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Abstract Human lung organoids (hLOs) are useful
for disease modelling and drug screening. However, a
lack of immune cells in hL.Os limits the recapitulation
of in vivo cellular physiology. Here, we generated
hLOs containing alveolar macrophage (AM)-like
cells derived from pluripotent stem cells (PSC). To
bridge hLLOs with advanced human lung high-resolu-
tion X-ray computed tomography (CT), we acquired
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quantitative micro-CT images. Three hLO types
were observed during differentiation. Among them,
alveolar hLOs highly expressed not only lung epi-
thelial cell markers but also AMe-specific markers.
Furthermore, CD68% AMg-like cells were spatially
organized on the luminal epithelial surface of alveo-
lar hLOs. Bleomycin-treated alveolar hLOs showed
upregulated expression of fibrosis-related markers
and extracellular matrix deposits in the alveolar sacs.
Alveolar hLOs also showed structural alterations
such as excessive tissue fraction under bleomycin
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treatment. Therefore, we suggest that micro-CT ana-
lyzable PSC-derived alveolar hLOs are a promising
in vitro model to predict lung toxicity manifestations,
including fibrosis.

Keywords Human alveolar organoid - Fibrosis
model - Micro-CT - Alveolar macrophage

Introduction

Patients with respiratory diseases, such as chronic
obstructive pulmonary disease and idiopathic pul-
monary fibrosis (IPF), have been increasing. These
diseases are caused by environmental pollution,
chemical exposure, smoking, and unknown factors
(Daba et al. 2004; Thannickal et al. 2004; Zhang et al.
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2020). Pulmonary fibrosis is a chronic respiratory
disease characterized by the distortion of structure
and loss of function of the lungs, due to the prolifera-
tion of fibroblasts and myofibroblasts and excessive
deposition of disassembled collagen and extracellular
matrix (ECM) after progressive damage to the lung
tissue (Thannickal et al. 2004). Pulmonary fibrosis is
a potential adverse effect of exposure to drugs such
as penicillamine, amiodarone, and procainamide or
environmental factors such as gases, asbestos, silica,
and pesticides (Daba et al. 2004; Kim et al. 2018).
Bleomycin is used to treat several malignancies; how-
ever, it is known to cause IPF (Tashiro et al. 2008).
Additionally, polyhexamethylene guanidine phos-
phate, a humidifier disinfectant, accounts for 80.3%
of cases of humidifier disinfectant-associated lung
injuries (Paek et al. 2015; Song et al. 2014).

In vivo animal models have been used in cellular
and molecular epidemiological studies, pathogen-
esis assessment, and drug development for IPF; spe-
cifically, bleomycin has been widely used to estab-
lish lung fibrosis models (Carrington et al. 2018;
Della Latta et al. 2015). The characteristics of pul-
monary fibrosis have been confirmed by a compara-
tive analysis of accumulation of ECM, expression
of inflammatory cytokines, structural changes in the
lung tissue, and expression of fibrosis-related mark-
ers (Spagnolo et al. 2021; Thannickal et al. 2004).
With recent advances in medical imaging and image
processing technologies, the use of high-resolution
X-ray computed tomography (CT) for the diagnosis
of chronic lung diseases has rapidly increased (Hart-
ley et al. 1994; Ohkubo et al. 2018). CT is a non-
destructive technique to visualize the internal features
of objects and is an important tool for disease diag-
nosis (Colombi et al. 2015; Ohkubo et al. 2018). For
example, in routine clinical settings, IPF can be diag-
nosed by CT imaging without performing invasive
lung biopsy. In animal models, micro-CT imaging
has been used. Recently, Laura et al. developed a new
micro-CT-guided densitometric approach for in vivo
lung fibrosis staging in a bleomycin mouse model
(Mecozzi et al. 2020).

Although animal models have been widely used
for research purposes, they have an inherent limita-
tion of the physiological differences between humans
and animals. Three-dimensional (3D) organoids,
composed of organ-specific cells and endowed with
in vitro self-organization capability, have emerged in
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the field of stem cell research. Organoids are consid-
ered potential alternatives to animal models for dis-
ease modelling, regenerative medicine, physiological
and pathological studies, and drug screening (Chen
et al. 2018; Neal et al. 2018). Several protocols have
been reported to establish human lung organoids
(hLOs) derived from lung tissues or pluripotent stem
cells (PSCs) (Chen et al. 2017; Miller et al. 2019;
Neal et al. 2018). Patient tissue—derived hLLOs have
been used to model experimental infections, study
pathogenesis, and screen candidate coronavirus dis-
ease (COVID-19) therapeutics (Han et al. 2020a, b;
Youk et al. 2020). However, organoids lacking blood
vessels and immune cells present in human organs are
limited in their ability to mimic responses in vivo. To
our knowledge, there have been no reports on brain,
intestinal, cardiac, kidney, or lung organoids contain-
ing immune cells, except when they are co-cultured.
However, infiltrating immune cells (i.e., B cells, T
cells, natural killer cells, and macrophages) have been
identified in adenocarcinoma patient—derived orga-
noids (Neal et al. 2018).

Among different types of immune cells in the
lungs, tissue-resident alveolar macrophages (AMs)
play a crucial role as the first line of defense against
pathogens via phagocytosis, cytokine secretion,
and antigen presentation to helper T cells (Heo
et al. 2018; Kotton and Morrisey 2014). Moreo-
ver, AMe@s are crucial regulators of fibrosis and
secrete numerous pro-fibrotic soluble mediators,
chemokines, and matrix metalloproteases (Zhang
et al. 2018). Furthermore, in a normal injury repair
response, macrophages readily acquire a pheno-
type that promotes fibroproliferation (Byrne et al.
2016). Mouse AMgs are identified by surface mark-
ers CD68*Siglec FTCD11b°CD64* and CD206™,
and human AMgs express CD68*CD11c*CD206"
surface markers (Byrne et al. 2016; Misharin et al.
2013). Recent studies have demonstrated that AMes
derived from embryonic precursors seed the lungs
before birth, self-maintain locally throughout adult
life, and self-renew in most adult tissues in a steady
state (Roszer 2018; Yao et al. 2020). Interestingly,
McGrath et al. reported that hematopoietic pro-
genitors emerge before hematopoietic stem cells and
generate functional blood cells in the mammalian
embryo (McGrath et al. 2015). They also showed that
embryonic stem cell-derived hematopoiesis reca-
pitulates early yolk sac hematopoiesis and gives rise

