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SUMMARY:
A detailed protocol is presented here to describe an in vitro organoid model from human nasal epithelial cells. The protocol has options for measurements requiring standard laboratory equipment, with additional possibilities for specialized equipment and software.

ABSTRACT:
Individualized therapy for cystic fibrosis (CF) patients can be achieved with an in vitro disease model to understand baseline Cystic Fibrosis Transmembrane conductance Regulator (CFTR) activity and restoration from small molecule compounds. Our group recently focused on establishing a well-differentiated organoid model directly derived from primary human nasal epithelial cells (HNE). Histology of sectioned organoids, whole-mount immunofluorescent staining, and imaging (using confocal microscopy, immunofluorescent microscopy, and bright field) are essential to characterize organoids and confirm epithelial differentiation in preparation for functional assays. Furthermore, HNE organoids produce lumens of varying sizes that correlate with CFTR activity, distinguishing between CF and non-CF organoids. In this manuscript, the methodology for culturing HNE organoids are described in detail, focusing on the assessment of differentiation using the imaging modalities, including the measurement of baseline lumen area (a method of CFTR activity measurement in organoids that any laboratory with a microscope can employ) as well as the developed automated approach to a functional assay (which requires more specialized equipment).

INTRODUCTION:

Introduction to the technique
Ex vivo culture-based assays are an increasingly utilized tool for precision medicine and the study of disease pathophysiology. Primary human nasal epithelial (HNE) cell culture has been used in numerous studies of cystic fibrosis1–13, an autosomal recessive disease that affects epithelial cell function in multiple organs. HNE culture provides a renewable source of airway epithelia that may be obtained prospectively and recapitulates electrophysiological and biochemical qualities to test Cystic Fibrosis Transmembrane conductance Regulator (CFTR) activity. HNE cells can be sampled with minimal side effects14, similar to common viral respiratory swabs. Research work describing a model for cystic fibrosis study derived from HNE brush biopsies has been recently published11,13. While similar to other models using primary HNE2,3 and intestinal tissue15–19, detailed characterization of the differentiation and imaging of this model are described here for use in CF research and for aiding in the studies of other airways diseases13. The organoid model is not unlimited like immortalized cell lines but can be expanded by conditional reprogramming (using irradiated and inactivated feeder fibroblasts and Rho-kinase inhibitors) to a more stem cell-like state20–23. The processing of HNE brush biopsies using this method yields large numbers of epithelial cells for use in multiple applications at higher throughput while still retaining the ability to differentiate fully. While this protocol was developed using feeder cells, other methodologies may be used by investigators wishing to avoid feeder cell technology14,24.

Importance of the technique to pulmonary biology
A significant study has been devoted to understanding how the absence of regular, functioning CFTR in the cell membrane of epithelial cells results in dysfunction in the lungs, pancreas, liver, intestine, or other tissues. Dysfunctional epithelial ion transport, particularly that of chloride and bicarbonate, results in a decreased volume of the epithelial lining fluids and changes in mucous secretions, leading to mucous stasis and obstruction. In other airway diseases, such as primary ciliary dyskinesia, altered ciliary motion impairs mucociliary clearance and leads to mucous stasis and obstruction25. Therefore, the current HNE organoid model has been developed for various applications, depending on the investigator's experimental design and resources. This includes live-cell imaging using live-cell stains; fixation and sectioning to characterize the morphology; immunofluorescence staining with antibodies and whole-mount confocal imaging to avoid disrupting intraluminal structures; and bright-field imaging and micro-optical coherence tomography for quantitative measurements of ciliary beat frequency and mucociliary transport13. To facilitate expansion to other investigators, commercially available reagents and supplies were used for culturing. A functional assay was developed that used common microscope techniques and more specialized equipment. Overall, while the present model was designed to assess CFTR activity at baseline or in response to therapeutics, the techniques described in this protocol can be applied to other diseases involving epithelial cell function, especially epithelial cell fluid transport.

