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1st Editorial Decision 20th Jan 2021

Thank you again for sending us your manuscript "Single-cell analyses reveal SARS-CoV-2
interference with intrinsic immune response in the human gut" and the reviews your received at
the other journal.lthink that the reviews seem thorough and constructive and we can use
them rather than reviewing the study from scratch. In line with the comments of the reviewers, |
think that the scRNA-seq analyses are relevant for exploring the response to SARS-CoV-2 in
the intestine. We would be happy to consider the study and I would therefore invite you to
submit it once you have completed the revisions addressing the issues raised. Please include a
detailed point by point response, so that we can easily evaluate the changes.

In summary, the main issues raised were mostly technical and refer to the need to:

- provide further evidence that the used organoids have properly differentiated

- better support that the infected vs uninfected cells have been correctly determined
- clarify/better support that annotation and clustering processes

- better support the conclusions regarding transcriptional repression

We think that it would be important to address the technical issues delineated above. Given the
technical nature of the concerns I think that we would need to consult an external expert (e.g.by a
member of our Editorial Advisory Board or an expert in the field) and ask them to look at the
performed revisions.



1st Authors' Response to Reviewers 9th Feb 2021

Specific answers to the editor:

1) provide further evidence that the used organoids have properly differentiated

We have now added a panel (Fig. S1A) to show that our two dimensional organoids fully
differentiate and have clarified this in the methods section. We have also added references that
also use a two dimensional approach with differentiated organoids for infectious disease research.

2) better support that the infected vs uninfected cells have been correctly determined

We have now better justified why our approach of removing a baseline of virus counts in the
Targeted scRNAseq allows us to correctly determine the infected cells. In response to the
reviewer suggestion, we evaluated SoupX a and showed this approach is not suitable to correct
the detection of contaminating viral transcript in our datasets, as this falsely enriches small cells
(please see specific answer to reviewers).

3) clarify/better support that annotation and clustering processes

We added figure S3, here we clarify the different steps we used for the clustering and annotation
of our colon and ileum organoids and we showed the top markers differentially expressed in each
cluster. Importantly, we also show the correlation between the cell types from mock sample and
infected sample and the association between our annotations and the previously reported
annotation in the equivalent tissue cell atlas. Finally, with respect to the presence of immature

enterocyte 2, we now better refer to our previous work where we have clearly identified immature

enterocyte 2inhumanileum biopsy, further suggesting thatwe have properly annotated our data.

There is currently a lack of consensus in the field with respect to the precise identity and sub-
clusters of cells expected to be found in intestinal organoids. This is mostly due to the fact that
there just a handful of reports describing scRNAseq of human intestinal organoids. To further
justify our clustering we would like to direct you on the ressources website of Alex Shalek lab
(world leading expert in scRNAseq at MIT) where one could find a UMAP of intestinal organoids

clearly showing immature enterocytes (the shalek lab refer to them as early enterocyte).
http://shaleklab.com/resource/covid-19-resources/?

4) better support the conclusions regarding transcriptional repression

We have clarified in the text that our experiments reporting inhibition of IFN-mediated signaling
using different multiplicity of infection (Figure 6) were analyzed by normalizing to a housekeeping

gene (which will then compensate in case of global transcription repression). Most importantly,
we have added the Fig.S2 and S5C showing that the modulation of markers we observed is not
aconsequence of a global down-regulation of gene expression modulated by the virus, as can be

seen by the similar number of detected transcripts of treated and untreated cells.

*The authors’ responses to the reviewers' comments are not available with this article, as
the initial review process took place with another journal.



1st Revision - Editorial Decision 9th Mar 2021

Thank you again for submitting your work to Molecular Systems Biology. We have now heard back
from the reviewer who was asked to evaluate your study. As we previously discussed, the reviewer
was given access to the manuscript and your responses to the reviewers' comments from the
other journal. They were asked to evaluate whether the reviewers' concerns have been
adequately addressed, and to assess the suitability of the revised study for publication keeping in
mind the editorial criteria of Molecular Systems Biology. As you will see below, the reviewer is
overall supportive. However, they recommend some modifications, which we would ask you to
perform in a revision.

