introduced alongside RNP, the RNP cuts both the target genomic
locus and the donor construct. If the donor inserts in the reverse orientation, the residual
ends of the RC-gRNA restore the spacer sequence recognisable by the RNP, and Cas9 can re-
bind and re-excise the construct. However, if the donor inserts in the proper orientation, the
spacer sequence at either end of the insert is destroyed, and Cas9 can no longer bind and
cut. Therefore, in theory, the donor construct will be continually excised until it successfully

inserts in the proper orientation [152].

1. Cleavage of genome and donor by Cas9
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2. Genomic integration of cleaved donor

Forward integration
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Spacer sequence destroyed, not re-targeted by Cas9

OR

Reverse integration

NGGA ACGTACGTACGTACGT

Spacer sequence restored, re-targeted by Cas9

Fig. 1.7: Schematic of HITI. Donor molecule (blue rectangle) includes two
copies of the reverse-complemented target sequence (RC-gRNA) flanking the
desired insert. This acts as a substrate for Cas9, along with the genome. Upon
reverse integration, Cas9 re-cuts the genome; upon forward integration, the

spacer sequence is no longer recognisable by the RNP.

In its initial report, HITI was used to successfully insert a GFP cassette into non-
dividing mouse primary neurons. After editing, 56% of successfully transfected cells
expressed GFP [152]. Since then, HITI has been used to insert partial or full-length cDNAs to
cell models of various genetic disorders, which has been shown to be a valid strategy for
rescue of disease phenotypes; several such studies have been reported in 2023 alone. For
example, a superexon of the CTNS gene was integrated via HITIl into proximal tubule
epithelial cells mutant for CTNS (a disease model for nephropathic cystinosis); stable
expression of mMRNA was detected for >40 days, and a decrease in lysosomal cysteine
accumulation was found, indicating functional rescue [153]. In another study, exons 1-19 of
the DMD gene were integrated into a disease model for Duchenne’s muscular dystrophy;

1.4% editing efficiency in the heart led to 11% rescue of dystrophin levels, well above the
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predicted threshold for clinical benefit [154]. Another study used HITI to knock in the RHO
gene, which encodes the light-sensing receptor rhodopsin, with up to 43% efficiency;
successfully edited cells exhibited higher light sensitivity and rescue of retina structure

[155].

1.2.3 Fusion of Cas9 with preexisting customisable nucleases

Catalytically dead Cas9 (dCas9) has been successfully fused with Fok1 dimers (the
nuclease proteins forming the basis of TALEN and ZFNs, described in Section 1.2.1) [156].
Because Fok1 operates as a dimer, two fusion proteins would need to localise to sites just
upstream and downstream of the desired cut site. This in theory provides fewer
opportunities for off-target binding and cleaving in the genome. Indeed, editing with paired
dCas9-Fok1 constructs yielded higher ratios of on-target:off-target editing; however, overall
on-target editing efficiency was significantly decreased. Additionally, it was revealed that
spacing between the editing constructs was very stringent; the number of PAM-containing

loci with the appropriate space between them represents a limitation on targetable sites.

1.3 CRISPR-Cas9 in practice

Two of the major considerations in the methodology of CRISPR-based DNA editing

are the design of gRNAs and prevention/detection of off-target edits (OTEs).

1.3.1 gRNA design to enhance editing

Multiple web-based tools have been developed for in silico design of gRNAs to target

specific genomic sites. These algorithms typically take into account a set of
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recommendations that have been empirically established over the years: optimal GC
content, predicted formation of secondary structures, and high specificity to the target

locus.

1.3.1.1 GC content

In a study examining the editing efficiency of over 1,800 gRNAs, gRNAs with ~50% GC
content were found to yield the highest editing efficiency [157]. Specifically, later studies
established the importance of GC residues specifically at the PAM-distal end of the guide
sequence, with “GG” the optimal dinucleotide immediately adjacent to the PAM [158, 159].
This was hypothesized to be due to preferential Cas9 loading [160, 161], as association of
Cas9 and gRNA generates an activating conformational change in Cas9 [118]. Despite the
fact that enhanced on-target editing does not necessarily correlate with reduced OTEs, it
was established in another study that GC content greater than 70% significantly increased
incidence of OTE events; therefore, GC content of around 50% are optimal for enhancing

on-target specificity and reducing OTEs [162].

1.3.1.2 Secondary structure

Multiple studies have examined the self-folding Gibbs free energy of high- and low-
efficiency gRNA seed sequences. One such study calculated the potential for secondary
structure formation by examining self-folding Gibbs free energy for known high-efficiency
and low-efficiency gRNAs [163]. Another study examined low-efficiency gRNAs that formed
stable secondary structures, generated point mutations to decrease their folding potential,
and subsequently re-assessed their editing efficiency in vitro [164]. Both methods found

that decreased secondary structure formation correlated with higher DNA cleavage
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efficiency. Furthermore, it was predicted that nucleotides at positions 21-50 (i.e. just
beyond the seed sequence) formed a stable stem-loop structure. However, extension of this
stem-loop structure via complementarity between nucleotides 51-53 and 18-20 meant that
the final nucleotides of the seed sequence were rendered inaccessible [163].

Another study hypothesized that, if gRNAs were allowed to fold as they were
transcribed, unfavourable secondary structures could form. Heating and cooling of
transcribed gRNAs in order to allow for refolding was found to significantly enhance editing
efficiency of previously inactive gRNAs [165].

Taken together, these results suggest that while some secondary structure is
essential (i.e. the tracrRNA stem loop) for Cas9 loading, any potential for folding that
impedes access to the seed sequence is unfavourable for DNA cleavage. Structure of DNA at
the target site is also important to take into consideration, as chromatin structure has been
shown to impact accessibility of DNA to CRISPR machinery, as well as playing a role in repair

pathway choice [164, 166].

1.3.2 Quantification of editing efficiency in pooled samples

Analysis of editing events in individual single-cell clones (SSCs) can be used to
estimate editing efficiency. However, generation of SSCs is a time-consuming and expensive
process, and many cell types cannot tolerate the biophysical stresses involved with SSC
generation (serial dilution or machine-mediated cell sorting). Therefore, for early proof-of-
concept experiments (such as those establishing gRNA cleavage efficiency), analysis of

genomic DNA derived from pooled cells is a valuable approach.
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1.3.2.1 T7E1 assay

The T7E1 assay relies on a nuclease that specifically cleaves DNA at mismatched
nucleotides. After a DNA editing experiment, genomic DNA is isolated from pools of treated
cells and the target locus is PCR amplified. Amplicons are heated and cooled in order to
form heteroduplexes of edited and unedited DNA. Treatment with the mismatch sensitive
T7 endonuclease cleaves these heteroduplexes. Upon running the resultant fragments on a
gel, densitometry can be used to estimate the proportion of edited vs. unedited amplicons

[167].

1.3.2.2 Sanger sequencing-based approaches

Following PCR amplication of target loci, Sanger sequencing can be performed.
Sanger-derived chromatogram traces can be analysed in silico for heterogeneity compared
to an unedited control trace. This heterogeneity is taken as a measurement of the
proportion of sequencing reads exhibiting alterations to the control sequence. Further
analysis can identify the proportion of reads carrying specific sizes and orientations of
indels, thereby identifying the highest-contributing edits in the pooled population. Two
major methods utilize this approach: Incidence of CRISPR Analysis (ICE) and Tracking of
Indels by Decomposition (TIDE). These methods have been verified as detecting editing
efficiency at a similar level to next-generation sequencing, which allows for enhanced depth

and breadth of sequencing [168-170].

1.3.2.3 Digital droplet PCR (ddPCR)
ddPCR relies on water-oil emulsion droplet formation to separate individual DNA

template molecules into sequestered droplets for amplification [171]. Similarly to other
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fluorescence-based PCR assays such as gPCR, fluorescent probes are designed to have
complementarity to specific sequence features (edited or un-edited DNA). These probes
bind to DNA during PCR extension steps and are subsequently released upon cleavage by
polymerase. Therefore, upon amplification, templates carrying certain sequence features
will yield fluorescent signal. Individual droplets are analysed for fluorescence, with the
proportion of fluorescent droplets taken as a quantitative measure of the original template
mix’s composition. This can be used to establish what percentage of a pooled group of cells
were successfully edited, either via precise directed repair (probe contains small edit or
spans junction of desired indel) or NHEJ (presence or absence of WT sequence surrounding

cut site) [172].

1.3.3 Minimising off-target effects (OTEs)

Off-target editing is a major concern with DNA editing. In theory, a 20-bp gRNA
sequence should be unique in the genome. However, Cas9 is capable of tolerating
mismatches provided a PAM site is present. Any formation of a DSB is a major threat to cell
health, and formation of multiple DSBs in the same cell during CRISPR-Cas9 editing would
increase risk of apoptosis [173]. Indels formed at off-target sites can also be disastrous if
they interrupt function of essential genes or important regulatory sequences [174]. Even
small-scale changes formed without DSBs (like the edits performed by technologies
discussed in Section 1.3.4) can present a threat to non-target loci.

Some of the first studies investigating this phenomenon found several instances of off-
target editing reaching comparable levels to on-target editing, with CRISPR machinery

tolerating up to five mismatches in spacer sequence [175-179]. Since then, analysis of OTEs
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has been an essential component of CRISPR research. Many tools have been developed for

the prediction and detection of OTEs.

1.3.3.1 Prediction of vulnerable off-target loci

Many web-based tools exist for prediction of off-target edits. Most of these tools

offer rankings of potential sites for OTEs that are based on a variety of criteria:

1) Mismatches between on- and off-target spacer sequences. The lower the
number of mismatched nucleotides, the higher the likelihood of gRNA binding
and Cas9 cleaving.

2) Location of mismatches in the seed sequence. Cas9 has been shown to be more
tolerant of mismatches at the PAM-distal end of gRNA sequences, with the
nucleotide at position 1 shown to be highly tolerant of mismatch and replaceable
by a G nucleotide for efficient expression by a U6 promoter [180].

3) Predicted effect of OTEs. OTEs occurring at intergenic loci are unlikely to be
pathogenic, even if they occur at high rates. On the other hand, even low-
efficiency OTEs can prove threatening to cell health if they occur in coding

regions or promoters of essential genes.

A recent study investigated the relative strength of three candidate in silico
prediction methods in contrast with bench-based surveys (CHANGE-Seq, CIRCLE-Seq,
DISCOVER-Seq, GUIDE-Seq, and SITE-Seq — discussed in detail below) [181]. The study found
that, despite significant overlap in predicted and detected OTEs, no in silico or bench-based

method found all 11 of the total OTE detected OTE events. However, not all available
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methods were used for either prediction or detection of OTEs.

1.3.3.2 Detection of OTEs

The same tools used for detection of editing at on-target loci can also be used to
detect OTEs by using them to investigate in-silico-predicted sites. This is sufficient for proof-
of-concept or early in vitro work. However, as DNA editing strategies get closer to clinical
application, a more thorough and unbiased approach is called for.

GUIDE-Seq (Genome-wide, Unbiased Identification of DSBs Enabled by Sequencing)
relies on NHEJ-mediated integration of a double-stranded oligonucleotide donor (dsODN)
after DSB formation [162]. dsODNs are introduced to cells alongside RNP and integrate into
DSB sites. Genomic DNA is sheared and adapters ligated. Amplification is performed using
primers specific to adapters and the dsODN, thereby selecting for genomic fragments that
have undergone DSBs and subsequent dsODN integration. This strategy is unbiased, but
relies on NHEJ-mediated integration of the dsODN into every DSB formed, which cannot be
guaranteed. A later technique developed by the same group, CIRCLE-Seq (Circularisation for
In vitro Reporting of Cleavage Effects by Sequencing), addresses this issue. CIRCLE-Seq relies
on RNP treatment of pre-sheared, circularised genomic DNA [182]. Cas9 cleavage re-
linearises DNA, converting it to a substrate for adapter ligation, amplification, and
sequencing. This does not depend on integration events, which theoretically cannot be
relied upon as a 1:1 readout of DSB formation (ie, not every DSB is guaranteed to be
repaired via integration of the construct). A third technique from this group, CHANGE-Seq,
also relies on Cas9 cleavage of circularized gDNA; however, the initial generation of

circularized DNA relies on tagmentation, significantly reducing workload [183].
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SITE-Seq (Selective enrichment and Identification of Tagged genomic DNA Ends by
Sequencing) relies on biotin-mediated isolation of fragments carrying DSBs [184]. gDNA is
treated with RNP, and exposed ends are biotinylated. gDNA is fragmented, and fragments
conjugated with biotin are isolated. Isolated fragments are then amplified, indexed, and
sequenced. Again, however, this technique requires alteration of cut DNA ends that is not
guaranteed to occur at every DSB.

DISCOVER-Seq relies on chromatin immunoprecipitation followed by sequencing
(ChIP-Seq) to detect loci where MRE11 has been recruited to DSBs. This technique has been
further improved by inhibiting DNA-PKAcs. DNA-PKAcs are crucial for NHEJ; their inhibition
leads to domination of HDR and MMEJ pathways, which rely on MRE11 and therefore
enhance its retention at DSB sites [185]. BLISS-Seq allows for in situ detection of DSBs via
fixation and permeabilization of edited cells, DSB blunting, and subsequent adapter ligation
for in vitro transcsription and library prep [181]. High-throughput, genome-wide
translocation sequencing (HTGTS) detects translocations occurring after DSB formation;

however, translocation does not always occur as a result of DSBs [186].

1.3.4 Beyond “Conventional” CRISPR-Cas9

1.3.4.1 The need for non-DSB based approaches

Following the advent of the first iterations of CRISPR technology, major concerns
arose about the danger that DSBs present to cellular health [173]. This is typically mediated
by the p53 pathway, which is an essential agent in preventing tumour formation [187]. In
various studies, suppression of the p53 pathway has been shown to enhance CRISPR-Cas9

editing efficiency [188, 189]. Therefore, researchers have theorised that DSB-based editing
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approaches may inadvertently create selection pressure that favours cells with insufficient
p53 pathways, leaving edited tissues at elevated risk for cancer development. In the last 5
years, researchers have devoted significant effort to the development of technologies

derived from CRISPR but not relying on DSB formation.

1.3.4.2 Tandem paired nicking

By inducing a mutation at a critical residue of either of the nuclease domains of Cas9,
a “nickase” enzyme (nCas9) can be generated that cuts only one DNA strand at a gRNA-
specified site [190]. The tandem paired nicking strategy uses paired nCas9 constructs to cut
the same strand of genomic DNA at adjacent sites. A donor plasmid also contains identical
nicking sites surrounding the desired edit. Researchers have shown that this approach yields
fewer indels, lower levels of off-target effects, and on-target editing efficiency comparable
to Cas9 nuclease. Additionally, suppression of p53 did not affect editing efficiency (as it does
in Cas9 nuclease), suggesting that nCas9 activity is less activating of p53.

nCas9 pairs have also been used in trans to induce DSBs with sticky ends [191]. This
provides the opportunity to introduce donors with complementary sticky ends, thus
eliminating the need for HDR and allowing for repair by simple base pairing (similarly to DNA
resolution after treatment with restriction enzymes that generate complementary sticky
ends). This strategy has been used to edit constructs into the AAVS1 site with higher editing

efficiency than a conventional Cas9 nuclease/HDR approach.

1.3.4.3 Cytidine and adenine base editing
Cytidine base editing (CBE) also relies on nCas9 [192]. In this approach, nCas9 is

fused with a deaminase capable of converting cytidine nucleotides into thymine. This
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alteration is followed by treatment with a nickase to induce damage to the complementar
DNA strand, prompting intracellular machinery to repair the damaged strand according to
homology with the edited; this is enhanced by inhibition of uracil DNA glycosylase. Thusly,
the desired change is permanently incorporated into the genome. Retention of the edit is
also enhanced by inclusion of a uracil glycosylase inhibitor (UGI), which inhibits uracil
excision.

Soon after the advent of CBE, adenine base editing (ABE) was reported [193]. This
relied on the same basic principles of CBE; however, no known deaminase was capable of
converting adenine residues to guanine. Via directed evolution, a deaminase protein was
developed capable of creating the required change. This novel enzyme was paired with

nCas9 in the same fashion as CBE.

y
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Genome Editing, vol. 3, Jan. 2021, p. 618406. DOIl.org (Crossref),
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44



Both base editors have been shown to achieve high levels of editing efficiency (albeit
with some variation in outcomes for different target loci) and minimal off-target effects
(OTEs) [192, 193]. They have also undergone optimisation since their initial introduction in
order to further enhance editing efficiency [174, 195-198]. However, they are not without
disadvantages. Firstly, they can generate only single nucleotide modifications. Secondly,
there have been reports of BE machinery causing unwanted edits on mRNA [199, 200],
though this has been alleviated by further optimisation and engineering of BE machinery
[201, 202]. Thirdly, there is the potential for creation of “bystander” mutations, in which a
non-target cytosine or adenine residue in the editing window is deaminated, generating an
unwanted point mutation [203]; techniques to eliminate this often rely on restriction of the
editing window by introducing amino acid substitutions at critical residues, which also

restricts flexibility based on PAM availability [204].

1.3.4.4 Prime editing

Prime editing (PE) offers significantly more flexibility in editing outcomes than ABEs
or CBEs. Rather than relying on enzymes to reconstruct individual nitrogenous bases at the
submolecular level, this technology uses a reverse transcriptase (RT) to reconstruct nicked
and resected DNA using a customised RNA-based primer and repair template [205].

As in base editing, nCas9 is used to target the desired locus, but instead of a normal
gRNA, it carries a prime editing gRNA (pegRNA). pegRNAs contain a protospacer sequence, a
scaffolding sequence, a primer binding sequence (PBS), and a repair template. As with
conventional CRISPR and base editing, the protospacer sequence has homology to the
target locus, and directs the nickase to the correct site for strand cutting. Upon cutting of

the target DNA and exposure of a strand end, the primer binding sequence of the pegRNA
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anneals to the genomic DNA and acts as a primer for the RT enzyme fused to the nCas9
(fused nCas9 and RT are commonly referred to as “PE2”). The RT extends the exposed end
of the DNA according to the template incorporated in the pegRNA; this template includes
the desired edit. This extension generates a 3’ “flap” containing the edit. The 3’ flap
equilibrates with the residual 5’ flap, which does not contain the edit. Upon exposure of the
5’ flap, endogenous intracellular machinery cleaves the flap, a process that naturally occurs
during lagging-strand DNA synthesis. Once the competing un-edited flap is removed, the
edited strand re-ligates [205].

Just as in base editing, the product is double-stranded DNA carrying an edit on only
one strand. Incorporation of the edit into the unedited strand is enhanced as in base editing,
by use of a secondary nickase targeting the non-edited strand (an approach referred to as
“PE3”), and subsequent endogenous DNA repair to match the previously edited strand,

thereby permanently incorporating the edit [205].
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Prime editing has been shown to achieve high levels of editing efficiency and low
levels of OTEs [205]. Additionally, alterations to pegRNA design (called engineered pegRNAs
or epegRNAs) can yield even higher editing efficiencies by conferring protection from

intracellular degradation [206].
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1.3.4.5 Use of CRISPR to induce changes in gene expression

CRISPR’s ability to precisely locate and bind to unique genomic loci has been co-
opted to activate and inhibit expression. Both CRISPR-mediated inhibition (CRISPRi) and
activation (CRISPRa) utilise a catalytically dead Cas9 (dCas9) protein guided by gRNA to
transcriptional start sites of target genes.

In CRISPRI, dCas9 can either be applied on its own to sterically hinder binding of RNA
polymerases at gRNA-specified sites [207], or be fused to a ZFN-derived Kruppel-associated
box (KRAB) domain, which promotes formation of heterochromatin [208]. Further
enhancement of the CRISPRi system has been achieved by fusion of methyl-CpG binding
protein 2 (MeCP2) to the KRAB domain [207], and by inclusion of the KRAB domain ZIM3,
which is a more potent inhibitor of expression [209]. CRISPRi has been used in high-
throughput screening for gene essentiality in bacteria and eukaryotes [210], elucidating
functions of human pseudogenes [211], and identifying long non-coding RNAs (IncRNAs) in
glioblastoma cells for therapeutic targeting [212]. Potential applications for direct clinical
benefit include multiple eye diseases, enhanced bone healing, lung cell squamous
carcinoma, and high cholesterol (reviewed by Peddle et al. 2020) [213].

CRISPR-mediated activation (CRISPRa) can be achieved by multiple approaches. The
first iterations relied on fusing dCas9 with the ZFN-derived VP64 acidic transactivation
domain, which led to substantial upregulation of target genes [214]. Since then, CRISPRa has
been enhanced by combining dCas9 with multiple activators fused together [215].
Researchers have also enhanced CRISPRa by using modified sgRNAs to generate scaffolding
gRNAs that are capable of bearing aptamers that recruit specific transcriptional effectors
[216]. Translational applications of CRISPRa have included muscular dystrophy, retinitis

pigmentosa, and diabetes mellitus (reviewed by Becirovic 2022) [217].
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Another method of modifying gene expression is by targeting mRNA directly [218]. A

Cas13 protein (PspCas13b) was found to effectively target and silence target transcripts with

comparable efficiency to a shRNA, but with fewer off-target effects. Furthermore, fusion of

the Cas13 with a deaminase enzyme allowed for specific sequence editing of mRNA,

allowing for rescue of disease alleles without editing native DNA.

1.3.5 Pros and cons of commonly used DNA editors

A brief comparison of DNA editors discussed is shown in Table 1.1.

Editor Description Pros Cons Examples of Clinical Uses
Meganucleases | Sequence- Highly specific | DSB CAR-T cell generation
specific formation,
nuclease require
enzymes custom
recognising engineering
~20 bp for unique
targeting
TALEN Can be built | Highly specific | DSB CAR-T cell generation
into an array formation,
to target require
specific custom
sequences, engineering
and paired for unique
with targeting
nuclease
ZFN Can be built Highly specific | DSB Hemophilia B
into an array formation,
to target require Mucopolysaccharidosis
specific custom
sequences, engineering
and paired for unique
with targeting
nuclease
CRISPR-Cas Cas nuclease | Customization | DSB Multiple blood disorders
system targeted by of targeting formation,
guide RNA requires potential for | Multiple eye disorders
alterations to | indels at on-
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extended to
include short
repair
template

original
CRISPR-Cas9
system

small RNA and off- CAR-T cell generation
sequence, not | target loci
protein itself Antibacterial treatments
Base editors Cas9 nickase | No DSB Can make Sickle cell disease
paired to formation, only small-
deaminase reduced off- scale edits, Beta-thalassemia
for target editing | bystander
alterations of | compared to | mutations
individual original common
nucleotides CRISPR-Cas9 within
system editing
window
Prime editors Cas9 nickase | No DSB Can make None at present
paired to formation, only small-
reverse reduced off- scale edits
transcriptase; | target editing
gRNA compared to

Table 1.1: Comparison of DNA editing technologies. All clinical trials listed in detail at

https://crisprmedicinenews.com/clinical-trials under the respective technologies

used [219].

1.4 Use of CRISPR technologies to treat CF

1.4.1 Generation and Correction of Individual Variants

1.4.1.1 Cas9/HDR: Editing Efficiencies and Delivery Strategies

Some of the first experiments using CRISPR-Cas9 to treat CF relied on HDR to correct

individual variants, most commonly F508del.

In one such study, fibroblast cells from a CF F508del-homozygous patient were

expanded and reprogrammed into induced pluripotential stem cells (iPSCs) [220]. iPSCs
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were nucleofected with codon-optimised Cas9 encoded in a plasmid under the Eukaryotic
Translation Elongation Factor 1 Alpha 1 (EEF1A1) promoter, while gRNAs targeting the
F508del variant region were encoded in a plasmid under the U6 promoter [220]. Donor
vectors included template for correction of the F508del variant and puromycin selection
marker [220]. After puromycin selection, 6 of 36 clones were found to carry the F508del
correction in at least one allele, giving an editing efficiency of 16.7%. Of note, the puromycin
resistance cassette in the donor oligo was flanked by piggyBac transposase sites, allowing
researchers to scarlessly excise the selection marker after successful editing.

HDR of Cas9-induced DNA damage can also be achieved using a single-stranded
oligodeoxynucleotide (ssODN) containing homology arms. In a recent study, pairing Cas9
RNP with ssODN repair enabled researchers to both generate and repair common CF
variants in human iPSCs [221]. In order to induce CFTR variants in wild-type (WT) cells, Cas9
RNP incorporating gRNAs targeting the native amino acids F508, G542, or G551 were
electroporated into WT iPSCs. Simultaneously to this RNP construct, ssODN repair templates
were electroporated. To induce the F508del variant in WT iPSCs, sense or antisense ssODN
templates were compared, both of which carried near-symmetrical homology arms of 50
and 52 bases. The sense template yielded an editing efficiency of 5%, while the antisense
template yielded editing efficiency of <1% [221]. To induce the G551D variant in WT iPSCs,
ssODN sense templates with asymmetrical homology arms of 118 and 82 bases edited 19%
of alleles [221]; to induce the G542X variant in WT iPSCs, ssODN sense template with
symmetrical homology arms of 80 bp edited 27% of alleles [221]. Overall, in this study,
repair efficiency was inconsistent, and did not strongly correlate with symmetry, length, or
sense vs. antisense homology. However, controlled direct comparison of such design factors

were not explored for the same alleles. Notably, studies in optimisation of ssODN design

53



have suggested that both length and degree of symmetry in ssODN homology arms have
significant impacts on editing efficiency; however, different alleles yield different results. For
example, the study summarised above reported that optimal ssODN orientation differed
depending on allele targeted, while another reported that for single-nucleotide edits,
antisense orientation yielded superior editing rates [142].

Recombinant adeno-associated virus (rAAV) vectors have been used to deliver repair
templates for HDR in human cells [222, 223]. Using Cas9 RNP, researchers targeted the
F508del variant in upper airway basal stem cells (UABCs) and human bronchial epithelial
cells (HBEs) from CF patients either homozygous or compound heterozygous for the F508del
variant [223]. Cells were collected, expanded, electroporated with the RNP, and then
immediately transduced with an AAV6 vector carrying a repair template. Template included
the F508 correction alongside six silent mutations spanning the PAM and spacer sequence;
inducing silent mutations would preserve coding sequence, but prevent Cas9 from re-
targeting successfully edited loci [223]. Using this strategy, variant correction was observed
in 28 + 5% of F508del-homozygous UABCs, 42 + 15% of compound heterozygous UABCs, and
41 + 4% of homozygous HBEs [223]. Corrected cells were then expanded and seeded in ALI
culture. ALl cultures were analysed for electrophysiological properties using an Ussing
chamber. Corrected UABCs displayed 31 + 5% current of non-CF controls, while corrected
HBEs displayed 51 + 3% current of non-CF controls [223]. Previously, it has been estimated
that a 10% increase in CFTR ion channel activity may be clinically beneficial to CF patients
[224].

HDR was also used to correct the G551D variant in primary airway basal cells
obtained from a ferret model [225]. Basal cells were edited to stably express SpCas9 via

lentiviral transduction. A single rAAV6 vector was then used to deliver gRNA and donor
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template. Analysis of cloned DNA from edited cells revealed 13.95% HDR-mediated
correction and 23.26% indels. In order to enrich for successfully edited cells, a reporter cell
line was generated via lentiviral integration of a GFP construct. The GFP contained a point
mutation that eliminated fluorescence; editing of the mutation would restore fluorescence,
allowing for FACS-based enrichment. After enrichment, a pool of cells containing 18.4%
G551D correction was differentiated on ALl Ussing analysis revealed 70.4% rescue of CFTR
activity. However, lentiviral introduction of either Cas9 or GFP are unfeasible in a
translational setting.

In another study, intestinal organoids generated from two CF patients, each
homozygous for the F508del variant [226], were transfected with plasmids encoding both
Cas9 and gRNAs targeting the F508 locus, as well as a puromycin resistance gene to enable
selection of corrected cells [226]. The study showed that 18% of puromycin-resistant
transfected organoids showed successful editing of the F508del variant, although

transfection efficiency was only 1.5%.

1.4.1.2 Adenine base editing

The ability to edit adenine to guanine represents an opportunity to transform stop
codons (UGA, UAG, UAA) into codons encoding tryptophan (UGG). This is potentially
invaluable for CF, as the current most promising CF pharmaceutical intervention is unable to
rescue defects caused by premature stop codons, but is effective in rescuing most missense
mutations (which a STOP>Trp would most likely represent) [52]. Additionally, by targeting
the noncoding strand, a broader range of changes can be made.

A biobank in the Netherlands contains intestinal organoids of genotypes

representing nearly 50% of the Dutch CF population. 21% of these variants were found by
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bioinformatic analysis to be potentially rescuable using ABEs [227]. Several such alleles were
targeted for treatment by ABEs including the R785X variant; this yielded an editing
efficiency five-fold higher than that of Cas9-mediated DSB and HDR [227]. Subsequently,
two more variants (W1282X and R553X) were corrected in clonal cell lines using ABEs with
an efficiency of 1.43% for both variants [227]. In this study, editing efficiency was quantified
by phenotypic screening (namely the forskolin-induced (FIS) assay); it is possible that more
cells received the desired edit, but also acquired deleterious off-target mutations that
prevented FIS response or organoid formation in general. Analysis of off-target effects
revealed no significant alterations at predicted off-target sites, nor were increases observed
in the occurrence of A>G changes across the entire genome [227].

The editing efficiency of ABEs has recently been increased by incorporating chemical
modifications into the ABE mRNA and guide RNAs. Uridine-depleted (UD) mRNA encoding
the codon-optimised ABE RA6.3 was created by silently altering codons in order to minimize
the number of uridines in the transcript, while remaining uridines were replaced with 5-
methoxyuridine to create 5-methoxyuridine-modified (5moU) mRNA, which is a more stable
template for translation [228]. 5moU ABE mRNA yielded unexpectedly low A>G editing rates
when targeted to a genomic site known to have high editing rates upon delivery of RA6.3
encoded by plasmid DNA (pDNA) [228]. However, combining the 5moU ABE mRNA
electroporated with 2’0-methyl 3’-phosphorothioate modified sgRNA yielded editing rates
that exceeded plasmid encoded ABE RA6.3 and sgRNA at three separate genomic sites
[228]. This approach was then used to target the CFTR W1282X variant, which is caused by a
G>A mutation. Two A residues lay within the editing window, the editing target (A9G) and a
non-target bystander (A5G). Modified sgRNA was electroporated alongside either

unmodified or 5moU-modified ABE mRNA. Bystander editing rates at A5G was significantly
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higher with the 5moU ABE mRNA [228], although editing efficiency was higher at A9G than
at A5G with both 5moU and unmodified mRNA. Base editing at A5G modifies the glutamine
residue encoded by the codon immediately preceding the target codon (Q1281) to an
arginine, and so the phenotypic effect of this Q1281R substitution was assessed in clones.
Clones containing the corrected nonsense mutation with or without the Q1281R mutation
exhibited normal CFTR channel activity, suggesting that ABE editing restored CFTR function
and that the presence of the Q1281R mutation in the same allele did not hinder CFTR
function [228].

