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Understanding pulmonary diseases requires robust culture
models that are reproducible, sustainable in long-term culture,
physiologically relevant, and suitable for assessment of thera-
peutic interventions. Primary human lung cells are physiolog-
ically relevant but cannot be cultured in vitro long term and,
although engineered organoids are an attractive choice, they
do not phenotypically recapitulate the lung parenchyma; over-
all, these models do not allow for the generation of reliable dis-
ease models. Recently, we described a new cell culture platform
based on H441 cells that are grown at the air-liquid interface to
produce the SALI culture model, for studying and correcting
the rare interstitial lung disease surfactant protein B (SPB)
deficiency. Here, we report the characterization of the effects
of SALI culture conditions on the transcriptional profile of
the constituent H441 cells. We further analyze the transcrip-
tomics of the model in the context of surfactant metabolism
and the disease phenotype through SFTPB knockout SALI cul-
tures. By comparing the gene expression profile of SALI cul-
tures with that of human lung parenchyma obtained via sin-
gle-cell RNA sequencing, we found that SALI cultures are
remarkably similar to human alveolar type II cells, implying
clinical relevance of the SALI culture platform as a non-
diseased human lung alveolar cell model.
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INTRODUCTION
Interstitial lung diseases (ILDs) comprise a variety of disorders
broadly related to the lung interstitium that are characterized by
inflammation and buildup of scar tissue in the lungs.1 Affecting the
alveolar epithelium, these disorders lead to abnormalities in gas
exchange, decreased lung capacity, and, in many cases, including sur-
factant disorders, respiratory failure, and loss of life. ILDs such as
idiopathic pulmonary fibrosis and surfactant-related pulmonary
alveolar proteinosis are very severe with mean survival measured in
months or years.2,3 While environmental exposure and systemic dis-
eases contribute, surfactant-associated dysfunction disorders are most
commonly caused by genetic variants leaving lung transplantation
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and gene therapy/editing approaches as the only options for curative
interventions.4

Further understanding the mechanistic outcomes of the disorders, as
well as screening potential drug and treatment approaches, requires
robust models of ILDs, based on the alveolar epithelium comprising
alveolar type II (ATII) and I (ATI) cells. As primary human alveolar
cells lose their functional characteristics when cultured ex vivo,5,6 a
number of approaches have been undertaken to develop such pulmo-
nary models in vitro. A promising approach was the establishment of
organoid-like spheres from isolated primary human ATII cells or
stem cells,7 but these alveolospheres failed to replicate the structure
of the alveolus, lacking cells expressing markers of ATI cells. Simi-
larly, in the case of proximal lung bud organoids, these were pheno-
typically closer to a developing fetal lung.8–10 Finally, these models do
not easily allow for systematic manipulation of cells to reliably
generate successful disease models, as they cannot be reliably
expanded in culture following CRISPR-Cas9-based interventions.

Recently, we described a new in vitro cell culture model that replicated
key characteristics of human ATII cells and was suitable for study of
ILDs, such as surfactant protein B (SPB) deficiency.11 The human sur-
factant air-liquid interface (SALI) culture, based on the human H441
adenocarcinoma cell line, has advantages over other alveolar models,
such as primary ATII cells and organoids, as it is both reproducible
and sustainable in long-term culture, suitable for high-throughput
screening of therapeutic interventions, and also allows for establish-
ment of disease models through genetic modifications. The SALI cul-
tures successfully recapitulated key characteristics of primary ATII
cells, demonstrated by RNA and protein expression of markers, and
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Figure 1. The SALI culture condition is the stronger driver for

transcriptomic changes

(A) Principal-component analysis (PCA) plot of wild-type (WT) and knockout (KO)

submerged H441 and SALI culture samples. The clustering of samples indicates

that the culture conditions have the strongest impact on differential gene expres-

sion. Each data point indicates an independent replicate. (B) Volcano plot

comparing the differential gene expression in SALI cultures versus submerged H441

cells. Differentially expressed genes with false discovery rates (using Benjamini-

Hochberg adjusted p values) less than 0.01 are represented with black dots. The

dotted line indicates –log (false discovery rate) = 2. The top 8 genes are labeled.
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demonstrated functional barrier properties. We used this new culture
system to show that gene therapy can be utilized in vitro to success-
fully replace the deficient SPB in the SFTPB knockout (KO) SALI
model.

