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of human bronchial epithelial 
cells in an air-liquid interface 
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exposure
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Introduction: We aimed to investigate the effects of α-particle and X-ray 
irradiation on a human bronchial epithelium model, representing environmentally 
and medically relevant exposure. Our focus was on non-cancer outcomes, 
namely mucociliary transport (MCT) and epithelial barrier function, both of 
which are crucial for cancer risk assessment and therapeutic efficacy.
Materials and methods: Basal stem cells were irradiated and terminally 
differentiated under air–liquid interface conditions into all epithelial cell types. 
Clonogenic survival assays were used to determine iso-effective doses. MCT 
was assessed by video tracking of fluorescent bead transport. Cell differentiation 
was characterized by qPCR for basal, ciliated, goblet, and club cell markers, 
and mucus composition was analyzed by ELISA for MUC5AC. Barrier integrity 
was evaluated by transepithelial electrical resistance (TEER) for ion permeability 
and FITC-Dextran flux for macromolecular permeability. Motility markers were 
assessed by unjamming transition (UJT) and epithelial-mesenchymal transition 
(EMT) by morphology and EMT-specific mRNA expression. Inflammatory 
mediator release was quantified by qPCR and ELISA.
Results: Irradiation reduced bead transport velocity and directedness, indicating 
impaired MCT. Differentiation marker expression suggested a shift from ciliated 
to secretory cells, without a corresponding increase in MUC5AC secretion. 
Barrier function was differentially affected: ion permeability decreased, whereas 
macromolecular permeability increased. Morphological changes were partially 
consistent with UJT, but not EMT. Inflammatory mediator levels remained 
unchanged.
Discussion: MCT impairment did not correlate consistently with the observed 
differentiation shift. Radiation-induced transition processes, particularly 
UJT, may underlie the altered permeability. Non-cancer effects were most 
pronounced at higher doses, with stronger responses to X-ray exposure than to 
α-particle exposure, whereas lower doses, which were still significantly higher 
than the radiation exposure of a radon spa therapy, had no significant effect.
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1 Introduction

The respiratory system of vertebrates is constantly exposed to 
external damage from inhaled particles, such as dust and other 
particles, and infection by pathogens. In humans, the airway 
epithelium functions as a physical barrier, protecting the organism, 
complemented by additional defense mechanisms, such as the 
mucociliary transport (MCT). The airway epithelium is also part of 
the immune system, as the secretory cells can release 
immunomodulatory proteins, i.e., cytokines and defensins, to combat 
pathogens or to induce an inflammatory response (1–3). Dysregulation 
of the immune response and a persisting inflammatory response foster 
chronic inflammatory lung diseases (4, 5). The specific cellular 
composition and structure of the airway epithelium allow 
accomplishing these different functions.

External damage is constantly inflicted on the lung epithelium by 
radiation, which is part of our natural environment and can also be a 
side effect when radiation therapy is applied to treat cancer and 
non-cancer diseases (6). In the study presented here, we set out to 
investigate the impact of ionizing irradiation on the differentiation, 
functionality, and inflammation-related response of bronchial 
epithelial cells. The focus lies on α-particle exposure, which comes 
along with natural radioactivity caused by the decay of radon. Radon, 
a radioactive noble gas that penetrates from rocks and soil into indoor 
workplaces and homes, is inhaled via the airway system. Radon, 
therefore, represents the second leading cause of lung cancer after 
smoking, requiring in-depth knowledge of the mechanisms that 
contribute to the development of lung cancer, both at the genetic and 
cellular levels (7–9).

Despite the risk, radon is used for radon spa therapy to treat 
chronic inflammatory diseases, such as rheumatoid arthritis and 
ankylosing spondylitis. Furthermore, diseases of the respiratory tract, 
like asthma bronchiale and chronic obstructive pulmonary disease 
(COPD), are treated (10). The relevance of understanding the 
mechanisms of action of treatments of these diseases results from the 
high incidence or mortality rates. About one-third of the population 
in Western countries is affected by rheumatoid arthritis (11), while 
COPD is the third leading cause of death worldwide, followed by 
lower respiratory infections and lung cancer, which is in sixth place.

