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SUMMARY

Lung alveolar epithelium is composed of alveolar type | (AT1) and type Il (AT2) cells. AT1 cells mediate gas
exchange, whereas AT2 cells act as progenitor cells to repair injured alveoli. Lung microvascular endothelial
cells (LMVECs) play a crucial but still poorly understood role in regulating alveolar repair. Here, we studied the
role of the LMVEC-derived bioactive lipid sphingosine-1-phosphate (S1P) in promoting alveolar repair using
mice with endothelial-specific deletion of sphingosine kinase 1 (Sphk1), the key enzyme promoting S1P gen-
eration. These mutant lungs developed airspace-enlargement lesions and exhibited a reduced number of
AT1 cells after Pseudomonas-aeruginosa-induced lung injury. We demonstrated that S1P released by
LMVECs acted viaits receptor, S1PR2, on AT2 cells and induced nuclear translocation of yes-associated pro-
tein (YAP), a regulator of AT2 to AT1 transition. Thus, angiocrine S1P released after injury acts via the S1PR2-

YAP signaling axis on AT2 cells to promote AT2 to AT1 differentiation required for alveolar repair.

INTRODUCTION

The lung alveolar epithelium is continuously exposed to particles
and pathogens present in the air and is thus highly susceptible to
inflammation and injury (Matthay et al., 2012). Alveolar epithelial
cells (AECs) are normally quiescent with a slow turnover rate
(Barkauskas et al., 2013; Desai et al., 2014), but upon injury,
AECs are activated by signals released from a surrounding niche
and start to repair the alveolar barrier. The alveolar epithelium is
lined by two types of cells: alveolar type | cells (AT1) and alveolar
type Il cells (AT2) (Weibel, 2009). AT1 cells have a squamous and
flat shape, covering 95% of the alveolar surface area, and pro-
vide a thin interface necessary for the efficient gas exchange
(Schneeberger, 1997; Weibel, 2009). Cuboidal AT2 cells occupy
only 5% of alveolar surface area and are responsible for
secreting surfactant, transporting ions, and modulating immune
responses (Mason, 2006). In addition, AT2 cells function as pro-
genitor cells by self-renewal and differentiating into AT1 cells
during homeostatic maintenance and alveolar repair/regenera-
tion (Barkauskas et al., 2013; Desai et al., 2014; Evans et al.,
1975).

As a highly vascularized organ, lung microvascular endothelial
cells (LMVECs) comprise ~40% of the lung’s total cell population
(Crapo et al., 1982). LMVECs and AECs are separated by a thin
layer of extracellular matrix that is less than 2 um (Weibel, 2009).
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LMVECs actively interact with inflammatory cells (Rao et al.,
2007) and are able to sense micro-environmental changes after
injury and serve as niches that direct the regenerative behavior of
adjacent AECs. It has been shown that endothelial cells (ECs)
can secrete paracrine factors (i.e., angiocrine factors) to stimu-
late repair/regeneration in various tissues (Rafii et al., 2016). In
the lung, capillary ECs have been shown to modulate niche func-
tion and promote lung regeneration by producing matrix metal-
loprotease MMP14 (Ding et al., 2011), HGF (hepatocyte growth
factor) (Cao et al., 2017), and thrombospondin-1 (Lee et al.,
2014).

Most studies on the trophic or regenerative properties of an-
giocrine factors have focused on proteins released by ECs. How-
ever, little is known about the role of bioactive lipid mediators
such as sphingosine-1-phosphate (S1P) that could potentially
regulate tissue regeneration. S1P is generated by phosphoryla-
tion of sphingosine, which is generated from the hydrolysis of
ceramide, a degradation product from plasma membrane sphin-
gomyelin (Proia and Hla, 2015; Pyne and Pyne, 2010; Spiegel
and Milstien, 2003). ECs are major sources of S1P (Olivera
et al., 2013; Proia and Hla, 2015; Venkataraman et al., 2008). Af-
ter being synthesized by sphingosine kinase 1 (SPHK1), S1P is
transported into the extracellular space and acts in an autocrine
or paracrine fashion to regulate various cellular processes, such
as proliferation, differentiation, adhesion, and migration (Kunkel
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et al., 2013; Proia and Hla, 2015; Spiegel and Milstien, 2003).
Although most of the extracellular S1P is found in plasma, there
are low levels of S1P in the tissue (Proia and Hla, 2015). Impor-
tantly, interstitial S1P levels are increased in response to inflam-
mation and injury (Fukuhara et al., 2012).

The receptors of extracellular S1P are a family of G-protein-
coupled receptors (GPCRs) named S1PR1-S1PR5 (Rosen
et al., 2013). After being activated by S1P, the receptors can
initiate a series of signaling events in the target cells mediated
by G proteins (Kunkel et al., 2013; Pyne and Pyne, 2010).
Importantly, S1PR2 acting through Gy,/13 can inhibit Hippo
pathway kinases Lats1/2 and thus activate yes-associated
protein (YAP) transcription coactivators (Miller et al., 2012;
Yu et al., 2012). Here, we developed a mouse model in which
the Sphk1 gene was specifically disrupted in ECs (Pappu
et al., 2007) so that the mutant ECs were unable to produce
lung interstitial S1P. We found that S1P is secreted from
normal lung ECs into the bronchioalveolar space following
Pseudomonas aeruginosa (PA) infection. The lack of angio-
crine S1P in mutant lung results in an airspace-enlargement
phenotype with a reduced number of AT1 cells. Our data
also showed that S1P acts via S1PR2 and YAP and is required
for the progenitor functions of AT2 cells during their transition
into AT1 cells.

RESULTS

Angiocrine S1P Is Required for the Recovery of Lung
Injury after PA Infection

To study the mechanisms of alveolar repair, we used a mouse
lung injury model generated by intratracheal injection (i.t.) of
PA (Liu et al., 2011; Sadikot et al., 2006), which is characterized
by severe inflammation and alveolar damage 24 to 48 h post-
injury and AT2-mediated repair 3-7 days post-injury (Finn
et al., 2019; Liu et al., 2015). Based on our previously described
endothelial barrier reparative properties of S1P (Natarajan et al.,
2013; Tauseef et al., 2008), we further tested the role of S1P as
an angiocrine mediator of alveolar epithelial repair in the PA
model. We first assessed alveoli S1P levels by measuring S1P
concentration in bronchoalveolar lavage (BAL) using LC-mass
spectroscopy (Berdyshev et al., 2009). We used BAL instead of
homogenized tissue to estimate the interstitial S1P level because
it is technically difficult to completely remove the residual serum
when isolating lung tissue, and the contaminating plasma could
have a high concentration of S1P (Proia and Hla, 2015). We found
that at 72 h after injury, BAL S1P levels were significantly
increased (Figure 1A), consistent with its potential role as a regu-
lator of alveolar repair, which is initiated at 72 h post-PA (Finn
et al., 2019; Liu et al., 2015).

Because SPHK1 generates extracellular S1P (Pyne and Pyne,
2010), we next generated VE-Cadherin-Cre; Sphk1"" (SphK14EC)
mice, in which the gene encoding SPHK1 is specifically disrupted
in ECs (Pappu et al., 2007) (Figure 1B), to investigate the role of
endothelial S1P in lung epithelial repair. gPCR analysis confirmed
the reduced expression of Sphk1 in SphK14E€ ECs (Figure 1C),
whereas the Sphk1 expression in other cell types (CD45-CD317),
such as AT1 and AT2 cells, was not affected (Figures S1A-S1D).
Also, EC expression of the transcript of SPHK2 (Ebenezer et al.,
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2019) enzyme did not change (Figure S1B). These data show
the specificity of SPHK1 disruption in ECs in the mutants.

Next, we compared the alveolar interstitial S1P levels in wild-
type (WT) (littermates with the genotype of Sphk1™" were desig-
nated as WT) and SphK14E€ lungs. In non-PA-treated mice, we
detected similar levels of BAL S1P in SphK14EC as in WT (Fig-
ure S1E). However, at 72 h post-PA, the BAL S1P concentrations
in SphK14EC mice were significantly lower than those of WT (Fig-
ure 1D). These data indicate that LMVECs are the main source of
the increased alveolar interstitial S1P after PA injury. These re-
sults are consistent with the changes of SPHK1 protein expres-
sion in lung ECs after PA, as revealed by anti-SPHK1 antibody
staining using ECs freshly isolated from WT and SphK14E€ lungs
(Figures S1F and S1G). Without PA, most ECs from WT lungs ex-
pressed low levels of SPHK1. Compared with WT, while most
ECs from SphK14EC lungs expressed lower levels of SPHK1
that were almost undetectable, a few ECs from SphK14E€ lungs
had relatively high levels of SPHK1. This might because the effi-
ciency of Cre recombinase was <100%, and some ECs without
Cre-dependent SPHK1 disruption expressed higher levels of
SPHK1 due to compensation (Figures S1F and S1G). At 3 days
post-PA, SPHK1 expression increased significantly in ECs of
WT but not of SphK14E¢ lungs (Figures S1F and S1G). While
SPHK1 expression was disrupted in ECs of the mutant, the
endothelial architectures in SphK14EC lungs were similar to
WT, as revealed by antibody staining using EC marker CD31 (Ko-
marova and Malik, 2010) (Figure S1H).

