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Cystic fibrosis (CF) is a genetic disease caused by mutations in
the CF transmembrane conductance regulator (CFTR) gene.
The 2789+5G>A CFTR mutation is a quite frequent defect
causing an aberrant splicing and a non-functional CFTR
protein. Here we used a CRISPR adenine base editing (ABE)
approach to correct the mutation in the absence of DNA
double-strand breaks (DSB). To select the strategy, we devel-
oped a minigene cellular model reproducing the 2789+5G>A
splicing defect. We obtained up to 70% editing in the minigene
model by adapting the ABE to the PAM sequence optimal
for targeting 2789+5G>A with a SpCas9-NG (NG-ABE). None-
theless, the on-target base correction was accompanied by
secondary (bystander) A-to-G conversions in nearby nucleo-
tides, which affected the wild-type CFTR splicing. To decrease
the bystander edits, we used a specific ABE (NG-ABEmax),
which was delivered as mRNA. The NG-ABEmax RNA
approach was validated in patient-derived rectal organoids
and bronchial epithelial cells showing sufficient gene correc-
tion to recover the CFTR function. Finally, in-depth
sequencing revealed high editing precision genome-wide and
allele-specific correction. Here we report the development of
a base editing strategy to precisely repair the 2789+5G>A mu-
tation resulting in restoration of the CFTR function, while
reducing bystander and off-target activities.

INTRODUCTION

Cystic fibrosis (CF) is an autosomal recessive monogenic disease
caused by mutations in the CFTR gene, affecting at least 100,000
people worldwide."* Several treatments and different drugs, defined
as CFTR modulators, are currently used to improve patients’ quality
of life, but these therapies, while effective, can be extremely costly,
associated with side effects, and do not provide a definitive cure.
Most importantly, CFTR modulators are not effective with several
types of CF-causing mutations.”” Thanks to the early discovery of
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the CFTR gene and associated mutations causing CF, several gene
therapy clinical trials have been attempted by delivering the correct
gene to compensate for the genetic defect.” "

The delivery of the CFTR cDNA through chromatin integration
vectors™"” or episomal viral/non-viral systems® '* offers the opportu-
nity to design a curative strategy valid for any type of mutation.” ">
More recently, the advancement of genome editing technologies
opened the opportunity to permanently correct the genetic defect
within the genomic locus, as opposed to the delivery of an exogenous
DNA sequence. Since the discovery of CRISPR-Cas9 as an efficient
tool for genome editing, several approaches have been developed to
repair CFTR defects. The reported strategies were based on
CRISPR-Cas nuclease activity to generate DSBs for gene substitution

Y419 or deletion of

through homology directed repair (HDR
the CFTR mutation.”>*' Nonetheless, even if these methods are
promising in repairing the genetic alterations, they might be associ-
ated with unwanted genomic rearrangements as consequence of
DSBs.”>*® To overcome this limitation, new CRISPR tools have
been developed to modify the genome in the absence of DSBs.”” >’
In this study, we exploited a DSB-free technology, the CRISPR base
editor, which consists of a nickase version of Cas9 fused with a
DNA deaminase enzyme (an adenine or a cytosine deaminase) deter-

mining A>G or C>T transitions.
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Figure 1. Splicing correction in CFTR 2789+5G>A minigene model by adenine base editors

(A) Scheme of the minigene constructs corresponding to CFTR gene region from exon 15 to exon 17. Exons depicted as boxes are linked together by introns represented as
solid lines. Black dashed lines represent correct splicing, while red lines the aberrant splicing. The constructs are under the expression of the cytomegalovirus (CMV) promoter
and terminate with the polyadenylation (poly(A)) signal. The expected splicing products are shown on the right according to the presence or absence of the 2789+5G>A
mutation. Below, the nucleotide sequence around the mutation (highlighted in red), the target sgRNA position (underlined, with the PAM in purple), and the conserved GT
dinucleotide of the & splice site (in green) is shown. Additional adenines in the typical activity window of the base editor are represented in bold. (B) Editing efficiency measured

(legend continued on next page)
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The CFTR2 database lists around 400 variants as CF-causing muta-
tions,”® 66% accounts for point mutations, of which 46% could be
potentially corrected with adenine base editors (ABE) and 15% with
cytidine base editors (CBEs).”>’" Recently, ABE has been applied to
target CFTR nonsense mutations (R553X, R785X, R1162X, and
W1282X) and a splicing mutation (3849+10kbC>T) showing encour-
aging results of CFTR functional recovery in cell line models, intesti-
nal organoids, or primary epithelial cells.””**

The 2789+5G>A (c.2657+5G>A) CFTR mutation is among the 15
most frequent mutations identified to cause CF (~0.8% of alleles in
CFTR2 database).”® The G-to-A substitution at the +5 position of
the splice donor site in intron 16 causes an aberrant splicing with
the deletion of exon 16 (38 bp long) from the mature CFTR
mRNA, eventually leading to an out-of-frame truncated product
during translation.”® The base mutation is adjacent to the intron-
exon junction and thus not compatible with the use of a conventional
CRISPR-Cas9 nuclease approach, which, by generating diverse indel
lengths, may alter the near exon sequence.

Here we developed a DSB-free CRISPR strategy through ABE to
correct the 2789+5G>A mutation. A critical step to obtain a precise
editing was the transient delivery of the ABE RNA as opposed to
the long-term expression obtained with a viral vector delivery. By
choosing the most precise and efficient method, we showed recovery
of CFTR function in patient-derived experimental models, thus
setting the groundwork for future clinical development.