Comparison to other methodologies
Recently the utility of this organoid model was developed by correlating in vitro CFTR modulator responses of patients' organoids with their clinical response11. Notably, it is also demonstrated that the present model paralleled short-circuit current responses, the current gold standard for assessing CFTR function, in the same patients. Short-circuit current differs from the swelling assay because the former measures CFTR function via ion transport26. In contrast, this assay measures a more downstream effect with fluid transport, providing additional information about the overall function of CFTR27–32. Short-circuit current measurements have continued to be a common and reliable method for determining CFTR chloride channel activity1,33. These electrophysiological assays require specialized, expensive equipment, require many times more cells for each experimental replicate than the organoid assay, cannot be easily automated, and are not amenable to scaling up for higher throughput applications. Another organoid model derived from intestinal epithelia has additional advantages15–18, such as more excellent replicative capability, but is neither derived from an airway tissue nor is universally available. HNE brushings are obtained with inexpensive cytology brushes without the need for sedation and at minimal risk. Getting the brushing does not require a clinician and can be performed by trained research coordinators and other research staff14. The HNE organoid model can be cultured by any laboratory with primary cell culture capabilities, and some of the applications can be performed with standard microscopy techniques. Altogether, these advantages provide additional access to technology for assessing airway epithelial function that might otherwise be unavailable to some laboratories. Furthermore, HNE organoids can be utilized to study other disease states that affect the airway, such as primary ciliary dyskinesia25 or viral infection, which intestinal organoids cannot.

PROTOCOL:
HNE samples were collected at the Children's of Alabama hospital. All procedures and methods described here have been approved by the IRB University of Alabama at Birmingham (UAB IRB #151030001). To facilitate the expansion and improve the function of human nasal epithelial cells (HNEs), the present culturing methods are adapted from the well-known air-liquid interface (ALI) culture method28,34. HNEs were initially collected by brush biopsy as previously described12,14, with the only difference being the use of a cytology brush. All sample processing steps and cell culture were performed in the biosafety cabinet.

1. Cell culture and expansion of nasal epithelial cells

1.1. After brushing, store the nasal biopsy sample in 8 mL of RPMI media in a 15 mL conical tube on ice and transfer it to the lab within 4 h (not more than 24 h).

1.2. Dissociate the nasal brush biopsy into 8 mL of RPMI media in a 15 mL conical tube by passing the cytology brush through a 1 mL large bore pipette tip (cut off the tip) several times until the brush is clear of tissue.

1.3. Centrifuge the cells at 500 x g for 5 min at 4 °C, remove the supernatant, and then re-suspend the cell pellet in 3 mL of cell detachment solution (see Table of Materials) and incubate at room temperature for 16 min to digest.

1.4. Use 5 mL of expansion media (Table 1) to wash the cells twice. Then, add cells to a T75 flask pre-seeded with irradiated and inactivated 3T3 fibroblasts22 (50%–60% confluence) to co-culture the cells and expand in the expansion media for 7–14 days (see Figure 1 for the appropriate colony). Before use, test the irradiated 3T3 fibroblasts to ensure they cannot proliferate, which will negatively influence the epithelial cell expansion.

NOTE: Discard the cells if the nasal epithelial cell confluence does not reach 70% within 14 days.

1.5. For the cells derived from patients with CF, introduce four antibiotics (100 µg/mL of tobramycin, 2.5 µg/mL of amphotericin B, 100 µg/mL of ceftazidime, 100 µg/mL of vancomycin, see Table of Materials) into the expansion media for disinfection of the cells for the first 3 days of culture, and then replace the media with antibiotic-free expansion media changing the media every 2 days.

NOTE: This limited use of antibiotics is intended to reduce culture loss due to bacterial colonization while encouraging proliferation after the additional antibiotics are removed. These antibiotics can be tailored to the patient's specific microbiology results, with sensitivities, if needed.

