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In vitro models using human primary epithelial cells are essential in understanding key functions of the respiratory epithelium in the context
of microbial infections or inhaled agents. Direct comparisons of cells obtained from diseased populations allow us to characterize different
phenotypes and dissect the underlying mechanisms mediating changes in epithelial cell function. Culturing epithelial cells from the human
tracheobronchial region has been well documented, but is limited by the availability of human lung tissue or invasiveness associated with
obtaining the bronchial brushes biopsies. Nasal epithelial cells are obtained through much less invasive superficial nasal scrape biopsies and
subjects can be biopsied multiple times with no significant side effects. Additionally, the nose is the entry point to the respiratory system and
therefore one of the first sites to be exposed to any kind of air-borne stressor, such as microbial agents, pollutants, or allergens.

Briefly, nasal epithelial cells obtained from human volunteers are expanded on coated tissue culture plates, and then transferred onto cell

culture inserts. Upon reaching confluency, cells continue to be cultured at the air-liquid interface (ALI), for several weeks, which creates more
physiologically relevant conditions. The ALI culture condition uses defined media leading to a differentiated epithelium that exhibits morphological
and functional characteristics similar to the human nasal epithelium, with both ciliated and mucus producing cells. Tissue culture inserts with
differentiated nasal epithelial cells can be manipulated in a variety of ways depending on the research questions (treatment with pharmacological
agents, transduction with lentiviral vectors, exposure to gases, or infection with microbial agents) and analyzed for numerous different endpoints
ranging from cellular and molecular pathways, functional changes, morphology, etc.

In vitro models of differentiated human nasal epithelial cells will enable investigators to address novel and important research questions by using
organotypic experimental models that largely mimic the nasal epithelium in vivo.

Video Link

The video component of this article can be found at https://www.jove.com/video/50646/

Introduction

Goal of the technique

Epithelial cells (ECs) in the airways are among the first sites to be directly exposed to inhaled environmental stressors, such as pathogens,
allergens or air pollutants. ECs are more than a structural barrier: They act as a switchboard to initiate and regulate the respiratory immune
response " via the release of soluble mediators*® and the expression of ligands/receptors on their surfac ™ While immortalized cell lines can
be used as models to study respiratory ECs in vitro, they fail to differentiate into heterogeneous cell populations composed of polarized ciliated
and mucus producing cells, similar to what is observed in vivo. To recapitulate important characteristics of the respiratory epithelium observed

in vivo, primary airway ECs can be used. Therefore, our goal was to optimize our method utilizing nasal ECs (NECs) obtained from human
volunteers. The NECs are expanded and cultured in vitro, yielding a cell culture model of differentiated NECs which mimics many of the features
of the nasal epithelium seen in vivo.

Rationale

The use of in vitro models with human primary ECs mimicking in vivo situation - as described in this study - gives unique possibilities to study
disease specific differences of ECs, physiological parameters associated with the airway epithelium, or the interactions between ECs and other
cell types, such as dendritic cell 10, natural killer cells"! or macrophages. Several existing methods utilize bronchial ECs, which can be obtained
invasively via brush biopsies during bronchoscopies, or from otherwise discarded lung tissue'". In addition, commercial sources to obtain fully
differentiated human airway epithelial cell cultures exist (EpiAirway model from MatTek, Ashland, MA , Clonetics from Lonza, Basel, Switzerland,
MucilAir from Epithelix Sars, Geneva Switzerland), where investigators can choose from different donors. However, because of the limited pool
of commercially available epithelial cells, limited or prescribed set of parameters, the cost associated with commercially obtaining primary human
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airway ECs, and the limited access to discarded lung tissue or freshly obtained human bronchial biopsy tissue, prohibit many investigators
from conducting studies in fully differentiated human airway ECs. Therefore, we set out to develop a technique that will 1) utilize non-invasively
obtained human NECs, 2) provide a protocol yielding cultures of differentiated human airway epithelium, and 3) be reproducible in most lab
settings with an existing tissue culture infrastructure.

