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Abstract
Background  Despite their life-saving potential, tissue engineering approaches for the treatment of extensive 
tracheal and bronchial defects still face significant limitations. A major challenge is the inability to regenerate a 
functional airway epithelium containing the appropriate amount of stem cells required for long-term tissue renewal 
following transplantation of the bioengineered graft. In this scenario, extensive cell culture characterization, validation 
assays and quality controls are needed to guide each step of the regeneration process.

Methods  Stem cell depletion is often due to suboptimal culture conditions, therefore we tested the ability of a 
clinical-grade culture system to support the safe and efficient in vitro expansion and differentiation of primary human 
tracheal and bronchial epithelial cells. Single-cell clonal analysis was used to unravel the heterogeneity of airway 
basal cells and to understand tissue-specific regeneration and differentiation mechanisms. Functional assays were 
used to investigate the wound healing ability and tightness of the regenerated epithelium under the selected culture 
conditions.

Results  Primary tracheobronchial epithelial cells showed an impressive proliferative potential, allowing the 
regeneration of a mature and functional epithelium without immortalisation events. Analysis at the single cell level 
allowed the identification of the subpopulation of basal cells endowed with in vitro self-renewal, distinguishing 
them from transient amplifying cells. This approach has further defined the hierarchy of cellular differentiation and its 
correlation with regenerative and differentiation potential.

Airway epithelial stem cell renewal 
and differentiation: overcoming challenging 
steps towards clinical-grade tissue 
engineering
Davide Adamo1,2*†, Vincenzo Giuseppe Genna1,3†, Giulia Galaverni1,2, Chiara Chiavelli1,4, Alessia Merra1,2, 
Fabio Lepore1,4, Federica Boraldi2, Daniela Quaglino2, Jessica Evangelista5,6, Filippo Lococo5,6 and 
Graziella Pellegrini1,3,7*

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1186/s13287-025-04478-0
http://orcid.org/0000-0001-9861-0736
http://crossmark.crossref.org/dialog/?doi=10.1186/s13287-025-04478-0&domain=pdf&date_stamp=2025-7-5


Page 2 of 23Adamo et al. Stem Cell Research & Therapy          (2025) 16:351 

Conclusions  Our results show that primary airway epithelial cell cultures can maintain stem cells together with 
their differentiation lineages in vitro. Airway cells can be safely and effectively used in autologous tissue engineering 
approaches when cultured under appropriate and well-standardised conditions. In addition to the validation assays 
proposed for the development of new advanced therapy products, this study outlines possible quality controls to 
enhance therapeutic success and maximise patient safety in future clinical applications.
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Background
Knowledge of the importance of the respiratory tract 
dates back to 3,600 BC, with tracheotomy operations 
depicted in egyptian tablets, as the respiratory system is 
one of the most important and intricate systems in the 
body [1, 2]. This field has garnered interest owing to 
several pathological conditions, such as malignancies, 
congenital malformations, infections, inflammation, or 
postoperative complications, that can profoundly alter 
airway functions, endangering the patient’s life [3–7]. 
Over the years, extensive circumferential tracheal or 
bronchial damages have posed a significant challenge to 
airway medicine [8, 9]. In these cases, conventional surgi-
cal approaches have proven ineffective, highlighting the 
pressing demand for innovative reconstructive strategies 
[10–13].

Tissue engineering (TE) has been investigated as a 
promising solution for replacing damaged or pathologi-
cal airway tissue [5, 14]. However, the clinical outcomes 
of TE applications have highlighted their limitations, 
including the need for biocompatible supporting materi-
als with appropriate biomechanical properties [11, 13, 15, 
16], immune rejection risks [17], delayed vascularization 
of the bioengineered graft [18] and, above all, the inabil-
ity to regenerate a functional and self-renewing airway 
epithelium on the engineered implant in the long term 
[8, 19–21]. The human airway is a remarkable structure 
formed by the coordinated development of endodermal 
and mesodermal tissues [22]. Impairment of airway epi-
thelial function leads to complications such as mucus 
build-up, infection, graft stenosis, granulation tissue for-
mation, chondromalacia and fibrogenic reactions [8, 20, 
21, 23], with profound physical and emotional challenges 
for patients. The airway epithelium relies on various pri-
mary cell populations, including basal, goblet, club, and 
ciliated cells, and other less abundant cell types, collec-
tively accounting for 0.8% of the total airway epithelium 
composition [24]. The efficient expansion of primary cells 
from airway epithelia, maintenance of tissue architecture, 
and inherent heterogeneity to the extent required for 
transplantation are major challenges for airway TE [25–
27]. Indeed, preclinical studies describing primary airway 
epithelial cell cultivation in vitro have generally reported 
a slow cell growth rate [20] and minimal proliferative 
potential, with a very limited number of subculturing 
passages [28]. Beyond this limit, cells lose their capacity 
to proliferate, produce mucus, and express tight junc-
tion proteins [29–31], resulting in unbalanced differen-
tiation. Consequently, autologous airway epithelial cells 
have been reported to be inadequate for clinical regen-
eration and unreliable for TE approaches [20]. Main-
taining the epithelial stem cell population is of utmost 
importance to promptly achieve effective ex vivo expan-
sion and differentiation, which is required for life-saving 

reconstructions [32]. Stem cell preservation must be 
ensured in all stages of the engineering process, from 
biopsy collection and cell extraction to in vitro expansion 
and graft repopulation, and finally through a well-defined 
vascularization strategy that ensures sufficient blood sup-
ply to the transplanted tissue for long-term therapeutic 
ends [8, 10, 31]. Based on successful clinical applications 
of several regenerative medicine approaches, permanent 
engraftment and long-term regeneration of transplanted 
epithelial tissues appear to be dependent on an adequate 
number of stem cells [33–36]. Hence, identifying specific 
biological parameters that can unequivocally determine 
the quality of epithelial culture [37–40] is critical and 
required by regulatory authorities to approve TE clinical 
applications. 

Here, we demonstrated the selection of a clinical-grade 
culture system [33, 41–43] able to achieve efficient, rapid 
and safe expansion of human primary airway tracheal 
(AT) and bronchial (AB) epithelial cells while preserv-
ing their tissue-specific heterogeneity. The main goals of 
this study were (i) to maintain the long-term prolifera-
tive potential of airway epithelial cells and their multipo-
tency by expressing the major differentiation lineages, (ii) 
to identify and characterize airway epithelial stem cells, 
which are essential for self-maintenance of the tissue in 
vivo, and (iii) to provide a basis for quality controls in 
bioengineering processes. The prospective identifica-
tion of specific biomarkers can be relevant for diagnosis 
and follow-up in vivo. Additionally, AT and AB epithe-
lial cell differentiation kinetics unravelled the different 
roles of stem cells and transient amplifying progenitors in 
maintaining airway epithelial heterogeneity and potency. 
Increased understanding of tissue-specific biology and 
regenerative potential under in vitro expansion will help 
overcome hurdles in airway TE and stem cell mainte-
nance, promoting successful translational research.

Methods
Human samples
Human tracheal and bronchial samples were collected 
from n = 5 male donors and n = 4 female donors aged 
between 38 and 76 years after informed consent and 
ethical committee approval. Exclusion criteria implied 
patients suffering from neoplastic diseases or infections 
such as aspergillosis, nocardiosis, tuberculosis or SARS-
CoV-2. Relevant clinical data e.g. donor age at the time of 
biopsy collection, gender, ethnicity, sampling condition/
intervention that allowed the biopsy withdrawal, anatom-
ical site of the biopsy, relevant medical information at the 
time of sampling, and cigarette smoking habit have been 
reported in Supplementary Table 1. Human skin samples 
were obtained from healthy living donors as a byprod-
uct of surgical waste (abdominoplasty or mammoplasty) 
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upon informed consent and compliance with italian 
regulations.

