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Pulmonary surfactant is a lipoprotein complex essential for
lung function, and insufficiency or altered surfactant compo-
sition is associated with major lung diseases, such as acute
respiratory distress syndromes, idiopathic pulmonary fibrosis,
and chronic obstructive pulmonary disease. Pulmonary sur-
factant is primarily composed of phosphatidylcholine (PC) in
complex with specialized surfactant proteins and secreted by
alveolar type 2 (AT2) cells. Surfactant homeostasis on the
alveolar surface is balanced by the rates of synthesis and
secretion with reuptake and recycling by AT2 cells, with some
degradation by pulmonary macrophages and loss up the
bronchial tree. However, whether phospholipid (PL) trans-
porters exist in AT2 cells to mediate reuptake of surfactant PL
remains to be identified. Here, we demonstrate that major
facilitator superfamily domain containing 2a (Mfsd2a), a
sodium-dependent lysophosphatidylcholine (LPC) transporter,
is expressed at the apical surface of AT2 cells. A mouse model
with inducible AT2 cell–specific deficiency of Mfsd2a exhibited
AT2 cell hypertrophy with reduced total surfactant PL levels
because of reductions in the most abundant surfactants, PC
containing dipalmitic acid, and PC species containing the
omega-3 fatty acid docosahexaenoic acid. These changes in
surfactant levels and composition were mirrored by similar
changes in the AT2 cell lipidome. Mechanistically, direct
tracheal instillation of fluorescent LPC and PC probes indi-
cated that Mfsd2a mediates the uptake of LPC generated by
pulmonary phospholipase activity in the alveolar space. These
studies reveal that Mfsd2a-mediated LPC uptake is quantita-
tively important in maintaining surfactant homeostasis and
identify this lipid transporter as a physiological component of
surfactant recycling.

Pulmonary surfactant is critical for lung compliance during
breathing, gas exchange, maintaining pulmonary barrier
function, and keeping the lung alveolar epithelium dry.
Pulmonary surfactant achieves these functions because of its
ability to reduce alveolar surface tension and create an air–
water barrier. Surfactant insufficiency and altered surfactant
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composition is associated with acute respiratory distress
syndromes (1), idiopathic pulmonary fibrosis (2), and chronic
obstructive pulmonary disease (3). Alveolar epithelial type 1
(AT1) and type 2 (AT2) cells are the major cell types forming
alveolar structures. AT1 cells are extremely thin and flat that
constitute approximately 95% of the alveolar surface and
enable the efficient exchange of oxygen and carbon dioxide
with the surrounding capillaries (4). AT2 cells are the secretory
powerhouse that produce pulmonary surfactant. Pulmonary
surfactant is a lipoprotein complex made up of 80 to 90%
phospholipid (PL) and 5 to 10% surfactant proteins (SPs), SSP-
A, SP-B, SP-C, and SP-D (5, 6). The major surfactant PL is
dipalmitoylphosphatidylcholine (DPPC). DPPC, which is
uniquely enriched in pulmonary surfactant, contains two pal-
mitic acyl chains that impart the ability to be packed at a high
density at the air–liquid interface, an important biophysical
property for pulmonary function (5). PLs containing unsatu-
rated fatty acyl chains are minor PL species of surfactant (7, 8).

Given the clinical importance of pulmonary surfactant,
research into surfactant biosynthesis and metabolism has been
an area of intense study. Surfactant phosphatidylcholine (PC)
biosynthesis in AT2 cells occurs by de novo biosynthesis via
the CDP–choline pathway. Fatty acyl chain remodeling of
unsaturated fatty acids (FAs) through Land’s cycle activity
leads to the synthesis of DPPC, which is transported into
lysosome-like organelles called lamellar bodies (LBs) by the
action of the surfactant transporter ABCA3 (9, 10). Thus,
DPPC is a unique lipid of LBs. LBs are secreted at the apical
surface of AT2 cells by exocytosis as large aggregate mem-
brane bilayers, which are rapidly adsorbed as a PL monolayer
to form a pulmonary surfactant film. Through the processes of
ventilation, the surfactant film becomes disorganized. Such
spent surfactant is cleared via endocytosis by alveolar mac-
rophages (11) or directly taken up by AT2 cells (12) with some
loss up the bronchial tree (13). A portion of the spent sur-
factant PL can also be taken up intact by AT2 cells (14), where
it is hydrolyzed by cytosolic phospholipase A2 (PLA2) and then
reacylated by lysophosphatidylcholine (LPC) acyltransferase 1
(LPCAT1) (15, 16) and recycled back into LBs for resecretion
(17, 18). This process of surfactant synthesis, turnover, and
recycling must be balanced to maintain surfactant levels in the
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Mfsd2a maintains pulmonary surfactant homeostasis
lung (15, 19–21). Surfactant PL has also been shown to be
hydrolyzed by secretory phospholipase (sPLA) in the alveolar
space to produce LPCs. Since LPCs are at very low levels in
surfactant (7, 8) and have detergent-like properties detrimental
to surfactant function, it is plausible that a transport system
exists to recycle LPCs back to the AT2 cell.

Major facilitator superfamily domain containing 2a
(Mfsd2a) is a sodium-dependent lysolipid transporter that is
highly expressed in the endothelium of the blood–brain and
blood–retinal barriers (22, 23). LPCs produced by the liver
circulate in plasma bound to albumin (24). We have shown
previously that Mfsd2a is the primary transporter by which the
brain and eye acquires the essential FA docosahexaenoic acid
(DHA) in the form of LPC–DHA. Mfsd2a deficiency models
have significantly reduced DHA levels in brain and retina and
present with severe microcephaly (22, 23, 25–27), similar to
humans with loss-of-function mutations in Mfsd2a who
develop severe microcephaly and intellectual disability (a.k.a.
familial microcephaly 15, autosomal) (28–31). Although
Mfsd2a preferentially transports LPC containing poly-
unsaturated fatty acid (PUFA) moieties, it also transports
saturated LPCs like LPC palmitate (22, 32). Importantly,
Mfsd2a expression is not only confined to the brain or eye
vasculature but also found to be expressed in other cell types
and tissues, such as liver, intestine, and lymphocytes (33, 34).

Here, we present evidence that Mfsd2a is enriched at the
apical surface of AT2 cells, where it is quantitatively important
for the reuptake of LPCs that are produced through the hy-
drolysis of surfactant PC by sPLA A2 (sPLA2). Mfsd2a defi-
ciency specifically in AT2 cells leads to AT2 cell hypertrophy
with a deficiency in steady-state surfactant levels and altered
surfactant lipid composition.
Figure 1. Mfsd2aERT2creTdTomato reports Mfsd2a expression in lung AT2
Mfsd2a expression in AT2 cells with tamoxifen (+Tmx) treatment to induce RF
served as a negative control. The scale bar represents 50 μm. Inset contains
Hoechst (blue) is a nuclear stain. Vehicle injected, n = 3; tamoxifen, n = 3. A
containing 2a; RFP, red fluorescent protein.
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Results