Advantages over Existing Techniques/Models

Obtaining fresh NECs, as compared to bronchial or small airway ECs, is much less invasive, individuals can be biopsied multiple times with

no significant side effects, and superficial nasal scrape biopsies can be conducted in diseased populations which would otherwise not qualify
for research-related bronchoscopies. Noninvasive superficial scrape biopsies to obtain NECs allow the investigator to set donor specification a
priori, including age, gender, disease status, etc. in accordance with the research objective to be accomplished. Thus, when designing research
studies investigators are not limited by clinically available tissues/epithelial specimen, purchase expensive differentiated cell culture models from
commercial vendors, or design invasive bronchoscopy studies. In addition, the ease to obtain NECs increases the ability to conduct experiments
in cells from different donors, which enhances statistical validation of observed findings. Lastly, the nose is one of the first sites to be exposed

to any kind of air-borne stressors. Thus, generating organotypic in vitro culture systems mimicking the nasal epithelium are useful for studying
inhalation of viral particles, pollutants, allergen, or gases, which can be easily achieved by using this cell culture system.

1. Prepare Plastic Ware: Coat Plate

1. Add 500 pl PureCol (1:100 diluted with sterile water) to each well of a 12-well plate.
2. Incubate at 37 °C in an incubator for 30 min, remove the PureCol and rinse with HBSS right before the cells are added to the plate (see step
3.1 below).

2. Obtaining and Pretreating Biopsy of Human NECs

1. Nasal scrape biopsy
1. Obtain superficial ECs lining the nasal turbinates under direct vision through a 9 mm reusable polypropylene nasal speculum (Model
22009) on an operating otoscope with speculum (Model 21700). This device provides optimal visualization of the nasal turbinates and
flexibility of motion.
2. Perform the biopsies with the subject seated upright in a straight-backed chair with head tilted back slightly or lying in a supine position
on an examination table.
Insert the otoscope speculum into the nostril and the inferior turbinate visualized with illumination.
Insert a sterile thermoplastic curette through the speculum with the tip extended distally to the back of the turbinate.
Using gentle pressure on the inferior surface of the turbinate, the curette is drawn across the mucosal surface 5x and retracted. A
successful retrieval of mucosal cells held by capillary action will be evident in the cup of the curette.

Sl

Place sample in a 15 ml conical tube containing 8 ml of RPMI 1640, transport on ice.

Use forceps to retrieve the probe, dislodge tissue from rhino probe with a P-1000 pipette, discard probe
Centrifuge to pellet (4 °C, 400 x g, 5 min), aspirate supernatant (attention: careful not to aspirate the pellet).
Resuspend the pellet in 1 ml BEGM with 10 ul of 100x DNase 1.

Incubate at RT for 20 min.

Centrifuge (4 °C, 400 x g, 5 min), do NOT aspirate the supernatant!

3. Seed the Cells on Plastic (Day 0)

Noos~wN

1. Remove the PureCol from the plate and rinse with HBSS (see also step 1.2).
Add a minimum volume of BEGM++ media (80-100 pl, until a meniscus of media appears in the center of the well) into 1-4 wells (depending
on biopsy size) of the coated plate.

3. Use a P-1000 pipette to carefully remove the pellet of the biopsy tissue from the tube, without aspirating too much media.

4. Transfer the pellet into the middle of the wells, keep the biopsy together as a cluster of cells, and do not break up to make a single cell
suspension. A good biopsy yields up to 4 wells that can be seeded. Put the plate into tissue culture incubator (37 °C, 5% CO,, >90% relative
humidity).

5. Check after two hours to assure that there is enough media (without disturbing the meniscus).

6. Day1, 24 hr post-seeding: collect all non-adherent cells of all wells (tilt plate and collect media with cells in a P-1000, collect all wells in a 1.5
ml centrifuge tube).

7. Centrifuge (4 °C, 400 x g, 5 min).

8. While centrifuging cell suspension: add about 250 pl of BEGM++ and 250 pl of BEGM+ media mixture to the cells seeded on day 0.