Cell lines and primary cell culture
After collection in the surgery room, tracheal and bron-
chial biopsies were shipped from the clinical centres to 
the “Centre for Regenerative Medicine of Modena and 
Reggio-Emilia, Modena, Italy” through a clinically vali-
dated, temperature-controlled transport packaging. Fol-
lowing the delivery within a clinical-grade (CG) culture 
medium and no more than 36 h after sample collection, 
the biopsies were minced and dissociated with 0.05% 
trypsin (Thermo Fisher Scientific, Waltham, Massachu-
setts, USA) and 0.01% 2,2′,2″,2‴-(Ethane-1,2-diyldini-
trilo) tetra-acetic acid (EDTA) at 37  °C for 2‒6  hours. 
Every 30  min, epithelial cells were collected, plated 
(2.5–3 × 104/cm2) on Good Manufacturing Practice 
(GMP)-certified lethally irradiated 3T3-J2 cells (2.4 × 104/
cm2), and grown at 37  °C, 5% CO2 in 95% humidified 
atmosphere in Dulbecco’s modified Eagle’s (DMEM) 
and Ham’s F12 media (2:1 mixture, (EuroClone, Milan, 
Italy), 10% fetal bovine serum (FBS, Thermo Fisher Sci-
entific), 50 lU/ml penicillin–streptomycin (EuroClone, 
Milan, Italy), 4 mM glutamine (EuroClone, Milan, Italy), 
0.18 mM adenine (Merck, Darmstadt, Germany), 5 mg/
ml insulin (Eli Lilly and Company, Indianapolis, Indiana, 
USA), 0.1 nM cholera toxin (List Biological, California, 
USA), 0.4 mg/ml hydrocortisone (Avantor, Pennsylvania, 
USA), 2 nM triiodothyronine (Peptido Gmbh). At the first 
feeding time, three days after plating, 10 ng/ml epider-
mal growth factor (EGF, Austral Biologicals, California, 
USA) was added to the medium. Primary cultures were 
fed every other day. When airway cultures reached sub-
confluence, the epithelial cells were dissociated at 37  °C 
for 15 min in trypsin and either frozen at -196 °C in liq-
uid nitrogen or serially propagated at a density of 6 × 106 
cells/cm2 until replicative senescence. All the reagents 
used for cell extraction and culture were extensively 
selected and screened for contaminants and the absence 
of cytotoxic effects. Mouse 3T3-J2 cells, used as feeder 
layer (FL) for human epithelial cells, were cultivated 
in DMEM supplemented with 10% gamma-irradiated 
donor adult bovine serum, penicillin–streptomycin (50 
IU/ml) and glutamine (4 mM) and detached with 0.25% 
Trypsin-EDTA 1X (Thermo Fisher Scientific, Waltham, 
Massachusetts, USA). Mouse 3T3-J2 cells were originally 
received as a gift from Prof. Howard Green, Harvard 
Medical School (Boston, MA, USA), and a GMP-certified 
master cell bank was established.

Colony-forming efficiency assay, population doublings and 
growth rate (doubling time)
The colony-forming efficiency (CFE) was calculated after 
cell extraction from human biopsies and at each serial 

passage of tracheobronchial lifespans from the indica-
tor dish stained with rhodamine B (Sigma‒Aldrich, St. 
Louis, Missouri, USA) after 12 days of cultivation. Briefly, 
a small aliquot of cells - ranging from 200 to 2000 - was 
plated onto indicator culture dishes previously seeded 
with 3T3-J2 FL and cultured following the abovemen-
tioned protocol. Under examination with a dissect-
ing microscope, colonies were scored as progressively 
growing or aborted, as previously described [44, 45]. 
The percentage of clonogenic cells corresponds to the 
number of grown colonies on the total number of plated 
cells; the percentage of aborted colonies was calculated 
as the number of aborted colonies on the total number 
of grown colonies. The following formula was used to 
score the number of cell doublings x = 3.322 log N/No, 
where N is the total number of epithelial cells collected 
at each passage and No is the number of clonogenic cells 
plated. Doubling time was calculated using the follow-
ing formula: number of hours to reach subconfluence/
number of cell doublings performed, considering the pas-
sages with standard cell number seeding and above 2.5% 
clonogenicity.

Clonal analysis
For the clonal analysis, subconfluent airway cultures were 
trypsinized and, after limiting dilution, single cells were 
inoculated into 96-well plates (1 cell per well) coated 
with 3T3-J2 FL cells. After seven days of culture, wells 
containing single clones were selected under an inverted 
microscope, and each clone was photographed and then 
dissociated through trypsin digestion to obtain a single-
cell suspension. Afterwards, each cell suspension was 
divided into three or four parts. Typically, one-quarter of 
the clone was plated into an indicator dish for CFE analy-
sis, whereas the other three quarters were used in vari-
ous experiments to characterize each clone’s regenerative 
potential. CFE assay allows clonal classification according 
to the number of aborted colonies. Briefly, the clones that 
generated between 0 and 6% of aborted colonies were 
classified as holoclones (H), the clones that generated 
between 6 and 95% of aborted colonies were classified 
as meroclones (M), and the clones that generated more 
than 95% of aborted colonies were classified as para-
clones (P). Among meroclones, a further classification 
distinguished them in early meroclones (EM, 6–20% of 
aborted colonies), intermediate meroclones (IM, 20–60% 
of aborted colonies) and late meroclones (LM, 60–95% 
of aborted colonies). The clone size was calculated via a 
×10 objective and ZEN plug-in AxioVision SE64 software 
(Rel. 4.9.1, Zeiss, Oberkochen, Germany). For the unclus-
tered analysis of airway clonogenic cells, subconfluent 
airway epithelial cultures were enzymatically detached 
and, after limiting dilution, single cells were inoculated 
into 96-well plates containing 3T3-J2 FL cells. On the 7th 
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day of culture, single AT and AB clones were fixed with 
3% paraformaldehyde (10  min at RT) or cold methanol 
(10  min at -20  °C) and immunostained as described in 
the “Immunofluorescence staining” section. Images were 
acquired through Cell Observer Z.1 microscope (Zeiss) 
and ZEN plug-in AxioVision software (Rel. 4.8, Zeiss, 
Oberkochen, Germany).

In vitro self-renewal assay
To evaluate the self-renewal potential of the different 
clonal categories under stressful conditions, AT and AB 
clones grown as described in the “clonal analysis” sec-
tion were detached and concomitantly seeded into an 
indicator dish for clonal type classification (one-third of 
the clone) and in a well of a 24-well plate for 28/30 days 
coated with FL (two-thirds of the clone). During this pro-
longed culture period, the CG cell culture medium was 
first changed on day three and then changed daily until 
the 28/30th day of culture. The progeny of each clone 
were subsequently detached, and CFE assay was per-
formed. Specifically, we plated 5,000–10,000 cells for H 
(to allow a precise colony count), whereas for the other 
clonal types (M and P), we plated all the detached cells 
in indicator dishes to provide an overall assessment of 
residual clonogenicity.

Air-liquid interface (ALI) culture
For the ALI culture, tracheal and bronchial epithelial 
cells derived from subconfluent cultures were seeded 
(2.4 × 104/cm2) onto a human de-epithelialized derma 
(used as a biological scaffold) coated with lethally irradi-
ated 3T3‒J2 FL cells and located within Millicell® culture 
plate inserts (Merck Millipore, Burlington, MA, USA). 
De-epithelialised human dermis offers several advantages 
as a standard matrix for in vitro studies of epithelial cell 
differentiation. Specifically, respiratory epithelial cells 
can efficiently adhere to and proliferate on this matrix 
because it naturally provides the same physiological 
conditions as the substrate on which other epithelial 
cells normally grow. Furthermore, this natural matrix 
enables the formation of an appropriate nutrient gradi-
ent from the basal side, which is in contact with the cul-
ture medium, to the apical surface, which is exposed to 
air. Human AT and AB epithelial cells were cultured onto 
this matrix submerged in CG culture medium for seven 
days, after which the medium was removed from the api-
cal chamber to start the ALI culture. The culture medium 
was changed every other day until day 28–30. At the end 
of this period, airlifted cultures were embedded in opti-
mal cutting temperature (OCT, Bio-Optica) compound 
and stored at -80  °C until use. The same protocol was 
applied for the ALI culture of the clonal progenies, with 
the only exception being the seeding density. Indeed, for 

that experiment, three-quarters of each clone was used to 
establish ALI cultures.

De-epithelialization of the human dermis
To de-epithelialize the human dermis, human skin biop-
sies derived from abdominoplasty or mammoplasty were 
subjected to thermal shock. Specifically, the samples 
were submerged in preheated 1X PBS at 60  °C for 30  s 
and then immediately transferred to a container with 1X 
PBS at 4 °C for one minute. Following this treatment, the 
epidermis was carefully separated from the dermis via 
sterile forceps, with care taken to preserve the integrity of 
the dermal tissue.

