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Abstract

ABCA3 (ATP-binding cassette subfamily A member 3) is a
lipid transporter expressed in alveolar type II cells and
localized in the limiting membrane of lamellar bodies. It is
crucial for pulmonary surfactant storage and homeostasis.
Mutations in the ABCA3 gene are the most common genetic
cause of respiratory distress syndrome in mature newborns
and of interstitial lung disease in children. Apart from lung
transplant, there is no cure available. To address the lack of
causal therapeutic options for ABCA3 deficiency, a rapid and
reliable approach is needed to investigate variant-specific
molecular mechanisms and to identify pharmacologic
modulators for monotherapies or combination therapies. To
this end, we developed a phenotypic cell-based assay to

autonomously identify ABCA3 wild-type–like or mutant-like
cells by using machine learning algorithms aimed at
identifying morphologic differences in wild-type and mutant
cells. The assay was subsequently used to identify new drug
candidates for ABCA3-specific molecular correction by using
high-content screening of 1,280 Food and Drug
Administration–approved small molecules. Cyclosporin A was
identified as a potent corrector, specific for some but not all
ABCA3 variants. Results were validated by using our
previously established functional small-format assays. Hence,
cyclosporin A may be selected for orphan drug evaluation in
controlled repurposing trials in patients.

Keywords: ABCA3; childhood interstitial lung disease; high-
content screening; machine learning; cyclosporin A

The ABCA3 (ATP-binding cassette [ABC]
transporter subfamily Amember 3) protein
is a phospholipid transporter in alveolar type
II cells, which is essential for assembly and
homeostasis of pulmonary surfactant and for
lysosome-related lamellar body (LB)
biogenesis, the storage compartment of
surfactant (1–3). Localized to the LB-limiting

membrane, ABCA3 hydrolyzes ATP to
transport phosphatidylcholine and
phosphatidylglycerol as major surfactant
components into the LB (3–5). Biallelic
ABCA3 variants (NM_001089.2) are the
most common genetic cause of interstitial
lung disease in children (6–9) and may also
play a role in adult interstitial lung disease

(10, 11). So far, only 10% of more than 200
described pathogenic ABCA3 variants were
functionally classified (12–16). Nonsense and
frameshift mutations result in a null
phenotype with neonatal respiratory distress
syndrome and death within the first months
of life, whereas missense, in-frame insertions,
deletions, or splicing variants may be
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compatible with survival (8, 9). Such variants
either lead to misfolded ABCA3 proteins,
abnormal intracellular trafficking, and
retention in the endoplasmic reticulum
(trafficking mutations) or lead to reduced
ATP-mediated phospholipid transport
(functional mutations) (12, 17–21). The
resulting phenotypes are highly variable and
difficult to predict (7, 22). Apart from lung
transplant, no causal therapy is available for
ABCA3-deficient patients (9, 23).

A probable approach to treating
ABCA3-deficient patients might be modeled
in analogy to the approach to treating
patients with cystic fibrosis (CF). CF is
caused by a mutant chloride channel, the CF
transmembrane conductance regulator,
which is another ABC transporter (i.e.,
ABCC7). Here, disease-causing mutants can
be rescued by small molecules, which have
revolutionized treatment (24–27). Recently,
we and others have proven this concept
in vitro for correctors and potentiators of
trafficking and functional ABCA3mutations,
respectively (16, 28, 29). Yet a rapid and
robust approach to investigating ABCA3
variant–specific molecular mechanisms and
to identifying pharmacologic modulators
and combinations of compounds is highly
needed.

In this study, we developed a
phenotypic cell-based assay that is
compatible with high-content screening
(HCS). We used the known ABCA3
corrector C13; the ABCA3 variant
K1388N, a well-described clinically
relevant trafficking mutation (13, 15,
28); and machine learning (ML)
algorithms with the aim of unravelling
ABCA3-specific correctors by screening
a library of approved drugs. We
identified cyclosporin A (CsA) and
validated it as a potential corrector by
using previously described functional
small-format assays. In addition, we
showed that CsA was able to correct
several other mistrafficked ABCA3
variants by enabling ABCA3 maturation
to wild-type (WT) levels10 .