Here, we explore the transcriptomic profiles of the wild-type (WT)
and KO SALI culture models to assess how this platform relates to
the primary human alveolar epithelium and how the gene expression
profiles of H441 cells respond to the different culturing conditions.
Through RNA sequencing (RNA-seq) analyses, we show that the
Molecul
SALI culture condition significantly alters the transcriptional profile
of H441 cells, especially of the genes relating to the surfactant meta-
bolism.We further compare the transcriptome of the SALI cultures to
that of lung alveolar epithelium determined via single-cell RNA-seq
(scRNA-seq).12 Finally, we investigate the transcriptomic conse-
quences of the SFTPB KO on SALI cultures and how they correlate
to the phenotypic changes we previously observed.

RESULTS
The SALI cultures transcriptome replicates that of primary ATII

cells

In our previous study,11 we demonstrated a robust physiological cor-
relation between human SALI cultures and primary ATII cells, sup-
ported by RNA and protein expression of cell-type-specific markers.
We aimed to further elaborate on this finding and determine whether
the new SALI culture platform could constitute a clinically relevant
model of the alveolar epithelium in a non-diseased lung. For this, in-
dependent replicates of WT and SFTPB KOH441 cells were grown in
submerged or SALI conditions, comprising four sample types. Total
RNA was extracted and enriched for poly(A)-containing mRNAs,
after which a cDNA library was prepared, multiplexed, and
sequenced using the Illumina NextSeq platform.

Global transcriptome analysis of the four different cultures clearly
demonstrated that the SALI culture condition was the major driver
of the transcriptional changes in H441 cells (Figure 1A). Conversely,
the SFTPB KO culture samples clustered closely with their respective
WT counterparts implying a targeted, as opposed to, systemic dysre-
gulation of gene expression pathways. Differential gene expression
analysis of SALI cultures versus submerged H441 cells revealed that
a total of 2,242 genes were significantly (p < 0.01) altered (956 upre-
gulated, 1,286 downregulated) between the two culture conditions
(Figure 1B). Strikingly, SFTPB was the most significantly upregulated
gene in SALI cultures, further affirming the suitability of SALI
cultures to model SPB deficiency.

We further aimed to assess the physiological relevance of the distinct
transcriptomic signatures of the submerged H441 cells and SALI cul-
tures. A gene set enrichment analysis was performed to determine
whether the RNA-seq data could recapitulate gene expression signa-
tures associated with the primary alveolar epithelium. We, therefore,
compared the transcriptional profile of the SALI culture with datasets
created by Reyfman et al. via scRNA-seq of healthy human lung sam-
ples.12 As it is reported that H441 cells are derived from both ATII
and club cell lineages,13–15 we included club cell-specific data in our
analysis along with the two major alveolar cell types: ATI and ATII.
When the expression levels of the top 50 cell-specific genes were inter-
rogated in SALI cultures, a significant (p < 0.01) upregulation of the
majority of ATII cell-specific genes was observed (Figure 2A). In
contrast, no such clear trend was present for either ATI or club
cell-specific genes (Figures 2B and 2C). Comparison of the average
of normalized count values of these markers in SALI culture versus
the primary human cells revealed similar levels of RNA expression
for ATII markers but lower levels of ATI markers (Figure S1, data
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Figure 2. The SALI culture transcriptome matches

that of ATII cells isolated from healthy human lung

The top 50 genes expressed in primary, human ATII, ATI,

and club cells were curated based on previously pub-

lished scRNA-seq experiments of healthy human lungs.12

The bar graphs represent the mean differential expression

of these (A) ATII, (B) ATI, and (C) club cell-specific genes in

SALI cultures compared with submerged H441 cultures.