Most issues raised refer to the need to include further discussions and clarifications in order to
present the potential limitations of the study in a more balanced way, given that it is performed in
organoids and not in patients. Regarding the identification of infected vs bystander cells, an issue
that was prominent in the previous reports, the reviewer strongly recommends including
supporting data using an orthogonal method, to better support the related conclusions.

On a more editorial level, we would ask you to address the following.

REFEREE REPORTS

Reviewer #1:

In this manuscript, the authors study the intestinal tropism of SARS-CoV-2 by following the
infection in a 2D model of primary human intestinal organoids. They studied the relationship
between the levels of Ace2 expression with susceptibility and found a lack of correlation between
these features. They further describe differences in induced proinflammat ory gene expression
signatures between infected and bystander cells.

| appreciated the discussion of the inappropriate usage of ACE2 expression as the only basis for
conjectures about the infectability of cell types or organs. While Ace2 expression is easily
measurable by scRNAseq, many virologists (Vincent Racaniello amongst others) have warned
that a receptor is necessary but not sufficient for infection. The internal cellular environment has
to play



a permissive role and further external factors are involved.

Several groups have used intestinal organoids to study SARS-CoV2 infection in the intestinal
epithelium. While | certainly appreciate the feasibility of this approach, 'm not fully convinced of its
relevance to COVID19 pathophysiology in humans. The weaknesses of the model and its
application in this study have been raised by the previous round of reviews and has been partially
addressed by the authors. lunderstand that studying the intestinal response to SARS-CoV2 at
single-cell resolution in a more relevant context would be logistically challenging due to timing and
biosafety issues and lies beyond the scope of the current manuscript. lam not opposed to the
publication of this manuscript in MSB but | strongly recommend a discussion of the weaknesses and
limitations of the used model system in the discussion section and discourage uncritical
extrapolation of the findings to human disease.

Specific comments:

The proportions of cell types and states in intestinal organoids do not fully reflect the tissue of
origin. Growth in the Sato medium results in strongly stem-cell biased conditions, the here employed
differentiation protocol seems to induce more mature cells but (as mentioned by the previous
reviewer 1) the lack of goblet cell capture in the colon organoids is worrying. The authors argue that
their scRNAseq dataset of human intestinal organoids is consistent with the (limited) existing
literature, yet this does not mean that organoids are an appropriate model for the study of cell
tropism and will faithfully reflect the tissue of origin. This should be discussed.

Along similar lines: lam not convinced by the use of Cyp3a4 expression as a single gPCR target to
justify "full" differentiation of the cultures. In their previous Cell Reports study the authors have
used Sl as marker for differentiation, why do they use Cyp3a4 here?

There is a continuum of gene expression along the Crypt-Villus trajectory in ileal enterocytes (or
crypt bottom to top in colonocytes, respectively), either the authors should validate the expression
of true top markers or they should mention in the discussion the remaining uncertainties regarding
the in vivo relevance of the present results (since organoids are likely not reflecting all enterocyte
states).

The identification of infected vs bystander cells is of importance in this manuscript. Both previous
reviewers have questioned the applied approach with a hard threshold. | am not fully convinced by
the novel explanations (lassume the authors referred to Figure S4 and not S3 as mentioned in their
response to the reviewers). lunderstand the problems with the proposed SoupX approach, the
resulting data should be presented in the supplementary figure. To clarify the issue and to increase
confidence in the applied method | suggest an orthogonal measurement of the number of infected
cells by quantifying fluorescently labeled infected organoids (as in Fig 3f) and use scRNAseq on the
second half of the same sample for comparison.

Figure 7:the depiction of a human gut implies in vivo relevance of the presented findings. | have not
seen evidence that the proposed interaction between infected and bystander cells is relevant
outside of organoid cultures. | have also missed in vivo validation of the existence/relevance of the
described organoid immature enterocyte states 1 and 2, so |l ask the authors to replace the gut
depiction with an organoid scheme and to mention this in the discussion.