Methods

Cell Culture/Treatment of Cells
A549 cells stably expressingWT or mutant
HA-tagged ABCA3 protein (ABCA3-HA)
were cultured, and stable cell clones were
generated as previously described (13, 28).

IB, Immunofluorescence Staining,
Confocal Microscopy, and TopFluor-
labeled Phosphatidylcholine Trans-
port Quantitation
Protein isolation, IB using 15 μg of total
protein, TopFluor-labeled
phosphatidylcholine (TopF-PC) transport
quantitation, and immunofluorescence
staining were performed as previously
described (14, 28).

Screening Procedure
Plate and liquid handling were performed by
using a multicomponent HTS platform. The
procedure used for cell culture, the
compound treatment of the cells,
immunofluorescence staining, and imaging
protocols are described in the data
supplement.

Automated Image Analysis
Multiparametric image analysis was
performed by using Columbus software
version 2.8.0 (PerkinElmer). In the following,
the analysis steps used in the Columbus
software are described (see Figure E5 11in the
data supplement): GFP and Hoechst signals
were smoothened by using median filters to
reduce noise signals. Nuclei were detected via
the Hoechst signal. The GFP channel was
used to define the cytoplasm. In a next step,
morphologic features (the area, roundness,
width, length, and width-to-length ratio) and
the intensity properties of the Hoechst and
the GFP channels (the mean, SD, coefficient
of variance, median, sum, maximum,
minimum, and quantile fraction) were
calculated for each cell region (the nuclei,
cytoplasm, and whole cell). In addition, we
calculated the texture properties for the
whole cell for the GFP and Hoechst channels
(SER 12features, Haralick features, and Gabor
features). Moreover, we applied a filter to
remove border objects (nuclei that cross
image borders). We performed spot
detection by using the GFP channel and
again calculated the intensity (GFP signal)
andmorphologic properties of the spots.
Next, we used the selection tool “Linear
Classifier 13” (supervised classification task) to
train the software to distinguish between
A549 cells expressing mutant K1388N
(“K1388N-like cells”) and A549 cells
expressingWTABCA3-HA (“WT-like
cells”) (using all the properties we calculated
before). For training, cells expressing
K1388N (K1388N-like cells) andWT
ABCA3-HA (WT-like cells) were manually
selected. After training, the software

calculates a classifier according to the linear
model [x 14=2offset1 (linear coefficient
13 property 1)1 (linear coefficient
23 property 2)1 ���] and identifies the
linear combination of the most relevant
properties that determines an effective
discriminator forWT-like cells and K1388N-
like cells.

For hit selection, a threshold of higher
than 3 SDs from the median of the
compound-treated population (percentage of
WT-like cells) was set.

Viability Assay
For cell-viability experiments, the CellTiter-
Glo 2.0 system (Promega) was used
according to the manufacturer’s manual.
A549 cells stably expressingWT or K1388N
ABCA3-HAwere seeded in 384-well plates
and treated with compounds in 10-point
titrations (ranging 15from 500μM

16

to 0.

17

977μM).
Details about chemical correctors, the

sample library, the texture properties used
for supervised ML, and statistical analysis are
described in the data supplement.

Results

Development of an HCS-Compatible
Cell-based Assay for the Identification
of ABCA3-Specific Small-Mole-
cule Correctors
For the identification of molecular correctors
of ABCA3 trafficking variants, we established
an HCS-compatible robust phenotypic cell-
based assay by optimizing various
parameters, such as cell density and plate
coating (Figures 1A and E1). WhenWT
ABCA3-HA protein was co-localized with
the lysosomal marker CD63 in LB-like
vesicular structures, K1388N ABCA3-HA
protein led to smaller vesicles accompanied
by a diffuse pattern. ML analysis was used to
recognize cells expressingWT (WT-like
cells) and K1388N ABCA3-HA (K1388N-
like cells) by evaluating and weighing
differences in various morphologic features
extracted from a training set of labeled
immunofluorescence images (Figure 1B).
These relevant morphologic features allowed
theML algorithm to significantly
discriminate betweenWT-like and K1388N-
like cells (Figure 1C). To verify our
established image-analysis routine, we used
the compounds C13 and C17 as positive
controls (Figure E1); these compounds have
previously been shown to functionally rescue
ABCA3 trafficking variants in vitro (16, 28).
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Figure 1. High-content screening of Food22 and Drug Administration (FDA

