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Validation of airway porcine
epithelial cells as an alternative
to human in vitro preclinical studies
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Federica Boraldi®, Daniela Quaglino?, Filippo Lococo** & Graziella Pellegrini®2*

Animal models are currently used in several fields of biomedical research as useful alternatives to
human-based studies. However, the obtained results do not always effectively translate into clinical
applications, due to interspecies anatomical and physiological differences. Detailed comparability
studies are therefore required to verify whether the selected animal species could be a representative
model for the disease or for cellular process under investigation. This has proven to be fundamental
to obtaining reliable data from preclinical studies. Among the different species, swine is deemed an
excellent animal model in many fields of biological research, and has been largely used in respiratory
medicine, considering the high homology between human and swine airways. In the context of in vitro
studies, the validation of porcine airway epithelial cells as an alternative to human epithelial cells

is crucial. In this paper, porcine and human tracheal and bronchial epithelial cells are compared in
terms of in vivo tissue architecture and in vitro cell behaviour under standard and airlifted conditions,
analyzing the regenerative, proliferative and differentiative potentials of these cells. We report
multiple analogies between the two species, validating the employment of porcine airway epithelial
cells for most in vitro preclinical studies, although with some limitations due to species-related
divergences.

Animal models have always been used for biomedical research purposes. However, recent evidence highlighted
that specific comparability studies could be helpful in understanding when animal models are informative
and when they need to be integrated with other in vivo or in vitro assays'. Moreover, the adequacy of the
animal species chosen as a model should always be carefully evaluated to obtain reliable results from preclinical
experiments?. Although the employment of animals for research is increasingly controversial®*, their scientific
use still remains important, and the optimization of animal experiments is then crucial to obtain reliable results
following as much as possible the principle of the three R (replacement, refinement, and reduction). The choice
of an animal species as a research model depends on several aspects, including availability, easy handling, size,
breeding characteristics and, most importantly, common features in terms of anatomy, physiology and genetics
shared with human beings®. Small animals such as mice and rats are commonly used to study several human
diseases. However, the resulting findings do not always lead to effective clinical applications for human beings,
due to differences between the species®. Instead, larger animal models, such as swine, show more similarities with
the human body structure and better replicate the pathophysiology of certain diseases, resulting in a preferable
choice for translational studies, despite being more expensive and complex to manage?. Further advantages of
using porcine include (i) sharing of several anatomic and physiological aspects with humans and human-size
organs’; (ii) similar content of genes compared to humans and high protein and gene sequence homologies®;
(iii) availability of numerous porcine transgenic models to study several human diseases’. According to these
considerations, swine are increasingly used in biomedical research, for instance in toxicology testing and surgical
procedures'?, infectious disease models®, drug discovery research!!, genetic disease models'?, xenotransplantation
attempts'?, to end up with bioengineering of transplantable organs'*'*. Specifically, this animal model has been
largely used in respiratory medicine, exploiting the high homology between human and swine airways'®. For
example, many studies on pulmonary surfactants have been performed on porcine lungs'’, as well as studies
focusing on lung development, lung injury induced by hyperoxia or by different toxins, and on several respiratory
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diseases including asthma, chronic obstructive pulmonary disease, pneumonia, and cystic fibrosis'®. Moreover,
thanks to the longevity of swine, it is possible to evaluate the pathogenesis of respiratory diseases, the long-term
efficacy, and the potential adverse events of therapeutic treatments. Like in humans, swine respiratory epithelium
changes from proximal to distal airway regions. Indeed, from a histological point of view, porcine trachea and
main bronchi are characterized by the presence of a pseudostratified respiratory epithelium, whereas the small
bronchi and bronchioles are covered by ciliated columnar epithelium. In addition, unlike smaller animal models
as rodents, in humans and porcine numerous submucosal glands are present from trachea to intrapulmonary
bronchi®. Finally, the heterogeneous composition of the epithelium itself is maintained between human and
swine species®. The growing evidence of porcine airways’ resemblance to the human counterpart has been
followed by an increasing interest in in vitro culture of the respiratory epithelial cells of this animal model.
Indeed, in vitro models allow for overcoming some of the main issues related to in vivo animal experiments.
For example, they permit to avoid the high costs related to animals’ housing, care, and handling, and to obtain
statistically reliable results more easily. Moreover, in vitro experiments ensure a better control of the experimental
variables, allow to recapitulate the complexity of the human tissues, and contribute to the reduction of the total
number of animals employed during the research, restricting their usage only at the latest stage of preclinical
studies. In this view, the great potential of porcine in vitro models has been outlined in several studies including
drug screening, infectious disease models, genetic disease studies?! and bioengineering-based reconstructive
approaches?. Furthermore, swine airway samples can be easily obtained as they are usually discarded by-products
of slaughtering, avoiding the sacrifice of other animals for experimental purposes only, and the difficulties related
to collecting human samples. Importantly, although widely used in biomedical research, few studies compared
porcine airway epithelial cells to their human counterpart when subjected to the same in vitro culture stimuli,
essential to validate swine epithelial cells as an alternative model to human cells in preclinical studies.

