[image: letterhead_new]Standard Manuscript Template
Remove all gray text before submitting
		
TITLE:
Evaluating Cell Death Using Cell-Free Supernatant of Probiotics in Three-Dimensional Spheroid Cultures of Colorectal Cancer Cells

AUTHORS AND AFFILIATIONS:
Jina Lee1,2,*, Joo-Eun Lee3,*, Seil Kim1,4,5, Dukjin Kang1, Hee Min Yoo1

1Center for Bioanalysis, Korea Research Institute of Standards and Science (KRISS), Yuseong-gu, Daejeon, South Korea
2College of Pharmacy, Chungnam National University (CNU), Yuseong-gu, Daejeon, South Korea
3Stem Cell Research Center, Korea Research Institute of Bioscience and Biotechnology (KRIBB), Yuseong-gu, Daejeon, South Korea
4Convergent Research Center for Emerging Virus Infection, Korea Research Institute of Chemical Technology (KRICT), Yusong-gu, Korea
5Department of Bio-Analysis Science, University of Science & Technology (UST), Yuseong-gu, Daejeon, South Korea

*These authors contributed equally.

CORRESPONDING AUTHOR:
Hee Min Yoo 		(hmy@kriss.re.kr)

EMAIL ADDRESSES OF CO-AUTHORS:
Jina Lee 		(jalee@kriss.re.kr)
Joo-Eun Lee 		(jooeunlee@kribb.re.kr)
Seil Kim 		(stapler@kriss.re.kr)
Dukjin Kang 		(djkang@kriss.re.kr)

KEYWORDS: 
probiotics, Lactobacillus fermentum, colorectal cancer, spheroid, 3D culture, cell-free supernatant, CFS

SUMMARY: 
Here methods are presented to understand anti-cancer effects of Lactobacillus cell-free supernatant (LCFS). Colorectal cancer cell lines show cell deaths when treated with LCFS in 3D cultures. The process of generating spheroids can be optimized depending on the scaffold and the analysis methods presented are useful for evaluating the involved signaling pathways.

ABSTRACT: 
This manuscript describes a protocol to evaluate cancer cell deaths in three dimensional (3D) spheroids of multicellular types of cancer cells using supernatants from Lactobacillus fermentum cell culture, considered as probiotics cultures. The use of 3D cultures to test Lactobacillus cell-free supernatant (LCFS) are a better option than testing in 2D monolayers, especially as L. fermentum can produce anti-cancer effects within the gut. L. fermentum supernatant was identified to possess increased anti-proliferative effects against several colorectal cancer (CRC) cells in 3D culture conditions. Interestingly, these effects were strongly related to the culture model, demonstrating the notable ability of L. fermentum to induce cancer cell death. Stable spheroids were generated from diverse CRCs (colorectal cancer cells) using the protocol presented below. This protocol of generating 3D spheroid is time saving and cost effective. This system was developed to easily investigate the anti-cancer effects of LCFS in multiple types of CRC spheroids. As expected, CRC spheroids treated with LCFS strongly induced cell death during the experiment and expressed specific apoptosis molecular markers as analyzed by qRT-PCR, western blotting, and FACS analysis. Therefore, this method is valuable for exploring cell viability and evaluating the efficacy of anti-cancer drugs.

INTRODUCTION: 
Probiotics are the most advantageous microorganisms in the gut that improves immune homeostasis and host energy metabolism1. Probiotics from Lactobacillus and Bifidobacterium are the most advanced of its kind found in the intestine2,3. Previous investigations have shown that Lactobacillus has inhibitory and antiproliferative effects on several cancers, including colorectal cancer4. Moreover, probiotics prevent inflammatory bowel diseases, Crohn’s disease, and ulcerative colitis5,6. However, most studies with probiotics were performed in two dimensional (2D) monolayers that are grown on solid surfaces.

Artificial culture systems lack environmental features, which is not natural for cancer cells. To overcome this limitation, three dimensional (3D) culture systems have been developed7, 8. Cancer cells in 3D show improvements in terms of basic biological mechanisms, such as cell viability, proliferation, morphology, cell-cell communication, drug sensitivity, and in vivo relevance9,10. Moreover, spheroids are made from multicellular types of colorectal cancer and are dependent on cell-cell interactions and the extracellular matrix (ECM)11. Our previous study has reported that probiotic cell-free supernatant (CFS) produced using Lactobacillus fermentum showed anti-cancer effects on 3D cultures of colorectal cancer (CRC) cells12. We proposed that CFS is a suitable alternative strategy for testing probiotic effects on 3D spheroids12. 

