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Yousef Alayoubi,5 Ondine Cleaver,6 Mario Looso,5 and Didier Y.R. Stainier1,7,8,*
1Department of Developmental Genetics, Max Planck Institute for Heart and Lung Research, Bad Nauheim, Germany
2Department of Medicine V, Internal Medicine, Infectious Diseases and Infection Control, Justus-Liebig University Giessen, Giessen, Germany
3Scientific Service Group Microscopy, Max Planck Institute for Heart and Lung Research, Bad Nauheim, Germany
4Deep Sequencing Platform, Max Planck Institute for Heart and Lung Research, Bad Nauheim, Germany
5Bioinformatics Core Unit, Max Planck Institute for Heart and Lung Research, Bad Nauheim, Germany
6UT Southwestern Medical Center, Dallas, TX, USA
7Member of the German Center for Lung Research, DZL-UGMLC
8Member of the Excellence Cluster Cardio-Pulmonary Institute, CPI
9Present address: Soonchunhyang Institute of Medi-bio Science, Cheonan, Republic of Korea
10Present address: Institute for Cardiovascular Regeneration, Goethe University Frankfurt, Frankfurt am Main, Germany
11These authors contributed equally
12Lead contact

*Correspondence: paolo.panza@mpi-bn.mpg.de (P.P.), didier.stainier@mpi-bn.mpg.de (D.Y.R.S.)

https://doi.org/10.1016/j.stemcr.2025.102451
SUMMARY
Lung endothelial cells (ECs) and pericytes are closely juxtaposed with the respiratory epithelium before birth and thus may have instruc-

tive roles during development. To test this hypothesis, we screened EC-secreted proteins for their ability to alter cell differentiation in

alveolar organoids.We identified secreted protein acidic and rich in cysteine-like protein 1 (SPARCL1) as an extracellularmatrixmolecule

that can promote alveolar type 2 (AT2) cell differentiation in vitro. SPARCL1-treated organoids display lysozyme upregulation and a

doubling in the number of AT2 cells at the expense of intermediate progenitors. SPARCL1 also induces the upregulation of nuclear factor

kB (NF-kB) target genes, and suppression of NF-kB activation in lung organoids blocked SPARCL1 effects. NF-kB activation by lipopoly-

saccharide (LPS) was sufficient to induce AT2 cell differentiation; however, pharmacological inhibition of the pathway alone did not pre-

vent it. These data support a role for SPARCL1 and NF-kB in alveolar cell differentiation and suggest a potential value in targeting this

signaling axis to promote alveolar maturation and regeneration.
INTRODUCTION

At late embryonic stages in the mouse (E16-E18), the

branched fetal lung undergoes a dramatic morphogenetic

transition into a meshwork of alveolar sacs. At the same

time, alveolar epithelial progenitors differentiate into

morphologically, functionally, and molecularly distinct

respiratory cell types. Flat, thin, and elongated alveolar

type 1 (AT1) cells cover the surface of pre-alveolar struc-

tures, while cuboidal alveolar type 2 (AT2) cells secrete

surfactant.

Severalmodels have been proposed to explain themolec-

ular and mechanical diversification of alveolar epithelial

cells (Treutlein et al., 2014; Li et al., 2018; Frank et al.,

2019). However, it remains unclear how the differentiation

of alveolar progenitor cells is controlled in space and time,

and in particular whether and how specific interstitial cues

influence the alveolar fate (Hogan, 2018).

AT2 cell differentiation is critical for surfactant produc-

tion and immune protection, preventing respiratory

distress at birth. Despite the physiological importance of

AT2 cells, only a few extracellular molecules have proposed

roles in inducing their differentiation. Mesenchymal cell-

derived fibroblast growth factor (FGF) 10 acts via epithelial
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FGF receptor 2 (FGFR2) and drives the apical constriction of

differentiating AT2 cells from the alveolar lumen (Li et al.,

2018). Consistent with these data, FGF7 stimulation

together with FGFR2 overexpression induces the AT2 fate

in cultured E16.5 epithelial progenitors (Brownfield et al.,

2022). Hepatocyte growth factor (HGF)/c-Met signaling

has also been implicated in saccular morphogenesis (Yama-

moto et al., 2007) and alveolar cell proliferation (Calvi

et al., 2013; Kato et al., 2018). Besides these players,

however, little is known about the molecular micro-

environment provided by interstitial cells to drive alveolar

cell differentiation.

The mature lung in both humans andmice is highly vas-

cularized, with approximately 30% of all cells being endo-

thelial cells (ECs) (Weibel, 1984). While the high density of

blood vessels in the lung reflects its physiological role in gas

exchange, it also suggests that vascular cells have an addi-

tional role(s) beyond blood circulation and gas exchange

(Ramasamy et al., 2015).