This paper is a comparative study between human and porcine airway epithelial cells from both the trachea
and the main bronchi. First, we evaluated the expression and localization of some key molecular markers within
the native epithelia. Then we focused on the proliferative, differentiative and regenerative potential of human-
and porcine-derived cell cultures under conditions optimized for human cells. The results provided here suggest
porcine tracheal and bronchial epithelial cells as suitable alternative cell sources to human cells for in vitro pre-
clinical studies, considering the significant cellular comparability between the two species. However, the observed
differences between the two species should be carefully evaluated in future studies, with particular attention to
the greater biological variability detected in porcine samples, and the diverse reaction to differentiative stimuli
in airlifted conditions. Taking all these aspects into consideration, our findings could not only help strengthen
previous studies but also support the selective use of this animal model in the range of preclinical in vitro studies
on the respiratory field. Additionally, following the principle of animal use reduction in biomedical research,
these studies can be carried out by employing waste materials from the food industry as a source of animal tis-
sues, thus providing an example of a circular economy with a favorable economic impact.

Results

In vivo characterization of human and porcine tracheo-bronchial respiratory epithelium

Tissue sections of tracheal and bronchial regions were collected from both species to verify the comparability
between human and porcine proximal respiratory epithelium. The expression of structural and functional
molecular markers was evaluated through immunofluorescence (IF) assay. The analysis of cytokeratins,
cytoskeleton proteins widely used as specific epithelial cell markers, revealed a similar expression pattern in
human and pig samples, with cytokeratin 7 (CK7) specifically staining columnar epithelial cells and basal
cells identified by cytokeratin 5 (CK5) and cytokeratin 14 (CK14) (Fig. 1a). The similarity between the basal
compartment of the two species was also confirmed by the neurotrophin receptor p75 (p75NTR) analysis
(Fig. 1b), previously described as a potential lung epithelial basal cell marker®. In contrast, the staining for
the mitotic cell marker Ki67 highlighted the presence of actively proliferating cells—responsible for airway
epithelial renewal—at both basal and supra-basal levels (Fig. 1b). Moreover, the barrier function of the tracheal
and bronchial respiratory epithelium was confirmed by the apical expression of the tight junction protein zonula
occludens-1 (ZO-1) (Fig. 1c). Finally, both human and porcine samples showed a comparable presence of the
two cell populations responsible for the muco-ciliary clearance, namely goblet and ciliated cells, identified by
the airway cell markers mucin 5AC (MUC5AC) and acetylated a-tubulin, respectively (Fig. 1d).

Regenerative and proliferative potential of human and porcine airway epithelial cells
The regenerative potential of freshly isolated human and swine primary epithelial cells, namely their clonogenicity,
was evaluated by a colony-forming efficiency (CFE) assay** (Fig. 2a) upon processing of tracheal and bronchial
biopsies (see Methods). Briefly, this assay evaluates the capability of a single epithelial cell to regenerate a small
piece of tissue, namely a colony®. Notably, airway epithelial cells directly isolated from the two species displayed
a similar clonogenicity in both tracheal and bronchial tissues (human vs swine trachea: 17.11% £11.92% vs
15.61% + 1.96%; human vs swine bronchus: 12.19% +4.18% vs 15.94% + 1.50%) (Fig. 2b). Moreover, among the
grown colonies, only a tiny percentage (less than 10%) exhausted its proliferative potential (aborted colonies),
with no significant differences between human and porcine samples (human vs swine trachea: 4.14% +3.18% vs
0.85% +0.48%; human vs swine bronchus: 2.23% +0.53% vs 1.34% + 0.72%) (Fig. 2b). These findings confirmed
the feasibility of efficiently isolating human and porcine airway epithelial cells and pointed out their comparable
clonogenic potential.

Human primary epithelial cells progressively lose their proliferative potential upon serial passages in culture
until exhaustion, corresponding to replicative senescence. The number of passages in which a decrease in capacity
for proliferation is observable depends on several parameters, such as the stimuli of the culture conditions and
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Figure 1. In vivo immunofluorescence analysis of human and porcine airway epithelium. Tracheal and bronchial tissue
sections from human and porcine samples were stained for epithelial-specific, proliferation, epithelial barrier and clearance
function markers. (a) CK7 (red) was mainly expressed in columnar epithelial cells, whereas CK5 (green) and CK14 (green)
displayed the expected basal localization in both human and porcine samples. (b) Similarly to CK5 and CK14, the neurotrophin
receptor p75NTR (red) was mainly detected in both species’ basal layer of tracheal and bronchial sections, whereas proliferating
Ki67 positive (green) cells, essential for the epithelial renewal, were randomly distributed within the basal and supra-basal
layers. (c) The respiratory epithelial barrier function was highlighted by the continuous expression of the tight junctions’
protein ZO-1 (green) at the apical level. (d) Goblet cells were mainly localized in the sopra-basal layers, producing, storing, and
releasing MUCS5AC (red), one of the main gel-forming glycoproteins of airway mucus. Moreover, the continuous expression of
acetylated tubulin (red) in the luminal side of the tracheobronchial epithelium in both species revealed a high in vivo density of
the ciliated cells, essential for a functional mucociliary clearance. Nuclei were counterstained with DAPI, scale bar =50 pm.
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Figure 2. Evaluation of clonogenic potential and cell morphology in prolonged airway epithelial cell cultures. (a)
Representative images of CFE assay used for the determination of clonogenic and aborted colonies. (b) Quantification of

