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Abstract

Nasal epithelial cells (NECs) are the part of the airways that respond to air pollutants and are the first cells infected with respiratory viruses.
They are also involved in many airway diseases through their innate immune response and interaction with immune and airway stromal cells.
NECs are of particular interest for studies in children due to their accessibility during clinical visits. Human induced pluripotent stem cells (iPSCs)
have been generated from multiple cell types and are a powerful tool for modeling human development and disease, as well as for their potential
applications in regenerative medicine. This is the first protocol to lay out methods for successful generation of iPSCs from NECs derived from
pediatric participants for research purposes. It describes how to obtain nasal epithelial cells from children, how to generate primary NEC cultures
from these samples, and how to reprogram primary NECs into well-characterized iPSCs. Nasal mucosa samples are useful in epidemiological
studies related to the effects of air pollution in children, and provide an important tool for studying airway disease. Primary nasal cells and
iPSCs derived from them can be a tool for providing unlimited material for patient-specific research in diverse areas of airway epithelial biology,
including asthma and COPD research.

Video Link

The video component of this article can be found at http://www.jove.com/video/53814/

Introduction

Induced pluripotent stem cells from human samples (hiPSCs) are a fast developing technology of stem cell research. They offer an alternative to
embryonic stem cell (hESC) research with far fewer ethical and moral drawbacks 1,2. Although they are not epigenetically identical to hESCs 3-5,
hiPSCs offer a unique way to model development and disease phenotypes, and they can be derived from tissues relevant to the disease state
5-8. New methods of generating hiPSCs are constantly being explored to identify optimal cell types to start with, as a way to prepare GMP-quality
iPSCs suitable for transplantation, and also to increase the timeliness and efficiency of the reprogramming process 6,9-11.

Airway epithelial cells are critical in the development of allergic inflammation 12, and the epithelium is a major driver of allergic responses and
airway remodeling through interaction with immune and stromal cells. The airway epithelium plays an essential role in the origin and persistence
of lung diseases such as asthma. However, lower airway epithelial cells are difficult to obtain in a clinical setting, especially from healthy control
patients and children. Data from several studies support the premise that epithelial cells from nasal mucosa are a valid and practical proxy for
lower airway epithelial cells 13-20, especially when studying responses to air pollutants and allergens. The nasal mucosa consists of more than
90% ciliated airway epithelial cells and sampling these nasal epithelial cells (NECs) can be readily performed in children as young as age four
or five, as it is less invasive than other cell/tissue sampling techniques and is associated with minimal risk of adverse events such as infection
20-23. It offers a rapid and simple way to sample both healthy and diseased children without long, unnecessary, and often painful bronchoscopy
procedures that necessitate sedation. Previous studies have found that disease subtypes related to asthma severity can be distinguished in
both the nasal mucosa as well as bronchial cell samples taken from asthmatic children, and gene expression between the two tissue types
was similar in about 90% of non-ubiquitous genes 22,24. As a source for iPSCs, NECs offer advantages over other frequently utilized cell types.
Fibroblasts are often used for iPSC generation, but although these cells can easily be cultured from a skin biopsy, this process typically requires
local anesthesia, an incision, and sutures, and is associated with some risk of infection. Therefore, obtaining informed consent from patients for
this type of biopsy can be difficult 25. One alternative to fibroblasts is peripheral blood mononuclear cells (PBMCs). However, it may be difficult to
obtain sufficient blood for iPSC generation from pediatric patients. In addition, there are limitations of downstream applications for fibroblast and
blood cell derived iPSCs, especially their differentiation capacity to certain cell types 5,26. Therefore, given the relative accessibility and the low
risk of side effects following their collection, NECs represent an ideal cell source for iPSC generation from pediatric populations.
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iPSCs have received a lot of attention recently as a platform for studying human development, generating novel disease models, and as a
potential source of cells for personalized therapies. Before the full potential of this technology can be realized, the molecular underpinnings of
the reprogramming process need to be elucidated, but for now this protocol and the procedures outlined within will elucidate the research studies
focused on airway exposures, as well as provide a platform for studying the effects of personalized medicine involving iPSCs.

The collaborative work of several labs has led to the generation of a successful technique for not only sampling the nasal mucosa, but also
culturing NECs, and reprogramming these cells to iPSCs 23. This article provides an outline of a protocol for optimal sampling, culturing, and
reprogramming conditions.