1.6	Harvest HNEs from co-culture using the double trypsinization method22 once the cells reach approximately 80% confluence. This method ensures that the irradiated and inactivated 3T3 fibroblasts are removed from the flask, and they do not contaminate subsequent organoid seeding. 

1.6.1. Wash the cells with 1x DPBS, and then add 1.5 mL of 0.05% trypsin-EDTA into the T75 flask for 4 min at 37 °C to remove the irradiated and inactivated 3T3 fibroblast from culture.

1.6.2. Rinse the T75 flask with 1x DPBS twice to thoroughly wash away any remaining 3T3 fibroblasts; add 1.5 mL of 0.05% trypsin-EDTA into the T75 flask for 10 min at 37 °C to detach HNEs. 

1.6.3. Neutralize the trypsin with soybean trypsin inhibitor (see Table of Materials) at a 1:1 ratio. Centrifuge the cells at 500 x g for 5 min, and then remove the supernatant. After washing the cells with 5 mL of expansion media once, the cells are ready for seeding to grow organoids.

NOTE: HNEs with a passage number of three are recommended to be used for further experiments.

2. Growth and differentiation of organoids in slides and culture inserts

2.1. Thaw the organoid culture extracellular matrix (ECM) overnight at 4 °C. Cool pipette tips to 4 °C and 15-well angiogenesis slides (see Table of Materials) overnight at 4 °C.

NOTE: ECM should be put at 4 °C the night before the cell harvesting needs to be done.

2.2. Coat the slides with 5 µL of cold 100% ECM on ice (pipette 5 µL of cold 100% ECM with a cold pipette tip into each well of the 15-well slide), and then place them into a cell culture incubator at 37 °C for at least 30 min for consolidation.

2.3. Count the HNEs harvested from co-culture using a hemocytometer and dilute the cells to 500 cells/µL in total number with 20% ECM diluted by differentiation media (Table 2) on ice. Then, seed 5 µL of the cold cell/ECM mixture into each well of the slides coated with ECM.

2.4. Immediately transfer the slides into a culture incubator at 37 °C for 1 h to consolidate the cell/ECM mixture.

2.5. Feed the cells in each well of the 15-well angiogenesis slides with 50 µL of differentiation media. Change the media every other day until the organoids are ready for further experiments.

NOTE: Organoids can usually be visualized after 1–2 days. There are 20–90 organoids commonly formed in each well of the slides. The organoids can typically survive for 40–60 days in ECM with feeding every other day when kept in a humidified incubator at 37 °C.

2.6. Culture the organoids in the culture inserts (see Table of Materials) for greater quantity for specific applications (such as sectioning for histology or immunofluorescence) as per the steps mentioned below.

2.6.1. To grow organoids in the culture inserts, prepare the organoid culture ECM, pipette tips, and inserts as mentioned in steps 2.1–2.2. Coat the inserts with 100 µL of cold 100% ECM.

2.6.2. Seed 60 µL of cell/ECM mixture (500 cells/µL with 20% ECM in differentiation media) on top of the ECM coating in the insert.

NOTE: All the other steps for making organoids in the inserts are the same as those conducted in the slides, steps 2.4–2.5.

2.6.3. Add 600 µL of the differentiation media into the bottom part of the insert. Change the media every alternate day until the organoids are used for experiments, typically 2–3 weeks.

3. Preparation and isolation of organoids for whole-mount immunofluorescence

3.1. Isolation and fixation of organoids

3.1.1. Pre-treat 8-well glass-bottom chamber slides with cell adhesive (see Table of Materials) for 30 min following Reference35. After discarding the solution, air-dry the wells for 30 min.

3.1.2. To harvest the organoids, remove the media from the top of the ECM, and then add 50 µL of cold 1x PBS into each well of the 15-well slides on ice (1:1 with ECM volume).

3.1.3. Pipette up and down 3–5 times using 200 µL of the large-bore pipette tip, and then dispense the solution onto the center of a well of the 8-well chamber slides.

