THE

EMBO

JOURNAL

Multilineage murine stem cells generate complex
organoids to model distal lung development and
disease

Ana Vazquez-Armendariz, Monika Heiner, Elie EI-Agha, Isabelle Salwig, Andreas Hoek, Marie
Hessler, Irina Shalashova, Amit Shrestha, Gianni Carraro, Jan Mengel, Andreas Guenther, Rory
Morty, Istvan Vadasz, Martin Schwemmle, Wolgang Kummer, Torsten Hain, Alexander
Goesmann, Saverio Bellusci, Werner Seeger, Thomas Braun, and Susanne Herold

DOI: doi.org/10.15252/embj.2019103476

Corresponding author: Susanne Herold (Susanne.Herold@innere.med.uni-giessen.d )

Review Timeline: Submission Date: 20th Sep 19
Editorial Decision: 4th Nov 19
Revision Received: 29th Jun 20
Editorial Decision: 21st Jul 20
Revision Received: 14th Aug 20
Accepted: 24th Aug 20

Editor: Daniel Klimmeck

Transaction Report:

(Note: With the exception of the correction of typographical or spelling errors that could be a source
of ambiguity, letters and reports are not edited. Depending on transfer agreements, referee reports
obtained elsewhere may or may not be included in this compilation. Referee reports are anonymous
unless the Referee chooses to sign their reports.)



1st Editorial Decision 4th Nov 2019

Dear Dr Herold, dear Dr Vazquez-Armendariz,

Thank you for the submission of your manuscript (EMBOJ-2019-103476) to The EMBO Journal.
Your manuscript has been sent to three reviewers, and we have reports from all of them, which |
enclose below.

As you will see, the referees acknowledge the potential interest and novelty of your results,
although they also express a number of major issues that will have to be addressed before they
can support publication of your manuscript in The EMBO Journal. In more detail, referee #1 states
that the lineage composition of the generated bronchio-alveolar organoids remains unclear and
guestions the physiological relevance of your model (ref#1, standifrst pts.1,2). In addition, this
referee asks you to add complementary analyses on the macrophage population studied and its
effect on the organoids (ref#1, pts.6-8). In line, referee #2 is concerned that the BASC stem cell
contribution to basal lineages in your model and their ex vivo colony-forming capacity have not
been conclusively demonstrated (ref#2, pts. 1,2). In addition, the reviewers raise a number of issues
related to statistical robustness and quantification of your findings as well as improved quality of
stainings and other controls required that would need to be conclusively addressed to achieve the
level of robustness and clarity needed for The EMBO Journal.

Ijudge the comments of the referees to be generally reasonable and given their overall interest, we
are happy to invite you to revise your manuscript experimentally to address the referees'
comments.

Please let me know any time if you have additional questions or need further input on the referee
comments.

Please see below for additional instructions for preparing your revised manuscript.

Thank you for the opportunity to consider your work for publication. I look forward to your revision.
Kind regards,

Daniel Klimmeck

Daniel Klimmeck, PhD

Editor
The EMBO Journal

kkkkkkkkkkkkkhkhkhkkkkk
Instructions for preparing your revised manuscript:

Please make sure you upload a letter of response to the referees' comments together with the
revised manuscript.

Please also check that the title and abstract of the manuscript are brief, yet explicit, even to non-
specialists.



When assembling figures, please refer to our figure preparation guideline in order to ensure proper
formatting and readability in print as well as on screen:
http//bit ly/EMBO PressFigurePreparationGuideline

Before submitting your revision, primary datasets (and computer code, where appropriate) produced
in this study need to be deposited in an appropriate public database (see
https//www.embopress.org/page/journal/14602075/authorguide#datadeposition).

Please remember to provide a reviewer password if the datasets are not yet public.

The accession numbers and database should be listed in a formal "Data Availability" section
(placed after Materials & Method) that follows the model below (see also
https//www.embopress.org/page/journal/14602075/authorguide#availabilityofpublishedmaterial).
Please note that the Data Availability Section is restricted to new primary data that are part of this
study.

# Data availability
The datasets (and computer code) produced in this study are available in the following databases:

- RNA-Seq data: Gene Expression Omnibus GSE4684 3
(https/www.ncbinlm.nih.gov/geo/query/acc.cgi?acc=GSE46843)

- [data type]: [name of the resource] [accession number/identifier/doi] ((URL or
identifiers.org/DAT ABASE:ACCESSION])

Our journal also encourages inclusion of *data citations in the reference list* to directly cite
datasets that were re-used and obtained from public databases. Data citations in the article text
are distinct from normal bibliographical citations and should directly link to the database records
from which the data can be accessed. In the main text, data citations are formatted as follows:
"Data ref: Smith et al,2001" or "Data ref: NCBI Sequence Read Archive PRINA342805, 2017". In the
Reference list, data citations must be labeled with "[DATASET]". A data reference must provide the
database name, accession number/identifiers and a resolvable link to the landing page from which
the data can be accessed at the end of the reference. Further instructions are available at
https//www.embopress.org/page/journal/14602075/authorguide#referencesformat

IMPORTANT : When you send the revision we will require

- a point-by-point response to the referees' comments, with a detailed description of the changes
made (as a word file).

- a word file of the manuscript text.

- individual production quality figure files (one file per figure)

- a complete author checklist, which you can download from our author guidelines
(https/iwww.embopress.org/page/journal/14602075/authorguide).

- Expanded View files (replacing Supplementary Information)



Please see out instructions to authors
https//www.embopress.org/page/journal/14602075/authorguide#expandedview

Please remember: Digital image enhancement is acceptable practice, as long as it accurately
represents the original data and conforms to community standards. If a figure has been subjected
to significant electronic manipulation, this must be noted in the figure legend or in the ‘Materials and
Methods' section. The editors reserve the right to request original versions of figures and the
original images that were used to assemble the figure.

Further information is available in our Guide For Authors:
https//www.embopress.org/page/journal/14602075/authorguide

The revision must be submitted online within 90 days; please click on the link below to submit the
revision online before 2nd Feb 2020.

Link Not Available

Please do not share this URL as it will give anyone who clicks it access to your account.

Referee #1:

Vazquez-Armedariz et al report a bronchioalveolar lung organoid model and demonstrate its
potential utility for studying lung development, intercellular communication and viral infection. The
authors report a number of interesting observations. However, in general, the characterization
tends to be superficial and warrants further study. Similarly, the authors dismiss prior lung organoid
models as recapitulating "limited morphological and cellular features of the lung." This model does
contain proximal and distal lineages (as do a number of other recently described models), but the
morphological similarity stops there. BALO lack many of the proximal and distal features of native
lung (i.e., submucosal glands, cartilage rings, large diameter vessels, capillaries, airway smooth
muscle). In this respect, the similarity to native lung is, at present, overstated and not supported by
the data. Finally, the relevance of the model to human lung biology remains unknown. This is, in part,
because BASCs, the epithelial starting material for BALO, have not been identified in human lungs.
Lung development, intercellular communication and viral infection can all be studied in mice in vivo.
What is severely lacking is an improved in vitro model of adult human lung.

1) The epithelial organization of the spheres is difficult to assess. Are AECland AECII found in
relatively normal proportions (there seem to be few AECIlin Fig 2F)? Do these cells make
appropriate epithelial junctions with each other? The structure in Fig 2G is confusing. Is this a single
airway surrounded by mesenchyme? The authors say in the legend that dotted lines indicate
alveoli. Is this a typo? Fig 1 H suggests the presence of basal cells in BALO. Is this epithelium
pseudostratified? Indeed, the text line 207 indicated basal-like cells in the ultrastructure, but this is
not shown in the Figures. The importance of basal cells in human airway epithelium (and relative
scarcity in distal mouse airways) makes this a particularly relevant point. What are the proportions
of ciliated, secretory and basal cells? Is this uniform in all "proximal" BALO regions across multiple



organoids?

2) The characterization of mesenchymal lineages is exceptionally superficial. The cells are isolated
based on the expression of Pdgfra and Scal - both of which define heterogeneous populations.
Were any Scal+ epithelial cells observed? There seem to be very few Pdgfra negative cells in the
Scal intermediate and Scalhi sorts.Was single cell RNA seq or any other characterization
performed on these freshly isolated mesenchymal cells? The y axes in Fig 3C are dramatically
different and make direct comparison difficult. T he differential effects of fibroblast subsets are
BALO are superficial. What was the effect of each fraction on epithelial colony forming efficiency?
Size of BALO? And the differentiation of alveolar and airway lineages?

3) There are no statistics to support enrichment of MYO of LIF genes in BALO-associated
mesenchymal subpopulations (Fig 3E). In fact, many of the genes look equally expressed across the
populations (i.e., Axin2, Apoe). It has been shown that MYO-LIPO are interconvertible lineages. Is
this true in BALO?