Mfsd2a is expressed in lung AT2 cells
To determine lung cell types that express Mfsd2a, we utilized

a Mfsd2a lineage tracing mouse line harboring a tamoxifen-
inducible cre (ERT2cre) at exon 1 of the Mfsd2a gene and
crossed to a red fluorescent protein (RFP) reporter line (desig-
nated as Mfsd2aERT2creTdTomato) that we previously demon-
strated to faithfully report endogenousMfsd2a expression at the
blood–brain barrier (35). Treating Mfsd2aERT2creTdTomato
mice with tamoxifen resulted in RFP expression exclusively in
AT2 cells (Fig. 1). This is in agreement withMfsd2a being highly
expressed AT2 cells in human and mouse lung (Tabula Sapiens
Consortium; (36–39)). To specifically determine the function of
Mfsd2a inAT2 cells in the lung, we generated an inducible AT2-
specificMfsd2a deletionmodel using Sftpc-CreERT2 (Mfsd2afl/fl

Sftpc-CreERT2, henceforth designated AT2aKO). We chose to
focus on the study of an AT2-specific model rather than whole-
body Mfsd2a knockout mice because the latter model presents
with multiple phenotypes that could confound our studies, such
as increased plasma levels of LPCs, markedly small size, and
increased basal metabolic rate, and altered T-cell immune
function (33, 34). Immunohistochemical staining for endoge-
nous Mfsd2a confirmed localization of Mfsd2a to AT2 cells of
the lungs of 2afl/fl controls and indicated that Mfsd2a was suc-
cessfully deleted from AT2 cells in AT2aKO mice as early as 10
days following tamoxifen administration (Fig. 2A).

We next examined AT2aKO lungs for potential phenotypes
as a consequence of Mfsd2a deficiency. Histological analysis at
4 weeks post-tamoxifen treatment showed no obvious struc-
tural changes or fibrosis in the lungs of AT2aKO mice relative
to lungs of 2afl/fl control mice (Fig. 2B, left panel). However,
AT2 cells of AT2aKO appeared hypertrophic relative to 2afl/fl
cells. Immunohistochemical staining of RFP (red) on lung sections indicated
P expression. Pdpn (green) stains AT1 cells. Lungs of untreated mice (−Tmx)
enlarged image indicated by white box. The scale bar represents 12.5 μm.
T2, alveolar epithelial type 2; Mfsd2a, major facilitator superfamily domain



Figure 2. Mfsd2a deficiency results in AT2 hypertrophy and changes to immune response and stress pathways. A, immunohistochemical staining on
lung sections indicateMfsd2a (red) expression inAT2 cells of 2afl/flmicebut absent in AT2aKO. Pdpn (green) stains AT1 cells. 2afl/fl, n = 6; AT2aKO, n = 4. The scale bar
represents 50 μm. Inset in images is the enlarged area indicated by white box. The scale bar represents 12.5 μm. B, H&E-stained lung section of AT2aKO and 2afl/fl

control 4 weeks post-tamoxifen. n = 6 per genotype. Masson’s trichome-stained lung section of AT2aKO and 2afl/fl control 12 weeks post-tamoxifen. 2afl/fl, n = 3;
AT2aKO, n = 7. AT2 cells are indicated by black arrows. The scale bar represents 20 μm. Inset in images is the enlarged area indicated by black box. The scale bar
represents 10 μm. C, quantification of AT2 cell diameter fromAT2aKO and 2afl/fl controls at 4 and 12weeks post-tamoxifen represented as a scatterplot. Unpaired t
testwithWelch’s correction, ****p< 0.0001. Biological replicates as indicated in B.D, RNA-Seq analysis of AT2aKO and 2afl/flAT2 cells. Bubble plot represents top 20
significantly upregulated or downregulated Gene Ontology terms. E, heatmap highlighting inflammatory and fibrosis markers that were upregulated in AT2aKO
relative to 2afl/fl controls. Color bar indicates z-score transformation on median ratio normalized counts. n = 4 per genotype. Wald test, *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001. AT1, alveolar epithelial type 1; AT2, alveolar epithelial type 2; Mfsd2a, major facilitator superfamily domain containing 2a.

Mfsd2a maintains pulmonary surfactant homeostasis
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Mfsd2a maintains pulmonary surfactant homeostasis
controls (Fig. 2B, left panel, and Fig. 2C) and remained hy-
pertrophic up to 3 months after deletion of Mfsd2a (Fig. 2B,
right panel, and Fig. 2C). To further understand how Mfsd2a
deficiency affects the lung and reveal potential adaptations to
Mfsd2a deficiency, transcriptomic analysis by bulk RNA-Seq
was carried out on AT2 cells isolated from AT2aKO and
2afl/fl controls. We identified 112 upregulated and 191 down-
regulated differentially expressed genes, overall indicating
minor transcriptional changes in AT2 cells in response to
Mfsd2a deficiency. Pathway analysis of differentially expressed
genes between AT2aKO and 2afl/fl controls identified changes
to immune response, response to stress, and cell cycle (Fig. 2D)
with increased expression of inflammatory/chronic obstructive
pulmonary disease markers in AT2aKO AT2 (Fig. 2E).
Notably, Kennedy and CDP–diacylglycerol (DAG) pathway
genes (Chka/b, Pcyt1a/b, Chpt1, Etnk1/2, Pcyt2, Ept1, Cds1/2,
and Cdipt) and ABCA3 were not significantly changed in
AT2aKO AT2 relative to 2afl/fl controls (see DESeq2 median
ratio normalized counts available on GSE186170).

Mfsd2a transports LPC at the apical surface of AT2 cells

AT2 cells exhibit cell polarity with an apical membrane
having microvilli facing the alveoli space and a basolateral
membrane associated with AT1 cells facing the interstitial
region. We next sought to determine if Mfsd2a expression is
polarized in AT2 cells by generating 3D reconstructions of
confocal images of lung sections stained for Mfsd2a and the
AT2 basolateral membrane marker Na+/K+ ATPase α1. This
image analysis indicated that Mfsd2a is enriched on the apical
surface of AT2 cells (Fig. 3, A and B and Movie S1) and raises
the hypothesis that Mfsd2a transports LPCs from the alveolar
surface rather than from blood.

Given that Mfsd2a is enriched at the AT2 apical membrane,
we sought to determine if it transports LPC from the alveolar
surface. To do this, we utilized a fluorescently labeled LPC with
a 16:1 fatty acyl chain (LPC-[12-(7-nitro-2-1,3-benzoxadiazol-
4-yl)amino]-dodecanoyl [NBD]) that is transported by Mfsd2a
(40). LPC-NBD was instilled directly into the trachea of
AT2aKO and 2afl/fl controls. Histological analysis indicated that
LPC-NBD accumulated in both AT2 and macrophages in 2afl/fl

controls but only in macrophages of AT2aKO (Fig. 3C). These
data indicate that Mfsd2a is functional at the apical side of AT2
cells to take up LPCs from the alveoli surface, whereas LPCs
can be taken up by alveolar macrophages independent of
Mfsd2a transport, possibly through endocytosis together with
intact surfactant (14). We consistently found that the signal for
Sftpc, an SP we used to identify AT2 cells, was found to
significantly reduced in AT2aKO relative to 2afl/fl controls (Fig.
S1, A and B). Moreover, Sftpc mRNA transcripts were reduced
by 56% in AT2aKO (Fig. S1C). We suspected that the reduced
levels of Sftpc might be due to the knockin of Cre-ERT2 at the
Sftpc locus (41) and quantified Sftpc signal in AT2 cells of
SftpcCre-ERT2 mice. Indeed, the levels of Sftpc signal were
similarly reduced in this cre line relative to 2afl/fl controls,
supporting the conclusion that reduced levels of Sftpc was due
to transgene construction and unrelated to Mfsd2a deletion. It
is also important to note that Sftpc deficiency is not essential
4 J. Biol. Chem. (2022) 298(3) 101709
for surfactant production (42). In contrast, the fluorescent
signal of Sftpb, an SP essential for surfactant production and
proteolytic processing of Sftbc (20), was similar in AT2 cells of
2afl/fl controls (Fig. S2, A and B), in agreement with similar
levels of Sftpb in bronchial lavages from AT2aKO and 2afl/fl