Protocol

The following protocol follows the guidelines of the institutions human research ethics committee.

1. Sampling the Nasal Mucosa

NOTE: Obtain samples from subjects who are free of signs of respiratory viral infection.

1. Prepare a 15 ml conical fresh before the participant visit and add 2 ml BEGM (Bronchial Epithelial Cell Growth Medium) plus 20 µl sterile
Penn/Strep/Fungizone (P/S/F) (0.01%).

2. Open cytology brush just before taking the sample, and be sure to keep brush sterile and do not touch it to any surfaces besides the nasal
surfaces.

3. Ask participant to sit still and tilt head up towards ceiling. Have smaller or more restless children sit on their hands and/or lying down to avoid
swatting brush away.

4. Aim brush at the back of the nose where the passage narrows (Looks like a small black hole). Slide brush down and twist wrists as the brush
is removed from nostril.

5. Place brush in conical and submerge in BEGM. Cut off excess brush and replace cap on tube. DO NOT VORTEX.
 

NOTE: If the participant is willing, obtain a second brush in the same manner but in the second nostril. Obtaining a brushing of both nostrils
will result in a higher likelihood that the sampling will be successful. Sampling the same nostril may result in bleeding and will not likely
improve the sample.

6. Keep samples as close to 37 °C as possible during transport using a beaker with warm water.

2. Cell Count and Cytospin

1. Gently agitate the brush in BEGM and take 10 µl of the sample for a cell count using a hemacytometer. Add 10 µl of a live/dead stain and
count only live cells under a microscope.

2. Take 50 µl of the sample and dilute to 200 µl with 1x PBS. Add to cytospin funnel attached to glass slide and spin at 300 rpm for 2 min. Let
slide dry O/N and stain slide following manufacturer's instructions. Allow to dry O/N, preferably in the dark.

3. Stain Slide with Hema 3 Stain
1. Transfer each solution (Hema fixative, light blue; Hema 3 Solution I, pink; and Hema 3 Solution II, deep blue) into a staining dish; Keep

covered when not in use. Insert slides into slide staining boat
2. Dip slides continuously in fixative for 30 sec, then allow excess to drain. Dip slides continuously in Solution I for 30 sec, then allow

excess to drain. Dip slides continuously in Solution II for 30 sec, then allow excess to drain
3. Rinse with deionized water until water runs clear. Allow to dry O/N, preferably in the dark

4. Look at slide under microscope and count cells, determine percentage of epithelial cells. Should be 90% or greater if sampling is good.

3. Seeding Cells

NOTE: Carry out all cell culture procedures in a proper and certified tissue culture hood using sterile technique.

1. Coat plates with Bovine Dermal Collagen (BDC), type 1. Add 0.5 ml of 3 mg/ml BDC diluted in 49.5 ml 1x PBS. Prepare less if only a few
plates will be used. Coat a T25 flask with 2 ml BDC and incubate in sterile hood O/N or at 37 °C for 2 hr, if necessary.

2. After incubation, aspirate any remaining liquid. Expose flasks to UV light for 30min in sterile hood. Store flasks for up to one month at 4 °C,
but bring them to RT or 37 °C before seeding cells.

3. Keep brush and cells in BEGM at 37 °C until ready to seed. Gently swish brush inside conical, but do not vortex.
1. Plate 7 x 105 cells in a T25 flask. If there is less, use a smaller container, such as one well of a 6-well plate. This size plate requires

about 3 x 105 cells.
 

NOTE: If there are not this many cells, it is not advisable to continue.

4. Under a sterile hood, take brush out of tube and gently rotate brush on the surface of the coated flask, being careful not to scratch the
coating. Discard brush in an appropriate biohazard container.

5. Slowly pipette the remaining cells in BEGM out of the conical and into the T25 flask. Observe the cells under microscope. A number of
floating cells will be observed and there may be some debris from the nose, which is acceptable at this stage (Figure 3A).
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4. Cell Culture

1. After seeding cells, let them settle for 48 hr without disruption (Figure 3). After 48 hr, slowly and gently add 2 ml warm BEGM and 20 µl sterile
Penicilin/Streptomycin/Fungizone (P/S/F).
 

NOTE: DO NOT aspirate the original 2 ml of media.
2. On the 4th day after seeding, carefully aspirate all liquid, and replace with 4 ml fresh, warmed BEGM plus 1x Pen/Strep (fungizone is

no longer necessary). Change media every two days and assess cells for attachment, growth, and confluence. When cells reach ~80%
confluence, usually in 2-3 weeks, they are ready to be passaged.