to primitive definitive erythro-myeloid progenitors
(McGrath et al. 2015; Perdiguero et al. 2015). These
progenitors first emerge in the yolk sac of human
embryos, and then, they are found in the fetal liver
(Frame et al. 2013). The origin of AMgs is controver-
sial (Joshi et al. 2018), and it has long been thought
that circulating monocytes differentiate into all tissue-
resident macrophages including AMgs. Recently, it
has been reported that macrophages originating from
the fetal liver develop tissue-specific macrophages,
such as those of the lungs (AMes), brain (glial cell),
and skin (Langerhans cell), on exposure to niche
signals (Ginhoux and Guilliams 2016; Mowat et al.
2017; T’Jonck et al. 2018). Several researchers have
attempted to generate tissue-specific macrophage-
derived PSCs in vitro, but without a tissue-specific
niche in vivo; it has remained a challenge (Nad-
karni et al. 2016; Takata et al. 2017). Therefore, by
incorporating an in vivo lung niche, Ginhoux et al.
generated mouse iPSC—derived primitive mac-
rophages that were intranasally transferred to the
lungs of Csf2ra™'~ mice, wherein they differentiated
into functional AMe-like cells, demonstrating that a
lung niche is essential for the development of AMes
(Takata et al. 2017).

Here, we demonstrate PSC-derived alveolar hLOs
containing AMg-like cells that can be structur-
ally and quantitatively analyzed by micro-CT. This
model, which closely recapitulates the human lung,
can be widely used as an in vitro model to predict
lung toxicity manifestations such as fibrosis, assess
infectious diseases, and drug screening.

Methods
Cell culture

Human PSCs, ES cell line (WAQ9), was obtained
from WiCell Research Institute. The Korea institu-
tional review board approved all experiments involv-
ing the use of PSCs (#P01-202,005-41-001). The
PSCs were cultured in mTeSR™-1 medium (Cat#
85,850; STEMCELL Technologies, CA, USA) on
Matrigel® hESC-qualified matrix, LDEV-free (Cat#
354,277; Corning, NY, USA) coated plates. The
cells were cultured in an incubator at 37 °C with
humidified air containing under 5% CO.,.
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Differentiation of hLOs

Before the initiation of hLO differentiation, human
PSCs were harvested with 0.5 mM EDTA, seeded on
Matrigel® hESC-qualified matrix, LDEV-free (Cat#
354277; Corning), and cultured using mTeSR™.-1
medium (Cat# 85850; STEMCELL Technologies)
for 3 days. On differentiation day 0, the medium of
PSCs was removed, and then STEMdiff™ Endo-
derm basal medium supplemented with 1xMR
and 1xCJ (Cat#05,110; STEMCELL Technolo-
gies) was added. After 24 h, the basal medium was
replaced with fresh DE medium every day. On day 4,
the culture medium was aspirated and washed with
1 xDPBS. The differentiating cells were incubated
with TrypLE™ Express Enzyme (1 X), without phe-
nol red (Cat#12604013; Gibco, MA, USA) for 3 min
at 37 °C in a 5% CO, incubator. After harvesting the
cells with DPBS, the differentiated cells were cen-
trifuged at 1000 rpm for 3 min. The harvested mul-
tiple cell types were plated in Matrigel-coated plate
containing DMEM/F12 (Cat#11320033; Gibco)
medium supplemented with 1XxXN2 (Cat#17502048;
Gibco), 1xB27 (Cat#17504044; Gibco), 1Xpeni-
cillin—streptomycin (P/S) (Cat#15140122; Gibco),
10 pM SB431542 (Cat#S1067; Selleckchem, TX,
USA), and 100 ng/mL Noggin (Cat#120-10C; Pepro-
tech, CT, USA), instead of CXCR4" cell type only.
After 24 h, the medium was replaced with DMEM/
F12 containing 1xXN2, 1xB27, 1xP/S, 1 pM IWP4
(Cat#04-0036; Stemgent, MA, USA), and 10 pM
SB431542. On day 7, anterior foregut endoderm
medium (DMEM/F12 containing 1XxN2, 1xB27,
1xP/S, 3 pM CHIR99021 (Cat#S2924; Selleck-
chem), 10 ng/mL. BMP4 (Cat#120-05; Peprotech),
10 ng/mL FGF7 (Cat#100-19; Peprotech), 10 ng/
mL FGF10 (Cat#100-26; Peprotech), 50 nM all-trans
retinoic acid (Cat#0695; R&D System, MN, USA),
and Matrigel were used to replace the medium every
2 days until day 17. On days 15-17, the cells were
harvested by pipetting and then suspension cultured
on ultra-low attachment plates (Cat#3471, Corning).
That medium was changed half and half every other
day until the termination of culture. The hLOs were
observed daily using a Leica DMi8 Microscope, and
images were captured and the size of the hLOs was
calculated using the LAS X software (Leica, Wetzlar,
DE). The volume of hLLOs was calculated under the
assumption that the hLLO was perfectly spherical.
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Flow cytometry

The differentiating cells and hLOs on days 4, 10,
20, 30, and 60 were dissociated into single cells
with 0.25% trypsin/EDTA (Cat#25200,114; Gibco)
and 10 mg/mL Collagenase type II (Cat#17101015;
Gibco). After passing the suspension through a
40-pm cell strainer (BD, NJ, USA), the dissociated
cells were stained directly with phycoerythrin (PE),
allophycocyanin (APC), Alexa Fluor-647, and fluo-
rescein (FITC)-conjugated specific antibodies for
15 min at 4 °C. The list of antibodies is presented
in Table S1. FITC-conjugated antibodies used were
as follows: EpCAM (Cat#324204; Biolegend, CA,
USA), CD68 (Cat#333806; Biolegend), and MUC1
(Cat#ab187833; Abcam, Cambridge, UK). PE-con-
jugated antibodies used were as follows: CXCR4
(Cat#341604; Biolegend) and PDGFRa (Cati#sc-338;
Santa Cruz, TX, USA). APC-conjugated antibod-
ies used were c-KIT (Cat#313206; Biolegend),
SOX17 (Cat#1C1924A; R&D systems), and SOX9
(Cat#565493; BD Pharmingen, NJ, USA). The fol-
lowing PerCP-CyS5.5-conjugated antibody was used:
CD11b (Cat#301418; Biolegend). BV421-conjugated
antibody used was CD11c (Cat#301628; Biolegend).
The cells were stained with TTF-1 (Cat#ab76013;
Abcam) and PDPN (Cat#sc-59347; Santa Cruz) pri-
mary antibodies, and then with Alexa Fluor 488-,
594-, and 647-conjugated secondary antibodies. All
stained cells were analyzed on CytoFLEX (Beckman
Coulter, CA, USA), and the results were analyzed
using NovoExpress software (ACEA Biosciences,
CA, USA) and FlowJo software (BD). For t-SNE
analysis, live cells were concatenated by downsam-
pling each individual sample as the same proportion
for subsequent high-dimensional data analysis to
normalize between samples under different differ-
entiation days. Samples were analyzed in parallel by
t-SNE and overlaid onto the t-SNE map using FlowJo
10.6.2.