3.1.4. Immediately remove excess liquid from the wells by a fine-tip pipette. Then, place the chamber slide into a 37 °C incubator for 40 min to enhance the organoid adhering to the glass bottom.

3.1.5. After gently washing with 1x PBS twice, fix the organoids with 300 µL of 4% paraformaldehyde in each well for 30 min at room temperature (RT).

3.1.6. Wash twice with 1x PBS and store the organoids in 1x PBS at 4 °C for immunostaining for up to 2 weeks.

3.2. Immunofluorescence staining

3.2.1. To reduce auto-fluorescence, add 250 µL of 50 mM NH4Cl in 1x PBS into each well of the slides at RT for 30 min while gently shaking on a shaker at 20 rpm.

3.2.2. After washing with 1x PBS twice, permeabilize the cells with 0.1% Triton X-100 for 30 min at RT while gently shaking at 20 rpm.

3.2.3. After washing with 1x PBS twice, add 300 µL of blocking solution, including 5% BSA and 0.1% Triton X-100 in 1x PBS, into each well for 1 h at RT.

3.2.4. Following washing, add primary antibody into the appropriate wells followed by secondary antibodies (see Table of Materials). Prepare primary and secondary antibody solutions in 2% BSA and 0.3% Triton X-100 in 1x PBS. Incubate all the primary antibodies at 4 °C for 2 days and all the secondary antibodies at 4 °C for 1 day.

NOTE: The final concentrations are dependent on the protein desired for the experiment. Please check the stock concentration on the manufacturer's datasheet. Then, calculate the final concentrations based on the dilutions used in the Table of Materials.

3.2.5. After incubation, wash the wells thoroughly with 1x PBS and add DAPI in 2% BSA and 0.3% Triton X-100 into each well for nuclear staining.

3.2.6. Image the organoids using a confocal laser scanning microscope, with a 20–60x oil immersion objective (see Table of Materials). Use Z-stack mode to set the upper and lower bounds of the image and use the recommended optimal Z-step size determined by the confocal software.

NOTE: The following four confocal laser excitation wavelengths were used: 408.7 nm, 489.1 nm, 561.7 nm, and 637.9 nm.

4. Preparation and isolation of organoids for histological sectioning

4.1. To harvest the organoids for histological studies, remove the media from the culture and add 50 µL of cold 1x PBS into each well of the slides on ice.

4.2. Pipette up and down three to five times using a 200 µL large-bore pipette tip, combine all the solutions from the 15-well slide or culture inserts into a 15 mL conical tube on ice. Adjust the total solution volume in the tube to 10 mL by adding additional cold 1x PBS.

4.3. Centrifuge the tube at 4 °C, 300 x g for 5 min; aspirate out the supernatant and add 60 µL of warm histogel (see Table of Materials) to mix with the organoid pellet using a 200 µL of the large-bore pipette tip.

4.4. Immediately transfer the suspension into a histology mold. After the consolidation of the histogel at room temperature, put the mold block into 4% paraformaldehyde for fixation overnight at 4 °C.

4.5. After embedding in paraffin, cut the histogel block into 5 µm cross-sections (for example, with a microtome), fix the sections onto glass slides, and stain using hematoxylin and eosin (H&E) or immunofluorescence-labeled antibodies. Take images using a bright-field microscope or inverted epi-fluorescence microscope (see Table of Materials).

5. Imaging of live organoids

NOTE: The following steps are carried out using an automated imaging system (see Table of Materials). Different imaging systems need to adapt these steps following their specific manufacturer's instructions. Regardless of the equipment utilized, imaging live organoids require a temperature-controlled and humidified environmental chamber with an accompanied CO2 gas controller.

5.1. To monitor the differentiation of organoids before performing a functional swelling assay36, capture the whole slide images manually with any bright-field microscope or with an automated imaging system, as detailed below.