RESULTS

Splicing correction of a CFTR 2789+5G>A minigene model
Minigene constructs are useful experimental models to study the
splicing process and its regulation by cis elements and trans-acting fac-
tors.”” To study the CF defects caused by splicing mutations, mini-
genes were previously reported consisting of portions of CFTR exons
and introns surrounding the altered site.>® Similarly, to establish a
genome editing strategy, we generated a minigene model mimicking
the splicing defect caused by the 2789+5G>A mutation. The constructs
included CFTR exons 15, 16, and 17, a portion of intron 15, and full-
length intron 16, either with the wild-type (pMG2789+5WT) or the
mutated (pMG2789+5G>A) sequences (Figure 1A). The splicing
pattern produced by the minigene models was validated by RT-PCR
and sequencing analysis in transiently transfected HEK293T cells
(Figures S1A and S1B). To correct the 2789+5G>A CFTR mutation
through a base editing approach, we substituted SpCas9 with Cas9-
NG in the base editor constructs to exploit the most appropriate
ABE editing window targeting the mutation. We tested diverse
versions of NG-ABE including NG-ABEmax, NG-ABE8.20m, and
NG-ABES8e in combination with two single guide RNAs (sgRNAs),
sgRNA+3 or sgRNA+5 (numbered based on the position of the tar-

geted adenine within the spacer sequence), compatible with the tar-
geted mutation. In HEK293 cells stably expressing the 2789+5G>A
minigene (HEK293/MG2789+5G>A), the editing efficacy was
measured through sequencing and EditR analysis (edit deconvolution
by inference of traces in R).* All tested ABEs induced variable levels of
A-to-G conversions of the mutated adenine (A5) with highest
efficiency obtained with the sgRNA+5, resulting in ~40% editing in
combination with either ABE8.20m or ABE8e (Figure S1C). The anal-
ysis of the splicing events confirmed that sgRNA+5 in combination
with all the NG-ABE constructs had higher efficacy than the sgRNA+3
in restoring the correct splicing pattern (Figure S1D). The sgRNA+5
and three ABE variants (NG-ABEmax, NG-ABE8.20m, and NG-
ABE8e) were then tested by lentiviral transduction through an
all-in-one vector. The editing efficiency increased to 40%-70% of
A-to-G conversion of the mutated adenine (A5) (Figure 1B). As
observed in transfection experiments (Figure S1C), we detected rele-
vant bystander activities of intronic adenines in position 4, 7, and 12
(Figure 1B). The splicing analysis revealed a strong correction of the
splicing pattern (up to 80% of correctly spliced transcripts)
(Figures 1C and 1D), which was confirmed by sequencing of the
splicing RT-PCR products (Figures S2A and S2B). The recovery of
the proper splicing in the minigene model and the absence of major
alteration by sequencing analysis indicated the efficacy of the editing
strategy on the 2789+5G>A mutation by the three ABE designs and
no detrimental effects of the bystander activity.

Repair of the 2789+5G>A mutation in human rectal organoids

Rectal organoids derived from CF patients are well-established exper-
imental models to test CFTR channel activity.'***"* We evaluated
the efficacy of the base editing strategy in organoids derived from a
patient compound heterozygous for the 2789+5G>A mutation
(2789+5G>A/G542X) through all-in-one lentiviral vector transduc-
tion of the ABEs-sgRNA+5. Sequencing of non-treated (NT) organo-
ids and control conditions showed in the A5 position an allelic
balance of G/A nucleotides coming from the G542X and
2789+5G>A alleles, respectively (~50% of total G in position 5).
All samples transduced with different ABEs showed ~10% of
A-to-G conversions on the target adenine (editing reported as G%
above the NT and control conditions) (Figures 2A, S3A, and S3B).
Bystander activity was detected on the adjacent adenines; in partic-
ular, A7 was targeted by all the base editors, while A4 was mainly
modified by NG-ABE8.20m and NG-ABE8e (Figure 2A). The
splicing analysis of NT and control organoids showed an altered tran-
script produced by exon 16 skipping together with wild-type mRNAs
deriving from the G542X allele and partly from the 2789+5G>A allele
(Figure 2B). We observed a significant increase of the correct splicing
products with all the tested ABEs and in particular with NG-
ABEmax-sgRNA+5 (almost ~75% of correctly spliced products)
(Figure 2C). The CFTR gene repair and the recovery of the ion

by EditR tool*® using Sanger sequencing chromatograms from HEK293/2789+5G>A cells transduced with lentiviral vectors expressing NG-ABEmax, NG-ABE8.20m, and
NG-ABEB8e with either a control sgRNA (sgRNACtr) or sgRNA+5. The mutation (A5) is reported in red; bystander adenines are in black. (C) Representative RT-PCR products
and (D) percentages of correct splicing measured by densitometry obtained from cells treated as in (B). HEK293 stably expressing pMG2789+5WT was used as a reference
for correct splicing. White empty arrow indicates correct splicing, black solid arrow indicates aberrant splicing. Data are means + SD from n = 2 independent experiments.
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channel function was evaluated after ABEs-sgRNA+5 transduction
versus control treatment. Specifically, CFTR activity is tightly corre-
lated with an increase in the organoid area (swelling) as a result of
anion and fluid secretion into the organoid lumen.*’ The presence
of the nonsense G542X mutation on the second allele, producing
no CFTR protein, is an ideal genetic context as all the functional
correction will derive from the 2789+5G>A allele. Two weeks after
transduction, we observed a significant increase in organoid area at
steady state in the ABEs-sgRNA+5-treated organoids compared
with the controls (Figures 2D and 2E), with ABEmax as best perform-
ing, consistently with the degree of splicing correction. As reported in
former studies,”"” the size of the organoids was heterogeneous, likely
due to the formation of organoids containing variable amounts of
edited cells. CFTR function was also measured through forskolin-
induced swelling (FIS) assay,"’ further confirming the restored
CFTR activity following ABE treatment (Figure 2F).

