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Adaptation to air breathing after birth is dependent upon the synthesis and secretion of pulmonary
surfactant by alveolar type 2 (AT2) cells. Surfactant, a complex mixture of phospholipids and
proteins, is secreted into the alveolus, where it reduces collapsing forces at the air-liquid interface
to maintain lung volumes during the ventilatory cycle. ABCA3, an ATP-dependent Walker domain
containing transport protein, is required for surfactant synthesis and lung function at birth.
Mutations in ABCA3 cause severe surfactant deficiency and respiratory failure in newborn infants.
We conditionally deleted the Abca3 gene in AT2 cells in the mature mouse lung. Loss of ABCA3
caused alveolar cell injury and respiratory failure. ABCA3-related lung dysfunction was associated
with surfactant deficiency, inflammation, and alveolar-capillary leak. Extensive but incomplete
deletion of ABCA3 caused alveolar injury and inflammation, and it initiated proliferation of
progenitor cells, restoring ABCA3 expression, lung structure, and function. M2-like macrophages
were recruited to sites of AT2 cell proliferation during the regenerative process and were present in
lung tissue from patients with severe lung disease caused by mutations in ABCA3. The remarkable
and selective regeneration of ABCA3-sufficient AT2 progenitor cells provides plausible approaches
for future correction of ABCA3 and other genetic disorders associated with surfactant deficiency
and acute interstitial lung disease.

Introduction

ABCA3, located on human chromosome 16p13.3, encodes a 1,704—amino acid (190-kDA), multimem-
brane-spanning protein expressed at high levels in AT2 cells in the lung (1-4). ABCA3 is required for
packaging and secretion of surfactant lipids and is required for lung function at birth (5, 6). Autosomal
recessive mutations in ABCA3 cause severe lung disease in infants and children, and they represent the most
common genetic cause of respiratory failure in newborns (1, 7-9). ABCA3-related lung disease in infants
is accompanied by lung injury and extensive tissue remodeling, leading to loss of alveolar structures that is
generally fatal despite intensive care and ventilatory support (7, 10, 11). At present, lung transplantation is
the only effective treatment for infants with severe ABCA3-related lung disease (12, 13).

The adult human lung consists of about 480 million alveoli, which are lined by epithelial alveolar type 1
and 2 (AT1 and AT2) cells (14). AT1 cells are large, squamous epithelial cells that are in close association with
pulmonary endothelial cells, creating the extensive gas-exchange surface required for efficient exchange of oxy-
gen and carbon dioxide after birth. AT2 cells comprise approximately 5% of the alveolar surface, are the sole
source of pulmonary surfactant, and serve as the primary progenitors repairing the alveolar epithelium after
injury (1, 15, 16). Pulmonary surfactant lipids and proteins are secreted into the alveoli — reducing surface
tension at the air-liquid interface — and are required for lung function at birth and throughout life (1).

In the present study, we produced mice in which the 4bca3 gene was selectively deleted in AT2 cells
in the postnatal lung. Extensive loss of Abca3 resulted in respiratory failure and death caused by surfac-
tant deficiency, alveolar-capillary leak, and inflammation consistent with the requirement of ABCA3
for lung function in newborn infants. Extensive but nonlethal deletion of Abca3 caused lung injury and
inflammation, and it initiated alveolar cell proliferation that was followed by remarkable regeneration of
Abca3-sufficient cells and restoration of lung structure and function.
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Results

Deletion of Abca3 in AT2 cells caused respiratory failure. Abca3™*™* mice were designed to delete exons
4-7 under control of Cre-recombinase (17). To identify the role of Abca3 in postnatal lungs, transgenic
Sftpc-CreER™?, Abca3"*"M* (Sfipc-CreER"?; Abca3™ /%) (18) mice were produced, hereafter termed control.
The Abca3 gene locus was selectively mutated in adult AT2 cells when control mice were treated with
tamoxifen, hereafter termed Abca3—conditional KO (4bca3-cKO). Abca3 mRNA was decreased by 60%
in whole lung from Abca3-cKO after 7 days (Figure 1A). Since ABCA3 is expressed in macrophages
and other non-AT?2 cells, the extent of Abca3 deletion was assessed in purified AT2 cells in which Abca3
mRNA was reduced by 90% (Figure 1B). Although Sftpc-CreER™ expresses some active Cre in the
absence of tamoxifen (Supplemental Figure 1; supplemental material available online with this arti-
cle; https://doi.org/10.1172/jci.insight.97381DS1) (18), Abca3 mRNA was not altered in control mice
(Abca3*Mex 1,02 £ 0.18 vs. control 1.21 £ 0.54, P = 0.6; Supplemental Figure 2). To control for spon-
taneous recombination, untreated control mice were used. While some mutations in ABCA3 alter the
distribution of surfactant proteins (5, 8), expression and processing of surfactant protein B (SP-B) and
SP-C were unaltered in Abca3-cKO mice (Supplemental Figure 3).