Immunofluorescence staining
For immunofluorescence analysis, tracheal and bron-
chial human specimens and the ALI cultures on human 
de-epithelialized dermis were embedded in OCT com-
pound (Bio-Optica) and stored at -80  °C. Subsequently, 
8–20  μm-thick sections were cut with a cryostat and 
mounted onto glass slides. These sections, as well as air-
way epithelial cultures grown onto glass slide coverslips 
(15,000 cells/well of a 24-well plate) and single clones 
grown in 96-well plates, were fixed with 3% parafor-
maldehyde (10  min at RT) or cold methanol (10  min at 
-20 °C). The samples were then carefully washed with 1× 
PBS, permeabilized with 0.5–1% Triton X-100 in 1× PBS 
(10 min at RT) and subsequently blocked with blocking 
solution (2% BSA in PBS) for 30 min at 37 °C or 60 min at 
RT. The samples were first incubated for 30 min at 37 °C 
with the primary antibody and later with the appropri-
ate secondary antibody (typically Alexa Fluor conjugates, 
Thermo Fisher Scientific, Supplementary Table 2) for 
30 min at 37 °C, both of which were diluted in blocking 
solution. The following primary antibodies were used: 
rabbit polyclonal anti-KERATIN 5 (1:1000, Biolegend), 
rabbit polyclonal anti-KERATIN 14 (1:1000, Biolegend), 
mouse monoclonal anti-KERATIN 18 (1:100, Abcam), 
rabbit monoclonal anti-KERATIN 19 (1:2000, Abcam), 
mouse monoclonal anti-Involucrin (1:100, Leica Micro-
systems), mouse monoclonal anti-Acetylated Tubulin 
(1:100, Sigma), mouse monoclonal anti-mucin (1:20, Pro-
gen), rat monoclonal anti-Uteroglobin (1:20, R&D Sys-
tem), rabbit polyclonal anti-ZO-1 (1:100, Thermo Fisher 
Scientific), rabbit polyclonal anti-Ki-67 (1:100, Abcam), 
rabbit polyclonal anti-p63-alpha (1:5000, custom), and 
mouse monoclonal anti-14-3-3-Sigma (1:200, Abcam). 
The cell nuclei were stained with 4’,6-diamidino-2-phe-
nylindole (DAPI) for 5 min at RT, and the coverslips were 
mounted with fluorescent mounting medium (Dako, 
Agilent Technologies, Santa Clara, CA, USA). Images of 
the in vivo sections, airlifted culture sections, and air-
way epithelial cultures grown onto glass slide coverslips 
were acquired with a laser-scanning confocal microscope 
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(LSM 900, Zeiss, Oberkochen, Germany) and ZEN 2 
software (Rel. 3.3, Zeiss, Oberkochen, Germany). A Zeiss 
EC PlanNeofluar 40x/1.3 oil immersion objective was 
used to visualize the fluorescent signals. Instead, images 
of single clones grown in 96-well plates were acquired via 
a Z1 motorized inverted fluorescence microscope (Zeiss 
Axio Observer Z1, Zeiss, Oberkochen, Germany). Per 
each single clone, the staining for the analysed marker 
was annotated as positive or negative. Then, the ratio 
between the number of positive clones and the total 
number of analysed clones was calculated.

Airway specialized cell abundance in lifespan serial 
passages
To determine the abundance of goblet and club cells 
within serial passages of AT and AB cultures, one entire 
coverslip from each analysed passage of the cultures was 
stained for MUC5AC and Uteroglobin (Supplementary 
Table 2) and thoroughly screened (from top to bottom) 
for the presence of these cells. Owing to varying expres-
sion levels of the aforementioned proteins and the natural 
stratification of the epithelial colonies, precise quantifica-
tion of the two cell populations was unattainable. Instead, 
we assigned a score to each analysed culture based on 
the abundance of positive cells. The grading criteria 
were as follows: -, no positive cells were present (none); 
+, fewer than 10 positive cells present (low); ++, posi-
tive cells present in approximately 30% of the colonies 
(moderate); +++, positive cells present in approximately 
60% of the colonies (high); and ++++, positive cells pres-
ent in approximately 90% of the colonies (very high). For 
each lifespan interval (I-V), multiple cultures on glass 
slide coverslips were analysed. Therefore, the grading for 
each interval was represented as the mean value of these 
analyses.

Western blotting
For the WB analysis conducted on the serial passages 
of AT and AB culture lifespans, proteins were extracted 
from dry pellets via RIPA buffer (Sigma-Aldrich, St. 
Louis, Missouri, USA; cat# R0278) supplemented with 
phosphatase and protease inhibitor cocktails (Thermo 
Fisher Scientific, Waltham, MA, USA; cat# 78420; cat# 
72426) at 0–4  °C. The Bradford assay (Bio-Rad, Hercu-
les, CA, USA; cat# 500-0006) and the spectrophotometer 
were used to quantify the total protein amount. Equal 
amounts of protein were electrophoresed on NuPage 
4–12% Bis-Tris protein gels (Thermo Fisher Scientific, St. 
Louis, Missouri, USA; cat# NP0322) and transferred to 
nitrocellulose membranes (Merck-Millipore, Burlington, 
MA, USA; cat#1620115) at 100 V and 4  °C for 2 h. The 
membranes were treated with blocking solution contain-
ing 5% (w/v) nonfat milk (Bio-Rad, Hercules, CA, USA, 
cat#1706404) in 0.01% (v/v) Tween-20 (Sigma-Aldrich, 

St. Louis, Missouri, USA, cat#P1379) in 1× PBS. Protein 
band immunoreactions were performed with different 
primary antibodies (Supplementary Table 2) diluted in 
blocking solution, which were added to the membranes 
overnight at 4 °C. The following primary antibodies were 
used: rabbit polyclonal anti-p63-alpha (1:5000, custom-
ized), rabbit monoclonal anti-BMI1 (1:500, Cell Signal-
ling Technology), rabbit monoclonal anti-SOX2 (1:200, 
Cell Signalling Technology), mouse monoclonal anti-
GAPDH (1:10.000, Abcam), mouse monoclonal anti-
vinculin (1:10.000, Sigma-Aldrich), rabbit polyclonal 
anti-KERATIN 14 (1:40.000, Biolegend), mouse mono-
clonal anti-Involucrin (1:10.000, Leica Microsystems), 
and mouse monoclonal anti-actin (1:5000, Abcam). The 
corresponding HRP-conjugated secondary antibodies 
(Supplementary Table 2) were diluted in blocking solu-
tion and incubated for 1 h at RT after three washes with 
1× PBS. Protein signals were developed via a chemilumi-
nescent labelling reagent (Supersignal West Pico Che-
miluminescent Substrate, Thermo Scientific, cat#34580) 
and acquired with ChemiDocTM (Bio-Rad, Hercules, 
CA, USA) and Image Lab software (Bio-Rad, Hercules, 
CA, USA), while bands quantification was performed via 
ImageJ software. A grey background on the images was 
homogeneously added for graphical purposes. For the 
WB analysis of AT and AB lifespan, each lifespan was 
subdivided into five consecutive temporal intervals (I-V) 
to compare markers’ expression levels of the different 
strains (AT n = 3 and AB n = 3) in the same airway dis-
trict. In the case of multiple pellets analysed within the 
same interval, the mean expression value was considered. 
Finally, the average and SD of n = 3 AT and n = 3 AB were 
plotted per time interval, and the expression level of each 
independent strain was indicated with different shapes. 
For the WB analysis of clonal progeny, the expression val-
ues of H, EM, IM, LM and P of both AT and AB clones 
are shown for each strain as the mean of the different 
clones analysed, indicated with dots.

Scanning electron microscopy (SEM)
AT and AB airlifted cultures were fixed in 2.5% (v/v) glu-
taraldehyde in 0.1 M sodium cacodylate for 1 h at 4  °C, 
washed with 0.1  M sodium cacodylate and postfixed in 
1% (w/v) OsO4 for 1 h at room temperature. The samples 
were dehydrated in an ascending series of ethanol and 
critical point dried through liquid carbon dioxide. The 
specimens were mounted on aluminium stubs and coated 
with a gold sputter. Finally, the samples were observed 
under a NOVA NanoSEM 450, and images were acquired 
in high-vacuum mode with a TLD detector operated at 
8 kV.
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Wound healing assay
To perform the wound healing assay, human AT and AB 
epithelial cells were plated into rectangular cell culture 
plates (from Cell Comb Scratch Assay, Merck-Millipore, 
Burlington, MA, USA) and cultivated up to confluence 
either with CG culture medium and 3T3-J2 FL or with 
the commercially available defined medium Bronchial 
Epithelial Cell Growth Medium BulletKit™ (BEGM™, 
Lonza, Basel, Switzerland). After two days of confluence, 
the CG culture medium and the BEGM™ were removed, 
and Cell Combs (from Cell Comb Scratch Assay, Merck-
Millipore, Burlington, MA, USA) were used to create 
two perpendicular scratches across the monolayer. The 
scratched epithelia were then rinsed with 1× PBS, sub-
merged in CG or BEGM™ culture medium and placed 
inside the incubator of Cell Observer Z.1 microscope 
(Zeiss, Oberkochen, Germany) to measure progressive 
wound healing. Images were taken every 10 min for 14 h 
and then every 300  min up to 40  h. Progressive wound 
healing was assessed by calculating the area of wound 
closure through AxioVision Software (version 4.8).

