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Dear Professor Samakovlis,

Please accept our sincere apologies for the length of time your manuscript, "Developmental
origins of cell heterogeneity in the human lung"”, has been under review at our journal. This
is due to the unforeseen inability of Reviewer #3 to provide the referee report in a timely
manner. As the expertise of Reviewer #1 and Reviewer #2 can cover the major aspects of
the current study, we have reached our decision based on their comments to avoid further
delay. If/when we receive the report form Reviewer #3 within a reasonable timeframe, we
will send the comments to you, and in that case we would also expect revisions to address
Reviewer #3’'s comments.

Therefore, your manuscript has now been seen by 2 referees, who are experts in single cell
analysis, atlas, human lung (referee 1); transcriptomic atlas, lung (referee 2). As you will
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see from their comments (attached below) they find this work of potential interest, but have
raised substantial concerns, which in our view would need to be addressed with considerable
revisions before we can consider publication in Nature Cell Biology.

Nature Cell Biology editors discuss the referee reports in detail within the editorial team,
including the chief editor, to identify key referee points that should be addressed with
priority. To guide the scope of the revisions, I have listed these points below. We are
committed to providing a fair and constructive peer-review process, so please feel free to
contact me if you would like to discuss any of the referee comments further.

In particular, it would be essential to:

(A) Strengthen the claims stemming from analyses by providing experimental validations, as
specifically indicated by referees. Please note that, in order for the manuscript to be further
considered as a Nature Cell Biology study, mere textual and data representation
rearrangements or “toning down” claims will not be sufficient. We therefore request that you
address the concerns raised by providing experimental validations wherever noted by the
reviewers.

Referee 1 notes:

“In the most general respect, there is frankly too much data for one manuscript included
here. The types of data presented in the manuscript are descriptive; however, many
functional claims are made. The manuscript should be primarily focused on describing the
presented spatial transcriptomic data, and functional data (i.e. description of mesenchymal
cell maturity lineages or PNEC lineages) should either be limited to a single section at the
end with the aim of highlighting how this data could be used as a hypothesis-generating
tool, or it should be more briefly mentioned in the discussion section. Examples of line
numbers in the manuscript where functional claims were made from descriptive data:
0139 -41; 157 - 61; 185 - 7; 229 - 31; 232 - 45; 274 - 8; 296 - 305; 350 - 7; 385; 387
- 96; 484 - 6; 487 - 505

o This is also true for the data presented in the “"Supplementary Note.”

“Several attempts to correlate adult cell states to developmental precursors are not well
validated. For example, authors attempt to benchmark their data against an adult basal cell
signature, but a fetal reference seems more relevant. The basaloid phenotype is not
described during development and appears unsubstantiated here. Finally, claims about
similarities between fetal states and diseased states are not well supported and appear
overreaching for the data presented here. The authors should remove these sections or
provide additional experimental evidence to support their claims”.

Referee 2 notes:
“Although extensive bioinformatics analysis are performed in the current manuscript, more
experimental validation should be performed and the quality of some data should be

improved. The bellows are my concerns”.

"It will be better to perform several experimental validation of some cell marker genes, such
as the cell proliferation marker Ki67 to evaluate whether the cells are proliferating cells. In
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addition, it is difficult to see the signal of SCPs and neuronal cells using H&E staining.
Specific markers for staining SCPs and neuronal cells should performed in Figure 3C-E".

(B) All other referee concerns pertaining to strengthening existing data, providing controls,
methodological details, clarifications and textual changes, should also be addressed.

(C) Finally please pay close attention to our guidelines on statistical and methodological
reporting (listed below) as failure to do so may delay the reconsideration of the revised
manuscript. In particular please provide:

- a Supplementary Figure including unprocessed images of all gels/blots in the form of a
multi-page pdf file. Please ensure that blots/gels are labeled and the sections presented in
the figures are clearly indicated.

- a Supplementary Table including all numerical source data in Excel format, with data for
different figures provided as different sheets within a single Excel file. The file should include
source data giving rise to graphical representations and statistical descriptions in the paper
and for all instances where the figures present representative experiments of multiple
independent repeats, the source data of all repeats should be provided.

We would be happy to consider a revised manuscript that would satisfactorily address these
points, unless a similar paper is published elsewhere, or is accepted for publication in Nature
Cell Biology in the meantime.

When revising the manuscript please:

- ensure that it conforms to our format instructions and publication policies (see below and
www.nature.com/nature/authors/).

- provide a point-by-point rebuttal to the full referee reports verbatim, as provided at the
end of this letter.

- provide the completed Editorial Policy Checklist (found

here https://www.nature.com/authors/policies/Policy.pdf), and Reporting Summary (found
here https://www.nature.com/authors/policies/ReportingSummary.pdf). This is essential for
reconsideration of the manuscript and these documents will be available to editors and
referees in the event of peer review. For more information

see http://www.nature.com/authors/policies/availability.html or contact me.

Nature Cell Biology is committed to improving transparency in authorship. As part of our
efforts in this direction, we are now requesting that all authors identified as ‘corresponding
author’ on published papers create and link their Open Researcher and Contributor Identifier
(ORCID) with their account on the Manuscript Tracking System (MTS), prior to acceptance.
ORCID helps the scientific community achieve unambiguous attribution of all scholarly
contributions. You can create and link your ORCID from the home page of the MTS by
clicking on ‘Modify my Springer Nature account’. For more information please visit please
visit www.springernature.com/orcid.

Please submit the revised manuscript files and the point-by-point rebuttal to the referee
comments using this link:


https://www.nature.com/authors/policies/Policy.pdf
https://www.nature.com/authors/policies/ReportingSummary.pdf
http://www.nature.com/authors/policies/availability.html
http://www.springernature.com/orcid
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[REDACTED]

*This url links to your confidential home page and associated information about manuscripts
you may have submitted or be reviewing for us. If you wish to forward this email to co-
authors, please delete the link to your homepage.

We would like to receive a revised submission within six months. We would be happy to
consider a revision even after this timeframe, however if the resubmission deadline is
missed and the paper is eventually published, the submission date will be the date when the
revised manuscript was received.

We hope that you will find our referees' comments, and editorial guidance helpful. Please do
not hesitate to contact me if there is anything you would like to discuss.

Best wishes,
Stelios

Stylianos Lefkopoulos, PhD

He/him/his

Associate Editor

Nature Cell Biology

Springer Nature

Heidelberger Platz 3, 14197 Berlin, Germany

E-mail: stylianos.lefkopoulos@springernature.com
Twitter: @s_lefkopoulos

Reviewers' Comments:

Reviewer #1:

Remarks to the Author:

This manuscript combines scRNA-seq with spatial transcriptomic techniques to create a
unique topographic atlas of the developing human lung spanning 5-14 PCW (predominantly
the pseudoglandular phase). The authors claim to identify distinct lineages in both secretory,
neuroendocrine, and mesenchymal cell states that are predicted from sequencing and
spatial data. Several developmentally active pathways described are correlated to pathologic
states in human disease (fibrosis, cancer, etc.). The authors demonstrate the utility and
implementation of their online tool that integrates these data sets as a means for further
exploration of signaling among cell types, spatially and temporally. Overall, the data in the
given manuscript will be an extremely valuable resource for the field. The combination of
several types of analyses (sequencing, spatial, and signaling) is an achievement and can be
instrumental for further studies. There are some major hesitations regarding the claims
made in this manuscript:

Major
¢ In the most general respect, there is frankly too much data for one manuscript included
here. The types of data presented in the manuscript are descriptive; however, many
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functional claims are made. The manuscript should be primarily focused on describing the
presented spatial transcriptomic data, and functional data (i.e. description of mesenchymal
cell maturity lineages or PNEC lineages) should either be limited to a single section at the
end with the aim of highlighting how this data could be used as a hypothesis-generating
tool, or it should be more briefly mentioned in the discussion section. Examples of line
numbers in the manuscript where functional claims were made from descriptive data:

0139 -41; 157 - 61; 185 - 7; 229 - 31; 232 - 45; 274 - 8; 296 - 305; 350 - 7; 385; 387
- 96; 484 - 6; 487 - 505

o This is also true for the data presented in the “Supplementary Note.”

e Were trachea samples or proximal airway included in the analysis? It is unclear what
regions of lung were sampled. This is mirrored by the claim that there are no basal cells at
the timepoints analyzed in the study. This is inconsistent with previous reports in human
(Miller et al. Dev Cell 2020) and mice (Yang et al. Dev Cell 2018), and see preprint
(https://www.biorxiv.org/content/10.1101/2022.01.11.474933v1.full) How do the authors
reconcile these differences?

e Several attempts to correlate adult cell states to developmental precursors are not well
validated. For example, authors attempt to benchmark their data against an adult basal cell
signature, but a fetal reference seems more relevant. The basaloid phenotype is not
described during development and appears unsubstantiated here. Finally, claims about
similarities between fetal states and diseased states are not well supported and appear
overreaching for the data presented here. The authors should remove these sections or
provide additional experimental evidence to support their claims.

e It is unclear how the authors are defining immature mesenchymal cell states. Is this based
on PAGA analysis? Moreover, it is unclear what the “intermediate” epithelial cell cluster/state
is. The authors should elaborate on how immature cell states were defined and describe
what an intermediate cell state means. Similarly, it is unclear why in some cases RNA
velocity was used and in other cases lineage trajectory analysis was used; also labelling is
inconsistent throughout figures (RNA Velocity vs Velocyto).

e In the interactome analysis between distal epithelial and mesenchymal cell identities, the
authors delve into FGF signaling; however, there is no mention of FGFs (Danopoulos et al J
Pathol 2019, Nicolic et al. eLife 2017), which have been functionally shown to be important
FGF ligands during this stage of development. Additionally, the authors claim mouse-human
differences in FGF signaling; however, predictive single cell data in the current manuscript
should not be compared to experimental data from mice. Is there comparable negative data
in mice to corroborate these claims (lines 283-7)?

Minor

¢ In general, how the number of cell clusters were defined is unclear. The authors should
explore over-clustering and if all cell clusters/cell states presented are biologically
meaningful.

¢ Given the complexity of many of the analytic tools used throughout the manuscript, some
brief explanations of each tools function or purpose would be helpful to the naive reader,
along with reasoning for choosing this specific tool (i.e. SCRINSHOT, HYBISS etc).

e Under the header “Distinct populations for known and novel mesenchymal cell states,” the
citation of “Extended Figure 1A” should be “Extended Figure 1G.”
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¢ In Figure 1B, the authors should consider simplifying the labels to just the main cell states
(mesenchyme, epithelium, etc.) since in following figures, each of these compartments are
explored further.

e Why was a lineage trajectory analyzed for ASM but not for other mesenchymal end-states,
such as chondrocytes, advF, and pericytes (Figure 2C)? Similarly, why are only a limited
selection of clusters included in communication analyses (Extended Figure 3H - I and
Extended Figure 4I)?

e Figure title in Figure 3 legend is repeated.

e The orange and purple color pallet on feature plots is confusing because orange (lower
expression) is darker than purple (high expression). The authors should consider other color
pallets (ie. Supp Data 3).

e The various scale color pallets throughout Figure 6 are confusing, try coordinating the
colors to clearly represent the areas described. Additionally, the diagram in Figure 6D is
helpful but crowded. Consider additional diagrams broken up by mesenchyme, epithelium,
etc. or by distal and proximal compartments.

e Consider arranging dot (balloon) plots in cluster order, rather than grouping by cell type
similarity.

e “Zonation patterns of mesenchymal...” section seems misplaced in the text. It should be
included with the rest of the data describing the mesenchyme.

e The order of panels in figures are oftentimes not ordered properly. Some changes could
easily be made to aid in reader ability (i.e., switching positions of Figure 2C and D and
Figure 3C and D).

e Authors cite a stain for Figure 3C and D (line 225), but only computational data is shown.
e First sentence on line 212 needs rewording and comma should be removed.

e In Supplemental Data 3, alveolar markers are show (HOPX, PDPN), but these markers
aren’t expected to be expressed at the time-points analyzed. The authors could consider
additional bud tip markers (NPC2, TESC, CA2). Also, proximal markers MUC5B or MUC5AC
and SCGB1A1 are not shown. The authors should comment on how the epithelial clusters
compare to published data.

e How were epithelial progenitors determined (line 252)?