After exposure to tamoxifen, alveolar staining of ABCA3 was remarkably decreased, consistent with
the loss of Abca3 mRNA (Figure 1, C-E). Abca3-cKO mice developed pulmonary inflammation, hyper-
emia, and alveolar wall thickening (Figure 1, G-N, and Supplemental Figure 4) accompanied by signs of
respiratory failure, including dehydration, dyspnea, hunched appearance, and lethargy requiring euthana-
sia or causing death 12-15 days after tamoxifen (Figure 1F). Lung histology and analysis of bronchoalveo-
lar lavage fluid (BALF) demonstrated mild lung inflammation (Figure 2, A and B) with increased numbers
of neutrophils at later time points.
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Figure 2. Inflammation and decreased lung
phospholipids after deletion of Abca3. (A-B) Dif-
ferential cell numbers were determined in BALF
by Diff-Quik staining. (C) Total lung phospholipid
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Decreased phospholipids and surfactant function after deletion of Abca3. To determine if depletion of sur-
factant lipids contributed to the respiratory distress in 4bca3-cKO mice, total phospholipid and saturated
phosphatidylcholine (SatPC) were measured in BALF. Total phospholipids (Figure 2C) and SatPC (Fig-
ure 2D) were significantly decreased after 7 days of tamoxifen (7- and 8-fold reduction, respectively) and
were further decreased after 10 days (14- and 25-fold reduction, respectively). Phosphatidylcholine (PC),
phosphatidylglycerol (PG), and diacylglycerol (DG) species were decreased (Supplemental Figure 5 and
Supplemental Table 1), while phosphatidylinositol (PI) species were increased (Supplemental Figure 5C),
consistent with the inverse correlation between PI and PC/PG species previously reported in patients with
acute respiratory failure (19, 20). Surfactant function was analyzed by constrained drop surfactometry.
Minimum surface tension was unchanged after 6 days; however, minimum surface tension of purified sur-
factant was increased in 4bca3-cKO mice after 10 days (Figure 2E). Normal physiological functions (lung
resistance and compliance) were maintained during periods of markedly reduced levels of phospholipids
(Supplemental Figure 6); however, loss of surfactant function was consistently associated with respiratory
failure 10-15 days after exposure to tamoxifen.

Inflammation and alveolar-capillary leak after deletion of Abca3. Integrative proteomics and transcrip-
tomics were utilized to identify factors associated with respiratory failure after deletion of Abca3. Epi-
thelial-vascular leak was indicated by increased abundance of serum-associated proteins, including
albumin, transferrin, angiotensinogen, coagulation factor F2, and its antagonist plasminogen (PLG) in
BALF from Abca3-cKO mice (Figure 3, A—C). Alveolar-capillary leak, with resultant influx of serum
proteins, inactivates surfactant (21), likely contributing to respiratory failure after deletion of Abca3.
Increased serum proteins in BALF were associated with inflammation and expression of inflammatory
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mediators, including S100A9 and its receptor AGER (Figure 3, A-C). Proinflammatory signatures in
the BALF were complemented by increased Myd88 and Retnla mRNAs (Figure 3D), consistent with the
inflammation seen after loss of ABCA3 (Figure 2B). Thus, deletion of Abca3 caused respiratory fail-
ure mediated by surfactant deficiency, alveolar-capillary leak, and inflammation. Similarly, deletion of
ABCA3-induced RNAs associated with cellular responses to injury and inflammation, including 7L-33,
Myd88, Socs3, GpxI, and others in isolated alveolar epithelial cells (Figure 3D).
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Figure 4. Alveolar injury and regeneration after deletion of Abca3. (A) Kaplan-Meier curve and statistical analysis (Wilcoxon-Gehan test) for surviv-
al of Abca3-cKO mice treated with tamoxifen for 0-8 days. (B) Abca3 mRNA (exon 5-6) expression normalized to B-actin in whole lung from control
and Abca3-cKO mice treated with tamoxifen for 4 days with tissue harvest at 4 days to 12 weeks. Data represent Abca3 mRNA with dot plot overlay;
n =5-20 mice/group. *P < 0.05, ***P < 0.0001 compared with control as determined by 1-way ANOVA. (C) Representative lung histology from control
and Abca3-cKO mice treated with tamoxifen for 4 days with tissue harvest at 4 days to 12 weeks. Lung tissue from n = 6-8 mice/group were stained
by H&E for histological analysis. Scale bars: 500 pm.
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Alveolar injury and repair following sublethal deletion of Abca3. A model of lung repair after deletion of
Abca3 was produced by limiting the time of tamoxifen exposure to control mice (Supplemental Figure
7). Administration of tamoxifen for 5 days or less resulted in 100% survival at 21 days (Figure 4A). Abca3
mRNA decreased progressively, being reduced by 90% in whole lung after 3 weeks of recovery (Figure
4B). In spite of extensive deletion, 4bca3 mRNA was fully restored at 12 weeks (Figure 4B). Spatially het-
erogeneous alveolar inflammation and alveolar wall thickening were observed 2-3 weeks after tamoxifen,
and lung histopathology, ABCA3 mRNA, and protein staining were fully restored after 12 weeks with the
absence of fibrotic remodeling (Figure 4C; Figure 5, A and B; and Supplemental Figure 8), demonstrating
selective repopulation of ABCA3-sufficient AT2 cells and remarkable repair of alveolar architecture.