5.1.1. Turn on the power to the automated imaging system and the CO2/O2 gas controller and allow the system to complete the automated calibration (~30 min).

5.1.2. After completion, set the imaging system temperature to 37 °C; add 15 mL of sterile water to the humidification reservoir, open the CO2 valves, close the lids, and let the imaging system pre-incubate for a minimum of 30 min before imaging.

5.1.3. Open the automated imaging software to set up a protocol for imaging and choose the location to save the raw experimental data.

NOTE: An example protocol file (Supplementary File 1), specific to the imaging system, has been provided as a template for the automated imaging of organoids to monitor organoid differentiation.

5.1.4. Once the environmental settings are met, immediately transfer up to two 15-well slides with lids into the environmental chamber in the automated image system's slide holder insert (see Table of Materials).

5.1.5. Select the wells to be imaged and start imaging to complete imaging of the desired wells.

NOTE: The basic recommended settings are: 4x and 10x air objective, bright-field channel, 2 x 2 montage for 4x objective to cover the whole well area, 4 x 4 montage for a 10x objective. Z-stack settings: three to six Z-stack slices, Z-step size = 50–100 µm, one to two slices below autofocus point, and three to five slices above.

5.2. To image live organoids for use in a forskolin-induced swelling (FIS) assay, use a microscope with an automated stage equipped with an environmentally controlled imaging chamber that allows temperature and CO2 control.

5.2.1. Begin with steps 5.1.1–5.1.4, substitute the protocol file in step 5.1.3 with the one provided in the example protocol file (Supplementary File 2) containing settings specific for performing a FIS assay.

5.2.2. Before each experiment, adjust the exposure settings by evaluating at least three wells for each slide (far left, middle, and far right). Apply the X and Y coordinate offsets to ensure that the objective will be in the center of the well for all the wells.

NOTE: The basic recommended settings are: 4x air objective, Channel 1 = Bright Field, Channel 2 = DAPI, 2 x 2 montage (four image tiles). Z-stack settings: three to four Z-stack slices, Z-step size = 50–100 µm, one slice below autofocus point and two to three slices above. Image acquisition time: 8 h with 20 min intervals (Total reads = 25; Read 1 is T = 0).

5.2.3. Once all the settings are appropriately selected, choose the wells to image for both slides, or select all, and begin the run as per the equipment's instructions.

5.2.4. After running, save the experiment, close the imaging software, and shut down the imaging system37.

6. Baseline lumen measurements

NOTE: This is done using manual imaging analysis software (see Table of Materials). A similar methodology can be followed using an open-source software38 or any software that can measure the area of a region on an image.

6.1. In the software, open the Automated Measurement Panel by right-clicking the bottom of the screen, select Measurement, and then Automated Measurement Results. The area of each region of interest (ROI) measured will appear there.

6.2. Open the organoid image in the software and select 5-10 organoids with visible lumens. 

NOTE: Lumens will be a circular area in the middle of the organoid that is visibly different in color than the rest of the organoid (Figure 2A).

6.3. Using the polygon ROI measurement feature, hold right click on the image to open the menu and select Polygonal ROI to outline the full organoid to obtain the organoid's total surface area (TSA). Then using the same feature, outline the lumen area (LA) (Figure 2B).

6.4. Repeat for the remaining organoids in the well and all the wells in the assay.

6.5. Export the data to excel. Divide the LA by the TSA and average all the organoids from the sample to get the Baseline Lumen Ratio (BLR)11,13.

NOTE: Typically, ~87% of non-CF organoids will have a BLR over 0.6, and 97% will be over 0.5, while only 14% of CF organoids will have a BLR over 0.6, and 31% will be over 0.5.

7. Pre-treatment and automated imaging of HNE organoids

NOTE: All pre-treatment steps are carried out in a clean biosafety cabinet. Pre-setup the automated imaging system and the software for recording the assay before step 7.1. The incubation with DAPI is optional but is recommended as a fail-safe if the quality of bright field images is compromised. The DAPI channel (377 nm) can be analyzed instead.

