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Abstract

Background: Human airway epithelial (HAE) cellular models are widely used in applicative studies of the airway
physiology and disease. In vitro expanded and differentiated primary HAE cells collected from patients seem to be
an accurate model of human airway, offering a quicker and cheaper alternative to the induced pluripotent stem cell
(iPSCs) models. However, the biggest drawback of primary HAE models is their limited proliferative lifespan in culture.
Much work has been devoted to understand the factors, which govern the HAE cell proliferation and differentia-
tion, both in vivo and in vitro. Here, | have summarized recent achievements in primary HAE culture, with the special
emphasis on the models of conditionally reprogrammed cells (CRC), which allow longer in vitro proliferation and dif-
ferentiation of HAE cells. The review compares the CRC HAE technique variants (feeder culture or HAE mono-culture),
based on recently published studies exploiting this model. The advantages and limitations of each CRC HAE model
variant are summarized, along with the description of other factors affecting the CRC HAE culture success (tissue type,
sampling method, sample quality).

Conclusions: CRC HAE cultures are a useful technique in respiratory research, which in many cases exceeds the iPSCs
and organoid culture methods. Until the current limitations of the iPSCs and organoid culture methods will be allevi-
ated, the primary CRC HAE cultures might be a useful model in respiratory research.

Plain English summary: Airway epithelium (AE) is a type of tissue, which lines the whole length of human airways,
from the nose to the bronchi. Improper functioning of AE causes several human airway disorders, such as asthma,
chronic obstructive pulmonary disease (COPD) or cystic fibrosis (CF). Much work has been devoted to finding the best
scientific model of human AE, in order to learn about its functioning in health and disease. Among the popular AE
models are the primary in vitro cultured AE cells collected from human donors. Unfortunately, such human AE (HAE)
cells do not easily divide (expand) in vitro; this poses a large logistic and ethical problem for the researchers. Here, |
summarize recent achievements in the methods for in vitro culture of human AE cells, with special emphasis on the
conditionally reprogrammed cell (CRC) models, which allow longer and more effective expansion of primary human
AE cells in vitro. The review describes how the specific chemicals used in the CRC models work to allow the increased
HAE divisions and compares the effects of the different so-far developed variants of the CRC HAE culture. The review
also pinpoints the areas which need to be refined, in order to maximize the usefulness of the CRC AE cultures from
human donors in research on human airway disorders.

Keywords: Primary airway cell culture, Air-liquid interface culture, Conditional reprogramming, ROCK inhibitor,
SMAD inhibitor, TGF-B1 inhibitor

Background

Respiratory diseases, both environmentally-induced,
" - , , such as chronic obstructive pulmonary disease, COPD,
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or primary ciliary dyskinesia (PCD), affect the major part
of present-day societies. Respiratory diseases are one of
the most common causes of death globally [2] and pose a
large burden to any healthcare system. Accurate diagno-
sis and efficient therapies of respiratory diseases require
in-depth knowledge of their pathophysiology and under-
lying biology of the airway cell and tissue. Unfortunately,
lack of appropriate models of differentiated respiratory
epithelium and the insufficient cost-, time- and work-
load efficiency of the existing models make the basic and
applicative studies of pathogenic processes associated
with the respiratory diseases, a difficult and cumbersome
task.

An effective model of a tissue has to fulfill a range of
requirements: it has to be robust and consistent, cost-
effective and scalable. Moreover, it has to accurately
represent the native tissue, in order to be relevant to
the studied disease or condition [3]. Animal models of
airway epithelium, including mouse or rat, are a robust
source of the well-differentiated respiratory epithe-
lium and thus, are often exploited in studies of respira-
tory diseases. However, due to a relatively small number
of cells acquired from a single animal (e.g. mice or rat),
such models are not fully scalable, and using a large num-
ber of animals per experiment poses an ethical burden.
Moreover, larger animal models such as dogs, pig or cat-
tle, require a considerably more space and have a longer
life cycle, making these animal models less cost-effective.
However, even the most cost- and time-efficient animal
models, such as rodents, do not always fully represent
the structure and physiology of the human respiratory
epithelium. For example, the composition of airway epi-
thelium in different areas of the respiratory system in
mice differs from that in humans [3-5]. Moreover, some
animal models might not always fully reflect the human
symptoms. For example, in the animal model of PCD
caused by lack of DNAHS5 protein, mice lacking DNAH5
display hydrocephalus, which is not present in humans
with DNAHS5 mutations [6]. The difference between
the animal and human models can lead to problems
with recapitulating human symptoms in animal disease
models, or to false positive results in animal studies,
which later lead to therapeutic failures of clinical trials
in humans [7]. Thus, animal disease models have to be
chosen with care, taking into consideration the similarity
in the structure and physiology between the animal and
human tissues.

In vitro cultured primary human airway epithelial
(HAE) cells seem to be the most adequate model for
studies on the functioning of human respiratory epithe-
lium in airway diseases. The successful application of
HAE cultures from patients not only limits the use of lab-
oratory animals, in agreement with the animal reduction
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policies. HAE cultures also advance work on the patho-
physiology of the disease, allowing to explain some of the
clinical symptoms in the patients, or the disease course
[8, 9]. HAE cultures are also essential for the diagnosis of
airway syndromes notoriously difficult to diagnose (e.g.
PCD) [10]. They are also essential for the development
of personalized therapies, such as correction of muta-
tions inducing premature termination codons (e.g. in
the cystic fibrosis transmembrane conductance regula-
tor protein, CFTR, in CF) [11, 12]. HAE cultures are also
an adequate model to study host-pathogen interactions
[13, 14], which has to be remembered in the light of the
recent SARS-COV-2 pandemia.

Over the years, many different models of HAE have
been developed, ranging from primary airway cell cul-
ture, through induced pluripotent stem cells (iPSCs), to
immortalized cell lines (see below for details) [7, 9, 13].
However, not all these models fulfill the requirements
for a good disease model [3] (see below for details).
Here, I summarize recent achievements in the culture
of HAE cells, with the special emphasis on the condi-
tionally reprogrammed cell (CRC) models, which allow
long-term expansion and differentiation of primary HAE
cells, exceeding 4 passages. The review presents avail-
able HAE culturing platforms and describes the effects of
several compounds, used in CRC HAE methods, on pri-
mary HAE cells’ proliferation and differentiation. Other
factors affecting the CRC HAE culture success, such as
tissue sampling method, tissue origin, presence of the
multi-ciliated cells (MCC) in the sample, donor’s lifestyle
and used medications are also described. The review also
pinpoints the areas that need to be developed further, in
order to maximize the usefulness of CRC HAE cultures
in airway science.