To determine whether LMVEC-derived S1P is involved in the
recovery of alveolar injury, we compared the morphology of the
lung sections between SphK14EC and WT. Without injury, no
difference was observed between the two genotypes (Figures
1E and 1F). Next, we assessed whether SphK74E lungs would
exhibit a phenotype in lung injury/repair. At 7 days post-PA,
when alveolar repair is mostly completed in WT (Finn et al,,
2019), SphK14EC lungs showed a slight enlargement of air
spaces (Figure S11). We next used a repetitive injury model by
giving the mice three PA injections at day 1, day 8, and day
15 (3% PA) to mimic prolonged bacterial pneumonia in patients.
SphK14EC and WT lungs were dissected at 7 days after the third
PA injection. Repeated PA injections resulted in a marked
enlargement of the air space in SphK14EC lungs (Figure 1E).
The fixed lung volumes, however, did not show changes be-
tween SphK14E€ and WT (Figure S1J). The airspace-enlarge-
ment phenotype was quantified by mean linear intercept (Lm)
using images randomly selected from HE-stained lung sections
by blinded scoring (Cooney and Thurlbeck, 1982; Dunnill,
1962). Our data showed that with 3x PA, the SphK14EC lungs
had 10% higher Lm values compared with WT (Figure 1F).
Our Lm measurements could have limitations due to a lack of
true random 3D sampling (Hyde et al., 2004; Knust et al.,
2009; Weibel et al., 2007). To alleviate this limitation, we
compared WT and SphK14E° lungs in parallel and performed
several independent experiments. Pairs of WT and SphK14EC
processed at the same time were matched to compare the
same lobes with similar planes and orientations. While not an
accurate quantification of the “true” values of alveolar size/
number, our data represent a valid comparison between WT
and SphK14E€ lungs and indicate that endothelial S1P release



Cell Reports

BAL S1P
(relative level)

B
€ i W\:O 2 T2
<< VE-Cad-Cre— AT1
. Sphk1fi/fl
— — -
wT SphK14E¢ | EC
c ’51 5 * D 1.5 kd
<
c 0101 &> 3 107 —E‘—
s |. W Fe | T o
£0 oM <_§ . o
(%_“2’ 0.5 0O ® 0.5
® <£
) &
~0.0- -

WT Sphk1*°

WT Sphk1'®

¢? CellPress

OPEN ACCESS

nonPA

3xPA [

F nonPA 3xPA
*
50+ 50+
p=0.32 o-0
w0 o 40 o= 'HEE'
48n Kl
] > | s
g3 ° _§ 30
-
204 204
104 104
1] ]

WT Sphk1*®¢  wT Sphk1™c°

C

Figure 1. Endothelial-Specific Disruption of S1P Production Resulted in an Airspace-Enlargement Phenotype in Mice after PA Injury
(A) Acute lung injury was induced by intratracheal (i.t.) injection of PA bacteria. BAL fluids were collected from uninjured and 72-h-post-injured lungs, S1P levels in

the BAL were measured using LC-mass spectrometry.

(B) Lung alveoli are highly vascularized, with epithelial AT1 and AT2 cells residing closely to endothelial cells. To test the potential function of angiocrine S1P on
AT2 cell progenitor function, we created VE-Cadherin-Cre/Sphk1™ mice (SphK14E€), in which Sphk1 expression was specifically disrupted in ECs.

(C) Sphk1 expression in ECs isolated from non-PA-treated WT and SphK14E€ mice was analyzed by gPCR.

(D) S1P levels in BAL were measured in WT and SphK14E€ mice at 72 h post-PA.

(E) Representative images of HE-stained lung sections of WT and SphK145€ mice without injury (non-PA) or 7 days after the last injection of three repetitive PA

injuries at 1-week intervals (3% PA). Scale bar, 100 um.
(F) Mean linear intercept (Lm) were measured from HE-stained lung sections.
Mean + SEM. *p < 0.05. See also Figure S1

is required for a complete restoration of the alveolar epithelium
after PA injury.

Disrupted Angiocrine S1P Production Results in
Reduced AT1 Cell Number after Injury

To further characterize the airspace-enlargement phenotype
in SphK14EC lungs, we quantified the numbers of AT1 and
AT2 cells based on the immunostaining of AT1 marker HopX
(homeodomain-only protein X) (Wang et al., 2018) and AT2
marker Sp-C (surfactant protein C; Sftpc) (Liu et al., 2011)
(Figures 2A-2D). For each post-PA lung, 5-10 microscopic
areas were randomly selected from the regions indicating
signs of pneumonia, and >100 cells were scored blindly for
each selected area. Without PA, no difference in AT1 or AT2

cell numbers was found between WT and SphK14EC (Figure 2).

At 3 days post-PA, the numbers of AT1 and AT2 cells and
the AT1/AT2 cell ratio were also similar between WT and
SphK14EC (Figure S2A), suggesting similar degrees of AT1
cell damage and/or AT2 cell proliferation. At 7 days post-
PA, the numbers of AT1 cells in SphK14EC lungs were slightly
lower than those of WT (Figure S2B). With 3x PA, SphK14E¢
had significantly fewer AT1 cells compared with WT (Figure 2).
In contrast, the numbers of AT2 cells in the SphK714EC¢ lungs
were similar to WT, regardless of PA injection. While our quan-
tification of AT1 and AT2 cells was not as accurate as that
through stereology (Jansing et al., 2018), we carefully selected
the same lobe and a similar plane and orientation between
WT and SphK714E¢ and performed several independent
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Furthermore, the

decreased AT1/AT2 ratio also supported the finding that the
AT1 cell number was decreased in SphK14E€ lungs compared
with WT.

We next investigated the cause of the reduced AT1 cell number
in SphK14EC lungs after injury. In the 3x PA model, injuries in
some areas of the lungs may not fully recover after one round
(7 days) of injury/repair. With these lags, cells in different regions
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Figure 2. Sth1"EC Mice Had Fewer AT1
Cells Than WT after PA

(A-D) Lung sections from uninjured or 3x PA injured
WT and SphK14EC mice were stained for Sp-C and
HopX. Without injury (A and B), the numbers of
HopX™* cells (arrow) were similar between WT (A)
and SphK14E€ (B) lungs. After 3x PAinjury (C and D),
more HopX* AT1 were present in WT (C) than
SphK14EC (D) lungs. Scale bar, 100 pm.

(E) The numbers of HopX" and Sp-C* cells were
counted and normalized by area, and the ratios of
HopX* to Sp-C* cells were calculated.

Mean + SEM. *p < 0.05; **p < 0.01. n.s., not signif-
icant. See also Figures S2 and S3.

of lungs may be engaged in different
cellular processes (e.g., cell death, prolifer-
ation, differentiation) during the second or
third PA injury, and some cell behaviors
may be masked by repetitive injury/repair.
Thus, it is complicated to analyze cell be-
haviors at a certain time in this model.
Therefore, to define the effects following
each PA injury and analyze the sequential
cellular changes that occur in WT and
SphK14EC lungs during injury/repair, we
only challenged mice with a single PA inoc-
ulation in most of the following studies. We
first analyzed cell death caused by PA. At
3 days after a single PA inoculation, there
was a similar distribution of apoptotic cells
in SphK14EC as in WT. By 5 days post-PA,
the apoptotic cells mostly disappeared
in lungs of both genotypes (Figures
S3A-S3D). Next, inflammation in WT
and SphK714EC lungs was accessed by
analyzing BAL. At 3 days post-PA, which
represents the inflammatory phase of this
injury model (Finn et al., 2019), the total
cell number, the fraction of neutrophils,
and the protein concentration in BAL from
SphK14E€ were all similar to those in WT
(Figure S3E). Consistently, BAL cell counts,
neutrophil percentage, and BAL protein at
7 days after 3x PA injection were also
similar between WT and SphK714E¢ (Fig-
ure S3F). Thus, the airspace-enlargement
phenotype and the associated reduction
in AT1 cell number of the mutant were not
caused by the increase in lung damage or

inflammation. Rather, it is likely that these phenotypes were
caused by a disrupted repair process.

Abnormal AT2 Cell Progenitor Phenotype with Defective
Angiocrine S1P Production

Since AT2 cells are the progenitor cells in alveolar repair after PA
(Liu et al., 2011), the reduction of AT1 cell number and the AT1/
AT?2 ratio in SphK14EC suggests that EC-derived S1P affects the
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Figure 3. AT2 Cells Failed to Downregulate Sp-C Expression in Sth1“EC Mice after PA

(A-D) Non-PA (A and B) and 72-h-post-PA (C and D) lung sections from WT (A and C) and SphK14E€ (B and D) mice were stained for Sp-C and BrdU. Images were
taken randomly on non-PA lungs and at areas showing signs of pneumonia on injured lungs. Scale bar, 100 um. Images are representative of 4-5 lungs for each
genotype and condition. The number of Sp-C*BrdU™ cells were similar between WT and SphK14E€ without PA (A and B) or at 72-h-post-PA (C and D). In WT, Sp-C
expression was reduced at 72-h-post-PA injury (C) compared with non-PA (A). Less reduction was detected in SphK14EC comparing post PA (D) with non-PA (B).
E) Percentage of BrdU* AT2 cells that were quantified from lung sections stained with anti-BrdU and Sp-C antibodies.

F) gPCR of CDC25C and CCNB1 expression in AT2 cells isolated from non-PA and 72-h-post-PA lungs of WT and SphK14E€ mice.

G) AT2 cells were isolated from non-PA, 72-h-post-PA, and 5-day-post-PA lungs of WT and SphK 145 mice and subjected to western blotting analysis for Sp-C.
H) AT2 cell Sp-C levels normalized by B-actin were compared between WT and SphK14EC at 72 h post-PA.

() Freshly isolated AT2 cells were cultured for 3 days and treated with 1 1M S1P or vehicle control. T1a expression in cells was assessed by immunostaining, and
HopX expression was assessed by gPCR. Scale bar, 50 um.

Mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significant. See also Figure S4.

reparative function of AT2 cells. To test this, we first analyzed AT2  was similar in SphK74E€ lungs compared with WT. This result
cell proliferation at the early repair phase (72 h post-PA) by bromo-  was further confirmed by gPCR analysis using AT2 cells isolated
deoxyuridine (BrdU) and Sp-C double staining on lung sections ~ from non-PA SphK714E€ and WT lungs and lungs 72 h post-PA.
(Figures 3A-3E). By scoring the ratio of BrdU*Sp-C* cells versus  For both genotypes, the expression of cell cycle genes CDC25C
total Sp-C* cells, we found that the AT2 cell proliferation rate and CCNB7 was significantly increased after PA, but no
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differences were detected between SphK14E€ and WT at either
time point (Figure 3F).