4) Are other recently described fibroblast markers (e.g., Lgr5, Lgr6, Fgf10) observed in BALO-
associated mesenchymal cells?

5) The organoids in Fig 3A and 3B look different from the organoids in other figures. The aSMA+
"MYQ" are not seen in the alveolar region as they are in vivo and the distribution of aSMA+ cells is
also not consistent.

6) The authors claim that TR-Macs are the "most relevant” but this is not supported by data or
references. Circulating/recruited/interstitial myeloid lineages are equally likely to influence lung
biology. Moreover, sessile macrophages, which make gap junction mediated contact with alveolar
epithelial cells are not recovered in BALF. Are the macrophages observed after culture in BALO still
alive? The ultrastructure in Fig 4D is not clear. Is the AEC an AECI or AECII? What is the evidentce
the TR-Mac is living and that the cells is a macrophage? Is there evidence that a lavagable TR-Mac
should make contacts with either AECI or AECII? What is the nature of this contact? Is it passive or
active? Could this be a macrophage embedded within lamellar body surfactant containing debris?

7) The staining in Fig 4E is not convincing. The connexin 43 staining appears cytoplasmic in the
TR_MAC and not localized to any region of contact with surrounding cells. This must be shown by
ultrastructure.

8) In Fig 4F the rMC seem uniform for expression of Collal, Apoe, and nearly all genes. Why is there
no evidence of MYO and LIF? Similar to above, there are many basal cells in these BALO. Were
these observed within BALO and what is there distribution? The relevance/importance of the
heatmap in Fig 4F is unclear. It seems like a better analysis might be differential gene expression
between each BALO population with and without TR Macs. Finally, were TR-Macs recovered from
BALO and, if so, why weren't they sequenced? The claim that total differentiated cell number is
increased after culture wit TR-Macs is misleading. Were all cell types increased? Or was this a
general increase in cell number? The data in Fig 4H does not support this claim (e.g., there appear
to be fewer basal cells after culture with TR-Macs). The negative control for these experiments
seems to be the absence of any injected cells. A more appropriate control to discern the effects of
the purported "most relevant™ macrophage population would be an irrelevant macrophage
population or at least other cell type. The word "engraft” in line 316 and "defined functions" in 317
are not appropriate and not supported by data.



9) It is not clear why the control D11 BALO in Fig 5B are not branched.

10) The authors claim that there is less Bgal activity (and therefore Wnt signaling) after mo142-3p
in BALO. This could just be an artifact of having fewer cells in general. What is the effect of mo142-
3p on colony frming efficiency? And differentiation of airway/alveoalrwithin BALO? And
organization? Indeed, the lysotracker+ cells in Fig 3E seem to be centrally localized in BALO after
mo142-3p.

Referee #2:

In this manuscript, Vazquez-Armendariz et al., have used a complex three-dimensional (3D) murine
organoid model called bronchioalveolar lung organoid (BALO) to study the properties of
EpCAMhighCD24lowSca-1+ cells in the lung. Specifically, the authors purified
EpCAMhighCD24lowSca-1+ cells and co-cultured them with resident mesenchymal cell (rMC) to
study the potential of these cells. The authors claim that these sorted cells generate a highly
branched 3D organoid structure within 21 days, which mimics the cellular composition of the
bronchioalveolar compartment. More importantly, the authors used two newly generated mouse
models that express fluorescent reporters that allowed them to isolate SCGB1A1+SFT PC+
bronchioalveolar stem cells (BASCs). Using this model, the authors claim that of all the organoids
derived from EpCAMhighCD24lowSca-1+ cells predominantly originated from BASCs. Furthermore,
using single cell RNA (scRNA-seq) sequencing, the authors claim that BALO consists of basal,
secretory, ciliated, AEC Il and AEC I cell types. Additionally, the authors have used electron
microscopy (EM) to demonstrate that BALO's form airway-like ultrastructure consists of basal-like
cells, differentiated secretory cells filled with secretory granules, ciliated cells with mature cilia and
basal bodies aligned underneath the apical cell surface, and alveolar type-1 and type-2 cells. Finally,
the authors claim that their BALO system can be used for epithelial-immune cell interactions as well
as modeling viral responses after influenza virus infection.

Overall, the data presented in this manuscript would be of great interest to the lung community.
The experiments described here are well designed but there are some critical questions that
require additional analysis/clarification.

Major comments:

1. The authors used a combination of EpCAMhighCD24lowSca-1+ cells and SCGB1A1+SFTPC+
cells to setup organoid cultures. One of the major claims in this manuscript is that majority of the
organoids in their BALO cultures were derived from SCGB1A1+SFTPC+ population and that they
can have multiineage potential, meaning that they can generate basal, ciliated, club, alveolar type 2
and typel cells. The authors used scRNA-sq analysis, electron microscopy and immunostaining for
cell type specific markers to show different cell types. However, it is unclear whether the authors
used EpCAMhighCD24lowSca-1+ cells or SCGB1A1+SFTPC+ cells for scRNA-seq and EM analysis.
It is important in the context of recent finding (Liu et al., 2019 Nature Genetics) that BASCs can
generate both airway and alveolar cells. However, Liu et al., 2019 have not found basal cells when
they lineage traced BASCs in vivo. Therefore, it would be important to test whether
SCGB1A1+SFTPC+ cells can generate basal cells, as the current manuscript claims? If yes, does it
occur only ex vivo or can this be observed in vivo? The authors could use their newly developed
BASC lineage tracing model or even simply one could use Sftpc-creER mouse line to test this?



2. The authors claim that the majority of the BALO's are derived SCGB1A1+SFTPC+ population
which is about 5% of all EpCAMhighCD24lowSca-1+ cells. The authors performed quantification of
organoid forming ability of SCGB1A1+SFTPC+ population compared to SPC+ cells or SCGB1A1+
cells alone. However, the authors sorted mCherry+/YFP+ cells from EpCAMhighCD24lowSca-1+
pre-gated cells. It would be important to check the colony forming efficiency of SCGB1A1+SFTPC+
population compared to SPC+ cells or SCGB1A1+ cells alone from total lung dissociates (not from
EpCAMhighCD24lowSca-1+ pre-gated cells). This is important to address as previous studies have
showed that both SCGB1A1+ as well as SFTPC+ cells alone have the ability to generate organoids.

Minor comments:

3.In FiglC SCGB1A1 and SFTPC staining's are not convincing. The authors could do better than
this.

4.In Fig2G B-IV tubulin staining is not convincing. This can be improved.

Referee #3:

This study appears to be the first demonstration of an organoid model for the bronchiole/alveolar
region of the lung. Robustness of these stuctures seems well documented in Figures 1-4.
Additionally compelling is the addition of distinct mesenchymal subpopulations (PDGFRa high
versus low fibroblasts) which direct distal versus more proximal stuctural fates.

Evidence that macrophages can be injected into the lumen of these structures, with apparent pro-
epithelial differentiation function is remarkable. The system is also amenable to infection by flu, and
knock-down analyses for parsing molecular mechanism.

Overall, the figures/data and writing is very clear. The study makes a substantial advance over
previous organoid models (which largely focus on airway or alveolospheres alone).

A minor quibble is that efforts to show all possible applications of the BALO model led to some of
the analyses being superficial (e.g., effect of macrophages on epithelial differentiation inferred from
scRNAseq; use of Wnt reporters nice but not clear how reproducible these findings are, as only
single organoids are shown without quantification). So while I might have preferred greater depth of
analysis for these figures-- | do concede that the main finding/technology is exciting and should be
share with the community without delay.

Minor:
1.Fig4D is not compelling, as the filopodial projections/contacts between Macs/AT 2 cells are not

clear. Also, can the authors comment on whether addition of macrophages had consequences on
surfactant uptake in the lumen?



1st Authors' Response to Reviewers 29th Jun 2020

Point-by-point response to comments from

Referee #1:

Vazquez-Armendariz et al report a bronchioalveolar lung organoid model and demonstrate its
potential utility for studying lung development, intercellular communication and viral infection.
The authors report a number of interesting observations. However, in general, the
characterization tends to be superficial and warrants further study. Similarly, the authors
dismiss prior lung organoid models as recapitulating "limited morphological and cellular
features of the lung." This model does contain proximal and distal lineages (as do a number
of other recently described models), but the morphological similarity stops there. BALO lack
many of the proximal and distal features of native lung (i.e., submucosal glands, cartilage
rings, large diameter vessels, capillaries, airway smooth muscle). In this respect, the similarity
to native lung is, at present, overstated and not supported by the data. Finally, the relevance
of the model to human lung biology remains unknown. This is, in part, because BASCs, the
epithelial starting material for BALO, have not been identified in human lungs. Lung
development, intercellular communication and viral infection can all be studied in mice in vivo.
What is severely lacking is an improved in vitro model of adult human lung.