(D) Expression regulation breakdown of the top 100 cell-

type-specific genes, identified by Reyfman et al.,12 in SALI

cultures. (E) All upregulated genes identified in (D) were

plotted on a Venn diagram depicting their distribution

among the three cell types. (F) The genes unique for each

cell type, highlighted in the Venn diagram, were identified

and their overall expression in SALI cultures versus sub-

merged H441 cultures plotted in a bar graph.
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not shown). We further investigated the transcriptomic regulation of
the top 100 cell-specific genes (Figure 2D). While similar numbers of
genes from each dataset were detected in SALI cultures, >70% of ATII
cell-related genes were found to be upregulated. In contrast, for ATI
and club cell-specific genes this number was 62% and 48%, respec-
tively. Furthermore, while a considerable number of the upregulated
genes were shared between ATI and club cell datasets, >80% of the
64 Molecular Therapy: Methods & Clinical Development Vol. 24 March 2022
ATII cell markers were unique (Figure 2E).
Further differential gene expression analysis of
all unique upregulated markers within each da-
taset clearly demonstrated significant (p < 0.01)
enrichment of ATII cell genes in SALI cultures
(Figure 2F). These findings are consistent with
our previous conclusions, showing the capacity
for SALI cultures to recapitulate lung paren-
chyma and, in addition, highlight the striking
similarities between the transcriptome of SALI
cultures and the gene expression dataset ac-
quired from primary human ATII cells.12

Surfactant metabolism pathway is

upregulated in SALI cultures

The SALI culture was originally developed to
study SPB deficiency, as a first step to assess
gene therapy and gene editing interventions,
but can be extended to other monogenic ILDs
relating to ATII cells, specifically to surfactant
metabolism. We, therefore, evaluated the differ-
ential gene expression data of SALI versus sub-
merged H441 cultures focusing on the surfac-
tant metabolism pathway unique to ATII cells
(Figure S2). As expected from our previous
report, we observed considerable upregulation
in the genes involved in the production and pro-
cessing of SPB (Figure S3). In parallel with the
enrichment of ATII-specific genes, the majority
of the genes involved in the surfactant meta-
bolism pathway was highly expressed in SALI cultures. For example,
significant upregulation of SFTPC and SFTPD genes was observed
(Figures S3A and S4). Furthermore, the enzymes (e.g., NAPSA and
CTSH) that are responsible for the correct processing of both SPB
and SPC in multivesicular bodies were detected (Figure S3B), as
also demonstrated by protein expression of SPB intermediates and
mature dimers in SALI cultures as we reported previously.11



Figure 3. SFTPB KO of SALI culture results in targeted downregulation of

surfactant metabolism, tight junction, and other related genes

Volcano plots comparing the differential gene expression in SFTPB KO versus WT

(A) submerged H441 cells and (B) SALI cultures of (left) all detected genes and (right)

predicted off-targets of the guide RNAs used to create the SFTPB KO. Differentially

expressed genes with false discovery rates less than 0.01 (using Benjamini-Hoch-

berg adjusted p values) are represented with black dots. The dotted lines indicate

–log (false discovery rate) = 2. (C) Heatmap analysis comparing the expression levels

of the top 100 genes identified in primary human ATII cells. Genes that are related to

the surfactant metabolism are indicated with a black bracket. Heatmap was made

using ClustVis.17
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Importantly, ABCA3, one of the major markers for pulmonary
lamellar bodies (a key structural component of ATII cells where sur-
factant is stored) was also upregulated (Figures S3C and S4). Overall,
these findings imply that the transcription of genes involved in the
surfactant metabolism is highly active in SALI cultures, resulting in
increased efficiency of surfactant protein production,11 which is
involved in modulating biophysical and structural properties at the
air-liquid interface relating to surface tension and functional barrier
properties.16
SFTPB KO of SALI cultures results in targeted disruption of

genes relating to the surfactant metabolism

The transcriptional changes that occur in SPB-deficient ATII cells are
largely unknown due to the rarity of the disorder, as well as a general
lack of such studies, but the SFTPB KO SALI model allowed us to
investigate this. Expression levels of a total of 164 (74 up, 90 down)
Molecul
and 48 (22 up, 26 down) genes were significantly altered (p < 0.01)
in SFTPB KO submerged H441 cells and SALI cultures, respectively,
compared with their WT counterparts (Figures 3A and 3B). Further-
more, differential expression analysis of predicted off-target genes for
the guide RNAs used to create the SFTPB KO revealed minimal
change in gene regulation, suggesting that KO-related transcriptomic
changes in the cells were specific, rather than due to off-target effects
of the CRISPR-Cas9 system. Importantly, the KO of SFTPB resulted
in an overall downregulation of the surfactant metabolism pathway.
This was also evident from the three-way gene set enrichment analysis
of the top 100 ATII-specific genes (Figure 3C).