The major part of the dose of radon exposure comes from 
α-particles that are emitted by daughter nuclei during radioactive 
decay. The biological effectiveness of α-particles is high because they 
release a large amount of energy over a short penetration range, which 
results in severe and complex DNA damage that is difficult to repair 
by the intrinsic cellular mechanisms. Experimentally, the induced 
effects can be investigated in vivo using radon chambers (12–14), 
whereas for in vitro experiments, radon gas chambers are not easy to 
use for an α-source, as the dose that can be deposited approaches very 
low levels, and cell experiments need higher doses compared to 
organisms to show a measurable effect (12, 15). Therefore, in our 
experiments, solid-state Americium (241Am) was used as an α-source, 
and X-ray irradiation served as a comparison.

As the lung epithelium was the biological target that we were 
interested in, we chose in our study a model system for the human 
bronchial epithelium, the upper part of the airway system. The 
bronchial epithelium is a pseudostratified luminal layer, consisting of 
a basal layer of bronchial stem cells, also called basal cells, which is 
covered by differentiated cells. Basal cells can self-renew and 

differentiate into the other cell types of the bronchial epithelium, thus 
ensuring the maintenance of the tissue or replacing damaged cells (16, 
17). During the differentiation process of basal cells, ciliated and 
secretory cells are formed. These two cell types provide a self-cleaning 
of the airways, also called mucociliary clearance (MCC). The secretory 
cells produce mucus, which covers the entire surface of the epithelium. 
Inhaled particles such as dust and pathogens adhere to the mucus and 
are then cleared by the cilia of the ciliated cells, which is called MCT 
(18). The MCT also plays an important role in the clearance of radon 
daughter nuclides that attach to the lung epithelium. Dysfunction of 
the MCT enhances the dose applied to the lung epithelium and 
therefore most likely also the risk for lung cancer (10, 19) and fosters 
infections and the pathogenesis of chronic inflammatory lung 
diseases (20).

MCC depends on several factors, like the ciliary beat frequency, 
mucus rheology (viscosity and flow characteristics), generation of the 
bronchi, abundance, and length of the cilia, which are influenced by 
the age and health status of the individual (21–24). In view of the 
relevance of MCC for the development of cancer and inflammatory 
processes, we used a pseudostratified model of the bronchial 
epithelium under airlift-culture conditions to investigate the impact 
of radiation exposure on the differentiation of lung basal cells into 
functional cells of the lung epithelium in vitro.

2 Results

The doses that we have selected to investigate the impact of 
radiation exposure on lung epithelial cells are 2.0 Gy of X-rays, 
corresponding to the dose of a single fraction in the conventional 
fractionated radiotherapy of lung cancer (25). For comparison, we 
used 0.5 Gy of α-particles, which is a dose with the same yield of 
reduced clonogenic survival of lung epithelial cells (“iso-effective” 
dose), to compare a comparable fraction of surviving cells for both 
radiation qualities (Supplementary Figure S1). Furthermore, this dose 
corresponds roughly to the dose that is deposited when one α-particle 
traverses the nucleus of a cell. Although the overall dose during radon 
exposure is much lower for the typical exposure scenarios, because 
only a minor part of the cells is irradiated, the dose to one targeted cell 
is relevant to understanding the biological effects. For comparison, we 
also tested 0.5 Gy of X-rays and a dose of 0.25 Gy of α-particles. In this 
case, the α-particle dose does not fully reflect the increased 
effectiveness, but has been chosen somewhat higher in order to avoid 
dosimetric uncertainties at very low doses.

