Review History
First round of review
Reviewer 1

Were you able to assess all statistics in the manuscript, including the appropriateness of statistical tests used?
Yes

Comments to author:

Overall Impression:
In this article Khaliq et al analyze a new cohort of primary, untreated CRC profiled with single cell RNAseq (n = 15 tumors) and re-analyze a previously published single cell study of a similar untreated, primary patient population. Two additional bulkseq profiled datasets are included for validation. Primary findings are that: (1) bulkseq derived CMS of CRC show significant intratumor heterogeneity, (2) specific CAF populations exist in CRC and are associated with poor survival, (3) C1Q+ TAM are associated with CD8 T cell dysfunction and poor survival. The findings related to CAF and TAM are particularly novel and lead directly to potential therapeutic strategies, and the finding related to heterogeneity within CMS although previously observed has not been described with this level of detail. Overall I am supportive of publication of this manuscript, but have a few majors concerns that would need to be addressed.

Major Comments:
1) Assignment of CMS: I find the use of pseudo-bulk expression profiles for CMS assignment to be troubling as to my knowledge the CMS, which were derived from bulk transcriptomes of untreated primary CRC tumors, have never been validated on pseudo-bulk transcriptomes. It is well known that the single cell dissociation process preferentially enriches for certain cell types (such as immune cells) and depletes other (notably hepatocytes) as these cells differ in their ability to survive the dissociation. Given that CMS assignments are known to be influenced by the percentage of immune and stromal cells (Chowdhury et al., 2021), it is likely that using pseudo-bulk for CMS assignment will yield a different result than bulk transcriptome. Given that bulk transcriptomes appear to be available for the samples with single cell, revising the CMS calls should be relatively easy.
2) Reference to prior studies of intratumor heterogeneity and CMS: Other papers have looked at the implication of intratumor heterogeneity on CMS, notably (Chowdhury et al., 2021), (Piskol et al., 2019), and (Laurent-Puig et al., 2018). These should be referenced.
3) Support of claims of "high quality" single cell data. At multiple points in main text the authors claim that the higher quality of their single cell data relative to that of the Lee et al study. However, reviewing the on-line methods it is not clear to me what has been done differently vs. Lee et al. This needs to be explicitly noted in the main text. It is possible I missed this in the supplement, but since this is a relatively central and important part of the paper a clear distinction needs to be highlighted in main text. With regard to what can be considered a gold standard for single cell RNAseq, I would consider (Slyper et al., 2020) to the best. Specific to CRC, the standard can be considered to be (Pelka et al., 2021) which is the largest single cell cohort published to date.
The initial cut offs used:
"Genes detected in fewer than three cells and cells expressing less than 200 detected genes were filtered out and excluded from analysis. In addition, cells expressing > 25% mitochondria were removed"

Seem reasonable although the 25% cutoff for mitochondria may be removing cells of adequate quality (Pelka et al., 2021).
4) Reporting of outcomes data: Not nearly enough detail is provided to interpret the clinical outcome data provided. The CRC cohorts need to be better identified and described (treated, untreated, stage, ect). Additionally, a multivariate analysis should be performed with other factors known to influence survival, such as age, stage, KRAS / BRAF mutational status, ect, and the effect on survival should be reported as a Hazard Ratio.
5) Evaluation of mutational status of known driver genes: APC, KRAS/NRAS, BRAF, TP53, ect with presence of specific cell types. Although the authors have clearly made some interesting findings, a look into how the key driver mutations influence the immune and stromal reaction would be very interesting and seems possible the available data.
6) Lack of inclusion of Broad CRC single cell dataset: Given that this cohort contains ~ 60 matched tumor and normal samples with single cell RNAseq, I was surprised that it was not used as a validation cohort.