controls (Fig. S2C).
We next tested whether LPC uptake into lung from blood is

mediated by Mfsd2a. Despite delivering more than three times
the amount of LPC-NBD instilled intratracheally, LPC-NBD
was not taken up by AT2 when delivered intravenously (Fig.
3D), consistent with the absence of Mfsd2a at the basolateral
membrane of AT2 cells. To confirm that these findings are
directly the consequence of Mfsd2a transport activity in AT2
cells, we isolated AT2 cells from the lungs of AT2aKO and 2afl/
fl controls and tested for transport of LPC-NBD in vitro.
Detection of Sftpc by immunofluorescence clearly indicated
the identity of AT2 cells in vitro. Indeed, AT2 cells freshly
isolated from 2afl/fl lungs, but not from AT2aKO lungs,
exhibited uptake of LPC-NBD (Fig. 3E), demonstrating that
the uptake of LPCs by AT2 cells is dependent on Mfsd2a.

The uptake of LPC-NBD by Mfsd2a expressed on the apical
surface of AT2 cells suggests that the origin of LPC in the
alveolar space is through the hydrolysis of surfactant PC by
sPLA2 produced by AT2 cells or other cell types such as
macrophages (43). Given that sPLA2 activity has been
demonstrated to contribute to surfactant PC turnover (43–46),
we set up experiments to test if LPC generated from sPLA2

hydrolysis of PC in vivo would be taken up by AT2 cells in an
Mfsd2a-dependent fashion. To approach this experimentally,
we made use of a commercially available Red/Green BODIPY
PC-A2 probe that has a hydrolyzable ester bond only at the
sn-2 position to release a red fluorescent BODIPY-labeled LPC
and a green fluorescent BODIPY linked to a short-chain FA
(Fig. 4A). Prior to hydrolysis by sPLA2, the dual Red/Green
BODIPY is not fluorescent because of quenching due to the
proximity of both red and green BODIPY moieties, thus
allowing in vivo monitoring of sPLA2 activity. To determine if
Mfsd2a is able to transport the red fluorescent LPC product
derived from sPLA2 hydrolysis, we made use of cells over-
expressing WT Mfsd2a or its corresponding transport-
deficient mutant D97A (22, 32, 40). Red fluorescent LPC was
taken up only in cells expressing WT Mfsd2a but not D97A
(Fig. 4B). Moreover, the green fluorescent short-chain FA
product was not taken up by cells (Fig. 4B). These data indicate
that Red/Green BODIPY PC-A2 probe is a suitable fluorescent
probe for quantifying LPC uptake by Mfsd2a that is generated
by sPLA2 activity in vivo.

To assess sPLA2 activity in vivo, Red/Green BODIPY PC-A2
was instilled intratracheally into both AT2aKO and 2afl/fl

controls, and 2 h later, lungs were harvested for processing and
fluorescent imaging. In sections from 2afl/fl controls, both red
and green fluorescence was seen in AT2 cells, whereas only
green fluorescence was observed in AT2 cells of AT2aKO
lungs (Fig. 5A). It is important to note that although red
fluorescent LPC was taken up by cells in AT2aKO lungs,
immunohistochemical staining with F4/80 revealed that these
are macrophages and not AT2 cells, which were also observed



Figure 3. Mfsd2a mediates the uptake of LPCs into AT2 at the apical surface. A, orthoviewof z-stack of lung sections stained forMfsd2a (red) and the AT2
basolateral membranemarker Na+/K+ ATPase α1 (green). The scale bar represents 20 μm. B, 3D reconstruction of confocal images in (A) indicated enrichment of
Mfsd2a (red) at the apical side of AT2 cells. 2afl/fl, n = 6; AT2aKO, n = 4. The scale bar represents 50 μm. C, intratracheal instillation of LPC-NBD. Immunohis-
tochemical staining of Sftpc (red) and F4/80 (gray) on lung sections indicates accumulation of LPC-NBD (green) only in 2afl/flAT2 cells but absent in AT2aKOAT2.
LPC-NBDaccumulation inmacrophages is observed in bothAT2aKOand2afl/flAT2. The scale bar represents 20μm. Inset in images is the enlarged area indicated
bywhite box. The scale bar represents 10 μm. n = 4 per genotype. D, intravenous instillation of LPC-NBD. No LPC-NBD uptake was observed in AT2aKO or 2afl/fl

AT2 cells. Sftpc (red) stains AT2 cells. n = 4 per genotype. The scale bar represents 50 μm. E, LPC-NBD (green) was taken upbyAT2 cells isolated from2afl/flbut not
AT2aKO mice in vitro. Sftpc (red) denotes AT2 cells. Hoechst (blue) denotes nuclei. n = 5 per genotype. The scale bar represents 20 μm. AT2, alveolar epithelial
type 2; LPC, lysophosphatidylcholine; Mfsd2a, major facilitator superfamily domain containing 2a; NBD, [12-(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]-
dodecanoyl.

Mfsd2a maintains pulmonary surfactant homeostasis
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Figure 4. Red fluorescent LPC product generated from PLA2 action on Red/Green BODIPY PC-A2 is transported by Mfsd2a. A, model of experimental
setup showing that Red/Green BODIPY PC-A2 probe is hydrolyzed by PLA2 to release a red fluorescent BODIPY-labeled LPC (red LPC) and a green fluo-
rescent BODIPY linked to a short-chain FA (green FA). B, nonhydrolyzed or PLA2 hydrolyzed Red/Green BODIPY were added to human embryonic kidney 293
cells overexpressing WT Mfsd2a (2a WT) or transport-deficient mutant D97A (2a D97A). Red fluorescent LPC is taken up only in cells expressing WT Mfsd2a
but not D97A. The green fluorescent short-chain FA product was not taken up by cells. This experiment was repeated twice with similar results. The scale
bar represents 10 μm. FA, fatty acid; LPC, lysophosphatidylcholine; Mfsd2a, major facilitator superfamily domain containing 2a; PLA2, phospholipase A2.

Mfsd2a maintains pulmonary surfactant homeostasis
in 2afl/fl macrophages (Fig. 5B). It is also notable that the
overall fluorescence intensity of AT2aKO samples was signif-
icantly less than 2afl/fl controls (Fig. 5C), indicating that
AT2aKO samples have reduced in vivo sPLA2 activity in the
alveolar space.