Immunofluorescence staining

For immunofluorescence, the hLOs were fixed with
4% paraformaldehyde. After washing two times with
PBS, the fixed hLOs were treated with permeabili-
zation solution. After 5 min, the hLOs were washed
with washing buffer (PBS containing 0.1% Triton
X-100) three times, followed by a blocking step with
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2% BSA in washing buffer for 30 min. Subsequently,
the hLOs were incubated with primary antibodies at
4 °C for 16-24 h. The primary antibodies used are
listed in Table S2. After washing three times with
washing buffer, the hLOs were incubated with appro-
priate Alexa Fluor 488- or 594- or 647-conjugated
anti-rabbit IgG or anti-mouse IgG secondary anti-
bodies (1:1000, Alexa 488-conjugated anti-mouse,
Cat#A-21202, Invitrogen, MA, USA; Alexa 594-con-
jugated anti-mouse, Cat#A-11032, Invitrogen; Alexa
488-conjugated anti-rabbit, Cat#A-11034, Invitro-
gen; Alexa 594-conjugated anti-rabbit, Cat#A-21207,
Invitrogen) for 1 h. The nuclei are stained with
NucBlue™ Fixed Cell Stain ReadyProbes™ (Cat#
R37606; Invitrogen). Bronchial (B)-type hLOs in
the Matrigel block were prepared for cryosection as
detailed below. B-type hLOs were fixed with 4% PFA
and then embedded in optimal cutting temperature
solution before being flash frozen. Sections of thick-
ness 8 pm were prepared and air-dried for 2 h. The
frozen sections were washed in PBS, blocked with
2% BSA and 0.1% Triton X-100 containing PBS for
1 h, and then covered with VECTASHIELD® (Cat#
H-1200; Vector Laboratories, Inc., CA, USA). Both
stained hLLOs and cryosections of hLOs were visual-
ized under a confocal microscope (LSM 800, Carl
Zeiss, Berlin, DE), and images were analyzed using
ZEN software (Carl Zeiss).

Scanning electron microscopy

The samples were fixed in 2.5% paraformaldehyde-
glutaraldehyde mixture buffered with 0.1 M phos-
phate (pH 7.2) for 2 h, post-fixed in 1% osmium
tetroxide in the same buffer for 1 h, dehydrated in
graded series of ethanol, and substituted with isoamyl
acetate. Thereafter, the samples were dried at the crit-
ical point under CO,. Finally, the samples were sput-
tered with gold in a sputter coater (Polaron SC502;
Fison Instruments, Glasgow, UK) and observed using
a scanning electron microscope (FEI Quanta 250
FEG, FEI Company, OR, USA).

Transmission electron microscopy

The hLOs (on day 85) were fixed with 2.5% glutar-
aldehyde for 3 h at room temperature. The samples
were further processed, sectioned, and stained by
Korea Basic Science Institute, Electron Microscope

Facility (Cheongju, KR). Briefly, the sample was
dehydrated with EtOH (50% to 100%) and then incu-
bated in propylene oxide/Epon812 medium (EMS)
(3:1 ratio) for 5 h. The medium was replaced with
propylene oxide/Epon812 medium (EMS) (1:1 ratio)
and incubated overnight. Finally, the samples were
transferred into propylene oxide/Epon812 medium
(EMS) (1:3 ratio) and allowed to stand for 5 h at room
temperature; subsequently, the samples were trans-
ferred into new Embed 812 and incubated overnight
at room temperature, after which the samples were
embedded in fresh Embed 812 and polymerized over-
night at 70 °C. Plastic-embedded samples were sec-
tioned at 70 nm, and grids were stained in 4% aque-
ous uranyl acetate for 10 min at 70 °C followed by
lead citrate for 5 min at room temperature. The sec-
tions were examined under Bio-TEM at 120 kV (Tec-
nai G2 Spirit, FEI Company). Images were acquired
using US4000 software (Gatan, CA, USA).

Morphogenesis of hLOs

The upper part of the upside-down 24-well trans-
well inserts were coated with growth factor reduced
Matrigel (Cat#354230; Corning). The inverted upper
portion of the 6.5-mm diameter insert (Cat#3415,
Corning) was coated with 50 pL of growth factor
reduced Matrigel. After air-drying, the hLOs (on
days 13-15) were embedded in growth factor reduced
Matrigel in 24 trans-well inserts and incubated at
37 °C in CO, incubators until the Matrigel solidi-
fied. The hLO medium was added into the wells,
and the trans-well inserts were placed as well. The
medium was changed every other day. The morphol-
ogy of hLO-derived branching tree-like clusters in
the Matrigel was observed daily using a Leica DMi8
Microscope and images were captured using LAS X
software.

Hematoxylin and eosin staining and
immunohistochemistry

The hLO samples were fixed with 10% buffered
formaldehyde overnight at room temperature with
rocking, embedded in paraffin, and sectioned at
5-um thickness. After de-paraffinization and epitope
retrieval, the sections were stained with H&E to visu-
alize histologic characteristics of the hLOs. These
stained sections were observed and photographed

@ Springer



562

Cell Biol Toxicol (2022) 38:557-575

under a microscope (Carl Zeiss). For immunohis-
tochemistry, after the blocking step, the epitope-
retrieved sections were stained with anti-a-SMA
antibody (cat# ab150301; Abcam, 1: 100) or anti-
VIMENTIN antibody (cat# ab20346; Abcam, 1: 100)
overnight at 4 °C. After the washing step, the sections
were treated with anti-rabbit-IgG-HRP conjugated
secondary antibody, and DAB was used for HRP
substrate.