2.1 Irradiation of basal cells leads to 
reduced velocity and directedness of 
mucociliary transport in the differentiated 
epithelium

To find out whether irradiation of the basal cells alters the 
functionality of the differentiating lung epithelium, basal cells were 
irradiated with α-particles and X-rays before the transfer to the 
air-liquid interface conditions, corresponding to the onset of 
differentiation. After irradiation, the basal cells were immediately 
seeded into transwell inserts to expand and differentiate into a 
bronchial epithelium.
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To investigate the hypothesis that irradiation affects MCT in 
differentiated epithelium, the velocity and directedness of the MCT 
were measured as parameters for the self-clearance capabilities of the 
epithelium, which is indispensable to remove inhaled particles from 
the lungs. Video analysis of the velocity of MCT in controls showed a 
mean velocity around 55 μm/s for the fully differentiated epithelium 
(Figure 1A). Irradiation of basal cells with lower doses reduced the 
MCT velocity slightly for both X-ray and α-particle exposure. A 
reduction of the velocity was significant after exposure to a higher 
dose for both radiation qualities in comparison to controls. Notably, 
no significant inter-individual difference was observed after 
irradiation. Therefore, the data sets of the donors were pooled as 
presented in the figure.

The second indicator for the functionality of the epithelium that we 
tested was the directedness of transport. In unirradiated epithelia, the 
values are close to 1, i.e., transport was almost completely directed 
(Figure 1B). After irradiation with 0.25 Gy and 0.5 Gy α-particles and 
0.5 Gy X-rays, no radiation-induced change was observed compared to 
the control. Irradiation with a higher X-ray dose resulted in a trend 
toward or a significant reduction of the directedness of transport for 
donors 1 and 2, respectively. In contrast to differentiation and velocity of 
transport, an inter-individual difference for mean directedness in terms 
of magnitude of reduction was observed after exposure to 2.0 Gy of 
X-rays in the epithelial cells. Therefore, the data sets are depicted 
separately for each donor.

Taken together, the radiation-induced reduction of the velocity 
and the directedness suggests an impairment of the MCT. This could 
be caused by radiation-induced altered differentiation into 
functional cells.

2.2 Irradiation of basal cells reduces 
transiently the expression of markers for 
ciliated cells for high X-ray and α-particle 
doses and enhances the expression of 
markers for secretory (goblet and club) 
cells for a high X-ray dose during 
differentiation into a bronchial epithelium

NHBE were seeded in transwells in a 12-well plate (Corning, 
12 mm, 0.4 μm pore, polyester) with 1.1 × 105 cell/cm2. After reaching 
confluence of >80%, the cells were lifted to the ALI by removing the 
apical media from the transwell, and the basolateral medium was 
substituted with PneumaCult-ALI medium (STEMCELL) and changed 
3 to 4 times per week. Two weeks after the airlift, a mucus wash was 
performed, and thereafter it was performed every 7 days. Therefore, 
500 μL PBS with Ca2+ and Mg2+ (PBS +/+), prewarmed to 37 °C, was 
given to the apical side of the epithelium for 5 min. Afterwards, the 
PBS +/+ is collected for MUC5AC quantification and stored at 
−80 °C.Gene expression is known to be affected by ionizing radiation 
due to DNA damage. The induced lesions can alter various cellular 
processes, including defense mechanisms against carcinogenesis or 
differentiation (26).

To reveal radiation-induced alterations in the model used in this 
study, the expression of cell-type-specific markers was analyzed via 
RT-qPCR every seventh day throughout differentiation into the 
typical cell types of the epithelium. The onset of differentiation into 
differentiated cells of the bronchial epithelium was determined. 
Furthermore, the cell composition of the developing epithelium was 
monitored because alterations in cell composition influence the 