Trans-epithelial electrical resistance measurement
Transepithelial electrical resistance (TEER) was mea-
sured for human tracheal and bronchial epithelia cul-
tured on Millicell® inserts in ALI conditions on days 3, 9, 
15, 23, and 29. TEER readings were obtained via a Mil-
licell® ERS-2 voltmeter (Electrical Resistance System, 
Merck-Millipore, Burlington, MA, USA). The apical sur-
face of cultured epithelia was submerged with CG culture 
medium only for the time needed to perform the mea-
surement. The resistance values of the replicates were 
normalized by subtracting the corresponding value of 
TEER measured in control inserts that did not contain 
cells. The data were calculated as mean ± SD of the mea-
surements performed at each time point.

Quantification and statistical analysis
The results are presented as mean ± SD. The significance 
of differences was analysed by Student’s unpaired two-
sample t test via Prism 8 software (version 8.4.0, Graph-
Pad Software, San Diego, CA, USA), and p < 0.05 was 
considered significant. Details about the statistical analy-
ses for each experiment are outlined in the figure legends.

Results
Clinical grade culture system
The efficient culture system developed in 1975 [46] for 
ex vivo expansion and clinical application of cultured 
epidermis did not meet current regulatory requirements 
and was subsequently modified and used for the regen-
eration of several epithelial tissues [34, 42, 43, 47]. This 
method has never been studied in human airway epi-
thelial cells or efficiently adapted and standardized for 

this tissue. Here, we selected conditions in accordance 
with EU Advanced Therapy Medicinal Products (ATMP) 
regulations and determined their effects on the airway 
epithelium (see Table 1 and Methods). In terms of infec-
tious hazards, cell culture for advanced therapies needs 
to avoid cross-contamination by adventitious microbio-
logical agents not covered by traditional donor screening. 
Numerous viral, bacterial and other pathogenic organ-
isms can grow in vitro and were analysed in the culture 
environment. Given that airway epithelial cells had a high 
bioburden upon arrival, treatment with amphotericin, 
gentamycin, penicillin and streptomycin and numer-
ous washing steps were carried out immediately after 
biopsy collection and before cell extraction. In specific 
cases, such as transmissible spongiform encephalopa-
thies (TSEs), validated tests are not available, although 
some are emerging that look promising [48]. Risk materi-
als were selected from the European Directorate for the 
Quality of Medicines & HealthCare (EDQM)-certified 
materials sourced from TSE-safe geographical areas. 
Cross-contamination and raw material potency were 
controlled by using compendial materials, selecting each 
material according to a specific batch, and testing its abil-
ity to maintain high clonogenicity with large colonies of 
cultured airway epithelial cells. Fundamental biological 
attributes of cell lines are essential to know; therefore, the 
cell line used as feeder layer was derived from a GMP-
compliant two-tiered master and working cell bank, fully 
tested for viral and other infectious agents, and validated 
for irreversible lethal irradiation. All data for expansion, 
cryopreservation, differentiation, growth beyond passage 
and the ability to support epithelial regeneration were 
produced under GMP designed to ensure consistency 
and high quality in manufacturing [49–51]. Experimen-
tal process intermediates and shelf-life were standardized 
by controls for viability, colony forming efficiency, num-
ber of aborted colonies, tissue-specific markers, doubling 
time, number of cell doublings and by stability studies 
on multiple batches (see also the following paragraphs 
and Methods). The robustness of the expansion process 
was ensured by measuring long-term replicative senes-
cence, absence of immortalization, presence of stem cells 
and proliferation, differentiation lineages, correct tis-
sue architecture, maintenance of tissue functions, and a 
controlled number of stem cells via functional tests. Test 
procedures were validated using the specific cell type, 
and regulatory compliance included instrumentation, 
facilities and records keeping from the initial filling to the 
final thawing of each vial of cells and production of the 
airway tissue, with considerable attention paid to training 
staff to perform each activity reliably (Table 1).
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Determination of the clonogenic and proliferative 
potential of human airway primary cultures
Airway epithelial cells were isolated from biopsies of 
approximately 1,8 cm2 obtained from donors with no his-
tory of cancer or systemic disorders. To assess the clo-
nogenic capacity of different biopsies under the selected 
culture conditions, a defined number of cells from each 
sample was plated on lethally irradiated 3T3-J2 cells from 
the working cell bank prepared according to European 
Medicinal Agency guidelines [52] and stained 12 days 
later with rhodamine B. The colony-forming efficiency 
(CFE) assay of AT (58.87 ± 14%) and AB (66.23 ± 24%) 
primary cultures revealed an increased number of clo-
nogenic cells compared with those from the biopsy 
(13.37 ± 11% in AT and 10.87% ± 5% in AB) (Fig. 1A and 
B), in line with previous observations [53]. This increase 
suggests a selection of proliferating epithelial cells over 
other nonepithelial cell types (Fig. S1A, B), supporting 
the expansion of basal epithelial cells with high prolifera-
tive potential in the first passage of culture. In fact, the 
terminally differentiated cells isolated from the biopsy 
appear to undergo replicative senescence. The long-term 
proliferative capacity of cells isolated from different areas 
of the airways (AT and AB) was subsequently assessed 
via serial cultivation until replicative senescence. As 
shown in Fig. 1C, all mass cultures from AT (n = 3, 27–44 
passages) and AB (n = 3, 24–28 passages) revealed exten-
sive proliferative potential, with 216 ± 52 and 161 ± 16 

cell divisions and 20.5 ± 0.5  h and 19 ± 1.4  h of duplica-
tion for AT and AB epithelial cells, respectively, before 
senescence. No statistically significant differences in cell 
doubling or doubling times were observed between the 
two areas (Fig. 1D), indicating that clonogenic cells with 
a high capacity for cell division (typical stem cells) were 
evenly distributed in both airway districts. No immor-
talization events were observed, as required in the clini-
cal setting, as shown by p16ink4A (Fig. S1C). Indeed, after 
the first passages, a progressive decrease in AT and AB 
clonogenic cells was accompanied by an increase in 
terminally differentiated aborted colonies, suggesting 
physiological progression towards replicative senescence 
(Fig. 1C, E). Differentiated cells were produced through-
out the lifespan, excluding basal cell selection, suggesting 
the occurrence of asymmetric cell divisions.

Airway cell culture characterization
Epithelia from different parts of the body express cyto-
keratin (CK) pairs that are unique to each site [54, 55]. 
We therefore analysed the expression of typical epithelial 
markers during the lifespan of airway cells. The stable 
expression of CK5 and CK14 within the growing colo-
nies, detected in the native tracheal and bronchial epi-
thelial basal layers (Fig. S2A), confirms the maintenance 
of their epithelial basal origin throughout the expansion 
process (Fig.  2A; S3A). In agreement with the in vivo 
results (Fig. S2A), the typical marker of pseudostratified 

Table 1  Specificities of the clinically-validated culture system and compliance with EU regulations
Peculiarities Specificities Implications
Safety from infec-
tious agents

Microbial and viral safety are requested and investigated at different 
stages of culture

No risk of cross-contamination and variable culture 
behaviour

Raw materials:
- Criteria for 
selection
- Feeder layer
- Experimental pro-
cess intermediate

Quality and safety assured by:
- Use of compendial materials
- Selection of each material according to a specific lot
- Maintenance of high clonogenicity, with big colonies of cultured 
airway epithelial cells
- GMP-compliant master cell bank fully tested for viral and other infec-
tious agents
- Validated irreversible lethal irradiation protocol
- Controls on viability, colony forming efficiency, tissue-specific makers, 
doubling time, number of cell doublings

Decrease of variability, enhanced safety, and optimiza-
tion of time for future trial approvals
- Minimization of potential contamination of infec-
tious agents
- Maximization of TE product performance
- Reported absence of 3T3-J2 cells in patients trans-
planted with other epithelia.
- Absence of microchimerism
- Reproducibility, minimization of experimental vari-
ability, consistency of results, comparability, safety

Shelf-life Stability studies with multiple batches for each reagent/procedure Optimization of use, optimization of cultures, de-
creased variability

Analysis on cultured 
human airway 
epithelial cells

- Long-term replicative senescence, absence of immortalization
- Presence of stem cells and proliferation
- Presence of all lineages of differentiation
- Correct architecture of the tissue
- Maintenance of tissue functions