In adult stages, the lung endothelium responds to injury

by activating pathways for alveolar re-epithelialization,

for example, by secreting MMP14 (Ding et al., 2011; Rafii

et al., 2015), and thrombospondin-1 (Lee et al., 2014). Dur-

ing embryonic development, disrupting vascularization
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Figure 1. SPARCL1 promotes AT2 cell differentiation in fetal lung organoids
(A) Endothelial cells (ECs) are closely juxtaposed with the alveolar epithelium in saccular lungs. Immunostaining of 150 mm precision-cut
lung slices from E16.5 and E18.5 mouse embryos. CDH1 (magenta, epithelium), RAGE (magenta, basolateral membranes of AT1 cells), EMCN
(green, ECs). Insets: high magnification of endothelial-epithelial contacts (yellow arrowheads). Scale bars: 100 mm, 50 mm (inset).
(B) Shortlist of candidate genes encoding secreted proteins. Candidates’ expression levels at E18.5 compared with E15.5 in sorted (KDR+)
lung ECs (Daniel et al., 2018).
(C) Recombinant protein screen (n R 3). SPARCL1 treatments lead to an upregulation of Lyz2. FGF7 control treatments lead to an up-
regulation of Sftpc (adj. p = 0.0371) and a downregulation of Ager and Lyz2 (adj. p = 0.0002). Relative mRNA levels for markers of alveolar
epithelial cell identity: Ager (AT1 and intermediate progenitor [IP] cells), Sftpc (AT2 and IP), Lyz2 (AT2), and Lamp3 (AT2). Data are
presented as mean ± SD. p values are from one-way ANOVA, Tukey’s multiple comparison testing.
(D) Lyz2 mRNA levels increase dose dependently in organoids treated with SPARCL1, but not SPARC (n = 5 dams, at least 12 organoids per
condition). Data are presented as mean ± SD.
(E) Quantification of alveolar cell proportions in recombinant protein-treated organoids (n = 3 dams, at least 6 organoids per condition).
SPARCL1 induces an increase in AT2 cell counts. FGF7 control treatments lead to an increase in IP cell counts (adj. p < 0.0001). Data are
presented as mean ± SD. p values are from one-way ANOVA, Tukey’s multiple comparison testing.

(legend continued on next page)
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ex vivo affects the stereotypical pattern of airway branch-

ing, consistent with a perfusion-independent crosstalk be-

tween the endothelium and epithelium (Lazarus et al.,

2011). During late gestation and coinciding with lung

sacculation, ECs begin to acquire organ-specific heteroge-

neity and start expressing distinct angiocrine factors (Go-

mez-Salinero et al., 2021).

Here, we address the molecular contribution of ECs and

pericytes to a key event in alveologenesis, namely, the dif-

ferentiation of distal airway progenitor cells into mature

alveolar epithelial cells. By investigating the expression

landscape of microvascular ECs in the mouse lung at late

gestation, we focus on 6 candidate secreted molecules. Us-

ing an organoid model of alveolar cell differentiation

(Gkatzis et al., 2021), we identify secreted protein acidic

and rich in cysteine-like protein 1 (SPARCL1) as a factor

that promotes AT2 cell differentiation via nuclear factor

kB (NF-kB) signaling. SPARCL1/NF-kB promotes the expres-

sion of a subset of immune-related transcripts that are

markers of mature AT2 cells, thereby completing their

differentiation.
RESULTS

SPARCL1 promotes AT2 cell differentiation in lung

organoids

During lung sacculation (E17-P4 in mouse), a first wave of

cell differentiation takes place in the distal airway. To iden-

tify extra-epithelial modulators of AT1 and AT2 cell differ-

entiation, we focused on ECs as a potential signal-produc-

ing cell population. ECs surround the terminal airway at

E16, and starting at saccular stages, they come in close

proximitywith the alveolar lining (Figure 1A).We analyzed

a multi-organ EC expression dataset of the fetal mouse

(Daniel et al., 2018) and listed genes that (1) are expressed

by lung ECs, (2) encode secreted proteins, and (3) are ex-

pressed at increasing levels between E15.5 and E18.5, corre-

lating with alveolar morphogenesis (Table S1). Shortlisted

candidates include endothelin 1 (Edn1), Hgf (both previ-

ously described as angiocrine factor genes), phospholipid

transfer protein (Pltp), transcobalamin 2 (Tcn2), Sparcl1, and

serglycin (Srgn) (Figure 1B), and their expression pattern

within the distal lung interstitiumwas verified by in situhy-

bridization (Figure S1A).

Next, to test whether the candidate proteins could affect

alveolar epithelial cell differentiation, we generated alve-

olar organoids from freshly isolated E14.5 distal lung

epithelial tips (Gkatzis et al., 2021) and screened recombi-
(F) Increased AT2 cell counts in SPARCL1-treated organoids. Maximum
organoids (4 mg/mL) immunostained for RAGE (red, AT1 cells) and S
(yellow arrowheads) in SPARCL1-treated organoids. Insets: details of
nant proteins at a dose of 1 mg/mL from days 6 to 8 of cul-

ture. During this phase, in the absence of growth factors,

10%–20% of distally located cells in the organoids acquire

differentiated AT1 or AT2 cell characteristics (Gkatzis et al.,

2021). To identify which proteins could alter the number of

differentiated cells in organoids, we first measured the

mRNA levels of the alveolar cell marker genes Ager, Sftpc,

Lyz2, and Lamp3 by quantitative reverse-transcription

PCR (RT-qPCR) (see supplemental information for details

about these markers). Next, to determine the proportion

of differentiated cells in the treated organoids, we per-

formed immunostaining for pro-surfactant protein C

(Pro-SFTPC, hereafter referred to as SFTPC) and advanced

glycosylation end product-specific receptor (RAGE), which

can distinguish between undifferentiated intermediate

progenitor (IP: SFTPC+/RAGE+) and differentiated cell types

(AT1: SFTPC�/RAGE+; AT2: SFTPC+/RAGE�) in the organo-

ids (Gkatzis et al., 2021). Control treatments using 10 ng/

mL FGF7 led to increased Sftpc and decreased Ager and

Lyz2 mRNA levels (Figure 1C). At the cellular level, FGF7-

treated organoids were composed mostly of IP cells at the

expense of AT1 cells, an effect that can be explained by

the growth-promoting activity of FGF7, or/and by its abil-

ity to induce an intermediate state in AT1 cells

(Figures 1E and S1B). These data, together with previous

studies (Gkatzis et al., 2021), indicate that Sftpc mRNA

levels correlate with the number of IP cells (about 50% in

control treatments) in these alveolar organoids, whereas

Ager and Lyz2 mRNA levels correlate with the number of

AT1 and AT2 cells (40% and 10%), respectively.

