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Surfactant protein B (SPB) deficiency is a severe monogenic
interstitial lung disorder that leads to loss of life in infants as
a result of alveolar collapse and respiratory distress syndrome.
The development and assessment of curative therapies for the
deficiency are limited by the general lack of well-characterized
and physiologically relevant in vitro models of human lung pa-
renchyma. Here, we describe a new human surfactant air-liquid
interface (SALI) culture model based on H441 cells, which suc-
cessfully recapitulates the key characteristics of human alveolar
cells in primary culture as evidenced by RNA and protein
expression of alveolar cell markers. SALI cultures were able to
develop stratified cellular layers with functional barrier proper-
ties that are stable for at least 28 days after air-lift. A SFTPB
knockout model of SPB deficiency was generated via gene edit-
ing of SALI cultures. The SFTPB-edited SALI cultures lost
expression of SPB completely and showed weaker functional
barrier properties. We were able to correct this phenotype via
delivery of a lentiviral vector pseudotyped with Sendai virus gly-
coproteins F/HN expressing SPB. We believe that SALI cultures
can serve as an important in vitro research tool to study human
alveolar epithelium, especially for the development of advanced
therapy medicinal products targeting monogenic disorders.

INTRODUCTION
In the lungs, surfactant protein B (SPB) is produced by alveolar type II
(ATII) and club cells.1 This small, hydrophobic protein plays a crucial
role in the homeostasis of the alveolar lining fluid, which is respon-
sible for alveolar gas exchange, surfactant maintenance, and immu-
nity against foreign pathogens.2,3 SPB assists in the packaging and
export of pulmonary surfactant from ATII cells directing lung surface
tension reduction and allowing alveoli to expand and contract with
each breath.4 In cells, SPB is expressed as a�40- to 42-kDa precursor
proprotein, which throughmultiple enzymatic cleavages and disulfide
bond formation produces the 16-kDa homodimermature protein.1,5,6

SPB deficiency, first described in 1993, is an autosomal recessive dis-
order caused by over 30 identified mutations in the SFTPB gene.7,8

The majority of the cases result in loss of life within the first few
months of life because patients are in most cases unresponsive to
mechanical ventilation, corticosteroid, and exogenous surfactant
treatments.7 The only curative treatment is thought to be lung trans-
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plantation; however, the lack of suitable donor organs makes this a
non-viable option in most circumstances.

We propose a curative gene therapy approach for the treatment of
SPB using our simian immunodeficiency virus (SIV)-based lentiviral
vector (LV) pseudotyped with Sendai virus glycoproteins F and HN
(rSIV.F/HN).9 Although non-viral gene therapy approaches have
achieved correction of the defect in mouse models,10,11 the therapeu-
tic effect was short-lived and inefficient. Using rSIV.F/HN, which is
optimized for pulmonary gene transfer, curative therapy can be
achieved lasting the patient’s lifetime or until a suitable donor organ
becomes available.

There is, however, a general lack of robust in vitro models of the hu-
man lung parenchyma to enable high-throughput screening and
assessment of either small-molecule or gene therapy approaches.
Alveolar epithelium is made up of two major cell types: alveolar
type I (ATI) and ATII pneumocytes.4 Whereas ATI cells are mostly
involved in alveolar gas exchange and oxygen uptake, ATII cells,
comprising only 5% of the alveolar surface, have progenitor cell char-
acteristics and are responsible for surfactant protein production and
secretion.12 The use of primary human ATII cells ex vivo could reca-
pitulate the in vivo lung tissue, but such cells are difficult to isolate, not
widely available, and can be cultured in vitro for only up to two
generations because they lose their functional characteristics in cul-
ture.13,14 Recent studies have been able to establish organoid-like
spheres from isolated primary human ATII cells, but these require
the inclusion of support cells from epithelial or mesenchymal line-
ages.15 Furthermore, these ATII alveolosphere cultures do not repli-
cate the structure of the alveolus and show no evidence of cells
morphologically resembling or expressing markers of ATI cells.
Finally, these methods do not allow for generation of relevant disease
models because the cells cannot be reliably expanded in culture
following CRISPR-Cas9-based gene manipulations. When
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Figure 1. Expression of ATI and ATII cell markers in ALI cultures

(A–C) ALI cultures were established with (A) A549 cells, (B) H441 cells, and (C) co-culture of both cell lines grown in base and polarization media 7 and 14 days after air-lift.

Expression levels of SPA, SPB, SPC, CC10, and AQP5 were determined via qRT-PCR and normalized to that of equivalent cells grown in submerged culture using 2�DDCT

analyses. Each qRT-PCR was performed in three technical replicates, which were averaged for each biological replicate. Each data point represents a biological replicate,

and columns indicate mean ± SD of data shown. Mann-Whitney test was performed to compare the increase of SPB and SPCmRNA levels in H441 cells (**p < 0.01). ND, not

detected.
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researchers focused on stem cells as a way forward, they successfully
derived lung organoids from human embryonic stem cells and
induced pluripotent stem cells that express ATII cell-related surfac-
tant protein markers.16–18 However, these alveolar or proximal lung
organoids17,19,20 are phenotypically more representative of a devel-
oping lung, which makes them unsuitable models for therapeutic as-
sessments unless in utero strategies are pursued.