Another study used ABEs to correct two nonsense (R553X and W1282X) and one
splicing (3849+10kbC>T) variant [229]. These variants produce truncated or absent protein
product and are therefore not rescuable by existing modulator therapies. In this study, ABE
enzyme machinery and gRNAs were delivered via preformulated RNP. RNP was
electroporated into ALl-differentiated primary CF airway epithelial cells compound
heterozygous for R553X/G85E. One week post treatment, cells were genotyped via NGS of
target site PCR amplicons. Initial tests yielded editing efficiency of 54.5% with negligible
bystander edits or indels. Next, editing was attempted in primary cells compound
heterozygous for W1282X/ CFTR-del2,3 (a 21 kb deletion resulting in the loss of exons 2 and
3). In this case, a bystander adenine was present in the editing window. Treatment yielded
an editing efficiency of 38% at the target adenine. However, this was accompanied by 16.6%
editing of the bystander residue. This bystander change creates the mutation R1283G,
which is a significant alteration to amino acid composition in terms of both size and charge.
Finally, editing was attempted to remedy the 3849+10kbC>T mutation. While this mutation
cannot directly be targeted for deamination, the cryptic splice site that it generates can be

removed by deamination of a neighbouring adenine. Using this approach, ABE editing
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efficiency was 29.1%, with <2% bystander edits. For all editing experiments, no genomic
OTEs were found upon sequencing of predicted off-target loci. Upon Ussing analysis of
mixed edited populations, it was revealed that higher editing efficiency did not always relate
linearly to functional rescue and was instead mutation dependent [229].

A more recent study targeted the 2789+5G>A mutation [83]. In cells with this
mutation, aberrant splicing results in an out-of-frame truncated protein product. Firstly,
minigene models were generated for the mutation site and the surrounding exons, with the
mutation either present or absent in the construct. Aberrant splicing was observed in
HEK293T cells transfected with the mutant minigenes. In order to repair the mutation,
multiple ABE strategies were tested, with varying optimised ABE proteins and gRNA
sequences delivered in plasmid form. Additionally, a variant of SpCas9 was used with
relaxed PAM specificity, allowing recognition of NG rather than NGG. The most efficient
gRNA-ABE combination yielded ~40% editing of the minigene construct, as detected by
sequencing and Sanger trace analysis via EditR software. Efficiency was further increased to
up to ~70% using all-in-one delivery of ABE machinery via lentiviral transduction; however,
bystander editing was also detected. In intestinal organoids, the same lentiviral approach
yielded ~10% editing of the target adenine; however, bystander effects were once again
observed. Splicing defects were modestly rescued, with correct splicing increasing from
~65% pre-treatment to ~75% post-treatment. In rectal organoids, ABE enzymes and gRNAs
were delivered via electroporation of mMRNA and sgRNA respectively. ~5% editing efficiency
was observed, with <1% editing of a bystander adenine. Restoration of correct splicing was
comparable to that achieved by the lentiviral delivery approach. Two weeks post treatment,
edited organoids were responsive in FIS assays. Finally, in primary bronchial epithelial cells,

electroporation with the same RNA constructs yielded comparable editing efficiency of the
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target site; however, nearly four-fold editing was observed at a bystander adenine.
Successfully edited cells were expanded into ALl cultures, which were found to achieve 13-
18% of WT CFTR activity via Ussing chamber analysis [83].

Overall, ABEs have shown promising editing efficiency depending on the model in
which editing is attempted (organoids, cell lines, primary cells) and the method of delivery
(virus, plasmid, RNA, RNP). However, bystander edits can significantly outweigh on-target
editing, meaning that ABEs may yet only be appropriate for mutations with no critical

neighbouring adenines.

1.4.1.3 Prime editing

Geurts et al. attempted prime editing in intestinal organoids homozygous for the
F508del variant [81]. Organoids were electroporated with PE2 and pegRNA/PE3 guide-
expressing plasmids. Two weeks post-treatment, an FIS assay was used to assess functional
response. One organoid showed the desired response and was isolated for further analysis.
Sanger sequencing of the F508del locus revealed heterozygous repair of the mutation. In
order to improve PE efficiency, the experiment was repeated with various RT and PBS
lengths, as well as varying distances from cut site to desired edit. Eight distinct editing
strategies were compared with conventional CRISPR with two HDR tested donors.
CRISPR/HDR resulted in over 100 FIS-responsive clones with either donor, whereas prime
editing never resulted in more than four clones. However, in all edited clones, FIS response
was restored to WT levels. Sanger sequencing of one HDR clone and two PE clones revealed
heterozygous variant correction; however, the HDR clone and one PE clone also contained

indels at the uncorrected allele [81].
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PE was then compared with BE of the R785X variant. ABE outperformed both
CRISPR/HDR and PE at this locus, yielding 9.1% corrected clones versus 1.2% with
CRISPR/HDR and 0-5.7% with PE (variation observed between pegRNA/PE3 designs) as
measured by FIS response. Three repaired clones from each editing strategy were
genotyped via Sanger sequencing to reveal heterozygous variant correction. In two of three
clones from PE, and three of three from ABE, the uncorrected allele was undamaged. The
third PE clone, as well as the HDR-repaired clones, contained indels at the uncorrected
allele. However, no significant genome wide OTEs were detected via WGS for any prime

edited clonal populations [81].

1.4.1.4 NHE)

Despite its imprecision, some CF mutations may be corrected by NHEJ strategies.
One such candidate is the deep intronic variant ¢.3718+2477C>T, which creates a cryptic
splice acceptor that results in the inclusion of a pseudoexon which includes a premature
stop codon [230]. A minigene plasmid was generated containing a contiguous segment of
the CFTR gene, including the relevant intron; this sequence was either ¢.3718+2477C>T
variant or WT. A second plasmid was generated encoding Cas9 and a pair of gRNAs, which
targeted sites immediately upstream and downstream of the ¢.3718+2477C>T variant in
order to excise it. Plasmids were co-transfected into HEK293T cells, and minigene splicing
was subsequently analysed. As measured by PCR and agarose gel densitometry, the variant
was excised in 61% of transfected cells. RT-PCR was performed on RNA isolated from
transfected cells; electropherogram analysis revealed that correct splicing had been
restored at 83% efficiency. While these results provide promising proof of concept, cleavage

of a minigene in HEK293T cells may not effectively predict chromosomal editing in airway

60



epithelial cells. A more robust study design would involve characterising editing efficiency in
the native genome of the cell type of interest. Another splicing variant, c.3849+10kbC>T, has
been corrected in airway epithelial cells” endogenous genomic DNA using a similar dual cut
approach [231]. RNPs were transfected with two guides that targeted just up and
downstream of the variant, and after four sequential transfections of RNP (48 hours
between transfections), 62% of Sanger sequencing reads were found to harbour the desired
deletion by ICE analysis. This translated to 41% rescue of WT splicing (from 25% in unedited

variant cells to 66% in edited).

1.4.2 cDNA integration strategies

There are over 200 known CFTR variants associated with CF, as reported by the CF
variant database CFTR2 [232] . Due to the stringent trialling and approval process required
of novel treatments, it is not feasible to generate and test DNA editing strategies for each
individual CF-causing variant. Therefore, a universal treatment approach would be much
more valuable.

In a 2019 study, a full-length CFTR expression cassette was delivered to CFTR knockout
pig airway basal cells using a helper-dependent adenovirus (HD-Ad) system [233]. An HD-Ad
vector was designed including all required components of the editing reaction: a gRNA
targeting the porcine GGTA1 locus (a known safe harbour for genomic integration), Cas9,
and an 8.7 kB CFTR expression cassette with poly-A tail. Successful integration, as measured
by ddPCR, was found to occur most at the highest MOI tested (MOI 50, 10% efficiency). RT-
PCR was performed on transduced cells at passage 0 (immediately after transduction), 10,
and 20. Interestingly, the trend of CFTR mRNA expression was inversed from the editing

efficiency, with the highest mRNA expression level achieved with the lowest MOI tested
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(MOI 10, 7.94% of PO expression at P10, 2.53% of PO expression at P20). Western blotting
was not sufficient enough to detect CFTR protein product at any MOI at or beyond P10.
Despite this, functional analysis by membrane potential-sensitive dye-based FLIPR assay
revealed significant differences between transduced and untransduced cells’ responses to
CFTRinh-172 and forskolin [233]. Additionally, HD-Ad vectors have previously been shown to
successfully deliver transgenes to pig airway basal cells in vivo, making them a promising
method for delivery [234].

Another study utilised two AAV vectors to deliver each half of a full-length CFTR cDNA
to UABCs and HBEs carrying CFTR variants [235]. The first AAV vector contained a homology
arm, the first half of the CFTR cDNA, and a randomised 400 bp “stuffer” sequence with no
homology to any target in the human genome. The second AAV vector contained a
sequence homologous to the stuffer, the second half of the CFTR cDNA, a polyA tail, and
tCD19 for enrichment of edited cells. Primary UABCs were electroporated with RNP, and
incubation with both donor AAVs immediately followed. In CF cells homozygous or
compound heterozygous for F508del, treatment led to 4% editing efficiency pre-enrichment
as measured by tCD19-mediated FACS. In seven populations of HBEs carrying a variety of
genotypes (including undruggable nonsense variants), 10% editing efficiency was achieved
pre-enrichment. Enriched populations of edited UABCs and HBEs were differentiated on ALI.
Western blot analysis of ALl lysates revealed an increase in mature CFTR production. In an
Ussing chamber, edited cells exhibited rescue of CFTRinh-172 response to 72% (UABCs) or
88% (HBEs) of non-CF levels. OTEs were examined at 47 in silico predicted loci. Wild type
SpCas9 (WT-Cas9) was found to exhibit significant OTEs at one locus; however, use of a HiFi

Cas9 (carrying a single point mutation thought to inhibit Cas9 transitioning from inactive to
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active state when mismatches are present) significantly redu ced these OTEs from >50% to

<2% of alleles tested (both Cas9 variants obtained from Integrated DNA Technologies) [235].
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Table 1.2: Editing efficiencies obtained by relevant studies on using CRISPR-Cas9 to
treat CF. RNP: ribonucleoprotein. N/A: not applicable. GFP: green fluorescent

protein. NR: not reported.

1.5 Non-Cas9 Approaches to Gene Editing of CFTR

1.5.1 Transcription-Activator-Like Effector Nucleases (TALENS)

Additionally, non-CRISPR-Cas9 gene editing therapies have recently been explored

for CF. TALEN-mediated homologous recombination was recently used to correct the

F508del variant in iPSCs, which were then expanded into intestinal organoids [82]. A TALEN

plasmid was nucleofected alongside a donor vector carrying the desired variant correction
as well as a puromycin resistance selection cassette flanked by piggyBac transposon sites;
after correction and selection, the selection cassette was scarlessly removed via the
piggyBac system [82]. Corrected iPSCs showed CFTR protein abundance and localisation
comparable to non-CF cells; corrected and uncorrected iPSCs were then expanded into
intestinal organoids [82]. CFTR function was assayed using FIS assay; upon exposure to
forskolin, corrected organoids increased their surface area to 177%, while uncorrected
organoids increased to 103%, with 100% representing the pretreatment surface area [82].
Additionally, corrected organoids were found to be responsive to the clinically approved
double-combination drug VX-770/VX-809 (marketed as Orkambi), suggesting that DNA
editing-based therapies can be combined with pharmaceutical intervention to enhance

clinical outcome [82].
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1.5.2 AsCasl2a/Cpfl

The Cas protein AsCas12a (also referred to as Cpfl), derived from Acidaminococcus,
recognises the PAM sequence TTTV. This nuclease has recently been used in lieu of Cas9 in
order to excise intronic splice altering CFTR mutations. Due to AsCas12a’s tendency to
create deletions >4bp, a single gRNA rather than a pair was used to target the desired
mutation; this is potentially advantageous because fewer DSBs leads to fewer opportunities
for apoptosis induction and off-target indel formation. The variants 3272-26A>G and
3849+10kbC>T CFTR were targeted using Cas12a in first a minigene model and then in
primary airway cells and intestinal organoids. In primary airway cells derived from a 3272-
26A>G/F508del compound heterozygote, lentiviral delivery of Cas12a with a single guide
yielded 30% cutting efficiency and 13-fold rescue of aberrant splicing without puromycin
selection [236]. In human intestinal organoids derived from a 3272-26A>G/4218insT
compound heterozygote, lentiviral delivery of Cas12a with a single gRNA resulted in
restoration of proper splicing from 69% to 95% [236]. FIS response in edited organoids
increased 2.8-fold compared to unedited organoids, similar to the result obtained by rescue
using lentiviral introduction of non-variant CFTR cDNA [236]. These protocols were repeated
with a guide targeting the 3849+10kbC>T allele; in compound heterozygous
3849+10kbC>T/F508del primary airway cells, a 20% indel rate was achieved; in intestinal
organoids with the same genotype, a 30% indel rate was achieved, and FIS swelling was
restored to the same level as that achieved by lentiviral introduction of non-mutant CFTR
cDNA [236]. A pair of guide RNAs accompanied by Cas9, also introduced via lentivirus into
Caco-2 epithelial cells, yielded significantly lower rates of FIS responsiveness than both
Casl2a-corrected organoids and WT CFTR cDNA-expressing organoids [236]. However, long-

term expression of Cas9 from lentiviral integration raises safety concerns as it has been
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shown to exacerbate off-target DSBs throughout the genome [237], and so comparison with
more clinically viable delivery strategies is necessary in the future.

Cas12a was directly compared with Cas9 in a study aiming to correct the W1282X
variant using ssODN-mediated HDR [238]. Different gRNAs were used for each enzyme due
to their differing PAM requirements; however, in both cases, the closest possible cut site to
the mutation was targeted. Using guidance from previous studies, asymmetrical ssODNs
were designed: 5’-91nt/36nt-3’ complementary to non-target strand for Cas9; 5’-77nt/37nt-
3’ complementary to target strand for Cas12a. The PAM site in the Cas12a donor was
modified with a silent mutation to prevent retargeting by the nuclease; in the Cas9 donor,
the W1282X modification was immediately 5’ of the cut site, and therefore represents an
alteration to the spacer sequence, preventing retargeting. Cas9/Cas12a RNPs were
electroporated, with or without ssODNs, into a 16HBEge cell line engineered to carry the
W1282X variant [57]. 72 hours post treatment, genomic DNA was isolated from cells, PCR
performed to amplify the cut site, and Sanger sequencing executed. Inference of CRISPR Edit
(ICE) software was used to quantify HDR and indels based on heterogeneity of Sanger
sequence chromatogram traces [238]. Cas9 RNP was found to generate significantly higher
editing efficiency and a higher ratio of repair:indels than Cas12a. In the case of Cas12a HDR,
three times the amount of ssODN was found to be required to achieve half the editing
efficiency; this was also accompanied by 1.75-fold higher indel frequency than Cas9/HDR
treatment. At the mRNA level, up to 60-70% of correct transcripts were observed after Cas9
treatment, whereas only 50% restoration was observed after Cas12a treatment. Two clonal
homozygous Cas9/HDR-repaired populations were expanded and analysed; in these

populations, CFTR mRNA was restored to WT levels. An HS-YFP quenching assay was
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performed on these clonal populations, and quenching was observed at non-CF levels; in the

mixed edited pool, 18% of non-CF quenching levels was observed.

1.5.3 Zinc Finger Nucleases (ZFNs)

Integration of a CFTR superexon encoding exons 11-27 has also been studied using
zinc finger nucleases (ZFNs) [239]. The plasmids (encoding ZFNs or containing the superexon
donor construct) were transfected into an F508del-homozygous cell line (CFBE410-) [239].
The superexon was integrated at the target locus (just upstream of the F508 locus) with a
targeting efficiency of approximately 10% [239]. Monoallelic integration was found in five
out of 48 sequenced clones; three of these five clones produced chimeric CFTR mRNA as
measured by allele-specific RT-PCR after drug-induced demethylation of the CFTR locus
[239]. One successfully edited clonal cell line was then expanded into a pseudostratified
epithelium in ALl culture, and subsequently analysed using an Ussing chamber [239]. While
unedited CFBE410- cells yielded no significant transepithelial current, edited cells displayed
current comparable to wild-type airway epithelial cells [239].

ZFNs have also been used to correct CFTR defects in CF patient-derived airway basal
cells of various genotypes. Firstly, ZFN mRNA targeting the F508del variant was
electroporated alongside a 200-bp ssODN donor molecule consisting of the restoring edit
flanked by approximately 100 bp of homology on either side [240]. Electroporation of the
targeting ZFN mRNA alone yielded 44.6 + 2.4% indel formation while co-delivery with the
repair oligo yielded 10.6 + 2.6% correction of the F508del variant (measured by percent of
sequenced alleles harbouring each result), yielding an HDR:indel ratio of 1:5 [240]. In order
to increase rates of HDR, a longer DNA donor containing two 1 kb homology arms was

introduced via AAV6 transduction. This approach increased the editing efficiency to 31.0 +
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4.0% and an improved HDR:indel ratio of 3:2 [240]. Cells corrected using the AAV6 donor
strategy were expanded on ALl culture and assayed using an Ussing chamber, along with
non-CF cells and F508del-homozygous cells treated with the CF double-combination drug
VX-809/VX-770. When exposed to the CFTR activator forskolin, corrected cells exhibited
40.2% of non-CF increase in current, compared with 26.7% of the normal CFTR current in CF
F508del cells which had been treated with VX-809/VX-770- [240]. When exposed to the
CFTR inhibitor CFTRinh-172, corrected cells exhibited 49.4% of non-CF reduction in current,
compared with 31.3% non-CF current reduction exhibited by VX-809/VX-770-treated cells
[240].

Secondly, in the same study, ZFN mRNA targeting intron 8 was electroporated
followed by AAV6 transduction of the CFTR superexon cassette SA-CFTRs-27-pA. This
construct encodes wild-type CFTR exons 9-27; provided that patient variants occur in or
after exon 9, targeted addition of this superexon in intron 8 will create a functional CFTR
gene. Electroporation of the targeting ZFN mRNA alone yielded 86.5% indel formation; co-
delivery with AAV6 donor yielded 56.5 + 7.4% of NGS-surveyed alleles carrying the
successfully integrated superexon, and an integration:indel ratio of 5:3 [240]. In two
independent experiments, Ussing analysis was performed using the same comparison
populations (non-CF and F508del-homozygous drug-treated) as in the prior correction
strategy. Across the two experiments, there was some variation in the non-CF and
superexon-integrated cells’ responses to forskolin and CFTRinh-172. However, in both
experiments, superexon-integrated cells either matched or outperformed VX-809/VX-770-
treated CF cells, as measured by the percent of non-CF current change achieved in response

to both inhibition and activation.
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Finally, the AAV6 superexon integration approach was used in G542X/R785X
compound heterozygous primary airway basal cells for an integration rate of 61.8%+6.0%
and an integration:indel ratio of 1:2. Corrected cells were expanded on ALl and analysed via
Ussing chamber using the same comparison populations as above. When exposed to
forskolin, superexon-integrated cells exhibited 33.8% of non-CF increase in current; when
exposed to CFTRinh-172, superexon-integrated cells exhibited 30.6% of non-CF reduction in
current; CF cells treated with VX-809/VX-770 did not respond to the CFTR activator or

inhibitor [240].

1.6 Challenges of editing in the CF airway environment

1.6.1 Challenges to editing epithelial cells in vivo

One of the major obstacles to precise genome editing is the fact that HDR does not
occur in non-dividing cells [241, 242]. The post-mitotic cells of the airway epithelium,
therefore, cannot be precisely edited using HDR. Additionally, these cells turn over
approximately every 30 to 50 days [243]; therefore, even if editing is achieved, it must be

repeated routinely, which is not possible with immunogenic vectors like AAV [244].

1.6.2 Towards editing basal cells in vivo

Underneath the epithelial layer lies a population of airway basal cells, which are
capable of proliferation and differentiation [68]. These multipotent stem cells represent an
attractive option for targeted CRISPR, as they can be repaired by HDR and will continuously
give rise to edited progeny cells. However, in order to access these basal cells in vivo, the
outer epithelial layer of cells must first be stripped away. Multiple strategies have been

proposed for achieving this.
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Firstly, mechanical brushing of airway and/or nasal surfaces is commonly used to
harvest airway epithelial cells from patients with airway diseases [245]. Scraping can clear
swaths of epithelial cells while leaving basal cells undamaged [246]. Chemical stripping of
the epithelium is difficult in vivo without risking the overall health of the airway. Previous
studies of airway healing after chemical stripping of the epithelium have used chlorine gas,
proteolytic enzymes, naphthalene, and irradiation [68, 247, 248]. Another potential avenue
is the use of common, low-risk rhinoviruses to irritate the epithelium. Rhinovirus C and
H1N1 influenza viruses, which are known to target ciliated cells in the airway, result in
infected cells being shed from the epithelium [249]. Therefore, deliberate infection could
potentially create access to progenitor cells, although this approach carries risk, particularly
in the CF airway, where chronic activation of the immune system is already a major issue.

A less harmful approach is loosening of the tight junctions between epithelial cells to
allow for leakage of CRISPR machinery into the basal layer. For example, treatment of the
airways with lysophosphatidylcholine (LPC), a mild detergent, exposed the basal cells and
led to significantly higher rates of lentiviral transduction than mice pretreated with
phosphate-buffered saline (PBS) [250]. Mice pretreated with PBS yielded an average of 10
8.59% transduced cells per counted region, whereas mice pretreated with 0.1% and 0.3%
LPCyielded an average of 39.7 £ 9.2% and 24.35 + 8.23% respectively [250]. While the
majority of transduced cells were ciliated epithelial cells, treatment with LPC did allow some
instances of successful transduction in basal cells [250]. However, accurate quantification of
LPC-mediated basal cell penetration would require either longer timescale experiments to
evaluate presence of transduction reporter (in this case X-gal) in the next generation of
surface epithelial cells post-turnover, or co-labelling with basal cell markers. Additionally,

differently sized particles may permeate with different efficiency through LPC-loosened
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tight junctions; therefore, investigation into the effect of particle size on permeation is also
necessary to assess versatility in introducing different biochemical machinery, such as

differently sized viral vectors, nanoparticle-encapsulated plasmids, CRISPR RNPs, etc.

1.6.3 Transplantation of ex vivo-edited cells

Ex vivo gene editing is an attractive option due to the fact that actively dividing
progenitor cells can be edited via HDR before being differentiated into epithelial cells, and
altered genomes assessed for off-target edits before being introduced into the body. The
success of this approach will depend on the development of safe and efficient methods for
engraftment of edited cells back into the airways and subsequent successful differentiation
into the pseudostratified epithelium. Successful implantation of basal epithelial cells has
been shown to be enhanced by airway pre-injury, exposing the basement membrane and
creating a niche for engraftment of edited cells. NHBE cells were transduced via lentivirus to
express GFP and intratracheally introduced into the airways of mice [251]. Mice were
pretreated with 2% polidocanol administered into the airway, a procedure previously shown
to cause extensive shedding of epithelial airway cells, resulting either in exposure of basal
cells or complete denuding of the basement membrane [252]. Twenty-four hours after
polidocanol treatment, GFP+ NHBE cells were administered and 48 hours later, cell
retention efficiency was assessed in lung homogenates and reported as 10.48 + 2.86% [251].

In a similar study, 2% polidocanol was administered to mice prior to introduction of
human airway basal cells (hABCs) transduced via lentivirus with luciferase. After one week,
luciferase fluorescence intensity was quantified via in vivo bioluminescence imaging [253].
Mice pretreated with PBS showed no bioluminescence at any timepoint. Three of seven

mice pretreated with polidocanol two hours prior to hABC cell delivery showed significant
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bioluminescence compared with the PBS control at both three and five weeks before
dropping to insignificant levels at five and eight weeks, indicating that transduced and
implanted cells had died off or their transgene expression silenced. Additionally, three of
the ten initial hABC-treated animals died during cell delivery [253].

Another potential chemical for pretreatment is naphthalene (NA), as shown by
successful implantation of a mixture of murine lung tissue stem cells (TSCs), a rare basal cell
subtype, and progenitor cells [254]. TSCs cultured in vitro were found to create clones
consisting of a mixture of TSCs and basal progenitor cells. Attempts to purify TSCs from
these mixed pools resulted in inhibition of TSC self-renewal [254] and so transplantation
was attempted with the mixed population. Similarly to the study described above, airway
pre-injury was found to significantly enhance cell implantation. No post-transplant
repopulation occurred in NA-untreated mouse airway, nor in areas of the airway that were
undamaged by NA treatment, such as the parenchyma [254]. LacZ-labelled TSC/basal
progenitor cell mixtures were transplanted into the NA-injured airways of NOD/SCID/TCR-y
mice. Two weeks post-transplant, implanted cells were found to have repopulated the
injured trachea with basal and secretory cells at frequencies similar to the host-derived
populations, although differentiation into ciliated cells was significantly decreased
compared to host populations [254].

Subsequently, transplantation was tested with GFP-marked human-derived
TSC/basal progenitor cells. Two weeks post-transplantation, GFP+ cells were found in the
trachea and intrapulmonary regions; as with LacZ-labelled mouse-derived cells, no
successful implantation occurred in non-preinjured parenchyma [254]. In the majority of
transplanted airways, transplant-derived cells were less frequent compared to host-derived

cells. Host differentiation ratios were incongruent with host-derived populations, with an
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overrepresentation of mucus-producing cells and underrepresentation of basal and ciliated
cells [254]. Overall, despite representing a negligible portion of basal cells in bronchial
airways, transplant-derived cells represented approximately half of epithelial secretory and
ciliated cell types [254].

In another study, embryonic cell engraftment was explored as an option for
repopulation of injured airway. In both human and mouse samples, tissues harvested from
the canalicular stage of embryonic lung development were found to contain high
concentrations of epithelial, endothelial, and mesenchymal progenitor cells [248]. Similarly
to the study above, C57BL/6 mouse airways were injured by NA prior to transplantation.
However, 48 hours after NA exposure, mice were also exposed to 6 Gy total body irradiation
to limit endogenous host cell repopulation, which allowed transplanted cells to more
successfully compete for niche engraftment [248]. Several hours after completion of this
preconditioning regimen, GFP+ canalicular cells were transplanted into the airway. After 8
weeks, transplant-derived cells were found to occupy an average of 11 + 3% of recipient
lungs. After 16 weeks, transplant-derived cells occupied 28 + 6% of lungs [248]. Of note,
upon staining for different marker proteins of lung cell types, several cells were found to
express CFTR, though protein functionality and ion conductance were not assayed [248].
Researchers then attempted to use the preconditioning regimen to prime NOD/SCID mouse
lungs for transplant with cells derived from human embryos. However, due to the increased
sensitivity to radiation in the mouse line, a lower dose was used [248]. After transplant,
antibody staining revealed significantly reduced integration of human donor cells compared
to mouse embryonic cell transplantation [248]. This was hypothesized to be due to the
lower dose of radiation, or due to differences between human and mouse cytokines, which

has previously been implicated as a hindrance to chimerism [248].
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It has also been proposed that basal cells from the sinuses of CF patients could be
edited ex vivo to repair the CFTR mutation; edited cells would then be engrafted back into
the sinuses using a biomaterial to promote engraftment [255]. Vaidyanathan et al. reported
that edited airway basal cells were successfully implanted on a porcine-derived membrane,
after which they retained their capability to proliferate and differentiate. The authors
proposed that the membrane, which had already received approval from the United States

Food and Drug Administration, could then be surgically engrafted into patient airways [255].

1.7 Delivery formats for DNA editing machinery

As outlined in the studies discussed above, various molecular formats can be used to
deliver Cas9 and gRNA. The most commonly used options are DNA (plasmid or viral), mRNA,
or RNP.

Plasmid DNA is a reasonably effective method of delivering Cas9 and gRNAs; however,
it comes with several disadvantages. Firstly, there is the delay in expression due to the time
it takes for protein expression of Cas9 and RNA expression of gRNA cassettes. Secondly,
plasmids yield longer-term expression of Cas9, which can increase the risk of off-target
DSBs, creating unwanted indels and risk of apoptosis [141, 237, 256]. Exacerbating this risk
is the potential for plasmid DNA to integrate into the host genome [256]. Thirdly, in both
relevant studies discussed above, plasmids included cassettes selecting for antibiotic
resistance to aid in selection of edited cells; use of antibiotic resistance selection markers is
commonly discouraged in clinical settings and in vivo research [257].

In order to avoid the drawbacks of plasmid delivery, Cas9 may be delivered as in vitro

transcribed messenger RNA (mMRNA) mixed with synthetic gRNA, or as purified Cas9 protein
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pre-loaded with gRNA in a ribonucleoprotein complex (RNP) [256, 258]. In addition to the
transient activity of purified mRNA and RNPS, these approaches enable the use of synthetic
gRNAs which may be chemically modified to greatly enhance targeting efficiency and reduce
cytotoxicity [259-262]. RNP transfection efficiency outperforms plasmid encoded
Cas9/gRNAs transfection in multiple cell types, including human iPSCs [221, 256].
Transfection of RNPs via electroporation has been shown to efficiently cut the CFTR gene at
the F508, G542, and G551 loci in wild-type iPSCs, with indel formations of 30%, 51%, and
48% respectively [221]. In human upper and lower airway stem cells, electroporation of
optimised RNP yielded over 80% cutting (resulting in 38% indel formation and 43%
homologous recombination) at the F508 locus [223].

However, electroporation is not a viable option for in vivo airway delivery. Lipid-based
nanoparticles are a promising option due to their low immunogenicity, high efficiency, and

biodegradability.

1.8 Delivery to the lungs via lipid nanoparticles (LNPs)

Delivery of gene editing reagents to the lungs can be accomplished using LNPs. Careful
selection of lipid composition and conjugation with targeting peptides can significantly
impact LNPs’ transfection efficiency of difficult-to-transfect tissues. LNPs have been

investigated for delivery of CRISPR machinery as mRNA and RNP, discussed in depth below.
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1.8.1 General considerations for enhancing LNP delivery

LNP delivery involves four major considerations: cell targeting, cell penetration,
endosomal escape, and cargo release. Much work has been done to optimise LNP

formulation at each of these critical stages.

1.8.1.1 Receptor targeting and cell-penetrating peptides

Different cells express different profiles of receptor proteins, and each receptor
protein comes with a set of molecules to which it preferentially binds. Researchers have
taken advantage of this by conjugating LNPs with peptide moieties that bind specific cell
types, enhancing LNPs’ targeting and penetration in therapeutically relevant tissues.

One effective tool for discovering such peptides is biopanning accomplished by
phage display [263]. In this approach, a library of phages is generated that display
randomised short sequences of amino acids. The library is introduced to a cell type of
interest, and non-binding phages are eliminated in a series of stringent washing steps. Only
phages displaying strongly bound peptides remain and are subsequently eluted for
purification and sequencing. The result is a population of peptides that bind to an unknown
receptor expressed by the cell type of interest. Additionally, different purification protocols
can distinguish between intracellular (i.e. membrane-penetrating) and extracellular (i.e.
membrane-affiliated) peptides.

A phage display study performed on airway cells yielded a peptide (“Peptide Y”) with
sequence similarity to a protein of unknown function found in the bacterium Legionella
pneumophila, which is known to infect airway cells. Peptide Y was found to significantly
enhance transfection efficiency of pDNA to human airway epithelial cells when conjugated

to LNPs compared to a sequence-scrambled peptide control [264]. This peptide was more
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recently used in combination with LNPs to successfully deliver therapeutic siRNA to CF

mutant bronchial epithelial cells [265].

1.8.1.2 Endosomal escape

Upon uptake by the cell, LNPs are typically encapsulated via endocytosis [266, 267].
Endosomes containing foreign material are normally directed to the lysosome; therefore,
LNP escape from endosomes is crucial to avoid degradation of cargo [267, 268]. The use of
“helper lipids” to aid in endosomal escape has been documented for over 25 years [269].
For example, the lipid dioleoylphosphatidylethanolamine (DOPE) is frequently used for this
purpose. DOPE has a molecular cone-shaped geometry, which promotes assembly into non-
lamellar hexagonal 3D structures [270, 271]. These hexagonal structures are fusogenic with

endosomal membranes, aiding in endosomal escape [268, 271-273].