Upon HGF stimulation, the branching structures of orga-

noids appeared shorter and stumpier compared with con-

trol (Figure S1B). This morphology corresponded with an

increased proportion of IP cells, which however was not

statistically significant (Figures 1E and S1B). Similar to

FGF7, HGF treatments also led to a slight upregulation of

Sftpc and Lamp3, but no change in Ager or Lyz2 mRNA

levels, together reflecting the higher proportion of IP cells

(Figures 1C, 1E, and S1B). Taken together, FGF7 and HGF

treatments lead to the expansion of the IP cell population,

likely as a result of the growth-promoting activity of these

factors. The high number of cells in an intermediate state,

in turn, correlates with the poor elongation of epithelial

branches (Figure S1B). These data further indicate that

the fetal lung organoids offer a reliable readout of alveolar

cell differentiation.

Among the screened factors, we found that recombinant

SPARCL1 promoted AT2-like gene expression as shown by

the strong increase in Lyz2 mRNA levels, while no change
intensity projections of representative control and SPARCL1-treated
FTPC (white, AT2 cells). Increased numbers of SFTPC+/RAGE� cells
organoid branches. Scale bars: 50 mm, 10 mm (insets).
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Figure 2. SPARCL1 is a marker of the E18 microvasculature
(A) Sparcl1 expression peaks in lung capillary ECs at E18 and is maintained in pericytes postnatally. gCap, general capillary cell; aCap,
alveolar capillary cell/aerocyte; data from Negretti et al., 2021.
(B) Leiden clustering of single lung EC transcriptomes from 6 developmental stages (E12-P3). Left: pre-saccular EC transcriptomes (blue,
yellow, green) separate from postnatal ones (purple, brown) in the uniform manifold approximation and projection (UMAP) space. Right:
cluster 3 (green) is distinct from cluster 1 (blue, pre-saccular ECs) and clusters 2 and 4 (yellow and red, postnatal ECs); data from Negretti
et al., 2021.
(C) Cluster 3 ECs derive from the lungs at E18. Cluster identity of ECs quantified as proportion of all ECs profiled per developmental stage.
Each scRNA-seq replicate is quantified independently. A majority of ECs profiled at E12, E15, and E16 are represented in cluster 1. Clusters 2
and 4 are populated by postnatal ECs. The majority of E18 ECs are in cluster 3, and a minority in clusters 1 and 2. p values are from empirical
Bayes moderated ANOVA test.

(legend continued on next page)
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was observed in Sftpc or AgermRNA levels (Figure 1C). This

transcriptional effect was dose dependent and was not

observed when organoids were treated with equal concen-

trations of SPARC, a protein encoded by a Sparcl1 paralog

(Figures 1D and S1C).

Organoids treated with SPARCL1 exhibited a doubling of

the number of AT2 cells at the expense of IP cells, while the

proportion of AT1 cells remained comparable with controls

(Figure 1E). Confirming these results, high-dose SPARCL1

treatments (4 mg/mL) led to higher numbers of AT2 cells

in distal branches in lung organoids, as well as increased

mRNA levels for mature AT2 marker genes (Figures 1F,

S1D, and S1E). Most AT2 cells in these lung organoids

bud outward and maintain limited access with the lumen,

similar to observations in vivo (Li et al., 2018). They express

abundant SFTPC within cytoplasmic organelles that are

predominantly apical in localization. The basolateral

expression of RAGE is absent in these cells compared

with neighboring ones, indicating differentiation from

the intermediate cell state (Figures 1F and S1F). These cells

display features of functionally mature AT2 cells, including

lamellar bodies (Figure S1G), and uptake labeled phospha-

tidylcholine (Figure S1H) consistent with previous observa-

tions (Chiu et al., 2022).

To determine whether SPARCL1 treatments influence

alveolar cell proliferation in these lung organoids, we per-

formed EdU incorporation in the presence of recombinant

SPARCL1 for 24 and 48 h. We did not observe significant

differences in the number or identity of the EdU+ cells (Fig-

ure S2), suggesting that the increased number of AT2 cells is

not due to increased proliferation.

In summary, our recombinant protein screen revealed

that activation of growth factor signaling by FGF7 or HGF

can inhibit organoid branch outgrowth and cell differenti-

ation. Among the 6 secreted proteins tested, only SPARCL1

led to an increased number of mature AT2 cells, apparently

by promoting their differentiation from IP cells and

without affecting AT1 cell numbers.

