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Human Lung Organoid Culture in Alginate With
and Without Matrigel to Model Development and Disease

Briana R. Dye, PhD,' Joseph T. Decker, PhD,' Renee F.C. Hein, BS? Alyssa J. Miller, PhD?
Sha Huang, BS? Jason R. Spence, PhD? and Lonnie D. Shea, PhD'

Human lung organoids (HLOs) are enabling the study of human lung development and disease by modeling
native organ tissue structure, cellular composition, and cellular organization. In this report, we demonstrate that
HLOs derived from human pluripotent stem cells cultured in alginate, a fully defined nonanimal product sub-
strate, exhibit enhanced cellular differentiation compared with HLOs cultured in the commercially available
Matrigel. More specifically, we observed an earlier onset and increase in the number of multiciliated cells,
along with mucus producing MUC5AC" goblet-like cells that were not observed in HLOs cultured in Matrigel.
The epithelium in alginate-grown HLOs was organized in a pseudostratified epithelium with airway basal cells
lining the basal lamina, but with the apical surface of cells on the exterior of the organoid. We further observed
that HLOs cultured in Matrigel exhibited mesenchymal overgrowth that was not present in alginate cultures.
The containment of the mesenchyme within HLOs in alginate enabled modeling of key features of idiopathic
pulmonary fibrosis (IPF) by treatment with transforming growth factor f (TGFf). TGFp treatment resulted in
morphological changes including an increase in mesenchymal growth, increased expression of IPF markers, and
decreased numbers of alveolar-like cells. This culture system provides a model to study the interaction of the
mesenchyme with the epithelium during lung development and diseased states such as IPF.
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Impact Statement

Human lung organoids (HLOs) can potentially be used as model systems for diseases of the lung; however, they are currently
limited by the ability of existing culture systems to support functional organoids. In this study, we describe an alginate culture
system that supports the development of HLOs from embryonic stem cells. Organoids grown in alginate both model key
aspects of lung physiology and display hallmarks of fibrosis when stimulated with transforming growth factor . This model
system could potentially be used to screen treatments for fibrotic lungs and provide crucial insights into lung biology.

Introduction by modeling native organ tissue structure, cellular compo-
sition, and cellular organization.'™ Three-dimensional lung

BREAKTHROUGHS IN THREE-DIMENSIONAL (3D) tissue mod- models, including our work with human lung organoids
els called organoids have provided new approaches to (HLOs), have provided models for the study of lung devel-
study human tissue development, homeostasis, and disease opment, diseases such as idiopathic lung fibrosis or cystic
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fibrosis, and infections.®!° The 3D environment of an orga-
noid is hypothesized to be crucial to promote and sustain
tissue structures that contain multiple cell types and resem-
ble the native organ. These structures and cell types are nec-
essary for modeling disease that may impact multiple cell
types and tissues within an organ.

The majority of these complex model systems have been
grown in a 3D droplet of Matrigel, which is a matrix derived
from mouse sarcoma cells consisting of extracellular matrix
(ECM) proteins and growth factors.” HLOs derived from
human pluripotent stem cells (hPSCs) grown in Matrigel
consist of an epithelium and mesenchyme, and after 65 days
in culture, the HLOs have airway-like epithelial structures
that contain P63" basal cells and few ciliated cells. In addi-
tion, HLOs contain scattered alveolar-like cells, which make
up the gas exchanging units in the native lung.” This model
provides a means to study epithelium and mesenchymal
interactions and airway development and disorders. This HLO
model resembles early fetal airway and only matures into a
more adult-like airway when %rown in an in vivo environ-
ment such as a mouse fat pad.

Although Matrigel supports the growth of a wide range of
organoid tissue models, this matrix is an undefined animal
product that limits translational applications. Furthermore,
Matrigel exhibits batch-to-batch variability. Finally, Matrigel
causes mesenchyme outgrowth that is required to be trimmed
away by scalpel every 2 weeks. A defined environment may
restrict mesenchymal growth allowing for more controlled
studies of epithelial and mesenchymal interactions and
may lead to further maturation without the need of trans-
planting the organoid into an in vivo environment.

Combined, these limitations have motivated the develop-
ment of alternative substrates for 3D tissue modeling sys-
tems, including synthetic hydrogels or alginate.''~'® Multiple
varieties of hydrogels have been developed that offer a
“tunable’” structure with controlled mechanical properties
that can affect organoid cellular composition.'>'>'" Algi-
nate in particular is an inexpensive, accessible natural bio-
material derived from algae that forms a solid when
crosslinked with calcium. Hydrogels from alginate have
long been used for the in vitro culture of cells such as mes-
enchymal stem cells and chondrocytes'®" as well as tissues
including primary ovarian follicles.”*** Recently, alginate
has been shown to maintain cellular organization in human
intestinal organoids compared with Matrigel-cultured intes-
tinal organoids."?