We next investigated another aspect of the AT2 cell progenitor
functions: differentiation into AT1 cells. Before transitioning to
AT1 cells, AT2 cells undergo partial de-differentiation by
reducing their expression of AT2-specific proteins, such as Sp-
C (Liu et al., 2015). By antibody staining, we observed in WT
lungs a reduction of Sp-C expression at 3 days post-PA
compared with non-PA lungs (Figures 3A and 3C). This reduction
was more prominent at severely damaged areas (Figure S4A),
consistent with the patchy nature of PA-induced pneumonia
(Liu et al., 2015). The reduction of Sp-C in WT post-PA lungs
was not due to cell death, as TUNEL staining did not detect a dif-
ference between areas with and without Sp-C reduction (Fig-
ure S4A). Moreover, we found that some cells with reduced
Sp-C expression were positive for BrdU* staining (BrdU*Sp-
C'°) (Figure S4B), indicating these cells were involved in alveolar
repair. In contrast, in SphK14E€ lungs, AT2 cells failed to down-
regulate their Sp-C expression after PA (Figures 3B and 3D).
Consistently, there were fewer BrdU*Sp-C'° AT2 cells in
SphK14EC lungs (Figure S4B). The lack of Sp-C reduction in
AT2 cells of SphK14EC lungs was quantified by measuring the
fluorescence intensity of Sp-C staining of each Sp-C* cell. At
3 days post-PA, the distributions of Sp-C intensities in SphK14E¢
lungs were shifted to a higher range compared with WT (Fig-
ure S4C). To ensure that we had scored most of the AT2 cells,
even if they had decreased Sp-C staining, we examined an
AT2 cell lineage labeling mouse line SpC-CreER/ROSA-Tomato
(SpC/Tomato) (Finn et al., 2019). In this line, AT2-derived cells
can be visualized by Tomato even if they lose Sp-C staining
(Finn et al., 2019). Examination using this line confirmed that at
3 days post-PA, there were more Sp-C" AT2 cells in SphK14EC
lungs compared with WT (Figure S4D). These results were further
confirmed by western blot, as the Sp-C level inisolated AT2 cells
of SphK14E€ lungs was higher than WT at 3 and 5 days post-PA
(Figures 3G and 3H). Since the loss of Sp-C is a prerequisite step
for AT2 to AT1 cell differentiation, the failed AT2 Sp-C reduction
at an early repair phase together with the decreased AT1 cell
number at a later stage after PA in SphK14E€ lung indicates a
defective AT2 to AT1 cell transition. Thus, it is likely that angio-
crine S1P regulates the progenitor functions of AT2 cells by pro-
moting the AT2 to AT1 cell transition.

Next, we tested whether S1P stimulates AT2 cells to differentiate
into AT1 cells in a 2D culture. AT2 cells were freshly isolated from
non-injured WT lungs. The purity of AT2 cells was >90%, and the
contamination of AT1 cells was <0.1% (Liu et al., 2015). Because
regular fetal bovine serum (FBS) contains high levels of S1P (Proia
and Hla, 2015), AT2 cells were seeded in media with 2% charcoal-
stripped FBS. After 1 day, S1P was added at 1 uM, and cells were
further cultured for 3 days. More AT2 cells in the S1P-treated cul-
ture changed into flat AT1-like cells than in controls (Figure 3l). This
result was confirmed by gPCR of AT1 cell marker HopX (Figure 3I).
These data show the potentially important role of S1P in promoting
the AT2 to AT1 cell transition in repair.

S1P Promotes AT2 to AT1 Cell Transition through S1PR2

S1P acts through S1PRs, which are GPCRs located on the mem-
brane of target cells (O’'Sullivan and Dev, 2013). We therefore
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examined the dynamic expressions of each of the five S1PRs
(S1PR1-S1PR5) (O’Sullivan and Dev, 2013) in AT2 cells during
alveolar repair using AT2 cells isolated from uninjured and 72-
h-post-PA lungs. gPCR analysis showed that among all five re-
ceptors, only S1PR2 expression was significantly increased after
PA (Figure 4A). Western blot also showed that the protein level of
S1PR2 was increased in AT2 cells at 5 days post-PA, while AT2
cells were undergoing transition into AT1 cells (Finn et al., 2019),
and decreased at 7 days post-PA, when the transition was
largely completed (Finn et al., 2019) (Figure 4B).

To further correlate the temporal S1PR2 expression in AT2
cells with their transition to AT1 cells, we used an in vitro culture
of freshly isolated WT AT2 cells. Within 7 days in culture, AT2
cells spontaneously converted from AT2- to AT1-like cells, as
shown by the cell morphology changing from cuboidal to flat-
tened squamous shape (Figure 4C). In addition, the expression
of AT2 marker Sp-C decreased rapidly, while the expression of
AT1 markers HopX and Ager (advanced glycosylation end prod-
uct-specific receptor) (Yang et al., 2016) showed a steady in-
crease (Finn et al.,, 2019) (Figure 4D). During this process,
S1PR2 expression steadily increased as the cells adopted the
AT1 cell phenotypes (Figure 4D). In contrast, STPR71 and
S1PR3 expression was decreased during the AT2 to AT1 cell
transition (Figure 4D).

Furthermore, by analyzing recently published AT2 single-cell
RNA sequencing (RNA-seq) datasets (Riemondy et al., 2019;
Wang et al., 2018), we found that STPR2 expression levels
were markedly higher in AT2 cells than other S1PRs (Figure S5).
Furthermore, S1PR2 transcripts were specifically enriched in an
AT2 cell sub-population that appeared after LPS-induced lung
injury and were undergoing differentiation into AT1 cells (Rie-
mondy et al., 2019) (Figure S5). Thus, our results strongly indi-
cate that STPR2 mediates the S1P-dependent AT2 to AT1 cell
transition in alveolar repair.

To test the function of STPR2, we utilized an S1PR2-specific
antagonist, JTE-013, to block S1P signaling during the AT2 to
AT1 cell transition. We started from the in vitro AT2 cell culture
(Figure 4C). In the vehicle control, after 3 days in the culture,
more than half of the AT2 cells had adopted AT1-like phenotypes
by expressing the AT1 cell marker Ager. However, when JTE-
013 was included in the media at 10 uM, a significantly lower per-
centage of cells showed Ager expression (Figure 5A). Consis-
tently, gPCR analysis of the 3-day-cultured cells showed that
JTE-013-treated cells expressed a significantly smaller amount
of Ager and HopX compared with control. On the other hand,
the expression of AT2 marker Sp-C was similar between JTE-
013-treated and control cells (Figure 5B). As a comparison,
when AT2 cells were cultured for 3 days with 10 uM
VPC23019, an antagonist of STPR1 and S1PR3 (O’Sullivan and
Dev, 2013), they expressed similar amounts of Ager and HopX
as the vehicle control (Figure 5C). Furthermore, we expressed
the short hairpin RNA (shRNA) targeting S1PR2 in cultured AT2
cells using an adenoviral vector. SIPR2 shRNA caused the
same phenotype as JTE-013 compared with vector controls
(Figure 5D). These results indicate the specificity of the JTE-
013 effect.

Next, we examined the effect of JTE-013 on the AT2to AT1 cell
transition using a 3D organoid culture. Tomato™ AT2 cells
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Figure 4. S1PR2 Expression in AT2 Cells Was Increased during Alveolar Repair and AT2 to AT1 Cell Transition

(A) AT2 cells were isolated from uninjured and 72-h-post-injured WT mice, and the expression levels of the five S1P receptors were analyzed by qPCR.

(B) WT AT2 cells isolated at indicated time points were subjected to western blotting analysis for SIPR2, and the S1PR2 levels normalized by B-actin were
quantified. Mean + SEM. **p < 0.01; n.s., not significant.

(C and D) In 2D culture, freshly isolated WT AT2 cells gradually changed from cuboidal shape to AT1-like squamous morphology within 7 days (C), and gene
expression levels in cultured cells were measured at indicated time points by gPCR (D). Scale bar (C), 50 um.

One-way ANOVA with Bonferroni correction was used to determine statistical differences. Groups labeled with different letters are significantly different. See also
Figure S5.
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Figure 5. Inhibition of S1PR2 Function Disrupted AT2 to AT1 Cell Transition In Vitro

(A) Lineage labeled AT2 cells (from SpC/Tomato mice) were cultured in vitro and treated with DMSO or 10 uM JTE-013. Cells were stained for Ager and Sp-C after
3 days of culture, and the percentage of Ager* cells over all lineage labeled Tomato* cells was quantified. For each independent experiment, 200-300 cells were
scored. Scale bar, 50 um.

(B) AT2 cells were cultured for 3 days with DMSO or JTE-013, and expressions of Ager, HopX, and Sp-C were analyzed by gPCR.

(C) AT2 cells cultured with VPC-23019 for 3 days did not show altered expression of Ager and HopX by qPCR analysis.

(D) Freshly isolated AT2 cells were cultured with adenovirus expressing S7TPR2 shRNA or vector control for 4 days. The expression of STPR2, Ager, and HopX was
analyzed by gPCR.

(E) Lineage labeled AT2 cells were co-cultured with Mig fibroblast cells in a 3D organoid culture. JTE-013 or DMSO was added to the medium.

(F and G) After 14 days of culture, organoids were sectioned and stained for HopX and Sp-C (F), and the percentage of HopX* and Sp-C™ cells over lineage labeled
cells (Tomato™) in organoids were quantified (G). More than 200 cells from 10-15 organoids of each condition from two independent experiments were scored.
Scale bar, 10 um. Mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significant.
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Figure 6. JTE-013 Inhibits AT2 to AT1 Cell Transition In Vivo
(A) Schematic of inducible AT2 cell lineage tracing mice SpC/Tomato.
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(B) Four Tmx injections were given to SpC/Tomato mice at 15 to 5 days before PA injury. JTE-013 or DMSO was i.t. injected into the lungs 3 days after PA, and the

lungs were harvested on day 10 after the PA.

(C and D) Lung sections were stained for Tomato to mark AT2 and AT2-derived cells. Fewer AT1-like Tomato* cells (arrows) were detected in JTE-013-treated
lungs (D) than control lungs (C). Scale bar, 30 um. (C’) Enlarged image of a representative lung section showing squamous Tomato™* cells (arrows) co-expressing

T1a. Scale bar, 30 um.