9. Repeat steps 3.1-3.5 for the non-adherent cells.

10. Day 2-5: change media of the cells daily; add 500 pl media to each well, reduce the amount of BEGM++ media stepwise (day 2 after seeding:

125 pl BEGM++ plus 375 pl BEGM+, day3 after seeding and the following days: 73 pyl BEGM++ plus 427 yl BEGM+).
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4. Expanding the Cells in the Flasks

1. Monitor cells daily; once they have reached 80-90% confluency (usually 5-7 days after the biopsy, if they take longer they won't grow
successfully) lift cells as following: carefully aspirate media; add 500 pl of 0.25% trypsin per well, keep them at 37 °C until the cells are
detached (it usually takes 2-3 min).
Prepare the needed volume of Soy Bean Trypsin Inhibitor (SBTI) (750 pl per 1 ml Trypsin) in a 15 ml tube.
Dislodge cells by repeatedly pipetting up and down the trypsin solution; transfer detached cells in the 15 ml conical tube with SBTI.
Rinse all wells with in total 1 ml HBSS, add HBSS to the tube with the cells.
Centrifuge to pellet (4 °C, 400 x g, 5 min), aspirate the media, resuspend in 1 ml BEGM+ media and vortex the tube.
Expand cells in a T25 or T75 flask depending on pellet size (this is p1; approximately two confluent wells go into one T75 flask, one confluent
well is enough for one T25, usually 2 confluent wells yield one T75).

1. Add BEGMH+ to the flasks (5 ml each for a T75, 3 ml each for a T25).

2. Add the cell suspension to the flasks. Transfer the flasks into a tissue culture incubator.

kWD

7. 24 hr post-flask-seeding: add additional BEGM+ media to the flask (3 ml to a T25, 10 ml to a T75).

8. maintain the cells in the flasks: Remove media (aspirate from the corner) and add BEGM+ media (5 ml/T25, 20 ml/T75). The media needs
to be changed every 2-3 days. Maintain the cells in the flask until they are about 80% confluent (confluency may not be even throughout the
entire flask; normally this takes between 7-10 days; if they are not confluent after 10 days they won't grow successfully).

5. Seed the Cells on Tissue Culture Inserts

Remove the media from the flask and add Trypsin (3 ml for T25, 4 ml for T75 flask).

Incubate at 37 °C until the cells are detached (about 2-3 min).

Prepare SBTI (750 pl per 1 ml Trypsin > 2.25 ml for T25, 3 ml for T75) in a 15 ml tube.

Dislodge cells by taping the flask and pipetting up and down and transfer to conical tube with the SBTI.

Rinse the flask with HBSS (1 ml for T25, 2 ml for T75), add the HBSS to the 15 ml tube.

Centrifuge to pellet (4 °C, 400 x g, 5 min), remove supernatant carefully.

Prepare the plates: decide how many plates are going to be seeded, label the plates with sample code and number, passage number (i.e. p2)

and date. Add 700 yl BEGM+ media to the basal chamber.

Resuspend the cell pellet in 1 ml BEGM ALI media by vortexing the tube.

Count the cells with a hemocytometer (a T25 usually produces about 4 million cells; a T75 can have up to 20 million cells depending on the

islet; use 1-2 million of cells for one 12-well plate) and dilute the cell suspension with BEGM ALI media to the total volume needed for the

amount of plates that should be seeded (1.2 x 10° cells in 2.5 ml media per plate).(Note: If part of the cells want to be frozen, label the tube

and remove cells here: we usually freeze 2 x 108 cells in 2 ml of freezing media)

10. Add 200 pl cell suspension to the apical side of each uncoated Corning 12well cell insert (>this will be about 80,000-150,000 cells/insert; 12
mm transwells with 0.4 ym pore polyester (Polyethylene Terephthalate (PET)) membrane insert); transfer into tissue culture incubator.

11. After 24 hr, change the apical media (200 ul expansion medium).

12. Maintaining the cell cultures: Change the media (BEGM ALI media; 700 pl basolateral and 200 pl apical) every other day. Inserts have to

be maintained submerged until cells are totally confluent (no holes in monolayer are visible). Depending on cell number this usually takes

between 2-6 days, if it takes longer the cells will most likely not be viable.