Cell proliferation was quantified following 4 days of tamoxifen (Supplemental Figure 7). BrdU" cells
increased maximally after 2 weeks (Figure 6A), indicating alveolar regeneration. Epithelial (ECAD") cells
accounted for 39.4% + 6.2% of total BrdU" cells (Figure 6, B and F, and Figure 7A). Together, endothelial
(SOX17%) and immune (CD45") cells accounted for approximately 50% of BrdU* cells (Figure 6, B and F,
and Figure 7, B and C). Approximately 10% of BrdU" cells lacked epithelial, endothelial, or BM-derived
cell markers (ABCAZ3-, proSPC-, NKX2.1-, HOPX", SOX2-, SOX17-, ECAD-, and CD45"), likely indicat-
ing stromal cells. The majority of proliferating epithelial cells were present in alveolar regions (NKX2.1*/
SOX2, Figure 6, C and F, and Figure 7, D and E) and were proSPC* AT2 cells (Figure 6, D and F, and Fig-
ure 7F). BrdU-stained SOX2* cells were confined to conducting airways (Figure 6C and Figure 7D). BrdU-
stained HOPX™" cells were rarely detected (Figure 6D), and BrdU-stained KRT5 (basal) cells were not detect-
ed in the peripheral lung parenchyma (Supplemental Figure 9). BrdU-stained proSPC* AT2 cells included

https://doi.org/10.1172/jci.insight.97381 5
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Figure 5. Restoration of ABCA3 expression in AT2 cells after partial dele-
tion. (A) Representative confocal immunofluorescence for ABCA3 (white)
and proSPC (red) in alveolar epithelial cells from control and Abca3-cKO mice
treated with tamoxifen for 4 days with tissue harvest at 2 and 12 weeks.
Scale bars: 50 um. Inset cell scale bars: 5 um. (B) ABCA3*proSPC* epitheli-

al cells shown in panel A were quantitated using Nikon Elements General
Analysis software. Data represent ABCA3*proSPC* cells, mean + SEM, n = 3-4
mice/group, **P = 0.0075 as determined by 1-way ANOVA.

both ABCA3* and ABCA3™ cells. Remarkably, ABCA3- cells were the
most abundant proliferative AT2 cell type (77.5% *+ 9.5%; Figure 6, E
and F, and Figure 7G). Taken together, widespread alveolar and bron-
chial injury caused by deletion of 4bca3 was followed by proliferation of
diverse cell types that repaired the alveoli. In spite of active proliferation
of Abca3-deleted cells, ABCA3-sufficient AT2 cells selectively repopu-
lated the alveoli after 12 weeks, resulting in restoration of ABCA3, lung
structure, and function. During active regeneration, proliferating cells
were frequently observed in clusters in the damaged alveoli (Figure 7);
each BrdU" cluster generally contained 2-3 BrdU™* cells, with epithelial
(ECAD"), immune (CD45"), and stromal cells frequently present within
the clusters (Figure 7H). Since atypically activated (M2) macrophages
promoted lung regeneration following partial pneumonectomy (22), we
assessed markers for M2 macrophages in whole lung 2 weeks follow-
ing partial loss of Abca3. Argl and Retnla were increased 30-fold, while
Mrcl levels were unchanged in whole lung 2 weeks following partial
loss of Abca3 (Figure 8A). Argl and Retnla expression correlated with
increased numbers of CD11b* (CD45*F4/80*CD11b*CD11¢") but not
CD11c* (CD45'F4/80"CD11c*CD11b") macrophages (Figure 8, B and
C). Furthermore, M2 macrophage markers Argl, Retnla, and Mrcl were
increased in isolated CD11b* interstitial macrophages (Figure 8D). Tak-
en together, these data demonstrate that diverse cell types proliferate
and interact with lung epithelial cells during alveolar regeneration fol-
lowing loss of Abca3.