In this report, we investigated alginate for the culture of
HLOs. HLOs were derived from hPSCs and cultured in a
stepwise manner following the native lung developmental
events as previously described.”** We analyzed the sur-
vival, morphology, and mesenchymal outgrowth of alginate-
grown HLOs relative to cultures in Matrigel, as well as gene
expression. The cellular organization and architectures of
HLOs were also analyzed by histology for airway-like
structures and cell types. The cultures were grown in the
presence of transforming growth factor  (TGFp), a factor
associated with lung fibrosis, with similar analyses perfor-
med. Alginate-based culture system provides a supportive
3D environment for HLO growth and maturation, pro-
ducing HLOs that form structures resembling the native
lung, including functional multiciliated and mucous-
producing airway-like cells. Furthermore, HLOs grown in
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alginate have both epithelial and mesenchymal cells and
may serve as a model of idiopathic pulmonary fibrosis (IPF).

Materials and Methods
Maintenance of hPSCs and generation of HLOs

H1 human embryonic stem cell (hESC) line (NIH registry
No. 0043) was obtained from the WiCell Research Institute
and was used to derive all HLOs for these experiments. H1
hESCs were approved by the University of Michigan
Human Pluripotent Stem Cell Research Oversight Com-
mittee. hESCs were maintained as previously described.”’
HLOs were derived as previously described’ and placed in
ratios of 100% Matrigel or 1-2% alginate (Cat. No. B25266;
Alfa Aesar). Roughly 50 foregut spheroids were suspended
in Matrigel or alginate and placed in a 50 pL. droplet. The
alginate was formed by placing a 5 pL. 2% CaCl, droplet on
the bottom of the well and then dropping the spheroids
suspended in 45 pL of alginate (1-2%, with varying ratios of
Matrigel). Healthy HLOs were defined as organoids that
maintained their structure and size or increased in size.

Immunohistochemistry and imaging

Immunostaining was carried out as previously descri-
bed.”® Antibody information and dilutions are given in
Table 1. All images and videos were taken on a Nikon Al
confocal microscope or a Zeiss Axio Observer.Z1. Imaris
software was used to render Z-stack 3D images.

RNA extraction and quantitative reverse transcriptase
polymerase chain reaction

RNA was extracted from organoids using a High Pure
RNA Isolation Kit (Roche; Cat. No. 50-997-731). The bio-
material was physically removed from the HLO before RNA
extraction, after which the HLO was washed in phosphate-
buffered saline three times for ~5min. RNA quantity and
quality were determined spectrophotometrically, using a
Nano Drop 2000 (Thermoscientific). Reverse transcription
was conducted using the iScript(tm) Select cDNA Synthesis
Kit (BioRad; Cat. No. BIO1708891) according to manufac-
turer’s protocol. Finally, quantitative reverse transcriptase
polymerase chain reaction (QRT-PCR) was carried out using
Quantitect Sybr Green MasterMix (Qiagen; Cat. No. 204145)
on a CFX Connect Real-Time PCR system (BioRad). For a
list of primer sequences see Table 2. Data were normalized
to gene expression in hPSCs.

Single-cell RNA sequencing

HLOs were digested to single cells as previously descri-
bed”’ and sequenced on the 10 x Chromium at the University
of Michigan Sequencing Core. Raw sequencing data were
processed using the Cell Ranger software package
(10x Genomics) and was performed by the University of
Michigan Advanced Genomics Core. The Seurat R package
(version 3.1.5) was subsequently used to analyze the pro-
cessed single-cell RNA sequencing (scRNAseq) data.”® Cells
with mitochondrial transcript counts >5%, along with cells
with <300 and >2500 transcripts were discarded. Datasets
were scaled and normalized before integration and clustering.
Integration was performed using 2000 anchor genes, which
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TABLE 1. PRIMARY AND SECONDARY ANTIBODY INFORMATION
Source Cat. No. Dilution Clone

Primary antibody

Biotin-mouse anti MUC5AC* Abcam ab79082 1:100 Monoclonal

Cy3- mouse anti-actin-o. smooth Sigma C6198 1:400 Monoclonal

muscle (SMA)?

Goat anti-B-catenin (BCAT) Santa Cruz Biotechnology sc-1496 1:200 C-18

Goat anti-P63 R&D AF1916 1:500 Polyclonal

Goat anti-SOX9 R&D Systems AF3075 1:500 Polyclonal

Mouse anti-acetylated tubulin (ACTTUB)  Sigma-Aldrich T7451 1:1000  6-11B-1

Mouse anti-E-cadherin (ECAD) BD Transduction Laboratories 610181 1:500 36/E-Cadherin

Rabbit anti-NKX2.1 Abcam ab76013 1:200 EP1584Y

Rabbit anti-N-terminal pro SP-C (SFTPC) Seven Hills Bioreagents WRAB-9337  1:200 aal-35
Secondary antibody

Donkey anti-goat 647 Life Technologies A-21447 1:500

Donkey anti-goat Cy3 Jackson Immuno 705-165-147  1:500

Donkey anti-mouse 488 Jackson Immuno 715-545-150  1:500

Donkey anti-mouse Cy3 Jackson Immuno 715-165-150  1:500

Donkey anti-rabbit 488 Jackson Immuno 711-545-152  1:500

Donkey anti-rabbit Cy3 Jackson Immuno 711-165-102  1:500

Streptavidin Dyligh 488 Thermo Fisher PI121832 1:500

#Secondary antibody conjugated to the primary antibody.

were subsequently used for dimensionality reduction through
principal components analysis and Uniform Manifold Ap-
proximation and Projection. Clusters were identified using
the “FindCluster’” function. Differentially expressed genes
for each cluster were identified using the ‘‘FindConserved-
Markers” function and used to manually annotate cell type.
Gene ontology was performed using Metascape.

