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1 | INTRODUCTION

| Toyohiro Hirai® |

Masatoshi Hagiwara* | Yutaka Suzuki® |

Abstract

Alveologenesis is a developmental step involving the expansion of the lung surface area
which is essential for gas exchange. The gas exchange process is mediated by alveolar type
I (AT1) cells, which are known to be differentiated from alveolar type Il (AT2) or bipotent
cells. Due to the difficulty of isolating and culturing primary AT1 cells, the mechanism
underlying their differentiation is not completely understood. We performed single-cell
RNA sequencing (scRNA-seq) of fibroblast-dependent alveolar organoids (FD-AOs), includ-
ing human induced pluripotent stem cell (hiPSC)-derived epithelial cells and fetal lung fibro-
blasts, and identified hiPSC-derived AT1 (iAT1) cells. A comparison of the FD-AOs and
fibroblast-free alveolar organoids showed that iAT1 cells were mainly present in the
FD-AOs. Importantly, the transcriptomes of iAT1 cells were remarkably similar to those of
primary AT1 cells. Additionally, XAV-939, a tankyrase inhibitor, increased iAT1 cells in pas-
saged FD-AOs, suggesting that these cells were differentiated from hiPSC-derived AT2
(iAT2) cells through the inhibition of canonical Wnt signaling. Consequently, our scRNA-
seq data allowed us to define iAT1 cells and identify FD-AOs as a useful model for investi-

gating the mechanism underlying human AT1 cell differentiation from AT2 cells in vitro.

KEYWORDS

alveolar epithelial cells, lung, pluripotent stem cells, single-cell analysis, Wnt signaling pathway

pulmonary fibrosis.® Thus, it is of paramount importance to understand
the pathological and physiological roles of human AT1 cells.

AT1 cells have been previously reported to be differentiated from

Alveolar type | (AT1) cells are essential for gas exchange in alveoli and
are differentiated from alveolar type Il (AT2) cells which produce
surfactant proteins.l’2 Recent studies have demonstrated that aberrant
differentiation of AT2 cells into AT1 or conductive airway lineage
was associated with

marker-positive cells (intermediate cells)

Shuhei Kanagaki and Satoshi lkeo are co-first authors.

AT2 cells in two-dimensional (2D) cultures.* Several AT1 cell markers,
including advanced glycosylation end-product specific receptor
(AGER), podoplanin (PDPN), caveolin-1 (CAV1), and aquaporin
(AQP3),
(AO) culture was subsequently reported, demonstrating the differenti-

have been identified.%*? A mouse alveolar organoid
ation of primary AT2 cells into AT1 cells.* In a more recent study, the

Wht-responsible subpopulation of AT2 cells was reported to have the
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potential to differentiate into AT1 cells in human AOs.> Given that
many researchers face great difficulties in obtaining these primary
cells, it is necessary to develop a stable human AO model including
human induced pluripotent stem cell (hiPSC)-derived AT1 (iAT1) and
AT2 (iAT2) cells. Therefore, it is crucial to define iAT1 cells and evalu-
ate the potential of iAT2 cells to differentiate into iAT1 cells. Methods
of generating and culturing iAT2 cells have been previously
reported.® Although Jacob et al described a seminal protocol for the
differentiation of iAT2 cells in three-dimensional (3D) cultures without
the need for mesenchymal feeder cells, their alveolar spheroids did
not include AT1 cells.® In contrast, we reported a method of generat-
ing and expanding iAT2 cells in 3D coculture with fetal lung fibro-
blasts as well as generating iAT2 cells without feeder fibroblasts.”®
Interestingly, we noted that iAT2 cells cultured with fibroblasts in
AOs seemed to include surfactant protein C (SFTPC)~ other lineage
cells.” However, a detailed analysis of these cells was not performed
in previous studies. Here, iAT1 cells were defined as the cell popula-
tion expressing AGER, CAV1, and/or PDPN with low or no expression
of SFTPC (marker-defined iAT1 cells). We identified iAT1 cell cluster
highly similar to iAT1 cells in hiPSC-derived AOs using single-cell RNA
sequencing (scRNA-seq). Additionally, we demonstrated that the
transcriptomic profiles of iAT1 cell cluster were similar to those of pri-
mary AT1 cells and that hiPSC-derived AOs were useful for studying
the differentiation mechanism of AT2 cells into AT1 cells.

2 | MATERIAL AND METHODS

2.1 | hiPSC and fibroblast culture

B2-3 SFTPC-GFP reporter hiPSCs® were maintained without feeder
cells in Essential 8 medium (Thermo Fisher Scientific) under 5% CO»
at 37°C, as previously described.” Human fetal lung fibroblasts (HFLF)
(17.5 weeks of gestation; DV Biologics; PP002-F-1349, lot
121109VA) were cultured under 5% CO, at 37°C in Dulbecco's Modi-
fied Eagle's Medium (DMEM; Nacalai Tesque) supplemented with
10% fetal bovine serum and 50 U/mL penicillin-streptomycin, and
used to generate AOs at passage 9 or 10. Cells were routinely tested
for mycoplasma contamination and found to be negative. All human
samples were used under the ethical approval of the Institutional
Review Board and Ethics Committee of Kyoto University Graduate
School and Faculty of Medicine.

