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ABSTRACT

Cystic fibrosis (CF) is caused by mutations in the cystic fibrosis transmembrane conductance regulator (CFTR)
gene. Although many people with CF (pwCF) are treated using CFTR modulators, some are non-responsive due
to their genotype or other uncharacterized reasons. Autologous airway stem cell therapies, in which the CFTR
cDNA has been replaced, may enable a durable therapy for all pwCF. Previously, CRISPR-Cas9 with two AAVs
was used to sequentially insert two halves of the CFTR cDNA and an enrichment cassette into the CFTR locus.
However, the editing efficiency was <10% and required enrichment to restore CFTR function. Further
improvement in gene insertion may enhance cell therapy production. To improve CFTR cDNA insertion in human
airway basal stem cells (ABCs), we evaluated the use of the small molecules AZD7648 and ART558 which inhibit
non-homologous end joining (NHEJ) and micro-homology mediated end joining (MMEJ). Adding AZD7648 alone
improved gene insertion by 2-3-fold. Adding both ART558 and AZD7648 improved gene insertion but induced

toxicity. ABCs edited in the presence of AZD7648 produced differentiated airway epithelial sheets with restored
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CFTR function after enrichment. Adding AZD7648 did not increase off-target editing. Further studies are

necessary to validate if AZD7648 treatment enriches cells with oncogenic mutations.

INTRODUCTION

Cystic Fibrosis (CF) is a monogenic disorder that results from mutations in the cystic fibrosis transmembrane
conductance regulator (CFTR) gene. CF is a fatal disease in childhood if left untreated.! CFTR is a
chloride/bicarbonate ion channel protein present in many epithelia, including the airways, intestines, pancreatic
ducts and vas deferens.? Lack of CFTR function causes the buildup of thick mucus with reduced bacterial killing
ability which results in repeated lung infections and lung failure.?® Therapeutic interventions prior to 2012 did not
restore CFTR function directly but instead focused on infection clearance, loosening mucus and improving
nutrient absorption.! Over the past decade, small molecules that restore the folding and ion channel function of
mutant CFTR (CFTR modulators) have been developed.® ” CFTR modulators are effective in treating pwCF
affected by a variety of pathogenic variants including the F508del variant seen in ~90% of pwCF in Europe and
North America.? ° Although CFTR modulators have dramatically improved outcomes for pwCF, ~10% of pwCF
with European ancestry and between 30-50% of pwCF from other ancestries cannot be treated with these drugs.
10.11 1n addition, modulators are not curative and must be taken daily for the life of a pwCF. Furthermore,
modulators can cause severe side-effects including neurocognitive symptoms.'? Thus, there is a continued
interest in other approaches to restore CFTR production and function which may enable a durable treatment for

all pwCF.10: 11

Genetic therapies which deliver a functional copy of CFTR into airway cells have been proposed to treat CF lung
disease and would enable treatment of all pwCF regardless of the causal mutations.*® Unfortunately, gene
therapy trials using lipid nanoparticles (LNPs) and adeno-associated virus (AAV) vectors to transiently deliver
CFTR mRNA or cDNA have been unsuccessful.1*1% Although newer LNPs, AAV6s and related viruses are being
developed to improve transduction of airway cells in the presence of the thick mucus seen in pwCF, the approach
will still require redosing.”-?* This can be particularly challenging with viral vectors because of anti-viral immunity
mediated by the initial dose.?> 22 Lentiviral insertion of CFTR offers an alternative but it does not restore native
gene expression and poses a small but documented risk for insertional mutagenesis.?*?” Genome editing to
correct CFTR individual mutations or replace the CFTR cDNA has been proposed as an alternative approach to
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transient gene addition or lentiviral mediate gene insertion.1% 2831 Correction of CFTR variants or replacement of
the CFTR cDNA in airway basal stem cells (ABCs), which give rise to other cell types in the airway epithelium,

may result in a durable therapy for CF.

CRISPR-Cas9 is commonly used to perform gene editing.3234 In this method, Cas9 induces a double-stranded
break in the target locus which is then repaired by several competing DNA repair pathways. Gene correction
relies on the homologous recombination (HR) DNA repair pathway which requires the delivery of a template DNA
(HR template) containing the correction sequence or CFTR cDNA. Delivery of the HR template using AAV results
in highly efficient gene insertion in many therapeutically relevant primary stem cells in vitro, including ABCs.3® 28
3¢ In vivo genome editing of ABCs to insert genes is limited by inefficient delivery of cargo into those cells and
the absence of HR in quiescent ABCs in vivo.** An ex-vivo cell therapy approach to correct CF causing mutations
in ABCs in vitro followed by their transplantation has been proposed.? Although it is possible to correct individual
mutations with high efficiencies using HR-based gene correction as well as other editing approaches, the
replacement of the CFTR cDNA is desirable due to the large number of variants scattered throughout the CFTR
gene.?-3% One challenge with inserting the CFTR cDNA in ABCs using this approach is that a single AAV vector
does not fit the CFTR cDNA and homology arms (HAs) needed for gene insertion. Hence, a sequential gene
insertion approach was used to insert the entire CFTR cDNA into the endogenous locus.!® The study used two
AAVs to insert the two halves of CFTR cDNA and an enrichment cassette expressing truncated CD19 (tCD19),
into the CFTR locus and enabled the development of a universal CFTR restoration strategy applicable to almost
all pwCF (universal strategy). It was necessary to use tCD19 as an enrichment tag because CFTR is not
expressed in ABCs at high levels.®” Expression of tCD19 is mediated by the human phosphoglycerate kinase
(PGK) promoter which is constitutive. The universal strategy yielded <10% tCD19" cells and required the
enrichment of tCD19* cells using fluorescent or magnetic activated cell sorting (FACS or MACS).*° The enriched
tCD19" cells produced differentiated airway epithelial sheets with CFTR function comparable to that seen in non-
CF controls. Furthermore, in a follow-up study it was shown that the strategy does not alter CFTR regulation and
does not compromise the regenerative potential of edited ABCs.® Despite this promising development, one
drawback of the approach is that >90% of cultured cells are lost in the enrichment process which limits the cell
yield to 1-10 million cells. This yield may be sufficient to replace the sinus epithelium and treat CF sinus disease.?®

However, studies in mice have suggested that 60-100 million cells may be necessary to replace the lower airway
3
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epithelium in humans.*** Thus, further improvement in gene insertion efficiency will improve our ability to

produce a gene edited airway stem cell therapy for treating CF lung disease using the universal strategy.

Studies have shown that the inhibition of non-homologous end joining (NHEJ) and micro-homology mediated
end joining (MMEJ) which compete with HR improves gene insertion.*?* DNA dependent protein kinase-catalytic
subunit (DNA-PKcs) and DNA polymerase theta (Pol®) are involved in NHEJ and MMEJ respectively. Previous
studies have knocked out DNA-PKcs and Pol® to increase gene insertion using HR.** Other studies have
increased HR using AAV and ssDNA templates by transiently inhibiting NHEJ and MMEJ using small
molecules.*> % The use of the DNA PKcs inhibitor AZD7648 improved correction of the F508del mutation in
airway basal stem cells by 2-3 fold.*? The combination of DNA-PKcs inhibitor to inhibit NHEJ and Pol® inhibitor
to inhibit MMEJ resulted in editing efficiencies of up to 80% in multiple primary stem cells using ssDNA
templates.*® Despite these reports, it is unclear how the strategies impact sequential gene insertion which is
used to insert the CFTR cDNA in the universal strategy. Moreover, the combined inhibition of DNA-PKcs and
Pol® was not tested in primary human airway cells.* Furthermore, the impact of DNA-PKcs and Pol® inhibition

on the ability of ABCs to differentiate into airway cells and produce functional CFTR is still unknown.

Apart from improving gene insertion, it is important to characterize the safety of inhibiting DNA repair pathways.
Off-target editing by Cas9 is a common safety concern that is specific to the sgRNA and Cas9 variant used to
generate the edited cells.*® Our previous research has shown that the sSgRNA used in the universal strategy does
not cause significant off-target editing when used with high-fidelity Cas9.1* 4’ Previous studies using DNA-PKcs
inhibition have reported an increase in off-target edits but the frequency of alleles with off-target editing was still
low (0.03-3% edited alleles).*> Another concern associated with genome editing is the enrichment of cells with
oncogenic changes.*® 4° The use of Cas9 ribonuclear protein (RNP) for editing limits the window of genome
editing to 2-4 days and thus has not resulted in an enrichment of cells with oncogenic changes when used to
edit primary stem cells.1% %51 However, the impact of inhibiting DNA repair pathways on the enrichment of cells

with oncogenic changes needs further characterization.

In this study, we evaluated if the use of AZD7648, a DNA-PKcs inhibitor, alone or in combination with ART558,
a PolO inhibitor, best improved gene insertion in ABCs and further assessed their impact on cell proliferation
and differentiation. We evaluated the ability of both strategies to improve CFTR cDNA insertion using the
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universal strategy. Furthermore, we evaluated the restoration of CFTR function in differentiated airway cells
derived from CF ABCs edited in the presence of AZD7648. To evaluate safety, we characterized the impact of

DNA-PKcs inhibition using AZD7648 on off-target activity and the enrichment of cells with oncogenic changes.
RESULTS

Addition of AZD7648 improves gene insertion in primary human airway basal stem cells (ABCs).