Here, we describe a human surfactant air-liquid interface (SALI)
in vitro cell culture model based on human pulmonary epithelial
H441 cells derived from both ATII and club cell lineages.21–23 We
show that H441 cells, when grown under SALI culture conditions,
successfully mimic key characteristics of primary ATII cells. In addi-
tion, we carried out analyses on the air-liquid interface (ALI) culture
model with regards to functional barrier properties. Finally, using
CRISPR-Cas9 gene editing, we generated a SPB deficiency disease
model based on SALI cultures and demonstrated correction of the
disease phenotype following rSIV.F/HN intervention.

RESULTS
H441 cells demonstrate ATII cell characteristics

A549 and H441 lung adenocarcinoma cells have been widely used as
cell culture models for the lung parenchyma in drug discovery and
epithelial transport studies,23–27 and we investigated their potential to
238 Molecular Therapy: Methods & Clinical Development Vol. 20 March
serve as a model for surfactant deficiencies. ALI cultures were estab-
lished from A549 cells, H441 cells, and co-culture of both lines grown
in either “base” or “polarization” media.28 Quantitative reverse-tran-
scription polymerase chain reaction (qRT-PCR) analysis of mRNA
expression of cell markers for ATI (aquaporin 5 [AQP5]),29 ATII (sur-
factant proteins A [SPA], B [SPB], and C [SPC]),30 and club (club cell
protein 10 [CC10])31 cells was performed at 1 and 2 weeks following
air-lift under the alternate culture media (Figures 1A–1C). qRT-PCR
analysis demonstrated a 10,000-fold increase in SPA and SPB expres-
sion and a 100-fold increase in SPC expression levels in H441 cells
grownasALI cultures comparedwith cells grown in submerged culture
(Figure 1B). In addition, a modest 5- to 10-fold increase in CC10 and
AQP5 mRNA levels was also observed. In contrast, SPA and SPB
mRNA levels in A549 cells decreased by 10,000-fold and 1,000-fold,
respectively (Figure 1A), and cell proliferation was stunted consider-
ably (data not shown). Despite earlier studies demonstrating statisti-
cally significant increases in SPB expression,32 no synergistic effect of
co-culture of the two cell lines was observed on mRNA levels of the
cell markers (Figure 1C). Based on the significant differences observed
in the expression levels of SPB (p = 0.0022) and SPC (p = 0.0022) in
H441 cells, polarization media were selected for use in further studies.

Furthermore, expression and post-translational processing of SPB
and SPC proteins in H441 cells under the new ALI culture conditions
2021



Figure 2. Immunoblot analysis confirms expression of SPB and SPC in SALI

cultures

(A) Immunoblot showing SPB and SPC expression in ALI cultures grown in polari-

zation media. Total protein lysates (30 mg) from A549, H441, and co-culture ALI

samples were blotted under reducing (+) and non-reducing (�) conditions.

b-Tubulin was used as protein loading control and blotted under reducing condi-

tions. The size of the closest protein marker to each target protein is labeled. Data

shown are representative of three independent repeats. (B) Schematic represen-

tation of the post-translational processing of SPB. N- and C-terminal arms, which

undergo protease-mediated cleavage, are shown in gray, while the mature peptide

is indicated in red. The single N-linked glycosylation site is marked by a “Y,” and the

location of the intermolecular disulphide bond unique to mature SPB is indicated

with a black bar.
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were confirmed via immunoblotting (Figure 2A). Importantly, this
protein processing was not observed in H441 cells grown in sub-
merged culture (data not shown). SPB is produced as a 42-kDa pro-
protein that undergoes protease-mediated processing by napsin and
cathepsin H6 (Figure 2B); these post-translational modifications yield
an 8-kDa mature peptide that forms 16-kDa disulfide-linked
homodimers prior to being stored in cellular lamellar bodies.5 The
immunoblot analysis (Figure 2A) clearly shows that H441 cells
robustly express and correctly process SPB, evident by the presence
of the proprotein, intermediates, mature peptide, and the homo-
dimer. Based on these results, the H441 cell line was chosen to estab-
lish the SALI cultures.

SALI cultures demonstrate functional barrier properties

To further assess the physiological relevance of SALI culture to the
lung parenchyma, we assessed functional barrier properties: transepi-
thelial electrical resistance (TEER) and potential difference (TEPD).
While TEER measures the degree of permeability of the ALI culture,
Molecular
TEPD informs about the ability of the cells to maintain an ionic con-
centration gradient across the culture.33 Both TEER and TEPD values
for the SALI cultures increased following air-lift and stabilized after
approximately 7 days (Figures 3A and 3B). TEER measurements
reached a maximum of 249.3 ± 25.1 Ucm2 and TEPD 1.35 ±

0.13 mV. Both the electrical resistance and potential difference were
stable for at least 28 days after air-lift. In contrast, TEER and TEPD
values for A549 cells in ALI culture were significantly lower (p <
0.0001 and p = 0.0001, respectively), remaining around baseline for
the duration of the experiment.