1.8.1.3 Optimising lipid discovery pipelines

A major consideration is that efficient LNP delivery in vitro does not always translate
to the in vivo environment, especially when particles are subjected to nebulisation for
delivery [274, 275]. To address this issue, a 2021 study attempted to generate an in vivo
protocol for LNP discovery [276]. Three characteristics (lipids used, molar ratios of lipids,
and charge) were selected and treated as axes in an N-dimensional chemical space. Eight to
twelve LNPs were formulated at either extreme of each axis. LNPs in these “extreme
groups” assessed for their size and polydispersity (i.e. consistency of size), stability, and
transfection efficiency in the murine lung. Traits found to be favourable from each extreme
group were combined into LNPs situated at the intersection of relevant axes and

subsequently re-assessed. Using this pipeline, the following “rules” were established: 1)
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PEGylated lipids tend to form smaller and more stable LNPs than non-PEGylated, 2) helper
lipids and PEG tend to enhance transfection efficiency, 3) inclusion of neutral helper
phospholipids reduces the need for PEG. The pool of LNP formulations generated by these
rules exhibited variable stability through the nebulisation process. Despite this, the pipeline
was successfully used to design and optimise a novel LNP formulation that efficiently
delivered mRNA to the murine lung. This formulation, consisting of high-molarity PEG and
cationic lipid, was used to deliver mRNA encoding an H1N1 antibody to mice; mice treated
with the LNP exhibited significantly higher survival rate when subsequently exposed to

H1N1 [276].

1.8.2 CRISPR mRNA delivery to the lung in vivo

MRNA replacement therapy delivered via LNPs has been investigated for several
diseases, including CF. However, delivery of Cas9 mRNA/sgRNA can be used to permanently
correct mutant cells, representing a potential one-dose fix.

A 2017 study examined the comparative kinetics of sgRNA and Cas9 mRNA delivery,
and found that in vivo co-delivery in the same zwitterionic LNP yielded widespread (lung,
liver, and kidney) but low-efficiency (<4% of cells by FACS) editing [277]. Another study
further characterised the fusogenic properties of lipids capable of assuming the hexagonal
HIl phase. In this phase, lipids pack such that polar head groups face inward and
hydrocarbon tails face outward, stacking to create tube-like formations. These tubes are
themselves capable of stacking together. The exposed hydrophobic hydrocarbon tails are
then capable of fusing with membranes, aiding in endosomal escape [278]. Additionally, the
cationic helper lipids used in this study led LNPs to accumulate in the lungs after intravenous

administration, and delivery of Cas9 mRNA/sgRNA generated 28.3% editing in the lungs as
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measured by T7E1 assay [279]. However, each of these studies used intravenous (systemic)
delivery. In the case of direct pulmonary delivery, one study utilising cationic LNPs observed
7.2% editing efficiency upon intratracheal injection [280].

Delivery of CRISPR machinery via mRNA has many advantages over pDNA, as
previously discussed. However, it also has disadvantages when compared to RNP. Firstly,
Miller et al. demonstrated that sgRNA activity and Cas9 expression in the cell peaked at
different times [277]. This could be alleviated by staggered delivery of each component;
however, co-delivery in the same NP is more advantageous to ensure that sgRNA and Cas9
are present in the same cells. Additionally, the delay in translation of mRNA into Cas9 allows
for more opportunity for the cell to recognise and destroy foreign genetic material, and RNA

is more susceptible to intracellular enzymatic degradation than a pre-translated protein.

1.8.3 CRISPR RNP delivery

Delivery of CRISPR RNP to airway cells via LNP has been investigated in a small
number of studies and has achieved only modest editing efficiency upon systemic in vivo
delivery. In most LNP studies, intravenous delivery leads to accumulation in the liver [281].
One study sought to alter lipid composition in order to enhance tissue specificity. Selective
organ targeting (SORT) nanoparticles were initially developed for mRNA delivery to specific
tissues by titrating up the quantity of cationic lipid in LNP assembly [282]. Higher
concentration (~50%) of the cationic lipid 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP) was found to lead to higher levels of accumulation in the lungs compared to liver
and spleen upon systemic in vivo delivery. Upon packaging and delivery of CRISPR RNP, 5.3%

editing was observed in the lungs.
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To avoid the issue of liver accumulation, aerosolised LNPs can be delivered directly
to the airway via intratracheal injection or nebulisation. However, the CF lung presents
unique difficulties in delivery of aerosolised particles due to the accumulation of thick, sticky

mucus.

1.8.4 A potential avenue for mucus penetration

Cationic lipids are favourable for their association with negatively charged cargo and
negatively charged components of cell membranes. However, the negatively charged
mucins, mucopolysaccharides, and neutrophil DNA in CF mucus can lead to retardation of
positively charged particles [283]. In multiple studies, researchers have proposed
conjugation of lipids with the neutral molecule poly(ethylene glycol) (PEG) as a solution for
this issue.

Chitosan, a cationic linear polysaccharide, is a derivative of the naturally occurring
biodegradable molecule chitin. Due to its positive charge, chitosan naturally complexes with
negatively charged nucleic acids. However, as with cationic lipids, this also confers
mucoadhesive properties. A 2018 study investigated conjugation of chitosan with PEG to
enhance mobility in mucus [284]. PEG-COOH was conjugated to chitosan to generate
PEGylated chitosan. In a mucus permeation assay, it was demonstrated that DNA mobility
through mucus-coated transwells was undetectable with chitosan-DNA complexes, but
mobility was improved by PEGylation. PEG-chitosan-DNA nanoparticles were also found to
have favourable size (diameter <200 nm at optimal chitosan:DNA ratio) before and after
nebulisation. However, transfection efficiency never reached >20% of that achieved by the
commercially available transfection reagent Lipofectamine in nebulised or unnebulised

conditions [284].
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Another study investigated PEGylation of cell penetrating peptides (CPPs) for in vivo
use in the CF airway [285]. Glycosaminoglycan (GAG)-binding enhanced transduction (GET)
peptides consist of cell-targeting and cell-penetrating domains. The peptide used in the
study (termed FGF2B) carries a cationic charge at pH < 7. Furthermore, for transfection
purposes, it was fused to an amphiphilic sequence and a cell-penetrating octa-arginine,
generating a GET with a significant net positive charge. PEGylation was investigated as a
method to make GET-DNA nanocomplexes more motile in mucus. Firstly, researchers
established a ratio of PEG:GET-DNA nanocomplexes that did not significantly affect particle
size, aggregation, or protection of DNA from enzymatic degradation. However, transfection
efficiency of in vitro cells was found to inversely correlate with % PEGylation. 40%
PEGylation was selected as the optimal ratio for balancing transfection efficiency with
stability in biological fluids. In CF sputum, PEG-GET-DNA complexes were found to exhibit
six-fold motility (measured by square of distance travelled by an individual particle in a given
time interval) compared to non-PEGylated complexes. In an in vivo healthy mouse lung,
aerosolised PEG-GET-DNA complexes were found to achieve significantly higher epithelial
coverage and parenchymal distribution than non-PEGylated complexes. Additionally, there
was no significant difference between inflammatory response between PEGylated and non-

PEGylated complexes [285].
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1.9 Aims of this project

The aims of this thesis are as follows:

1. To characterise a BMI-1 transduced primary airway epithelial cell line homozygous
for a CFTR variant. This will provide a baseline for development of a therapeutic
treatment for an “undruggable” variant. Furthermore, scanning ion conductance
microscopy has not yet been performed for cells harbouring undruggable CFTR
variants [286].

Hypothesis: A pseudostratified epithelium made up of CFNE BMI-1 R709X variant
cells will display negligible CFTR-mediated ion trafficking, reduced ASL height, and

decreased mucosal elasticity compared to non-variant cells.

2. To assess the efficiency of HITl in delivery of a reporter gene to a safe harbour
locus of the genome, and to evaluate the effects of repeat dosage and subsequent
off-target editing effects of CRISPR RNP delivery to airway epithelial cells. Variant-
specific DNA editing strategies are not favourable for a disease with hundreds of
causative/associated variants [232], so laying the groundwork for a full gene
replacement represents an important step forward for CF treatment.
Furthermore, because HITI uses NHEJ pathways [152], it can be performed in the
target tissue of interest for an in vivo therapy (fully differentiated airway epithelial
cells).

Hypotheses: 1) HITI at the AAVS1 safe harbour locus will result in rates of editing
efficiency that satisfy those predicted to be required for restoration of CFTR

function; 2) The native PPP1R12C promoter will provide constitutive expression of
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integrated constructs.

. To examine the biophysical properties of cationic lipid-based receptor-targeted
nanoparticles (RTNs) and their ability to transfect populations of patient-derived
airway epithelial cells. RTNs have been thoroughly characterised for delivery of
plasmid and RNA to airway epithelial cells [96, 265, 272, 287-290], but
substantially less work has been done in delivery of preformulated CRISPR
ribonucleoprotein. Additionally, RTN transfection of airway epithelial cells is more
frequently performed in submerged, undifferentiated basal cells [57, 273, 287-
289]. Transfection of ALl culture is typically hindered by the biophysical properties
of differentiated cells, such as cilia, tight junctions, and (most relevant in CF)
mucus [291]. Therefore, RTNs competent in transfection of submerged cells must
also be verified in ALI culture.

Hypotheses: 1) Nanoparticles made up of cationic lipids will efficiently self-
assemble with anionic RNP cargo; 2) Conjugation with a receptor-targeting peptide
will enhance transfection efficiency; 3) RTNs will be more motile in normal human
mucus than CF mucus; 4) If motile in mucus, RTNs will effectively transfect a

pseudostratified epithelium of airway epithelial cells.
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2. Materials and Methods

2.1 In vitro receptor-targeted nanoparticle (RTN) formulation and
characterisation

2.1.1 CRISPR RNP assembly

sgRNAs (tracrRNA pre-complexed with crRNA) were ordered from Integrated DNA
Technologies (IDT) and diluted to 100 ng/uL in nuclease-free H,0. SpCas9 was ordered from
various sources (IDT, GenScript, Thermo Fisher) depending on desired modification (RFP-
tagged, GFP-tagged, or untagged, respectively). RNPs were complexed at a weight ratio of
4:1 Cas9:sgRNA. In 24 well plates 70-80% confluent with cells, 625 ng of RNP was used (500
ng Cas9 + 125 ng gRNA). Components were mixed in OptiMEM for transfections or in CRISPR
RNP buffer (20 mM Tris, 20% glycerol) for cell-free RTN characterisation experiments. RNPs
were allowed to self-assemble at room temperature for 5 minutes before downstream

application.

2.1.2 RTN Assembly

Lipid, peptide, and cargo (RNP or plasmid) were diluted in equal volumes (typically to
50 uL each) of sterile water or OptiMEM as appropriate for the desired application. Unless
otherwise stated, components were mixed at a 1:4:1 lipid:peptide:cargo weight ratio, and
mixed in the order cargo-lipid-peptide. For example, in a 24 well plate receiving 625 ng RNP
per well, 625 ng of lipid and 2500 ng peptide were used. Components were mixed by
thorough pipetting up and down at each addition. RTNs were then left to self-assemble for

15-30 minutes before dilution to the required final volume (for example, 500 L for a 24-
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well plate) unless otherwise stated. The final concentrations were as follows: 1.25 ng/uL
lipid, 1.25 ng/uL RNP, and 5 ng/ulL peptide.
Structures of lipids used are as follows:

Cationic lipids

A~~~ ~O H (C14)
NAANNASTENAANNNNNN z DHDTMA
o W N\
PO LN (C]_G)
\/\/\/\/=\/\/\/\/\O/Y\{< DOTMA
= | (C18)

\/\/\/\F\/\/\/\)‘LO/Y\O_}:_O'\,;W\ DOPE
W8

Fig. 2.1: Chemical structure of lipids used.

DTDTMA: Ditetradecyl trimethyl ammonium propane. DHDTMA:
Dihexadecenyl trimethyl ammonium propane. DOTMA: Dioctadecenyl
trimethyl ammonium propane. DOPE: 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine.

From Grant-Serroukh, D., M. R. Hunter, R. Maeshima, A. D. Tagalakis, A. M.
Aldossary, N. Allahham, G. R. Williams, M. Edbrooke, A. Desai and S. L. Hart
(2022). "Lipid-peptide nanocomplexes for mRNA delivery in vitro and in vivo."

J Control Release 348: 786-797.

Cationic lipids were mixed with DOPE at a 1:1 ratio to form C14DOPE, C16DOPE, and

C18DOPE.
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Peptide sequence: Ki6GACYGLPHKFCG (Peptide Y).

2.1.3 Size and charge measurement

Minimum 2 pg of RTN was assembled as above, diluted to 900 uL with water, and
loaded into a ZetaSizer cartridge (Malvern). Size and charge (zeta potential) were measured
on a Malvern Zetasizer Nano ZS via dynamic light scattering. Size was measured before

charge.

2.1.4 Quenching assays

Assembled RTNs were diluted to a final volume of 100 uL (for non-heparin
conditions) or 90 uL (to be mixed with 10 pL heparin) using Tris buffer (50 mM pH 7.4).
Samples were mixed with 100 uL of RiboGreen (diluted v:v 1:2,000) (Thermo Fisher
#R11490, all conditions) and 10 uL of 10 U/mL heparin (for only heparin-containing
conditions). For positive control, naked RNP was diluted instead of the RTNs in both absence
and presence of heparin. For negative control, 100 pL of pure Tris was used in place of RTNs
or RNPs. Heparin used was heparin sodium salt from porcine intestinal mucosa (Sigma-

Aldrich #H3149).

2.1.5 Mucus penetration assay

A plastic container was lined with clean paper towels soaked in sterile water. This
was left to equilibrate at 37°C for 30 minutes in order to create a humidity chamber. 0.4 pm
ThinCerts (Greiner Bio-One #662641) were set up in a 24-well plate. 600 yL of Tris buffer (50

mM pH 7.4) was added to the basal chamber, and 200 uL to the ThinCert. To this apical layer
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of Tris, 2 uL of mucus (Epithelix) was added. The plate was then placed in the humidity
chamber and allowed to incubate at 37°C for a further 30 minutes. Nanoparticles were
created as described and allowed to incubate at room temperature for 30 minutes. After
incubation, size and PDI were measured as previously described.

Once apical Tris had drained to the basal chamber, leaving behind a layer of mucus,
10 uL of RNP-containing RTN was added to the ThinCert. Before and between timepoints,
plate remained in the humidity chamber in a 37°C incubator. At each timepoint, 200 pL of
Tris from the basal chamber was extracted. In a 96 well plate with opaque walls, 100 uL of
sample was mixed with 10 pL of heparin and 100 pL of RiboGreen; 100 puL was mixed only
with RiboGreen. Fluorescence was measured after 2 minutes of incubation in the dark at
room temperature using a FluoStar Optima plate reader with excitation filter wavelength
492 nm, emission filter wavelength 520 nm, and gain 2000. For positive control, 10 pL of
RTN in 90 uL of Tris was mixed directly with either RiboGreen and heparin or just RiboGreen,
and fluorescence measured as described. For negative control, solely Tris was mixed with

either RiboGreen and heparin or just RiboGreen, and fluorescence measured.

2.2 Cell culture

All cells were cultured at 37°C and 5% CO.

2.2.1 Collagen coating of plasticware

All coating was performed in a laminar flow tissue culture hood. Plasticware was
coated with an appropriate volume of 10% PureCol collagen solution (Advanced BioMatrix

#5005) in sterile phosphate-buffered saline (PBS) (Thermo Fisher #10010023). Plasticware
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was incubated with collagen solution at room temperature for 10 minutes, rinsed with pure

PBS, and allowed to air dry. Plasticware was used within six weeks of coating.

2.2.2 BMI-1 lentiviral transduction

On day one, 1 x 10° primary nasal epithelial cells carrying the R709X variant were
seeded in collagen-coated 6-well plates in 1 mL of PneumacCult EX-Basal medium (hereafter
referred to as “basal media”) (Stemcell Technologies #05008). On day two, lentivirus
containing a BMI-1 expression cassette was diluted in OptiMEM (Thermo Fisher #15392402)
before further dilution to 1 mL with basal media for a multiplicity of infection (MOI) of one
based on number of cells seeded 24 hours prior and doubling time. Basal media was
replaced with virus-containing media. On day three, another 1 mL of basal media was
added, but virus-containing media was not removed. On day five, virus-containing media
was removed and replaced with 1 mL of basal media. This basal media was replaced every
48 hours until cells reached 90% confluency, at which point they were trypsinised (described

below) and transferred to a collagen-coated tissue culture flask for further expansion.

2.2.3 General cell maintenance (BMI-1 transduced airway basal cells)

Cells were cultured in collagen-coated flasks with basal medium prepared according
to manufacturer’s instruction. Upon reaching 70-80% confluency, cells were passaged. Basal
media was aspirated and cells were rinsed using a volume of 0.05% trypsin-EDTA (hereafter
referred to as “trypsin”) (Thermo Fisher #25300062) 10% of the flask volume and then
aspirated. After the initial trypsin rinse, another 10% volume of trypsin was added and

incubated on cells at 37°C for ~5 minutes or until cells had lifted. Trypsinised cells were
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collected in basal medium, pelleted at 1000 x g for 5 minutes, and resuspended in fresh
culture medium before diluting with fresh culture medium into a new collagen-coated flask,

seeded into collagen-coated plates, or frozen.

2.2.4 General cell maintenance (cell lines not derived from primary cells)

Cells were cultured in uncoated flasks with appropriate medium (listed below). Upon
reaching 70% confluency, cells were passaged. Growth media was aspirated, and cells were
rinsed using a volume of PBS 20% of the flask volume. After the PBS rinse, 20% volume of
trypsin was added and incubated on cells at 37°C for ~5 minutes or until cells had lifted.
Trypsinised cells were collected in basal medium, pelleted at 1000 x g for 5 minutes, and
resuspended in fresh culture medium before diluting with fresh culture medium into a new

collagen-coated flask, seeded into collagen-coated plates, or frozen.

Media for 16HBE140- cells: Minimum Essential Medium (Sigma-Aldrich #M7278)
Media for HEK293T cells: Dulbecco's Modified Eagle Medium, high glucose (Thermo

Fisher #11965092)

2.2.5 Air-liquid interface (ALI) culture

Basal cells were seeded on the apical side of collagen-coated polyester transwells
(for microscopy) or snapwells (for SICM and Ussing analysis) (Corning #3460 and #3801
respectively). Basal media was added to the basal chamber and cells were left submerged
until they formed a confluent monolayer (3-5 days), changing both apical and basal chamber

media every 48 hours. Once confluence was achieved, cells were airlifted. The apical layer of
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media was aspirated, and the basal media was aspirated and replaced with PneumaCult ALI
Basal medium (herefore referred to as ALI media) prepared according to manufacturer’s
instruction (Stemcell Technologies #05001). For 28 days, ALI media in basal chamber was
changed every 48 hours. Once cells began producing mucus, excess mucus was washed off
at each feeding: 200 uL PBS was added to the apical surface, incubated at 37°C for 30

minutes, and aspirated.

2.2.6 Freezing and thawing of cells

Cells for freezing were trypsinised and collected as described above. Cells were
counted using a haemocytometer and aliquots of 1 x 10° cells were collected in 900 uL. 100
uL of dimethylsulfoxide (DMSO, Thermo Fisher #20688) was added and mixed thoroughly
before transferring into cryosafe screw-cap tubes. Cryoprotectant was permitted to
permeate cells for 10 minutes before transfer to -80°C. Cells were transferred from -80°C to
liquid nitrogen within 5 days.

Cells for thawing were removed from liquid nitrogen and thawed in a 37°C water
bath with gentle agitation. Once cells had thawed, the entire 1 mL volume was diluted to 10
mL with warm growth media. Cells were pelleted at 700 x g for 5 minutes. Media and
cryoprotectant were aspirated and cells were resuspended in appropriate growth media.
Cells were then transferred to an appropriate flask (collagen-coated or uncoated as per

normal culturing conditions) and maintained as normal.
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2.2.7 Serial dilution of cells for single-cell cloning

Single-cell cloning was executed in 96 well plates via serial dilution according to the
“Cell Cloning by Serial Dilution in 96 Well Plates” protocol available from Corning Life
Sciences.
https://www.corning.com/catalog/cls/documents/protocols/Single_cell_cloning_protocol.p

df

2.3 Transfections

All transfections were performed in a laminar flow tissue culture hood.

2.3.1 Transfection of submerged HEK293T cells with pDNA in Lipofectamine

2000

Cells were seeded on an uncoated 24-well plate 24 hours in advance to be 70-80%
confluent at time of transfection. An amount of Lipofectamine 2000 (L2K) appropriate for a
3:1 weight ratio of L2K:plasmid was diluted in 50 uL OptiMEM per well, and incubated for 5
minutes per manufacturers’ instructions (Thermo Fisher #11668019). In a 24 well plate, 500
ng Cas9/gRNA plasmid and 250 ng donor plasmid were used. Each plasmid component was
diluted as appropriate in a 50 puL working volume per well (whether donor and Cas9 plasmid
were combined for packaging in one nanoparticle, or kept divided for packaging as separate
nanoparticles, depended on experimental design). L2K and plasmid were combined and
incubated at room temperature for 20 minutes. After incubation, media was aspirated from
cells and replaced with 400 pL of fresh media. 100 pL of L2K/plasmid mix was added to each

well.
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2.3.2 Transfection of submerged 16HBE cells with pDNA in RTNs (for

luciferase assay)

Cells were seeded on uncoated 96-well plates 24 hours in advance to be 70-80%
confluent at time of transfection. RTN components were diluted to working solutions in 50
uL of OptiMEM before being mixed in the order lipid, cargo, peptide for a total of 150 uL
incubation volume. RTNs were incubated for 30 minutes at room temperature to allow self-
assembly. After incubation, RTNs were diluted to a final working volume of 200 pL per well
with OptiMEM. Culture medium was aspirated from seeded cells and replaced with RTN-
containing OptiMEM. The plate was spun at 1000 x g for 5 minutes and subsequently left to
incubate at 37°C and 5% CO; for four hours. After incubation, OptiMEM was aspirated and

replaced with fresh culture medium.

2.3.3 Transfection of submerged BMI-1 airway basal cells with RTNs

Cells were seeded on 24-well collagen-coated plates 24 hours in advance to be 70-
80% confluent at time of transfection. RTN components were diluted to working solutions in
50 uL of OptiMEM before being mixed in the order lipid, cargo, peptide for a total of 150 pL
incubation volume. RTNs were incubated for 30 minutes at room temperature. After
incubation, RTNs were diluted to a final working volume of 500 pL per well with OptiMEM
(added in 500 uL increments, mixing thoroughly by pipetting up and down with each
addition). Culture medium was aspirated from seeded cells and replaced with RTN-

containing OptiMEM. The plate was spun at 1000 x g for 5 minutes and subsequently left to
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incubate at 37°C and 5% CO; for four hours. After incubation, OptiMEM was aspirated and

replaced with fresh culture medium.

2.3.4 Transfection of ALI cultures

200 uL PBS was added to the apical surface of ALl cultures and incubated at 37°C for
30 minutes before aspiration in order to remove excess mucus. RTNs were assembled and
incubated in 150 uL as above. After incubation, RTNs were diluted to a final working volume
of 150 pL per well with OptiMEM. 150 uL was added to the apical surface to submerge cells
in RTN-containing solution. Cells were left to incubate at 37°C and 5% CO; for four hours.

After incubation, OptiMEM was aspirated.

2.4 Post-transfection in vitro assays (Bradford and luciferase)

Bradford assays were performed using the Pierce Coomassie (Bradford) Protein
Assay Kit (Thermo Fisher # 23200). Luciferase assays were performed using the Promega
Luciferase Assay System (Promega #E1500).

Cell media was removed from cells, and cells rinsed twice with PBS. After rinsing,
cells were treated with 5x Reporter Lysis Buffer (Bradford) diluted to 1X in nuclease-free
H,0 according to manufacturer’s instruction. Cells were flash-frozen at -80°C to fully lyse.

Half of cell lysate was reserved for luciferase assay, and half for Bradford assay. Both
assays were performed according to manufacturers’ instructions. Fluorescence (Bradford)
and luminescence (luciferase) were measured via a FluoStar Optima. Relative luminescence

units per mg of protein (RLU/mg) was used as a measure of transfection efficiency.
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2.5 Molecular biology and Sanger sequencing

2.5.1 DNA extraction from cultured cells

Cells were trypsinised, pelleted, and resuspended in 40 pL PBS. DNA was extracted
using DNEasy Blood and Tissue Kit (Qiagen #69504). Manufacturer’s instruction was
followed until the final elution step. DNA was eluted with 70 uL sterile H,0; the elution step

was repeated for a total of 140 pL eluted into two separate tubes.

2.5.2 Polymerase chain reaction (PCR)

Primers were designed using either A Plasmid Editor (ApE) or the National Center for
Biotechnology Information (NCBI) design tools. 100 ng of template DNA and 0.75 pL of each
10-uM primer was used per 25-ul reaction volume. Q5 Hi-Fi 2X PCR MasterMix (New
England Biolabs (NEB) #M0492) was used according to manufacturers’ instruction.

PCR was performed in a C1000 Touch Thermal Cycler (Bio-Rad). Primer annealing
temperature (Ta) was determined using NEB’s annealing temperature calculator
(https://tmcalculator.neb.com/). For the extension step, 1 minute per kb was used. The
following protocol was used for every PCR. The set of steps in bold was repeated for 35
cycles.

98°C — 30 seconds

98°C — 10 seconds
Ta— 30 seconds
72°C — 1 min per kb

72°C — 2 minutes
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2.5.3 Gel electrophoresis

1.5% agarose (Thermo Fisher #16500500) gels were made in tris-acetate-EDTA (TAE)
(Thermo Fisher #B49, diluted to 1X) buffer. Agarose was melted and allowed to cool to
~55°C. SYBR-Safe DNA gel stain (Thermo Fisher #533102) was added per manufacturer’s
instruction. DNA samples were mixed with loading dye (Thermo Fisher #R0611) for loading.
Samples were run at 100V alongside GeneRuler 1 kB Plus DNA Ladder (Thermo Fisher
#SM1331) until dye front had reached the bottom of the gel. Gels were imaged with the

ChemiDoc system (Bio-Rad).

2.5.4 Sanger sequencing (cultured human cells or plasmid DNA)

Sanger sequencing was performed by GeneWiz (Azenta Life Sciences). Samples were
prepared according to company guidelines.

PCR was performed on samples as described above, and a small aliquot (~100 ng
DNA) was run on an agarose electrophoresis gel to confirm presence of expected band and
absence of contamination/primer dimers. Desired amplicons were isolated from the
remaining PCR product using column cleanup (New England BioLabs #T1030) and eluted in
nuclease-free water. Concentration of cleaned product was verified via NanoDrop (260 nm
wavelength), and samples were diluted as appropriate (dependent on amplicon or plasmid
size, per https://www.genewiz.com/en-GB/Public/Resources/Sample-Submission-
Guidelines/Sanger-Sequencing-Sample-Submission-Guidelines/Sample-Preparation#fsanger-

sequence) with nuclease-free water.
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2.5.6 Inference of CRISPR Edit (ICE) analysis

Synthego’s ICE software was used to quantify CRISPR-mediated editing efficiency. ICE
uses heterogeneity of Sanger-derived chromatogram traces to infer indel formation. Sanger

traces were uploaded and analysed according to instruction (https://ice.synthego.com).

gDNA from untransfected cells was used to generate control sequence.

2.5.7 Plasmid cloning, transformation, and sequencing

Parental plasmids were generated by previous members of the Hart lab. Restriction
enzymes (REs) were obtained from New England Biolabs (NEB). Plasmids were digested with
appropriate REs according to manufacturer’s instruction, run on agarose gels, and
appropriate fragments were excised and cleaned up using the Monarch DNA Gel Extraction
Kit (NEB #T1020). Ligations were performed using T4 DNA ligase and buffer (NEB #M0202)
according to manufacturer’s instruction.

OneShot TOP10 Chemically Competent E. coli cells (Thermo Fisher #C404010) were
used for transformation per manufacturer’s instructions. Bacterial cells were expanded from
single colonies in Vegitone LB broth (Sigma-Aldrich #28713) or on LB-agar plates (Sigma-
Aldrich #19344) as needed, with appropriate antibiotics included. To make frozen stocks,
500 plL of overnight liquid culture and 500 pL of 50% glycerol were combined and kept at -
80°C. To recover bacteria, frozen stock was scraped with a sterile loop, swiped on an agar
plate with appropriate antibiotics, allowed to grow overnight, and a single colony inoculated
in overnight culture.

Plasmid DNA was extracted using Genelet Plasmid Miniprep or Maxiprep Kits

(Thermo Fisher KO502 and K0491, respectively) depending on the quantity of plasmid
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required for downstream application. Plasmids were Sanger sequenced by GeneWiz Azenta

Plasmid-EZ. Plasmid maps and details of cloning are shown in Chapter 4.

2.6 Biophysical assays for ALI cultures

2.6.1 Ussing chamber analysis

Ussing chamber experiments were performed in the lab of Dr. Deborah Baines at St.
George’s Hospital.

Ussing chambers were filled with Krebs Bicarbonate Ringers solution. Buffer was
prepared in sterile distilled H,0 and consisted of 115 mM NacCl, 25 mM NaCOs, 2.4 mM
K2HPOg4, and 0.4 mM KH;POg4, pH 7.4. Buffer was bubbled at 37°C with 21% O,, 5% CO;, and
74% N, gas before addition of CaCl, (1.2 mM) and MgCl, hexahydrate (1.2 mM). All
chemicals from Sigma-Aldrich.

Upon placement of fully differentiated ALI cultures within the Ussing chamber,
cultures were kept in open-circuit conditions until trans-epithelial voltage potential (Vi) and
resistance (R:) had stabilised. Subsequently, current was applied via DVC-4000
voltage/current clamp until V: had been cancelled out to zero. This current (short circuit
current, or Isc) was briefly dropped every 30 seconds in order to establish spontaneous Vi
and R:. Current was recorded via PowerlLab software.

Drug application was as follows:

Apical or
Final concentration
Drug Purpose basolateral
in chamber
addition?
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Amiloride Inhibit ENaC 10 uM Apical

Forskolin Stimulate CFTR 25 uM Both

CFTRinh-172 Inhibit CFTR 10 uM Apical

All drugs acquired from Sigma-Aldrich and stock solutions prepared in DMSO.

2.6.2 Scanning ion conductance microscopy (SICM)

SICM experiments were performed under the guidance of Drs. Guy Moss and David
Benton, and Mr. Arthur Mitchell (UCL Division of Biosciences). Cells were differentiated on
ALl culture as described for four weeks, until cilia movement and mucus production were
visible. ALl transwells of differentiated cells were placed in a bath reservoir, which was filled
with saline (NaCl 116 mM NaCl, 5.1 mM KCl, 10 mM glucose, 25 mM NaHCO3s, 1.2 mM CaCl,,
1.2 mM MgCly, pH 7.4) until the bottom of the transwell was covered but no liquid entered
the apical layer. This bath was placed in a chamber at 37°C, 5% CO;, and 99% humidity for
the duration of measurements. A glass nanopipette probe was generated from pulling a
borosilicate capillary tube (1.0 mm outside diameter, 0.5 mm inside diameter) with a P-2000
laser puller (Sutter Instruments) and filled with saline; a wire electrode was then threaded
into the back of the probe. The probe was then mounted above the cells in the humidified
chamber.