Fig S3: heatmaps in b and g appear smoothened, this is a Matlab export / PDF bug, please correct.



2nd Authors' Response to Reviewers 21st Mar 2021

For all following the comments are in blue and our responses are in black.
Response to editor comments:

Most issues raised refer to the need to include further discussions and clarifications
in order to present the potential limitations of the study in a more balanced way,
given that it is performed in organoids and not in patients. Regarding the
identification of infected vs bystander cells, an issue that was prominent in the
previous reports, the reviewer strongly recommends including supporting data using
an orthogonal method, to better support the related conclusions.

We have now modified our discussion to avoid over interpretation of our organoid
model and highlighted its limitations. The orthogonal approach (immunostaining)
was already performed in the original version but we did not include a quantification
of the number of infected cells. In the revised version, we have included this
guantification (Fig EV1 and EV3) and are now commenting in the text that
the numbers of infected cells are matching between the single cell experiments and
our immunofluorescence. Importantly we have also highlighted that the
immunostaining samples were performed in parallel to the sequencing.

Response to the reviewer comments:

We thank the reviewer for their comments and suggestions. We believe this new
version is now strengthened, more clear and also less speculative in our conclusion
to the implication of our findings to the “real” human gut. In short, we have
addressed the main concern of the reviewer and have updated our text to show the



limitations of the organoids system compared to “real” primary human intestinal
tissue. While we would have loved to do this study with primary patient material, as
the reviewer mentioned this was out of the scope of this project. We have actively
tried to assess biopsies of infected patients through our gastroenterologist
collaborator. While a great number of patients had mild to severe diarrhea, we
concluded that their gastroenteric symptoms did not justify the risks associated with
the invasive process of taking a biopsy as many of the patients were on blood
thinners and were at a high risk for these procedures.

Reviewer #1:

In this manuscript, the authors study the intestinal tropism of SARS-CoV-2 by
following the infection in a 2D model of primary human intestinal organoids. They
studied the relationship between the levels of Ace2 expression with susceptibility
and found a lack of correlation between these features. They further describe
differences in induced proinflammatory gene expression signatures between
infected and bystander cells.

| appreciated the discussion of the inappropriate usage of ACE2 expression as the
only basis for conjectures about the infectability of cell types or organs. While Ace2
expression is easily measurable by scRNAseq, many virologists (Vincent
Racaniello amongst others) have warned that a receptor is necessary but not
sufficient for infection. The internal cellular environment has to play a permissive
role and further external factors are involved.

Several groups have used intestinal organoids to study SARS-CoV?2 infection in the
intestinal epithelium. While | certainly appreciate the feasibility of this approach, I'm
not fully convinced of its relevance to COVID19 pathophysiology in humans. The
weaknesses of the model and its application in this study have been raised by the
previous round of reviews and has been partially addressed by the authors. |
understand that studying the intestinal response to SARS-CoV2 at single-cell
resolution in a more relevant context would be logistically challenging due to timing
and biosafety issues and lies beyond the scope of the current manuscript. | am not
opposed to the publication of this manuscript in MSB but | strongly recommend a
discussion of the weaknesses and limitations of the used model system in the
discussion section and discourage uncritical extrapolation of the findings to human
disease.

We thank the reviewer for their comments. We agree that these models are
important as they allow us to address cell lineage specific differences but they do
have their limitations. The discussion has now been updated to reflect these
limitations.

Specific comments:



The proportions of cell types and states in intestinal organoids do not fully reflect
the tissue of origin. Growth in the Sato medium results in strongly stem-cell biased
conditions, the here employed differentiation protocol seems to induce more mature
cells but (as mentioned by the previous reviewer 1) the lack of goblet cell capture in
the colon organoids is worrying. The authors argue that their scRNAseq dataset of
human intestinal organoids is consistent with the (limited) existing literature, yet this
does not mean that organoids are an appropriate model for the study of cell tropism
and will faithfully reflect the tissue of origin. This should be discussed.