Response: The authors thank the reviewer for the opportunity to discuss these important
points. It was not our intention to claim that bronchioalveolar lung organoids” (BALO) structure
exactly resembles the adult mouse lung. However, we feel that this model, among the lung
organoid models published to date (Barkauskas et al., 2013; Lee et al., 2014; Rock & Hogan,
2011), is most advanced concerning both 3D structure and cellular composition of the
epithelial and mesenchymal compartments. Particularly, we meant to highlight the similarity in
terms of cell type diversity and distribution of these cells along the proximo-distal axis. For
example, matrix fibroblasts/lipofibroblasts (LIF) were closely associated with type Il alveolar
epithelial cells (AEC 1) while myofibroblasts (MYQO) provided the scaffold for BALO patterning,
as known for the lung in vivo. To our knowledge, this is the first organoid system to reflect
such cellular heterogeneity and spatial distribution of the various bronchiolar and alveolar
epithelial cells (basal cells, club/secretory cells, ciliated cells, AEC I, AEC Il) as well as
mesenchymal cells (LIF and MYOQO). Further, electron microscopy (EM) analyses detailed
regions in BALO resembling bronchoalveolar duct junctions (bronchiolar and intermediate
cells types) that lead into alveolar regions with flattened AEC | (Appendix Figure S2B), not
reported in other lung organoid models to date. We would like to point out that no other current
lung organoid model derived from murine adult stem cells has clearly proven the presence of
both AEC | and mature AEC Il organized in an alveolar-like configuration associated to tubular
airway structures, making our model much more suitable to study alveolar formation and
disease than other in vitro models. Until now, bronchioalveolar stem cells (BASC) have not
yet been identified in the human lungs, nevertheless, the findings uncovered by our
collaborators in Salwig et al., 2019 along with further genomic profiling and lineage tracing of
the BASC found in BALO may reveal unique markers for BASC identification in vivo in mice
that could allow the discovery of a corresponding BASC population in the human lung (Salwig
et al., 2019). We have included this issue in the discussion section on page 20 lines 428-432
of the revised manuscript. Nevertheless, the BALO model allows introduction of immune cells
into BALO by microinjection where single defined cell populations (as shown for TR-Mac) of
wildtype (WT) or gain-/loss-of-function phenotype can be added to the system. This is also a



suitable tool to study the role of defined cell populations and genes/molecules expressed in
these cells, which is often difficult to achieve in vivo due to the lack of tools that would allow
targeting a very specific subset of cells in vivo. Such cells could be flow-sorted from WT or
transgenic mice and introduced into the BALO. Therefore, we believe that in the context of
previously published in vitro models, our BALO system represents an important forward step
towards establishing more comprehensive in vitro models for studying developmental and
disease processes, particularly mechanisms involving epithelial-mesenchymal-myeloid unit
interactions that are at the moment difficult to study in vivo.

1) The epithelial organization of the spheres is difficult to assess. Are AECI and AECII found
in relatively normal proportions (there seem to be few AECII in Fig 2F)? Do these cells
make appropriate epithelial junctions with each other? The structure in Fig 2G is confusing.
Is this a single airway surrounded by mesenchyme? The authors say in the legend that
dotted lines indicate alveoli. Is this a typo? Fig 1 H suggests the presence of basal cells in
BALO. Is this epithelium pseudostratified? Indeed, the text line 207 indicated basal-like
cells in the ultrastructure, but this is not shown in the Figures. The importance of basal
cells in human airway epithelium (and relative scarcity in distal mouse airways) makes this
a particularly relevant point. What are the proportions of ciliated, secretory and basal cells?
Is this uniform in all "proximal" BALO regions across multiple organoids?

Response: The authors thank the reviewer for raising these points. We apologize for the
confusing figure; indeed, AEC | and AEC Il are found in normal (“in vivo”) proportions within
BALO. We have made changes in Figure 2F (now new Figure EV2A) to better illustrate
BALQO’s alveolar-like structures comprised of cuboidal AEC Il (SFTPC* cells) and flat
podoplanin (PDPN)* AEC I. Further, the proportions of AEC Il (94.3+0.2%) and the low-
frequent PDPN* AEC | (5.3+0.6%) subpopulations are shown by FACS analyses in
Appendix Figure S2A and are now mentioned in the results section on page 9 lines 189-
191. Indeed, proper tight junctions between AECs within BALO’s alveolar-like structures
are observed and are now depicted by EM in new Figure 2B and new Appendix Figure
S2E of the revised manuscript. Regarding Figure 2G (now new Figure EV2B), the
mentioned typo has been corrected in the figure legend of the revised manuscript.
Furthermore, we have added a new confocal picture showing the presence of ciliated and
club cells within BALOs airway-like structures in new Figure EV2B which can also be
observed in new Figure 2I. Indeed, as stated by the reviewer, airway-like structures in day
40 BALO form a pseudostratified-like epithelium which is also depicted in new Figure 2|
by EM. To make this clear, we have expanded the figure legend and added more labels
which include basal-like cells within BALO’s airway-like structures. Further, our single cell
RNA-sequencing (ScCRNA-seq) data revealed that BALO's airway cell proportions of the
club/secretory cells (791£9.5%), ciliated cells (2.8+1.9%), and basal cells (18.2+8.8%)
remain constant across different cultures analyzed at day 23 (n=6). Consequently, while
we acknowledge that our system does not possess all the proximal and distal
characteristics of native lung such as a vascular component, we think that this model
represents a step forward towards creating more comprehensive and complex systems
for modeling lung biology and disease in vitro.



2) The characterization of mesenchymal lineages is exceptionally superficial. The cells are
isolated based on the expression of Pdgfra and Scal - both of which define heterogeneous
populations. Were any Scal+ epithelial cells observed? There seem to be very few Pdgfra
negative cells in the Scal intermediate and Scalhi sorts. Was single cell RNA seq or any
other characterization performed on these freshly isolated mesenchymal cells? The y axes
in Fig 3C are dramatically different and make direct comparison difficult. The differential
effects of fibroblast subsets are BALO are superficial. What was the effect of each fraction
on epithelial colony forming efficiency? Size of BALO? And the differentiation of alveolar
and airway lineages?

Response: Indeed, as others have shown (McQualter et al., 2009), resident mesenchymal
cells (rMC) can be isolated based on the cell surface expression of platelet-derived growth
factor receptor alpha (PDGFRa), stem cells antigen-1 (Sca-1), and lack of expression of
epithelial cell markers (eg EpCAM), which in fact represents a heterogenous cell
population. Notably, as depicted in Figure 1A, expression of the surface marker Sca-1
was also shown to be essential for the enrichment of BASC. Regarding further rMC
characterization, this population heterogeneity was confirmed by Sc-RNA seq analysis of
freshly isolated rMC (defined as Sca-1'*PDGFRa*), which revealed six distinct cell
populations identified as myofibroblast (MYO)-like, lipofibroblast (LIF)-like and four
different subsets of stromal fibroblasts (see reply Figure 1). Accordingly, MYO and LIF
rMC subsets were as well identified by Sc-RNA seq analysis of digested BALO in Figure
3E which were both shown to be necessary for proper BALO formation (Figure 3D). To
assess the importance of each mesenchymal fraction, we used the Pdgfra®™ knock-in
mouse-line. As for Figure 3C, we agree with the reviewer’s rationale that the y axes in the
histograms are different but they were not meant to be compared in terms of cell numbers
but rather to show the purity of the isolated cells populations. We would like to point out
that, in the left panel of Figure 3C, Sca-1* rMC are shown based on their PDGFRa
expression where the proportion of each rMC subset can be compared. As shown in
Figure 3D, co-culture of Sca-1" PDGFRa" rMC with BASC did not support the growth of
organoids at all. In contrast, the Sca-1"PDGFRa"°" rMC fraction supported organoid
formation at a colony forming unit (CFU) frequency of 1:100 (new Figure S3D) but did
not promote differentiation into BALO, whereas addition of both fractions revealed the
same CFU frequency (1:100) but promoted BALO formation including alveolar
differentiation and branching morphogenesis. This feature is now shown by confocal
microscopy of SFTPC* AEC Il in new Figure S3E and mentioned in the results section on
page 12 lines 258-261 of the revised manuscript.



3)

4)

Figure for referees removed

There are no statistics to support enrichment of MYO of LIF genes in BALO-associated
mesenchymal subpopulations (Fig 3E). In fact, many of the genes look equally expressed
across the populations (i.e., Axin2, Apoe). It has been shown that MYO-LIPO are
interconvertible lineages. Is this true in BALO?