23

)-approved, small-molecule ABCA3 (ATP-binding cassette subfamily A
member 3) correctors. (A) Workflow of the high-content screening–compatible, cell-based phenotypic assay. The cells were seeded onto 384-well
plates. After 24 hours, compounds were transferred and incubated for another 24 hours. The cells were then stained, fixed, and analyzed by using
automated image analysis. Hits were analyzed by employing morphologic feature extraction coupled with a machine learning (ML) algorithm to
determine the levels of “wild-type (WT)-like” and “K1388N-like” cells. (B) Validation of the multiparametric image analysis, which distinguishes between
WT-like cells and K1388N-like cells by using an ML algorithm. Results were confirmed by using 10M C13, a previously described ABCA3 corrector.
A549 cells stably expressing WT or mutant (MUT

24

) K1388N HA-tagged ABCA3 protein (ABCA3-HA) were treated with 10M C13 for 24 hours and stained
for ABCA3-HA. Representative images showing the subpopulations classified by the analysis (cells classified as WT-like are marked in green, and
K1388N-like cells are marked in red). Scale bars, 20 m. Data are presented as the mean (SD) (mean of a well, n=16). (C) Plot showing the optimized
discrimination of WT-like versus K1388N-like cells by the analysis software after training of the system. Circled dots represent the cells used, and the
color of each indicates the training class. The noncircled dots are the classified objects in the training images, and the color indicates the classification
for that object. (D) Screening of 1,280 FDA-approved compounds on A549 cells expressing K1388N ABCA3-HA. Representative plot of one screening
plate is shown. The ML results for WT-like cells (percentages) are sorted by the 24 columns of the screening plate. Hits are highlighted in yellow,
including cyclosporin A (CsA). For hit selection, a threshold larger than 3 SDs from the median of the population was set. As negative controls, A549
cells expressing K1388N ABCA3-HA treated with 1% DMSO were used (left and right, orange). As positive controls, A549 cells expressing WT ABCA3-
HA (left, green) and A549 cells expressing K1388N ABCA3-HA treated with 10M C13 corrector (right, green) were used.
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TheML algorithm was able to reliably
classify�86% of C13-incubated cells
expressing K1388N ABCA3-HA asWT-like
cells (Figure 1B).

Identification of Hit Compounds in a
Library of 1,280 Food and Drug
Administration–approved Small-
Molecule Drugs18
Next, we screened a library of Food and
Drug Administration (FDA19 )-approved

small-molecule compounds at a fixed
concentration of 10μM (Figure 1D). The
screening assay quality was determined by
Z 20
9-factor calculation. Compounds were

defined as hits if they increased the
percentage ofWT-like cells per well of
treated K1388N ABCA3-HAmutant by a
number greater than 3 SDs over the median
value of the compound-treated population.
Calculation of the Z9 factor and the signal
window showed excellent screening

performance (Figure E1D and data not
shown). The screening resulted in 12 hit
compounds (Figure E2A), which were
further analyzed. For hit validation, the ratio
of cleaved-to-uncleaved ABCA3 was
analyzed by usingWestern blotting. The
detection of uncleaved (190 kD) and cleaved
(170 kD) ABCA3 protein served as
semiquantitative markers for the
identification of ABCA3 trafficking variants.
ABCA3 proteins are retained in the
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Figure 2.25 Validation of CsA as a drug correcting the ABCA3 variant K1388N. (A) Dose–response curves of cells expressing K1388N ABCA3-HA
treated either with CsA or the corrector C13. WT-like cells quantified by using ML algorithms were plotted as percentages. Concentrations of
CsA and C13 are shown at log10 scale in nanomolar units. The EC50 is displayed in micromolar units. Data are presented as the mean (SD)
(n=4). (B) A549 cells expressing K1388N ABCA3-HA were treated with increasing concentrations of CsA for 24 hours, and the ABCA3-HA
protein pattern was analyzed by using Western blotting with an anti-HA antibody. Augmentation of the 170-kD band indicates restored
processing of the protein. Results of the densitometric quantitation of the protein amount in each band (190 kD and 170 kD) are shown in the
data supplement. (C) A549 cells expressing WT or K1388N ABCA3-HA were treated with 10M CsA for 24 hours, which was followed by
incubation with liposomes containing TopFluor-labeled phosphatidylcholine (TopF-PC) and treatment with 10M CsA for another 24 hours. The
portion of TopF-PC–filled ABCA31 vesicles was measured. Representative images of the experiment show restored TopF-PC–filled ABCA31