Recruitment of M2-like macrophages after deletion of Abca3 and in patients
with ABCA3-related lung disease. Pulmonary lesions in ABCAZ3-related
lung disease characteristically contain an abundance of alveolar mac-
rophages located within remodeled alveoli (1, 13). Immunofluores-
cence confocal microscopy of lung biopsies from patients with severe
ABCA3-related lung disease identified inflammatory infiltrates and loss
of AT1 cells, with the alveoli and remaining saccules being lined pri-
marily by cuboidal AT2 cells (Figure 8F). Macrophages in these lesions
expressed ARG1 and CD206 (Figure 8F and Supplemental Figure 10).
Similarly, ARG1* and CD206* macrophages were abundant in the
regenerating alveoli 2 weeks after partial deletion of Abca3 in the mouse
model (Figure 8E and Supplemental Figure 10).

‘While advances have been made in the identification of the genetic causes of interstitial lung diseases in
children, development of therapies for these often-lethal disorders is limited by our inadequate knowl-
edge of the pathogenesis of injury and mechanisms of alveolar regeneration. Mutations in ABCAJ3 are

the most prevalent, monogenetic cause of acute and chronic lung disease in infancy (1, 7-9). In the pres-
ent study, we developed a conditional model of ABCA3 deficiency, enabling analysis of the biochemis-

try, pulmonary function, and regeneration of the adult mouse lung after the deletion of the Abca3 gene.

Loss of ABCA3 in mature AT2 cells caused AT2 cell injury, alveolar-capillary leak, and impaired sur-

factant homeostasis, resulting in diffuse alveolar damage and subsequent respiratory failure. Extensive

insight.jci.org  https://doi.org/10.1172/jci.insight.97381
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but partial deletion of ABCA3 caused severe lung injury, followed by restoration of ABCA3 expression
and alveolar structure by residual, nontargeted ABCA3-sufficient cells, resulting in complete restoration
of pulmonary homeostasis after 12 weeks. The remarkable selective advantage of the ABCA3-sufficient
cells to restore alveolar homeostasis provides the foundation for genetic replacement or correction of
ABCA3 deficiency in the future. Likewise, understanding the pathogenesis of the disorder may enable
development of therapeutic strategies to minimize alveolitis and maximize regenerative capacity in
infants affected by 4BCA3 mutations.
Surfactant deficiency and respiratory failure after loss of ABCAJ3. The biochemical response to deletion of
ABCA3 in the adult lung is consistent with the known role of ABCA3 in surfactant homeostasis in peri-
natal adaptation, with respiratory failure being associated with decreased alveolar phospholipids follow-
ing birth (1, 9, 13). ABCA3 is located in limiting membranes of the lamellar bodies, where it mediates
transport of phospholipids, primarily PC and PG, into the organelle (5, 23-25). Consistent with previous
findings in patients with ABCA3 deficiency (19, 20), alveolar PC and PG decreased after deletion of
ABCA3. Remarkably, surfactant function and lung function were maintained for a prolonged period,
during which surfactant lipids were markedly decreased. Proteomic analyses of BALF, before respiratory
insight.jci.org  https://doi.org/10.1172/jci.insight.97381 7
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Endothelial Figure 7. Proliferating cells after
deletion of Abca3. Representative
confocal immunofluorescence images
of proliferating cell clusters analyzed

in Figure 6. (A) ECAD* (red) and BrdU*
(green) epithelial cells, (B) SOX17* (red)
and BrdU* (green) endothelial cells,

(C) CD45* (white) and BrdU* (green)
immune cells, (D) SOX2* (red) and
BrdU* (green) proximal epithelial cells,
(E) SOX2* (red), NKX2.1* (white) and
BrdU* (green) distal epithelial cells, (F)
proSPC* (red) and BrdU* (green) alveolar
AT2 cells, and (G) ABCA3* (white),
proSPC* (red) and BrdU* (green) cells.
Representative ABCA3* and ABCA3~
AT2 cells are shown in yellow and white
boxes, respectively. Scale bars: 50 um.
Inset scale bars: 5 um. (H) Epithelial
(ECAD*) and immune (CD45") cells were
manually counted in BrdU* clusters.
Bars contain ECAD-CD45 BrdU* (not
identified), ECAD*CD45 BrdU* (epithe-
lial), and ECAD-CD45*BrdU* (immune)
Alveolar AT2 cells superimposed on the total
number of proliferating cells per cluster
(BrdU*DAPI*). Data are mean + SEM, n =
3. Representative immunofluorescence
of immune cell infiltrates presents in
(arrowhead) or bordering (arrow) BrdU*
cell clusters. ECAD (red), CD45 (white),
and BrdU (green). Scale bar: 10 pm.
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distress, demonstrated increased concentrations of serum proteins, indicating alveolar-capillary leak.
Paucity of surfactant and the influx of plasma proteins known to inactivate surfactant activity (21) likely
explain the respiratory failure that followed.