Minor Comments:
1) line 94 - would mention exceptional cases of IO for MSI-H tumors, combination EGFR/BRAF inhibition for BRAF V600E mutant tumors
2) line 190 - why is Wnt activity unexpected, especially for CMS2 tumors?
3) line 195 - would also reference (Kunal Rai)
4) line 337 - need more description of these cohorts in main text: stage? Pre/post treatment? Primary or metastatic tumors?
5) Figure 2A is confusing, does not seem to align with the caption. Legend does not describe the labels, which I think correspond to patients
6) Figure 3E - too small to view in current format, would make larger
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Reviewer 2
Were you able to assess all statistics in the manuscript, including the appropriateness of statistical tests used?
Yes
Comments to author:
In this manuscript, "Refining Colorectal Cancer Classification And Clinical Stratification Through A Single- Cell Atlas" Masood and collogues present a single-cell atlas of Colorectal Cancer (CRC). They profiled ~50k cells from 16 CRC tumours and eight adjacent normal tissues. A key finding of this manuscript includes the identification of fibroblast and macrophage populations and its implications in predicating CMS subtypes. In addition, they also report the association between a subset of CD8+ T-cells and its importance in predicting immunotherapy response in CMS1 (MSI-H) CRCs. In the last few years, multiple groups have reported the single-cell atlas of CRCs. This manuscript has integrated this information/data to increase the patient number and provide more generalised observations in CRCs. Overall this is an interesting manuscript and provides some interesting observations, specifically potential targeting of CAFs and C1Q TAMs to improve IO response. However, the lack of experimental validation and suboptimal analysis of bulk RNA-seq data dampens this reviewer's enthusiasm. I suggest the author employ CIBERSORTx or other deconvolution tools to analyse bulk RNA-seq and identify why higher CAF and C1Q TAMs lead to poor outcomes (cell-cell interaction analysis). Moreover, it is essential to validate these findings in retrospective patient samples (FFPE blocks) to substantiate these claims.
- In the past couple of years, multiple major scRNA-seq publications have been reported in the area of CRC (PMID: 32302573, PMID: 32451460, PMID: 34450029, PMID: 34467243 etc.). Authors have done a good job in integrating Lee et al. in their study. Still, they have not included another major atlas in their analysis, and it's not clear whether the contradiction between Lee et al. and this manuscript is consistent across other studies or specific to patient populations and experimental conditions.
Authors should also perform additional trajectory analysis such as CellRank (PMID: 35027767), which is more specific for cancer cells to compare Lee et al., and this manuscript's cell continuum observation.
- Authors have done a good job of including bulk RNA-seq in their analysis for validation etc.; however, their analysis methods are not very optimal and they should consider employing CYBERSORTx (PMID: 31061481) or EcoTyper (PMID: 34597589) to deconvolute bulk RNA-seq and validate scRNA-seq observations in bulk data.
- It is interesting to see the correlation between CAFs, TAM and poor outcomes in CRC. It's not sure if these cells are spatially enriched in TME or CRC and what kind of immunosuppressive interactions occur between them, which might play an important role in IO response
Authors Response
Point-by-point responses to the reviewers’ comments: 
We appreciate the thoughtful review and insightful critiques by the Reviewers. In response to the reviewer’s concerns and suggestion, we have substantially revised the manuscript. Specifically, we have incorporated additional studies comprising 372,327 of cells. In total we have analyzed 487,829 single cells in this study and carried out additional analyses consisting of 1) Trajectory analysis on additional dataset and performed another trajectory method using Slingshot 2) Multivariate analysis on two independent CRC cohorts 3) CIBERSORTx for deconvolution of bulk transcriptomics data 4) Cell-cell interaction analysis. Overall, we found that while our conclusions remain unchanged, the revisions strengthened and improved the quality of the manuscript. 

Reviewer #1:

Overall Impression:
In this article Khaliq et al analyze a new cohort of primary, untreated CRC profiled with single cell RNAseq (n = 15 tumors) and re-analyze a previously published single cell study of a similar untreated, primary patient population. Two additional bulkseq profiled datasets are included for validation. Primary findings are that: (1) bulkseq derived CMS of CRC show significant intratumor heterogeneity, (2) specific CAF populations exist in CRC and are associated with poor survival, (3) C1Q+ TAM are associated with CD8 T cell dysfunction and poor survival. The findings related to CAF and TAM are particularly novel and lead directly to potential therapeutic strategies, and the finding related to heterogeneity within CMS although previously observed has not been described with this level of detail. Overall, I am supportive of publication of this manuscript, but have a few majors concerns that would need to be addressed.

Response: We want to thank Reviewer for acknowledging our work and providing rigorous attention to important details to our work. Our paper has improved because of the Reviewer’s critical feedback.