¢ Missing end parentheses (line 86)

¢ Prerequisite is misspelled (line 268)

¢ “stronger expressed” is not grammatically correct (line 384)
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Reviewer #2:

Remarks to the Author:

In this manuscript entitled "Developmental origins of cell heterogeneity in the human lung"
by Sountoulidis et al., the authors created a comprehensive topographic atlas of early
human lung development via integrating scRNA-Seq and spatial transcriptomics, showing
that distinct secretory and neuroendocrine states activated either during lung fibrosis or
small cell lung cancer progression. In addition, the authors also defined the origin of airway
fibroblasts associated with airway smooth muscle in bronchovascular bundles and described
a trajectory of Schwann cell progenitors to intrinsic parasympathetic neurons controlling
bronchoconstriction.

It is a novel and insightful study to integrating scRNA-Seq and spatial transcriptomics
analysis, which provides a rich resource for further research. Although extensive
bioinformatics analysis are performed in the current manuscript, more experimental
validation should be performed and the quality of some data should be improved. The
bellows are my concerns.

1. The result of figure 4D and Suppl. Data 41 revealed that the cl-3 cells of epithelial cells
showed the expression signature similar to fibrosis. I am wondering whether this pathogenic
cell-state appeared during the development, and how this fibrosis-associated signature
would change. More specifically, what is the mechanism by which regulates the fibrosis
during embryonic development.

2. The authors found a communication between AF and ASM including IGFland WNT5A
signaling. What is the exact dynamic process of their mutual signaling interactions ranging
from 5 to 14 weeks post conception? When does this communication come up? Is there a
peak or disappear of this interaction during the development?

3. The authors performed pseudo time analysis for the cluster of the mesenchymal cells, and
divided the mesenchymal cells into several detailed subgroup. Does the marker genes
corresponding to the subgroup are reported by other studies?

5. It will be better to perform several experimental validation of some cell marker genes,
such as the cell proliferation marker Ki67 to evaluate whether the cells are proliferating
cells. In addition, it is difficult to see the signal of SCPs and neuronal cells using H&E
staining. Specific markers for staining SCPs and neuronal cells should performed in Figure
3C-E.

6. Some of the descriptions are unclear and simple. For example, in line 72, it
written®Assuming that the two lungs are relatively bilaterally symmetrical, we used one half
for scRNA-Seq and processed the other for spatial analyses”. As the lung tissue is a highly
polar organ with different cell composition and differentiation fate in different locations, are
the areas for collecting samples for scRNA-seq and spatial analyses are symmetrical? Or the
whole two lungs are subjected to scRNA-seq and spatial analyses? The authors need to
describe the sampling and comparison strategies in detail. In addition, some incorrect
writing in the whole text, such as in line 75"A first clustering of 163.236, high-quality cDNA
libraries”, and line 551-552 “75.000 and 200.00 reads/cell” . Should them be 163,236,
75,000 and 200,007

7. It will be better to provide all the marker genes for each cell subgroup in Figure 1B by

showing in heatmap or dot plot,

8. Scale bars are missing in Figure 1A, 1F, 2E-G, 3C-F, and extended Figure 2B, 3E, 4C.

9. From Supplementary Data 1B, the cell number reach to more than 20,000 (donor4, 5, 6,
14 and 16) , even more than 40,000 (donorll and 17-1) , which is much higher than the
standard



natureresearch

(https://assets.ctfassets.net/an68im79xiti/4tjk4KvXzTWgTs8f3tvUjq/2259891d68c53693e7

53e1b45e42de2d/CG000183_ChromiumSingleCell3__v3_UG_Rev_C.pdf) . This causes

higher ratio of multicellular, which is difficult to remove using software. The authors need to
focus on assessing whether clustering and trajectory for samples from donor4, 5, 6, 14 and
16, as well as donorll and 17-1 are consistent with the conclusions.

10. According to Extend Figure 1G and H, a group of ciliated cells with high FOXJ1
expression seem to be missing in Figure 1B. Please pay attention to ensure the consistency
of presentation and analysis data.

11. The author shows two time points (6pw, 10pw) of the spatial transcriptome samples in
Figure 1A, while in Figure 2B, a comparative analysis of 6pw, 8pw and 11.5pw is performed.
Why are the data of 10pw missing? It will be better to perform comparative analysis of 6pw,
8pw, 10pw and 11.5pw to reflect the changes in spatial structure during lung development.

Reviewer #3:
None

GUIDELINES FOR MANUSCRIPT SUBMISSION TO NATURE CELL BIOLOGY

READABILITY OF MANUSCRIPTS - Nature Cell Biology is read by cell biologists from diverse
backgrounds, many of whom are not native English speakers. Authors should aim to
communicate their findings clearly, explaining technical jargon that might be unfamiliar to
non-specialists, and avoiding non-standard abbreviations. Titles and abstracts should
concisely communicate the main findings of the study, and the background, rationale,
results and conclusions should be clearly explained in the manuscript in a manner accessible
to a broad cell biology audience. Nature Cell Biology uses British spelling.

MANUSCRIPT FORMAT - please follow the guidelines listed in our Guide to Authors regarding
manuscript formats at Nature Cell Biology.

TITLE - should be no more than 100 characters including spaces, without punctuation and
avoiding technical terms, abbreviations, and active verbs..

AUTHOR NAMES - should be given in full.

AUTHOR AFFILIATIONS - should be denoted with numerical superscripts (not symbols)
preceding the names. Full addresses should be included, with US states in full and providing
zip/post codes. The corresponding author is denoted by: "Correspondence should be
addressed to [initials]."

ABSTRACT AND MAIN TEXT - please follow the guidelines that are specific to the format of
your manuscript, as listed in our Guide to Authors
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(http://www.nature.com/ncb/pdf/ncb_gta.pdf) Briefly, Nature Cell Biology Articles,
Resources and Technical Reports have 3500 words, including a 150 word abstract, and the
main text is subdivided in Introduction, Results, and Discussion sections. Nature Cell Biology
Letters have up to 2500 words, including a 180 word introductory paragraph (abstract), and
the text is not subdivided in sections.

ACKNOWLEDGEMENTS - should be kept brief. Professional titles and affiliations are
unnecessary. Grant numbers can be listed.

AUTHOR CONTRIBUTIONS - must be included after the Acknowledgements, detailing the
contributions of each author to the paper (e.g. experimental work, project planning, data
analysis etc.). Each author should be listed by his/her initials.

FINANCIAL AND NON-FINANCIAL COMPETING INTERESTS - the authors must include one of
three declarations: (1) that they have no financial and non-financial competing interests; (2)
that they have financial and non-financial competing interests; or (3) that they decline to
respond, after the Author Contributions section. This statement will be published with the
article, and in cases where financial and non-financial competing interests are declared,
these will be itemized in a web supplement to the article. For further details please see
https://www.nature.com/licenceforms/nrg/competing-interests.pdf.

REFERENCES - are limited to a total of 70 for Articles, Resources, Technical Reports; and 40
for Letters. This includes references in the main text and Methods combined. References
must be numbered sequentially as they appear in the main text, tables and figure legends
and Methods and must follow the precise style of Nature Cell Biology references. References
only cited in the Methods should be numbered consecutively following the last reference
cited in the main text. References only associated with Supplementary Information (e.g. in
supplementary legends) do not count toward the total reference limit and do not need to be
cited in numerical continuity with references in the main text. Only published papers can be
cited, and each publication cited should be included in the humbered reference list, which
should include the manuscript titles. Footnotes are not permitted.

METHODS - Nature Cell Biology publishes methods online. The methods section should be
provided as a separate Word document, which will be copyedited and appended to the
manuscript PDF, and incorporated within the HTML format of the paper.

Methods should be written concisely, but should contain all elements necessary to allow
interpretation and replication of the results. As a guideline, Methods sections typically do not
exceed 3,000 words. The Methods should be divided into subsections listing reagents and
techniques. When citing previous methods, accurate references should be provided and any
alterations should be noted. Information must be provided about: antibody dilutions,
company names, catalogue numbers and clone numbers for monoclonal antibodies;
sequences of RNAi and cDNA probes/primers or company names and catalogue numbers if
reagents are commercial; cell line names, sources and information on cell line identity and
authentication. Animal studies and experiments involving human subjects must be reported
in detail, identifying the committees approving the protocols. For studies involving human
subjects/samples, a statement must be included confirming that informed consent was
obtained. Statistical analyses and information on the reproducibility of experimental results
should be provided in a section titled “Statistics and Reproducibility”.

All Nature Cell Biology manuscripts submitted on or after March 21 2016 must include a
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Data availability statement at the end of the Methods section. For Springer Nature policies
on data availability see http://www.nature.com/authors/policies/availability.html; for more
information on this particular policy see http://www.nature.com/authors/policies/data/data-
availability-statements-data-citations.pdf. The Data availability statement should include:

e Accession codes for primary datasets (generated during the study under consideration and
designated as "primary accessions") and secondary datasets (published datasets reanalysed
during the study under consideration, designated as "referenced accessions"). For primary
accessions data should be made public to coincide with publication of the manuscript. A list
of data types for which submission to community-endorsed public repositories is mandated
(including sequence, structure, microarray, deep sequencing data) can be found here
http://www.nature.com/authors/policies/availability.html#data.

¢ Unique identifiers (accession codes, DOIs or other unique persistent identifier) and
hyperlinks for datasets deposited in an approved repository, but for which data deposition is
not mandated (see here for details http://www.nature.com/sdata/data-
policies/repositories).

¢ At a minimum, please include a statement confirming that all relevant data are available
from the authors, and/or are included with the manuscript (e.g. as source data or
supplementary information), listing which data are included (e.g. by figure panels and data
types) and mentioning any restrictions on availability.

o If a dataset has a Digital Object Identifier (DOI) as its unique identifier, we strongly
encourage including this in the Reference list and citing the dataset in the Methods.

We recommend that you upload the step-by-step protocols used in this manuscript to the
Protocol Exchange. More details can found at www.nature.com/protocolexchange/about.

DISPLAY ITEMS - main display items are limited to 6-8 main figures and/or main tables for
Articles, Resources, Technical Reports; and 5 main figures and/or main tables for Letters.
For Supplementary Information see below.

FIGURES - Colour figure publication costs $600 for the first, and $300 for each subsequent
colour figure. All panels of a multi-panel figure must be logically connected and arranged as
they would appear in the final version. Unnecessary figures and figure panels should be
avoided (e.g. data presented in small tables could be stated briefly in the text instead).

All imaging data should be accompanied by scale bars, which should be defined in the
legend.

Cropped images of gels/blots are acceptable, but need to be accompanied by size markers,
and to retain visible background signal within the linear range (i.e. should not be saturated).
The boundaries of panels with low background have to be demarked with black lines.
Splicing of panels should only be considered if unavoidable, and must be clearly marked on
the figure, and noted in the legend with a statement on whether the samples were obtained
and processed simultaneously. Quantitative comparisons between samples on different
gels/blots are discouraged; if this is unavoidable, it should only be performed for samples
derived from the same experiment with gels/blots were processed in parallel, which needs to
be stated in the legend.

10
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Figures should be provided at approximately the size that they are to be printed at (single
column is 86 mm, double column is 170 mm) and should not exceed an A4 page (8.5 x
11"). Reduction to the scale that will be used on the page is not necessary, but multi-panel
figures should be sized so that the whole figure can be reduced by the same amount at the
smallest size at which essential details in each panel are visible. In the interest of our
colour-blind readers we ask that you avoid using red and green for contrast in figures.
Replacing red with magenta and green with turquoise are two possible colour-safe
alternatives. Lines with widths of less than 1 point should be avoided. Sans serif typefaces,
such as Helvetica (preferred) or Arial should be used. All text that forms part of a figure
should be rewritable and removable.

We accept files from the following graphics packages in either PC or Macintosh format:

- For line art, graphs, charts and schematics we prefer Adobe Illustrator (.Al), Encapsulated
PostScript (.EPS) or Portable Document Format (.PDF). Files should be saved or exported as
such directly from the application in which they were made, to allow us to restyle them
according to our journal house style.