The formation of tight junctions in SALI cultures was confirmed via
immunocytochemistry against the junction proteins E-cadherin,
zona-occludens 1 (ZO-1), claudin-3, claudin-4, claudin-8, and occlu-
din-1 (Figures 3C–3H). While E-cadherin, ZO-1, and claudin-4 were
detected on the cell membrane surface, occludin-1, claudin-3, and
claudin-8 were localized intracellularly and/or around the nucleus.
The expression profiles of these sealing claudins34,35 were similar to
those reported for primary human alveolar cells.36,37 Based on these
results it can be inferred that the SALI procedure results in tightly
sealed, polarized cultures with tight junctions present between the
cells.

SALI cultures can be efficiently targeted by rSIV.F/HN

Our SIV-based LV platform, pseudotyped with F and HN envelope
proteins of Sendai virus, is being developed for the treatment of inter-
stitial lung diseases (ILDs), as well as conducting airway disorders
(e.g., cystic fibrosis), and has been shown to efficiently transduce mu-
rine lungs and human ALI cell models based on human bronchial
epithelial cells.9 The F/HN pseudotype mediates lentiviral cell entry
via sialic acid receptors found abundantly in the lung cells.38–40 Hav-
ing established the SALI culture model, we evaluated its suitability for
developing gene therapy interventions with our candidate platform.
Two weeks after air-lift, SALI cultures were challenged with rSIV.F/
HN encoding EGFP, and transduction efficiencies were quantified
via fluorescence microscopy and flow cytometry (Figure 4).Cross sec-
tions of transduced SALI cultures revealed stratified layers several
cells thick (Figure 4A). The rSIV.F/HN was not only able to transduce
the surface of the ALI culture efficiently but also achieved penetration
of the culture to access cells below. Furthermore, the transduction
profile demonstrated strong dose correlation with the number of
LV transducing units (TUs) applied to the apical surface of the culture
(Figures 4B and 4C).Overall, rSIV.F/HN administration yielded up to
30% EGFP-positive cells at a multiplicity of infection (MOI) of 1.

SPB deficiency model based on SALI cultures can be treated via

rSIV.F/HN intervention

We then set out to generate a SPB deficiency disease model based on
SALI cultures, using CRISPR-Cas9 gene editing. Five guide RNAs
(gRNA) targeting the first four exons of the SFTPB locus were in-
serted into the PX459 V2.0 plasmid.41 Following five-plasmid co-
transfection and puromycin selection, H441 cells were single cell
cloned, expanded, and genotyped via PCR (Figure S1), with gene edit-
ing confirmed via Sanger sequencing (data not shown). Subsequently,
Therapy: Methods & Clinical Development Vol. 20 March 2021 239
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Figure 3. SALI forms cultures with strong barrier

properties and tight junction markers

(A and B) TEER (A) and TEPD (B) measurements taken

from SALI cultures and A549 cells grown in ALI culture.

SALI cultures established strong functional barrier prop-

erties approximately 7 days after air-lift with 249.3 ±

25.1 Ucm2 TEER and 1.35 ± 0.13 mV TEPD values. Data

represent mean ± SD of six biological replicates. Kolmo-

gorov-Smirnov test was performed to compare functional

barrier properties of SALI and A549 ALI cultures (***p =

0.0001; ****p < 0.0001). Immunofluorescence micro-

scopy analyses of tight-junction markers in SALI cultures.