Here, we present an approach that can accommodate multicellular types of 3D colorectal cancer for the analysis of therapeutic effects of probiotic cell-free supernatant (CFS) on several 3D colorectal cancer mimicry systems. This method provides a means for the analysis of related probiotic and anti-cancer effects in vitro.
[bookmark: _Hlk36451179]
PROTOCOL:

1. Bacterial cell cultures and preparation of Lactobacillus cell-free supernatant (LCFS)

NOTE: Steps 1.2 – 1.9 are conducted in an anaerobic chamber. 

1.1. Prepare an MRS agar plate and broth containing L-cysteine and sterilize by autoclaving. 

1.2. Pre-incubate the MRS agar plate in H2 anaerobic chamber maintained at 37 ˚C with 20 ppm oxygen.

1.3. Thaw Lactobacillus bacterial stock and inoculate the agar plate with the bacterial culture (Figure 1A (i)).

1.5. Incubate bacteria for 2 - 3 days in H2 anaerobic chamber at 37 ˚C and 20 ppm oxygen until single bacterial colonies are obtained.

1.6. Wash and dry the Hungate type anerobic culture tube. Autoclave the culture tube at 121 ˚C for 15 min.

1.7. Then incubate the tube in H2 anaerobic chamber at 37 ˚C and 20 ppm oxygen to remove oxygen. 

1.8. Place 2 - 3 mL of MRS broth into the tube. Seal the tube with a butyl rubber stopper and screw the cap. 

1.9. Obtain a single colony with a loop and place it into the 1.5 mL culture tube with 500 µL of 1x PBS. (Figure 1A (ii)). 

1.14. Suspend the colony using a 1 mL syringe (Figure 1A (iii)). Do this by, inserting the needle of the 1 mL syringe in the center of the tube lid, aspirating the suspended colony and then resuspending it back into the MRS broth media. (Figure 1A (iv)). 

1.15. Incubate the MRS broth media in a shaker incubator for 2 days (37 °C, 5% CO2, 200 rpm).

1.16. Measure the optical density (OD) using a spectrophotometer to monitor bacterial growth curves until the absorbance at OD620 reaches to 2.0.

1.17. Separate the bacterial pellets and the conditioned media by centrifuging at 1,000 x g for 15 min. Wash the collected bacterial pellets with 1x PBS and resuspend in 4 mL of RPMI 1640 supplemented with 10% fetal bovine serum. Do not include any antibiotics in the medium.  

1.18. Maintain the bacterial pellets in RPMI and incubate in a shaker incubator for 4 h at 37 °C with 5% CO2 at a speed of 100 rpm.

1.19. For the preparation of the probiotic supernatant, remove the bacterial pellet via centrifugation at 1000 x g, for 15 min at 4 °C. Sterile-filter the recovered supernatant using a 0.22 μm filter and store at −80 °C until use.

2. Generation of spheroids

2.1. Preparing colorectal cancer cell lines 

2.1.1. Grow DLD-1, HT-29, and WiDr cell lines as monolayers until 70-80% confluency and incubate the plate at 37 °C in a 5% CO2 incubator (Growth medium: RPMI containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin).

2.1.2. For cells grown in 100 mm Petri dish, wash the plate twice with 4 mL of 1x PBS. Add 1 mL of 0.25% trypsin-EDTA and incubate the Petri dish for 2 min at 37 °C in a 5% CO2 incubator to dissociate the cells. 

2.1.3. After incubation, check for the cell dissociation under a microscope and neutralize trypsin-EDTA with 5 mL of growth medium. 

2.1.4. Transfer the dissociated cells to a 15 mL conical tube and centrifuge for 3 min at 300 x g.

2.1.5. Discard the supernatant and resuspend gently with 3 mL of growth media.

2.1.6. Count the cells with trypan blue to determine viable cells using a hemocytometer. (Figure 1B (i))

2. Spheroid formation

2.2.1. In a 15 mL conical tube, dilute the cells from 2.1.5 to obtain 1 - 2 x 105 cells/mL (Figure 1B (ii))

2.2.2. Add final concentration of 0.6% methylcellulose to the cell suspension and transfer the diluted cells to a sterile reservoir. 

