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Abstract

Background: Polarized airway epithelial cell cultures modelling Cystic Fibrosis Transmembrane conductance
Regulator (CFTR) defect are crucial for CF and biomedical research. RNA interference has proven its value to
generate knockdown models for various pathologies. More recently, genome editing using CRISPR-Cas9 artificial
endonuclease was a valuable addition to the toolbox of gene inactivation.

Methods: Calu-3 cells and primary HAECs were transduced with HIV-1-derived lentiviral vectors (LVV)
encoding small hairpin RNA (shRNA) sequence or CRISPR-Cas9 components targeting CFTR alongside GFP.
After sorting of GFP-positive cells, CFTR expression was measured by RT-gPCR and Western blot in polarized
or differentiated cells. CFTR channel function was assessed in Ussing chambers. 11-8 secretion, proliferation and
cell migration were also studied in transduced cells.

Results: shRNA interference and CRISPR-Cas9 strategies efficiently decreased CFTR expression in Calu-3 cells.
Strong CFTR knockdown was confirmed at the functional level in CRISPR-Cas9-modified cells. CFTR-specific
shRNA sequences did not reduce gene expression in primary HAECs, whereas CRISPR-Cas9-mediated gene
modification activity was correlated with a reduction of transepithelial secretion and response to a CFTR inhibitor.
CFTR inactivation in the CRISPR-Cas9-modified Calu-3 cells did not affect migration and proliferation but
slightly increased basal interleukin-8 secretion.

Conclusion: We generated CFTR-inactivated cell lines and demonstrated that CRISPR-Cas9 vectorised in a single
LVV efficiently promotes CFTR inactivation in primary HAECSs. These results provide a new protocol to engineer
CF primary epithelia with their isogenic controls and pave the way for manipulation of CFTR expression in these

cultures.
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Introduction

Understanding a pathology and its underlying mechanisms benefits from the modulation of gene expression at the
cellular or whole organism level. Advances in molecular techniques have allowed the manipulation of gene
expression in many cell systems. RNA interference (RNAI) enables fine tuning of gene expression via endogenous
long double-stranded DNASs or synthetic micro or small interfering RNAs (miRNA and siRNA). RNA. is a fast,
easy and highly efficient means to inactivate target genes but gene repression is transient and restricted to cells
suitable to transfection. An alternative approach has been found by means of small hairpin RNAs (ShRNA) that
can be stably integrated into host cell genome using viral vectors [1]. Lentiviral vectors (LVVs) are particularly
well adapted due to their ability to deliver large transgenes into dividing or quiescent cells [2], including primary
airway epithelial cells (HAECs) [3-5], and have already been broadly used to induce shRNA-mediated gene
knockdown [6]. In parallel, technologies have been developed to directly modify genomic DNA sequences.
Artificial endonucleases have been the object of considerable attention due to their ability to create double-strand
breaks (DSBs) at a specific locus in genomic DNA (gDNA). The type Il clustered regularly interspaced short
palindromic repeats (CRISPR)-CRISPR associated (Cas) system from the adaptive immune system of bacteria and
archaea provides a novel effective tool for genome editing [7]. Cleavage by the endonuclease Cas9 from S.
pyogenes is initiated by the recognition of a specific 20-nucleotide DNA sequence and a protospacer adjacent
motif (PAM) by a crRNA combined with an activating tracrRNA. A single guide RNA (sgRNA) mimicking this
two-RNA structure has been engineered to drive Cas 9-induced DSB [8] facilitating design and vectorization in
LVVs [9].

RNAI and genome editing strategies have been successfully used to generate cell and transgenic animal
models and for therapeutics purposes [10,11] in various pathologies including cystic fibrosis (CF) [12]. CF is
caused by mutations in the Cystic Fibrosis Transmembrane conductance Regulator (CFTR) gene, which codes for
a chloride channel expressed in epithelial barriers[13]. These mutations induce defects in various organ systems
but the most common lethal consequence is the development of a chronic lung disease. In the airways, CF is
characterized by chronic infection, deleterious inflammation and tissue remodelling. However, how mutations in
CFTR lead to the development of chronic infection and inflammation remains a matter of debate. Animal models
developed in mice, pigs and ferrets [14-18] are valuable for CF research, but they are expensive to handle.
Moreover, various aspects of CF show different severities and contribute to the heterogeneous phenotypes between
species. Although numerous CF and non-CF cell lines [19] are available to investigate the molecular and cellular
defects caused by CFTR mutations, bias can originate from culture types and experimental conditions, limiting
their interpretation and generating contradictory conclusions.

In this study, we used RNAI and CRISPR-Cas9 genome editing strategies to target CFTR gene. Although
the inactivation mechanism of both strategies cannot be compared, we sought to evaluate the best approach to
induce long-term inactivation in a cellular model capable of polarisation and differentiation. sShRNAi and CRISPR-
Cas9 strategies were first developed in the Calu-3 cell line, which strongly expresses CFTR and form polarized
monolayers with intercellular junctions and transepithelial resistances [20]. However, Calu-3 cells cannot resume
the morphology of fully-differentiated epithelia. Primary HAECs more closely resemble the native airway
epithelium and are capable of differentiation into a pseudo-stratified mucociliated epithelium [21]. Primary

cultures can be initiated from CF and non-CF patient airway biopsies. Nonetheless, these cultures remain limited
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because of scarce availability of biopsies from CF patients, high variability in terms of genotype, history of
infections and treatments, and the lack of isogenic controls. Recently, Ramachandran et al. [22] published a
protocol to knockdown CFTR using siRNA but this requires a maximum seeding density and is not compatible
with cell proliferation. Thus, currently, there is no stable CFTR-knockdown or knockout model in primary HAECs.

In this study, we have generated two Calu-3 cell lines in which CFTR protein expression is stably reduced
either by shRNAi or CRISPR-Cas9 genome editing. Only CRISPR-Cas9-modified cells reproduced the
characteristic CFTR-mediated current defect and showed increased release of the pro-inflammatory mediator
interleukin (IL)-8. Optimized molecular tools and protocols were also applied to primary HAECs. Transduction
with HIV-1 LVV expressing CRISPR-Cas9 system efficiently knocked-down CFTR gene. Our work has led to the
generation of CFTR-inactivated cell lines and new vectors demonstrating the great potential of CRISPR-Cas9

system for CF disease modelling in differentiated primary HAECs.
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Materials and Methods

Cell culture

Human airway epithelial Calu-3 cells (HTB-55™) were purchased from the American Type Culture Collection
(ATCC, Manassas, VA) and maintained in Minimum Essential Medium (MEM) supplemented with 10% Foetal
Bovine Serum (FBS), 1% non-essential amino acids, 1% sodium pyruvate and 1% penicillin/streptomycin. All
reagents except FBS were purchased from Life Technologies (Saint-Aubin, France). Well-polarized monolayers
of Calu-3 cells were obtained by seeding 1-1.5x10° cells onto 0.33cm2 porous (0.4pm) Transwell polyester inserts
(Transwell 3470, Corning Life Sciences, Hazebrouck, France) and cultured for 14-20 days under submerged
conditions.