Response: We thank the reviewer for pointing this out. We have addressed this point by
including a table depicting the adjusted p-values of the mesenchymal genes associated
with MYO (C3) or LIF (C4) phenotypes (Table 1). Of note, Plin2 was not significantly
upregulated in the LIF cluster (it is also expressed in epithelial cells); therefore, it was
replaced for another well-known LIF marker, Fgfl10, in new Figure 3E and Table 1 of the
revised manuscript (please see also response to question 4). Concerning the question
whether MYO-LIF were interconvertible lineages, we would like to stress that the term
myofibroblast (“MYO”) is widely used in the field to refer to mesenchymal cells that express
the smooth muscle cell marker alpha smooth muscle actin (ACTA2). In the case of
pulmonary fibrosis, MYO accumulate in the lung and produce collagen, thereby mediating
fibrogenesis. We have shown that these cells derive from LIF and that when fibrosis
resolves, MYO can revert back to LIF. Thus, this interconversion between LIF and MYO,
as described in (El Agha et al., 2017; Kheirollahi et al., 2019), is a process happening in a
particular pathological in vivo condition (pulmonary fibrosis development and resolution).
To date, it is still unknown how heterogenous the fibrosis-associated MYO population is
and whether this population resembles other cell populations that are involved in non-
pathological conditions, such as alveolar morphogenesis (e.g. alveolar MYO that
transiently appear in the developing lung during alveologenesis). In the current work, we
did not intend to imply that the MYO population that we identified using ScRNA-seq
resembles fibrosis-associated MYO (that derive from LIF). We apologize for the confusion.
On the other hand, there is still ambiguity in the field regarding the nomenclature of the
different subsets of mesenchymal cells in the lung, particularly for MYO. For instance,
according to LUngGENS (Du, Guo, Whitsett, & Xu, 2015) (single-cell RNA-seq database;
part of the LungMAP project), MYO are listed as MYO/Smooth muscle (as a single entity)
until postnatal day 14 and there is no mention of MYO beyond this stage. Therefore, further
characterization of the MYO identity is still pending, but we feel that this is beyond the
scope of this manuscript. Still, we appreciate that the reviewer brought this issue up. In
order to avoid confusion of the readers, we have addressed this aspect to the discussion
section on pages 23 lines 495-498 of the revised manuscript.

Are other recently described fibroblast markers (e.g., Lgr5, Lgr6, Fgfl0) observed in
BALO-associated mesenchymal cells?

Response: We thank the reviewer for raising this important question. Notably, gene
expression of Fgf10 was detected in the LIF rMC subpopulation and has been included in
new Figure 3E and Table 1 of the revised manuscript. In our Sc-RNA seq analysis the
fibroblast markers Lrg5 and Lrg6 were not detected in digested BALO after 21 days of



culture, nonetheless, we cannot exclude the possibility that these markers may be
expressed in rMC at earlier time points during BALO formation. We have elaborated on
this in the discussion section on page 23 lines 501-503 of the revised manuscript

5) The organoids in Fig 3A and 3B look different from the organoids in other figures. The
aSMA+ "MYQ" are not seen in the alveolar region as they are in vivo and the distribution
of aSMA+ cells is also not consistent.

Response: The authors apologize for the unclear description of the Figures 3A and 3B.
For these figures we primary aimed to focus on the LIF population surrounding the BALO’s
alveolar-like structures. However, the reviewer’'s point is clearly relevant for better
understanding of the MYO spatial distribution; therefore, we have now included
representative confocal pictures showing aSMA?* cells found in close association with cells
present within the alveolar-like regions of BALO in new Appendix Figure S3B of the
revised manuscript.

6) The authors claim that TR-Macs are the "most relevant" but this is not supported by data
or references. Circulating/recruited/interstitial myeloid lineages are equally likely to
influence lung biology. Moreover, sessile macrophages, which make gap junction
mediated contact with alveolar epithelial cells are not recovered in BALF. Are the
macrophages observed after culture in BALO still alive? The ultrastructure in Fig 4D is not
clear. Is the AEC an AECI or AECII? What is the evidence the TR-Mac is living and that
the cells is a macrophage? Is there evidence that a lavagable TR-Mac should make
contacts with either AECI or AECII? What is the nature of this contact? Is it passive or
active? Could this be a macrophage embedded within lamellar body surfactant containing
debris?

Response: We thank the reviewer for these comments. We meant to highlight that introducing
TR-Mac, which are considered the major sessile innate immune cell population and the first
line of defense against incoming pathogens (Wynn & Vannella, 2016), would provide a more
advanced system to study disease in vitro. Nonetheless, to be more precise in our wording,
we have re-phrased the sentence and removed the “most relevant” term from the revised
manuscript (page 14 lines 304-308). Notably, Westphalen et al showed that Connexin43
(Cx43) expression was detected in TR-Mac isolated from both lung tissue and
bronchioalveolar lavage (BAL), although with a significant higher level in TR-Mac recovered
directly from the lung homogenate (Westphalen et al., 2014). Therefore, given our data
presented in Figure 4, we can infer that TR-Mac recovered from BAL still hold the capacity to
increase Cx43 levels when introduced into BALO and make contact with AEC. In Appendix
Figure S4C, most of the microinjected TR-Mac (>80%) remained after 10 days post-
microinjection without losing their integrity. Nonetheless, to confirm TR-Mac viability,
microinjected TR-Mac were stained with a viability dye showing that 86.7+7% of the TR-Mac
were still viable 10 days post-microinjection into BALO. This is now shown in new Appendix
Figure S4D and mentioned in the results section on page 14 lines 313-315 of the revised
manuscript. Furthermore, all the electron microscopy data and terminology presented in our
manuscript were cautiously evaluated by Prof. Wolfgang Kummer, a lung anatomy expert with
decades of experience in electron microscopy. In Figure 4D, the TR-Mac has an intact cellular
membrane without signs of cytoplasm condensation which indicates its viability and is in
contact with a thin and elongated AEC |. TR-Mac were identified based on the presence of an



actin filament bundle characteristic of TR-Mac (Trotter, 1981) which is now depicted in new
Figure 4D of the revised manuscript. In addition, we have now included new representative
EM pictures in new Figure 4D of the revised manuscript to further illustrate macrophage
interactions with AEC.

7

8)

The staining in Fig 4E is not convincing. The connexin 43 staining appears cytoplasmic in
the TR-Mac and not localized to any region of contact with surrounding cells. This must be
shown by ultrastructure.

Response: The authors apologize for the unclear staining. Until now, ultrastructural
demonstration of gap junctions such as Cx43 was found to be difficult and has been shown
only at some particular examples such as between smooth muscle cells and at the apical
junctional complex in certain epithelia (Al-Ghadban, Kaissi, Homaidan, Naim, & El-
Sabban, 2016). A study showing gap junctions between macrophages and lung epithelial
cells has been performed in flat 2D cultures that require freeze-fracture electron
microscopy and immunogold-labelling which cannot be well applied to 3D structures such
as BALO. Notably, other studies have shown that Cx43 is also observed within the cell’s
cytoplasm during its biosynthesis (Beckmann, Grissmer, Meier, & Tschernig, 2020).
However, we agree with the reviewer's comment that a clear region of contact between
TR-Mac and AEC was difficult to assess in the image we presented in Figure 4E.
Therefore, to address the reviewer’'s point, the image in new Figure 4E has been now
replaced to better illustrate expression of Cx43 in TR-Mac and AEC in close association
within BALO.

In Fig 4F the rMC seem uniform for expression of Collal, Apoe, and nearly all genes.
Why is there no evidence of MYO and LIF? Similar to above, there are many basal cells
in these BALO. Were these observed within BALO and what is there distribution? The
relevance/importance of the heatmap in Fig 4F is unclear. It seems like a better analysis
might be differential gene expression between each BALO population with and without TR
Macs. Finally, were TR-Macs recovered from BALO and, if so, why weren't they
sequenced? The claim that total differentiated cell number is increased after culture wit
TR-Macs is misleading. Were all cell types increased? Or was this a general increase in
cell number? The data in Fig 4H does not support this claim (e.g., there appear to be fewer
basal cells after culture with TR-Macs). The negative control for these experiments seems
to be the absence of any injected cells. A more appropriate control to discern the effects
of the purported "most relevant® macrophage population would be an irrelevant
macrophage population or at least other cell type. The word "engraft" in line 316 and
"defined functions" in 317 are not appropriate and not supported by data.