We next asked if this reduced in vivo sPLA2 activity was due
to reduced amounts of sPLA2 in bronchioalveolar lavage (BAL)
of AT2aKO. To address this question, total sPLA2 activity was
measured ex vivo on BAL isolated from AT2aKO and 2afl/fl

controls using the Red/Green BODIPY PC-A2 probe, and
lipids were extracted and resolved by thin layer chromatog-
raphy (Fig. 6, A and B). In addition, we made use of a second
commercially available Bis-BODIPY FL C11-PC probe that has
hydrolyzable ester bonds at both the sn-1 and sn-2 positions to
release a green fluorescent BODIPY-labeled LPC and a green
fluorescent BODIPY linked to 11-carbon FA. Prior to hydro-
lysis by sPLA2, this probe is not fluorescent because of
quenching due to the proximity of both BODIPY moieties. The
nonhydrolyzed Red/Green BODIPY PC-A2 and Bis-BODIPY
FL C11-PC probes (black arrows in Fig. 6, B and C, respec-
tively) is fluorescent in thin layer chromatography analysis
because the fluorescent moieties on each acyl chain are not
6 J. Biol. Chem. (2022) 298(3) 101709
ordered and quenched in organic solvents as they are in
aqueous solutions like BAL in vivo. PLA2 activity was
comparable between both genotypes regardless of the fluo-
rescent probe used (Fig. 6D). Collectively, these data support a
pathway by which LPCs generated by sPLA2 action on sur-
factant PC is taken up via Mfsd2a expressed on the apical
surface of AT2 cells.

Mfsd2a deficiency reduces surfactant levels and alters
surfactant composition

To determine if Mfsd2a deficiency affects surfactant levels
and lipid composition, lipidomics was performed on BALs
harvested from AT2aKO and 2afl/fl controls at 4 weeks post-
tamoxifen treatment. We quantified 96 lipid species common
to BAL (Table S1). Remarkably, major surfactant PL species
were found to be reduced in AT2aKO BAL relative to 2afl/fl

controls (Fig. 7A) including the major surfactant PC-32:0
(DPPC) (Fig. 7, A and B), which was reduced by 24% in
AT2aKO BAL. Moreover, major PL species having the poly-
unsaturated fatty acyl chain DHA (PC–DHA) (Fig. 7, A and C)
and arachidonic acid (PL-AA) (Fig. 7, A and D) were reduced
by 38% and 29%, respectively, in AT2aKO BAL relative to 2afl/fl



Figure 5. Uptake of LPC by AT2 cells is dependent on lung phospholipase A2 (PLA2) activity. A, intratracheal instillation of Red/Green BODIPY PC-A2.
Both red LPC and green FA are taken up by 2afl/fl AT2 as seen by colocalization with Sftpc (indicated by white arrows in insets of area denoted by white
squares), whereas only green FA is taken up by AT2aKO AT2. B, red LPC is also taken up by macrophages as seen by colocalization with F4/80 (indicated by
white arrows in insets of area denoted by white squares) in both AT2aKO and 2afl/fl AT2. C, quantification of red and green fluorescence in lung sections. 2afl/fl,
n = 5; AT2aKO, n = 4. The scale bar represents 50 μm; the scale bar (inset) represents 12.5 μm. Unpaired t test with Welch’s correction, *p < 0.05; **p < 0.01.
AT2, alveolar epithelial type 2; FA, fatty acid; LPC, lysophosphatidylcholine.

Mfsd2a maintains pulmonary surfactant homeostasis
controls at 4 weeks post-tamoxifen treatment. Several minor
PL species found in BAL were also significantly reduced in
AT2aKO BAL (Fig. 7E). Supportive of reduced sPLA2 activity
in vivo (Fig. 5), lyso-PL species were reduced in AT2aKO BAL
relative to 2afl/fl controls (Fig. 7, A and F).

To know whether these PL changes in surfactant occur early
after Mfsd2a deletion, lipidomics was performed on BAL
harvested from lungs 2 weeks following tamoxifen induction
(Table S2). Indeed, reductions in total DPPC (Fig. 8A), PL-
DHA (Fig. 8B), and PL-AA (Fig. 8C) were significantly
reduced in AT2aKO BAL relative to 2afl/fl controls. Quantifi-
cation of 212 lipid species of the lipidome from isolated AT2
cells at this 2 week time point showed a reduction in total
DPPC in AT2aKO relative to 2afl/fl controls (Fig. 8D and Table
S3). This reduction in DPPC is particularly informative
because DPPC is unique to surfactant found in LBs (47, 48)
and consistent with reduced DPPC in BAL (Figs. 7B and 8A).
AT2 cells from AT2aKO also exhibited an increase in mol% of
PLs containing monounsaturated FAs (Fig. 7, E and F) and
reductions in PC–DHA (Fig. 8, E and G) and phosphati-
dylserine 38:4 (Fig. 8E), revealing a shift toward more saturated
PLs.

Discussion

LBs containing surfactant are secreted at the apical surface
of AT2 cells, which unravel into large surfactant aggregates
that partition into the surfactant reservoir. As the lung goes
through repeated cycles of expansion and compression, hy-
drophobic SPs like SP-B and SP-C facilitate the insertion and
spreading of PLs from the surfactant reservoir at the interface,
whereas spent surfactant is released as small surfactant
aggregates. Spent surfactant can either be hydrolyzed by
secretory PLA2 (sPLA2) in the alveolar space to produce LPCs
taken up intact by AT2 (14) and recycled back to LBs for
resecretion or lost up the bronchial tree (13). Although it has
been proposed that LPCs can be cleared by alveolar
J. Biol. Chem. (2022) 298(3) 101709 7



Figure 6. Assessment of sPLA2 activity in BAL. sPLA2 activity was measured in BAL isolated from AT2aKO or 2afl/fl using Red/Green BODIPY PC (A and B) or
Bis-BODIPY FL C11-PC (C), and lipids were extracted and resolved by TLC. sPLA2 activity was comparable between both genotypes. LPC and FA were
indicated by red and blue arrows, respectively. Unhydrolyzed PC substrates (no BAL, black arrows) are fluorescent in organic solvent used for TLC analysis as
these substrates are no longer ordered and quenched as they are in BAL in vivo. 2afl/fl, n = 5; AT2aKO, n = 3. D, quantification of sPLA2 activity is represented
as the mean ± SE of the ratio of the sum of products (LPC and FA) over the sum of products and unhydrolyzed substrate. 2afl/fl, n = 5; AT2aKO, n = 3. BAL,
bronchioalveolar lavage; FA, fatty acid; FL, full-length; LPC, lysophosphatidylcholine; PC, phosphatidylcholine; sPLA2, secretory PLA2.

Mfsd2a maintains pulmonary surfactant homeostasis
macrophages (11), it is possible that a transport system exists
to recycle LPCs back to AT2 for the resynthesis of PCs. Here,
we demonstrated that Mfsd2a, a sodium-dependent LPC
transporter, is expressed at the apical surface of AT2 cells,
where it plays a role in the uptake of LPCs produced at the
alveolar surface and that this transport pathway is quantita-
tively important to maintain normal surfactant levels and
composition.