Quantitative real-time PCR

The total RNA was isolated from cells (A549, lung
cancer cell line; ATCC, BEAS-2B, human immortal-
ized bronchial epithelial cell line; ATCC, HPAEpic,
human primary alveolar epithelial cells; ScienCell
Research Laboratories, Inc.) and hLOs on days 0,
4, 10, 20, 30, and 40 of differentiation. The cDNA
was generated by reverse transcription of 1 pg of
RNA with random hexamers and PrimeScript™ First
Strand cDNA Synthesis kit (Cat#6110A; Takara,
Kyoto, JP) following the manufacturer’s instruc-
tions. Real-time qPCR was performed on a Sim-
pliAmp Thermal cycler (Applied Biosystems, MA,
USA) using ABI Power SYBR Green PCR Master
Mix (Applied Biosystems). The real-time qPCR con-
ditions were as follows: 50 °C for 2 min and 95 °C
for 10 min followed by 40 cycles at 95 °C for 15 s
and 60 °C for 1 min, with dissociation/melt curves
obtained for each of the genes. Absolute quantifica-
tion of each gene was normalized to the housekeeping
gene GAPDH. The qPCR for each sample was per-
formed in triplicates. The qPCR primer sequences are
listed in Table S3.

Total RNA sequencing and bioinformatic analysis

The total RNA from three types of hLOs was puri-
fied using TRIzol (Cat#15596018, Invitrogen). RNA
concentration and RNA integrity number (RIN)
were determined using an Agilent 2100 BioAnalyzer
(Agilent Technologies, CA, USA), and samples with
RIN>7 were used for RNA sequencing. mRNA was
isolated using magnetic beads—based poly (A) selec-
tion, and the first and second strand cDNA fragments
were synthesized using random hexamers. Subse-
quently, the cDNA fragments were purified and PCR-
amplified to create the final cDNA libraries using the
[lumina TruSeq RNA prep kit (Illumina, CA, USA).

@ Springer

The libraries were then sequenced using Illumina
HiSeq2500 (Illumina) to generate more than 30 mil-
lion paired-end 101-bp reads at TheragenEtex BiO
Institute. All raw sequence data have been depos-
ited in the NCBI database with accession number
PRINAS596053.

All raw sequence reads by RNA-Seq were pre-
processed using Trimmomatic (v0.36) to trim the
adaptor sequences and remove low-quality sequences
(Bolger et al. 2014). The remaining clean reads were
mapped to the human genome (hg38) using Hisat2
with default parameters. The alignment results were
then uploaded to Cufflinks (v2.2.1) and the relative
expression levels in the three types of hLOs were
calculated as fragment per kilobase of exon per mil-
lion of mapped fragments (FPKM) using CuffDiff
of Cufflinks. We defined the differentially expressed
genes (DEG) based on the false discovery rate (FDR)
< 0.01 and fold change > 2 of the mean expression
values. Subsequently differences in the enrichment of
gene ontology (GO) categories and KEGG pathways
for the DEGs were analyzed using Gorilla (http://cbl-
gorilla.cs.technion.ac.il/) and DAVID (https://david.
ncifcrf.gov) tools. To perform a principal compo-
nent analysis (PCA) of the transcriptome profiles in
the three hLO types, the “prcomp” function in “stats”
package in R (version 3.4.3) was used. For compara-
tive transcriptome analysis, lung RNA-seq data in
the early developmental stage were obtained from
LungMAP database (https://lungmap.net) including
sequencing data from tissues of infants and children
who died shortly after birth due to brain injury. After
excluding patient samples with known lung disease, a
total of 18 lung transcriptome data were used and we
selected for further analysis genes whose expression
level of at least 5 FPKM.

Phagocytosis assay

Differentiated alveolar macrophage dissociated from
the hLOs with 1 mL of 0.25% trypsin EDTA were
plated on Matrigel-coated p-Slide 8-well chambers
(Cat#80826; ibidi, Martinsried, DE) and then incu-
bated in a 5% CO, incubator. Attached AMe@s were
activated with PMA (10 ng/mL, Cat#P8139; Sigma-
Aldrich) for 18 h, and then Fluoresbrite Polychro-
matic Red 1.0 pm Latex beads (Cat#18660, Polysci-
ence Inc, NY, USA) were added to the activated or
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non-activated AM@s. After 4 h, the cells were ana-
lyzed by laser confocal microscopy (Carl Zeiss).

Bleomycin-induced fibrosis modeling using alveolar
hLO

Suspension-cultured alveolar hLOs on day 85 were
treated with 10 ug/mL bleomycin for 48 h. As a con-
trol, PBS-treated alveolar hLLOs were used. Each sam-
ple was harvested and analyzed for the expression of
fibrosis-related genes and proteins.

Micro-CT imaging and quantitative image analysis

The organoid samples were fixed in 2.5% paraform-
aldehyde-glutaraldehyde mixture buffered with
0.1 M phosphate (pH 7.2) for 2 h, postfixed in 1%
osmium tetroxide in the same buffer for 1 h, dehy-
drated in a graded series of ethanol, and substituted
with isoamyl acetate. The samples were then dried to
the critical point under CO,. Micro-CT scans of the
hLLO samples were acquired using a SkyScan 1272
high-resolution micro-CT scanner (Bruker microCT,
Kontich, BEL). The scanning parameters were as
follows: 35 kV source voltage, 190 A source cur-
rent, 0.100 exposure rotation step, and 1.300004 pm
image pixel size. Images were reconstructed using
scanner software (NRecon 1.7.0.4; Bruker) into
16-bit TIFF format. A water phantom (a PCR tube
containing water) with the same parameters were
scanned and used to convert the TIFF files to the
DICOM format, based on the air and water intensi-
ties as Hounsfield units (HUs) in the DICOM for-
mat; air 1000 HU and water 0 HU. Regions of hLOs
were then semi-automatically segmented from the
DICOM images using ITK-SNAP 3.6.0 software
(Moorefield et al. 2018) and 3D geometry of hLOs
were obtained.

Statistical analysis

Evaluation of experimental data for significant dif-
ferences was performed using the Student’s t-test,
which was conducted using the Prism software pack-
age (GraphPad Software). Results with *p <0.05,
**p<0.01, and ***p <0.001 were considered sig-
nificant for these studies.