Primary HAECs were purchased from Epithelix (Plan-Les-Ouates, Switzerland) and maintained
according to manufacturer’s instructions. To obtain well-differentiated primary epithelia, primary HAECs were
seeded at 2.5x10° cells onto 0.33cm2 porous (0.4um) Transwell polyester inserts and left to proliferate in CNT17
medium (CelInTec, Bern, Switzerland). Differentiation was induced by culture at the air-liquid interface (ALI) for
at least 30 days [23].

DNA constructs

siRNA sequences targeting CFTR mRNA were designed by using the Genelink software (Hawthorne, NY, USA).
This led to 460 possible sequence candidates, the specificity of which was verified with Nucleotide BLAST. Out
of the 68 sequences selected, four were considered because they did not show any single-nucleotide
polymorphisms or insertion/deletion events. Two more sequences were added (Supplementary Figure 1A) and
their efficiency was evaluated in two CFTR-expressing cell lines. The results of this screen are shown in
Supplementary Figures 1B and 1C. Three sequences were retained to design sShRNAs. Thus, three CFTR specific
SiRNAs (sequence 1 5-TTGGATGACCTTCTGCCTCTTAC-3’, sequence 2: 5’-
AACAACAGGAGAAGGAGAAGGAA-3’ and sequence 3: 5’-GATAGAAAGAGGACAGTTGTTGG-3") and
one non-specific siRNA (Alter: 5’-GATAGAAAGGATTGACAGTGGTG-3") were embedded in the following
structure, 5’-CGCGTCCCC-sense siRNA-TCAAGAG-anti-sense siRNA-TTTTTGGAAAT-3’, to form shRNA
sequences. ShRNA oligos were then cloned into pLVTHM (Addgene 12247, kind gift from D. Trono, EPFL,
Switzerland) LVV backbone in Mlul-Clal restriction sites to obtain shl, sh2 and shAlter DNA constructs.

Cas9-HA-GFP sequence from plasmid pMJ920 (Addgene 42234) was cloned downstream the spleen
focus-forming virus (SFFV) promoter in the HIV-1-derived lentiviral vector backbone RRLSIN-cPPT-SFFV-
GFP-WPRE (kindly provided by Els VVerhoyen, INSERM U1111, France) to produce the control plasmid (CTL).
Two NI19NGG sequences targeting CFTR exon 2 (TSJB1: 5>-CACCGAAAGGATACAGACAGCGCC-3’ and
TSIB2: 5>-CACCGGTATATGTCTGACAATTCC-3") were cloned into plasmid pX330-U6-Chimeric_BB-CBh-
hSpCas9 (Addgene 42230) in Bbsl cloning sites. Each pU6-single-guideRNA (sgRNA) expression cassette
containing a targeting sequence corresponding to nucleotides 117 504 274 to 117 504 296 (TSJB1) and
117 504 292 to 117 504 314 (TSJB2) in CFTR exon 2 was PCR-amplified and introduced into CTL plasmid to
produce TSJB1 and TSJB2 plasmids.
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HIV-1-derived lentiviral vector production and cell transduction

HIV-1-derived LVVs were produced using the triple transfection method with calcium phosphate [24]. Briefly,
HEK?293T cells were transfected with the LVV plasmid of interest, the packaging plasmid psPAX2 (Addgene
12260) and the vesicular stomatitis virus G (VSV-G) envelop protein coding plasmid pMD2.G (Addgene 12259).
Media was replaced 18 hours post-transfection. Media was supplemented with 10mM sodium butyrate for the
production of CRISPR LVVs. Supernatant containing lentiviral vector particles was harvested 24 hours later. Viral
stocks were concentrated at 10 000 rpm and 4°C for 18-20 hours, resuspended in advanced Dulbecco's Modified
Eagle Medium (DMEM, Life Technologies) and stored at -80°C. LVV titre was determined by flow cytometry
following transduction of HeLa cells with a dose range of concentrated vector. Titre was calculated as follows:
((% of GFP positive cells/100) x number of cells at transduction x dilution factor)/volume added, and expressed

as Metransducing units (TU)/mL. Titres ranged from 107-10° "-TU/mL depending on the transgene of interest.

Flow cytometry Analysis and Cell Sorting (FACS)

Flow cytometric analysis of cells transduced with HIV-1-derived LVVs was performed using a FACS Cantoll and
the BDFacsDiva software (BD Biosciences, Le pont de Claix, France). Percentages of GFP positive cells were
determined using FlowJo software.

Sorting of GFP positive cells was performed using a FACS Aria (BD Biosciences) at the flow cytometry

core facility of the Medical Faculty (Geneva, Switzerland).

T7EIl mismatch detection assay

Genomic DNA (gDNA) was extracted using a phenol-chloroform protocol and quantified using the
NanoDrop2000 spectrophotometer (Thermo Fisher Scientific, llIkirch, France). A260/A280 and A260/A230 ratios
accounted for sample purity.

Gene modification activity of SgRNA sequences at the target locus of CFTR exon 2 and at the four most
probable off-target sites (http://crispr.mit.edu [25]) was quantified using the T7EI mismatch detection assay. DNA
sequence of interest was PCR-amplified using Taq Platinum HiFi polymerase (Invitrogen™, Life Technologies),
forward primer 5’-TGTAGCCTGTAAGAGATGAAGC-3’ and reverse primer 5’-
CAATCCTCTCATCTTGGCCTC-3’. The 451bp PCR product was then denatured and slowly re-annealed (95°C,
2min ; 95°C to 85°C, -2°C/sec ; 85°C to 25°C, -1°C/sec) to produce homoduplex/heteroduplex mix. This was then
digested by the T7E1 restriction enzyme (3 units) at 37°C for 30 minutes. Digestion products were separated by
capillary gel electrophoresis using Caliper (Perkin Elmer, Waltham, MA) and their relative amounts was calculated

using the LabChip GX Touch data analysis software (Perkin Elmer).