AT2 cells have the machinery to de novo synthesize PC via
the CDP–DAG pathway and are able to obtain free FAs
directly from the plasma to be utilized for surfactant produc-
tion (49). Lungs of mice deficient in the second enzymatic step
in the CDP–DAG pathway (i.e., PCYT1A) developed normally
but rapidly developed respiratory failure at birth because of
surfactant deficiency (21), highlighting the importance of this
de novo PC synthesis pathway. However, the rate of de novo
surfactant synthesis is slow, supporting the requirement for
recycling of spent surfactant to efficiently maintain surfactant
homeostasis in the lung (44). The use of instillation of radio-
labeled isotopic-labeled DPPC has indicated the existence of
two pathways for the recycling of surfactant PC, with one
being uptake of intact surfactant by AT2 cells through an
unknown mechanism (14, 50) and another pathway leading to
the formation of LPC through the action of sPLA2 (44). Our
studies here support the physiological importance of the latter
pathway indicating that uptake of LPC is mediated by Mfsd2a.

Lipidomic analysis on BAL and AT2 obtained from AT2aKO
mice showed that not only was DPPC levels reduced but also
total PL-DHA and PL-AA were also reduced in AT2aKO
relative to 2afl/fl controls. Reductions in DPPC, which is the
most abundant BAL PL, is intriguing. Given that intratracheal
instillation of exogenous surfactant in lungs of mice did not
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reduce endogenous surfactant production (44) suggests a direct
role of LPC uptake by Mfsd2a to be reacylated into PC to
maintain surfactant levels in the lung. Moreover, reductions in
DPPC, a specific lipid of the LB, were similarly observed in
AT2aKO AT2 cells, suggesting reduced recycling of surfactant.
That LPCAT1 knockout mice have reduced DPPC in BALF
clearly supports the importance of PC remodeling in surfactant
production and suggests that LPC uptake by Mfsd2a in AT2
cells likely is acylated by LPCAT1, the primary LPCAT
expressed in lungs (15, 16). Moreover, the decrease in
PC–PUFA in AT2aKO AT2 cells is reminiscent of DHA defi-
ciency seen in brain and eye of various Mfsd2a knockout mouse
models (22, 23, 25–27). Although PUFAs only constitute a
small percentage of surfactant PC, they might be required for
the remodeling of PC in AT2 cells (44) where LPC palmitate
taken up by AT2 cells or DPPC endogenously synthesized by
AT2 cells is remodeled by the action of PLA2 and LPCAT1,
leading to the formation of fully saturated DPPC that is pack-
aged into LBs and secreted as surfactant (10, 16, 18, 43).

How might Mfsd2a transport function in AT2 cells impact
innate immunity in the lung? A closer examination of our
lipidomic data revealed that surfactant of AT2aKO had sig-
nificant reductions in phosphatidylglycerol (PG 34:1) and
several species of phosphatidylinositol (PI 38:4 and PI 38:5; Fig.
7). These two anionic PLs are minor constituents of pulmo-
nary surfactant, yet play important roles in innate immunity in
the lung. Voelker et al. have demonstrated that PG (specifically
1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)])
and PI antagonize toll-like receptor 4 and toll-like receptor 2
signaling in alveolar macrophages, respectively, to limit lung
pathogenesis caused by respiratory syncytial virus and influ-
enza A virus and raises the possibility that these PLs can have



Figure 7. Mfsd2a deficiency leads to reductions in total BAL phospholipids (PLs). Lipidomic analysis of AT2aKO and 2afl/fl BAL 4 weeks post-tamoxifen
treatment. A, BAL lipid species represented as a volcano plot. Dots above dashed horizontal line indicate lipid species that are significantly different between
AT2aKO and 2afl/fl AT2. Most of the lyso-PL and PL species are reduced in AT2aKO BAL relative to 2afl/fl control (PL, SL, and NL). Total PC 32:0 (B) and PL
species containing DHA (PL-DHA) (C) or AA (PL-AA) (D) were reduced in AT2aKO BAL relative to 2afl/fl. BAL PLs (E) and lyso-PLs (F) represented as a heatmap.
Color bar indicates z-score transformation on μmol/μl BAL PLs. Data for B–D are represented as mean μmol/μl BAL ± SE, with individual points denoting
biological replicates. Fatty acid identity is designated as the number of carbons:number of double bonds. For all panels in this figure, 2afl/fl, n = 6; AT2aKO, n
= 5. Unpaired t test with Welch’s correction, *p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001. AA, arachidonic acid; AT2, alveolar epithelial type 2; BAL,
bronchioalveolar lavage; DHA, docosahexaenoic acid; Mfsd2a, major facilitator superfamily domain containing 2a; NL, neutral lipid; PC, phosphatidylcholine;
SL, sphingolipid.
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Figure 8. Mfsd2a deficiency alters the AT2 cell lipidome reflective of changes in BAL. Lipidomic analysis of AT2aKO and 2afl/fl BAL 2 weeks post-
tamoxifen treatment. Total PC 32:0 (A) and phospholipid (PL) species containing DHA (PL-DHA) (B) or AA (PL-AA) (C) were reduced in AT2aKO BAL rela-
tive to 2afl/fl. D, lipidomic analysis of AT2aKO and 2afl/fl AT2 cells 2 weeks post-tamoxifen treatment. Total PC 32:0 was reduced in AT2aKO AT2 cells relative
to 2afl/fl. E, mol% lipid species represented as a volcano plot. Dots above dashed line indicate lipid species that are significantly different between AT2aKO
and 2afl/fl AT2 (PL, SL, and NL. F, PLs with monounsaturated fatty acids (PL-MUFA) species were increased in AT2aKO AT2 cells relative to 2afl/fl. G, PC–DHA
species were reduced in AT2aKO AT2 cells relative to 2afl/fl, similar to changes in the BAL lipidome. For A–D, data are represented as mean μmol/μl BAL ± SE,
with individual points denoting biological replicates. 2afl/fl, n = 13; AT2aKO, n = 12. For F–H, data represented as mol% ± SE of PLs, with individual points
denoting biological replicates. n = 7 per genotype. Unpaired t test with Welch’s correction, *p < 0.05; **p < 0.01; ***p < 0.001. H, model to show Mfsd2a is
required for surfactant homeostasis. AT2 cells synthesize surfactants, which are secreted as DPPC-rich lamellar bodies at the apical surface that unravel into
large surfactant aggregates that make up the alveolar lining fluid. Spent surfactant is released as small surfactant aggregates that are hydrolyzed by sPLA2 in
the alveolar space to produce lysophosphatidylcholines (LPCs). LPC are then taken up by Mfsd2a expressed at the apical surface of AT2 cells and serve as a
precursor for the synthesis of PC–DHA that are then remodeled into the main surfactant PL DPPC. Some LPCs can also be cleared by alveolar macrophages.
In the absence of Mfsd2a, uptake of LPCs is limited resulting in reduction in PC–DHA leading to reduced resynthesis of DPPC. Moreover, reduced sPLA2
activity in the absence of Mfsd2a might be a result of altered surfactant composition.

Mfsd2a maintains pulmonary surfactant homeostasis
therapeutic utility (51–56). Whether Mfsd2a deficiency will
exacerbate pathology resulting from respiratory syncytial virus
and influenza A virus remains to be determined.