3. One T25 flask (about 2.5 x 106 cells when confluent) can be passaged into three T25 flasks or one T75 flask. After the first passage, cells
should be robust and healthy, reaching confluence about every three days.

5. Passaging Cells

1. Gently aspirate the media from the plate. Add 1 ml 0.05% Trypsin solution per T25 flask to the plate and place in the incubator for about 4min,
or until cells detach from plate. Check the level of detachment of cells every 2 min and do not leave Trypsin on longer than 10 min.

2. Add 5 ml Trypsin Neutralizing Solution (TNS), or serum-containing media to neutralize the enzyme. Remove all the liquid and cells from the
flask and place in a 15 ml conical tube.

3. Centrifuge at 200 x g (acceleration 0 deceleration 0) for 5 min to obtain a cell pellet. Aspirate supernatant and resuspend cells in BEGM + P/S
in the volume required for the new flasks (4 ml for a T25 flask, 10 ml for a T75 flask)

4. Perform cell count with a live/dead stain as described above (2.1). Add appropriate amount of BEGM and cells to the coated flasks and return
to the incubator. Maintain as detailed above or cryopreserve in freezing medium (70% BEGM, 20% FBS and 10% DMSO) at a concentration
of 0.5-2 x 106 cells per ml.

6. Reprogramming to iPSCs

NOTE: Before generating iPSCs, ensure adherence to all institutional regulations governing the generation and use of human iPSCs. Sterile
technique is especially important for iPSC cultures, as culture medium does not routinely contain antibiotics. It is critical that NECs appear
healthy and are robustly proliferative for successful reprogramming.

1. Plate 5 x 105 NECs per well of a 6 well tissue culture plate. After 24 hr, add polybrene to BEGM to a final concentration of 8 µg/ml and
transduce NECs by adding lentiviral particles expressing Oct4, Sox2, Klf4, c-Myc to the media. Aim to achieve a multiplicity of infection (MOI)
of ~527.

1. To determining the MOI, prepare serial dilutions of the concentrated-lentiviral stock and transduce HT1080 cells with these dilutions.
After first unequivocally detection of dTomato expression in the HT1080 cells, calculate the number of "transducing units/ml" by scoring
the number of dTomato-positive cells/small clumps of cells in each dilution.
 

NOTE: Typically, there will be dilutions that are too high (everything is dTomato positive) and too low (none or only a couple of positive
cells).

2. Perform scoring from the dilutions in which discrete positive cells/small clumps of cells is identified. Determine the titer by correcting
the number of transducing units/ml with the appropriate dilution factor. MOI is then the ratio of the number of transduced cells to the
number of virus particles 27.
 

NOTE: Each dTomato positive cell/small clump is assumed to arise from a single virus particle.

2. About 3 hr post-transduction, remove media and replace with fresh BEGM. Discard lentivirus-containing media using institutionally-approved
procedures. Return transduced NECs to the incubator for 3 days.

3. On day 3, replace media with fresh BEGM, and then incubate for another 3 days. Aspirate spent media, wash cells with 1x PBS and add 1
ml 0.05% Trypsin solution to the well. Passage cells with Trypsin as written above (section 5). Carefully aspirate supernatant and resuspend
cells in 4 ml BEGM + P/S. Cells can be passaged to a new well of a 6 well plate coated with BDC, or added to MEF cultures, if ready (see
next step).

4. Prepare MEF coated plates. On day 4 add 0.1% gelatin solution (1 ml/well) to 2 wells of a 6 well (to perform +/- Thiazovivin (SPT) see step
6.6). On the next day, thaw a vial of inactivated MEFs 28.

5. Place MEFs into 10 ml of MEF media (DMEM + 1x NEAA + 10% dFCS). Spin at 200 x g for 5 min to pellet. Resuspend in MEF media.
Aspirate gelatin from 6 well plate and add 1.87 x 105 MEFs per well of the gelatin-coated 6 well plate. Incubate O/N at 37 °C, or for a
minimum of 24 hr.

6. Transfer 2 ml of BEGM containing transduced cells per well into 2 wells of a previously coated 6 well plate and incubate O/N. On the next
day, replace BEGM with 2.5 ml per well of standard hESC media containing 4 ng/ml basic fibroblast growth factor. Feed cells with fresh hESC
media +/- SPT daily for 10 days
 

NOTE: It is possible to add a cocktail of small molecules (SB431542, PD0325901, and Thiazovivin (SPT) cocktail) to enhance the efficiency
and kinetics of reprogramming for NECs 23.