To investigate whether the bystander edits of the adenines surround-
ing the mutation potentially alter the 5’ splice recognition site in intron
16, we created minigene models recapitulating all the possible editing
outcomes generated by unwanted editing. The analysis of the tran-
scripts generated by the mutated minigenes revealed that the conver-
sion of the adenine in position 7 (A7) into a guanine had no visible
impact on the splicing pattern. Conversely, a guanine in position 4
(A4) resulted in a detectable transcript alteration, likely due to skip-
ping of exon 16 (Figure S4A). This observation was further confirmed
by in silico analysis through MaxEnt,** which showed that this substi-
tution decreased the strength of the splice site (Figure S4B). These re-
sults were consistent with reduced splicing correction in organoids
treated with NG-ABE8.20m and NG-ABES8e, in which, despite similar
editing activity on the mutated adenine A5, the additional editing of
A4 diminished the splicing correction (Figure 2A). Therefore, the
NG-ABEmax efficacy on the targeted 2789+5G>A mutation was likely
tempered by the limited bystander activity in the near adenine A4.

RNA delivery of base editor corrects the 2789+5G>A mutation in
rectal organoids

Given the efficacy of the NG-ABEmax-sgRNA+5 approach, we set to
limit the associated bystander editing, which we have shown counter-
acting the on-target efficacy. It has been reported that non-specific ed-
iting can be reduced through transient expression of the CRISPR-Cas
system.*>** We then chose to deliver the base editor and the sgRNA
as RNA. The RNA delivery of in vitro transcribed NG-ABEmax
mRNA and the synthetic sgRNA was initially tested in HEK293/

MG2789+5G>A, where we observed 10% conversion of the mutated
adenine in the minigene sequence with a minimal amount of un-
wanted A4 editing (Figure S5A). We then tested the editing using
RNA delivery through electroporation in rectal organoids compound
heterozygous for the 2789+5G>A mutation. We reached approxi-
mately 5% of A-to-G conversion of the mutated adenine (Figures 3A
and S5B) and low editing on the adjacent A4 (0.8% of total reads) (Fig-
ure 3A). Therefore, even though the electroporation resulted in
decreased editing efficiency compared with lentiviral transduction,
which is consistent with lowered efficiency of nucleic acid delivery
(Figures S6A and S6B), the bystander A4 edit was better controlled
(Figure S5C). To evaluate whether the percentage of specific editing
was sufficient to sustain the correct splicing, we analyzed the splicing
profile, which showed an increase of correct transcripts (~75% of
wild-type transcripts in edited organoids) (Figures 3B and S5D). To
finally evaluate the CFTR recovery obtained through the RNA delivery
of NG-ABEmax-sgRNA+5, we measured the organoid area 2 weeks af-
ter the treatment either at steady state or through the FIS method. The
results showed a significant increase in organoid area in the NG-
ABEmax-sgRNA+5 condition compared with the controls at the
steady state and after the FIS assay, confirming a functional restoration
of the CFTR channel activity (Figures 3C and 3D). In conclusion, RNA
delivery of NG-ABEmax-sgRNA+5 restored the CFTR functionality
in patient-derived models carrying the 2789+5G>A mutation.

Functional recovery of the CFTR anion transport in primary
bronchial epithelial cells

To thoroughly evaluate the base editing efficacy in relevant CF experi-
mental models, we measured the electrophysiological properties of
edited primary bronchial epithelial (BE) cells obtained from an individ-
ual carrying the 2789+5G>A mutation and the F508del. Electroporation
of BE cells with base editor mRNA and sgRNA produced 5% of base
conversion at the A5 target site (Figure 4A), consistent with the rectal
organoid results (Figure 3A). Here the bystander editing of A7 was
approximately 20%, while lower A4 modification was revealed (3%)
(Figures 4A and S7A). BE cells were then cultured under air-liquid inter-
face (ALI) conditions generating a multi-ciliated pseudostratified
epithelium that recapitulates the ion transport mechanisms of
the airway epithelium in vivo."’*® After 2-3 weeks of ALI culture,
we measured the short-circuit current intensity (Isc). After blocking
ENaC (epithelial sodium channel) activity with amiloride, CFTR-
dependent chloride secretion was stimulated with the membrane-
permeable cyclic AMP (cAMP) analog 8-(4-chlorophenylthio) adeno-
sine 3',5'-cyclic monophosphate (CPT-cAMP) and then blocked with