NOTE: For each cell line, the amount of methylcellulose needed should be titrated and determined accordingly. 

2.2.3. Use a multichannel pipette to dispense 200 µL of cells to each well of an ultra-low attachment 96-well round bottom microplate. (Figure 1B (iii))

2.2.4. Incubate the plate at 37 °C in a 5% CO2 incubator for 24 - 36 h.

2.2.5. After 24 - 36 h, observe the plate under a light microscope to ensure spheroid formation.

3. Treating 3D colorectal cancer cells with LCFS

3.1. Generate spheroids as described in steps 2 and 3. 

3.2. Before performing the LCFS treatment, thaw the frozen LCFS at room temperature (RT) for 10 - 20 min.

3.3 Inoculate the LCFS stock solution into a growth medium. Serially dilute to 25%, 12.5%, and 6% in the growth medium (i.e., 25% LCFS = 150 µL of growth medium + 50 µL of LCFS).

3.4. Take out the cell culture plate containing spheroids from the incubator and remove as much of the growth medium as possible from each well using a 200 μL pipette.

3.5. Add the growth media with LCFS on the cells and incubate at 37 °C in a 5% CO2 incubator for 24 - 48 h. 

NOTE: The volume to be used will depend on the plate size as follows: 2 mL for 6-well cell culture plates; 200 μL for 96-well cell culture plates. 

4. Cell viability for spheroids 

4.1. Prepare 8 - 10 LCFS-treated colorectal cancer spheroids in opaque-walled multi-well plates (cell viability assays are performed 48 h after LCFS treatment).

4.2. Thaw the cell viability reagent (see Table of Materials) at 4 °C for overnight.

4.3. Equilibrate the cell viability reagent to room temperature before use.  

4.4. Before performing the assay, remove 50% of the growth media from the spheroids.

4.5. Add 100 µL of cell viability reagent to each well. 

NOTE: The volume to be used will depend on the plate size as follows: 100 μL for 96-well cell culture plates. 

4.5. Mix the reagent vigorously for 5 min to promote cell lysis.

4.6. Incubate for 30 min – 2 h at 37 °C.  

4.7. Record the luminescence.

5. Quantitative real-time polymerase chain reaction analysis for spheroids

5.1. For each condition, prepare 10 - 15 spheroids in a 2 mL tube and centrifuge for 3 min at 400 x g.

5.2. Discard the supernatant and wash the spheroids twice in 1 mL of ice-cold 1x PBS.

NOTE: Avoid centrifugation, let the spheroids settle down.

5.3. Aspirate as much of the 1x PBS as possible and isolate RNA using a commercially available kit.

5.4. Synthesize cDNA from 1 μg of RNA using a commercially available kit as per the manufacturer’s protocol. 

5.5. Prepare a master mix to run all samples in triplicate (see Table 1 and Table 2). 

5.6. Perform the amplification in a 20 µL of the template master mix into each qPCR plate well.

5.7. Mix reactions well and spin if necessary.

5.8. Run samples as per the recommendations of the instrument manufacturer (Table 3).

6. Western blotting from spheroids

NOTE: When collecting spheroids, use a 200 μL pipette and cut the end of the tips to avoid disturbing their structure.

6.1. For each condition, prepare 30 - 40 spheroids in a 2 mL tube. 

6.2. Place the tube on ice and let the spheroids settle down to the bottom of the 2 mL tube.

6.3. Discard the supernatant and wash the spheroids twice in 1 mL ice-cold 1x PBS 

NOTE: Avoid centrifugation, let the spheroids settle down.

6.4. Aspirate as much of the 1x PBS as possible and add RIPA buffer with a protease inhibitor cocktail (10 spheroids = 30 µL of RIPA buffer).

6.5. Lyse the cells by pipetting up and down and perform sonication for 30 s with 30 s of resting on ice for 10 cycles.

6.6. Centrifuge the protein lysates at 15000 x g for 15 min at 4 °C.

6.7. Determine the protein concentration for each cell lysate.

6.8. Before loading, boil each cell lysate in a sample buffer at 100 °C for 10 min. 

6.9. Load equal amounts of protein into the wells of the SDS-PAGE gel and run the gel for 1 - 2 h at 100 V.

6.10. Transfer the protein from the gel to the PVDF membrane. 

6.11. After transferring, block the membrane for 1 h at room temperature using a blocking buffer (5% skim milk + TBS with 0.05% Tween-20).