Downregulation of surfactant metabolism was also evident in the
expression levels of key ATII cell markers as well as proteins involved
in the storage and secretion of pulmonary surfactant (Figure 4). In
WT SALI cultures, surfactant, specifically SPB, is stored in lamellar
body-like intracellular vesicles and secreted into the apical compart-
ment as well as intercellular spaces (Figure 4A). As expected,
following the KO, a clear reduction in expression of SFTPB and
SFTPC was observed. Interestingly, SFTPD expression was further
upregulated, possibly indicative of compensatory biophysical mecha-
nisms to partially retain surfactant functionality (Figure 4B). Impor-
tantly, we confirmed the reduction of ABCA3, STX2, and SNAP23
expression at both the RNA and protein levels (Figures 4C and
4D). While ABCA3 is a key marker of lamellar bodies, the secretory
organelles in ATII cells, where the pulmonary surfactant is stored,18

STX2 (syntaxin-2) and SNAP23 (synaptosome-associated protein
23) are key proteins involved in the formation of lipid rafts, essential
for the fusion of lamellar bodies with the plasma membrane.19,20

Together, these results reveal a targeted disruption in the regulation
of the genes involved in the surfactant metabolism in SALI cultures
as a result of the KO of SFTPB.

Lack of SPB expression in SALI cultures activates the unfolded

protein response and enriches ATI cell-like phenotype

We then set out to investigate mechanisms by which loss of SPB could
influence cellular mechanisms. SPB expression is known to be
required for the correct processing of SPC as well as the genesis of
lamellar bodies.21 We hypothesized that the lack of SPB could result
in mis-processing or accumulation of pro-SPC leading to endo-
plasmic reticulum (ER) stress and unfolded protein response
(UPR), a key disease phenotype associated with SPC deficiency.22

Investigation of key markers via qRT-PCR and immunoblotting re-
vealed upregulation of apoptosis by the UPR in SFTPB KO SALI cul-
tures compared with WT cultures (Figures 5B and 5C). Specifically,
we observed increased expression of PERK, HSPA1A, HSPA5 (BiP),
and XBP1 at the RNA level indicating the induction of ER stress via
the PERK and IRE1 pathways.23,24

Activation of these misfolded protein response pathways is known to
promote apoptosis in cells. This is also evident in KO SALI cultures
through the modest upregulation of the caspase cascade (CASP3
and CASP9) as well as BAX (Figure 5B). The decrease in cell viability
could be a cause of the significant reduction in transepithelial
ar Therapy: Methods & Clinical Development Vol. 24 March 2022 65
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Figure 4. The expression of key ATII cell and lamellar body markers are

affected by KO of SFTPB

(A) Representative images of surfactant expression in WT SALI cultures. Cross-

sections of WT SALI cultures were stained with anti-SPB antibody (n = 4 biological

replicates, n = 8 cryosections per replicate) to observe surfactant secretion relative

to the apical and basolateral surfaces of the SALI culture (white and red arrows

respectively). Surfactant storage in intracellular vesicles (yellow arrows) can be

observed, along with surfactant secretion into the apical compartment of the ALI

culture (indicated by *), as well as into the intercellular pockets within the SALI

model. Nuclei are stained blue. Scale bars represent 100 mm. The expression levels

of key (B) ATII cell and (C) lamellar body markers in WT and SFTPB KO SALI cultures

are summarized in bar graph and violin plot formats, respectively. The RNA

expression levels were assessed via qRT-PCR and normalized to that of H441 cells

grown in submerged culture using 2�DDCT analyses. Each data point represents a

biological replicate, columns indicate mean ± SD of data shown. Data shown in the

violin plot were acquired from four biological replicates assessed in duplicate. A