Reverse Transcription quantitative Polymerase Chain Reaction
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Total RNA was extracted using the NucleoSpin® RNA 11 kit (Macherey Nagel, Hoerdt, France) and quantified
using the NanoDrop2000 spectrophotometer (Thermo Fisher Scientific). A260/A280 and A260/A230 ratios
accounted for sample purity. Reverse transcription was performed using the Quantitect reverse-transcriptase kit
(Qiagen, Courtaboeuf, France) and 200ng RNA following manufacturer’s protocol. PCR were performed by the
genomic core facility of the Medical Faculty (Geneva, Switzerland) using TagMan gene expression assays and
TaqMan Fast master mix (Applied Biosystems, Life Technologies) according to the manufacturer’s instructions.
Reactions were performed in triplicate and the relative abundance of CFTR mRNA was calculated using the AA

cycle threshold method relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA abundance.

Western blotting

Proteins were incubated in a solubilisation buffer (65mM Tris, 150mM NaCl, Nonidet-P40 1%, protease inhibitor
mix 1X (Roche)) for 30 minutes at 4°C. Samples were then centrifuged at 10 000xg and 4°C for 15 minutes and
supernatant was harvested and stored at -20°C until use. Proteins were quantified by a bicinchoninic acid (BCA)
assay (Pierce, Thermo Fisher Scientific). Equal amounts of total protein were separated on a sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred on a polyvinylidene fluoride (PVDF) or
a nitrocellulose membrane using the semi-dry transfer technic. Membranes were blocked in TBS-T buffer (20mM
Tris, 140mM NaCl, Tween-20 0.1%) containing 5% defatted milk for a minimum of 1 hour at room temperature
(RT) under agitation. Membrane was first incubated with mouse monoclonal anti-human CFTR antibody (C-
Terminus clone 24.1, MAB25031, R&D Systems, Lille, France) or mouse monoclonal anti-GAPDH antibody
(clone 6C5, MAB374, Millipore, Guyancourt, France) diluted 1:1000 and 1:2000, respectively, in TBS-T buffer
containing 1% defatted milk. Membranes were then blotted with polyclonal goat anti-mouse Horse Raddish
Peroxidase (HRP)-conjugated antibody (Jackson ImmunoResearch Laboratories, West Grove, PA) and revealed
using SuperSignal West Pico kit (Pierce, Thermo Fisher Scientific). Band intensities were quantified using ImageJ

software. CFTR expression was normalized to GAPDH.

Electrophysiological studies

CFTR channel activity was assessed by measurement of transepithelial short-circuit currents (Isc) in Ussing
chamber device (Physiologic Instruments, San Diego, CA). Basal chamber was filled with a Krebs buffer
containing 134mM NacCl, 4.8mM KCI, 1.2mM KH2PO4, 1.2mM MgS0.-7H,0, 5mM NaHCOs, 2.5mM CaCl,,
10mM Hepes and 1mM glucose (pH 7.4). Apical chamber was filled with a Krebs buffer containing 119mM Na
gluconate, 15mM NaCl, 4.8mM K gluconate, 1.2mM KH3PO4, 1.2mM MgSO4-7H,0, 5mM NaHCOs3, 2.5mM
CaCl,, 10mM Hepes and 1mM glucose (pH 7.4). The transepithelial potential difference was voltage-clamped at
zero and the resulting Isc was recorded using a VCC MC6 amplifier (Physiological Instruments). Data were
acquired using the interface DI-720 (DataQ Instruments) and Acquire & Analyze software 2.3 (Physiological
Instruments). Fluid currents while using different basal and apical medium were not cancelled. For some
experiments, cells were pre-treated with 10 uM indomethacin for 1 hour to decrease basal CFTR activity and
improve stability of the recordings. Epithelial sodium channel (ENaC)-mediated currents were blocked by the

addition of amiloride (100uM final concentration) in the apical chamber. CFTR-mediated currents were stimulated



by the addition isoproterenol (L00uM final concentration) in the basal chamber and finally inhibited by the addition
of the specific blocker 1-172 (20uM final concentration) in the apical chamber.

Migration and proliferation assay

To assess migration and proliferation properties of shRNA- or CRISPR-modified Calu-3 cells, untransduced,
shAlter, sh1+sh2, CTL and TSJB1 cells (5x10%) were seeded in silicone culture-inserts (1B-80209, Ibidi, Biovalley,
Marne-la-Vallée, France) and cultured until confluence at which point the chambers were removed (t=0h). Gap
closure was monitored 15 hours later (t=15h). Pictures were taken at t=0Oh and t=15h using the EVOS FL
microscope (AMG, Bothell, WA) and the entire gap surface was reconstructed using Photoshop software. The gap
area was measured as a pixel number using ImageJ software.

To quantify the number of proliferating cells, inserts were fixed in 4% paraformaldehyde for 15min and
then processed in the following solutions: PBS-Triton 0.1% for 10min, NH4CI 0.5M for 15min and PBS-BSA 2%
for 15min. Calu-3 cells were then incubated with the monoclonal anti-Ki-67 antibody (1:100 dilution, mib1,
DAKO, Les Ulis, France) followed by a goat anti-mouse Alexa 568 antibody (1:1500, Jackson ImmunoResearch

Laboratories). DAPI was used to stain nuclei. Ki-67 and DAPI-positive cells were counted using ImageJ software.

IL-8 secretion

Basal secretion of the pro-inflammatory chemokine interleukin (IL)-8 was measured in Calu-3 cells 11 days post-
seeding and in untransduced and transduced HAECs isolated from one patient and differentiated for 31-36 days at
ALI. Apical and basolateral media were collected 24h after the last media change and IL-8 secretion was
determined using Human I1L-8 ELISA Ready-SET-Go! (2" generation) kit (Ref 88-8086-22, Affymetrix
eBioscience, Paris, France), according to the manufacturer’s protocol. Samples were diluted 1:200 and assayed in
triplicate. Total proteins were extracted and quantified as described above and were similar in the different Calu-
3 cell (2.4 £0.08 mg in untransduced cells, 2.3+0.04 mg in cells transduced with CTL LVV, 2.3+£0.05 mg in cells
transduced with TSIB1 LVV) or HAEC samples (0.08mg in untransduced cells, 0.06mg in cells transduced with
CTL LVV and 0.09mg in cells transduced with TSIB1 LVV). IL-8 secretion was normalized to the total amount
of proteins.