Feedback controls were operated via a program developed by the Moss lab [286]. In
brief, the probe was lowered toward cells until the tip became immersed in airway surface
liquid (ASL), thus completing a circuit between the bath electrode and probe electrode,

which automatically triggered the probe to halt its approach. Subsequently the approach

99



could be resumed until the probe tip reached the ciliated cell surface, at which point it
halted once more, and the distance between the two stopping points was taken as a
readout of ASL depth. 21 measurements were recorded for each ALl well assayed, measured

at points every 50 nm in a cross formation.

2.7 Microscopy

Confocal microscopy was performed using the Zeiss LSM710 Confocal Microscope.
Fluorescence and brightfield microscopy were performed using the Nikon Ti-2 Inverted
Microscope. Because cells either endogenously expressed fluorescence, or were transfected

with fluorophore-tagged proteins, no antibodies or stains were used.

2.8 Cell sorting and flow cytometry

All flow cytometry was performed on the CytoFlex or CyAN ADP (Beckman Coulter).
Cell sorting was performed on the BDFACSAria Ill (BD Biosciences) or MoFlo XDP (Beckman
Coulter). Which machine was used for each application was determined solely by
availability, and all parameters (gain, voltage, gating) were kept as consistent as possible
across machines. Size-based gates were set to exclude cell fragments and aggregates.
Fluorescence-based gates were set according to untreated non-fluorescing cells. Where
indicated, cells transfected with promoter-driven fluorophores were used as positive
controls.

Samples were prepared as follows. Media was aspirated from cells, and cells rinsed

gently with 1 volume (i.e. 500 uL for a 24 well plate) of PBS. 20% volume of 0.5% trypsin-
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EDTA was added and incubated on cells for 3-5 minutes at 37°C until >90% of cells had
lifted. Trypsin was diluted and inactivated by adding 80% volume of serum-containing
growth media. Cell suspensions were collected and centrifuged in Eppendorf tubes at 1000 x
g for 5 minutes. Media and trypsin were aspirated, and cell pellets were resuspended in 200

uL PBS and kept on ice until analysis.

2.9 Data analysis

Image analysis was performed in Fiji (specific macros indicated where used in
Results). Statistical analysis and graphing was performed in GraphPad Prism (specific

statistical tests indicated where used in Results).

2.10 Sequences of Nucleic Acids

2.10.1 gRNAs (Sense)

A78 GTCACCAATCCTGTCCCTAG (-)
Targets the AAVS1 safe harbour locus (intron 1 of PPP1R12C, chromosome 19q13.4).
This gRNA was the most efficient of six AAVS1-targeting gRNAs tested by Ma et al.

[292].

GFP GGTGGTGCAGATGAACTTCA (-)

Targets and knocks out function of GFP.

3849 U3 CTTGATTTCTGGGACCACA (+)

3849 D1 TTGATCCAACATTCTCAGGG (+)
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Target CFTR intron 22 upstream (U3) and downstream (D1) of a mutation causing a

cryptic splice site.

gRNAs sourced from IDT.

2.10.2 Primers

Primers were designed using A Plasmid Editor (ApE) software or NCBI PrimerBlast.

AAVS1 F AGTCTTCTTCCTCCAACCCG

AAVS1 R CAAACTGCTTCTCCTCTTGG
Surround the cut site of the AAVS1 locus-targeting gRNA A78 used in Chapter 4
(gRNA sequence above).

GFP Insert Junction R CTCACAATTCCACACAACA
Targets junction of AAVS1 locus and GFP-coding construct used in Chapter 4. When
paired with AAVS1 F, amplifies band spanning genomic DNA into inserted construct

after successful genomic integration.

A78 OTS 1 F CACAGTGACTGGTGCACTGA

A78 OTS 1 R CAGGCAGGCTGGAAGAAAGA
A78 OTS 2 F GCTACCCAGGCTGATCTCTAATCC
A78 OTS 2 R GACTCCAGCACTTCATCAGCTT
A78 OTS 3 F CAGAGGTTGCAGGAGATCCCATAT
A78 OTS 3 R GACTCCAGCACTTCATCAGCTT

A78 OTS 4 F GGAGGTTGTAGTGAGCGAAGATCA

102



A78 OTS 4 R CATCAACGGTGCTGAGCATG

A78 OTS 5 F GTTTCCATTTCTCTGCTGAGGCT

A78 OTS 5 R CAAACCCAGGTCTCTCTGCCAT

Amplify predicted off-target genomic sites potentially targeted by A78 gRNA.

CFTR int22 F TCCTCTCAAAATGCCTACTGG

CFTR int22 R TCATCCAGTCTTTCCCAACC

Amplify section of CFTR intron 22 including the sites targeted by U3 and D1 gRNAs.

3849 U3 OTS 1 F GCAGTGTGATGAACGTGGTGA

3849 U3 OTS 1 R GGAGGATGTGACAGATTGATTGCA

3849 U3 OTS 2 F CCACCAAGCCCAGCAGATTT

3849 U3 OTS 2 R GAAAGGAAGGAAGATGAGCAGTGG

3849 U3 OTS 3 F CCAAGTGTGCTCAAGGTTCACC

3849 U3 OTS 3 R GCAACACAGCAAGACTCCATC

3849 U3 OTS 4 F GAAGGGAGGATCATCTGAGTCCAG

3849 U3 OTS 4 R GACAGAGGACTTATGGAAGGCG

3849 U3 OTS 5 F CTGGAGAGGAGATTTCGGGCAA

3849 U3 OTS 5 R CCTCATCCATGCTTCCCAGAA

Amplify predicted off-target genomic sites potentially targeted by U3 gRNA.

3849 D1 OTS 1 F GACCCAGGAGTAAGCACTCACAA

3849 D1 OTS 1 R CTTTCTCTGCACCCTCTATAAGAGC

3849 D1 OTS 2 F GGATACGTCAAGCCTAATGAGAGT

3849 D1 OTS 2 R AAGACCTTGAGGGAGGGAGAAATTG
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3849 D1 OTS 3 F CCTGAGCAAGCCTTAGTGGTTC

3849 D1 OTS 3 R TCATGTGAGAGAGAGCCTGAGTTAG

3849 D1 OTS 4 F CAACTGGCATAAAGAGGTCTGGG

3849 D1 OTS 4 R TCATGGCTTTGCTATCTCCCAG

3849 D1 OTS 5 F CAGAGCAGACTACGTGCTTACA

3849 D1 OTS 5 R CTGAAGCGTGGAGAAGTGAAGG

Amplify predicted off-target genomic sites potentially targeted by D1 gRNA.

R709X genotyping F CTCATGGGATGTGATTCTTTCGACC
R709X genotyping R GAAAGACAACAGCATCCACACGAA

Amplify region surrounding the CFTR R709X variant.

Primers sourced from IDT.

2.11 Materials

2.11.1 Equipment

LSM710 Confocal Microscope (Zeiss)

Ti-2 Inverted Microscope (Nikon)

CytoFlex (Beckman Coulter)

CyAN ADP (Beckman Coulter)

BDFACSAria Il (BD Biosciences)

MoFlo XDP (Beckman Coulter)

NanoDrop Spectrophotometer (Thermo Fisher)

C1000 Touch Thermal Cycler (Bio-Rad)
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ChemiDoc XRS+ (BioRad)

Zetasizer (Malvern)

Horizontal electrophoresis tanks and power supplies (Bio-Rad)

2.11.2 Kits and Reagents

DNEasy Blood and Tissue Kit (Qiagen)

Monarch PCR and DNA Cleanup Kit (New England BioLabs)
Monarch DNA Gel Extraction Kit (New England BioLabs)
Q5 HiFi 2X MasterMix (New England BioLabs)
GeneRuler 1kb Plus (Thermo Fisher)

6X TriTrack DNA Loading Dye (Thermo Fisher)
Lipofectamine 2000 (Thermo Fisher)

Trypsin EDTA 0.5% with Phenol Red (Fisher Scientific)
PureCol Solution (Advanced BioMatrix)

SOC Medium (Thermo Fisher)

TOP10 Competent Cells (Thermo Fisher)

T4 DNA Ligase (New England BiolLabs)

TrueCut Cas9 v2 (Thermo Fisher)

Alt-R CRISPR Custom sgRNAs (Integrated DNA Technologies)

Alt-R S.p. Cas9-GFP nuclease (Integrated DNA Technologies)
Alt-R S.p. Cas9-RFP nuclease (Integrated DNA Technologies)
GenCrispr NLS-Cas9-EGFP Nuclease (GenScript)

SYBRSafe DNA Gel Stain (Thermo Fisher)
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2.11.3 Chemicals

Tris HCI (Sigma Aldrich)

Agarose UltraPure™ Low Melting Point Agarose (Thermo Fisher)
Heparin ammonium salt from porcine intestinal mucosa (Sigma Aldrich)
Phosphate-buffered saline (Thermo Fisher)

Glycerol (Sigma Aldrich)

2.11.4 Cell Media

Gibco™ DMEM, high glucose (Thermo Fisher)

Opti-MEM Reduced Serum Medium (Thermo Fisher)

Minimum Essential Medium (Sigma Aldrich)

L-Glutamine 200 mM (Thermo Fisher)

PneumacCult™-Ex Medium, plus 50x Ex Basal Supplement (StemCell Technologies)
Hydrocortisone 200x Stock Solution (StemCell Technologies)

Heparin Solution (StemCell Technologies)

PneumaCult™-ALl Medium, plus 10x ALl Supplement and 100x Maintenance Supplement
(StemCell Technologies)

Fetal Bovine Serum (various sources depending on availability)

Penicillin-Streptomycin (Thermo Fisher)

2.11.5 Media Recipes

Media Base Additives Cells
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Dulbecco’s Modified Eagle 10% fetal bovine serum, 1% | HEK293T
Medium penicillin-streptomycin
Minimum Essential Media 1% L-glutamine, 1% 16HBE

penicillin-streptomycin, 10%

fetal bovine serum

PneumaCult™-Ex Medium

10% 50x Ex Basal
Supplement, 0.1% 200x
hydrocortisone stock

solution

BMI-1 transduced basal
epithelium (submerged

culture)

PneumaCult™-ALlI Medium

e 500 mL of medium
combined with 10% 10x
ALl supplement and
frozen at -20°C in 40 mL
aliquots

e One aliquot at a time
thawed and
supplemented with 1%
100x maintenance
supplement, 0.05% 200x
hydrocortisone solution,
and 0.01% heparin

solution

BMI-1 transduced basal

epithelium (ALI culture)
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Results: Characterisation of an undruggable cystic

fibrosis variant cell line
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Introduction

Recent years have provided promising advances in pharmaceutical interventions for
CF. However, these drugs’ mechanism of action relies on correction of misfolded protein
product and gating properties; therefore, variants that result in truncated, misspliced, or no
protein product are unrescuable by these means [53].

From the Living Airway Biobank (IRAS ID 125793), we acquired primary nasal
epithelial cells from a patient homozygous for the R709X (2257C>T) variant, which
introduces a stop codon in exon 14. This variant falls approximately midway through the
CFTR amino acid sequence, within the regulatory (R) domain [293]. This variant, first
reported in 1995, is one of many CFTR nonsense variants. A study of four CFTR nonsense
variant alleles (including W1282X, which theoretically encodes a nearly full-length mRNA)
found that all evaluated alleles underwent nonsense-mediated decay (NMD) that reduced
protein product by 50-80%, and residual protein product was truncated [58].

This variant accounts for a relatively small proportion of CF alleles [294]; according to
the UK CF Trust’s 2021 Registry Annual Data Report, it accounts for only 0.2% of the UK CF
population [295]. However, the sum of patients with undruggable variants account for
approximately 10% of the CF population. Therefore, these cells are representative of a
significant portion of patients for whom modulator drugs are not a viable treatment option.
They are, therefore, a good candidate for development of a “one size fits all” CF treatment
strategy. Before exploration of a potential treatment strategy, however, we sought to
thoroughly characterise the cells’ CF phenotypes.

We sought first to make the primary cells more amenable to long-term study.

Primary basal airway cells lose capability to proliferate and differentiate after ~4 passages
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[62]. Multiple methods exist for extending their lifespan, such as treatment with ROCK
inhibitors and co-culture with feeder cells [63, 64]. However, these strategies come with the
disadvantage of long-term modified culture conditions and co-culture with cells that are not
subject of study. The human BMI-1 oncogene has been implicated in self-renewal of
mammalian stem cells. Overexpression of BMI-1 has been shown to lead to extended self-
renewal in various stem cell types, including mesenchymal [138] and neuronal [296].
Lentiviral transduction of primary airway epithelial cells with BMI-1 has been shown to
increase longevity of primary airway epithelial cells for culture from ~4 to ~20 passages [66,
67]. Therefore, BMI-1 transduction was performed as described in Methods section 2.2.2.
Following transduction, cells were expanded and differentiated via ALI culture for functional
analysis. The clinical hallmarks of CF in patients are decreased ion transport, viscous and
dehydrated mucus, and decreased ASL height. We therefore sought to examine these
characteristics in ALI-differentiated R709X cells.

Ussing analysis has been used for decades to characterise CF cells and has been
called the “gold standard” methodology for in vitro ion transport studies [297]. In this
technique, an ALI-differentiated pseudostratified epithelium is sealed between buffer-filled
chambers such that activity of ion channel proteins is the only means for passage of ions
between the respective chambers; differences in ion concentration from one side to the
other creates voltage potential. Current is applied across the membrane until the voltage
potential is cancelled out; the required “short circuit” current functions as a readout of ion
channel activity. Drugs stimulating or inhibiting specific ion channels can be added to
chamber buffers in order to quantify specific ion channels’ activity. In the context of CF, it
has been used extensively to assess phenotypic severity of various CF genotypes for

prognostic purposes [298, 299] and trial efficacy of modulator therapies [300-302].
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Comparison of Ussing-measured, drug-induced responses in cells of different CF genotypes
is a standard method for assessing variant severity and treatment response. Drugs typically
used include direct inhibitors and activators of CFTR (CFTRinh-172 and forskolin,
respectively) as well as inhibitors of other ion channel proteins (amiloride for ENaC and
ouabain for Na*/K channels). We therefore sought to use Ussing analysis to characterise the

functional impact of the R709X variant.

Drugs to stimulate
or inhibit ion
transport

Gassed buff}
® O
® O o) O
o O e O O
O B O
(O ©  Pseudostratified O ©°
O = . epithelium & o

Physical barrier

Agar electrodes
€ between chambers

Fig. 3.1: Schematic of Ussing chamber setup. Two chambers (blue rounded
rectangles) are filled with gassed buffer. The pseudostratified epithelium is
sealed between the two chambers and acts as the only way that ions can
pass from one chamber to the other. Agar electrodes (pink triangles) apply
current (yellow lightning bolts) to cancel out transepithelial potential
difference. Drugs (dark blue droplets) can be added to chambers to stimulate

or inhibit specific ion channels.
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Another functional readout of CFTR activity is altered ASL and mucus. Scanning ion
conductance microscopy (SICM) is a useful tool for measuring microscopic topographical
features of fragile biological materials. It relies on fluctuations in electric current based on
proximity of an electrode to a surface coated in electrolyte-containing fluid. The
methodology relies on a pair of electrodes. One electrode is housed in a saline-filled
nanopipette (the “probe” electrode), which approaches the electrolyte-coated surface until
it becomes immersed. Immersion creates a circuit between the probe electrode and a
“bath” electrode, which is itself permanently immersed in the buffer bath in which the
sample sits during analysis. The strength of current between bath and probe electrode then
decreases as the pipette tip approaches a solid surface. Because ASL by nature contains
electrolytes, SICM can be used to assess its depth over the underlying cell surface. In this
technique, initial immersion of the probe triggers the feedback controls to cease its
approach, and its position is recorded as the top of the ASL. The probe can then be
prompted to continue its approach until it reaches the cell surface, at which point it
automatically stops again; its position is again recorded, and the physical distance between
these two positions is a readout of ASL depth. SICM has been previously performed on ALI
cultures to assess differences in ASL depth of CF (homozygous F508del) and WT samples
after BMI-1 transduction and ALl differentiation, and it was found that CF ALI samples had
significantly reduced ASL depth [286]. Additionally, as the probe retreats from the cell
surface, mucus typically sticks to the pipette tip, generating a thread that stretches until it
snaps. The distance this mucus thread can stretch before snapping is a functional readout of

mucosal spinnability.
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Saline-filled pipette
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Fig. 3.2: Schematic of SICM. A saline-filled pipette containing a probe
electrode (blue vertical shape) is suspended over a pseudostratified epithelial
sample housed in a transwell (bottom structure). The transwell rests in a

reservoir of saline containing a bath electrode (black rectangle).

By using assays that provide direct readouts of CF phenotypes, we sought to

establish a baseline for treatment development in this undruggable cell model.

Aims
In this chapter we aim to establish a baseline for unedited CF variant cells via the

following functional analyses:
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1) Analyse CFTR-mediated ion trafficking in variant and WT cells by Ussing chamber, as
defective ion trafficking is the main cause behind CF pathogenesis.

2) Analyse the airway surface liquid (ASL) depth of ALI cultures derived from CF variant
and WT cells by SICM, as dehydrated ASL is one of the major hallmarks of CF lung

disease.

Results

3.1.1 Genotypic validation of CFTR R709X variant

We first sought to validate the presence of the R709X variant in BMI-1 transduced CF
human nasal epithelial cells (hereafter referred to as CFNE BMI-1 R709X). Cells were
expanded and DNA was isolated for Sanger sequencing of the relevant genetic locus
following PCR amplification (Fig. 3.3). Sequence data was compared to canonical CFTR cDNA
sequence according to NCBI (CCDS5773.1). Primer sequences used for PCR are detailed in
Methods under “R709X Genotyping F” (also used for Sanger sequencing) and “R709X

Genotyping R.”
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* * * * * * * * * *

R709X 1767 ¢ TGTAAACTGATGGCTAACAAAACTAGGATTTTGGTCACTTCTARAATGGAACAT TTAAAGARAGCTGACAARATAT TAATTTTGCATGARGGT 1866
|||l||||||l||||l||l|||l|||||||l||||l|l||l||||l||l|l||||||||I|||||||||H||||||l|||!||||l|||||||||||||
WT CFTR 1767 ¢ TGTAAACTGATGGCTAACAARACTAGGATTTTGGTCACTTCTAAAATGGARCATTTAAAGARAGCTGACARAATATTAATTTTGCATGAAGGT 1866
J* * * * * * * * *
* * * * * * * * * *

R709X 1867 AGCAGCTATTTTTATGGGACATTTTCAGAACTCCAAAATCTACAGCCAGACTTTAGCTCAAAACTCATGGGATGTGATTCTTTCGACCAATTTAGTGCAG 1966

II|l||I|||l||I|I||lII||I|I|I||I|IIII|I|III|||l||l|l|I|I|I||III|I||II||I||III||III|||l|IIII||III|I|lI

WT CFTR 1867 AGCAGCTATTTTTATGGGACATT TCCARAATCTACAGCCAGACTTTAGCTCAAAARCTCATGGGATGTGATTCTTTCGACCAATTTAGTGCAG 1966
* * * * * ¥ * * * *
* * * * * * * * * *

R709X 1967 AAAGAAGAAATTCAATCCTAACTGAGACCTTACACCGTTTCTCATTAGAARGGAGATGCTCCTGTCTCCTGGACAGAAACAAARARACAATCTTTTAAACA 2066

||||I|II||I|II|I||I|I|||||II|Il|III||I||||||||I|l|lIIIIIII|l|||||I|I||l||I|I||I|II|||||I|I||I|||I|||

WT CFTR 1967 AAAGAAGAAATTCAATCCTAACTGAGACCTTACACCGTTTCTCATTAGAAGGAGATGCTCCTGTCTCCTGGACAGARACAAAAARACAATCTTTTAAACA 2066
* * * * * * * * * *
* * * * * * * * * *

R709X 2067 GACTGGAGAGTTTGGGGAAAAAAGGAAGAATTCTATTCTCAATCCAATCAACTCTATATGAAAATTTTCCATTGTGCAAAAGACTCCCTTACAAATGAAT 2166

I||lIIIIIHIlIIIIIIIIIIIIIIIIIIIIIII|I|||I|||l||l|||||l||| lIII|||II|II|I|II|lIII!IIlIlIIIIIIIIIIIlI

WT CFTR 2067 GACTGGAGAGTTTGGGGAAAARAGGAAGAA TATT TCAA CAA AAC TCTATACGAAAA’ITT TGTGCAAAAG: 'r C'I‘TACAAAT T 2166
w * * * *
* * * * * * * * * *
R709X 2167 GGCATCGAAGAGGATTCTGATGAGCCTTTAGAGAGAAGGCTGTCCTTAGTACCAGATTCTGAGCAGGGAGAGGCGATACTGCCTCGCATCAGCGTGATCA 2266
||||||||||l|||||||l|||||||||||||||||||||l|||||||l|l|||||||||||||||||||||||||||||||||||l|| FLELELLTT
WT CFTR 2167 G TCGAAGAGGATTCTGATGAGCC’ITTAGAGAGMGG TG’I‘CC'I'I‘AGTACCAGA’I‘TCTGAGCA GAGGCGATACTGCCTCGCATTAGCGTGATC 2266

* * * * * * ¢ ] * * *
R709X 2267 GCACTGGCCCCACGCTTCAGGCACGAAGGAGGCAGTCTGTCCTGAACCTGATGACACACTCAGTTAACCAAGGTCAGAACATTCACCGARAGACAACAGC 2366

II|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII|I|I|II||IIII|lIIIIIIIIIIII|||II||||I|II|IIIIIIIIIIIIIIIIIIIIIII

WT CFTR 2267 G GCACTGGCCCCACGCTTCAGGCACGARGGAGGCAGTCTGTCCTGAACCTGATGACACACTCAGT TARCCARGGTCAGAACAT TCACCGAAAGACAA C 2366
*
* * * * * * * * * *
R709X 2367 ATCCACACGAARAGTGTCACTGGCCCCTCAGGCAAACTTGACTGAACTGGATATATATTCAAGAAGGTTATCTCAAGAAACTGGCTTGGARATAAGTGAA 2466
WT CFTR |||l||||||||l|||||l|||i|||||||||I|||||||l|||||||||l||||||||l||||ll|||||||||||||||l||l|||||||||||||l|
2367 ATCCACACGAARAGTGTCACTGGCCCCTCAGGCARACTTGACTGARCTGGATATATAT TCARGAAGGTTATCTCAAGARACTGGCTTGGARATAAGTGAA 2466
* * *
w * >
R709X 2467 GAAATTAACGAAGAAGACTTAAAG 2490
I||l||||||l|l|||||||||||
WT CFTR 2467 GARATT GAAGAAGACTTAAAG
* *
R709X variant (CGA>TGA)
TATR AAATTTTCCATTGTGCAAAAGACTCCCT TACAAATGAATGGCATCGAAGAGGAT TCTGATGAGC CTT TAGAGAGAAGGCTGTCCTTAG TACCAGATTCTGAGCAGGGAGAGGCGATACTGCCTCH ABCGTGATCAGC,

mmmnﬂdmxlﬂﬂﬂmlmnhh, ﬂnmlmmxmhmmhmm lhmhlﬂﬂhﬂm;llhlh

Second variant (ATT>ATC, lle>lle)

Fig. 3.3: Sanger sequencing confirmation of predicted variant R709X.
A) Sequence alignment of CFTR exon 14 with two mismatches highlighted. The
region around the predicted variant was PCR amplified and Sanger
sequenced.

B) Chromatogram of Sanger sequencing with variant codons highlighted.
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The expected R709X-causing variant was present (CGA>TGA), but it was
accompanied by a second variant downstream in exon 14. This second variant has not been
reported in CFTR2 database; therefore, its potential phenotypic consequences are
undocumented. However, the variant sequence (ATT>ATC) represents a silent mutation, as
both canonical and variant codon encode isoleucine. Additionally, because this variant is
downstream of the stop codon introduced by R709X, it would theoretically not be encoded
into an amino acid. Therefore, it is reasonable to predict that this variant will carry no
consequences at the protein level, and that any phenotypic differences in these cells is due

principally to the R709X variant.

3.1.2 Ussing analysis of CFNE BMI-1 R709X ALI cultures

Ussing analysis was performed on ALl cultures derived from two cell populations: BMI-1
transduced NHNE cells (NHNE BMI-1) and CFNE BMI-1 R709X (Fig. 3.4). Passage numbers of
BMI-1 transduced cells take the format A.B, where A is the passage number at which
transduction was performed, and B is the number of passages since transduction. ALI
cultures were seeded from cells at passage 2.7 (CFNE BMI-1 R709X) or 2.9 (NHNE BMI-1)
and permitted to grow for four weeks, at which point mucus was visible atop cultures and

cilia movement visible under light microscope.
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Fig. 3.4: Ussing chamber analysis of WT and CFNE BMI-1 R709X ALI cultures.n =3
(NHNE BMI-1) or n = 2 (CFNE BMI-1 R709X) replicate ALl wells per genotype. Cells
were differentiated on ALI for four weeks, at which point mucus and cilia movement
were detectable. Ussing chamber analysis was run as described in Methods section
2.6.1.
A) Representative Ussing traces of NHNE BMI-1 and CFNE BMI-1 R709X ALI
cultures. 1) amiloride, 2) forskolin, 3) CFTRinh-172, 4*) ATP (applied only to
NHNE cells, not to CFNE cells), 5) ouabain. Traces were normalised to ouabain
response by subtracting the lowest post-ouabain treatment short-circuit
current (Isc) from all values for each transwell sample.
B) Graphical analysis of normalised changes in current after application of
relevant drugs. Data displayed as mean with SD. Each dot represents one ALI
well of indicated genotype. p-value calculated via two-way ANOVA with

Tukey test. **** p <0.0001; ** p < 0.005

The rationale for drug application was as follows:

1) Amiloride (10 uM on apical side) was used to inhibit ENaC for two reasons: firstly
to examine how CFTR activity affected ENaC-mediated ion flow, and secondly to
remove ENaC-controlled current as a confounding factor.

2) Forskolin (25 uM on apical and basolateral sides) was used to stimulate CFTR.
The drug functions by increasing intracellular cAMP via stimulation of adenylyl
cyclase, activating protein kinase A (PKA). PKA then phosphorylates the

regulatory domain of CFTR, leading to its activation.
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3) CFTRinh-172 (10 uM on apical side) inhibits CFTR by directly interacting with the
protein and favouring the closed channel state.

4) ATP (100 uM on apical side) binds to purinergic receptors P2RY2 leading to
intracellular Ca;* mobilisation and hence activation of TMEM16A (ANO1) chloride
channels.

5) Ouabain (100 uM on basolateral side) inhibits sodium and potassium ion
transport. When drugs are applied in this order, the post-ouabain trace should
represent net zero ion transport (hence its use in normalising the data above)
[303-305].

NHNE BMI-1 cells showed negligible response to amiloride, indicating low ENaC
activity (consistent with high CFTR activity, as CFTR activity is known to downregulate ENaC
activity [91]), and dramatic responses to CFTR inhibition and activation. CFNE BMI-1 R709X
cells, on the other hand, showed negligible response to CFTR inhibition or activation, and
high response to ENaC stimulation (indicating a high baseline level of activity, consistent
with low CFTR activity). This provides evidence that CFTR ion transport activity is high in ALI

cultures derived from NHNE BMI-1 cells, but nonexistent in CFNE BMI-1 R709X cells.

3.1.3 Dehydration of ASL in CFNE BMI-1 R709X ALI cultures

After 28 days of differentiation on ALI culture, airway epithelial cells begin producing
ASL. If left unwashed, the mucus layer of ASL rapidly accumulates on cultures until it
becomes visible to the naked eye as a shiny textured layer. ALl cultures were left to
differentiate for five weeks with no washing, and transwells were photographed to capture

mucosal accumulation (Fig. 3.5).
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'/ , CFNE BMI-1 R709X

- NHBE BMI-1

Fig. 3.5: Photographs of unwashed mucus-producing ALl cultures. Basal cells of

indicated genotypes were allowed to differentiate on ALI for four weeks.

CF cells produced dry, grainy, low-luster mucus. WT cells produced mucus of higher
moisture content with visible globules of shiny mucus. This recapitulates a hallmark

pathogenicity of CF.

3.1.4 SICM analysis of CFNE BMI-1 R709X ALl cells

In order to quantify dehydration of ASL, SICM analysis was performed on ALl samples
derived from three cell types: BMI-1 transduced normal human bronchial epithelial (NHBE
BMI-1) cells (passage 2.10), NHNE BMI-1 (passage 2.9), and CFNE BMI-1 R709X (passage
2.9). Cells were differentiated on ALl for 5 weeks (a process not primarily involving doubling

of cells, but rather differentiation and self-renewal of basal cells); their mucosal production
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is pictured above (Fig. 3.5), and cilia beating was detectable under light microscope. Cells

were assayed for ASL depth and mucosal spinnability.
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Fig. 3.6: SICM analysis of CF nasal, WT nasal, and WT bronchial epithelial cells.
Plotted as median = 95% CI. Each data point represents one measurement. For ASL
depth, 21 measurements were performed for each of 3 wells of each genotype for a

total of n = 63 per cell type; in the case of R709X cells, one well measured showed

122



abnormally high ASL height and was not plotted. For mucosal spinnability, 72
measurements were initially recorded, and any measurement that did not display
detectable breakage of a mucosal thread was discarded. Ordinary one-way ANOVA

with Tukey test. **** p < 0.0005; ** p < 0.005; * p < 0.05; ns p > 0.05

As predicted, CFNE BMI-1 R709X cells showed significantly reduced median ASL
depth compared with both bronchial and nasal epithelial cells (1.0 um for CF variant nasal,
3.2 um for WT bronchial, 4.3 um for WT nasal). One well of R709X cells showed abnormally
high ASL height, falling outside the range of any wild-type cells (data in Appendix). This
phenomenon has been observed before in ALl wells that have been infected with bacterial
or fungal contaminants, typically a day before infection becomes visually apparent (cloudy
media, visible contaminant, etc.) (unpublished). Because the wells assayed herein were not
returned to ALI culture and maintained, it is unclear whether or not they were infected.
However, given that these aberrant cells more closely matched data from infected wells
than either of the wild-type genotype or the other R709X replicate wells assayed, the data
was excluded from analysis. CF variant nasal cells also displayed significantly decreased
mucosal spinnability compared with WT nasal cells (14.59 um for WT, 12.13 um for CF
variant, p < 0.005), but not compared with WT bronchial epithelial cells (12.15 um). This is
consistent with CF pathogenicity, in which CF patient sputum exhibits high viscosity and low

elasticity.
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Discussion

In order to develop a treatment strategy, baseline phenotypic properties of in vitro
disease models must first be established. Via ALl culture, CFTR variant basal cells can be
differentiated into pseudostratified epithelia that exhibit properties analogous to human CF
pathogenicity [56]. Two of the major hallmarks of CF are defective ion trafficking and
subsequent defects in ASL regulation, which manifests as dehydrated mucus and decreased
periciliary liquid layer height [306].