- We accept PowerPoint (.PPT) files if they are fully editable. However, please refrain from
adding PowerPoint graphical effects to objects, as this results in them outputting poor
quality raster art. Text used for PowerPoint figures should be Helvetica (preferred) or Arial.

- We do not recommend using Adobe Photoshop for designing figures, but we can accept
Photoshop generated (.PSD or .TIFF) files only if each element included in the figure (text,
labels, pictures, graphs, arrows and scale bars) are on separate layers. All text should be
editable in ‘type layers’ and line-art such as graphs and other simple schematics should be
preserved and embedded within 'vector smart objects’ - not flattened raster/bitmap
graphics.

- Some programs can generate Postscript by 'printing to file' (found in the Print dialogue). If
using an application not listed above, save the file in PostScript format or email our Art
Editor, Allen Beattie for advice (a.beattie@nature.com).

Regardless of format, all figures must be vector graphic compatible files, not supplied in a
flattened raster/bitmap graphics format, but should be fully editable, allowing us to
highlight/copy/paste all text and move individual parts of the figures (i.e. arrows, lines, x
and y axes, graphs, tick marks, scale bars etc.). The only parts of the figure that should be
in pixel raster/bitmap format are photographic images or 3D rendered graphics/complex
technical illustrations.

All placed images (i.e. a photo incorporated into a figure) should be on a separate layer and
independent from any superimposed scale bars or text. Individual photographic images
must be a minimum of 300+ DPI (at actual size) or kept constant from the original picture
acquisition and not decreased in resolution post image acquisition. All colour artwork should
be RGB format.

FIGURE LEGENDS - must not exceed 350 words for each figure to allow fit on a single
printed NCB page together with the figure. They must include a brief title for the whole
figure, and short descriptions of each panel with definitions of the symbols used, but without
detailing methodology.
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TABLES - main tables should be provided as individual Word files, together with a brief title
and legend. For supplementary tables see below.

SUPPLEMENTARY INFORMATION - Supplementary information is material directly relevant to
the conclusion of a paper, but which cannot be included in the printed version in order to
keep the manuscript concise and accessible to the general reader. Supplementary
information is an integral part of a Nature Cell Biology publication and should be prepared
and presented with as much care as the main display item, but it must not include non-
essential data or text, which may be removed at the editor's discretion. All supplementary
material is fully peer-reviewed and published online as part of the HTML version of the
manuscript. Supplementary Figures and Supplementary Notes are appended at the end of
the main PDF of the published manuscript.

Supplementary items should relate to a main text figure, wherever possible, and should be
mentioned sequentially in the main manuscript, designated as Supplementary Figure, Table,
Video, or Note, and numbered continuously (e.g. Supplementary Figure 1, Supplementary
Figure 2, Supplementary Table 1, Supplementary Table 2 etc.).

Unprocessed scans of all key data generated through electrophoretic separation techniques
need to be presented in a supplementary figure that should be labelled and nhumbered as the
final supplementary figure, and should be mentioned in every relevant figure legend. This
figure does not count towards the total number of figures and is the only figure that can be
displayed over multiple pages, but should be provided as a single file, in PDF or TIFF format.
Data in this figure can be displayed in a relatively informal style, but size markers and the
figures panels corresponding to the presented data must be indicated.

The total number of Supplementary Figures (not including the “unprocessed scans”
Supplementary Figure) should not exceed the number of main display items (figures and/or
tables (see our Guide to Authors and March 2012 editorial
http://www.nature.com/ncb/authors/submit/index.html#suppinfo;
http://www.nature.com/ncb/journal/v14/n3/index.html#ed). No restrictions apply to
Supplementary Tables or Videos, but we advise authors to be selective in including
supplemental data.

Each Supplementary Figure should be provided as a single page and as an individual file in
one of our accepted figure formats and should be presented according to our figure
guidelines (see above). Supplementary Tables should be provided as individual Excel files.
Supplementary Videos should be provided as .avi or .mov files up to 50 MB in size.
Supplementary Figures, Tables and Videos much be accompanied by a separate Word
document including titles and legends.

GUIDELINES FOR EXPERIMENTAL AND STATISTICAL REPORTING

REPORTING REQUIREMENTS - To improve the quality of methods and statistics reporting in
our papers we have recently revised the reporting checklist we introduced in 2013. We are
now asking all life sciences authors to complete two items: an Editorial Policy Checklist
(found here https://www.nature.com/authors/policies/Policy.pdf) that verifies compliance
with all required editorial policies and a reporting summary (found
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here https://www.nature.com/authors/policies/ReportingSummary.pdf) that collects
information on experimental design and reagents. These documents are available to
referees to aid the evaluation of the manuscript. Please note that these forms are dynamic
‘smart pdfs’ and must therefore be downloaded and completed in Adobe Reader. We will
then flatten them for ease of use by the reviewers. If you would like to reference the
guidance text as you complete the template, please access these flattened versions

at http://www.nature.com/authors/policies/availability.html.

STATISTICS - Wherever statistics have been derived the legend needs to provide the n
number (i.e. the sample size used to derive statistics) as a precise value (nhot a range), and
define what this value represents. Error bars need to be defined in the legends (e.g. SD,
SEM) together with a measure of centre (e.g. mean, median). Box plots need to be defined
in terms of minima, maxima, centre, and percentiles. Ranges are more appropriate than
standard errors for small data sets. Wherever statistical significance has been derived,
precise p values need to be provided and the statistical test used needs to be stated in the
legend. Statistics such as error bars must not be derived from n<3. For sample sizes of n<5
please plot the individual data points rather than providing bar graphs. Deriving statistics
from technical replicate samples, rather than biological replicates is strongly discouraged.
Wherever statistical significance has been derived, precise p values need to be provided and
the statistical test stated in the legend.

Information on how many times each experiment was repeated independently with similar
results needs to be provided in the legends and/or Methods for all experiments, and in
particular wherever representative experiments are shown.

We strongly recommend the presentation of source data for graphical and statistical
analyses as a separate Supplementary Table, and request that source data for all
independent repeats are provided when representative experiments of multiple independent
repeats, or averages of two independent experiments are presented. This supplementary
table should be in Excel format, with data for different figures provided as different sheets
within a single Excel file. It should be labelled and numbered as one of the supplementary
tables, titled “Statistics Source Data”, and mentioned in all relevant figure legends.

————————— Please don't hesitate to contact NCB@nature.com should you have queries about
any of the above requirements ---------

‘ Author Rebuttal to Initial comments ‘

Detailed responses to reviewers

In the revised manuscript “Developmental origins of cell heterogeneity in the human lung” and the
present rebuttal letter, we have addressed all the concerns and suggestions from the referees, which we

believe vastly improved our manuscript. We have added four validation experiments proposed by the
referees to the revised figures. In addition, we have included a figure and panels of a meta-analysis of 3
different sc-mRNA seq data sets to address one of the points of reviewer#1. These are only included in

this rebuttal letter together with a point-by-point description of all additions and modifications we have
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made to the text. In the detailed response part, the referee’s comments are in grey, in blue we explain
our introduced changes and in orange we show the exact action we took to modify or introduce new
text.

Detailed response to Reviewerl

Reviewerl expressed concerns regarding our functional claims, that were based on computational
predictions and supported by available information from previous functional studies.

In the following paragraphs, we address the concerns on functional claims, we initially made and explain
how we have modified them, in the revised manuscript.

139 — 41 zEB1 was the most up-regulated transcription factor (TF) in the immature ASM cl-12

(Extended Fig. 2G: module-6), suggesting that it activates the SM gene-program in ASM, similarly to
VSM1,

We referred to a paper, where both in vivo and in vitro assays showed that overexpressed Zeb1 directly
binds to the alpha smooth muscle actin promoter and positively regulates its expression. Based on the
gene-expression similarities of vascular and airway smooth muscle, we suggested that this transcription
factor has the same function in the human embryonic lung.

These studies are suggestive but because they were only addressing ZEB1 function in vitro, we removed
the text and reference.

157 — 671 The analysis of the ASM trajectory suggests that the spatially dispersed FGF10° WNT2P%s
RSPO2r° progenitors (mes cl-0 and cl-6) enter the ASM program close to the distal airway buds (mes cl-
8) and further proliferate (mes cl-20) and gradually differentiate along the distal to proximal epithelial
axis (cl-12 and cl-13), presumably through interactions with neighboring epithelial cells and fibroblasts.

This part is an interpretation mainly supported by the spatial localization of the ASM, the epithelial, the
adventitial and airway fibroblast clusters (Figure 6 A-B and Extended Figure 7). We now added the
spatial distribution of the immature mesenchymal clusters mes cl-0, mes cl-2 and cl-6 in the Suppl. Data
3A and rephrased.

We referred to a paper addressing immature airway smooth muscle cells in developing mouse lung,
analyzed by lineage-tracing experiments by Kumar and colleagues?. Their findings are consistent with
our description.

Since such an experiment is currently not feasible with human material, we removed the sentence
according to the suggestion.
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185 — 7 Our results identify AFs as a new cell-type in close contact with ASM and suggest their mutual
signaling interactions, inducing cell differentiation and the organization of connective tissue around
central airways.

We spatially identified and mapped the AF cluster at different developmental stages by unbiased and
targeted transcriptomics methods. Antibody staining with a few selective markers showed the
interdigitated spatial arrangement of the AFs with ASM. LUM expression in AFs was predicted by
Nichenet® and validated on tissue sections with IF (Figure 2E, G).

We modified the text:

Our results identify AFs as a new cell-type in close contact with ASM and suggest their mutual signaling
interactions.

229 — 31 The selective expression of JAGI in SCPs suggests that it activates and maintains the SCP

state and/or drives the formation of immature Schwann cells as proposed in studies of mouse limb
nerves®.

Woodhoo and colleagues® published gain-and loss-of-function experiments, to demonstrate that
NOTCH-signaling activation controls various aspects of Schwann cell development, including their
differentiation and proliferation. Importantly, they showed that neural crest-selective ablation of RBPJ,
the key transcriptional mediator of canonical Notch signaling affected the development of satellite cells
and the formation of ganglia and Schwann cells. Also, they showed that the Notch ligand, Jagged 1 was
expressed by axons and glia, whereas its receptor, Notch 1 was detected only in glial cells. The
similarities in expression pattern of Notch signaling components and downstream genes (Figure 3 H)
suggest that Notch-signaling functions in a similar manner in the human lung.

We rephrased to:

The selective expression of JAG1 in SCPs suggests that it activates NOTCH-signaling in parasympathetic
ganglia, similarly to its role in mouse limb nerves, which also derive from the neural crest *.

232-45 The localization of parasympathetic ganglia in the bronchial interstitium and the NF-MP
projections in 8.5 pcw lungs suggested the early onset of signaling events leading to ASM innervation by
parasympathetic post-ganglionic neurons>®. We analyzed possible interactions between the neurons
and ASM cell-identities focusing on ASM-derived signals with receptors and potential targets specifically
expressed in neurons (Extended Fig. 3F, G). The ASM-produced chemokine CXCL12 could activate its
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receptor CXCR4 in neurons (Extended Fig. 3H), regulating their migration, as previously described for
midbrain dopaminergic neurons’. Similarly, THBS2 secreted by ASM may activate the neuronal migration
through the CD47 receptor and induce the TBX20 and GFRA targets, in mature neurons®® (Extended Fig.
31). We conclude that pulmonary parasympathetic neurons derive from SCPs, as neurons in human
sympathetic adrenal ganglial® and mouse parasympathetic ganglial™ 2. Lineage trajectories and spatial
analysis suggest that NOTCH-signaling, among SCPs and neurons, establishes and maintains ganglionic
populations and that short- and long-range interactions of neurons with ASM may mediate bronchial
innervation.

We had based our selection of ASM as potential targets for the parasympathetic neurons on the
proximity of ganglionic structures to airway epithelial and airway smooth muscle cells in our spatial
analysis. Additionally, we referred to mouse lineage labelling experiments with Wnt1-Cre which
suggested that parasympathetic neurons touch the ASM®.