We first tested our hypothesis by evaluating if the use of AZD7648 improves the insertion of a cassette
expressing GFP under the control of an SFFV promoter in primary ABCs (Figure 1A). DSBs were introduced in
the CFTR locus using Cas9 RNP and a previously reported sgRNA targeting exon 1 of CFTR.1° The template
coding for GFP was delivered using AAV6 serotype 6 (AAV6) after the Cas9 RNP and chemically modified
sgRNA were electroporated into the ABCs. Gene insertion in ABCs was assessed in the presence and absence
of AZD7648. A representative flow cytometry plot shows that edited ABCs are GFP* (Figure 1B). Without
AZD7648, 34.8 + 21.5% of edited ABCs from three different donors were positive for GFP. Inhibiting NHEJ
through the addition of 0.5 uM AZD7648 significantly increased editing efficiency (p<0.05) to 61.3 + 26.1% when
assessed using Wilcoxon matched pairs significant rank test (Figure 1C). When compared to the vehicle control,
4-5 days after editing, AZD7648 did not reduce cell proliferation significantly (Figure 1D). We validated insertion
of the GFP cassette in the CFTR locus by performing an IN-OUT polymerase chain reaction (PCR) in which one
primer binds a part of the transgene cassette and the other primer binds a genomic sequence outside the arms
of homology (Figure S1A). We observed a PCR product only in ABCs edited in the presence of AZD7648 but
not in the controls (Figure S1B). Upon sequencing, the sequence of the amplicon matched the transgene

cassette thus confirming targeted insertion in the CFTR locus (Figure S1C-D).

Since recent studies have reported that DNA-PKcs inhibitors improve AAV transduction in differentiated airway
cells, we evaluated if AZD7648 treatment improves gene insertion by improving AAV transduction.®> ABCs were
treated with AAV alone in the presence or absence of AZD7648 without any Cas9. There was no difference in

the percent of GFP* ABCs between the two conditions when measured 24 h after transduction (Figure S1E).

Given the improvement in gene insertion using a single template, we then investigated if AZD7648 improves
CFTR cDNA replacement using the universal strategy. The universal strategy uses the same sgRNA as the GFP

insertion experiment but involves the sequential gene insertion of the CFTR cDNA and tCD19 expression
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cassette delivered using two different AAVs (Figure 1E). Editing efficiency was determined by characterizing the
percent of tCD19* cells using flow cytometry (Figure 1F). Without AZD7648, integration of the CFTR cDNA was
3.4 + 1.2%. Inhibiting NHEJ through the addition of AZD7648 significantly increased editing to 9.5 + 5.3% (p <
0.01) when assessed using Wilcoxon matched-pairs significant rank test (Figure 1G). Similar to the experiments

inserting GFP, using AZD7648 to enhance gene insertion using the universal strategy did not reduce cell

proliferation significantly (Figure 1H).

Addition of ART558 with AZD7648 improves gene insertion further but causes cell death.

Although the use of AZD7648 increased CFTR cDNA insertion using the universal strategy, <10% tCD19* cells
were obtained on average. Therefore, we investigated if combining AZD7648 with ART558, which is reported to
inhibit Pol©, further improves gene insertion. Previous studies have reported that the simultaneous use of small
molecules inhibitors of DNA-PKcs and Pol© results in improved gene insertion when compared to the use of a
DNA-PKcs inhibitor alone.*® %2 The use of ART558 alone did not improve gene insertion when assessed using
our previously reported F508del gene correction system (Figure S2A-B).22 We then added AZD7648 and
ART558 while editing primary ABCs using Cas9/sgRNA and a single AAV template expressing GFP.
Representative plots show GFP™ cells measured using flow cytometry (Figure 2A). With no AZD7648 or ART558
compounds, 23 + 18% were GFP* (Figure 2B). Inhibiting NHEJ with AZD7648 increased editing to 57 + 23%
GFP™ cells and inhibiting NHEJ and MMEJ using both AZD7648 and ART558 resulted in 72 £ 21% GFP* cells.
When assessed with the Wilcoxon matched-pairs significant rank test these differences were statistically
significant (p < 0.001 and p < 0.05, respectively) (Figure 2B). However, treatment with both ART558 and
AZD7648 reduced cell proliferation to 55% of ABCs edited without any compound compared. (Figure 2C). This

reduction in cell proliferation was statistically significant when assessed using the ratio paired T-test (p < 0.05).

AZD7648 and ART558 were added while editing ABCs using the universal strategy to determine if the inhibition
of NHEJ and MMEJ affects sequential gene insertion differently. Representative plots show tCD19* cells
measured using flow cytometry (Figure 2D). 8.0 + 4.9% of ABCs edited without AZD7648 or ART558 were
tCD19". Inhibiting NHEJ increased tCD19* ABCs to 16.3 + 7.8% and inhibiting both NHEJ and MMEJ yielded
21.8 + 9.0% tCD19" cells (Figure 2E). The addition of AZD7648 significantly increased editing by the universal

strategy (p < 0.01) when assessed using ANOVA followed by Tukey’s multiple comparisons test. Unlike the
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experiments inserting GFP, the addition of ART558 only showed an increase in gene insertion at 5uM and
showed no improvement in CFTR cDNA insertion at 2.5uM or 1uM (Figure S2C). ART558 with AZD7648 also
significantly increased editing (p < 0.05) beyond the AZD7648 only condition when assessed with the Tukey’s
multiple comparisons test. However, similar to the single AAV template, cell proliferation was reduced by ~51%
with the addition of both AZD7648 and ART558 (Figure 2F) and this difference was statistically significant (p <
0.01) when assessed using a ratio paired T-test. Lower concentrations of ART558 which did not improve gene
insertion showed reduced toxicity (Figure S2D). Overall, the increase in integration of CFTR using both AZD7648
and ART558 is offset by the reduction in cell proliferation. To determine if using a different Pol© inhibitor could
improve cell yield, we tested RP-6685 and ART812. However, we observed no significant increase in editing
efficiency compared to ART558 (Figure S2E). Overall, the addition of ART558 increased CFTR cDNA insertion
by ~1.3 times, but also reduced cell proliferation by ~1.7 times when compared to the AZD7648 only condition.
We attempted to quantify the trade-off between improved CFTR cDNA insertion and reduced viability. We
multiplied the total number of cells by the percent of cells modified to obtain the total number of tCD19* cells for
each condition. We divided the number of tCD19" cells obtained in the presence of the compounds by the number
of tCD19" cells obtained without compounds to obtain the relative cell yield. The addition of ART558 did not
improve overall cell yield significantly when compared to the addition of AZD7648 alone (Figure 2G). We
evaluated if the different compounds triggered cell death programs by staining for Annexin V and propidium

iodide (PI). Treatment with ART558 and AZD7648 did not result in an increase in ABCs positive for Annexin V

alone or both Annexin V and PI (Figure S3).

Insertion of the full-length CFTR cDNA and enrichment in primary ABCs obtained from donors with CF.

We then tested the universal strategy with AZD7648 on CF donor ABCs. Similar to the non-CF donors, adding
AZD7648 to edited cells improved gene insertion by ~2-fold. Insertion in the no compound condition was 11.0 +
6.4% while inhibiting NHEJ with AZD7648 significantly increased editing to 21.0 + 15.9% when assessed using
a paired t-test (p < 0.05) (Figure 3A). The number of cells counted on day 5 after editing was not significantly
different between ABCs edited in the presence or absence of AZD7648 (Figure 3B). Significance was determined
by paired T-test. After enrichment of tCD19* cells using MACS, populations with >50% tCD19* cells were

obtained (Figure 3C). Basal cell markers, P63 and cytokeratin 5 (KRT5), were evaluated via flow cytometry
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(Figure 3D). The expression of P63 and KRT5 in edited CF donor cells treated with no compound and with
AZD7648 were not significantly different from the expression of these basal cell markers in unedited CF basal

cells when assessed using one way ANOVA (Figure 3D).

We evaluated the allelic editing frequency associated with using the universal strategy in the presence and
absence of AZD7648. Droplet digital PCR (ddPCR) was used to determine the percent of alleles with tCD19
relative to a reference genomic sequence. A ratio of the percent of tCD19" alleles relative to the percent of
tCD19" cells was calculated. A ratio equal to 1 suggests both alleles were edited in the edited cell population,
whereas a ratio of 0.5 indicates 1 of 2 alleles was edited. For samples corrected without AZD7648, the average
ratio was 0.44 + 0.09 and for samples corrected with AZD7648, the average ratio was 0.62 + 0.18 (Figure 3E).

Thus, AZD7648 also improves the fraction of cells with biallelic insertion of the CFTR cDNA.

Impact of DNA-PKcs inhibition on the off-target activity of the sgRNA.

The sgRNA used to guide Cas9 to exon 1 of the CFTR locus can also direct the Cas9 to off-target (OT) sites as
Cas9 can tolerate mismatches between the sgRNA and gDNA.° To reduce OT activity, we used high-fidelity
Cas9 (HiFi Cas9).*” AZD7648 has been shown to increase OT insertions and deletions (INDELS) in other
studies.*? Therefore, we characterized INDELSs in a previously identified OT site associated with our sgRNA in
chromosome 5 in ABCs from three different donors using next-generation sequencing (NGS).*° In the ABCs
edited with no compound, OT INDELs occurred in 5.5 + 2.7% of cells. The addition of AZD7648 increased OT
activity to 9.1 = 3.4%. The increase was not significant when assessed using one-way ANOVA. However, when
cells were treated with both AZD7648 and ART558, OT activity did not increase (5.5 + 0.4%) relative to the

controls edited without either compound (Figure 3F).

Restoration of CFTR function in CF donor samples.