Interestingly, sPLA2 activity appeared to be reduced in the
alveolar space in AT2aKO lungs, whereas total sPLA2 activity
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in isolated BAL was similar in AT2aKO and 2afl/fl controls.
The specific sPLA2 that generates LPC in the alveolar space is
not known, but several sPLA2 enzymes have been shown to be
expressed in the lung, namely PLA2G1B, PLA2G5, and
PLA2G10 (57–59). It is known that sPLA2 is an interfacial



Mfsd2a maintains pulmonary surfactant homeostasis
enzyme whose kinetics can be effected by PL acyl chain
composition and whether the PL substrate is in the form of
large or small PL aggregates or as surfactant monolayers
(60–62). The isolation of BAL for measuring total sPLA2 ac-
tivity is expected to mix all surfactant contents and not reflect
the actual in vivo physical state of surfactant. Therefore, we
might predict that the reductions in DPPC and PL-PUFAs in
BAL of AT2aKO might be causative for reduced sPLA2 ac-
tivity that we observed in vivo (Fig. 5). Reduced sPLA2 activity
might also be considered a positive adaptation to Mfsd2a
deficiency and could explain why LPC levels were not
increased in BAL in the absence of Mfsd2a. In summary, our
findings support a model in which LPCs generated by sPLA2
activity are recycled by Mfsd2a in AT2 cells, a process that is
physiologically important for surfactant homeostasis (Fig. 8H).

Experimental procedures

Mouse models

Experimental protocols involving mice were approved by
SingHealth Institutional Animal Care and Use Committee.
Adult mice were anesthetized with a combination of ketamine
(20 mg/kg body weight) and xylazine (2 mg/kg body weight) for
all experiments. Mfsd2a lineage tracing mouse line (designated
as Mfsd2aERT2cre) was generated by genetically knocking in
tamoxifen-inducible cre (ERT2cre) into exon 1 of the Mfsd2a
gene. The Mfsd2aERT2cre line was then crossed to a cre
recombinase–inducible TdTomato reporter line (B6;129S6-
Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J; The Jackson Laboratory)
(63). Mfsd2a floxed mice (2afl/fl) were generated as described
previously (23). Tamoxifen-inducible AT2-specific knockout
mice (AT2aKO) were generated by crossing 2afl/fl with Sftpc-
CreERT2 driver (B6.129S-Sftpctm1(cre/ERT2)Blh/J; The Jackson
Laboratory) (41). All mice were housed in colony cages on a 12 h
light/12 h dark cycle with controlled humidity and temperature
at 23 oC. All mice were fed ad libitum on a normal chow diet
(Global 18% Protein Rodent Diet fromHarlan, Envigo) and have
free access to water. Pups were weaned at 3 weeks of age. Both
male and female mice were used in all experiments.

Tamoxifen preparation and induction protocol

Tamoxifen (catalog no.: T5648-5G; Sigma) for injection was
prepared by first dissolving powder in 100% ethanol. Corn oil was
added tomake afinal concentration of 20mg/ml, and ethanolwas
allowed to completely evaporate under nitrogen stream.
Tamoxifen was filter-sterilized and stored at−20 �C. For reporter
experiment, Mfsd2aERT2creTdTomato mice were administered
with 250 μg/g body weight tamoxifen intraperitoneally for four
consecutive days. For all experiments, AT2aKO and 2afl/fl con-
trols were administered with 150 μg/g body weight tamoxifen
intraperitoneally every other day for a total of three injections.

Antibodies

The following antibodies were used: Mfsd2a (in-house),
Na+/K+ ATPase α1 (catalog no.: NB300-146; Novus Bi-
ologicals), pro-Sftpc (catalog no.: AB3786; Merck Millipore),
Pdpn (catalog no.: MABT1512-100UG; Merck Millipore),
F4/80 (catalog no.: ab6640; Abcam), RFP (catalog no.: 600-401-
379; Rockland Immunochemicals), pro-Sftpb (catalog no.:
AB3430; Merck Millipore), and Alexa Fluor secondary anti-
bodies (Thermo Fisher Scientific).

Histological studies using paraffin sections

The lung was isolated from deeply anesthetized mice and
fixed in 4% paraformaldehyde (PFA) in PBS at 4 �C overnight.
After separating the lung into different lobes, the lobes were
dehydrated in increasing concentrations of ethanol and xylene
before embedding in paraffin. Lung sections (5 μm) were ob-
tained using microtome (catalog no.: RM2255; Leica), and
H&E staining was performed. Masson’s trichome staining was
performed to assess fibrosis in the lung. Images were obtained
using BX53 Light Microscope (Olympus). In Figure 2C, AT2
cell diameters were quantified from four to seven images per
mouse using ImageJ (64) and represented as individual points
on a scatterplot. For immunofluorescence analysis, antigen
retrieval was performed by boiling sections in sodium citrate
buffer for 10 min in a microwave and allowed to cool to room
temperature (RT). Lung sections were incubated with blocking
buffer (10% normal goat serum, 1% bovine serum albumin
[BSA] and 3 M glycine in Tris-buffered saline [TBS]–0.1%
Triton-X [Tx]) for 1 h at RT. After blocking, antibodies were
diluted in same blocking buffer without Tx and incubated
overnight at 4 �C. The following antibodies were used: Mfsd2a
(1:100 dilution), pro-Sftpc (1:200 dilution), Pdpn (1:200 dilu-
tion), and F4/80 (1:100 dilution). After washing with 0.1% Tx
(TBS–Tx), lung sections were incubated with Alexa Fluor
secondary antibodies (1:250) for 1 h at RT. Nuclei were stained
with Hoechst 33342 (1:500 dilution; catalog no.: H3570;
Thermo Fisher Scientific) for 5 min before mounting with
FluorSave Reagent (catalog no.: 345789-20MLCN; Merck
Millipore). Images were obtained using LSM710 Confocal
Microscope (Carl Zeiss). In Figure 3B and Movie S1, 3D
reconstruction was carried out on z-stack of 21 confocal im-
ages of lung section stained for Mfsd2a and the AT2 baso-
lateral membrane marker Na+/K+ ATPase α1 using ZEN
Digital Imaging for Light Microscopy software (Carl Zeiss).

Histological studies using frozen sections

The lung was isolated from deeply anesthetized mice and
fixed in 4% PFA in PBS at 4 �C overnight. After separating the
lung into different lobes, the lobes were rinsed briefly in PBS
and cryoprotected in 30% sucrose in PBS overnight before
embedding in optimum cutting temperature (Tissue-Tek;
Sakura Finetek USA, Inc). Lung sections (20 μm) were
obtained using Leica Cryostat CM1520. For immunofluores-
cence analysis, tissue sections were rinsed in PBS to remove
optimum cutting temperature. Thereafter, tissue sections were
incubated with blocking buffer (10% normal goat serum, 1%
BSA, and 3 M glycine in TBS–0.1% Tx) for 1 h at RT. After
blocking, antibodies were diluted in the same blocking buffer
and incubated overnight at 4 �C. The following antibodies
were used: RFP (1:100 dilution) and Pdpn (1:200 dilution).
After washing with TBS–Tx, tissue sections were incubated
J. Biol. Chem. (2022) 298(3) 101709 11
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with Alexa Fluor secondary antibodies (1:250 dilution) for 1 h
at RT. Nuclei were stained with Hoechst 33342 for 5 min
before mounting with FluorSave Reagent. Images were ob-
tained using LSM710 Confocal Microscope. For Figs. S1B and
S2B, mean fluorescence of Sftpc and Sftpb was quantified from
two to three images per mouse using ImageJ and represented
as individual points on a scatterplot.