Measurement of ALl cultures’ performance in Ussing chambers has been used for years
as a predictor of CFTR variants’ phenotypic severity, as well as CF treatments’ efficacy,
including recent breakthrough modulator therapies [300-302]. Loss of CFTR activity has
been shown to lead to increased ENaC activity in CF patients, and ENaC inhibition has been
discussed as a therapy for CF by both pharmaceuticals and nucleic acid therapy [96].
Therefore, we expected to see a noticeable difference between amiloride-sensitive current
in variant vs. WT cells. Indeed, while NHNE BMI-1 cells showed negligible response to
amiloride (Alsc = 1.915 pA/cm?), CFNE BMI-1 R709X variant cells showed significantly higher
response (Alsc = -8.64 pA/cm?, p < 0.005). Additionally, as expected, variant cells showed no
detectable response to drugs either stimulating or inhibiting CFTR activity. This is consistent
with lack of activity or complete absence of protein at the cell surface due to premature
stop codons in CFTR [58, 307, 308]. In future studies, following advice from Dr. Luis Galietta,
ATP will be included for both genotypes. Additionally, ouabain will be added after the effect
of ATP has depleted. In the presented timing of drug applications, it is unclear how much of
Isc decay is due to ATP effect rundown, and how much is due to ouabain inhibition;

however, this does not undermine the data suggesting that CFTR is inactive in these cells.
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Unlike Ussing analysis, which has a robust history in the field of CF research, SICM is a
relatively novel technique. However, technologies with similar aims (such as confocal
microscopy) have long been used as a readout of phenotypes resulting from CFTR variants
[306]. Unlike other microscopy techniques, however, SICM also allows for concurrent
measurement of other CF-relevant phenotypes including mucosal spinnability. Because
increased mucosal viscosity is one of the main underlying causes of lung disease in CF, SICM
is a valuable tool for simultaneous multifaceted characterisation of differentiated cells” ASL.
The mean ASL depth observed in SICM analysis of NHBE BMI-1 (5.1 um) was comparable
with those previously reported in the literature (~5.8 um measured via SICM) [286]. The
mean ASL depth observed in CFNE BMI-1 R709X cells (1.8 um) was lower than that
previously reported for CF variant cells (~3 um for CFBE BMI-1 F508del cells measured via
SICM) [286]. This could have been due to differences in either cell type (nasal vs. bronchial)
or genotype (missense vs. nonsense variant). This could of course be elucidated by
comparing different cell types carrying the same variant, or different variants in the same
cell types; however, this is restricted by availability of patient cells carrying specific
genotypes.

Baseline characterisation of disease model cells is an essential first step in
developing a treatment strategy. In our hands, basal cells carrying the undruggable R709X
variant (as well as a previously unreported silent variant) exhibit multiple phenotypes
consistent with CF pathology, and therefore are a strong model of CF disease. The following
chapter therefore investigates a proof of concept DNA editing strategy that can be used to

insert a full-length CFTR cDNA into a safe harbour of the genome.
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Results: Proof of concept of homology independent
targeted integration at the AAVS1 safe harbour

locus

126



4.1 Introduction

Recessive monogenic diseases can potentially be rescued by introduction of a
healthy copy of the causative gene through direct modification of the genome. Genomic
insertion of large DNA constructs via CRISPR can be accomplished via homology-directed
repair (HDR) or non-homologous end joining (NHEJ), as discussed in Introduction section
1.2.2.2. In non-dividing cells, such as those making up the airway epithelium, HDR does not
occur [241]. Therefore, an NHEJ-based approach is necessary to integrate DNA in this target
tissue.

Because NHEJ-mediated repair is not dictated by homology, there is the potential for
donor constructs to integrate in the reverse of the desired direction. Homology-
independent targeted integration (HITI) prevents this. In HITI, a donor construct is used that
includes a reverse complemented gRNA sequence (RC-gRNA) on either side of the desired
insertion (see Fig. 1.9) [152]. If the donor integrates in the reverse direction, these RC-gRNA
sequences restore the spacer sequence, allowing Cas9 to re-bind and re-cut DNA. If the
donor integrates in the forward direction, however, the spacer sequence is destroyed, and
Cas9 cannot re-target. This has been shown to enhance rates of desired integration in
various cell types, including non-dividing cells [152].

Another major consideration for introduction of compensatory gene copies is
integration site of the genome. Adeno-associated virus (AAV), as its name suggests, requires
coinfection with adenovirus to successfully propagate in cells. In the absence of adenovirus,
AAV integrates into the host genome at a section of euchromatin on chromosome 19, where
it remains latent until adenovirus becomes available [309]. Despite the fact that this site lies

within a protein-coding gene (PPP1R12C), no cellular pathogenic effects have been reported
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after integration of the viral genome at this locus. Therefore, this site is regarded as a “safe
harbour” for integration of large DNA constructs into the genome, and has been used for
integration and stable expression of transgenes using multiple DNA editing approaches
including TALENs [310], ZFNs [311-313], and CRISPR [314, 315]. Kelly et al. utilised HITI to
insert fluorescent reporter constructs at the AAVS1 locus with higher efficiency than HDR
approaches. Edited cells isolated via FACS were single-cell cloned and clones assayed for
editing; 11.8% of clones were positive using HDR, compared to 36.1% using HITI [315].

We aimed to target the AAVS1 site over the endogenous CFTR locus for two primary
reasons. Firstly, the native gene at the AAVS1 site, Protein Phosphatase 1 Regulatory
Subunit 12C (PPP1R12C), has been characterised as a robustly and constitutively expressed
gene (Fig. 4.1). Specifically, in respiratory epithelial (both bronchial and nasopharyngeal)
cells, expression of Protein Phosphatase 1 Regulatory Subunit 12C (PPP1R12C) is predicted
to be even higher than that of CFTR [316, 317]. Single-cell RNA sequencing of the airway
epithelium revealed homogenous expression of PPP1R12C in basal cells, goblet cells, ciliated

cells, and ionocytes (in which CFTR expression is highest) [70].
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Fig. 4.1: Protein expression of PPP1R12C in CF relevant tissues (red boxes).
NTPM: normalised transcripts per million. Protein expression score is based
on “immunohistochemical data manually scored with regard to staining
intensity (negative, weak, moderate or strong) and fraction of stained cells
(<25%, 25-75% or >75%).” Tissues in red boxes are relevant to CF pathology,
and have received an expression score of “high,” indicating “strong [signal]
combined with either 25-75% [fraction of positive cells], or 75% [fraction of

positive cells].” [316]

It is unreasonable to expect that every cell will be successfully transfected and edited

in an in vivo strategy. Therefore, elevated expression of a transgene by a subpopulation of

129



cells could compensate for <100% transfection and editing efficiency. There are of course
some genes for which this strategy would not work (i.e. genes whose protein product
functions intracellularly). However, because CFTR’s role is to contribute ions to the general
extracellular environment, an overexpressing cell could theoretically compensate for its
neighbours’ lack of activity. Multiple studies have examined the proportion of CFTR-
expressing cells required to see amelioration of CF pathology, based on varying approaches
and criteria. An early study used Ussing analysis to measure ion transport in mixtures of
corrected (via retroviral cDNA delivery) and uncorrected F508del homozygous cells; it was
found that 10% corrected cells was sufficient to restore ion trafficking to WT levels [318].
Another study, using the RNA virus parainfluenza to deliver CFTR, found that successful
expression in 25% of an ALI-differentiated epithelium was sufficient to restore normal ASL
height and mucociliary clearance in F508del homozygous cells [319]. Other studies have
focused not on the proportion of CFTR-expressing cells, but rather on the proportion of
correctly spliced CFTR transcripts. An early study on a splicing variant (the 5T allele in intron
8) suggested that >25% of transcripts must be correctly spliced in order for patients to
achieve FEV1 comparable to non-CF levels [320]. Another study on the same splicing variant
estimated that ~¥30% normal transcripts required for normal lung function [321]. In clinical
trials for the triple-combination therapy Trikafta, in vitro study revealed that Trikafta
treatment rescued chloride ion transport by approximately sixfold, which translated to 10-
15% increase in FEV1 relative to non-CF individuals (variable depending on genotype) [322].
Overall, while it is difficult to know exactly how much of WT CFTR is required (in terms of
the percent of cells expressing protein, the percentage of transcripts rescued by editing, and

the clinical criteria being investigated), most estimates have fallen between 10 and 30%.
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Another reason to target the AAVS1 locus was because we did not wish to target the
endogenous CFTR locus. Despite HITI’s co-opting of the NHEJ pathway for high integration
efficiency, there remains the risk of integration in the reverse direction, or indel formation.
Constructs can still integrate in the reverse orientation and not be excised, or resected DNA
can be re-annealed before integration can occur, albeit at reduced rate compared to non-
HITI NHEJ. Therefore, unsuccessful editing events can present a threat to the targeted locus.

There are many CFTR genotypes which retain some phenotypic function (which can
in some cases be enhanced by modulator therapies) [323]. An unsuccessful edit and
resulting indel at the endogenous locus could potentially lead to loss of any residual
function. This is especially risky if the strategy involves integration of a promoterless
construct immediately downstream of the native promoter, as indel formation in a
promoter or early in a gene could potentially generate a full knockout. Despite this, a full
gene replacement strategy is still an attractive option, as it represents a single-

administration treatment for theoretical full rescue.

—p
CFTR Promoter QP
I
Fo
A CFTR mutation allowing for

Cut site  some residual protein function

Following unsuccessful integration and indel formation:

’ QP
N
Damaged promoter/early coding sequence leads to no CFTR expression
Fig. 4.2: Rationale for not targeting the CFTR locus. CFTR promoter shown as
green box; gene expression shown as blue arrow; cut site shown as blue
triangle; CFTR mutation shown as red X; Cas9-induced DNA damage shown as

lightning bolt.
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CFTR superexons (either complete or incomplete) have been utilised by several
groups as a “one size fits most” approach [235, 239, 240]. Unlike the current small molecule
therapies available, or any DNA editing strategy that corrects individual mutations, this
approach could provide rescue regardless of patient genotype. Prior to this strategy,
however, validation of the HITI strategy and activity of the native PPP1R12C promoter is
vital. Integration of fluorescent reporters and subsequent analysis of expression is a
valuable proof of concept for further uses of the HITI/AAVS1 strategy, such as integration of
cDNA for clinically relevant genes. Therefore, in this chapter, we aim to characterise the on-
and off-target editing efficiency of HITI at the AAVS1 locus using the fluorescent reporter

GFP.
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4.2 Aims

In this chapter we aim to:

1) Develop a HITl-based strategy for inserting large coding sequences at the AAVS1
safe harbour locus.

2) Insert a reporter construct in HEK293T cells using this strategy.

3) Assess predicted off-target editing events in a clonally isolated population of

edited cells, and a mixed population of repeatedly edited cells.
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4.3 Results

4.3.2 Generation of edited cells

4.3.2.1 Generation of HITI donors

The HITI approach requires two main components: the editing machinery (SpCas9 +
gRNA) and donor construct for integration. For our purposes, we used gRNA A78 (sequence
in Methods). This gRNA was initially designed by previous Hart lab member Dr. lleana
Guerrini, and was later identified in an independent study as the most efficient of six gRNAs
tested at the AAVS1 locus (measured by Universal CRISPR Activity assay) [292]. Two donor
constructs were tested. The first, called the “pLinear” donor, contained the following
features (Fig. 4.3):

1) One copy of the reverse-complemented A78 gRNA target site and adjacent PAM,
located just upstream of the donor construct. Upon treatment with Cas9,
plasmid becomes linearised.

2) A donor construct consisting of eGFP, preceded by a splice acceptor site and T2A
site. The splice acceptor allows GFP to be placed under the control of the
endogenous PPP1R12C promoter, eliminating the need for a promoter in the
plasmid itself. The T2A site (derived from Thosea asigna virus) prompts
ribosomal machinery to split the GFP peptide chain from the PPP1R12C chain,
preventing generation of a fusion protein at the N-terminal end.

3) A stop codon, SV40-derived termination sequence, and poly-A tail, prompting
termination of translation after the GFP coding sequence and preventing

generation of a fusion protein at the C-terminal end.
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4) An unrelated gRNA sequence (T7) — this is an artefact left over from a previous

round of cloning, and not targeted by any gRNA used in the HITI experiments

described herein.

5) Kanamycin resistance construct used in cloning and transformation.

pLinear
5320 bp

Mscl (1731)

K.
/:anam)'cin Resistanc®
3000

|

(2769) Mscl
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1. Cleavage of genome and A78-T7 donor by Cas9

2. Genomic integration of cleaved donor

SA—T2A—GFP-DA backb{)ne
I —

(~5.5 kb)

LR -

Fig. 4.3: Schematics of HITI approach with pLinear donor.

A) Plasmid map of pLinear donor. A78 gRNA: reverse-complemented spacer
sequence and PAM for A78 guide. SA: splice acceptor. T2A: signals
ribosome to split peptide chain. eGFP: eGFP cDNA. SV40pA: poly-A tail
from simian virus. gRNA T7: reverse-complemented spacer sequence and
PAM for an unrelated gRNA.

B) Schematic of donor excision and integration upon treatment of donor and
genome with Cas9. AAVS1 target locus shown as blue box; Cas9 shown as
translucent blue shape; gRNA shown as red line; section of plasmid
encoding SA-T2A-GFP-polyA construct shown as green box. This plasmid
was generated by Dr. lleana Guerrini, from a plasmid originally sourced

from System Biosciences (catalogue no. MN511-A1).

However, genomic integration of plasmid backbone DNA, including antibiotic

resistance genes, is not favourable for translation into the clinic. We therefore sought to
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create a “pExcised” donor plasmid, which had the desired insert flanked by two A78 gRNA
cut sites. Treatment with Cas9 would therefore excise the GFP cDNA from the backbone.
Another plasmid had previously been generated (also by Dr. Guerrini) that had two

copies of the RC-A78 sequence appropriately flanking the eGFP construct.

pMC.A78_EF1A-GFP-pA_A78
6126 bp

\

(3575) Mscl Mscl (2538)

Fig. 4.4: Plasmid map of pMC.A78_EF1A-GFP-pA_A78, one of the parental
plasmids used alongside pLinear in order to generate the second HITI donor
called “pExcised.” “A78" refers to the reverse-complement of gRNA sequence

and includes adjacent PAM.
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However, this plasmid also contained a CMV enhancer and EF1A promoter
sequence, and lacked the SA and T2A features (Fig. 4.4). We wished to remove the enhancer
and promoter from this parental plasmid. The reasons for this were twofold. Firstly, we
wanted the donor construct to be small enough to potentially be packaged in an AAV vector
in downstream applications. Full-length CFTR cDNA is ~4.5 kb, which itself nearly meets the
packaging capacity of an AAV vector. The HITI donor would also have to include a splice
acceptor, T2A sequence, and poly-A tail in order to generate functional mRNA; inclusion of
these features would not be possible in an AAV vector alongside a promoter. Secondly, we
wished to confirm that promoterless constructs could be reliably expressed under the native
PPP1R12C promoter. This would also necessitate the inclusion of the SA and T2A sequences.

By digesting the two plasmids with the restriction enzyme Mscl (highlighted in Fig.
4.3 and 4.4), it was possible to isolate the sections of each plasmid that contained the
desired features and ligate together as described in Methods section 2.5.7. The resulting

plasmid, deemed “pExcised,” is detailed in Fig. 4.5B, and contains the following features:

1. Reverse-complemented A78 gRNA sequence 7
2. SAand T2A From pLinear plasmid
3. GFP cDNA

4. SVA40 poly-A tail
From pMC.A78_EF1A-GFP-pA_A78

5. Reverse-complemented A78 gRNA sequence

Each plasmid was digested with Mscl and run on an agarose gel. The desired bands
were excised from the gel, DNA purified, and fragments ligated together (as described in

Methods section 2.5.7). In order to ensure that the insert integrated in the proper
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orientation, sequencing was performed on single colonies (full plasmid sequence in
Appendix); a colony with the expected sequence was then grown up overnight and saved as
a glycerol stock as described in Methods. The features listed above were confirmed in the
resultant plasmid via sequencing (full plasmid sequence in Appendix with features

highlighted) (Fig. 4.5).

A pMC.A78_
EF1A-GFP-
pA_A78 pLinear

5000
4000

Expected: 5091 4285
1038 1040
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pExcised
5319 bp

3 Kanachin Resistance
000

1. Cleavage of genome and A78-A78 donor by Cas9

RC-AT8 gANA

2. Genomic integration of cleaved donor(s)

SA—T2A—GFP-EA =~1 kb) donor plasmid backbone (~4.5kb)

OR

s g o o p .

Fig. 4.5: Schematics of HITI approach with pExcised donor.
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A) Gel showing two parental plasmids after digestion with Mscl. Expected
band sizes indicated. The desired bands (highlighted in blue) were excised
from the gel and ligated together as described in Methods.

B) Plasmid map of pExcised donor with dual A78 gRNA sequences (full
sequence available in Appendix). “A78” refers to the reverse-complement
of gRNA sequence and includes adjacent PAM.

C) Schematic of donor excision and integration upon treatment of donor and
genome with Cas9. Upon treatment with Cas9, both genome and donor
will be cut; unlike pLinear, the pExcised donor will be cut twice, thus

completely excising donor construct from backbone.

The final plasmid used in initial HITI experiments contained an expression cassette

for the A78 gRNA and tracrRNA as well as Cas9, henceforth referred to as pCas9-BFP. This

plasmid’s features are illustrated in Fig. 4.6.
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9000 Bbsf

nU6 promoter

A78-Cas9-BFP
9294 bp

Fig. 4.6: Plasmid map of pCas9-BFP. The plasmid contains the following features:
gRNA (A78 crRNA and tracrRNA) expression construct under the hU6 promoter (a
human-derived promoter commonly used to drive expression of small RNAs);
SpCas9 under the CBh promoter (derived from chicken B-actin promoter,
modified with a murine virus of mice hybrid intron); a nuclear localisation
sequence (NLS) to direct expressed Cas9 to intranuclear space; a T2A sequence
to prevent generation of a Cas9-BFP fusion protein; blue fluorescent protein
(BFP), functioning as a reporter of Cas9 expression; BGH termination sequence
and poly-A tail; ampicillin resistance construct used in cloning and

transformation.
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When delivered together, pCas9-BFP and either of the donor plasmids would have
the potential to result in the AAVS1 target site being cut, and donor construct integrating via

NHEJ.

4.3.2.2 Delivery of pCas9-BFP and Donor plasmids

In order for HITI to take place, Cas9 must be expressed and donor must be present in
the same cell. We therefore initially wished to test whether transfection of pCas9-BFP and
pLinear plasmids could be achieved by co-delivery in the same nanoparticle (NP). Initial
experiments used the commercially available reagent Lipofectamine 2000 (L2K) for delivery.
Work by previous Hart lab member Dr. Amy Walker revealed that the optimal transfection
amount of donor and Cas9 plasmid in 24-well plates was 250 ng donor:500 ng Cas9 [324].
Therefore, these amounts were delivered to 70-80% confluent HEK293T cells in 24 well
plates, in either the same or separate L2K NPs. L2K NPs were formulated at a 3:1 weight
ratio of L2K:DNA. Forty-eight hours post-transfection, flow cytometry was performed in
order to quantify BFP and GFP expression as the percentage of GFP+ and/or BFP+ live singlet

cells in each condition (Fig. 4.7).
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Fig. 4.7: Flow cytometric quantification of transfection efficiency. HEK293T
cells were transfected with pCas9-BFP and pLinear donor using Lipofectamine
2000. 48 hours later, flow cytometry was performed. Gates were set for live
singlets, and then for GFP/BFP expression based on negative (untransfected
HEK293T) control population (details of gating in Appendix). 230,000 live
singlets were sorted for each condition shown.

A) Representative flow plots for pCas9-BFP and pLinear donor plasmids
delivered in the same or separate nanoparticle (one replicate transfected
well shown per condition).

B) Quantified transfection efficiency of pCas9-BFP and pLinear donor
plasmids. BFP expression was taken as a readout of Cas9 expression, due

to both being under the same promoter within the plasmid.n =3
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replicate transfected wells. Plotted as mean £ SD. One-way ANOVA with

Tukey multiple comparisons test. ** p <0.01

A statistically significant difference was observed in total BFP (and therefore Cas9)
expression between cells receiving pCas9-BFP in the same vs. separate NPs, with co-delivery
in the same NP achieving approximately 8% higher Cas9 expression. No significant
difference was observed in total GFP expression between cells receiving pLinear in the same
vs. separate NPs (Fig. 4.7B).

Formation of double strand breaks (DSBs) without an available donor for repair will
most likely lead to indels. Therefore, it is generally unfavourable to have Cas9 expression in
cells that have not also received a donor construct. In order to ascertain the percentage of
cells expressing pCas9-BFP or pLinear, but not both, 48 hours post-transfection, we
examined the rates of singly fluorescent cells with each treatment by examining the

percentage of cells falling within BFP+/GFP- and BFP-/GFP+ gates (shown in Fig. 4.7).
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Fig. 4.8: Percentage of singly fluorescent (i.e. receiving either only pLinear or
only pCas9-BFP, according to populations within GFP+/BFP- or GFP-/BFP+
gates in Fig. 4.7) cells. n = 3 replicate transfected wells. Plotted as mean + SD.

Paired t-test performed for each fluorescence readout. ** p < 0.005

>99% of cells that showed evidence of Cas9 expression also showed evidence of
donor integration, as evidenced by coexpression of GFP and BFP (Fig. 4.7). However, there
were a notable amount of cells (>20%) that showed evidence of Cas9 expression only. Again,
expression of Cas9 without an available donor construct could lead to unnecessary DSB
formation and indels. Despite no pathogenic effects being reported as a result of PPP1R12C
loss of function, DSB formation in general represents a threat to cellular health, and

extraneous formation should be avoided. A small but statistically significant reduction in
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single fluorescence of the pCas9-BFP plasmid was observed upon co-delivery. For this
reason, it was decided that co-delivery in the same NP was favourable.

Furthermore, two unexpected results were observed in this data. Firstly, there was a
significant difference in GFP expression (p < 0.0005) between pLinear and a positive control
eGFP plasmid used for gating. This is explained by the presence of a strong enhancer (CAG)
and promoter (CMV) present in the eGFP positive control, resulting in a high number of
copies per cell of GFP. It is likely that this combination of enhancer and promoter were
stronger than the native PPP1R12C promoter, under which any integrated constructs would
be expressed. Additionally, using HITI, integration of a construct should eliminate the ability
of Cas9 to re-cut, which theoretically restricts integration to a single copy per cell.
Therefore, by setting flow cytometry parameters according to the plasmid with the stronger
promoter, it is possible that successfully edited but dimly fluorescent cells were missed in
the Cas9 + donor population.

Secondly, the donor-only control was not expected to show any fluorescence due to
the lack of a promoter before the GFP within the donor. In order to examine whether this
donor-only GFP expression was transient, it was decided that in subsequent experiments,
GFP expression would be measured 48 hours post-transfection and also 12 days post-

transfection.

4.3.2.3 Comparison of pLinear vs. pExcised donors

We next examined the difference in editing efficiency between the plLinear and
pExcised donor constructs. As described above, upon Cas9 digestion, the pExcised plasmid
generates two potential molecules for integration (the desired SA-T2A-GFP-polyA construct

and the plasmid backbone) while the pLinear donor generates one (the entire plasmid,
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linearised just upstream of the SA-T2A-GFP-polyA construct). When using the pExcised

donor, potential for integration of plasmid backbone rather than desired donor construct is

obviously unfavourable; however, there was the possibility that the desired donor would

integrate more readily than the backbone due to its smaller size (1.2 kb versus 4.2 kb).

In order to assess this, pCas9-BFP and each donor were transfected as described

above into HEK293T cells with L2K (same NP). This time, cells were sorted for co-expression

of BFP and GFP in order to isolate cells that had been successfully transfected. Then, 10 days

after the initial sort (12 days post-transfection), cells were sorted for GFP expression.
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Fig. 4.9: Cell sorting of GFP+/BFP+ cells 48 hours post-transfection. pCas9-

BFP, pLinear, and pExcised plasmids were transfected into HEK293T cells and

sorted at indicated timepoints. n = 1 replicate transfected well per condition.

A) Results (percentage of fluorescent live singlets) of initial sort 48 hours
post-transfection.

B) Results of final sort 12 days post-transfection.

Because pCas9-BFP was a non-integrating construct, its expression was expected to
diminish over time. As expected, BFP expression was transient and had diminished after 12
days. Similarly, in the absence of Cas9, donor constructs are also non-integrating, and
therefore also expected to diminish. Indeed, after 12 days, the GFP expression observed in
the donor-only controls had diminished.

Interestingly, the pLinear donor yielded approximately double the integration of GFP

compared to the pExcised donor (38% vs. 20.7% GFP+ cells respectively). This is likely
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explained by the fact that cleavage of the pExcised donor yields two potential constructs for
integration (the desired GFP expression construct and the plasmid backbone) while cleavage
of the linear donor only yields one. This suggests that integration of the backbone fragment
was not necessarily hindered by its size (1.2 kb for the GFP-encoding fragment, and 4.2 kb
for the backbone fragment).

Given that the GFP expression of pExcised was approximately half that of pLinear
(Fig. 4.9B), it is reasonable to assume that 50% of successfully edited pExcised cells
integrated the desired GFP-encoding construct (with or without plasmid backbone still
attached) and the remaining 50% either resulted in indel formation, integrated solely the
bacterial plasmid backbone, or integrated the GFP construct in the reverse orientation. On
the other hand, 100% of edited cells receiving the pLinear donor received bacterial DNA,

including a kanamycin resistance construct.

4.3.1 Characterisation of edited cells

4.3.2.1 Stability of GFP expression in edited cells

We next wished to examine the consistency of GFP expression after successful
integration under the control of the PPP1R12C promoter. In order to achieve this,
transfection with pExcised donor and pCas9-BFP was repeated in HEK293T cells with L2K as
before, and the following workflow was used for analysis:

On Day 0, cells were transfected with pCas9-BFP and pExcised plasmids, or donor-
only control. On days two and 12 post-transfection, cells were sorted and returned to
culture for expansion. Flow cytometry was then performed every 5 days until one month

had passed since the initial sort.
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Fig. 4.10: Quantification of GFP expression over time in edited cells.

A) lllustrated workflow for experiment. pExcised represented by green DNA;
pCas9-BFP represented by red scissors. On day zero, HEK293T cells were
transfected with pExcised only or pExcised + pCas9-BFP using L2K. Cells
were sorted 48 hours and 12 days post-transfection. Cells were then
assayed by flow cytometry every five days until 30 days had passed since
the initial sort (32 days post-transfection).

B) Initial sorts of successfully transfected (48h) and stably edited (12d) cell
populations. n = 3 replicate wells per condition. Plotted as mean % SD.

C) Tracking of %GFP+ live singlet cells over time. n = 3 replicate wells per

condition. Plotted as mean + SD.

Again, initial expression of GFP was low (~10% for each condition), and GFP

expression was detected in donor-only controls despite lack of promoter. However, as
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observed previously, transient donor-only GFP expression had ceased entirely by 12 days
post-transfection, and permanently integrated GFP had increased substantially (~40%). This
increase is likely due to the accumulation of GFP protein in cells, which increased overall
brightness to above the threshold used for detection.

Upon tracking of GFP expression over time, there was a steep decline in expression
in all three replicates 22 days post-transfection. This was unexpected, as the endogenous
promoter at the AAVS1 site was presumed to be constitutively active as previously reported
[317, 325]. It was initially assumed that the decline in GFP expression was due to selection
against edited cells, and that the (presumably minute) subpopulation of GFP- cells that had
been errantly sorted as GFP+ were outcompeting edited cells and growing to dominate the
general population. However, at 32 days post-transfection, GFP expression recovered. This
suggested that the transient loss of expression was not (or not entirely) due to cell die-off,
but rather due to fluctuations in expression. This in turn suggested that GFP expression may
have been an underrepresentation of actual editing efficiency, and that >40% editing
efficiency may have initially been achieved. This also potentially serves to explain the
inconsistency between editing efficiency in the first experiment using the excised donor (Fig.
4.9) and this independent experiment. Additionally, the fact that all replicates clustered
relatively close together through the fluctuations suggests that this could be a programmed
feature of the PPP1R12C promoter in HEK293T cells rather than random variation between
replicates. In order to confirm that GFP+ cells actually contained the integrated donor

construct, genotypic validation was performed.
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4.3.2.2 Clonal isolation and genotyping of GFP-expressing cells

In order to ascertain the rate of targeted integration at the AAVS1 site, a PCR
strategy was designed to genotype pools of single-cell clones. HITI relies on NHEJ, and NHEJ
often leads to indels due to factors including resection of cut ends after DSB formation [122,
326, 327]. NHEJ-mediated blunt-end insertion of donors could therefore presumably lead to
genomic indels on either or both sides of successfully inserted donor constructs.

Clones were derived from each of the three replicate GFP+ edited populations
isolated in the above set of experiments (from a transfection of HEK293T cells with pExcised
and pCas9-BFP, using L2K). 210 clones per replicate were isolated via serial dilution as
described in “Cell Cloning by Serial Dilution in 96 Well Plates”
(https://www.corning.com/catalog/cls/documents/protocols/Single_cell_cloning_protocol.
pdf). Three PCR primers were designed: one just 5’ of the cut site, one just 3’ of the cut site,
and one spanning the junction of genomic DNA and the GFP expression construct. Primer
sequences available in Methods section under “AAVS1 F” and “AAVS1 R” (to amplify WT
genomic band) and “GFP Insertion Junction R” (to amplify junction band when paired with
“AAVS1 F”). DNA isolated from clones was amplified with both sets of primers, yielding a
543 bp amplicon (unedited genomic DNA) and/or a 250 bp amplicon (base-perfect

integration) (Fig. 4.11).

A WT genomic band (543 bp)
Chr1g AAVStF AAVSLR
A
“Junction” band (250 bp)
Chr19 AAVS1F Junction R
A
A78 gRNA cut site

155



' pExcised + pBFP-Cas9 Replicate 1 (17 clones)

: - - - 2000 bp
- 1500 bp
o g
- |w - (- e [ |- = ’-J' ® o & | 500 bp
o « ® o o o 0 @ o @ . « @ ®@= 200bp
Replicate 2 (11 clones) ‘
=

\

LI AR EIA] SESIAEE e &

- e caria o e amma—.

8
8 |

i
2

AdAARIFF A 2d

Replicate 3 (13 clones)
-

IIRR e LI T

Single Cell Cloning of GFP+ Cells

100 e Excised Donor Plus Cas9
A Untreated

3

c

k=]

% 50

=

0
i}°¢ <>°°
& &
(v (s}
@ @
& N
* ‘\o
al &
> >
& &
oef’ .x;\'z-‘\
°\° &
o
o\e 6\0
o\e

Fig. 4.11: PCR of single-cell clones isolated after HITI editing.
A) “Junction” PCR strategy yielding edited and unedited amplicons. Cut site
shown as red triangle, primers shown as orange arrows, GFP insert shown as

green bar.

156



B) Agarose gel showing results of junction PCR amplification. Single-cell clones
were isolated from HEK293T populations found to be GFP+ 12 days after L2K-
mediated transfection with the pCas9-BFP and pExcised donor constructs.
Once clones had expanded to 80-90% confluency in a 96-well plate (8-10
days), genomic DNA was extracted as described in Methods. Clones derived
from single transfection replicates are indicated by coloured bars. Boxes
around pairs of bands indicate genomic DNA amplified from a single-cell
clonal population. Upper band indicates presence of a WT allele, lower band
indicates GFP insertion; both bands indicate heterozygotes.

C) Quantification of clones showing any (monoallelic or biallelic) or biallelic

integration. n = 3 replicate transfected wells. Plotted as mean % SD.