Statistical analysis

Data are presented as means + standard error of the mean (SEM). Statistical significance was calculated using
GraphPad Prism software with a p value <0.05 considered as significant. Cell populations were compared using
the non-parametric Kruskal-Wallis test with the Dunn’s multiple comparisons test correction or a Mann-Whitney
test. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001



Results

Transduction with HIV-derived lentiviral vector allowed stable expression of shRNA constructs and active

CRISPR-Cas9 system in Calu-3 and primary human airway epithelial cells

To stably silence CFTR gene in Calu-3 cells and primary HAECs, we cloned three ShRNA sequences against
CFTR mRNA selected among six sequences and a non-specific ShRNA sequence (shCFTR and shAlter
respectively) in a HIV-1-derived LVV backbone also expressing the GFP reporter gene (Supplementary figure
2A). In parallel, we also designed and cloned two single sgRNA targeting CFTR exon 2 (TSJB1 and TSJB2),
alongside the Cas9-HA-GFP expression cassette in a HIV-1-derived LVV backbone. The construct lacking a
sgRNA sequence was used to generate a control cell line (CTL Calu-3 cells, Supplementary figure 2A). sShRNA
and CRISPR-Cas9 LV Vs efficiently transduced both Calu-3 cells and primary HAECs as shown by FACS analysis
of GFP expression (46 +4% in Calu-3 cells with multiplicity of infection (MOI) of 2, 65 £2% in Calu-3 cells with
an MOI of 10, and 68 +4% in HAECS with a MOI of 10, Supplementary figure 2B). The optimal MOI was
determined using dose ranges of LVVs in Calu-3 cells. MOI 10 was the optimal dose regarding transduction
efficiency and cytotoxicity using ShRNA LV Vs (data not shown). The three shCFTR sequences were assessed for
their ability to inhibit CFTR gene expression. shCFTR and shAlter Calu-3 cell lines were generated by transduction
or co-transduction with LVVs followed by FACS sorting of GFP positive cells. CFTR silencing was assessed by
RT-gPCR and western blot. The combination of ShCFTR sequence 1 and shCFTR sequence 2 (sh1+sh2 in Calu-3
cells) induced the more effective knockdown activity (data not shown). Calu-3 cells were also transduced with a
dose range of CRISPR-Cas9 LVVs. A week post-transduction, GFP fluorescence and CRISPR-Cas9 activity were
measured by FACS and using the T7EI mismatch detection assay, respectively. MOI 2 was the optimal dose as
shown in Figure 1A. Indeed, despite the fact that the transduction efficiency was slightly lower at MOI 2, the
cleaving activity did not increase with the LVV dose at transduction. Target sequence TSJB1 gave both higher
levels of transduction and CRISPR-Cas9 activity (Figure 1A) which was sustained overtime in the resultant cell
line (TSJB1 Calu-3 cells, Figure 1B). Off-target effects are the major concern when using artificial endonucleases
for genome editing. However, non-specific cleaving activity was not detected in CTL or TSJB1 Calu-3 cell lines
in the four most probable off-target sites (Figure 1C).

In view of these observations, primary HAECs were transduced with ShRNA LVVs (shAlter, shl and
sh2) at MOI 10. Two doses were tested for CRISPR LVVs (CTL and TSJB1). GFP positive cells were FACS
sorted a week post-transduction to measure CRISPR-Cas9 activity by the T7ElI mismatch detection assay.
Modification activity was about two-fold higher with a MOI of 10 compared to a MOI of 2 (41% and 48%
compared to 18% and 29% respectively, Figure 1D). Thus, this dose was used for consequent experiments in

primary HAECs.
shRNA interference and CRISPR-Cas9 genome editing induced stable CFTR inhibition in Calu-3 cells
To quantify the consequences of ShRNA interference and CRISPR-Cas9 genome editing in our Calu-3 cells lines,

untransduced (UTC), shAlter, sh1+sh2, CTL and TSJB1 Calu-3 cells were cultured on semi-permeable supports

under submerged conditions for 14-20 days and CFTR inactivation was assessed by RT-gqPCR and western blot.



CFTR mRNA in shl+sh2 Calu-3 cells (0.3 fold change +0.04, n=6) was reduced by 63% (p=0.0006) compared to
shAlter Calu-3 cells (0.8 fold change +£0.07, n=7, Figure 2A). Western blot confirmed this inactivation with a
decrease of 77% (p=0.002) of the protein content in sh1+sh2 Calu-3 cells (0.3 fold change +0.09, n=6) as compared
to shAlter Calu-3 cells (1.4 fold change £0.2 n=5, Figure 2C). No statistical difference was observed in CFTR
mRNA and protein contents between UTC and shAlter Calu-3 cell lines.

No difference in CFTR mRNA content was observed between CTL and TSJB1 Calu-3 cells (1.2 fold
change £0.07 in TSJB1 cells compared to 1.3 fold change 0.1 in CTL cells, Figure 2B) indicating that CRISPR-
Cas9 activity confirmed in TSJB1 Calu-3 cells (Figure 1B) did not induced mutations that altered expression of
CFTR mRNA sequences that can be detected by RT-qPCR. However, the decrease of CFTR protein expression
was confirmed by Western blot (-70%, p<0.0001) in TSJB1 Calu-3 cells (0.3 fold change +£0.05, n=8) compared
CTL Calu-3 cells (n=8, Figure 2D). No difference was observed in CFTR protein content between UTC and CTL
Calu-3 cell lines.

In summary, these results indicate that ShRNA expression and CRISPR-Cas9 activity efficiently induced strong

and stable CFTR inactivation in Calu-3 cells.

CRISPR-Cas9 system strongly impaired CFTR function at the electrophysiological level in Calu-3 cells and
primary HAECs

CF phenotype is characterized by the alteration of transepithelial currents particularly by a poor or absence of
chloride fluxes through CFTR channels [26]. We therefore determine whether CFTR inactivation at the post-
transcriptional level correlates with the defect of CFTR-mediated currents in modified Calu-3 cells. UTC, shAlter,
shl+sh2, CTL and TSJB1 Calu-3 cells were cultured on semi-permeable supports under submerged conditions for
14-20 days and short-circuit currents (Isc) were studied in Ussing chamber device. After stabilization of the
polarized monolayers (ISCbasa), CFTR channels were stimulated with isoproterenol, a B2 adrenergic receptor
agonist which activates protein kinase A (PKA) via the rise of intracellular cAMP concentration (ISCact. crTR).
CFTR-mediated currents were finally inhibited by the specific blocker 1-172 (lIsCinn. crtr). Representative
recordings of transepithelial currents in CRISPR-Cas9 Calu-3 cells are shown in Figure 3A. Isoproterenol induced
large outward currents from a lower basal Isc that could be inhibited by 1-172, indicating that currents were carried
by CFTR (Figure 3A). Isc changes following activation and inhibition of CFTR channels were significantly lower
in TSJB1 Calu-3 cells (+8.1 £2.2 pa.cm? and -8.3 £2.1 pa.cm?, n=7) compared to CTL Calu-3 cells (+44.6+12.7
pa.cm? and -43.3+11.6 pa.cmz?, n=8, Figure 3C) but not in shl+sh2 Calu-3 cells (+10.3+2.6 pa.cm? and +2.7 -
14.4pa.cm?, n=10) compared to shAlter Calu-3 cells (+11+2.7 pa.cm? and -17.7£2.4 pa.cm?, n=10, Figure 3C).
Figure 3D and 3E show the fold changes of CFTR-mediated currents following inhibition relative to UTC cells.
Only Calu-3 cells modified with CRISPR-Cas9 system showed a strong 79% CFTR knockdown at the
electrophysiological level (0.36 +0.05 fold change in TSJB1 cells, n=7, compared to 1.74 £0.2 fold change in CTL
cells, n=8, p=0.0002). These results demonstrate that CFTR inactivation by shRNA interference does not support
a loss of function characteristic of CF phenotype compared to CRISPR-Cas9 modified Calu-3 cells. These cell
lines therefore may represent a good model for CF.