At present, we cannot experimentally address the direct contact between the parasympathetic neurons
and ASM and therefore followed the reviewer’s suggestion to remove the paragraph.

274-8 To further explore similarities of cl-3 and basaloid cells, we used the gene expression signature of
selective basaloid genes®® to score all epithelial cells of our dataset. We found that cl-3 cells show the
highest aggregated expression score for this “activated “cell state (Fig. 4D, individual genes in Suppl.
Data 3E and Suppl. Data4l), suggesting a shared epithelial genetic program in lung development and
fibrosis.

The “basaloid” signature genes have been defined by Adams and colleagues > and contains 117 genes
statistically significant genes (Suppl. Data 61). Of these, 96 are detected in embryonic epithelium
(Average log,(UMIs+1) >0.25) and 20 of these genes are preferentially expressed in epithelial clusters -3
and -4 (Fig. 4D), suggesting that they share parts of a gene-expression program. We fully agree that
future functional experiments are necessary to clarify the role of these cells in development and disease.
We did not mean to imply extensive “cell type similarities”, rather similarities in gene expression
programs. To clarify this, we stated the differences in characteristic marker gene expression (TP63, for
example) in the text and also detected KRT17-ECAD by immunofluorescence in distal airways.

We have modified the text as follows:

cl-3 cells also selectively express KRT17 (Extended Fig. 41), and we detected E-Cadherin® KRT17"° cells
sparsely distributed in the distal airway epithelium of 14 pcw lungs by immunofluorescence (Fig. 4E).
Overall, cl-3 cells share some similarities in their characteristic expression program with basaloid cells
(Suppl. Data 5F, G, Suppl. Data 61), a pathogenic cell-state in interstitial pulmonary fibrosis (IPF)* 4 but
they also show marked differences as they do not express TP63 and are localized close to the epithelial
lumen rather than basally (Fig. 4D).
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296-305 Considering the prominence of the basaloid gene expression program in IPF pathophysiology*
15 we analyzed the communication patterns between cl-3 and the other cell-states of the distal lung
neighborhood. EDN-signaling is among the most contributing pathways, deriving from cl-3 and targeting
mainly the mesenchyme (Fig. 41, J). In the context of fibrotic disease, adenovirus-mediated EDN1
overexpression by epithelial cells causes lung fibrosis®. Importantly, target-gene prediction analysis
indicates that EDN1 may up-regulate collagen genes, in addition to TBX5 (Fig. 4]). This suggests that
EDN1 signaling is involved in the communication of “activated” epithelial cells (cl-3) with the
surrounding stroma, inducing not only ECM genes but also maintaining high TBX5 levels in mesenchymal
progenitors, to facilitate normal branching morphogenesis?’.

Interactome analysis between the KRT17P% distal and the mesenchymal cell types in the neighborhood
suggested EDN signaling as a prominent communication pathway. Additionally EDN1 overexpression in
the mouse lung epithelium causes fibrosis*®. TBX5 upregulation was predicted by “Nichenet” and we
could not find published experimental evidence that supports our statement.

For that reason, we have removed it, according to Reviewer1l’s recommendation.

350-7 The ASCL1P cl-12 and NEUROD1P** cl-11 suggest that these NE-identities resemble distinct states
in Small Cell Lung Carcinoma (SCLC) progression. We used the gene-expression signatures of the SCLC-A
(ASCL1"e"), SCLC-N (NEUROD1"e") and SCLC-Y (YAP1"&") cancer clusters to score the proximal secretory
and NE clusters in our dataset. This showed that the SCLC-A signature is enriched in cl-12 (Fig. 5C), the
SCLC-N in cl-11 (Fig. 5D) and the SCLC-Y in the cl-7, -6 and -0 (Fig. 5E). This suggests that the embryonic
pseudotime direction of NE-differentiation, from naive secretory cells, is reversed during SCLC
progression.

To address Reviewer’s legitimate concern on convincing correlation of the two neuroendocrine cell
identities in the embryonic lung with the SCLC-A, SCLC-N and SCLC-Y small cell lung carcinoma (SCLC)
subtypes, we re-analyzed the dataset (Fig. R1-1 A, B, see below) that we used to retrieve the SCLC-
subtype markers for scoring in our dataset (GSE149179 time-series dataset)®. Our analysis only found a
tiny number of Neurod1P® cells, which were positioned between ASCL1P°* and YAP1P° cells. As a result,
we cannot draw any safe conclusion about a transition mechanism of SCLC-A cells to SCLC-N and then
SCLC-Y because of the sparsity of SCLC-N positive cells in the GSE149179 dataset, even if the provided
selective marker-lists of the cancer cell-types correlate well with the embryonic neuroendocrine states.
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Figure R1-1. Meta-analysis of SCLC scRNA-Seq data. (A) UMAP-plots of the suggested clusters and analyzed
timepoints of the GSE149179 dataset. (B) UMAP-plots showing the expression levels of related genes to our
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study. (C-D) As in “A” and “B” for the GSE138474. The 2" UMAP-plot in “C” indicates the donor-variable. (E)
Individual analysis of the MDA_SC16 that contained both ASCL1P°* and NEUROD1P®* cells, showing the
suggested clusters. (F) UMAP-plots of ASCL1, GRP, DLL3, NEUROD1, GHRL and HES1. (G) Spearman-
correlation of the indicated genes in all cells of the MDA_SC16. Numbers correspond to “p”. p-values: “*” <
0.05, “*” < 0.01, “*” < 0.001. Expression levels: log2(normalized UMI-counts+1) (library size was normalized
to 10.000). Blue: high, Gray: zero expression.

Considering that the above dataset is based on a genetically engineered mouse model of SCLC, we also
used an SCLC dataset of circulating human tumor cells, which have been isolated and injected to
immunodeficient NSG mice to create tumors before tumor isolation and scRNA-Seq analysis'®. As in the
original study, our clustering was driven by the intertumoral heterogeneity with the cells of each donor
clustering together (Fig. R1-1 C, D). Five of the six analyzed datasets mainly contained ASCL1P°*
NEUROD1" cells and only one showed the opposite pattern. Only the MDA_SC16 dataset contained
significant numbers of ASCL1P°* and NEUROD1P* cells (Fig. R1-1 E, F) but the two markers did not show
negative correlation (p=0.067 Spearman correlation) (Fig. R1-1G). In this dataset, the positive
correlations were between ASCL1, CALCA, GRP and the NOTCH-signaling negative regulators DLL3 and
HES6 (which our markers for our embryonic cl-12). The NOTCH-induced mediator HES1 negatively
correlated with all the above genes, except for CALCA, suggesting that low NOTCH-signaling correlates
with cl-12 differentiation.

Finally, we analyzed 15 scRNA-Seq datasets?® from primary lung SCLC-tumors, excluding metastatic
material (Fig. R1 -2 to -4, at the end of the document). We observed high intertumoral variability, as
revealed by the expression patterns of genes like the ASCL1, CALCA, GRP, DLL3, HES6, NEUROD1 and
REST. As in the previous dataset, we found positive correlation between the ASCL1 with the DLL3 (10 out
of 15 tumors) and HES6 (11 out of 15 tumors) expression. In addition we found anti-correlations for the
expression of DLL3 with HES1 (7 out of 15 tumors), HES6 with HES1 (6 out of 15 tumors) and the HES6
with REST, a suppressor of neuroendocrine genes (7 out of 15 tumors) . These observations are
consistent, but do not prove our interpretation that the developmental NOTCH-signaling inhibition is
reversed in SCLC.

In conclusion, after reanalyzing the published data we followed the Reviewers recommendation, and
removed this part from the revised version of the manuscript.

21,22

385 suggesting differences in the strength and duration of NOTCH-signaling

We removed this suggestive sentence
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387-96 Overall, the pseudotime analysis suggests two sequential but distinct NOTCH-signaling events,
utilizing different ligands and intracellular effectors, one to promote secretory differentiation and the
other to inhibit cl-12 cells from acquiring the cl-11 state (Fig. 5G). Further interactome analysis revealed
another unique communication pattern between the two NE cell-identities involving somatostatin (SST)
from cl-12 and its receptor SSTR2 in cl-11 (Extended Fig. 5N). We found the anti-apoptotic factors
BCL2%, CITED2?* and IRF2BP22° (Extended Fig. 50) among the top-100 predicted target-genes arguing
that the cl-12 cells prevent apoptosis of the cl-11 cells, through SST. This is consistent with the
decelerating effect of SSTR2 inhibition on SCLC growth in vivo and in vitro models®.

In summary, we mapped the distinct topologies and developmental trajectories of two NE- identities?’
from naive epithelial cells in the embryonic lung. Each trajectory contains distinct candidate regulators
of NOTCH-signaling for the respective cell-state transitions. The embryonic NE-cells share gene
expression programs with SCLC-subtypes and might function as a reference to better understand the
aberrant transitions of cancer cells.

This part interprets our findings describing mRNA expression levels of NOTCH-signaling components
along the pseudotime trajectory in secretory and neuroendocrine cell differentiation by Slingshot and
sc-Velo (in the new version). We rephrased this part to more exactly reflect the differences in gene
expression levels detected along the pseutotime trajectories. Regarding the proposed role of SST in the
communication between the two neuroendocrine cell identities, we confirmed the complementary
expression of SST and SSTR2 with immunofluorescence (Fig. 5G). The remaining part including the
computational predictions on anti-apoptotic gene expression was overreaching and we removed it. The
revised part is as follows:

Overall, the pseudotime analysis suggests two sequential NOTCH-signaling events, employing different
expression levels of receptors, ligands and intracellular effectors. The first one would promote secretory
differentiation, and the second the transition of cl-12 to cl-11 state (Fig. 5E). Further interactome
analysis revealed another unique communication pattern between the two NE cell-identities involving
somatostatin (SST) from cl-12 and its receptor SSTR2 in cl-11 (Fig. 5F). Immunofluorescence analysis
revealed SSTR2 expression in GHRL cells, while SST was expressed in adjacent, ECAD positive, epithelial
cells at 8.5 pcw (Fig. 5G).

In summary, we mapped the distinct topologies and developmental trajectories of airway secretory and
NE- identities from naive epithelial cells in the embryonic lung. Each trajectory contains distinct
candidate regulators of NOTCH-signaling for the respective cell-state transitions.
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484-6 They include the activation of NOTCH-signaling between the SCP and neuronal states, promoting
neuronal differentiation in parasympathetic ganglia and the potential chemokine signaling pathway that
potentially controls ASM innervation.

This discussion part summarizes the potential role of NOTCH signaling activation in SCP differentiation
and is in analogy to published functional analysis of SCP differentiation to neurons in the mouse limb?®.
The potential role of the CXCL12-CXCR4 in ASM innervation has been previously addressed by Yang and
colleagues 7, who have provided functional evidence that this communication pattern is necessary for
the migration of midbrain dopaminergic neurons in the mouse embryo ’. These references were
included in the relevant results section but not in the discussion.

Based on the changes in results section we removed the sentence about the potential chemokine
signaling pathway and modified the text:

They include the activation of NOTCH-signaling between the SCP and neuronal states?, within
parasympathetic ganglia.

487-505 Lung diseases are major causes of death worldwide?®. An outstanding challenge for medical
research is to define deviation points from normal cellular trajectories at the start and during the
advancement of lung pathologies and to analyze cellular responses after treatments?. Our spatial
analysis in the developing lung revealed several distinct cell-states, their interactions with neighbors and
progression along differentiation trajectories. Comparison of these with the few published lung disease
trajectories demonstrates the medical relevance of our approach. We found a striking reversal of the
gene expression profiles of our trajectory from naive epithelial cells to secretory and neuroendocrine
states, in the progressively aggressive states of SCLC. The neighborhood-based interactome analysis
showed that SST-signaling is only employed locally in the communication between the NEUROD1P**®
(immature) and ASCL1P** (mature) NE-clusters, suggesting that its inhibition may only affect the SCLC-A
to SCLC-N transition. Similarly, the proposed differentiation path of migratory secretory cells in the distal
epithelium, recapitulates the genetic program of activated cells in fibrotic lungs and identifies HBEGF
and EDN1 signaling as potential local regulators of mesenchymal proliferation and ECM-protein
secretion. As single cell analysis technologies are increasingly used in the description of detailed cell-
state trajectories in disease, we believe that our integrated scRNA-Seq data, with spatial transcriptomics
and local interactome analyses in an open, interactive portal will provide a useful resource towards
understanding and reversal of pulmonary disease progression.