Organoid quantification

Healthy HLOs were quantified through the Zeiss Axio
Vert.Al. Each gel droplet had ~3-7 HLOs. The percent of
healthy HLOs per droplet was averaged and pulled together
with the other droplets.

Experimental replicates and statistics

All experiments were carried out on at least three (n=3)
independent biological samples per experiment. All error

bars represent SEM, whereas the long bar represents the
average. Statistical differences were assessed with Prism
software using multiple 7-tests.

Results
Alginate promotes HLO airway cell differentiation

We investigated the tissue morphology of HLOs cultured
in 2% alginate crosslinked with 2% CaCl, in comparison
with HLOs grown in a Matrigel droplet. In Matrigel, HLOs
expanded and the mesenchyme grew from the body of the
organoid (Fig. 1A). The mesenchyme outgrowth was remo-
ved every 2 weeks by trimming the mesenchyme around
individual HLOs with a scalpel and placing them into a new
Matrigel droplet. HLOs grown in 2% alginate had a strik-
ingly different morphology relative to those in Matrigel. In
alginate, the mesenchyme outgrowth was restrained and thus
the organoids did not have to be manipulated throughout the

TABLE 2. QPCR PRIMERS

Primer name Forward sequence

Reverse sequence

COL1A1 AAGAGGAAGGCCAAGTCGAG CACACGTCTCGGTCATGGTA
COL3A1 AGGGGAGCTGGCTACTTCTC AGGACTGACCAAGATGGGAA
FOXIJ1 CAACTTCTGCTACTTCCGCC CGAGGCACTTTGATGAAGC
HOPX GCCTTTCCGAGGAGGAGAC TCTGTGACGGATCTGCACTC
MUC5AC? GCACCAACGACAGGAAGGATGAG CACGTTCCAGAGCCGGACAT
NKX2.1 CTCATGTTCATGCCGCTC GACACCATGAGGAACAGCG
P63 CCACAGTACACGAACCTGGG CCGTTCTGAATCTGCTGGTCC
PDX1 CGTCCGCTTGTTCTCCTC CCTTTCCCATGGATGAAGTC
SCGB1Al ATGAAACTCGCTGTCACCCT GTTTCGATGACACGCTGAAA
SFTPC AGCAAAGAGGTCCTGATGGA CGATAAGAAGGCGTTTCAGG
SMA CCAGAGCCATTGTCACACAC CAGCCAAGCACTGTCAGG
Tlalpha ACATCCTTTGTTTTTGCCCA AGTGTCATCTTCTGGCTGGC
Vimentin CTTCAGAGAGAGGAAGCCGA ATTCCACTTTGCGTTCAAGG

All above primer sequences were obtained from http://primerdepot.nci.nih.gov/ and all annealing temperatures 55°C unless stated

otherwise.
Annealing temperature 60°C.**



896

Matrigel

2% Alginate

Arbritrary Units

0.1 '

NKX2.1 P63 FOXJ1

FIG. 1.

MUC5AC SCGB1A1

DYE ET AL.

HLOs grown in Matrigel vs Alginate

Il D65 Matrigel
I D12 Mat-—-> D53 2% Alg
B D65 2% Alg

|
HOPX T1 alpha

SFTPC

HLOs grown in alginate form epithelial structures. (A, B) Wholemount images of HLOs grown in Matrigel

(A) and 2% alginate. (B) Organoids cultured in Matrigel for 65 days, cultured in Matrigel for 12 days and then transitioned
to 2% alginate for 53 days, and cultured in 2% alginate for 65 days had a similar profile of lung markers including lung
marker NKX2.1, airway markers (P63, FOXJ1, MUC5AC, SCGB1A1) and alveolar markers (SFTPC, HOPX, T1alpha). All
error bars represent SEM from n=3 for each group. Data presented as fold change from hPSC control. Scale bars apply to
all images with the subfigure unless otherwise noted. HLOs, human lung organoids; hPSC, human pluripotent stem cell.

Color images are available online.

culture (Fig. 1A). Although the alginate restrained mesen-
chymal outgrowth, the overall size of the HLO increased
over time (Fig. 1A).

We next measured gene expression of lung epithelial
marker NKX2.1, airway cell-type makers including P63
(basal cell), FOXJ1 (ciliated cell), MUCS5AC (goblet cell),
SCGB1AL (club cell), and alveolar cell markers including
SFTPC (type 1I cell) and HOPX and Tlalpha (type I cell).
No significant differences were observed in gene expression
among the HLOs grown in Matrigel alone (65 days), HLOs
initially grown in Matrigel (12 days) then transitioned to 2%
alginate (53 days), and HLOs grown in 2% alginate the
entire time (65 days; Fig. 1B). The HLOs possess similar
lung marker gene expression whether cultured in Matrigel or
alginate, suggesting the cell-type make-up of the epithelium
in the organoid did not change based on the substrate the
HLOs were cultured in.

