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Nascent Lung Organoids Reveal Epithelium- and Bone Morphogenetic
Protein—-mediated Suppression of Fibroblast Activation
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Abstract

Reciprocal epithelial-mesenchymal interactions are pivotal in lung
development, homeostasis, injury, and repair. Organoids have been
used to investigate such interactions, but with a major focus on
epithelial responses to mesenchyme and less attention to epithelial
effects on mesenchyme. In the present study, we used nascent
organoids composed of human and mouse lung epithelial and
mesenchymal cells to demonstrate that healthy lung epithelium
dramatically represses transcriptional, contractile, and matrix
synthetic functions of lung fibroblasts. Repression of fibroblast

activation requires signaling via the bone morphogenetic protein
(BMP) pathway. BMP signaling is diminished after epithelial injury
in vitro and in vivo, and exogenous BMP4 restores fibroblast
repression in injured organoids. In contrast, inhibition of BMP
signaling in healthy organoids is sufficient to derepress fibroblast
matrix synthetic function. Our results reveal potent repression of
fibroblast activation by healthy lung epithelium and a novel
mechanism by which epithelial loss or injury is intrinsically coupled
to mesenchymal activation via loss of repressive BMP signaling.
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Epithelial-mesenchymal interactions

are pivotal during tissue development

and organ morphogenesis (1). These
interactions continue in mature organisms,
helping to maintain tissue homeostasis,
self-renewal, and healing response to injury
(2). In the lung, epithelial-mesenchymal
interactions are essential to the formation
of the branching airways and
alveolarization of the distal lung (3, 4).
Epithelial injury to both the proximal
airways and the distal alveoli generates
mesenchymal cell activation as part of the
normal wound-healing response (5-7). In
most cases, this process is self-limiting,
leading to tissue repair and injury

resolution. However, in both the proximal
airways and distal alveoli, persistent
epithelial injury or aberrant repair leads

to continued mesenchymal activation,
scarring, and loss of lung function (5-12).
Thus, understanding the specific signals
that mediate epithelial-mesenchymal cross-
talk during tissue homeostasis, normal
tissue repair, and fibrotic tissue remodeling
is a high priority. Accumulating evidence,
largely generated using mouse models, has
linked epithelial-mesenchymal interactions
coordinated by multiple pathways,
including hedgehog, fibroblast growth
factor, and Wnt signaling, to lung
homeostasis and fibrosis (3, 13-15).

Although these efforts represent important
advances, it remains technically challenging
and time consuming to precisely
manipulate and dissect epithelial-
mesenchymal interactions in mouse model
systems, motivating efforts to study these
interactions in additional physiologically
relevant model systems.

Traditional cell culture systems,
including Transwell systems, have also
been used to study epithelial-mesenchymal
interactions, and they have similarly
shown that epithelial cell injury activates
fibroblasts (12, 16-19). However,
such investigations have focused
overwhelmingly on injury responses, with
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little attention focused on homeostatic
interactions between epithelial cells and
fibroblasts. Organoids have recently
emerged as valuable new tools to
understand cell-cell interactions and cell
differentiation and as models for studying
disease processes. Organoids form and
function stably over a period of days

and weeks through a process of self-
organization, offering an opportunity to
study cell-cell interactions critical to
determining cell fate and homeostasis. In
particular, investigations of organoids
formed from lung cells or from pluripotent
progenitors have probed the mechanisms
controlling epithelial lineage commitment
and differentiation into mature cell types
(20-28), and they have highlighted the role
that the mesenchyme can play in
supporting such processes. In comparison,
less attention has been directed at studying
the influence of the epithelium on
mesenchymal cell states within such
organoid systems. Given the key role that
lung mesenchyme activation plays in
wound healing and fibrosis, in this work
we set out to study how mesenchymal
activation is influenced by lung epithelium
within nascent organoids and how it is
altered in response to epithelium- and
fibroblast-specific perturbations. Using
our previously developed airway organoid
model (29), we focused on early
epithelial-mesenchymal interactions
during nascent organoid emergence to
demonstrate potent epithelial repression of
fibroblast transcriptional, contractile, and
matrix synthetic states, in part through
bone morphogenetic protein (BMP)
signaling. We found that epithelial injury
alone is sufficient to recapitulate
mesenchymal activation, whereas healthy
epithelium retains the capacity to repress
exogenous fibroblast-specific activation.
Together these results demonstrate that
healthy epithelial-mesenchymal cross-talk
normally acts to restrain fibroblast
contractile and matrix synthetic activation,
and they establish this system as a
powerful tool for dissecting the signals that
underlie homeostatic, reparative, or
fibrotic interactions between epithelial and
mesenchymal compartments.

Methods

Full details of the methods are provided in
the data supplement.
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Mice and Bleomycin-induced Lung
Injury

All experiments were performed in
accordance with the guidelines of the Mayo
Clinic Institutional Animal Care and Use
Committee. Collal (collagen type I alpha 1
chain)-GFP transgenic mice were kindly
provided by Dr. Derek Radisky and
generated as previously described (30).
Bleomycin (APP Pharmaceutical) was
delivered to the lungs as previously
described (31).