The specified discussion part focuses on the correlation between cell-states in development and disease,
suggesting common gene expression programs and communication patterns highlighting the usefulness
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of resource that describes the mechanisms behind embryonic lung development that could be
deregulated in disease conditions.

Lung diseases are major causes of death worldwide?®. An outstanding challenge for medical research is
to define deviation points from normal cellular trajectories at the start and during the advancement of
lung pathologies and to analyze cellular responses after treatments?. Our atlas of early human lung
development revealed several distinct cell-states, proposed their interactions with neighbors and
progression along differentiation trajectories.

As single cell analysis technologies are increasingly used in the description of detailed cell-state
trajectories in disease, we believe that our integrated scRNA-Seq data, with spatial transcriptomics and
local interactome analyses in an open, interactive portal will provide a useful resource towards
understanding and reversal of pulmonary disease progression.

o This is also true for the data presented in the “Supplementary Note.”

We have modified the Supplementary Note according to the reviewer’s suggestions.

¢ Were trachea samples or proximal airway included in the analysis? It is unclear what regions of lung
were sampled. This is mirrored by the claim that there are no basal cells at the timepoints analyzed in
the study. This is inconsistent with previous reports in human (Miller et al. Dev Cell 2020) and mice
(Yang et al. Dev Cell 2018), and see preprint
(https://www.biorxiv.org/content/10.1101/2022.01.11.474933v1.full) How do the authors reconcile
these differences?

We had mentioned in lines 254-260, we were also surprised by the absence of basal cells, in our dataset.
This could be due to the exclusion of tracheas but not proximal cartilaginous airways from scRNA-Seq.
We added this information, which was missing in the first version in the revised text (M&M section).

To further clarify, we detected TP63P° cells in both scRNA-Seq data and by antibody stainings in tissue
sections, but we consider them progenitors, similarly to the cells in the early embryonic mouse lung
(TP63P°s KRT5"8 cells), that have been described by Dr. Cardoso’s lab *°. This study used lineage tracing
experiments to show that in the early stages of lung development the Trp63P° cells define a proximal
multipotent progenitor that is capable of producing basal and other epithelial cell types.

The text in this study reads: “The distinct p63 expression patterns suggested an additional segregation
event during epithelial differentiation. We performed lineage-tracing analysis targeting three distinct
stages: (1) E13.5—-E14.5, when endogenous p63 is expressed at variable levels in most tracheal epithelial
cells (>60%); (2) E14.5—E15.5, first evidence of the basal-luminal seqregation as high-expressing p63+
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cells assume a basal position and acquire Krt5; (3) E17.5—-E18.5, characterized by a well-defined basal
layer of strongly labeled p63+Krt5+”.

Our interpretation of this paper is that TP63 expression is not sufficient for basal cell definition. For that
reason, we provided combinatorial staining with KRT5, showing that within the lung there are a few
positive basal cells in cartilaginous airways on 14 pcw but not on 8.5 pcw (Suppl. Data 3D).

The same “mouse study” states that Krt5 is among the earliest markers of basal cells.

“The data suggested that the pool of multipotent precursors destined to become BCs was largely
established around E13.5—E14.5, even preceding the appearance of Krt5, one of the earliest markers of
initiation of BC program (Figure S2A; Bilodeau et al., 2014).”

We conclude that in the intralobar airways, there are a few positive basal cells (TP63+ KRT5+) in
cartilaginous airways on 14 pcw but not on 8.5 pcw (Suppl. Data 5E).

According to Miller and colleagues 3! : “At 12 weeks’ gestation, TP63+ cells within the trachea and
primary bronchi co-expressed KRT5. In the cartilaginous airways, the majority of TP63+ cells were KRT5-;
however, TP63 and KRT5+ cells were visible in distinct clusters within the airways (Figure 2B). In the non-
cartilaginous airways and the distal bronchioles, TP63+ cells were KRT5- (Figure 2B).”

This is consistent with our results and provides a reasonable explanation for the absence of TP63P%*
KRT5P* cells in our scRNA-Seq analysis, because tracheas were excluded and we only used intra-lobar
tissue.

Following reviewer’s suggestion to use embryonic and not adult datasets for comparisons with our
dataset, we used the provided basal cell selective markers of Miller and colleagues 3! to examine if they
are enriched in any of the epithelial cell clusters and especially in cluster-7, that contains TP63° cells
(Suppl. Data 5C).

This result indicates that the TP63P° cells are not basal cells but proximal airway progenitors, a fraction
of which will produce basal cells, later in development as shown by lineage tracing in the mouse °.

Finally, we found some inconsistencies in the preprint by Peng He and colleagues regarding the
definition of basal cells. In particular, they claim that “Basal cells (TP63+, F3+) were present in the single
cell atlas from 9 pcw (Fig. 2A-C; S4J) and were more frequent in proximal regions of the airway tree
where specific subpopulations were seen (Fig. 2A-C)".

Inspection of Figure 2 A and B shows that the mid-basal cells belong to ~11 pcw, the Late-basal to ~18
pcw and the proximal basal to ~15 pcw. Also, in the Figure 2C of their preprint, the identified basal cell
markers include the IL33, which has been found also by Miller and colleagues®!, but the IGFBP4, IGFBP6
and KISS1 are not known embryonic basal cell markers and they have not been spatially validated. There
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is no information about the positivity of the clusters for the typical TP63 and/or KRT5. Importantly, the
previously described basal cell marker IL33 was expressed in only Proximal and Late basal cell clusters.
Their Suppl. Figure 4J shows a 19 pcw lung but there is no information about the 9 pcw, that is stated
into the manuscript main text body. Additionally, IGFBP3 is not restricted to basal cells, since there is
also signal in supra-basal and luminal cells.

In our opinion, the annotation of basal cell clusters, in the indicated preprint does not include the widely
used Krt5 positivity in defining basal cells. Our interpretation is that the mid-basal cells correspond to
TP63P° progenitors (in ours and Cardoso’s paper) and the Proximal and Late basal cell in the preprint are
the “mature” basal cells, in agreement to our TP63P°° KRT5P* basal cells in 14 pcw large airways (Suppl.
Data 5E).

Based on reviewer’s comments, we modified the text in line-252 and in the Online Methods part to
clarify that tracheas were not processed for scRNA-Seq.

¢ Several attempts to correlate adult cell states to developmental precursors are not well validated. For
example, authors attempt to benchmark their data against an adult basal cell signature, but a fetal
reference seems more relevant. The basaloid phenotype is not described during development and
appears unsubstantiated here. Finally, claims about similarities between fetal states and diseased states
are not well supported and appear overreaching for the data presented here. The authors should
remove these sections or provide additional experimental evidence to support their claims.

The basaloid phenotype is not described during development and appears unsubstantiated here.

The identification of KRT17P° cells in the developing lung is a novel finding. We agree with Reviewerl
that the type of correlation we did in the first version is overinterpreted and we have removed it. We
now mention

We have modified the text in the lines 267-273, according to the Reviewer’s recommendations.

cl-3 cells also selectively express KRT17 (Extended Fig. 41) and we detected E-CadherinP®® KRT17"° cells
sparsely distributed in the distal airway epithelium of 14 pcw lungs by immunofluorescence (Fig. 4E).
Overall, cl-3 cells share some similarities in their characteristic expression program with “basaloid” cells
(Suppl. Data 5F, G, Suppl. Data 61), a pathogenic cell-state in interstitial pulmonary fibrosis (IPF)*> 4,
However, the embryonic clusters are distinguished by marked differences as they do not express TP63
and are localized more luminally than basally, in the epithelium (Fig. 4D).

e It is unclear how the authors are defining immature mesenchymal cell states. Is this based on PAGA
analysis? Moreover, it is unclear what the “intermediate” epithelial cell cluster/state is. The authors
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should elaborate on how immature cell states were defined and describe what an intermediate cell
state means. Similarly, it is unclear why in some cases RNA velocity was used and in other cases lineage
trajectory analysis was used; also labelling is inconsistent throughout figures (RNA Velocity vs Velocyto).

The definition of immature cell-states was based on (i) the low expression levels of mature
mesenchymal cell-type markers (Extended Figure 2 A), (ii) the cluster position in UMAP and scVelo
analysis (Suppl. Data 3B), which suggests that immature cell states are centrally positioned in the UMAP-
plot and the more mature sates are found at the periphery and (iii) their topology on tissue sections
(example in Fig. 2E and in the Visium and ISS probabilistic spatial analyses in
https://tissuumaps.dckube.scilifelab.se/web/private/HDCA/index.html).

The PAGA-plot analysis was used to find correlations between the interrogated clusters and the most
probable paths from the immature to mature states, as it is indicated by the thickness of the connection
lines and the “shortest_paths” function of igraph package in R 32 The indicated clusters were further
used for trajectory-inference analyses with Slingshot.

Regarding the “Moreover, it is unclear what the “intermediate” epithelial cell cluster/state is.”, we are
sorry for the misunderstanding here we refer to intermediate location as we have written in the line-252
(“original manuscript), it corresponds to an intermediately localized cell-state, between the large airways
and the distal tips (Fig. 4B and I1SS-analyses in
https://tissuumaps.dckube.scilifelab.se/web/private/HDCA/index.html”).

The authors should elaborate on how immature cell states were defined and describe what an
intermediate cell state means.

We have modified the text accordingly (mesenchyme lines 109-117), to elaborate how we have defined
immature cell-states.

The largest cluster in our dataset consisted of mesenchymal cells (~138K) (Extended Fig. 1G). Sub-
clustering revealed six distinct cell-types expressing specific markers for known fibroblast, mesothelial,
chondroblast and smooth muscle cell types and several immature states, characterized by the general
mesenchymal markers COL1A233, TBX4? and the lack of specific cell-type markers (Extended Fig. 2A).
Further cluster annotation was based on the spatial mapping of clusters at different time-points (Fig.
2B), the relative cluster positioning in the UMAP-plot®* (Suppl. Data 2), partition-based graph abstraction
(PAGA-plot)®® (Fig. 2A) and scVelo® analyses positioning immature cell states in the UMAP-plot center
and the more mature ones at the periphery (Suppl. Data 3B).

For the definition of immature cell-states, we used the terms “immature” (e.g. immature neuronal),
“transitioning” (e.g. transitioning SCP), “pre-“(e.g. pre-neuronal) and “progenitor” (e.g. epithelial
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proximal progenitorl) The term “intermediate” was used only for the epithelial cell cluster-1, that was
defined in line-252 of the original manuscript.

Similarly, it is unclear why in some cases RNA velocity was used and in other cases lineage trajectory
analysis was used; also labelling is inconsistent throughout figures (RNA Velocity vs Velocyto).

We used both Velocyto and trajectory inference analyses for all cases, except for Velocyto analysis in
mesenchymal cells because of the large size of the dataset (it produced error that was irrelevant to the
hardware of the analysis system). In that case we used a subset of the mesenchymal cell dataset with
equal number of cells/cluster (442 randomly selected cells, that correspond to size of the smallest
cluster of the dataset) (Suppl. Data 3 B).

In all analyses we used PAGA-plot to identify the most probable cluster connections and then applied
the “shortest_paths” function of igraph package in R ??, to select the clusters that are found in between
to what we considered as start and end point clusters. We have included this information in the lines
629-630 of the Online Methods (original manuscript).

We selected Slingshot®” pseudotime estimation and identification of differentially expressed genes along
the trajectory, because we consider it more convenient than the Scanpy-scVelo variant *. The use of
either Velocyto or trajectory inference analyses was done to avoid repetition, since the results were
similar.

We have now incorporated both types of analysis in the revised manuscript according to Reviewerl’s
recommendation.

We also corrected the inconsistences, regarding “RNA Velocity vs Velocyto”.