Human respiratory epithelium structure and differentiation
in vivo

Conducting airways, which extend from trachea to the
proximal end of small bronchioles [15], are lined by pseu-
dostratified respiratory epithelium (PSE). During mor-
phogenesis, respiratory epithelium lining the airways is
formed through gradual commitment of the definitive
endoderm, to anterior foregut endoderm, lung epithelial
progenitors and finally to distal airway or alveolar pro-
genitors [16] (Fig. 1a).

Differentiated PSE is composed mainly of mature
secretory (goblet) cells and MCC columnar cells con-
tacting the airway lumen (luminal cells), as well as the
basal cells (BCs), which rest on the basement membrane
(basal lamina) [17, 18]. Depending on the location in the
airways, MCCs, mature mucus secretory cells, and BCs
can comprise up to 60%, 10% and 6—-30% of PSE cells,
respectively [17-19]. Additionally, PSE also contains
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rare cells, such as tuft/brush cells, neuroendocrine bod-
ies (NEBs) and pulmonary ionocytes [20, 21]. Tuft cells
and NEBs primarily serve as chemoreceptors and secrete
neuropeptides, which may modulate the tissue microen-
vironment and innate immunity [20, 22]. On the other
hand, recently identified pulmonary ionocytes express
high levels of CFTR and thus are probably responsible for
the airway surface liquid regulation [23].

BCs, which serve as stem cells of the PSE, constantly
replenish the airway epithelium. Upon epithelial airway
injury, BCs divide and give rise either to suprabasal cells
(a.k.a.luminal progenitors), a common stage in goblet
and MCCs differentiation, or directly differentiate into
the tuft cells [24]. From tuft cells, ionocytes and NEBs
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are then formed [24]. Differentiating luminal progenitors
give rise to a club cell, another common stage of goblet
cells and MCCs differentiation [21]. Club cells may either
directly differentiate to goblet cells, or give rise to deu-
terosomal cells, from which, differentiated MCCs are
finally made [25]. Generally, such airway self-renewal
is an ongoing, asynchronous process, induced by injury
occurring to the different parts of the airway [26].

BCs are abundant in the whole human airways, with
lower numbers in smaller airways [17, 21]. BCs are char-
acterized by high expression of TP63, CD44, increased
expression of desmosomal proteins (KRT5, -6C, -14
and -15 [27], and low levels of Notch signaling proteins
(NOTCH1, NOTCH ICD, DLL-1) [27, 28]. The first BC
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Fig. 1 Airway epithelial differentiation pathways. a Differentiation of airway epithelial cells during embryonic development. b Differentiation

of airway epithelial cells after birth (from adult stem cells). Names below the different cell types are the markers of the specific cell types (based

on recent human single-cell RNAseq studies [21, 24]). TP63, KRT5, KRT6C, KRT14 and KRT15 are basal cell markers, while supra-basal cells are
characterized by expression of KRT4, KRT13, KRT16 and KRT23. Within the mucociliary lineage, club cells are distinguished by expression of Scgb1al,
KRT7 and KRT19, mature goblet cells have expression of SPDEF, FOXQ1 and MUC5AC. The deuterosomal cells express PLK4, CCNO, CEP78 and
DEUP1, while mature ciliated cells are distinguished by the expression of DNAH5, SPEF2, PIFO and LRRC6. Suprabasal cells can give rise to tuft

cells, which express POUF2F3 and TRPM5. These in turn can differentiate either to ionocytes, expressing FOXI1 or CFTR, or to neuroendocrine cells,
expressing PSMD5 or NGF
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differentiation stage, suprabasal cell, is characterized by
KRT16 and KRT23 expression [21]. Moreover, suprabasal
cells may at the same time express KRT13, keratin found
typically in the BCs and cells present in the basal layers
of the epithelium, together with KRT4, characteristic for
more luminal cells [21].

Differentiation of progenitors towards MCCs is
associated with the expression of MCIDAS- CCNO-
MYB-FOX]J1 genes cascade [21, 29]. Progenitors differ-
entiating towards goblet cells have high expression of
SPDEF, FOXQ1 and MUC5AC [21, 26]. Tuft cells, which
serve as progenitors of NECs and ionocytes, are charac-
terized by expression of POU2F3 and TRPM5 [22, 24].
After differentiation towards NECs or ionocytes, they
acquire expression of PSMD5 and NGF, or FOXI1 and
CFTR, respectively [20, 23] (Fig. 1b).

In the absence of BCs, caused by e.g. SO, exposure,
upon airway injury, secretory cells are able to co-main-
tain club cell population, through transdifferentiation to
MCCs [4, 21]. Also other cell types of PSE, such as neu-
roendocrine cells and myoepithelial cells from the sub-
mucosal glands, can serve as facultative progenitors in
PSE [4]. In contrast, MCCs present in PSE are terminally
differentiated and are not able to divide and yield progen-
itors [21].

Primary airway epithelial cell culture

First reports on the culture of airway epithelial cells come
from the beginning of the 1980’s. However, at that time,
the HAE cell propagation and cell differentiation meth-
ods were inefficient and technically challenging, thus
the use of these methods was limited [30]. Gradually,
increased knowledge about the chemical and mechani-
cal factors stimulating HAE cells to propagate or differ-
entiate led to the improvement of the culturing methods,
development of dedicated growth media and increased
popularity of primary HAE cell cultures [31-34].

In vivo, cellular differentiation during homeostasis is an
ongoing, asynchronous process [26]. However, in vitro,
the cell expansion and differentiation steps are separated,
supported by media containing culture-stage specific
supplements (e.g. adequate Ca2+or retinoic acid, RA,
levels) [30, 35]. Also mechanochemical conditions (e.g.
contact with atmospheric air, and/or specific stiffness of
the substrate, the cells grow in), and the composition of
the cellular microenvironment (presence of the extracel-
lular matrix, ECM, molecules), significantly influence the
growth and differentiation of airway epithelial cells in cell
culture [36].

With time, several culture platforms were developed,
such as air-liquid interface culture (ALI) or adherent-
suspension culture [31, 37, 38]. Each of these culturing
platforms requires stage-specific media and supplements.
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These can either be prepared in the lab, according to the
developed protocols [33, 39], or acquired commercially
(BEGM, UltroserG, Epithelix). Currently, culture of pri-
mary HAE cells is a frequently used model for research
on tissue development, inborn or acquired airway dis-
eases and host—pathogen interactions.