2.2 | Differentiation of hiPSCs

B2-3 cells were stepwise differentiated into NKX2-1" lung progenitor
cells, as previously described.” A total of 1.5 x 10° B2-3 cells were
seeded onto a Geltrex-coated (Thermo Fisher Scientific) 6-well plate
with induction medium containing 100 ng/mL Activin A (100-14;
PeproTech or 47154000; Oriental Yeast Co. Ltd.), 1 pM CHIR99021
(Axon 1386; Axon Medchem), 2% B27 supplement, and 50 U/mL
penicillin-streptomycin in RPMI medium on day 0. Y-27632 (10 uM;

Significance statement

While the differentiation mechanism of alveolar type Il
(AT2) cells into alveolar type | (AT1) cells is important for
understanding the recovery from lung injury, it remains to
be elucidated. This study identified human iPS cell-derived
AT1 (iAT1) cells using single-cell RNA sequencing. Further-
more, the iAT1 cells in fibroblast-dependent alveolar
organoids (FD-AOs) resembled primary AT1 cells. Chemical
inhibition of canonical Wnt signaling increased iAT1 cells in
FD-AOs, demonstrating a robust in vitro model for the dif-
ferentiation of AT2 cells into AT1 cells.

Y5301; LC Laboratories) was supplemented to the induction medium
on day 0. The medium was changed every 2 days. Sodium butyrate
(193-01522; Wako) was supplemented to the induction medium at a
concentration of 0.25 mM on day 1 and 0.125 mM on days 2 and
4. On day 6, the medium was switched to the basal medium con-
taining Glutamax (Thermo Fisher Scientific), 2% B27 supplement,
0.05 mg/mL L-ascorbic acid (Wako), 0.4 mM monothioglycerol
(Wako), and 50 U/mL penicillin-streptomycin in DMEM/F12 (Thermo
Fisher Scientific) supplemented with 100 ng/mL Noggin (HZ-1118;
Proteintech), and 10 uM SB431542 (198-16543; Wako). From day 10,
cells were cultured in basal medium supplemented with 20 ng/mL
BMP4 (HZ-1045; Proteintech), 0.05 pM all-trans retinoic acid (R2625;
Sigma-Aldrich), and 3 pM CHIR99021 until day 14. From day 14, cells
were cultured in basal medium supplemented with 3 puM CHIR99021,
10 ng/mL FGF10 (100-26; PeproTech), 10 ng/mL keratinocyte growth
factor (KGF; 100-19; PeproTech), and 20 yM DAPT (043-33581;
Wako) until day 21. NKX2-1" cells were isolated using mouse anti-
human CPM (014-27501; Wako) on day 21, as previously described.”

For antibody information and dilutions, see Table S9.

2.3 | Induction and passages of iAT2 cells in
fibroblast-dependent (FD)-AOs

A total of 1 x 10* CPMMe" cells and 5 x 10° HFLF were suspended
in 100 uL of DCIK medium consisting of 50 nM dexamethasone
(D4902; Sigma-Aldrich), 100 pM 8-Br-cAMP (B007; Biolog), 100 uM
3-isobutyl-1-methylxanthine (095-03413; Wako), 10 ng/mL KGF, 1%
B-27 supplement (Thermo Fisher Scientific), 0.25% bovine serum
albumin (BSA; Thermo Fisher Scientific) 15 mM HEPES (Sigma-
Aldrich), 0.8 mM calcium chloride (Wako), 0.1% ITS premix (Corning),
and 50 U/mL penicillin-streptomycin in Ham's F12 (Wako) sup-
plemented with 10 pM Y-27632 and mixed with an equal volume of
growth factor reduced Matrigel (Corning), and placed on 12-well cell
culture inserts. DCIK medium in the lower chamber of the cell culture
inserts was changed every other day until day 14. On day 14 + 1, cells
were passaged, as previously described.” AOs were dissociated with
0.1% trypsin/EDTA and stained with allophycocyanin (APC)-
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conjugated mouse anti-human EpCAM antibody (130-113-260; Mil-
tenyi Biotec) at 4°C for 20 minutes. Next, cells were washed twice,
and EpCAM*SFTPC-GFP" cells were isolated by fluorescence-acti-
vated cell sorting (FACS) and analyzed or passaged. Furthermore,
FACS-isolated hiPSC-derived EpCAM* cells were subjected to
scRNA-seq analysis.

2.4 | Fibroblast-free (FF) induction of iAT2 cells

The FF medium was prepared by supplementing CHIR99021 (3 pM),
SB431542 (10 pM), and Y27632 (10 pM) to DCIK medium. A total of
2.0 x 10° isolated CPMMeh progenitor cells were suspended in 250 pL of
FF medium and seeded onto a nonadherent surface 96-well plate
(SQ 200100 NA 96; Kuraray) for 3D culture to form cell aggregates. The
cell aggregates were centrifuged after 2-day incubation at 37°C under
5% CO,, and the cell pellets were gently resuspended in 20 pL of growth
factor reduced Matrigel and then incubated onto a 12-well cell culture
plate (Corning). After a 20 minutes incubation, 1 mL of FF medium was
added to the Matrigel-embedded cell aggregates and replaced every
other day until day 7. For the scRNA-seq analysis, fibroblast-free alveolar
organoids (FF-AOs) were dissociated and stained with APC-conjugated
mouse anti-human EpCAM antibody, and then FACS-isolated hiPSC-
derived EpCAM"* cells were subjected to scRNA-seq.

2.5 | Drug treatment of fibroblast-dependent
alveolar organoids

Fibroblast-dependent alveolar organoids (FD-AOs) passaged two
to five times every 2 weeks (P2-P5) were treated with 0.1%
dimethyl sulfoxide (DMSO) or 10 uM XAV-939 from day 2 to 14,
and the medium was replaced every 2 days. For the scRNA-seq
analysis on day 14, FD-AOs were dissociated and stained with
APC-conjugated mouse anti-human EpCAM antibody, and then
FACS-isolated hiPSC-derived EpCAM* cells were subjected to
scRNA-seq. For flow cytometry, FD-AOs were dissociated and
stained with phycoerythrin-conjugated mouse anti-human EpCAM
(1:10, 347198; BD Bioscience) and APC-conjugated rat anti-
human PDPN (1:100, 17-9381-42; eBioscience) or APC-
conjugated rat isotype control (1:10, 17-4321-41; eBioscience)
antibodies in FACS buffer, including 1% BSA and 10 pM Y-27632
in phosphate buffered saline (PBS; 14249-24; Nacalai Tesque), at
4°C for 30 minutes. The proportions of each fraction were mea-
sured using a FACS Aria lll (BD Biosciences) and evaluated using
the FlowJo software program (version 10.6.1; BD Bioscience).
Fluorescence microscopic images were obtained using a BZ-X710
microscope (Keyence). The thickness of the AO was measured by
taking three measurements per an AO using the Hybrid Cell
Count/BZ-H3 (Keyence), and the average of these three measure-
ments was designated as the thickness of the AO. The average
thickness of DMSO- or XAV-939-treated AOs was quantified
using six randomly selected AOs in each condition.