Inflammatory responses after ABCA3 gene deletion. Deletion of ABCA3 in AT2 cells caused inflammation,
alveolar capillary leak, and decreased surfactant phospholipid concentrations prior to respiratory failure. A
diversity of serum and parenchymal proteins were increased in BALF. Serum proteins in the alveoli that
inhibit surfactant activity (21), together with the paucity of phospholipids, creates mechanical stress that caus-
es parenchymal damage. Many of the serum proteins identified in BALF recruit and activate inflammatory
cells (26, 27). Thus, both mechanical forces and inflammation likely contribute to the alveolitis and ensuing
respiratory failure seen after the loss of ABCA3. AGER, S100A9, CD14, IL1RAP, SPP1, and SerpinAl
mediate macrophage or neutrophil recruitment and activation, whether derived from inflammatory or paren-
chymal cells (28-32). Serum proteins that activate macrophages were present in the BALF, including albumin,
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AGT, SerpinF1, GSN, GC, HRG, and KNG1 (27, 33-35). RNA analysis of isolated alveolar epithelial cells
from the Abca3-deleted mice indicated increased expression of RNAs associated with cell injury and induced
inflammatory response, including /Z-33. Taken together, intrinsic AT2 cell dysfunction, tissue injury (stem-
ming from the loss of surfactant activity, changes in mechanical forces in the alveolus, and alveolar capillary
leak), and the presence of serum proteins that both inhibit surfactant function and activate inflammation
likely contribute to respiratory failure after loss of ABCA3.

Alveolar repair after partial deletion of ABCA3. We utilized Sfipc-CreER™ to selectively delete Abca3 in
AT? cells, resulting in a virtually complete loss of ABCA3 mRNA and protein within 6—7 days of tamox-
ifen, followed by respiratory failure. Following partial loss of Abca3, severe lung injury and inflammation
were accompanied by rapid proliferation of multiple cell types, including endothelial (SOX17*), epithe-
lial (ECAD), inflammatory (CD45%), alveolar (proSPC* and ABCA3"), and conducting airway epithe-
lial (SOX2*) cells. In spite of active proliferation of both Abca3-sufficient and -deficient cells, following
the regenerative phase, ABCA3-expressing cells were more abundant, suggesting a selective advantage
of ABCA3-expressing AT2 cells during lung regeneration. Since Cre-mediated recombination is not
reversible, it is most likely that the ABCA3-expressing cells were derived from AT2 cells that had not
undergone Cre-mediated recombination. Alternatively, these cells may be derived from other progenitors
that did not express the Sfipc-CreER™. Taken together, these data support the feasibility of restoring
functional ABCA3 in AT2 cells, where survival and proliferation would enable development of future
therapies for lung disease. Currently, lung transplantation is the only effective treatment for severe lung
disease caused by mutations in ABCA3J, a challenging process for infants with chronic respiratory failure
(12, 13). BrdU labeling was observed in SOX2* cells; these cells were confined to conducting airways.
KRT5" basal cells, known to proliferate following severe influenza infection (36, 37), were not observed
in either alveolar or conducting airways. BrdU labeling was more numerous in ABCA3-deficient AT2
cells, perhaps indicating increased cell turnover; however, restoration of ABCA3 expression at 12 weeks
indicated a selective advantage of the ABCA3-sufficient cells.
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During repair, BrdU incorporation was present in inflammatory, endothelial, epithelial, and stromal
cells, and it was consistently observed in cell clusters containing diverse cell types. Interactions between
alveolar macrophages and AT?2 cells were previously suggested to enhance cell survival, via mitochondrial
transfer or suppression of inflammation (22, 38—40). In the present study, CD45" macrophages were fre-
quently found in close proximity to proliferating AT2 cells. Cytometric analysis demonstrated increased
numbers of CD11b" macrophages and expression of RNAs associated with M2 macrophage activation
during regeneration. Studies of lung regeneration after partial pneumonectomy support the concept that
interactions among activated macrophages and lung parenchymal cells create a proliferative microenvi-
ronment (22). In the present study, regeneration was associated with marked increase in inflammatory cell
expression of ARG1 and other markers of atypical macrophage activation (M2-like), including RETNLA
and CD206, proposed to contribute to repair processes (22, 41, 42). Alveolar macrophages expressing
CD206 and ARG1 were identified by immunofluorescence confocal microscopy in both Abca3-cKO mouse
lung during regeneration and in lung tissue from patients with severe lung disease caused by ABCA3 muta-
tions. While M2 monocytic—derived macrophages have been implicated in profibrotic processes (43), we
did not observe fibrotic remodeling in the present mouse model. Recruitment of macrophages is a com-
mon feature of patients with interstitial lung disease (13, 44) and in mouse models of surfactant deficien-
cy caused by disruption of surfactant lipid or protein homeostasis. For example, chronic AT2 cell injury
caused by inhibition of SREBP, a transcriptional regulator of lipid homeostasis in AT2 cells, was associat-
ed with inflammation, expression of ARGI1, and recruitment of atypical macrophages (45). Whether the
recruitment of M2 macrophages to sites of alveolar cell proliferation contributes to repair or injury in the
context of ABCA3-mediated lung disease will require further investigation.