Advantages and limitations of traditional primary AEC
culture

The most important advantage of the primary HAE cell
culture from patients, in the context of studying the
pathogenesis of the inherited respiratory diseases, is that
they provide a source of respiratory cells already contain-
ing genetic modifications, without the need to genetically
modify the cells in the laboratory. This also encompasses
epigenetic modifications—it has been shown that cul-
tured primary airway cells from COPD patients reflect
epigenetic DNA changes and replay epithelial reactions
to IL-13 [9, 40]. Also in vitro differentiated cells from
asthma patients retain characteristics of the distorted
airway epithelium in culture, which is important for the
studies of environmentally-induced airway disorders [41,
42].

In contrast, iPSCs often lose epigenetic marks [7, 43].
They are also tumorigenic and show genetic instability,
which is an important obstacle in the gene therapy and
tissue regeneration approaches [42, 44, 45]. Moreover,
high costs and long-term derivation of the iPSCs into
airway progenitors make the iPSC model less favorable,
compared to the primary HAE models.

Primary HAE cultured cells are also a better
model than immortalized airway cell lines. Although
immortalized airway cell lines have a long proliferative
lifespan, are cost-effective and show consistent results (as
usually are derived from one donor), the immortalization
may reduce the ability of cells to differentiate. In effect,
the structure and physiology of airway cell lines do not
always reflect the structure or physiology of the native
epithelium. The airway cell lines may lack, for example,
mucociliary differentiation, barrier formation or expres-
sion of specific receptors required for the virus infection
[42, 46]. This makes the airway cell lines less suitable for
studies of airway disorders related to cilia (e.g. PCD),
mucus (e.g. CF), or viral entry [46]. However, cell lines
still can be used for studies requiring the presence of
polarized epithelium, including innate immunity, ion
physiology or therapeutic approaches [47, 48].

Unfortunately, there are also several disadvantages
of the traditional primary HAE culture, which for some
time have prevented a broader use of this type of culture
in the airway cells research. The main and most signifi-
cant drawback of primary HAE cells is their limited abil-
ity to efficiently proliferate and differentiate in vitro for a
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larger number of passages. Under normal circumstances,
primary HAE cells are able to efficiently divide during
only for 3—-4 population doublings[49, 50]. After that
time, the cells start to divide slower, and gradually lose
the ability to form cilia, produce mucus or express tight
junction proteins, [50—52]. Obtaining sufficient number
of differentiated cells in culture is therefore very difficult,
especially in light of the limited availability of tissues/cells
(acquired from biopsies or brushings). Moreover, the
primary HAE cells may not differentiate very well after
cryopreservation, which limits the possibility of later use
of stored patients’ samples [53]. In effect, experiments,
which require long-term culturing, such as genetic modi-
fications of primary HAE cells, when performed under
regular culture conditions, without the addition of fac-
tors prolonging the cells’ lifespan, represent a cumber-
some and time-consumming task.

Other disadvantages of primary airway epithelial cul-
tures is the frequent lack of consistency or robustness
[42]. This might be due to the sampling method, intrin-
sic differences between the donors (more on this below),
but also type of the culture and media used. All these
disadvantages contributed to a not very frequent use of
the primary HAE cell cultures. This has changed in the
recent years, especially after the development of the
CRCs cultures.

Culturing platforms for primary HAE cell culture

Different culture platforms exist to culture and differen-
tiate primary HAE cells. One of the oldest cell culture
types is the adherent 2D culture, where the HAE cells
are cultured as a single layer, submerged with growth
medium. The adherent 2D culture promotes an undiffer-
entiated HAE phenotype, thus it is mostly used for the
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expansion of HAE BCs (Fig. 2). To improve the adhesion
of the HAE cells to the culturing vessels, thin collagen
coating or a thicker layer of collagen gel can be used [33,
371].

Several platforms have been developed, which sup-
port successful in vitro mucociliary differentiation of
HAE cells (Fig. 2). The presently most common dif-
ferentiation platform is the air-liquid interface (ALI)
culture, where dissociated HAE cells are first expanded
in submerged culture and then differentiated on a
porous membrane insert [33, 54]. After seeding to cul-
ture inserts, HAE cells are cultured submerged in the
medium, as the medium is added both to the insert
inside (apical chamber), and to the well below the
insert (basolateral chamber). Upon confluency of the
cellular monolayer, differentiation medium is changed
to a specific ALI differentiation medium, which is
added only basolaterally, and the apical chamber of the
insert, together with the cell layer, is exposed to the
atmospheric air [33]. During differentiation, the cells
in ALI platform develop a typical PSE structure, with
non-dividing basal epithelial cells staying close to the
insert membrane, and the MCCs and goblet cells ori-
ented towards the air [33] (Fig. 2). The single layered
PSE structure allows the ALI cultures to be easily used
for the analyses of ion/ drugs transport and measure-
ments of the transepithelial resistance (TEER). How-
ever, the differentiation in ALI is sensitive to culture
conditions, changes in air humidity, and the differen-
tiation process depends much on the amount and qual-
ity of the HAE cells seeded [32]. Differentiated HAE
cells can also be obtained in 3D culture, when groups
of the expanded HAE BCs are cultured in suspension
culture or embedded in ECM matrix [34, 38, 55, 56].

BC expansion Differentiation
submerged ALI suspension organoid
. L s
0000
S - @ @ (@)
N — s ——  898¢
v
/ y %,
| monoculture 5 A
‘{i‘,# > ;,?’
YV feeder co-culture - s
Basal cell Ciliated cell Gobletcell Fibroblast
Fig. 2 Existing culturing platforms for HAE expansion and differentiation. ALl - air-liquid interface culture; BC- basal cell
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The suspension differentiation of HAE cells has been
the basis of the adherent-suspension culturing method,
developed by Jorissen [34]. In the adherent-suspension
method, cells are first cultured adhered to a collagen
gel [34]. Upon confluence, collagen gel layer is digested,
and the sheet of confluent cells is transferred to rotat-
ing suspension flasks for differentiation. During sus-
pension culture, within 15 days, cell sheets close into
spheres (spheroids), which contain goblet and MCCs
on the spheroid outer surface (Fig. 2). Differentiation
of primary HAE cells in the 3D suspension culture
proceeds faster than in ALI [34, 54, 57], however, the
adherent-suspension culture method has a limited scal-
ability, as the primary HAE cells grown on collagen
gel layer cannot be dissociated to be further expanded
in another vessel.

Moreover, the differentiation of the spheroids in the
suspension culture is more asynchronous and depends
on the size of the spheroid in question [34]. Some studies
have also shown, that differentiated spheroids might not
contain BCs, which makes the spheroids grown in sus-
pension not able to self-renew [58].