α-particles X-rays α-particles α-particlesX-rays X-rays

donor 1 donor 2

A                                                                                                   B

FIGURE 1

Radiation exposure of the basal cells leads to an impaired MCT at 35 days after the airlift. (A) Shows the radiation-induced reduction of the mean 
velocity of the MCT. The data sets of the donors were pooled because no significant inter-individual difference was observed after irradiation. 
(B) Shows the reduction of the directedness of the MCT. Limiting values of 1 correspond to completely directed movements, i.e., all vectors in a given 
subregion are exactly parallel, whereas values of 0 correspond to movements equally distributed in all directions in a given subregion. A significant 
inter-individual difference was observed; therefore, the data sets are depicted separately for each donor. The data are shown as mean ± SEM from 
three independent experiments per donor, resulting in N = 6 for the mean velocity and N = 3 for the mean directedness with six individual videos 
(N = 6). Kruskal–Wallis with post-hoc Dunn’s test was used for statistical analysis *** p ≤ 0.001.
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properties of the epithelium and may be a feature of pathological 
modification in vivo.

Figures 2A,B shows that during the differentiation period of five 
weeks, in unirradiated basal cells, the expression level of the basal cell 
marker KRT5 was increased at day 7 compared to 3 days before airlift 
and then decreased over time, indicating the early differentiation of 
basal cells with stem cell function into secretory cells, such as goblet, 
club, and ciliated cells (16, 27). Notably, no radiation-induced change 
was observed.

The expression of FOXJ1, a marker for ciliated cells, increased in 
unirradiated cells over the differentiation period (Figures 2C,D). After 

exposure to α-particles and X-rays, FOXJ1 showed 7 days after the air 
lift a lower expression level as compared to controls, which is depicted 
for day 7 after airlift (Figure 2E). The reduction was less pronounced 
and only a trend for lower doses (0.25 Gy α-particles and 0.5 Gy 
X-rays), while it was more pronounced for high doses (0.5 Gy 
α-particles, for 2.0 Gy X-rays significantly reduced). Comparing the 
expression levels upon irradiation at an isodose of 0.5 Gy, the reduced 
expression was more pronounced for α-particle and X-ray irradiation, 
although not significant. From day 14 after airlift, the difference 
between irradiated and sham irradiated epithelium was not 
detectable anymore.

FIGURE 2

Irradiation leads to a changed differentiation pattern following exposure to a high X-ray dose: Based on gene expression levels during differentiation, 
ciliated cell markers are reduced, and secretory cell markers are increased after irradiation compared to controls. (A,B) Show the unaffected mRNA 
expression of the basal cell marker KRT5. (C,D) Show the mRNA expression of the ciliated cell marker FOXJ1, and (E) shows with a higher magnification 
the results of day 7 post-airlift (dpa), where a reduced expression was observed. (F,G) Show the mRNA expression of the goblet cell marker MUC5AC. 
(H,I) Show the mRNA expression of the club cell marker SCGB1A1. Both secretory cell types show, from day 14 on, a higher expression of their 
respective markers after a high X-ray dose. A red flash marks the time point of radiation exposure (3 days before airlift). Data were normalized to the 
housekeeping gene RPLPO1 and are depicted as mean ± SEM from three independent experiments per donor, resulting in N = 6 with technical 
triplicates (n = 3). Kruskal–Wallis with post-hoc Dunn’s test was used for statistical analysis *p ≤ 0.05; **p ≤ 0.01; *** p ≤ 0.001.
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In controls, the expression of the marker for goblet cells, 
MUC5AC, increased rapidly with the onset of differentiation, but 
decreased to a constant level similar to the initial values 
(Figures 2F,G), indicating that the differentiation of basal cells 
into goblet cells starts earlier than the differentiation into ciliated 
cells. In contrast to the clear radiation response for the expression 
of FOXJ1 at high doses, the expression levels of MUC5AC showed 
a radiation-induced increase only for a dose of 2.0 Gy X-rays, and 
not at all for α-particles. Following irradiation with 2.0 Gy 
X-rays, the expression level of MUC5AC increased at day 14 
post-airlift and was significantly elevated from day 21 onward.