(C–H) Expression of (C) E-cadherin, (D) ZO-1, (E) claudin-

3, (F) claudin-4, (G) claudin-8, and (H) occludin-1 was

detected, confirming the presence of tight junctions in

SALI cultures. Representative images from three biolog-

ical replicates are shown. (I) Staining controls for immu-

nofluorescence microscopy experiments, including sec-

ondary-only staining of SALI samples with Alexa Fluor

594-conjugated (left) anti-rabbit and (middle) anti-mouse

secondary antibodies used in immunocytochemistry

studies, and (right) HEK293T cells were stained with Alexa

Fluor 488-conjugated anti-occludin-1 antibody as a

negative control. Nuclei are stained blue. Representative

images of three biological replicates. All scale bars indi-

cate 50 mm.
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SALI cultures were established from the SFTPB-edited H441 cells,
and SPB expression was assessed via qRT-PCR and immunoblotting
to demonstrate loss of SPB expression, thus confirming the SFTPB
KO status of the SALI culture model (Figures 5B and 6A). In addition,
other pulmonary cell markers were investigated to confirm that ATII
features of the SALI culture are maintained following gene editing of
H441 cells (Figure 5). Although wild-type (WT) and SFTPB knockout
(KO) SALI cultures demonstrated significantly different RNA expres-
sion signatures for SPA, SPB, and SPC (p < 0.01), both showed iden-
tical expression profiles at the protein level, highlighting that SFTPB
KO cultures retained their ATII-like characteristics. Interestingly, the
KO of the SFTPB gene in SALI culture resulted in a significant (p <
0.0001) decrease in TEER values, implying an increase in ionic
permeability of the ALI culture (Figure 6B).
240 Molecular Therapy: Methods & Clinical Development Vol. 20 March 2021
We aimed to correct the disease phenotype in
KO SALI cultures via administration of
rSIV.F/HN-expressing SPB protein. Following
SALI culture establishment, the cultures were
treated with 5 � 106 TUs of rSIV.F/HN encod-
ing either EGFP or SPB (MOI �1). The treated
SALI cultures were grown for a further week,
TEER was measured, and cells were subse-
quently harvested for immunoblotting.
Following administration of rSIV.F/HN-ex-
pressing SPB, robust expression of mature SPB
homodimer was detected in SFTPB KO SALI
cultures (Figure 6A), and TEER increased to
levels comparable with WT SALI cultures (p =
0.6315). Crucially, treatment with a control vector expressing EGFP
failed to generate SPB homodimers and did not correct the TEER
(Figures 6A and 6B, respectively). Together, these results indicate
that rSIV.F/HN-expressing SPB can correct the SPB-deficient condi-
tion both functionally and phenotypically.

DISCUSSION
In this study, we describe a new in vitro cell culture model of the hu-
man alveolar epithelium for the study of SPB deficiency and other
ILDs. Although primary human alveolar cells would be the gold stan-
dard for such models, unlike primary cells or organoids established
using alveolar cells,15 the SALI cultures described here robustly reca-
pitulate expression of ATII cell markers, show reproducible, sustain-
able long-term culture, are physiologically relevant, and could be used



Figure 4. rSIV.F/HN efficiently transduces SALI cultures

SALI cultures were established and 2 weeks after air-lift rSIV.F/HN encoding,

enhanced green fluorescent protein encoding (EGFP) was administered apically

and used as a measure of transduction efficiency 72 h after transduction. (A)

Representative native EGFP fluorescence images of fixed-frozen cryosections of

SALI cultures challenged with approximately 1 � 106 transducing units (TUs) of

rSIV.F/HN EGFP-positive cells at the apical (white arrows) and basolateral (red ar-

rows) surfaces are shown. Nuclei are stained blue. Multiple layers of stratified cells

can be observed in the SALI cross sections, which were effectively targeted by

rSIV.F/HN. Scale bar represents 100 mm. The images are representative of six in-

dependent images acquired from three biological replicates. (B) Representative en

face images demonstrating EGFP expression in SALI cultures in response to di-

lutions of rSIV.F/HN. Scale bars represent 500 mm. The image is representative of

images acquired from three biological replicates. (C) Transduction efficiency (i.e.,

EGFP-positive cell percentage) and median fluorescence intensity (i.e., expression

levels) were quantified via flow cytometry. A strong LV dose response was observed

in both parameters. Data shown represent mean ± SD of three biological replicates.
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for rapid high-throughput screening assessment of therapeutic inter-
ventions provided by small molecules, gene therapy, and gene-editing
approaches.

Two adenocarcinoma cell lines, H441 and A549 cells, have been
widely used to study epithelial drug disposition (reviewed in Sporty
et al.23) and to assess epithelial sodium42 and chloride43 channel func-
tions and water transport characteristics of the alveolar epithelium.44

Therefore, we investigated these two cell lines for their potential to
mimic the lung parenchyma while focusing on the disease character-
istics of SPB deficiency. The ability of H441 cells to grow in Transwells
under ALI or liquid-covered culture conditions has been previously
established,27 and the use of polarization media for H441 cells to
achieve a tighter and more polarized cell monolayer has been
described.28 In line with published findings, we observed that, unlike
A549 cells, H441 cells grown in ALI culture conditions can proliferate
robustly and replicate phenotypic and functional properties of pri-
Molecular
mary ATII cells, as evidenced by the expression of unique surfactant
proteins (Figure 1). Our data demonstrated that a variation of the po-
larization media (1 mM versus 200 nM dexamethasone; Figure S2) for
H441 cells resulted in significantly higher levels of SPB and SPC
mRNA expression compared with cells grown in base media (Fig-
ure 1). In addition, we also observed that H441 cells in SALI culture
formed stratified cell layers able to develop and maintain TEER and
TEPD, similar to that of primary human ATII cells in culture,13 indi-
cating formation of tight junctions between cells (Figure 3). This was
confirmed by immunocytochemistry analysis of cultures that revealed
expression of seal-forming claudin-3 and -4, as well as other tight
junction proteins E-cadherin, ZO-1, and occludin-1. In contrast,
but similar to previous studies, A549 cells did not express character-
istic surfactant proteins and could not form polarized ALI cultures,
highlighting an inability, under the chosen culture conditions, to
form functional tight junctions.45–47

