We would like to thank Dr. Bajaj and our reviewers for their helpful feedback. We have addressed the reviewers’ specific comments both here and in our revisions to the manuscript. This included adding some new details to the protocol, adding in an “Experimental Design” supplementary document to help users understand the possibilities and limitations of a CMO-DPAC experiment, and adding in four new supplementary figures containing new experimental data to address some specific reviewer comments. 

We have also made minor changes in word choice and sentence structure to enhance clarity and brevity, as reflected in the Track Changes. We have also formatted the manuscript to match JoVE standards. The main figures were slightly adjusted for font and other minor aesthetic changes. The supplemental files were re-ordered and re-numbered.

TITLE: 
Simple, affordable, and modular patterning of cells using DNA

Editorial comments:
Changes to be made by the Author(s):
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any errors in the submitted revision may be present in the published version.
We have proofread the manuscript.
2. Please format the manuscript as: paragraph Indentation: 0 for both left and right and special: none, Line spacings: single. Please include a single line space between each step, substep and note in the protocol section. Please use Calibri 12 points
We have altered the paragraph indentations, line spacing, and fonts to meet JoVE’s requirements.
3. From the title please remove the words like simple and affordable to make the title concise.
We agree that the title could be more concise. We have decided to revise it to “Simple, affordable, and modular patterning of cells using DNA”, which describes the general approach (patterning cells with DNA as an adhesive) and highlights the key innovations described in this paper compared to our previous publications.
4. Please rephrase the Short Abstract/Summary to clearly describe the protocol and its applications in complete sentences between 10-50 words: “Presented here is a protocol …”
We have rephrased the Summary to be in complete sentences
5. JoVE cannot publish manuscripts containing commercial language. Please remove all commercial language from your manuscript and use generic terms instead. All commercial products should be sufficiently referenced in the Table of Materials and Reagents.
For example: Turbo DNase, SCK-100, Instras Scientific, etc.
We have removed the commercial language.
6. DPAC is this commercial? If yes, please use generic term.
DPAC is not a commercial product. It is a technique developed by our lab.
7. Please ensure that all text in the protocol section is written in the imperative tense as if telling someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions should be described in the imperative tense in complete sentences wherever possible. Avoid usage of phrases such as “could be,” “should be,” and “would be” throughout the Protocol. Any text that cannot be written in the imperative tense may be added as a “Note.”
We have edited the protocol to use only the imperative tense.
8. The Protocol should contain only action items that direct the reader to do something.
We have revised the protocol to only include actions and moved other information to notes or to a supplemental Experimental Design document. 
9. Please ensure you answer the “how” question, i.e., how is the step performed?
We have ensured that the “how” details are clear for each step.
10. 2.1: How do you create fiducial markers?
We added more detail to the fiducial marker suggestion and added alternatives into the supplemental Experimental Design document.

11. There is a 10-page limit for the Protocol, but there is a 3-page limit for filmable content. Please highlight 3 pages or less of the Protocol (including headings and spacing) that identifies the essential steps of the protocol for the video, i.e., the steps that should be visualized to tell the most cohesive story of the Protocol.
We have highlighted 3 pages’ worth of the protocol for filming.
12. Please obtain explicit copyright permission to reuse any figures from a previous publication. Explicit permission can be expressed in the form of a letter from the editor or a link to the editorial policy that allows re-prints. Please upload this information as a .doc or .docx file to your Editorial Manager account. The Figure must be cited appropriately in the Figure Legend, i.e. “This figure has been modified from [citation].”
- We have not reused any figures from previous publications.
13. As we are a methods journal, please ensure that the Discussion explicitly cover the following in detail in 3-6 paragraphs with citations:
a) Critical steps within the protocol
b) Any modifications and troubleshooting of the technique
c) Any limitations of the technique
d) The significance with respect to existing methods
e) Any future applications of the technique
	We have covered these topics in the Discussion.
14. Please remove trademark (™) and registered (®) symbols from the Table of Equipment and Materials.
- We have removed these symbols from the materials table.
15. Please sort the materials table in alphabetical order.
- We have sorted the materials table in alphabetical order.