(E and F) Pixel numbers of Tomato*AT1-like cells (E) were measured and normalized to the number of Tomato* AT2 cells on the same section and plotted (F).

Mean + SEM. *p < 0.01. See also Figure S6.

isolated from an AT2 cell lineage labeling mouse line SpC/To-
mato (Liu et al., 2015; Rock et al., 2011) were co-cultured with
mouse lung fibroblasts Mig (ATCC) in Matrigel using transwell in-
serts (Chen et al., 2017) (Figure 5E). After 14 days, AT2 cells
formed alveoli-like colonies. Matrigel plugs with colonies were
then fixed and subjected to antibody staining for Sp-C and
HopX. AT2 cells cultured with the vehicle control formed cyst-
shaped colonies surrounded by AT2 and AT1 cells as described
(Chen et al., 2017) (Figure 5F). However, if 10 uM JTE-013 was
included in the medium, even though the colony forming effi-
ciency was similar as the control (data not shown), the cysts con-
tained significantly fewer HopX* AT1 cells, while the percentage
of Sp-C™* cells was similar as control (Figures 5F and 5G). These
results further support that S1P promotes the AT2 cell transition
into AT1 cells through S1PR2.

Next, we tested if JTE-013 also inhibits the AT2 to AT1 cell
transition after lung injury in vivo using the AT2 cell lineage
tracing mouse line SpC/Tomato (Figure 6A). In this line, tamox-
ifen (Tmx) induces Cre expression through AT2-specific Sp-C
promoter, and Cre deletes the LoxP/Stop/LoxP locus, thus acti-
vating the expression of a fluorescent protein Tomato (Liu et al.,
2015; Rock et al., 2011). In this way, AT2 cells and their progeny
will be permanently labeled with Tomato. The efficiency and
specificity of this system were shown by us previously (Finn
etal., 2019; Liu et al., 2015). As shown in Figure 6B, SpC/Tomato
mice were first injected with Tmx, and then the mice were chal-
lenged with PA. At 72 h post-PA, JTE-013 was introduced into
these mice (1 mg/kg) via i.t. injection, and the lung sections
were examined at 10 days post-PA. We observed that in
DMSO-injected control lungs, the AT2 to AT1 cell transition
was clearly detected, as shown by numerous Tomato™ lineage
traced cells that have acquired AT1-like morphology (Figures

6C, 6E, and 6F). These cells expressed the AT1 marker T1a
and HopX (Figures 6C" and S6). In contrast, JTE-013-injected
lungs showed significantly fewer Tomato* squamous cells (Fig-
ures 6D, 6F, and S6). These data further indicate that the
S1PR2-dependent AT2 to AT1 cell transition is essential for
lung repair in vivo.

YAP Mediates S1P/S1PR2 Signaling during AT2 to AT1
Cell Transition

Since the transcriptional co-activator YAP plays an important
role in regulating AT2 cell progenitor functions (LaCanna et al.,
2019; Liu et al., 2016), we tested whether S1P acts through an
S1PR2-YAP axis to regulate the AT2 to AT1 cell transition. We
found that after isolated AT2 cells were treated with 1 uM S1P
for 30 min to 1 h, phospho-YAP (p-YAP) levels were decreased
(Figure 7A), indicative of YAP activation (Miller et al., 2012; Yu
et al., 2012). Moreover, in 2D AT2 cell culture, we observed
that in most control cells, YAP translocated into nucleus (nu-
YAP) as the cells transitioned from AT2 to AT1. However, after
treated with JTE-013, a significant number of cells had YAP re-
tained in the cytoplasm, even if they adopted a flattened
morphology (Figures 7B and 7C). Next, we expressed an active
form of YAP (YAP2-5SA) (Zhao et al., 2007) in AT2 cells using
adenoviral vectors. Activated YAP rescued the phenotype of
JTE-013 treatment, while the vector control had no effect (Fig-
ure 7D). Without JTE-013, YAP2-5SA did not show an effect
that might reflect that the YAP activity or HopX/Ager expression
was saturated in this culture condition (Figure 7D).

Similarly, in 3D organoid culture, significantly fewer JTE-013-
treated AT2 cells showed nu-YAP compared with the vehicle
control (Figure 7E). This result, together with the data that JTE-
013 treatment led to less AT1-like cell formation in 3D organoid
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Figure 7. YAP Is Downstream of S1P/S1PR2
Signaling in AT2 Cells

(A) Freshly isolated AT2 cells were cultured overnight and
serum starved before treated with 1 uM S1P for the indi-
cated times. Phospho-YAP and total YAP levels in cells
were measured by western blot.

(B) Lineage labeled AT2 cells (i.e., GFP* cells from SpC-
CreER/ROSA-mTmG [SpC/mTmG] mice) were isolated
and treated with 10 uM JTE-013 or DMSO in culture. Cells
were stained for YAP after 3 days of culture. Arrows: nu-
clear YAP (nu-YAP). Arrowheads: cells with YAP presence
in the cytosol. Scale bar, 20 pm.

(C) The percentages of cells with nu-YAP localization
among total lineage labeled cells and those among squa-
mous lineage labeled cells were quantified in JTE-013-
treated and control cells. More than 100 cells were scored
for each condition in each of the three independent ex-
periments.

(D) DMSO and 10-uM JTE-013-treated cells were infected
with adenovirus expressing YAP-5SA (YAP) or the vector
control (CMV). Cells were collected after 3 days of culture,
and expressions of HopX and Ager were analyzed by
qPCR.

(E) Lineage labeled (GFP*) AT2 cells were co-cultured with
Mig in a 3D organoid culture and treated with JTE-013 or
DMSO. Organoids were sectioned and stained for YAP
after 14 days of culture. Scale bar, 10 um. The percentage
of lineage labeled cells showing nu-YAP staining was
quantified. More than 100 cells were scored for each
condition in three independent experiments.

(F) Lung sections of WT and SphK14EC mice at 72 h post-
PA were stained for YAP and Sp-C. Arrow, Nu-YAP; ar-
rowheads, cytosolic YAP. Scale bar, 30 um.

(G) Sth1“EC lungs showed a lower percentage of cells
with nu-YAP among the Sp-C™ cells compared with that of
WT. For each lung, 5-10 microscopic areas were randomly
selected from the regions indicating signs of pneumonia,
and at least 100 AT2 cells were scored for each selected
area.

(H) Nuclear proteins were extracted from AT2 cells isolated
from 72-h-post-PA lungs. The representative image shows
protein samples run on the same blot. Relative YAP levels
in the nucleus were quantified comparing with Lamin B1.
() Pop1r3b, Gadd45b, and Sgk1 expression in AT2 cells at
5 days post-PA was compared between WT and
SphK14EC by qPCR. Mean + SEM. *p < 0.05; **p < 0.01;
***p < 0.001; n.s., not significant.

(J) Schematic of a model for the role of angiocrine S1P in
regulating the progenitor function of AT2 cells. In response
to injury, S1P is secreted from ECs and acts through an
S1PR2-YAP axis to promote AT2 to AT1 cell transition. In
SphK14EC mice, the angiocrine production of S1P is
blocked, and AT2 cells proliferate normally but are unable
to differentiate into AT1 cells.

See also Figure S7.
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(Figures 5E-5QG), further shows that YAP mediates the S1P/
S1PR2-induced AT2 to AT1 cell transition. Next, we examined
lung sections of WT and SphK14EC mice at 3 days post-PA. In
WT, numerous AT2 cells showed nu-YAP, indicating that these
cells had active YAP signaling and likely initiated the AT2 to
AT1 cell transition. However, in the mutant lung, significantly
fewer AT2 cells showed nu-YAP, while the majority of AT2 cells
retained cytoplasmic YAP (Figures 7F and 7G). To further quan-
tify the number of AT2 nu-YAP cells, AT2 nuclear extracts were
isolated from WT and SphK14E€ mice at 3 days post-PA and pro-
ceeded to western blot analysis. Our results show that AT2 cells
from WT had a significantly higher level of nu-YAP than those of
SphK14E€ (Figures 7H and S7A). Furthermore, AT2 cells isolated
from SphK14EC mice at 5 days post-PA expressed significantly
fewer YAP targets such as Ppp1r3b, Gadd45b, and Sgk1 (Du-
pont et al., 2011; Yu et al., 2012) compared with WT (Figure 7I).
Thus, our data showed that S1P acts through S1PR2 and then
activates YAP transcription activity to promote the AT2 to AT1
cell transition (Figure 7J).

DISCUSSION

AT2 cells are normally quiescent with a slow turnover rate (Bar-
kauskas et al., 2013; Desai et al., 2014). After injury, they can
be activated by signals sent from surrounding niche cells and
start to proliferate and further differentiate into AT1 cells to repair
the injured alveoli (Zepp et al., 2017). However, the signals that
activate the AT2 to AT1 cell transition are poorly defined. Recent
studies suggest that ECs can act as a niche to regulate epithelial
progenitor functions by releasing protein growth factors (Rafii
etal., 2016). Here, we have shown that the LMVEC niche function
also requires the release of the bioactive lipid S1P, which serves
as an essential trophic signal from ECs to alveolar epithelium in
directing the regenerative function of AT2 cells.