Having established the principle of SALI cultures to model the lung
parenchyma, we set out to generate a SPB deficiency disease model.
To treat SPB deficiency, we aim to use a targeted gene therapy
approach using our rSIV.F/HN lentiviral platform, which is highly
efficient in transducing murine conducting airways, as well as lung
parenchyma.9 A crucial use of the SALI model would be high-
throughput screening of alternative vector configurations (e.g.,
promoters, transgenes, etc.) for the selection of a lead candidate;
therefore, we confirmed that our pseudotyped rSIV.F/HN vector
was able to efficiently target and transduce SALI cultures (Figure 4).
Approximately 30% of EGFP-positive cells were observed, along with
a modest level of cell layer penetration by rSIV.F/HN. The latter
observation could be perceived as an indication of inadequate tight
junction formation; however, staining of tight junction proteins in
cross sections of transduced SALI cultures revealed that under ALI
conditions, H441 cells do not grow in uniform stratified monolayers
as evidenced by DAPI-negative pockets in individual planes of focus
(Figure 3) and SALI cross sections (Figure 4A). In contrast, ALI cul-
tures formed using primary human cells establish pseudostratified cell
layers, which are terminally differentiated and quiescent on the apical
side but show growth on the basolateral side.48

We exploited CRISPR-Cas9 technology to generate SFTPB KO SALI
cultures, with SFTPB-edited cells showing complete loss of SPB
expression in immunoblots (Figure 6). Interestingly, SFTPB KO
also affected the permeability of the ALI cultures formed. We specu-
late that the increased permeability is caused by a disruption in SPB
regulation of the surface liquid resulting in changes to the surface ten-
sion on the apical side of the ALI cultures. It is known that SPB plays
an important role in establishment and maintenance of lipid bilayers
in the lung through the generation of tubular myelin,49,50 and it is
possible that the lack of SPB expression also may have led to
disruption of this surfactant-based macrostructure and lipid bilayers,
resulting in poorly formed SALI cultures. No distinct phenotypic dif-
ferences in the lamellar body-like acidic compartments were observed
between WT and SFTPB KO SALI cultures as measured by the ATII
cell lamellar body dye LysoTracker51 and fluorescent membrane
Therapy: Methods & Clinical Development Vol. 20 March 2021 241
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Figure 5. Comparison of RNA and protein expression signatures of WT and SFTPB KO SALI cultures

WT and SFTPB KO SALI cultures were grown in parallel in polarization medium. (A and B) 14 days after air-lift expression of SPA, SPB, SPC, CC10, and AQP5 was assessed

at (A) RNA and (B) protein levels via qRT-PCR and immunoblotting, respectively. Each qRT-PCR was performed in three technical replicates, which were averaged for each

biological replicate. Each data point represents a biological replicate, and columns indicate mean ± SD of data shown. Mann-Whitney test was performed to compare

differences in mRNA levels (**p < 0.01). For immunoblotting experiments, data shown are representative of three independent repeats. The size of the closest protein marker

to each target protein is labeled.
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probe LAURDAN52 (data not shown). The application of rSIV.F/HN
to the apical surface of the SALI cultures fully restored both SPB
expression and the TEER levels of the SFTPB KO SALI cultures (Fig-
ure 6); together, these observations highlight the suitability of SALI
cultures as a model of ILD for gene therapy and potentially other ap-
plications. Altogether, the observation that SALI cultures express
other ATII cell markers (e.g., SPA, SPC) and the ability of H441 cells
to model ion transport28 suggest the SALI model could be useful for
the study of other diseases of surfactant metabolism (related to SFTPC
or ATP-binding cassette sub-family Amember 3 [ABCA3] genes) and
other ILDs, such as pulmonary alveolar microlithiasis caused by inad-
equate phosphate clearance53 (related to solute carrier family 34
member 2 [SLC34A2] gene).

The main limitation of the SALI model is that it is based on H441
cells: an adenocarcinoma cell line with a hyper-diploid karyotype
and modal number of 52 chromosomes21 (http://www.atcc.org/
Products/All/HTB-174.aspx?geo_country=us). Based on COSMIC
Cell Line Gene Mutation Profiles, there are 663 gene mutations iden-
tified in H441 cells,54,55 which do not include any of the surfactant
protein loci. Depending on the gene of interest, these characteristics
of H441 cells may make SALI cultures less suitable for applications
242 Molecular Therapy: Methods & Clinical Development Vol. 20 March
involving in vitro gene-editing screening and approaches. To mitigate
this, prior genotyping analysis may need to be conducted to deter-
mine the number of copies and integrity of the target locus and/or
gene of interest prior to applications using Cas9-mediated homol-
ogy-directed repair and homology-independent targeted gene
integration.

In conclusion, here we describe a new in vitro cell culture model that
robustly recapitulates human ATII cells in primary cell culture. In
addition to offering several practical advantages over existing primary
cell and stem-cell-based models, SALI cultures can be manipulated by
Cas9-based gene editing to create disease models of the lung paren-
chyma. We anticipate that use of the human SALI culture model
will supplement murine and other animal in vivo studies, constituting
a valuable research tool in the development of advanced therapy me-
dicinal products targeting human lung alveolar epithelium.