The HLOs grown in 2% alginate had epithelial structures
growing outward from the body of the organoid observed as
early as day 30 in culture (Figs. 1A and 2A). In the native
lung, the airway epithelium is coated with multiciliated
cells that make up the majority of the lung airway epithe-
lium and help coat the epithelium with mucins and remove
debris.**>! HLOs grown in 2% alginate had multiciliated
cells labeled by acetylated tubulin (ACTTUB) at day 49 in

culture. As early as day 66 of culturing HLOs in alginate,
beating ciliated cells were readily observed (Supplementary
Video S1). The 3D image reconstructions of the epithelial
structures revealed ACTTUB™ ciliated cells with the apical
surface of the cells facing outward toward the surrounding sub-
strate, whereas the P63" basal-like cells, which are the air-
way stem cell population in the native airway,’> were
located within the structures (i.e., closer to the body of the
organoid) (Fig. 2C). For HLOs cultured in Matrigel, ACT-
TUB labeling at the apical surface of cells was observed by
day 65, yet no cilia developed (Fig. 2B), and multiciliated
cells labeled by ACTTUB appeared at day 80 in culture
within the airway-like structures that are lined with P63*
basal cells (Fig. 2B). Taken together, HLOs cultured in 2%
alginate possess beating ciliated cells that appear as early as
day 49 in culture.

Matrigel supplemented alginate improved the health
of HLOs

Organoid health at day 5 in culture for HLOs grown in
2% alginate was 35%, much lower than that of HLOs grown
in Matrigel (Fig. 3A, B). We hypothesized that the algi-
nate physical properties may influence organoid health
and investigated the culture of organoids in 1% alginate.



HUMAN LUNG ORGANOID CULTURE TO MODEL DEVELOPMENT AND DISEASE

Acu
98
ID
E;-)(
o
Q
O<¢
-4 ®
I s
N <
a2 "
N [ 8
B C EEETETEE
®
L O®
90_) _Ig
T2 IS
= O
= <
DE D"&\
o_
-4 5
=
v @©
5= -
To
0
i
O3 o
= o
I =
o ®©
(s8]
A=

No morphological differences were observed between the
1% and 2% alginate (Fig. 3A). We next investigated aug-
menting the physical properties with the biochemical cues
available in Matrigel, which is an animal product that con-
tains undefined levels of growth factors and biological cues.
Matrigel was added to 2% alginate at ratios of Matrigel:2%
alginate of 1:1 and 1:7. The 1:1 ratio produced organoids
with similar morphology to 100% Matrigel, in which the
mesenchyme grew from the body of the organoid at day 60
in culture (Fig. 3A). The 1:7 ratio had a significantly increa-
sed number of healthy organoids, with 68% of HLOs appear-
ing healthy, and these HLOs had the same morphology as
HLOs grown in 2% alginate (Fig. 3A, B). The percentage
of healthy organoids per well was defined as the number of
HLOs containing a clear epithelium surrounded by mesen-
chyme, whereas unhealthy or dead organoids were defined
as having no observable epithelium and surrounded by dead
or dying cells and cellular debris. As before, HLOs grown in
Matrigel, 2% alginate, and ratios of 1:1 and 1:7 of Matrigel
and 2% alginate had similar gene expression of lung mark-
ers (Fig. 3C).
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FIG. 2. HLOs grown in
alginate express airway epi-
thelial makers. (A) Epithelial
structures were observed as
early as 43 days in culture
and were still observed at
day 67. Scale bar represents
200 um. (B) HLOs cultured
in Matrigel have epithelial
structures labeled by
B-Catenin (red) that are lined
with P63 basal cells (green)
along the basal lamina with
few multiciliated cells la-
beled by acetylated tubulin
(ACTTUB, white). At day 65
(middle panel), the HLOs
only have ACTTUB staining
toward the apical side of the
epithelial structures but no
visible cilia. At day 80,
HLOs have few multiciliated
cells where the cilia are
labeled with ACTTUB
(white). (C) HLOs cultured
in 2% alginate for 49 days
and 75 days have ACTTUB™
(white) multiciliated cells
coating the epithelial struc-
tures. The P63" (green) cells
labeling the basal cells were
tucked in toward the HLO.
Epithelial progenitor marker
and proximal mesenchymal
marker SOX9 (red) was
scattered in the epithelial
structures and the body of the
HLOs. Scale bar is the same
for all panels in the sub-
figure. Color images are
available online.