shRNA interference and CRISPR-Cas9 genome editing strategies were evaluated in primary HAECs, as

described in Supplementary figure 3. Cells were cultured at the ALI for 30-40 days and assayed for CFTR
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expression as well as for Iscs. Western blot quantifications of the effect of each strategy (Figures 4A and 4B) on
CFTR expression showed that shCFTR expression did not affect CFTR protein content whereas CFTR protein
expression was reduced by 37% in TSJIB1 HAECs (0.63 +0.09 fold change, n=3) compared to UTC HAECs (1.00
+0.23 fold change, n=3). For Ussing chamber recordings, epithelia were stimulated as described for Calu-3 cells
except that ENaC channels were inhibited by the addition of amiloride before CFTR activation by isoproterenol
(Supplementary Figure 4). Transepithelial resistances were measured in all epithelia and confirmed primary
HAECSs polarization (Figure 4C and 4D). Transduction with sh1 and sh2 LVVs did not knockdown CFTR at the
electrophysiological level compared to shAlter cells (n=4, Figure 4E). In contrast, expression of CRISPR-Cas9
system induced an 87% decrease (p=0.0571) of transepithelial current variations following CFTR channel
inhibition by 1-172 in TSJB1 epithelia (n=3) compared to UTC ones (n=4), and a 79% decrease (p=0.0012) of
transepithelial current variations following CFTR channel inhibition by 1-172 in TSJB1 epithelia (n=6) compared
to CTL ones (n=7, Figure 4F). These results confirm that our CRISPR-Cas9 LVV construct can efficiently target
CFTR expression in primary HAECs.

Combination of shRNA and CRISPR-Cas9 strategies did not further improve CFTR inactivation

shRNA induced CFTR knockdown at the protein level but the effect on transepithelial currents was not strong
enough to mirror electrophysiological CF defect. Genome editing by CRISPR-Cas9 system significantly reduced
but did not abrogate CFTR-mediated currents. We therefore investigated whether the combination of both
strategies would lead to complete CFTR inactivation. CTL and TSJB1 Calu-3 cells were transduced with shAlter
and sh1+sh2 LVVs at MOI 10 respectively. CRISPR-Cas9 cleaving activity did not affect CFTR mRNA (Figure
2B). Following transduction of TSJB1 Calu-3 cells with shl and sh2 LVVs, mRNA levels were reduced by 50%
(p=0.0143) as shown in Figure 5A (0. £0.03 6 fold change in TSJB1/sh1+sh2 cells, n=4, compared to 1.2 +0.05
fold change in CTL/shAlter cells, n=4). However, shRNA interference did not further reduce CFTR protein
expression (0.4 £0.08 fold change in TSJB1/sh1+sh2 cells, n=4, compared to 1.2 £0.7 fold change in CTL/shAlter
cells, n=4, -67%, Figure 5B) and CFTR-mediated transepithelial currents (0.6 +0.12 fold change in
TSJIB1/shl+sh2, n=5, compared to 3.2 £0.6 fold change in CTL/shAlter cells, n=5, -81%, Figure 5D and 5E) in
the TSJB1 Calu-3 cells. The double-knockdown strategy therefore is not the best approach to induce long-term
CFTR inactivation.

CRISPR-Cas9 CFTR inactivation enhanced interleukin-8 release by Calu-3 cells

To examine the effect of CFTR inactivation on Calu-3 cell phenotype, we monitored cell migration and
proliferation as well as release of the pro-inflammatory chemokine 1L-8. Gap healing experiments were performed
on CTL and TSJB1 Calu-3 cells. As shown in Figure 6A, no difference in the gap healing rate measured after 15
hours was observed between CTL (0.7 +£0.04 initial surface repaired, n=10) and TSJB1 Calu-3 cells (0.7 +0.03
surface repaired, n=11). Cell proliferation was also determined at 15 hours by immunodetection of the nuclear
marker Ki-67. Ki-67 proliferation index was similar in both cell lines (47 £0.02 %Ki-67 positive cells in CTL cells
compared to 46 +0.02 %in TSJB1 cells, n=25, Figure 6B). Together these results indicate that CFTR inactivation

does not affect cell proliferation and migration in CFTR knocked-down Calu-3 cells. We next measured the release
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of IL-8 by CTL and TSJB1 Calu-3 cells polarized on Transwell inserts. IL-8 release was measured in apical (Figure
6C) and basolateral (Figure 6D) media and fold change of IL-8 secretion from the CRISPR-Cas9 cells was
expressed compared to UTC cells. As shown, transduction of Calu-3 cells enhanced basal level of IL-8 release as
compared to UTC cells, although this was not significant. Comparison between CTL and TSJBL1 cells revealed
that only apical I1L-8 secretion was increased in TSJB1 cells (+28%, p=0.0087, n=6). No difference was observed
in the basolateral release of 1L-8 between CTL and TSJB1 transduced cells. In summary, these results indicate that
CFTR silencing in Calu-3 cells enhanced IL-8 secretion but did not affect their migratory and proliferating
properties.

IL-8 secretion by UTC HAECs and HAECSs transduced either with CTL or TSIB1 LVVs was measured
in triplicate in apical (Figure 6E) and basolateral (Figure 6F) media. Although a tendency to enhanced basal

production of IL-8 was observed in TSIB1 HAECS, the difference did not reach significance.
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Discussion

In the present study, we evaluated the efficiency of lentiviral-mediated shRNA and CRISPR-Cas9 strategies to
inactivate the expression of CFTR gene and impact the phenotype of polarized HAECs. We report high
transduction efficiency with both LVVs in the Calu-3 cell line and in primary HAECs. Expression of sShRNA
sequences and CRISPR-Cas9 system was associated with decreased expression of CFTR. However, only the
CRISPR-Cas9 strategy reduced CFTR activity in terms of ion transport in polarized epithelia. In addition, CFTR
knocked-down Calu-3 cells with the CRISPR-Cas9 strategy retained normal migration and proliferation profiles
but showed enhanced apical release of the pro-inflammatory chemokine IL-8. To our knowledge, this is the first
report using the CRISPR-Cas9 molecular tool to generate CF-like airway epithelial cell models.