In summary, the present study highlights the remarkable regenerative capacity of ABCA3-sufficient
AT2 cells, a selective advantage that supports strategies to replace, repair, or improve the function of
ABCAZ3 for treatment of respiratory failure caused by ABCA3 mutations. Likewise, knowledge regarding
the pathogenesis of respiratory failure, alveolar-capillary leak, and inflammation may provide opportuni-
ties to minimize lung injury caused by disorders of surfactant homeostasis after alveolar injury.

Methods

Mouse model. Homozygous Abca3-floxed (Abca3™'"¥) mice were produced in our laboratory as previously
described (17). In Abca3™"* mice, LoxP sites flank exons 4 and 7 of the Abca3 gene. These exons encode
transmembrane domain 1 and the first extramembranous loop of ABCA3. Abca3™"* mice were mated
to the Sfipc-CreER™ mice (gift from B. Hogan, Duke University, Durham, North Carolina, USA) (46)
that express a tamoxifen-inducible Cre (IRES-CreER™) under the control of the Sftpc promoter—generating
control mice. Genotyping was determined through allele-specific PCR from tail biopsies using 4bca3- and
Sfipc-CreER™—specific primers (Supplemental Table 2). To activate Cre recombination, control age-
matched adult (6- to 8-week-old) mice were administered a tamoxifen diet (400 mg tamoxifen citrate/
kg, ENVIGO) ad libitum. In the presence of tamoxifen, exons 47 of the Abca3 gene were deleted from
AT?2 cells of control mice, termed Abca3-cKO mice. Mice with signs of respiratory distress as assessed by
dehydration, dyspnea, or hunched appearance accompanied by lethargy were sacrificed in accordance with
protocols approved by the IACUC of the Cincinnati Children’s Hospital Research Foundation (Cincinnati,
Ohio, USA). For lineage-tracing studies, Sftpc-CreER™ mice were mated to Gt(ROSA)26Sor'd™ma (The
Jackson Laboratory), generating Sfipc-CreER™;tdTomato mice (47). For partial deletion studies, control
(untreated) and Abca3-cKO mice were administered a tamoxifen diet for 1-8 days and then returned to
normal chow until tissue harvest (Supplemental Figure 7). For proliferation studies, control and Abca3-cKO
mice were administered 50 pg/g body weight BrdU (BD Biosciences; 550891) i.p. 2 hours prior to tissue
harvest (Supplemental Figure 7). All mice were maintained in a pathogen-free environment.

Histology and immunofluorescence. Lungs were inflation fixed at 25 cm H,O in 4% paraformaldehyde,
embedded in paraffin or OCT compound, and sectioned (5-7 um). Paraffin tissue sections were stained
with H&E according to standard protocols. For immunofluorescence, primary antibodies are listed in
Supplemental Table 2. Rabbit ABCA3 antibody (Seven Hills Bioreagents; Supplemental Table 2) was
used in Figure 1; however, the guinea pig ABCA3 antibody (in-house; Supplemental Table 2) was used in
the remainder of the paper due to antibody compatibility with costains. Secondary antibodies were used
at 1:200 dilutions; those antibodies include donkey anti-mouse IgG 488 (A21202), donkey anti—rabbit
IgG 488 (A21206), donkey anti—rabbit IgG 647 (A31573), donkey anti—goat IgG 568 (A11057), donkey
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anti—goat IgG 647 (A21447), and donkey anti—rabbit 568 (A11011) (all from Invitrogen); donkey anti—rat
IgG 568 (ab175475, Abcam); and donkey anti—guinea pig IgG 647 (706-605-148, Jackson ImmunoRe-
search). In all images, background was reduced and colors were leveled in Photoshop Elements 14.

Human lung tissue. Excess lung tissue was obtained from deidentified normal adult tissue donors
(provided by Scott Randell, University of North Carolina, Chapel Hill, North Carolina, USA), lung
biopsies of deidentified infants with ABCA3 gene mutations (provided by A. Francine Tryka, Arkansas
Children’s Hospital, Little Rock, Arizona, USA; and L. Nogee, Johns Hopkins Children’s Center, Balti-
more, Maryland, USA) (48), and lung explants (Division of Pathology, Cincinnati Children’s Hospital
Medical Center) under protocols approved by the IRBs of each institution for the use of human tissue
samples (Supplemental Table 3).