After affirming that the CF donor cells edited with AZD7648 and enriched retained KRT5 and P63 expression,
we evaluated the restoration of CFTR function in fully differentiated airway epithelial sheets derived from edited
ABCs. The enriched population of edited CF ABCs were cultured and differentiated at air-liquid interface (ALI).
Differentiated epithelial sheets showed transepithelial resistances (TEER) comparable to unedited controls thus
indicating that AZD7648 did not compromise differentiation (Figure 4A). We further confirmed differentiation
using immunofluorescence to ascertain the presence of ciliated cells and secretory cells marked by acetylated
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tubulin and CD66 respectively (Figure 4B).>* We assessed mature CFTR production using immunoblotting. While
immunoblotting, mature CFTR that has undergone all the necessary posttranslational modifications appears at
a higher molecular weight (~170kDa) which is often referred as “band C”. Immature CFTR which appears at a
lower molecular weight (~150 kDa) is referred as “band B”. Differentiated airway cells from unedited non-CF and

CF samples edited with and without AZD7648, respectively, showed a mature CFTR band (lanes 1, 3, and 4).

By way of contrast, the unedited control CF sample showed no mature CFTR band (lane 2, Figure 4C).

CFTR function was evaluated via Ussing chamber analysis. In differentiated non-CF airway cells (wild-type; WT),
we observed an increase in short-circuit current upon the addition of forskolin (FSK) and a decrease in short-
circuit current when CFTR inhibitor-172 (CFTRinn-172) was added. There was no change in CFTR current upon
the addition of FSK or CFTRim-172 in the unedited CF airway cells. The edited CF donor cells display similar
current traces to non-CF cells upon the addition of these compounds (Figure 4D). The average change in short-
circuit current after the addition of CFTRinn-172 was 13.4 + 5.2 for non-CF, 0.6 + 0.6 for uncorrected CF, 9.35 +
7.5 for corrected CF samples without AZD7648, and 12.44 + 4.1 for corrected CF samples with AZD7648. Upon
analysis using a one-way ANOVA and Tukey’s post-hoc test, the change in CFTRinn-172 responsive current in
the corrected CF samples with (p < 0.0001) and without (p = 0.0032) AZD7648 were significantly higher than the
CFTRinn-172 responsive current observed in the uncorrected CF samples. Edited and enriched tCD19* cells
show CFTR function comparable to non-CF controls (Figure 4D-F). The restoration of CFTR function relative to
the percent of tCD19* cells is presented in Figure 4D-F. Table 1 lists the percent corrected cells and CFTRinn-

172 response in each sample.

Impact of DNA-PKcs inhibition on enrichment of cells with oncogenic mutations.

We used a next generation sequencing (NGS) panel evaluating 130 mutations associated with solid tumors to
determine if any tumor causing genes were enriched in primary ABCs edited and enriched using the universal
strategy in the presence of AZD7648. The results are presented in Table 2. There was no enrichment of
oncogenic mutations in the two edited samples that were not exposed to AZD7648. In cells from the same two
donors exposed to AZD7648, we observed no increased prevalence of oncogenic mutations in one donor.

However, cells from the second donor showed an increase in cells containing a mutation in the DDX3X gene.
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The variable allele frequency of the oncogenic mutation in DDX3X increased from 0% in cells not subject to

AZD7648 to 5% in cells treated with AZD7648.

DISCUSSION

Recent studies have demonstrated that inhibition of DNA-PKcs and Pol® improves gene insertion.*? 4% % The
use of AZD7648 to inhibit DNA-PKcs improved gene insertion using AAV in multiple loci in multiple cell types.*
Since these studies focused on gene insertion of one cassette driven by a single HR reaction, the impact of
DNA-PKcs inhibition on the sequential insertion of two templates was unknown. Here, we demonstrate that
inhibition of DNA-PKcs also improves sequential gene insertion of the CFTR cDNA and tCD19 cassette in
primary human ABCs by 2-3 fold. Previous studies have demonstrated that gene insertion using this two AAV
strategy is sequential.>® There is variation between donors in the efficiency of CFTR cDNA insertion with and
without AZD7648. However, the improvement in gene insertion using AZD7648 is consistently between 2-3 fold

relative to the no compound controls from the same donor (Table S1).

In addition to AZD7648, studies have also reported that the combined inhibition of both DNA-PKcs and Pol®
improved gene correction of small segments (<50 bp) using ssDNA templates by 2-fold.*®* Our results are
consistent with these previous reports since we observe improved gene insertion of the GFP cassette and
improved sequential insertion of the CFTR cDNA and tCD19 cassette using both AZD7648 and ART558.
However, the use of AZD7648 and ART558 to inhibit DNA-PKcs and Pol® improves CFTR cDNA insertion using
the two AAV strategy by only ~40% and by 2-fold. Despite the improvement in gene insertion with the addition
of ART558, there was a significant decrease in cell proliferation compared with the AZD7648 only condition.
Although the cytotoxicity could be reduced by reducing ART558 concentration to 1uM, it also reduced gene
insertion levels. It is possible that inhibition of NHEJ and MMEJ disrupts the ability of the cells to maintain
genomic integrity and thus renders them non-viable. Although we did not measure genomic integrity, decreased
off-target editing with the combined inhibition of DNA-PKcs and Pol® is consistent with the hypothesis that
inhibition of both DNA-PKcs and Pol© favors the survival of cells that are able to repair the DSB successfully.

Overall, there is no benefit of adding ART558 when the improvement in cell-yield is considered.

Although the use of AZD7648 improved the insertion of the CFTR cDNA by 2-3-fold, <20% ABCs were corrected
on average. In our prior study, we observed that correction of <20% of alleles was insufficient to restore CFTR
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function.?® Therefore, enrichment remains necessary to produce a cell therapy with a therapeutically relevant
percent of corrected cells. However, this 2-fold increase in gene insertion due of the use of AZD7648 will improve
the yield of cells corrected using the universal strategy which can be useful for future cell therapy applications.
In addition to improved cell yield, the cells edited using AZD7648 showed increased CFTR function (93% of non-
CF controls) compared to the cells edited without AZD7648 (75% of non-CF controls) despite having a similar
fraction of tCD19* cells after enrichment. This is likely due to the fact that the use of AZD7648 increased the
number of cells with bi-allelic correction as indicated by an increase in fraction of edited alleles as measured by

ddPCR (Figure 3E). Thus, even though the use of AZD7648 does not enable us to avoid enrichment, it increases

the level of CFTR restoration at least in vitro.

One of the limitations of our study is that we did not evaluate the impact of AZD7648 on the ability of ABCs to
produce all the differentiated airway cells seen in an epithelium. Our results show that ABCs differentiate to
produce a fully mature airway epithelium with ciliated and secretory cells. Our recent study investigated the
regenerative potential of ABCs edited using the universal strategy by evaluating the production of different cell
types through single-cell RNA sequencing.®® Similar studies may be needed to validate that AZD7648 does not

alter the regenerative potential of edited ABCs.

Induced pluripotent stem cells (iPSCs) present an alternative source of cells for a cell therapy. Basal cells have
been derived from iPSCs (iBasal cells) and have been shown to be able to produce a differentiated airway
epithelium in vivo.>”: 8 DNA-PKcs inhibition has been validated to improve gene insertion in iPSCs.%% 43

Therefore, the methods described in this study can be used to create genome edited iBasal cells.

In addition to evaluating the use of AZD7648 to improve gene insertion using the universal strategy, we also
evaluated its impact on safety. NGS was used to evaluate off-target editing at the one known off-target site for
the sgRNA used to insert the CFTR cDNA into the endogenous locus.?® The off-target site corresponds to an
intergenic region in chromosome 5. This off-target site is 10 kb away from the closest gene (sideroflexin 1).1°
The increase in off-target editing between the no compound control and the AZD7648 condition is not significant.
Furthermore, the gene closest to this off-target locus (sideroflexin) is not active in airway cells.'® Further studies
may be needed to assess changes in other possible off-target sites that were previously reported but did not
show significant INDELSs in the absence of AZD7648. Notably, we used a high-fidelity version of Cas9 in these
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studies that reduces off-target activity associated with this sgRNA by almost 10-20 fold.'° The use of wild-type

Cas9 with AZD7648 may thus produce different results.

It has been recently reported that DNA-PKcs may play a role in limiting erroneous chromosomal
rearrangements.>® Our recent study reported that the universal strategy results in translocations with the off-
target site in <0.1% of alleles when measured using chromosomal aberrations analysis by single targeted linker-
mediated PCR sequencing (CAST-seq).®® Notably, the only translocation that was reproducible between
samples was mediated by off-target editing at the previously reported off-target site in chromosome 5.1 38 The
use of high fidelity Cas9 to limit activity in this off-target site is therefore even more necessary when using DNA-
PKcs inhibition. We did not characterize translocations in cells treated with AZD7648. We posit that there may
not be a significant increase in translocations because a translocation in exon 1 of CFTR would most likely
abolish the CFTR function by disrupting the native CFTR promoter. Our data indicate that the airway cells edited
in the presence of AZD7648 showed improved CFTR function relative to those edited in the absence of
AZD7648. Nevertheless, further studies are necessary to evaluate if the use of AZD7648 during gene insertion
increases the frequency of translocations prior to use in the production of a cell therapy for CF using this
approach. In addition, further studies are necessary to evaluate if ABCs edited in the presence of AZD7648

maintain their regenerative potential in vivo.