SPARCL1 is amarker of the E18 lungmicrovasculature

SPARCL1, also known as Hevin, is a secreted glycoprotein

that associates with the extracellular matrix (ECM) (Sulli-

van and Sage, 2004) and plays multiple roles in cell adhe-

sion (Girard and Springer, 1996; Gongidi et al., 2004), syn-

aptogenesis (Gan and Südhof, 2020; Kucukdereli et al.,

2011; Singh et al., 2016), and EC quiescence (Naschberger

et al., 2016; Regensburger et al., 2021). SPARCL1 is ex-

pressed in various tissues including the mammalian lung
(D) High levels of Ly6e and Sparcl1 expression identify cluster 3 ECs.
(E) SPARCL1 (green) co-localizes with membranes of microvascular EC
Immunostaining of E18 (top row) and P0 (bottom row) lung cryosect
(left), 10 mm (middle and right).
(Klingler et al., 2020). To verify the cellular source of

SPARCL1 in the developing lung, we analyzed published

single-cell RNA sequencing (scRNA-seq) datasets from late

embryonic and early postnatal stages of lung development

(Negretti et al., 2021). At E16, Sparcl1 is broadly expressed

by capillary ECs, pericytes, and myofibroblasts. By E18,

Sparcl1 is highly expressed in cell types constituting the

lungmicrovasculature, i.e., capillary ECs and pericytes (Fig-

ure 2A). At postnatal stages, high Sparcl1 expression is

maintained in lung pericytes and is reduced in capillary

ECs as well as in myofibroblasts (Figure 2A). These observa-

tions suggest that lung ECs transiently increase Sparcl1

expression during late gestation, at a stage when AT2 cells

first differentiate.

We next asked whether Sparcl1-expressing cells consti-

tute a transcriptionally discrete EC subset. Leiden clus-

tering of single-EC transcriptomes differentiated prenatal

and postnatal EC groups and also highlighted a cluster pre-

dominantly composed of E18 ECs (cluster 3, Figure 2B).

Analysis of the proportion of cluster identities revealed

that about 60% of the profiled E18 ECs belong to cluster

3, while other stages were almost absent (Figure 2C).

These data indicate that a population of E18 ECs is tran-

scriptionally distinct from E16 and postnatal lung ECs.

The comparison between the transcriptomes of clusters 1

and 3 revealed Ly6e and Sparcl1 as the highest upregulated

genes in cluster 3 (Figure 2D), suggesting that Sparcl1 upre-

gulation marks the emergence of this transitional EC sub-

set. Cluster 3 ECs also express Gpihbp1 (Figures 2D and

S3A), a marker of general capillary (gCap) cells (Gillich

et al., 2020). Among the differentially expressed genes,

Sparcl1 was the highest expressed secreted protein-encod-

ing gene, suggesting that SPARCL1 secretion may define a

signaling function of cluster 3 ECs.

Confirming these findings, immunostaining co-local-

ized SPARCL1 with membranes of both ECs (EMCN+)

and pericytes (CSPG4+, also known as NG2) in the distal

lung at saccular stages (Figure 2E), including in ECs facing

the alveolar surface, consistent with the aerocyte (alveolar

capillary) cell population (Gillich et al., 2020). Alpha

smooth muscle actin+ (ACTA2+) saccular myofibroblasts

were also observed in the distal lung and accounted for

a minority of SPARCL1-expressing cells (Figures S3C and

S3D). Altogether, these data suggest that SPARCL1 is a

marker of the late embryonic lung microvasculature,

that its expression is developmentally regulated, and

that it marks a transitory transcriptional state in lung

capillary ECs.
Top 15 differentially expressed genes between EC clusters 1 and 3.
s (EMCN, magenta) and pericytes (CSPG4, magenta) in distal lungs.
ions. Left: overview of ECs in distal lung regions. Scale bars: 50 mm
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SPARCL1 activates NF-kB in alveolar epithelial cells

To identify the molecular mechanisms leading to AT2 cell

differentiation, we profiled bulk transcriptomes of organo-

ids treated with recombinant mouse SPARCL1 (2 mg/mL)

for 24 h (Figure 3A). In this experiment, recombinant

SPARCL1 was biologically active, as measured by the upre-

gulation of Lyz1, Lyz2, and Lamp3, but not Sftpc or Ager, af-

ter 48 h (Figure S4A). The transcriptomic comparison be-

tween SPARCL1 and control treatments did not reveal

widespread differences in gene expression, as the

groups did not clearly segregate by principal component

analysis (Figure S4B). However, a small set of genes were

significantly upregulated in SPARCL1-treated organoids,

including markers of functionally mature AT2 cells

(Chil1, Lcn2, Scd1, and Lyz1) (Figure 3B).