6.12. Incubate the membrane with 1:1,000 dilutions of primary antibody (Table 4) in 1x TBST with 5% BSA buffer at 4 °C overnight.

6.13. Wash the membrane three times with TBST, 15 min for each wash.

6.14. Incubate the membrane with 1:2,500 dilutions of secondary antibody in the blocking buffer at room temperature for 2 h (see Table of Materials).

6.15. Wash the membrane three times with TBST, 15 min for each wash.

6.16. Prepare the membrane for HRP detection with a chemiluminescent substrate.

6.17. Acquire chemiluminescent images.

7. Propidium Iodide (PI) staining of spheroids

7.1. Prepare 5-10 spheroids as described in Step 4.1 and place the spheroids in an incubator at 37 °C and 5% CO2.

7.2. Dilute a 1 mg/mL stock of PI 1:100 in 1x PBS.

7.3. Remove 50% of the medium from each well of the 96-well plate.

7.4. Add 100 µL of the PI solution to each well and place the wells in an incubator at 37 °C and 5% CO2 for 10 - 15 min.

7.5. Wash out the PI solution with 1x PBS.

7.6. Add 200 µL of growth medium and take an image using a fluorescence microscope. Analyze the fluorescence intensity using Image J to get the viability count of the spheroid.

8. FACS analysis of spheroids

8.1. Generate spheroids as described previously. 

8.2. For each condition, prepare 30 - 40 spheroids in a FACS tube and centrifuge for 3 min at 400 x g and RT.

8.3. Aspirate the supernatant and wash the spheroids in 3 mL of 1x PBS, then centrifuge at 400 x g for 3 min at 4 °C.

8.4. Aspirate the supernatant and add 200 µL of 0.25% Trypsin-EDTA, then incubate at RT for 2 -3 min. 

NOTE: The incubation time is dependent on the spheroid size and cell type.

8.5. Add 1 mL of FACS buffer and gently dissociate the spheroids using a 200 μL pipette.

8.6. Centrifuge the dissociated cells at 400 x g and 4 °C for 3 min. 

NOTE: FACS buffer = 1x PBS + 2.5% FBS, filtered using a 0.22 µm top filter.

8.7. Discard the supernatant and add 7-AAD/Annexin V reagent (7AAD (5 µL), Annexin V (5 µL)/sample).

8.8. Gently vortex the cells and incubate for 13 - 30 min at RT in the dark.

8.9. Add 500 µL of FACS buffer and filter the cells using conical polystyrene test tubes to remove aggregate cells.  

8.10. Centrifuge at 400 x g and 4 °C for 3 min.

8.11. Add 500 µL of Annexin V binding buffer to each tube and resuspend.

8.12. Analyze using a flow cytometer.

REPRESENTATIVE RESULTS: 
We describe the protocol of obtaining spheroids from diverse colorectal cancer cell lines. Supplementation with methylcellulose was required to generate spheroids. We also present a method of LCFS preparation and present a model to study the correlation between probiotics and colorectal cancer. Spheroid formation and LCFS preparation protocols are schematically illustrated in Figure 1A,B. As shown in Figure 2A, methylcellulose concentration of 0.6% transforms the cancer cells into compact spheroids. This result indicates that spheroids can be generated from several types of colorectal cancer by using our methylcellulose protocol. Next, the spheroids were treated with 25% LCFS and the morphology was studied after 48 h using a light microscope. As shown in Figure 3A, the spheroids of the groups treated with LCFS exhibited disrupted surfaces. To investigate the anti-cancer effects of LCFS at suitable concentrations, the spheroids were treated for 48 h with various dosages of LCFS: 0 (control), 6%, 12.5%, and 25%. Disruptions in the spheroid morphology were observed in spheroids treated with 25% LCFS, as shown in Figure 3B. In addition, the spheroids were treated with 25% LCFS for 24 h and 48 h, and disruptions in spheroid morphology were observed after 48 h of treatment. Microscopic images of the spheroids are shown in Figure 3C.