We agree with the reviewer that organoids do not fully recapitulate the tissue and
are limited to the differentiation media that they are exposed. Unlike in the body,
organoids are kept in a high stem cell state which allows them to constantly
proliferate. The Sato differentiation media that we use induces differentiation but the
ratio of the absorptive vs secretory lineages is different from in vivo. This has been
now discussed in the text.

Along similar lines: | am not convinced by the use of Cyp3a4 expression as a single
gPCR target to justify "full* differentiation of the cultures. In their previous Cell
Reports study the authors have used Sl as a marker for differentiation, why do they
use Cyp3a4 here?

There is a continuum of gene expression along the Crypt-Villus trajectory in ileal
enterocytes (or crypt bottom to top in colonocytes, respectively), either the authors
should validate the expression of true top markers or they should mention in the
discussion the remaining uncertainties regarding the in vivo relevance of the
present results (since organoids are likely not reflecting all enterocyte states).

We have used several markers for the validation but only included a few. We have
not updated the figure to include a few more makers (including Sl) and have
updated the discussion regarding the remaining uncertainties and limitations
associated with organoids.

The identification of infected vs bystander cells is of importance in this manuscript.
Both previous reviewers have questioned the applied approach with a hard
threshold. I am not fully convinced by the novel explanations (I assume the authors
referred to Figure S4 and not S3 as mentioned in their response to the reviewers). |
understand the problems with the proposed SoupX approach, the resulting data
should be presented in the supplementary figure. To clarify the issue and to
increase confidence in the applied method | suggest an orthogonal measurement of
the number of infected cells by quantifying fluorescently labeled infected organoids
(as in Fig 3f) and use scRNAseq on the second half of the same sample for
comparison.



We thank the reviewer for their comment as this was apparently unclear from our
text. We have now updated the text to more clearly explain that all single cell
experiments were also done in parallel with immunofluorescence and gPCR
validation. Analyses of our single cell sequencing experiments revealed a similar
number of infected cells compared to the direct determination of the intectivity by
immunofluorescence as depicted in the time course of infection presented in Figure
EV1. We have realized that the quantification of the number of infected cells from
our infected organoids was missing in our original submission. We have now added
a panel in EV1 showing the percentage of infected cells and the percent of infected
cells was also added to the single cell data in EV3. Additionally, we have also
added the SoupX data and made it into a new supplementary figure (Appendix
Figure 2).

Figure 7: the depiction of a human gut implies in vivo relevance of the presented
findings. | have not seen evidence that the proposed interaction between infected
and bystander cells is relevant outside of organoid cultures. | have also missed in
vivo validation of the existence/relevance of the described organoid immature
enterocyte states 1 and 2, so | ask the authors to replace the gut depiction with an
organoid scheme and to mention this in the discussion.

We thank the reviewer for this comment. It is true that organoids are not in vivo
models and more work would need to be done to make precise statements about
how infection impacts the gastrointestinal tract of COVID-19 patients. We have
updated the figure and the text and toned down our statements in the discussion.

Fig S3: heatmaps in b and g appear smoothened, this is a Matlab export / PDF bug,
please correct.

We have checked the image and from our side the heatmaps appear ok. It seems
that maybe something happened in the compression of the file when sent to
reviewers. Let us know if this problem occurs again in this version and we will
upload these individual figures separately to the MSB website.

We would like to thank the reviewer once more for their time. We do appreciate all comments
as we feel that the manuscript has now been improved in readability, has a more balanced
conclusion avoiding overstatement of our findings to the human gut and we do feel that
discussing the limitation of organoids is also important for the field.

Looking forward to hearing from you
Megan Stanifer and Steeve Boulant, on behalf of all co-authors.



2nd Revision - Editorial Decision 29th Mar 2021

Thank you for sending us your revised manuscript. We think that the performed revisions have
satisfactorily addressed the issues raised by the reviewer. As such, we are glad to inform you that
your study can soon be accepted for publication, pending some minor modifications listed below.

3rd Authors' Response to Reviewers 31st Mar 2021

The authors have made all requested editorial changes.