the percentage of clonogenic cells (grown colonies, left) and aborted colonies (terminally differentiated colonies, right)
respectively out of the total cells seeded and out of the total grown colonies in the indicator dish. No significant differences
were observed in clonogenic cells (human vs porcine trachea p-value=0.88; human vs porcine bronchus p-value=0.33) and
aborted colonies (human vs porcine trachea p-value=0.27; human vs porcine bronchus p-value=0.20). (c) Representative
images of human and porcine tracheal epithelial cell cultures at starting (pII) and final (pIX) passages. (d) CFE assay evaluates
the number of clonogenic and aborted colonies at starting and final sub-cultures. (e) Quantification of the grown (left) and
aborted (right) colonies in the CFE dishes. No significant differences were observed in the clonogenic potential of human
and porcine cells in second (human vs porcine trachea p-value =0.71; human vs porcine bronchus p-value =0.60) and ninth
expansion passage (human vs porcine trachea p-value =0.98; human vs porcine bronchus p-value =0.68). Similarly, no
significant differences were observed in the aborted colonies percentage in second (human vs porcine trachea p-value=0.25;
human vs porcine bronchus p-value =0.25) and ninth expansion passage (human vs porcine trachea p-value=0.07; human vs
porcine bronchus p-value=0.10). The results are shown as means + SD of six human samples (n =3 trachea and n=3 bronchi)
and four porcine samples (n=2 trachea and n =2 bronchi).
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Figure 3. Proliferative potential of human and porcine airway epithelial cells. (a) Cell yields average values of
human and porcine airway epithelial cells within seven passages of cultures. (b) Representation of the mean
number of population doublings performed in each passage by human and swine cells. The analysis revealed
no significant differences between the two species (human vs porcine trachea p-value=0.06; human vs porcine
bronchus p-value=0.78). (c) Representation of the cumulative number of population doublings performed by
human and swine tracheal and bronchial airway epithelial cells in the seven passages of culture. (d) Graphical
representation of the average time that the cell cultures take to duplicate. Despite no significative differences
were observed in doubling time between the two species (human vs porcine trachea p-value=0.12; human vs
porcine bronchus p-value=0.21) porcine cells showed higher biological variability. The data in (a), (b), and (d)
are reported as mean + SD of the investigated parameters for seven passages of six human samples (n=3 trachea
and n=3 bronchi) and four porcine samples (n=2 trachea and n=2 bronchi).

the intrinsic properties of the primary culture itself?. To analyse whether the decrease in proliferative potential
displays a similar trend in human and porcine, primary tracheal and bronchial epithelial cells from both species
were serially cultivated for seven passages in a commercially available cell culture medium (BEGM", from Lonza),
using the same experimental conditions. Several parameters were assessed, including cell morphology, cell culture
yields, population doublings, doubling time, and cultured epithelial cells’ capability to undergo progressive
replicative senescence. Curiously, a slight morphological difference was observed between human and porcine
cells, with the latter growing in compact clusters rather than independent single cells (Fig. 2¢, S1a). Nevertheless,
the CFE assay performed to evaluate the clonogenic potential over the passages highlighted a similar trend
in both species (Fig. 2d, S1b). In particular, the percentage of clonogenic cells was high in starting passages,
with similar values in human and porcine epithelial cultures (human vs porcine trachea: 48.33% +13.90% vs
44.00% + 5.23%; human vs porcine bronchus: 33.07% +22.28% vs 43.90% + 14.57%) and progressively decreased
in the final passages (human vs swine trachea: 14.00% +6.03% vs 14.15% + 8.42%; human vs swine bronchus:
13.27% £10.54% vs 17.45% + 8.98%) (Fig. 2e). Accordingly, the percentage of aborted colonies was low at early
passages (human vs swine trachea: 7.73% +7.21% vs 0.15% £ 0.21%; human vs swine bronchus 3.40% +1.11% vs
1.65% + 1.77%) and increased in the last passages (human vs swine trachea: 46.23% +4.36% vs 21.45% + 16.05%;
human vs swine bronchus: 61.33% +22.45% vs 17.30% + 17.54%) (Fig. 2e). These results confirmed the capability
of both human and swine tracheal and bronchial epithelial cells to undergo senescence over the serial sub-
culturing passages, despite the high original proliferation rate.

Airway epithelial cells’ growth rate was then analysed by measuring the cell yield at each sub-culture
timepoint. In all passages, tracheal and bronchial clonogenic cells from both species generated a similar number
of daughter cells, approximately 1 x 10° (Fig. 3a), with also a comparable mean number of population doublings
(human vs porcine trachea: 2.13+0.12 vs 2.55+0.21; human vs porcine bronchus: 2.57 +£0.21 vs 2.50+0.28)
(Fig. 3b). Indeed, the total number of population doublings measured at the end of the seven passages was
analogous in all four respiratory cell cultures (human vs porcine tracheal cells: 15.1 vs 17.9; human vs porcine
bronchial cells: 17.8 vs 17.9) (Fig. 3¢). These data revealed that, in the selected culture conditions, both species’
tracheal and bronchial epithelial cells are endowed with similar clonogenic and proliferative potential. However,
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although non-significant, a slight discrepancy in doubling time was detected. Indeed, porcine cells showed an
higher average doubling time value due to a greater biological variability to reach sub-confluence over consecutive
passages than human airway epithelial cells (porcine vs human trachea: 71.35+24.11 h vs 43.63 + 3.85 h; porcine
vs human bronchus: 64.5+28.85 h vs 39.73 £4.55 h; h=hours) (Fig. 3d).