¢ In the interactome analysis between distal epithelial and mesenchymal cell identities, the authors
delve into FGF signaling; however, there is no mention of FGFs (Danopoulos et al J Pathol 2019, Nicolic
et al. eLife 2017), which have been functionally shown to be important FGF ligands during this stage of
development. Additionally, the authors claim mouse-human differences in FGF signaling; however,
predictive single cell data in the current manuscript should not be compared to experimental data from
mice. Is there comparable negative data in mice to corroborate these claims (lines 283-7)?

In our analysis, we have also included the previously described FGF7, FGF9 and FGF10 spatial analyses,
making the data available in the ISS-analysis section of
https://tissuumaps.dckube.scilifelab.se/web/private/HDCA/index.html. Because the expression patterns
of these markers have been previously described, we decided to include only the FGF18 and FGF20 in
the Fig. 4l (revised manuscript). For the convenience of Reviewerl, we also provide here the Fig. R1 5.
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Figure R1 5. Analysis of FGF-signaling components.

According to Nikolic and colleagues®, FGF7 and FGF10 participate in the distal epithelial development.
Importantly, Danopoulos and colleagues®® have compared the FGF7, FGF9 and FGF10 in mouse and
human explant cultures and provided evidence that FGF10 does not induce epithelial branching in
human tissue but cyst formation, similarly to the FGF7 and FGF9, which cause cyst formation in both
human and mouse lung explants

We have modified the text to make clear that the spatial analysis of FGF-signaling components provides
an independent confirmation of the study by Danopoulos and colleagues *°.

We modified the text (lines 278-287): FGF-signaling was among the most prominent predictions, with
FGF10 being mainly expressed by mes cl-0 cells (Fig. 4H) that are found scattered in positions around
epithelium (Suppl. Data 3A). This expression pattern differs from mouse embryonic lung, where the
ligand is focally expressed over the distal epithelial tips to induce branching®. This difference might
provide a reasonable explanation about the distinct FGF10 ability to induce cyst formation in human
explants 3 rather than branching. Additional FGF-ligands (Fig. 4H, 1) were detected in the distal human
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embryonic lung, defining both mesenchymal and epithelial cells as sources. For example, we confirmed
the FGF18 and FGF20 expression in human developing lung3® with cellular resolution (Fig 4G) and...

We would like also to mention that the analysis of FGF-signaling is an example of the spatial analyses of
NOTCH, HH, WNT and FGF pathways, with HyblISS, as mentioned in lines 738-742 (original manuscript)
and in line 96 of the revised manuscript and can be accessed in the “In situ sequencing data (ISS)”
section of the:

https://tissuumaps.dckube.scilifelab.se/web/private/HDCA/index.html

Minor

¢ In general, how the number of cell clusters were defined is unclear. The authors should explore over-
clustering and if all cell clusters/cell states presented are biologically meaningful.

For the definition of the number of cell clusters, we have tried different “resolutions” and settled for the
“resolution” ensuring that the cells of a given cluster show uniformly distributed expression of known
markers in UMAP-plots. This has been done by plotting of the marker gene expression and visual
inspection of the results. Since we analyzed lungs from different developmental stages we expect
immature cells to express low levels of known differentiation markers. That is obvious, for example in
mesenchymal cells (Extended Figure 2 A-F), where the immature cell states gradually upregulate or
downregulate genes, which include transcription factors, secreted proteins and surface markers, like
receptors that should have biological impact of cell development, maturation and function. If we have
made significantly suboptimal clustering these differences would have been lost.

Another parameter we considered against over-clustering is spatial mapping of the distribution of the
suggested cell-clusters. Individual clusters mapped to distinct positions. Distinct topologies argues for
distinct gene expression entities/clusters. Additionally, the proposed clusters were mapped at different
time points and their relative positions over time showed reproducible patterns.

Also, we added an additional sentence to point out more thoroughly the challenging task of clustering in
the Discussion section of the revised manuscript (lines 435-438).

Although most of the subclusters showed distinct topologies and gene expression profiles, some of the
cell-states may result from over-clustering, which is difficult to define because of the presence of
immature but committed states of distinct cell-types.
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* Given the complexity of many of the analytic tools used throughout the manuscript, some brief
explanations of each tools function or purpose would be helpful to the naive reader, along with
reasoning for choosing this specific tool (i.e. SCRINSHOT, HYBISS etc).

Following reviewer’s suggestion, we have provided brief descriptions of the utilized methods in the
Online Methods section of the manuscript.

¢ Under the header “Distinct populations for known and novel mesenchymal cell states,” the citation of
“Extended Figure 1A” should be “Extended Figure 1G.”

We have corrected the mistake.

¢ In Figure 1B, the authors should consider simplifying the labels to just the main cell states
(mesenchyme, epithelium, etc.) since in following figures, each of these compartments are explored
further.

The aim of Figure 1B is to provide an overview of the study, focusing on the acquired heterogeneity with
scRNA-Seq and predispose the reader for the more detailed analyses of each cell-category. We have
thought about the complexity of the presented data and provided the UMAP-plot of the main cell
categories, in addition to the results of their differential expression analysis in the Extended Figure 1G,
M and in the Suppl. Data 6A.

¢ Why was a lineage trajectory analyzed for ASM but not for other mesenchymal end-states, such as
chondrocytes, advF, and pericytes (Figure 2C)? Similarly, why are only a limited selection of clusters
included in communication analyses (Extended Figure 3H — | and Extended Figure 41)?

As indicated in the lines 125-126 (original manuscript), the ASM trajectory is one of the most prominent
of our study and we consider it interesting because of the close proximity of ASM and epithelial cells.

The omission of adventitial trajectory analysis was because of the manuscript size restrictions. We have
now included the analysis fibroblast trajectories in the revised Supplementary Data 7.

As we mention in lines 451-456, the chondroblasts were detected only in the lungs from the early time
points, because of the lack of cell-type enrichment and omission of tracheas. A recent study by
Maddisson and colleagues *! indicates that mature chondrocytes are efficiently obtained by single-
nuclear but not singe-cell sequencing, because of difficulties in tissue dissociation of the cartilage. Thus,
we consider that our dataset lacks the mature state of this cell-type, making difficult the trajectory
analysis.
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The 3D UMAP of mesenchymal cells (Suppl. Data 2) indicates that pericytes are not well connected to
the other mesenchymal cells. Thus, trajectory analysis might produce misleading results, because of the
absence of intermediate states.

We limited the interactome analysis to clusters withinin cell neighborhoods defined by the our spatial
experiments. In the lines 282-283 (original manuscript), we explained that the selection of the clusters
for communication pattern analysis in the distal lung compartment (Extended Fig. 41) was based on the
definition of “cell neighborhoods” that were introduced in the lines 87-91 (original manuscript). In
particular, we used probabilistic methods to spatially map the suggested scRNA-Seq cell-identities within
each Spatial-Transcriptomics 55um-diameter spot (for 66626 Spots). Then we asked which cell-identities
are consistently detected in the same spots, producing the graph of pair-wise connections of the Figure
1D. In other words, we used the spatial information to select cell-identities that are repeatedly found in
the same positions and remove those that are detected in irrelevant, because it is unlikely to contribute
in the communication patterns.

e Figure title in Figure 3 legend is repeated.

We have corrected. Thank you.

¢ The orange and purple color pallet on feature plots is confusing because orange (lower expression) is
darker than purple (high expression). The authors should consider other color pallets (ie. Supp Data 3).

We have changed the expression color-code in Suppl. Data 3 (renamed to Suppl. Data 5) to the default
of Seurat package.

¢ The various scale color pallets throughout Figure 6 are confusing, try coordinating the colors to clearly
represent the areas described. Additionally, the diagram in Figure 6D is helpful but crowded. Consider
additional diagrams broken up by mesenchyme, epithelium, etc. or by distal and proximal
compartments.

We understand that the color pallets are complex but we have tried to be consistent and have the same
color code as in the scRNA-Seq data (Fig 1B).

We improved the visibility of Fig. 6D by increasing its size. Our major aim was to project the complexity
in the developing organ already in the 1°* trimester of gestation and present distinct communication
patterns. The splitting of the diagrams according to the main cell-categories will prohibit drawing
communication patterns between for example epithelial and mesenchymal cells.
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» Consider arranging dot (balloon) plots in cluster order, rather than grouping by cell type similarity.

We have tried to plot the balloon plots according to the cluster-size (default cluster order) but it was
more difficult to read than arranging them according to their annotation, where biologically related
clusters with similar gene expression profiles are placed together. Fig. R1-7 below shows differences in
the representation of the same genes (top-3 cluster markers) in the same clusters (in both cases the

gene order follows the cluster)

Figure R1 6

Top3 cluster markers-numerical ordering

Top3 cluster markers-ordering based on biological similarities

— % =% e
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* “Zonation patterns of mesenchymal...” section seems misplaced in the text. It should be included with
the rest of the data describing the mesenchyme.

We have considered the ordering suggested by the reviewr but in this paragraph we utilized the spatial
analysis of the epithelium which follows the mesenchyme (lines 409-411 in original manuscript). This
part needs to come late because we use the identified and spatially validated, proximally and distally
expressed epithelial markers to create the corresponding scores that was used for the analysis of the
mesenchymal clusters.

We left the order as it was in the first version.

* The order of panels in figures are oftentimes not ordered properly. Some changes could easily be
made to aid in reader ability (i.e., switching positions of Figure 2C and D and Figure 3C and D).

Based on the reviewer’s recommendations, we re-arranged the figure parts.

e Authors cite a stain for Figure 3C and D (line 225), but only computational data is shown.

We have corrected the Figure numbering to Extended Figure 3 D, and E.

e First sentence on line 212 needs rewording and comma should be removed.

We have rephrased and removed the comma.

¢ In Supplemental Data 3, alveolar markers are show (HOPX, PDPN), but these markers aren’t expected
to be expressed at the time-points analyzed. The authors could consider additional bud tip markers
(NPC2, TESC, CA2). Also, proximal markers MUC5B or MUC5AC and SCGB1A1 are not shown. The
authors should comment on how the epithelial clusters compare to published data.

The available information about the expression pattern of genes like HOPX and PDPN is limited but
Nikolic and colleagues®® have analyzed the HOPX expression pattern in the developing human lung, with
immunofluorescence showing that it is broadly expressed in the epithelium, already from 11 pcw. We
have also detected HOPXP* E-CadherinP®® epithelial cells in 12 pcw (Fig. R1-8). As a result, we consider
that the HOPX detection, in scRNA-Seq dataset in not problematic. We would also like to reiterate that
the imputed expression of most variable genes is openly available in
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https://tissuumaps.dckube.scilifelab.se/web/private/HDCA/index.html and of all detected genes in the
https://cells.ucsc.edu/?ds=lung-dev, for interactive visualization.

Figure R17

20 m|E-Cadherin

We have included the indicated bud tip and proximal marker UMAP-plots, in the Suppl. Data 5A. We
would also like to reiterate that the imputed expression of most variable genes is openly available in
https://tissuumaps.dckube.scilifelab.se/web/private/HDCA/index.html and of all detected genes in the
https://cells.ucsc.edu/?ds=lung-dev, for interactive visualization.

* How were epithelial progenitors determined (line 252)?

We subclustered epithelial cells into 15 groups (Fig. 4A) and annotated them based on known markers
(Extended Fig. 4A, Suppl. Data 3A) and their spatial distribution (Fig. 4B, C). Similarly to mesenchymal
cells, we based progenitor annotation (i) on the low expression levels of mature epithelial cell-type
markers (Extended Fig. 4A), (ii) cluster positioning in UMAP-plot, in addition to PAGA-plot (Extended Fig.
4B) and scVelo analyses (Extended Fig. 5A and revised Fig. 5B). For example, epithelial-progenitor cl-6
was not detected at the distal tips (Fig. 4B), was SOX9"® and expressed lower levels of differentiation
markers like the FOXJ1 (ciliated), ASCL1 (neuroendocrine) and SCGB3A2 (secretory) than the more
mature cell clusters (Extended Fig. 4A).