Figure 2. Functional correction of CFTR in 2789+5G>A rectal organoids

(A) Percentage of A-to-G conversions of target adenines measured by targeted deep sequencing in rectal organoids (2789+5G>A/G542X) 14 days after lentiviral transduction with
NG-ABEmax, NG-ABE8.20m, and NG-ABES8e with either a control sgRNA (sgRNACtr) or sgRNA+5. Non-treated (NT) organoids were used as an additional control. The dashed
line indicates the baseline %G in NT cells. (B) Representative image of splicing pattern analysis by RT-PCR in organoids treated as in (A). (C) Percentages of correctly spliced
transcripts measured by densitometry. Data are means + SD from n = 3 independent experiments. (D) Representative images of rectal organoids before (t = 0 min) and after
(t = 60 min) FIS assay (0.8 uM forskolin). The positive control (CFTR-WT) used corresponds to the rectal organoids (2789+5G>A/G542X) treated with a lentiviral vector carrying
WT-CFTR cDNA. Scale bar, 200 um. (E) Quantification of organoid area at time = 0 min and (F) fold change following FIS assay over 60 min of organoids transduced as in (A). Each
dot represents the average of eight wells (number of organoids per well: 100-300) from n = 3 independent experiments. Data are presented as means + SD. Statistical analyses
were performed using unpaired t test comparing sgRNACtr versus sgRNA+5 conditions with the different ABEs. *p < 0.05; **p < 0.01; n.s., non-significant.
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CFTRiyn-172 (inh-172) (Figure 4B). The amplitude of inh-172 current
drop (Aljnn-172) was taken as the parameter reflecting CFTR function
(Figure 4C). Cells treated with NG-ABEmax-sgRNA+5 showed overall
higher CFTR function compared with the NT and the control condi-
tions (Figure 4B). We found a nearly 4-fold increase of Al 17, in edited
cells (Figure 4C), with an absolute value of ~1 pA, which, after normal-
ization for surface unit, corresponds to ~3 pA/cm?®. This value is
approximately 13%-18% of the average CFIR activity (Aljpp.172 =
17-23 pA/cm®) measured in non-CF epithelia under similar condi-
tions.*®** Interestingly, we detected a baseline CFTR activity in the con-
trols, likely due to the residual correct splicing originating from the
2789+5G>A allele and the F508del second allele. We also measured
the amplitude of the block elicited by amiloride, which is due to
ENaC function. We found no significant change elicited by CFTR
gene editing compared with controls (Figure S7B). In conclusion, these
results showed that base editing partly rescues the CFTR activity as
direct measurement of the anion conductance in primary BE cells.

Editing precision: Allelic discrimination and off-target sites
Given the efficacy of the base editor and sgRNA+5 in restoring the
CFTR activity, we then evaluated thelevels of editing precision. We first
assessed the allelic discrimination of the identified strategy in condition
of heterozygosity, most frequently occurring in CF,”® by verifying the
editing specificity on the 2789+5G>A mutation versus the second allele.
To this aim, the base editor mRNA and the sgRNA were electroporated
into primary BE cells from a non-CF individual to test the modification
of a non-2789+5G>A allele. In this context, with the absence of the
mutated target A5, we exploited the bystander edits (particularly A4
and A7) to measure the sgRNA+5 specificity. We analyzed the editing
through deep sequencing for maximum sensitivity and we detected
near background levels of editing in A4 and A7, while a sgRNA fully
matching the wild-type allele (sgRNAWT), used as control, showed
high percentages of A-to-G conversion of A4 and A7 (~15% and
~65%, respectively) (Figure 5A). Therefore, the NG-ABEmax-
sgRNA+5 showed high specificity toward the mutated locus while
inducing no modifications of the second heterozygous allele.

To test the off-target activity throughout the genome, we used GUIDE-
seqanalysis’' by employing Cas9-NG nuclease and sgRNA+5 to detect
sites where modification may occur with the base editor. Off-target
sites retrieved by Cas9-NG-sgRNA+5 in HEK293/MG2789+5G>A
were very limited in number (n=5), and, for each site, the amounts
of cleavages were close to background (Figure S8A). Nonetheless, to
further evaluate the editing precision in primary BE cells, we deep

sequenced the A-to-G conversions in the off-target sites identified
through GUIDE-seq analysis, and two additional sites predicted
in silico having up to two mismatches. The percentages of A-to-G con-
versions obtained from the deep sequencing were limited to back-
ground levels, including the highly repeated sequence of OT3 where
the detectable modifications corresponded to naturally occurring
SNPs present also in the control sample (Figure 5B). Overall, these re-
sults indicate a high precision both on the second allele and
throughout the genome.

DISCUSSION

Gene therapy has been widely explored in CF aiming at compensating
the CFTR genetic defects through gene complementation ap-
proaches.g’]3 However, the advancement of genome editing technol-
ogies offers the unprecedented opportunity to correct the endogenous
CFTR in order to preserve the genetic regulatory elements surround-
ing the repaired gene. CRISPR strategies based on Cas nucleases
activity have been proved valid to correct common CF genetic alter-
ations, including F508del and splicing mutations (3272-26A>A and
3849+10kbC>T).''>""*! These editing strategies use cellular repair
pathways engaged by DSBs generated by CRISPR-Cas nucleases to
introduce modification at specific sites. Emerging data, however,
show that DSBs in genome editing are associated with unpredictable
genomic alteration, including large deletions and chromosomal loss
or translocations.””2* As a response to these rising issues, CRISPR
technologies have been further developed, aiming at modifying the
genome in the absence of DSBs. This is achieved by exploiting func-
tional domains (deaminases or reverse transcriptase) fused to a

27-29 . . .
‘7“” Base editors, made with deaminase do-

mutated Cas9 nickase.
mains, have been applied to CF mutations showing functional resto-
ration of intestinal organoids carrying CFTR nonsense mutations
(R553X, R785X, R1162X, W1282X).* In this study, we demonstrated
that a CRISPR adenine base editor can be applied to precisely correct
the 2789+5G>A mutation, which is one of the most frequent genetic
alterations causing aberrant splicing in CF.”" To determine the most
effective and precise base editing strategy, we developed a CF mini-
gene model mimicking the genetic defect expressed in cell lines. To
validate the genetic and functional restoration of CFTR, we used pa-
tient-derived models consisting of rectal organoids and BE cells
grown as multi-ciliated pseudostratified epithelia. To direct the base
editing tool to the target site, we first substituted the newly evolved
adenine base editors (ABE8e, ABE8.20m, and ABEmax)™** with a
Cas9 mutant, Cas9-NG, binding to the best PAM near the
2789+5G>A mutation. This allowed us to obtain high A-to-G

Figure 3. RNA delivery of the NG-ABEmax-sgRNA+5 repairs the CFTR channel in 2789+5G>A rectal organoids