Our data showed that S1P is normally maintained at low concen-
trations in the interstitial space between lung ECs and the epithelial
barrier. However, in response to PA-induced inflammatory lung
injury, the alveolar interstitial S1P level was significantly increased,
consistent with what has been reported by another recent
study (Ebenezer et al., 2019). S1P levels are under tight control
through the balance between synthesis and degradation (Olivera
et al., 2013; Proia and Hla, 2015). ECs account for ~40% of total
lung cells (Crapo et al., 1982) and play a major role in producing
extracellular S1P (Fukuharaetal.,2012; Olivera et al., 2013; Venka-
taraman et al., 2008). Using EC-specific Sphk1 knock-out mice
SphK14EC, we found that the S1P concentration in mutant BAL,
which reflects its interstitial level, was significantly lower than con-
trol after PA. Thus, SPHK1 expressed in LMVECs plays a major role
in producing the increased level of interstitial S1P after PA. Other
than EC-derived S1P, other cells including platelets, erythrocytes,
neutrophils, mast cells, and fibroblasts can be sources of S1P
(Proiaand Hla, 2015). Edema caused by vasculature leakage might
also cause anincreased tissue S1P (Tauseef et al., 2008). The S1P
level is also controlled by S1P phosphatase (Venkataraman et al.,
2008), S1P lysase (Kunkel et al., 2013; Spiegel and Milstien, 2011),
S1P lyase, and S1P transporter Spns2 (Pyne and Pyne, 2010).
Thus, it is important to further study the mechanisms that regulate
the alveoli interstitial S1P level post-injury.
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Our studies have identified an important role of S1P signaling
in maintaining the integrity and homeostasis of the alveolar
epithelial barrier by regulating the regenerative function of AT2
cells. We did not detect abnormalities in immune responses
and cell survival in SphK14E€ lungs after PA injury; these results
are consistent with the report that SPHK2, but not SPHK1, reg-
ulates lung inflammatory responses after PA infection (Ebenezer
et al., 2019). Importantly, we found that the AT2 cell progenitor
function was impaired when ECs’ production of S1P was disrup-
ted. We found that in SphK74E€ mice, while AT2 cell proliferation
was not affected, the transition from AT2 to AT1 cells was
blocked. AT2 cells of the mutant lungs failed to downregulate
their Sp-C expression at the repair phase after injury, which is
a prerequisite step for AT2 cells to differentiate into AT1 cells.
Consistently, SphK14EC lungs exhibited a reduced number of
AT1 cells post-PA injury. Even though we cannot rule out that
other cells such as fibroblasts or ECMs (extracellular matrix)
could also be affected by reduced alveoli S1P level after injury
(Petrache and Berdyshev, 2016), we believe that the reduced
AT1 cell number is a main contributor to the airspace-enlarge-
ment phenotype we observed in the mutant lungs.

In search of the S1P receptors that mediate the AT2 to AT1 cell
transition, we found that S1PR2 expression was increased in
AT2 cells during their transition to AT1 cells. Moreover, by
analyzing recently published single-cell RNA-seq data (Rie-
mondy et al., 2019), we found that S1PR2 transcripts are en-
riched in the subpopulation of AT2 cells that undergo the transi-
tion into AT1 cells (Riemondy et al., 2019). Furthermore, we have
demonstrated that blocking S1PR2 using the JTE-013 inhibitor
as well as shRNA targeting S1PR2 specifically impaired the
AT2 to AT1 cell transition. Thus, our data established an impor-
tant role of S1PR2 in transducing the S1P signaling in AT2 cells
and mediating the AT2 to AT1 cell differentiation.

Our data also show that YAP mediates S1P-S1PR2 signaling
in AT2 cells. YAP is a central component of the Hippo signaling
and is an important regulator of development and homeostasis
in multiple tissues (Misra and Irvine, 2018; Yu et al., 2015). It
has been shown in several tissues that Hippo/YAP signaling
can regulate regenerative cell functions such as proliferation,
pluripotency, and cell fate determination (Misra and Irvine,
2018; Yu et al., 2015). Other core components of the Hippo/
YAP pathway include Hippo and Lats1/2 kinase (Misra and Ir-
vine, 2018; Yu et al., 2015). When Hippo is activated, YAP is
phosphorylated by Lats1/2 and remains in the cytoplasm.
When dephosphorylated, YAP is activated and translocated
into the nucleus, where it interacts with other transcriptional
co-factors to regulate downstream targets (Misra and Irvine,
2018; Yuetal., 2015). Hippo pathway genes play key roles during
lung development and remodeling (Lange et al., 2015; Mahoney
et al., 2014; Nantie et al., 2018); YAP activation is also required
for the AT2 to AT1 cell transition after lung injury (LaCanna
etal., 2019; Liu et al., 2016; Zhou et al., 2018). However, the up-
stream signals that activate YAP in AT2 cells in response to injury
are unknown. Here, we showed that EC-niche-generated S1P is
an important signal to activate AT2 cell YAP through S1PR2.

A number of cues, such as change in cell adhesion, mechan-
ical tension, and metabolic status, are known to regulate the
Hippo-YAP signaling (Misra and Irvine, 2018; Yu et al., 2015).
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The S1P/S1PR2-dependent YAP activation has been shown in
several other cell types and may represent a specific branch of
the YAP activation pathway (Miller et al., 2012; Yu et al., 2012).
During pancreas development, S1PR2 expressed on pancreatic
multipotent progenitor cells transduces signals that result in the
stabilization of YAP and the differentiation of these cells toward
the endocrine and acinar lineages (Serafimidis et al., 2017). S1P-
S1PR2-YAP signaling also plays important roles in the develop-
ment of zebra fish endoderm (Fukui et al., 2014). These findings
and our study indicate that the S1P/S1PR2/YAP axis represents
a conserved but poorly characterized signaling pathway in regu-
lating the functions of progenitor cells during development,
repair, and regeneration.

Our data show that the S1P-S1PR2-YAP signaling axis plays
an essential role in the differentiation of AT2 cells to AT1 cells.
We did not find a role of this signaling axis in AT2 cell prolifer-
ation or in modulating the inflammatory response. In a pneumo-
nectomy (PNX) model, YAP appears to also mediate AT2 cell
proliferation in addition to the AT2 to AT1 cell transition during
alveolar regeneration (Liu et al., 2016). Another study sug-
gested that YAP might also regulate inflammatory response
through NFkB/IkB (LaCanna et al., 2019). The differences be-
tween these reports and ours may have arisen because in
those studies, YAP was completely disrupted in AT2 cells,
whereas in our study, YAP function was repressed by the
lack of S1P/S1PR2 signaling. In fact, we observed a significant
decrease of the YAP targets PPP1R3B, Gadd45b, and Sgk1
but not of the other YAP target, Ctgf, that had been shown
by these studies (Figure S7B) (LaCanna et al.,, 2019; Liu
et al., 2016). Therefore, it appears that depending on how it
is activated, YAP may turn on different sets of downstream tar-
gets and play different roles. This may reflect different doses of
YAP that translocate into the nucleus or different transcriptional
co-activators that were mobilized. Thus, it is important to
further dissect the YAP pathways during alveolar repair using
various injury models.

In conclusion, we have identified the bioactive lipid S1P as an
angiocrine factor that plays an essential role in regulating the
progenitor functions of AT2 cells during alveolar epithelial repair.
Our finding indicates that LMVECs and AECs are interconnected
during the injury/repair process; thus, future studies on lung
repair should consider both components. Furthermore, we
have identified a distinct biolipid-mediated mechanism in lung
repair that could lead to approaches for regeneration therapies.
Although S1P itself has pleiotropic effects on various tissues and
cell types, specific branches of S1P signaling can be manipu-
lated pharmacologically by S1P receptor antagonists and ago-
nists (Kunkel et al., 2013), as well as by specific small molecules
targeting SPHK1 or SPHK2 (Kunkel et al., 2013), which provide
opportunities for therapeutic intervention. Thus, characterizing
and dissecting the S1P/S1PR2/YAP pathway during alveolar
repair is likely to result in additional targets for therapeutic
intervention.
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STARXMETHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
B-Actin (mouse, Clone AC-74, 1:5000) Sigma Aldrich Cat# A2228 RRID AB_476697
pro-Sp-C (rabbit, 1:500) Millipore Cat # AB3786, RRID AB_91588

T1a (hamster, 1:50)

RFP (rabbit, 1:200)

GFP (chicken, 1:500)

HopX (mouse, 1:50)

Ager (rat, 1:50)

BrdU (mouse, 1:5)

YAP (rabbit, 1:100)
Phospho-Yap (1:100)

YAP (mouse, 1:50)
EpCAM-APC (CD326, 1:250)
Lamin B1 (rabbit, 1:1000)
S1PR2 (EDG5, mouse, 1:250)
SPHK1 (mouse, 1:50)

CD31 (rat, 1:50)

CD31 (For cell isolation, rat, 1:100)

Biotin-EpCAM(CD3286, for cell isoaltion, rat,
1:50)

Developmental Studies Hybridoma Bank
Rockland Immunochemicals
Aves Laboratories

Santa Cruz Biotechnology
R&D Systems

BD Biosciences

Cell Signaling Technology
Cell Signaling Technology
Santa Cruz Biotechnology
BiolLegend

Abcam

Santa Cruz Biotechnology
Santa Cruz Biotechnology
BD Bioscience

BD Bioscience

Thermo Fisher Scientific

Cati# 8.1.1, RRID:AB_531893

Cat# 600-401-379, RRIC11182807
Cat# GFP-1020, RRID AB_10000240
Cati# sc-398703, RRID:AB_2687966
Cat# MAB1179, RRID:AB_2289349
Cat# 347583, RRID:AB_400327

Cat# 4912, RRID:AB_2218911

Cat# 4911, RRID:AB_2218913

Cat# sc-101199, RRID:AB_1131430
Cat# 118213, RRID:AB_1134105
Cat# ab16048, RRID:AB_10107828
Cat# sc-365963, RRID:AB_10844763
Cat# sc-365401, RRID:AB_10859210
Cat# 550274, RRID:AB_393571

Cat# 557355, RRID:AB_396660

Cat# 13-5791-82, RRID:AB_1659713

Bacterial and Virus Strains

Pseudomonas aeruginosa P103 From Dr. Ruxana Sadikot, Emory University N/A

BJ5183-AD-1 electroporation competent Agilent Cat# 200157

cell

Chemicals, Peptides, and Recombinant Proteins

Tamoxifen Sigma Aldrich Cat# T5648
Dispase Corning Cat# 354235
JTE-013 Cayman Chemical Cat# 10009458
VPC23019 Cayman Chemical Cat# 13240

RIPA buffer Cell Signaling Technology Cat# 9803
Complete Protease Inhibitor Cocktail Roche Cat# 11-836-145-001
Matrigel Corning Cat# 354230
SYBR Green Roche Cat# 04913914001
Sphingosine-1-phosphate Cayman Chemical Cat# 62570

