Response letter to editor and reviewers' comments
We thank the editor and reviewers for their constructive comments. We have addressed all concerns and our responses to the comments are provided below in italics. Changes to the manuscript are underlined in the manuscript file. We hope that the updated manuscript is now suitable for publication in Journal of Visualized Experiments. 

Editorial comments:
Comment: 1. Please take this opportunity to thoroughly proof read the manuscript to ensure that there are no spelling or grammar issues.
Response: The spelling and grammar were thoroughly checked and grammatical errors were corrected in the revised manuscript.

Comment: 2. Please revise sections 4–8 of the protocol to avoid textual overlap with previous publications.
Response: We have now modified the text to avoid textual overlapping with previously published protocols (Pages 7-13, sections 4-8).

Comment 3. Please use Word’s equation editor to write equations, instead of an image.
Response: The equation for permeability calculation was now made in Word's equation (Page 13, line 542).

Comment: 4. JoVE cannot publish manuscripts containing commercial language. This includes trademark symbols (™), registered symbols (®), and company names before an instrument or reagent. Please limit the use of 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: Matrigel, mTESR1, Nutristem, Accutase, Glutamax, Zoë Culture Module
Response: All of the above terms are now changed to generic terms.


Comment: Summary: 1. Please reduce the length of the protocol to 10-50 words.
Response: We have now adjusted the summary to 47 words to read as follow (Page 1; Line 26):
The blood-brain barrier (BBB) is a multicellular neurovascular unit tightly regulating brain homeostasis. By combining human iPSCs and Organ-on-Chip technologies, we have generated a personalized BBB-Chip, suitable for disease modeling and CNS-drug penetrability prediction. We provide a detailed protocol for the generation and operation of the BBB-Chip.

Protocol:
Comment:1. Please convert centrifuge speeds to centrifugal force (x g) instead of revolutions per minute (rpm).
Response: The one case that we used 1000 RPM has now been changed to 200 RCF. (Page 6; Line 246).

Comment: 2. There is a 10 page limit for the Protocol, but there is a 2.75 page limit for filmable content. Please reduce the highlighted length to no more than 2.75 pages of the protocol (including headers and spacing).
Response: The highlighted length was now reduced to 2.75 pages of the protocol, which includes sections 6 and 8 (Page 10-13, Line 396-518).

Comment: 3. For each protocol step/substep, please ensure you answer the “how” question, i.e., how is the step performed? Alternatively, add references to published material specifying how to perform the protocol action. If revisions cause a step to have more than 2-3 actions and 4 sentences per step, please split into separate steps or substeps.
Response: We have gone through the entire manuscript and separated or shortened sections that were too long according to the editor's request.

Comment:4 Specific Protocol steps:
1. 5.5.5: Step 5.6 does not exist.
Response: We thank the editor for noticing this mistake. Step '5.6' was now modified to '5.5.4.' Page 9; Line 386).

Comment: Figures:
1. Please upload each Figure individually to your Editorial Manager account (6 files in total).
Response: Each figure file is now uploaded separately.

Comment: 2. Figure 3: Please use ‘h’ instead of ‘hrs’.
Response: As requested 'hrs' was now changed to 'h' in figure 3.

Table of Materials:
Comment: 1. Please ensure the Table of Materials has information on all materials and equipment used, especially those mentioned in the Protocol.
Comment: 2. Please remove trademark (™) and registered (®) symbols from the Table of Materials.
Response: We have verified that all items in the Table Materials have appropriate information. Trademarks and registered symbols are now removed.


Reviewers' comments:
Reviewer #1:
Comment: Major Concerns:
1.1.5: Feed the spheres every 2-3 days by replacing half of the medium with fresh ESM.
Please describe this in more details since the cells are cultured as free floating spheres. How do you remove half of the medium without removing the spheres?
Response: We thank the reviewer for this comment. We have now added section 1.1.5 to describe the procedure (Page 5; Line 177):
1.1.5.	Feed the spheres every 2-3 days when the medium turns yellow by replacing half of the medium with fresh ESM. This allows for spheres to remain in conditioned medium, which is highly important for their growth and maintenance. 
1.1.5.1.	Lean the flask on a tube rack and allow the spheres to settle by gravity for 1-2 minutes down to the corner of the flask.
1.1.5.2.	Once settled, aspirate half of the supernatant with a 5 ml or 10 ml serological pipette and replace with fresh, pre-warmed ESM.