7. After ten days, continue to feed daily using hESC media without SPT. Feed cultures daily until hESC-like colonies appear (Figure 5A, P0
colony). Identify colonies harboring putative iPSCs by their high nucleus:cytoplasmic ratio and prominent nucleoli.

8. Manually excise and transfer colonies with hESC-like morphology to separate wells for culture and expansion as separate lines in a feeder-
free system. Excised colonies should adapt rapidly to these conditions.

1. After plating excised colonies these discrete putative iPSC lines are now considered passage 1 (p1). Feed cultures daily with mTeSR1.
Passage and expand iPSC lines using standard procedures. It may take several days to a week for p1 colonies to reach the size at
which they should be passaged.
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7. Maintaining iPSCs in Culture

1. Feed and evaluate cultures daily. Manually excise areas exhibiting overt differentiation by scraping with a sterile glass pipette or micro pipette
tip. Change media after daily picking.

2. Passage cells after approximately every four days: Gently aspirate media, add 1 ml warm Dispase (1 mg/ml) per well of a 6-well plate (half
the feeding volume), then incubate at 37 °C for about 4 min. The edges of the colonies will begin to lift, which looks like a white outline around
the colony. Gently aspirate the Dispase and wash 3x with warmed DMEM/F12.

3. Add 2 ml mTeSR1 and use a cell lifter to lift the colonies from the plate. Use a 5 ml serological pipette or P1000 micropipette to gently triturate
the cells until the colonies are broken into smaller clusters.

1. Avoid producing very small clusters or single cells, as survival and subsequent proliferation will be sub-optimal. When re-plating
colonies, a 1:4 to 1:6 split will maintain optimal colony density. Gently remove colonies and media from the plate and add to new,
matrigel-coated wells.

Representative Results

The initial part of the nose, called the nasal vestibule, is the area surrounded by cartilage 29. The brush needs to go smoothly past this area of
the nose, beyond the nasal valve (ostium internum, or the "black hole" seen at the back of the nare), and the sample is obtained from the inferior
turbinate (Figure 1). The nasal turbinates are bony structures that increase the surface area of the nose 29, making them an ideal location for
sampling. The area is also lined by vascularized mucosal tissue, which closely resembles the linings of the lower airways and is also active in the
immune response to environmental exposures.

Sampling the correct tissue ensures that the cells that are reprogrammed are epithelial cells. This can be evaluated by the initial cell count and
cytospin, but also by observing the cells in culture. The cytospin, once spun down, dried, and stained, shows the makeup of the sample. Most
samples consist of epithelial cells, which are columnar and ciliated, with one round nucleus. With the Hema 3 stain kit, they stain a light blue
color with a darker purple nucleus (Figure 2), and often when taken directly from the nose they are seen clumped together. Although nasal cell
samples are initially a mix of cell types as well as debris from the nose, with time in culture and with media changes, the epithelial cells become
predominant (Figure 3A, B). When epithelial cells are growing to confluence, they are shaped like a freshly cracked egg, where the nucleus is
large and located in the center and the cytoplasm is sort of "reaching out" and stretching as the cell prepares to divide (Figure 3B). As the cells
grow together, they begin to take on more of a football shape, and fit together snugly in the dish (Figure 3C).

Once the cells are transduced, they will express the tdTomato fluorescent marker in the nucleus. Figure 4 shows the cells once they have been
transduced, in bright field, fluorescence and with both images merged. Not every cell expresses the marker, and therefore not every cell was
transduced, but each well should have about 90 percent transduction efficiency, and this will increase the likelihood that some cells will achieve
pluripotency after being plated on MEFs.

Once co-cultured with MEFs and as cells begin to form colonies, they will gradually stop expressing tdTomato. However, this is not the best
indication of colony formation. The best indication of colony formation is visual confirmation. hESC colonies, which are the "gold standard" of
pluripotency, are mostly round and are composed of many small, round cells with large nuclei and a high nucleus to cytoplasm ratio. Each cell
appears mostly composed of the nuclei, and other organelles are not clearly visible. Following iPSC colony harvest, and culture in standard
feeder-free conditions, newly formed iPSC colonies should look much like their hESC counterparts, and the individual cells are almost identical to
the hESC phenotype, as seen in Figure 5B.