An alternative method of culturing and differentiating
HAE cells in 3D is the recently developed organoid cul-
ture [55]. Dissociated primary HAE cells are embedded
in a 3D ECM matrix in the presence of media contain-
ing tissue self-renewal promoting compounds known
from the stem cell research (noggin, inhibitors of the
Bone Morphogenetic Protein, BMPi or ROCK proteins,
ROCKj, etc.). Upon embedding in the ECM matrix, pri-
mary HAE cells start to divide and self-organize to form
aggregates, which gradually differentiate into sphere-like
organoid structures. In the organoid structures, goblet
and MCC cells are facing towards the organoid lumen
and the basal stem cells face the outer surface of the
organoid (Fig. 2). Due to the presence of basal epithelial
stem cells, the organoids are able to self-renew and the
organoid cultures can be efficiently proliferated through
organoid disruption for a long-time (>1 year) [59, 60].
However, the 3D structure of the organoids make this
culturing platform not suitable for some forms of analy-
ses, e.g. ion function measurements by TEER. Moreo-
ver, the size of the organoids is difficult to control, which
makes it less suitable for high-throughput analyses and
not as reproducible as the ALI culture [3, 44].

CRC models of HAE

The recent development of CRC technique, which allows
prolonging the limited lifespan of the cultured cells,
revolutionized the primary HAE cell culture. The CRC
approach exploits the use of inhibitors of the Rho-asso-
ciated coiled-coil-containing protein kinases 1 and 2
(ROCKIi) [28, 61]. Rho kinases are small GTPases, which
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play role in cell-cell adhesion, cell migration, differentia-
tion, apoptosis and proliferation [61].

One of the known ROCKi, Y-27632, has been shown to
increase survival of embryonic stem cells (ESCs) in vitro
[62]. ROCKi Y-27632, added to the difficult-to-prolifer-
ate keratinocytes, traditionally cultured in the presence
of lethally irradiated mouse fibroblast feeder 3T3-J2
cells, rapidly changed keratinocyte morphology and
induced robust proliferation, providing a nearly infinite
source of undifferentiated keratinocytes [63]. Once the
ROCK:i and the feeder cells were removed, keratinocytes
could later be efficiently differentiated, hence the term
‘conditionally reprogrammed cells” (CRCs) was coined.
Further experiments have shown, that this mechanism is
effective also in other types of non-keratinocyte epithelia,
including HAE cells [28, 61, 64] (Table 1).

The increased proliferation of HAE cells in the CRC
culture massively affected the culture yield [27, 28, 65],
with ~ 20-fold increase in cell numbers within 96 h [28].
The high replicative potential of CRC HAE culture, start-
ing from a nasal brushing, could yield in less than 4 weeks
cell numbers sufficient to cover a human trachea regener-
ation scaffold (>1 x 107 cells) [66]. The increased prolif-
eration did not cause any negative effects on the cultured
CRCs—the CRCs maintained a stable karyotype, the
contact inhibition ability and were non-tumorigenic
[28, 66]. Importantly, the CRC conditions also promoted
increased transduction and electroporation [61, 67],
without negative effects on HAE cell proliferation or dif-
ferentiation [61, 68]. The increased proliferation of HAE
cells in the CRC culture supported single cell cloning and
allowed antibiotic selection of the transduced cell popu-
lation [28]. This opened the possibility of efficient genetic
modifications of primary HAE cells using reporter
plasmids [61] or Cas9 nucleases [67, 69]. ROCKi also
allowed efficient reinitiation of the HAE cultures after
cryopreservation [61]. Generally, addition of ROCKi and
feeder cells made primary HAE cultures a more complete
and efficient tissue model for airway studies.

However, the CRC HAE conditions with the use of
feeder cells (CRC HAE co-culture) were not fully uni-
versal and applicable to all types of experiments. For
example, it has been shown, that the CFTR function
can decline with subsequent passages of the CRC HAE
co-culture [70]. To remove that limitation, CRC HAE
co-culture at reduced oxygen concentration (2% O,-7%
CO,-91% N, mixture) has been explored [69]. The
reduced oxygen conditions not only allowed to obtain
differentiated HAE cells with functional CFTR reac-
tions even at P10, but also limited cellular stress, extend-
ing the proliferative lifespan of primary HAE cells above
100 PDs, compared to the regular CRC HAE co-culture
conditions [69]. In addition, upon differentiation in AL,



Page 7 of 18

(2021) 19:63

Bukowy-Bierytto Cell Commun Signal

(sDYD uI pasunouold
$s9]) sabessed ¢ Jaye
Apeaije a|qisia ‘WO3g
10 DYD ul papuedxs
SINH Jo uedsaji| aAn
-esa4j0id pajenwir (¢
(%01 ~ 01 9%0 | > Wol
21aquunu DDA 3|qISIA
DDA ou 1sowe
—SJOUOP SWIOS IO (|

e/U

24N3Nd JyH
1o} sabessed Jo Jagquinu
[PUIXBUI UMOUNUN

a2dAouayd
|92 [eUIWIN| AeMule Ue
01 UOIeIIUIdYIP JO
uoissalddns (o) pue
‘suonoess1ul N3
—||92 pue ||93—[|92
Sy10ads—|[93 |eseq
JO uoneINwns (9)
‘adA1ousyd |j9o |eseq
21 Jo uonowoid
(€) :uonde ze9/T-A
JO WISIUBYDSN €
(P10} 0% ~)
ND3g 01 pasedwod
PI2IA ||93 paseanu| ¢
UOI1eWIO}
2UO|D paseanu| ‘|

(SfPam > Ul

pauleIgo S|[9d

,01 X | <)uonesd

-usbai /bupsau

-1bus anss 1oy
WBRYNS pPRIA 119D

uongyul

1DPJUOD 0} }0e3)

pue djusbuowny
-uou ale S| JYD ‘L

sonspL1oeIRyd 9be
-3Ul| JO SDUBUIUIBIA '€

SUOISIAIP

192 JO uonsNpul 9|q!
-sI1an31 pue pidey ¢

Jluabouwni-uou
‘adK10A1ey 3|ge1S |

$[192 INH papuedxa
-IND3Ig 01 15eJIU0D
ul ‘d 1e palennuaisy
-4Ip 89 pIno> 5|32
INH papuedxa D4D

(1Y ‘saiayds

-03YDeu1) d1enuUaIay

-JIp UBD S99M 9 < 10y

papuedxs s||25

(611 ones yyds)