(A) Editing efficiency of rectal organoids 2 weeks after electroporation with NG-ABEmax mRNA either alone (Ctr) or with sgRNA+5. As control NT rectal organoids were
electroporated with a control GFP mRNA. A-to-G conversion levels were measured by targeted deep sequencing. The dashed line indicates the baseline %G in NT cells. Data
are means + SD from n = 2 independent experiments. (B) Splicing pattern analysis by RT-PCR in organoids treated as in (A). The black solid arrow indicates aberrant splicing,
the white empty arrow indicates correct splicing. The percentage of aberrant splicing (exclusion of 38 nt) was measured by agarose gel densitometry and Sanger sequencing
and chromatogram decomposition analysis through the DECODR tool. (C) Representative images of rectal organoids electroporated as in (A) before (t = 0 min) and after
(t = 60 min) FIS assay (0.8 uM forskolin). Scale bar, 200 um. (D) Quantification of organoid area at time = 0 min and (E) area fold change from t = 0 to t = 60 min. Each dot
represents the average of one well (number of organoids per well, 100-300) from n = 2 independent experiments. Data are presented as means + SD. Statistical analyses
were performed using one-way ANOVA followed by Tukey’s multiple comparison test with a single pooled variance. ***p < 0.001; ***p < 0.0001; n.s., non-significant.
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conversions at the target nucleotide (up to 70%), which was, however,
associated with various grades of bystander edits. A non-trivial caveat
in base editing approaches is the window of deamination, which is
often larger than the target site, and frequently resulting in nucleotide
deamination surrounding the target nucleobase (bystander activity).
Even though base editing technology is heavily under development
toward the clinic,” the bystander edits require a careful evaluation,
balancing the benefits over the side effects of the editing strategy.
These additional base conversions are particularly relevant if they
occur in the coding sequence, as was reported for the W1282X muta-
tion correction.”* In our work, the bystander activity was occurring in
the intronic region, thus limiting the impact of direct protein alter-
ations. However, we discovered that these secondary edits affected
the splicing activity, thus at least partially counteracting the repair
efficacy of the on-target modification. The first strategy utilized to
tackle this problem was the selection of the ABE able to achieve the
highest on-target over bystander profile, the ABEmax. The second
strategy employed to optimize the editing outcome was the method
of delivery. Indeed, in general, the editing outcome highly depends
on the transfer technique, which affects the duration of editing
activity and the amounts of the modifying enzyme accumulating in
the target cells.’®>® Recent technological advancement on RNA
delivery showed advantages of its application in genome editing,
including transient expression, which correlates with reduced off-
target activity.*>** Here we demonstrated that the RNA delivery of
the base editor, even though less efficient than the lentiviral delivery,
worked both in organoids and BE cells derived from compound het-
erozygous patients carrying the 2789+5G>A mutation. Compared
with viral vector delivery, the bystander activity was reduced together
with on-target editing. Nonetheless, while the detrimental effect of the
bystander was significantly decreased, the on-target effect was
sufficient to generate a functional repair of CFTR in primary
cells and organoids. Clonal selection used in similar studies using or-
ganoids32 was not necessary with our approach. Interestingly, similar
to previous genome editing studies,””** our data indicated that less-
than-complete correction of one allele was sufficient in compound
heterozygous organoids and epithelial cells to obtain CFTR recovery.
Precise single allele modification is consequently extremely relevant
to obtain the highest therapeutic efficacy and prevent potential side
effects from bystander edits. Our approach was thoroughly evaluated
to exclude second allele editing as well as off-target activities genome-
wide. Even though partial single allele correction was sufficient to
recover CFTR function both in organoids and in multi-ciliated pseu-
dostratified epithelia, the percentages of cells and cell types needed to
be targeted in the airways epithelium to alleviate the respiratory
symptoms in people with CF still remain an open question. Several
studies and clinical data reported that 10% of CFIR expression

should be sufficient to ameliorate clinical manifestations of the dis-
ease,”’ ®% but more studies using animal models are needed to address
open issues in gene therapy.®

In conclusion, here we identified a strategy to functionally correct
the 2789+5G>A CFTR splicing mutation by means of a DSB-free
second-generation CRISPR technology, which was validated in
primary cell models deriving from patients. Obviously, the nucleo-
fection of dissociated cells to deliver the genome editing technology
is a way to bypass the barriers that differentiated epithelia display
against intracellular delivery of nucleic acids and proteins. To
efficiently deliver the therapeutic macromolecular complexes to
differentiated epithelia, very efficient vectors need to be developed.
However, our results showed a degree of CFTR correction and
editing precision that poses this study as groundwork for further
development toward the clinic.