Response: For the Sc-RNA seq experiment shown in Figure 1F, sample preparation
focused on the identification of epithelial versus mesenchymal cell populations present in
BALO cultures. Therefore, we used a strategy where only a few hundred cells were
subjected to single cell RNA sequencing. However, for the Sc-RNA seq experiment
performed in Figure 4F, higher cell numbers were processed in a way to achieve a high
yield of epithelial cells, allowing a deeper analysis to reveal epithelial subpopulations and
confirming the presence of basal cells (Krt5, Krt14, Agp3, Trp63), club/secretory cells
(Scgb3a2, Muchb, Bpifal), ciliated cells (Foxjl, Tppp3, Lrrc23), AECI (Hopx, Ager,
Cldn18) and AECII (Sftpc, Lyz2, Sftpb), but resulting in low numbers of rMC and therefore,



9)

no resolution of rIMC subsets. As mentioned in the response for question #1, the basal
cells are located at the basal side of BALO’s airway-like structures forming a
pseudostratified epithelium (new Figure 21). In Figure 4F, we primary aimed to evaluate
the effects of TR-Mac on the BALO epithelium while the comparative differential gene
expression between each BALO population with and without TR-Mac is depicted in Figure
4G where genes involved in cell proliferation and differentiation showed significant
differences when TR-Mac had been introduced. As mentioned, TR-Mac per se were not
the focus of the experiment and the digestion protocol was set up to favor epithelial cell
isolation resulting in a low humber of TR-Mac to be sequenced. In Figure 4H, we meant
to show an increase in epithelial cell differentiation when TR-Mac where present within
BALO, nonetheless, we agree with the reviewer’s point and to be clearer, we have now
compared only terminally differentiated cells (AECI and ciliated cells) which is now shown
in new Figure 4H. We respectfully disagree with the reviewer’s comment regarding the
use of the terms “engraft” and “defined functions”. Our data have revealed that
microinjected TR-Mac are alive, remain within BALO for at least 10 days and directly
interact with AEC as shown by Cx43 staining and EM morphology which supports our
claim on TR-Mac engraftment into BALO’s alveoli. Moreover, our Sc-RNA seq data
indicates transcriptional changes in genes involved in cell proliferation and differentiation
on BALO epithelium when TR-Mac are present. In addition, TR-Mac raise an innate
immune response against viral infection as shown in Figure 6G, and take up and digest
surfactant (please see below the response to Reviewer 3) indicating that TR-Mac provide
defined functions in BALO.

It is not clear why the control D11 BALO in Fig 5B are not branched?

Response: We apologize for the unclear description of the method. Indeed, under normal
culture conditions, the differentiation into BALO starts after 10 to 11 days of culture.
However, for proper transfection efficiency during loss-of-function experiments, both
scrambled control and mo142-3p were diluted in media containing a concentration of 0.2%
FCS instead of 10% which led to a slight delay in BALO differentiation. We have rephrased
this sentence in the revised manuscript to make this particular point clear for the reader in
the results section on page 16 lines 354-358.

10) The authors claim that there is less Bgal activity (and therefore Wnt signaling) after

mo142-3p in BALO. This could just be an artifact of having fewer cells in general. What is
the effect of mo142-3p on colony forming efficiency? And differentiation of airway/alveolar
within BALO? And organization? Indeed, the lysotracker+ cells in Fig 3E seem to be
centrally localized in BALO after mo142-3p.

Response: We thank the reviewer for this important remark. Appendix Figure S5C shows
that adenomatosis polyposis coli (Apc), a key negative regulator of the WNT signaling
pathway, is upregulated in BALO cultures after treatment with mo142-3p compared to
scramble control. This effect was shown by qPCR which determines the average
expression of Apc per cell, thus, the chance of bias due to a differential number of cells in
mol42-3p-treated BALO is minimal. Nevertheless, we have further addressed this
particular issue by including the colony forming efficiency of control (scramble)- and
morpholino-treated cultures in new Appendix Figure S5A and mention it in the results
section on page 16 line 358-361 of the revised manuscript. There was no direct effect on



the CFU after addition of mo142-3p when the treatment with morpholino or scramble
control was started on day 6 of culture. As suggested by the reviewer, evaluation of airway
and alveolar differentiation in BALO was done fifteen days after treatment with mo142-3p
or scramble by FACS and has now been included in new Appendix Figure S5D and
stated in the results section on page 17 lines 378-379. A significant decrease of AEC Il
(EpCAM*CDA49f"Lyzotracker”) and club/ secretory cells (EpCAM*CD49f"shCD24'ow)
percentage in mol42-3p treated cultures compared to scramble controls was observed
confirming the importance of the WNT signaling on BALO differentiation rather than early
colony outgrowth.

Referee #2:

In this manuscript, Vazquez-Armendariz et al., have used a complex three-dimensional (3D)
murine organoid model called bronchioalveolar lung organoid (BALO) to study the properties
of EpCAMhighCD24lowSca-1+ cells in the lung. Specifically, the authors purified
EpCAMhighCD24lowSca-1+ cells and co-cultured them with resident mesenchymal cell (rMC)
to study the potential of these cells. The authors claim that these sorted cells generate a highly
branched 3D organoid structure within 21 days, which mimics the cellular composition of the
bronchioalveolar compartment. More importantly, the authors used two newly generated
mouse models that express fluorescent reporters that allowed them to isolate
SCGB1A1+SFTPC+ bronchioalveolar stem cells (BASCs). Using this model, the authors claim
that of all the organoids derived from EpCAMhighCD24lowSca-1+ cells predominantly
originated from BASCs. Furthermore, using single cell RNA (scRNA-seq) sequencing, the
authors claim that BALO consists of basal, secretory, ciliated, AEC Il, and AEC | cell types.
Additionally, the authors have used electron microscopy (EM) to demonstrate that BALO's
form airway-like ultrastructure consists of basal-like cells, differentiated secretory cells filled
with secretory granules, ciliated cells with mature cilia and basal bodies aligned underneath
the apical cell surface, and alveolar type-1 and type-2 cells. Finally, the authors claim that their
BALO system can be used for epithelial-immune cell interactions as well as modeling viral
responses after influenza virus infection. Overall, the data presented in this manuscript would
be of great interest to the lung community. The experiments described here are well designed
but there are some critical questions that require additional analysis/clarification.

Response: The authors thank the reviewer for the positive comments and the opportunity to
address the mentioned concerns.

Major comments:

1) The authors used a combination of EpCAMMI"CD24"°“Sca-1* cells and SCGB1A1*SFTPC®
cells to setup organoid cultures. One of the major claims in this manuscript is that majority
of the organoids in their BALO cultures were derived from SCGB1A1*SFTPC* population
and that they can have multilineage potential, meaning that they can generate basal,
ciliated, club, alveolar type 2 and type 1 cells. The authors used scRNA-sq analysis,
electron microscopy and immunostaining for cell type specific markers to show different
cell types. However, it is unclear whether the authors used EpCAM"9"CD24"°"Sca-1* cells
or SCGB1A1*SFTPC* cells for SCRNA-seq and EM analysis. It is important in the context



of recent finding (Liu et al., 2019 Nature Genetics) that BASCs can generate both airway
and alveolar cells. However, Liu et al., 2019 have not found basal cells when they lineage
traced BASCs in vivo. Therefore, it would be important to test whether SCGB1A1*SFTPC*
cells can generate basal cells, as the current manuscript claims? If yes, does it occur only
ex vivo or can this be observed in vivo? The authors could use their newly developed
BASC lineage tracing model or even simply one could use Sftpc-creER mouse line to test
this?

Response: The authors thank the reviewer for this important comment. The ScCRNA-seq
and EM analysis were performed using the EpCAMM"CD24'°“Sca-1* population enriched
in BASC. Indeed, Lui et al did not find basal cells when BASC were traced in vivo.
Therefore, to further confirm that our double positive BASC are capable to give rise to
basal cells in BALO, we isolated SCGB1A1*SFTPC* BASC from the lungs of BASC v-race
(Spc—ZA—YFP—ZA—tTA—N’ CCSP—2A—mCherry—2A—tTA—C, tetobiluc/Cre, Rosazestopflox—lacZ) mice (S&lWIg et a|_’
2019) in which reconstituted split-tTA effectors induce expression of Cre recombinase and
permanently label BASC and all their descendants via B-galactosidase activity. The new
Appendix Figure S1H shows that after 21 days of culture, all cells within a BALO were
LacZ* indicating that all BALO cells including basal cells are descendants from BASC.
Importantly, even upon higher magnification, LacZ" cells could not be observed. These
data are now mentioned in the results section on page 7 lines 152-154 of the revised
manuscript. As advised by the reviewer, we also tested SCGB1A1l*SFTPC* BASC
differentiation into basal cells in vivo after influenza-induced lung injury. BASC v-race mice
were on doxycycline treatment to exclude de novo labeling of BASC and lungs were
isolated and labeled 35 days post-infection. After B-galactosidase labeling, basal cell
marker krt5 co-expression with labeled cells (i.e. BASC that were present before infection
plus all their descendants emerging during regeneration) was evaluated by
immunohistochemistry (IHC) (Reply Figure 2). Clusters of B-gal* cells were observed in
the terminal bronchioles and alveoli, however, co-localization with krt5* basal cells or basal
cell-like pods were not detected, indicating that BASC do not differentiate into basal cells
in vivo. Therefore, we hypothesize that BASC differentiation into basal cells observed in
BALO seems to be an in vitro artifact that might be, for example, driven by the total
absence of basal cells in the BALO airway-like niche which is not the case in vivo. We
have now addressed this aspect in the discussion section on page 21-22 lines 468-471
of the revised manuscript.