Absence of tumorigenic potential
and immortalization events

Stem cell content Measurable and controlled over time Controlled risk for immortalization, control of long-
term tissue regeneration and self-renewal of the tissue

Testing Test procedures validated using the specific cell type Robustness of procedures, interoperator and intraop-
erator reproducibility

Regulatory 
oversight

Culture system for epithelia extensively reviewed and approved by the 
European Medicines Agency for safety of other human epithelia

Multiple experts involved in the evaluations, possibil-
ity for quick translation

Abbreviations: GMP, Good Manufacturing Practice; TE, Tissue Engineering
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epithelia CK18 [56] was expressed in all expanded AT 
and AB epithelial cells (Fig. S2A). Detection of the early 
epithelial differentiation markers involucrin (Fig.  2A) 
and 14-3-3-sigma (or stratifin; Fig. S3A) confirmed the 
ability of the cultures to undergo physiological cell dif-
ferentiation. In particular, involucrin, which was barely 

detectable in native tissue (Fig. S2B), was expressed 
in most cells of the upper layer of growing colonies 
(Fig.  2A). The expression levels of CK14 and involucrin 
were quite stable throughout the serial passages of the AT 
and AB lifespans, with no significant differences detected 
by WB analysis (Fig.  2B, C), according to IF analysis. 

Fig. 1  Cell extraction and long-term proliferative potential of primary human airway epithelial cells. (A) Comparison of the clonogenicity of cells directly 
extracted from AT (n = 4) and AB (n = 5) biopsies to that after the first expansion passage. Each independent strain is indicated by a different shape. Un-
paired, biparametric, two-tailed t test. (B) Representative images of the CFE assay performed at cell extraction (biopsy, 1000 cells seeded) and after one 
cell passage (primary culture, 400 cells seeded). (C) Graphs showing quantification of the CFE assay during the AT (left, n = 3) and AB (right, n = 3) lifespans. 
The blue lines indicate the percentage of clonogenic cells (number of grown colonies/total seeded cell ratio); the red lines indicate the percentage of 
aborted colonies (aborted colonies/total grown colonies ratio). Independent human strains are indicated by different shapes. (D) Histograms showing 
the cell doubling (left) and doubling time (right) of AT (n = 3, green bar) and AB (n = 3, orange bar) independent strains, indicated by different shapes. 
Unpaired, biparametric, two-tailed t test. The values are presented as mean ± SD. *** p < 0.001, ** p < 0.01. (E) Representative images of CFE indicator dishes 
showing the trend of clonogenic and aborted colonies in AT3 and AB2 lifespans. The number of cells seeded in AT3 serial passages was 300 (p2), 500 (p12), 
2000 (p20), and 67,000 (p27), and the number of cells seeded in AB2 serial passages was 400 (p2), 600 (p10), 700 (p22), and 250,000 (p28). p: passages
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The cells positively stained for the proliferation marker 
Ki-67 and the stem/progenitor marker p63α appeared to 
decrease over serial passages (Fig.  2A, S3A), consistent 
with the progressive reduction in clonogenic cells over 
the lifetime of the culture. These data further confirmed 

the absence of immortalization events, despite the dem-
onstrated long-term proliferative potential (Fig.  1C). In 
addition, the labelling of the tight junction marker ZO-1 
at the cell-cell contact, suggested early regeneration of 
the epithelial barrier in the colonies and revealed them 

Fig. 2  Characterization of airway epithelial cell cultures. (A) IF staining of AT (left) and AB (right) cultures at four time points during the lifespan of airway 
epithelial cells (representative images of three AT and three AB primary independent human strains). Scale bar, 50 μm. (B) WB analysis of total cell ex-
tracts from six expansion passages (AT2 strain) that represent five consecutive lifespan intervals (I-V), immunostained with the indicated antibodies. The 
experiment was conducted with n = 3 AT strains (n = 5 technical replicates) and n = 3 AB strains (n = 4 technical replicates). (C) Histograms showing the 
quantification of the expression levels of CK14, involucrin, p63α, BMI1 (all normalized per GAPDH), and SOX2 (normalized per Vinculin) from the top left 
to the bottom right. Average and SD of n = 3 AT and n = 3 AB are displayed per time range (see Methods). Independent strains are indicated by different 
shapes. For multiple pellets analysed within the same interval, the mean expression value was considered. Unpaired, biparametric, two-tailed t test * 
p < 0.05; ** p < 0.01; and *** p < 0.001
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as well-organized small pieces of tissue (Fig. 2A). Nota-
bly, a significantly higher expression of three transcrip-
tion factors (TFs), p63α, BMI1 and SOX2, which are 
involved in the regulation of stem cell function [57–61], 

was observed at early AT and AB cell culture time points 
(time points I and II, enriched in stem and progeni-
tor cells) compared to the end of culture (time point V) 
(Fig.  2B, C). The progressive decrease in the expression 

Fig. 3 (See legend on next page.)
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of these TFs in cells approaching replicative senescence 
supports the relationship between their high expression 
and proliferative potential sustained by the stem/progen-
itor cell population.

Regenerative and differentiation potential of 
tracheobronchial epithelial cells
The airway epithelium is populated by several differ-
entiated cells that are essential for maintaining tissue 
architecture and function. Here, we investigated the pro-
duction and maintenance of specialized goblet and club 
cells, which are critical for airway function, throughout 
the lifespan of airway epithelial cells. Both cell types were 
detected in all AT and AB cultures, confirming the ability 
of the culture system to maintain at least two additional 
tissue-specific lineages (Fig. 3A, B; Fig. S3B). The condi-
tions employed maintained biological variability between 
independent human strains, as suggested by some fluc-
tuations in the relative number of differentiated cells 
observed over the life of the cultures (Fig. 3B). Despite the 
variability, a specific trend in the development of differ-
entiated cells was observed. Indeed, AB strains presented 
both club and goblet cells from very early expansion pas-
sages, whereas AT strains were able to generate the same 
cell types later in their lifespan (Fig.  3A, B; Fig. S3B). 
Intermediate cell types coexpressing typical club and 
goblet cell markers were also observed in all AT and AB 
strains (Fig.  3C). These uteroglobin/MUC5AC-positive 
hybrid cells may represent a transient state between the 
two lineages, as previously described [24, 62]. Terminal 
differentiation of airway epithelial cells was then exam-
ined in the same culture medium at the air-liquid inter-
face (ALI) to mimic the physiological environment of 
airway tissue [63–65] (Fig. 3D). AT and AB cells regen-
erated a mature, fully differentiated airway epithelium 
composed of the cell types shown in native tissues (Fig. 
S2; Fig. 3E). Importantly, the presence of properly orga-
nized cilia at the apical level demonstrated correct polar-
ization of the regenerated epithelia, whereas secreted 
mucus supported goblet cell functionality (Fig. 3E).

Basal cell origin of airway culture: single-cell clonal 
analysis
As shown in Fig. 3 A, B, a variable number of club and 
goblet cells were progressively observed in AT and AB 
mass cultures. These data could be explained either by 
the proliferation of differentiated cells in culture due to 
the existence of a precursor capable of proliferation with 
restricted differentiation in vitro or by the differentiation 
of multipotent stem cells capable of giving rise to differ-
ent cell types [45, 62, 66–68]. We therefore investigated 
the presence of goblet and club cells in n = 53 AT and 
n = 77 AB clones derived from airway cells. AT and AB 
individual cells were cultured, and the resulting clones 
were analysed to determine the generation of the differ-
ent cell types from each single cell, based on the expres-
sion of specific cell markers. All the clones were positive 
for CK14, confirming their basal cell origin (Fig. 4A, B). 
However, club cells were detected in 33% of AT and 72% 
of AB clones (Fig. 4A, B), and goblet cells were detected 
in 10% of bronchial clones (Fig.  4A, B). The greater 
abundance of the club cell lineage in AB clones and the 
absence of goblet cells in AT clones confirmed previ-
ous findings (Fig.  3B), suggesting a rapid commitment 
of bronchial tissue to the two differentiation lineages, 
whereas tracheal tissue activate the differentiation pro-
cess later during the regeneration process. Overall, these 
results suggest that, albeit to different extents and tim-
ings, AT and AB clonogenic basal cells are multipotent, 
as they can give rise to at least epithelial, club and goblet 
cells (Fig. 3B, 4B).