We also used an NGS panel to evaluate the enrichment of cells with oncogenic mutations in 130 genes
associated with solid tumors. A previous study had reported that the universal strategy does not result in an
enrichment of cells with known oncogenic mutations.'® We observed no increase in the allelic frequencies of
oncogenic mutations relative to the unedited controls in one of the two donors tested. However, we did observe
an increase in cells with mutations in DDX3X only in the presence of AZD7648 in one donor. Overexpression of
DDX3X is present in instances of head and neck squamous cell carcinoma and lung cancer.®® The mutation
prevalence is within the 5% error range of the assay and only present in one of the two donors evaluated. Thus,
it may be necessary to limit the exposure of cells to AZD7648 only to the duration needed for efficient HR
(<24hrs). Furthermore, a test for the enrichment of oncogenic mutations may be necessary as a quality control

step in the production of cell therapies if AZD7648 is used.

Conclusions
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Our experiments show that the inhibition of DNA-PKcs when inserting the full CFTR cDNA into the endogenous
locus is most effective at improving edited cell yield. The addition of AZD7648 did not impact the cells’ ability to
differentiate into functional airway epithelial sheets. The differentiated epithelium composed of cells edited with
AZD7648 showed improved CFTR function when compared with the no compound control. The use of AZD7648

did not significantly increase off-target editing, but further studies need to be conducted to validate whether DNA-

PKcs inhibition increases mutations in oncogenic genes.

MATERIALS AND METHODS

Subject details
De-identified primary airway epithelial basal cells (ABCs) were obtained from the Cure CF Columbus (C3)

Epithelial Cell Core at Nationwide Children’s Hospital, Columbus OH.

Method Details

Tissue culture of primary airway cells

Primary human ABCs were cultured in PneumaCult-Ex Plus (STEMCELL Technologies; 05040) and 10uM
ROCK inhibitor (Y-27632; MedChemExpress; HY-10583) at 3,000 — 10,000 cells/cm? in tissue-culture flasks.
iMatrix (iMatrix-511 silk; Nacalai USA; 892021) was added to the cell culture media at time of plating. The volume
of iMatrix to be added was calculated by halving the surface area of the plate and adding that value in microliters

with the media.

Gene editing of ABCs

Primary ABCs were edited with sgRNA and HR templates specific to the universal correction method. The
genomic target sequence for the sgRNA was TTCCAGAGGCGACCTCTGCA. The cells were cultured in
PneumaCult-Ex Plus with 10 uM ROCK inhibitor and iMatrix. After 5 days of culture, TrypLE Express Enzyme
(TrypLE) (Life Technologies; 12605036) was used to detach cells from the plates. The cells were resuspended
in Opti-MEM (Life Technologies; 31985088) at a density of 10 million cells/mL. For electroporation, 20uL of cells
were used for each condition (~200,000 cells). Lonza 4D-Nucleofector (Lonza; AAF-1003B; AAF-1003X) was
used for electroporation (nucleofection). HiFi Cas9 (6 pg; Integrated DNA Technologies, Coralville, 1A, USA,
10007803) and 3.6 ug of 2’-O-methyl (M), 2’-O-methyl 3’phophorothioate modified sgRNA (MS-sgRNA)

(Synthego Inc, Redwood City, CA, USA) (molar ratio = 1:2.5) were complexed at room temperature for 10min,
13
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mixed with the 20uL of cells suspended in Opti-MEM, and transferred to the nucleofector strip. Cells were then
electroporated using the CA137 program and P3 solution. After electroporation, 80uL of Opti-MEM was added
to each well. HR templates were delivered using AAV serotype 6. The HR sequences were packaged into AAV6
through commercial vendors (Vigene Inc or Signagen). While editing cells using the universal strategy, two AAVs
carrying two-halves of the CFTR cDNA and tCD19 enrichment cassette were added at a multiplicity of infection
(MOI) of 10° genomes per cell, as determined by previous studies.?® While inserting GFP, the AAV carrying the
HR template was added at an MOI of 10° genomes per cell. Edited cells were transferred into multiple wells in a
12-well plate, 6-well plate, or T-75 flask such that the cell density was ~5,000 cells/cm?. PneumaCult-Ex Plus,
rock inhibitor, and iMatrix were added to each well/flask. A final concentration of 0.5uM AZD7648 (MedChem
Express; HY-111783) and 5uM of ART558 (MedChem Express; HY-141520) were added to the cell-culture

media. The media was replaced 24 hours after electroporation.

Primary ABCs were expanded and passaged for 4-5 days after editing and then replated to reduce episomal
AAV expression and further expand edited cells for enrichment. Passaged ABCs were plated on tissue-culture
treated flasks with a surface area of 175 cm?. Fifteen mL of PneumaCult-Ex Plus, 10uM ROCK inhibitor, and
iMatrix were added to each flask. ABCs were detached from the plate with TrypLE 4-5 days after passaging and
enriched for tCD19* cells using MACS. tCD19 was detected using a mouse-anti-human CD19 antibody

(Biolegend; 302256).

Enrichment via magnetic bead separation

ABCs were trypsinized using TryPLE and resuspended into MACS buffer composed of PBS with 2% bovine
growth serum and 2 mM EDTA. The cells were enriched for tCD19" cells with CD19 microbeads (Miltenyi Biotec;
130-050-301) using MACS LS columns (Miltenyi Biotec; 130-042-401) according to the manufacturers protocol.
Prior to magnetic separation the cells were passed through a 5mL, 35uM Cell strainer snap cap (Fisher Scientific;

08-771-23) to obtain a single cell suspension to prevent the column from clogging.

Measuring insertion with flow cytometry

Cells were expanded after passaging or MACS for 4-5 days. The cells were collected using TryPLE and stained
with FITC-anti-CD19 (Biolegend; 302256), AF647-anti-KRT5 (Abcam; ab193895), and anti-P63 (Biolegend;
687202). Isotype antibodies AF647 Rabbit IgG (Abcam; ab199093) for KRT5 and Mouse IgG2b (Biolegend;
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401202) for P63 were used. The P63 antibody and isotype were unconjugated so PE goat-anti-mouse 1gG
(Biolegend; 405307) secondary antibody was used. The percent of tCD19", KRT5*, and P63* cells was quantified
using a BD Pharmingen Fortessa-5 laser flow cytometer. Cells stained with isotype control served as a negative
control for KRT5 and P63. Unedited cells served as the negative control for tCD19. Flow cytometry data was

analyzed using FlowJo (BD Biosciences)

Measuring allelic frequency using ddPCR

Gene insertion was validated and allelic frequency was determined via ddPCR. Cells were suspended using
TryPLE and washed once with Opti-MEM. 50-100,000 cells were pelleted and resuspended in 50uL of Quick
Extract (QE; Lucigen; QE09050) to extract gDNA. The QE suspension was heated at 65°C for 6min and then
98°C for 10min to inactivate QE. The modified CFTR locus was amplified using the primers forward: 5'-
AGCATCACAAATTTCACAAATAAAGCA-3' and reverse: 5-ACCCCAAAATTTTTGTTGGCTGA-3'; and
amplification was quantified using the probe sequence: 5-CACTGCATTCTAGTTGTGGTTTGTCCA-3'. Aregion
in intron 1 of CFTR was used as a reference for allele quantification using ddPCR. The reference region was
amplified using the primers forward: 5-TGCTATGCCAGTACAAACCCA-3' and reverse: 5'-
GGAAACCATACTTCAGGAGCTG-3'; and amplification was quantified using the probe sequence: 5'-
TTGTTTTTGTATCTCCACCCTG-3". The PCR reaction for the amplification of the target and reference
sequences were as follows: (1) initial denaturation at 95°C for 10min, (2) denaturation at 94°C for 30sec, (3)
primer annealing at 56.1°C for 30sec, (4) extension at 72°C for 2min, repeat steps 2-4, 50 times and then (5)
infinitely hold at 12°C. The ramp rate for each step was 2°C/s. The samples were then analyzed using the BioRad

QX Droplet Reader.

Annexin V and propidium iodide staining

Non-CF ABCs were genome edited using the universal strategy. Annexin V apoptosis detection kit with
propidium iodide (PI) from Biolegend (Catalog: 640914) was used as per the instruction manual. Briefly, cells
were washed twice with cold BioLegend's Cell Staining Buffer (Catalog: 420201), and then resuspend cells in
100 pL of Annexin V Binding Buffer. 5 pL of FITC Annexin V and 10 pL of Pl were added. The cells were gently

vortexed and incubated for 15 min at room temperature (25°C) in the dark. 400 pL of Annexin V binding buffer
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was added to each tube. ABCs treated with only FITC Annexin and only Pl were used to set compensation
parameters. Annexin V and PI staining in unedited control ABCs and ABCs edited in the presence of AZD7648

and/or ART558 were then evaluated.

Off-target Next-Generation Sequencing

After passaging and expanding corrected cells for 4-5 days, they were suspended in TryPLE and washed with
Opti-MEM. Cells (50-100,000 cells) were pelleted and resuspended in 50uL of Quick extract (QE; Lucigen;
QE09050) to extract gDNA. The QE suspension was heated at 65°C for 6min and then 98°C for 10min to

inactivate QE. The one known off-target site was amplified using the primers

forward: 5-ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGACATCCCTTCCCTGAGCCTCTCT-3’ and

reverse 5-GACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTGCACTCCAGCCTGAGCAA-3'.

The DNA was purified using the GenelJet Gel Extraction Kit (ThermoFisher; K0691) according to the
manufacturers protocol and sent to Azenta for NGS. The percent of modified alleles different from the reference

sequence was quantified using Azenta’s pipeline.