Figures for referees removed



2) The authors claim that the majority of the BALO's are derived SCGB1A1*SFTPC*
population which is about 5% of all EpCAMM"CD24'°“Sca-1* cells. The authors performed
guantification of organoid forming ability of SCGB1A1*SFTPC* population compared to
SPC" cells or SCGB1A1* cells alone. However, the authors sorted mCherry*/YFP* cells
from EpCAMMI"CD24°%Sca-1* pre-gated cells. It would be important to check the colony
forming efficiency of SCGB1A1*SFTPC* population compared to SPC* cells or SCGB1A1*
cells alone from total lung dissociates (not from EpCAM"9"CD24I°¥Sca-1* pre-gated cells).
This is important to address as previous studies have showed that both SCGB1A1* as well
as SFTPC* cells alone have the ability to generate organoids.

Response: The authors agree with the reviewer’s rationale. We are in fact excluding most
of the SFTPC* AEC Il with our gating strategy (with the intention to prevent contamination
from these cells to increase purity of the sorted double+ cells), as well as a fraction of the
single® SCGB1A1" club cells. As suggested by the reviewer, we approached this issue by
modifying our gating strategy to sort all SFTPC* and SCGB1AL1* cells directly from the
whole EpCAM* population without the addition of further surface markers. Using this
protocol, we revealed that compared to the 1:100 CFU of the SCGB1A1*SFTPC*
population, the colony forming efficiency of SFTPC* AECII and SCGB1A1" club cells were
overall 1:25 and 1:1000, respectively. Notably, SFTPC* and SCGB1A1" cells isolated from
the whole EpCAM™ fraction formed only alveolospheres (Barkauskas et al., 2013) and
bronchiolospheres (Lee et al., 2014), respectively. BALO with proximo-distal cell
specification were only observed in cultures derived from SCGB1A1*SFTPC* cells. These
results were included in the revised manuscript in new Appendix Figure S1G and we
refer to the different colony-forming efficiencies in the results section on page 7 line 137-
145 of the revised manuscript.

Minor comments:

3) InFiglC SCGB1Al and SFTPC staining's are not convincing. The authors could do better
than this.

Response: We agree with the reviewer’s point. We have moved Figure 1C to the
supplement (new Appendix Figure 1A) and included in the revised manuscript a new
confocal picture and a 3D reconstruction of BALO derived from EpCAM"I"CD24"°"Sca-
1*SCGB1A1*SFTPC* cells isolated from Scgblal™c"®™SftpcY™ reporter mice which much
better depicts SCGB1A1" and SFTPC* cells localization and distribution (new Figure
EV1A and EV1B).



4) In Fig2G -1V tubulin staining is not convincing. This can be improved.

Response: The authors thank the reviewer for this comment. We have changed Figure
2G (now new Figure EV2B) in the revised manuscript to better illustrate the presence of
multiple ciliated cells interspersed by club cells within the BALO airway-like structures.

Referee #3:

This study appears to be the first demonstration of an organoid model for the
bronchiole/alveolar region of the lung. Robustness of these structures seems well documented
in Figures 1-4. Additionally, compelling is the addition of distinct mesenchymal subpopulations
(PDGFRa high versus low fibroblasts) which direct distal versus more proximal structural fates.
Evidence that macrophages can be injected into the lumen of these structures, with apparent
pro-epithelial differentiation function is remarkable. The system is also amenable to infection
by flu, and knock-down analyses for parsing molecular mechanism. Overall, the figures/data
and writing is very clear. The study makes a substantial advance over previous organoid
models (which largely focus on airway or alveolospheres alone). A minor quibble is that efforts
to show all possible applications of the BALO model led to some of the analyses being
superficial (e.g., effect of macrophages on epithelial differentiation inferred from scRNAseq;
use of Wnt reporters nice but not clear how reproducible these findings are, as only single
organoids are shown without quantification). So while | might have preferred greater depth of
analysis for these figures-- | do concede that the main finding/technology is exciting and should
be share with the community without delay.

Response: The authors thank the reviewer for the positive feedback on our model. We have
now included additional quantification and cell differentiation data on scramble and
morpholino-treated organoids (please see Reviewer 1 response 10).

Minor:

1. Fig.4D is not compelling, as the filopodial projections/contacts between Macs/AT2 cells are
not clear. Also, can the authors comment on whether addition of macrophages had
consequences on surfactant uptake in the lumen?

Response: The authors agree with the reviewer’s point. Therefore, we have included a new
EM picture showing contact between a macrophage and AEC within BALO’s alveolar-like
structures in new Figure 4D of the revised manuscript. Prof. Wolfgang Kummer, a lung
anatomy expert, analyzed the EM data and confirmed that TR-Mac-AEC contacts are indeed
observed in BALO, and that the provided EM pictures are representative for what can be
observed in BALO reconstituted by TR-Mac. Indeed, uptake of surfactant and its digestion (i.
e. whirls of lamellar surfactant embraced together within the cell and not separated in
individual lamellar bodies) by TR-Mac was observed by EM (as verified by W. Kummer). This
is now shown in new Figure 4D and new Appendix Figure S4E and mentioned in the results
section on page 15 line 319-321 of the revised manuscript.
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1st Revision - Editorial Decision 21st Jul 2020

Dear Dr. Herold, dear Dr. Vazquez-Armendariz,

Thank you for submitting your amended manuscript (EMBOJ-2019-103476R) to The EMBO
Journal. Your revised study was sent back to the three referees for re-evaluation, and we have
received comments from all of them, which | enclose below. As you will see the referees find that
their concerns have been sufficiently addressed and they are now broadly in favour of publication.

Thus, we are pleased to inform you that your manuscript has been accepted in principle for
publication in The EMBO Journal, pending the minor remaining issues of reviewer #2 as well as
additional aspects related to formatting and data representation as detailed below are addressed
at re-submission.

Regarding the remaining points of referee #2, we ask you to evaluate whether you can address
these with additional data or relativize claims where appropriate.

We are piloting Structured Methods a new format for the Materials and Methods of articles
published at EMBO Press. Adhering to this format is optional for research articles. However,
considering the strong methodological aspect of your study, we would strongly encourage you to
use it. Specifically, the Material and Methods section should include a Reagents and Tools Table
(listing key reagents, experimental models, software and relevant equipment and including their
sources and relevant identifiers) followed by a Methods and Protocols section in which we
encourage the authors to describe their methods using a step-by-step protocol format with bullet
points. More information on how to adhere to this format as well as downloadable templates (.doc
or xlIs) for the Reagents and Tools Table can be found in the author guidelines of our sister journal
Molecular Systems Biology http//msb.embopress.org/authorguide#materialsandmethods. An
example of a paper with Structured Methods can be found here:
http//msb.embopress.org/content/14/7/e8071. We encourage you to be even more explicit in adding
details on the experimental procedures, as this should be valuable in ensuring reproducible
application if the approach.

Please note that Iwill also follow-up shortly with a list of additional comments and edits for changes
from our production team regarding statistics and data-text layout.

Please contact me at any time if you have further questions related to below points.

Thank you for giving us the chance to consider your manuscript for The EMBO Journal. | look
forward to your final revision.

Again, please contact me at any time if you need any help or have further questions.
Kind regards,

Daniel Klimmeck

Daniel Klimmeck PhD

Editor
The EMBO Journal



Formatting changes required for the revised version of the manuscript:

>> |ntroduce ORCID IDs for all corresponding authors (S.H.) via our online manuscript system.
Please see below for additional information.

>> Please specify distinct author contributions for Is.Sa., Ir.Sh.; Mo.He., Ma.C. He. .
>> Rename the current '‘Competing Interests' section to ' Conflict of Interest'.

>> Please complement the Material and Methods section by indicating the animal welfare
statement applicable for your study.

>> Complement the author checklist by indicating the mice used and animal welfare statement
applicable for your study.

>> Remove the database web link from the '‘Data availability" section.

>> Please remove Dataset EV legends from the main text and zip them with each respective movie
file.

>> Adjust the reference formatting to EMBO Journal style, references in alphabetical order, ten
authors et al. listed.