7.1. Pre-incubate the organoids in a well of 15-well slides with 50 µL of differentiation media containing DAPI with or without 100 µM of CFTRinh-172 (see Table of Materials) in a 37 °C incubator for 1 h. While the organoids incubate, perform step 5.2.1 using a swelling assay custom protocol following Supplementary File 2.

7.2. Remove the pre-incubation medium using a glass Pasteur pipette with aspiration. Add 10 µM of forskolin and 100 µM of IBMX (stimulation cocktails) (see Table of Materials) for a total volume of 50 µL differentiation media into each well.

NOTE: Ensure no bubbles are introduced into the wells. Bubbles on the images will affect the automated analysis.

7.3. Without delay, begin the FIS imaging protocol following step 5.2.2 to 5.2.4. Acquire images every 20 min in each well, with a total runtime of 8 h.

8. Automated analysis of forskolin-induced swelling assay on HNE organoids

8.1. Open the automated imaging analysis software, find the experiment previously saved from step 7.3, and bring up the images of the experiment.

8.2. Choose the vessel window to be evaluated and select the option containing the processed images that have been stitched and z-projected. This step should provide a picture of the entire well with all organoids within the imaging frame for masking assessment and measurements.

8.3. Choose the well image to assess. Select Analyze. Repeat this process for other images to ensure appropriate masking for all images included in the automated measurements. Save the setting parameters.

8.4. After completing the analyzing settings, apply the changes. The software will change the measurements based on the settings.

NOTE: After the initial image pre-processing is complete, quality control (QC) measures should be performed to ensure consistent masking. These include manually reviewing all wells to ensure organoids are within the imaging frame, bubbles or debris are not inappropriately masked, and checking the masking in bright field and DAPI channels.

8.5. Export the data for the summary analysis (including graphing and statistical analysis).

REPRESENTATIVE RESULTS:
HNEs expansion is essential for a thriving organoid culture. HNEs from a successful sample collection should expand to over 70% confluence around 10 days. An example of successful and unsuccessful samples is shown in Figure 1A and Figure 1B, respectively. The cells must be discarded if they cannot reach 70% confluence by 14 days after co-culture with irradiated 3T3 cells. Any contaminated cells are to be immediately discarded if unable to rescue with additional antimicrobial agents quickly.

The growth of the organoids was compared in 15-well slides and culture inserts. The culture inserts are thicker and further from the objective than the optically optimized slides, impacting the image and resolution. Despite this, no significant difference in the morphology was observed in these two culture methods, as shown in Figure 2. Morphological differences can be seen between non-CF and CF organoids, as shown in Figure 3A. Non-CF organoids tend to have a larger lumen containing more fluid within it. In contrast, CF organoids usually have a smaller lumen with less fluid and sometimes are filled with mucus and debris. Lumen size was measured manually (Figure 3B), and the baseline lumen ratio was calculated and shown in Figure 3C. Cross-sectioned organoids were characterized using H&E and immunofluorescence staining. The representative images are shown in Figure 4A,B. Airway epithelial markers such as cilia, mucus, and tight junction are demonstrated in organoids by whole-mount immunofluorescent staining shown in Figure 5A–D. Depending on the application, sectioned or whole-mount immunofluorescence can be employed. The whole-mount method maintains the three-dimensional nature of the organoid, keeping the organoid's interior intact, as shown in the previously published work13.