3 ACTTUB

HLOs grown in 1:7 ratio of Matrigel:2% alginate had the
same epithelial structures observed in the alginate alone,
with the outside of the epithelium coated in multiciliated
cells labeled by ACTTUB and P63* basal cells nestled
within the epithelium (Fig. 3D). In addition to the archi-
tecture, we observed MUCSAC" goblet-like cells (Fig. 3E).
This cell type was not observed by protein staining in the
HLOs grown in Matrigel although gene expression was
detected in Matrigel-cultured HLOs.” Collectively, although
the gene expression was not significantly different between
ciliated cell marker FOXJ1 and goblet cell marker
MUCSAC between Matrigel and alginate-grown HLOs, the
morphology, epithelial structure, and protein expression
were significantly different between HLOs grown in algi-
nate versus 100% Matrigel.

IPF organoid model

The HLOs provided a unique opportunity to study dis-
eases that affect the lung epithelium and mesenchyme such
as IPF. IPF is a chronic, fatal disease with no current
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FIG. 3. Healthy HLOs increased when matrix was added to the alginate. (A) Wholemount images of HLOs cultured in 1:1
Matrigel:2% alginate, 1:7 Matrigel:2% alginate, 1% alginate, and 2% alginate over 60 days. Scale bar applies to all images.
(B) HLOs cultured in 1:7 Matrigel:2% alginate had significantly higher initial rate of healthy organoids (72.1% +2.7%,
n=16 alginate droplets) compared with 2% alginate (28.2% £ 6.5%, n=14 alginate droplets). HLOs were quantified after
5 days in the alginate droplet. Error bars represent SEM. (C) HLOs grown in 100% Matrigel, 2% alginate. 1:1 Matrigel:2%
alginate, and 1:7 Matrigel:2% alginate for 60-65 days had similar expression of lung marker NKX2.1, airway markers (P63,
FOXIJ1, MUCS5AC, SCGB1A1), and alveolar markers (SFTPC, HOPX, Tlalpha). All error bars represent SEM from n=3
for each group. Data presented as fold change from hPSC control. (D) 1:7 Matrigel:2% alginate HLOs cultured for 60 days
had multiciliated cells labeled by ACTTUB (white) covering the epithelial structures labeled by ECAD (red). The P63*
(green) basal cells labeled were on the basal side of the epithelium, forming a pseudostratified epithelium. (E) 1:7
Matrigel:2% alginate HLOs cultured for 60 days had MUCS5AC" (green) mucus producing goblet cells within the epi-

thelium labeled by ECAD (white). Color images are available online.

therapies that halt or revert the effects of the disease. The
current models of IPF, which include cell lines, primary
tissue sections, and mouse models, have furthered our under-
standing of IPF, but have thus far failed to lead to significant
improvement in therapeutic options to treat IPF.*>** IPF
deteriorates the alveolar epithelium and causes an over-
growth of mesenchymal myofibroblasts.”* The HLOs we
describe here comprised alveolar epithelial cell types and
mesenchyme including fibroblasts and myofibroblasts,”**
providing a unique opportunity to study fibrosis and the
interaction of the epithelium and mesenchyme. During IPF,
myofibroblasts become activated and begin to increase in
number and express smooth muscle actin (SMA).3*35

We first treated HLOs in 100% Matrigel and 1:7
Matrigel:2% alginate (hereafter termed the alginate condi-
tion) with 100 ng/mL of TGFp for 7 days. In this initial
study, no morphological differences were observed in trea-
ted and untreated HLOs grown in Matrigel (Fig. 4A). Fur-
thermore, no difference in the gene expression of SMA was
detected, and expression of the mesenchymal marker
vimentin (VIM) was slightly reduced in the treated Matrigel
HLO group compared with the nontreated Matrigel HLO
group (Fig. 4B). For the HLOs grown in alginate, TGFj
stimulation resulted in significantly increased SMA gene
expression and moderately increased VIM expression
(Fig. 4B). Subsequent studies focused on HLOs grown in
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alginate to model fibrosis. Of importance, because alginate
cultured HLOs do not need to be continuously split every
2 weeks, this allowed for extended studies.

We next investigated the impact of sustained TGFJ
stimulation on the morphology and gene expression in the
HLOs. TGFp stimulation was initiated on day 55 in HLOs
grown in 1:7 Matrigel/alginate and was sustained for 4 weeks
where media was changed every 3 days with fresh TGFp
(end of study: day 83 of HLOs; Fig. 5A). The 4-week TGFp-
treated HLOs had drastic changes in their morphology, with
mesenchymal projections protruding from the body of the
organoid compared with the control (Fig. 5B). We also ob-
served an increased number of SMA™ cells compared with
the control by immunofluorescence (IF), which correlated
with a significantly higher SMA gene expression compared
with the untreated HLOs by qRT-PCR (Fig. 5C, D).*

In addition to an increase in SMA™ cells, the TGFp-
stimulated HLOs had a decrease in SFTPC" cells and a
significant reduction in the gene expression of SFTPC,
observed by IF and qRT-PCR, respectively (Fig. SE, F).
Decreased alveolar type II cells, expressing SFTPC, mirrors
the phenotype observed in IPF patients.”*® We investi-
gated the expression of key IPF markers by qRT-PCR and
observed significant increases in gene expression for
COLI1A1 and COL3ALl in the TGFp-treated HLOs relative
to untreated HLOs, whereas the lung marker NKX2.1 and
mesenchymal marker VIM were not significantly differ-
ent between treatment and no treatment HLO groups
(Fig. 5G-J).