Mann-Whitney test was performed to compare differences in mRNA levels (*p <

0.05, **p < 0.01, ***p < 0.001). (D) The expression of certain lamellar body markers

was also confirmed via immunoblotting. Data shown are representative of three

independent repeats. The size of the closest protein marker to each target protein is

labeled. SFTPB, surfactant protein B; SFTPC, surfactant protein C; SFTPD, sur-

factant protein D; EEA1, early endosome antigen 1; STX2, syntaxin-2; LAMP3,

lysosome-associated membrane glycoprotein 3; SNAP23, synaptosome-associ-

ated protein 23; ABCA3, ATP binding cassette subfamily A member 3.
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electrical resistance we previously observed in KO SALI cultures,11

suggesting that the disruption of the surfactant metabolism leads to
abnormal barrier integrity. This potentially clinically important
phenotype is further reinforced by our RNA-seq data, which revealed
modest downregulation of several genes for key tight junction
proteins, including TJP1 (encodes zonula occludens 1), OCLN
(encodes occludin), and CLDN1, 3, 4, and 7 (encoding claudin-1,
-3, -4, and -7) (Figure S5).
66 Molecular Therapy: Methods & Clinical Development Vol. 24 March
Surprisingly, SFTPB KO of SALI cultures also led to a statistically sig-
nificant increase in the mRNA expression of several key ATI cell
markers, namely CAV1 (caveolin-1),25,26 AGER (advanced glycosyla-
tion end-product-specific receptor),26,27 and HOPX (homeodomain-
only protein homeobox)26 (Figure 5A). The change in the expression
profiles of ATI cell markers, in combination with downregulation of
ATII cell markers, implies that the SFTPB KO potentially drives SALI
cultures to modestly transdifferentiate from an ATII-like phenotype
to one which is more akin to that of ATI cells.

DISCUSSION
In vitro cell cultures have the potential to be tractable models to study
the human lung alveolar epithelium and related monogenic disorders.
Their ability to form reproducible and sustainable long-term cultures
makes them prime candidates for the establishment of disease models
as well as rapid high-throughput screening assessment of therapeutic
interventions. However, they must be physiologically relevant, reflect
cellular composition, and parallel gene expression profiles of the
primary cells.

We have recently reported a new in vitro cell culture platform, SALI,
that, unlike similar organoid-based models,7 successfully recapitu-
lated alveolar cell markers while allowing for long-term, sustainable
culture and establishment of relevant disease models. Here, we inves-
tigated the transcriptome of the SALI culture platform. Differential
gene expression analysis demonstrated that SALI conditions drove
significant transcriptional differences in the H441 cells used in the
culture model (Figure 1). The main limitation of the SALI culture is
that it is based on an adenocarcinoma cell line harboring potentially
dysfunctional genomic and transcriptional malignancies.28,29 There-
fore, we compared the transcriptomic changes in H441 cells driven
by SALI culture condition to the transcriptional datasets of primary
human ATI, ATII, and club cells (Figure 2). We found that the
SALI cultures are significantly enriched for ATII cell-specific genes
while varying levels of ATI and club cell-specific genes are also
expressed (Figure 2).

In a similar fashion, we also observed significant transcriptional
changes to FOXA1 expression between two culture conditions (Fig-
ure S4). It has been reported that FOXA1 plays an important role
in epithelial differentiation of lung cells and more importantly nega-
tively regulates transcription of surfactant proteins B and C.30,31 As
FOXA1 expression decreased, the genes involved in the surfactant
metabolism pathway were strongly upregulated in SALI cultures,
including auxiliary genes involved in processing, storage, and trans-
portation of SPB- and SPC-based pulmonary surfactant (Figure S2
and S3). The striking similarity between the gene expression profiles
of our platform and primary ATII cells highlighted the potential of
the SALI culture to serve as a clinically relevant proxy for study of
human alveolar cells.

RNA-seq analysis of the SFTPB KO SALI cultures revealed not only
targeted disruption of SFTPB expression but also transcriptional
changes in a total of 48 (22 up, 26 down) genes, the majority of which
2022
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Figure 5. SFTPB KO activates unfolded protein response and drives SALI

cultures into a more ATI-like phenotype

The expression levels of key endoplasmic reticulum (ER) stress, unfolded protein

response, and apoptosis markers were interrogated via (A) qRT-PCR and (B)

immunoblotting. The RNA expression levels in SFTPB KO SALIs were determined

(from four biological replicates assessed in duplicate) and normalized to that of WT

SALI cultures using 2�DDCT analyses. Immunoblotting data shown are represen-

tative of three independent repeats. The size of the closest protein marker to each

target protein is labeled. (C) The expression levels of key ATI cell markers in WT and