____________________________________
Reviewers' comments:
Reviewer #1:
Major comments
Compared to the group's previously published protocol (Todhunter et al 2016), the new version of DPAC is indeed simpler, more affordable, and more modular. The rapid patterning of DNA using benchtop photolithography is much simpler and less specialized than the previous method of printing DNA using the Nano eNabler. The labeling of cells with cholesterol-modified oligos instead of lipid-modified oligos greatly reduces the cost of this reagent. And replacing the former "alphabet" of anchor strands with a universal anchor strand makes the technique more modular.
We are confident that the steps listed in the procedure would lead to the described outcome. The authors have demonstrated the feasibility of DPAC in multiple past publications, and their updates are reasonable. For example, their MULTI-seq method (McGinnis et al 2019) has already made use of both cholesterol-modified oligos and the universal anchor strand. While the steps in their procedure are clearly explained, they will benefit greatly from the accompanying video demonstration.

One potential application we would have liked to see the authors discuss is the feasibility of patterning cells permanently expressing surface zinc fingers (Mali et al Nature Methods 2013) instead of cells temporarily labeled with cholesterol-modified oligos. We would find this additional application exciting because it might allow the DNA-patterned surface to guide cell morphology changes (e.g. neurite extension) in addition to the cell's initial placement.

This is a potential exciting idea. We agree it is feasible for cells expressing zinc fingers on their surfaces to be patterned onto DNA-patterned surfaces given sufficiently high expression levels and long enough oligos to span the glycocalyx. Without testing these ideas directly, however, we are unsure whether this would result in cell morphology changes. Moreover, we speculate that a great deal of experimentation would probably be required to ensure that the zinc fingers allow for cell movement (perhaps requiring inside-out signaling, as with integrins and cadherins) instead of simply gluing the cells down onto the surface. Further, oligo addition would have to occur prior to experiment, as adding high concentration of oligo in solution would likely result in binding to both the zing finger on the cell surface, as well as the complementary strand on the non-living surface, thereby squelching interactions. We added a reference to Mali et al in the discussion.

In their discussion, the authors helpfully note that they previously showed how internalization of the cholesterol-modified oligos can slightly alter gene expression in HEK cells. However, the original DPAC paper (Todhunter et al 2015) mentions that the method also works for immune cells, which can express TLR9, a DNA-detecting receptor especially sensitive to unmethylated CpG dinucleotides. Have the authors determined whether cholesterol-modified oligo labeling triggers TLR9 signaling in immune cells? Importantly, can this TLR9 signaling be avoided by labeling immune cells with CMOs that lack unmethylated CpGs? Although beyond scope, comments on the range of cells for which the method is applicable would be helpful. 
- We thank the reviewer for this question, as we too have been meaning to investigate this more directly. We therefore used HEK cells that express mouse TLR9 (HEK-Blue TLR9). These cells produce SEAP (secreted embryonic alkaline phosphatase) in response to NF-kB and AP-1 activation, which happens as a result of TLR9 stimulation by CpG.  We exposed the cells overnight to 0.2 µM of either ODN 1826 (standard agonist for mouse TLR9), CMO Anchor + Co-Anchor + an Adapter Strand containing the ODN 1826 sequence (CMO-CpG), or CMO Anchor + Co-Anchor + an Adapter Strand that contains a similar sequence but with the CpGs flipped to GpCs (CMO-GpC). We found that the CMO-GpC did not stimulate SEAP production and the CMO-CpG stimulated SEAP production at a much lower rate than ODN 1826. This suggests that the normal CMO labeling process does not result in TLR9 activation, making it safe to use with cells that express TLR9. Although it was a minor effect, we would still recommend that CpG sequences be avoided when designing adapter strands. The data has been added to the paper in Supplemental Figure 5.

Minor comments
1 - What are the design rules? Some comments on minimum spot size, spacing, etc. would be helpful.
Since this information would be helpful to new users, but did not quite fit in the protocol, we elected to add a supplemental file outlining the design rules and discussing the various considerations when designing a CMO-DPAC experiment.


2.17 - When patterning oligos with the Nano eNabler, it was presumably possible for two oligo patterns to crisscross. What happens at these intersections if the user tries to do this with the photolithography method? Does the first oligo get destroyed by UV? Are there any reactive sites left for the second oligo?

· To test this, we photopatterned overlapping oligo patterns, first a vertical line and then a horizontal line (Supplemental Figure 3). We then hybridized with complementary fluorescent oligos and then measured fluorescence for 100 µm down the center of the overlap region. We found that the first strand exhibited a mild decrease in fluorescence at the overlap point, suggesting slight DNA degradation by the UV (or a decrease in accessible patterning sites) during the second round of patterning. The second strand patterned did have some signal at the overlap, suggesting that there were still some reactive sites available for the second oligo. 