In vitro characterization of human and porcine airway epithelial cell cultures

The expression of specific identity and function-related cell markers was then analysed at different time points
during serial human and porcine cell culture passages, with the aim of evaluating any species-related variations.
Airway epithelial cells derived from III, VI, and IX cell culture passages were first stained for epithelial identity
markers. In particular, basal cytokeratins, CK5 and CK14, appeared equally expressed throughout the passages,
with no differences between human and porcine samples, highlighting the maintenance of basal cells in culture
(Fig. S2a). Coherently with previous data on proliferative potential (Fig. 3), the analysis of proliferating cells
revealed a similar expression pattern of the mitotic marker Ki67 in human and pig samples (Fig. S2b). In contrast,
CK7, expressed mainly by supra-basal cells in vivo (Fig. 1a), was detected in almost all cultured human cells,
whereas it was highly expressed only by a few differentiated porcine cells (particularly the large and sopra-basal
ones) (Fig. 4a). Moreover, the morphological differences observed between human and swine airway epithelial
cell cultures (Fig. 2c) were further reflected by the staining for ZO-1 protein. Indeed, the tendency of porcine
cells to grow in more compact clusters resulted in a higher stratification, with an increased expression and an
organized localization of ZO-1 tight junction protein (Fig. 4b). Finally, specific airway epithelial cell markers were
examined to verify the preservation of the differentiative potential of human and porcine epithelial cultures. In
both species, a low number of MUC5AC positive goblet cells was detected throughout the evaluated time points
(Fig. 4¢). Likewise, acetylated a-tubulin positive cells were observed both in human and porcine cultures, even
though these latter displayed a stronger expression in large and stratified cells (Fig. 4d). Generally, the higher
Z0-1, CK7 and acetylated a-tubulin staining at late passages of porcine cells could be related to a different colony
organization and growth kinetics between the two species when cultured in conditions optimized for human
cells (Fig. 4a,b,d).

The differentiative potential of human and porcine airway epithelial cells

Two complementary sets of experiments were conducted to verify whether human and porcine airway epithelial
cells could analogously respond to differentiative stimuli. First, tracheal and bronchial epithelial cells were
cultured for 30 days in B-ALI™ culture medium under submerged conditions. In contrast, in the second in vitro
assay, the cells were exposed to the Air-Liquid Interface (ALI) to better mimic the physiological conditions of
the respiratory epithelium. As shown in Fig. 5, several markers were evaluated in submerged cultures to highlight
the differentiation stage achievable under this condition. In particular, the basal markers CK5 and CK14 were
still detectable after 30 days of culture, although with different expression levels (Fig. 5a,b). Indeed, as previously
reported, the expression of these two epithelial cell markers can be differentially regulated during a wound-
healing process?, which is the condition recapitulated by in vitro epithelial cell cultures. Moreover, during the
differentiation process, airway epithelial basal cells change their phenotype toward a stratified tissue architecture,
as highlighted by the increased expression of the columnar marker CK7 and the tight junction protein ZO-1
throughout the samples (Fig. 5¢), with no differences between human and porcine cells. Furthermore, very
few Ki67 positive cells were detected in both tracheal and bronchial differentiated cell cultures at this stage
(Fig. 5d), suggesting either a possible exhaustion of proliferative cells or a new homeostatic condition with a
balance between proliferation and differentiation. Finally, concerning the airway-specialized epithelial cells, a
high number of goblet cells was detected in both species, with the greatest predominance in bronchial cultures
(Fig. 5e). Similarly, acetylated a-tubulin appeared highly expressed in 30-days stratified cell cultures (Fig. 5f),
although no properly organized cilia were observed. Indeed, as described by Gerovac et al., the submerged culture
condition provides a hypoxic environment that prevents a complete differentiation to ciliated cells by inhibiting
the gene expression program essential for ciliogenesis®®.

Therefore, to allow a physiological polarization and differentiation, human and porcine airway epithelial cells
were cultured in ALI conditions. Human tracheal and bronchial epithelial cells could stratify and regenerate a
tightened and fully differentiated airway epithelium, as highlighted by the staining for the basal markers CK5
and CK14, by the supra-basal expression of CK7 and by the apical presence of tight-junctions, goblet and ciliated
cells (Fig. 6a). Noteworthy, as observed by the transmitted light microscope, the porcine epithelia revealed the
loss of confluence and structural integrity between days 20 and 30 of culture (data not shown). Indeed, at the end
of the ALI culture, the porcine airway epithelia displayed a less compact structure, as depicted by the staining
for CK14 and CK5, with the mislocalization of the epithelial differentiation markers, CK7 and ZO-1, and the
absence of ciliated cells (Fig. 6b).