Critical Commercial Assays

VECTASTAIN Elite ABC-Peroxidase Kit
TSA Cyanine 3 System

RNeasy mini kit

High-Capacity cDNA Reverse Transcription
Kit

Micro BCA Protein Assay kit

in situ Cell Death Kit TMR

AdEasy Viral Titer Kit

Vector Laboratories
Perkin Elmer
QIAGEN

Applied Biosystems

Thermo Scientific
Sigma Aldrich
Agilent

Cat# PK-6200, RRID:AB_2336826

Cat# NEL704A001KT, RRID:AB_2572409
Cat# 74104

Cati# 43-688-14

Cati# 23235
Cat# 12156792910
Cat# 972500

(Continued on next page)
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Deposited Data

scRNA sequencing

scRNA sequencing

NCBI Gene Expression Omnibus (GEO)
database
NCBI Gene Expression Omnibus (GEO)
database

GEO: GSE 113049

GEO: GSE 106960

Experimental Models: Cell Lines

Mig mouse lung fibroblast cells ATCC CCL-206
AD-293 From Dr. Jody Martin, UIC Viral Vector Core N/A
Experimental Models: Organisms/Strains

SpC-CreER (Sfptc!™(cre/ERT2)BIM) From Dr. Brigid Hogan, Duke University N/A
Rosa-Tomato (B6.Cg-Gt(ROSA) The Jackson Laboratory Stock# 007914
26So rtm74(CAG-thomato)Hze /. J)

mTmG (Gt(ROSA) The Jackson Laboratory Stock# 007576
2630rtm4(ACTB-thomato,-EGFP)Luo i J)

B6.FVB-Tg(Cdh5-cre)7MilialJ; (VE-Cre) The Jackson Laboratory Stock# 006137

Sphk1™ (B6;129S-Sphk1"™2C9" /Mmucd) MMRRC Stock# 030038-UCD
Oligonucleotides
qPCR primers Table S1 IDT, QIAGEN or Thermo Fisher

Recombinant DNA

pShuttle-CMV
pCMV-flag YAP2 5SA
pShuttle-H1-GFP

From Dr. Jody Martin, UIC Viral Vector Core
Addgene
From Dr. Jody Martin, UIC Viral Vector Core

N/A
Addgene_27371
N/A

Software and Algorithms

ImagedJ
iBright Analysis Software

Prism 5.01

R 3.6
Seurat 2.0
ZEN v2.3

QuantStudio v1.3

NIH
Thermo Fisher Sicentific

Graphpad
R project
Satija lab

Zeiss Microscopy

Applied Biosystems

https://imagej.nih.gov/ij/
https://www.thermofisher.com/us/en/
home/life-science/protein-biology/
protein-assays-analysis/western-blotting/
detect-proteins-western-blot/
western-blot-imaging-analysis/
ibright-western-blot-imaging-systems/
ibright-analysis-software-connectivity.html
https://www.graphpad.com/
scientific-software/prism/

https://www.r-project.org
https://satijalab.org/seurat/

https://www.zeiss.com/microscopy/us/
products/microscope-software/zen.html

https://www.thermofisher.com/us/en/
home/global/forms/life-science/
quantstudio-6-7-flex-software.html

RESOURCE AVAILABILITY

Lead Contact

Further information as well as requests for reagents can be directed to the Lead Contact, Dr. Yuru Liu (yuruliu@uic.edu).

Materials Availability

This study did not generate new unique reagents.

Data and Code Availability

This study did not generate datasets/code.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal studies were approved by the Institutional Animal Care Committee of the University of lllinois at Chicago (UIC). All mice
used in this study were maintained in the UIC barrier facility with free access to water and food. Male and female mice of 6-12 wk
old were used. VE-Cadherin-Cre; Sphk1™" (SphK14E€) mice were generated by crossing B6.FVB-Tg(Cdh5-cre)7MlialJ; (VE-Cre)
mice (stock 006137, The Jackson Laboratory) with Sphk1™" mice (B6;129S-Sphk1™29"/Mmucd, MMRRC Stock Number:
030038-UCD) (Pappu et al., 2007). SphK14EC mice can be raised into adults with no obvious defect. AT2 lineage labeling lines
SpC /Tomato or SpC/mTmG mice were generated by crossing Sftoc-CreERT2 mice (abbreviated SpC-CreER and kindly provided
by Dr. Brigid Hogan at Duke University) with B6.Cg-Gt(ROSA)26Sorm(CAG-1dTomatoltize 1 (stock 007909, The Jackson Laboratory) or
B6.129(Cg)-Gt(ROSA)26Som4ACTE-tdTomato,-£EGFF)Luo J (stock 007976, The Jackson Laboratory) mice. To induce Cre activation, mice
were injected 4 times of tamoxifen at every other day for a total dose of 1 mg/g body weight. Tamoxifen-injected mice were then
maintained for 1-4 weeks before use in experiments unless otherwise described in Results. Bromodeoxyuridine (BrdU; Sigma-Al-
drich) was intraperitoneally injected at 75 mg/kg body weight 5 hours before lung collection.

METHOD DETAILS

Intratracheal injection of PA 103 and JTE-013

Live PA (strain 103) was kindly provided by Dr. Ruxana T Sadikot at Emory University School of Medicine. Live PA 103 was tittered by
grown on blood agar plates for 18 h. 2x10* live and 5x10° freeze-killed dead PA was mixed in 20 pl of sterile PBS and administered
into each mouse. Mice were anesthetized by injection with ketamine (100mg/kg), xylazine (5mg/kg) and lidocaine (1mg/kg) and the
neck surgical site was prepared by shaving and sterilizing with 70% ethanol before PA injection. An approximately 1 cm incision was
made to expose the trachea and bacteria was slowly injected. Buprenorphine (0.1mg/kg) was administered as post-operative anal-
gesia. JTE-013 (Cayman Chemical) diluted in PBS was injected at 1 ug/g of mice bodyweight at 3 days after PA injection following the
same surgical procedure. Same amount of DMSO was injected into control mice.

BAL fluid analysis

Mice were anesthetized with ketamine/xylazine. An incision was made to expose the trachea and a blunt needle was inserted into and
tied on the trachea. 0.8ml of ice-cold sterile PBS was gently injected into the lungs and 0.5ml of BAL fluids was withdrawn while gently
massaging the thorax of the mice. BAL fluids contaminated with blood were discarded. BAL fluid was centrifuged at 600 x g for 5 min
to separate cells from supernatant. S1P levels were measured by LC-mass spectrometry at National Jewish Health. BAL protein con-
centrations were determined by BCA protein assay (Thermo Fisher Scientific). Neutrophil cell counts were determined by staining
cytocentrifuge slides with Hema3 stain (Thermo Fisher Scientific).

Isolation of lung EC and AT2

Lung EC were isolated as described (Cheng et al., 2017; Kovacs-Kasa et al., 2017; Niethamer et al., 2020; Vila Ellis et al., 2020).
Briefly, PBS perfused lungs were chopped into small pieces and digested in 2 mg/ml collagenase | (Life technologies) for 1 h at
37°C. Cells suspension were filtered through a 70 um cell strainer and pelleted by centrifugation at 1500 rpm for 8 minutes. Red blood
cells were removed by RBC lysis buffer (eBioscience). Cells were resuspended in isolation buffer (0.5% BSA, 2mM EDTA, 4.5mg/ml
D-glucose in PBS) and incubated with rat anti-CD45 antibodies (Biolegend) followed by anti-rat magnetic Dynabeads (Thermo Fisher
Scientific). Negative selected CD45 cells were further incubated with anti-CD31 antibodies (eBioscience) and subsequently with
magnetic Dynabeads (Thermo Fisher Scientific). CD45°CD31* EC and CD45CD31" nonEC mesenchymal cells were collected.
Most of the EC collected should be microvascular ECs (Cheng et al., 2017; Kovacs-Kasa et al., 2017; Niethamer et al., 2020; Vila Ellis
et al., 2020).

For AT2 isolation, 2 mL dispase (Corning) was instilled into perfused lungs through trachea followed by 0.5 mL 1% agarose to seal
the upper airway. The lungs were removed and incubate in additional 0.5 mL dispase at room temperature for 45 min. Cells were
dissociated and treated with 100 U/ml DNase | in 5 ml culture medium (DMEM+10% FBS + 25mMHEPES + Penicillin/streptomycin+
Gentamicin/Amphotericin+ Antibiotic-Antimytotic) for 10 minutes at room temperature and sequentially filtered through a 70 um cell
strainer (BD Bioscience) and 20 pum nylon gauze (Small Parts). Contamination of other cells was minimized by panning cells on plates
coated with anti-CD45 and anti-CD32 antibodies (BioLegend) for 1 hour in a cell culture incubator. Non-adherent AT2 cells were
collected and red blood cells were lysed with RBC lysis buffer. Cells were washed and then sequentially incubated with Biotin-Ep-
CAM antibodies (Biolegend) and Streptavidin conjugated magnetic beads (BD Biosciences). EpCAM™ cells were selected using a
magnetic rack (GE Healthcare). For some experiments, AT2 were isolated by FACS sorting using high speed Beckman Coulter MoFlo
sorter in flow cytometry core in UIC.