Results
Differentiation of PSCs into hLOs

We modified existing protocols (Chen et al. 2017,
Jacob et al. 2017; Strikoudis et al. 2019) to generate
hLOs containing AMe-like cells derived from differ-
entiated PSCs (Supplementary Fig. 1a and Fig. 1a).
Briefly, undifferentiated CD326" PSCs differenti-
ated into definitive endoderm lineage on a Matrigel-
coated plate. After 4 days, these differentiated cells
comprised diverse cell populations such as CXCR4"
EpCAM™ cells (93.49%), CXCR4~ EpCAM™* cells
(5.34%), SOX17" PDGFR-ot cells (4.9%), and
CXCR4%c-KIT" cells (85.74%), as confirmed by
flow cytometry (Supplementary Fig. 1). Unlike the
existing protocols, for further differentiation of these
cells into hLOs containing AMe-like cells, all the
differentiated cells in this stage were differentiated
into the anterior foregut endoderm on the Matrigel-
coated plates in a medium containing NOGGIN,
SB431542, and IWP4 without performing an artifi-
cial CXCR4"-sorting step. After 2 days, the medium
was changed to a medium containing BMP4, FGF10,
FGF7, ATRA, and CHIR99021 for differentiat-
ing PSCs into hLOs. Consequently, budding clumps
started to form on days 10-12. On days 13-15, the
cells were harvested by mechanical pipetting; subse-
quently, the harvested cell clumps were cultured in a
suspension. Under this condition, the 3D clumps of
heterogeneous sizes and morphologies were differ-
entiated into hLOs (Fig. 1a). During the differentia-
tion of hLLOs, we performed quantitative PCR (qPCR)
and flow cytometry to characterize these hLOs in a
time-dependent manner. As shown in Supplementary
Fig. 2a, NKX2-1 (lung epithelial primordial progeni-
tor marker), SOX9 (epithelial progenitor marker/bud
tip progenitor marker), HOPX (epithelial type I and
II cell marker), and SFTPA expression was increased
in hLOs on day 30. We also compared the expression
levels of lung-specific genes (SOX9, NKX2-1, HOPX,
TP63, MUC5AC, and SFTPC) between the hLOs and
positive controls, which were HPAEpiC cells (pri-
mary alveolar epithelial type I cell line), BEAS-2B
cells (human bronchial epithelial cell line), and A549
cells (human adenocarcinoma lung cell line). Interest-
ingly, HPAEpiC cells expressed SOX9, NKX2.1, and
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HOPX but not MUC5AC, SFTPA, and SFTPC. A549
cells expressed high levels of MUCS5AC, whereas
BEAS-2B cells expressed SOX9 and HOPX. Overall,
the expression of most lung-specific genes was higher
in hLOs than in the positive controls (Fig. 1b), indi-
cating that hLOs comprised diverse lung cell types.
The immunofluorescence analysis also showed that
hLOs expressed the alveolar epithelial cell markers
HOPX, TTF1, and PDPN; the secretory cell marker
SCGB3A2; the distal bud tip progenitor marker
SOX9; and the alveolar epithelial type II cell marker
MUCI, on day 68 (Fig. 1c). The tSNE dot plots rep-
resent the significant changes in the expression of the
definitive endoderm markers (EpCAM and CXCR4)
and lung-specific markers (MUC1 and NKX2-1) over
time (Supplementary Fig. 2b, ¢). Both EpCAM*/
CXCR4* and EpCAM"/c-KIT* cell populations
were dominant on day 4, but were not detected on
day 30 (Supplementary Fig. 2b). Conversely, MUC1"*
or TTF1* cell populations were detected on day 40
in hLOs but not on day 4 (Supplementary Fig. 2c),
showing that PSC-derived definitive endoderm stage
cells successfully differentiated into hLOs expressing
lung-specific markers in a time-dependent manner.
Moreover, we investigated the potential of branch-
ing morphogenesis of hLOs and observed that bud-
ding tips began to appear during days 27-30 (Sup-
plementary Fig. 3) and branching airway tree-like
structures around day 50 (Fig. 1d). These results col-
lectively demonstrate that hL.LOs have lung-specific
characteristics.

Alveolar hL.Os express high levels of
immune-associated genes

Interestingly, during long-term suspension culture,
hLOs with a heterogeneous morphology, including
transparent cyst-like, budding, and solid structures,
were observed from day 30 (Fig. 2a). The cyst-like
hLOs had a transparent air-sac structure, similar to
the alveolus; the budding-type hLOs had branch-
ing tips; and the solid-type hLOs were spheroid. To
evaluate the histological differences among these
hLOs, each type of hLO was stained with H&E on
day 85. The analysis of alveolar hLOs with transpar-
ent cyst-like morphological characteristics showed
that they had an outer structure surrounded by smooth
muscle cells and bronchial epithelial cells as well as
a structure comprising thin alveolar epithelial cells
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that resembled an alveolar sac (Fig. 2b). Conversely,
the irregular budding-type hLOs consisted of bron-
chial epithelial cells (Fig. 2c), whereas the spheroid-
like cell clusters (spheroid-type) did not have dis-
tinctive defining characteristics (Fig. 2d). To further
analyze the characteristics of the three hLO types,
we performed genome-wide expression analysis
by RNA-Seq on day 85 and obtained highly repro-
ducible results (Spearman’s correlation coefficient,
mean p=0.9716+0.0003). The subsequent princi-
pal component analysis of the RNA-Seq results cat-
egorized the transcriptome profiles of the hLOs into
three distinct phases (Fig. 2e). Notably, certain genes
were expressed in specific hLO types (Supplemen-
tary Fig. 4). In alveolar hLOs, “immune system pro-
cesses” was the most significant GO term in the bio-
logical processes category (Fig. 2f~h). These immune
cell-related genes were more commonly upregulated
in alveolar hLOs than in bronchoalveolar or sphe-
roid hLOs (Fig. 2i, j). Specifically, in our transcrip-
tome profiles, alveolar hLLOs exhibited upregulated
expression of macrophage-specific genes (e.g., CD68,
TLR2, CD74, and CD164; Fig. 2k, 1) compared with
other type of hLOs. Additionally, the KEGG pathway
analysis of the immune system process-specific genes
of alveolar hLOs revealed altered immune pathways,
indicating a high expression of genes involved in
lysosomal activity, complement and coagulation cas-
cades, cytokine-cytokine receptor interactions, and
antigen processing and presentation (Fig. 2m, n).
These findings suggest that alveolar hLOs comprise
immune cells. Furthermore, to analyze which devel-
opmental stage of human lung tissues represents our
hLOs, we collected 18 lung transcriptomes from
LungMAP database, which includes molecular maps
of the neonatal, pediatric, and early adult human lung
and compared those to our six hLOs’ transcriptome
data using UPGMA dendrogram analysis. Two major
transitions in expression patterns were observed as
expected between the human ES cell-derived hLOs
and the human lung samples, but intriguingly the
hLOs transcriptomes are relatively closer to those of
neonatal lung (D005 and DP0O2 samples correspond-
ing to day 1) than the others including pediatric and
early adult lung. A similar pattern was so observed
when immune cell-related genes were assessed.
These results indirectly indicate that our hLOs are
functionally similar to the early stage of lung tissue
(Supplementary Fig. 5).
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(Relative gene expression)