After 48 h, the samples were assessed with cell viability assay, and colorectal cancer cell death was observed upon treatment with LCF5 in a dose dependent manner, higher the LCF amount higher the observed cell death (Figure 3D). We, then, stained the samples with propidium iodide (PI) to observe apoptosis. As expected, the induction of apoptosis was dependent on the LCFS dose (Figure 4A,B,C). RT-PCR was performed to detect the changes in molecular markers of apoptosis i.e., BAX, BAK and NOXA (Figure 5A,B). Lastly, apoptosis markers were studied using western blotting and Annexin V/7AAD through FACS (Figure 6A,B,C,D). These observations show that LCFS effectively induced apoptosis in the 3D model. 

FIGURE AND TABLE LEGENDS: 

Figure 1: Schematic representation of spheroid formation and LCFS preparation. (A) Schematic representation images of the LSFS generation protocol are marked by (i-iv) (B) Schematics of the methylcellulose-mediated spheroid formation are marked by (i-iii). 

Figure 2: Methylcellulose-mediated spheroid formation. (A) Representative images of methylcellulose-mediated spheroid formation of HT-29, DLD1, and WiDr. Cells were seeded in ultra-low attachment 96-well round bottom plates with methylcellulose concentrations of 0.1-1.2% for 48 h. Scale bar 10 μm (n=3 for each experiment).

Figure 3: Evaluation of LCFS concentration and spheroid morphology. (A) Representative images of HT-29 treated with LCFS for 48 h. Scale bar 100 μm. (B) HT-29, DLD1, and WiDr spheroids treated with increasing doses of LCFS for 48 h. All spheroids had disrupted edges at 12.5-25% LCFS. Scale bar 20 μm (n=3 for each experiment) (C) Spheroid morphologies of HT-29, DLD1, and WiDr spheroids treated with 25 % LCFS for 24 and 48 h. Scale bar 20 μm (n = 3) (D) Measured cell viability, shown as mean ± SEM. ***, P < 0.05 (n = 3 for each experiment).

Figure 4: Propidium iodide staining of the spheroids. Representative images of PI staining in (A) HT-29, (B) DLD1, and (C) WiDr spheroids after 48 h of LCFS treatment. The images were acquired using a fluorescence microscope and the increase in PI intensity was measured using Image J. Scale bar 10 μm. The mean ± SEM is shown. ***, P < 0.05 (n = 3 for each experiment).

Figure 5: Apoptosis markers were identified using qRT-PCR. Apoptosis markers, such as BAX, BAK and NOXA, were quantified. mRNA quantification is presented as a relative expression normalized to (A) β-actin and (B) 18s rRNA. The mean ± SEM is shown. ***, P < 0.05 (n=3 for each experiment).

Figure 6: Apoptosis markers were determined via Western blotting and FACS analysis of the spheroids. Shown in the figure are western blots of (A) HT-29, (B) DLD1, and (C) WiDr cells after LCFS treatment. PARP1, BCL-XL, and p-IκBα was detected. β-actin was used as an internal control. (D) FACS analysis of apoptosis in HT-29, DLD1, and WiDr spheroids incubated with LCFS. Apoptotic cells were detected by the increase in the fluorescence intensity of Annexin V-FITC.

Table 1: PCR reaction mixture.

Table 2: Primer sequences used in qRT-PCR analysis. 

Table 3: qRT-PCR conditions

Table 4: Antibodies used in western blot analysis. 

DISCUSSION: 
The tissue microenvironment, including neighboring cells and the extracellular matrix (ECM), is fundamental to tissue generation and crucial in the control of cell growth and tissue development13. However, 2D cultures have several disadvantages, such as the disruption of cellular interactions, as well as alterations in cell morphology, extracellular environments, and the approach of division14. 3D cell culture systems have been rigorously studied to better reproduce in vivo effects, and have been proven as more precise systems for in vitro cancer testing15,16. There is a need for model systems to more accurately predict personalized responses to chemotherapeutics17. 

3D scaffolding was developed for tissue engineering. It acts as a surrogate loss of ECM, representing the available space of tumor cells. In addition, the scaffolding provides physical interactions for cell adhesion and proliferation and causes cells to form appropriate spatial distributions and cell-ECM or cell-cell interactions18. The methylcellulose (MC) polymer has been continuously studied to determine its suitability in generating MC-based hydrogel systems for applications in 3D cell culture engineering19,20. However, the intact incorporation of these hydrogels into biomaterials like 3D cell networks remains technically challenging21. Therefore, the spheroid formation protocol presented here recommends the titration of MC concentrations and optimization with various time points for each CRC cell line. Cell line-specific characteristics, such as cell aggregation, viability, and death, can significantly affect each of the conditions we tested. This method can provide a means of generating uniform spheroids for testing LCSF on cancer cells.

