Dear Editor,
Thank you for the opportunity to respond to the reviewer’s questions and improve our manuscript. We appreciate the reviewers’ insightful comments which helped us to further clarify key points of the protocols. As recommended, we have addressed each one of the review’s concerns and incorporated necessary changes to the protocol accordingly. A few of the comments suggested more in depth understanding of the underlying biological mechanisms of the co-culture system which are very interesting but nonetheless beyond the scope of this manuscript. For these questions, we have cited relevant data from our previous publication in PNAS and will be following up in future research. Please see below for our detailed responses that are highlighted in blue.  We look forward to your decision.
Respectfully, 
Kenneth Geles

Editorial comments:
You will find Editorial comments and Peer-Review comments listed below. Please read this entire email before making edits to your manuscript.
NOTE: Please include a line-by-line response to each of the editorial and reviewer comments in the form of a letter along with the resubmission. 


Editorial Comments:

• Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or grammatical errors.

• Protocol Language: Please ensure that all text in the protocol section is written in the imperative voice/tense as if you are telling someone how to do the technique (i.e. “Do this”, “Measure that” etc.) Any text that cannot be written in the imperative tense may be added as a “Note”, however, notes should be used sparingly and actions should be described in the imperative tense wherever possible.

• Protocol Detail: Please note that your protocol will be used to generate the script for the video, and must contain everything that you would like shown in the video. Please add more specific details to your protocol steps. There should be enough detail in each step to supplement the actions seen in the video so that viewers can easily replicate the protocol.
1) 1.1,1.2: Add a step to describe culture conditions, media used etc. Corrected
2) 1.1.2: Should this step appear before 1.1.1? please ensure a logical chronological sequence as much as possible. Corrected
3) 1.1.6.: magnification? Define BEGM Corrected
4) 1.1.7: mention tip size Corrected
5) 1.2.4: magnification? Corrected
6) 1.2.5: which medium? Corrected
7) 2.13: Magnification? Corrected
8) 5.8, 5.9,5.11: What is the composition of primary blocking buffer, secondary blocking buffer, IF buffer? define IF. Defined in 5.1
9) 5.10, 5.12: mention antibodies used, and their concentrations. Any antibody could be used according to the user’s interest. The antibodies we used are listed in material and reagents and are now referred to in the text.
10) 5.15: mention imaging settings including magnification, lens NA, excitation and emission settings etc. Imaging magnification information added. Lens NA, excitation and emission depends on users imaging setup and choice of antibody.
11) 6.4: cite a reference for embedding. Reference added.

• Protocol Highlight: After you have made all of the recommended changes to your protocol (listed above), please re-evaluate the length of your protocol section. Please highlight ~2.5 pages or less of text (which includes headings and spaces) in yellow, to identify which steps should be visualized to tell the most cohesive story of your protocol steps. Steps highlighted in yellow.

• Discussion: JoVE articles are focused on the methods and the protocol, thus the discussion should be similarly focused. Please ensure that the discussion covers the following in detail and in paragraph form (3-6 paragraphs): 1) modifications and troubleshooting, 2) limitations of the technique, 3) significance with respect to existing methods, 4) future applications and 5) critical steps within the protocol.

• Figures: Please expand the legends to adequately describe the figures/tables. Each figure or table must have an accompanying legend including a short title, followed by a short description of each panel and/or a general description. Short title added to figure legend.

• Commercial Language:JoVE is unable to publish manuscripts containing commercial sounding language, including trademark or registered trademark symbols (TM/R) and the mention of company brand names before an instrument or reagent. Examples of commercial sounding language in your manuscript are Lonza BEGM bullet kit, Lonza ReagentPack, ReagentPack, (Vi-Cell, TrypLE Express, Matrigel, Eppendorf, Cultrex, Histogel Specimen Processing Gel (Richard Allan, Tissue-Tek VIP processor (Sakura), GelCount TM
1) Please use MS Word’s find function (Ctrl+F), to locate and replace all commercial sounding language in your manuscript with generic names that are not company-specific. All commercial products should be sufficiently referenced in the table of materials/reagents. You may use the generic term followed by “(see table of materials)” to draw the readers’ attention to specific commercial names. 
Commercial sounding language replaced with generic names. 

• Table of Materials: Please revise the table of the essential supplies, reagents, and equipment. The table should include the name, company, and catalog number of all relevant materials/software in separate columns in an xls/xlsx file. Please include items such as cell lines, antibodies with RRIDs.
File converted to excel sheet and now includes antibodies with RRIDs.