2.6 | Differentiation of iAT2 cells into 2D-iAT1

cells

A total of 8 x 10* FD-SFTPC* cells (P2) were seeded onto an
iMatrix-coated (Takara bio) 48-well plate in DCIK medium sup-
plemented with Y27632 (10 uM). On day 7, cells were dissociated
and subjected to scRNA-seq.

27 |
analysis

The scRNA-seq library preparation and

FACS-isolated hiPSC-derived EpCAM™ cells from FD-AQOs (FD-EpCAM*
cells) or FF-AOs (FF-EpCAM" cells) and 2D-iAT1 cells were dissociated
and prepared at a concentration of 400 cells/pL for single-cell analyses.
Single cells were loaded onto a 10- to 17-pm-diameter C1 Integrated
Fluidic Circuit (#100-6041; Fluidigm) for FD-AOs and FF-AOs and 17- to
25-pm-diameter C1 Integrated Fluidic Circuit (#100-5761; Fluidigm) for
2D-iAT1 cells with the C1 system (Fluidigm). A SMART-Seq v4 Ultra
Low Input RNA kit (635025; Takara Bio) was used for first-strand cDNA
synthesis and amplification in accordance with the manufacturer's
instructions. Before first-strand cDNA synthesis, RNA spike-in controls
(spikes 1, 4, and 7) (AM1780; Thermo Fisher Scientific) were added to
cell lysates to evaluate the subsequent quantification according to the
manufacturer's instructions. Sequencing libraries were prepared with a
Nextera XT kit (lllumina). Sequencing was performed using an lllumina
HiSeq2500 sequencer (lllumina). For the Chromium Single Cell Gene
Expression Solution Platform (10x Genomics), single cells derived from
FD-AO (P0) were processed using the 3' Library and Gel Bead Kit follow-
ing the manufacturer's user guide (v2, rev B). Sequencing was performed
using an lllumina HiSeq3000 sequencer (lllumina). Bioinformatic analyses

are described in the Materials and Methods in Supporting Information.

2.8 | Statistical analyses

Statistical analyses were performed using the GraphPad Prism 8 soft-
ware program (GraphPad). The data are expressed as the mean + SEM
and analyzed using a two-tailed unpaired Student's t test or analysis
of variance (ANOVA; one-way) as indicated in each figure legend.

P values <.05 were considered statistically significant. The exact “n
values are described in the corresponding figure legends.

3 | RESULTS

3.1 | Identification of iAT1 cells in FD-AOs

To define the SFTPC™ other lineage cells in FD-AOs, we isolated single
cells from two independent FD-AOs (P2) and performed scRNA-seq
using the Fluidigm C1 system (Figure 1A,B). To define AT2 and AT1 cells
by scRNA-seq, 86 FD-EpCAM* cells (P2) and 78 FD-EpCAM* cells (P2)
treated with DMSO (used as vehicle controls for the subsequent
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(A) (B) - FIGURE 1 Identification of iAT1 cells in
SFTPCGFP  Fibroblasts 05 (P2 FD A0s/OMSO (P2 FD-AOs. A, A schematic representation of
the analysis of scRNA-seq in FD-AOs. FD-
EpCAM” cells (P2) were collected from two
independent FD-AOs using FACS, followed
by single-cell isolation using a Fluidigm C1
T e i i e system and RNA sequencing. Bioinformatics
SFTPC-GFP data were processed using Seurat (version
4 / 4 3.1.2) including FD-SFTPC" cells (P2)
(33 (GSE90813). B, Flow cytometric analyses of
S e  D-EpCAM:cells (2) FD-AOs (P2) with or without treatment with
DMSO from day 2 to 14 before being
0 . [ subjected to scRNA-seq. C, UMAP plots
. 3 displaying cell clusters of FD-EpCAM™ cells
(P2) in FD-AOs. We defined five major types
of FD-EpCAM" cells: iAT1 cells, FD-iAT2
cells, mitotic cells, ASCL1* PNECs, and
-5 -2.5 0 2.5 5 -5 -2.5 0 25 5
UMAP_1 UMAP_1 NKX2-1* cells. D, UMAP plots showing the
(D) . cPM . . . TOP2A expression of the selected marker genes; AT1
| &% . : “ cells (AGER, CAV1, and PDPN), AT2 cells
& " £ & Jis, S i (SFTPB and SFTPC), mitotic cells (TOP2A),
S| o o . os O ! ASCL1" PNECs (ASCL1), NKX2-1" cells
o & e W T é W L (NKX2-1), and alveolar epithelial cells
-5 -25 (lJJMZA.PS_IS 7.5 -5 -25 L(J]M/zPil 5 75 -5 -25 ?JMZA.PS_ls 7.5 -5 =25 UOMAZﬁil 5 75 -5 =25 (L)JMi.Ps_ls 7.5 (CPM) E‘ V|O||n pIOtS Showing the gene

expression distributions of the selected

Alveolar organoids

\ / derived from hiPSC

scRNA-seq by
— — Fluidigm C1

14 days

36.5%

EpCAM-APC

(©)