Nookrwh =

© x

6. Establish Air Liquid Interface Once the Cells are Completely Confluent (When the Cells
on the Transwells are Completely Confluent)

1. Once the cells are completely confluent replace both apical and basolateral media with BEGM ALI media supplemented with 500nM retinoic
acid for 48 hr.

2. 48 hr after adding the retinoic acid supplemented BEGM ALI media: Prepare PneumaCult-ALI Maintenance Medium (following
manufacturer's instructions): Calculate the volume of medium needed (for one plate usually 8.5 ml for basal compartments); add per 1 ml
PneumaCult Complete Base Medium:

¢ 10 pl PneumaCult 100x Maintenance Supplement
* 2yl Heparin (of a 2 mg/ml stock solution)
* 5yl Hydrocortisone (of a 96 pl/ml stock solution).

3. Remove all media and add 700 pyl PneumaCult-ALI maintenance media to the basolateral side only (no medium on the apical side).
4. Maintain the cell cultures for 4 weeks at the ALI:
1. Change the media every other day (Monday, Wednesday and Friday schedule works well for us).
2. After one week at ALI, once a week (Wednesdays) the apical surface is rinsed: add 200 yl HBSS to the apical side, keep them for 10
min in the incubator, carefully aspirate the HBSS (use a 9 in glass pipette attached to the vacuum trap in the Biological safety cabinet,
use 200 pl tips on the tip of the pipette to suction off the HBSS).

Note: Change tips between plates, as well as changing the tips when going from apical surface versus basolateral. After about 2 weeks at the
ALL, cells start to differentiate and cilia appear. Cell cultures reach full differentiation after about 4 weeks at the ALI.
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Representative Results

NECs cultured following the here described protocol re-differentiate into a heterogeneous layer of ECs composed of ciliated and non-ciliated
cells, representing the in vivo situation (Figure 1). Some of the differentiated NECs are mucus producing (cells staining in blue using AB/PAS,
Figure 1B). Even though the here presented protocol is optimized, differentiation can vary with regards to the distribution of the overall cell
populations (i.e. different ratios of ciliated cells: mucus-producing cells: non-ciliated cells) or even yield a more squamous epithelium. These
variations can depend on the donor population and therefore represent recapitulation of an underlying disease phenotype, as we have previously
demonstrated using NECs from smokers '8 Figure 2 shows examples of suboptimal re-differentiated NECs using a different protocol and media
formulations. The cells are squamous and neither cuboidal nor ciliated and do not mimic a pseudostratified respiratory epithelium (Figure 2).

AB/PAS

Figure 1. Re-differentiated human NEC culture. NECs were fixed with 4% PFA and embedded in paraffin. Cultures were stained with
hematoxylin and eosin (A) and Alcian blue/periodic acid-Schiff (B) (following methods described in19). The images show NECs with a clear
organization, a cuboidal structure, mucus-producing goblet cells as well as ciliated ECs.
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Figure 2. Hematoxylin and eosin stained paraffin-embedded section of suboptimal cultures. NEC cultures with suboptimal differentiation.
Cells appear squamous, no cuboidal structure, no ciliated cells.

Respiratory ECs provide not only a physical barrier to g)rotect the human body from exogenous stimuli®®, but also act as a switchboard to initiate
and regulate respiratory immune defense responses1' via secretion of soluble mediators or direct receptor-ligand cell-cell interactions. In order
to further study the role of ECs in the immune response, to examine potential differences among ECs from diseased populations, or to study
the effects of exogenous stressors on ECs, it is important to recapitulate the in vivo situation. The human airways contain more than 40 different
cell types20 including different epithelial cells, such as ciliated cells, goblet cells and basal cells®®. Our protocol describes how a superficial nasal
scrape biopsy can be processed to yield NECs that can be expanded and cultured to undergo re-differentiation, yielding NEC cultures, which
largely mimic the nasal epithelium in vivo.