Functional enrichment by gene set enrichment analysis

(Subramanian et al., 2005) showed a significant correlation

with TNFA signaling via NF-kB, inflammatory response,

and epithelial-mesenchymal transition (Figure 3C), sug-

gesting that the cellular response to SPARCL1 is mediated

by TNFA/NF-kB signaling. To determine the responsiveness

of knownNF-kB target genes to SPARCL1, wemeasured the

expression level of Nfkbia, Nfkbib, and Nfkbiz, all NF-kB

transcriptional targets, and all encoding IkB-family nega-

tive feedback regulators of NF-kB activity (Oeckinghaus

and Ghosh, 2009). These genes are all widely expressed in

the mouse lung between E16 and P0 (Figure S4C, Negretti

et al., 2021). Nfkbia and Nfkbiz expression levels increase

progressively in the lung at late gestation, whereas Nfkbib

does not (Figure S4D, Beauchemin et al., 2016). Congruent
Figure 3. SPARCL1 triggers AT2 cell differentiation via TLR4 and
(A) Workflow schematic for RNA-seq of organoids. Control and SPARCL1
condition) were collected after 24 h (RNA-seq) and 48 h (RT-qPCR to
(B) Upregulated genes in SPARCL1-treated organoids compared with
p < 0.2).
(C) The SPARCL1-induced gene signature is enriched in NF-kB pathw
high normalized enrichment score (NES): TNFA signaling via NF-kB (
chymal transition (NES: 1.92). GSEA, gene set enrichment analysis; F
(D) mRNA levels for Nfkbia and Nfkbiz, but not for Nfkbib, are incre
organoids per condition). Data are presented as mean ± SD.
(E) Bacterial LPS mimics SPARCL1 transcriptional effects in lung organ
Lamp3, as well as for Nfkbia, are increased by LPS treatment (n = 4 dam
remained unchanged. Data are presented as mean ± SD.
(F) TLR4+ alveolar epithelial cells in lung organoids on culture days 6
(G) Pharmacological inhibition of TLR4 blocks SPARCL1 transcriptiona
242 blunted the SPARCL1-induced upregulation of Lyz1, Lyz2, and L
condition). Sftpc and Ager mRNA levels remained unchanged. Data ar
(H) Pharmacological inhibition of RELA nuclear translocation blocks
profoundly reduced Lyz1, Lyz2, and Lamp3 mRNA levels (n = 3 dams
remained unchanged. Nfkbia expression did not change significantly
(I) Pharmacological inhibition of IKKb blocks SPARCL1 transcriptiona
induced upregulation of Lyz1, Lyz2, and Lamp3, as well as of Nfkbia (n =
with the inactive and structurally similar compound BI-5026. Data ar
with these observations, we observed an increase in Nfkbia

andNfkbiz expression levels upon SPARCL1 treatment (Fig-

ure 3D), whereas Nfkbib was not regulated in organoids,

suggesting that SPARCL1 activates NF-kB-mediated inflam-

matory signaling.

To test whether activation of NF-kB signaling was suffi-

cient to stimulate the transcription of AT2 genes in alveolar

organoids, we used bacterial lipopolysaccharide (LPS) at 50

and 500 ng/mL. LPS treatments did not lead to the upregu-

lation of the alveolar epithelial marker genes that are also

expressed in IP cells, such as Sftpc and Ager. However, the

expression levels of Lyz1, Lyz2, and Lamp3 were strongly

increased, as well as those of a transcriptional target of

NF-kB, Nfkbia (Figure 3E). These data suggest that NF-kB

activation induces a specific transcriptional response in

alveolar epithelial cells, similar to that observed in

SPARCL1-treated organoids.

The main receptor for extracellular LPS is a protein com-

plex formed by cluster of differentiation 14 (CD14), Toll-

like receptor 4 (TLR4), and lymphocyte antigen 96 (LY96,

also known as MD-2). We observed TLR4 expression on

the plasmamembrane of themajority of alveolar cells in or-

ganoids at days 6 and 8 of culture (Figure 3F), suggesting

that TLR4may act as a SPARCL1 receptor in alveolar epithe-

lial cells, possibly similar to its role in hepatocytes (Liu

et al., 2021). To test whether SPARCL1 signals are trans-

duced through the TLR4-dependent LPS-sensing pathway,

we stimulated organoids using SPARCL1 and simulta-

neously pharmacologically inhibited TLR4 receptor activa-

tion using TAK-242. TAK-242 is a competitive inhibitor of
NF-kB activation in lung organoids
-treated (2 mg/mL) organoids (n = 3 dams, at least 16 organoids per
validate recombinant protein activity).
control (24 h). Heatmap showing SPARCL1-regulated genes (adj.

ay and inflammatory signaling genes. GSEA hallmark collections by
NES: 1.94), inflammatory response (NES: 1.94), epithelial mesen-
WER, family-wise error rate.
ased in SPARCL1-treated organoids (48 h, n = 4 dams, at least 16

oids. mRNA levels for the mature AT2 marker genes Lyz1, Lyz2, and
s, at least 12 organoids per condition). Sftpc and Ager mRNA levels

and 8, in areas of active cell differentiation. Scale bars: 50 mm.
l effects in lung organoids. 1 mM TAK-242 reduced and 10 mM TAK-
amp3, as well as of Nfkbia (n = 3 dams, at least 12 organoids per
e presented as mean ± SD.
SPARCL1 transcriptional effects in lung organoids. 10 mM JSH-23
, at least 11 organoids per condition). Sftpc and Ager mRNA levels
upon JSH-23 treatment. Data are presented as mean ± SD.
l effects in lung organoids. 10 mM BI-605906 blunted the SPARCL1-
2 dams, at least 12 organoids per condition). Controls were treated
e presented as mean ± SD.
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TLR4 downstream signaling and disrupts the interactions

between the intracellular domain of TLR4 and adaptermol-

ecules (Ii et al., 2006). Similar to previous experiments,

SPARCL1 treatments led to increased levels of Lyz1, Lyz2,

and Lamp3mRNAs. This effect was reduced by TLR4 inhibi-

tion (1 mM), and 10 mM TAK-242 abolished SPARCL1 ef-

fects. 1 and 10 mM TAK-242 also prevented the increase in

Nfkbia mRNA levels induced by SPARCL1 (Figure 3G).

To address the role of NF-kB as a transcriptional mediator

of the response to extracellular SPARCL1, we treated orga-

noids with SPARCL1 and simultaneously inhibited the nu-

clear translocation of the NF-kB transcription factor sub-

unit RELA (also known as P65) by using the small

molecule JSH-23 (Shin et al., 2004).Whereas treatments us-

ing 1 mMJSH-23 onlymildly reduced the SPARCL1 effect on

Lyz1, Lyz2, and Lamp3mRNA levels, a 10 mMdose downre-

gulated these genes to 50% of control levels (Figure 3H).