ALl culture of corrected ABCs

Cells were suspended using TryPLE 4-5 days after passaging or MACS enrichment. Cells (30-60,000 cells) were
plated in 6.5mm Transwell plates with a 0.4um pore polyester membrane insert (STEMCELL Technologies;
38024). PneumacCult-Ex Plus (500uL) and 0.5pL of 10uM rock inhibitor was added to the basal compartment
and 200uL PneumaCult-Ex Plus, 0.2uL of 0.5uM rock inhibitor, and 0.5uL of iMatrix were added to the apical
compartment of each well. The cells remained in this medium until reaching confluence at which time the apical
medium was removed and the basal medium was replaced with ALI medium obtained from the University of

North Carolina Cell Core. The cells were allowed to differentiate for 4-weeks.

Ussing chamber functional assays

Ussing chamber measurements were performed on edited CF donor and non-CF donor cells differentiated on
ALI transwells for a duration of 4 weeks. For chloride-secretion experiments solutions were as follows : apical:
120mM Na(gluconate), 26mM NaHCO;, 3.3mM KH;PO4, 0.8mM K;HPO4, 4mM Ca(gluconate),, 1.2mM

Mg(gluconate),, and 10mM mannitol, and basolateral: 120mM NacCl, 25mM NaHCOs; , 3.3mM KHzPO4, 0.8mM
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KoHPO4, 1.2mM CaClz, 1.2mM MgCl,, and 10mM glucose. The concentration of ion channel activators and
inhibitors was as follows: amiloride (10uM, apical), forskolin (10uM, bilateral; Abcam #ab120058), VX-770
(10uM, apical; SelleckChem #S1144), CFTRinn-172 (20uM, apical; Sigma Millipore #C2992), and uridine
triphosphate (UTP; 100uM, apical; ThermoScientific Chemicals #AAJ63427MC). The Ussing chamber system
used was a VCC MC6 (Physiologic Instruments Inc. San Diego, CA) with the U2500 Self-contained Ussing

chambers (Warner Instruments, Hamden CT).

Trans-electrical epithelial resistance (TEER)
TEER was recorded from the Ussing chamber system prior once currents had stabilized after mounting samples

into the U2500 Self-contained Ussing chambers. TEER is expressed in Ohms.cm?.

Immunoblotting

Cells were lysed in TN1 lysis buffer [50mM Tris pH 8.0, 10mM EDTA, 10mM NasP,07, 10mM NaF, 1% Triton-X
100, 125mM NacCl, 10mM NazVO., and a cocktail of protease inhibitors (Roche Applied Science, Indianapolis,
IN)]. Immunoblotting was performed as previously described (Wellmerling et al. 2022 FASEB J.). Briefly, 20-
40ug of total proteins were separated with SDS-PAGE in 4-15% polyacrylamide gel and then transferred to
polyvinylidenedifluoride (PVDF) membranes (Bio-Rad, Hercules, CA). The membranes were blocked with 5%
non-fat milk and immunoblotted with primary antibodies against CFTR (769 from the UNC distribution program)
or GAPDH (Santa Cruz Biotechnology, Dallas, TX), followed by appropriate HRP-conjugated secondary antibody
(Pierce, Rockford, IL). The signals were detected with enhanced chemiluminescence (Clarity Western ECL
substrate and Clarity MAX Western ECL substrate, Bio-Rad, Hercules, CA). The protein bands were scanned

using ChemiDoc (Bio-Rad, Hercules, CA).
Stanford STAMP

CF-donor cells edited using the universal strategy and enriched for tCD19 were expanded for 4-5 days, collected,
and the gDNA was extracted using the GeneJET gDNA Purification Kit (Thermofisher; KO722). NGS of each
sample was performed at Stanford Molecular Genetic Pathology Clinical Laboratory to quantify mutation in 130
genes (e.g. TP53, EGFR, KRA5, NRAS) identified in the Stanford STAMP. %163 The Stanford STAMP assay has

been clinically validated and can detect variants and variant allele fraction as low as 5%.
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Immunostaining for epithelial cell characterization

CF-donor cells edited in the presence of AZD7648 and differentiated on ALI transwells for a duration of 4 weeks
were stained for cytokeratin 5 (KRT5), acetylated tubulin (ACT), and CD66¢ to identify basal, ciliated, and
secretory cells, respectively. The cells were washed with F-12 (1X) Nutrient Mixture (Ham) (Gibco; 11765054)
for 10 minutes on ice. The ALIs were fixed in a solution of 3% sucrose and 4% paraformaldehyde in PBS for a
duration of 20 minutes on ice and then washed with PBS. Mouse anti-ACT (Sigma-Aldrich; T6793) was diluted
1:8000. 200pL of the diluted anti-ACT antibody was added to the ALI transwells and incubated overnight at 4°C.
The primary antibodies were removed, ALI transwells were washed with PBS, and 200 pL of secondary antibody
was added to the ALI transwells. AF488 Donkey anti-rabbit (Life Technologies; A21206) was diluted 1:200 in
staining buffer. The ALI transwells were incubated in secondary antibody for a duration of 1 hour. The secondary
antibodies were removed, washed with PBS, and Recombinant Alexa Fluor 647 anti-Cytokeratin 5 antibody
diluted 1:200 (Abcam, ab193895), mouse anti-CD66¢ conjugated with PE (Thermoscientific; 12-0667-42) and
DAPI (Sigma-Aldrich; D9542) diluted 1:1000 in staining buffer were added to the ALI transwells and incubated

for 1 hour. The ALI transwells were washed with PBS, placed on slides using Fluoromount-G Mounting Medium

(Invitrogen; 00-4958-02), and cover slipped.

Microscopy

Transwell slides were imaged on a motorized Eclipse Ti2-E inverted microscope (Nikon Instruments) with a
SOLA LED engine (Lumencor) and an ORCA Fusion CMOS camera (Hamamatsu). Semrock filter sets were
used for individual DAPI, GFP, TRITC, and Cy5 channels. Multichannel images were captured as Z-stacks using
NIS-Elements AR software (Nikon Instruments, v. 5.30) with 20x Plan Apochromat Lambda objectives (Nikon
Instruments) for a final resolution of 0.32 um/pixel. The Z-stacks were compressed into 2D images using the

Extended Depth of Focus (EDF) module in NIS-Elements.

Statistical analysis
Statistical significance was assessed using Wilcoxon matched-pairs significant rank test (Figure 1). One-way
analysis of variance (ANOVA) followed by multiple comparisons using Tukey’s test. Paired T-test (two-tailed)

was performed also.

18


https://doi.org/10.1101/2024.08.12.607571
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.12.607571; this version posted August 12, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Keywords: Cystic fibrosis, CFTR super-exon, DNA-PKcs inhibition, airway stem cell therapy, CFTR

genome editing, universal CFTR correction, sequential gene insertion

Acknowledgments:

We thank Dr. Matthew Porteus from Stanford University for the plasmids associated with the universal strategy.
Research was supported by Cystic Fibrosis Foundation K-Booster (VAIDYA22A0-KB) and NIH (R0O0 HL151900).
The Cure Cystic Fibrosis Columbus (C3) Epithelial Cell Core (ECC) at Nationwide Children’s Hospital (NCH)
and The Ohio State University (OSU) provided primary human airway stem cells, advice, and tools for this work,
with the help of the NCH Biopathology Center Core and Data Collaboration Team. C3 is supported by a Cystic
Fibrosis Foundation Research Development Program Grant (MCCOY17R2), the NCH Division of Pediatric
Pulmonary Medicine (MCCOY19Ro0), and the OSU Center for Clinical and Translational Science

(UL1TRO02733).

Author Contributions
Conceptualization, S.V., J.T.S, R.R, E.C.B; methodology, S.V., J.T.S, R.E.R, E.C.B; investigation, S.V., J.T.S,
R.E.R, E.C.B..K.LK, C.J.S, S.H.K; R.N and T.A.V. writing, J.T.S, S.V. All authors participated in the design

and conception of experiments and provided editorial feedback on the manuscript.

Declaration of Interests

None of the authors have any conflict to declare.

Data Availability Statement
The data supporting the findings presented in this study are available on request from the corresponding author,

S.V.

19


https://doi.org/10.1101/2024.08.12.607571
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.12.607571; this version posted August 12, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

REFERENCES

1. De Boeck, K (2020). Cystic fibrosis in the year 2020: A disease with a new face. Acta Paediatrica 109:
893-899.

2. Sharma, PB, Sathe, M, and Savant, AP (2021). Year in Review 2020: Multisystemic impact of cystic

fibrosis. Pediatr Pulmonol 56: 3110-3119.

3. Shah, VS, Ernst, S, Tang, XX, Karp, PH, Parker, CP, Ostedgaard, LS, and Welsh, MJ (2016).
Relationships among CFTR expression, HCO3- secretion, and host defense may inform gene- and
cell-based cystic fibrosis therapies. Proceedings of the National Academy of Sciences 113: 5382-5387.

4. Pezzulo, AA, Tang, XX, Hoegger, MJ, Abou Alaiwa, MH, Ramachandran, S, Moninger, TO, Karp, PH,
Wohlford-Lenane, CL, Haagsman, HP, van Eijk, M, et al. (2012). Reduced airway surface pH impairs
bacterial killing in the porcine cystic fibrosis lung. Nature 487: 109-113.

5. Okuda, K, Shaffer, KM, and Ehre, C (2022). Mucins and CFTR: Their Close Relationship. International
Journal of Molecular Sciences, vol. 23.

6. Van Goor, F, Hadida, S, Grootenhuis, PD, Burton, B, Cao, D, Neuberger, T, Turnbull, A, Singh, A,
Joubran, J, Hazlewood, A, et al. (2009). Rescue of CF airway epithelial cell function in vitro by a CFTR
potentiator, VX-770. Proc Natl Acad Sci U S A 106: 18825-18830.