CFTR function was assessed by forskolin-induced swelling (FIS) assay using an automated imaging system. Only 15-well slides are used for functional assays due to the better image resolution. A representative forskolin dose-response experiment of non-CF volunteers (n = 5 subjects) is shown in Figure 6A to illustrate the rationale of the optimized imaging time and analysis. Data comparing non-CF and CF organoid responses are detailed in previous publications11,13. A dose-response shows the incremental change in CFTR activity to demonstrate the best approach to measurements. Assay duration of 1 h and 8 h were evaluated (Figure 6B,C) as well as analysis using average fractional change (AFC) versus area under the curve (AUC) is seen in Figures 6C,D. Based on our previous experience, swelling for most subjects and conditions plateau after 8 h, and in some cases, results in bursting of the organoids over that time. Therefore, assays were limited to 8 h only. At this extended assay length, swelling becomes non-linear. The use of the AUC also considers both the changes in size and the rate of change. Therefore, the AUC over 8 h was used for all the FIS assays in the final methodology.

FIGURE AND TABLE LEGENDS:

Figure 1: Bright-field images of HNEs in co-culture. HNEs expand in expansion media with irradiated and inactivated 3T3 fibroblasts for 10 days. An inverted bright-field microscope is used for imaging the cells. (A) HNEs grow well in a large cluster (black arrow). In contrast, in (B), the HNEs grow poorly in two small clusters (black arrows) surrounding irradiated 3T3 cells. Scale bar = 50 µm.

Figure 2: HNE organoid formation in a 15-well slide and culture insert. Bright-field images of organoids were captured using an inverted bright-field microscope over 21 days. Organoids in the 15-well slide (A) have more precise and sharper images than those in the culture insert (B). No morphological difference was observed between the organoids cultured in the slide and insert.

Figure 3: Organoid lumen size (panel A) and lumen measurements (Panel B and C). (A) Non-CF organoids typically have a larger lumen and more fluid than CForganoids. (B) A method to manually measure the total surface area (TSA) indicated by the red outline and lumen area (LA) indicated by the green outline in a single organoid. (C) An example for using the total surface area and the lumen area to calculate the baseline Lumen Ratio (LA: TSA) in organoids from a non-CF vs. a CF subject. Error bars represent standard deviation.

Figure 4: Cross-section of the organoids embedded in paraffin. (A) An example of H&E staining in organoids from a non-CF and F508del/F508del subject. (B) Immunofluorescent staining of cilia in an organoid. Green is the cilia (white arrow) stained with acetylated-tubulin and FITC labeled secondary antibody, and blue is the nuclei labeled with DAPI.

Figure 5: Confocal images of whole-mount immunofluorescence in organoids. (A,C) Maximum projection images of the two representative organoids. (B,D) Three-dimensional reconstruction images of (A) and (C), respectively. An 8-well glass-bottom slide was fitted on the platform of a confocal microscope, and the 40x lens was used to create the photomicrographs. Imaging analysis software was applied for imaging and reconstruction of the images. White arrows indicate mucus (in B) and cilia (in C) within the lumen of the organoids.

Figure 6: Rationale for the swelling assay length and analysis methods. Forskolin (FSK)-induced swelling (FIS) assay to test CFTR function on the primary nasal epithelial cells. Different dose of forskolin indicated in the figures was administrated into 21-day old organoids in the differentiation media; organoid swelling was immediately recorded with the automated imager for 8 h. After 8 h, swelling is shown in (A) (n = 5, non-CF subjects) using average fractional change (AFC). FSK dose-response is compared with AFC at 1 h (B) vs. at 8 h (C), which suggests that the 8 h assay can produce a more significant swelling difference among different FSK doses than those at 1 h. AFC (C) vs. the area under the curve, AUC (D) at 8 h are compared, indicating AUC can reflect a minor swelling difference than AFC. The X-axis in panels (B–D) represents the different treatment conditions corresponding with the symbols in the figure legend. All error bars in the figures indicate standard deviation.

Table 1: All the components for making the expansion media. The detailed information about reagent stock concentration, stock storage, amount of stock for making a 500 mL media, and final concentration have been described.

Table 2: All the components for making differentiation media. The detailed information about reagent stock concentration, stock storage, amount of stock for making a 500 mL media, and final concentration have been described.

Supplementary File 1: An example protocol file specific to the imaging system is provided as a template for the automated imaging of organoids to monitor organoid differentiation.