UMAP_2
UMAP_2
€2

Y,
' ]
s

-2 i:;{’:: / -2 ‘.: . 3 :‘-

C3:Mitotic cells

4 . 4 4
NE] I 3 P! I N X3 marker genes across cell types. F,G,
EN R Iéiié of Wi Bes| S9 ERE| Fa R Immunostaining of AT1 markers (HT1-56,
o R R Rl Jez PDPN, and AGER) and SFTPC-GFP in FD-
S s S A iy AOs (P3). Scale bars = 10 um. DMSO,

OB Qe TP 2 Quk dimethyl sulfoxide; FACS, fluorescence-
(E) cPM TOP2A activated cell sorting; FD-AOs, fibroblast-
] \ : dependent alveolar organoids; scRNA-seq,
single-cell RNA sequencing; UMAP, uniform

manifold approximation and projection

)
w

~

IS
N~

Expression Level

-

~
[N

Expression Level
Expression Level

Expression Level

C'.. .o 1

=)
o

Ce, Y

w

~

o
o
o
n

[N

Expression Level

Expression Level

Expression Level
Expression Level

SFTPC-GFP SFTPC GFP

HT1-56 Merged/Nuclei

HT1-56 Merged/Nuclei




K 5

A Self-archived copy in [ 1 {[
=/ KYOTO UNIVERSITY !

Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp ﬁHeﬁg,Nﬁo!,mww

KANAGAKI ET AL

@ Stem Crrs—1—2

experiment of XAV-939 treatment described in Figure 7) between days 2
and 14, and 39 FD-SFTPC* cells (P2) (GSE90813)” were used for down-
stream analysis. The Uniform Manifold Approximation and Projection
(UMAP) analysis showed that each cluster contained two independent
FD-EpCAM"* cells and that those FD-EpCAM™ cells were divided into
five clusters (Figure 1C-E). Clusters 0, 1, 3, and 4 expressed the alveolar
epithelial markers CPM and NKX2-1 (Figure 1D,E).8 Cluster O was associ-
ated with a high expression of SFTPC and SFTPB; thus, it was annotated
as FD-IAT2 cells.” Cluster 2 was annotated as ASCL1* pulmonary neuro-
endocrine cells (PNECs) based on the high expression of ASCL1. Cluster
3 represented mitotic cells, given the high expression of TOP2A. Cluster
4 was annotated as iAT1 cells based on the high expression of AGER,
CAV1, and/or PDPN and low or no expression of SFTPC.? Cluster 1 was
annotated as NKX2-1" cells based on the low or no expression of SFTPC,
AGER, CAV1, or PDPN, despite the broad expression of NKX2-1. The
expression of other lineage markers of basal cells, ciliated cells, goblet
cells, and club cells was quite low in the FD-EpCAM™ cells (P2) and FD-
EpCAM*/DMSO cells (P2) (Figure S1A). In addition, pathway enrichment
analyses showed that the genes involved in FD-IAT2 cells were signifi-
cantly enriched for surfactant homeostasis and surfactant metabolism,
which is in line with our previous findings (P = 3.07 x 1071° and P =
3.62 x 1077, respectively) (Figure S1B and Table S1).” The genes
involved in iAT1 cells were significantly enriched for actin filament-based
process and focal adhesion (P = 5.08 x 10™** and P = 6.51 x 1075,
respectively) (Figure S8A and Table S1), and those in mitotic cells were
significantly enriched for cell cycle and cell division (P = 1.53 x 1072%
and P = 4.39 x 1077°, respectively) (Figure S1B and Table S1). Further-
more, the heatmap of the top 10 genes for each cluster showed that
FD-iAT2 cells expressed AT2 markers (PGC, SFTPC, SFTPB, and
SLC34A2)*° and iAT1 cells expressed EMP2, an AT1 cell marker'?
(Figure S1C). Consistent with our scRNA-seq data, cells expressing AT1
markers (AGER, PDPN, HOPX, and/or HT1-56) were observed in FD-
AOs (P3) (Figures 1F,G and S2AB). Additionally, immunofluorescence
analysis showed that PNEC markers (CHGA, PGP9.5, or SYP) but not
basal cell marker (KRT5) were detected in FD-AOs (P3) (Figure S2A,C,E).
NKX2-1 was expressed in SFTPC™ cells in FD-AOs (P3) (Figure S2D). A
trajectory analysis using monocle2!? excluding mitotic cells as previously
described®® suggested that FD-iAT2 cells differentiated into iAT1 cells,
NKX2-1* cells, or ASCL1* PNECs (Figure S3A-D). In addition, RNA veloc-
ity was calculated using scVelo,®* which also supported that FD-AT2
cells differentiated into iAT1 cells or NKX2-1" cells (Figure S3E). Overall,
we identified five independent cell types (iAT1, FD-iAT2, mitotic, NKX2-
1" cells, and ASCL1* PNECs) using scRNA-seq data.

3.2 | iAT1 cells are present in hiPSC-derived
EpCAM® cell population in FD-AOs but poorly
detected in FF-AOs

Since we previously reported the induction of CPM"&" cells into GFP-
SFTPC" cells in FF-AOs, we evaluated the transcriptomic difference
between FD-AOs and FF-AOs. CPMM&" cells cultured with or without
HFLF in 3D cultures were designated as FD-EpCAM* cells (PO) or FF-