SYuoW € <Joy
uojsuedx3

[V Ul elji> suioy
"W/N Jaquinu abessed

[ElSIIE

ul sasaydsoaydely g

10 $21n3Nd Yeu dI1dAy
-oueblo 2N Nd [y

[V Jo (s2uayds
-03Y2e11) 2INYND UOIS
-uadsns :uonenualaylq

sAep {1 ‘wWnipaw

uonenualsylp de-co
-1UD DLUTTED Heien

CE9LTA

AT 01 4+ wnipaw
/S1UD

BEICREED
-92UaN|JUod [13UN
21N Nd [y

2In3nd
IND3IF seinbas yum
paiedwod suon|puod
(/6 0g)
| 9dA1 usbe|j0d |1ey
101 :6U1ROD |95SIA
|w/BnoL
unnsu| ‘in/bu ¢
auluspy ‘n/bu 9'g
UIX0} eIajoyD Xiw
453/2U0s1110201pAY
'S849%¢"'L +(1:€)
CLIWANG =im
-|n> pabiawgns
Bueod OU S|9SSIA
(x1) dans-uad ‘(Jw
/Bul 1) udiweIusb
pue (jui/bw 057)
upu0ydue ‘uxol
RISIOYD NU L0 ‘(W
/Bui 6) uinsut (jw
/Bu 6z1°0) 10108}
ymoub jewlapida
(Jw/bu G7) suosn
~1020IPAY ‘TE9/LT-A
NN S S84 %S ‘(Oned
L:€) ZL4-W3IWa
24Ny N> pabiawgng

Bueod OU :S|95SIA
‘TEILTAWNOL
‘Wnipaw-4 10 |N4SY

‘ainynd pabiauigng

1 'S9A

D UIDAWOIIW JO Y| 'S9A

gl 'S9A

siouop 3npe Ayyjeay

Jo sbuiysnig INH [£2] sploukay
(sals
-doiq) wnippyuds 3gH [99] 4ojing

wniayuds 3 H  [87] zaimoukidng

suoneywry

:sbuipuy Jofep

:y3bua| ainynd

uonenuaayla

uoisuedx3

J10}oej sisels
1192/ és1192 49paad

dnouib abe ‘adAy

ajdwes ‘adAy 12> uonedignd

$|193 49P33) Y1M 31N3{Nd IYH DUD

$|192 19P33) YHUM poyiall ain3nd-0d 3yH DYD builiojdxa salpnis 1uaday | ajqeL



Page 8 of 18

(2021) 19:63

Bukowy-Bierytto Cell Commun Signal

2inpaso.d pajedljdwod
‘BIpaW SNOLEA sauinbay

(¢syuaned 4D ul

Busal bnup) sesp Ajny
10U AN [e21UlRId (€

7 obessed puokaq

Auoeded uonenuaiayip
943 UO UOIIeWIOUI ON (T

sisA|eue 4oy splosayds
Jo Aujigejiene 1oys (1

(souab A1orewwejul
9WOS JO Uoissaidxe
sobueyd uondnpul

$DYD) sesuodsai JyH

OAIA Ul 33 O} [eD13U3pI
2B SOYD Ul PIAISSQO
sasuodsal [eliA-lue
941 Jay1aym ains 10N (7
{SIOUOP SWOS J0J [V

©0U92S9U9s Jejn||ed
ainewaid yuanaud
pue siouop 4H-uou
WioJJ $HIGH Ul ssails
JejNn||ad aonpai suon
-IpPUOd YD PO ¥
uonipa ausb gsed)
-4dSI¥D pamoje ued
-S9Jl| SOIgH pasea.u| ‘¢
sapessed
131e| 18 pPauleIal A|ge
-goid AwAnde 414D T
(%8€-€€~) 0ld
pue G4 18 sD4D AOW
JO UONRI|ID pasealdu| *|

A1AIDR Y 4D J0) Aesse
1sngos puepinb e
S| bujjjams prosayds -z
saInynd
v ueya spiosayds jo
UOIIBIIUSISYIP J215e *|

(sasuodsai
Buljspowal pue
Alojewweul ‘uon
-onpoud |y N4| ‘sausb
[BJIAIIUE JO UOIIDNPUI)
YNYSp 01 sasuodsal

Kemdie |e1B0j0ISAYd “€
‘sobessed
9|diynw Jayye sons|
-1910eJRYd 3beaul|

JO 9dURUAUIBI T
uedsayl| aAleIR)|0Id
pPapuUIXa pue UofeID

(St
abessed) sgd /+ 01 dn

sAep 0| ulyIm
91e1IUIDYIP Splosayds

L
onel 3|ds) skep 0¢

0

%LC 'Idg |w/Bw 10

‘TR WW L L0

493 Jw/bu 50
‘W3 (V) + &d

‘0%le

‘BUNLOD OU '7£9/Z-A

ANNOL +IND3g

‘(uoisuedxa
amsuel])+Gd
21N Nd [y

aulw
-ejoueyia|Aioydsoyd
'9UIUOJIAYIOPOILIY
Vi "DH ‘uinsul
'UIWE|OURY1S DUl
-ydauida ‘unigysuel|
‘1DB1IXJ UlRIg SUIAOG
‘Il 2U0|D [e1e4 |W 07
‘DIesonN+cld
/WINQ :(splosayds)
2In3Nd uoisuadsng

Ajuo Juswpedwod
|eI1R|OSEq DY1 0}

CE9/LT-A+Wnipaw
NS3g pauoiipuod

Pupeod ou:5d-¢4
‘upe|ab aulniod :£4-0d
:Buneod |9ssap

‘0%

‘Bupieod ou ‘z€9/c-A

NNOL ‘S84 %S 'WDO39
{(21NN2 DYD) °S- €d

‘0 %C 493 W

/Bu G0 'WH39 :€4-0d
:21n3n> pabiawigng

|ODOIUA :BUIIeOD [9SSIA
sonoignue 4 (bw 7'¢)
7€9/2-A'(Bw t7) duiu
-9pY ‘(W 005/6n40)
DH '(Bny0'0) 493
‘(Bw 10'0) uIxoy
m;m_OLU ‘mmu_

%01 +2Ll4/WINa

24Ny N> pabiawgng
e
uabe|jod |erusadeld

uewny :bueod S9SN
TE9LT-ANWI 0L
yum paruswsiddns
(/A 1:€) WO3d
YSaly YUM paxiwl

IND3g pauonipuo)
'syonbije ul

uazo1j pue A9 O€ Yum

pajelpell ssejqoiqy
€LE-HIN Yum uoieq

-nout Yy g/ Aq pauonip

-Uod WiNIpaw \oH3g

Yl 'SIA Asdoiqergouoiq

(synpe 01 suloq
-MaU WoJj ‘'9benaind)
syuaned 4D Jo Ayieay

woly sojduwes INH

(uazouy 's|qe|ieAe
AJ[e1D42WW0D) Y| ‘'SIA

(S3npe 01 sulogmau
wioyy) sabe JuaIaip

$1581qOIqY Y| WOy 1e siouop Ayijeay

[69] I1eH 519194

[£G] uoibuimaig

1€ UONBIRUSISHIP eI (1 -jijoid paseanu| | uryumsad yL-¢l ~ [IMn2 Y 21N> pabiswigns winipsaw pauonRIpuos JO5|]92 3gH PUe INH [S9] J1oMm
101oej sisels dno.b abe ‘adfy
suoneywi] :sbuipuy Jofepyy :yabua| ainynd uonenuaidylq uoisuedxy 119D/ éSII92 19pasy adwes ‘adfy ||9) uonedignd