MATERIALS AND METHODS
Cells used

All cell lines were obtained from the American Type Culture Collec-
tion (ATCC). NCI-H441 (#HTB-174, referred to as H441; ATCC)
cells were maintained in RPMI-1640 (#A1049101; GIBCO) medium
2021
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Figure 6. Functional and phenotypical correction of SFTPB KO SALI

cultures following administration of rSIV.F/HN-expressing SPB

WT and SFTPB KO SALI cultures were transduced with approximately 1� 106 TUs

rSIV.F/HN encoding SPB or EGFP. (A) Immunoblot showing expression of mature

SPB homodimer following rSIV.F/HN administration. Total protein lysates (30 mg)

from WT, treated, and untreated SFTPB KO SALI samples were blotted under non-

reducing conditions to detect SPB expression. GAPDHwas used as protein loading

control and blotted under reducing conditions. The size of the closest protein

marker to each target protein is labeled. Data shown are representative of three

independent repeats performed. (B) Correction of functional barrier properties lost

due toSFTPB KO in SALI samples. As a result of SFTPB KO, a statistically significant

decrease in TEER was observed in SALI cultures from 263.6 ± 24.8 Ucm2 to 90.7 ±

15.3 Ucm2 (p < 0.0001). This was corrected back to WT levels, 243.4 ± 35.7 Ucm2,

following delivery of rSIV.F/HN-expressing SPB. Each data point represents a

biological replicate, and columns indicate mean ± SD of date shown. One-way

ANOVA with Tukey’s multiple comparison test was performed for statistical ana-

lyses (****p < 0.0001). ns, not significant.
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supplemented with 50 U/mL penicillin-50 mg/mL streptomycin
(GIBCO) and 10% fetal calf serum (FCS; Sigma). A549 (#CCL-185;
ATCC) cells were maintained in Ham’s F-12K (#21127022; GIBCO)
medium supplemented with 2 mM L-glutamine (GIBCO), 50 U/mL
penicillin-50 mg/mL streptomycin (GIBCO), and 10% FCS (Sigma).
These maintenance media are referred to as “base”media throughout
the manuscript. All cell lines were cultured in a humidified environ-
ment at 37�C and 5% CO2. Cell passages 6–18 for NCI-H441 cells and
10–23 for A549 cells were used for this study.
Molecular
Establishment of ALI cultures

ALI cultures were established by culturing cells in 12-well Transwell
inserts (Corning). Approximately 1 � 105 cells/well in base media
(5 � 104 each of H441 and A549 cells in the case of co-culture)
were seeded into Transwells and allowed to attach and proliferate
for 48 h. On day 3, the medium on the apical side of the Transwell
chamber was removed to air-lift the cells, and the medium on the ba-
solateral side of the chamber was replaced with either “base”medium
or “polarization” medium.28 The polarization medium comprised
either RPMI-1640 (H441s cells and co-culture) or F12-K (A549s)
supplemented with 2 mM L-glutamine, 50 U/mL penicillin, 50 mg/
mL streptomycin, 1% insulin-transferrin-selenium (GIBCO), 4%
FCS, and 1 mM dexamethasone (Sigma). Media were subsequently
changed three times per week throughout the described experiments.
Cells were grown under SALI conditions for 14 days after air-lift prior
to experimentation unless otherwise stated.

qRT-PCR

qRT-PCR was used to determine RNA expression of several ATI and
ATII cell markers in established ALI cultures. RNA was extracted
from ALI cultures using a QIAGEN RNeasy Mini Kit (QIAGEN).
On-column DNase I digest was performed to prevent genomic
DNA carry-over according to manufacturer’s instructions. qRT-
PCR was carried out directly on extracted RNA samples using Power
SYBR Green RNA-to-CT kit (Applied Biosystems) in a QuantStudio
7 Flex Real Time PCR System (Thermo Scientific). The thermal
dissociation protocol was run at the end of the PCR to assess the spec-
ificity of products that were present in the reaction. Target genes with
CT R 40 were considered undetectable. The 2�DDCT method was uti-
lized to determine relative expression levels of target genes. b-Actin
was used as the reference gene, and expression was normalized to
that of cells grown in submerged culture for each relevant ALI sample.
All qRT-PCR assays were carried out in three technical repeats.
Primers used were as follows: SPA forward [FW]: 50-TTGGAGCCT
GAAAAGAAGGA-30, reverse [RS]: 50-GGCTTGGAGCTCCTCAT
CTA-30; SPB FW: 50-AATTCCCCATTCCTCTCCCCTAT-30, RS:
50-GATGCCGCCCGCCAC-30; SPC FW: 50-AGCCAGAAACACAC
GGAGATGGTT-30, RS: 50-ATCTTCATGATGTAGCAGCAGGT
GCC-30; CC10 FW: 50-AGCATCATTAAGCTCATGGAAAAA-30,
RS: 50-GTGGACTCAAAGCATGGCAG-30; AQP5 FW: 50-CAACAA
CAACACAACG-30, RS: 50-TAGATTCCGACAAGGT-30; b-actin
FW: 50-AGAGCTACGAGCTGCCTGAC-30, RS: 50-AGCACTGTGT
TGGCGTACAG-30.