These findings could be related to a diverse differentiation process and growth kinetics in the two species
when cultured under ALI conditions optimized for human cells, affecting the tissue organization.

To further confirm these data, the epithelia of both species were analyzed by scanning electron microscopy
(SEM) after 30 days of differentiation. As expected, only human tracheal and bronchial airway epithelia appeared
well differentiated and characterized by ciliary structures (Fig. 6c, left). Conversely, the loose cell-cell interaction
of porcine cells was also observed during SEM preparation, where porcine specimens appeared non-ciliated
and covered by apical microvilli (Fig. 6c, right). This observation confirmed that, after prolonged ALI culture
conditions, the porcine epithelium does not show terminal differentiation, likely due to the loss of integrity.

Scientific Reports |

(2023) 13:16290 | https://doi.org/10.1038/s41598-023-43284-7 nature portfolio



www.nature.com/scientificreports/

MUC5AC Z0-1 Cytokeratin 7

Acetylated tubulin

Human Porcine

Plll PVI

=
x

Plll PVI PIX

Tracheal cells l

Bronchial cells

Tracheal cells

Bronchial cells

Tracheal cells

Bronchial cells

Tracheal cells

Bronchial cells

.

3l —

Figure 4. Immunofluorescent analysis of in vitro cultured airway epithelial cells. Human and porcine tracheal
and bronchial epithelial cells at the starting (pIII), middle (pVI), and late (pIX) cell culture passages were
stained for different markers. (a) CK7 (red) was detected in almost all human cultured cells, whereas only some
sopra-basal differentiated porcine cells highly expressed this columnar epithelial cell marker. (b) ZO-1 protein
(green) was barely detectable in human tracheal and bronchial cells, whereas it was expressed by sopra-basal
porcine epithelial cells (white arrows). (c) Goblet cells identified by MUC5AC glycoprotein (red) were similarly
detected in human and porcine airway epithelial cell cultures. (d) Within the standard submerged culture
conditions, acetylated a-tubulin (red) was expressed at basal levels by almost all cultured human epithelial cells,
while it increased especially in middle (pVI) and late (pIX) passages of porcine epithelial cells. Nuclei were
counterstained with DAPI, scale bar =50 um. p = passage.
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Figure 5. Human and porcine airway epithelial cells in submerged differentiative conditions. IF analysis

of human and porcine tracheal and bronchial epithelial cells cultured for 30 days in B-ALI™ differentiation
medium. (a,b) Basal cytokeratin 5 and cytokeratin 14 (green) were expressed at different levels in the submerged
stratified cultures. (c) All human and porcine cells were CK7 positive (red), while the tightness of the stratified
epithelium was highlighted by ZO-1 protein (green). (d) Only a few proliferative Ki67 positive cells were
detected in all the analysed epithelial cell cultures. (e,f) The two airway-specific markers MUC5AC and
acetylated a-tubulin were expressed at high levels after 30 days in differentiative culture conditions. Nuclei were
counterstained with DAPI, scale bar=50 pum.

Trans-epithelial electrical resistance assessment

To verify if the expression of the ZO-1 protein, previously described in Figs. 5 and 6, was associated with a
functional barrier role, Trans-Epithelial Electric Resistance (TEER) measurement was performed at six-time
points in human and porcine ALI cultures. Human tracheal epithelium reached a maximum mean value of
460 Q) cm? on day 19 and remained almost stable till the end of the culture. In contrast, porcine tracheal cells
reached the highest average value of 680 Q cm? on day 15 but quickly dropped in the subsequent measurements
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Figure 6. Human and porcine airway epithelial cells in ALI differentiative conditions. IF and SEM analysis of human

and porcine airway epithelial cells grown for 30 days in ALI culture. (a) Human tracheal and bronchial epithelia appeared
well polarized and fully differentiated, as highlighted by the staining for the basal markers CK5 and CK14 (green), by the
supra-basal expression of CK7 (red) and by the presence at the apical side of tight-junctions (ZO-1 staining, green), goblet
cells (MUCS5AC staining, red) and ciliated cells (acetylated tubulin staining, red). (b) Conversely, IF analysis of the porcine
airway epithelia displayed a less compact structure, as depicted by the staining for CK14 (green) and CK5 (green) and the
mislocalization of the epithelial differentiation markers CK7 (red) and ZO-1 (green). Finally, the absence of ciliated cells
could be due to the loss of integrity of the swine epithelia in airlifted condition. Nuclei were counterstained with DAPI,
scale bar =50 pum. (c) Coherently with IF analysis, SEM images of human tracheal and bronchial ALI cultures showed well-
differentiated epithelia with ciliary structures, while porcine tracheal and bronchial epithelia SEM images show the presence of
apical microvilli only.
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Figure 7. Trans-epithelial electrical resistance measurement. Unit area resistance was measured at six different
time points in (a) tracheal and (b) bronchial human and porcine ALI cultures. Both tracheal and bronchial
cultures were characterized by an initial TEER increase in accordance with the differentiation process, although
only human cells maintained elevated values. No significative differences were observed in tracheal cultured
tissues between the two species (human vs porcine p-value=0.06 at day 3, 0.21 at day 9, 0.51 at day 15, 0.051 at
day 19). In bronchial cultured tissues, significative differences were observed only at days 9 and 15 (human vs
porcine p-value=0.014 at day 9, 0.047 at day 15), whereas no differences were detected in the other time-points
(p-value=0.06 at day 3 and 0.051 at day 19). Results are expressed as the mean +SD of the unit area resistance
(n=3 for humans; n=2 for porcine). Arrows highlight the two time points (days 22 and 27) where porcine
epithelia lost structural integrity. Coherently, for these measurements the statistical analysis was not carried out.
*=p<0.05.