HIV1-derived LVVs were used to mediate ShRNA interference and genome editing using CRISPR-Cas9
system to stably knockdown CFTR. Indeed, viral gene transfer is more efficient than non-viral delivery methods,
particularly in primary cells. LVV was chosen in preference to adenovirus or adeno-associated virus (AAV), for
its ability to transduced both quiescent and non-quiescent cells, to integrate a transgene within the host genome,
and its large encapsidation capacity [27]. HIV-derived LVVs were pseudotyped with VSV-G envelop for its broad
tropism and its stability, allowing production of high titre vector stocks. Consistently high transduction efficiencies
were obtained in both Calu-3 cells and primary HAECs as measured by GFP expression. This was dose- and
vector-dependent and in agreement with previous studies using HIV-derived LVVs in AECs [3,4,28]. Particularly
Borok et al. obtained 30% and 80% of GFP-positive cells following transduction of rat AECs with MOls of 1.6
and 12.8 respectively. Although similar levels of transfection can be obtained with small interfering
oligonucleotides [22,29], this does not allow stable integration and expression. Expression of the GFP reporter
gene encoded in our shRNA and CRISPR-Cas9 plasmids allowed real-time monitoring of cell lines or cultures
purity overtime and over cytotoxicity of the integrated transgenes.

Vectors and transduction strategy were optimized in Calu-3 cells. This cell line is a good model to study
delivery in HAECs [30,31] and is broadly used to study CFTR ion channel properties in a human airway epithelial
cell line [20]. The LVV-mediated shRNA strategy efficiently knocked-down CFTR protein expression but
moderately affected CFTR function at the electrophysiological level. Two CFTR knockdown Calu-3 cell lines
have already been developed. Palmer et al. obtained strong CFTR mRNA and protein expression inhibition
associated with 8-cpt-cAMP-mediated secretion decrease (>90%) following transfection with a sleeping-beauty
transposon and puromycin selection [32]. Mac Vinish et al. obtained less than 5% wild-type CFTR protein content
associated with a 75% decreased of CAMP-dependant chloride secretion following stable transfection with SiRNA
oligonucleotides and clonal selection [33]. More recently, Ramachandran et al. used a reverse transfection protocol
with siRNA and obtained high CFTR knockdown [22]. Protein levels were similar to those observed in this study
but inactivation at the functional level was stronger. Several groups have used LVV-mediated ShRNA interference
in Calu-3 cells [34-37]. Knockdown efficiency is highly target- and protocol-dependent (especially siRNA
sequence). Modest CFTR knockdown in our Calu-3 cell line may be due to less potent ShRNA sequences, although
we have selected the two more efficient ones out of six that were initially tested, or to steric hindrance in the
targeted region of mMRNA. It is also possible that high expression of shRNA constructs saturates cellular RNAI
machinery and reduces knockdown efficiency as reported by Grimm [38]. Overexpression of AGO2 and exportin-

5 proteins have been shown to enhance silencing efficiency and reduce cytotoxicity [38,39] and might improve
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CFTR inactivation. Finally, our sh1+sh2 cell line is not a clonal population. Generation of clonal sh1+sh2 Calu-3
cell line could have greatly improved knockdown efficiency, but our aim was to test our shRNA tool in view of
its potential application in primary cultures of airway epithelial cells.

Gene silencing by RNAI is usually not complete. By targeting mRNAs, off-target effects are very likely
but these are not easily identifiable. Artificial endonucleases directly target gDNA and are able to introduce
silencing mutations within the cell genome, thus eliminating interference with the cellular machinery. Recently,
the CRISPR-Cas9 system have been developed and proposed a cost and time-effective alternative to zinc finger
and transcription activator-like effector (TALE) nucleases. Off-target modification activity was not detected in the
top four off-target sites confirming that CRISPR-Cas9-mediated knockdown is CFTR-specific. Furthermore, we
did not detect cell toxicity albeit constitutive expression of Cas9 and sgRNA, as shown by GFP cell expression.
Using this strategy, we observed strong functional inactivation of the CFTR channel similar to the decrease
observed in the protein content. Thus, sShRNAs were efficient to knockdown CFTR expression but the remaining
CFTR channels were fully functional, indicating that 20% of the total CFTR protein was sufficient to carry out
virtually 80% of 1-172-inhibitable CFTR currents. In contrast, the CRISP-Cas9 likely introduced a variety of
mutations into the CFTR sequence, reducing the amount of proteins that could be detected by Western blot by our
C-terminal targeted antibody. We assume that most mutant CFTR channels detected by our antibody are
dysfunctional, explaining the reduced Isc. The type of mutations introduced by the CRISPR/Cas9 system or
whether silencing mutations were induced on both alleles is not known. Therefore, the TSJIB1 cell line probably
contains cells with one normal CFTR allele leading to a residual channel function sufficient to maintain residual
CFTR-mediated currents, although additional sequencing of the targeted exon would be necessary to confirm this
hypothesis. To circumvent this limitation, we tested a dual strategy combining shRNA expression in CRISPR-
Cas9-modified Calu-3 cells. However, CFTR knockdown was not improved and transepithelial currents were
abnormally enhanced in cells transduced with control vectors. Despite a residual CFTR function, the CRISPR-
Cas9 CFTR knocked-down cell line represents an interesting model of CF. Indeed, CF-causing mutations from
classes 11 to VI affect the number or the stability of normal proteins at the apical membrane of epithelial cells or
the channel functionality [13]. These mutations are responsible for milder forms of CF in patients and are
associated with residual CFTR function. F508del, the most common severe CF-causing mutation, is associated
with protein folding defect, enhanced degradation, and reduced trafficking and stability. Although the paradigm is
an absence of CFTR protein at the apical membrane, few reports showed F508del-CFTR localization at the apical
membrane [40-42] and residual chloride secretion function [43-45].