D_ay __

Control TGFB Control

899

FIG. 4. HLOs cultured in
Matrigel did not have a
fibrotic phenotype when
treated with TGFf. (A)
Wholemount images of
HLOs cultured for 60 days
treated with TGFp for 7 days
had the same mesenchymal
outgrowth as the untreated
group. Scale bar applies to all
images. (B) HLOs in
Matrigel cultured for 55 days
and then treated with TGFJ3
for 28 days had a slight de-
crease in expression of the
mesenchymal marker
vimentin and no significant
increase in myofibroblast
marker SMA. HLOs cultured
in 1:7 Matrigel:2% alginate
(labeled Alginate) had a
slight increase in vimentin
transcript and significant
increase in SMA transcript.
All error bars represent SEM
from n=3 for each

group. Data presented as fold
change from hPSC control.
SMA, smooth muscle actin;
TGFp, transforming growth
factor B. Color images are
available online.

SMA

TGFB

Matrigel

We further confirmed these findings by comparing TGFf-
treated HLOs and untreated HLOs using scRNAseq. After
initial clustering of all HLO cells, we identified nine clus-
ters represented by both control and TGFp-treated HLOs
(Fig. 6A and Supplementary Fig. S1A, B). We first visual-
ized the mesenchymal and epithelial cells by high expres-
sion of canonical markers for each of these cell types,
through which we identified one clear mesenchymal cluster
(Cluster 8) and two clusters that contained most of the
epithelial cells (Clusters 1 and 6) (Fig. 6B). These clusters
were identified generally as epithelial cells by high expres-
sion of keratins and calcium binding proteins (Fig. S1B).
Upon closer evaluation of highly expressed genes in each
cluster, we identified cell clusters represented primarily by
ciliated cells, basal cells, lung-like mesenchyme, neuro-
nal cells, and some nonlung cell lineages (Supplementary
Fig. S1C, D).

We decided to focus the analysis on the mesenchymal
cells as they appeared to be a clear and independent cell
cluster and are relevant to IPF. After reclustering of the
mesenchymal cells (Fig. 6C), we identified chondrocytes,
myofibroblasts, and smooth muscle cells in TGFp-treated
HLOs and untreated HLOs as well as a population of
mesenchyme present only in TGFp-treated HLOs, hereafter
termed IPF-induced mesenchyme (Fig. 6C, D). New popu-
lations of mesenchymal cells in IPF patients have been
described before.”” The IPF-induced mesenchyme in the
TGFp-treated HLOs express high levels of COL2A1 and
COL1A2 (Fig. 6E), which are known markers of IPF-
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FIG. 5. HLOs grown in alginate gained a fibrotic phenotype when treated with TGFp. (A) Timeline of TGFp treatment.
Treatment started with HLOs cultured for 55 days, then 100 ng/mL of TGFf was added for 4 weeks. HLOs were cultured
for a total of 83 days. (B) HLOs treated with TGFP had mesenchymal outgrowths compared with the untreated group.
(C) There was an increase of SMA" (white) cells, which label myofibroblasts, in the TGF treated group compared with the
untreated group. Epithelium was labeled by ECAD (green). (D) There was a significant increase of SMA transcript in the
TGFp-treated group compared with the untreated group. (E) The TGFp treated group had fewer SFTPC* (white) cells
compared with the untreated group. SFTPC labels type II alveolar cells and alveolar progenitors. Epithelium was labeled
by ECAD (green). (F) There was a significant decrease of SFTPC transcript compared with the untreated group. (G, H)
COL1A1 and COL3A1 mRNA expression were significantly higher in the TGF-treated group compared with the untreated
group. (I, J) TGFp-treated and untreated groups had similar mRNA expression of early lung marker NKX2.1 and mes-
enchymal marker vimentin. All error bars represent SEM from n =3 for each group. Data are presented as fold change from
hPSC control. Scale bars in (B), (C), and (E) apply to all parts of the subimage. *p <0.05. Color images are available online.
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induced mesenchyme in humans in vivo.”” Chondrocytes,
myofibroblasts, and smooth muscle cells were identified by
determining high expression of canonical markers for each
of the identified cell types (Fig. 6E). A more complete list of
differentially expressed genes is given in Supplementary
Tables S1 and S2.

Finally, we investigated the expression of key IPF mark-
ers in our scRNAseq data.***® Increases in gene expression
were observed for COL1A1 and COL3Al in the TGFp-
treated HLOs relative to untreated HLOs; however, we saw
that the upregulation of these markers is almost entirely
from the IPF-induced mesenchyme rather than an increase
in expression from myofibroblasts, smooth muscle cells, or
chondrocytes (Fig. 6F). In addition, other markers previ-
ously described to be up- or downregulated during IPF*°
were up- and downregulated in the TGFp-treated HLOs,
respectively. These include upregulation of SM22 and down-
regulation of FBLN1 (Fig. 6F). In addition to expressing
known IPF markers, the IPF-induced mesenchyme appears
to have a unique expression profile, with multiple genes
enriched in these cells compared with the other mesenchy-
mal cell types (Fig. 6G). Of importance, Cluster 2 within the
mesenchymal cluster consisted solely of TGFp-treated cells
and upregulated gene ontology pathways associated with
ECM and organization (Fig. 6H), consistent with the orga-
noid morphology observed in Figure 5.