3 - Could you please specify which functional groups present before and after the slide is made hydrophobic?

	Before silanization, the aldehydes on the slide surface have been reduced to alcohols. After silanization, the slide is functionalized with fluoroalkyl groups. We added this detail to the protocol.

5.2.2 - This procedure involves multiple cell pelleting steps in low-protein conditions, which can be problematic for cell types prone to adsorbing to the walls of polypropylene tubes (e.g., epithelial cells). For performing DPAC on these cell types, you may want to recommend pre-blocking the polypropylene tubes using something like Biogenex's PowerBlock. The casein in PowerBlock would be less likely than albumin to sequester CMOs.

-  Thank you, suggestion added.

6.4 - Are incompletely washed cells more likely to linger on incorrect DNA surfaces or on DNA-free surfaces? This would help a new user know what to expect during the washing process.
- Assuming that the oligos in the experiment are sufficiently orthogonal, incompletely washed cells are equally likely to remain on incorrect DNA surfaces or DNA-free surfaces.

6.5 - For cells in direct contact with the surface template, is there a recommended order for which cells should be patterned first? For example, should the most abundant cells in the pattern be patterned first or last? Should the smallest cell type (e.g. lymphocytes) be patterned first or last?

- We added a note to 6.5 to address this and included it in the experimental design guide (Supplemental File 1). Generally, it is preferred to pattern the least abundant (smallest number of features) cell type first and work your way to the most abundant. It doesn’t make a large difference, but occasionally the presence of other cells on the slide can block fluid flow and slightly reduce pattern adhesion for subsequent layers. In a pattern with few cells of a certain type, it becomes more important that 100% of those spots are actually occupied by the cell of interest. We have not observed any effect of cell size on the optimal patterning order.

7.3 - Are humidified and dry 37oC incubators equally effective? Even in a "dry" 37oC incubator, it seems like there could be a lot of condensation on the ice-cold DPAC slide. Would this condensation disrupt subsequent steps or put the cells in a hypotonic environment?

We have only used humidified 37 ˚C incubators. Condensation on the slide and flow cells can occur, but we have not found this to be an issue. The hydrogel solution encapsulating the cells at this point may protect the cells from the condensation. To reduce condensation, the cell-patterned slide can be kept at room temperature for a minute or two before being placed in the incubator.  


7.4.3 - It seems like a pair of fine-point tweezers would be a safer and more precise way to distribute the PBS and lift the sides of the flow cell.

- Fine point tweezers could be used to help lift the flow cell so that the PBS can be distributed underneath. However, when removing the hydrogel from the slide, it is necessary to slide the hydrogel off the slide instead of lifting it up directly using tweezers. The large flat edge of the razor blade is helpful in translating the PDMS + hydrogel across the slide without distortion.


Table 1 - What are the possible causes and suggested fixes for excessive bubble formation within the flow cell during cell injection and washes?

We have added a row to Table 1 addressing bubbles within the flow cell.

Supplemental File 1 - For designing additional adapter strands, the authors should suggest a protocol for empirically testing orthogonality. We suspect that pairwise mixing of new-adapter-labeled cells with A-through-C'-labeled cells would be a rapid way to confirm orthogonality, as orthogonally-labeled cells should not form clumps with one another.

Thank you for the suggestion! We have used this approach in the past and we added the protocol to Supplemental File 2. 


Reviewer #2:
Manuscript Summary:
The manuscript describes a do it yourself protocol for micropatterning cells and assembling microtissues on top using DNA hybridization. The programmed cell adhesions provide high flexibility in terms of the possible structures, the possibility to incorporate multiple cell types and single cell resolution. The method is straightforward and both the reagents as well as the equipment are commercially available and comparatively cheap. All these benefits combined make this method very attractive for producing microtissues. The method is well described and discussed.

Major Concerns:
None.

Minor Concerns:
1) The assembled structures should not be named "spheroids" nor "tissues" as they are neither spherical since they are attached to a slide nor include multiple cell types which function as a whole as it is the case in a tissue.

Thank you for suggesting this clarification. We changed the wording to “multicellular aggregates” or “hydrogels” depending on context.

2) 5.3. The number of cells for labeling should be added. As shown in Figure 4, the efficiency depends on the concentration of the DNA strand and it is expected that the number of the cells is an equally important factor.

The number of cells for labeling has been added to 5.2.2. 