Different States of basal cells
As depicted in Fig.  4C, AT and AB clones (n = 384 and 
n = 168, respectively) isolated from AT (n = 3) and AB 
(n = 2) epithelial cultures were further characterized to 
determine their long-term regenerative potential, accord-
ing to a previously defined classification for the epidermis 
[44] and other epithelial tissues [45, 47, 69]. The three 
main clonal types were holoclones (H, classified by 0–5% 
of terminally aborted colonies), meroclones (M, with 
5–95% of aborted colonies), and paraclones (P, leading to 
95–100% of aborted colonies) with a progressively lower 
regenerative potential (Fig.  4D). Our analyses demon-
strated the presence of the three clonal types within two 

(See figure on previous page.)
Fig. 3  Regenerative and differentiation properties of human airway cultured cells. (A) IF images showing goblet (MUC5AC-positive) and club (uteroglo-
bin-positive) cells in progressive passages of the AT1 (upper panel) and AB2 (lower panel) lifespans. The same analysis was repeated for the 3 AT and three 
AB primary strains. Scale bar, 50 μm. (B) Graphical representation of the abundance of goblet and club cells during AT (upper panel) and AB (lower panel) 
lifespans. Data collected from n = 3 AT and n = 3 AB independent strains are indicated by different shapes. Grading: -, none; +, low; ++, moderate; +++, 
high; and ++++, very high (see Methods). (C) IF images of MUC5AC (red) and uteroglobin (green) staining in AT and AB cultures. The merged image high-
lights the presence of double-positive cells coexpressing MUC5AC and Uteroglobin. The white triangles highlight MUC5AC/Uteroglobin double-positive 
cells. These hybrid cells were observed in n = 3 AT and n = 3 AB-independent strains. Scale bar, 50 μm. (D) Cartoon showing air-liquid interface (ALI) culture 
protocol. From left to right: cells are seeded onto a de-epithelialized human matrix, cultured for 7 days under submerged conditions, and exposed to ALI 
for 28 days. (E) Representative images of the epithelium regenerated by AT (n = 3) and AB (n = 3) independent human strains (n = 9 technical replicates). 
The dotted line indicates the epithelial basal layer; the asterisk indicates the mucous released by goblet cells. Scale bar, 50 μm
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airway epithelial tissues and allowed for the first time the 
isolation of holoclone-forming stem cells from human 
tracheal and bronchial epithelial cultures. H accounted 
for 8.7 ± 2.3% of AT and 23.7 ± 14.4% of AB analysed 
clones, with inherent variability observed among differ-
ent strains (Fig. S4A, B). All M accounted for 77.1 ± 3.7% 
of AT and 71.7 ± 9.7% of AB clones, and P represented 
14.2 ± 5.1% of AT and 4.6 ± 4.6% of AB clones (Fig. S4A). 
To better stratify the status of the clonogenic basal cells, 
the meroclones were further divided into three sub-
groups: early meroclones (EM, 5–20% of aborted colo-
nies), intermediate meroclones (IM, 20–60% of aborted 
colonies), and late meroclones (LM, 60–95% of aborted 
colonies) (Fig. 4D).

Holoclone-forming cells maintain self-renewal in the 
tracheobronchial epithelium
The progeny of each clone was exposed to strong differ-
entiation stimuli (30 days of stratification) to assess the 
self-renewal ability of the founding cell, maintaining rel-
evant clonogenic and proliferative capacity in vitro. The 
clones with up to 6% aborted colonies in the CFE were 
found to retain clonogenic and proliferative potentials 
after long-term differentiation (Fig.  4E; Fig. S4C, D). 
These founder clones maintain an original pool of stem 
cells that can resist continuous differentiation stimuli by 
self-renewing and dividing into still clonogenic daugh-
ter cells, which can regenerate tissue. In addition, all the 
clones that generated more than 6% of aborted colonies 
(EM, IM, LM and P) exclusively consisted of TA cells that 
rapidly underwent replicative senescence. Accordingly, 
we considered a new threshold (6% of aborted colonies) 
for defining H in the human tracheobronchial epithe-
lium (Fig. S4C, D). The difference between the remain-
ing clonogenic ability of H vs. all other clonal types was 
statistically significant (Fig.  4F). Indeed, only a few EM 
displayed residual growth potential, with a negligible 
number of colonies, which were almost entirely aborted 
and could not proliferate further (Fig. 4E, F; Fig. S4C, D).

Stem cell marker expression in different tracheobronchial 
clones
Despite the demonstration that clonal analysis can iden-
tify stem cells in tracheobronchial cultures, this assay 
remains time-consuming and extremely cumbersome 
[37, 70]. Therefore, we evaluated whether airway H could 
be uniquely identified on the basis of active proliferation, 
i.e., colony size. No direct correlation was found between 
AT and AB clone growth (size at 7 days) and the clonal 
category (Fig.  5A). The same concept applies to dou-
bling time (Fig. S5A, B), highlighting the inadequacy of 
these measures to identify stem cell-derived holoclones 
in airway cultures. Since the expression of p63α, BMI1, 
and SOX2 was decreased during proliferative senescence 

of AT and AB cultures (Fig.  2B, C), we investigated the 
expression of these TFs within airway clones, as each of 
these markers is thought to be associated with stem cells 
in either the airway [58, 60, 71] or other tissues [57, 59].

Western blot analysis of AT (n = 33) and AB (n = 11) 
clones revealed a significant progressive decrease in the 
expression of these markers from H to LM/P (Fig. 5B, C; 
Fig. S5C, D), confirming that p63, BMI1 and SOX2 are 
more abundant in AT and AB epithelial stem cells. Con-
versely, clones near replicative senescence, although still 
retaining some proliferative capacity, express extremely 
low levels of these TFs. These data are consistent with cell 
behaviour during serial culture, where the composition of 
the mass culture decreases the amount of stem and early 
progenitor cells (H and EM) to a population composed 
predominantly of old transiently amplifying and termi-
nally differentiated cells (LM and P) in the latest stage; 
this phenomenon can be identified as clonal conversion 
[72–74].

Differentiation potential of human airway epithelial clones
AT and AB epithelial basal cells showed heterogeneous 
regenerative capacities. Therefore, to investigate the dif-
ferentiation potential of stem and transient amplifying 
cells, we selected 161 airway clones with different pro-
liferative potentials to determine the generation of club, 
goblet and ciliated cells in the specific state of basal cells 
(Fig. 6A, C).

Each clone was cultured under standard and ALI con-
ditions. Standard cultures confirmed the presence of 
club and goblet cells in the progeny of AT and AB clones, 
including uteroglobin/MUC5AC-intermediate double-
positive cells found in H and all M progeny (Fig. 6A, B). 
P-forming cells, the final state of proliferating basal cells, 
showed limited differentiation potential, as highlighted 
by the presence of goblet but not club cells in their prog-
eny (Fig. 6A). In parallel, the epithelia regenerated from 
H, EM, IM, and LM ALI cultures were lined on the api-
cal side by ciliated cells (Fig. 6C). The strong differentia-
tion stimuli imposed by 30 days of ALI culture revealed 
that H can maintain both regenerative and differentiation 
potential, confirming its stem cell properties. Conversely, 
M progeny in ALI conditions were characterized by the 
absence of club cells within most of the regenerated epi-
thelia (Fig. 6C). The presence of these cell types in the M 
cultures exposed to lower differentiation stimuli (Fig. 6A) 
suggests an early exhaustion of this lineage in fully dif-
ferentiated organotypic cultures. Finally, P was unable to 
regenerate the epithelium under ALI conditions (Fig. 6C). 
Taken together, these results confirm that some, but not 
all, airway epithelial basal cells can regenerate a fully dif-
ferentiated tracheobronchial epithelium. Multipotency is 
not restricted to H stem cells but is maintained in the IM 
and LM, in contrast to self-renewal. Collectively, these 
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Fig. 4 (See legend on next page.)
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results indicate that H-forming cells are the most power-
ful and resilient cells, as they can withstand ALI terminal 
differentiation stimuli and guarantee the maintenance of 
complex tracheobronchial cellular heterogeneity.