However, JSH-23 treatments failed to normalize Nfkbia

mRNA levels, suggesting a complex regulation of this

pathway in epithelial cells. Altogether, these results suggest

that transcription of a subset of mature AT2 cell marker

genes is NF-kB dependent. This interpretation was further

supported by experiments interfering with NF-kB activa-

tion using BI-605906, an IKKb inhibitor, which led to

similar results to TAK-242 and JSH-23 (Figure 3I).

Thus, we propose that SPARCL1 signal transduction in

alveolar epithelial cells depends on TLR4 receptor activa-

tion and RELA nuclear translocation and transcriptional

activity.

Expression of SPARCL1/NF-kB targets marks mature

AT2 cells, and NF-kB activation is sufficient for their

differentiation in vitro

To determine whether lung epithelial cells transcribe

SPARCL1/NF-kB target genes at saccular stages, we interro-

gated available scRNA-seq data from the developingmouse
Figure 4. NF-kB target gene transcription correlates with AT2 ce
ferentiation in organoids
(A) Transcriptional diversity of alveolar epithelial cells in developing
from Negretti et al., 2021. Red: AT2 cells; green: AT1 cells.
(B) SPARCL1/NF-kB target gene expression maps to AT2 cells beginn
genes in alveolar epithelial cells profiled at E16-P7.
(C) Stage-resolved comparison of the mean expression level for SPAR
(D) TLR4 (green) is localized on the plasma membrane of distal airwa
membrane of a subset of AT2 cells (asterisks; LAMP3, yellow). TLR4+/
Immunostaining of E17 and E18 lung cryosections. Left: low-magnifica
100 mm (left), 10 mm (right).
(E) NF-kB signaling activation in organoids is sufficient for AT2 cell di
of AT2 cells (blue bars) and decreased the number of IP cells (yellow ba
(n = 2 dams, at least 6 organoids per condition). Data are presented
comparison testing.
(F) Proposed signaling model. SPARCL1 is secreted by lung endothelial
differentiation (blue) via TLR4 and NF-kB. Cells marked by dashed ou
lung (Negretti et al., 2021; Figure 4A). E16 alveolar epithe-

lial cells only weakly express SPARCL1-responsive genes

(Figure 4B, Table S2). Starting from E18, however, an

increasing number of epithelial cells express this gene

signature, culminating at P7 (Figures 4B and S5D). The

identified cells belong to the AT2 cell cluster, and the

mean expression level of the query signature of SPARCL/

NF-kB targets increased in AT2 cells starting at E18,

compared with low expression in AT1 cells at correspond-

ing developmental stages (Figure 4C). These data suggest

that AT2 cells express NF-kB target genes beginning at

E18, correlating with high levels of vascular SPARCL1

expression. The expression of SPARCL1/NF-kB targets

is maintained in AT2 cells from 15-week-old mice

(Figures S5G–S5J; Hassan and Chen, 2024), suggesting

that SPARCL1 might enhance AT2 cell maturation. At all

stages examined, AT1 cells lowly express SPARCL1/NF-kB

target genes, indicating that NF-kB activation is specific

to AT2 cells.

To determine whether NF-kB pathway components are

expressed in the lung epithelium, we performed immuno-

staining at stages when early saccular morphogenesis and

alveolar cell differentiation take place. At E17 and E18,

TLR4 is broadly expressed in the lung and enriched in

epithelial cells. In particular, TLR4 expression marks

the membrane of numerous differentiating AT2 cells

(LAMP3+), although not exclusively. We observed basolat-

eral expression of TLR4, in notable proximity to

SPARCL1+ cellular membranes (Figure 4D), confirming

the physical proximity of differentiating AT2 cells with

the SPARCL1 expression domain, and indicate that AT2

cells have the ability to transduce NF-kB-activating extra-

cellular signals through TLR4.

JSH-23 treatments led to a profound reduction of

Lyz1, Lyz2, and Lamp3 mRNA levels compared with con-

trols (Figure 3H), suggesting that NF-kB inhibition might
ll maturity, and NF-kB activation is sufficient for AT2 cell dif-

mouse lungs (E12-P14). scRNA-seq data and cell type annotation

ing at E18. Mean expression levels for the SPARCL1/NF-kB target

CL1/NF-kB target genes between AT1 and AT2 cells.
y epithelial cells at early saccular stages and marks the basolateral
LAMP3+ cells are in contact with SPARCL1+ membranes (magenta).
tion overviews. Right: single channel and merged views. Scale bars:

fferentiation. LPS stimulation of organoids increased the proportion
rs). JSH-23 treatment alone did not prevent AT2 cell differentiation
as mean ± SD. p values are from one-way ANOVA, Tukey’s multiple

cells (ECs, purple) and pericytes (PCs, purple) and promotes AT2 cell
tlines represent FGF-expressing fibroblasts.
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dominantly block AT2 cell differentiation in organoids. To

determine whether NF-kB signaling via RELA is required for

AT2 cell differentiation, we treated organoids using JSH-23

at a time point (culture day 6) when only about 2%–3% of

the cells in culture are SFTPC+/RAGE� and therefore identi-

fied as AT2 cells (Gkatzis et al., 2021). JSH-23 treatment

alone did not block AT2 cell differentiation (Figure 4E). In

contrast, LPS treatment of lung organoids significantly

increased the proportion of AT2 cells at the expense of IP

cells (Figure 4E), altogether suggesting that NF-kB activa-

tion is sufficient but not necessary for AT2 cell differentia-

tion in vitro.