vesicles of the ABCA3-HA variant K1388N upon CsA treatment. Scale bars, 10 m. Pseudocolors were used, which is consistent with former
experiments. Three independent experiments were performed. Results are the mean1SEM. ***P,0.001. EC50=half-maximal effective
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=not significant; UT=untreated.

ORIGINAL RESEARCH

4 American Journal of Respiratory Cell and Molecular Biology Volume �� Number �� | �� 2021



 

 
A

B

C

WT

D
M

S
O

C
sA

K1388N A1046E G1421R V1399M Q215K

A

COOH

H2N
A

C B
N568D

Q215K

K1388N

C
B

G1421R

A1046E

V1399M

N568D

D

P
er

ce
n

ta
g

es
 o

f 
fi

lle
d

 v
es

ic
le

s 
(%

)

E

ABCA3-HA

DAPI

TopF-PC

R
el

at
iv

e 
fl

u
o

re
sc

en
ce

 in
te

n
si

ty
fi

lle
d

 v
es

ic
le

s 

WT N568D

D
M

S
O

C
sA

TopF-PC/ABCA3 quantitation

0
WT

20

40

60

80

100

120
**

0
K1388N

WT

D
M

S
O

kDa

190
170

37

C
sA

D
M

S
O

C
sA

D
M

S
O

C
sA

D
M

S
O

C
sA

ABCA3-HA

β-actin

K1388N A1046E G1421R

20

40

60

80

100

120

****

0
A1046E

20

40

60

80

100

120

****

0
G1412R

20

40

60

80

100

120

****

0
V1399M

20

40

60

80

100

120

****

0
Q215K

20

40

60

80

100

120

ns

0
N568D

20

40

60

DMSO
CsA

80

100

120

****

DMSO

CsA

WT

D
M

S
O

kDa

190
170

37

C
sA

D
M

S
O

C
sA

D
M

S
O

C
sA

D
M

S
O

C
sA

ABCA3-HA

β-actin

K1399M Q215K N568D

0

WT N568D

20

40

60

80

100

0.0

WT N568D

0.2

0.4

0.6

0.8

1.0

1.2

Figure 3. CsA corrected other ABCA3-HA variants. (A) The positions of all ABCA3-HA variants tested in this study were marked in the topology
model. Trafficking mutations with abnormal intracellular trafficking of the transporter are marked in red, whereas the functional mutation N568D is
marked in blue. (B) Representative images of the mutations after 24 hours of treatment with 10M CsA or the DMSO control are shown. WT and
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endoplasmic reticulum and fail to be
glycosylated and proteolytically processed in
Golgi and post-Golgi compartments.
Consequently, K1388N ABCA3-HA resulted
in a markedly decreased 170/190–kD ratio
(28). To verify the hit compounds, we
acquired the 12 hits from independent stocks
and treated A549 cells expressing K1388N
ABCA3-HA with these hit compounds. The
protein level of the processed 170-kD
ABCA3 species was increased by four hit
compounds, confirming their corrector
capacity. Clomipramine hydrochloride
(CLI), CsA, doxazosin mesylate (DZN), and
R-duloxetine hydrochloride (DX) had strong
effects on the ratio of cleaved-to-uncleaved
ABCA3 (Figure E2B). Consistent with the
decrease in cleaved-to-uncleaved ABCA3,
treatment of the cells with CLI, CsA, DZN,
and DX restored the subcellular localization
of K1388N ABCA3-HA in
immunofluorescence assays, displaying
lysosome-related (anti-CD63) vesicle-like
structures as seen in cells expressingWT
ABCA3-HA, which indicates restored LB
morphology (Figure E2C). In parallel, dose-
dependent toxicity of the hit compounds was
assessed via a cell-viability assay. Ten-point
titrations showed high toxicity to the cells for
7 of the 12 hit compounds (pyrvinium
pamoate, IVE, DX, DZN, CLI,
epiandrosterone, andmitoxantrone
hydrochloride); those compounds were
therefore excluded from further experiments
(Figure E2D). Altogether, CsA was the most
potent corrector with drug-like properties in
the initial screening as well as in the follow-
up verification and showed no cellular
toxicity. Importantly, CsA is broadly used for
other indications in children (30–33) and
was thus further evaluated.