• If your figures and tables are original and not published previously or you have already obtained figure permissions, please ignore this comment. If you are re-using figures from a previous publication, you must obtain explicit permission to re-use the figure from the previous publisher (this can be in the form of a letter from an editor or a link to the editorial policies that allows you to re-publish the figure). Please upload the text of the re-print permission (may be copied and pasted from an email/website) as a Word document to the Editorial Manager site in the "Supplemental files (as requested by JoVE)" section. Please also cite the figure appropriately in the figure legend, i.e. "This figure has been modified from [citation]."
Editorial policies of previous publisher uploaded and citation added to figure legends.
Comments from Peer-Reviewers: 

Reviewers' comments:
Reviewer #1: 
Manuscript Summary:
In the manuscript entitled "Multidimensional coculture system to model lung squamous carcinoma progression," Dr. Geles et al describe a method to coculture lung squamous carcinoma cells (TUM622) in an organotypic system with the ability to introduce and interrogate the effects of the tumor microenvironment. The Reviewer appreciates the need to design easily accessible and reproducible models to study the basis of this subtype of non-small-cell-lung cancer and can envision the effect of such a platform being utilized in other diseases. Furthermore, the protocol is well-written and allows for the broad range of applications. However, there are a few concerns that the Reviewer feels are important to address.

Major Concerns:
1. Although CAFs are an important source of cell-cell communication, it is important to also seed a biologically relevant number of CAFs in a coculture system to produce a meaningful result that represents what is seen in patients. Is the 2:1 ratio of CAFs to TUM622 cells an accurate representation of the disease?
We thank the reviewer for this important comment. Based on data from the literature and our own, the stroma: tumor ratio varies widely among the LUSC patients as well as in different regions of the same tumor. Therefore, we believe there is not a single ratio between the CAFs and tumor cells that could accurately represent the entire patient population. Our ratio of 2:1 (CAFs: cancer cell) is within range of previously established co-culture assays for NSCLC as well as in vivo observations in patients, which ranges anywhere from 1:1 to 10:1 (1-3). We have also experimented with a ratio of 1:1 and 5:1. The general observation is that more CAFs promoted more and larger acinar-like structures to form. However, more CAFs also leads to a faster degradation of the basement membrane matrix and limits the duration of the co-culture. 2:1 is therefore an optimal ratio considering all these factors.
2. In Figure 3C, the authors describe that the "tear-drop" structures indicate a more metastatic and invasive phenotype compared to TUM622 acini cultured without CAFs. Are there any other markers that would support this phenomenon, such as loss of cell-cell junction protein expression? Also, how often do these structures form in comparison to non-co-cultured cells? Do all co-cultured cells become "tear-drop"-like? Some quantification of this data would be appreciated.
As the reviewer pointed out, the leading front of the “tear-drop” structure stains positive for Vimentin, but negative for CHD1 and ITGA6 indicating a more invasive phenotype (see Figure 5E in original PNAS publication). We have also tested tight junction antibodies including ZO-1 and Claudin-1 from various vendors but did not detect distinct signal at cell-cell junctions in TUM622 3D spheroids (data not shown). This might be expected as we have demonstrated that TUM622 are highly malignant cells and their degree of polarity may not be the same as that of normal tissue. This observation is similar to what have been reported in MCF-10A, where tight junctions could only be detected in 2D but not 3D structures (4). 
The formation of the tear-drop structure only occurs in the co-culture not the mono-culture setting and only those acinar-like structures that are within close-proximity to the CAFs undergo invasion (see Figure 6B in original PNAS paper). We have now emphasized this point in the representative results section as well as in the figure legend.
 3.In Figure 5A, TUM622 cells were treated with XAV939 to show the ability of treating these cells in a 96-well format and illustrate the role of Wnt signaling in the survival of these organoids. However, these cells were not described to be co-cultured with CAFs, so the ability to interrogate treatment effects in response to the tumor microenvironment is not well-demonstrated in this system. Even if Wnt signaling is critical to organoid survival, what role does this pathway play in the presence of the microenvironment, which is a fundamental feature of the co-culture system? Performing validation experiments to show a (unique) effect when the co-cultured system is tested compared to TUM622 cells only, CAFs only, and DMSO-only treated cells may be one way to illustrate the versatility of the co-culture system.

We appreciate the suggestion by the reviewer and agree this would be an interesting set of studies. However, Figure 5 is only used to demonstrate that this system could be adapted to a more high-throughput format and be used for testing drug response. We felt that a comprehensive analysis of drug response in mono-culture vs. co-culture is beyond the scope of this protocol and will be explored in future studies. 
Minor Concerns:
Please be consistent in including experimental information across the figures, figure legends, and results. For example, what timepoint(s) are being shown in Figure 2B? Also, the figure legend assignments of part A,B, and C are not consistent with the labeling with the Figure data. Please correct this information.
Corrected.
Reviewer #2:
Manuscript Summary:
In this manuscript, Chen et al described comprehensive protocol of a 3D co-culture model utilizing established lung squamous cancer (LUSC) patient-derived xenograft and cancer-associated fibroblasts (CAFs). In this co-culture organoid system, the authors demonstrated that LUSC from an acinar-like structure that nicely recapitulates dynamic tumor-stromal interactions. Importantly, the authors provide experimental evidence that 3D culture system can be employed as a platform for drug screening and validation.