3) A comment on how generalizable this method is to different cell types would be helpful to the reader. What factors need to be considered in the selection of the cell type?

Thank you for the suggestion. We have now commented on the generalizability of the protocol to different cell types (lines 1057-1061). Most cell types should succeed with this method. One factor to consider is size - for large cell aggregates or tissues, we have found capturing these in a flow-cell by DNA-based adhesion is challenging. For example, labeling the surface of organoids with CMOs did not result in successful patterning. The other factor is the glycocalyx – a high degree of negative charge on the glycocalyx can impeded labeling of cell membranes with lipid-modified oligos.

4) 5.4.1. What the cell viability of the cells after the DNA modification protocol? The filtering of the cells is expected to compromise cell viability and it should be quantified.

- After the DNA modification protocol, HUVECs were found to be ~95% viable by calcein AM/ethidium homodimer live/dead staining. We added this data to Supplemental Figure 6.

5) 6.3. What is the incubation time after each addition of cells to the flow cell?

The cells adhere nearly instantaneously to the slide, so only 30 seconds or so of incubation is required. We added the incubation step to 6.2.

6) 8.1. How many DNA strands per cell are incorporated with this protocol? How does the cell adhesion efficiency depend on the number of DNA strands per cell?

We used MESF (Molecules of Equivalent Soluble Fluorochrome) microspheres to quantify the number of DNA complexes (Anchor + Co-Anchor + Adapter Strand) present on the cell surface as a function of CMO concentration during labeling. The number of DNA complexes on the cell surface increased linearly with CMO concentration. At the highest concentration tested, there were approximately 1.2 x 106 DNA complexes per cell. At the 2 µM concentration used throughout the manuscript, there are about 5 x 105 DNA complexes per cell.  The data is presented in Supplemental File 4. 

7) Typo: 8.4. Miz instead of Mix.
- Thanks for catching the typo!


Reviewer #3:
Manuscript Summary:
The manuscript details a new protocol for DNA-templated cell patterning. The method builds upon previous work by a number of the laboratories involved, producing a very useful new solution that is well suited to broad dissemination. Notably, the use of commercially available cholesterol-modified oligonucleotides in a modular format dramatically reduces the cost of entry to this technology. Also, the use of photolithography reagents developed for semiconductor microfabrication, as used here, provides broad accessibility and higher precision compared to many soft lithography techniques. Often, the semiconductor reagents are incompatible with biological components, but here photoresist/UV/developer/acetone appear to be fully compatible with DNA. The manuscript is very well written, providing excellent detail and clear explanations of what is happening chemically in each step. Illustrations are also very well done. This protocol will benefit from being filmed, since a number of steps appear to involve somewhat delicate manual manipulation (eg. removal of cell-embedded hydrogels).

Major Concerns:
I have no major concerns.

Minor Concerns:
It would be helpful for the authors to share what is known about the limitations of this protocol. What is the maximum number of different cell types that have been demonstrated? What is the maximum number of cell layers that have been stacked in a 3D construct? What is the reason that more cells or more layers have not been used? At what point, if any, does non-specific attachment begin to become an issue? Is there any observable degradation in previously patterned DNA as additional rounds of photopatterning are performed? Again, what is the maximum number of photopatterning rounds that has been demonstrated, and why has additional patterning not been performed? Even if it's simply because it was too arduous and time consuming to add more cell types or patterns, that is a real constraint, and it would be helpful for readers to understand what level of complexity can reasonably be created by this method.

· We have used a maximum number of four different cell types (Scheideler et al Science Advances 2020) and four layers of cells in 3D constructs. The most complex DPAC experiment that we have completed has been 2 cell types x 3 layers. More layers and/or cell types could be done, but it will increase the overall time of the experiment, as patterning the cells and washing them out takes about 10 minutes per cell population added. Non-specific attachment is typically only an issue with dense patterns, as new cells can get stuck behind previously patterned cells. Multi-layered structures experience more shear stress in the flow cell and are prone to being washed away, so we would recommend using a base DNA spot larger than a single cell for any experimental setups that are using three or more layers. We have done up to 10 rounds of photopatterning DNA without an appreciable loss in quality (Scheideler et al 2020), so the limit in terms of photopatterning is simply the amount of time that one wants to spend creating the slide. We added some more discussion of the limitations of the protocol to the discussion section, and also discussed experimental complexity in Supplemental File 1, a new file added regarding CMO-DPAC experimental design.