We have modified the text: We subclustered epithelial cells into 15 groups (Fig. 4A) and annotated them
based on the low expression of known differentiation markers (Extended Fig. 4A, Suppl. Data 5A), their
spatial distribution (Fig. 4B, C) in addition to their indicated relationships by PAGA-plot and scVelo
analyses (Extended Fig. 4B, C).

¢ Missing end parentheses (line 86)

We have added the end parentheses.

* Prerequisite is misspelled (line 268)
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We have corrected the mistake.

* “stronger expressed” is not grammatically correct (line 384)

We have modified to “showed higher expression”.

Response to Reviewer2

In the following paragraphs, we address the concerns of reviewer#2 providing the reasoning behind our
statements (in blue) and the changes in the manuscript (in orange color)

1. The result of figure 4D and Suppl. Data 4l revealed that the cl-3 cells of epithelial cells showed the
expression signature similar to fibrosis. | am wondering whether this pathogenic cell-state appeared
during the development, and how this fibrosis-associated signature would change. More specifically,
what is the mechanism by which regulates the fibrosis during embryonic development.

This is a misunderstanding and we apologize if we led the reviewer to conclude that the embryonic lung
is fibrotic. We stated that the genetic programs expressed in cl-3 and c-4 are similar to the programs
expressed in the basaloid cells. We clarify here that they are not “basaloid”. As we mentioned in the
lines 269-278 of the original manuscript, the epithelial clusters -3 and -4 express a relatively large
number of “aberrant-basaloid” cell markers (Fig. 4D and Suppl. Data 5F), with the most prominent ones
being the CTGF, EDN1 and the characteristic basaloid*3-ADI*® marker KRT17. We believe that the
embryonic expression of CTGF and EDN1signals to mesenchymal cells to activate genes encoding ECM
components. During lung development, extracellular matrix (ECM) proteins create a “scaffold” for
resident cells and contribute to the mechanical properties of the tissue. They may also be required for
signaling among the resident lung cells **. Gene-ontology analyses (Fig. R2-1), based on the enriched
genes of mesenchymal cells (Suppl. Data 6A) indicates that they are the main source of extracellular
matrix proteins, like collagens, fibrillins and laminins. The spatial and temporal deposition of these
proteins is expected to be tightly controlled to facilitate proper organ development #2. To our knowledge
the signals inducing or silencing genes encoding ECM proteins in embryonic mesenchymal cells is not
fully understood.
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Previous work has shown that after bleomycin administration in mice, the activated epithelial cells
produce elevated levels of CTGF, contributing to fibrosis and its targeted deletion in alveolar epithelium
ameliorates the extent of fibrotic response®. In patients, there are clinical trials showing that anti-CTGF
treatment attenuates the progression of idiopathic pulmonary fibrosis**.

Even if there are no previous studies of the Ctgf inactivation specifically in the embryonic lung
epithelium, the global Ctgf-null mouse has hypoplastic lungs because of disrupted developmental
processes and restricted thoracic expansion®. Considering that CTGF may bind to integrins or to growth
factors (like TGB-B1, VEGF and FGFs)%, it is reasonable to suggest that it contributes to the epithelial-
mesenchymal communications not only in disease but also in normal lung development for stimulating
ECM protein deposition by mesenchymal cells. But functional experiments are needed to understand its
role in normal lung development.

Additionally, Endothelin-1 (EDN1) is also upregulated in idiopathic pulmonary fibrosis*’ and it is involved
in the development of pathology since its adenoviral mediated overexpression in mouse lungs (via
intratracheal instillation) is sufficient to cause peribronchial and perivascular fibrosis, through the focal
adhesion kinase (FAK). In vitro analysis of the Endothelin effect on lung fibroblasts has shown that it
up-regulates many genes coding for extracellular matrix proteins (e.g. COL4A1, COL7A1, ITGB3), in
addition to CTGF, through the MEK/ERK MAP kinase pathway*.

As we have mentioned in the lines 302-303 (original manuscript), our results suggest “that EDN1
signaling is involved in the communication of “activated” epithelial cells (cl-3) with the surrounding

stroma”.

In any case, we did not mean to imply extensive “cell type similarities”, rather similarities in gene
expression programs. To clarify this, we stated the differences in characteristic marker gene expression
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in the text and also detected KRT17-ECAD by immunofluorescence in embryonic airways (Fig. 4E). We
have modified the manuscript accordingly, to clarify that epithelial clusters -3 and -4 are KRT17 positive
and express some of the basaloid cell markers, but they have differences, like the absence of TP63 and
their luminal positioning (lines 267-273).

We wrote:

cl-3 cells also selectively express KRT17 (Extended Fig. 41) and we detected E-CadherinP®® KRT17"° cells
sparsely distributed in the distal airway epithelium of 14 pcw lungs by immunofluorescence (Fig. 4E).
Overall, cl-3 cells share some similarities in their characteristic expression program with “basaloid” cells
(Suppl. Data 5F, G, Suppl. Data 61), a pathogenic cell-state in interstitial pulmonary fibrosis (IPF)*> 4,
However, the embryonic clusters are distinguished by marked differences as they do not express TP63
and are localized more luminally than basally, in the epithelium (Fig. 4D).

2. The authors found a communication between AF and ASM including IGFland WNT5A signaling. What
is the exact dynamic process of their mutual signaling interactions ranging from 5 to 14 weeks post
conception? When does this communication come up? Is there a peak or disappear of this interaction
during the development?

To address the kinetics of the communication between the airway smooth muscle (ASM) and the airway
fibroblasts (AF), we focused on the mesenchymal cell clusters -13 (mature ASM), -12 (immature ASM?2), -
16 (mature AF) and -5 (immature AF2), as in the Extended Figure 2 I-M and separated their cells
according to their stage.

Interrogation of the ASM scRNA-Seq libraries for IGF1 expression showed that they are positive already
at the 5 pcw and slightly increase the expression in later time-points (Suppl. Data 3D), which is also
evident by the in situ detection of the IGF1 mRNA on 5 and 13 pcw lung sections (Suppl. Data 3F).

Regarding the receiving cells of IGF-signaling, the mature state (cluster-16) appears after 6 pcw (0.12%
of total mesenchymal cells) but the immature state (cluster-5) already exists at 5 pcw, suggesting active
signaling. The IGF1R expression is already evident at 5-5.5 pcw and it is gradually increased, showing the
highest expression levels in both AF-clusters, at 14 pcw. Based on the ligand-receptor expression
pattern, IGF-signaling can be active already at 5 pcw in immature ASM and AF and it remains activated
up to 14 pcw.

WNT-signaling stems from ASM and targets AF cells. The scRNA-Seq analysis of the ligand WNT5A and of
the receptors FZD1 and FZD7, in the different time points showed a gradual increase in all of them
(Suppl. Data 3E) that has been independently validated by HyblISS (Suppl. Data 3F). This suggests that
signaling activation is increased over time.
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We have modified the lines 176-183 (original manuscript), to incorporate the time-course analysis: One
example is the IGF1-ligand, which is mainly expressed in immature ASM2 (mes cl-12), as early as 5 pcw
and increases over time (Suppl. Data 3D, F). The expression of the corresponding receptor, IGFIR is also
evident at that stage, in immature AFs (mes cl-5) showing relatively stable expression until 14 pcw
(Suppl. Data 3D). The predicted IGF1-target gene LUM, is expressed by AFs (Extended Fig. 2K) and may
facilitate proper alignment and formation of collagen bundles around proximal airways, as it has been
previously reported® (Fig. 2G). Additional predicted interactions suggest that WNT5A is produced by
ASM cells and targets AFs through the FZD1 receptor, in a communication-pattern that increases over-
time, as indicated by the gradually elevated expression of both proteins (Suppl. Data 3 E, F). Our
computational predictions suggest BMP4 as a WNT5A target (Extended Fig. 2L), in agreement with
previous in vitro experiments®. Interestingly, BMP4 is in turn predicted to upregulate ACTA2 expression
in ASM°%, suggesting a positive feedback loop, between adjacent AFs and ASM (Extended Fig. 2M). Our
results identify AFs as a new cell-type in close contact with ASM and suggest their mutual signaling
interactions.

3. The authors performed pseudo time analysis for the cluster of the mesenchymal cells, and divided the
mesenchymal cells into several detailed subgroup. Does the marker genes corresponding to the
subgroup are reported by other studies?

As we described in the lines 109-119, after the definition of the major mesenchymal cell category
(Extended Figure 1G) we re-analyzed the corresponding cells, identifying 21 cell clusters that correspond
to six mature mesenchymal cell types and their immature states, in addition to proliferating cells. For
the cluster annotation, we used already known markers, showing their expression levels and the
corresponding references in the Extended Figure 2A. We had placed the references in the figure legends
to include all the necessary information without overloading the main text of the manuscript with large
number of genes and references.

Regarding the pseudotime analysis of the smooth muscle trajectory, we failed to include the reference
for the myogenic function of DACH2°? and for that reason we have modified the manuscript accordingly.
About the differentially expressed TFs along the trajectory, LEF1 is a mediator of WNT-signaling and
becomes activated in the immature ASM cl-8 but not earlier, in agreement with the role of WNT-
signaling in smooth muscle development >*>%, SSRP1 is also activated in the mesenchymal cl-8, as part of
the FACT complex, to modify the chromatin structure at the promoters of muscle-specific genes and
activate them *°, Lastly, the NR4A1 was between the most up-regulated TFs in the mature ASM cells (cl-
13) and might negatively regulate their proliferation, as in the vascular smooth muscle .

We have incorporated the above information in the revised version of the manuscript (lines 143-146 and
150-152).
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5. It will be better to perform several experimental validation of some cell marker genes, such as the cell
proliferation marker Ki67 to evaluate whether the cells are proliferating cells. In addition, it is difficult to
see the signal of SCPs and neuronal cells using H&E staining. Specific markers for staining SCPs and
neuronal cells should performed in Figure 3C-E.

Following the reviewer’s recommendation, we have increased the spatial validations of cell-type
markers. Some cases include ISS and SCRINSHOT analyses (e.g. Fig. 2F, Extended Fig. 2B, Fig. 4H,
Extended Fig. 4D, Fig. 5D, Suppl. Data 3F) and immunofluorescence (e.g. Fig. 2G, Fig 3F, H, Extended Fig.
3E, Fig. 4D, Fig. 5G, Suppl. Data 4, Suppl. Data 5E, H, 1), in addition to the probabilistic cell-typing on
whole tissue sections (e.g. Fig. 2B, E, Extended Fig. 2B, Fig. 3C, Fig. 4B, Fig. 6C, Suppl. Data 3A).

Also, we generated and made available an open interactive viewer
(https://tissuumaps.dckube.scilifelab.se/web/private/HDCA/index.html) that allows the examination of
thousands of genes in the 55um-diameter spots of 5 different stages. Using the ISS and SCRINSHOT
analyses, we have provided information about the expression levels of 177 genes that have been
identified either as selective markers from the scRNA-Seq analyses of the various cell-identities and/or
are components of known signaling pathways that participate in normal lung development. Importantly,
the expression patterns of 147 (ISS) and 31 (SCRINSHOT) markers can be examined in the same tissue
sections, through our viewer.

Considering the importance of the suggestion regarding proliferation patterns during the early stages of
lung development we performed immunofluorescence experiments for the proliferation marker MKI67,
the general epithelial marker E-Cadherin and the smooth muscle marker a-SMA. Our analysis indicates
dynamic changes in cell proliferation, as development proceeds. In particular, the proliferating cells at
8.5 pcw are broadly distributed all over the tissue, being more in the distal lung. In later timepoints
proliferation seems to be restricted to the epithelial tip and stalk regions and their adjacent
mesenchyme.

We have incorporated the proliferation analysis (Suppl. Data 4) into the manuscript, in the lines 126-127
and 248-249.

To answer the question on the detection of SCPs and neuronal cells using H&E staining, we performed
immunofluorescence for PHOX2B (general SCP and neuronal marker), DLL3 (developing neurons) and
NEFM (mature neurons) as in the Fig. 3G of the original manuscript and then stained the same sections
with H&E. As indicated by the arrow-heads in the revised Fig. 3F, there are distinctly stained structures
in the H&E image that are positive for the SCP and neuronal markers corresponding to parasympathetic
ganglia.
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Thus, these results provide evidence that the distinct structures in H&E staining of the initially analyzed
lung sections with ST are parasympathetic ganglia. This is also supported by the fact that these
structures coincide with the ST-spots with high collective signature of both SCPs and neuronal cells and
by their position around the proximal airways, as it has been previously described >,

We have incorporated these new results and figure panels in Fig. 3F and in the lines 221-222 of the
revised manuscript.