35/41 (85.4%) clones on the gel revealed the predicted 200 bp band, indicating
targeted integration in at least one allele. 6/41 (14.6%) of clones revealed a band at 200 bp
but no band at 500 bp, indicating targeted integration at both alleles. For multiple clones of
the non-junction PCR, a faint band at 1.7 kb was detected. This is the expected size of the
AAVS1 F/AAVS1 R amplicon upon integration of the desired donor construct; it is also
detected in several of the clones where biallelic editing is indicated. In clone 5 of replicate 2,
this 1.7 kb band is visible despite no 500 or 200 bp band. This indicates biallelic integration
of the construct, but that the integration was not base-perfect at either allele, meaning that
the junction R primer could not successfully bind. This brings the total number of suggested
biallelic editing events to 7/41, or 17%. In two clones, there was a strong band at ~5000 bp
for the junction PCR. This could potentially be explained by integration of the entire donor

plasmid. In order for this to happen, the plasmid would need to be linearised via a Cas9-
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mediated cut occurring at only the post-GFP RC-gRNA sites in the donor. Importantly, if only
the pre-GFP RC-gRNA was cut, the resultant junction band would still be 200 bp. Therefore,
in future experiments, it would be wise to examine both junctions of the expected
integration site, and/or Sanger sequence resulting amplicons. There were also very faint
bands at ~1000 bp in several lanes; this does not correspond to any predicted amplicon size,
and is therefore likely to be a PCR artifact.

On average, 92% of clones exhibited targeted integration on at least one allele, and
16% showed targeted homozygous editing. For several clones, there were multiple bands
present in the “genomic” amplicon. This suggests formation of random insertions at the
non-HITI allele. However, because only one functional copy of CFTR is required for
functional rescue, monoallelic repair is sufficient. Additionally, because disruption of the
PPP1R12C gene has no reported pathogenic effect [328], indels at this locus are predicted to
have negligible effect on overall cell health. Indel formation at the native CFTR locus could
be much more harmful, as it could eliminate any residual function of the individual’s CF
mutation.

While high rates of on-target editing efficiency are obviously favourable, they are
often accompanied by formation of off-target edits. Therefore, it is essential to examine
sites of the genome with homology to the on-target spacer sequence to assay for off-target

editing events.

4.3.2.3 Off-target analysis of clones with biallelic editing
The web-based tool CRISPOR was used to predict potential off-target sites (OTSs) for
the A78 gRNA. Primers were designed to target the top five predicted OTSs of the genome

(all OTS primer sequences in Methods). In order to ensure that GFP had not integrated at
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these sites, PCR was run with an extension time sufficient to include GFP insertion, and
expected band sizes validated on agarose gels. PCR was performed using gDNA from all
seven homozygote edited clones (as determined by electrophoresis, see Fig. 4.11) to amplify
these sites, and Synthego’s Incidence of CRISPR Edit (ICE) analysis was used to detect any
indel formation at those loci. ICE analysis compares the heterogeneity of Sanger-derived

chromatogram traces from edited and unedited samples in order to infer rates of indel

formation.
status @ Guide Target D PAM Sequence (O Indel % (2 Model Fit (R2) O
& Succeeded GTCACAAAACCTGTCACTTG AGG 0 1
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Fig. 4.12: Representative traces from the same OTS site (OTS 5) in two

homozygote clones where zero indel formation was detected.
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A) Traces with indel % = 0 and R? = 1. Edited and control chromatogram

traces are functionally identical, with no heterogeneity surrounding the

cut site.

B) Traces with indel % = 0 and R? = 0.95. Some heterogeneity is present in
the edited chromatogram; however, heterogeneity does not align with
the cut site, suggesting that this was background due to impurity of
sample rather than an editing event.

Off-Target Genetic gRNA (# Mismatches) % Indels Confidence
Site (OTS) Feature Detected (R?)
Target Site Intronic GTCACCAATCCTGTCCCTAG
Chr19: | (PPP1IR12C) (0)
55115745-
55115764
1 Intergenic | GGCACTAATCCTATCCCTAA 0 1
Chr22: (4)
48160908-
48160927
2 Intergenic | GTCACAAATCCTATCACAAG 0 1
Chra: (4)
98714021-
9874040
3 Intronic GACACTGATCCTGTCCCTAA 0 1
Chr2: (TTN-AS1) (4)
178603025-
178603044
4 Intronic Predicted: 0 0.99
Chr12: (APPL2) GTAACCAAGACTGTCACTAG
105200588- (4)
105200607
Experimental:
GTAACCAAGACTGTCACTAC
(5)
5 Intergenic | GTCACAAAACCTGTCACTTG 0 0.95
Chr8: (4)
141870522-
141870541
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Table 4.1: Indel formation detected at OTSs by ICE analysis for one
representative homozygous edited clone. DNA was extracted from clones and
PCR performed in order to amplify off-target sites. Sanger sequencing traces
were used as input into ICE software, which reported indel frequency at off-
target sites. In gRNA column, mismatches from on-target spacer sequence
are highlighted in red, and number of mismatches from on-target spacer
sequence are shown in parentheses. For OTS 4, “Predicted” refers to the
sequence predicted by CRISPOR software, and “Experimental” refers to the
sequence detected in untransfected cells’ genomic DNA. Chr: chromosome;
numbers following indicate range of bases on that chromosome covering the

OTS (per UCSC Genome Browser, reference genome GRCh38/hg38) [329].

Zero indel formation was detected at any OTS in any clone tested (Table 4.1). At OTS 4,

the canonical predicted gRNA sequence was not present in any of the tested samples,

including the untreated control. Upon further investigation, there was a single base

substitution immediately 3’ of the PAM in every clonal amplicon, as well as the untreated

control. Because this substitution was also present in the untreated control, it was

presumed to not be caused by CRISPR editing. Therefore, the canonical gRNA ICE input

sequence was altered to match the untreated control so that ICE analysis could be

performed; upon ICE analysis, zero indels were detected at this OTS in any clone assayed.

Given these results, it was concluded that a single round of editing successfully

integrated a cDNA at the AAVS1 locus with no detectable off-target editing events.
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4.4 Discussion

In this chapter, | have demonstrated a proof of concept for integration of large coding
construct into the native AAVS1 locus under control of the native promoter. | have also used
ICE analysis to demonstrate a lack of off-target editing effects in both singly and repeatedly
edited cell populations.

Firstly, for proof of concept, GFP cDNA was integrated at the AAVS1 locus of
HEK293T cells. Unexpectedly, despite lacking a promoter, the donor-only control showed
some evidence of GFP expression. It was theorised that the GFP expression in the donor-
only control was due to recruitment of RNA polymerases after DSB formation. It has been
shown that transcription at DSB sites can be initiated by recruitment of RNA polymerases ||
and 11 [326, 330, 331]. Typically, this recruitment results in DSB-induced long noncoding
RNAs (dilncRNAs), which do not translate into functional protein products. However, DSB
formation can also recruit other members of a pre-initiation complex, forming functional
promoters at cut sites [331]. Due to the absence of any Cas9 in the donor-only control, it
was theorised that the DSBs may have been formed by an endogenous nuclease. Despite
normally acting on single-stranded DNA and RNA, the endogenous S1 nuclease has
previously been shown to form double-strand breaks in supercoiled pDNA in the cytosol
four hours after pDNA transfection [332].

When cells were sorted for dual expression of GFP (donor) and BFP (Cas9), the resulting
population of successfully transfected cells could be followed over time to assess
permanent GFP expression as a readout of successful integration of the GFP cDNA donor
construct. By this parameter, 20% editing efficiency was achieved with the pExcised donor,

and 38% with the pLinear donor. However, pLinear donor includes a kanamycin resistance
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construct. Permanent integration of bacterial DNA, particularly encoding antibiotic
resistance, is generally not considered translatable to the clinic [257]. Additionally, Johnson
et al. found that, when wild-type (WT) and CF-variant cells were mixed and assayed for ion
transport activity, as low as 6-10% of WT cells were sufficient to rescue ion trafficking to WT
levels. Therefore, if a CFTR cDNA construct were to integrate into cells with the editing
efficiency achieved with the pExcised donor (20%), this would be more than sufficient to
have a therapeutic effect in CFTR-defective cells [318].In a subsequent experiment
performed identically, the pExcised editing efficiency increased to 40%. This was initially
alarming, as it represented lack of repeatability in the results. However, further analysis of
the integrated GFP’s expression over time revealed that GFP expression alone is not a
reliable readout of actual editing efficiency at the molecular level. After successful DNA
editing, it was found that eGFP under the native PPP1R12C promoter was not expressed
constitutively (as measured by %GFP+ cells in population over time) in HEK293T cells.
Significant dips in GFP expression were detected, which later recovered. Another report did
not observe this phenomenon; however, this used a different editing approach (ZFNs) and a
different cell type (K562 cells) [325]. A recent report provided evidence that transcriptional
fluctuations occur at the AAVS1 site even when a foreign promoter is integrated alongside
the transgene [333]. Inderbitzin et al. used CRISPR to integrate barcoded constructs into
Jurkat cells at the AAVS1 locus and compared barcode prevalence in cDNA versus gDNA.
Significant transcriptional variation was detected even with a non-native promoter. It was
proposed that this could be due to the HIV-1 LTR promoter’s sensitivity to local chromatin;
this suggests that the PPP1R12C site undergoes fluctuations in chromatin structure, contrary
to previous reports [313]. This could have resulted from DSB formation, as DSBs have been

shown to promote transient methylation after DSB formation in PPPIR12C in HEK293T cells
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[334]. The fact that fluctuations were consistent across three replicate edited populations
support the idea that this is a programmed response to editing rather than random
fluctuations in individual cells or populations.

More research is needed into expression of foreign cDNAs under this native promoter
in order to ascertain whether its activity would be sufficient to rescue CF pathology if a CFTR
cDNA were placed under its control. Timescale analysis of PPP1R12C expression in CF ALI
cultures would yield valuable insight. Alternatively, CFTR cDNA would need to be paired
with a strong and constitutively active foreign promoter to provide clinical benefit.
Oceguera-Yanez et al. reported that, when a reporter construct was integrated at the AAVS1
locus under the CAG promoter, expression remained stable for up to six months in iPSCs
[314]. However, there is also precedence for caution in overexpressing CFTR. It has been
shown that integration of codon optimised CFTR with the strong spleen focus-forming virus
(SFFV) promoter actually yielded less rescue of CFTR function as measured by Ussing
chamber [335] However, in this experiment, delivery was achieved using lentiviral
integration, and therefore multiple copies could have integrated per cell. It was theorised
that, upon generation of excess CFTR protein, some protein could errantly embed in cells’
basolateral membranes, thus counteracting the effects of apically localised protein. In
theory, because successful HITI integration destroys spacer sequence, only one copy per cell
should integrate, thus alleviating this potential issue when paired with an appropriate
promoter. The CFTR promoter could potentially be included in the donor construct, allowing
for appropriate control without threatening the cell’s native CFTR promoter; however, as
discussed in Section 4.1, a stronger promoter could compensate for lower editing efficiency.

Another major hurdle to editing efficiency is transfection efficiency and activity of Cas9

within cells. The editing experiments described in this chapter were performed in HEK293T
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cells, which are known to be amenable to transfection [336]. Primary cells are more difficult
to transfect, especially when differentiated on ALl due to cilia movement and formation of
tight junctions [291]. A simpler approach would be to target the AAVS1 locus in submerged,
undifferentiated BMI-1 transduced cells, and then differentiate after successful editing;
however, because the ultimate goal of this strategy is to develop an in vivo treatment, ALI
transfection is a more faithful model. Therefore, for future experiments using this strategy
to insert CFTR cDNA, several steps can be taken to enhance transfection and editing
efficiency. Firstly, RNP formulated with synthetic gRNA has been shown to outperform
plasmid delivered Cas9 and gRNA [221, 256]. As discussed in Introduction section 1.8.3,
delivery of RNP is favourable over plasmid due to its more transient half-life in cells and the
biochemical modifiability of synthetically generated gRNA.

In addition, the structure of donor molecules can also enhance editing efficiency. As
outlined in Fig. 4.5, the pExcised donor plasmid yields two potential constructs for
integration. A more favourable approach would be delivery of a blunt-ended DNA oligo.
Single-stranded DNA constructs (ssODNs) have been shown to outperform double-stranded
constructs (dsODNs) in HDR experiments [337]. However, this discrepancy is theorised to be
due to differing repair pathways active in HDR in the presence of a dsODN vs. ssODN, upon
which HITI does not rely [338]. Because HITI relies on NHEJ, a dsODN would likely be optimal
for direct conjugation to exposed DSB ends. Commercial synthetic generation of a full-
length CFTR cDNA dsODN is extremely costly; therefore, cheaper approaches could be used
to generate the desired molecule. Firstly, restriction enzyme digestion could be used on the
pExcised plasmid, and gel electrophoresis could be performed followed by band excision
and purification. However, yield would be limited by both plasmid input (as the desired

construct represents only ~20% of the plasmid by mass) and cleanup capacity. Additionally,
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it is highly unlikely that a given donor construct would have a unique restriction enzyme site
at the exact Cas9 cut point in the reverse complemented-gRNA. Generation of overhangs
would mean further generation of multiple unwanted free DNA constructs upon Cas9-
mediated “trimming” of excess sequence. Another option is direct PCR amplification off the
plasmid. Because gRNA sequences tend to follow similar rules to plasmid design (20 bp,
~50% GC content), primers could be designed that yield an amplicon identical to that
generated by Cas9 cleavage. However, due to the presence of multiple RC-gRNA sequences
in the pExcised plasmid template, nonspecific primer binding may occur. This could be
alleviated by using a generic plasmid including only the desired expression construct, and
appending RC-gRNA overhangs via primer extensions. Notably, even high-fidelity Taq
polymerases may introduce point mutations in multi-kB amplicons, potentially yielding a
mixed population of constructs. Integration of a CFTR cDNA carrying mutated sequence
would be unlikely to provide clinical benefit. Kelly et al. used minicircle plasmids for delivery
of their constructs, which, while lacking plasmid backbone and antibiotic resistance
constructs, still relies on simultaneous cutting of Cas9 and donor for integration to occur
[315].

Another highly relevant study targeting the AAVS1 locus relied not on CRISPR-Cas9
but on TALEN-mediated DNA editing [339]. In a 2019 report, TALEN homodimer constructs
and donor DNA (either LacZ reporter, or CFTR cDNA) were delivered via HD-Ad vector to a
CFBE (F508del/W1282X) cell line. The donor sequence was flanked by symmetrical 4 kb
homology arms. At MOI 100, the TALEN construct was found to cut target DNA with an
efficiency of 66% (measured by TIDE assay). The LacZ reporter construct was found to
integrate at the target locus with an efficiency of 5%. When CFTR cDNA was integrated,

successfully edited cells displayed rescue of protein production (via Western blot) and apical
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ion transport (via FLIPR assay). This methodology did not achieve the level of editing
observed via CRISPR/HITI, and carries two further limitations to its application. Firstly,
codelivery of donor and nuclease in the same vector risks genomic integration of a nuclease-
expressing construct, which is not clinically translatable. Secondly, reliance on HDR limits
the targetable cell type to basal cells, as this editing strategy cannot occur in the
differentiated apical epithelial layer.

Another important consideration in CRISPR-based treatments is off-target editing.
Zero off-target editing was detectable at five predicted OTS sites after HITI-mediated cDNA
insertion construct into HEK293T cells via plasmid-expressed Cas9. However, if a DNA
editing strategy is to be taken to the clinic, more robust investigation of off-target editing
effects is required. In silico prediction methods, while having been shown to be reliable
experimentally, are not an adequate substitute for in-depth full-genome sequencing. In next
steps, NGS or an unbiased method (such as CIRCLE-Seq, described in Introduction Section
1.3.3.2) would be a vital aspect of experimental design to further validate the lack of off-
target editing events in successfully edited cells. Another independent study using this gRNA
performed no off-target analysis, and overall integration efficiency was not reported [292].

Overall, these preliminary results reveal integration of a reporter construct in at least
40% of transfected cells, and zero detectable off-target editing at five surveyed loci. Future
study should take place in primary airway epithelial cells, and carefully consider the
structure of delivered Cas9 RNP and donor molecules. Transfection of human airway
epithelial cells with RNP using receptor-targeted nanoparticles is further explored in the

following results chapter.
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Results: Characterisation of cationic lipid based
receptor-targeted nanoparticles to the airway

epithelium
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5.1 Introduction

One of the major concerns with DNA editing applications is delivery [340]. Any in vivo
approach must rely on either systemic or targeted delivery. Systemic delivery, usually
accomplished via administration to the bloodstream, is favourable for accessing a wider
range of organs and tissues. However, despite the fact that some systemic editing
approaches have reached clinical trials, no current DNA editing technology is completely
without risk of off-target edits or DNA damage-induced apoptosis (and downstream risks
therein, as discussed in Introduction Section 1.3.1.1). Despite some DNA editing treatments
already approved or in trials, follow-up studies have recently been proposed to
comprehensively profile their safety [341]. Therefore, if only a specific population of cells
requires the therapy, it is safest to target only those cells and avoid any unnecessary editing
of other tissues. This can be accomplished via a variety of means. Firstly, researchers can
choose to target only specific tissues with their delivery approach. These strategies include
direct injection into the target organ (such as the eye) [342], topical application [343], or
inhalation [344, 345]. However, the composition of RTNs themselves can be used to
enhance cell-specific targeting via conjugation with cell-targeting peptides.

Lipid-based RTNs have been used by our group in the past to deliver nucleic acids to
airway epithelial cells in vitro and in vivo. The receptor-targeting peptide used was identified
via phage display and confirmed to significantly enhance transfection of human bronchial
epithelial cells [264]. The lipids used in these RTNs are one of three cationic lipids with
differing alkyl tail lengths (C14, C16, and C18) and the neutral helper lipid DOPE. C14
(DTDTMA) and C18 (DOTMA) were directly compared for delivery of reporter (GFP or

luciferase) plasmids to various cultured mammalian smooth muscle cell types and explants
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of rabbit aorta [346]. It was initially assumed that the shorter alkyl chain length in C14
would lead to more structural flexibility, allowing for low-temperature phase changes that
aid in endosomal escape by Cl4-formulated RTNs. Each lipid was assembled into an RTN
with the same targeting peptide (Peptide Y, K1sGACYGLPHKFCG) at the same weight ratio to
DNA cargo (Peptide Y consists in part of a string of 16 lysine residues, which carry a cationic
charge, allowing them to complex with cargo; three amino acids serve as a spacer sequence;
the remainder of the peptide is exposed on the surface of the nanocomplex and allows for
targeting and association with cell membrane receptors [264]). RTNs were also assembled
with or without inclusion of the neutral helper lipid DOPE at a 1:1 weight ratio; DOPE has a
cone-shaped structure that allows for assembly into an inverted hexagonal phase [347]; this
structure has been associated with higher rates of endosomal escape after transfection
[273, 348]. In cultured cells (receiving luciferase plasmid), RTNs containing C14
outperformed those containing C18 in every cell type [346]. Additionally, formulations
including DOPE outperformed those lacking DOPE by 25-33% in all cases. However, in rabbit
aorta explants, C18DOPE outperformed C14DOPE, highlighting differences between in vitro
cultured cells and organ models [346].

In vitro experiments using a different targeting peptide (K16GACSERSMNFCG, or
Peptide E) determined that CL6DOPE was optimal for transfection of human airway
epithelial cells (CF variant and normal human) with luciferase-encoding plasmid. RTNs
formulated with C16DOPE and Peptide E were intratracheally instilled (direct injection of
RTNs in 50 pL of vehicle) in mice and found to efficiently transfect bronchial epithelial cells
in vivo [287]. This optimised gene transfer formulation was later nebulised for murine
inhalation. Luciferase plasmid was once again packaged in RTNs consisting of CL6DOPE and

Peptide E before nebulisation. 71% of mice receiving an aerosolised dose of RTNs showed
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luciferase expression, primarily in ciliated tracheal epithelial cells [345]. C18DOPE was also
compared with C14DOPE and C16DOPE for delivery of siRNA to various mammalian cell
types, including human airway epithelial cells, in RTNs formulated with Peptide Y [288]. In
these cell types, contrary to the ones used in the previous study, C14DOPE RTNs were
optimal for transfection with luciferase-encoding plasmid. However, when cargo was
changed to siRNA, C18DOPE RTNs were optimal, indicating that maximal transfection
efficiency is somewhat cargo-dependent.

Taken together, these studies highlight the efficacy of cationic lipids and receptor-
targeting peptides in transfecting various cell types both in vitro and in vivo. However,
differences in cell types targeted and RTN cargo have an impact on which lipid formulation
is optimal in specific cases.

Extensive characterisation has been performed of these RTNs in delivering DNA and
RNA [96, 265, 273, 290, 345, 349]. However, less substantial characterisation has been done
for RNP delivery. The biophysical properties typically investigated are size, polydispersity
index (PDI), and charge. Nanoparticles with uniform size distribution (PDI ~0.2-0.3) are
considered the standard for clinical application [350]. Cationic charge is also associated with
favourable interaction with anionic cell membrane components [351]. Therefore,
biophysical characterisation of RNP-containing RTNs is critical for optimising ability to

transfect clinically relevant cells.
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5.2 Aims

In this chapter we aim to:

1) Investigate the role of different components in RTN assembly and targeting.

2) Investigate biophysical properties of RTNs under different assembly conditions.
3) Investigate ability of RTNs to transfect ALI-differentiated cells.

4) Analyse RTNs’ mucus penetration capabilities.
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5.3 Results

5.3.1 RTN components and basic assembly

5.3.1.1 Nanoparticle components
RTNs used to target airway epithelial cells consisted of the following components
(Fig. 5.1):
o One of three different cationic lipids
= Ditetradecyl trimethyl ammonium propane (DTDTMA, C14)
= Dihexadecenyl trimethyl ammonium propane (DHDTMA, C16)
= Dioctadecenyl trimethyl ammonium propane (DOTMA, C18)
o The neutral phospholipid 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE), at a 1:1 weight ratio with one of the cationic lipids above
o Targeting peptide initially discovered via phage display (Peptide Y,

K16GACYGLPHKFCG) [264]
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Fig. 5.1: Lipid components of RTNs. DTDTMA (C14), DHDTMA (C16), and
DOTMA (C18) are cationic ionisable lipids. DOPE is a neutral “helper”
phospholipid. From Grant-Serroukh, D., M. R. Hunter, R. Maeshima, A. D.
Tagalakis, A. M. Aldossary, N. Allahham, G. R. Williams, M. Edbrooke, A. Desai
and S. L. Hart (2022). "Lipid-peptide nanocomplexes for mRNA delivery in

vitro and in vivo." J Control Release 348: 786-797.

The rationale for each component was based on previous studies, as described in the
introduction to this chapter. In brief, the lipids C14, C16, and C18 (each named for their
respective alkyl chain lengths) carry cationic charge that allow them to interact
electrostatically favourably with negatively charged cargo such as nucleic acids and anionic

RNP, as well as with anionic components of cell membranes.

5.3.1.2 Development of an assay to quantify RTN encapsulation efficiency of RNPs

We first aimed to analyse RTNs’ ability to successfully encapsulate RNP cargo. In
order to develop a suitable assay, we first attempted use of fluorescently tagged Cas9 in our
RNP formulations. Two forms of GFP-tagged Cas9 (expressed as fusion proteins) were
purchased and assessed: one from GenScript, and one from Integrated DNA Technologies
(Fig. 5.2). Because GFP and Cas9 protein both carry a net negative charge, association with
cationic lipid and peptide should not be hindered by inclusion of GFP. RNP was assembled
by combining gRNA and Cas9 at a 1:4 weight ratio and allowing to self-assemble for five
minutes at room temperature; this was the ratio found to be optimal for editing of NHBE
BMI-1 cells by previous Hart lab member Dr. Amy Walker [324]. Subsequently, RNP was

either encapsulated in RTN in the mixing order RNP-lipid-peptide or left naked. RTNs and
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RNP were diluted in Tris buffer (50 mM pH 7.4) in a 96-well plate in six replicate wells.

Heparin was then added to three of the six wells (10 uL of 10 U/mL in 200 uL assay volume

for a final working concentration of 0.5 U/mL) before measurement. Heparin, a densely

negatively charged molecule, outcompetes RNP cargo for association with cationic lipid

components, thus dissociating the RTN [352, 353].
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GenScript Cas9-GFP
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Naked IDT Cas9-GFP
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IDT Cas9-GFP RNP in
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Naked Untagged Cas9
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Untagged Cas9 RNP in
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Empty RTN
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Fig. 5.2: Fluorescence of GFP in RNP upon encapsulation and subsequent

release by RTNs. RTNs were formulated at a 1:4:1 lipid:peptide:RNP mass

ratio. Fluorescence was measured via FluoStar Optima plate reader with

excitation filter wavelength 492 nm, emission filter wavelength 520 nm, and

gain 2000. n = 3 replicate wells per condition. Plotted as mean + SD.

No significant difference was detected between the two brands of GFP-tagged Cas9.
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However, GFP fluorescence was detected with and without addition of heparin, meaning
that it could not be used as a readout of encapsulation efficiency of RTNs. We therefore
sought to use a fluorescent readout that would be quenched by RTN encapsulation. Staining
gRNA rather than using fluorescently tagged Cas9 protein would theoretically allow for
differentiation between successfully encapsulated and unencapsulated RNP. RiboGreen, a
fluorescent RNA stain, has previously been used by our lab to stain mRNA and siRNA cargo

[288], and we sought to adapt this approach into staining gRNA-complexed RNP (Fig. 5.3).
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Fig. 5.3: RiboGreen assay for gRNA-complexed Cas9.
A) Schematic of RiboGreen staining approach. Cas9 and gRNA were
combined at a 4:1 weight ratio, incubated at room temperature for five

minutes, diluted to 100 uL in Tris buffer (50 mM, pH 7.4) and incubated
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with 100 ulL RiboGreen working solution prepared per manufacturer’s
instructions.

B) Fluorescence readout of RiboGreen staining approach. Fluorescence was
measured via FluoStar Optima plate reader with excitation filter
wavelength 492 nm, emission filter wavelength 520 nm, and gain 2000.
Plotted as mean £ SD. One-way ANOVA with multiple comparisons. n =6

replicate wells per condition. **** p < 0.0001

gRNA was shielded somewhat from RiboGreen staining by complexing with Cas9.
Even when complexed with Cas9, the segment of a gRNA molecule with homology to the
spacer sequence must remain exposed so that it is free to complex with target DNA [354].
Presumably, RiboGreen is able to stain only this exposed section of the gRNA; when the
gRNA is freed from Cas9, its entire length can be stained.

It is possible that some fluorescence could have come from staining free gRNA (ie
unbound by Cas9). However, this is unlikely due to the fact that Cas9 is in excess compared
to gRNA. The molar mass of recombinant Cas9 protein is ~162,000 g/mol, and the molar
mass of the average synthetic sgRNA is ~¥32,000 g/mol [355]. Therefore, for a 1:1 molar ratio
of Cas9:gRNA, a 1:5 mass ratio should be used. A molar ratio of 1:4 means that Cas9 is in
excess, making it mathematically unlikely that any free gRNA remains unbound.

Having ascertained that RiboGreen successfully stained the gRNA in RNP, we sought
to investigate whether this staining would be quenched by encapsulation in RTN. All
conditions were formulated at a 1:4:1 lipid:peptide:RNP ratio, treated with the indicated
guantity of heparin, and then incubated with RiboGreen before fluorescence was detected

via plate reader (Fig. 5.4).
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Fig. 5.4: Quenching of RiboGreen fluorescence by RTN assembly. RTNs were
assembled at a lipid:peptide:RNP ratio of 1:4:1 and subsequently treated with
the indicated quantity of heparin in 200 pL volume. RiboGreen fluorescence
detected using FLUOStar Optima plate reader with excitation filter
wavelength 492 nm, emission filter wavelength 520 nm, and gain 2000. n =4

replicate wells per condition. Plotted as mean % SD.

Fluorescence of RiboGreen labelled gRNA in the RNP was completely quenched by

packaging in RTN. For heparin quantities >0.00175 U, the ratio of pre-dissociation:post-

dissociation fluorescence was similar to the ratio of naked gRNA:RNP-complexed gRNA
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observed in the previous experiment. This suggested that heparin not only dissociated the
RTN but also the RNP cargo itself, freeing gRNA from Cas9. In all future experiments, 0.1 U
heparin was added per 200 uL for a saturating quantity in order to assess encapsulation

efficiency. The RiboGreen assay described above was then used to analyse the role of lipid

and peptide components in the formation and stability of the RTN.

5.3.1.3 Role of targeting peptide in assembly

RTNs were generated via formulation of lipid nanoparticles with targeting Peptide Y
(K16GACYGLPHKFCG). The 16 positively charged K residues allow for electrostatic interaction
with negatively charged cargo, resulting in a complex of lipid, peptide, and cargo (in this
case, RNP). In order to investigate Peptide Y’s effect on RTN assembly, the RiboGreen assay
was performed on RTNs formulated with varying proportions of targeting peptide (Fig. 5.5):
lipid proportion was kept at a 1:1 ratio with RNP. RTNs were assembled in the mixing order

lipid-RNP-peptide and either treated with heparin or left intact.
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Fig. 5.5: Packaging efficiency of RTNs with differing ratios of Peptide Y. RNP
and RTNs were assembled with decreasing amounts of targeting peptide,
diluted to 100 uL with Tris buffer (50 mM, pH 7.4), and incubated with
RiboGreen at a 1:1 v:v ratio per manufacturer’s instructions. 0.5 U/mL
heparin was included or excluded as indicated (where heparin was included,
the corresponding volume of Tris was removed as a diluent in order to keep
all concentrations consistent).

A) RiboGreen fluorescence before and after heparin addition to RTNs with
differing lipid:peptide:cargo ratios (such that the overall amount of RTN
varied accordingly to altered amounts of indicated components). Plotted
as mean * SD. Each point is the average of six replicate formulations from
n = 3 experimental repeats (or n = 2 repeats, for naked RNP condition).

B) Quantification of encapsulation efficiency. Efficiency was calculated using
the following formula: efficiency = 100 — (RNP in RTN without heparin
treatment / naked RNP without heparin treatment). Plotted as mean *

SD. Ordinary one-way ANOVA; no significant differences found.
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No significant difference was detected in packaging efficiency differing ratios of
targeting peptide, suggesting that peptide neither enhances nor decreases packaging of
RTNs when a 1:1 weight ratio of lipid:RNP is used.

However, peptide-only nanoparticles have also been used in the past [356]. In order
to validate whether peptide alone could contribute to packaging in the absence of lipid, the
experiment was repeated, this time keeping peptide ratio consistent (4:1 peptide:RNP) and

titrating down the amount of lipid included (Fig. 5.6).
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Fig. 5.6: Packaging efficiency of RTNs with differing ratios of CL6DOPE. RNP
and RTNs were assembled with decreasing amounts of lipid, diluted in 100 uL
Tris buffer (50 mM, pH 7.4), and incubated with RiboGreen at a 1:1 v:v ratio
per manufacturer’s instructions. 0.5 U/mL heparin was included or excluded
as indicated.

A) RiboGreen fluorescence before and after heparin addition to RTNs with
differing lipid:peptide:cargo ratios. Plotted as mean % SD. Each point is
the average of six replicate formulations from one of two (for 1:4:1) or
three (for all other conditions) biological repeats.

B) Quantification of encapsulation efficiency, calculated as follows:
efficiency = 100 — (RNP in RTN without heparin treatment / naked RNP
without heparin treatment). Plotted as mean £ SD. Ordinary one-way

ANOVA; no significant differences found.

In the first experimental repeat, the 1:4:1 lipid ratio appeared to have only 29%

encapsulation efficiency of RNP. This directly contradicts previous encapsulation
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experiments’ results, in which a 1:4:1 ratio was sufficient for >90% encapsulation efficiency
(Figs. 5.5 and 5.6); it also contradicts the subsequent two experimental repeats of this same
experiment, in which encapsulation efficiency was shown to be ~100% (leftmost column on
graph in Fig. 5.6B). Therefore, it is most likely that this aberrant result was due to human
error.