Comment: 1.2.4: "gentle" pipetting is a very tricky term. Everybody's "gentle" pipetting is different and with iPSCs culture, small differences in this technique can yield vastly different results. Can the authors provide a video on this?

Response: We thank the reviewer for the important note. We have now removed the term "gentle" from the sentence and added the underlined below at the end of the sentence (Page 5; Line 206), which now reads:
1.2.6. Triturate the spheres into single cells by pipetting using a 1 ml pipette followed by a 200 µl pipette, until all spheres have dissociated. Avoid bubble formation during the trituration procedure. 

Comment: 2.5: adding Accutase for 35 min is something of concern. Accutase can essentially kill the culture.

Response: While most cells, such as neural cells cannot tolerate Accutase for 35 minutes, iBMECs can endure this treatment. This procedure was previously described in multiple publications (Lippmann et al., 2014, Lippmann et al., 2012, Canfield et al., 2016, Vatine et al., 2017, Lim et al., 2017, Vatine et al., 2019 and more). Surprisingly, cell viability following this treatment is above 90%. We have now added a note to this section to clarify (Page 6; Line 238):
Note: While this is considered a long incubation time in Accutase, iBMECs can endure this treatment with cell viability higher than 90%.

Comment: 2.7: please report centrifuge in RCF.
Response: We have now modified 1000 RPM to 200 RCF (Page 6; Line 245):
2.7.	Add 1 volume of EC medium into the 15 ml conical to inactivate Accutase, centrifuge at 200 RCF for 5 minutes, remove medium and replace with 1 ml of EC medium (without bFGF and RA).

Comment: Figures are not labeled. The quality of Figures 4 and 6 (staining) are too low.
Response: We agree and thank the reviewer for this comment. We have now included labeled figures with improved resolution (Figure 4 & 6) in the revised submission.


Comment: An endothelial cell marker like CD31 or VE-cadherin staining is suggested to show the proper differentiation.
Response: We agree with the reviewer that iBMECs also express CD31 and VE-cadherin as markers of endothelial cells. Pecam-1 (CD31) staining was now included in the following sections of the revised manuscript 
Figure Legend 6C (Page 15; Line 639):iBMECs seeded in the bottom 'blood side' channel expressed GLUT-1 and (green) PECAM-1 (CD31, red)
Representative Results (Page 14; Line 598):
 GLUT-1 and Pecam-1 were used as a marker for BMECs
Section 10.4 (Page 13; Line 561):
10.4.	Dilute primary antibodies in primary blocking solution and incubate overnight at 4°C. BMECs markers: GLUT-1 1:100 (Thermo Fisher, Cat# MA5-11315); ZO-1 (1:300 Thermo Fisher, Cat# 33-9100; RRID: AB-87181); PECAM-1 (CD31, 1:250; Thermo Cat# 10333); VE-Cadherin (1:200; eBioscience, Cat# 14-1449). Neural markers: βIII-Tubulin 1:1000 (Tuj1α, Sigma-Aldrich, T8660);S100β, Abcam, Cat# ab66028; Nestin 1:1000 (Millipore, MAB353); GFAP 1:1000 (Dako, Z0334).

Reviewer #2:
Manuscript Summary
This paper provides a protocol for development of a microfluidic blood-brain barrier model from human iPSC-derived bMEC and brain cells. With poor feasibility of collection of primary brain cells in live human donors, this prospect of patient-specific blood-brain barrier screening models have significant impact for the future of personalized medicine. This manuscript is well-written, without the need for copy-editing. While I would recommend it for publication in its current form, there are some additional details I think would be helpful for the readers to ensure good reproducibility of the Authors' work.