Functional assays
The efficiency of the culture system in maintaining stem 
cells, tissue regeneration, differentiation and functions 
such as wound healing and the ability to form an effective 
barrier may not be consistent. Here, the wound healing 
capacity of airway epithelial cells was tested in vitro via a 
scratch assay. Two culture conditions were compared to 
test for significant differences in wound healing: the clini-
cal grade medium under investigation (CG) and a stan-
dard commercial bronchial epithelial cell growth medium 
(BEGM). The test involved scratching the tracheal and 
bronchial epithelia grown under the two culture condi-
tions with a well-defined lesion size and measuring the 
efficiency and time required for re-epithelialization. Sur-
prisingly, AT and AB epithelia cultured in the CG closed 
the wound area within 14  h, whereas their counter-
parts did not complete the wound healing process after 
40  h (Fig.  7A, B; Supplementary Video 1). The integrity 
of the cultured epithelial tissue was tested by analysing 
the efficiency of its barrier function. This competence 
was assessed by measuring the trans-epithelial electri-
cal resistance (TEER) of AT and AB epithelia at different 
time points in the CG medium under ALI culture envi-
ronment. TEER measurements every 4–6 days revealed 
a constant increase in TEER values throughout the cul-
ture to a maximum of 421 ± 97 Ω for AT and 361 ± 54 Ω 
for AB on day 29 of maturation (Fig.  7C). These results 
were consistent with the formation of a dense network of 
tight junctions observed during the exponential growth 
phase (Fig.  2A), confirming the ability of the regener-
ated epithelium to produce an efficient barrier. Scanning 
electron microscopy (SEM) highlighted the compactness 
and polarization of the AT and AB regenerated epithe-
lia, showing large areas densely covered with cilia and 
shorter microvilli protruding apically from the airway 
columnar cells (Fig. 7D). Interestingly, when the epithe-
lium was detached from the support, the superficial cili-
ated cells rotated in a specific direction, indicating the 

synchronization of cilia movement and their ability for 
mucus clearance (Supplementary Video 2).

Discussion
The proposed culture system has been clinically validated 
for the regeneration of other human epithelial tissues 
[34, 41–43, 47]. In this study, all AT and AB epithelial 
cell cultures were able to maintain a remarkable prolif-
erative capacity and underwent physiological replicative 
senescence, with a gradual decline in clonogenicity and 
p63 expression. The absence of immortalization events 
provided reassurance about the safety of this expansion 
method, making it less potentially dangerous and more 
suitable for clinical applications than other approaches. 
In addition to immortalization procedures [25–27, 75, 
76] that cannot be used in a clinical setting [77, 78], tech-
niques based on the inhibition of Rho kinase (ROCK) [32, 
78–81] or SMAD signalling [82, 83] are associated with 
safety concerns. Although these approaches may prove 
useful in modelling the airway epithelium in vitro [82], 
inhibition of these pathways can alter epithelial physiol-
ogy, unbalancing stem cell proliferation, differentiation 
and cell cycle regulation [84–87]. These changes impair 
terminal differentiation of airway cells and lead to tran-
sient immortalization of the culture, thereby inducing a 
predominantly stem cell-like phenotype [31].

Here, human airway epithelial cells were found to 
undergo extensive serial passaging and cell duplication 
under validated culture conditions that meet the require-
ments for TE transplantation. The retention of prolifera-
tive potential and differentiation capacity has not been 
thoroughly reported in most unsuccessful and controver-
sial clinical TE attempts [14, 88]. We have demonstrated 
the suitability of clinical-grade expansion conditions to 
preserve cell heterogeneity and regenerate a fully dif-
ferentiated airway epithelium capable of fulfilling its 
functions and acting as an efficient barrier against envi-
ronmental insults and infections. In particular, the ability 
to rapidly close a wound, a key feature of TE approaches, 
was confirmed using this system, but not using a stan-
dard available cell culture medium. Epithelial self-
renewal is strictly dependent on functional tissue-specific 
stem cells [89–94]. More than three decades of clinical 

(See figure on previous page.)
Fig. 4  Basal cell heterogeneity and hierarchy. (A) Representative images of clones positive for CK14, Uteroglobin, and MUC5AC. The brightfield image 
shows the clone morphology. Clones are indicated by white dotted lines. Scale bar, 50 μm. (B) Graph showing the percentage of clones expressing spe-
cific markers quantified in: CK14, n = 63 AT and n = 91 AB clones; Uteroglobin, n = 24 AT and n = 29 AB clones; and MUC5AC, n = 48 AT and n = 29 AB clones. 
(C) Scheme of the clonal analysis procedure. (D) CFE dishes used to classify the different types of clones. Analysis was conducted in n = 3 independent 
AT strains (384 total AT clones analysed via n = 9 clonal analyses) and in n = 2 AB independent strains (168 total AB clones analysed via n = 4 clonal analy-
ses). (E) Clonogenicity after self-renewal assay. For each clone, the total percentage of grown colonies after stratification is presented as the sum of the 
percentage of aborted colonies, (light brown) and the percentage of growing colonies, (light yellow). AT2 analysed clones: H, n = 7; EM, n = 4; IM, n = 12; 
LM, n = 5; P, n = 1.(F) Graphs showing average AT and AB residual clonogenic potential values after stratification of H, EM, IM, LM, and P progeny. The high 
standard deviation reflects the heterogeneity of H (0–6% of aborted colonies). Analysis was conducted using n = 3 AT strains (H, n = 14; EM, n = 14; IM, 
n = 29; LM, n = 13 and P, n = 20) and n = 1 AB strain (H, n = 15; EM, n = 4; IM, n = 7; and LM, n = 2). Unpaired, biparametric, two-tailed Welch’s t test was used. 
The values indicate means ± SD. ***p < 0.001. ****p < 0.0001
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applications of cultured human epithelia have shown that 
the maintenance of stem cells in culture is the key fea-
ture determining treatment success or failure [34, 35, 37, 
41, 95]. Therefore, airway epithelial stem cells have been 
identified by functional methods such as clonal analysis 
and self-renewal and characterized by marker expression. 
Based on our results, the entire clonogenic compartment 
is composed of basal cells, reinforcing the notion that 
human tracheal and bronchial epithelia are of basal ori-
gin [96–99]. Further studies are needed to verify whether 
this cultured epithelium, which is composed of basal, 
club, goblet and ciliated cells, maintains or gives rise to 
rare airway cell types.

In the present study, we demonstrated that airway basal 
cells differ in their regenerative capacity and were classi-
fied here as H, EM, IM, LM and P, similar but not iden-
tical to what has previously been demonstrated in other 
human epithelia [44, 45, 47, 69]. This result highlights 
the heterogeneity of the airway basal compartment and 
suggests that not all basal cells can equally guarantee the 
complexity of tissue renewal and long-term maintenance. 
Most importantly, tracheal and bronchial H-forming cells 

have specific characteristics of epithelial stem cells, and, 
similar to observations in other epithelia [35, 42], human 
airway H-forming cells, but not M or P, can self-renew 
and withstand strong differentiation stimuli. The EM, 
IM, LM and P, which are transient progenitors, progres-
sively lose their proliferative potential and thus contrib-
ute to tissue regeneration for a limited time. In fact, all 
H showed self-renewal capacity; however, the variable 
clonogenic potential after stratification contributes to 
the ongoing debate as to whether all H-forming cells are 
identical or whether there is a hierarchical relationship 
between them [35]. H must be present, and an adequate 
amount is required to achieve successful long-term tis-
sue regeneration and therapies [37, 41]. Clonal analysis, 
which is the gold standard method for identifying stem 
cell function in many epithelia, revealed the preservation 
of airway H during expansion and can be applied during 
the validation of the most critical steps of the TE proce-
dure. Therefore, the quantification of stem cells within 
an epithelial culture and the maintenance of a sufficient 
number of stem cells are of paramount importance [39, 
70] in controlling the manufacturing process, in addition 

Fig. 5  Morphological and molecular characterization of airway clones. (A) Violin plot showing the size measured in mm2 of AT (left) and AB (right) clones. 
AT clones: H, n = 36; EM, n = 86; IM, n = 112; LM, n = 56; P, n = 45 belonging to n = 3 independent AT strains; AB clones: H, n = 35; EM, n = 44; IM, n = 52; LM, 
n = 13; P, n = 9 belonging to n = 2 independent AB strains. Dots represent single clones. Median, first and third quartiles are displayed. (B) WB analysis of 
total cell extracts from the progeny of AT2 clones (H, n = 3; EM, n = 2; IM, n = 1; LM, n = 2) immunostained with the indicated antibodies (images representa-
tive of n = 2 analyses conducted with independent clones). (C) Bar graphs showing the quantification of the expression levels of p63α, BMI1 (normalized 
to GAPDH), and SOX2 (normalized to Vinculin in AT and to Actin in AB) from left to right. Averages and SD are displayed per clonal category (see Methods). 
AT2 clones: H, n = 3; EM, n = 5; IM, n = 5; LM, n = 3. AB1 clones: H, n = 3; EM, n = 2; IM, n = 3; LM, n = 3. Due to their very limited residual proliferative potential, 
the amount of material collected from the progenies of the AT2 and AB1 paraclones was insufficient to carry out a reliable WB analysis. Unpaired, bipara-
metric, two-tailed t test * p < 0.05; ** p < 0.01; *** p < 0.001; and **** p < 0.0001
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to proliferation and differentiation. Clonal analysis, 
which is important in validation procedures, cannot be 
used for routine in-process control because it is cumber-
some and time-consuming; moreover, analyses of clonal 

size and growth rate do not identify airway stem cells 
(H), as reported for other human epithelia [42, 44, 45, 70, 
100]. The combined evaluation of p63α, BMI1 and SOX2 
TFs provided more substantial results. Consistent with 