(Fig. 7a). The human bronchial epithelial cells showed a maximum value of about 600 Q2 cm? on day 15 with a
moderate decrease in the following days. In reduced to almost zero on the last two time points (Fig. 7b). The
increasing values of resistance registered in the first four measurements suggested the capability of both human
and porcine airway epithelial cells to properly stratify and differentiate into a mature and tight epithelium, able
to perform its function as a barrier. By contrast, the subsequent decrease observed in porcine cultures would
suggest the need for ALI culture conditions more specific for porcine cells to obtain a stable TEER on the long
term, as with human tissues.

Discussion

Using animal models in biomedical research is instrumental for understanding the pathophysiology of human
disorders and performing preclinical studies, including safety and efficacy tests of new drugs, surgery and thera-
pies. In airway-related research, several animal models have been used to study the most common human res-
piratory pathologies, including pneumonia, asthma, chronic obstructive pulmonary disease, pulmonary fibrosis,
hypertension, and genetic disorders'®. However, anatomic, physiological and genetic differences between labora-
tory animals and human beings still represent a critical limit. The most striking example of this phenomenon
was observed in cystic fibrosis, a genetic disease where the most common genetic mutation AF508 in the Cystic
Fibrosis Transmembrane Regulator (CFTR) gene does not cause in mice the respiratory abnormalities observed
in humans®. Therefore, a comparative analysis between humans and animal models appears critical to under-
stand the species-related limits and to better focus on those similarities allowing the obtainment of meaningful
and reliable results. Swine are increasingly used in airway biomedical research for their comparability to humans
regarding anatomical, physiological, and genetic features'®'¢. Concurrently, the use of alternative models such as
cell cultures, organoids and organ on chip is gaining more and more importance. Indeed, Stennert and colleagues
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showed that porcine respiratory epithelial cell cultures share with the human counterpart comparable cilia beat
frequency and a similar reaction to different drugs, suggesting porcine cell cultures as a useful model for the
specific evaluation of pharmacological effects on the respiratory mucosa®. Moreover, primary swine tracheal
epithelial cells were seen capable of producing inflammatory cytokines (TNFa and IL-1f) when exposed to toll-
like receptor agonists, confirming their usefulness also for host-pathogen interaction evaluations®'. Moreover,
several authors took advantage of porcine epithelial cell cultures to investigate airway epithelial cells infection
by different pathogen agents such as influenza virus and moulds®*-**. Here, we focused on the assessment of
similarities and differences between humans and swine airway epithelia at cellular level. To identify where the
airway porcine epithelium recapitulates the human one, we compared the two species assessing the expression of
specific markers in in vivo tissues as well as the proliferative, differentiative and regenerative properties in vitro.
Indeed, such analyses are of pivotal importance to validate the swine respiratory epithelium as a comparable
in vitro model to the human counterpart.

Coherently with previous publications®, the characterization of human and porcine tracheal and bronchial
tissue in vivo confirmed a similarity in tissue organization across the two species. Moreover, the evaluation of
epithelial airway-specific molecular markers on in vivo samples allowed the identification of culture conditions
permissive for the preservation of the cell heterogeneity typical of the respiratory epithelium. Indeed, the analysis
of cultured human and porcine cells revealed the maintenance of basal cell markers (CK5 and CK14) expression
as well as the capability to properly differentiate toward both tightened sopra-basal cells (CK7 and ZO-1 posi-
tive cells) and airway-specialized cells (goblet cells). A slight difference in cell-cell interactions was observed in
human and porcine cultures during the early stage of expansion, as swine cells showed the tendency to grow in
compact clusters, whereas human cells grew as isolated spindle-shaped cells. Focusing on the growth potential
of cultured epithelial cells, a similar clonogenicity of cells isolated from both species suggested a comparable
regenerative potential of airway epithelial cells freshly isolated from biopsies. Moreover, through serial in vitro
sub-cultures, other significant similarities emerged, including an analogous clonogenic and proliferative potential
in terms of cell yield and population doublings between human and porcine tracheal and bronchial epithelial
cells. Finally, the analyses conducted under 30 days of extensive differentiation in submerged or ALI conditions
highlighted variations in the differentiative process between the two species. The cells from both species could
regenerate a fully stratified and polarized tissue characterized by a dense network of tight-junctions (ZO-1
protein) and the airway-specialized goblet cells. These observations are consistent with what was previously
described in the literature®®**. However, the ciliated cells were adequately detectable only in human ALI cultures,
whereas the porcine cells lost the tissue integrity and did not show this terminal differentiation lineage.