Overall, the manuscript is well written and logically presented. Only a few minor points need to be addressed:

Major Concerns:
None

Minor Concerns:
Figure 2C and Figure 5A: graphs need to be revised. Labels in the x- and y-axis are not clear.
Corrected.
Although appropriate references are cited, it would be nice if the authors provide key characteristics of TUM622 and CAFs (e.g. patient information, mutation, if available) in the Introduction.
We thank the reviewer for this comment and have now added the following information as well as relevant reference to the introduction.
[bookmark: _Hlk21694199]“Both TUM622 and CAFs are derived from NSCLC patient with poorly differentiated tumor (5)”

Reviewer #3:
Manuscript Summary:
The main purpose of this article is to understand the role of stromal cells and their dynamic interactions with lung squamous carcinoma (LUSC) cells throughout tumorigenesis. A 3D coculture model is utilized to gain insight into both cell-intrinsic and extrinsic mechanisms that lead to the epithelial to mesenchymal transition. The protocol is very well presented and supported by morphological and immunofluorescence studies. The authors have also published studies on this model in a previous PNAS paper. However, there are serious concerns about the generalizability of these results.
We appreciate the reviewer’s comments and in addition to answering each individual point below, we would like to provide a general response regarding the key attributes of our model and its generalizability. 
The key feature of our culture system is its ability to model phenotypic plasticity of LUSC cells in response to tumor-stromal interactions (matrix-cell and cell-cell interactions) and how these interactions regulate tumor morphology during LUSC progression. Our goal was not to model normal lung development or a reversion of LUSC cells to a normal lung architecture (i.e. pseudostratified ciliated columnar epithelium). Instead, we are modeling how changes in the tumor microenvironment could override genetic mutations within highly malignant LUSC cells and revert them to a less aggressive phenotype. Similarly, elegant work has been done in the field of breast cancer where various labs (Mina Bissell, Joan Brugge, Senthil Muthuswamy, and others) have used a breast epithelial cell line MCF-10A to understand the dynamic reciprocity between these cells and their microenvironment in 3D culture. To our knowledge, it has not been previously shown that LUSC has this capacity and we believe our system might serve a similar purpose as MCF-10A in understanding the molecular mechanisms underlying LUSC progression. To this end, we established this current protocol and used it to answer specific questions about how particular tumor cell-intrinsic or extrinsic changes regulate tumor progression.
Previously, other labs have attempted to induce LUSC formation in 3D cultures from normal lung epithelium by introducing various genetic mutations. This has proven to be challenging due to the high intrinsic genetic complexity of LUSC (6, 7). In contrast, our approach was different in that we initiated our studies with a malignant LUSC culture in order to study tumor cell plasticity. This was made possible by the fact that our TUM622 cells, although surprising, had the ability to restore apical-basal cell polarity and undergo acinar morphogenesis when cultured in a 3D matrix. Importantly, when we profiled the acinar-like structures and analyzed the expression profile with GSEA, two of the top enriched gene-sets are related to breast acinar morphogenesis (8), suggesting that this is indeed more broadly generalizable to acinar morphology. This finding provided the motivation to explore additional factors (such as SOX2 and CAFs) that might induce even more aggressive morphological changes in these malignant cells when cultured in 3D. Furthermore, the tumorigenic potential of cells from these acinar-like structures was supported by enrichment of a common set of genes related to poor prognosis for both breast and lung cancer, highlighting the malignant nature of these cells as well as the generalizability of this system (8). Finally, the capacity of our system to model LUSC biology in vitro while preserving the plasticity of malignant cells further distinguishes it from other in vitro LUSC models.
Major Concerns:
1) It is not clear what the authors are modeling in this manuscript. The cell line TUM622 was apparently developed in the authors' laboratory from a PDX. Even if they derive from a squamous cell carcinoma, they form acinar structures in vitro. Acinar structures are not observed in squamous cell carcinoma, but are typical of adenocarcinoma. The authors should explain or at least comment on this peculiarity.
We thank the reviewer for pointing out the lack of clarity regarding this point. The term acinar-like structure or acini in this manuscript is strictly used to describe the morphology of the tumor organoids in our 3D culture (monolayer of cells surrounding a hollow lumen) and should not be equated to the histological definition used to describe lung adenocarcinoma samples. We have now adjusted the language in the introduction to emphasize this point.
2) The authors mentioned that the organoids are formed by a rare subpopulation of the PDX-derived LUSC cells that form acinar-like structures. The acinar structures seem to be a clonal peculiarity, likely not representative of the totality of cancer stem cells present in the tumor. Therefore, it is not clear how representative these are of the whole tumor, which is not an acinar tumor but a squamous carcinoma. This raises issues of generalizability of any drug assays performed utilizing this cell line.
[bookmark: _GoBack]We appreciate the comment from the reviewer and its implications for in vitro screening. We would like to clarify that this model does not represent the whole tumor. Instead, it selects for a rare population of less differentiated cells with cancer stem cell characteristics (5). Importantly, these cells can self-renew and differentiate, recapitulating the heterogeneous population of tumor cells observed in the PDX as well as original tumor (8). Whether this is a subpopulation of all cancer stem cells needs to be prospectively identified by surface markers and is an interest of future studies. With regards to the generalizability to the drug assays that could be performed using this model, we agree that this system is only applicable to interrogating pathways that are relevant in modulating the organoid phenotype. For example, we show that the Wnt but not Notch signaling pathway is relevant in regulating the acinar-like phenotype (8). However, the system will be suitable for any general cytotoxicity assays. We have now included this comment on the limitation of the system in the discussion section.
3) The authors present these organoids as a model of hyperplasia, recapitulating the earliest stages of LUSC development. The authors state that this model recapitulates the proper apical-basal polarity of the normal lung epithelium. However, these cells derive from an invasive LUSC that was passaged in mouse as PDX, well beyond the pre-malignant stage. Moreover, the normal lung epithelium is a pseudostratified ciliated columnar epithelium, and the pre-malignant lesions of LUSC are characterized by squamous metaplasia and dysplasia. None of these features are recapitulated in the TUM622 organoids. The utility of the presented organoids to model lung normal epithelium or pre-neoplasia is questionable. The authors should explain clearly what they are modeling with this cell line and should avoid claims that the acinar structures recapitulate features of the lung epithelium or the earliest stages of LUSC development.
Again, we agree that this is not a model for normal lung epithelium but instead a model for the phenotypic plasticity of LUSC tumor cells. See also general response.
 4) The applicability of the presented protocol to other patient samples or PDX lines is unclear. Is this acinar morphology a peculiarity of this particular line? In this case, what is the utility of the presented protocol? The applicability of the protocol to other lines/PDXs should be presented or at least stated.
We thank the reviewer for this comment and would like to refer to our original PNAS publication Figure 1, to answer this question. The ability to form acinar-like structure is indeed unique to TUM622 cells, at least from the different PDX derived lines we have tested. Therefore, other patient PDX/cell lines may or may not adopt similar phenotypes like TUM622 culture and will have to be tested by individual users. 