Cell Sorting and Culture
Mouse lung fibroblasts were isolated from
Collal-GFP" mice. Mouse type 2 alveolar
epithelial cells were isolated from Sftpc-
EGFP™ (surfactant protein C-enhanced
GFP-positive) mice [B6N.Cg-Tg(Sftpc,-
EGFP)1Dobb/], CBG], which were
purchased from The Jackson Laboratory (32).
C57BL/6 mouse primary tracheal and
bronchial epithelial cells (mTEs; Cell
Biologics) were cultured in Complete
Epithelial Cell Medium (Cell Biologics).
Normal human lung fibroblasts (hLFs;
Lonza) were cultured in Dulbecco’s
modified Eagle medium supplemented with
10% FBS and 1% antibiotic-antimycotic
solution. Normal bronchial epithelial cells
(Lonza) were cultured in BEGM BulletKit
bronchial epithelial cell growth medium
(Lonza). For two-dimensional (2D)
coculture experiments, 3 X 10> mTEs and
3 X 10° hLFs were seeded into a well of a
6-well plate. Epithelial cell medium was used
to maintain both cell types. Organoids were
generated as described in prior work (29).

RNA Extraction and RT-PCR Analysis
Cells in the three-dimensional (3D)
organoid were removed from Matrigel with
Corning Cell Recovery Solution (Corning).
Total RNA was isolated with the RNeasy
Plus Mini Kit (Qiagen) or the RNeasy Micro
Kit (Qiagen), depending on the number of
cells. cDNA was synthesized and gene
expression levels quantified by qRT-PCR
using species-specific primers for all genes.

RNA-Sequencing Analysis of the
Sorted Cell Population

RNA libraries were prepared and sequenced
following Illumina’s standard protocol
using the Illumina cBot and HiSeq
3000/4000 PE Cluster Kit, yielding 33
million-40 million fragment reads per
sample. Differentially expressed genes of

sorted Collal-GFP™" fibroblasts in the
presence or absence of epithelial cells were
identified using Smyth’s moderated ¢ test
and the Benjamini-Hochberg procedure for
adjusted P values (false discovery rate).
Genes with a false discovery rate below
0.05, absolute log, fold change greater than
1, and annotated by Ensembl as being
protein-coding genes were defined as being
differentially expressed.

Immunofluorescence Microscopy
Mouse lungs were inflated and fixed with
4% paraformaldehyde (Polysciences).
Organoids were removed and separated
from the Matrigel layer with Corning Cell
Recovery Solution, embedded in optical
cutting temperature compound, and frozen
at —80°C. Cryosections (10 wm) were
placed on poly-L-lysine-coated slides
(Fisher Scientific) for immunostaining with
primary antibodies for FITC-conjugated
ACTA2 (Sigma-Aldrich) diluted 1:200 or
for BMP4 antibody (Santa Cruz
Biotechnology) diluted 1:50 at 4°C
overnight.

Western Blotting

Cells in 3D organoids were removed from
Matrigel with Corning Cell Recovery
Solution and were harvested into
radioimmunoprecipitation assay lysis buffer
(Thermo Fisher Scientific) with Halt
Protease and Phosphatase Inhibitor Cocktail
(Thermo Fisher Scientific). Lysates were
subjected to SDS-PAGE, then transferred
and probed with GAPDH (Cell Signaling
Technology), ACTA2 (Sigma-Aldrich), and
fibronectin (Santa Cruz Biotechnology)
antibodies.

BMP Luciferase Assay

Cells were transfected with pGL3 BRE
Luciferase (plasmid 45126; Addgene) (33)
using Lipofectamine 3000 reagent (Life
Technologies). Luciferase activity was
measured via a dual luciferase reporter
assay (Promega), with firefly luciferase
activity normalized to Renilla activity.

Statistical Analysis

All results are expressed as mean + SEM.
Comparisons between groups were made
by using an unpaired two-tailed Student’s
t test. The statistics were analyzed using
Prism 7 software (GraphPad Software).

P values less than 0.05 were considered
statistically significant. All experiments
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were repeated at least three times, and
representative data are shown.

Results

Organoids Formed from Either
Proximal or Distal Lung Epithelium
Strongly Repress Fibroblast

Activation Gene Signature

To evaluate the capacity for epithelial cells to
regulate fibroblasts in vitro, we adapted a
previously described organoid system (29).
We previously showed that in this system,
primary lung epithelial cells and fibroblasts
rapidly condense, self-organize, and
undergo stable epithelial maturation into
both proximal and distal fates while seeded
on a bed of Matrigel and cultured in the
presence of lung epithelial differentiation
factors (29). To enable efficient study of
epithelial-mesenchymal interactions and
responses to prior epithelium- or fibroblast-
specific perturbations, we focused on early
time points (Days 3-7) after cell seeding,
and we term these cultures “nascent
organoids,” reflecting their relatively

early stage of self-organization and
maturation (29).

To unambiguously distinguish
fibroblast from epithelial transcriptional
responses, we combined C57BL/6 mTEs and
hLFs in these cultures, and we designed
primers that amplified fibroblast and
housekeeping gene expression in a highly
species-specific manner (see Table E1 in the
data supplement). For comparison, we
cultured fibroblasts alone under identical
conditions atop Matrigel and in the
presence of the same epithelial
differentiation factors (Figure 1A). Under
these conditions, fibroblasts also rapidly
condense into a single mass. To ascertain
whether the epithelial regulation of
fibroblasts was unique to the culture
conditions, we also cultured hLFs alone or
in the presence of mTEs in the same ratios
as in organoids, but on traditional tissue
culture plastic.