Major Concerns:
-No major concerns

Response: We thank the reviewer for their positive comments and have addressed the minor concerns outlined below.

Minor Concerns:
Comment: -130: The introduction describes this model as having physiologically relevant TEER values, but there is no discussion of the method of TEER measurement in this protocol. If this is an automated function provided by the Zoë platform, please specify.
Response: We thank the reviewer for noticing that this sentence might have been misleading. In this protocol, we focused on the commercially available chips from Emulate Inc.. The TEER analysis that was performed in Vatine et al., 2019 and Park et al., 2019 were both made with custom made Organ-Chips with embedded gold electrodes that permitted these measurements. This feature is not available on the Emulate chip. We have now made the underlined addition to clarify this issue (Page 3; Line 126):
The BBB-Chip that was developed recreates interactions between neural and endothelial cells and achieves physiologically relevant TEER values, which was measured by custom made Organ-Chips with integrated gold electrodes17. Additionally, the BBB-Chip displays low paracellular permeability, responds to inflammatory cues at the organ level, expresses active efflux pumps, and exhibits predictive transport of soluble biomarkers and biopharmaceuticals.
In addition, we have added the following sentence in the bottom of the Discussion section (Page 17; Line 707):
In addition, protocols for "in house" manufacturing of microfluidic Organ-Chips are also available32, and may offer more modularity including the integration of TEER electrodes17, which are missing from the platform used here.

Comment: -169: Is there a particular benefit to using a P1000uL pipette tip, or would a cell scraper be suitable for this step?
Response: We thank the reviewer for this question. While we have only tried using the back of P1000 µl pipette tip, a cell scraper would also be suitable. We have now made the underlined addition to section 1.1.3. (Page 4; Line 166):
1.1.3.	Scrape the bottom of each confluent well with the back of a sterile P1000 µl pipette tip or a cell scraper.

Comment: -213: Do the cells need to be re-suspended for cell counting?
Response: Once the cells are detached from the matrigel coated well and after centrifugation cells are re-suspended in EC medium for counting. We have clarified the procedure for resuspension and cell counting in sections 1.2.5 to 1.2.7.
1.2.5.	Slowly remove the Accutase. Add 1 ml Neural Differentiation Medium [NDM; DMEM: F12 with 2% B27 minus vitamin A, 1% N2 Supplement, and human brain-derived neurotrophic factor (hBDNF, 20ng/ml; Peprotech)].
1.2.6.	Triturate the spheres into single cells by pipetting using a 1 ml pipette followed by a 200 µl pipette, until all spheres have dissociated. Avoid bubble formation during the trituration procedure.
1.2.7.	Count dissociated cells using a hemocytometer and dilute cells to a final density of 1 x 106 cells/ml. It is possible to change the density depending on the application. 
Note: Higher densities (up to 6 x 106 cells/ml) are recommended for short-term cultures of up to three days and lower densities are recommended for long-term applications of up to three weeks.


Comment: -247: It would also be helpful to the reader to include the length of the channels separated by the membrane, especially since the area is required for the equation on line 574.
Response: We thank the reviewer for the useful comment. It is indeed necessary to specify the area that is separated by the membrane for Papp calculation. We have now added the area in the bottom of section 3.1 (Page 7; Line 263):
3.1. The basic structure of the Organ-Chip utilized for the BBB-Chip model and its production is based on previous protocols.16-18 The tall channel Organ-Chip (Chip-S1, Emulate Inc.,) is fabricated from a highly flexible polydimethylsiloxane (PDMS) elastomer that contains two superimposed and parallel micro-scale channels separated by a flexible porous membrane. The top and bottom micro-channels sizes are 1×1 mm and 1 × 0.2 mm, respectively. The two channels are separated by a 50m thick PDMS-made flexible porous membrane, containing 7m diameter pores with 40 μm spacing. The surface area of the porous membrane that separates the channels is 0.171 cm2.