Bibliography
1.	Chen WJ, et al. (2014) Cancer-associated fibroblasts regulate the plasticity of lung cancer stemness via paracrine signalling. Nature communications 5:3472.
2.	Cruz-Bermudez A, et al. (2019) Cancer-associated fibroblasts modify lung cancer metabolism involving ROS and TGF-beta signaling. Free radical biology & medicine 130:163-173.
3.	Mishra DK, et al. (2015) Human Lung Fibroblasts Inhibit Non-Small Cell Lung Cancer Metastasis in Ex Vivo 4D Model. The Annals of thoracic surgery 100(4):1167-1174; discussion 1174.
4.	Debnath J & Brugge JS (2005) Modelling glandular epithelial cancers in three-dimensional cultures. Nature reviews. Cancer 5(9):675-688.
5.	Damelin M, et al. (2011) Delineation of a cellular hierarchy in lung cancer reveals an oncofetal antigen expressed on tumor-initiating cells. Cancer research 71(12):4236-4246.
6.	Sato M, et al. (2006) Multiple oncogenic changes (K-RAS(V12), p53 knockdown, mutant EGFRs, p16 bypass, telomerase) are not sufficient to confer a full malignant phenotype on human bronchial epithelial cells. Cancer research 66(4):2116-2128.
7.	Sasai K, et al. (2011) Oncogene-mediated human lung epithelial cell transformation produces adenocarcinoma phenotypes in vivo. Cancer research 71(7):2541-2549.
8.	Chen S, et al. (2018) Cancer-associated fibroblasts suppress SOX2-induced dysplasia in a lung squamous cancer coculture. Proceedings of the National Academy of Sciences of the United States of America 115(50):E11671-e11680.