7. Keating, D, Marigowda, G, Burr, L, Daines, C, Mall, MA, McKone, EF, Ramsey, BW, Rowe, SM, Sass,
LA, Tullis, E, et al. (2018). VX-445-Tezacaftor-lvacaftor in Patients with Cystic Fibrosis and One or Two
Phe508del Alleles. N Engl J Med 379: 1612-1620.

8. Barry, PJ, Mall, MA, Alvarez, A, Colombo, C, de Winter-de Groot, KM, Fajac, |, McBennett, KA,
McKone, EF, Ramsey, BW, Sutharsan, S, et al. (2021). Triple Therapy for Cystic Fibrosis Phe508del-
Gating and -Residual Function Genotypes. N Engl J Med 385: 815-825.

9. Schrijver, |, Pique, L, Graham, S, Pearl, M, Cherry, A, and Kharrazi, M (2016). The Spectrum of CFTR
Variants in Nonwhite Cystic Fibrosis Patients: Implications for Molecular Diagnostic Testing. J Mol
Diagn 18: 39-50.

10. Vaidyanathan, S, Baik, R, Chen, L, Bravo, DT, Suarez, CJ, Abazari, SM, Salahudeen, AA, Dudek, AM,
Teran, CA, Davis, TH, et al. (2022). Targeted replacement of full-length CFTR in human airway stem

cells by CRISPR-Cas9 for pan-mutation correction in the endogenous locus. Mol Ther 30: 223-237.
20


https://doi.org/10.1101/2024.08.12.607571
http://creativecommons.org/licenses/by-nc-nd/4.0/

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.12.607571; this version posted August 12, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

McGarry, ME, and McColley, SA (2021). Cystic fibrosis patients of minority race and ethnicity less likely
eligible for CFTR modulators based on CFTR genotype. Pediatr Pulmonol 56: 1496-1503.

Lieu, N, Prentice, BJ, Field, P, and Fitzgerald, DA (2023). Trials and tribulations of highly effective
modulator therapies in cystic fibrosis. Paediatric Respiratory Reviews 48: 10-19.

Ensinck, MM, and Carlon, MS (2022). One Size Does Not Fit All: The Past, Present and Future of
Cystic Fibrosis Causal Therapies. Cells 11.

Alton, E, Armstrong, DK, Ashby, D, Bayfield, KJ, Bilton, D, Bloomfield, EV, Boyd, AC, Brand, J, Buchan,
R, Calcedo, R, et al. (2015). Repeated nebulisation of non-viral CFTR gene therapy in patients with
cystic fibrosis: a randomised, double-blind, placebo-controlled, phase 2b trial. Lancet Respir Med 3:
684-691.

Griesenbach, U, Pytel, KM, and Alton, EW (2015). Cystic Fibrosis Gene Therapy in the UK and
Elsewhere. Hum Gene Ther 26: 266-275.

Wagner, JA, Nepomuceno, IB, Messner, AH, Moran, ML, Batson, EP, Dimiceli, S, Brown, BW, Desch,
JK, Norbash, AM, Conrad, CK, et al. (2002). A phase IlI, double-blind, randomized, placebo-controlled
clinical trial of tgAAVCF using maxillary sinus delivery in patients with cystic fibrosis with antrostomies.
Hum Gene Ther 13: 1349-1359.

Cheng, Q, Wei, T, Farbiak, L, Johnson, LT, Dilliard, SA, and Siegwart, DJ (2020). Selective organ
targeting (SORT) nanopatrticles for tissue-specific mRNA delivery and CRISPR-Cas gene editing. Nat
Nanotechnol 15: 313-320.

Robinson, E, MacDonald, KD, Slaughter, K, McKinney, M, Patel, S, Sun, C, and Sahay, G (2018). Lipid
Nanoparticle-Delivered Chemically Modified mMRNA Restores Chloride Secretion in Cystic Fibrosis. Mol
Ther 26: 2034-2046.

Yan, Z, Zou, W, Feng, Z, Shen, W, Park, SY, Deng, X, Qiu, J, and Engelhardt, JF (2019).
Establishment of a High-Yield Recombinant Adeno-Associated Virus/Human Bocavirus Vector
Production System Independent of Bocavirus Nonstructural Proteins. Hum Gene Ther 30: 556-570.
Steines, B, Dickey, DD, Bergen, J, Excoffon, KJ, Weinstein, JR, Li, X, Yan, Z, Abou Alaiwa, MH, Shah,
VS, Bouzek, DC, et al. (2016). CFTR gene transfer with AAV improves early cystic fibrosis pig

phenotypes. JCI Insight 1: e88728.

21


https://doi.org/10.1101/2024.08.12.607571
http://creativecommons.org/licenses/by-nc-nd/4.0/

21.

22.

23.

24.

25.

26.

27.

28.

29.

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.12.607571; this version posted August 12, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Excoffon, KJ, Koerber, JT, Dickey, DD, Murtha, M, Keshavjee, S, Kaspar, BK, Zabner, J, and Schaffer,
DV (2009). Directed evolution of adeno-associated virus to an infectious respiratory virus. Proceedings
of the National Academy of Sciences 106: 3865-3870.

Zuckerman, JB, Robinson, CB, McCoy, KS, Shell, R, Sferra, TJ, Chirmule, N, Magosin, SA, Propert,
KJ, Brown-Parr, EC, Hughes, JV, et al. (1999). A phase | study of adenovirus-mediated transfer of the
human cystic fibrosis transmembrane conductance regulator gene to a lung segment of individuals with
cystic fibrosis. Hum Gene Ther 10: 2973-2985.

Nathwani, AC, Reiss, UM, Tuddenham, EG, Rosales, C, Chowdary, P, Mclintosh, J, Della Peruta, M,
Lheriteau, E, Patel, N, Raj, D, et al. (2014). Long-term safety and efficacy of factor IX gene therapy in
hemophilia B. N Engl J Med 371: 1994-2004.

Marquez Loza, LI, Cooney, AL, Dong, Q, Randak, CO, Rivella, S, Sinn, PL, and McCray, PB, Jr.
(2021). Increased CFTR expression and function from an optimized lentiviral vector for cystic fibrosis
gene therapy. Mol Ther Methods Clin Dev 21: 94-106.

Cooney, AL, Abou Alaiwa, MH, Shah, VS, Bouzek, DC, Stroik, MR, Powers, LS, Gansemer, ND,
Meyerholz, DK, Welsh, MJ, Stoltz, DA, et al. (2016). Lentiviral-mediated phenotypic correction of cystic
fibrosis pigs. JCI Insight 1.

Senior, M (2023). Fresh from the biotech pipeline: fewer approvals, but biologics gain share. Nat
Biotechnol 41: 174-182.

Bueren, JA, and Auricchio, A (2023). Advances and Challenges in the Development of Gene Therapy
Medicinal Products for Rare Diseases. Human Gene Therapy 34: 763-775.

Vaidyanathan, S, Salahudeen, AA, Sellers, ZM, Bravo, DT, Choi, SS, Batish, A, Le, W, Baik, R, de la,
OS, Kaushik, MP, et al. (2020). High-Efficiency, Selection-free Gene Repair in Airway Stem Cells from
Cystic Fibrosis Patients Rescues CFTR Function in Differentiated Epithelia. Cell Stem Cell 26: 161-
171.e164.

Krishnamurthy, S, Traore, S, Cooney, AL, Brommel, CM, Kulhankova, K, Sinn, PL, Newby, GA, Liu,
DR, and McCray, PB (2021). Functional correction of CFTR mutations in human airway epithelial cells

using adenine base editors. Nucleic Acids Res 49: 10558-10572.

22


https://doi.org/10.1101/2024.08.12.607571
http://creativecommons.org/licenses/by-nc-nd/4.0/

30.

31.

32.

33.

34.

35.

36.

37.

38.

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.12.607571; this version posted August 12, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Bulcaen, M, Kortleven, P, Liu, RB, Maule, G, Dreano, E, Kelly, M, Ensinck, MM, Thierie, S, Smits, M,
Ciciani, M, et al. (2024). Prime editing functionally corrects cystic fibrosis-causing CFTR mutations in
human organoids and airway epithelial cells. Cell Rep Med: 101544.

Suzuki, S, Crane, AM, Anirudhan, V, Barilla, C, Matthias, N, Randell, SH, Rab, A, Sorscher, EJ,
Kerschner, JL, Yin, S, et al. (2020). Highly Efficient Gene Editing of Cystic Fibrosis Patient-Derived
Airway Basal Cells Results in Functional CFTR Correction. Mol Ther 28: 1684-1695.

Porteus, MH (2019). A New Class of Medicines through DNA Editing. New England Journal of Medicine
380: 947-959.

Tiroille, V, Krug, A, Bokobza, E, Kahi, M, Bulcaen, M, Ensinck, MM, Geurts, MH, Hendriks, D,
Vermeulen, F, Larbret, F, et al. (2023). Nanoblades allow high-level genome editing in murine and
human organoids. Molecular Therapy - Nucleic Acids 33: 57-74.

Wei, T, Sun, Y, Cheng, Q, Chatterjee, S, Traylor, Z, Johnson, LT, Coquelin, ML, Wang, J, Torres, MJ,
Lian, X, et al. (2023). Lung SORT LNPs enable precise homology-directed repair mediated
CRISPR/Cas genome correction in cystic fibrosis models. Nature Communications 14: 7322.