Fold Increase
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Fig.1 Generation of PSC-derived hLOs. a Bright-field
images show the morphology of budding and differentiat-
ing 3D hLOs derived from PSCs in a time-dependent man-
ner. Scale bar=250 pm.) Lung-specific gene expression of the
PSC-derived hLOs. The expression of SOX9, NKX2-1, HOPX,
MUCS5AC, SFTPA, and SFTPC in hLOs (brown bar). As con-
trols, HPAEpiC cells (human primary alveolar epithelial cell
line, hatched bar), BEAS-2B cells (human immortalized bron-
chial epithelial cell line, grey bar), and A549 cells (human lung
cancer cell line, black bar) were used. The overall expression is

Alveolar hLOs contain CD68™ cells

Around differentiation day 60, alveolar hLOs resem-
bling a cystic air sac were observed; their average
area and volume were 0.25 mm? and 96 mm?, respec-
tively (Supplementary Fig. 6). Our observation of

relative to that in undifferentiated hPSCs on day 0. *p <0.05,
*p <0.01, ***p <0.001. All error bars represent SD. ¢ Immu-
nofluorescence data show that the hLOs express MUCI1™*
(green)/SCGB3A2*" (red): HOPX™ (green)/ NKX2-17 (red):
SOX9* (green): PDPN* (green) cells in the hLOs. The nucleus
was visualized by DAPI staining (white). Scale bars=20 pm.
d Several new branches of hLOs in the Matrigel-coated Trans-
well expanding over time were observed. Images of the hLOs
on day 65 were captured by bright field microscopy. Scale
bar=200 pm

the immune cell-specific gene expression in alveo-
lar hLOs prompted us to examine whether these
transparent cyst-like alveolar hLOs also contained
AMg-like cells using immunofluorescence analysis
(Fig. 3a). Firstly, we identified alveolar hLOs through
transmission electron microscopy (TEM) by verifying
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Fig. 2 Large-scale transcriptome analyses of alveolar hLOs.
a A photograph of floating 3D hLOs showing three different
types of 3D hLOs. b—d Hematoxylin and eosin staining dis-
playing the hLO structure. b Alveolar (A) hLOs possessing
sac-like structures with thin layer alveolar epithelial type I cells
resembling the alveolus inside and smooth muscle (pink) and
epithelial cells on the outside. Scale bar=50 pm. ¢ Budding-
type hLOs showing bronchial epithelial cells and bronchiole
morphology. d Specific structure was not detected in sphe-
roid (S)-type hLOs. Scale bar=250 pm. e PCA analysis of
three types of hLOs; red, blue, and green colors indicate A-,
B-, and S-type hLOs, respectively. f-h Biological process gene
ontology analysis of differentially expressed genes identified
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Complement and coagulation cascades
Herpes simplex infection
Cytokine-cytokine receptor interaction
Leishmaniasis

Staphylococcus aureus infection
Rheumatoid arthritis
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Antigen processing and presentation

between (f) A- and B-types, g A- and S-types, and h B- and
S-types. i—j Scatter plots of gene expression levels in (I) A- and
B-types and (J) A- and S-types; 182 and 204 immune-related
genes from (I) and (J) indicated with red dots. k Heatmap of
macrophage-related genes. Rows represent individual genes
and columns represent individual samples. The high (red),
average (white), and low (blue) expression levels are depicted
with a color scale. All gene expression levels were normalized
by FPKM. (1) The average expression levels of macrophage-
specific genes; error bars represent standard errors (n=2). m—
n KEGG pathway analysis of immune-related genes in I (m)
and J (n); the bars represent the number of genes and broken
lines represent the transformed P values
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whether they comprised epithelial type II cells with
laminar bodies, which are secretory organelles, con-
taining surfactants. As shown in Fig. 3b, the TEM
analysis verified the presence of laminar bodies in the
alveolar hLLOs. Furthermore, the immunofluorescence
analysis showed that SFTPC* (green color, Fig. 3c)
epithelial type II cells were dense outside the alveo-
lar sacs, whereas cells expressing the AMq-specific
marker CD68 were located inside the hollow sacs (red
color, Fig. 3c, Supplementary Fig. 7). This demon-
strated that the spatial organization of CD68" AMe-
like cells within the alveolar lumen was similar to
that within the human alveolar lumen. Upon review-
ing single cells dissociated from alveolar hL.Os by
bright field and scanning electron microscopy, AMe-
specific morphology, round shape, and pseudopods
(Fig. 3d, e) were observed, similar to AM@s in the
human lung tissue. These data indicate that a popula-
tion of CD68™ cells is present in the transparent alve-
olar hLOs. Next, to further validate the presence of
CD68* cells inside alveolar hL.Os, we performed flow
cytometry. As shown in Fig. 3f, 6.57% of the total
cell population of alveolar hLOs were CD68* cells,
which were negative for CD11b. Moreover, 74.2% of
the CD68% cell population expressed CD11c*, indi-
cating that CD68*CD11c*CD11b-AMe-like cells
are present inside alveolar hLOs (Fig. 3f). However,
these CD68" cell population were not detected until
day 40 of differentiation, and these were detected
after day 55 of differentiation (Supplementary Fig. 8).
Furthermore, we performed a phagocytosis assay of
AMo-like cells dissociated from alveolar hLOs and
activated by phorbol 12-myristate 13-acetate using
Fluoresbrite Polychromatic Red 1.0 pm Latex beads.
These latex beads in the cytosol of activated AMe-
like cell were observed in a 7-pm z-position (Fig. 3g),
demonstrating that AMe-like cells in alveolar hLOs
exhibit the AMg-specific function of phagocytosis.
This finding, combined with the results of the marker
expression analysis, suggests that PSC-derived alveo-
lar hLOs endogenously contain functional AM-like
cells with phagocytic activity. Furthermore, to vali-
date the expression of CD68 and AMg-like cell dif-
ferentiation-related genes in hLOs, we performed
the qPCR analysis in a time-dependent manner. As
shown in Supplementary Fig. 9, the expression of
GM-CSF and PPAR-y, which are known as inducers

for AMo differentiation, began to increase during
days 10-20 and continued to increase significantly
throughout hLO differentiation up to day 60. CD68
expression was also significantly increased on day
60. Furthermore, CD68, GM-CSF, and PPAR-y were
highly expressed in the alveolar-type LOs compared
with those in the others (Supplementary Fig. 10).