AT2 cell harvest

AT2 cells were harvested from deeply anesthetized AT2aKO
and 2afl/fl control mice as described (65) with modifications.
Lungs were digested in 30 U/ml Dispase II (catalog no.:
17105041; Gibco) in Ca2+/Mg2+-free Hank’s balanced salt so-
lution. CD45-negative cells were first enriched from whole
lung cell suspension using magnetic separation on LS Col-
umns (catalog no.: 130-04-401; Miltenyi Biotec) using CD45
MicroBeads (catalog no.: 130-052-301; Miltenyi Biotec). AT2
cells were purified using Biotinylated antimouse CD326/
EpCAM antibody (catalog no.: 130-117-751; Miltenyi Biotec)
and antibiotin MicroBeads (catalog no.: 130-090-485; Miltenyi
Biotec) and used for LPC-NBD transport, lipidomics analysis,
and RNA-Seq.

LPC-NBD transport

Fluorescently labeled LPC with a 16:1 fatty acyl chain
(LPC-NBD) was a kind gift from Travecta Therapeutics. A
2 μg/μl of LPC-NBD stock solution was prepared in 12% FA-
free BSA (catalog no.: A7030; Sigma), and LPC-NBD trans-
port was accessed in both AT2aKO and 2afl/fl controls
2 weeks after tamoxifen induction. Intratracheal instillation
was carried out as described (66) with modifications. A total
of 60 μg of LPC-NBD was instilled directly into the trachea of
both AT2aKO and 2afl/fl controls. After 2 h, 500 μl of 0.1%
BSA was instilled into the lungs to rinse out any excess LPC-
NBD in the alveoli. Lungs were harvested and prepared as
described previously for frozen sections. For intravenous
delivery, 200 μg of LPC-NBD was injected intravenously into
both AT2aKO and 2afl/fl controls via the retro-orbital plexus.
After 2 h, lungs were perfused with 0.1% BSA through the
right ventricle of the heart to rinse out excess LPC-NBD in
the blood. Lungs were harvested and prepared as described
previously for frozen sections. The following antibodies were
used: pro-Sftpc (1:100 dilution) and F4/80 (1:100 dilution). To
access LPC-NBD in isolated AT2 cells, one million AT2 cells
were freshly isolated from lungs of AT2aKO and 2afl/fl con-
trols 2 weeks after tamoxifen induction and incubated with 30
μg of LPC-NBD for 30 min with rotation at RT. Cells were
rinsed with 0.5% BSA to remove excess LPC-NBD and fixed
in 4% PFA. Cells were stained with pro-Sftpc (1:200 dilution)
for 1 h at RT. Nuclei were stained with Hoechst 33342 for 5
min. Images were obtained using LSM710 Confocal
Microscope.

Red/Green BODIPY PC-A2 transport

To prepare hydrolyzed Red/Green BODIPY PC-A2 (catalog
no.: A10072; Thermo Fisher Scientific) and Bis-BODIPY FL
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C11-PC (catalog no.: B7701; Thermo Fisher Scientific) to ac-
cess uptake in cells, 100 units of PLA2 (catalog no.: P9279;
Sigma) was added to 20 μg of fluorescent probe and allowed to
hydrolyze for 30 min at RT. PLA2 hydrolyzed products were
extracted with chloroform:methanol. After drying under argon
stream, lipid film was resolubilized in 12% FA-free BSA. Hu-
man embryonic kidney 293 (American Type Culture Collec-
tion) cells were seeded onto an 8-well glass chamber slide at a
density of 5 × 105 cells/well and allowed to adhere for 24 h
prior to transfection. Cells were transfected with 70 ng WT
Mfsd2a or transport-deficient D97A Mfsd2a per well. Trans-
fected cells were washed once with charcoal-stripped serum-
free Dulbecco’s modified Eagle’s medium (Gibco) and 50 μM
of PLA2 hydrolyzed products were added to each well.
Following a 20 min of incubation, cells were washed twice with
0.5% BSA in charcoal-stripped serum-free Dulbecco’s modified
Eagle’s medium to remove unbound lipids before staining with
Hoechst. Live cell images were obtained using LSM710
Confocal Microscope. To assess uptake of BODIPY PC-A2 in
mice, a 0.33 μg/μl of stock solution was prepared in 12% BSA,
and uptake was accessed in both AT2aKO and 2afl/fl controls 2
weeks after tamoxifen induction. A total of 10 μg of BODIPY
PC-A2 was instilled directly into the trachea of both AT2aKO
and 2afl/fl controls. After 2 h, 500 μl of 0.1% BSA was instilled
into the lungs to rinse out any excess BODIPY PC-A2 in the
alveoli. Lungs were harvested and prepared as described pre-
viously for frozen sections. The following antibodies were
used: pro-Sftpc (1:100 dilution) and F4/80 (1:100 dilution).
Nuclei were stained with Hoechst 33342 for 5 min. Images
were obtained using LSM710 Confocal Microscope. Quanti-
fication of red and green fluorescence was carried out on 5 to
10 lung sections per mouse and represented as mean inte-
grated density.
PLA A2 assay

PLA A2 (PLA2) activity assay was carried out on BAL
isolated from AT2aKO and 2afl/fl control mice 2 weeks
after tamoxifen induction. A short spin at 500g, 5 min at 4
�C, was carried out to remove cells. Red/Green BODIPY
PC-A2 (Thermo Fisher Scientific; catalog no.: A10072) and
Bis-BODIPY FL C11-PC (Thermo Fisher Scientific; catalog
no.: B7701) were dissolved in ethanol to prepare a 20 μM
stock. Red/Green BODIPY PC-A2 can be hydrolyzed by
PLA2 to produce a red LPC and green FA. Bis-BODIPY FL
C11-PC can be hydrolyzed by PLA1/2 to produce a green
LPC and green FA. To prepare vesicles, 0.6 μM of sub-
strate, 0.1% BSA, and 10 mM CaCl2 were added to 50 mM
Tris–HCl, 100 mM NaCl, 1 mM EGTA (pH 7.5), and
vortexed for 2 min. Vesicles were added directly to BAL
and incubated for 1.5 h at 37 �C with shaking. Unhydro-
lyzed control was prepared by adding vesicles to an equal
volume of PBS. Lipids were extracted using chlor-
oform:methanol and resolved by thin layer chromatography
using a chloroform:methanol:H2O (65:25:4) solvent system.
Plates were scanned at 488 and 568 nm using Azure
Sapphire system.
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Lipidomic analysis