Comment: -420: Though this information is included for the iBMEC-loading step, what is meant by "optimal or uneven" seeding density? For example, approximate % cell coverage.
Response: We thank the reviewer for the useful comment. We have now made two changes to clarify the required density (Page 10; Line 416 and Page 11; Line 450):
6.3.3.	Seeding density should appear as 20% coverage. If seeding density is higher or lower than expected or uneven, return the chips to the BSC, wash the channel 2 times with 200 μl of fresh medium, and repeat Step 6.3.1.
7.7.	If seeding density is below 90% coverage or unevenly distributed, adjust cell density accordingly and repeat steps 7.2 through 7.6 until the correct density is achieved within the channel.
Comment: -468: What is the optimal amount of time to wait before inverting the chips for attachment to the underside of the membrane?
Response: The incubation time before inverting the cells is approximately 3 hours, as specified in section 7.8 (Page 11; Line 457):
7.8.	Incubate chips at 37°C for approximately 3 hours, or until cells in the bottom channel have attached. 
Comment:-546: It may be useful to some readers to include the surface shear stress at the recommended flow rate.
Response: The authors thank the reviewer for the useful comment. We have now added the shear stress values in a note in section 8.5.3. (Page 12; Line 515):

Note: When flowing media such as EC media or ESM at 30 and 1000 µl/hr the shear forces are 0.01 and 0.33 dyn/cm2, respectively. 



Comment: -613: Can imaging be done directly on the chip, or does it need to be destroyed so the membrane can be placed on a slide? If the thickness of the PDMS is the reason for long-distance working objective being required, please specify. Is an inverted microscope required?
Response: We thank the reviewer for the constructive comment. We have now clarified why the long-distance objectives are required and that both, upright or inverted microscopes can be used in section 10.11 (Page 14; Line 584):

10.11. The chip is ready for imaging using either an upright or an inverted fluorescent microscope. The PDMS transparency permits imaging in the intact Organ-Chip. Magnifications above 10X may require long working distance objectives due to the thickness of the Organ-Chip.

Comment: -665: If this data is available, it would be more informative to also include Dextran P(app) values for iBMEC-only chips (to demonstrate the value of including EZ's) and blank chips.
Response: We thank the reviewer for this comment. We have now added a condition with iBMECs only (without EZ-spheres). Consequently, we have modified the manuscript as follow:
Figure legend 6D (Page 15; Line 642): 
Results demonstrate that Organ-Chips seeded with iBMECs and EZ-spheres display a tight barrier compared to Organ-Chips seeded with iBMECs alone (*P<0.05). Organ-Chips seeded with EZ-spheres alone do not display any barrier properties (***P<0.001).  One-way ANOVA with Tukey's multiple comparisons test. 
Representative Results section (Page 15; Line 608):
These results demonstrate that iBMECs form functional barrier properties, which are further tightened when iBMECs are co-cultured with EZ-spheres. Chips cultured with EZ-spheres only, fail to form a barrier.
Comment: -705: If the authors have any perspective to provide about differences in performance when using primary neurons or iPSC-derived motor neurons (either with results or from the cited literature), it may be helpful to include this in the discussion section.
Response: Unfortunately, we were not able to find corresponding values for primary cells, and have not tried this in our lab.


Reviewer #3:
Manuscript Summary:
In this manuscript, Vatine et al. describe in great detail a protocol combining organ-on-a-chip and iPSC technologies for the generation of a 3D blood-brain-barrier (BBB) chip model. The authors present specific protocols to i) differentiate both neural cells and BMEC from iPSC; ii) the ECM coated membrane for the formation of cell-to-cell interactions; iii) chip preparation including how to seed the cells; and iv) how to perform permeability and immunofluorescence assays on those chips. The protocol described here should be of interest to researchers in a variety of fields. Given that 2D-BBB models, such as transwell inserts, have a rigid surface that hampers direct cell-cell interactions between different cells to create the neurovascular unit, and the absence of mechanical forces such as blood flow, the 3D model presented here will allow further progress in drug screening and research on the role of the BBB in neurological disorders in a more physiological context. The usefulness of this protocol has been recently demonstrated in Vatine et al., Cell Stem Cell. 24:6 995-1005; 2019. The introduction section is very complete; no key references are missing. The discussion is also very complete, critically stating the strengths and weaknesses of the protocol, such as the fact that pericytes are missing. The degree of "brain" maturation could be further discussed, a the authors use rather immature neural cells from only 7 days of differentiation.
Response: We thank the reviewer for their positive feedback on the manuscript and have addressed major and minor concerns outlined below.