Immunoblotting

Immunoblotting was used to confirm functional SFTPB KO of H441
cell clones, as well as to investigate expression of several ATI and ATII
cell markers in SALI cultures. In brief, cells were suspended in a lysis
buffer (25 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1% v/v Triton
X-100) supplemented with cOmplete mini protease inhibitor cocktail
(Roche). Total protein concentrations were determined using the
Pierce BCA Protein Assay Kit (Thermo Scientific) according to the
manufacturer’s instructions. Prior to sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE), samples were incubated
Therapy: Methods & Clinical Development Vol. 20 March 2021 243
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at 95�C for 5 min in Laemmli sample buffer (Bio-Rad) for non-
reducing conditions or Laemmli buffer supplemented with 2-mercap-
toethanol for reducing conditions. Total protein samples (30 mg) were
separated on 12% NuPAGE Bis-Tris precast protein gels (Invitrogen)
and transferred onto 0.2-mm nitrocellulose membranes (Bio-Rad).
Membranes were blocked in 5% blotting-grade blocker (Bio-Rad)
in phosphate-buffered saline (PBS; Sigma) supplemented with 0.1%
Tween 20 (Sigma) for 1 h at room temperature. Membranes were
then incubated with primary antibodies overnight at 4�C followed
by the appropriate horseradish peroxidase (HRP)-conjugated second-
ary antibody for 1 h at room temperature. Bands were visualized using
the Clarity Western ECL Substrate kit (Bio-Rad), and images were
captured using the iBright FL1500 imaging system (Invitrogen). Pri-
mary and secondary antibodies used were as follows: rabbit anti-SPB
(1:5,000, #WRAB-48604; Seven Hills Bioreagents), rabbit anti-pro-
SPC (1:500, #AB3786; Sigma), mouse anti-SPA (1:1,000, #ab51891;
Abcam), rabbit anti-AQP5 (1:1,000, #ab92320; Abcam), rabbit-anti-
uteroglobin (1:500, #ab40873; Abcam), rabbit anti-b-tubulin (1:500,
#ab6046; Abcam), rabbit anti-GAPDH (1:1,000, #G9545; Sigma),
swine anti-rabbit IgG (1:5,000, #P0399; Dako), and goat anti-mouse
IgG (1:2,000, #ab205719; Abcam).

Lentiviral production and transduction

Production of recombinant SIV vectors was performed using the five-
plasmid transient transfection method.9 In brief, the LV-MAX Lenti-
viral Productions System was utilized per manufacturer’s instruc-
tions. Media containing LVs were harvested 48 h post-transfection
and purified via anion exchange chromatography and concentrated
by tangential flow filtration. The vectors were formulated in TSSM
(Tris, sodium chloride, sucrose, and mannitol buffer),56 aliquoted,
and stored at �80�C.

Functional titers were determined via real-time PCR following trans-
duction of LV-MAX cells with serial dilutions of the LV. Primers
against WPRE (woodchuck hepatitis virus post-transcriptional regu-
latory element; vector target) (FW: 50-TGGCGTGGTGTGCACT
GT-30; RS: 50-CCCGGAAAGGAGCTGACA-30; Probe: 50-FAM-TT
GCTGACGCAACCCCCACTGG-TAMRA-30) and hCFTR (human
cystic fibrosis transmembrane conductance regulator; endogenous
control) (FW: 50-CTTCCCCCATCTTGGTTGTTC-30; RS: 50-TGAC
AGTTGACAATGAAGATAAAGATGA-30; Probe: 50-VIC-TGTC
CCCATTCCAGCCATTTGTATCCT-TAMRA-30) were used.

SALI cultures were challenged with LV via administration to the api-
cal side of the culture and after 6 h, the vector was removed. Approx-
imately 72 h post-transduction, relevant protocols were carried out
for fluorescence imaging, TEER and TEPD measurements, and
immunoblotting.