5193 J9P99) Y1M 34N3ND I¥H YD

(penunuod) | 3|qeL



Bukowy-Bierytto Cell Commun Signal (2021) 19:63

HAE cells expanded in low-oxygen CRC co-culture gen-
erated PSE containing more MCC cells, compared to
regular BEGM and standard CRC HAE co-culture condi-
tions [69] (Table 1).

Addition of ROCKIi to the primary HAE cells quickly
induced the adult stem cell phenotype (Fig. 3), associ-
ated with increased expression of stem cell markers p63
and CD44, upregulated desmosomal adhesion proteins
typical for BCs (upregulated: Krt10, desmoplakin, claudin
10, cadherin 3). ROCKi also inhibited the transition to
the luminal airway progenitor phenotype, by repressing
signaling pathways (Notch 1 signaling, Notch 1 receptor,
Notch ICD, DLL-1), cell-cell interaction molecules (clau-
din10,11 and occludin) and protease genes (MMP 2,9,14
and 28) typical for the luminal progenitor cells [27, 28].
This led to undifferentiated HAE cell state and longer
BCs proliferation [27, 28] (Fig. 3).

The high replicative potential of HAE cells obtained
using CRC co-culture method was sufficient to gener-
ate HAE cell numbers useful in tissue regeneration [66];
however, the CRC co-culture conditions contained ani-
mal origin components, which potentially put a risk to
the patient during the transplantation procedures. The
increased knowledge of factors influencing airway epithe-
lial cell differentiation allowed modification of the CRC
HAE culture method, to avoid the use of 3T3 murine
feeder cells (CRC HAE monoculture method) (Table 2).

Mou and coworkers have reported that SMAD/TGE-f
signaling is active in differentiating HAE cells and absent
in basal HAE cells [71]. Addition of two inhibitors of
SMAD pathway effectors TGF-f3 and ALK2 (A-83-01 and
DMH-1, respectively), to the growth medium containing
ROCKIi Y-27632 allowed efficient expansion of primary

Conditional HAE reprogramming

Telomere Differentiation Basal cell
maintenance inhibition phenotype
¢ . A~ OBAL
g » ( ) h Al
basal suprabasal P63+
CD44+
feeder SMAD;
cells PAKT; PAKT;
Myosinll; Myosinll
mTOR

@
(00
o0

Fig. 3 Mechanisms of conditional HAE reprogramming allowing
proliferation of basal cells. ROCKi — ROCK inhibitor, PAK1i — PAK1
inhibitor, Myosin lli- inhibitor of Myosin Il, SMADi — inhibitor of SMAD,

mTORi — inhibitor of mTOR pathway
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HAE cells. This was possible through the inhibition of the
BC differentiation towards luminal progenitors cells [71]
(Fig. 3). The HAE expansion persisted until HAE pas-
sage 25-30 (~ 80 PDs), without induction of telomerase
(hTERT) expression. Thus, upon telomere erosion, cells
abruptly stopped propagation. Despite efficient prolif-
eration, the characteristics of the differentiated airway
epithelium were not consistent—MCC cell differentia-
tion declined after P10, but physiological CFTR reactions
were retained only until P8 [71] (Table 2).

The influence of SMAD/ROCK inhibitors on airway
BCs’ proliferation was also confirmed by Zhang and cow-
orkers, who identified SMAD and ROCKi as independ-
ent factors in a screening assay of small molecules able to
affect HAE BCs proliferation [72]. Further optimization
of the SMAD/ROCKIi method by the use of inhibitors
of downstream ROCK effectors, PAK1 (p21- associated
kinase) or Myosin II, and reduction of the differentia-
tion-inducing Ca*" levels in the culture medium (EpiX
medium) increased BCs’ proliferation even more, mainly
through the inhibition of the differentiation towards basal
luminal progenitors (Fig. 3). The inhibition of the ROCK-
SMAD-PAK1/Myosin axis allowed efficient cell prolifera-
tion of primary HBECs until 45—60 PDs (12—-16 passages)
[72]. Generally, this particular CRC method lead to over
1,000,000 fold increase in HAE cell numbers, without the
use of the feeder cells. However, cellular senescence was
not avoided, as large cells increasingly accumulated from
passage to passage [72] (Table 2).

Mammalian target of rapamycin (mTOR) pathway is
important for the proliferation of airway BCs, however
the activation of mTOR pathway also induces HAE dif-
ferentiation [73] (Fig. 3). Under repeated or chronic
damage, constant mMTORCI1 activation leads to the reduc-
tion in the numbers of the airway BCs and the regenera-
tive capacity of the airway [73]. Use of mTOR inhibitor
(mTORI), rapamycin, combined with SMAD and ROCK
inhibitors (A-8301 and Y-27632) successfully supported
expansion and growth of human neonatal tracheal epi-
thelial cells from aspirates [74], which contained very low
initial number of cells (<100 cells/aspirate). The triple
inhibition supported growth of expanded cells for at least
15 passages (~45 PDs). During the culture, cells consist-
ently expressed BCs markers and efficiently differenti-
ated even at passage 16 [74]. Rapamycin did not induce
or inhibit genes involved in oxidative stress, epithelial—
mesenchymal transition, or cellular senescence (Table 2).

Media and vessel coating for HAE proliferation

Generally, most of the CRC HAE feeder co-cultures use
the original F-medium for keratinocytes published by Liu
et al,, but some studies have also successfully used BEGM
medium for that purpose [64, 69]. In some cases, BEGM
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conditioned by incubation with lethally irradiated feeder
cells was added to the HAE cell monoculture [65]. How-
ever, the effect of such conditioned medium on cell pro-
liferation was not as effective, as direct co-culture with
irradiated feeder cells.