MATERIALS AND METHODS

Plasmids

Wild-type and mutated minigenes for 2789+5G>A mutation
were cloned into pcDNA3 plasmid. Wild-type minigene
(pPMG2789+5WT) was obtained by PCR amplification and cloning
of target regions from the CFTR gene of HEK293T cells. Oligonucle-
otides are listed in Table S1. The pMG2789+5WT plasmid
contains full exons 15, 16, and 17, portions of intron 15,
and full intron 16. Mutated minigene (pMG2789+5G>A) was
obtained by site-directed mutagenesis of wild-type minigene con-
structs. Oligonucleotides are listed in Table S1. The additional mini-
genes for 2789+5G>A mutation (pMG2789_AG, pMG2789_GG,
pPMG2789_GGG, pMG2789_GGGG) were obtained by PCR amplifi-
cation and cloning of target regions from HEK293T cells edited with
NG-ABEmax or NG-ABE8e and CFTR 2789 sgRNA+5. Plasmids ex-
pressing sgRNAs were constructed by ligation of annealed oligonucle-
otides into BbsI-digested pUC19-sgRNAopt (pUC19 plasmid with
sgRNA cassette derived from pX330, Addgene #42230). Sequences
of sgRNAs are reported in Table S2. Transfer vector plasmids
(pLentiNG-ABEmax-sgRNACtr, pLentiNG-ABES8.20m-sgRNACtr,
pLentiNG-ABE8e-sgRNACtr) were constructed starting from
pLenti-FNLS-P2A-Puro plasmid (Addgene #110841) and by replac-
ing BE4max sequence with ABE sequences by plasmid DNA cloning
by restriction enzyme digestion. The sgRNA expression cassette was
then inserted into Xhol-digested plasmid by using GeneArt Gibson
Assembly HiFi kit (Thermo Fisher) following manufacturer’s instruc-
tions. Plasmids expressing sgRNAs targeting CFTR 2789+5G>A
mutation were constructed by ligation of annealed oligonucleotides
into BsmBI-digested pLentiNGABE-sgRNACtr. Plasmids expressing
NG-ABEmax, NG-ABE8e, and NG-ABE8.20m were cloned by

Figure 4. RNA delivery of the NG-ABEmax-sgRNA+5 functionally restores CFTR activity in primary BE cells derived from a 2789+5G>A patient

(A) Editing efficiency analyzed by targeted deep sequencing in primary BE cells (2789+5G>A/F508del) 3 days after electroporation of NG-ABEmax mRNA either alone (Ctr) or
with sgRNA+5. Data are means + SD from n = 3 independent experiments. (B) Representative short-circuit current traces measured on ALI epithelia of NT or NG-ABEmax-
Ctr and NG-ABEmax-sgRNA+5 treated cells. (C) CFTR anion channel activity represented as amplitude of CFTR;,-172 effect. Dots represent the results from epithelia of
n = 3 independent experiments. Data are presented as means + SD. For each experiment, four to six ALI cultures were prepared. Statistical analyses were performed using
one-way ANOVA followed by Tukey’s multiple comparison test. ****p < 0.0001; n.s., non-significant.
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Figure 5. Specificity of the base editing approach in
primary BE cells

(A) A-to-G conversions measured by targeted deep
sequencing in primary BE cells from a non-CF
individual. Cells were electroporated with NG-ABEmax
mRNA alone (Ctr), with sgRNA+5 specific for the
2789+5G>A mutation, or an sgRNA fully matching the
WT-CFTR sequence (sgRNAWT). Data are means from
n = 3 independent experiments. (B) Deep-sequencing
analysis performed on off-target sites identified through
GUIDE-seq analysis (OT1-OT5) and predicted in silico
based on sequence homology (OT6, OT7). Cumulative
A-to-G base conversions of adenines inside the sgRNA
spacer is reported for cells treated with NG-ABEmax
RNA either alone (Ctr) or in combination with sgRNA+5.
Data are means + SD from n = 3 independent
experiments.

3 NG-ABEmax-Ctr
BB NG-ABEmax-sgRNA+5

overnight incubation, the medium was replaced

0 1 2 3 4

Cumulative A-to-G conversion in protospacer (%)

substituting in pCMV-ABEmax plasmid (Addgene #112095) the
sequence of NG-ABEmax and sequences described for ABE8e and
ABE8.20m’>>** fused to Cas9-NG sequence. Oligonucleotides used
in PCR amplifications are listed in Table S3.

Cell lines

HEK293T, HEK293, and HEK293 cells stably expressing pMG2789+5-
WT (HEK293/MG2789+5WT), and pMG2789+5G>A (HEK293/
MG2789+5G>A), were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM,; Life Technologies) supplemented with 10% fetal bovine
serum (FBS; Life Technologies), 10 U/mL antibiotics (PenStrep; Life
Technologies), and 2 mM L-glutamine at 37°C in a 5% CO, humidified
atmosphere. HEK293T and HEK293 cells were obtained from the
American Type Culture Collection (ATCC; www.atcc.org).

Stable minigene cell lines were produced by transfection of BglII-line-
arized minigene plasmids (pMG2789+5WT, pMG2789+5G>A) in
HEK293 cells. Cells were selected with 500 ug/mL of G418 (Thermo
Fisher) 72 h after transfection.

Transfection and lentiviral transduction of cell lines
HEK293/MG2789+5G>A were seeded in a 24-well plate and trans-
fected with TransIT-LT1 (Mirus) according to manufacturer’s proto-
col with 750 ng of plasmid encoding for CRISPR base editor and 250 ng
of plasmid encoding for sgRNA. Cells were collected 10 days after
transfection to perform editing efficiency and transcripts analyses.

Lentiviral particles were produced in HEK293T cells seeded at 80%
confluency in 10-cm plates, and 10 pg of transfer vector (pLentiNG-
ABEmax-sgRNA) plasmid, 3.5 pg of VSV-G, and 6.5 pg of A8.91 pack-
aging plasmid were transfected using polyethylenimine (PEI). After
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T
20

. . . with complete DMEM. The viral supernatant

“ * * was collected after 48 h, centrifuged to eliminate

cellular debris, and filtered in a 0.45 um filter.

Lentiviral particles were concentrated and puri-

fied with 20% sucrose cushion by ultracentrifugation for 2h at4°Cand

150,000 x g. Pellets were resuspended in an appropriate volume of

OptiMEM. Aliquots were stored at —80°C. Vector concentration

was measured as reverse transcriptase units (RTU) by SG-PERT
method.”’