To first assess the baseline state of the
fibroblast-only cultures, we compared their
expression of a panel of genes characteristic
of fibroblast activation (8, 14, 34).
Fibroblasts alone cultured in the traditional
2D tissue culture plastic system exhibited
higher expression of COLIAI and CTGF
(connective tissue growth factor), but not of
ACTAZ2 or FNI (fibronectin 1), than
fibroblasts seeded atop 3D Matrigel

(Figure 1B), demonstrating the relatively
modest effect of culture system alone on
fibroblasts. Inclusion of epithelial cells in
coculture with fibroblasts in 2D did not
significantly alter fibroblast expression of
this panel of genes at either 3 or 7 days
(Figure 1C). In contrast, in the organoid
coculture model, the presence of epithelial
cells significantly lowered expression of all
four fibroblast activation genes across both
Days 3 and 7 compared with cultures
containing hLFs alone (Figure 1D). This
response was particularly impressive for
COL1A1 (0.063 = 0.005-fold; P < 0.01) and
ACTA2 (0.255 = 0.014-fold; P<0.01). To
extend these observations of proximal
epithelial suppression of fibroblast state to
distal alveolar epithelial cells, we isolated
type 2 alveolar epithelial cells from adult
Sftpc-GFP mice by FACS (Figure 1E) and
cocultured these cells with hLFs under
identical seeding and culture conditions
(Figure 1F). Fibroblasts grown in 3D
organoids with Sftpc-GFP™ cells exhibited
similar, and in three of four cases
statistically greater, reductions in
expression of the fibrotic activation gene
panel (Figure 1G). These results highlight
the dramatic influence that both proximal
and distal lung epithelial cells exert on
fibroblast gene expression, particularly
when cultured under organoid-forming
conditions, and they suggested that the
fibrogenic and contractile state of
fibroblasts is strongly influenced by
proximity to, and reciprocal interactions
with, lung epithelium.

Organoid Culture Restrains Fibroblast
Proliferation, Contraction, and
Extracellular Matrix Deposition
Functional readouts of fibroblast activation
include proliferation, contractile capacity,
and extracellular matrix (ECM) deposition.
Previous studies have shown that organoid
self-organization, compaction, and
formation atop Matrigel require mechanical
forces, particularly those generated by
contractile fibroblasts (35, 36). In general
agreement with epithelial cells restraining
fibroblast contractile capacity, the
compacted size of epithelial fibroblast
organoids was significantly larger in
diameter than that of fibroblasts alone,
inclusive of whether fibroblast seeding
density was maintained or doubled to be
equivalent to the total cell density in
epithelial cell-fibroblast cocultures (Figures
2A-2D). These results are consistent with
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epithelial cells reducing fibroblast
contractile function and therefore limiting
the fibroblast-mediated compaction needed
to form dense cell aggregates during
organoid formation. A potential alternative
explanation is that cells in coculture
proliferate more rapidly than in fibroblast-
only cultures, leading to larger cell
aggregates. However, when we visualized
protein expression of the proliferative cell
marker Ki-67 by immunofluorescence
staining, we observed fewer Ki-67" cells in
epithelial-mesenchymal cocultures

(Figure 2F) than we did in fibroblast-only
cultures (Figure 2E), with a quantitative
reduction in Ki-67 " /vimentin* fibroblasts
in cocultures (Figure 2G). These results
demonstrate that epithelial cells repress
fibroblast proliferation in nascent organoids
and rule out the possibility that the larger
cell aggregate size is generated by greater
proliferation.

To test the effect of epithelial cells on
fibroblast contractility directly, we
suspended fibroblasts alone or in coculture
with epithelial cells within 3D collagen
hydrogels and studied the overall gel
compaction over 24 hours (Figure 2H).
These studies confirmed that mTEs
significantly impaired collagen gel
compaction (Figure 2I), again consistent
with epithelial cells exerting a restraining
effect on fibroblast contractile capacity.
These findings are in agreement with prior
work using human bronchial epithelial cells
in a similar fibroblast collagen compaction
system (37).

To evaluate the capacity of epithelial
cells to reduce the matrix synthetic function
of organoid cocultured fibroblasts, we used
an immunofluorescence assay to quantify
the deposition of ECM proteins fibronectin
and collagen type I. Compared with
fibroblasts alone, organoid cocultures
exhibited significantly lower deposition of
both ECM proteins (Figures 2] and 2K).
Taken together, these results confirm
significant functional effects of lung
epithelium in repressing fibroblast
proliferative, contractile, and fibrogenic
phenotypes.