Major Comments:
1) Assignment of CMS: I find the use of pseudo-bulk expression profiles for CMS assignment to be troubling as to my knowledge the CMS, which were derived from bulk transcriptomes of untreated primary CRC tumors, have never been validated on pseudo-bulk transcriptomes. It is well known that the single cell dissociation process preferentially enriches for certain cell types (such as immune cells) and depletes other (notably hepatocytes) as these cells differ in their ability to survive the dissociation. Given that CMS assignments are known to be influenced by the percentage of immune and stromal cells (Chowdhury et al., 2021), it is likely that using pseudo-bulk for CMS assignment will yield a different result than bulk transcriptome. Given that bulk transcriptomes appear to be available for the samples with single cell, revising the CMS calls should be relatively easy.
Response:  We agree with the reviewer that Pseudobulk transcriptomics have not been validated for CMS classification and therefore assigning CMS classification based on Pseudobulk transcriptomics will produce inconsistent results. As the reviewer correctly stated, CMS assignment can be modified by the quantity of immunological and stromal cells present, as demonstrated by Chowdhary et al., 2021. We respectfully, want to clarify that CMS calls on tumor cells are based on matched bulk-transcriptomics data in our analysis. Following that, Pseudobulk analysis was performed in accordance with previous single-cell studies in ovarian and renal cell carcinoma [1,2] . We would like to express our gratitude to the reviewer for pointing out this critical distinction, and we have revised the sentence to make it clearer to our readers.
2) Reference to prior studies of intratumor heterogeneity and CMS: Other papers have looked at the implication of intratumor heterogeneity on CMS, notably (Chowdhury et al., 2021), (Piskol et al., 2019), and (Laurent-Puig et al., 2018). These should be referenced.
Response: Thank you for bringing this to our attention. These references have now been incorporated in the manuscript.

3) Support of claims of "high quality" single cell data. At multiple points in main text the authors claim that the higher quality of their single cell data relative to that of the Lee et al study. However, reviewing the on-line methods it is not clear to me what has been done differently vs. Lee et al. This needs to be explicitly noted in the main text. It is possible I missed this in the supplement, but since this is a relatively central and important part of the paper a clear distinction needs to be highlighted in main text. With regard to what can be considered a gold standard for single cell RNAseq, I would consider (Slyper et al., 2020) to the best. Specific to CRC, the standard can be considered to be (Pelka et al., 2021) which is the largest single cell cohort published to date.
The initial cut offs used:
"Genes detected in fewer than three cells and cells expressing less than 200 detected genes were filtered out and excluded from analysis. In addition, cells expressing > 25% mitochondria were removed"
Seem reasonable although the 25% cutoff for mitochondria may be removing cells of adequate quality (Pelka et al., 2021).
Response:  We appreciate the reviewer's input. We acknowledge that previous work such as Slyper et al. 2020 are excellent guides for single cell quality control. We also concur that the filtering methods described by the reviewer are essential but would like to emphasize that data-cutoffs for single cell data are study dependent. Additionally, cells that exhibit hybrid markers must be eliminated from downstream analysis. We incorporated and expanded the methodology section to fully describe our study and emphasized the reviewer’s suggestions in the main text. Our analysis is further depicted in Supplementary Figure S2-S5, where cells expressing hybrid cell type markers were manually removed before downstream analysis. Additionally, for full transparency, we have made the quality control metrics and dataset available to reviewers and readers via GitHub: https://github.com/masoodlab/CRC-Single-Cell/

4) Reporting of outcomes data: Not nearly enough detail is provided to interpret the clinical outcome data provided. The CRC cohorts need to be better identified and described (treated, untreated, stage, ect). Additionally, a multivariate analysis should be performed with other factors known to influence survival, such as age, stage, KRAS / BRAF mutational status, ect, and the effect on survival should be reported as a Hazard Ratio.
Response: The reviewer raises important points and we therefore performed a multivariate. As shown in supplementary Table 12, CAFs and C1Q+ TAM were strong independent prognosticators of short DFS, adjusted by clinical features, pathological stage, chemotherapy and common mutational status further supporting our conclusions of CAFs and TAMs in CRC pathobiology. We have included and described these new results in the manuscript. Also, we have included clinical data, demographics, stage, chemotherapy, and key mutations in a new Table 1. in the manuscript.

5) Evaluation of mutational status of known driver genes: APC, KRAS/NRAS, BRAF, TP53, ect with presence of specific cell types. Although the authors have clearly made some interesting findings, a look into how the key driver mutations influence the immune and stromal reaction would be very interesting and seems possible the available data.
Response:  We appreciate the reviewer's acknowledgment of our current study's interesting and novel findings. We agree with the reviewer that examining the impact of key driver mutations, such as the gatekeeper APC, and other key RAS-RAF-RTK mutations on specific cell types would provide unique insights into CRC biology. However, we wish to emphasize that we unfortunately are unable to assess these mutations due to Pelka et al. and Zhou et al. not including these annotations in their single cell data sets in contrast to our annotated data set. In future studies, we aim to increase the sample size of our single cell data sets with full somatic mutation annotations to examine this important idea in greater detail. 