Sample preparation

BAL was harvested from deeply anesthetized AT2aKO and
2afl/fl control mice 2 and 4 weeks after tamoxifen induction as
described (67) using Ca2+/Mg2+-free PBS and processed for
lipidomics analysis. About 20 μl of surfactant was mixed with
180 μl of butanol:methanol (1:1, v/v) spiked with internal
standards (ISs). The standards were purchased from Avanti
Lipids and included acylcarnitine 16:0 D3, cholesterol ester
18:0 D6, dihydroceramide d18:0/08:0, ceramide d18:1/12:0,
deoxyceramide m18:1/12:0, DAG 15:0/15:0, GM3 d18:1/18:0
D3, monohexosylceramide d18:1/12:0, dihexosylceramide
d18:1/12:0, trihexosylceramide d18:1/18:0 D3, LPC 13:0,
lysophosphatidylethanolamine 14:0, PC 13:0/13:0, plasmalogen
PC 18:0/18:1 D9, phosphatidylethanolamine 17:0/17:0, plas-
malogen phosphatidylethanolamine 18:0/18:1 D9, PG 17:0/
17:0, PI 12:0/13:0, phosphatidylserine 17:0/17:0, sphingomye-
lin d18:1/12:0, sphingosine d18:1 D7, and triacylglycerol 12:0/
12:0/12:0. The mixture was vortexed for 10 s, sonicated for 30
min, and then centrifuged at 4 �C (14,000g for 10 min). The
supernatant fraction was collected for LC–MS/MS analysis. A
pooled lipid extract was used as a quality control (QC) sample
and injected on every five study sample. AT2 cells were har-
vested from AT2aKO and 2afl/fl control mice 2 weeks after
tamoxifen induction as described previously. Cell pellets (1.5 ×
106 cells/sample) were mixed with 500 μl of butanol:methanol
(1:1, v/v) spiked with the same ISs used for the experiment
with BAL. The mixture was vortexed for 10 s, sonicated for 30
min, and then centrifuged at 4 �C (14,000g for 10 min). The
supernatant fraction was collected for LC–MS/MS analysis. A
pooled lipid extract was used as a QC sample and injected on
every five study sample. Data were normalized to protein
concentration in each sample.

LC–MS/MS and data analysis

LC–MS/MS analysis was performed on an Agilent UHPLC
1290 Infinity II liquid chromatography system connected to an
Agilent QqQ 6495C. An Agilent Zorbax RRHD Eclipse Plus
C18 column (2.1 × 50 mm, 1.8 μm) was used for the reversed-
phase LC separation. The mobile phases A (60% water and
40% acetonitrile with 10 mmol/l ammonium formate) and B
(10% acetonitrile and 90% isopropanol with 10 mmol/l
ammonium formate) were used for the chromatographic
separation. The following gradient was applied: 0 to 2 min, 20
to 60% B; 2 to 12 min, 60 to 100% B; 12 to 14 min, 100% B; and
14.01 to 15.8 min, 20% B. The oven temperature was main-
tained at 40 �C. Flow rate was set at 0.4 ml/min, and the
sample injection volume was 1 μl. The positive ionization
spray voltage and nozzle voltage were set at 3000 and 1000 V,
respectively. The drying gas and sheath gas temperatures were
both maintained at 250 �C. The drying gas and sheath gas flow
rates were 14 and 11 l/min, respectively. The nebulizer ni-
trogen gas flow rate was set at 35 psi. The iFunnel high and low
pressure RFs were 150 and 60 V, respectively. Targeted anal-
ysis was performed in dynamic multiple reaction monitoring
positive-ion mode. The acquired MS data were analyzed using
Agilent MassHunter software, version B.08.00. The signal-to-
noise ratios were calculated using the raw peak areas in
study samples and processed blanks (PBLK). Lipids that had
signal-to-noise ratio of <10 and CV >20% in the QC samples
and did not show a linear behavior (R2 <0.8) in dilution curves
were excluded from the analysis. ISs were used to normalize
the raw peak areas in the corresponding lipid class. For BAL
samples, concentrations were further normalized to volume.
Endogenous species were quantified using one standard per
lipid class; thus, our method can only deliver relative quanti-
tation results. BAL lipidomics data used for Figures 7 and 8,
A–C are available in Tables S1 and S2, respectively. AT2 lipid
species were classified as PLs, sphingolipids, or neutral lipids
and represented as mol% of lipid class. Data used for Figure 8,
D–G are available in Table S3.

RNA-Seq

AT2 cells were harvested from AT2aKO and 2afl/fl control
mice 2 weeks after tamoxifen induction as described
previously. Total RNA was extracted using RNeasy Mini kit
(Qiagen), and RNA concentration was quantified using
Nanodrop. About 1 μg RNA per sample was used for library
preparation using NEBNext Ultra TM RNA Library Prep Kit
for Illumina (NEB) according to the manufacturer’s in-
structions, sequenced on the Illumina HiSeq2000 platform,
and analysis was performed using Partek Flow (version 10).
Paired-end reads were aligned to mm10 genome using STAR
alignment 2.7.3a and annotated using RefSeq. Features were
filtered using recommended parameters and median ratio
normalized. Differential gene expression analysis was per-
formed using DESeq2. Filtered gene lists (genes with fold
change ≥1.5, p < 0.05) were used to perform enrichment
analysis on gene sets using Gene Ontology to identify signifi-
cantly altered functional groups.

Protein analysis

BAL was harvested from deeply anesthetized AT2aKO and
2afl/fl control mice 4 weeks after tamoxifen induction as
described (67) using Ca2+/Mg2+-free PBS. Following a short
spin to remove cell debris, protein concentration was quanti-
fied using BCA assay kit (catalog no.: 23225; Thermo Fisher
Scientific). BAL was resolved under nonreducing conditions
on 4 to 20% gradient gel, transferred to nitrocellulose mem-
brane, and blocked in 0.5% nonfat milk. Antibodies were
diluted in 3% BSA in 50 mM Tris, 150 mM NaCl, and 0.1%
Tween-20 and incubated with the membrane at 4 �C over-
night. Membranes were incubated with IR dye-labeled sec-
ondary antibodies (LI-COR) diluted in 3% BSA in 50 mM Tris,
150 mM NaCl, and 0.1% Tween-20. Immunoblot signals were
captured by ODYSSEY infrared imaging system (LI-COR).

Statistical analysis

Unpaired t test with Welch’s correction was used to calcu-
late statistical differences of AT2aKO and 2afl/fl control AT2
cell diameter (Fig. 2C); in vivo and in vitro PLA2 activity (Figs.
5C and 6D); different lipid species in AT2aKO and 2afl/fl mice
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BAL and AT2 (Figs. 7 and 8); Sftpc fluorescence in AT2aKO,
SftpcCre-ERT2, and 2afl/fl AT2 (Fig. S1B) and Sftpb fluores-
cence in AT2aKO and 2afl/fl AT2 (Fig. S2B). All graphs and
statistical tests were carried out on GraphPad Prism 9
(GraphPad Software, Inc) and R 3.4.0. A p < 0.05 was
considered to be significant.

Data availability

Data are available on Geo Profiles (www.ncbi.nlm.nih.gov),
accession number GSE186170.
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phatidylcholine; FA, fatty acid; IS, internal standard; LB, lamellar
body; LPC, lysophosphatidylcholine; LPCAT1, lysophosphati-
dylcholine acyltransferase 1; Mfsd2a, major facilitator superfamily
domain containing 2a; NBD, [12-(7-nitro-2-1,3-benzoxadiazol-4-yl)
amino]-dodecanoyl; PC, phosphatidylcholine; PFA, para-
formaldehyde; PG, phosphatidylglycerol; PI, phosphatidylinositol;
PL, phospholipid; PLA2, phospholipase A2; PUFA, polyunsaturated
fatty acid; QC, quality control; RFP, red fluorescent protein; RT,
room temperature; SP, surfactant protein; sPLA, secretory phos-
pholipase; sPLA2, secretory PLA2; TBS, Tris-buffered saline; Tx,
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