Much like the 1:1 ratio of lipid:RNP, a 1:4 ratio of peptide:RNP was sufficient to
prevent RiboGreen staining, with a calculated packaging efficiency of >90%. The run of
positively charged amino acids (Kis) present in the peptide are likely sufficient to allow for
total encapsulation of anionic cargo. This has been observed before with nucleic acid cargo
[356]. However, experiments by a previous Hart lab member, Dr. Amy Walker, showed that
a 1:1 lipid:RNP ratio was optimal for transfecting RNP into NHBE BMI-1 cells [324], and
therefore this ratio was used for all future experiments.

Taken together, these experiments indicate that both lipid and peptide are
individually capable of packaging RNP cargo, as measured by quenching of fluorescence
from labelled gRNA. Quenching was achieved in part by complexing with Cas9, and
completely by incorporation into lipid-peptide RTNs. Treatment of intact RTNs with the
densely negatively charged molecule heparin successfully induced release of RNP cargo,
supporting the idea that RTNs are held together primarily by electrostatic interaction
between cationic lipid, cationic section of peptide, and anionic cargo. Therefore, the order

of mixing of each charged component may have an impact on RTNs’ stability in solution.

5.3.1.4 Mixing order and incubation time of RTN components
We next wished to ascertain how mixing order and incubation time of different RTN

components could affect their stability by analysing their biophysical properties, as low PDI

184



and consistent size are indicative of stable (ie unlikely to dissociate) RTN formation [350]
RTN size and PDI were measured using a Malvern ZetaSizer at six timepoints after initial

mixing, with intervening incubation taking place at room temperature (Fig. 5.7).
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Fig. 5.7: Size (diameter in nm) and PDI of RTNs at each timepoint for each

mixing order indicated. RTNs were mixed at a 1:4:1 lipid:peptide:RNP mass

ratio in each of the orders indicated and incubated at room temperature for

the indicated times before ZetaSizer analysis. Each point represents the
average of three replicate measurements from one of three biological

repeats. Plotted as mean £ SD. PDl is a unitless measure calculated via the

square of the standard deviation of particle diameters divided by the mean

particle diameter.

No significant difference was detected in mixing orders at each timepoint (two-way

ANOVA test with multiple comparisons). However, the variation across technical replicates
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and repeats was very high for the mixing orders RNP-peptide-lipid and peptide-lipid-RNP as
compared to RNP-lipid-peptide. Additionally, the PDI for mixing orders RNP-peptide-lipid
and peptide-lipid-RNP was greater than 0.3 in nearly all cases, meaning that multiple
subpopulations of different sized particles were present in these populations. This indicated
that RTNs mixed in the order RNP-lipid-peptide were more inherently stable than the other

mixing orders, and did not dissociate as readily in solution.

RNP-Lipid-Peptide
Peak 1 Peak 2 Peak 3
Contribution Size (hnm) Contribution Size (hm) Contribution Size (nm)

Replicate 1 100% 130.9

4175

Replicate 2 96.4% 121.9 3.6%

Replicate 3 97.5% 117.6 2.5% 4393

RNP-Peptide-Lipid
Peak 1 Peak 2 Peak 3

Contribution Size (hnm) Contribution Size (hm) Contribution Size (nm)

Replicate 1 50.6% 405.2 28.7% 49.28 20.6% 4301
Replicate 2 59.3% 320.5 25.8% 36.79 14.9% 4768
Replicate 3 70.6% 1203 29.4% 51.66 N/A N/A

Peptide-Lipid-RNP
Peak 1 Peak 2 Peak 3
Contribution Size (hnm) Contribution Size (hnm) Contribution Size (nm)

Replicate 1 51.6% 346.4 37.2% 49.93 11.2% 4683
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Replicate 2

Replicate 3

66.2% 416.3 30% 47.64 3.8% 4644

59.7% 414.1 34.2% 54.28 6.1% 4448

Table 5.1: Relative abundance of different sized RTNs in the total population
from one representative timepoint (2 hours). RTNs were mixed at a 1:4:1
lipid:peptide:RNP mass ratio in each of the orders indicated and incubated at
room temperature for two hours before ZetaSizer analysis. Three replicate

measurements from one independent experiment shown per condition.
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Fig. 5.8: Analysis of size distribution at different mixing orders. RTNs were
mixed at a 1:4:1 lipid:peptide:RNP mass ratio in each of the orders indicated
and incubated at room temperature for two hours (timepoint chosen at
random) before ZetaSizer analysis. A) Sample graphs displaying contribution
of different sized particles to overall population. Three replicate
measurements, indicated by three different coloured lines, overlaid per
mixing order. “Intensity” refers to the percentage of RTNs at a certain size
that contribute to the overall population (100% = area under the curve for
the entire graph). B) Percent contribution of different subpopulations to the
overall RTN population. n = 3 replicate measurements. Plotted as mean % SD.

Two-way ANOVA with Tukey test. * p < 0.05. ** p < 0.005. *** p < 0.0005.

Upon further investigation, it was found that an average of 35.36% or 7.03% of the

particles detected in the RNP-peptide-lipid and peptide-lipid-RNP populations, respectively,
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were contributed by populations presumed to be aggregates (>1000 nm). An average of
27.97% (RNP-peptide-lipid) or 33.8% (peptide-lipid-RNP) were <60 nm. On the other hand,
the mixing order RNP-lipid-peptide yielded a near-uniform population of RTNs, with >97% of
detected particles across three replicates falling between 117.6 and 130.9 nm diameter.
Therefore, the mixing order RNP-lipid-peptide was used in all subsequent experiments.

In order to ascertain whether RTNs possessed cationic charge, RTNs were formulated
in the mixing order RNP-lipid-peptide at a ratio of 1:4:1 lipid:peptide:RNP and incubated for
30 minutes at room temperature before charge analysis via ZetaSizer. Alongside these RTNs,
a commercially available cationic lipid-based transfection reagent (Lipofectamine

CRISPRMax) was also assayed for charge (Fig. 5.9).
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Fig. 5.9: ZetaSizer charge analysis of nanoparticles formulated as RTNs or
using commercially available cationic lipid-based transfection reagent. RTNs
were formulated using a 1:4:1 ratio of C16DOPE:PepY:RNP and in the mixing

order RNP-lipid-peptide, and were allowed to self-assemble at room
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temperature for 30 minutes. n = 3 technical replicate measurements. Plotted

as mean * SD. Unpaired t-test. ** p =0.0061

RTNs were found to have an overall cationic charge (~48 mV), indicating that the
cationic charge of lipids and peptides outweighed the anionic charge of the RNP. A zeta
potential of +40 to +60 mV has been previously reported to be effective in delivery of RNA
[357]. Additionally, uniform positive charge means that particles will repel one another,
further preventing aggregation.

Having shown evidence of small size, small PDI, and cationic charge of RTNs, it was

anticipated that they would be efficient in transfecting cells.

5.3.2 RTN-mediated transfection

5.3.2.1Role of targeting peptide in transfection efficiency

Having shown that packaging efficiency is unaffected by inclusion of targeting
peptide, we investigated how targeting peptide affects transfection efficiency (Fig. 5.10).
Luciferase-encoding plasmid was transfected into 16HBE cells using RTNs composed of
different lipids (C14DOPE, C16DOPE, and C18DOPE at a 1:1 ratio of cationic:DOPE)
conjugated with different ratios of Peptide Y. RTNs were mixed in low-serum OptiMEM
medium at a 1:4:1 ratio of lipid:peptide:RNP and allowed to self-assemble for 30 minutes at
room temperature; OptiMEM containing RTNs was applied to cells in replacement of
standard growth medium, centrifuged gently (five minutes at 1000 x g) to pull RTNs to cell
surface, and incubated at 37°C for 4 hours before replacement with growth medium as

described in Methods.
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Fig. 5.10: Transfection efficiency of RTNs formulated with differing ratios of
lipid (as indicated):PepY:RNP. Luciferase-encoding plasmid was transfected
into 16HBE140- cells using RTNs. Cells were lysed 24 hours post-transfection
and lysate incubated with luciferase substrate before luminescence was
guantified via plate reader (detailed in Methods section 2.4). Luminescence
was subsequently standardised to total protein concentration as determined
by BCA assay. Plotted as mean £ SD. n = 6 replicate wells per condition. Two-
way ANOVA with multiple comparisons. ns p > 0.05; * 0.01 < p < 0.05; **

0.001 < p < 0.01; *** p < 0.0001

Peptide Y was found to significantly enhance transfection efficiency, as its inclusion
at higher ratios progressively enhanced transfection efficiency until reaching a plateau (Fig.
5.10). Due to its discovery via phage display, it is presumable that Peptide Y has a positive
association with some receptor present on the surface of airway epithelial cells. Because

Peptide Y does not have high sequence homology to any known airway cell receptor
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agonists, it is unknown which receptor precisely is being targeted. Regardless, the highest
transfection efficiency was achieved using RTNs composed of C16DOPE lipid with a
lipid:peptide:cargo ratio of 1:23:1. The efficiency appeared to increase between 1:3:1 and
1:4:1, although not to a statistically significant degree, suggesting that this was nearing a
plateau of efficiency. Therefore, all subsequent experiments were performed using the ratio
1:4:1.

However, performance in submerged cells does not necessarily translate to the in
vivo environment (or models thereof). Airway epithelial cells differentiated on air-liquid
interface (ALI) culture form tight junctions, reducing cell membrane surface area available to
RTN; furthermore, physical barriers such as cilia and mucus are present on ALl but not in
submerged culture [59, 291]. Specifically, the mucus produced by CF variant (CFBE) cells is
significantly more viscous than normal (NHBE) cells [358]. Therefore, it vital to assess RTNs’

motility in mucus.

5.3.3 Mucus penetration

5.3.3.1 Mucus penetration capability in vitro

Mucus samples were obtained from ALI cultures of the variant genotype F508del or
WT CFTR. Firstly, a BCA assay was performed in order to investigate inherent differences in
protein quantity in the respective mucus samples (Fig. 5.11). Due to the dehydration of
mucus, the same amount of mucosal proteins produced by epithelial cells will exist in a
smaller volume of liquid, thus increasing their concentration. These negatively charged

mucosal proteins could potentially retard the movement of cationic RTNs through mucus.
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Fig. 5.11: BCA assay on mucus from normal human (NH) or CFTR variant (CF)
ALl cultures. n = 3 replicate wells per condition. Plotted as mean £ SD. Two-
way ANOVA with multiple comparisons. * 0.01 < p < 0.05; *** 0.0001 < p <

0.001; *** p < 0.0001

As expected, CF mucus contained significantly higher concentrations of general protein
than NH mucus, presumably due to dehydration from osmotic dysregulation typical of CF (ie
normal amounts of protein secreted by cells, but into a smaller volume). Also of note, CF
mucus, which can be pictured as a gel containing matrices of proteins and sugars, has been
shown to be smaller than that of NH mucus. The pores in CF sputum have been estimated at
around 100-200 nm in diameter via analysis of penetration of non-mucoadhesive polymer
beads [359]; other microscopy-based methods approximated different pore sizes (in one
study, between 160 and 1440 nm, with much variation therein), but these results
contradicted penetration assays, and were theorised to be inaccurate due to alteration of

mucosal matrices by sample preparation for microscopy [358, 360]. The RTNs used in this
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assay were ~120-130 nm in diameter according to ZetaSizer measurement (see Table 5.1),
and therefore close to the theoretical steric limit for passage through the smallest predicted
pore size of CF mucus.

In order to assess how CF mucus affected RTN diffusion, a mucus penetration assay
was performed by coating porous transwell inserts with either normal human (NHBE) or
cystic fibrosis (CFBE) mucus (isolated from ALI cultures) and applying RTNs (Fig. 5.12). As
RTNs passed through the mucus and transwell over time, they accumulated in the Tris
buffer (50 mM, pH 7.4) located in the basal chamber. Fractions were taken from the basal
chamber at timepoints over several hours, stained with RiboGreen (before and after heparin
dissociation), and fluorescence detected on a plate reader. As a positive control, RTNs were

pipetted directly into the basal chamber buffer before fraction collection and measurement.
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Fig. 5.12: In vitro mucus penetration assay.

A) Schematic of assay. RTNs (red) added to transwells coated in 2 uL of

B)

either CFBE or NHBE mucus (green) and allowed to pass into Tris buffer
(grey) over time.

Mucus penetration of RTNs. RTNs were formulated as normal, applied to
the mucus-coated transwells (750 ng RTN per well; 1:4:1 ratio of
C16DOPE:PepY:RNP), and collected from basal chamber (containing Tris
buffer, 50 mM pH 7.4) at timepoints indicated. Collected volumes were
split in two, with half dissociated by heparin and half left intact, before
incubation with RiboGreen and measurement on plate reader.
Fluorescence detected at each timepoint (detected via FLUOStar Optima
with excitation filter wavelength 492 nm, emission filter wavelength 520
nm, and gain 2000) was divided by the fluorescence detected in positive
controls (750 ng RTN injected directly into basal chamber buffer and
incubated with RiboGreen) and multiplied by 100 to calculate %

fluorescence of positive control.

Naked RNP was freely mobile in NHBE mucus, with the majority of particles passing
through the transwell membrane within the first 20 minutes. Although no fluorescence was
detected from media containing RTN-encapsulated RNPs, upon treatment with heparin,
fluorescence was detected at levels nearly identical to those of naked RNP. This suggested
that RTNs not only successfully penetrated mucus, but also remained fully intact for the
entirety of their journey. This is favourable due to the fact that the RTNs’ lipid and peptide

components are what allow for cell penetration, and therefore transfection efficiency would
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likely be significantly hindered if they dissociated upon exposure to mucus. For CFBE mucus,
on the other hand, a negligible amount of fluorescence was detected, indicating that
particles were unable to traverse mucus and permeate the transwell.

Interestingly, over 100% of positive control fluorescence was seen in RTNs
penetrating NH mucus. It was theorised that some mucosal components could be leaking
through the transwells, possibly carried by the RTNs themselves, as the cationic lipids could
“collect” anionic nucleic acids and/or mucins on their journey through the mucus. However,
anionic RNP (unlikely to associate with anionic components) also showed fluorescence of
>100% of positive controls. Airway mucus is known to contain DNA, with NHBE mucus
containing an average of 10 ug/mL DNA, and CFBE mucus containing >100 pug/mL [361, 362].
Because the mucus used in this experiment was harvested from ALl cultures containing only
airway epithelial cells, no neutrophils would likely be present. Therefore, it is likely that the
effect seen here is due to mucins rather than nucleic acids; however, in an in vivo
environment, both anionic components would likely be present. Extraction of proteins from
mucus and Western blotting for mucin proteins could potentially elucidate this further.

In order to ascertain whether there was material in the mucus stainable by
RiboGreen, mucus alone was dissolved in Tris buffer (50 mM pH 7.4), allowed to equilibrate
for 30 minutes at 37°C, and incubated with an equal volume of RiboGreen prepared

according to manufacturer’s instruction (Fig. 5.13).

198



ns
8000 l |
ns ns ® Mucus only
I :
6000 - ® Mucus + heparin
e Mucus + RiboGreen
E 4000 - Mucus + heparin +
o RiboGreen
2000
o - 2r
NH CF
Mucus Type

Fig. 5.13: Fluorescence of mucus upon treatment with indicated assay
components. Mucus was diluted in 100 uL Tris buffer and allowed to
equilibrate for 30 minutes at 37°C before incubation with 100 ul RiboGreen.
Plotted as mean = SD. Two-way ANOVA with multiple comparisons.

ns p >0.05; * 0.01 < p <0.05; ** 0.001 < p<0.0; *** p<0.0001

No autofluorescence was detected in NHBE or CFBE mucus with or without heparin.
Upon addition of RiboGreen, significant signal was detected in both types of mucus;
however, this increase in signal was markedly higher in the NHBE mucus over the CFBE
mucus. Additionally, addition of heparin had a significant impact on fluorescence of NHBE
mucus. This phenomenon is difficult to explain given that is unclear what exactly in the
mucus is being stained by RiboGreen. Regardless, RTNs’ ability to transfect in an in vivo
environment is reliant on more than solely mucus. Therefore, RTNs were tested for

transfection efficiency on ALl-differentiated airway epithelial cells.
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5.3.3.2 Mucus penetration and transfection of ALI-differentiated cells

A GFP-expressing airway epithelial cell model had been developed by previous Hart lab
member Dr. Amy Walker. Briefly, NHBE BMI-1 cells were lentivirally transduced to express
GFP under the hPGK promoter (viral schematic in Appendix). GFP-expressing cells were
isolated via FACS to yield NHBE BMI-1 GFP+ cells.

In my hands, these cells were transfected with 1:4:1 C16DOPE:PepY:RNP RTNs at a
range of dosages (500-1000 ng Cas9 per well). The RNP consisted of RFP-tagged Cas9 and a
gRNA that had previously been shown to effectively silence GFP expression in submerged
GFP+ NHBE BMI-1 cells [324].

Twenty-four hours post-transfection, inverted fluorescent microscopy was used to
detect RFP (RNP) and GFP (cell) signal. If cells were successfully transfected, then RFP and
GFP should colocalize (both transfected and endogenously expressed proteins respectively
present in the interior of the cell, with GFP in cytoplasm and RFP in endosomes or nucleus).
Fiji’s “Plot Z Axis Profile” function was applied to z-stacks in order to identify which slices in
each z-stack had the highest RFP and GFP signal. In all but one sample, RFP signal was
detected most strongly at z-planes above where GFP signal was strongest, suggesting that
the majority of RTNs were not able to penetrate into cells, and remained trapped in airway
surface liquid. In the case of the only sample where RFP signal appeared below GFP, the RFP
signal colocalised with the collagen coating on the plastic transwell, indicating that the ALI
culture had been damaged such that a gap had formed in the cells, allowing RTNs to

penetrate below; therefore, this sample was removed from further analysis.
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Z-Projection Max GFP Max RFP

500 ng Cas9

750 ng Cas9

1000 ng Cas9

Fig. 5.14: Sample microscopy images. One representative image of 3 replicate
ALl wells, containing GFP-expressing NHBE cells, shown per condition. RFP-
tagged Cas9 was complexed into RNP, packaged in RTNs at a 1:4:1 ratio of
lipid:peptide:RNP in the mixing order lipid-RNP-peptide, and applied to ALI
wells. Wells were imaged 24 hours post-transfection.

Z-projection: maximum value from each slice projected into a 2D image.

Max GFP: single slice with highest GFP signal. Max RFP: single slice with
highest RFP signal. Discrepancy between max GFP and RFP slices shown (i.e.
“+16.8” signifies max RFP signal is located 16.8 um above max GFP signal).

Images taken at 20X magnification. GFP excitation wavelength 480 nm and
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emission wavelength 509 nm. RFP excitation wavelength 540 nm and

emission wavelength 583.

In order to further visualise this, subsections of each image were identified in which
RFP signal was visible directly above GFP signal (i.e. where RTNs had been caught in sputum
directly above strongly fluorescent cells). Stacks were re-sliced and Z-projected to show cells

and RTNs side-on (Fiji macro available in Appendix) (Fig. 5.15).

500 ng Cas9 750 ng Cas9 1000 ng Cas9

Fig. 5.15: Re-sliced z-projections of RTNs and cells. RFP-tagged Cas9 was

complexed into RNP, packaged in RTNs at a 1:4:1 ratio of lipid:peptide:RNP in
the mixing order lipid-RNP-peptide, and applied to ALl wells containing
differentiated GFP-expressing NHBE cells. Wells were imaged 24 hours post-

transfection.

The majority of RFP signal is located above or between cells, suggesting that RTNs did
not successfully enter cells to a significant degree. Transfection of submerged cells in
parallel using the same RTNs and gRNA could have further confirmed that differentiated

cells are inherently more difficult to transfect.
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Again, Fiji’s “Plot Z Axis Profile” function was applied to these same z-stacks in order to

generate a profile of GFP and RFP signal intensity versus height from transwell surface.
Additionally, the physical distance between highest-GFP and highest-RFP slices in each z-

stack are plotted below, representative of the physical distance between cells and RNP.
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Fig. 5.16: Distance between max RFP and GFP signal in z-stacks of ALI wells
containing GFP-expressing NHBEs imaged after transfection. RFP-tagged Cas9
was complexed into RNP and then packaged in RTNs at a 1:4:1 ratio of
lipid:peptide:RNP in the mixing order lipid-RNP-peptide. RTNs were applied
to ALl cultures, and wells were imaged 24 hours post-transfection.

A) Z-profile plot from one representative well. Average signal intensity of
each slice for each channel (RFP or GFP) was calculated via Fiji’s “Plot Z
Axis Profile” function and plotted. MGV = mean grey value.

B) Distances between max GFP signal and max RFP signal. n = 3 replicate
transfected wells (n = 2 for 500 ng Cas9; one well removed from analysis
due to bacterial contamination). Plotted as mean £ SD. One-way ANOVA

with Tukey test; no significant differences detected.

In order to ascertain whether a significant number of cells were eventually transfected
and GFP silenced, these same transfected ALl wells were subsequently maintained for 8
days (to allow pre-existing GFP protein to be degraded in the event of successful knockout)
and re-imaged using confocal microscopy. Fiji was used to calculate GFP signal from average

Z-projections.
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Fig. 5.17: GFP signal 8 days post-transfection.
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A) Sample Z-projections of wells with different RFP-Cas9 RNP dosages,
shown as heat maps of GFP fluorescence intensity (Fiji “Fire” lookup
table). Scale from pixel value 0 (black) to 65535 (white, for 16-bit image)
as a readout of GFP intensity. One well shown per condition. RTNs were
assembled at a 1:4:1 ratio of lipid:peptide:RNP in the order lipid-RNP-
peptide, applied to wells, and imaged 8 days post-transfection. MGV =
mean grey value.

B) Average signal intensity from z-projections. n = 3 replicate wells for 750
and 1000 ng Cas9; n = 2 replicate wells for 500 ng Cas9 and untreated
(UT). Plotted as mean = SD. One-way ANOVA followed by Tukey test; no

significant differences detected.

No significant reduction was detected between treated and untreated samples
(calculated in Fiji via analysis of mean grey value and integrated density), suggesting that
transfection of ALl cultures was not efficient. Because identical RTNs (1:4:1
C16DOPE:PepY:RNP) were previously shown to be freely motile in NHBE-derived mucus (Fig.
5.12), and successfully transfected submerged non-CF airway epithelial cells, it is unlikely

that mucus alone is responsible for the RTNs' inability to transfect cells.
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5.4 Discussion

Delivery of DNA editing machinery is a vital consideration when the aim of editing is
disease treatment. We therefore sought to characterise RTNs’ biophysical properties in vitro
and test their performance in transfecting both submerged and ALI-differentiated airway
epithelial cells.

Firstly, RTNs’ ability to encapsulate RNP was examined using a fluorescent dye assay. It
has previously been shown that RiboGreen dye can be used to stain RNA cargo, but that
packaging in RTNs shields this staining, resulting in no detectable fluorescence [288].
Additionally, another group has used the RIboGreen assay to stain ssODN donors complexed
with Cas9 RNPs [363]. However, to my knowledge, no group has adapted this assay to stain
the gRNA in CRISPR RNPs. Using this approach, we showed that gRNA is stainable to a
detectable level, even when complexed with Cas9; association into an RNP reduces
fluorescence by only ~50%. Furthermore, this fluorescence is completely eliminated by
packaging of RNP into RTNs. When examining the role of different RTN components (lipid vs.
targeting peptide), it was shown that either component is sufficient to shield RNP from
RiboGreen, provided that other component is present in sufficient proportion. Multiple
studies have used either lipid or peptide to formulate RNPs capable of transfecting cells with
nucleic acid cargo [356]. However, both components were required for effective
transfection efficiency.

Small and uniform size distribution is favourable in RTNs. Smaller particles are more
motile in matrix-like mucus gels [359], and more readily taken up by endocytosis [364].
Uniformity of size (measured via polydispersity index, or PDI) is also necessary for

consistency of transfection, and is considered a critical element of quality control for clinical
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application [350]. Therefore, we examined how different aspects of RTN formulation could
affect these properties. Mixing order of components and incubation time were examined
for RTNs consisting of lipid, targeting peptide, and cargo, and the optimal mixing order was
identified as RNP-lipid-peptide. RTNs mixed in this order have previously been imaged via
cryogenic transmission electron microscopy (cryo-TEM), revealing that empty liposomes
formed spherical structures; upon addition of RNP, multi-lamellar structures were formed;
addition of peptide resulted in darker patches on lamellar surfaces, which were theorised to
be the Ki6 portion of the peptide inserting into the lipid bilayer [324]. No other mixing
orders were imaged using cryo-TEM.

We next investigated RTNs’ ability to penetrate mucus, as in vivo application would
require. We had initially theorised that movement of cationic RTNs would be retarded by
interaction with anionic mucosal elements, particularly with negatively charged mucin
proteins present at higher concentrations in CF mucus. If this electrostatic interaction alone
was sufficient to retard RTN diffusion, then anionic naked RNP would move more freely
through both CFBE and NHBE mucus than cationic RTNs. However, naked RNP was also
unable to penetrate CF mucus despite moving freely in NH mucus, confirming that there is
more than electrostatic inhibition at play. Another factor likely to impact RTNs’ reduced
mobility in CF mucus is the size of pores in CF mucus gel matrix, as described in Section
5.3.3.1. CF gel matrix pores have been measured at 100-200 nm in diameter, where our
RTNs were 120-130 nm in diameter (as measured by ZetaSizer, reported in Table 5.1) [359].

Also unexpectedly, we saw more than 100% of the fluorescence of the positive controls
in NHBE mucus conditions. In the experiment, fluorescence of RTN and naked RNP were
injected directly into basal chamber buffer and measured for fluorescence to serve as a

positive control for 100% translocation through the mucus-coated transwell. The increase in
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fluorescence above 100% of positive controls in the NHBE samples may have been due to
anionic mucosal elements clinging to the cationic RTNs on their passage through mucus into
the basal chamber; the lack of penetration of RTNs through CF mucus likely eliminated them
as a vehicle for transport of mucosal elements stainable by RiboGreen. However, two points
challenge this theory. Firstly, RTNs collected after passage through NHBE mucus did not
display any RiboGreen staining until they were dissociated with heparin; if RiboGreen was
staining elements that had clung to the outside of the RTN, then it would be visible pre-
dissociation. Secondly, naked RNP also displayed >100% staining compared to positive
controls; anionic RNP would not attract anionic mucosal elements. Therefore it is unclear
why >100% staining was observed. However, the general trend of the data (RTNs moving
significantly more freely in NHBE than CFBE mucus) supported our theories about CF mucus
retarding RTN movement.

Importantly, if association with anionic mucosal elements neutralises the RTNs’ cationic
charge, this could potentially affect diffusion rates, and the transfection efficiency of cells.
We chose to explore this by transfecting mucus-producing ALl-differentiated GFP+ NHBE
BMI-1 cells with RTNs containing RFP-tagged Cas9 complexed with a gRNA shown to knock
out GFP in submerged cells (data in Appendix) [324]. Upon initial transfection and imaging,
several trends were observed. Firstly, endogenous GFP expression in cells was not uniform.
This is likely explained by the fact that lentiviral transduction can lead to multiple copy
numbers integrating into cells. After initial transduction, the GFP+ population was isolated
via FACS by previous Hart lab member Dr. Amy Walker, meaning that any cell fluorescing
above a specified threshold was collected, with no differentiation between cells with single
and multiple copies of GFP [324]. In the case of ALl culture, in which basal cells multiply

before differentiation, this would theoretically result in a mosaic effect, with zones of
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brighter and dimmer cells. This could have been mitigated by dilution cloning before ALI
culture; however, single-cell cloning of BMI-1 transduced cells is difficult. Ideally, the same
field of view would be imaged at each time point (initial post-transfection image and 8 days
post-transfection); however, this was beyond the capabilities of the microscopes used.
Additionally, general image quality was sacrificed due to A) the long focal distance due to
transwell structure, and B) noise introduced by the movement of beating cilia. Another
surprising phenomenon observed was a lack of correlation between RFP signal and amount
of RFP-tagged Cas9 introduced, as well as noticeable variation in amount of RFP signal
observed between replicates receiving the same amount (see Fig. 5.14). This could have
been due in part to cilia movement “sweeping” RTNs into areas of higher and lower
concentration, making direct comparison difficult. It has been shown before that cilia
movement is capable of moving fluorescently labelled beads across the surfaces of ALI
cultures; it is reasonable to assume that the same effect would be had on RTNs [365].

Eight days post-transfection, no reduction of GFP signal was detected compared to
untreated controls. Transfection of ALl cultures with RTNs has previously been shown to be
significantly reduced compared to submerged cells [265]. Possible causes could be tight
junctions reducing available cell membrane surface area, and movement of cilia sweeping
RTN-containing sputum away from cell surfaces. There is also evidence that transfection of
cells by cationic nanoparticles is somewhat dependent on cell cycle [366]; therefore,
postmitotic cells (like those making up the topmost layer of ALI cultures) may not take up
RTNs as readily, even with the aid of receptor-targeting peptides. However, transfection of
ALl cultures with RNA has been reported previously [96]. Therefore, inclusion of eGFP siRNA
should be used in future experiments as a positive control to help elucidate whether the

lack of transfection was cargo-specific. Additionally, editing efficiency estimated via
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microscopy is not the most sensitive assay. Due to time restrictions, no further
characterisation of these cells could be performed. However, the data reported would have
been strengthened by follow-up analysis of these cells including Western blot of harvested
protein to quantify eGFP expression, ICE analysis of harvested genomic DNA, and gRT-PCR of
harvested RNA.

Interestingly, as shown in Fig. 3.4, the median [ASL + mucus] height of ALI-
differentiated NHBE BMI-1 cells is ~3 um above cell surface, and red signal was strongest at
a median of 14 um (see Fig. 5.16). This could potentially be explained by the same ciliary
movement that may have “swept” RTNs into patches of higher and lower concentration. It
stands to reason that such an effect would also be had on mucus; therefore, areas of high
RTN concentration would likely coincide with areas of accumulated globules of mucus that
protrude higher off of the cell surface.

We have developed a method for generating small, low-PDI, cationically charged RTNs
that are capable of transfecting submerged airway epithelial cells and appear to be motile in
NHBE mucus in vitro. However, the in vivo environment presents more barriers, particularly
in the context of CF. The issue of mucus penetration can potentially be addressed by
formulating liposomes with polyethylene glycol (PEG), as described in Introduction section
1.8.4. Another potential avenue could be identification of a new targeting peptide identified
by biopanning not in submerged cells but in ALl cultures themselves; it is possible and in fact
likely that different receptors are expressed in different cell types post-differentiation.

Overall, more work is required to optimise RTNs for RNP delivery to the in vivo environment.
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6. Conclusions
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6.1 Key findings
The key findings of this thesis are as follows:

e Nasal epithelial cells harbouring the CFTR variant causing R709X (CFNE BMI-1
R709X cells) show no CFTR function as measured by ion transport, ASL height,
and mucosal spinnability.

e Using homology-independent targeted integration (HITI), a reporter cDNA
can be integrated at the AAVS1 genomic safe harbour locus with high
efficiency and no off-target effects detected at five in silico predicted loci;
however, expression from the native promoter fluctuated.

e Cationic lipid-based receptor-targeted nanoparticles (RTNs) successfully
encapsulate CRISPR RNP; however, they do not appear to transfect ALI-

differentiated cells.