6) Lack of inclusion of Broad CRC single cell dataset: Given that this cohort contains ~ 60 matched tumor and normal samples with single cell RNAseq, I was surprised that it was not used as a validation cohort.
Response:  The reviewer’s suggestion has been well taken and Pelka et al., dataset have included in the manuscript as recommended by the reviewer as a validation cohort. The results from Pelka et al., and all other datasets were concordant further validating our study. We were able to unravel all CAF subtypes, C1Q+ TAMs and T-cell heterogeneity including CD8+ cytotoxic cells mainly enriched in MSI-H CRCs which are the key findings of our study.  


Minor Comments:
1) line 94 - would mention exceptional cases of IO for MSI-H tumors, combination EGFR/BRAF inhibition for BRAF V600E mutant tumors.
Response:  We appreciate the reviewer bringing these important therapies to our notice. These therapies are now described in our manuscript.

2) line 190 - why is Wnt activity unexpected, especially for CMS2 tumors?
Response:  We apologize for the mistake in the manuscript.  Our analysis showed CMS3 and CMS4 Wnt enrichment that was unexpected based on CMS classification. However, these results are consistent with Sadanadan et al., epithelial based classification where they showed CRC subtypes are associated with distinct anatomical locations of the colon crypts (phenotype), as well as differentiation states with Wnt signaling activity varied according to location (Figure below)[3]. In agreement with sadanandan et al, our data showed high Wnt-activity in CMS3(goblet like cell subtype)e and CMS4 (stemlike subtype)[4,5]. We appreciate the reviewer for pointing out this error which is now corrected.
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Figure taken from   Sadananadan et al. (3). Figure b highlighted shows wnt activity in stem-like (CMS4) and goblet-cell type (CMS3) subtype.
 
3) line 195 - would also reference (Kunal Rai)
Response:  The reference has been included as advised.

4) line 337 - need more description of these cohorts in main text: stage? Pre/post treatment? Primary or metastatic tumors?
Response:   The reviewer’s suggestion has well taken. The clinical information has been offered in Table 1. 

5) Figure 2A is confusing, does not seem to align with the caption. Legend does not describe the labels, which I think correspond to patients
Response: We apologize for not providing a clear caption, and now have included an appropriate description.

6) Figure 3E - too small to view in current format, would make larger
Response:  We apologize for not providing Figure 3E clearly. We now provide a magnified image and link to a high-resolution image on GitHub (https://github.com/masoodlab/CRC-Single-Cell/blob/main/Figure_IHC_ASrev.pptx )
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Slyper, M., Porter, C.B.M., Ashenberg, O., Waldman, J., Drokhlyansky, E., Wakiro, I., Smillie, C., Smith-Rosario, G., Wu, J., Dionne, D., et al. (2020). A single-cell and single-nucleus RNA-Seq toolbox for fresh and frozen human tumors. Nature Medicine 26, 792-802.
Response:  We appreciate the reviewer's suggestions and, as requested, included them in the revised version of the manuscript.