Fig. 6  Differentiation potential of the clones. (A) Representative IF images of the different types of progenies of AT clones cultured under standard 
submerged conditions. Analysis was conducted using n = 3 AT (H, n = 11; EM, n = 10; IM, n = 25; LM, n = 13; P, n = 3) and n = 1 AB strains (H, n = 7; EM, n = 6; 
IM, n = 4; LM, n = 4; P, n = 1). The dotted line indicates the epithelial basal layer. (B) Double IF staining of AT and AB epithelial cells revealing coexpression 
of MUC5AC (red) and Uteroglobin (green) in the progeny of airway H, EM, IM, and LM. White triangles highlight MUC5AC/Uteroglobin-positive cells. (C) 
Representative IF images of the different types of progenies of AT clones cultured under ALI conditions. Analysis was conducted on n = 3 AT (H, n = 11; EM, 
n = 19; IM, n = 17; LM, n = 14; P, n = 13) and n = 1 AB strains (H, n = 2; EM, n = 1). Dotted line indicates the epithelial basal layer
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Fig. 7  Assays to evaluate the functionality of the regenerated airway epithelium. (A) Representative images of airway epithelia grown in CG (left) or 
BEGM (right) culture systems at five consecutive time points after the scratch (0 h); images were acquired via live imaging (Cell Observer®, Zeiss). The assay 
was conducted with n = 1 AT and n = 1 AB primary cultures from independent donors. Scale bar, 50 μm. (B) Quantification of the percentage of in vitro 
wound closure in AT and AB epithelia under CG or BEGM culture conditions (see Methods). The wounded area was quantified via AxioVision version 4.8. 
(C) Graph showing the TEER measurements obtained at six consecutive time points during AT (green bars) and AB (orange bars) ALI cultures. Average. 
The average and standard deviation are displayed per time point based on three technical replicates of n = 1 AT and n = 1 AB strain. TEER measurements 
were conducted with an ERS-2 voltmeter (see Methods). (D) Representative SEM images of AT and AB regenerated epithelia showing apical cilia (c) and 
microvilli (m). The dotted square highlights the area magnified in the corresponding inferior image
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the airway epithelial lifespan data, these TFs were sig-
nificantly differentially expressed between the stem cell 
clones (H) and transient progenitor cells (all M and P), 
ultimately strengthening their correlation with stem cell 
properties. This observation seems consistent with data 
showing the indispensable role of p63 in maintaining 
the proliferative potential of stem cells in adult stratified 
epithelia [73, 101, 102], including the airway epithelium. 
Accordingly, p63 ablation in mice results in offspring 
lacking stratified squamous epithelia and a complete 
absence of basal airway cells [60, 101]. Similarly, BMI1 
plays a critical role in maintaining the self-renewal of sev-
eral adult stem cells, such as hematopoietic [103], neural 
[104] and bronchioalveolar stem cells [58]. Finally, SOX2 
is essential not only for the self-renewal and pluripotency 
of embryonic stem cells [59, 61] but also for lung devel-
opment [71], where it plays a key role in airway epithelial 
proliferation and lineage specification [105, 106]. Nota-
bly, SOX2 overexpression in the airway epithelium led to 
an increase in the number of p63-positive cells, suggest-
ing their synergy in maintaining and upregulating basal 
stem cells [71]. The described findings of differential p63 
and BMI1 expression in airway clones are consistent with 
previously reported patterns in epidermal, corneal, oral 
mucosa and urethral clones [39, 47, 57, 73]. The robust 
association between the number of p63-rich holoclones 
and clinical success confirmed p63 as a potency marker 
[37, 41] in limbal cultures and led to the approval of the 
first stem cell-based ATMP by the European Medicines 
Agency [33]. This differential expression of TFs in airway 
clones could be used to quantify holoclone-forming stem 
cells in airway cultures designed for cell therapy and TE 
approaches. The critical specifications for controlling 

product performance/potency can advance airway TE 
toward standardized, safe and effective therapies. Nota-
bly, in this study, we also demonstrated the preservation 
of airway epithelial heterogeneity. Indeed, both airway 
stem (H) and progenitor (M) cells can regenerate a fully 
specialized airway epithelium composed of the primary 
cell types that characterize the native tissue. These find-
ings complement the observations of Kumar et al. [97] 
and highlight the potential of individual tracheal epithe-
lial basal cells to differentiate into club cells in addition to 
ciliated and goblet cells. Furthermore, this multipotency 
was maintained until late transient amplifying cells (LM), 
but was absent in P (Fig. 8), suggesting the loss of mul-
tipotency and irreversibility of clonal conversion. Thus, 
stem and progenitor cells are responsible for replenishing 
differentiated cell lineages during physiological airway 
epithelial turnover and wound healing. A similar mecha-
nism has been described in the conjunctival epithelium, 
where goblet cells are derived from both stem and pro-
genitor cells [45], and in the thymus, where the stem cell 
refractive index and progenitor stratified clones share a 
common differentiation potential [69]. Interestingly, air-
way P-basal cells, which are still capable of limited pro-
liferation, lose some of their multipotency and generate 
only epithelial and goblet cells, suggesting a point of no 
return for the generation of specific differentiation lin-
eages during clonal conversion with the need for suffi-
cient proliferative potential to generate club and ciliated 
cells [107, 108]. Club cells appear earlier than goblet cells 
in basal clones and are absent in M cultures under strong 
differentiation stimuli such as ALI.

The presence of uteroglobin/MUC5AC-positive cells, 
also reported by other groups [24, 82, 109, 110], suggests 

Fig. 8  Airway clone renewal and differentiation potential. Cartoon showing a model of in vitro human airway epithelium renewal and differentiation 
potential of clones. H, EM, IM, and LM basal clones display multipotency in differentiating into club, goblet, and ciliated cells, whereas paraclones can only 
differentiate into goblet cells. Among specialized cell types, club cells may differentiate into goblet cells
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a progenitor role for club cells, which can transform into 
other specialized cell types in the airway epithelium, 
including goblet cells [109, 111, 112]. This observation is 
consistent with findings in animal models generated via 
injury and lineage tracing experiments [24, 107, 113] and 
with hypotheses derived from single-cell RNA sequenc-
ing analysis in humans [62]. Further studies will be 
required to confirm the potential of human club and gob-
let cells to directly differentiate into ciliated cells, as sug-
gested by some authors [62, 68].

Conclusions
In conclusion, our results suggest that autologous human 
airway epithelial cells are a suitable cell source for TE 
approaches under appropriate culture conditions. Based 
on this evidence, we considered using primary cells 
instead of airway cells derived from induced pluripotent 
stem cells (iPSCs), since the latter could be associated 
with limitations such as carcinogenicity, a lack of in situ 
integration, genomic instability, immunological rejec-
tion, and an absence of standardised quality control cri-
teria [114, 115]. Furthermore, manufacturing autologous 
iPSCs would entail high costs [116]. However, when cul-
turing primary cells inadequate expansion methods may 
accelerate airway clonal conversion, leading to premature 
exhaustion of the stem cell population, as demonstrated 
in epidermal keratinocytes [74] and the loss of some dif-
ferentiation lineages. In such scenarios, the culture may 
not result in stable regeneration of the airway epithelium 
after transplantation, ultimately leading to failure of TE-
based treatment with serious consequences for patient 
health. Regardless the cell source, in-process controls are 
required throughout the manufacturing process to ensure 
the quality of the airway epithelium in bioengineered 
grafts. Here, we propose validations and quality controls, 
including (i) conditions for airway biopsy collection and 
cell extraction methods, which have a significant impact 
on cell culture performance and overall reproducibility 
of results; (ii) methods for characterizing cultured airway 
cells to meet safety and identity requirements; (iii) test 
the maintenance of long-term proliferative potential and 
generation of all differentiation lineages during the vali-
dation of reagents for the TE process, and (iv) assessment 
of an adequate number of stem cells to ensure long-term 
graft regeneration. This latter control should be per-
formed via functional assays, such as clonal analysis or 
other specific assays. Insights gained into tissue-specific 
biology and epithelial regeneration under in vitro expan-
sion can help overcome critical hurdles in airway TE and 
promote safe and effective translational research.
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