EpCAM" cells (PO), respectively. scRNA-seq of FD-EpCAM™ cells (PO)
and FF-EpCAM™ cells (PO) was performed (Figure 2A,B). In addition to
86 FD-EpCAM" cells (P2), 78 FD-EpCAM*/DMSO cells (P2), and 39
FD-SFTPC" cells (P2), 87 FF-EpCAM™ cells (PO) and 87 FD-EpCAM"*
cells (PO) were analyzed, as the FD-EpCAM™ cells (PO) and FF-EpCAM*
cells (PO) derived from CPMM8" cells were composed of various line-
ages. Based on the UMAP analysis, we divided the cells into eight clus-
ters, five of which were FD-IAT2 cells, iAT1 cells, mitotic cells, ASCL1*
PNECs, and NKX2-1" cells, which corresponded to those described in
Figures 1C, 2C, and 3B (Figures 2C and S4D). Cluster 3 was annotated
as FF-EpCAM™ cells and appeared to be a homogenous population.
While pathway enrichment analysis showed that the genes involved in
the FF-EpCAM"* cell cluster were not significantly enriched for surfac-
tant homeostasis and surfactant metabolism compared to the FD-iAT2
cell cluster, the FF-EpCAM* cell cluster included a substantial number
of SFTPC* cells (Figure S4A,C and Table S2). Cluster O was annotated
as ID1" cells due to the high expression of ID1 (Figures 2D and S4A).
Cluster 7 was annotated as gastric-like cells due to the expression of
TFF1. In addition, a subpopulation of AT2 cells expressing AXIN2, a
marker of distal lung regulators,*>'¢ was detected in FD-iAT2 and FF-
EpCAM* cell clusters (Figure S4A). Interestingly, while FD-EpCAM*
cells (P2) and FD-EpCAM*/DMSO cells (P2) were present in the iAT1
cell cluster, FD-EpCAM* cells (PO) and FF-EpCAM* cells (PO) were
absent (Figure 2C). To confirm this, we immunostained FD-AOs
(PO and P3). Surprisingly, both FD-AOs contained marker-defined iAT1
cells represented by alveolar organoid cells expressing AGER and/or
PDPN protein and low or no SFTPC protein (Figures 2E and S5C).
However, as expected, the result of immunostaining indicated only a
few marker-defined iAT1 cells in FF-AO (PO) (Figure 2E). Therefore, we
investigated the proportion of marker-defined iAT1 cells in each AO
cell population. As expected, FD-EpCAM* cells (PO), FD-EpCAM™ cells
(P2), and FD-EpCAM*/DMSO cells (P2) contained many marker-
defined iAT1 cells, while FF-EpCAM* cells (PO) contained few
(Figure S4B). Next, we compared the transcriptomes of our FD-
EpCAM* cells (PO and P2), FD-EpCAM*/DMSO cells (P2), and FF-
EpCAM" cells (PO) with those of FF-EpCAM™ cells (P5) (GSE137799),
which were previously published.?” The expression of AGER, CAV1, and
PDPN in iAT1 cells was higher than that in FF-EpCAM"* cells (P5), which
contained mitotic, FF-iAT2, and CCL20M&"-iAT2 cells (Figure S5A). Fur-
thermore, FF-EpCAM™ cells (P5) did not present marker-defined iAT1
cells (data not shown). In addition, quantitative real-time polymerase
chain reaction (qRT-PCR) analysis demonstrated that the FD-EpCAM™
cells (P2 or P3) expressed a higher level of AGER, PDPN, and HOPX than
the FF-EpCAM" cells (PO) (Figure S5B). Taken together, iAT1 cells were
mostly present among FD-EpCAM™* cells, while FF-EpCAM™ cells con-
tained few iAT1 cells.

3.3 | The transcriptomic profile of iAT1 cells was
similar to that of primary AT1 cells

To elucidate the transcriptomic similarities among iAT1 cells and

primary AT1 cells, the iAT1 cell scRNA-seq results were compared to
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those of primary AT1 cells. According to the cell marker-based clus- (AGER and CAV1), AT2 cells (SFTPB and SFTPC), ciliated cells (SNTN1),
club cells (SCGB1A1 and SYP2F1), fibroblasts (DCN), macrophages

(CD68), monocytes (FCN1), dendritic cells (CLEC10A), endothelial/

tering presented in a previous study,'® we found that 22 254 adult

donor lung cells were divided into 12 major types of cells: AT1 cells
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lymphatic cells (VWF), plasma cells (IGHG4), T and NKT cells (CD3D),
and Mast/B cells (M54A1 and TPSB2) (Figure S6A,B and Table S3).
Further UMAP analysis of the combined data sets with adult donor
lung cells and FD-EpCAM* cells (PO and P2), FD-EpCAM*/DMSO
cells (P2), FD-SFTPC* cells (P2), and FF-EpCAM™ cells (PO) indicated
that the gene expression profiles of iAT1 cells were more similar to
those of primary AT1 cells than those of FD-iAT2 cells, FF-EpCAM*
cells, or primary AT2 cells (Figure 3A,B). Furthermore, although the
FF-EpCAM™ cells resembled primary AT2 cells, they were not anno-
tated as primary AT1 cells (Figure 3A). iAT1 cells expressed the AT1
marker genes (AGER, CAV1, and/or PDPN) as primary AT1 cells
(Figure 3C). Additionally, to clarify the heterogeneity within alveolar
epithelial populations, we performed further epithelial cell analyses. A
UMARP analysis showed that primary AT2 cells were divided into eight
clusters dependent on donors and that primary AT1 cells converged
into a single cluster (Figure S7A). The majority of iAT1 cells merged
into the cluster of primary AT1 cells irrespective of FD-iAT2, FF-
EpCAM* (PO), and primary AT2 cells as well as each cluster of adult
donor lung cells (Figure S7B-D). Taken together, these findings
indicate that all iAT1 cells resemble primary AT1 cells in their

transcriptomic profiles.