[bookmark: _GoBack]Probiotics, which are beneficial bacteria, produce active metabolites that can potentially mimic anti-cancer effects. Thus, our study was designed to isolate lactic acid bacteria (LAB) and test the anti-cancer effects of their metabolic extracts from cell-free supernatants (CFS). Our studies provided a method for observing the effects of L. fermentum cell-free supernatants that induces apoptotic cell death in colorectal cancer cells in a 3D system. The mRNA levels of apoptosis markers involved in apoptotic pathways are dramatically induced after LCFS exposure in 3D conditions. Moreover, decreased levels of PARP1 and BCL-XL were expressed in the LCFS-treated 3D spheroid control compared to the control in Figure 4C,D,E. Inhibition of NF-κB activation was, also, observed in 3D cultures after treatment with LCSF. Taken altogether, the advantages of culturing cells in 3D include increasing cell-cell interactions and responses to signaling molecules to better mimic in vivo systems. Western blotting using spheroids can lead to quantitative insights into the state of various signaling molecules. 

Cell lines have certain limitations as preclinical models of cancer research. Recently, cancer organoids have been utilized in the modeling of personalized anti-cancer therapy22,23. The treatment of LCFS with probiotics in organoids is expected to be used as a powerful platform to test anti-cancer effects. Moreover, we only tested one of the Lactobacillus species among the various probiotics in the cancer model. Various probiotics are, also, being tested for the prevention of metabolic syndrome, immunological, and neurological disorders24–26. LCFS from Bifidobacterium, Saccharomyces, Streptococcus, Enterococcus, and Akkermansia species are potential candidates for the testing of health benefits through various types of disease models27–29.

Based on this study, it can be concluded that the understanding of signaling in spheroids and the various responses to LCFS treatment in 3D models may be beneficial for testing anti-cancer effects using the method that we proposed. Additionally, 3D cancer models can provide several advantages that are not possible with traditional 2D monolayers.

ACKNOWLEDGMENTS: 
This research was supported by the “Establishment of measurement standards for Chemistry and Radiation”, grant number KRISS-2020-GP2020-0003, and “Development of Measurement Standards and Technology for Biomaterials and Medical Convergence”, grant number KRISS-2020-GP2020-0004 programs, funded by the Korea Research Institute of Standards and Science. This research was also supported by the National Research Foundation of Korea (NRF-2019M3A9F3065868). We thank Chang Woo Park for assistance with experiments.

DISCLOSURES:
The authors have no relevant financial disclosures.