Harvest and fixation of lungs

Lungs were perfused with 10 mL PBS through the pulmonary artery. 1.5 to 2 mL of 4% paraformaldehyde in PBS was instilled into the
lungs through trachea which was later tied and sealed with thread. The lungs were removed and fixed in 4% paraformaldehyde/PBS
overnight at 4°C. Paraffin embedding and sectioning was performed by the UIC Histology Core.
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Immunofluorescence staining
Paraffin embedded slides were dewaxed and rehydrated. Slides were treated with antigen retrieval buffer (Vector) for 15 min in pres-
sure cooker and permeablized with 0.2% Triton X-100 in PBS before blocked with 10% normal serum for 1 hr at room temperature.
When mouse primary antibody was used, sections were also treated with M.O.M mouse IgG blocking reagent (Vector). Cells fixed on
coverslips were permeablized and blocked following the same protocol. Slides were incubated with primary antibody overnight at
4°C, followed by fluorescence conjugated secondary antibody incubation. For YAP staining, samples were incubated with a
biotin-conjugated secondary antibody and ABC reagent (VECTASTAIN), followed by TSA amplification (PerkinElmer). Images
were taken using an LSM-880 Zeiss confocal microscope (Carl Zeiss) or Zeiss ApoTome microscope (Carl Zeiss). Images of the con-
trol and treated/mutant samples of same experiment were taken under the same exposure parameters. When images were adjusted
for brightness and/or contrast for better demonstration, the same adjustment was applied to control and experimental images.
Cells with positive staining of HopX, BrdU or YAP were scored from stained lung sections. For the non-PA lungs, 5-10 microscopic
areas were randomly selected and at least 100 cells were scored for each selected area. For each post PA lung, 5-10 microscopic
areas were randomly selected from the regions indicating signs of pneumonia and at least 100 cells were scored blindly for each
selected area. For measurement of fluorescence staining intensity, Mean fluorescence intensity (mean gray value) and total fluores-
cence intensity (integrated density) were measured by ImagedJ. At least 100 cells were measured per animal.

Quantification of Lung volume, mean linear intercept (Lm) and numbers of AT1 and AT2 cells from lung sections

WT and SphK14E€ mouse lungs were processed in parallel and perfused by PBS as described above. Perfused lungs were then fixed
under constant 25 cm water pressure for 20 minutes at room temperature before tied the trachea. The lungs were further fixed at 4°C
overnight, washed in PBS and lung volume was measured using a water replacement method. The lung was put in a beaker with
~100 mL of water on a balance, and a looped wired was used to keep the lung fully submerged under water. The weight shown
on the balance, which reflected the volume of water displaced by the lung, was recorded. The measurement was repeated twice
for each mouse and the average was calculated. To quantify Lm, lungs were further paraffin-embedded, and sections were stained
by H&E and images were taken by an Olympus BX51 microscope. For each independent experiment, WT and SphK14E€ lungs were
processed in parallel, same lobe and similar plane and orientation were selected to compare between each pair of WT and SphK14E¢
lungs. At least 7 images were randomly taken from each mouse. Grids with random offset were applied to WT and SphK14E€ images
using Imaged and Lm was calculated as the sum of the lengths of all lines divided by the number of intersections between alveolar
walls (Liu et al., 2017). Both horizontal and vertical lines were analyzed. The investigators were blinded to the genotypes when took
the images and quantified the Lm values. To quantify the numbers of AT1 and AT2 cells, paraffin sections were stained with Sp-C and
HopX antibodies and 5 to 10 images were taken from each sample within regions showing signs of pneumonia. At least 100 cells were
counted on each image and were scored blindly.

Quantitative PCR

Freshly isolated or cultured cells were lysed in TriZol reagent (Life Technologies) and RNA was isolated using a RNeasy kit (QIAGEN).
The result RNA was reverse transcribed using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) and gPCR was
performed on an ABI Viia7 system (Applied Biosystems) using SYBR Green (Roche Life Science). Data is expressed as fold change
and Cyclophilin (CLO) was used as housekeeping reference. For Ager expression, the FAM-MGB labeled Tagman assays were used.
See Table S1 for primer sequences.

Nucleus Protein Extraction

Fleshly isolated AT2 were incubated in hypotonic buffer (20mM Tris-HCL pH 7.4, 10mM NaCl, 3mM MgCl,) on ice for 15 mins. Cells
were gently lysed with 0.5% Nonidet P 40 (Sigma-Aldrich), vortexed for 30 s, followed by centrifugation at 1,000 g at 4°C. Pellets were
collected and re-suspended in RIPA buffer supplemented with protease inhibitor, incubated on ice for 30 min, with 30 s vortex in
10 min intervals. Samples were then centrifuged at 14,000 g at 4°C for 10 min. Supernatant was transferred to centrifugal filter
tube (Amicon® Ultra 0.5 mL Centrifugal Filters, Sigma-Aldrich), centrifuged at 1,4000 g for 10-20 min to collect concentrated nucleus
proteins. Protein concentrations were determined using Pierce Micro BCA assay (Micro BCA Protein Assay Kit, Thermo Scientific).

Western blotting

Cells were lysed in RIPA buffer supplemented with protease inhibitors and protein concentration was determined by BCA assay
(Thermo Fisher Scientific). Equal amounts of protein were run on 4% —20% SDS-PAGE and transferred to polyvinylidene difluoride
(PVDF) membranes. Membrane was blocked in 5% skim milk or 5% BSA. Blots were incubated with primary antibodies overnight at
4°C followed by HRP conjugated-secondary antibody for 1-2 h at room temperature. Signals were developed with chemiluminescent
substrate (Pierce) and digital images were obtained on ImageQuant LAS 4000 imager (GE Healthcare). Protein band intensities were
quantified using the ImagedJ program (National Institutes of Health) and values were normalized to B-actin bands.

For western blot using nuclear extracts, equal amounts of protein were mixed in laemmli sample buffer (BRO-RAD, USA) with beta-
mercaptoethanol. After boiled at 95°C for 5 mins, protein was separated on 4%-20% SDS-PAGE gels and transferred to PVDF mem-
brane for immunoblotting. Membrane was blocked by incubation in 5% skim milk in Tris buffered saline with 1% Tween-20 (Fisher
Scientific). Blots were then probed with YAP (4912S, Cell signaling Technology) and Lamin B1 (ab16048, Abcam) as primary antibody
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followed by appropriate horseradish peroxidase-conjugated secondary antibody. Blots were developed with chemiluminescent sub-
strate (SuperSignal West Femto Maximum Sensitivity Substrate, Thermo Scientific) and images were obtained with Western Blot Im-
aging Systems (iBright FL1500 Imaging System, Invitrogen). Quantification of immunoblotting band intensity was performed using
iBright analysis software (Invitrogen).

Cell culture

For 2D culture, AT2 cells were isolated from lineage labeling mouse lines using above protocols and seeded in 24-well plates coated
with collagen. In experiments in which cells were stained after culture, cells were seeded on coverslips coated with collagen in 24-
well plates. In experiments with the inhibitors, JTE-013 and VPC23019 (Cayman Chemical) were dissolved in DMSO according to the
manufacturer’s instruction and 10 uM of inhibitors or DMSO of the same volume was added to the culture medium (DMEM + 10%
FBS + 256mMHEPES + Penicillin/streptomycin+ Gentamicin/Amphotericin + Antibiotic-Antimytotic). Medium was changed with
added inhibitors or DMSO every other day.

For S1P treatment of cultured cells, solid S1P (Cayman chemical) was dissolved and kept in ethanol. Immediately before treatment,
ethanol was removed through evaporation and S1P was re-suspended in 4 mg/ml fat-free BSA to make a 125 uM stock. S1P was
further diluted from stock to 1 uM in DMEM + 2% charcoal stripped FBS and used to treat the cells. For preparing the charcoal-strip-
ped FBS, 1 g of dextran-coated charcoal (Sigma) was incubated with 50 mL of FBS at 4°C overnight with gentle shaking. The mixture
was then centrifuged at 2000 x g for 15 min at 4°C and filtered through 0.22 um syringe filters to remove the charcoal.

For 3D culture, AT2 cells isolated from SPC/Tomato or SpoC/mTmG mice were stained for DAPI after panned on the CD64/CD32
plates. Tomato™DAPI" or GFP*DAPI" cells were sorted using a MoFLo cell sorter (Beckman) located in the Flow Cytometry Core of
UIC. 5,000 sorted AT2 cells combined with 1x10° Mig fibroblast cells were resuspended in 200 pl of medium containing 100 pl growth
factor reduced Matrigel (Corning). The cell/Matrigel mixture was seeded in 24-well inserts (pore size 0.4 um) (Corning) placed in 24-
well plates. 600 ul of medium was added to the outside of the insert. DMEM/F-12 supplemented with 10% FBS, penicillin/strepto-
mycin, 1 mM HEPES, and insulin/transferrin/selenium was used in 3D culture. 10 uM JTE-013 or the same amount of DMSO was
added to the medium and medium was changed every other day for 2 weeks.

Analysis of published scRNA-seq data

GSM2858342 from the GSE106960 containing postnatal day 60 (P60) AT2 cell data was downloaded from GEO. The data was
already filtered and normalized for each cell as indicated on the GEO website therefore the numbers were directly used for generating
the scatterplot. GSE113049 was downloaded from GEO and processed in Seurat (Version 2.0) R package for quality control filtering,
normalization and clustering. For analyzing S1P receptor expression in uninjured AT2 cells, naive type |l cells as identified in the meta-
data were extracted out to proceed for analysis. For tSNE clustering and analyzing S1PR2 expression in the subpopulations of re-
generating AT2 cells, the whole dataset was used. Genes were removed if expressed in less than 3 cells. Cells were removed if less
than 100 genes were detected, nUMI was less than 1024 or greater than 3 standard deviations above the mean of each sample, or the
percentage of mitochondria gene was greater than 5%. Gene expression was normalized for each cell by the total expression,
multiply by 10,000 and log transformed. The normalized data was used for generating the scatterplot for S1P receptor expression
in uninjured AT2 cells. For clustering, normalized expression was scaled and subsequently subjected to principle component anal-
ysis. The first 15 PCA dimensions were selected for tSNE projection, with 30 nearest neighbors and a resolution of 1.2. Cell identities
were determined by the metadata.