3.4 | iAT1 cells exhibited higher transcriptomic
similarities to primary AT1 cells than 2D-AT1-like cells

Since primary AT2 cells have been reported to differentiate into
AT1-like cells in 2D culture (2D-AT1-like cells),® we revealed how
close the transcriptomes of iAT1 cells resemble primary AT1 cells and
primary 2D-AT1-like cells (GSE38569).2Y According to a gene set
enrichment analysis (GSEA), the genes upregulated in primary AT1
cells or AT1 cells on human postnatal day 1 in the LungGENS data-
base were significantly enriched (false discovery rate, FDR g-value =
0.005 and <0.001, respectively) in iAT1 cells, whereas those genes
were not enriched in primary 2D-AT1-like cells (FDR g-value = 0.134
and 0.529, respectively) (Figure 4A and Table S1). Furthermore, a
pathway enrichment analysis showed that 17 of the 20 pathways
involved in iAT1 cells were coincident with those in primary AT1 cells,
while 8 of the 20 pathways in the primary 2D-AT1-like cells over-
lapped with those in primary AT1 (Figure S8A and Table Sé). To vali-
date our analysis, FD-SFTPC" cells (P2) were differentiated in 2D
culture for 7 days (2D-iAT1 cells) and subjected to scRNA-seq. UMAP
analysis demonstrated that 2D-iAT1 cells were distributed into the
three clusters of iAT1, COL4A1* 2D-iAT1, and TP63" 2D-iAT1 cells
(Figures 4B,C and S8B, and Table S4). In accordance with a recent
study reporting that prealveolar type-l transitional cell state (PATS)-
like cells, expressing SFN and KRT17, accumulated in idiopathic pul-
monary fibrosis patients,?® both COL4A1* and TP63* 2D-iAT1 cell
clusters expressed SFN and KRT17, suggesting that some of the 2D-
iAT1 cells had transdifferentiated into abnormal cells, including PATS-
like cells (Figure 4C). Overall, these results showed that the trans-
criptomes of iAT1 cells were more similar to those of primary AT1
cells than those of 2D-AT1-like cells and PATS-like cells were

detected in subpopulations of 2D-iAT1 cells (COL4A1* and TP63"
2D-iAT1 cells) but not in FD-AOs.

3.5 | HFLF in FD-AOs are associated with Wnt

signaling

To elucidate the role of HFLF in FD-AOs, FD-AOs (PO) were dissociated
into single cells and subjected to scRNA-seq using 10x Chromium
technology (Figure 5A). We identified six epithelial and three HFLF
clusters (Figure 5B,C and Table S5). Four of the six epithelial clusters
were FD-iAT2 cells, mitotic cells, ASCL1* PNECs, and NKX2-1* cells,
which corresponded to those described in Figures 1C and 2C (-
Figure S9A,B). While we identified the INSM1" PNEC cluster based
on the high expression of INSM1 as well as hepatic-like cells, based on
APOA2 expression, in epithelial clusters (Figure S9A,B), the read depth
was not sufficient to discriminate iAT1 cells from other epithelial cells.
Among the HFLF clusters, cluster 1, cluster 4, and cluster 6 were
annotated as PDGFRA" fibroblasts, WNT5A*/PDGFRA" fibroblasts,
and RARRES1* fibroblasts, based on the gene expression of PDGFRA,
WNT5A/PDGFRA, and RARRES1, respectively. Pathway enrichment

analysis showed that pathways associated with “epithelial cell

» o« »u

differentiation,” “negative regulation of cell differentiation,

» o«

epithelial
cell proliferation,” “regulation of epithelial cell differentiation,” and
“Wnt signaling pathway” were significantly enriched in PDGFRA"
fibroblasts and WNT5A*/PDGFRA* fibroblasts (Figure 5D and
Tables S5-57). Considering that the GSEA using genes associated with
the degradation of p-catenin by the destruction complex showed that
the B-catenin destruction pathway (R-HSA-195253) was activated in
iAT1 cells (Figure 5E and Table S1), Wnt signaling in HFLF might
contribute to the differentiation of iAT2 cells into iAT1 cells.

3.6 | XAV-939 promotes iAT1 cell differentiation
in FD-AOs

Next, we investigated whether Wnt signaling was involved in the differ-
entiation of iAT2 cells into iAT1 cells. FD-AOs (P2-P5) treated with XAV-
939, an inhibitor of the canonical Wnt signaling pathway, were compared
with DMSO-treated FD-AOs and were subjected to FACS analysis of
SFTPC and PDPN (Figure 6A). We showed that the rate of
SFTPC PDPN* cells significantly increased following 10 pM XAV-939
treatment for 12 days (Figures 6B,C and S10A,B). Fluorescence micros-
copy of XAV-939-treated FD-AOs (P2-P5) showed that the morphology
of the cells was thinner, more similar to that of adult AT1 cells than that
of DMSO-treated cells (Figure 6D,E). Furthermore, cells expressing AT1
markers (AGER, HT1-56, PDPN, and/or HOPX) and no SFTPC-GFP were
contained in XAV-939-treated FD-AO (P3) (Figure 6F), indicating that
XAV-939 increased the proportion of SFTPC"PDPN* cells in FD-AOs.
Next, we investigated whether XAV-939 promoted iAT1 cell dif-
ferentiation at the transcriptomic level. Following treatment with
10 uM XAV-939 or DMSO for 12 days, FD-AOs (P2) were subjected
to scRNA-seq (Figure 7A). A total of 87 XAV-939-treated FD-
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EpCAM"* cells (P2) were analyzed in addition to FD-EpCAM"* cells (PO
and P2), FD-EpCAM*/DMSO cells (P2), FD-SFTPC* cells (P2), and FF-
EpCAM® cells (PO). A GSEA using genes associated with the degrada-
tion of B-catenin by the destruction complex (R-HSA-195253) indi-
cated that p-catenin destruction was promoted by XAV-939
treatment in FD-EpCAM* cells (P2), which is consistent with the
mechanism through which tankyrase 1/2 inhibitor stimulates
B-catenin degradation (Figure 7B and Table S8). Moreover, immuno-
staining indicated that XAV-939 inhibited the nuclear localization of
B-catenin in FD-AOs (P3) (Figure S10C). Furthermore, the scRNA-seq
and gRT-PCR data revealed that XAV-939 treatment increased the
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proportion of iAT1 cells in FD-AOs (P2) (Figure 7C-E) and the levels
of HOPX and PDPN in FD-AOs (Figure S11A). The trajectory analysis
excluding mitotic cells and including EpCAM* cells of XAV-939-
treated FD-AOs (P2) indicated that the proportion of iAT1 to iAT2
cells increased, compared to the results presented in Figure S3A-C (-
Figure S11B-D), suggesting that XAV-939 promoted differentiation of
iAT2 cells into iAT1 cells in FD-AOs.