Before utilizing iPSCs generated from nasal epithelial cells (NEC-iPSCs) in experiments, it is advised to assess the quality of new lines. This
typically involves assessment of the karyotype, the expression of pluripotency markers, and the ability of iPSCs to differentiate into each of
the 3 embryonic germ layers (endoderm, mesoderm and ectoderm). Differentiation capacity can be tested in many ways, but currently, the
most stringent assay is the teratoma assay 2,23,30. More comprehensive assays such as transcriptional and epigenomic profiling are useful to
determine whether any chromosomal abnormalities are introduced by reprogramming 23.
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Figure 1. Inferior Turbinate. Sampling movement and the sampling target, the inferior turbinate, is indicated by black arrow.

 

Figure 2. Cytospin. Most of the sample consists of epithelial cells, which are long and columnar, with cilia at one end and a round nucleus at the
other. They are often clumped together when sampled directly from the nare. Arrows indicate individual epithelial cells.

 

Figure 3. Primary nasal epithelial cells in culture. (A) Floating cells and debris just after sample is collected and plated. (B) Cells one day
after being passaged. Cell morphology is consistent and the culture primarily consists of nasal epithelial cells, 10X magnification, and (C) 5X
magnification. Please click here to view a larger version of this figure.
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Figure 4. Transduction of NECs. Cells being transduced have taken up the vector and show the red fluorescence marker tdTomato. This
marker should fade as they progress towards a pluripotent state. (A) Bright field image of transduced cells. (B) Fluorescent image of transduced
cells. (C) Overlay of bright field and fluorescent images (panels A and B). Please click here to view a larger version of this figure.

 

Figure 5. iPSC stem cell-like colonies. (A) Growing on MEFs, colony is mostly round on edges and shows little to no differentiation. (B)
Individual cells show typical hESC-like morphology, with small round cells with large nuclei. Please click here to view a larger version of this
figure.

Discussion

Nasal epithelial cells (NECs) are an accessible platform for studying airway disease, and NEC-iPSCs offer an exciting avenue to explore
disease development, treatment and therapy 1,31,32. NECs can easily be obtained without stressful or potentially harmful procedures 6,23. In
our experience, the sampling of the nasal mucosa as described in this protocol appears to be less stressful and better perceived than blood
collection for children. Therefore, this method may be particularly useful in pediatric patient populations and relevant to studying airway diseases.
The other advantage of the NECs is that once they are in culture, epithelial cells are selected for with media and culture condition and become
homogenous. This is advantageous than using a complex tissue such as blood cells and makes it easier to evaluate the impact of cell origin in
resulting iPSC lines using transcriptomic and epigenetic approaches.

When sampling the nasal mucosa, it is important that the correct area of the nose is sampled so that mostly epithelial cells are retrieved, as
evidenced by viewing the cytospin under a microscope (Figure 2). Correct sampling will yield ≥90% epithelial cells. It is critical to obtain samples
from healthy patients, and to ensure that the sample is collected appropriately in order to maximize the cell number obtained and plated. The
twisting motion described in the protocol (section 1.5) ensures that the brush comes into contact with as much of the nasal surface as possible.
It is a natural reflex to turn one's head when a foreign object is heading towards one's face. Therefore, in the event that a child turns his or her
head or pulls away, it is essential that sampling occurs quickly and accurately. Using these techniques will increase the efficiency of every other
step of the protocol, and determine the likelihood of successful reprogramming. Asking the child to lie down, and even to place their hands
beneath them or have a parent or sibling hold their hands is a good way to encourage them to lie still and to help guarantee a smooth and
painless sample collection.

Recently, a few other sampling techniques have been evaluated for comfort, ease, and sample outcomes, based on cell content and composition
as well as RNA and DNA yields 33. The group reviewed sampling with a cytology brush versus a polyester swab, and they sampled both the
inferior turbinate as well as the anterior nares by vigorously swirling the brush or swab around the nares. Sampling the inferior turbinate with
a brush was found to be slightly uncomfortable, although it did yield the best RNA yields and consisted of the most ciliated epithelial cells, as
compared to a polyester swab. The method proposed in this protocol is therefore verified as the most reliable method of sampling the nasal
epithelia as a way to study respiratory airway epithelium.