Dever, DP, Bak, RO, Reinisch, A, Camarena, J, Washington, G, Nicolas, CE, Pavel-Dinu, M, Saxena,
N, Wilkens, AB, Mantri, S, et al. (2016). CRISPR/Cas9 3-globin gene targeting in human
haematopoietic stem cells. Nature 539: 384-389.

Martin, RM, Ikeda, K, Cromer, MK, Uchida, N, Nishimura, T, Romano, R, Tong, AJ, Lemgart, VT,
Camarena, J, Pavel-Dinu, M, et al. (2019). Highly Efficient and Marker-free Genome Editing of Human
Pluripotent Stem Cells by CRISPR-Cas9 RNP and AAV6 Donor-Mediated Homologous Recombination.
Cell Stem Cell 24: 821-828.e825.

Plasschaert, LW, Zilionis, R, Choo-Wing, R, Savova, V, Knehr, J, Roma, G, Klein, AM, and Jaffe, AB
(2018). A single-cell atlas of the airway epithelium reveals the CFTR-rich pulmonary ionocyte. Nature
560: 377-381.

Vaidyanathan, S, Kerschner, JL, Paranjapye, A, Sinha, V, Lin, B, Bedrosian, TA, Thrasher, AJ,
Turchiano, G, Harris, A, and Porteus, MH. Investigating Adverse Genomic and Regulatory Changes
Caused by Replacement of the Full-length CFTR cDNA Using Cas9 and AAV. Molecular Therapy -

Nucleic Acids.

23


https://doi.org/10.1101/2024.08.12.607571
http://creativecommons.org/licenses/by-nc-nd/4.0/

39.

40.

41.

42.

43.

44,

45,

46.

47.

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.12.607571; this version posted August 12, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Hayes, D, Jr., Kopp, BT, Hill, CL, Lallier, SW, Schwartz, CM, Tadesse, M, Alsudayri, A, and Reynolds,
SD (2019). Cell Therapy for Cystic Fibrosis Lung Disease: Regenerative Basal Cell Amplification. Stem
Cells Transl Med 8: 225-235.

Butler, CR, Hynds, RE, Gowers, KH, Lee Ddo, H, Brown, JM, Crowley, C, Teixeira, VH, Smith, CM,
Urbani, L, Hamilton, NJ, et al. (2016). Rapid Expansion of Human Epithelial Stem Cells Suitable for
Airway Tissue Engineering. Am J Respir Crit Care Med 194: 156-168.

Ghosh, M, Ahmad, S, White, CW, and Reynolds, SD (2016). Transplantation of Airway Epithelial
Stem/Progenitor Cells: A Future for Cell-Based Therapy. American Journal of Respiratory Cell and
Molecular Biology 56: 1-10.

Selvaraj, S, Feist, WN, Viel, S, Vaidyanathan, S, Dudek, AM, Gastou, M, Rockwood, SJ, Ekman, FK,
Oseghale, AR, Xu, L, et al. (2023). High-efficiency transgene integration by homology-directed repair in
human primary cells using DNA-PKcs inhibition. Nat Biotechnol.

Wimberger, S, Akrap, N, Firth, M, Brengdahl, J, Engberg, S, Schwinn, MK, Slater, MR, Lundin, A,
Hsieh, P-P, Li, S, et al. (2023). Simultaneous inhibition of DNA-PK and Pol© improves integration
efficiency and precision of genome editing. Nature Communications 14: 4761.

Riesenberg, S, Kanis, P, Macak, D, Wollny, D, Disterhéft, D, Kowalewski, J, Helmbrecht, N, Maricic, T,
and Paabo, S (2023). Efficient high-precision homology-directed repair-dependent genome editing by
HDRobust. Nature Methods 20: 1388-1399.

Wimberger, S, Akrap, N, Firth, M, Brengdahl, J, Engberg, S, Schwinn, MK, Slater, MR, Lundin, A,
Hsieh, PP, Li, S, et al. (2023). Simultaneous inhibition of DNA-PK and Pol© improves integration
efficiency and precision of genome editing. Nat Commun 14: 4761.

Cradick, TJ, Fine, EJ, Antico, CJ, and Bao, G (2013). CRISPR/Cas9 systems targeting 3-globin and
CCR5 genes have substantial off-target activity. Nucleic Acids Research 41: 9584-9592.

Vakulskas, CA, Dever, DP, Rettig, GR, Turk, R, Jacobi, AM, Collingwood, MA, Bode, NM, McNeill, MS,
Yan, S, Camarena, J, et al. (2018). A high-fidelity Cas9 mutant delivered as a ribonucleoprotein
complex enables efficient gene editing in human hematopoietic stem and progenitor cells. Nat Med 24:

1216-1224.

24


https://doi.org/10.1101/2024.08.12.607571
http://creativecommons.org/licenses/by-nc-nd/4.0/

48.

49.

50.

51.

52.

53.

54.

55.

56.

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.12.607571; this version posted August 12, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Haapaniemi, E, Botla, S, Persson, J, Schmierer, B, and Taipale, J (2018). CRISPR-Cas9 genome
editing induces a p53-mediated DNA damage response. Nature Medicine 24: 927-930.

Ihry, RJ, Worringer, KA, Salick, MR, Frias, E, Ho, D, Theriault, K, Kommineni, S, Chen, J, Sondey, M,
Ye, C, et al. (2018). p53 inhibits CRISPR-Cas9 engineering in human pluripotent stem cells. Nature
Medicine 24: 939-946.

Gomez-Ospina, N, Scharenberg, SG, Mostrel, N, Bak, RO, Mantri, S, Quadros, RM, Gurumurthy, CB,
Lee, C, Bao, G, Suarez, CJ, et al. (2019). Human genome-edited hematopoietic stem cells
phenotypically correct Mucopolysaccharidosis type I. Nature Communications 10: 4045.

Cromer, MK, Barsan, VV, Jaeger, E, Wang, M, Hampton, JP, Chen, F, Kennedy, D, Xiao, J,
Khrebtukova, I, Granat, A, et al. (2022). Ultra-deep sequencing validates safety of CRISPR/Cas9
genome editing in human hematopoietic stem and progenitor cells. Nature Communications 13: 4724.
Ning, K, Zhang, X, Feng, Z, Hao, S, Kuz, CA, Cheng, F, Park, SY, McFarlin, S, Engelhardt, JF, Yan, Z,
et al. (2023). Inhibition of DNA-dependent protein kinase catalytic subunit boosts rAAV transduction of
polarized human airway epithelium. Mol Ther Methods Clin Dev 31: 101115.

Schimmel, J, Mufioz-Subirana, N, Kool, H, van Schendel, R, van der Vlies, S, Kamp, JA, de Vrij, FMS,
Kushner, SA, Smith, GCM, Boulton, SJ, et al. (2023). Modulating mutational outcomes and improving
precise gene editing at CRISPR-Cas9-induced breaks by chemical inhibition of end-joining pathways.
Cell Reports 42: 112019.

Cooney, AL, Brommel, CM, Traore, S, Newby, GA, Liu, DR, McCray, PB, Jr., and Sinn, PL (2023).
Reciprocal mutations of lung-tropic AAV capsids lead to improved transduction properties. Front
Genome Ed 5: 1271813.

Riesenberg, S, Kanis, P, Macak, D, Wollny, D, Disterhoéft, D, Kowalewski, J, Helmbrecht, N, Maricic, T,
and Paabo, S (2023). Efficient high-precision homology-directed repair-dependent genome editing by
HDRobust. Nat Methods 20: 1388-1399.

Bak, RO, and Porteus, MH (2017). CRISPR-Mediated Integration of Large Gene Cassettes Using AAV

Donor Vectors. Cell Rep 20: 750-756.

25


https://doi.org/10.1101/2024.08.12.607571
http://creativecommons.org/licenses/by-nc-nd/4.0/

57.

58.

59.

60.

61.

62.

63.

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.12.607571; this version posted August 12, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Ma, L, Thapa, BR, Le Suer, JA, Tilston-LUnel, A, Herriges, MJ, Berical, A, Beermann, ML, Wang, F,
Bawa, PS, Kohn, A, et al. (2023). Airway stem cell reconstitution by the transplantation of primary or
pluripotent stem cell-derived basal cells. Cell Stem Cell 30: 1199-1216.e1197.

Hawkins, FJ, Suzuki, S, Beermann, ML, Barilla, C, Wang, R, Villacorta-Martin, C, Berical, A, Jean, JC,
Le Suer, J, Matte, T, et al. (2021). Derivation of Airway Basal Stem Cells from Human Pluripotent Stem
Cells. Cell Stem Cell 28: 79-95.e78.

Jinglong, W, Cheyenne, AS, and Richard, LF (2024). DNA-PKcs Suppresses lllegitimate Chromosome
Rearrangements. bioRxiv: 2023.2012.2030.573736.

Mo, J, Liang, H, Su, C, Li, P, Chen, J, and Zhang, B (2021). DDX3X: structure, physiologic functions
and cancer. Mol Cancer 20: 38.

Newman, AM, Bratman, SV, To, J, Wynne, JF, Eclov, NCW, Modlin, LA, Liu, CL, Neal, JW, Wakelee,
HA, Merritt, RE, et al. (2014). An ultrasensitive method for quantitating circulating tumor DNA with
broad patient coverage. Nature Medicine 20: 548-554.

Hadd, AG, Houghton, J, Choudhary, A, Sah, S, Chen, L, Marko, AC, Sanford, T, Buddavarapu, K,
Krosting, J, Garmire, L, et al. (2013). Targeted, high-depth, next-generation sequencing of cancer
genes in formalin-fixed, paraffin-embedded and fine-needle aspiration tumor specimens. J Mol Diagn
15: 234-247.