4 | DISCUSSION

We demonstrated that iAT1 cells were mainly present in FD-AOs.
Using scRNA-seq, we revealed that the transcriptomic profiles of iAT1
cells were similar to those of primary AT1 cells, and that XAV-939
increased the population of iAT1 cells among FD-AOs. Thus, our
results clarified the transcriptomes of iAT1 cells and provided a new
model for investigating the mechanism underlying human AT1 cell dif-
ferentiation from AT2 cells in vitro, based on the ability of isolated
FD-SFTPC" cells to derive iAT1 cells. While the trajectory analysis
results supported these observations and the theory that AT2 pro-
duces AT1 during alveologenesis,? genetic lineage tracing studies
might provide more direct evidence. Interestingly, few marker-defined
iAT1 cells were present in both FD-EpCAM" cells (PO) and FF-
EpCAM™ cells (PO) and EpCAM™ cells (PO) were not merged into the
iAT1 cell cluster in the UMAP plot (Figure 2C), suggesting that
marker-defined iAT1 cells in FD-EpCAM™* cells (PO) and FF-EpCAM™*
cells (PO) are immature alveolar epithelial cells, as they seemed to be
directly derived from CPMMe" cells. The transcriptomes of iAT1 cells
resembled those of primary AT1 cells to a higher degree than those of
primary 2D-AT-1 like cells. While the GSEA indicated that there are
17 overlapping pathways between iAT1 cells and primary AT1 cells,
eight overlapping pathways were found between primary 2D-AT1-like
and AT1 cells (Figure S8A). Additionally, 2D-cultured cells derived

FIGURE 5 The transcriptomes of HFLF and hiPSC-derived EpCAM*
cells in FD-AOs. A, A schematic diagram of scRNA-seq analysis of FD-
AOs. B, UMAP plots displaying cell clusters in FD-AOs. Six major types of
FD-EpCAM® cells (FD-IAT2 cells, mitotic cells, ASCL1* PNECs, INSM1*
cells, NKX2-1" cells, and hepatic-like cells) and three types of fibroblasts
(PDGFRA", WNT5A*/PDGFRA*, and RARRES1™ fibroblasts) were
identified. C, Violin plots indicating the gene expression distributions of
each fibroblast cluster marker genes. D, Pathway enrichment analysis of
PDGFRA*, WNT5A"/PDGFRA", and RARRES1" fibroblasts. Significantly
upregulated genes (P < .05) among PDGFRAY, WNT5A*/PDGFRA", or
RARRES1" fibroblasts compared with either or both of the other cell
clusters were used for analysis. The top 100 differential pathways with a
P < .05 are shown. E, GSEA using the gene set of -catenin degradation
by the destruction complex. Significantly up- or downregulated genes

(P < .05) ranked by the log difference in average gene expression between
iAT1 cells and FD-IiAT2 cells were used for analysis. FD-AOs, fibroblast-
dependent alveolar organoids; GSEA, gene set enrichment analysis; HFLF,
human fetal lung fibroblasts; hiPSC, human induced pluripotent stem cell;
scRNA-seq, single-cell RNA sequencing; UMAP, uniform manifold
approximation and projection
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from FD-SFTPC" cells (P2) included abnormally differentiated KRT17*
and/or SFN* PATS-like cells as well as iAT1 cells. Unlike mouse alveo-
lar organoids, in which AT1 cells were shown to differentiate from pri-
mary AT2 cells inward,* we showed that in FD-AOs iAT1 cells lined
up with FD-iAT2 cells and were thin-shaped in response to XAV-939
treatment, in consistence with the morphological features of AT1
cells. In contrast, FF-AOs include only a few marker-defined iAT1 cells
(Figure 2), which is in line with the findings of a previous report,é"17
suggesting the crucial function of cocultured fibroblasts to support

AT1 cell induction. Furthermore, we found that XAV-939-treated
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FD-IAT2 cells were converted to iAT1 cells. The expression of the
proliferation marker was observed in a few iAT1 cells at single-cell
resolution (Figure 7D,E), but, since the FD-AO culture was started
only with iAT2 cells, it would be considered that most iAT1 cells dif-
ferentiated from iAT2 cells. While recent reports indicated that AT1
cells expressed VEGFA and were a heterogeneous population includ-
ing IGFBP2* AT1 cells, 2222 we were not able to identify this subpopu-
lation of iAT1 cells, suggesting that XAV-939 would homogeneously
induce iAT1 cells (Figure 7E). Although invitro regeneration
models>*>?* and an iPSC differentiation model®* suggested that Wnt
inhibition increases certain AT1 marker-positive cells, this study
reports, for the first time, the changes induced by XAV-939 treatment
to the transcriptomic profiles of iAT1 cells at single-cell resolution. Fur-
thermore, whereas TM4SF1* adult AT2 cells were reported to be dif-
ferentiated into AT1 cells by inhibition of Wnt signaling upon alveolar
injury, illustrating the regeneration of adult lung,® the model in the pre-
sent study does not cover the regeneration from injury, but it describes
the differentiation of iAT2 cells into iAT1 cells, thus recapitulating lung
development in humans. Further studies are needed to demonstrate
whether it would be applicable to a lung injury model. PDGFRA" cells
were reported to contribute to the retention of AT2 cells* and
WNT5A" fibroblasts were shown to activate Wnt signaling in AT2
cells.X® Consistent with these findings, our scRNA-seq data from epi-
thelial cells and fibroblasts in FD-AOs illustrated that HFLF contained
PDGFRA* and PDGFRA"/WNT5A" fibroblasts and that XAV-939
inhibited the nuclear localization of p-catenin in iAT1 cells, indicating
that XAV-939 inhibited Wnt signaling in iAT2 cells. This might have
impaired the HFLF-mediated maintenance of iAT2 cells, thereby pro-
moting iAT2-to-iAT1 cell differentiation. On the other hand, GSEA rev-
ealed that the pathway of p-catenin degradation was activated in iAT1
cells that were not treated with XAV-939 treatment (Figure 5E),
suggesting that there is another endogenous mechanism through which
Wht signaling is inhibited and iAT2-to-iAT1 differentiation is promoted.