Discussion

Emerging advancements with organoids have improved
culture systems that support the differentiation and assembly
of multiple cell types into normal organ structures, which
can be used to model complex diseases. Although Matrigel
has been a popular choice for 3D culture, synthetic and nat-
ural materials have also been used; for example, intestinal
organoids have recently been cultured in polyethylene gly-
col and alginate hydrogels.'*™"> In particular, intestinal or-

No Treatment

TGFB

ganoids derived from hPSCs had enhanced organization
when grown in the nondegradable, natural biomaterial al-
ginate."> We applied an alginate-based hydrogel system to
HLOs, which supported the formation of the HLO epithe-
lium and mesenchyme, including the development of more
diverse cell types within the airway epithelium compared
with HLOs in Matrigel.

HLOs cultured in 2% alginate possessed epithe-
lial structures that resembled native airway epithelium
including beating multiciliated cells with scattered mucus
producing goblet cells and P63" basal cells along the basal
lamina toward the body of the organoid. This cell differ-
entiation occurred as early as day 50 in culture compared
with day 80 in Matrigel-cultured HLOs, where only a few
ciliated cells were observed with no goblet cells present.
Further investigation is needed determine the causation of
the inside-out morphology of the derived airway epithe-
lium by studying both the force and ECM deposition in the
alginate. Because similar inside-out morphology occurred
with the Matrigel supplemented alginate, we believe this
may be caused by force and interaction with the alginate.
The restrained growth of mesenchyme in alginate allowed
for the analysis of TGFp treatment on the development of
fibrosis, where myofibroblasts expanded within the HLOs,
markers of alveolar type II cells were reduced, IPF-induced
mesenchymal and ECM markers and cell types increased,
and mesenchymal protrusions grew from the body of the
organoid.

Although improved airway epithelium was observed in
alginate alone, we observed enhanced initial healthy of the
HLOs when supplemented with just one-eighth Matrigel.
The Matrigel likely helps with the initial health and growth
of the HLOs until degraded as the Matrigel contributes
soluble factors that may help the HLOs to deposit their own
matrix and survive long term. The initial growth factors and
proteins that help with the initial health of the HLOs still
need to be determined. The Matrigel was not replaced
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FIG. 6. scRNAseq analysis confirms a fibrotic phenotype in HLOs treated with TGFp. (A) scRNAseq cluster plot from
TGFp-treated HLOs and control (untreated) HLOs. Each dot represents a single cell and cells are grouped based on
transcriptional similarities. Nine cell clusters were identified. (B) Feature plots highlighting canonical mesenchymal
markers (DCN, POSTN, SM22) and canonical epithelial markers (CDH1, KRT18, KRTS). Cluster 3 was identified as the
mesenchymal cell cluster, whereas Clusters 1 and 6 appeared to contain the epithelial cells. (C) scRNAseq cluster plot from
just the mesenchymal cells in TGFp-treated HLOs and control HLOs. The cluster plot is colored by cells from TGF-treated
HLOs or control HLOs. Clusters 0, 1, and 3 contain cells from control and TGFp-treated HLOs, whereas Cluster 2 contains
cells from only the TGFp-treated HLOs. (D) scRNAseq cluster plot from just the mesenchymal cells in TGFp-treated HLOs
and control HLOs. Cell type labels are based on expression of canonical markers for each cell type identified or based on
genes most highly enriched by cells in a cluster. (E) Feature plots showing expression of cell type markers used to identify
clusters. Myofibroblast markers are enriched in Cluster 0, smooth muscle cell markers are enriched in Cluster 1, and
chondrocyte markers are enriched in Cluster 3. COL2A1 and COL1A?2 are highly expressed in the IPF-induced cell cluster
(Cluster 2). (F) Violin plots identifying known IPF-induced genes that are up- or downregulated in TGFp-treated HLOs.
(G) Box plots showing six of the most highly enriched genes in the IPF-induced cell cluster (Cluster 2) compared with the
other cell clusters. (H) Gene ontology pathways upregulated in marker genes from Cluster 2. IPF, idiopathic pulmonary
fibrosis; scRNAseq, single cell RNA sequencing. Color images are available online.
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during the 100+ days of culture. In comparison with other
hPSCs lung organoid models, which are epithelial-only
organoids that model airway epithelium in a cyst-like
structure,40 one of the main advantages of this HLO model
is the combination of the lung epithelium and supporting
mesenchyme, which enables investigating the interaction of
epithelium and mesenchyme in a disease context. We hypo-
thesize that in the 100+ day cultures where the supplemen-
ted Matrigel was not replaced, the alginate provides a 3D
structure without inhibiting growth allowing the HLO
matrix and mesenchyme to support the epithelial tissue.
This hypothesis is further supported in which epithelial-
only organoids can only be grown in alginate unless co-
cultured with mesenchymal cells.'® Further research is
necessary to determine the potential differences of the
lung organoid mesenchyme in alginate compared with
Matrigel. Relative to Matrigel-grown HLOs, where cili-
ated cells face the inside of the organoid and basal cells
line the outside surface of the organoid, alginate grown

R-HSA-29807 36: Peptide hormone metabolism

R-HSA-1566948: Elastic fibre formation

GO:0044403: biological process involved in symbiotic interaction
GO:0030335: positive regulation of cell migration

(Continued).