Wong, SQ, Li, J, Tan, AY, Vedururu, R, Pang, JM, Do, H, Ellul, J, Doig, K, Bell, A, MacArthur, GA, et al.
(2014). Sequence artefacts in a prospective series of formalin-fixed tumours tested for mutations in

hotspot regions by massively parallel sequencing. BMC Med Genomics 7: 23.

26


https://doi.org/10.1101/2024.08.12.607571
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.12.607571; this version posted August 12, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A B Edi
: . ited
GFP Insertion AAV Only Edited (+AZD7648)
DSB' 10(75? 107 10’ T
107 GFP+ 10°%1 GFP+ 10°7 GFP+
& 1051 #-24 5 23.6 5 46.6
16.10- i %103 : %103,,
10 5 1013 10*1
I§ Ex 1 SFFV NGFRIpA Ex 1 SIEEFCHE 0} P 2| B
10 i 1 10 , ; 10 , .
0 5.0M 15M 0 5.0M 15M 0 5.0M 15M
FSC-A :: FSC-A FSC-A :: FSC-A FSC-A :: FSC-A
C  AzD7648Improves D AZD7648 Does not
GFP Insertion Reduce ABC Proliferation
150 =
< x 10000007 | |
2 100- § 1
@ (3]
= © //— = 500000-
a a _ (&]
- 0-
AZD7648 - + &
*® 4P
E =
CFTR cDNA . Edited
. AAV Onl Edi
DSBy Insertion Qnly clted (+AZD7648)
71 X
106' 107-
2103 C. 2 10°]
8 s g g s
Template 1 7 10°: tCD19+ | & tCD19+ | & 101 tCD19+
m é 10+ 0.74 é 245 | B 0% 6.54
- 3 - B 3]
\ 1051 10,1
10 ; : 10 . .
[‘,E tCD19 3"] 0 5.0M 15M 0 5.0M 15M 0 5.0M 15M
FSC-A :: FSC-A FSC-A :: FSC-A FSC-A :: FSC-A
Template 2
G H

AZD7648 Improves
CFTR cDNA Insertion

AZD7648 Improves
CFTR cDNA Insertion

ns

;\?25' *% 500000 l_l

@ 207 £ 400000+ .

S 157 3 300000 1

& 101 3 200000

9 ¥ 100000-

= 0—— 0-
AZD7648 -  + d @

27


https://doi.org/10.1101/2024.08.12.607571
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.12.607571; this version posted August 12, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 1. Insertion of GFP and CFTR cDNA in non-CF ABCs in the presence of AZD7648.

(A) Schematic of the template used for knocking in a GFP expression cassette into exon 1 of CFTR using Cas9
RNP/AAV based gene editing. (B) Representative flow cytometry plots of cells edited in the presence of AZD7648
and AAV only controls. (C) Insertion of GFP in three biological replicates (2 technical replicates per donor). (D)
Proliferation of ABCs edited to insert GFP in the presence of AZD7648 was not different from ABCs edited
without AZD7648 measured 5 days after editing. (E) Schematic showing insertion of the CFTR cDNA and tCD19
enrichment tag into exon 1 of the CFTR locus using the sequential insertion strategy (universal strategy). The
second insertion is initiated by including the same sgRNA sequence from exon 1 of CFTR at the end of the first
template. The CFTR cDNA is followed by a BGH polyA tail. The tCD19 cassette is driven by a PGK promoter
and has an SV40 polyA tail. (F) Representative flow cytometry plots depicting tCD19 expression in the presence
of AZD7648 or AAV only controls. The AAV only plot depicts the minimal episomal expression from the use of
AAV. (G) Expression of tCD19 in edited non-CF ABCs in the presence of AZD7648. Presented data is from four
biological replicates (2 technical replicates per donor). (H) Proliferation of ABCs after CFTR cDNA and tCD19
insertion in the presence of AZD7648 in comparison to ABCs edited without AZD7648 measured on day 5 after
editing. All statistical significance was assessed using Wilcoxon matched-pairs significant rank test. **, *

represent p < 0.01 and 0.05 respectively. Cpd = compound.
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Figure 2. Insertion of GFP and tCD19 in non-CF ABCs in the presence of ART558 and AZD7648. (A)
Representative flow cytometry plot showing the percent of GFP* cells after genome editing performed in the
presence of AZD7648 alone, or AZD7648 and ART558. (B) GFP* cells measured from three different donors
with the addition of AZD7648 alone, or AZD7648 and ART558. (C) Cell proliferation assessed when AZD7648
and ART558 compared with the AZD7648 only condition. (D) Representative flow cytometry plots of edited non-
CF ABCs edited using the universal strategy in the presence of AZD7648 alone, or AZD7648 and ART558. (E)
tCD19 expression in non-CF ABCs with the addition of AZD7648 alone, or AZD7648 and ART558. (F) Cell
proliferation of ABCs edited using the universal strategy in the presence of AZD7648 only, or AZD7648 and
ART558. (G) Relative edited cell yield between the AZD7648 only, or AZD7648 and ART558 conditions. All

statistical significance was assessed using one-way ANOVA followed by Tukey’s test, or by ratio paired T-test.

wRRR kR * represent p < 0.0005, 0.01and 0.05 respectively. Cpd = compound.
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Figure 3. Primary human CF ABCs edited for CFTR cDNA insertion in the presence of AZD7648. (A)
Insertion of tCD19 in CF-donor ABCs edited using the universal strategy. (B) The proliferation of edited CF ABCs
was assessed 5 days after editing, with or without AZD7648. (C) The edited cell population was enriched for
tCD19" cells. (D) The enriched population was stained and evaluated for the presence of basal stem cell markets,
P63 and KRT5, via flow cytometry. There was no significant difference in the percent of cells positive for P63
and KRT5 between the different conditions tested. (E) CF ABCs edited with or without AZD7648 were assessed
for allelic frequency of tCD19" alleles. (F) Enriched, edited CF cells were sequenced for off-target activity
associated with the one known off-target site for the sgRNA used in editing. Off-target editing was not significantly

different between the different conditions by one way ANOVA. Cpd = compound. * represents p < 0.05 in all

panels.
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Figure 4. Differentiation and expression of CFTR in edited CF airway cells after differentiation on ALI
transwells. WT non-CF ABCs and edited CF ABCS (with or without AZD7648) were differentiated on ALI
transwells for at least 4 weeks. (A) After differentiation, transepithelial electrical resistance (TEER) was assessed
in unedited CF controls (mock) and edited (No AZD7648 and AZD7648) samples. (B) Differentiated ALI cultures
contained ciliated cells expressing acetylated tubulin and secretory cells positive for CD66. (C)CFTR protein
expression in differentiated airway cells from non-CF, uncorrected CF and corrected CF samples (with and
without AZD7648) was assessed using immunoblotting. (D) Ussing chamber analysis was conducted to evaluate
CFTR function of differentiated ALI cultures. Representative traces from fully differentiated ALI cultures derived
from non-CF ABCs (WT), unedited CF ABCs (Mock), CF ABCs edited without AZD7648, and CF ABCs edited
with AZD7648 are displayed. (E) Percent of CFTR function (assessed from CFTRimn-172 response) in CF edited
and unedited samples relative to non-CF controls is plotted against %tCD19* cells. 20% CFTR function relative
to non-CF controls is thought to be therapeutically relevant. (F) Change (Alsc) in CFTR inhibition as assessed
from CFTRinn-172 responses. When compared using one way ANOVA followed by Tukey’s test, the average

Alsc values from CF samples corrected with or without AZD7648 were significantly higher than Alsc values

uncorrected CF samples (p < 0.005). They were not significantly different from each other or the non-CF controls.
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Table 1. Summary of percent editing in CF ABCs and relative restoration of CFTR function in differentiated

airway cells derived from edited ABCs as measured by responses to CFTRmn-172

No compounds

Patient Editing Efficiency CFTRinn-172 currents  Percentage of non-

(% tCD19" Cells) (LA/Ccm?) CF-inhibitable current
(%)
1 72.70 -21.74 162.01
1 72.70 -22.22 165.59
2 56.10 -4.57 34.06
2 56.10 -2.78 20.72
3 70.50 -8.47 63.12
3 70.50 -7.87 58.65
4 52.10 -9.41 70.12
4 52.10 -3.83 28.54
5 51.00 -3.33 24.82
Average 61.53 -9.35+7.54 69.74%

DNA-PKcs Inhibitor

Patient Editing Efficiency CFTRinn-172 currents  Percentage of non-

(% tCD19" Cells) (LA/cm?) CF-inhibitable current
(%)
1 73.00 -18.08 134.73
1 73.00 -18.17 135.41
2 73.80 -9.08 67.67
2 73.80 -6.94 51.72
3 85.00 -13.87 103.36
3 85.00 -11.71 87.26
4 61.80 -16.78 125.05
4 61.80 -11.59 86.37
5 63.00 -8.03 59.84
5 63.00 -10.13 75.49
Average 71.32 -12.44 £+ 4.12 92.69%

Non-CF average: 13.4 + 5.5puA/cm?
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Table 2: Summary of genes from STAMP panel with VAF > 5%.

VAF%
No
Patient Chr Gene CDS Change Mock compound AZD7648
1 chrl6 FANCA 3297G>C 52.88 46.88 50.96
chri2 POLE 4522C>T 46.33 45.08 45.32
2 chrl6 AXIN1 2560A>G 48.98 51.94 49.46
chr3 MLH1 277A>G 42.98 42.61 43.73
chrX DDX3X 1492A>G 0 0 4.94
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