SFTPB KO SALI cultures summarized in a violin plot. The RNA expression levels

were assessed via qRT-PCR and normalized to that of H441 cells grown in sub-

merged culture using 2�DDCT analyses. Each qRT-PCR experiment was performed

on four biological replicates in duplicate. A Mann-Whitney test was performed to

compare differences in mRNA levels (**p < 0.01, ***p < 0.001). PERK, PKR-like ER

kinase; ATF4, activating transcription factor 4; DDIT3, DNA damage-inducible

transcript 3; HSPA1A, heat shock protein family A member 1A; HSPA5, heat shock

protein family A member 5/BiP; PIK3C3, phosphatidylinositol 3-kinase catalytic

subunit type; PDIA3, protein disulfide-isomerase A3; TRAF2, TNF receptor-asso-

ciated factor 2; XBP1, X-box binding protein 1; CASP3, caspase-3; CASP9, cas-

pase-9; BAX, Bcl-2-associated X protein; PDPN, podoplanin; CAV1, caveolin-1;

AGER, advanced glycosylation end-product-specific receptor; HOPX, homeo-

domain-only protein homeobox.
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are related to the surfactant metabolism pathway (Figure 3). We
confirmed, via qRT-PCR and immunoblotting, that the expression
of several key proteins involved in the storage and secretion of pulmo-
nary surfactant, namely STX2, SNAP23, and ABCA3, was disrupted
in SFTPB KO SALI cultures (Figure 4). The loss of SPB not only
affected the surfactant metabolism pathway but also activated the
UPR in the SALI cultures (Figures 5A and 5B). The modest upregu-
lation of several key markers, including PERK,HSPA4, XBP1, CASP3,
and BAX, at the RNA level indicated induction of ER stress-related
Molecul
apoptosis pathways in the cells. We speculate that this UPR could
stem from abnormalities in lamellar body genesis and mis-processing
of SPC, both of which heavily rely on SPB expression.21

Interestingly, we observed the upregulation of several ATI cell
markers in SALI cultures as a secondary response to the KO of SFTPB
(Figure 5C). The statistically significant increase in expression of
CAV1, AGER, and HOPX in KO compared with WT SALI cultures
indicates that the disruption of surfactant metabolism resulted in
modest a shift of the SALI model to an ATI cell-like phenotype.
Indeed, there have been several studies highlighting similar ATII-
to-ATI transdifferentiation in culture following loss of expression
of surfactant-associated proteins due to injury or controlled culture
conditions.32–36

Despite significant potential for interrogating genetics of pulmonary
diseases, all in vitromodels tend to be limited in the ability to recapit-
ulate complex cellular interplay and the environmental features of the
lung. Although based on the H441 adenocarcinoma cell line, the tran-
scriptomic analysis of the SALI culture platform confirms its potential
as a scalable, relevant, and accurate model for interrogating the
genetics of lung diseases affecting alveolar cells. In addition to offering
several practical advantages over other existing organoid-based
models, our study shows that it replicates the ATII cell transcriptome
successfully. In contrast, the expression of ATI markers in SALI cul-
tures lies below physiological levels. In addition, most ILDs, such as
idiopathic pulmonary fibrosis, involve numerous cell types, including
ATII and ATI cells, fibroblasts, and inflammatory cells. Therefore as a
monoculture model, the SALI platform falls short of recapitulating
the whole lung parenchyma and unable to mimic the interplay of
different cell types in the lung. Nevertheless, the findings presented
here, and in our previous study,11 underline the utility of the SALI
platform and its ability to replicate the ATII cell-based alveolar
epithelial barrier. We anticipate that the SALI culture platform will
be a valuable research tool to study and further understand human
ATII cell behavior, as well as to investigate disorders that result in
remodeling of ATII cells, such as surfactant-associated pulmonary
alveolar proteinosis or epithelial-mesenchymal transition.

MATERIALS AND METHODS
Cells used

NCI-H441 (American Type Culture Collection [ATCC], no. HTB-
174, referred to as H441) cells were obtained from the ATCC. SFTPB
KO H441 cells were generated previously.11 All cells were maintained
in RPMI 1640 (Gibco, no. A1049101) medium supplemented with
50 U/mL penicillin, 50 mg/mL streptomycin (Gibco), and 10% FCS
(Sigma). All cells were cultured in a humidified environment at
37�C and 5% CO2. Cell passages 6–18 for H441 cells were used for
this study.