Organoid Culture Dampens Fibroblast
Activation by Transforming Growth
Factor-p1

Although the experiments described above
demonstrated that epithelial cells in
organoid cocultures could repress fibroblast
genetic and functional activation signatures,
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Figure 1. Organoid culture with proximal or distal lung epithelium represses expression of a fibroblast activation gene signature. (A) Schematic diagram of
two-dimensional (2D) and organoid cultures of fibroblasts alone or with epithelial cellfibroblast cocultures. (B) Gene expression analysis of markers of
fibroblast activation in 2D and organoid culture conditions for 3 days. n=6. (C) Gene expression analysis of fibroblast transcripts in 2D mono- and
cocultures at Day 3 and Day 7. n=6. (D) Gene expression analysis of fibroblast transcripts in organoid mono- and cocultures at Day 3 and Day 7. n=6.
(B) Visualization of Sftpc-GFP* cells within a transgenic mouse lung section. Scale bar: 100 wm. (F) Visualization of Sfipc-GFP™ cells within an epithelial
cellfibroblast organoid coculture. Scale bar: 100 wm. (G) Gene expression analysis of fibroblast transcripts in organoid culture conditions from fibroblasts
alone versus in cocultures with mouse primary tracheal and bronchial epithelial cells (mTES) or Sftoc-GFP™ alveolar epithelial cells at Day 3. n=3.

*P <0.05, P <0.01, and **P < 0.001. COL1A1 =collagen type | a 1 chain; CTGF = connective tissue growth factor; FN1 = fibronectin 1; hLFs =normal
human lung fibroblasts; NS = not significant; Sftpc = surfactant protein C.
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Figure 2. Organoid culture restrains fibroblast proliferation, contractile function, and extracellular
matrix (ECM) deposition. (4) Bright-field microscopy of fibroblasts (1 x 10° hLF) alone in organoid

culture conditions. Scale bar: 500 wm. (B) Bright-field microscopy of fibroblasts at twice the seeding

density of A (2 X 10° hLF) in organoid culture conditions. Scale bar: 500 pm. (C) Bright-field

microscopy of coculture organoids (1 X 10° hLF and 1 X 10° mTEs), with total cell number the same

as in B. Scale bar: 500 pm. (D) Quantification of three-dimensional organoid sizes. n=5. (E-G)
Immunofluorescence imaging of Ki-67 staining in human lung fibroblasts (vimentin-positive [VIM*]
cells) from organoid-cultured fibroblasts alone (hLF; E) and cocultures (hLF + mTE; F). Scale

bar: 50 wm. (G) Quantification of Ki-67* cells in organoid-cultured fibroblasts alone and cocultures
(Vim* fibroblasts and total cells). n=3. (H) Collagen gel contraction assay with cells labeled using
trypan blue staining. (/) Quantification of collagen gel size showing greater gel compaction by
fibroblasts alone and reduced compaction in the presence of mTEs. n=6. (*P <0.01). ()
Immunodetection of deposited fibronectin and collagen | in organoid cultures of fibroblasts alone

(hLF) and cocultures (hLF + mTE). (K) Quantification of ECM deposition of fibronectin and collagen I.

n=8.*P<0.05, *P<0.01, and **P <0.001.

these fibroblasts were otherwise not
exogenously activated. In prior work, we
observed that transforming growth factor
(TGF)-B1, the prototypical profibrotic

cytokine known to activate fibroblasts to a
contractile myofibroblast and matrix
synthetic state, exerts profibrogenic effects
even in the presence of epithelium (29).
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However, TGF-B1 in the lung can exert
its profibrotic effects through either
epithelium- or fibroblast-specific signaling
(38, 39). To specifically test whether
unperturbed epithelial cells (not exposed to
TGF-B1) maintained a capacity to restrain
fibroblast activation, we pretreated
fibroblasts with TGF-B1 (5 ng/ml) for 24
hours in monolayer culture, then used these
cells alone or mixed with mTEs cells to
form organoids atop Matrigel for 72 hours
as previously described (Figure 3A).
Despite the preactivated state of the TGF-
B1-stimulated fibroblasts, epithelial cells
maintained a significant capacity to repress
the fibroblast activation gene signature
(Figure 3B). As a further readout of TGF-
B1-mediated fibroblast activation, we
visualized ACTA2, the prototype
myofibroblast cytoskeletal protein, by
immunofluorescence staining. Again,
fibroblasts alone pretreated with TGF-31
exhibited abundant ACTA2 staining that
was significantly reduced when TGF-
B1-pretreated fibroblasts were cocultured
in organoids with mTEs (Figures 3C-3F
and E1). These results demonstrate that
healthy unperturbed epithelial cells retain
the capacity to repress fibroblast activation
even when fibroblasts are pretreated to an
activated state by exposure to TGF-f31,
further emphasizing the capacity of the
healthy epithelium to restrain fibrogenic
fibroblast activation.

Epithelial Injury Impairs Fibroblast
Repression

Because epithelial injury is often associated
with the initiation and progression of
fibrotic tissue remodeling (5-7, 9, 10), we
next addressed the converse situation of an
epithelium preinjured and then cocultured
in organoids with unperturbed fibroblasts.
We pretreated mTEs with bleomycin (15
pg/ml), a chemotherapeutic agent widely
used to initiate lung epithelial injury in
experimental models of pulmonary fibrosis
(40), or by stimulation with TGF-B1 (5
ng/ml) (Figure 4A), a cytokine capable of
initiating lung fibrogenesis exclusively
through epithelial signaling (39). We
confirmed that epithelial pretreatment with
either bleomycin or TGF-B1 for 24 hours
perturbed the epithelial state, as measured
by reduced expression of epithelial
differentiation markers Epcam (epithelial
cellular adhesion molecule), Cdhl
(E-cadherin), and Foxa2 (Forkhead box
A2) (Figures 4B and 4C) compared with
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Figure 3. Organoid culture represses fibroblasts preactivated with transforming growth factor (TGF)-B1.