Comparable to MUC5AC, the expression of SCGB1A1, a 
marker for club cells, increased rapidly in controls at the onset of 
differentiation and remained constant at this elevated value from 
day seven after the airlift (Figures 2H,I). The results for both 
markers of goblet and club cells indicate that in control cells, 
differentiation into the respective secretory cell types starts 
earlier than the differentiation into ciliated cells. As for 
MUC5AC, SCGB1A1 showed a radiation-induced difference in 
the expression levels only for 2.0 Gy X-rays, where the expression 
level of SCGB1A1 increased from day 14 on after airlift and was 
significantly elevated at days 21 and 28 after airlift.

Of note, testing basal cells of two different donors throughout our 
experiments, no inter-individual difference was observed regarding 
the expression levels of the different cell markers or the radiation 
effect. Overall, based on the expression of marker proteins, irradiation 
reduces transiently the differentiation into ciliated cells, whereas 
irradiation of basal cells modifies the differentiation into the subtypes 
of functional cells in a bronchial epithelium, indicating enhanced 
development of secretory cells.

The regulation of gene expression that influences the 
differentiation into cell types with different functions is discussed 
below. As the molecular steps beyond gene expression are even more 
relevant, we investigated in the next step the release of the mucus 
protein MUC5AC, to find out more about the impact on the 
functionality of MCT.

2.3 Irradiation of the basal cells did not 
affect the MUC5AC release into the mucus 
layer of the differentiated epithelium

The secretion of mucus is known to be a stress response of the 
bronchial epithelium cells, as the mucus is a protectant, including 
immune-active molecules (28, 29). However, a persisting 
hypersecretion of mucus is involved in the pathogenesis of several 
lung diseases like COPD and cystic fibrosis, as it impairs the MCT 
(30). As MUC5AC is the major glycoprotein affecting the rheology of 
the mucus, a hypersecretion of MUC5AC might alter the mucus 
rheology. In our experiments, the impact of a modified release of 
MUC5AC on the changes in velocity and directedness cannot be 
shown unambiguously, because the mucus containing MUC5AC has 
to be removed for technical reasons before analyzing velocity and 
directness of the transport. Assuming that the removal of the mucus 
is not complete and the reduced functionality of MCT after irradiation 
can still be caused by an altered MUC5AC release by the epithelial 
cells, we quantified MUC5AC in the fluid resulting from the mucus 
wash of the epithelia, starting 14 days after the airlift.

In controls, the release of MUC5AC was maximum at 14 days after 
airlift and decreased over time during the differentiation period 
(Figures 3A,B). Notably, no radiation-induced change was observed. 
Since irradiation did not lead to any change in MUC5AC release, this 
suggests that an altered MUC5AC concentration in the mucus is not a 
reason for the observed reduced functionality of the MCT. Remarkably, 
the reduced MUC5AC release over the differentiation period does not 
correspond to the increased mRNA expression level of MUC5AC, 
suggesting that translational or posttranslational modifications of the 
MUC5AC protein production do not follow the changed gene expression 
after higher doses, i.e., 2.0 Gy of X-rays. Taken together, our results 
suggest that changes in the mucus release are most likely not a reason for 
the impaired functionality after irradiation, but a causal relationship 
between mucus production and MCT movement is still possible, as we 
measured the movement for technical reasons only after washing away 
the mucus.

FIGURE 3

Irradiation of the basal cells did not alter the amount of released MUC5AC protein. (A,B) Show the concentration of MUC5AC protein in the liquid from 
the mucus wash. Red flash marks the time point of irradiation. Data are depicted as mean ± SEM from three independent experiments per donor, 
resulting in N = 6 with technical triplicates (n = 3). Kruskal–Wallis with post-hoc Dunn’s test was used for statistical analysis.
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In a next step, we investigated additional markers of the 
functionality of the epithelium, i.e., the barrier function of epithelium 
after irradiation.