Supplementary File 2: An example protocol file containing settings specific for performing an FIS assay.

DISCUSSION:
This manuscript provides detailed methodologies for comprehensive live and fixed imaging of the airway epithelial organoids derived from HNE brush biopsy. It describes functional assays that can determine CFTR activity in an individual. HNEs provide a minimally invasive, primary tissue for a variety of applications. The expansion techniques offered here can be used for modeling airways disease, including organoids. Organoids can be used for precision therapeutic approaches and to monitor the stability of gene or mRNA-based therapies over time, for precision trial design, and to aid in resolving inconclusive diagnoses39. The current research is on CF, but these models have applications for other diseases affecting epithelial function.

The initial expansion of HNE after biopsy is essential. It has been observed that cytology brushes yield larger initial cell numbers and better results than other biopsy tools14. From previous experiences, we have concluded that combining brushings from both nares in a single sample and processing that sample within 4 h yields the best results. Other investigators have used more extended time frames from biopsy to processing with success3. The appropriate initial collection of biopsies is vital to subsequent expansion and seeding as organoids. High-quality irradiated and inactivated fibroblasts for co-culture are required, which are grown and treated in-house in our laboratory but may also be purchased commercially. Investigators are advised that not all 3T3 fibroblasts are on the same line and should be validated before use.

For specimens not expected to have pathogenic bacterial or fungal culture, antibiotic treatment is limited to standard penicillin and streptomycin treatment for the experiments described in this manuscript. For those known to have chronic colonization of the upper airway, an antibiotic cocktail described above is utilized for only 3 days because antibiotics seem to slow epithelial expansion and yield poorer results in the experiments described here. Three days were selected to balance contamination risk with providing a similar expansion rate for both CF and non-CF specimens. For individuals with unusual pathogens, tailored antimicrobial treatment can rescue contaminated cultures if recognized early or initiated a priori. For initial biopsies that are unusually slow to grow, results will typically be poor for organoid studies. Investigators need to monitor both growth rate and morphology daily. The in-house culture media and reagents used are most helpful for functional swelling assays, but other commercially available media may benefit other applications12,25,40,41 depending on the experimental design. The type of ECM used can lead to different morphology and different results, and reproducible results are critical. All reagents used in this protocol are routinely tested before use for experiments. Despite this experience, some cultures will fail to expand or generate organoids for inexplicable reasons. Investigators are encouraged to consider these factors as they optimize this protocol for their applications.

A specific type of 15-well slide is used in this protocol optimized for optical imaging, utilizing minimal volumes and maximizing replicates while reducing the costs. These slides have a lower and upper chamber fixed on a polymer coverslip that minimizes menisci (which would otherwise impair imaging) and also media replacement without risk of dislodging the matrix and destroying the organoid cultures. These slides make bright-field imaging and live stain confocal microscopy straightforward, with initial seeding, growth, and imaging in the same dish. Organoids will be lost during the collection, fixation, and staining process, so meticulous care must be taken during each step, and sufficient starting numbers must be obtained to ensure success. Growing organoids in culture inserts can help as these techniques are developed.

Imaging techniques that utilize common laboratory microscopes are included. However, the automated functional assays use an imaging system that is complex and requires a well-trained user. This protocol has been developed for users with a basic level of experience using this microscope and its software. It is recommended to first train the Individuals on the primary use of the instrument and the software by representatives of the manufacturer; this same practice is followed in our lab. A minimum of 4 weeks of training was needed to use this microscope effectively for experiments.

As described above, this methodology has some limitations. Expertise in biopsy collection, quick processing time, and facility with feeder fibroblasts are needed to successfully expand and culture HNE organoids. This method was developed using specific reagents and equipment that may not be universally available. The methodology has proved useful for research in cystic fibrosis3,11,13 and may not be as applicable to other disease processes25. However, other methods and equipment may be used to develop similar strategies.
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