Establishment of SALI cultures

SALI cultures were established as described previously.11 In brief,
approximately 1 � 105 cells/well were seeded into 12-well Transwell
inserts (Corning) and allowed to attach and proliferate for 48 h. On
ar Therapy: Methods & Clinical Development Vol. 24 March 2022 67
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day 3, the medium on the apical side of the Transwell chamber was
removed to “air-lift” the cells and the medium on the basolateral
side of the chamber was replaced with polarization medium
comprising RPMI 1640 supplemented with 2 mM L-glutamine,
50 U/mL penicillin, 50 mg/mL streptomycin, 1% insulin-trans-
ferrin-selenium (Gibco), 4% FCS, and 1 mM dexamethasone (Sigma).
Cells were grown under SALI conditions for 14 days after air lift
before experimentation.

RNA-seq

H441 cells and SALI cultures were grown in parallel. Total RNA
was extracted from harvested cell pellets using the RNeasy Mini Kit
(QIAGEN) according to the manufacturer’s instructions. cDNA
was prepared using the NEBNext poly(A) mRNA magnetic isolation
module (New England Biolabs). A multiplexed cDNA library was
prepared using the NEBNext Ultra II DNA Prep kit for Illumina
(New England Biolabs) according to manufacturer’s instructions.
The prepared library was analyzed on the Illumina NextSeq 500
with 150 base pair paired end read lengths.

Bioinformatics analysis

Reads were aligned to the human reference genome (GRCh37) using
HISAT237 and duplicate reads removed using the Picard “MarkDu-
plicates” tool (http://broadinstitute.github.io/picard). Reads mapping
uniquely to Ensembl-annotated genes were summarized using
featureCounts.38 The raw gene count matrix was imported into the
R/BioConductor environment39,40 for further processing and analysis
with the edgeR package.41,42 Genes with very low expression were
excluded based on the following heuristic: to be retained a gene
needed to be expressed at the equivalent of 10 reads or more (after
normalizing for library size) in at least as many samples as the small-
est experimental group considered (in this case, usually four).
Multiple testing correction was performed by using edgeR’s default
Benjamini-Hochburg method for controlling the false discovery rate.

qRT-PCR

RNA was extracted from ALI cultures and submerged H441 cells us-
ing a QIAGEN RNeasy Mini Kit (QIAGEN). On-column DNase I
digestion was performed to prevent genomic DNA carry-over accord-
ing to the manufacturer’s instructions. qRT-PCR was carried out
directly on extracted RNA samples using TaqMan RNA-to-Ct
1-Step Kit (Applied Biosystems) in a QuantStudio7 Flex Real-Time
PCR System (Thermo Scientific). The 2�DDCT method was utilized
to determine relative expression levels of target genes. b-Actin was
used as the reference gene. The TaqMan gene expression assays
used for each target gene can be found in Table S1.

Immunoblotting

Immunoblotting was used to confirm the expression of several target
proteins in SALI cultures and submerged H441 cells as described pre-
viously.11 In brief, cells were suspended in a lysis buffer supplemented
with cOmplete mini protease inhibitor cocktail (Roche). Total protein
samples (30 mg) were resolved on 8% SDS-acrylamide protein gels
and transferred onto 0.45-mmnitrocellulose membranes (Cytiva Life-
68 Molecular Therapy: Methods & Clinical Development Vol. 24 March
sciences). 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. Following
incubation with primary antibodies overnight at 4�C and secondary
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).
Table S2 summarizes all the primary and secondary antibodies used
in this study.

Immunofluorescence microscopy

Immunofluorescence microscopy was performed on SALI cultures
embedded in optimal cutting temperature compound as described
previously.11 In brief, cryosections were permeabilized and blocked
in 1% BSA in PBS solution supplemented with 0.1% Triton X-100
for 1 h at room temperature. Following incubation with primary anti-
body overnight at 4�C and secondary antibody for 1 h at room tem-
perature, sections were mounted on glass slides using ProLong Gold
AntifadeMountant with DAPI. Cells were imaged using the EVOS FL
Auto 2 Imaging System (Invitrogen), and images were processed and
analyzed using ImageJ software (NIH). Table S2 summarizes all the
primary and secondary antibodies used in this study.
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