Major Concerns:
Comment: My only major concern is that some aspects of the protocol (especially those dealing with the actual chip device and the culture module) rely on specific commercial products (by Emulate Inc.). It would be desirable that the authors described other non-proprietary alternatives alongside the commercial ones.
Response: We understand the reviewer concern regarding the specific commercial product that is described in this manuscript. We have now added a paragraph at the end of the Discussion section in which we mention another commercially available alternative and a detailed published protocol for "in house" manufacturing of chips (Page 17; Line 705):
While this protocol relies on a specific commercially available product, additional commercial companies offer diverse microphysiological platforms, which may offer alternative advantages31. In addition, protocols for "in house" manufacturing of microfluidic Organ-Chips are also available32 and may offer more modularity including the integration of TEER electrodes17, which is missing from the platform used here

Minor Concerns:
- The authors seed "pre-rosette" spheres on the chip and let them differentiate for 7 days to obtain iNPC, astrocytes and neurons. What is the percentage of each type of cell in the mixed culture? Using such a short time of differentiation, the authors could be using immature cells, not reflecting the in vivo physiology. This should be analyzed and/or discussed in the manuscript.
Response: As this reviewer comments, the cells that are used in this protocol are early neural progenitors. Therefore, it is not surprising that they are immature cells. These cells reflect a more immature stage of neural cells. We have addressed this in the Discussion section and now added a sentence to emphasize this (Page 16; Line 684):
iBMECs can be seeded prior to or after the neural cells, making it possible to seed iBMECs immediately following seeding and attachment of neural cells, or after EZ-spheres have differentiated into more mature neural cultures in the chip environment. This is of particular importance given the immature nature of iPSC-derived neural cells. Given that EZ-spheres are early neural progenitors, longer differentiation periods may also result in increased percentage of astrocytes and neurons.

-Comment: Figure 3 showing the scheme of the protocol should be more detailed.
Response: Yes we agree with the reviewer comment. As per the suggestion, the modification has been made in the revised manuscript.
Modification: 
[image: ]

Comment; - Figure 6 shows only GFAP and DAPI from the brain part of the chip. Some neuronal marker (e.g. MAP2 or TUJ1) should also be shown.
Response: We appreciate the reviewer's concern. Additional glial and neuronal markers were now added both, to Figure 6 and the text of the revised manuscript:
Representative Results (Page 14; Line 596):
Immunocytochemistry was then performed on the BBB-Chip using Nestin as a marker for neural progenitor cells, S100β or GFAP as markers for astrocytes and βIII-tubulin as a marker for neurons.
Section 10.4. (Page 14; Line 561):
Neural markers: βIII-Tubulin 1:1000 (Tuj1α, Sigma-Aldrich, T8660); Nestin 1:1000 (Millipore, MAB353);GFAP 1:1000 (Dako, Z0334).
[bookmark: _GoBack]
image1.tif
Prepare chip

Seed cells

Laminar flow
48 h post seeding

Surface activation
Coat both channels with ER-1
Activate by UV treatment (20 min)

Top Channel
Dissociate EZ-sphere
Seed cells (1-6x 10 cells/ml)
Incubate overnight (37°C)
Wash cells that did not attach

Insert chips to culture module
Prime pods (5 min)
Insert chip to pod
Run Regulate cycle (2 h)

Coat chips with extracellular matrix
Top Channel —laminin 50 ng/ml
Bottom channel — collagen IV 320
ng/ml: fibronectin 80 ng/ml
Incubate overnight (37°C)

Bottom Channel
Dissociate iBMECs
Seed cells (14-20x 108 cells/mi)
Incubate chip upside-down (3 h, 37°C)
Flip chip to upright and incubate 3 h

Initiate flow
(Flow rate 30-1000l/h)