For transduction experiments, HEK293/MG2789+5G>A were seeded
in a 24-well plate (150,000 cells/well) and transduced with either 1
RTU or 0.2 RTU of lentiviral vectors. Forty-eight hours later, cells
were selected with puromycin (1 pg/mL) and collected 10 days after
selection for editing efficiency and transcripts analyses.

Editing efficiency analysis

Genomic DNA was extracted using QuickExtract DNA extraction
solution (Epicentre). Target regions were amplified by PCR with
Phusion High Fidelity DNA Polymerase (Thermo Fisher) using
100-500 ng of DNA as template. Oligos are listed in Table S1. PCR prod-
ucts were purified using NucleoSpin Gel and PCR Clean-up (Macherey-
Nagel) and sequenced by Sanger sequencing. To evaluate editing
efficiency, the chromatograms were analyzed using EditR software.”

Transcripts analysis

RNA was extracted either using TRIzol Reagent (Invitrogen) or
NucleoSpin RNA kit (Macherey-Nagel) following manufacturer’s
instructions and resuspended in DEPC-double-distilled H,O
(ddH,0). cDNA was obtained starting from 100 to 500 ng of RNA
using RevertAid Reverse Transcriptase (Thermo Scientific) according
to the manufacturer’s protocol. Target regions were amplified by PCR
with Phusion High Fidelity DNA Polymerase (Thermo Fisher).
Oligonucleotides are listed in Table S1. The different splicing products
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were quantified by densitometry analysis of agarose gel or DECODR**
analysis of Sanger sequenced PCR products.

In silico splicing prediction

Wild-type, mutated, and edited CFTR gene sequences were analyzed
with the MaxEntScan::score5ss for human 5’ splice sites** based on
the maximum entropy principle (http://hollywood.mit.edu/burgelab/
maxent/Xmaxentscan_scoreseq.html).

In vitro mRNA transcription

NG-ABEmax mRNA was synthesized by T7 polymerase in vitro
transcription using MEGAScript T7 (Invitrogen) and following man-
ufacturer’s protocol. In detail, 500 ng of linearized NG-ABEmax-
P2A-GFP plasmid (Addgene #140005) were used as template for
the reaction. GTP was substituted with a 4:1 mix of anti-reverse cap
analog (ARCA) and GTP. The Poly(A) Tailing Kit (Invitrogen) was
used to add the poly(A) tail on the mRNA following the manufac-
turer’s instructions. The mRNA was purified with LiCl precipitation
and resuspended in DEPC-ddH,O. The sgRNA+5 was synthetically
ordered and produced from Integrated DNA technologies (IDT)
(Alt-R CRISPR-Cas9 sgRNA).

Electroporation of cell lines

Two-hundred thousand HEK293/MG2789+5G>A cells were electro-
porated with the Amaxa 4D-Nucleofector (SE Cell Line buffer, CM-
130 program) and seeded into a 12-well plate, and 3 pg of base-editor
mRNA either alone (Ctr) or with 3 pg of sgRNA+5 were used for the
electroporation. Cells were collected after 3 days for editing analysis.

GUIDE-seq

GUIDE-seq experiments were performed as described in previous
studies.”"** Briefly, HEK293/MG2789+5G>A cells were transfected
using Lipofectamine 3000 transfection reagent (Invitrogen) with
500 ng of Cas9-NG plasmid, 250 ng of CFTR 2789 sgRNA+5 plasmid,
and 10 pmol of dsODNs. Twenty-four hours after transfection, cells
were detached and selected with 1 pg/mL puromycin. Four days after
transfection, cells were collected and genomic DNA was extracted
using DNeasy Blood and Tissue kit (Qiagen) following manufacturer’s
instructions. Genomic DNA was sheared to an average length of
500 bp using a focused ultrasonicator (Covaris). End-repair reaction
was performed using NEBNext Ultra End Repair/dA Tailing Module
and adaptor ligation using NEBNext Ultra Ligation Module, as
described by Nobles et al.°” Amplification steps were then performed
following the GUIDE-seq protocol from Tsai et al.”' Following quan-
tification of the libraries by Qubit dsDNA High Sensitivity Assay kit
(Invitrogen), MiSeq sequencing system (Illumina) was used with an Il-
lumina Miseq Reagent kit V2-150PE. Raw sequencing data (FASTQ
files) were analyzed using the GUIDE-seq computational pipeline
available at https://github.com/tsailabS]/guideseq. GUIDE-seq data
are available in Table S6.

In silico off-target analysis
Off-target sites for sgRNA+5 were analyzed by Cas-OFFinder online
algorithm® by selecting: XCas9 3.7 (TLIKDIV SpCas9) from Strepto-

coccus pyogenes 5'-NG-3, mismatch number <4, DNA bulge size = 0,
and as a target genome the Homo sapiens (GRCh38/hg38), human.
Full analysis results are available in Table S5.

Targeted deep sequencing

Genomic DNA was extracted from human intestinal organoids
(2789+5G>A/G542X) 14 days after the treatment and from human
CF (2789+5G>A/F508del) or non-CF primary BE cells 3 days after
electroporation. The loci of interest (on and off targets) were amplified
using Phusion high-fidelity polymerase (Thermo Scientific). Amplicons
were indexed by PCR using Nextera indexes (Illumina), quantified with
the Qubit dsDNA High Sensitivity Assay kit (Invitrogen), pooled
in near-equimolar concentrations, and sequenced on an Illumina Miseq
system using an Illumina Miseq Reagent kit V2—300 cycles (2 x 150 bp
paired end). Primers used for PCR amplification are listed in Table S4.
FASTQ data were analyzed using CRISPResso online tool®” by selecting
base editors as editing tool, minimum homology for alignment = 60%,
base editor output A>G, quantification window centered —10 (relative
to the 3’ end of the sgRNA), and window size = 10.