The use of this in vitro model of organotypic primary human differentiated NECs provides unique possibilities for various applications. It allows
studying disease specific differences of NECs (e.g. cystic fibrosis, asthma, smoking), underlying mechanisms of a disease, as well as controlled
exposures to air pollutants (e.g. ozone, diesel exhaust, cigarette smoke)18'21'23. In addition, differentiated NECs grown on tissue culture inserts
lend themselves to co-culture with other cells types (e.g. dendritic cells, natural killer cells, or macrophages)w'”, allowing to examine cell-cell
interactions in a controlled setting.

We describe the culturing and re-differentiating of NECs, and not bronchial epithelial cells, which have been used in many previously published
studies®*%’. We see various reasons why the use of NECs can be advantageous as compared to the use of bronchial ECs. First, obtaining
superficial nasal scrape biopsies is less expensive than performing a bronchoscopy to obtain brush biopsies. Second, for a variety of pre-existing
diseases (e.g. sever asthmatics) it is unrealistic to carry out a research-related bronchoscopy to obtained lower airway epithelial cells. However,
the less invasive procedure of scraping the inferior surface of the inferior nasal turbinate with a Rhino Probe can be performed in these subjects.
Third, nasal scrape biogsies can be performed on the same individuals multiple times (usually about 4 weeks in between biopsies) without any
significant side effects®0 . Fourth, NECs are among the first cells to be exposed to inhaled environmental stressors, such as air pollutants,
pathogens or allergens and therefore represent valuable in vitro models to study the effects of these stressors on airway epithelial cells.

Various cell culture systems of re-differentiated human ECs are commercially available (e.g. EpiAirway model from MatTek, Ashland, MA ,
Clonetics from Lonza, Basel, Switzerland, MucilAir from Epithelix Sars, Geneva Switzerland). Those commercially available cell cultures remain
stable for a long time period and are well characterized. However, they are expensive and the studies are usually limited to a low number of
samples from different individuals. Additionally, it is difficult to control the donor population, which depends on the availability presented by the
supplier. Freshly obtaining NECs with superficial scrape biopsies allows the investigator to control subject characteristics (such as age, gender,
race, weight, body mass index, disease status, medication use, etc.) and to re-call volunteers back for a potential follow-up.

In general, all published protocols for re-differentiating human airway (either bronchial or nasal) ECs at the ALI include similar procedures:
obtaining ECs, expanding the cells in tissue culture flasks, and transferring them to porous cell culture inserts for the differentiation at the ALI.
The protocols vary in the type of media, the growth factor supplements, the number of passaging, the coating of the inserts, and the activation of
the NECs before establishing the ALI. While in one protocol, after obtaining and digesting, the cells are seeded directly on uncoated inserts and
only kept a few days at the ALI before use'®; other protocols include culturing for several weeks to re-differentiate at the ALI">"™® There is no
consistency about coating the inserts with collagen or other extracellular matrix components: while some protocols require coating12'15 others use
uncoated inserts'>'*. However, culture conditions are of great importance, especially the incubator settings. The relative humidity, which needs
to be >90%, and the CO,, which should be adjusted at 5% are very important factors to avoid drying out of the ALI cell culture and help buffer
the media. In order to share our experience, we want to mention here that there is no 100% success rate. Some nasal scrape biopsy samples
do not adhere to the tissue culture plate, while some NEC samples will not adhere to the inserts or will never reach confluency. Over the years,
our overall success rate using the protocol described here is approximately 80%. Our experience shows that culturing of NECs from defined
diseased populations, such as smokers, is more challenging than NECs from healthy non-smokers

Our protocol for culturing of primary human NECs incorporates several key steps which we optimized over the years: 1. The NECs are only
expanded twice before they are seeded on the tissue culture inserts. 2. The inserts are used uncoated. 3. Once seeded on tissue culture plates,
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the amount of NuSerum is stepwise reduced to avoid that the cells lift off from the tissue culture plates. 4. The NECs are kept at least 25-28 days
at the ALI before using them in experiments to assure complete re-differentiation. In summary, the protocol described here includes an optimized
protocol to culture and re-differentiate human NECs at the ALI.
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