Validation of CsA as a Molecular
Corrector for ABCA3
Trafficking Mutants
CsA dose-dependently increased the number
of cells that were classified asWT-like in
K1388N ABCA3-HA–expressing cells,

demonstrating a half-maximal effective
concentration of 2.8μM. For comparison, the
half-maximal effective concentration of the
established corrector C13 was 26.4μM
(Figure 2A). On the protein level, increasing
doses of CsA led to an elevated level of the
processed 170-kD ABCA3-HA species and
thereby raised the 170/190–kD ratio of
K1388N ABCA3-HA (Figures 2B and E3A).
The quantitation of TopF-PC transport
served as a functional assay for ABCA3
activity (14). CsA significantly increased the
function of K1388N ABCA3-HA, as
demonstrated by similar ratios of TopF-
PC–filled vesicles inWT andmutant
ABCA3-HA cells after treatment (Figure
2C).To test the broader applicability of CsA,
we evaluated its effect on a larger set of
trafficking mutants and one functional
mutant (Figure 3A). We applied ML to
distinguish A549 cells expressingWT
ABCA3-HA from cells either expressing the
trafficking mutant K1388N ABCA3-HA or
the functional mutant N568D ABCA3-HA.
We were successful in distinguishing A549
cells expressing ABCA3-variant N568D from
the trafficking mutant in their cellular
morphology (Figures E4A and E4B).
Notably, CsA corrected the K1388N,
A1046E, G1421R, and V1399MABCA3-HA
trafficking mutants to levels of 50% to
beyond 90% ofWT-like cells. However, the
trafficking mutant Q215K was not
responsive to CsA treatment (Figures 3B and
3C). CsA treatment of cells expressing the
functional mutant N568D ABCA3-HA only
showed a marginal increase in the percentage
ofWT-like cells (Figures 3B and 3C).We
further confirmed the imaging-based results
by usingWestern blotting to analyze protein
expression levels (Figures 3D and E3B).
Here, only the trafficking mutants K1388N,
A1046E, G1421R, and V1399MABCA3-HA
demonstrated an effect. In addition, we
showed that the functionality of the N568D
ABCA3 protein was not increased, as shown
by similar percentages of TopF-PC–filled
ABCA31 vesicles and similar relative

fluorescence intensity/TopF-PC–filled
vesicles upon treatment with DMSO or CsA
(Figure 3E).

Potential Mode of Action of CsA
on ABCA3
CsA inhibits calcineurin by forming a
complex with cyclophilin A and acts via
calcineurin-independent pathways by
inhibiting cyclophilins (34–36). To unravel
which of the above-mentioned inhibitory
pathways of CsA is able to correct ABCA3
variants, we exposed A549 cells expressing
K1388N ABCA3-HA to the calcineurin
inhibitor pimecrolimus (37) alone, the
cyclophilin inhibitor NIM811 (38) alone, or
the combination of the two. Monotreatment
with pimecrolimus or NIM811 resulted in
partial rescue of the ABCA3 K1883N-
HA–induced trafficking phenotype (Figure
4B) and an increase in processed ABCA3
species (Figure 4C). The combinatorial
treatment of pimecrolimus and NIM811
reverted the trafficking ABCA3mutant
variant phenotype to a comparable level seen
with the treatment of CsA (Figure 4B),
although results were less pronounced than
inWestern 21blotting assays (Figure 4C).
Together, the individual and synergistic
effects of pimecrolimus and NIM811
suggests that CsA uses calcineurin-
dependent as well as calcineurin-
independent pathways to correct ABCA3.