Studies have shown that a range of growth media can
be used for the CRC HAE monocultures, (F-medium,
BEGM, SAGM, HTEC or LHC-9 media), as long as the
media contain the appropriate inhibitors inducing the
CRC state (ROCKi, SMADi, mTORi, PAK or myosin II
inhibitors) [61, 67, 68, 71, 74]. However, the largest HAE
expansion and best long-term effects were observed
in the KSFM medium, which contains low levels of cal-
cium, additionally preventing the differentiation of the
BCs [72]. Regarding the culture vessels, most of the CRC
HAEs studies continue to use culture vessels coated with
basement matrix molecules, such as collagen (type I or
type IV) [27, 57, 61, 65—68, 72]. Rarely, solutions contain-
ing laminin [71, 74], or porcine gelatin [69] were used.
For HAE differentiation, most published studies have
also used ALI platform, with classic home-made [33, 54],
or commercially available HAE differentiation media
(BEGM, Pneumacult-ALI, CELLnTEC, Vertex ALI, Epi-
thelix+ 1,5 mM Ca®*) [57, 65, 69, 71, 72, 74].

Experimental considerations for the CRC HAE culturing
methods

In general, both CRC HAE regimens are rather similar—
they robustly enhance HAE proliferation, leading to an
increased cellular yield. The expanded HAE cells most
often effectively generate differentiated HAE containing
MCC and goblet cells and displaying ion function (e.g.
CFTR activity). In most of the cases, applied CRC HAE
culturing methods do not have a large influence on the
differentiation potential of expanded basal cells, and the
exact numbers of MCC and goblet cells in the differenti-
ated epithelium depend rather on the donor, the cellular
passage and the type of medium used for differentiation
(compare Tables 1, 2). In this context, the only excep-
tion was the method by Peters-Hall et al., where the air-
way BCs were expanded at reduced oxygen pressure (2%
oxygen) [69]. Differentiation of such BCs in ALI yielded
differentiated epithelium with increased amount of cili-
ated cells compared to the normal oxygen conditions.
Low oxygen levels are known to prevent differentiation of
MCCs and some studies show that hypoxia may also pro-
mote the secretory (goblet) cell phenotype [75]. Increased
ciliation after the differentiation of BCs expanded under
hypoxic conditions may have been a result of a larger
pool of club cells, common stage of goblet cell and MCCs
differentiation. Alternatively, an improved ability of the
BCs to differentiate into different lineages (increased
stemness) is responsible for this effect.
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Due to the logistics related to preparation of the
growth-inhibited feeder cells (seeding, irradiation/ mito-
mycin treatment), the workload in the CRC co-culture
method is much higher than in the CRC monoculture
[76]. Although the amount of work can be reduced by
the use of commercially available frozen irradiated feeder
cells [27], the work related to the differential cell trypsi-
nization of the feeder and HAE cells still remains. To
reduce this workload, some studies have tested the pos-
sibility of using growth medium conditioned by the incu-
bation with irradiated feeder cells, but this approach was
not as efficient as the direct co-culture with feeder cells
[65]. Moreover, another drawback of the CRC co-culture
method is the potential contamination of CRC-expanded
HAE cells with animal-origin feeder cells, which makes
the co-culture CRC HAE method not suitable for human
therapy [71].

The CRC HAE monoculture method does not suf-
fer from that limitation and can be used in human
therapeutic applications. Compared to the CRC HAE
co-culture, the CRC HAE monoculture uses more chem-
ically-defined growth media. Moreover, the expanded
HAEs have slightly longer proliferative lifespan (45-60
PDs) and display slower decline in CFTR activity with
passages (p8 vs p5 in the CRC HAE co-culture) [50, 71].
However, recent results indicate, that the CRC mon-
oculture-expanded HAE cells might display different
physiology, compared to HAE cells expanded using the
co-cultured CRC method [77]. This includes reduced
beating frequency of airway cilia and the lower ion cur-
rents than the ALI-differentiated HAE cells, expanded
using the co-culture CRC method [77]. In that aspect, the
monoculture CRC method might not as accurately rep-
resent the native epithelium as the co-culture CRC HAE
method.

Therefore, the choice of the particular CRC HAE
method should depend not only on the available equip-
ment and workforce, but also on the particular experi-
mental application of the CRC HAE cultures (Fig. 4).
While benefits of the CRC HAE monoculture in immu-
nology and human therapy applications are obvious, the
choice of the particular CRC HAE culturing method
for studies of ciliary beating or airway ion currents will
depend on the preferred experiment time-frame or CBF
intensity (Fig. 4). The CRC HAE proliferation method
most suitable for other experimental applications is yet to
be determined (Fig. 4).

Other factors affecting primary HAE culture
success

Sampling method

Apart from the media composition, there are other fac-
tors, which influence the success of primary airway
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Fig. 4 Choice of the CRC HAE culturing method depending on the experimental application. CBF — ciliary beat frequency

epithelial culture. As only 10-30% of the collected cell
number are the BCs[17, 19], successful culture should
contain the highest possible number of airway cells, in
the best possible condition. This depends very much on
the effectivity and quality of the tissue sample, but also
the donor’s infection history, received medications and
lifestyle factors.

The number and quality of cells in the epithelial sample
are most important for the successful initiation of the air-
way epithelial cell cultures. The highest initial number of
primary HAE cells can be obtained from tissues obtained
via resection, transplantation or autopsy. However, these
procedures are highly invasive, thus the supply of the tis-
sues can be limited. Alternative collection methods, such
as nasal or (nonbronchoscopic) bronchial brushings, are
simple, quick, minimally invasive and can be performed
even at the young age [49, 50]. Brushings can also yield

Table 3 CRC HAE culture cell yield and success rate depending on

relatively high initial cell numbers (nasal brushing: up to
1.5 mln cells, bronchial brushings 2.5-3.5 mln cells/ two
brush passes [19, 78], leading to a relatively high culture
success rate (Table 3) [19, 49, 50].