Describing the underlying mechanism of this endogenous counter

FIGURE 6 XAV-939 increases the population of iAT1 cells in FD-
AOs. A, A schematic diagram of the analysis of the effect of XAV-939
on FD-AOs. B,C, Flow cytometric analyses of the PDPN and SFTPC
expression of FD-EpCAM® cells (P2-5). FD-AOs (P2-5) were treated
with 10 pM XAV-939 or DMSO from day 2 to 14, and then the
proportion of SFPTC”PDPN™ cells in FD-AOs was measured on

day 14 (mean + SEM, n = 3 from three independent experiments). The
values indicate the percentage of each population. *P < .05 vs DMSO-
treated hiPSC-derived SFTPC"PDPN™ cells (unpaired two-tailed
Student's t test). D,E, Representative bright-field and SFTPC-GFP
fluorescence microscopic live cell images of FD-AQOs (P2-5) treated
with DMSO or 10 pM XAV-939 from day 2 to 14. Thickness of each
FD-AO (P2-P5) treated with DMSO or 10 uM XAV-939 was
measured (mean + SEM, n = 18 spheres from three independent
experiments). Scale bars = 50 pm. *P < .05 vs DMSO-treated FD-AO
(unpaired two-tailed Student's t test). F, Immunostaining of AT1
markers (AGER, HOPX, HT1-56, and/or PDPN) and SFTPC-GFP in
DMSO- or XAV-939-treated FD-AOs (P3). Scale bars = 10 pm.
DMSO, dimethyl sulfoxide; FD-AOs, fibroblast-dependent alveolar
organoids; hiPSC, human induced pluripotent stem cell
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FIGURE 7 XAV-939 promotes iAT1 cell differentiation in FD-AOs. A, FD-AOs (P2) were treated with 10 pM XAV-939 or DMSO (vehicle control)
from day 2 to 14, and then the FD-EpCAM" cells collected using FACS were subjected to scRNA-seq. B, GSEA using the gene set of p-catenin
degradation by the destruction complex. Significantly up- or downregulated genes (P < .05) ranked by the log difference in average gene expression
between DMSO- and XAV-939-treated FD-EpCAM* cells (P2) were used for the analysis. C, UMAP analysis showing cell clusters in XAV-939-treated FD-
AOs. XAV-939-treated FD-EpCAM cells (P2) were included among iAT1 cells. D,E, UMAP and violin plots showing the expression of the representative
lung epithelial cell marker genes; AT1 cells (AGER, CAV1, and PDPN), AT2 cells (SFTPB and SFTPC), mitotic cells (TOP2A), ASCL1* PNECs (ASCL1), ID1* cells
(ID1), NKX2-1* cells (NKX2-1), basal cells (TP63), subpopulation of AT1 cells (IGFBP2), and alveolar epithelial cells (CPM). DMSO, dimethyl sulfoxide; FACS,
fluorescence-activated cell sorting; FD-AOs, fibroblast-dependent alveolar organoids; GSEA, gene set enrichment analysis; sSCRNA-seq, single-cell RNA
sequencing; UMAP, uniform manifold approximation and projection
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regulation should be elucidated in a future study. Interestingly, while
AT1 cells are generally considered quiescent and nonproliferative at
baseline,*® some of the mitotic cells in the present study were anno-
tated as primary AT1 cells (Figure S7C). In fetal mice, it was reported
that HOPX" cells proliferated and differentiated into AT2 cells in 3D
cultures.?> Here, some of the mitotic iAT1 cells expressed HOPX (-
Figure S4A). Although XAV-939 was reported to attenuate bleomycin-
induced pulmonary fibrosis in mice,?® whether XAV-939 promotes
AT2-to-AT1 cell differentiation in these mice remains to be elucidated.
Based on our current findings, the use of alveolar organoids as disease
models should be further assessed in future mechanistic studies. In
addition, AT1 cells express vascular endothelial growth factor (VEGF)
for alveolar angiogenesis®® and have the function of gas exchange.
While gene expression was enriched for “blood vessel development” in
iAT1 cells as well as primary AT1 cells and iAT1 cells expressed VEGFA
(Figure S7E), the FD-AOs did not include endothelial cells in the present
study. Thus, the functions of iAT1 cells should be evaluated in terms of
alveolar angiogenesis and gas exchange by using microfluidic devices
such as organ-on-a-chip in future studies. We believe that FD-AOs
might be a useful tool for evaluating the physiological and pathological

mechanisms involved in AT2 cell differentiation in humans.

5 | CONCLUSION

We discovered iAT1 cells whose transcriptomic profiles were similar
to those of primary AT1 cells and revealed that canonical Wnt inhibi-
tion promoted the differentiation of AT2 cells into AT1 cells. Thus,
our results clarified the definition of iAT1 cells and provided a new
model for investigating the mechanism underlying human AT1 cell dif-
ferentiation from AT2 cells in vitro.
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