In addition, as reported by other research groups with different experimental conditions***>**%, the func-
tionality of the described tight junctions both in human and porcine samples was confirmed, yet with some
differences, by TEER measurements. Indeed, the barrier role of human and swine regenerated epithelia was
demonstrated by the maximum resistance peak reached around the 15-20th day of culture. After this period, the
loss of swine epithelial integrity associated with a drastic decrease of the corresponding TEER values opposes to
a gradual reduction of human epithelia resistance. This phenomenon highlights the higher capacity of human
epithelial cultures to maintain the tissue integrity under extensive differentiation stimuli. Conversely, the degen-
eration of the porcine epithelia after a prolonged ALI exposure may denote that the culture conditions selected
to guarantee the early adhesion, spreading and proliferation of cells from both species were not permissive for
the long-term regeneration of a fully differentiated airway porcine epithelium. In this view, the regeneration of a
stable fully differentiated porcine epithelium could require the standardization of culture conditions specifically
optimized for swine cells, as reflected by the plurality of experimental protocols involving isolation techniques,
culture media, and coating matrices’*-**. Overall, this comparative study pointed out similarities and divergen-
cies between human and swine airway epithelium (Table 1). Specifically, in the selected culture conditions,
submerged porcine airway epithelia can recapitulate the human ones in terms of proliferative and differentiative
potential, thus representing a suitable alternative to perform specific preclinical studies, including toxicological
and pharmacological testing.

Parameters under comparative analysis Similarity | Divergency
In vivo tissue (Fig. 1) v
Clonogenicity of biopsy-derived cells (Fig. 2) v

In vitro cell morphology and colony organization (Fig. 2; Fig. S1) v
Clonogenic potential in serial passages (Fig. 2; Fig. S1) v

Cell culture yield (Fig. 3) v

Population doubling (Fig. 3) v

Doubling time (Fig. 3) v v
In vitro cell culture characterization (Fig. 4; Fig. S2) v v
Differentiative potential: 30 days submerged tissue (Fig. 5) v
Differentiative potential: 30 days airlifted tissue (Fig. 6) v v
Trans-epithelial electric resistance (Fig. 7) v v

Table 1. Similarities and divergences between human and swine airway epithelium.
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Methods

Human and porcine specimens

Human tracheal and bronchial specimens were obtained in accordance with the tenets of the Declaration of
Helsinki; donors (35-70 years-old) provided informed consent for biopsies and ethical committee approval
was obtained from the involved centres (“Comitato Etico Area Vasta Emilia Nord”, Protocol N. 2019/0014725
and “Comitato Etico Territoriale Lazio Area 3” N. 0008968/21). Porcine tracheal and bronchial specimens were
obtained by 9-10 months-old pigs as by-product from the slaughterhouse, while Normal Human Bronchial
Epithelial cells (NHBE) were purchased from Lonza.

Humans and porcine airway epithelial cell culture

Tracheal and bronchial epithelial cells were isolated from human and porcine biopsies and cultivated on plastic
cell culture plates using the commercially available Bronchial Epithelial Cell Growth Medium (BEGM™, Lonza),
specifically defined for human primary bronchial epithelial cells’ growth. Briefly, tracheal and bronchial biopsies
were cut into small pieces and airway epithelial cells were isolated through subsequent cycles of enzymatic diges-
tion with 0.05% trypsin—0.01% EDTA (Gibco) at 37 °C for a total time length of about 2 h. Isolated cells were
cultured at a density of 8000 cells/cm? in BEGM™ medium containing Bronchial Epithelial Basal Medium (BEBM)
supplemented with bovine pituitary extract, insulin, hydrocortisone, gentamicin/amphotericin-B, retinoic acid,
transferrin, triiodothyronine, epinephrine and human epidermal growth factor as described in the BEGM™,
Lonza datasheet. Cultures were fed every other day and serially expanded for seven passages after reaching sub-
confluent conditions, to evaluate their growth potential, population doubling and doubling time.

The population doubling was calculated as 3.32*(log,, N2—log;, N1), where N2 and N1 indicate respectively
the number of cells at sub-confluence and the number of seeded cells. Instead, the doubling time was calculated
as the ratio between the time to reach the sub-confluence (hours) and the corresponding population doubling.

Cells at different passages (three, six and nine) were cultured over glass coverslips until sub-confluence or for
30 days (cells at passage three) before undergoing immunofluorescence staining (see below).

Colony-forming efficiency assay

For the colony-forming efficiency (CFE) assay, a small aliquot of cells (ranging from 500 to 2000), either directly
isolated from human and swine airway biopsies or cultured for one passage as described above, was plated onto
indicator culture dishes previously coated with lethally irradiated 3T3-]2 cells as feeder layer. Cells were cultured
in Dulbecco’s modified Eagle’s (DMEM) and Ham’s F12 media (2:1 mixture) containing fetal bovine serum (FBS)
(10%), insulin (5 pg/ml), adenine (0.18 mM), hydrocortisone (0.4 pg/ml), cholera toxin (0.1 nM), triiodothy-
ronine (Liothyronine Sodium) (2 nM), glutamine (4 mM), penicillin-streptomycin (50 1U/ml), and epidermal
growth factor (EGE 10 ng/ml). Colonies were fixed 12 days later and stained with Rhodamine B (Sigma-Aldrich,
St. Louis, Missouri, USA). Under examination with a dissecting microscope, colonies were scored as progressively
growing or aborted, as previously described?*?. CFE values were calculated as the ratio of the number of grown
colonies to the number of plated cells, whereas the percentage of aborted colonies was obtained from the ratio
between abortive colonies and the number of all colonies grown in the indicator dish.