*kkkkkkk

Please note that as of January 2016, our new EMBO Press policy asks for corresponding authors to
link to their ORCID IDs. You can read about the change under "Authorship Guidelines" in the Guide
to Authors here: http//emboj.embopress.org/authorguide

In order to link your ORCID iD to your account in our manuscript tracking system, please do the
following:

1. Click the 'Modify Profile' link at the bottom of your homepage in our system.

2.0n the next page you will see a box half-way down the page titled ORCID*. Below this box is red
text reading 'To Register/Link to ORCID, click here'. Please follow that link: you will be taken to
ORCID where you can log in to your account (or create an account if you don't have one)

3. You willthen be asked to authorise Wiley to access your ORCID information. Once you have
approved the linking, you will be brought back to our manuscript system.

We regret that we cannot do this linking on your behalf for security reasons. We also cannot add
your ORCID iD number manually to our system because there is no way for us to authenticate this
iD number with ORCID.



Thank you very much in advance.

*kkkkkkk

Instructions for preparing your revised manuscript:

Please check that the title and abstract of the manuscript are brief, yet explicit, even to non-
specialists.

When assembling figures, please refer to our figure preparation guideline in order to ensure proper
formatting and readability in print as well as on screen:
http//bit ly/EMBOPressFigurePreparationGuideline

Please see also our instructions to authors
https//www.embopress.org/page/journal/14602075/authorguide#expandedview

Please remember: Digital image enhancement is acceptable practice, as long as it accurately
represents the original data and conforms to community standards. If a figure has been subjected
to significant electronic manipulation, this must be noted in the figure legend or in the ‘Materials and
Methods' section. The editors reserve the right to request original versions of figures and the
original images that were used to assemble the figure.

Further information is available in our Guide For Authors:
https/www.embopress.org/page/journal/14602075/authorguide

The revision must be submitted online within 90 days; please click on the link below to submit the
revision online before 18th Oct 2020.

Link Not Available

Referee #1:
The authors have adequately responded to the concerns raised by the reviewers. The additional

data and revised discussion have greatly improved the manuscript.

Referee #2:

The authors addressed most of the comments. However, some clarification is needed for the
following:

1.In line with my previous comment #1 and #4, the author claim that SCGB1A1+ SFTPC+ cells
generate multiple lung epithelial cells in organoid models. However, except for sScRNA-seq data, no



validation studies are performed to show basal cells in these organoids. Immunostaining for basal
cell markers (TP63 and KRT5) is needed to substantiate their claims. Similarly, the immunostaining
for Act-Tubulin is not convincing as it doesnt appear to stain cilia. This needs to be clarified.

Referee #3:

Iwas least critical of the three reviews based on my own expertise with these techniques. My
guestion was adequately addressed-- defer to other two reviewers and their comments.



2nd Authors' Response to Reviewers 19th Aug 2020

Point-by-point response to comments from

Referee #2:

The authors addressed most of the comments. However, some clarification is needed for the
following:

In line with my previous comment #1 and #4, the author claims that SCGB1A1+ SFTPC+ cells
generate multiple lung epithelial cells in organoid models. However, except for sScCRNA-seq
data, no validation studies are performed to show basal cells in these organoids.
Immunostaining for basal cell markers (TP63 and KRT5) is needed to substantiate their
claims. Similarly, the immunostaining for Act-Tubulin is not convincing as it does not appear
to stain cilia. This needs to be clarified.

Response: The authors thank the reviewer for the positive feedback and the opportunity to
address the remaining concerns. In addition to the scRNA-seq data, basal cells” identity within
BALO’s airway-like structures was confirmed by Prof. Wolfgang Kummer, an expert in lung
anatomy with a focus on electron microscopy (EM) (Figure 21). EM data revealed that BALO
form a pseudostratified-like epithelium comprised of ciliated, secretory and basal cells, the
latter presenting all the main morphological characteristics of bona fide basal cells including a
high nucleus-to-cytoplasm ratio, being broadly attached to the basal lamina without reaching
the airway lumen and with focal connections to neighboring secretory and ciliated cells
(Bilodeau et al. 2014). Additionally, we have also included further confirmatory data showing
a significant upregulation of the basal cell marker p63 in day 21 BALO (Figure 2A) indicating
that basal cell differentiation occurs over time in the developing BALO. Regarding Figure
EV2B, we have added a new confocal picture showing a higher magnification of the -1V
tubulin® ciliated cells, however, to unequivocally depict cilia we would like to refer to BALO s
ultrastructure presented in Figure 21 which clearly shows kinocilia with the classical “9x2+2”
configuration (Orhon et al. 2015).

References

Bilodeau, Mélanie, Sharareh Shojaie, Cameron Ackerley, Martin Post, and Janet Rossant.
2014. “Identification of a Proximal Progenitor Population from Murine Fetal Lungs with
Clonogenic and Multilineage Differentiation Potential.” Stem Cell Reports 3(4):634—49.

Orhon, I., N. Dupont, O. Pampliega, A. M. Cuervo, and P. Codogno. 2015. “Autophagy and
Regulation of Cilia Function and Assembly.” Cell Death and Differentiation 22(3):389-97.



2nd Revision - Editorial Decision 24th Aug 2020

Dear Dr. Herold, dear Dr. Vazquez-Armendariz,

Thank you for submitting the revised version of your manuscript. | have now evaluated your
amended manuscript and concluded that the remaining minor concerns have been sufficiently
addressed.

Thus, lam pleased to inform you that your manuscript has been accepted for publication in the
EMBO Journal.

Please note that it is EMBO Journal policy for the transcript of the editorial process (containing
referee reports and your response letter) to be published as an online supplement to each paper. |
would thus like to ask for your consent on keeping the additional referee reply figures included in
this file.

Also in case you might NOT want the transparent process file published at all, you will also need to
inform us via email immediately. More information is available here:
http://embojembopress.org/about#Transparent Process

Please note that in order to be able to start the production process, our publisher will need and
contact you regarding the following forms:

- PAGE CHARGE AUTHORISATION (For Articles and Resources)
httpJ//onlinelibrary wiley.com/journal/10.1002/(ISSN)14 60-2075/homepage/te]_apc.pdf

- LICENCE TO PUBLISH (for non-Open Access)

Your article cannot be published until the publisher has received the appropriate signed license
agreement. Once your article has been received by Wiley for production you will receive an email
from Wiley's Author Services system, which will ask you to log in and will present them with the
appropriate license for completion.

- LICENCE TO PUBLISH for OPEN ACCESS papers

Authors of accepted peer-reviewed original research articles may choose to pay a fee in order for
their published article to be made freely accessible to all online immediately upon publication. The
EMBO Open fee is fixed at $5,200 (+ VAT where applicable).

We offer two licenses for Open Access papers, CC-BY and CC-BY-NC-ND.
For more information on these licenses, please visit: http://creativecommons.org/licenses/by/3.0/ and
http://creativecommons.org/licenses/by-nc-nd/3.0/deed.en_US

- PAYMENT FOR OPEN ACCESS papers

You also need to complete our payment system for Open Access articles. Please follow this link
and select EMBO Journal from the drop down list and then complete the payment process:



https//authorservices.wiley.com/bauthor/onlineopen_order.asp

On a different note, Iwould like to alert you that EMBO Press is currently developing a new format
for a video-synopsis of work published with us, which essentially is a short, author-generated film
explaining the core findings in hand drawings, and, as we believe, can be very useful to increase
visibility of the work.

Please see the following link for representative recent examples:
https//www.embopress.org/video _synopses

Please let me know, should you be interested to engage in commissioning a similar video synopsis
for your work. According operation instructions are available and intuitive.

If you have any questions, please do not hesitate to call or email the Editorial Office.

Thank you again for this contribution to The EMBO Journal and congratulations on a successful
publication! Please consider us again in the future for your most exciting work.

Kind regards,

Daniel Klimmeck

Daniel Klimmeck, PhD

Editor

The EMBO Journal

EMBO

Postfach 1022-40
Meyerhofstrasse 1

D-69117 Heidelberg
contact@embojournal.org

Submit at: http//emboj.msubmit.net
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This checklist is used to ensure good reporting standards and to improve the reproducibility of published results. These guidelines are
consistent with the Principles and Guidelines for Reporting Preclinical Research issued by the NIH in 2014. Please follow the journal’s
authorship guidelines in preparing your manuscript.

A- Figures
1. Data
The data shown in figures should satisfy the following conditions:
> the data were obtained and processed according to the field’s best practice and are presented to reflect the results of the
experiments in an accurate and unbiased manner.
=> figure panels include only data points, measurements or observations that can be compared to each other in a scientifically
meaningful wav.
= graphs include clearly labeled error bars for independent experiments and sample sizes. Unless justified, error bars should
not be shown for technical replicates.
=> if n< 5, the individual data points from each experiment should be plotted and any statistical test employed should be
justified
=> Source Data should be included to report the data underlying graphs. Please follow the guidelines set out in the author ship
guidelines on Data Presentation.