At later timepoints the signal was detected more centrally, within the bronchovascular bundle
interstitium®®, coinciding with a distinct H&E staining pattern (Fig. 3E) that overlaps with the protein
expression of the SCP and neuronal markers PHOX2B, DLL3 and NEFM (Fig. 3F).

We would like also to point out that the 10X Genomics Visium protocol, for spatial transcriptomics (ST),
uses H&E staining and not immunofluorescence, presumably because the last requires more time for
staining and image acquisition with possibly negative impact on mRNA integrity. Considering that the
tissue-section should be digested for the mRNA hybridization to the array, it is impossible to apply
immunofluorescence after the completion of ST-protocol procedure.

6. Some of the descriptions are unclear and simple. For example, in line 72, it written“Assuming that the
two lungs are relatively bilaterally symmetrical, we used one half for scRNA-Seq and processed the other
for spatial analyses”. As the lung tissue is a highly polar organ with different cell composition and
differentiation fate in different locations, are the areas for collecting samples for scRNA-seq and spatial
analyses are symmetrical? Or the whole two lungs are subjected to scRNA-seq and spatial analyses? The
authors need to describe the sampling and comparison strategies in detail.

We agree that the description was too vague. We wanted to say that we used the one of the two lungs
of scRNA-Seq and the other for spatial analyses. As a result, for most of the cases, we used material
from the same donors to spatially validate the scRNA-Seq results. We have also provided that
information in the Online Methods section (lines 517-518 of the original manuscript).

We agree with the Reviewer2, that the two lungs are not the same but, even if the left lung has 2 lobes
and the right 3. For that reason, we initially wrote “relatively bilaterally symmetrical”.

Based on Reviewer2’s concerns, we have modified the noted sentence (lines 272-274):

Assuming that the two lungs are bilaterally symmetric, we regularly used the right lobes for scRNA-Seq
and processed the left lobes for spatial analyses.
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In addition, some incorrect writing in the whole text, such as in line 75“A first clustering of 163.236,
high-quality cDNA libraries”, and line 551-552 “75.000 and 200.00 reads/cell” . Should them be 163,236,
75,000 and 200,00?

The “163236” corresponds to the number of analyzed single cells that have passed the quality controls
(see also the Suppl. Data 1B). The 75000 reads (v2 chemistry) and 200000 reads (v3 chemistry)
correspond the number of reads/cell, to indicate the desired depth of the RNA-sequencing. That number
was adjusted to match the different performances of the Chromium Single Cell 3" Reagent v2 and v3 Kits
and to achieve sufficient sequencing saturation.

We rephrased the relevant lines in the text

7. It will be better to provide all the marker genes for each cell subgroup in Figure 1B by showing in
heatmap or dot plot,

We have included the dotplot of the top3 markers for each cluster in Extended Figure 1N.

8. Scale bars are missing in Figure 1A, 1F, 2E-G, 3C-F, and extended Figure 2B, 3E, 4C.
| did the 3C-F.

We have included all scale-bars in the Figures.

9. From Supplementary Data 1B, the cell number reach to more than 20,000 (donor4, 5, 6, 14 and 16)

, even more than 40,000 (donorll and 17-1) , which is much higher than the standard (
https://assets.ctfassets.net/an68im79xiti/4tjk4KvXzTWgTs8f3tvUjg/2259891d68c53693e753e1b45e42d
€2d/CG000183 ChromiumSingleCell3 v3 UG Rev_C.pdf&#xFF09;. This causes higher ratio of
multicellular, which is difficult to remove using software. The authors need to focus on assessing
whether clustering and trajectory for samples from donor4, 5, 6, 14 and 16, as well as donor11 and 17-1
are consistent with the conclusions.

This is a misunderstanding. Especially for the material of late time-points, more than 1 experimental
replicates have been processed from the same donor. As mentioned in Online methods of the original
manuscript, “Cell suspensions were counted and diluted to concentrations of 800 —1200 cells/ul for a
target recovery of 5000 cells on the Chromium platform.” The information has been available in
https://tissuumaps.dckube.scilifelab.se/UMAP.tmap?path=private/HDCA/UMAP/, in the “Display
categorical metadata” => “name”.

We have also updated the Suppl. Data 1B table, including that information as “replicate”.

40


https://assets.ctfassets.net/an68im79xiti/4tjk4KvXzTWgTs8f3tvUjq/2259891d68c53693e753e1b45e42de2d/CG000183_ChromiumSingleCell3__v3_UG_Rev_C.pdf&
https://assets.ctfassets.net/an68im79xiti/4tjk4KvXzTWgTs8f3tvUjq/2259891d68c53693e753e1b45e42de2d/CG000183_ChromiumSingleCell3__v3_UG_Rev_C.pdf&
https://tissuumaps.dckube.scilifelab.se/UMAP.tmap?path=private/HDCA/UMAP/

natureresearch

Having clarified this, we consider that there is no problem of excessive doublets in the datasets caused
by overloading the 10x wells. This is also evident in the individual analyses of each donor, that have
been deposited to Zenodo, along with the first submission of the manuscript
(https://zenodo.org/record/63864524#.Yozly8hByUk).

10. According to Extend Figure 1G and H, a group of ciliated cells with high FOXJ1 expression seem to be
missing in Figure 1B. Please pay attention to ensure the consistency of presentation and analysis data.

We are sorry for the inconsistency. In Figure 1B, we changed the original position of the epithelial
ciliated cluster and of a small cluster of annotated as “doublets” (shown in Extended Figure 1) to save
some space and make the UMAP-plot larger. For that reason, we have put both in square brackets but
we failed to describe it in the figure legend.

Figure 1B Extended Figure 1G

Analysis af 163K cells defines 83 cell-states

immune &

MguNE B m"gﬁ'éa?’féfy‘ef = endothelial
M* z ’ s o n=6629

doublets

X

-

x

k

Epithelial
Ciliated

neuronal
n=788

UMAP-2

n=10940
UMAP-1

Based on Reviewer2’s recommendation, we modified the legend of Figure 1 and pointed the two cell
identities in Extended Figure 1G, mentioning that these are their original positions.

11. The author shows two time points (6pw, 10pw) of the spatial transcriptome samples in Figure 1A,
while in Figure 2B, a comparative analysis of 6pw, 8pw and 11.5pw is performed. Why are the data of
10pw missing? It will be better to perform comparative analysis of 6pw, 8pw, 10pw and 11.5pw to
reflect the changes in spatial structure during lung development.

The reason behind omitting 10 pcw section from the figures was the high similarity of the results with
the ones obtained from the 11.5 pcw tissue section and our effort to make the figure as readable as
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possible. The addition of one more timepoint would have made the Figure 2B images even smaller,
affecting proper visibility, especially in printouts.

But to allow comparisons between the 6pw, 8pw, 10pw and 11.5pw, as the reviewer suggested, we had
already included all four timepoints in the interactive viewer
(https://tissuumaps.dckube.scilifelab.se/web/private/HDCA/index.html).

Analyses of individual donor SCLC scRNA-Seq datasets?’, derived from primary lung tumors.
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Figure R1 2
gene correlation within cancer—cell clusters
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Subject: Decision on Nature Cell Biology submission NCB-RS48074B
Message: Dear Christos,

I am pleased to inform you that your manuscript, "A topographic atlas defines
developmental origins of cell heterogeneity in the human embryonic lung", has now
been accepted for publication in Nature Cell Biology. Congratulations to you and the
whole team!

Thank you for sending us the final manuscript files to be processed for print and
online production, and for returning the manuscript checklists and other forms. Your
manuscript will now be passed to our production team who will be in contact with you
if there are any questions with the production quality of supplied figures and text.

Over the next few weeks, your paper will be copyedited to ensure that it conforms to
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Nature Cell Biology style. Once your paper is typeset, you will receive an email with a
link to choose the appropriate publishing options for your paper and our Author
Services team will be in touch regarding any additional information that may be
required.

After the grant of rights is completed, you will receive a link to your electronic proof
via email with a request to make any corrections within 48 hours. If, when you
receive your proof, you cannot meet this deadline, please inform us at
rjsproduction@springernature.com immediately.

You will not receive your proofs until the publishing agreement has been received
through our system.

Due to the importance of these deadlines, we ask that you please let us know now
whether you will be difficult to contact over the next month. If this is the case, we ask
you provide us with the contact information (email, phone and fax) of someone who
will be able to check the proofs on your behalf, and who will be available to address
any last-minute problems.

If you have any questions about our publishing options, costs, Open Access
requirements, or our legal forms, please contact ASJournals@springernature.com

Once your paper has been scheduled for online publication, the Nature press office
will be in touch to confirm the details. An online order form for reprints of your paper
is available at https://www.nature.com/reprints/author-reprints.html. All co-authors,
authors' institutions and authors' funding agencies can order reprints using the form
appropriate to their geographical region.

Publication is conditional on the manuscript not being published elsewhere and on
there being no announcement of this work to any media outlet until the online
publication date in Nature Cell Biology.

Please note that Nature Cell Biology is a Transformative Journal (TJ). Authors may
publish their research with us through the traditional subscription access route or
make their paper immediately open access through payment of an article-processing
charge (APC). Authors will not be required to make a final decision about access to
their article until it has been accepted. Find out more about Transformative Journals

Authors may need to take specific actions to achieve compliance with funder
and institutional open access mandates. If your research is supported by a
funder that requires immediate open access (e.g. according to Plan S principles) then
you should select the gold OA route, and we will direct you to the compliant route
where possible. For authors selecting the subscription publication route, the journal’s
standard licensing terms will need to be accepted, including self-archiving policies.
Those licensing terms will supersede any other terms that the author or any third
party may assert apply to any version of the manuscript.

To assist our authors in disseminating their research to the broader community, our
Sharedlt initiative provides you with a unique shareable link that will allow anyone
(with or without a subscription) to read the published article. Recipients of the link
with a subscription will also be able to download and print the PDF.
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If your paper includes color figures, please be aware that in order to help cover some
of the additional cost of four-color reproduction, Nature Portfolio charges our authors
a fee for the printing of their color figures. Please contact our offices for exact pricing
and details.

As soon as your article is published, you will receive an automated email with your
shareable link.

If you have not already done so, we strongly recommend that you upload the step-
by-step protocols used in this manuscript to the Protocol Exchange
(www.nature.com/protocolexchange), an open online resource established by Nature
Protocols that allows researchers to share their detailed experimental know-how. All
uploaded protocols are made freely available, assigned DOIs for ease of citation and
are fully searchable through nature.com. Protocols and Nature Portfolio journal
papers in which they are used can be linked to one another, and this link is clearly
and prominently visible in the online versions of both papers. Authors who performed
the specific experiments can act as primary authors for the Protocol as they will be
best placed to share the methodology details, but the Corresponding Author of the
present research paper should be included as one of the authors. By uploading your
Protocols to Protocol Exchange, you are enabling researchers to more readily
reproduce or adapt the methodology you use, as well as increasing the visibility of
your protocols and papers. You can also establish a dedicated page to collect your lab
Protocols. Further information can be found at
www.nature.com/protocolexchange/about

You can use a single sign-on for all your accounts, view the status of all your
manuscript submissions and reviews, access usage statistics for your published
articles and download a record of your refereeing activity for the Nature Portfolio.

Please feel free to contact us if you have any questions.

With kind regards,
Stelios

Stylianos Lefkopoulos, PhD

He/him/his

Associate Editor

Nature Cell Biology

Springer Nature

Heidelberger Platz 3, 14197 Berlin, Germany

E-mail: stylianos.lefkopoulos@springernature.com
Twitter: @s_lefkopoulos

Click here if you would like to recommend Nature Cell Biology to your librarian
http://www.nature.com/subscriptions/recommend.html#forms
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