Although CFTR is a chloride channel, CFTR mutations have been associated with several other
phenotypes including altered cell proliferation and migration during epithelial wound repair [46-48]. However,
migration and proliferation were not impaired in our CRISPR-Cas9 CFTR knocked-down Calu-3 cell line
compared to control cells. CF lung disease is also characterized by deleterious inflammation and excessive
secretion of inflammatory cytokines. Interestingly, we observed a significant increase of apical I1L-8 release by the
CRISPR-Cas9 CFTR knocked-down Calu-3 cells in absence of bacterial stimulation. These results are in
accordance with previous reports of intrinsic pro-inflammatory state associated with mutated CFTR [49-52]. Non-
significant difference of IL-8 secretion at the basolateral side of TSIJB1 Calu-3 cells might explain the contradictory

results obtained when IL-8 secretion is measured in primary HAECs cultured at the air-liquid interface. Thus, our
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cell lines may represent interesting new in vitro models of polarized airway epithelial cells to investigate further
the links between CFTR and signalling pathways leading to a pro-inflammatory phenotype.

High transduction efficiency and use of GFP reporter gene are particularly useful to rapidly sort high
amounts of transduced cells that cannot be cultured for extended periods of time without losing their ability to
polarize and differentiate. CRISPR-Cas9 system has been developed very recently and only few references report
LVV-mediated knockdown using this artificial endonuclease in primary cultures [53,54]. Here, we demonstrated
that LVV-mediated CRISPR-Cas9 in primary HAECS induced high gene modification activity at the targeted
locus that was associated with a decrease of the CFTR protein content together with a strong decrease in the I1-172-
inhibitable transepithelial CFTR currents. Interestingly, transduced HAECs could be cultured at the air-liquid
interface leading to a polarized epithelium, and transduction with the active TSIB1 LVV did not affect the
transepithelial resistances. This protocol displays several advantages. The reported high transduction efficiency
and high modification frequencies reduce the number of cells from one batch that are not selected which is very
important as this is precious material. In addition, the continuous expression of CRISPR-Cas9 components is
particularly beneficial to introduce bi-allelic silencing mutations in the greatest number of cells, and was not
associated to any cytotoxic effect. Research groups are currently working on the differentiation of induced
pluripotent stem (iPS) cells into functional respiratory epithelial cells [55,56]. Modification of iPS cells with our
constructs would allow selection and expansion of specific clones with known mutations. Although future research
on the phenotype of these cells is mandatory, these results provide a proof of concept that primary HAECs can be

targeted for CFTR gene inactivation.

Conclusion

We have generated new CFTR knockdown airway epithelial cell lines and demonstrated the application of the
lentiviral-mediated CRISPR-Cas9 strategy in primary HAEC cultures with isogenic controls. These results
represent a first step to introduce CF-specific mutations at a specific locus by co-expressing small oligonucleotides
in airway epithelial cells. This approach will allow the manipulation of CFTR expression and/or monitoring of the
consequences of CF-causing mutations in cells with their isogenic controls, a condition that is not reached when
comparing cultures of non-CF and CF patients.
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Supplementary material

Supplementary figure 1 shows the siRNA sequences designed to target CFTR mRNA and their silencing
efficiency.

Supplementary figure 2 shows shRNA and CRISPR-Cas9 DNA constructs in LVV backbones and provides flow
cytometric analyses of transduced Calu-3 cells and primary HAECs.

Supplementary figure 3 depicts the protocol for the generation and analysis of pseudo-stratified human airway
epithelia.

Supplementary figure 4 shows typical recording of HAEC cultures transduced with TSIB1 LVVs.
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Figure 1. CRISPR-Cas9 genome editing activity in transduced Calu-3 cells and primary HAECs. (A) Calu-
3 cells were transduced with a dose range of CRISPR-Cas9 LVVs. Multiplicity of infection (MOI) is indicated
above the diagram. A week post-transduction (PT), percentage of GFP positive cells (GFP + cells %) was
determined by FACS and gDNA was extracted to perform T7E1 mismatch detection assay at the target locus in
CFTR exon 2. Gene modification activity (GMA) was calculated as described in the Materials and Methods and
expressed as a percentage of cleavage normalized to the percentage of GFP positive cells. (B) Frequency of gene
modification was monitored during CRISPR-Cas9 Calu-3 cell line expansion on days 25 and 65 PT (D25 PT and
D65 PT respectively, n=3). (C) Potential off-target effects were investigated at four loci corresponding to the most
probable genome-wide off-target sites for TSIB1 sequence (n=3). The T7E1 mismatch detection assay was
performed in CRISPR-Cas9 Calu-3 cells on D65 PT. (D) Primary HAECs (n=2 patients) were transduced with
CRISPR-Cas9 LVVs at MOls 2 and 10. A week PT, GFP positive cells were sorted by FACS and gDNA was
extracted from this subpopulation to perform a T7E1 mismatch detection assay at the target locus of CFTR exon
2. UTC: untransduced cells, TSJB1 and 2: target sequences JB1 and JB2, OFF-TS1-4: off-target sequences 1-4, *:

non-cleaved PCR product, arrow: cleaved PCR product.

Figure 2. Silencing of CFTR mRNA and protein expression by shRNA interference and CRISPR-Cas9
genome editing in polarized Calu-3 cells. shAlter and sh1+sh2 Calu-3 cells (A, C) and CTL and TSJB1 Calu-3
cells (B, D) were seeded on semi-permeable supports and cultured under submerged conditions for 14-20 days
alongside non modified Calu-3 cells (UTC). (A, B) Total RNAs were extracted and CFTR mRNA abundance was
quantified by RT-gPCR (n=10, 7, 6 for shRNA cell lines and n=7, 8, 8 for CRISPR-Cas9 cell lines). (B, D) Proteins
were extracted and processed for Western blot. CFTR protein expression was quantified by densitometry and
normalized to GAPDH house-keeping gene expression (n=6, 5, 6 for shRNA cell lines and n=6, 8, 8 for CRISPR-
Cas9 cell lines). Bars indicate means + SEM. Significant difference compared to shAlter or CTL cells (p<0.05) is

indicated by one or more asterisks.

Figure 3. Silencing of CFTR-mediated transepithelial currents in polarized Calu-3 cells. shAlter, shl+sh2,
CTL and TSJB1 Calu-3 cells were seeded on semi-permeable supports and cultured under submerged conditions
for 14-20 days alongside untransduced Calu-3 cells (UTC). (A) Representative recordings of transepithelial short-
circuit currents (Isc) with CRISPR-Cas9-modified Calu-3 cells. Note that fluid currents were not cancelled so that
the zero value on the Y-axis does not represent the true zero current level. (B, C) Transepithelial Isc was recorded
in Ussing chamber device after stabilization of the monolayers (IsChasat), CFTR activation by isoproterenol (ISCact.
crrr) and CFTR inhibition by 1-172 (IsCinn. crr) (=9, 10, 10 for shRNA Calu-3 cells and n=8, 8, 7 for CRISPR-
Cas9 Calu-3 cells). (D, E) Relative fold change of the transepithelial Isc following inhibition by 1-172 accounts
for CFTR knock-down at the electrophysiological level. Bars indicate means + SEM. Significant difference
compared to shAlter or CTL cells (p<0.05) is indicated by one or more asterisks. I: isoproterenol, 1-172: CFTR
inhibitor 1-172.