(A) Schematic showing pretreatment of normal hLF alone with TGF-B1 followed by organoid culture of

these cells alone (with or without TGF-B1 pretreatment) or cocultured with mouse primary mTEs.

(B) Gene expression analysis of fibroblast transcripts in organoid culture conditions after fioroblast-
only pretreatment with or without TGF-B1 and mono- or coculture with mTEs for 3 days. n=6.

(C) Immunofluorescence imaging of ACTA2 («SMA) staining in fibroblasts pretreated with TGF-B1
followed by organoid culture as hLF alone (top) or in hLF + mTE cocultures. Scale bars: 50 pm.

(D) Quantification of ACTA2 intensity in fibroblasts pretreated with TGF-B1 and transferred to organoid
culture of fibroblasts alone or in coculture with mTEs. n=6. (E) Enlarged detail from top row of C.

(F) Enlarged detail from bottom row of C. ***P < 0.0001. a-SMA = a-smooth muscle actin.

untreated epithelial cells. Pretreatment of
epithelial cells with bleomycin before
organoid coculture with fibroblasts
significantly elevated fibroblast expression
of ACTA2, COL1AI, FNI, and CTGF
(Figure 4D) at 48 hours. Similarly,
pretreatment of epithelial cells only with
TGF-B1 increased fibroblast expression of
ACTA2, COL1A1, and FNI significantly in

612

organoid coculture (Figure 4E). Western
blotting confirmed increased profibrotic
protein expression of ACTA2 and
fibronectin in organoids pretreated with
bleomycin (Figures 4F and 4H) and TGF-31
(Figures 4G and 4I) before organoid
culture. In contrast, mTEs cultured alone
with or without TGF-f1 prestimulation did
not generate measurable amounts of either

ACTA2 or fibronectin protein expression
(Figure 4G), indicating that the major
source of these proteins in the organoid
system is fibroblasts. Taken together, these
results indicate that healthy epithelial cells
potently repress fibroblast activation and
that epithelial injury alone is sufficient to
provoke fibroblast activation. Although
prior researchers have long sought to
identify profibrotic factors released by lung
epithelium in the setting of injury (6, 9-12,
41), the cumulative evidence presented in
this article strongly supports an additional
or alternative concept that active signaling
processes repress fibroblast contractile and
matrix synthetic states and maintain
epithelial-mesenchymal homeostasis in the
absence of injury.

RNA Sequencing Reveals Differential
Fibroblast Programming in the
Presence or Absence of Epithelial
Cells

On the basis of the capacity of the organoid
system to rapidly establish epithelial
repression of fibroblast activation, we sought
to use it to begin the process of identifying
key mediators of epithelial-mesenchymal
reciprocal signaling and homeostasis. We
therefore formed organoids from mTEs
and, for the purpose of postorganoid
sorting, fibroblasts isolated from Collal-
GFP" mice (CD31 /CD45 /CD326 ™/
GFP™ cells). After culture of the mTEs
and fibroblasts together, or of fibroblasts
alone in identical organoid-supportive
conditions, we harvested and resorted the
GFP™ cells for analysis (Figure 5A). RNA
was purified from these fibroblasts and
analyzed by RNA sequencing (RNA-seq).
RNA-seq demonstrated clear separation of
gene expression between Collal-GFP*
fibroblasts grown alone and cocultured in
organoids by principal component analysis
(Figure 5B). Further analysis confirmed the
dramatic transcriptional effects of the
organoid coculture system with 1,992
differentially repressed genes and 2,156
differentially elevated genes in organoid-
cultured fibroblasts compared with
fibroblasts cultured alone (Table E1). To
focus on characteristic fibroblast genes and
the effects of organoid coculture, we
selected for further analysis the top 1,200
most highly expressed transcripts in
fibroblast-only cultures that were
differentially expressed in organoids. Of
these 1,200 transcripts, 802 were expressed
at higher concentrations in fibroblasts
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Figure 4. Injured epithelial cells no longer repress fibroblast activation. (A) Schematic diagram of mTEs pretreated with bleomycin or TGF-B1 and then
cocultured with hLF. (B) Gene expression analysis of lung epithelial cells after exposure to bleomycin and before organoid coculture. n=86. (C) Gene
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organoid cocultures formed with control and TGF-B1-pretreated mTEs. n=5. (F) Western blots showing elevated FN and ACTA2 («SMA) protein
expression in organoids formed with epithelial cells preinjured with bleomycin. (G) Western blots showing elevated FN and ACTA2 protein expression in
organoids formed from epithelial cells pretreated with TGF-B1 and lack of staining from mTEs alone. (H and /) Quantification of Western blots showing
increased FN and ACTA2 protein expression in organoids formed with mTEs preinjured with bleomycin (H; n=4) and TGF-B1 (/; n=3) compared with
organoids formed with control mTEs. *P <0.05, **P < 0.01, **P < 0.001, and ****P < 0.0001.