Reviewer #2: 
In this manuscript, "Refining Colorectal Cancer Classification And Clinical Stratification Through A Single- Cell Atlas" Masood and collogues present a single-cell atlas of Colorectal Cancer (CRC). They profiled ~50k cells from 16 CRC tumours and eight adjacent normal tissues. A key finding of this manuscript includes the identification of fibroblast and macrophage populations and its implications in predicating CMS subtypes. In addition, they also report the association between a subset of CD8+ T-cells and its importance in predicting immunotherapy response in CMS1 (MSI-H) CRCs. In the last few years, multiple groups have reported the single-cell atlas of CRCs. This manuscript has integrated this information/data to increase the patient number and provide more generalised observations in CRCs. 
We would like to thank reviewer for reviewing our manuscript and providing excellent feedback and suggestions.
Overall this is an interesting manuscript and provides some interesting observations, specifically potential targeting of CAFs and C1Q TAMs to improve IO response. However, the lack of experimental validation and suboptimal analysis of bulk RNA-seq data dampens this reviewer's enthusiasm. I suggest the author employ CIBERSORTx or other deconvolution tools to analyse bulk RNA-seq and identify why higher CAF and C1Q TAMs lead to poor outcomes (cell-cell interaction analysis). 
Response: Thank you for the excellent suggestion. We used CIBERSORTx and the results are consistent with our previous deconvolution work. The findings have been described, and figures have been included (Supplementary Figure S19, Figure S24, Figure S28, Figure S30 and Figure S34). Additionally, our initial analysis was based on a previously described method [6]. A recent study has also used a similar approach, assigning a gene signature score to each sample and computing the mean of the z-scores for each individual gene in the sample for B-cell identification [7] . Another study used similar approach followed by pathway enrichment for their analysis [8].
We also ran a continuous score model utilizing the cell-signature data from CIBERSORTx results, and the findings corroborated our hypothesis that CRC existed in the tumor stromal immune continuum (Supplementary Figure S30).
For cell-cell interaction analysis reply, please see below.
Moreover, it is essential to validate these findings in retrospective patient samples (FFPE blocks) to substantiate these claims.
Response: We appreciate the reviewer's comment and apologize for not presenting the data more clearly. We validated our results using two separate bulk transcriptomics studies and, as requested by reviewer 1, included multivariate analysis to further establish the relevance of CAF and TAMs in CRC biology. Additionally, we have analyzed independent single cell data from Pelka et al., that corroborate our findings.
 In sum, this study investigated four different CRC single cell datasets along with a CAF single-cell cohort of breast cancer (for comparative analysis) comprising of 487,829 cells and two bulk transcriptomics data sets of > 740 samples. We hope our results answer reviewers’ comment about validation.
Authors should also perform additional trajectory analysis such as CellRank (PMID: 35027767), which is more specific for cancer cells to compare Lee et al., and this manuscript's cell continuum observation.  
Response: We have used another independent cohort (Belgian cohort) for trajectory analysis further confirming our results (Figure 2C-2E) [9]. We also used Slingshot method for trajectory analysis that confirmed intratumoral heterogeneity of CMS beyond CMS classification consistent with monocle results (supplementary figure S10).  Monocle and Slingshot uses two independent methods to build trajectory, monocle works by building tree from individual cells whereas slingshot builds on a minimum spanning tress designed for multiple branching lineages. CellRank was published a month ago and we have not yet optimized the pipeline, but we will utilize CellRank in our future studies. 

Authors have done a good job of including bulk RNA-seq in their analysis for validation etc.; however, their analysis methods are not very optimal and they should consider employing CYBERSORTx (PMID: 31061481) or EcoTyper (PMID: 34597589) to deconvolute bulk RNA-seq and validate scRNA-seq observations in bulk data.  
 Response:   Please refer to the section above on the CIBERTSORTx analysis performed at the reviewer's request. 
It is interesting to see the correlation between CAFs, TAM and poor outcomes in CRC. It's not sure if these cells are spatially enriched in TME or CRC and what kind of immunosuppressive interactions occur between them, which might play an important role in IO response.
Response:  We agree with the reviewer's view that cell-cell interactions are crucial to our work and appreciate the reviewer's recommendation.
Using CellPhoneDB, we uncovered key cell-cell interactions where we found bidirectional cross talk between CD8+ T-cells and C1Q+ TAMs whereby TAM’s led to T-cell dysfunction through multiple immune check point ligand interactions (CD40LG:CD40, TIGIT: NECTIN2, CD74: COPA, CD28:CD86, SIRPA:CD47, and CD86:CTLA4) whereas CD8+ T-cells lead to M2 like polarization of macrophages (CD74:MIF, SIRPA:CD47s) (Figure 8A-8B). CTLA4-mediated trans-endocytosis of co-stimulatory molecules CD86 from antigen-presenting cells (APCs) diminishes APCs' ability to co-stimulate T cells. These key findings in our analysis further explain how CD8+ T-cells and TAM’s interact in TME leading to immunosuppression in CRC. Additionally, we also describe various CAFs and their interaction with both C1Q+TAM and CD8+ T-cells leading to immunosuppression. All these findings further confirm our hypothesize that CAFs and TAM’s play key role in CRC pathology (Figure 8C-8F).
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Second round of review
Reviewer 1
All of my prior concerns have been addressed. I think this is an important paper given it's findings have implications for advancing idea of precision medicine in colon cancer. The authors should be commended for making data and full analysis / methods available on github. That will increase the value of this paper as a resource

[bookmark: _GoBack]Reviewer 2
Authors have addressed most of my comments in the revised version. I recommend acceptance of this manuscript in Genome Biology.
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