Morphometric analyses. Heterogeneous cell populations from frozen immunofluorescent sections were
characterized in Nikon Elements General Analysis 4.50. Widefield tile scans were taken of the left lobe
on a Nikon Eclipse Ni-E upright microscope, 10-15 20x random alveolar regions were selected. In each
image, an average of 1,000 cells were counted for analysis. A total of 10,000-15,000 cells were counted
per mouse. To determine the composition of proliferating cell clusters, 20—40 proliferating (BrdU") clusters
were manually counted.

Phenotypic markers were split over the 3 immunofluorescent channels (FITC, Texas-Red, Cy5). For
each image, individual cellular regions (nuclear, cytoplasmic, and membrane) were extracted to determine
differences in subpopulations normalized to nuclear DAPI staining. Nuclear DAPI* cells (total cells) were
selected using bright spot detection (diameter, 6.583; contrast, 140 for a 20X image). To eliminate false
negatives, the nucleus was grown to encompass a larger cytoplasmic area. Each of these cellular regions
was extracted by setting an intensity threshold for cytoplasmic and nuclear stains (membrane stains were
extracted with bright spot detection). Individual phenotypic markers were then analyzed according to colo-
calization/overlap with DAPI* cells. To eliminate error due to cytoplasmic or membrane cellular regions
overlapping multiple nuclei, every cell positive for a phenotypic marker was filtered by assessing the area of
overlap with DAPI* and intensity of cellular region. Once subpopulations of each single phenotypic mark-
er was created, every double/triple stain was analyzed by comparisons of area of colocalization/overlap.
Counts were verified manually. No statistical difference was found between Nikon Elements counts and
manual counts (r> > 0.9). Subpopulations were separated by cell type and region. A 2-tailed Student’s ¢ test
was run to determine statistical differences between related phenotypes.

AT?2 cell purification. AT2 cells were purified by cell depletion as described by Corti et al. (49). Lungs
were perfused with 0.9% saline through the pulmonary artery, tracheostomized with a 20-gauge luer stub,
instilled with 2 ml Dispase (Corning) resected, and incubated at 37°C for 6 minutes. Lung lobes were sep-
arated and placed in gentleMACS C tubes (Miltenyi Biotec Inc.) with DMEM and 100 U/ml DNAse to
generate a single cell suspension with a MACS Dissociator. Cell suspensions were centrifuged at 430 g for
6 minutes, washed with 10 ml DMEM media, and filtered through 40-um cell strainers. The filtered cell
suspensions were centrifuged at 430 g for 6 minutes, and resuspended in 500 ul MACs + 0.5% BSA buffer
(Miltenyi Biotec Inc.) with biotinylated anti-mouse antibodies as listed in Supplemental Table 2 for 30
minutes. Cell suspensions were washed with MACs + 0.5% BSA buffer, centrifuged at 430 g, resuspended
in 180 pl MACs + 0.5% BSA buffer containing 20 pl anti-biotin microbeads (Miltenyi Biotec Inc.), and
purified over a LS column (Miltenyi Biotec Inc.). Purified AT2 cells (CD45-, CD16/32-, Ter119-, CD90-,
and CD31") were resuspended in RLT Buffer (RNeasy Plus Mini Kit, Qiagen) and stored at —80°C.

BALF. BALF was collected by intratracheal intubation and 5 serial lung lavages using 1 ml 0.9% saline
+ 0.5 mM EDTA,; combined lung lavage was placed on ice. Inflammatory cells were isolated from the
BALF by centrifugation at 280 g for 10 minutes, and resuspended in 100 pl 0.9% saline for total and differ-
ential cell analyses. Cell-free BALF (supernatant) was used for either SatPC analysis or surfactant function
measurements following isolation of surfactant.

RNA isolation. Total RNA was isolated from whole lung or isolated adult AT2 cells with the RNeasy
Plus Mini Kit (Qiagen). Total RNA was isolated from sorted CD11b*F4/80* alveolar macrophages with
the Single Cell RNA Purification Kit (Norgen Biotech Corp.).

Real-time PCR. RNA (500 ng) was reverse transcribed into cDNA using the iScript kit (Bio-Rad). Quan-
titative PCR reactions were performed in triplicate using TagMan gene expression master mix (Applied
Biosystems) on a StepOnePlus real-time PCR system (Applied Biosystems). Expression was normalized to
endogenous ACTB or 18S; probe sets are listed in Supplemental Table 2.
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Transcriptomic, proteomic, and lipidomic analyses. RNA sequencing (RNA-Seq) was performed on purified
AT2 cells (CD45-, CD16/32, Ter119-, CD90-, and CD31") from control and Abca3-cKO mice 6 days after
tamoxifen. RNA-Seq was performed utilizing the Ovation RNA-Seq System v2 (NuGEN) and Nextera XT
DNA Sample Preparation kits (Illumina Technologies) by the Cincinnati Children’s Hospital Medical Center’s
Gene Expression Core. RNA-Seq FASTQ files were aligned to the mouse genome version mm10 using the
Bioconductor’s Genomic Alignment software (50). Differential gene expression was evaluated using DeSeq
software (51). Genes were deemed differentially expressed with a nbinom test P < 0.05, and fold change cut-
off of > 1.2 with reads per kilobase million (RPKM) > 1 for all samples in at least 1 condition (50, 51).