Airlifted cultures

Tracheal and bronchial epithelial cells derived from human and porcine specimens were cultured in Air-Liquid
Interface (ALI) conditions for about 30 days to allow complete differentiation of airway epithelial cells. Briefly,
Millicell® Culture Plate Inserts (Merck Millipore) were coated with human fibronectin (Sigma Aldrich) at 17 pg/
cm?, incubated overnight at room temperature and air dried. Airway human and porcine epithelial cells were
then seeded onto Millipore inserts (133.000 cells/cm?) and cultivated in submerged condition with BEGM
culture medium until cells reached the confluence. Then, BEGM culture medium was removed from the apical
and basal chambers and Bronchial Air-Liquid Interface Medium (B-ALI"™ from Lonza, specifically defined for
human bronchial/tracheal epithelial cells) was added to the basal chambers only to start the air-liquid inter-
face cultures. B-ALI Bronchial Air-Liquid Interface Medium was composed by B-ALI differentiation medium
supplemented with bovine pituitary extract, insulin, hydrocortisone, gentamicin/amphotericin, retinoic acid,
transferrin, triiodothyronine, epinephrine, human epidermal growth factor and B-ALI inducer as described in
the related datasheet. The culture medium was changed every other day and regenerated epithelia were used
for trans-epithelial electric resistance (TEER) measurement as well as for embedding in an optimal cutting
temperature compound (OCT) to be stained by immunofluorescence.

Trans-epithelial electrical resistance measurement

Transepithelial electrical resistance (TEER) was measured for human and porcine airway epithelia cultured on
Millicell® inserts in ALI condition on days 3, 9, 15, 19, 22, and 27. TEER readings were obtained using a Mil-
licell® ERS-2 voltmeter (Electrical Resistance System, Merck Millipore). The apical surface of cultured epithelia
was submerged with B-ALI™ only for the time needed to perform the measurement. Normalization of replicates’
resistance values was performed by subtracting the corresponding value of TEER measured in control inserts that
did not contain cells. The data were calculated as means + SD of the measurements performed at each time point.

Immunofluorescence staining

For the Immunofluorescence (IF) analysis, 10 um-thick sections of tracheal and bronchial OCT-embedded sam-
ples were cut with a cryostat, mounted onto glass slides and fixed with 3% paraformaldehyde (PFA) for 10 min at
room temperature (RT) or cold methanol for 10 min at -20 °C. Tracheal and bronchial cells cultured onto glass
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slides were washed with phosphate buffered saline (PBS 1X) solution and fixed with 3% PFA (10 min at RT) or
cold methanol (10 min at -20 °C). Fixed cells were then permeabilized with 0.5%—1% Triton X100 (Biorad)
in PBS 1X (10 min at RT), blocked with BSA 2%, incubated with the primary antibodies 30 min at 37 °C (all
primary antibodies except for anti-Ki67, incubated overnight at + 4 °C), and thereafter with the corresponding
secondary antibodies (30 min at 37 °C). The nuclei were stained with 4’6 diamidino-2-phenylindole (DAPI) and
the slide were mounted with Fluorescent Mounting Medium (Dako, Agilent Technologies). Immunofluorescence
images were acquired using LSM 900 confocal microscope (Zeiss) and Zen 3.3 software (Zeiss). Cytokeratin 5
(1:1000; Biolegend), Cytokeratin 7 (1:100; Progen), Cytokeratin 14 (1:5000; Biolegend), Ki67 (1:50; Invitrogen),
p75NTR (1:50; Cell Signalling), ZO-1 (1:100; Invitrogen), MU5AC (1:50, Progen), and Acetylated o-Tubulin
(1:100; Sigma) antibodies were used for immunofluorescence staining.

Scanning electron microscopy (SEM)

The cultures were fixed in 2.5% (v/v) glutaraldehyde in 0.1 M sodium cacodylate for 1 h at 4 °C, washed with
0.1 M sodium cacodylate, postfixed in 1% (w/v) OsO, for 1 h at room temperature. Samples were dehydrated in
an ascending series of ethanol and critical point dried through liquid carbon dioxide. Samples were mounted
on aluminium stubs and coated with a gold sputter. Samples were observed under a NOVA NanoSEM 450 and
images were acquired in high-vacuum mode with TLD detector operated at 8 kV.

Statistical analysis

The results are presented as mean + standard deviation (SD). The significance of differences was analysed using
Prism 9 software (version 9.4.1, GraphPad Software, San Diego, CA, USA) by Student’s unpaired two-sample
t-test and p < 0.05 was considered significant.

Data availability
All data generated or analysed during this study are included in this published article and its supplementary
information files.
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