2.4 Radiation modifies the barrier function 
of the epithelium after exposure of basal 
cells to higher doses of α-particles and 
X-rays

The barrier function of the lung epithelium is one of its key 
functions to prevent pathogens from entering the lung tissue (2), but 
also to control the transport of molecules. Based on the results shown 
above, α-particle and X-ray exposure reduce the MCT of epithelia, 
increasing the retention time of pathogens or airborne particles like 
radon decay products on the epithelium and providing more time to 
penetrate the epithelium. Thus, the integrity of the epithelium is 
necessary to protect the tissue from the entry of pathogens 
and molecules.

To analyze the barrier integrity of the epithelium, the permeability 
of the epithelium was assessed. Epithelial permeability is determined 
by two processes: transcellular transport through the cell, from the 
apical to the basolateral membrane, and paracellular transport 
through the intercellular space between the cells. The paracellular 
transport is a diffusion process along a transepithelial electrochemical 
gradient and is controlled by tight junctions (31). This transport can 
be assessed by measuring the transepithelial flux of ions and 
of macromolecules.

In our study, the paracellular permeability of the fully 
differentiated epithelium was quantified 35 days after airlift by 
measuring the transepithelial electrical resistance (TEER), which 
reflects ion flux across the epithelial layer. Furthermore, the flux of the 
fluorescence-marked tracer molecule FITC dextran, indicating the 

transport of macromolecules, was measured. An increased TEER and 
a decreased FITC dextran flux would indicate a reduced paracellular 
permeability (31).

Measurements of TEER on fully differentiated epithelia from 
two donors revealed resistance values of 180 and 410 Ω cm2. These 
values are typical for TEER measurements of epithelial layers (32, 
33), although somewhat lower than those reported previously for 
fully differentiated airway epithelia (34) (ref.). After exposure to 
α-particles and X-rays, cells revealed a dose-dependent increase in 
TEER compared to controls, which is significant after exposure to 
high doses of both α-particles and X-rays (Figure 4A). This change 
corresponds to a reduced transport of ions and a reduced 
permeability of the epithelial layer. An increase in the electrical 
resistance of the epithelial layer suggests that the respective doses of 
radiation are neither causing apoptosis nor necrosis at the time of 
the investigation. Notably, both forms of cell death are known to 
reduce the electrical resistance of epithelial layers (35). Comparing 
the TEER for an isodose of 0.5 Gy, α-particles lead to a significantly 
higher elevation of TEER compared to X-rays; thus, α-particles are 
more efficient in reducing the permeability. Regarding inter-
individual differences, the TEER of controls differs for the donors in 
the absolute values, i.e., donor 2 shows a more than twofold higher 
TEER value. However, the relative change in TEER in epithelia of 
irradiated cells compared to control did not differ for the donors, 
resulting in similar radiation effects.

Complementary measurement of paracellular flux of FITC 
dextran recorded at the same time point as the TEER data (35 days 
after airlift) shows no significant radiation-induced changes for lower 
doses (Figure 4B). Surprisingly, while the TEER data predict a higher 
resistance of the epithelial layer after irradiation, we observed a 
significant elevation of transepithelial FITC-Dextran diffusion for the 
high X-ray dose tested. While the data exhibited an inter-individual 
difference, i.e., a 50% higher value for donor 2 compared to donor 1, 

FIGURE 4

Irradiation of the basal cells leads to an increased TEER—indicating a reduced ion conductivity- and an increased FITC dextran flux - indicating an 
increased permeability for macromolecules at 35 days after the airlift. (A) Shows the increased TEER with a significant difference between X-ray and 
α-particles, at an isodose of 0.5 Gy. (B) Shows increased FITC dextran permeability after irradiation. Data are depicted as mean ± SEM from three 
independent experiments per donor, resulting in N = 6 with two analyzed epithelia (n = n). Kruskal–Wallis with post-hoc Dunn’s test was used for 
statistical analysis ***p ≤ 0.001.
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the relative increase in FITC-dextran permeability of epithelia from 
irradiated cells compared to control was similar.