Lipidomic analysis was performed on BALF at PNNL as previously described (52). Proteomics analysis
was performed on BALF at Pacific Northwest Laboratory using a label-free approach (53) as detailed in
Supplemental Methods. Two-tailed Student’s ¢ tests were used to determine significantly changed lipid species
and proteins. All significantly changed proteins and lipids had a P < 0.01 and a fold change > 1.2. RNAs,
proteins, and lipids were further analyzed using functional genomics tools. ToppGene was used to identify
functional enrichments of significantly altered RNAs and proteins (54). Genomatix Pathway System (GePS)
and Ingenuity Pathway Analysis (IPA) suites were used to predict relationships among differentially expressed
genes and proteins based on literature mining (www.genomatix.de and www.qiagen.com/ingenuity). Predict-
ed relationships were then manually reviewed. Partek Genomic Suites (Partek Incorporated) were used to
generate heatmaps representing significant changes. System models were created using IPA’s Path Designer.

Total and differential cell counts. Cytospin slides of ~1 x 10° BALF cells were stained with the Siemens
Diff-Quik stain kit (ThermoFisher Scientific, NC0674866). A total of 300—400 cells were counted per slide
and classified as monocyte/macrophage, lymphocyte, or neutrophil.

SatPC. Lipids were extracted from the cell-free BALF with chloroform and methanol (55). SatPC was
isolated using the osmium tetroxide-based method described by Mason et al. (56).

Surfactant function. Surfactant was isolated from the cell-free BALF by ultracentrifugation at 40,000
g for 20 minutes at 4°C. Pelleted surfactant was resuspended in 100 pl 0.9% saline, aliquoted, and
stored at —20°C. Surfactant function was assessed by Constrained Sessile Drop Surfactometry on 9-10
ul drops of 2 mg/ml phospholipid cycled at 30 cycles/minute to determine minimal surface tension
(57). Measurements reflect data from individual mice for control and Abca3-cKO mice, except for day-
10 tamoxifen—treated samples. Samples from this group were pooled, due to low surfactant levels, to
obtain enough material for analysis.

FACS analysis. Cytometric measurements of M2 macrophages were conducted on single cell suspen-
sions of whole lungs as previously described (22). Following perfusion, lungs were inflated with 2 ml prote-
ase solution containing collagenase type II (Worthington Biochemical Corporation, at 450 U/ml), elastase
(Worthington Biochemical Corporation, at 4U/ml), and dispase (Corning, 50 U/ml). Lungs were resected
and incubated at room temperature for 45 minutes. Lung lobes were separated and teased apart in the pres-
ence of 100 U/ml DNAse (MilliporeSigma), and single cell suspensions were generated by gentle pipetting.
Cell suspensions were filtered through 40 pm cell strainers. Cells were incubated with 1 ml RBC lysis buffer
(MilliporeSigma) at room temperature for 2 minutes and washed with FACS buffer (PBS + 2% FBS). Cells
were kept on ice and stained. Cells were blocked with CD16/CD32 Fc receptor block (eBiosciences, cat-
alog 14-0161-85, clone 93) at 1:100 for 10 minutes and washed. Cells were incubated for 30 minutes with
1:50 fluorophore-conjugated antibodies as listed in Supplemental Table 2. Flow cytometry was performed
on a BD LSR Fortessa, and sorting was performed on a BD FACS Aria II. M2-alveolar macrophages
(Cd11b*F4/80%) were isolated and stored in RNeasy Lysis Buffer (RLT Plus, Qiagen) for RNA analysis.
Compensation was performed using single-channel controls using OneComp eBeads (ThermoFisher Sci-
entific). Gating controls for each channel were determined by FMOs (fluorescence minus one). Data were
analyzed with FlowJo 10.0.8 software.

Statistics. Data are mean + SEM, with 1-way ANOVA or 2-tailed Student’s ¢ test. Statistical analyses
were performed in GraphPad Prism 7 (GraphPad Software, Inc.).

Study approval. Mice were housed in pathogen-free facilities according to protocols approved by the
IACUC of the Cincinnati Children’s Hospital Research Foundation. Human lung tissue/lung biopsies
were provided by Scott Randell (University of North Carolina, Chapel Hill, North Carolina, USA),
A. Francine Tryka (Arkansas Children’s Hospital), L. Nogee (Johns Hopkins Children’s Center), and
the Division of Pathology (Cincinnati Children’s Hospital Medical Center) under protocols approved
by the IRBs of each institution.
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