2. Captions
Each figure caption should contain the following information, for each panel where they are relevant:

a specification of the experimental system investigated (eg cell line, species name).

the assay(s) and method(s) used to carry out the reported observations and measurements

an explicit mention of the biological and chemical entity(ies) that are being measured.

an explicit mention of the biological and chemical entity(ies) that are altered/varied/perturbed in a controlled manner.

the exact sample size (n) for each experimental group/condition, given as a number, not a range;

a description of the sample collection allowing the reader to understand whether the samples represent technical or
biological replicates (including how many animals, litters, cultures, etc.).

a statement of how many times the experiment shown was independently replicated in the laboratory.

definitions of statistical methods and measures:

* common tests, such as t-test (please specify whether paired vs. unpaired), simple x2 tests, Wilcoxon and Mann-Whitney
tests, can be unambiguously identified by name only, but more complex techniques should be described in the methods
section;

are tests one-sided or two-sided?

LA 2N X 2 X X X 7

are there adjustments for multiple comparisons?

exact statistical test results, e.g., P values = x but not P values < x;
definition of ‘center values’ as median or average;

definition of error bars as s.d. or s.e.m.

Any descriptions too long for the figure legend should be included in the methods section and/or with the source data.

In the pink boxes below, please ensure that the answers to the following questions are reported in the manuscript itself.
Every question should be answered. If the question is not relevant to your research, please write NA (non applicable).

We encourage you to include a specific subsection in the methods section for statistics, reagents, animal models and human
subjects.

B- Statistics and general methods

Please fill
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these boxes

(Do not worry if you cannot see all your text once you press retur!

1.a. How was the sample size chosen to ensure adequate power to detect a pre-specified effect size?

Each culture has around 50 or more organoids, at least an n= 3 (biological replicates) was
considered then suficient for the intended measurements. Organoid colony formation efficiency is
reported in the results section of the manuscript.

1.b. For animal studies, include a statement about sample size estimate even if no statistical methods were used. NA
2. Describe inclusion/exclusion criteria if samples or animals were excluded from the analysis. Were the criteria pre- NA
established?

3. Were any steps taken to minimize the effects of subjective bias when allocating animals/samples to treatment (e.g. NA
randomization procedure)? If yes, please describe.

For animal studies, include a statement about randomization even if no randomization was used. NA
4.a. Were any steps taken to minimize the effects of subjective bias during group allocation or/and when assessing results [NA
(e.g. blinding of the investigator)? If yes please describe.

4.b. For animal studies, include a statement about blinding even if no blinding was done NA

5. For every figure, are statistical tests justified as appropriate?

Yes. This is shown in the methods section and figure legends of the manuscript.

Do the data meet the assumptions of the tests (e.g., normal distribution)? Describe any methods used to assess it.

Yes. This is shown in the methods section and figure legends of the manuscript.

Is there an estimate of variation within each group of data?

This is shown in the figure legends of the manuscript.




Is the variance similar between the groups that are being statistically compared? Yes. This is shown in the methods section of the manuscript.

C- Reagents

6. To show that antibodies were profiled for use in the system under study (assay and species), provide a citation, catalog |This is shown in the methods section of the manuscript.
number and/or clone number, supplementary information or reference to an antibody validation profile. e.g.,
Antibodypedia (see link list at top right), 1DegreeBio (see link list at top right).

7. Identify the source of cell lines and report if they were recently authenticated (e.g., by STR profiling) and tested for NA
mycoplasma contamination.

* for all hyperlinks, please see the table at the top right of the document

D- Animal Models

8. Report species, strain, gender, age of animals and genetic modification status where applicable. Please detail housing |WT C57BL/6, B6.129 (Cg)-Gt (ROSA)26Sortm4(ACTB-tdTomato-EGFP)Luo/) (mTmG) mice,

and husbandry conditions and the source of animals. PdgfraGFP knock-in mice (B6.12954-Pdgfratm11(EGFP)Sor/J), PdpnGFP mice (B6;D2-Tg(Pdpn,-
EGFP)16Dobb/J), GFP mice (C57BL/6-Tg(UBC-GFP)30Scha/J), TOPGAL mice (C57BL/6-Tg(TCF/Lef1
lacz)34Efu/J), double reporter mice (SPC-2A-YFP-2A-tTA-N, CCSP-2A-mCherry-2A-tTA-C) and BASC
viewer mice (SPC-2A-YFP-2A-tTA-N, CCSP-2A-mCherry-2A-tTA-C, tetObilacZ/huGFP). Mice were
between 8 to 10 weeks of age and were housed under specific pathogen-free conditions with free
access to food and water.

9. For experiments involving live vertebrates, include a statement of compliance with ethical regulations and identify the |All animal experiments were approved by the responsible animal ethics committee and by the
committee(s) approving the experiments. local authorities.

10. We recommend consulting the ARRIVE guidelines (see link list at top right) (PLoS Biol. 8(6), €1000412, 2010) to ensure |NA
that other relevant aspects of animal studies are adequately reported. See author guidelines, under ‘Reporting
Guidelines’. See also: NIH (see link list at top right) and MRC (see link list at top right) recommendations. Please confirm
compliance.

E- Human Subjects

11. Identify the committee(s) approving the study protocol. NA

12. Include a statement confirming that informed consent was obtained from all subjects and that the experiments NA
conformed to the principles set out in the WMA Declaration of Helsinki and the Department of Health and Human
Services Belmont Report.

13. For publication of patient photos, include a statement confirming that consent to publish was obtained. NA
14. Report any restrictions on the availability (and/or on the use) of human data or samples. NA
15. Report the clinical trial registration number (at ClinicalTrials.gov or equivalent), where applicable. NA

16. For phase Il and Ill randomized controlled trials, please refer to the CONSORT flow diagram (see link list at top right) [NA
and submit the CONSORT checklist (see link list at top right) with your submission. See author guidelines, under ‘Reporting
Guidelines’. Please confirm you have submitted this list.

17. For tumor marker prognostic studies, we recommend that you follow the REMARK reporting guidelines (see link list at [NA
top right). See author guidelines, under ‘Reporting Guidelines’. Please confirm you have followed these guidelines.

F- Data Accessibility

18: Provide a “Data Availability” section at the end of the Materials & Methods, listing the accession codes for data This is provided in the data avaibility section of the manuscript.
generated in this study and deposited in a public database (e.g. RNA-Seq data: Gene Expression Omnibus GSE39462,
Proteomics data: PRIDE PXD000208 etc.) Please refer to our author guidelines for ‘Data Deposition’.

Data deposition in a public repository is mandatory for:
a. Protein, DNA and RNA sequences

b. Macromolecular structures

c. Crystallographic data for small molecules

d. Functional genomics data

e. Proteomics and molecular interactions

19. Deposition is strongly recommended for any datasets that are central and integral to the study; please consider the NA
journal’s data policy. If no structured public repository exists for a given data type, we encourage the provision of datasets
in the manuscript as a Supplementary Document (see author guidelines under ‘Expanded View’ or in unstructured
repositories such as Dryad (see link list at top right) or Figshare (see link list at top right).

20. Access to human clinical and genomic datasets should be provided with as few restrictions as possible while respecting|NA
ethical obligations to the patients and relevant medical and legal issues. If practically possible and compatible with the
individual consent agreement used in the study, such data should be deposited in one of the major public access-
controlled repositories such as dbGAP (see link list at top right) or EGA (see link list at top right).

21. Computational models that are central and integral to a study should be shared without restrictions and provided ina |NA
machine-readable form. The relevant accession numbers or links should be provided. When possible, standardized format
(SBML, CellML) should be used instead of scripts (e.g. MATLAB). Authors are strongly encouraged to follow the MIRIAM
guidelines (see link list at top right) and deposit their model in a public database such as Biomodels (see link list at top
right) or JWS Online (see link list at top right). If computer source code is provided with the paper, it should be deposited
in a public repository or included in supplementary information.

G- Dual use research of concern

22. Could your study fall under dual use research restrictions? Please check biosecurity documents (see link list at top NA
right) and list of select agents and toxins (APHIS/CDC) (see link list at top right). According to our biosecurity guidelines,
provide a statement only if it could.




	Multilineage murine lung stem cells generate complex organoids to model lung development and disease
	Review Timeline:
	Transaction Report:

	Merged Decision Summary PDF Section 1
	Merged Decision Summary PDF Section 2
	Merged Decision Summary PDF Section 3
	Merged Decision Summary PDF Section 4
	Merged Decision Summary PDF Section 5
	Merged Decision Summary PDF Section 6
	Merged Decision Summary PDF Section 7
	Merged Decision Summary PDF Section 8