Discussion

The purpose of this study was to develop a
phenotypic high-content screen to identify
small-molecule correctors for patients
suffering from ABCA3 deficiency and to
perform a screen of a library of FDA-
approved compounds. We identified 12 hit
candidates and evaluated them in
conventional assays. CsA was the most
promising hit and is a well-known drug that
has been safely used in children for decades.
Yet adverse effects, including

Figure 3. (continued) imaging system. Scale bars, 10 m. (C) Quantitative measurements of ABCA3 trafficking MUTs and the functional MUT
N568D upon 10M CsA or DMSO treatment for 24 hours. WT-like cells quantified by using ML algorithms are plotted as percentages. Data are
presented as the mean (SD) (n=16). **P,0.01 and ****P, 0.0001. (D) A549 cells expressing A1046E, G1421R, V1399M, Q215K, and N568D
ABCA3-HA were treated with 10M CsA for 24 hours, and the ABCA3-HA protein pattern was analyzed by using Western blotting with an anti-HA
antibody. Augmentation of the 170-kD band indicates restored processing of the protein. Results of the densitometric quantitation of the protein
amount in each band (190 kD and 170 kD) are shown in the data supplement. (E) A549 cells expressing WT or N568D ABCA3-HA were
incubated with liposomes containing TopF-PC and treated with 10M CsA for 24 hours. Representative images of the experiment show a smaller
number of TopF-PC–filled ABCA31 vesicles of the ABCA3-HA variant N568D. The portion of TopF-PC–filled ABCA31 vesicles and the relative
fluorescence intensity/filled vesicles were measured upon treatment with CsA. Scale bar, 10 m. Pseudocolors were used, which is consistent
with former experiments. Four independent experiments were performed. Results are the mean1SEM.

ORIGINAL RESEARCH

6 American Journal of Respiratory Cell and Molecular Biology Volume �� Number �� | �� 2021



 

 
A

K
13

88
N

 A
B

C
A

3-
H

A
 W

T
 A

B
C

A
3-

H
A

H
o

ec
h

st
H

o
ec

h
st

DMSO CsA Pimecrolimus NIM811

B C

****

****

****
****

****

ns ns ns

190
170

37

K1388N

kDa

WT

DMSO DMSOCsA CsAPim PimNIM NIM
Pim+
NIM

β-actin

ABCA3-HA

Pim+
NIM

Pim + NIM811

W
T-

lik
e 

ce
lls

 [%
]

0

D
M

S
O

C
sA P
im

N
IM

81
1

P
im

 +
 N

IM
81

1

20

40

60

80

100

WT

W
T-

lik
e 

ce
lls

 [%
]

0

D
M

S
O

C
sA P
im

N
IM

81
1

P
im

 +
 N

IM
81

1

20

40

60

80

100

K1388N

***

***

ns

***

ra
tio

 1
70

/ 1
90

 k
D

a
re

la
tiv

e 
to

 K
13

88
N

 D
M

S
O

0

DMSO
CsA Pim NIM

Pim
 +

 N
IM

1

2

3

4

5

K1388N

Figure 4. Treatment with pimecrolimus (Pim) and NIM811 (NIM) restored processing of K1388N ABCA3-HA. (A) A549 cells expressing WT or
K1388N ABCA3-HA were treated with 10M CsA, 5M Pim, 2M NIM, and the combination of 5M Pim and 2M NIM for 24 hours. Representative
images of cells stained for ABCA3-HA localization and Hoechst are shown. Scale bar, 20 m. (B) Quantitative analysis of WT-like cells of cells
expressing either WT or K1388N ABCA3-HA by using ML algorithms that allow the recognition. Data are presented as the mean (SD) (n=16).
****P,0.0001. (C) The ABCA3-HA protein pattern was analyzed by using Western blotting. Augmentation of the 170-kD band indicates restored
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independent experiments. ***P, 0.001 regarding the DMSO vehicle control.
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immunosuppression, impairment of renal
function, and increased blood pressure, have
to be taken in account. Blood-level
monitoring is routine in clinical usage of
CsA (31–33, 39).