6.2 Routes for further study: characterisation of CF cell models

CF airway pathologies stem from defective ion trafficking, hence the historic
dependence on Ussing chamber analysis as a modelling tool [297]. However, there are
several other techniques that can assay the downstream effects of dysregulated ion
transport. For example, inflexible mucus in the CF airway leads to reductions in mucociliary
clearance [32]. This can be assayed via examining movement of fluorescently labelled beads
applied to the ciliated surfaces of ALl cultures [306, 365]. Matsui et al. took long-exposure
images of ALI cultures after application of fluorescent beads [306]. NHBEs images showed
vortex-like streaks of fluorescence, suggesting a rotational movement of mucus generated

by cilia beating. CFBEs, on the other hand, showed stationary clumps of fluorescence,
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suggesting minimal movement of mucus. Wu et al. recaptured these results, and
additionally found that this effect was partially rescued by application of the CF modulator
drug Orkambi [365].

Mucociliary clearance is dependent in part on cilia beating, and CF cultures have
been shown to have altered cilia beat frequency (CBF). Allan et al. reported that CF ALI
cultures showed significantly reduced CBF compared to healthy controls (6.75 £ 0.17 vs.
7.61 £ 0.11 Hz respectively) as measured by high-speed video microscopy [367]. Thomas et
al. reported similar results by analysing slides containing fresh nasal brushings from CF
patients vs. healthy volunteers (9.5 vs. 13.4 Hz respectively) [368]. However, Alikadic et al.
reported contradictory results with fresh nasal brushings, finding higher CBF in CF patients
vs. healthy volunteers (15.4 + 3.03 vs. 12.92 + 2.37 Hz respectively) [369]. Rather than
directly measuring and comparing CBF, it may be more revelatory to compare the effect of
different treatments on CBF in cells of different genotypes. For example, Choccioli et al.
compared the CBF of washed vs. unwashed ALI cultures of CF variant or normal cells, and
reported a higher ACBF in CF cultures, suggesting that CF mucus impedes ciliary movement
[370]. Schmid et al. reported that, despite no significant difference in baseline CBF in normal
vs. CF cells, significantly increased ACBF was observed in CF cells in response to apical
bicarbonate addition (-23.6 + 1.3% in normal cells vs. -30.3 + 1.7% in CF cells) [371].

Additionally, airway models exist beyond ALl culture. Airway epithelial organoids are
a more recent development in the field. Similarly to intestinal organoids, these are closed
semi-spherical structures whose inside surface represents the apical layer in vivo, including
ciliated and mucus-producing cells; like intestinal organoids, airway epithelial organoids
showed forskolin-induced swelling that was compromised in CFTR variant cells [372, 373].

However, Sachs et al. reported variation in FIS from different organoids. This was theorised
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to be due to the fact that pools of organoids were not synchronised in differentiation [373].
Therefore, the group created another organoid model derived not directly from nasal
brushings, but from ALI-differentiated epithelial layers [374]. Embedding of epithelia in
MatriGel induced spherification of cultures that maintained ciliation and mucus production.
48 wells’ worth of ALI cultures could be converted thusly and subjected simultaneously to
FIS assay, versus the enormous amount of time it would take to analyse this number of wells
individually in an Ussing chamber. These organoids were then assayed for their responses to
CF modulator drugs, and FIS was found to be enhanced post-treatment.

Exploration of mucociliary clearance and CBF in ALI-differentiated CFNE BMI-1 R709X
cells, as well as generation of airway organoids and subsequent FIS assays, could be used to
further characterise these CF variant cells’ phenotype and provide baselines for treatment

responses.

6.3 Routes for further study: Integration of large constructs into the genome

In this thesis, we chose to target the AAVS1 site rather than the endogenous CFTR
locus. The rationale for this is explained in detail in the introduction to Chapter 4. The
editing strategy reported herein could be improved by altering the structure of donor and
Cas9 delivered. As previously mentioned, preformulated RNP is advantageous over plasmid
delivery due to its transient expression, inability to integrate into the genome, and ability to
be paired with synthetic gRNAs modified for enhanced editing efficiency [141, 256].
Additionally, high rates of editing efficiency have been shown using donors packaged in AAV
vectors. Vaidyanathan et al. have already shown promising results in delivery of CRISPR RNP
alongside AAV donor (specifically AAV6) in multiple reports, albeit for HDR rather than HITI.

In one study, an AAV6 donor containing homology arms was used to correct bronchial
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epithelial cells homozygous for the F508del variant with ~41% efficiency [223]. In another, a
full-length CFTR cDNA was integrated at the endogenous locus using multiple AAV6
constructs with ~72% efficiency after enrichment and expansion of edited bronchial
epithelial cells carrying nonsense mutations [235]. Crucially, in this more recent study, CFTR
cDNA was delivered in pieces via multiple AAV transductions. One of our major motivations
for using a promoterless cDNA (thus placing the insert under the control of the native
PPP1R12C promoter) was to avoid exceeding the packaging capacity of an AAV vector. Using
the multi-virus approach could therefore allow for inclusion of a promoter. Although
Vaidyanathan et al.’s work relied on HDR rather than HITI, AAV vectors have also been used
for delivery of HITI donors to non-dividing tissues [375]. Tornabene et al. accomplished low
levels of HITI after direct injection of Cas9- and donor-encoding AAVs into pig
photoreceptors; the low editing efficiency was proposed to have been due to low
transduction efficiency.

Recently, three new homology-independent editing strategies were reported. First,
Bazaz et al. paired Cas9 with piggyBac transposase (Cas9.PB) in order to integrate donor
molecules in the form of transposons in a technique termed TransCRISTI [376]. In this
approach, the donor molecule is excised from its delivery plasmid via the transposase and
“carried” to the target site of the genome. There, Cas9 cuts as usual, and the transposon
borne by the PB integrates. This is of course an idealised scenario relying on multiple
molecular processes occurring with comparable efficiencies and in a particular order;
however, there are a similar number of factors at play in HITI. In both approaches, donor
DNA must be linearised before or during the presence of a DSB; in cases using a plasmid
donor carrying both desired insert and backbone, donor construct must be cut at both ends

(either cut by Cas9 in HITI or excised by transposase in transCRISTI) for proper excision from
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plasmid backbone. Overall, the major advantage of this approach over HITI| appears to be
the fact that the Cas9.PB fusion allows for proximity of donor molecule to cut genomic DNA.
Bazaz et al. also attempted insertion of a promoterless construct at the AAVS1 locus. They
recovered only ~4% reporter-expressing cells after TransCRISTI; however, TIDE analysis
detected nearly 90% indel formation at the target locus, and PCR analysis of single-cell
clones returned 72% with the desired insert (compared to 44% using HITI). This represents
another dramatic example of a reporter gene’s expression under the native PPP1R12C
serving as an unreliable readout of actual editing efficiency at the molecular level.

The second recent breakthrough is programmable addition via site-specific targeting
elements (PASTE) [377]. This technique combines prime editing (discussed in Introduction
section 1.3.1.3) with a virus-derived serine integrase to insert up to 36kb at specified sites in
the genome. In nature, serine integrases function by depositing DNA containing an attP site
at sites in the host genome that contain an attB attachment point. Because attB sites are
typically <50 nt, prime editing can be used to edit them into any target site of the genome.
Following this insertion of a “beacon” for the serine integrase, a double-stranded circular
DNA donor containing an attP site can be integrated into the genome. Although editing
efficiency was site dependent, Yarnall et al. demonstrated insertion of 36 kb into the ACTB
locus with ~10% efficiency. In non-dividing primary hepatocytes, a 13.3 kb construct was
integrated at ~5%. This exceeded levels of HITI achieved by Yarnall et al. In my hands, HITI
achieved ~40% efficiency, albeit with a smaller donor construct; additionally, the methods
used for detection of integration differ (digital droplet PCR vs. FACS, cloning, and PCR
confirmation). Additionally, because | performed PCR on cells enriched for reporter
expression, it is unknown the true rates of indel formation in the transfected population; in

their hands, indels greatly outweighed successful integration [377].
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A third recent breakthrough is click editing (CE), which was not reported until after
this thesis’s initial submission date [378]. CE bears some similarities to prime editing, but
relies on a DNA polymerase rather than a reverse transcriptase to install desired edits. In CE,
a gRNA-guided Cas9 nickase (achieved by inducing the H840A mutation in the HNH-like
nuclease domain) is fused with two additional agents: a DNA-dependent polymerase (DDP)
and an ssDNA-tethering domain (STD). The DDP builds DNA from free dNTPs according to
complementarity with an existing ssDNA (occurring naturally during DNA replication). The
STD is derived from an HUH endonuclease (named for the histidine-hydrophobic-histidine
motif that these endonucleases share in their active sites), which is capable of forming a 5
covalent bond between ssDNA and the protein itself. Fusion of these three agents (nCas9,
DDP, and tethering domain) yield the click editor enzyme. The ssDNA (referred to as a
cIkDNA) tethered to this enzyme is analogous to the PBS and RT template of a pegRNA, as it
contains both homology to the nicked strand (to act as a primer) and a template for DDP
containing the desired edit. By optimizing the design of ssDNAs to include additional silent
substitutions surrounding the desired edit (proposed to help evade DNA mismatch repair
machinery), da Silva et al. reported 26.6% editing efficiency in HEK293Ts upon transfection
of plasmids encoding all CE reaction components. Some variation was observed in editing
efficiency at different genomic loci, but rates at different loci could be enhanced via
customization of the clkDNA and gRNA. CE was outperformed by PE2, but matched or
outperformed PE1 (a version of PE utilising a wild-type reverse transcriptase). The authors
therefore suggest that enhancement of the DDP via directed evolution and/or rational
design could enhance CE to levels comparable to the highest-efficiency prime editing

machinery.
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There are many potential permutations of editing strategy and physical structures of
Cas9/donor delivered. Many factors must be taken into consideration, including on-target
efficiency, off-target indel formation, feasibility and scalability of approach, and risk of
apoptosis via DSB formation. PASTE and CE have undergone minimal optimisation since
their initial reports, but it is reasonable to assume they will each soon undergo evolutions in
the hands of other labs, just as base editors and prime editors did after their initial
introduction. Furthermore, if CE is developed to a degree at which it outperforms PE at
specific or all loci, it could be used in place of PE to install attB sequences for PASTE
integration. The appeal of an editing approach capable of inserting enormous amounts of
DNA, without generating Cas9-induced DSBs, represents a significant step forward for the

field of genetic medicine.

6.4 Routes for further study: Receptor-targeted nanoparticles for in vivo

delivery

One option is to try a different receptor-targeting peptide. The peptide used herein
(Peptide Y) was initially identified via phage display performed on submerged cells [264].
Because differentiated cells have altered expression of receptor proteins [72], it is likely that
a use of a different peptide in differentiated cells would be beneficial. This could be
accomplished by repeating phage display directly on ALI cultures. There would likely be
similar challenges in performing phage display as RTN-mediated transfection. The phage
library particles would need to contend firstly with mucus, and secondly with cilia. The
mucociliary system evolved specifically to defend airway epithelial cells from invading

particles and thus present a major barrier. However, cells used for phage display need

219



primarily to retain cell receptors, not to faithfully replicate the in vivo environment.
Therefore, mucus could be removed via thorough washing. Alternatively, mucosal viscosity
could be reduced via siRNA-mediated knockdown [379] or CRISPR-mediated knockout of
mucin-producing genes. Similarly, phage display could be performed in differentiated cells
harbouring mutations that cause ciliary dyskinesia, which exhibit negligible ciliary
movement on ALl culture [380].

At the time of this thesis’s initial submission, phage display on ALl had not yet been
attempted in the CF field. However, the lab of Dr. Debadyuti Ghosh has since reported
performance of phage display on ALI-differentiated primary CFBEs pooled from seven
different CF patients of the genotype F508del/F508del. A cysteine constrained T7 7-mer
peptide-presenting phage library was panned against ALl cultures for five rounds of
selection. With each successive round, cells were lysed, internalised peptides recovered,
and recovered peptides used in the following round on fresh cells. With successive rounds
of selections, peptides tended to grow more positively charged and more hydrophilic, being
rich in arginine and lysine. The top-performing peptide (CTSTRKKQC, referred to as Clone C),
displayed ~454-fold improvement in uptake by cells compared to naive library. Clone C was
then conjugated into a peptide-lipid with the fatty acid myristic acid. This peptide-lipid was
complexed into RTNs with SM-102 (the ionisable cationic lipid used in the COVID-19
vaccine), DSPC (a helper phospholipid comparable to DOPE), and PEG. RTN formulations
with Clone C yielded particles with small diameter (~60 nm), low PDI (~0.1), and high
encapsulation efficiency (>90%). This size, PDI, and encapsulation efficiency was comparable
to RTNs with a peptide-lipid previously shown by the group to penetrate mucus (peptide
sequence CPSSSREKC, called CPS, also conjugated to myristic acid); this peptide was

identified via phage display on CF mucus alone. However, Clone C significantly
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outperformed CPS in transfection of reporter mRNA both in ALI-differentiated CFBEs and in
mouse airways in vivo (via intratracheal instillation of 40 puL).

It is difficult to directly compare the respective performances of RTNs bearing Clone
C and CPS to Peptides E and Y. Firstly, the RTNs used by the Ghosh lab were formulated
using different cationic ionisable and helper lipids (SM-102/DSPC vs. DHDTMA/DOPE,
respectively). Secondly, the Ghosh lab’s RTNs were complexed via direct conjugation of
peptides to myristic acid to yield peptide lipids. Conversely, Peptide Y and E contain an N-
terminal 16-lysine run of amino acids that allow them to assemble with RTN components via
electrostatic interaction, and also possess a linker sequence of three amino acids (GAC).

When examining the properties of the peptides themselves (Table 6.1), Clone C and
CPS are smaller (7mers) and more hydrophilic (GRAVY score <-2) than Peptides E and Y
(9mers, GRAVY score >-1). Clone C is also more cationic at pH 7, carrying a charge of +3,
versus +1 from CPS and Peptide Y. The elevated performance of Clone Cin CF mucus
counteracts over its less cationic counterparts contradicts my initial hypothesis that more
positively charged RTNs might be retarded in mucus, which contains many anionic mucins
and mucopolysaccharides. Synthesis of a K1s-GAC-Clone C peptide, and/or myristic
conjugation of Peptide Y, would allow for direct comparison of each peptide’s mucus
penetration and transfection capability on ALI culture.

Table 6.1 compares the four peptides; Kis and linker, and flanking cysteines are

omitted.
Phage IP
Peptide | Protein | Selected on | Sequence MW (g/mol) | (pH) | CpH7 | GRAVY
Clone C T4 ALI CFBEs TSTRKKQ 874 14 +3 -2.57
CPS T4 CF mucus PSSSREK 815.87 11.38 | +1 -2.27
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Submerged

Peptide E | M13 16HBEs SERSMINFCG | 1056.18 6.14 |0 -0.7
Submerged

Peptide Y | M13 16HBEs YGLPHKFCG | 1047.23 9.06 | +1 -0.18

Table 6.1: Comparison of peptides from three different phage display
experiments. Peptides’ properties were calculated based on their amino acid
sequences using the Peptide Property Calculator [381] and GRAVY Calculator
[382]. MW: molecular weight, IP: isoelectric point, CoH7: charge at pH 7, Sol.:
solubility. GRAVY is a measure of hydropathy, with more negative values

indicating more hydrophilic properties and vice versa.

In order to avoid the issues of cilia and mucus entirely, editing could be performed ex
vivo in submerged basal cells, which can then be introduced back into patient airways. This
could either be achieved by intratracheal instillation of edited basal cells, or by seeding
biocompatible membranes with edited cells for surgical implantation. The former option
typically requires preinjury of the airway. For example, Farrow et al. pretreated mouse
airways with 2% polidocanol in order to strip away the epithelial layer and basal cells [253].
After this acute injury, the airway was seeded with luciferase-expressing basal epithelial
cells; luciferase activity was detected in upper airways three weeks after administration.
However, eight weeks after administration, luciferase activity was no longer detectable. This
suggests that the implanted basal cells did not serve as a permanent substitute for the basal
layer of proliferating stem cells. Additionally, given that the CF airway is already prone to
inflammation and tissue damage, acute injury is unfavourable to perform in human patients.
Chemical preinjury in the ENaC-overexpressing mouse model, which replicates CF-induced

lung phenotypes, could be revelatory of the magnitude of the risk involved. The latter
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option (surgical implantation) is described by Vaidyanathan et al., who used CRISPR and
HDR to correct the F508del mutation in upper airway bronchial cells (UABCs) and embedded
them on a porcine small intestinal submucosal membrane (pSIS), which had already been
approved for use by the United States Food and Drug Administration (FDA) [255].
Membrane-embedded cells retained their ability to differentiate, meaning that this
approach could be used to introduce basal cells to differentiate within the airway in vivo, or
cells could be differentiated ex vivo and a mature epithelial layer implanted. However, this
again requires a highly invasive medical procedure in an already vulnerable tissue in CF
patients. | believe that repeat administration of RTNs to the airways via nebulisation is a
gentler and safer option. Mucus plugs would likely hinder penetration into lower airways on
first administration. However, successfully edited cells would begin alleviating the mucosal
phenotype, allowing RTNs to penetrate progressively deeper into the lungs with each
successive administration.

Delivery of donor via virus is also a promising avenue, as discussed in the future
directions for Aim 2 above. Extensive characterisation has been performed of AAV serotypes
that successfully target airway epithelial cells. One study reported that AAV6 viruses showed
enhanced motility in CF sputum when compared to AAV1 [383]. Using particle tracking,
Duncan et al. recorded fluorescently labelled viral particles’ movement through sputum
expectorated from CF patients and found mean squared displacement (MSD1) of AAV6
significantly higher than AAV1 by 3- to 10-fold. However, an obvious drawback of AAV
vectors is their immunogenicity [384, 385]. As the airway epithelium is made up of non-
dividing cells, repeat administration would be required as edited cells naturally die off and
are replaced by unedited cells from the basal layer, a process that typically takes place every

30-50 days [386]. This would not be feasible using AAV vectors. One potential avenue to
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address this is by encapsulating anionic viral particles themselves in cationic lipid-based
nanoparticles, essentially “hiding” the AAV from agents of the host immune system. The
targeting ability of the vector would likely be sacrificed, but this loss could be compensated
for via receptor-targeting peptides (such as the one described herein). The intracellular
trafficking of AAVs post endosomal escape could potentially then outperform that of
released RTN cargo.

In addition to size, PDI, and charge, it would be useful to examine other biophysical
properties of RTNs. For example, characterisation of RTNs surfaces could elucidate peptide
display. Spectrometry/spectroscopy could be used to elucidate the role of helper lipids in
pH-dependent fusogenic phase changes. Three-dimensional size and shape could give
further clues as to how RTNs migrate through pores in mucus. Some popular RTN

characterisation methods, as reviewed by Mourdikoudis et al., are summarised in Table 6.2

[387].
Category Examples Information Gained
X-ray X-ray diffraction Crystal structure,
composition, crystalline
grain size
X-ray absorption spectroscopy Chemical species,
interatomic distances
X-ray photoelectron spectroscopy Elemental composition,
ligand binding
Microscopy Transmission electron microscopy Size, dispersity, shape
Electron diffraction microscopy Crystal structure
Scanning electron microscopy Size and shape
Atomic force microscopy 3D size and shape
Fourier transform infrared spectroscopy | Functional groups
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Non-X-Ray Nuclear magnetic resonance Ligand
Spectroscopy/ density/arrangement,
Spectrometry atomic composition, size
Mass spectroscopy Elemental composition,
functional groups
UV-Vis spectroscopy Size, some information on
shape
Secondary ion mass spectrometry Functional groups, surface
topography
Light scattering | Dynamic light scattering Hydrodynamic size,
polydispersity, aggregation
Nanoparticle tracking analysis Size, size distribution
Elliptically polarised light scattering Size, shape
Chromatography | Size exclusion chromatography Size, size distribution
Hydrodynamic chromatography Size, size distribution

Table 6.2: Examples of RTN characterization methods [387].

Finally, delivery of RTNs to the target tissue is a major consideration. Systemic
delivery of RTNs generally leads to accumulation in the liver. Therefore, targeted delivery to
the lung via aerosolization is a promising avenue. A recent study utilised the lipid SM-102
(the clinically approved ionisable cationic lipid used in COVID-19 vaccine developed by
Moderna) to formulate LNPs to transfect airway epithelia with reporter mRNA [388]. LNPs
were aerosolised and applied to ALl cultures or in vivo mouse airways. Aerosolised LNPs
were found to selectively transfect airway epithelial cells over immune and endothelial cells
in vivo. Interestingly, TEM of LNPs before and after aerosolization revealed that the particles
yielding highest transfection efficiency displayed higher rates of aerosolization-induced
morphological defects, compared to other formulations that were more structurally robust
under aerosolization but offered lower transfection efficiency. Upon aerosolization, LNPs

were also found to form respiratory droplets that fell in the optimal size range for

225



penetration of the entire airway upon inhalation. These results support ionisable cationic

lipids as promising vehicles for tissue- and cell-specific delivery in vivo.

Overall conclusions

Overall, the results presented in this thesis firmly lay the groundwork for future
experimental work. The characterisation of an undruggable CF mutation provides a baseline
for measuring the effects of a DNA editing-based treatment strategy. The editing efficiency
achieved via HITI, if replicated using a CFTR cDNA, is more than sufficient to provide a
rescuing effect in CF variant cells. The RTNs used are highly effective in transfecting
submerged cells; their composition could be altered to more effectively transfect
differentiated cells, or they could form the basis for an ex vivo editing and reimplantation

strategy.
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ASL depths (measured via SICM) of nasal epithelial cells. Three replicate wells shown
per genotype, n = 21 measurements per well. One CFNE BMI-1 R709X well showed
abnormally high ASL depth measurements and was discarded from the overall analysis

depicted in Fig. 3.4.
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Sequence of pExcised plasmid used in Chapter 5. Sequence was confirmed via GeneWiz

Plasmid-EZ sequencing. Relevant features are highlighted.

ACCCTGTTATCCCTAGATGACATTACCCTGTTATCCCAGATGACATTACCCTGTTATCCCTAGATACAT
TACCCTGTTATCCCAGATGACATACCCTGTTATCCCTAGATGACATTACCCTGTTATCCCAGATGACAT
TACCCTGTTATCCCTAGATACATTACCCTGTTATCCCAGATGACATACCCTGTTATCCCTAGATGACAT
TACCCTGTTATCCCAGATGACATTACCCTGTTATCCCTAGATACATTACCCTGTTATCCCAGATGACAT
ACCCTGTTATCCCTAGATGACATTACCCTGTTATCCCAGATGACATTACCCTGTTATCCCTAGATACAT
TACCCTGTTATCCCAGATGACATACCCTGTTATCCCTAGATGACATTACCCTGTTATCCCAGATGACAT
TACCCTGTTATCCCTAGATACATTACCCTGTTATCCCAGATGACATACCCTGTTATCCCTAGATGACAT
TACCCTGTTATCCCAGATGACATTACCCTGTTATCCCTAGATACATTACCCTGTTATCCCAGATGACAT
ACCCTGTTATCCCTAGATGACATTACCCTGTTATCCCAGATGACATTACCCTGTTATCCCTAGATACAT
TACCCTGTTATCCCAGATGACATACCCTGTTATCCCTAGATGACATTACCCTGTTATCCCAGATAAACT
CAATGATGATGATGATGATGGTCGAGACTCAGCGGCCGCGGTGCCAGGGCGTGCCCTTGGGCLTCCC
CGGGCGCGACTAGTGAATTCCTGCAGGACTAGTGACGTCGTCACCAATCCTGTCCCTAGTGGTCGAC

CTTAATAGCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACTGCAGCTGACC

TCTTCTCTTCCTCCCACAGGCCCGATCGGGCAGCGGAGAGGECACAGGAAGTCTTCIAACATGEEE
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GGACGAGCTGTACAAGTAAAGCGGCCTCGACGCTAGCTGG NGOG GAIGH

-GCGGCCGCCGCCAACTCG GTACCATAACTTCGTATAGTTGATAATTCACTGGCCGTCGAGCTCGT
CACCAATCCTGTCCCTAGTGGGGCCCAGTCGCCCCAACTGGGGTAACCTTTGAGTTCTCTCAGTTGG
GGGTAATCAGCATCATGATGTGGTACCACATCATGATGCTGATTATAAGAATGCGGCCGCCACACTC
TAGTGGATATCGAGTTAATAATTCAGAAGAACTCGTCAAGAAGGCGATAGAAGGCGATGCGCTGCG
AATCGGGAGCGGCGATACCGTAAAGCACGAGGAAGCGGTCAGCCCATTCGCCGCCAAGCTCTTCAG
CAATATCACGGGTAGCCAACGCTATGTCCTGATAGCGGTCCGCCACACCCAGCCGGCCACAGTCGAT
GAATCCAGAAAAGCGGCCATTTTCCACCATGATATTCGGCAAGCAGGCATCGCCATGGGTCACGAC
GAGATCCTCGCCGTCGGGCATGCTCGCCTTGAGCCTGGCGAACAGTTCGGCTGGCGCGAGCCCCTG
ATGCTCTTCGTCCAGATCATCCTGATCGACAAGACCGGCTTCCATCCGAGTACGTGCTCGCTCGATGC
GATGTTTCGCTTGGTGGTCGAATGGGCAGGTAGCCGGATCAAGCGTATGCAGCCGCCGCATTGCAT
CAGCCATGATGGATACTTTCTCGGCAGGAGCAAGGTGAGATGACAGGAGATCCTGCCCCGGCACTT
CGCCCAATAGCAGCCAGTCCCTTCCCGCTTCAGTGACAACGTCGAGCACAGCTGCGCAAGGAACGCC
CGTCGTGGCCAGCCACGATAGCCGCGCTGCCTCGTCTTGCAGTTCATTCAGGGCACCGGACAGGTC
GGTCTTGACAAAAAGAACCGGGCGCCCCTGCGCTGACAGCCGGAACACGGCGGCATCAGAGCAGC
CGATTGTCTGTTGTGCCCAGTCATAGCCGAATAGCCTCTCCACCCAAGCGGCCGGAGAACCTGCGTG

CAATCCATCTTGTTCAATCATGCGAAACGATCCTCATCCTGTCTCTTGATCAGAGCTTGATCCCCTGCG
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CCATCAGATCCTTGGCGGCAAGAAAGCCATCCAGTTTACTTTGCAGGGCTTCCCAACCTTACCAGAG

GGCGCCCCAGCTGGCAATTCCGGTTCGCTTGCTGTCCATAAAACCGCCCAGTCTAGCTATCGCCATG

TAAGCCCACTGCAAGCTACCTGCTTTCTCTTTGCGCTTGCGTTTTCCCTTGTCCAGATAGCCCAGTAGC

TGACATTCATCCGGGGTCAGCACCGTTTCTGCGGACTGGCTTTCTACGCGCTCGAGGGGGGGCCAA

ACGGTCTCCAGCTTGGCTGTTTTGGCGGATGAGAGAAGATTTTCAGCCTGATACAGATTAAATCAGA

ACGCAGAAGCGGTCTGATAAAACAGAATTTGCCTGGCGGCAGTAGCGCGGTGGTCCCACCTGACCC

CATGCCGAACTCAGAAGTGAAACGCCGTAGCGCCGATGGTAGTGTGGGGTCTCCCCATGCGAGAGT

AGGGAACTGCCAGGCATCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTATCT

GTTGTTTGTCGGTGAACGCTCTCCTGAGTAGGACAAATCCGCCGGGAGCGGATTTGAACGTTGCGA

AGCAACGGCCCGGAGGGTGGCGGGCAGGACGCCCGCCATAAACTGCCAGGCATCAAATTAAGCAG

AAGGCCATCCTGACGGATGGCCTTTTTGCGTTTCTACAAACTCTTTTGTTTATTTTTCTAAATACATTC

AAATATGTATCCGCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCG

TAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAA

AAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAA

CTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTT

CAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTG

GCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGG

GCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACC

TACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTA

AGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCANGGGGAAACGCCTGGTATCTTTA

TAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGG

AGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCA

CATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATAC

CGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTG
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ATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCATATGGTGCACTCTCAGTACAAT
CTGCTCTGATGCCGCATAGTTAAGCCAGTATACACTCCGCTATCGCTACGTGACTGGGTCATGGCTG
CGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTA
CAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGC
GCGAGGCAGCAGATCAATTCGCGCGCGAAGGCGAAGCGGCATGCATAATGTGCCTGTCAAATGGA
CGAAGCAGGGATTCTGCAAACCCTATGCTACTCCGTCAAGCCGTCAATTGTCTGATTCGTTACCAATT
ATGACAACTTGACGGCTACATCATTCACTTTTTCTTCACAACCGGCACGGAACTCGCTCGGGCTGGCC
CCGGTGCATTTTTTAAATACCCGCGAGAAATAGAGTTGATCGTCAAAACCAACATTGCGACCGACGG
TGGCGATAGGCATCCGGGTGGTGCTCAAAAGCAGCTTCGCCTGGCTGATACGTTGGTCCTCGCGCC
AGCTTAAGACGCTAATCCCTAACTGCTGGCGGAAAAGATGTGACAGACGCGACGGCGACAAGCAAA
CATGCTGTGCGACGCTGGCGATTCTTCTCTCATCCGCCAAAACAGCCAAGCTGGAGACCGTTTGACA

TTACCCTGTTATCCCTAGATACATTACCCTGTTATCCCAGATGACAT

Plasmid backbone
A78 gRNAs (one upstream and one downstream of GFP construct)

Splice acceptor

eGFP cDNA

Kanamycin resistance
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Example of gating for flow cytometry and cell sorting. One replicate shown for

untransfected and transfected (pLinear only and pLinear + pCas9-BFP) cells. Gate P1

was set by forward (area) and side (area) scatter to isolate cells and exclude debris.

Gate P2 was set by forward scatter (area and width) to isolate singlets. Fluorescence-

based gates (GFP+BFP-, GFP-BFP+, GFP+BFP+, and GFP+ ALL) set based on
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untransfected control. Unstained: untransfected cells. “Linear_021": cells transfected
with pLinear donor only. “Linear_015": cells transfected with pLinear and pCas9-BFP. All

gates for flow/sorting were set using this method, with gates kept consistent between

replicates.
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Generation and use of NHBE BMI-1 GFP cells. A) Schematic of construct integrated into
cells’ genomes using lentivirus. GFP was under the control of the hPGK promoter. 14
days post-transduction, GFP+ cells were isolated via FACS. B) Validation of gRNAs to
knock down GFP in submerged NHBE BMI-1 cells transduced lentivirally with GFP. Cells
were transfected with Cas9 mRNA using the lipid C18DOPE and Peptide Y at a weight
ratio of 1:3:4 RNP:lipid:peptide. gRNA 3 was used for ALl transfection experiments in
Chapter 6. From Walker, A.J., Delivery of CRISPR/Cas9 by receptor-targeted nanoparticles as
a corrective therapy for Cystic Fibrosis, in Institute of Child Health. 2019, University College

London.
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Macro used in Fiji to re-slice and z-project images of ALI cultures of GFP-expressing NHBE
BMI-1 cells that had been transfected with RTNs carrying RFP-tagged Cas9 RNPs (Fig. 5.15).
A horizontal section of each image 10 pixels high and 1012 wide (the full width of the
image) was selected using the rectangular selection tool; sections were selected that had

RFP and GFP signal overlapping.

run("Duplicate...", "duplicate");

run("Subtract Background...", "rolling=50 sliding disable");

run("Reslice [/]...", "output=5.600 start=Top flip avoid");

run("Scale...", "x=1.0 y=12.6 z=1.0 width=1024 height=189 depth=13 interpolation=Bilinear
average create");

nn

run("Z Project...", "projection=[Max Intensity]");

nn

run("Gaussian Blur...", "sigma=2");
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