REFERENCES:
1.	Bron, P.A., Van Baarlen, P., Kleerebezem, M. Emerging molecular insights into the interaction between probiotics and the host intestinal mucosa. Nature Reviews Microbiology. 10 (1), 66–78 (2012).
2.	Ruiz, L., Delgado, S., Ruas-Madiedo, P., Sánchez, B., Margolles, A. Bifidobacteria and their molecular communication with the immune system. Frontiers in Microbiology. 8 (DEC), 1–9 (2017).
3.	Sanders, M. E., Merenstein, D. J., Reid, G., Gibson, G. R., Rastall, R. A. Probiotics and prebiotics in intestinal health and disease: from biology to the clinic. Nature Reviews Gastroenterology and Hepatology. 16 (10), 605–616 (2019).
4.	Pandey, K. R., Naik, S. R., Vakil, B. V. Probiotics, prebiotics and synbiotics- a review. Journal of Food Science and Technology. 52 (12), 7577–7587 (2015).
5.	Harish, K., Varghese, T. Probiotics in humans–evidence based review. Calicut Medical Journal. 4 (4), e3 (2006).
6.	Routy, B. et al. The gut microbiota influences anticancer immunosurveillance and general health. Nature Reviews Clinical Oncology. 15 (6), 382–396 (2018).
7.	Pampaloni, F., Reynaud, E. G., Stelzer, E. H. K. Most of the cell-based data-harvesting efforts that drive the integration of cell biology. Nature Reviews Molecular Cell Biology. 8 (10), 839–845 (2007).
8.	Shamir, E. R., Ewald, A. J. Three-dimensional organotypic culture: Experimental models of mammalian biology and disease. Nature Reviews Molecular Cell Biology. 15 (10), 647–664 (2014).
9.	Jong, B. K. Three-dimensional tissue culture models in cancer biology. Seminars in Cancer Biology. 15 (5 SPEC. ISS.), 365–377 (2005).
10.	Zanoni, M. et al. 3D tumor spheroid models for in vitro therapeutic screening: a systematic approach to enhance the biological relevance of data obtained. Scientific Reports. 6, 19103 (2016).
11.	Anton, D., Burckel, H., Josset, E., Noel, G. Three-dimensional cell culture: A breakthrough in vivo. International Journal of Molecular Sciences. 16 (3), 5517–5527 (2015).
12.	Lee et al. Characterization of the Anti-Cancer Activity of the Probiotic Bacterium Lactobacillus fermentum Using 2D vs. 3D Culture in Colorectal Cancer Cells. Biomolecules. 9 (10), 557 (2019).
13.	Koledova, Z. 3D cell culture: An introduction. Methods in Molecular Biology. 1612, (2017).
14.	Kapałczyńska, M. et al. 2D and 3D cell cultures – a comparison of different types of cancer cell cultures. Archives of Medical Science. 14 (4), 910–919 (2018).
15.	Langhans, S.A. Three-dimensional in vitro cell culture models in drug discovery and drug repositioning. Frontiers in Pharmacology. 9, 1–14 (2018).
16.	Breslin, S., O’Driscoll, L. Three-dimensional cell culture: The missing link in drug discovery. Drug Discovery Today. 18 (5–6), 240–249 (2013).
17.	Mazzocchi, A. R., Rajan, S. A. P., Votanopoulos, K. I., Hall, A. R., Skardal, A. In vitro patient-derived 3D mesothelioma tumor organoids facilitate patient-centric therapeutic screening. Scientific Reports. 8, 2886 (2018).
18.	Lv, D., Hu, Z., Lu, L., Lu, H., Xu, X. Three-dimensional cell culture: A powerful tool in tumor research and drug discovery. Oncology Letters. 14 (6), 6999–7010 (2017).
19.	Thirumala, S., Gimble, J., Devireddy, R. Methylcellulose Based Thermally Reversible Hydrogel System for Tissue Engineering Applications. Cells. 2 (3), 460–475 (2013).
20.	Chandrashekran, A. et al. Methylcellulose as a scaffold in the culture of liver-organoids for the potential of treating acute liver failure. Cell and Gene Therapy Insights. 4 (11), 1087–1103 (2018).
21.	Lee, W., Park, J. 3D patterned stem cell differentiation using thermo-responsive methylcellulose hydrogel molds. Scientific Reports. 6, 1–11 (2016).
22.	Fan, H., Demirci, U., Chen, P. Emerging organoid models: Leaping forward in cancer research. Journal of Hematology and Oncology. 12 (1), 1–10 (2019).
23.	Drost, J., Clevers, H. Organoids in cancer research. Nature Reviews Cancer. 18 (7), 407–418 (2018).
24.	Liou, C.S. et al. A Metabolic Pathway for Activation of Dietary Glucosinolates by a Human Gut Symbiont. Cell. 180 (4), 717-728 (2020).
25.	Sherwin, E., Bordenstein, S. R., Quinn, J. L., Dinan, T. G., Cryan, J. F. Microbiota and the social brain. Science. 366 (6465), eaar2016 (2019).
26.	Honda, K., Littman, D. R. The microbiota in adaptive immune homeostasis and disease. Nature. 535 (7610), 75–84 (2016).
27.	Bárcena, C. et al. Healthspan and lifespan extension by fecal microbiota transplantation into progeroid mice. Nature Medicine. 25 (8), 1234–1242 (2019).
28.	Michalovich, D. et al. Obesity and disease severity magnify disturbed microbiome-immune interactions in asthma patients. Nature Communications. 10, 5711 (2019).
29.	Ansaldo, E. et al. Akkermansia muciniphila induces intestinal adaptive immune responses during homeostasis. Science. 364 (6446), 1179–1184 (2019).

								
Page 12 of 6		revised November 2018

image1.png
o
1 Alewife Center #200
Cambridge, MA 02140
JOURNAL OF tel. 61?.945.9051
VISUALIZED EXPERIMENTS www.jove.com