Accepted 31st Mar 2021

Thank you again for sending us your revised manuscript and for performing the last requested
editorial changes. We are now satisfied with the modifications made and | am pleased to inform you
that your paper has been accepted for publication.
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Manuscript Number: MSB-2021-10232

Reporting Checklist For Life Sciences Articles (Rev. June 2017)

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

A- Figures
1. Data
The data shown in figures should satisfy the following conditions:

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

>
>
>
>

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

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

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

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

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

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

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

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

definitions of statistical methods and measures:

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

are tests one-sided or two-sided?

are there adjustments for multiple comparisons?

exact statistical test results, e.g., P values = x but not P values < x;

definition of ‘center values’ as median or average;

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

LA X 2 X X X 7

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

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

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

B- Statistics and general methods

USEFUL LINKS FOR COMPLETING THIS FORM
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http://1degreebio.org

http://www.equator-network.org/reporting:

improving-bioscience-research-repor

http://grants.nih.gov/grants/olaw/olaw.htm
http://www.mrc.ac.uk/Ourresearch/Ethicsresearchguidance/Useofanimals/index.htm
http://ClinicalTrials.gov
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http://www.ebi.ac.uk/ega

http://biomodels.net/

http://biomodels.net/miriam/

http://jjj.biochem.sun.ac.za
http://oba.od.nih.gov/biosecurity/biosecurity_documents.html
http://www.selectagents.gov,

Please fill these boxes

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

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

We performed all experiments in triplicate and no pre-determination was performed.

1.b. For animal studies, include a statement about sample size estimate even if no statistical methods were used.

N/A. No animals were used for this study.

2. Describe inclusion/exclusion criteria if samples or animals were excluded from the analysis. Were the criteria pre-
established?

N/A. No animals were used for this study and no samples were excluded.

3. Were any steps taken to minimize the effects of subjective bias when allocating animals/samples to treatment (e.g. N/A
randomization procedure)? If yes, please describe.
For animal studies, include a statement about randomization even if no randomization was used. N/A. No animals were used for this study.

4.a. Were any steps taken to minimize the effects of subjective bias during group allocation or/and when assessing results
(e.g. blinding of the investigator)? If yes please describe.

N/A

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

N/A.

<

. No animals were used for this study.

5. For every figure, are statistical tests justified as appropriate? Yes.
Do the data meet the assumptions of the tests (e.g., normal distribution)? Describe any methods used to assess it. Yes.
Is there an estimate of variation within each group of data? Yes.




Is the variance similar between the groups that are being statistically compared? Yes.

C- Reagents

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

7. Identify the source of cell lines and report if they were recently authenticated (e.g., by STR profiling) and tested for Cell lines were obtained from ATCC and their reference numbers are listed in Tool table. Human
mycoplasma contamination. organoids were generated from human material. All cells were tested regularly for mycoplasma.

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

D- Animal Models

8. Report species, strain, gender, age of animals and genetic modification status where applicable. Please detail housing |N/A
and husbandry conditions and the source of animals.

9. For experiments involving live vertebrates, include a statement of compliance with ethical regulations and identify the |N/A
committee(s) approving the experiments.

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

E- Human Subjects

11. Identify the committee(s) approving the study protocol. The protocol allowing for use of human tissue is listed in materials and methods.

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

13. For publication of patient photos, include a statement confirming that consent to publish was obtained. N/A
14. Report any restrictions on the availability (and/or on the use) of human data or samples. There is no restriction.
15. Report the clinical trial registration number (at ClinicalTrials.gov or equivalent), where applicable. N/A

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

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

F- Data Accessibility

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

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

b. Macromolecular structures

c. Crystallographic data for small molecules

d. Functional genomics data

e. Proteomics and molecular interactions

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

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

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

G- Dual use research of concern

22. Could your study fall under dual use research restrictions? Please check biosecurity documents (see link list at top No
right) and list of select agents and toxins (APHIS/CDC) (see link list at top right). According to our biosecurity guidelines,
provide a statement only if it could.
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