alone, whereas 398 were expressed at higher
concentrations in fibroblasts sorted from
organoids (Figure 5C). Pathway analysis of
these gene sets suggested that organoid
coculture dramatically influenced metabolic
programming of fibroblasts (Figure 5E). In
contrast, fibroblasts cultured alone

exhibited greater ECM, PI3K, and TNF
pathway activation (Figure 5D). Among the
transcripts differentially increased in
fibroblasts alone were multiple genes
implicated in fibroblast contractile
activation (Acta2, Tagln [transgelin], Myl9
[myosin light chain 9]), ECM deposition

Tan, Ma, Liu, et al.: Epithelial Suppression of Fibroblast Activation

(Fnl, Colla2), ECM cross-linking

(Loxl1, LoxI3), matrix metalloproteinase
inhibition (Timp1 [tissue inhibitor of
metalloproteinase inhibitor 1], Timp3), and
profibrotic signaling (e.g., CTGF, Wnt4, Igf1
[insulin-like growth factor 1], Tgfbrl
[TGF-PB receptor type 1], Pdgfrb
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[platelet-derived growth factor receptor-3])
(Figure 5F). Several potentially antifibrotic
regulators were observed to be increased in
organoid-cultured fibroblasts, including
KIf4 [Kruppel-like factor 4] and Mfge8
[milk fat globule-epidermal growth factor
8] (42, 43). BMP signaling to fibroblasts in
organoids also emerged as a potentially
important regulatory mechanism for
epithelial-mesenchymal cross-talk based
on the significant increase in expression
of Id1 (inhibitor of DNA binding 1)
transcript in organoid-cultured fibroblasts
relative to fibroblasts cultured alone
(Figure 5F). Id1 is a characteristic
transcriptional regulator and target
downstream of BMP signaling (33)
previously linked to inhibition of collagen
production and fibrosis (44, 45).

BMP Signaling Mediates Fibroblast
Repression in Organoids

BMPs are known to play critical roles in
tissue development, and specific BMPs
such as BMP4 and BMP7 can act to
counterbalance TGF-f signaling and
exhibit antifibrogenic effects in multiple
organs, including the kidney (46), lung
(47), and liver (48). In lung development
and maturation, BMP4 guides lung

bud morphogenesis (49), regulates
proximal-distal differentiation of
endoderm (50), and promotes distal lung
differentiation (51, 52), indicating critical
roles in maintaining lung cellular
phenotype and function. To evaluate the
presence of functional BMP signaling in
organoids, we transfected a BMP signaling
reporter (pGL3 BRE Luciferase plasmid)
into hLFs before organoid coculture, then
quantified luciferase activity at 72 hours
after organoid formation. BMP signaling
activity was significantly higher in coculture
organoids than in hLFs grown alone under
the same culture conditions, confirming
enhanced BMP signaling to fibroblasts in
organoid coculture (Figure 6A). To directly
assess Bmp4 transcript concentrations in
lung epithelium, we used mouse Bmp4-
specific primers to detect murine epithelial
expression in RNA purified from
organoids. Comparison of epithelial cells
cultured alone in 2D culture with those
cocultured in organoids with fibroblasts
demonstrated that Bmp4 transcript
concentrations were significantly higher as
a result of the 3D organoid culture
conditions (Figure 6B), consistent with the
fibroblast reporter assay (Figure 6A), and
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Figure 6. Bone morphogenetic protein (BMP) signaling partially mediates the epithelial antifibrotic
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cultured fibroblasts alone and cocultured with mTEs. n=6. (B) Comparison of Bmp4 expression in
mTEs under organoid coculture conditions versus two-dimensional plastic culture conditions for 3
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suggested a potential role for Bmp4
signaling in epithelial repression of
fibroblast activation. We also observed that
Bmp4 transcript concentrations were
significantly decreased with bleomycin or
TGF-B1 treatment in vitro (Figure 6C),
consistent with epithelial injury decreasing
Bmp4 expression. To confirm the potential
physiological relevance of Bmp4 in vivo as a
repressed signal in physiological injury, we
used immunofluorescence imaging to
visualize Bmp4-positive cells in the lungs of
mice expressing Sftpc-GFP. Representative
images demonstrate the widespread
expression of Bmp4 in the healthy adult
mouse lung (Figure 6E), including within
Sftpc-GFP ™ cells, but also broad expression
consistent with prior reports of Bmp4
expression in the lung microvasculature
and stromal cells (53). To confirm epithelial
Bmp4 expression in vivo, we isolated lung
epithelial cells by flow sorting the
CD326"/CD45~/CD31”/GFP™ population
from the Collal-GFP " mouse and detected
abundant Bmp4 transcripts in this cell
population (Figure 6D). At 2 weeks after
bleomycin exposure, global Bmp4 staining
was nearly completely lost, consistent with
prior work (47), as was the Sftpc-GFP signal
(Figure 6F). Similarly, Bmp4 transcript
concentrations were significantly reduced
in freshly sorted CD326" lung epithelial
cells isolated after bleomycin exposure
(Figure 6D).