As explained in the next paragraph, the observed alterations in 
permeability of the epithelial layer could be related to altered cell 
motility. In the next step, we investigated the cellular mechanisms 
leading to a higher cell motility, i.e., the “unjammed transition” (UJT) 
reported to occur after irradiation exposure (36) and the epithelial-
mesenchymal transition (EMT), known to occur after irradiation in 
the presence of the cytokine TGF-β (37).

2.5 Irradiation of the basal cells can lead to 
morphological changes related to changes 
in motility in the differentiated epithelium

The cells of an epithelial layer are organized in a fixed network, 
i.e., they do not move relative to each other; they are in a “jammed” 
state. Under certain conditions, epithelial cells can become mobile or 
“unjammed” to ease collective and cooperative cell migration, while 
partially maintaining the junctional integrity. The transition between 
the two states, the so-called “unjammed transition” (UJT), has been 
described for different stages of cell development, wound healing, 
metastasis formation of epithelial tumors, and, recently, also as part of 
the response to irradiation. This transition is related to changes in the 
permeability of the epithelial cell membranes (36, 38).

Similar to EMT, UJT is characterized by an altered morphology, 
i.e., an elongation of cell shape (36, 38, 39). Therefore, in the next step, 
the cell shape of the epithelial cells was analyzed.

If UJT is induced, epithelial cells show an elongated cell shape. To 
assess this after irradiation, the cell shape of the epithelial cells was 
examined for elongation. An elongation of the cells is characterized 
by modified morphological parameters, i.e., an increased aspect ratio 
and shape index. To distinguish between UJT and EMT as a trigger 
for the elongation, the E-cadherin concentration in the cell membrane 
was analyzed, as EMT is characterized by a reduction of E-cadherin 
expression (38).

To visualize the cell morphology, the epithelia were stained at 
35 days post-airlift for the tight junction protein occludin (Figure 5A, 
shown for donor 2) and the adhesion junction molecule E-cadherin. 
For both donors, the fluorescence intensities of the adhesion junction 
molecule E-Cadherin in the progeny of unirradiated as well as 
α-particle and X-ray exposed cells did not show significant changes in 
the fluorescence intensity of E-cadherin (Figure 5B).

For the cell shape analysis, the pictures of the occludin staining 
were used. Morphological parameters such as perimeter, area, and 
minor and major axes of each cell were measured by dedicated 
software (see materials and methods). The measured parameters were 
used to calculate the aspect ratio, calculated as the ratio of major to 
minor axis, and the shape index, calculated as the ratio of perimeter 
to area. As depicted in Figures 5C,D, for donor 1, the analysis of the 
aspect ratio and shape index revealed no radiation-induced 
alterations, while for donor 2, increases in the aspect ratio and the 
shape index after exposure to a high X-ray dose and after exposure to 
a higher α-particle dose were detected at least for the aspect ratio, but 
not for lower doses of X-ray and α-particles. This shows clear inter-
individual differences, i.e., for one out of two donors, a higher 
proportion of elongated cells in the epithelium after exposure to 
high doses.

Taken together, our results on morphological changes are 
consistent with a radiation-induced UJT, while the lack of changes in 
the E-cadherin expression does not indicate EMT.

3 Discussion

To contribute to an improved understanding of the biological 
mechanisms underlying the risk of environmental exposure, the goal 
of this study was to investigate the impact of two radiation qualities, 
i.e., α-particles and X-rays, on the capacities of bronchial stem cells of 
the basal layer to differentiate into a functional epithelium. In our 
irradiation experiments, an isosurvival dose was used to compare the 
effects of both radiation qualities, i.e., 0.5 Gy α-particles and 2.0 Gy 
X-rays, as well as a lower dose of 0.25 Gy α-particles and 0.5 Gy X-rays.