The percentage of G nucleotide in the adenines present in the proto-
spacer was considered as editing. The results of CRISPResso analysis
are presented in Table S7.

Human rectal organoids culture

Human rectal organoids of a CF subject compound heterozygous
for the 2789+5G>A splicing mutation (2789+5G>A/G542X, n=1)
were generated and cultured as described previously.”® The Ethics
Committee of the University Hospital Leuven approved this study
and informed consent was obtained from all participating CF sub-
jects. Lentiviral vector transduction of human rectal organoids
was performed as described previously."' Briefly, organoids were
trypsinized to single cells and resuspended with the viral vector
and Matrigel and plated. For nucleofection of human rectal organo-
ids, cells were trypsinized to single cells. Then 120,000 cells were re-
suspended in the Human Stem Cell Nucleofector kit 2 solution
(Lonza) with 6 pg of base editor mRNA either alone (Ctr) or
with 6 pg of sgRNA (Alt-R CRISPR-Cas9 sgRNA, IDT). Cells
were then placed in the Amaxa nucleofector I and after nucleofec-
tion, Matrigel was added, and the cells were plated. For both lenti-
viral vector and nucleofection, cells were incubated for approxi-
mately 2 weeks to allow formation and growth of organoids in
complete medium,”® which was supplemented with Y-27632 for
the first 3 days.

Analysis of CFTR activity in intestinal organoids

Fourteen days after viral vector transduction or electroporation,
correction of CFTR function was evaluated by the FIS assay, as
described previously.*” Briefly, 5x brightfield images were taken
before the start of the assay (t = 0), after which the organoids were
treated with 0.8 uM forskolin and images were taken every 10 min
for the next hour. Images were exported to ImageJ and analyzed
with a custom macro that creates a mask of the area of the organoids
at each time point. Relative organoid swelling was analyzed in
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Microsoft Excel, and the resulting area under the curve (AUC) be-
tween t=0 and t=60 was calculated in GraphPad Prism 9.

Primary BE cell culture

Primary airway BE cells were derived from a CF patient compound het-
erozygous for the 2789+5G>A splicing mutation (2789+5G>A/F508del,
n=1) (kindly provided by the Primary Cell Culture Service of the Italian
Cystic Fibrosis Research Foundation). The Ethics Committee of the Is-
tituto Giannina Gaslini approved this study and informed consent was
obtained from all participating CF subjects. Cells were cultured in
LHC9/RPMI 1640 (1:1) without serum as previously described,*”*®
supplemented with rho-associated protein kinase 1 inhibitor (Y-
27632, 5 uM) (Merck) and SMAD-signaling inhibitors, bone morpho-
genetic protein antagonist (DMH-1, 1 pM), and transforming growth
factor B antagonist (A 83-01, 1 M), to promote basal cell proliferation
as previously reported.®” At passage 3, 200,000 cells were electroporated
with the Amaxa 4D-Nucleofector (P3 primary cells buffer, DN-100 pro-
gram) and seeded into a six-well plate previously treated with collagen.
Electroporation was performed with 3 pg of base editor mRNA either
alone (Ctr) or with 3 pg of sgRNA (Alt-R CRISPR-Cas9 sgRNA,
IDT). Part of the cells were collected for editing analysis after 3 days,
and the remaining were seeded at high density on Transwell (cc3470,
Corning Costar; 0.33 cm? surface) porous inserts (150,000 cells per
insert). After 24 h, the proliferative medium on the basolateral side
was replaced with differentiation medium PneumaCult ALI (Stemcell
Technologies), whereas the medium on the apical side was totally
removed to obtain the ALI condition. Short-circuit current experiments
were performed after 2-3 weeks in culture, when epithelia achieved full
mucociliary differentiation.

Short-circuit current recordings

Transwell supports carrying differentiated bronchial epithelia
were mounted in an Ussing-like vertical chamber with internal fluid
circulation (EM-CSYS-8, Physiologic Instruments). The apical and
basolateral compartments were filled with a solution containing
126 mM NaCl, 0.38 mM KH,PO,, 2.13 mM K,HPO,, 1 mM CaCl,,
1 mM MgSO,, 24 mM NaHCO3, 10 mM glucose, and phenol red. So-
lution were continuously bubbled with a mixture of 5% CO,-95% air
and kept at 37°C. The transepithelial voltage was clamped at 0 mV
with an eight-channel voltage-clamp amplifier (VCC MCS8, Physio-
logic Instruments, San Diego, CA, USA) connected to apical and ba-
solateral compartments with Ag/AgCl electrodes through agar
bridges (1 M KCl in 2% agar). The resulting short-circuit current
was recorded on a personal computer with the Acquire & Analize
2.3 software (Physiologic Instruments, San Diego, CA, USA). During
experiments, epithelia were sequentially treated with amiloride
(10 uM, apical) to block ENaC-dependent current, CPT-cAMP
(100 pM, apical and basolateral) to maximally stimulate CFTR activ-
ity, and CFTR;,,-172 (20 pum, apical) to fully inhibit CFTR.

Statistical analysis

All statistics were calculated using GraphPad Prism. For organoids
and primary epithelial cell experiments, ordinary one-way analysis
of variance (ANOVA) was performed followed by Tukey’s multiple
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comparison test, with a single pooled variance. Statistical significance
was defined as *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001, and
ns, non-significant.

DATA AND MATERIALS AVAILABILITY

GUIDE-seq and targeted deep-sequencing data have been deposited
at BioProject (https://www.ncbinlm.nih.gov/bioproject/) under the
accession number PRJNA895214. All other relevant data are available
from the authors upon request.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
1016/j.ymthe.2023.03.004.
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