Immunofluorescence microscopy

Cells in Transwell inserts were fixed with 4% paraformaldehyde
(PFA) in PBS for 15min at room temperature. Cells were then washed
twice with PBS and dehydrated in a solution of 30% sucrose in PBS
overnight at 4�C. The membranes from the inserts, with fixed and de-
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hydrated cells attached, were removed with a scalpel and transferred
to 24-well plates for free-floating staining. Cells were then permeabi-
lized with 1% bovine serum albumin (BSA) in PBS supplemented
with 0.1% Triton X-100 for 15 min at room temperature, blocked
with 1% BSA in PBS for 1 h at room temperature, and then incubated
with primary antibodies overnight at 4�C. Following three washes
with PBS, cells were incubated with appropriate secondary antibodies
for 1 h at room temperature and mounted on glass slides using Pro-
Long Gold Antifade Mountant with DAPI. Cells were imaged using
the EVOS FL Auto 2 Imaging System (Invitrogen). Laser settings
were optimized to acquire best signal for each target, and no specific
staining was observed in secondary-only staining controls. Images
were processed and analyzed using ImageJ software (NIH). Anti-
bodies used were as follows: E-cadherin (1:500, mouse, #13-1700; In-
vitrogen), ZO-1 (1:100, rabbit, #40-2200; Invitrogen), claudin-3
(1:100, rabbit, #34-1700; Invitrogen), claudin-4 (1:100, mouse, #32-
9400; Invitrogen), claudin-8 (1:100, rabbit, #710222; Invitrogen), oc-
cludin-1 (1:100, Alexa Fluor 488 conjugated, mouse, #331588; Invi-
trogen), donkey anti-rabbit IgG, Alexa Fluor 594 conjugated (1:500,
#A-21207; Invitrogen), and goat anti-mouse IgG, Alexa Fluor 594
conjugated (1:500, #A-11005; Invitrogen).

To analyze SALI samples transduced with vector encoding EGFP,
72 h post-transduction cells were fixed with 4% PFA in PBS, dehy-
drated using a 30% sucrose in PBS solution, embedded in 1:1 v/v so-
lution of optimal cutting temperature (OCT) compound and 30% su-
crose/PBS, and cryopreserved at �80�C. For immunofluorescence
analysis, embedded SALI samples were cryosectioned using a Cryo
Star NX70 (Thermo Scientific) cryostat at 7 mm thickness and
mounted on glass slides using ProLong Gold Antifade Mountant
with DAPI (Invitrogen). Native fluorescence was acquired using
EVOS FL Auto 2 Imaging System (Invitrogen). Images were pro-
cessed and analyzed using ImageJ software (NIH).

TEER and TEPD measurements

TEER and TEPD measurements were performed to assess the barrier
function of SALI cultures. Millicell ERS-2 Voltohmmeter (Millipore)
was used to measure TEER and TEPD values following the manufac-
turer’s instructions. In brief, pre-warmed (to room temperature) PBS
solution was added to both the apical (0.5 mL) and basolateral (1 mL)
side of the Transwell culture chamber. Cells were equilibrated with
PBS for 15 min at room temperature prior to the taking of measure-
ment using the electrodes. Measurements taken from blank inserts
without cells were regarded as background. TEPD and TEER values
were calculated via the following formulas:

TEPDðmVÞ = mVsample �mVblank

TEERðU:cm2Þ = �
Usample �Ublank

�
x Surface Areainsert

Flow cytometry

Flow cytometry analysis was used to determine LV transduction effi-
ciency of SALI cultures. In brief, 72 h post-transduction, cells were
2021
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harvested, washed twice with PBS, and fixed in 2% PFA/PBS for
15 min at room temperature. Following two further PBS washes, cells
were analyzed to determine percentages of EGFP-positive cells and
median fluorescence intensity values. All experiments were carried
out using BD LSR II (BD Biosciences) machine and FACS Diva anal-
ysis software (BD Biosciences). Data analysis was carried out using
FlowJo single-cell analysis software (BD Biosciences).

Generation of SFTPB knockouts

CRISPR-Cas9 technology was utilized to generate the SFTPB
knockout H441 cell line. Five gRNAs were designed targeting the first
four exons of the SFTPB locus (gRNA1: 50-GTAGTGCTTCCCGAG
TATAG-30, gRNA2: 50-GGTGCATGGCCCCTTATAGC-30, gRNA3:
50-TTCCTGTAGGCAATGCCCT-30, gRNA4: 50-GCTTGACGACT
ACTTCCCCC-30, gRNA5: 50-CCTGGTCATCGACTACTTC-30)
(Figure S1) and sub-cloned into pSpCas9(BB)-2A-Puro (PX459)
V2.0 (#62988; Addgene).41 Five-plasmid co-transfection was carried
out using Lipofectamine 3000 (Invitrogen) according to the manufac-
turer’s instructions. 24 h post-transfection, cells were placed under
antibiotic selection with 2.5 mg/mL puromycin (Sigma). 48 h later,
cells were harvested and seeded into six-well culture plates in 50%
v/v H441 maintenance media and Cultrex Reduced Growth Factor
Basement Membrane Extract (BME) (Trevigen) mixture at a 1 �
103 cells/mL density. Cells were cultured in 50% conditioned media
until single-cell colonies formed (approximately 1 week). Three weeks
after seeding, clones were recovered from BME using Cell Recovery
Solution (Corning) and scaled up to 12-well plates. Gene editing in
each clone was confirmed via PCR and Sanger sequencing (Figure S1).

Statistical analyses

All statistical analyses were performed using GraphPad Prism 8 soft-
ware. Details of all tests, including the calculated p values, are indi-
cated in figure legends.
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