In summary, we identified SPARCL1 as a lung microvas-

cular-secreted factor promoting AT2 cell differentiation in

organoids. Transcriptomic and pharmacological evidence

supports a role for SPARCL1-TLR4-NF-kB in the alveolar

epithelium at late gestation. NF-kB-dependent transcrip-

tion in alveolar cells, in turn, promotes the differentiation

of AT2 cells and the acquisition of their immune physiolog-

ical function.
DISCUSSION

A critical and unresolved question in the control of alveolar

cell differentiation concerns the identity of the key signals

as well as the underlying cellular and molecular mecha-

nisms (including the crosstalk with niche cells) (Hogan,

2018). It remains unclear whether the process of alveolar

cell differentiation depends on extrinsic signals besides

FGFs, and organoids can help tease out intercellular

communication in the lung (Gkatzis et al., 2018). Here,

we provide evidence that signals from interstitial cells,

and in particular ECs and pericytes, promote AT2 cell differ-

entiation from the intermediate cell state.

In our recombinant protein screen, FGF7 treatments pro-

moted an undifferentiated/intermediate cell state in orga-

noids generated from E14.5 distal lung progenitor cells.

In contrast, FGF7 induces AT1/AT2 cell differentiation of

E16.5 progenitors (Brownfield et al., 2022). This discrep-

ancy may arise from the different stage of tissue isolation

(possibly reflecting a differential commitment status (Frank

et al., 2019)), the different dose of FGF7 (10 and 50 ng/mL),

and/or differential cell-non-autonomous effects from the

ECM used.

Next, we identify SPARCL1 as an EC and pericyte-

secreted factor that activates NF-kB in alveolar epithelial

cells, in a TLR4 and RELA-dependent manner. SPARCL1-

treated alveolar organoids increased the expression level

of genes including Lcn2, Lyz1, Scd1, and Fabp5, all of

which are markers of mature AT2 cells (Treutlein et al.,

2014). Longer treatments led to upregulation of Lyz2

and to a minor extent Lamp3, both also expressed in
10 Stem Cell Reports j Vol. 20 j 102451 j April 8, 2025
AT2 cells. These genes are involved in a set of immune

functions that AT2 cells acquire before birth and maintain

in the lung, including the production of surfactant and

tubular myelin, and antimicrobial defense (Whitsett and

Alenghat, 2015).

SPARCL1 induced AT2 cell differentiation in organoids

without simultaneous FGF stimulation, suggesting that

the SPARCL1 effect may be independent from an FGFR2-

mediated fate selection mechanism (Brownfield et al.,

2022). Together with our finding that NF-kB activation is

sufficient but not necessary for AT2 cell differentiation in

organoids, these observations support the co-existence of

multiple pathways independently controlling alveolar

cell differentiation.

In lung epithelial organoids, the early (24 h) transcrip-

tional response to SPARCL1 was related to NF-kB signaling.

These findings coincide with a described function of

SPARCL1 as an extracellular NF-kB activator in the adult

mouse liver (Liu et al., 2021) and lung (Zhao et al., 2024).

SPARCL1 gain of function promoted inflammation in

both organs. In the liver, SPARCL1 stimulated the expres-

sion of the cytokine genes Ccl2, Cxcl1, Cxcl2, and Cxcl5

in hepatocytes, and, similarly, we identified these genes

as SPARCL1 targets in our lung organoid model. Next,

SPARCL1 co-immunoprecipitated with TLR4, suggesting

that together they form a signal recognition complex at

the plasma membrane (Liu et al., 2021). Consistent with

this observation, we found that the epithelial response to

SPARCL1 is TLR4 dependent. In adult mouse and human

lungs, SPARCL1 is constitutively expressed in ECs and peri-

cytes (TabulaMuris Consortium et al., 2018; The Tabula Sa-

piens Consortium, 2022), and Sparcl1mRNA levels increase

in ECs following bleomycin administration inmice (Strunz

et al., 2020). Sparcl1 expression has been shown to increase

in gCap cells upon influenza infection. SPARCL1 drives

TLR4-mediatedNF-kB activation inmacrophages, inducing

a phenotypic switch into the pro-inflammatory M1 type

(Zhao et al., 2024). Beyond these data, the functional con-

sequences of SPARCL1 activity on the lung alveolar epithe-

lium had not been investigated.

Besides its major functions in immune cells, the NF-kB

pathway has been shown to be activated in epithelial cells

lining organ barriers with the external environment. In

epithelial tissues, NF-kB has a conserved role in maintain-

ing homeostasis and controlling inflammation (Pasparakis,

2012). In the epidermis, genetic data suggest a role for NF-

kB in controlling epidermal cell proliferation (Seitz et al.,

1998, 2000) and the propensity to differentiate (Kaufman

and Fuchs, 2000; Hu et al., 2001; Pasparakis, 2012). In the

gut epithelium, NF-kB activity is observed in Paneth cells,

and IkBaDN transgenic mice—in which NF-kB activity is

dominantly suppressed (Schmidt-Ullrich et al., 2001)—

display a reduction in LYZ2+ Paneth cell numbers and an



increase in goblet cell numbers (Brischetto et al., 2021),

supporting a role for NF-kB in intestinal epithelial cell

fate establishment. However, lung phenotypes in IkBaDN

mice have not been reported.