Fibrotic characteristics of bleomycin-treated alveolar
hLOs

To confirm whether alveolar hLLOs containing AMe-
like cells can be used as a predictive toxicity assess-
ment model for pulmonary fibrosis, isolated alveo-
lar hLOs were treated with bleomycin, a pulmonary
fibrosis inducer. After 48 h, we harvested these
hLOs and analyzed fibrotic gene expression using
qPCR. Interestingly, bleomycin-treated alveolar
hL.Os showed a significantly upregulated expression
of the following lung fibrosis-related genes: a-SMA,
FN, IL-1p, IL-6, and TGF-p1 (Fig. 4a). Furthermore,
as shown in Supplementary Fig. 11, the expres-
sion levels of a-SMA (1.95+0.008-fold) and TGF-
Bl (1.21+0.023-fold) were significantly increased
in the BLM-treated bronchoalveolar (B)-type hLOs
compared with those in the PBS-treated control. The
expression of a-SMA (1.24 +0.023-fold) and TGF-f1
(1.33 £0.040-fold) in the spheroid-type hLOs treated
with BLM was slightly increased compared with that
in the control. In contrast, the expression of a-SMA
(2.8+0.004-fold) and TGF-pI (6.82+0.792-fold)
in alveolar-type hLOs treated with BLM was con-
siderably increased (Supplementary Fig. 11). Here,
we suggest that the high expression of fibrosis genes
by bleomycin treatment in this alveolar hLOs might
attributed to various reasons including the presence
of AMe-like cells and growth factors induced by
various cells constituting alveolar hLO other than the
presence of AM@ hLOs.

Additionally, H&E staining images showed
higher fibroblast proliferation and larger fibrotic
area in the bleomycin-treated alveolar hLOs than
in the PBS-treated controls (Fig. 4b). The immu-
nohistochemistry analysis showed higher a-SMA
and Vimentin expression in the bleomycin-treated
alveolar hLOs than in the PBS-treated controls
(Fig. 4¢).
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Fig. 3 AMg-like cells exist inside alveolar hL.Os. a Visualiza-
tion of the floating alveolar hLOs on day 120. b Representative
image of transmission electron microscopy revealing that PSC-
derived hLOs possess tightly packed, concentric membrane
sheets (lamellae) forming lamellar bodies (yellow circle). Scale
bar=0.5 pm. ¢ Whole 3D alveolar hLOs stained with CD68
(red), SFTPC (green), and DAPI (white), and imaged by confo-
cal microscopy on day 85. Scale bar=100 pm. d The morphol-
ogy of dissociated cells from the hLOs on day 90. The yellow
circle shows a round AMe-like cell (bright field image). Scale
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bar=100 pm. e Scanning electron microscopy images of round
AMae-like cells. Scale bar=5 pm. f Dot plots represent the
CD68* cell population of dissociated alveolar hLOs express-
ing CDll1c, but not CD11b, in hLOs on day 60. g Confocal
microscopy images focused at the bottom (z=0 pm, lower)
and center (z=7 pm, upper) of AMg-like cells. Blue color
indicates nucleus stained with Hoechst 33,342. Data are rep-
resentative of independent experiments replicated four times.
Scale bar=25 pm



Cell Biol Toxicol (2022) 38:557-575

569

Micro-CT analysis of bleomycin-treated alveolar
hLOs

The overall scheme of quantitative micro-CT imag-
ing is described in Fig. 5. CT density distribution per
voxel (volume elements, 1 um3) of an alveolar hLO
sample can be shown as a histogram. As shown in
Fig. 6a, the control hLO sample (upper) depicted air
spaces (darker regions) in the alveoli. However, in
the bleomycin-treated hLO sample (lower), a sub-
stantial portion of the sample was covered by a high

(@ (b)

attenuation area, reflecting that tissues refer to non-air
components. The histogram in Fig. 6b shows marked
changes in the average CT density (from —905 207
HU to—336+493 HU) and tissue fraction (from
9 to 62.9%) between the control and bleomycin-
treated samples. The bleomycin-induced tissue frac-
tion and standard deviation increased to 63% and 493
HU, respectively, indicating the characteristics of
lung fibrosis. These observations are consistent with
in vivo CT values for the human lungs that ranged
between —950 HU and —701 HU for normal regions
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Fig. 4 Bleomycin induces an increase in fibrotic marker
expression in alveolar hLOs. a Quantitative PCR analysis of
fibrosis-related marker expression in alveolar hLOs treated
with bleomycin. Bar graphs show relative gene expression
(fold increase) of a-SMA, ICAM-1, IL-14, IL-6, FN, and TGF-
BA1 in alveolar hLOs after bleomycin treatment (10 pg/ml) for
48 h. Black bar indicates alveolar hLOs treated with bleomy-
cin, and white bar indicates alveolar hLOs treated with PBS

(control). Data are presented as mean=+SD. (¥*p<0.05). b
Histology of bleomycin-treated alveolar hLOs and control.
H&E staining data show that fibroblast-like cells increased in
bleomycin-treated alveolar hLOs. Scale bar=100 pm. ¢ IHC
analysis showed the expression of vimentin and a-SMA in ble-
omycin-treated alveolar hLOs (left) and control (right). Scale
bar=100 pm
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and between — 700 HU and 0 HU for fibrotic regions
(Moorefield et al. 2018). We also found that the alve-
olus size in alveolar hLOs was consistent between the
H&E staining and micro-CT analysis (Supplementary
Fig. 12).
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Discussion

We established alveolar hLOs containing AMg-like
cells derived from human PSCs using a modified
protocol and long-term suspension culture method.
RNA-Seq data and qPCR analysis revealed that
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Fig. 5 Schematic workflow of quantitative micro-CT imaging
analysis of alveolar hLOs. a Workflow of micro-CT imaging
of alveolar hL.Os. The workflow shows alveolar hLO sampling,
micro-CT scanning, segmentation, 3D geometric modelling,
and quantitative analysis in sequence. The results are pre-
sented as the distribution of voxel’s HU values. b Axial (left)
and coronal (right) view micro-CT images of the water phan-
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tom (water in a PCR tube, gray regions) in the upper panels
were used to compute mean intensities of water (cyan region
inside the tube in the lower panels) and air (small grey cir-
cles in the lower panels) for unit conversion from the TIFF to
DICOM format. ¢ Chart for converting 16-bit grayscale TIFF
to DICOM in HU. The HU values of blank sample (air), water,
and tissue are — 1000, 0, and 55, respectively
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macrophage-related genes are highly expressed in
alveolar hLOs compared with those in other orga-
noids; the TEM images showed the morphology of
AMo-like cells. We confirmed by immunofluores-
cence analysis that AMg-like cells expressing CD68,