Importantly, by using a linear classifier
and training data with labeled images, we not
only were able to differentiateWT from
mutant cells expressing eitherWT or the
mutant K1388N ABCA3 but were also able
to significantly demonstrate and confirm the
corrective effect of C13 on K1388N cells (16,
28). Thus, the screening approach should
allow for the identification of molecules with
an effect comparable with or even better than
that of C13. Our initial screen hit rate was
0.9%. Retesting of hit compounds from
reordered stocks confirmed selected
candidates in the conventional experimental
setup. Our phenotypic assay helped us to
discover corrective compounds without the
detailed characterization of the mechanism
of a mutation. Here, our ML-based analysis
strategy used various features like textures,
intensity, and morphology to classifyWT-
andmutant-like cells, thus not relying on a
detailed molecular understanding of the
ABCA3mutation biology. This is
particularly beneficial for testing novel
compounds on a large set of newly
discovered mutants. Importantly, we have
established an assay/analysis pipeline that
will distinguish amongWTABCA3,
trafficking mutations, and functional
mutations, which is a valuable resource for
future small-molecule discovery to identify
ABCA3 potentiators/correctors. The

production of cell lines stably expressing
newly discovered variants for compound
testing could efficiently be accomplished by
using the landing-pad system (16) with the
aligned degree of ABCA3 expression.

CsA corrected trafficking of K1388N,
A1046E, G1421R, and V1399Mmutants.
However, Q215K, another trafficking variant,
was not responsive to CsA (Figure 3). This
variant was also not as susceptible to
correction by C13, indicating that this
variant might have secondary defects that are
not affected by CsA or C13. In line with that,
CsA did not improve the transport function
of ABCA3 in the functional mutant N568D.
CsA was shown to correct trafficking
mutants of ABCB4 and ABCB1 in several cell
models, depending on the underlying variant
(40–45). In those studies, evidence was
obtained that CsA led to an improved
correction of the mutants through its
chaperone abilities, which may be a
mechanism also involved in ABCA3
correction, although this needs further
validation. In this study, we tested the
participation of calcineurin and cyclophilin
inhibition in ABCA3-specific correction, and
their contribution is supported by our results
using pimecrolimus and NIM811 (37, 38).
The synergistic effect of pimecrolimus and
NIM811 suggests that CsA uses calcineurin
and calcineurin-independent pathways to
correct ABCA3. These and additional
mechanisms, including repression of the
transcription of mutant ABCA3 protein via
reduced NFAT3 signaling through
calcineurin inhibition, as suggested by Dav�e

and colleagues (46), will be a matter of
further investigation.

Limitations of the A549 cell model are
that it does not account for the patient-
specific genetic or environmental
background and that only homozygous
mutations can be assessed. In addition, the
impact of ABCA3 overexpression is not
scalable. To allow for comparisons between
WTABCA3 and different variants, we
carefully aligned ABCA3 expression in all
stable lines that we generated. These
limitations may be overcome with patient-
derived induced pluripotent stem cells in
future studies (47, 48).

ABCA3 deficiency is a rare clinical
condition (8), making conventional clinical
studies difficult to conduct. Therefore, the
screening of FDA-approved drugs and
assessment of their clinical value in trials may
provide an intermediate step toward urgently
needed treatments. Repurposing studies have
the potential to bridge the time necessary for
the development of newmolecules, which
still have a high rate of failure and may
require many years of development before
patients benefit (49, 50). Hence, CsA,
identified in this work, may be a candidate
treatment option in ABCA3 deficiency,
depending on the responsiveness of the
underlying mutation.�

Author disclosures are available with the
text of this article at www.atsjournals.org.
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