Figure 4. Silencing of CFTR-mediated transepithelial currents in differentiated primary HAECs by

CRISPR-Cas9 genome editing. Primary HAECs were transduced with shRNA and CRISPR-Cas9 LVVs and

processed as described in Supplementary figure 2. (A, B) Proteins were extracted and processed for Western blot.
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CFTR protein expression was quantified by densitometry and normalized to GAPDH house-keeping gene
expression (n=3-6 in A and n=3 in B). (C, D) Transepithelial resistances were measured in Ussing chamber device
to confirm primary culture polarization. (E, F) Transepithelial short-circuit current variations in response to CFTR-
blocker 1-172 were measured in Ussing chamber device following ENaC inhibition by amiloride and CFTR
activation by isoproterenol (n=4-5 in E and n=3-7 in F). Bars indicate means + SEM. Significant difference

compared to shAlter, CTL or UTC cells (p<0.05) is indicated by one or more asterisks.

Figure 5. CRISPR/shRNA double knock-down in polarized Calu-3 cells. CTL and TSJB1 Calu-3 cells were
transduced with shAlter and shl+sh2 LVVs respectively (MOI 10), expanded and finally cultured on semi-
permeable supports under submerged conditions for 14-20 days. (A) CFTR mRNA abundance was measured by
RT-gPCR (n=4). (B) Western blot analysis of the CFTR protein content was performed by densitometry and
normalization to GAPDH house-keeping gene expression (n=4). (C, D) Transepithelial short-circuit currents (Isc)
were measured in Ussing chamber device after stabilization of the monolayers (ISCrasal), CFTR activation by
isoproterenol (IsCact. cerr) and CFTR inhibition by the 1-172 blocker (Iscinn. cerr) (n=5). (E) CFTR inhibition is
depicted as a relative fold change of the transepithelial Isc following inhibition by Gly-H101. Bars indicate means
+ SEM. Statistical significance compared to CTL/shAlter cells (p<0.05) is indicated by one or more asterisks. I:
isoproterenol, 1-172: CFTR inhibitor 1-172.

Figure 6. Characterization of CRISPR-Cas9-modified Calu-3 cells and HAECs. (A) To assess their migration
and proliferation profile, CTL and TSJB1 Calu-3 cells were seeded on Ibidi inserts. Gap area was photographed
when the inserts were removed (t=0h) and at the end of the experiment (t=15h). Images were merged and pixels
in the non-repaired area were counted. Results are indicated as a ratio of pixel numbers (n=10 and 11). (B) At the
end of the experiment, cells were stained with the nuclear proliferation marker Ki-67 and DAPI. Pictures were
taken in n=5 areas (n=5 inserts for a total of n=25). Results are indicated as a ratio of Ki-67 positive cells/DAPI
positive cells. (C, D) Basal IL-8 secretion was measured in apical (C) and basolateral (D) media from CRISPR-
Cas9 Calu-3 cells (n=6) by ELISA, normalized to total protein amounts and expressed as a fold change compared
to untransduced Calu-3 cells. (E, F) HAECs were allowed to differentiate for 30 days and three inserts of
untransduced, (UTC) and transduced with CTL and TSJB1 LVVs were used for IL-8 secretion detection in
triplicate. Fold change of total IL-8 secretion is expressed compared to UTC cells. Bars indicate means + SEM.

Statistical significance compared to CTL cells (p<0.05) is indicated by one or more asterisks.
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Figure 3
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Supplementary figure 1. Screening of siRNA sequences targeting CFTR mRNA. (A) Six siRNA sequences
targeting CFTR mRNA were designed using Genelink software and selected for their specificity and the absence
of single-nucleotide polymorphisms and insertion/deletion events. Silencing efficiency of these sequences was
assessed by transfection of BHK cells expressing CFTR (B) and Calu-3 cells (C). CFTR protein expression was
measured by Western blot and quantified by densitometry and normalized to GAPDH house-keeping gene

expression. Bars indicate means + SEM.
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Supplementary figure 2. Generation of CFTR knocked-down Calu-3 cell lines and primary human airway
epithelial cells (HAECs). (A) DNA constructs in a lentiviral vector (LVV) backbone used to induce CFTR gene
knock-down. shRNA constructs (1) contain a sShRNA sequence targeting CFTR mRNA (sh1, sh2 or sh3) or a non-
specific sequence (shAlter) and the eGFP reporter cDNA sequence. CRISPR constructs (2) contain the expression
cassette of Cas9 endonuclease fused to HA tag and eGFP cDNA sequence. The 20 nucleotide sequences targeting
CFTR exon 2 (TS) were cloned upstream the sgRNA sequence. The CRISPR control plasmid (CTL) (3) only
expressed the Cas9-HA-eGFP cassette. (B) Flow cytometric analyses of transduced Calu-3 cells and primary
HAECs. Calu-3 cells were transduced with shRNA LVVs at MOI 10 and CRISPR LVVs at MOI 2. Numerical
values indicate the percentage of GFP positive cells. Primary HAECs were transduced with shRNA and CRISPR
LVVs at MOI 10. Numerical values indicate the percentage of GFP positive cells (means + SEM, n=5-6). EFla:
elongation factor 1 a, SFFV: spleen focus forming virus, eGFP: enhanced green fluorescent protein, sShRNA: short
hairpin RNA, sgRNA: single-guide RNA, HA: hemagglutinin, WPRE: Woodchuck hepatitis virus post-
transcriptional regulatory element, U3RU5: HIV-1-derived self-inactivating long terminal repeat (LTR),
AU3RUS: HIV-1-derived self-inactivating LTR containing U3 depleted of viral enhancer and promoter, o:

packaging signal.
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Supplementary figure 3. Protocol for the generation and analyses of pseudo-stratified human airway
epithelia. FACS: flow cytometry and cell sorting, ALI: air-liquid interface.
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Supplementary figure 4. Silencing of CFTR-mediated transepithelial currents in differentiated primary
HAECs by CRISPR-Cas9 genome editing. Representative recordings of transepithelial Iscs in Ussing chamber
device after stabilization of the monolayers, inhibition of ENac by amiloride (A), activation of CFTR by
isoproterenol (1) and inhibition of CFTR by 1-172.
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