Once the sample is obtained, it must be kept at 37 °C. One of the most effective ways is to warm a beaker of water to greater than 37 °C and
nestle it into a Styrofoam container for safe transport while preparing to meet the participant. Just before the sample is collected, add cool water
so that the temperature is brought to about 37 °C, and add the conical tube with the media. When the brush is added to the conical tube, return
the tube immediately to the water bath and keep it there until it can be returned to the lab, at which point the tube should be put in a regulated 37
°C water bath until cells are seeded onto a culture flask. At all points, sterile technique should be used to avoid introducing foreign agents into
the culture.

A considerable amount of variability amongst the samples was seen when cells were put in culture. This variability seemed to stem from both
the donor source as well as the sample quality itself. One way to increase sample quality is to obtain one brush from each nostril, or two brushes
per participant. After seeding the fresh sample, and as the cells are passaged, the condition of the cells should be monitored regularly to be
sure they are fit to be reprogrammed. Cells that make the best candidates for are the ones that take to culture and proliferate quickly. It is not
known why cells from certain donors are more robust than those from other cells, but it may be due to factors such as age, size of the nose, and
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health of the donor at the time of sampling. When a sample yields very few cells, or only a small number of cells attach once plated, the sample
is unlikely to grow to confluence. If a struggling culture does reach confluence, the cells tend to be weak and many cells die during passaging.
This type of sample is a very poor candidate for reprogramming, as it is essential that the cells be proliferating rapidly and robustly, and that they
are transduced at the earliest possible passage number. It is not advisable to transfect cells that are growing slowly, whether this is due to donor
variability, poor sampling, or passaging cultures too thin. If reprogramming is attempted with a poor cell culture, it is unlikely to proceed to fruition.

Preparing the cells for transduction is one part of the protocol that is most difficult to prepare for. Based on the growth of the cells, 2 x 105 to 5
x 105 cells are suggested for transduction and this may dependent on specific patient samples. Therefore it may require a few wells plated with
varying cell numbers to obtain the ideal number.

This protocol outlines not only the ease of sampling, but also the relative ease and timelines of establishing primary cell cultures, and subsequent
reprogramming of those primary cell cultures to iPSC lines for more sustainable and versatile research opportunities. The entire process from
clinic to establishment of discrete iPSCs in culture takes about 3 months, and new methods for shortening reprogramming times are being
developed 6,34,35. This field is rapidly evolving to find more efficient and complete ways to convert primary cells to iPSCs, and to subsequently
differentiate iPSCs into specific cell and tissue types of interest. However, differentiation protocols for tissues important for airway disease, such
as the lung epithelium, are still being worked out 36-38.

Generating iPSCs from NECs has the advantage of simple and relatively painless isolation of cells. Furthermore, it is possible that NEC-
iPSCs offer advantages over iPSCs derived from other tissue types that can be exploited. The impact of iPSC epigenetics on subsequent iPSC
differentiation is not completely understood, although evidence indicates that mouse and human iPSCs harbor transcriptional and epigenetic
memory of their somatic cell of origin and that this selectively favors their differentiation into lineages associated with the donor cell type whilst
restricting other fates 5,26. Due to the importance of the tissue of origin, and how this impacts the functional properties of iPSCs, particularly with
respect to the retention of tissue-specific epigenetic marks 39-45, iPSC lines need to be more clearly studied in order to better understood the
impact of the tissue of origin. It has previously been shown that NEC-derived iPSCs harbor a genomic methylation signature indicating retention
of an epigenetic memory of their tissue of origin 23. Such epigenetic memory retained in NEC-iPSCs may be beneficial in differentiation of
pluripotent stem cells into airway cells, as previous studies have shown that blood cell derived iPSCs exhibiting epigenetic memory of the blood
cells of origin are more easily differentiated into blood cells than fibroblast or smooth muscle-derived iPSCs lacking blood cell-specific epigenetic
memory 5,26. Given the enormous potential of iPSC-derived airway cells for modeling lung diseases, it will be important to study whether NECs
represent an optimal cell type for differentiation of iPSCs into airway cells/tissue. In addition, this stably maintained memory may represent
chromosomal locations resistant to reprogramming and candidates for disease states of donor cells. As protocols to convert iPSCs to proximal
and distal lung cell types are developed 36-38, these NEC-iPSCs may have an advantage in modeling airway diseases such as asthma, COPD,
cystic fibrosis, and many others and in studying environmental effects on lung development and homeostasis.
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