To test the functional effects of BMP4
signaling within organoids, we treated
coculture organoids with TGF-B1 and
BMP4 alone or in combination. As
expected, TGF-B1 treatment increased
fibroblast expression of ACTA2, COLIAI,
FN1I, and CTGF when applied to organoids
as a whole (Figure 6G), consistent with
our previously published results (29).
Cotreatment of organoids with BMP4
strongly attenuated the expression of all
four genes induced by TGF-B1 (Figure 6G),
in agreement with prior observations (54).
In contrast, BMP4 treatment alone did not
significantly reduce baseline expression of
these genes in organoids (Figure 6G). This
result is consistent with the already high
levels of endogenous Bmp4 expression and
signaling noted above. Furthermore, the
efficacy of exogenous BMP4 in TGEF-
B1-stimulated organoids is consistent with
the emergence of a BMP4-responsive
window initiated by the TGF-B1-mediated
reduction in epithelial Bmp4 expression
that we previously observed (Figure 6C).
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The findings described above suggest
that constitutive BMP signaling may
contribute to the baseline repression
of fibroblast activation in organoid
cocultures. To test this concept, we used a
BMP signaling antagonist, LDN193189
(LDN) (55), to inhibit endogenous
BMP signaling. Treatment with LDN
significantly, though incompletely,
attenuated the decrease in fibroblast gene
expression induced by the interaction
between coculture organoid populations
(Figure 6H). At the ECM deposition
level, treatment with LDN significantly
increased fibronectin and type I collagen
deposition (Figures 61 and 6]), largely
reversing the repressive effects provided by
the cocultured epithelial cells in organoids.
Taken together, these data demonstrate
that endogenous BMP signaling plays an
important role in epithelial repression of
the fibroblast activation state in the
organoid cocultures. Our observations that
Bmp4 expression is lost with epithelial
injury and that exogenous BMP4 reduces
fibroblast activation in these settings
mirror similar observations made in
mouse models of lung injury and fibrosis
(47, 56), but for the first time they reveal
how epithelial injury alone is coupled to
fibroblast activation through loss of
fibroblast-repressive BMP signaling.
Thus, this relatively simple epithelial-
mesenchymal nascent organoid culture
system appears capable of replicating key
cell-cell interactions present during
homeostasis, injury, and fibrosis in vivo,
and it should provide a powerful platform
on which to discover and dissect additional
candidate pathways and mediators of
epithelial-mesenchymal homeostasis and
activation.

Discussion

Epithelial-mesenchymal interactions are
pivotal during lung development (3, 4, 13),
and their pathological interactions are

believed to underlie airway and alveolar
fibrosis in diseases such asthma and IPF
(6, 7, 10, 11, 41). Complex cell-cell
interactions are challenging to disentangle
using in vivo systems, and organoids

thus represent an important new

tool through which to interrogate
epithelial-mesenchymal interactions
relevant to health and disease. Although
prior work using organoids was largely
focused on mesenchymal influence on

the epithelial state, our present work
emphasizes the important reciprocal
effects of epithelium on mesenchyme,
demonstrating that such effects represent
an important restraining effect on
fibroblasts that may be lost during injury or
epithelial dysfunction, leading to fibroblast
activation and fibrotic matrix deposition.
Specifically, our results demonstrate that
healthy proximal or distal epithelial cells
dramatically repress transcriptional and
functional metrics of contractile and
fibrogenic fibroblast activation, both at
baseline and after fibroblast-only TGF-1
stimulation. In contrast, epithelial injury
before organoid culture, by either
bleomycin or TGF-B1 exposure, is
sufficient alone to promote fibroblast
activation. By comparing bleomycin and
TGEF-B1 responses, we highlight that the
default common response to epithelial
perturbation, whether by bleomycin injury
or by TGF-B1 stimulation, is to reduce
repressive effects on fibroblast activation.
Although previous work has largely
ascribed such effects to epithelium-derived
profibrotic factors, our work demonstrates
that loss of epithelium-derived fibroblast-
repressive factors likely also plays an
important role, with Bmp4 identified as a
relevant factor that represses fibroblast
activation and is lost after epithelial

injury in vivo and in vitro. Importantly,
constitutive Bmp4 expression and Bmp
signaling have also recently been described
as important brakes on proximal and distal
epithelial proliferation, and their transient

loss is critical to epithelial regeneration
after injury (52, 57, 58). Hence, our findings
provide a novel link whereby lung injury
is inherently coupled to coordinated
mesenchymal activation and epithelial
regeneration via repressed Bmp signaling.
Moreover, accumulating evidence
implicates persistent repression of Bmp
signaling in fibrotic pathologies, suggesting
that failure to restore this homeostatic
relationship may promote persistent
fibroblast activation and fibrosis (47, 56,
59-62).