an AM@ marker, were located within these alveolar-
organoids and had phagocytotic activity. We also suc-
cessfully acquired and quantitatively analyzed micro-
CT images of human alveolar hLOs, which, to the
best of our knowledge, has not been achieved before.
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Fig. 6 Micro-CT image analysis shows an increase in tissue
fraction in the alveolar hLOs treated with bleomycin. a 3D
views of reconstructed micro-CT images of normal control
(upper) and bleomycin-treated (lower) alveolar hLOs. Images
were visualized with a central level of —500 HU and a window
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of 1500 HU. b CT density (intensity in HU) distribution of the
PBS control-treated alveolar hLO micro-CT image. ¢ CT den-
sity (intensity in HU) distribution of the bleomycin (10 pg/ml)-
treated alveolar hLO micro-CT image. The red bars represent
the average HU values for each model
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Through this, we confirmed that fibrosis substan-
tially increased the tissue fraction of alveolar hLOs,
as observed in human lung CTs. This was consistent
with the histological changes and expression pat-
terns of the fibrosis-related markers in the fibrosis-
induced alveolar-organoids, suggesting that quantita-
tive micro-CT imaging analysis of the alveolar hLO
model is a promising tool for the precise assessment
of lung fibrosis.

Several groups have succeeded in generating hLLOs
(Chen et al. 2017; Strikoudis et al. 2019; Yamamoto
et al. 2017); however, there have been no reports of
hLOs containing endogenously derived AMo-like
cells from PSCs. Enrichment of hLOs with AMes
has been achieved by co-culturing organoids with
iPS-derived primitive macrophages (iPCs) after dif-
ferentiation, but AMgs are difficult to obtain in the
absence of a live human lung niche (Happle et al.
2017; Takata et al. 2017). The currently established
protocols for hLO differentiation only use definitive
endodermal CXCR4™" cells to generate hLOs (Chen
et al. 2017; Strikoudis et al. 2019). In contrast to
previously reported methods, we differentiated all
cells derived from PSCs in the definitive endoderm
stage (EpCAM™~ cells, CXCR4 PDGFRa~ cells,
CXCR4 PDGFRa™ cells, and SOX17%~ cells) into
hL.Os without any sorting step, and obtained three
types of hLOs. Additionally, RNA-Seq of these hLLO
types provided an important clue, that is, immune
cell-related genes are more highly expressed in alve-
olar hL.Os than in others (Fig. 2).

CXCR4*PDGFRa™ mesendodermal cells can dif-
ferentiate into mesodermal or endodermal cells via
epigenetic regulation (Chu et al. 2016; Wang and
Chen 2016). Regarding the stimuli that trigger the
differentiation of mesendodermal cells into AMgs,
several studies have reported that granulocyte—mac-
rophage colony-stimulating factor (GM-CSF) pro-
duced by type II pneumocytes is necessary for the
development of AMgs from precursor cells in the
fetal liver or yolk sac (Cohen et al. 2018; Mass et al.
2016; T’Jonck et al. 2018). Moreover, the TGF-
p1 and GM-CSF pathways are known to upregulate
PPAR-y expression, stimulating AM@ development
(Yu et al. 2017). As shown in Supplementary Fig. 9a,
GM-CSF and PPAR-y expression was upregulated
during alveolar hLO differentiation. Therefore, we
suggest that AMe-like cells originate from these
PSC-derived  EpCAM*CXCR4*SOX17"*c-KIT*/
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PDGRFa* mesendodermal cells and that GM-CSF
and PPAR-y secreted by epithelial cells during hLOs
differentiation induced their differentiation into
AMo-like cells, although further studies are needed
to incorporate cell lineage tracking.

Alveolar hLOs containing AMegs generated
through long-term suspension culture were shaped
like a balloon; their structure was similar to that of
the alveolar sac of the lung tissues. The lung con-
sists of air space and tissue components that can be
decomposed solely by a single local intensity value in
each voxel. This anatomical nature of the lungs ena-
bles lung structural and functional analyses by con-
ventional and micro-CT imaging. We successfully
conducted quantitative micro-CT imaging of alveolar
hLOs and analyzed the structure of the hLO models
showing reasonable CT density distribution (Fig. 6).
To the best of our knowledge, this is the first quantita-
tive micro-CT imaging study of alveolar hLOs con-
taining AMg-like cells. However, the preparation and
fixation of alveolar hLLO samples for micro-CT imag-
ing are highly challenging for successful imaging,
owing to the small size of alveolar hLOs compared
with that of the lung tissue and the thin sac structure
of 3D organoids consisting only cells without scaf-
folds. Nevertheless, we revealed that the tissue frac-
tion analyzed by micro-CT in the bleomycin-treated
alveolar hLOs was higher than that in the control. The
micro-CT finding of increased tissue fraction in the
bleomycin-treated alveolar hLOs correlated with the
findings of H&E staining, fibrotic gene expression
analysis, and immunohistochemistry analysis (Sup-
plementary Fig. 12). Differences between the fibrotic
alveolar hLLOs and control models in the CT density
map (Fig. 6) and in the air and tissue fractions were
associated with the changes observed in histologi-
cal imaging, providing improved pathophysiological
insights. Therefore, our study presents a highly inno-
vative convergence of research technologies, integrat-
ing organoid, medical imaging, and biomedical engi-
neering methods.

Conclusions

Overall, this study is the first to successfully estab-
lish alveolar hLLOs containing AMq-like cells derived
from human PSCs. Additionally, it is the first to
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conduct micro-CT imaging of alveolar hLOs and
analyze their structure. The bleomycin-treated alveo-
lar hLLOs showed upregulated expression of fibrosis-
associated markers and increased tissue fraction fol-
lowing quantitative analysis of micro-CT images,
suggesting that alveolar hLLOs can be used as useful
preclinical fibrosis quantitative evaluation models.
Furthermore, these alveolar hLOs, which can be ana-
lyzed by micro-CT imaging, have the potential to be
widely used for various research purposes, such as
infectious disease modelling, inflammatory response
studies, pathogenesis assessment, drug screening,
and drug toxicity testing. Therefore, our 3D alveolar
hLO model has potential to bridge the gap between
structural and functional relationships among 2D cell
models, human quantitative CT imaging studies, and
preclinical animal studies.
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