In the human lung, alveolar pneumocytes express func-

tional TLR2 and TLR4 (Armstrong et al., 2004), two recep-

tors that can activate NF-kB signaling. In mouse, intra-am-

niotic administration of LPS at E15 led to increased AT2 cell

numbers at E18 (Prince et al., 2004), an effect that was not

observed in Tlr4Lps-d mice, which display an attenuated

response to LPS (Vogel et al., 1994). Altered numbers of

AT2 cells have been identified in genetic manipulations

of NF-kB signaling including the constitutive overexpres-

sion of RELA (Londhe et al., 2008) and the conditional dele-

tion of the NF-kB-activating kinase IKKb in lung epithelial

cells (Londhe et al., 2011). These reports are aligned with

our findings that NF-kB plays a direct role in AT2 cell

differentiation.

We observed Sparcl1 expression in ECs, pericytes, and

myofibroblasts in the lung alveolar compartment of fetal

mice. Sparcl1 mRNA levels transiently increase in ECs be-

tween E16 and E18, consistent with reports of Sparcl1

expression in E18.5 gCap ECs and its downregulation at

postnatal stages (Zanini et al., 2023). Myofibroblasts are

central players during secondary septation in the postnatal

lung, but were found in low proportions in the distal region

of E16-E18 lungs, supporting a primary role for microvas-

cular ECs, pericytes, or both in alveolar cell differentiation,

at least in part by secreting SPARCL1.

AT2 cell differentiation can be incomplete in the lung of

very preterm neonates (Whitsett et al., 2015). Conditions

of intra-amniotic infection can correlate with fetal lung

damage and arrested development, as well as with

increased lung maturity (Kramer et al., 2009). Similarly,

the effects of manipulating NF-kB signaling in the devel-

oping lung vary (Alvira, 2014). In rhesus macaques, intra-

amniotic administration of LPS at the end of the canalic-

ular stage promoted fetal lung maturation and increased

the number of AT2 cells. Transcriptomic analyses showed

a negative regulation of cell proliferation and growth and

an increase in genes associated with blood vessel develop-

ment but also lamellar body formation (Schmidt et al.,

2020). Combined with these data, our findings suggest

that growth and specification of the mammalian lung

vascular network is linked with AT2 cell differentiation

and may be promoted by inflammatory stimuli.

In conclusion, by identifying SPARCL1 as an EC and

pericyte-derived NF-kB activator promoting AT2 cell dif-

ferentiation, as well as an NF-kB-dependent transcrip-

tional program in AT2 cells, our study advances the un-

derstanding of the roles of NF-kB in lung development,

with significant implications for both neonatal and

chronic lung diseases.
METHODS

Fetal lung organoid cultures

All animal care and experimental procedures in this study

were approved by the local animal ethics committee at

the Regierungspräsidium Darmstadt, Hessen, Germany.

Isolation and culture of freshly isolated fetal distal lung

epithelial tissue were carried out as described in the study

by Gkatzis et al. (2021). Replicates (n) correspond to tissue

isolations from different pregnant dams.
Recombinant protein screen and chemical treatments

Purchased recombinant proteins (human EDN1: Reliatech

200-017S, mouse HGF: BioLegend 771604, human PLTP:

Sino Biological 11171-H08H, mouse SPARCL1: Sino

Biological 50544-M08H, human SRGN: Sino Biological

13648-H08H, mouse TCN2: Sino Biological 50693-M08H,

andhuman FGF7: PeproTech 100-19) were diluted in sterile

PBS containing 0.1% BSA (Sigma A1595). Recombinant

proteins were used for screening at a concentration of

1 mg/mL in organoid medium without growth factors.

Control conditions refer to treatments using isovolumes

of 0.1% BSA in PBS. TAK-242/Resatorvid (Hycultec HY-

11109), JSH-23 (Hycultec HY-13982), BI-605906, and BI-

5026 (https://www.opnme.com/) were diluted in DMSO

(Sigma D2650). LPS (Sigma L2630) was diluted in double

distilled water.
Whole-mount organoid immunostaining

Organoid immunostaining was performed according to

Gkatzis et al. (2021). At least 6 organoids from 3 wells per

conditionwere quantified.Confocal images of distal regions

in immunostained and live organoids were collected on a

Zeiss CellDiscoverer 7 microscope, using a 50x Plan-

APOCHROMAT 1.23NAobjective and 0.53magnification.
Quantification of cell composition in organoids

Alveolar cell type composition was quantified according to

methods described in Gkatzis et al. (2021). Cell counts are

included in Data S3.
Quantification and statistical analysis

RT-qPCR data were normalized to values from control

organoids (0.1% BSA). All results are expressed as mean

values ± SD. p values are from one-way ANOVA, Tukey’s

multiple comparison testing.
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Materials availability

This study did not generate new unique reagents.

Data and code availability

The accession number for the RNA-seq data reported in this paper

is GEO: GSE279892. RNA-seq data from sorted KDR+ cells (Daniel

et al., 2018) were kindly made available by the Cleaver lab.

scRNA-seq data published by the Sucre lab (Negretti et al., 2021)

were obtained from https://lungcells.app.vumc.org/ and from

GEO: GSE165063. scRNA-seq data published by the Chen lab (Has-

san and Chen, 2024) were obtained from GEO: GSE158192.
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