It has long been appreciated that the
complexity of lung biology requires taking
into account multiple cell types and their
interactions in both health and disease (4, 6,
7, 13, 20). Prior coculture studies have
predominantly focused on monolayer
coculture or coculture Transwell assay
(12, 63-67). Although these studies
have advanced understanding of
epithelial-mesenchymal interactions, they
have some limitations. 2D monolayers of
cells cultured on flat and rigid substrates are
much stiffer than soft tissues such as the
lung, which may artificially stimulate
cellular activation of mesenchymal (68, 69)
and epithelial (70) cell types. Such systems
also limit the exposure of cells to close
cell-cell interactions, particularly through
cell-cell contact and a shared ECM
environment (71). Organoid culture
systems address these limitations, allowing
for a more physiologic setting for close
cell-cell interactions and 3D matrix and
morphogenetic remodeling. An interesting
aspect of our study is that we found
no significant effect of epithelium on
profibrotic gene expression in a traditional
2D culture system, but we demonstrated
significant differences in our organoid
system (Figures 1C and 1D). Of note, we
also found that mouse epithelial cells
express higher concentrations of Bmp4 in
organoids than in monolayer culture and
that Bmp4 is abundantly expressed in
healthy mouse lung in vivo, proving one

Figure 6. (Continued). and 7 days. n=4. (C) Comparison of Bmp4 expression in mTEs treated with bleomycin (15 wg/ml) or TGF-B1 (5 ng/ml). n=86.
(D) Gene expression analysis of Bmp4 in lung epithelial cells freshly sorted from PBS-treated (2 wk) and bleomycin-injured mice after 1 or 2 weeks.

(E and F) Representative immunofluorescence images of Bmp4 in the lungs of PBS-treated (E) and bleomycin-treated (F) Sftpc-EGFP mice at 2 weeks.
Scale bar: 100 um. (G) Fibroblast-specific expression of ACTA2, COL1A1, FN1, and CTGF in three-dimensional (3D) coculture organoids treated with
TGF-B1 (5 ng/ml) only, TGF-B1 (5 ng/ml) plus BMP4 (10 ng/ml), or BMP4 only (10 ng/ml) for 48 hours compared with no-treatment control. n=6.

(H) Increased fibroblast-specific expression of ACTA2, COL1A1, FN1, and CTGF after LDN193189 (1 wM) treatment for 48 hours in 3D coculture
organoids. n=6. (/) Reversal of reduced ECM accumulation of FN and collagen | (COL1) in hLF + mTE organoids by the BMP inhibitor LDN193189.
() Quantification of FN and COL1 in hLFs alone or hLF + mTE cocultures with or without LDN193189. n=5. *P < 0.05, **P < 0.01, and ***P < 0.0001.
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example of how organoid culture
conditions induce changes in expression of
an important paracrine mediator to provide
a physiologic context for the study of
epithelial-mesenchymal interactions.
Epithelial-mesenchymal cross-talk
is essential throughout development,
from lung branching to alveologenesis
(3, 4, 13, 72), and dysfunctional
epithelial-mesenchymal interactions lead to
fibrotic diseases of both the proximal
airways and the distal gas exchange regions
of the lung (5-7, 10, 11, 41). A notable
finding of our work is that epithelial cells
from both proximal (tracheal and
bronchial) and distal (SpC+) locations
exhibit profound repressive effects on
fibroblast activation. Our findings are
consistent with the observation that
conditional deletion of epithelial
populations in either the airways or the
distal lung alone is sufficient to generate a
local fibrotic response (73, 74). Several open
questions remain regarding the nature of
this relationship between epithelium and
mesenchyme. For example, do proximal
and distal epithelial cells confer this
repressive effect on mesenchyme through
shared or distinct signaling pathways?
Because the loss of such repressive signals
may play important roles in fibrotic
remodeling of the proximal airways as well
as distal lung, defining such interactions
takes on elevated relevance. Moreover, it
has been shown that fibroblast populations

from proximal and distal lung sites exhibit
different markers and behaviors (24, 75).
An additional open question not addressed
by our work is whether fibroblasts
selectively isolated from these locations
exhibit differential responses to proximal
and distal epithelium and epithelial

injury. The methods developed in the
present study should allow for detailed
investigation of such important issues.
Future refinement of our approach, with
inclusion of human disease—derived cells as
well as additional important lung cell types
such as endothelium and macrophages (51,
76, 77), may allow even greater insight into
the cell-cell interactions that underlie
homeostasis and are perturbed in chronic
diseases of the lung.

Although significant challenges remain
in gaining a full understanding of the
mechanisms of epithelial-mesenchymal
cross-talk in normal lung homeostasis and
lung disease development, our results
emphasize an important and relatively
understudied concept that healthy epithelial
cells engage in continuous interactions with
neighboring mesenchyme to sustain their
relatively quiescent state of low contractile
proliferative and matrix synthetic activity.
How epithelial cell injury activates
fibroblasts has been studied extensively
for many years, with a predominant
focus on identifying fibrogenic
activators released by injured epithelium
in vitro and in vivo (5-7, 10, 11, 41).

In this study, we show that healthy
epithelial cells also suppress the
profibrotic activation of human fibroblasts
at baseline and after fibroblast stimulation
by TGF-B1, demonstrating an active
epithelial role in this process. Epithelial
perturbation alone is sufficient to

impair this repressive function, likely
reflecting not only the release of profibrotic
factors but also reduced signaling

through fibroblast-repressive signals

such as BMP4 as identified in the present
study, as well as previously described
factors such as prostaglandin E, (78, 79).
Importantly, this new appreciation for
healthy epithelial repression implies that
fibrogenesis may proceed whenever
epithelial function is perturbed (73, 74) and
does not necessarily require epithelium-
derived profibrotic factors. Hence,
additional efforts to identify, and ultimately
restore, epithelium-derived fibroblast-
repressive signals that are lost in disease
may provide a fruitful avenue for discovery
and therapeutic intervention. H
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