HLOs were inside-out. Based on recent reports, this could
be owing to the lack of ECM proteins in alginate, which
help control polarity.*!

We were able to develop an IPF HLO model with HLOs
grown in alginate. IPF causes hypoplastic and a loss of
alveolar cells, increased bronchiolization in the alveolar
epithelium, fibrosis in the mesenchyme, and an overgrowth
of ECM.*? TPF is a disease of unknown origin that perma-
nently damages the lungs and leads to >50,000 deaths per
year in the United States (pulmonaryfibrosis.org). It is
chronic, progressive, and fatal, and only two therapies exist
that mildly slow but do not halt the progression of the dis-
ease in some patients.>****> Mouse models treated with
Bleomycin are the primary system for studying IPF; how-
ever, recent findings suggest that structural, cellular, and
functional differences exist between healthy mouse and
human lungs, which make it difficult to model IPF in
mice.>* In addition, the mouse model reverts back to normal
lung phenotype over time with no treatment,
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which contradicts the progression of fibrosis in the human
disease.™** A small amount of 2D and 3D human-specific
in vitro models of IPF exist; however, many are limited in
source and none effectively model epithelial-mesenchymal
or cell-matrix interactions.*® Thus, improved IPF models are
needed. TGFP stimulation of HLOs grown in alginate pro-
vided a combination of epithelium, controlled growth of the
mesenchyme, and HLO-supplied ECM that enables the
modeling of IPF. In contrast, HLOs grown in 100% Matrigel
did not exhibit markers of IPF most likely because of Ma-
trigel already containing TGFp that may be the catalyst of
the mesenchyme outgrowth that needs to be trimmed every
2 weeks.

Using scRNAseq, we identified multiple epithelial and
mesenchymal cell types in HLOs, including ciliated cells,
basal cells, myofibroblasts, smooth muscle cells, and chon-
drocytes. Upon treatment with TGFf, an IPF-induced mes-
enchymal population arose, which expressed a unique gene
expression profile including markers shown to be expressed
in IPF-induced mesenchymal cells in IPF patients.>” HLOs
treated with TGF also had an increase in IPF markers along
with a decrease in the alveolar marker SFTPC, which cor-
relates with the phenotype in IPF patients. A recent report
indicated that Pdgfra” mesenchymal cells in mice proliferate
and upregulate SM22 in the IPF diseased state and are
therefore at least partially responsible for fibrosis in IPF.*

The IPF HLO model allows further study of the contri-
bution and changes of these cells in a human-specific model
as the fibrotic phenotype progresses in culture under TGF[3
treatment. In contrast to the Bleomycin-treated mouse
model, the HLO model can be used to study initiation and
progression of fibrosis, whereas the mouse model for IPF
has initiation of fibrosis but does not progress overtime.>* In
addition to using the IPF HLO model to study the origin and
progression of the disease and changes in cell types and
ECM composition, the model can be used to study signaling
pathways that could be potential therapeutic targets for IPF,
and it could provide a high-throughput platform for drug and
therapy testing. Thus, the HLO IPF model may provide
insight into how to treat the progression of the disease and
what signaling pathways propagate the disease.

In this report, we have demonstrated enhanced airway
cell differentiation when HLOs are cultured in the natural
biomaterial alginate. We observed an increase in the
number of multiciliated cells, the most prevalent cell type
in the lung airway, mucus-producing goblet cells, and basal
cells organized in a flipped pseudostratified epithelium
similar to the native lung airway. This enhanced differen-
tiation occurred as early as day 50 in culture compared
with HLOs cultured in Matrigel for 80 days when only a
few multiciliated cells and no goblet cells were observed.
HLO initial health increased when a small portion of
Matrigel was added to the alginate. The Matrigel likely
degraded overtime, resulting in the same enhanced differ-
entiation observed in the HLO alginate alone cultures.
Finally, because the HLOs possess alveolar epithelial cells
and the alginate controlled the growth of the supporting
mesenchyme, the HLOs modeled aspects of IPF including
gross fibrotic outgrowth, increased ECM gene expression,
increased numbers of mesenchymal cells including a new
cell population, and decreased numbers of alveolar epi-
thelial cell types. Not only did the HLO cultures in alginate

DYE ET AL.

promote rapid and improved airway cell differentiation, the
system allowed for a novel model for IPF that may provide
new insights for this devastating disease.
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