In contrast, isolation of HAE cells from induced spu-
tum or bronchioalveolar lavage (BAL) samples yields
much less cells (<2000) (Table 3), but these methods are
completely non-invasive, and can be performed even in
neonates [71]. Interestingly, despite similar initial cell
numbers, cell cultures from induced sputum have lower
culture initiation rate, than cultures established from
BAL (Table 3). Successful primary HAE cultures can also
be established from tracheal aspirates from intubated
infants [74]. Such samples contain extremely low initial
number of cells (< 100 cells/aspirate), but due to the fact,
they can be collected multiple times a day, the rate of cul-
ture initiation is relatively high (Table 3).

the tissue collected

Sampling method Age group (condition) Initial cell number Subculturing method  Success rate in References
propagation
Induced sputum Children <2000 cells/ portion CRC HAE mono (Rho/ 20% in CF patients Mou et al. [71]
SMAD inhibition)
Tracheal aspirate Neonatal <100 cells/ aspirate CRC HAE mono (Rho/ 40% from single sample, Luetal. [74]
SMAD/mTOR inhibi- 80% if multiple sam-
tion) ples/ patient
BAL Neonatal <2000 cells/ portion CRC HAE, mono (Rho/ 100% (multiple samples/ Mou et al. [71]
SMAD inhibition) patient)
Nasal brushing N/A (CF or healthy) 0.4 to 1.5 million viable  Traditional ALI culture Culture initiation: CF Schogler et al. [78]
cells patients—66%;
healthy—=85%
Differentiation in ALI:
100%
Bronchial brushing  N/A 0.045 - 0.2 mIn cells/ Indirect CRC HAE co-cul- N/A Wolf et al. [65]
brush ture: HAE cells cultured
with conditioned
fibroblast medium
with ROCKi
Bronchial brushing  Children (healthy or ~2,67 min cells/ 2 brush  CRC HAE co-culture, N/A Martinovich et al. [50]

(non-broncho-
scopic)

asthmatic)

passes

direct

BAL Bronchioalveolar lavage, CRC HAE mono conditionally reprogrammed human airway epithelial monoculture (without feeder cells), CRC HAE co-culture

conditionally reprogrammed human airway epithelial co-culture (with feeder cells)



Bukowy-Bierytto Cell Commun Signal (2021) 19:63

Sample- and donor-related factors

During the culture initiation, mucus should be avoided,
as it poses a source of contamination to the cultures and
can lead to the failure of culture [32]. In the case of CF
patients, specific cocktails of antibiotics (and sometimes
also mucus-releasing factors) are employed at the begin-
ning of the culture, to ensure proper removal of mucus
and sterility of the culture from the start [78, 79]. Moreo-
ver, collected cells, no matter the number, should be in
the best possible condition. A marker of a good sample
condition is the presence of MCC cells, as they often
first react to airway insults [80]. Studies have shown, that
culture success rate in ALI setting is ~ two-fold lower for
samples, which do not contain MCC cells in the initial
biopsy (OR=2.18, [1.50-3.16], p<0.001) [80]. Outcome
of the culture depends also on several donor-related
factors, such as lifestyle and used medications. It has
been observed that frequent inflammation and smoking
reduce the proliferative potential of epithelial stem cells,
and yield differentiated epithelium with the smaller num-
ber of club cell progenitors expressing SCGB1A1 [9]. The
use of inhaled corticosteroids or long acting B-agonist
should be avoided, to increase the culture success [80]
(OR= ~0.62-0.64; p=0.01 or p=0.02, respectively).
Also some donor’s disorders (e.g. dry nose) can cause
considerable difficulties in collecting sufficient number
of cells for starting an effective culture (Bukowy-Bieryllo,
unpublished observation). Furthermore, care should
also be taken, when collecting the primary HAE cells, as
local anesthetics and some inhaled drugs (e.g. lidocaine
or hypertonic saline) can significantly reduce the cilia
motility (lidocaine being least toxic) [81-83], and should
thus be avoided.

Tissue source

Another factor, which needs to be considered when plan-
ning experiments using primary airway cell culture, is
the airway region, from which the tissue originates. Tra-
ditionally, the majority of studies use distal airway cells
(bronchial or tracheobronchial epithelial cells) to initiate
the culture, due to their established culture methods and
availability in patients with respiratory disorders (regular
bronchoscopies). However, cultures of cells from proxi-
mal airway (nasal epithelium, HNE) are gaining popu-
larity, as an alternative, much less-invasive tissue source.
Recent studies have shown, that the choice of one of
these tissues can have profound effects not only on the
culture yield, but also on the results of the experiments
performed on these cultures.

First of all, the replicative lifespan of PSE cells isolated
from the proximal and distal airway might not be equal.
It has been observed, that CRC HAE bronchial cells co-
cultured with feeder cells could divide for at least 15

Page 150f 18

passages [50, 69]. When HNEs were grown in the same
CRC regimen, they showed a drop in cell growth already
at P2 [27]. It has been speculated that the reduced BCs
number, capable of proliferating, present in the sam-
ple, was responsible for this difference [27].

The difference between proximal and airway cells is
also visible on the gene expression level. Despite an over-
lap in the gene expression profile between native HTEC
and HBEC primary cells, the HAE from different airway
regions have distinct molecular signatures [84]. Differ-
ent gene expression profiles were also observed between
HNE and human tracheobronchial cells [58].

There are contradicting reports regarding the dif-
ferences in cellular physiology of the PSE cells from
proximal and distal airway. Some studies have observed
reduced IL-6 secretion and increased inflammatory
response after cigarette smoke stimulation in HNEs,
compared to HBEs[8]. Other studies have not observed
such differences [85].

In any case, these observations mean that, when plan-
ning an experiment using primary airway epithelial cells,
care should be taken when choosing the tissue source
and the culturing platform. Moreover, to obtain reliable
results, a careful validation of the tissue composition and
physiology of the differentiated tissue is necessary.

Conclusions

The recent development of CRC HAE culturing method,
which increased the proliferative efficiency of the pri-
mary HAE epithelial cultures, has allowed to obtain high
numbers of HAE cells, which can be genetically modified,
cryopreserved and can even be used for tissue engineer-
ing. However, despite the progress made in increasing the
HAE cell proliferative lifespan and the ability to differ-
entiate, the CRC HAE model is still not perfect. Further
improvements should be made to increase its robustness
and replicability. This includes a thorough comparison of
the existing CRC culturing types (CRC HAE mono- and
co-culture regimens), in order to assess their similar-
ity to the native HAE epithelium in terms of physiology,
which will determine their suitability for particular types
of experiments. Improved knowledge on the factors
influencing the differentiation and functioning of HAE,
including the cross-talk between ECM and different tis-
sue types, such as fibroblasts, will contribute to that
progress. Identification of the factors influencing donor-
to-donor culture variability will help to predict the cul-
ture success, leading to a further increase in CRC culture
replicability.

Of course, CRC cultures can in some aspects be
replaced by other existing HAE culturing methods, such
as 3D organoid cultures or iPSC-derived HAE cells. In all
cases, the limitations of these different HAE culture types
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should always be carefully considered, before choosing
the most appropriate HAE cellular model for particular
study in airway research.

Considering the existing drawbacks of the iPSCs and
organoid culture (reduced preservation of epigenetic
marks in iPSCs culture or the technical difficulties related
to organoid size control), there is a large chance that pri-
mary CRC HAE cultures, including mono- and co-cul-
tured HAE cells, will still stay around for some time in
respiratory research.
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