Adenovirus generation

Oligo of S1PR2 shRNA (Mission shRNA TRCN0000028917) was synthesized by IDT and sub-cloned into pShuttle-H1-GFP vector
(obtained from the Viral Vector Core at UIC). pCMV-flag-YAP2-5SA plasmid was from Dr. Kunliang Guan (Addgene plasmid
#27371) (Zhao et al., 2007) and the YAP2-5SA sequence was sub-cloned into pShuttle-CMV vector. Adenovirus was generated using
the AdEasy system (Agilent) following manufacturer’s instruction. Briefly, shuttle vectors carrying genes of interest (or empty vectors
controls) were transformed into BJ5183-AD-1 cells (Agilent), which were pre-transformed with pAdEasy-1 plasmids. Correct recom-
binant clones were amplified in recombinant-deficient strains of cells, XL10-Gold cells (Agilent) (for YAP2-5SA and its control) or
DH10B cells (NEB, for STPR2 shRNA and its control). Plasmids prepared after amplification were linearized and transfected into
AD-293 cells using lipofectamine 3000 (Thermo Fisher Scientific). Adenovirus collected from AD-293 cells were re-suspended in
PBS. S1PR2 shRNA-expressing adenovirus were tittered based on GFP expression and YAP2-5SA-expressing adenovirus were tit-
tered using an AdEasy viral titer kit (Agilent). S1PR2 shRNA-expressing adenovirus or control adenovirus (MOI = 50) were incubated
with AT2 cells for 4 days to knockdown the expression of S1TPR2. YAP2-5SA or control adenovirus (MOI = 10) were incubated with
cells for 3 days.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are expressed as mean + SE. Student’s t test was used to determine the statistical significance unless otherwise indicated in the
text. A p value of less than 0.05 was considered significant.
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Figure S1 related to Figure 1. The specificity of endothelial Sphk1 disruption in SphK14E€ mice. (A-D) gPCR
analysis. (A) Similar expression levels of Sphkl and Sphk2 in non-EC cells (CD45°CD317) comparing WT and
SphK1“E€ mice. (B) Similar levels of Sphk2 in ECs (CD45-CD31") between WT and SphKI4E€ mice. (C and D) The
expression levels of Sphkl and Sphk2 in AT2 (C) and AT1 (D) were similar between WT and SphK 1“E€ mice. (E)
BAL SI1P levels were measured for uninjured WT and SphKI14E€ mice. (F) EC were isolated from uninjured and 3 d
post injured lungs of WT and SphKI4%€ mice and fixed on slides by cytospin. EC were stained for SPHK 1. Scale bar
=10 pm. (G) The SPHKI1 staining intensity in individual cells were quantified and both linear and log2 values were
shown. >100 cells were quantified per sample, 3 independent experiments were conducted and showed similar
results. (H) Sections of uninjured and 3 d post PA lungs of WT and SphKI“E€ mice were stained for CD31. (I) Lungs
were collected from WT and SphKI“E€ mice at 7 d post a single PA injection, Lm was quantified on H/E stained
sections. (J) Total lung volumes were measured from uninjured, 7 d post a single PA and 7 d post 3 repetitive PA

injured lungs. Mean + SEM. *: p<0.05; ***: p<0.001; n.s.: not significant.
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Figure S2 related to Figure 2. Quantification of AT1 and AT2 in SphKI4E€ lungs post injury. Lung sections of

WTand SphKI“2€ mice at 3 d (A) and 7 d (B) post 1X PA were stained for HopX and Sp-C and the number of

HopX" and Sp-C* cells per area and the ratio of HopX+/Sp-C+ cells were quantified. Mean + SEM.
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Figure S3 related to Figure 2. Apoptosis and inflammation in WT and SphKT4E€ lungs after PA injury. (A-D)
TUNEL assay was performed on lung sections of 3 d and 5 d post PA WT and SphKI14E€ mice. Scale bar in 3d PA
images = 50 pm. Scale bar in 5d PA images = 500 um. (E, F) BAL fluids were collected from uninjured, 72h post
injured (E) or 7 d post 3 repetitively injured (F) lungs of WT and SphKI4E€ mice. Total numbers of cells in BAL
were counted. Percentage of neutrophils in BAL cells was scored by HEMA3 staining on cells fixed by cytospin.

Protein concentration in BAL fluids was measured by BCA assays. Mean + SEM. n.s.: not significant.
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Figure S4 related to Figure 3. Reduction of Sp-C expression in WT AT2 after PA is not due to cell death. (A)
Lung sections of WT and SphKI42€ mice at 72 h post-PA were stained by TUNEL assay and anti-Sp-C antibodies.
Images were taken at areas showing signs of pneumonia, and regions showing Sp-C reduction were circled. Cells in
the circles did not show higher apoptotic levels than those in neighboring areas, and the overall apoptotic levels were
similar between WT and SphKI/E€ mice. Scale bar = 50um. (B) BrdU and Sp-C staining on 3d post PA lungs
showed that some cells with low Sp-C expression (arrow) are BrdU* (Sp-C°BrdU"). Scale bar = 50pm. The fraction
of Sp-C°BrdU* cells among total BrdU™ AT2 were quantified and compared between WT and SphK14E€ mice. (C)
Sp-C fluorescence staining intensity of Sp-C* cells were measured on lung sections of 3 d post PA WT and SphK 14E¢
mice. > 100 cells were scored per animal and distribution of Sp-C fluorescence intensity was plotted. The
measurements were performed with 3 mice of each genotype and similar results were obtained. (D) Cyrosections of
SpC/Tomato mice lungs isolated at 3 d post PA were stained for Sp-C. Endogenous Tomato is shown. Arrows point
to Tomato™ AT2 that show reduced Sp-C levels. Scale bar = 25 um. The staining was repeated for 4 mice and Sp-C
fluorescence staining intensity was measured from >200 cells per animal. A representative plot of the distribution of
Sp-C fluorescence is shown. Cells with Sp-C fluorescence staining intensity >15 were scored as Sp-Ch cells and the
percentage of Sp-C" cells over total Sp-C* cells were quantified in WT, SphK145€ and SpC/Tomato mice. Mean +

SEM. *: p<0.05; n.s.: not significant.
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Figure S5 related to Figure 4. S1P receptor expression in AT2 analyzed from published scRNA-seq data. (A)
scRNA-seq data of naive AT2 cells were extracted from the GSE113049 dataset and normalized expression levels of
the five S1P receptors were plotted. (B) S/PRI, SIPR2 and S1PR4 expression in postnatal day 60 AT2 cells
(GSM2858342) in the GSE106960 dataset were plotted. S/PR3 and SIPRS5 were not in this dataset. (C)
Unsupervised clustering of the scRNA-seq data from GSE113049 revealed distinct clustering of AT2 cells at
different reparative stages as similarly shown in Riemondy KA et.al. (D) Expression levels of S7/PR2 in different

subpopulations of AT2 cells were plotted in a violin plot.
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Figure S6 related to Figure 6. JTE-013 inhibits AT2 to AT1 cell transition in vivo. (A-B) Tiled images were
taken to show larger areas of the lungs of SpC/Tomato mice that had been injected with DMSO (A) or JTE-013 (B)
after PA injury. Arrows point to AT1-like squamous Tomato" cells. Scale bar= 100um. (C, D) Squamous Tomato*

cells (arrows) in DMSO treated lungs co-express AT1 markers, HopX (C) and T1a (D). Scale bar = 10pum.

10



Chen et al Supplemental Figure 7 *

(3 & B
Nt "oV ol W R
L2y b %t- 22 2
= N = &
., 3
N n N o o X
S . F SO NG

| amin B
B AT2 5d PA
2.5- n.s. n.s.
1.5+
= 2.0 T o
(@) @)
= Z — LY
S 81s{ o ¥ §1o £
S ¥ O S .o
x x
Eow] T & C3 o
] (]
— > © >0.5-
O)-o—u [ ] — =
=5 % 054 o > %
(OR3 O£
C 0.0 C

0 . y AE ' ' AE
WT SphK1 WT SphK1

Figure S7 related to Figure 7. YAP activation and target gene expression. (A) Original blot of Figure 7H. (B)

Expression levels of two YAP targets, Ctgf'and Cyr61, in AT2 isolated from 5d post PA lungs of WT and SphK 14E€

mice were analyzed by gPCR. Mean + SEM. n.s.: not significant.
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Table S1 Related to Star Methods

Gene Primer sequence (5'--3")
Slprl Forward CTGTTAGATGTGGGCTGCAA
Reverse ATGATGGGGTTGGTACCTGA
Slpr2 Forward CCGACATTTCTGGAGGGTAA
Reverse TGAGGTCACCTGGTCTCTCC
S1pr3 Forward TGCCTTATGAACCCTGGAAG
Reverse AAGAGCAAATGCCATCAGGT
Slpr4 Forward CTCCAAGGGCTATGTGCTCT
Reverse ATTGGCTCGGACCACTCTAA
Slpr5 Forward ACACCAAATGCCCAGCTTAC
Reverse TGGAGCACTGTGCAAAAGTC
SphK1 Forward GCTGTGAGGCTGGTGTTATG
Reverse ATATGCTTGCCCTTCTGCAT
SphK2 Forward ACTGCTCGCTTCTTCTCTGC
Reverse GCCACTGACAGGAAGGAAAA
Sp-C Forward GCCTTCTCATCGTGGTTGT
Reverse CCAGTATCATGCCCTTCCT
Hopx Forward TCAACAAGGTCGACAAGCAC
Reverse AGGCGCTGCTTAAACCATT
Aqp5 Forward AGCCTTATCCATTGGCTTGTC
Reverse TGAGAGGGGCTGAACCGAT
CTGF Forward CTCCACCCGAGTTACCAATG
Reverse TGGCGATTTTAGGTGTCCG
Cyr61 Forward GGAGGTGGAGTTAACGAGAAAC
Reverse GTGGTCTGAACGATGCATTTC
Pppl1r3b Forward AGCCGTACAATGGACCAGAT
Reverse AGTAGTAGGGCCCCAGCTTT
Gadd45b Forward GCCCGAGACCTGCACTGCCT
Reverse CCATTGGTTATTGCCTCTGCTCTCTT
Sgkl Forward CGCCAAGTCCCTCTCAACAA
Reverse TGCCCTTTCCGATCACTTTC
CLO Forward CTTGTCCATGGCAAATGCTG
Reverse TGATCTTCTTGCTGGTCTTGC
CDC25C QuantiTect Primer Assay (Qiagen)
CCNBI1 QuantiTect Primer Assay (Qiagen)
Ager Tagman assay Assay ID: MmO01134790 g1, Cat#:4331182

Gapdh Tagman assay Assay ID: Mm99999915 gl, Cat#:4331182
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