Specifically, we aimed to examine the capacity of bronchial stem 
cells after irradiation to perform an efficient MCT to remove inhaled 
particles from the epithelial surface, and the maintenance of the 
barrier function, i.e., the permeability of the epithelium. To address 
this, we used as a model for bronchial epithelium in vitro cultures of 
bronchial, basal stem cells, isolated from the human sternum. In this 
model, the stem cells differentiated under air-liquid-interface (ALI) 
culture conditions into a functional and organotypic bronchial 
epithelium. Amongst others, Boei et al. have described the good 
suitability of a lung ALI culture, including club, ciliated, and goblet 
cells, for the investigation of toxic effects of airborne substances. 
Interestingly, the authors also report inter-individual differences in the 
results obtained for cells of different donors (40).

With respect to the functionality of MCT and in contrast to lower 
doses, the higher doses of both radiation qualities tested showed a 
reduction in the velocity and directedness of MCT compared to 
controls. The deteriorated MCT suggests a radiation-induced 
impairment of mucociliary clearance in vitro. Additional evidence for 
this comes from side effects observed for high doses of X-rays 
(18–54 Gy) administered in the course of radiotherapy of head and 
neck cancer in children: Surico et al. showed a long-term reduction of 
the nasal MCT and increased occurrence of airway infections (41, 42). 
As a consequence of a dysfunctional MCT, it has been shown in vivo 
that longer retention time of pathogens and radon decay products in 
the lung by an impaired MCT fosters the pathogenesis of chronic 
inflammatory diseases (43, 44). Conversely, for very low activity 
concentrations, corresponding to very low doses, Passali et al. showed 
a more efficient nasal MCT in patients with perennial allergic rhinitis 
and chronic sinonasal inflammation after 14 days of inhalation or use 
of a nasal spray containing radon-enriched thermal water. The authors 
discuss the beneficial effect of low doses of alpha particle exposure for 
chronically ill patients (45–47).

In the next steps, we intend to find reasons for the impairment of 
MCT function. We first hypothesized that irradiation of basal cells leads 
to an altered differentiation pattern that, in turn, impacts the functionality 
of the epithelium. At this point, it should be mentioned that with respect 
to the differentiation process, the reliability of the model was excellent, 
because even after exposure to the higher doses tested, i.e., 0.5 Gy 
α-particles and 2.0 Gy X-rays, basal cells were able to differentiate into an 
epithelium with normal morphology, but altered functionality. In contrast 
to the lower X-ray and both α-particle doses tested, we could show for the 
higher dose of X-rays (2.0 Gy) a modified pattern of differentiation into 
the subtypes of the functional cells, i.e., a transiently lower expression of 
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markers for ciliated cells of the bronchial epithelium, pointing to a delayed 
ciliogenesis. For both X-rays and α-particle irradiation, a radiation-
induced increase in marker expression of cellular key players of the MCT, 
i.e., secretory cells (goblet and club cells), was observed, indicating 
hyperplasia of these cells.

These results are consistent with previously published results on 
X-ray irradiation of bronchial stem cells with doses exceeding the dose 
range tested in our work. Here, also an altered expression of ciliated 
and secretory cell type markers occurred in the differentiating 
epithelium, discussed as a NOTCH-mediated effect (48, 49). Notch 

signaling is a key pathway for the inhibition or stimulation of epithelial 
cell differentiation at different stages of lung development and, 
amongst others, maintains a balance between the differentiation of 
secretory and ciliated cells. Upon severe damage, the epithelium is 
regenerated via proliferation of progenitor cells or by dedifferentiation 
of adult epithelial cells. This is not the case for ciliated cells (50), which 
could explain the decrease in marker protein for ciliated cells after 
irradiation observed in our study.

Interestingly, the radiation response related to the expression of 
differentiation markers shows a different pattern than that of 

FIGURE 5

Irradiation of the basal cells can lead to morphological changes of the cells 35 days after airlift. (A) Shows for donor 2 the immunofluorescent staining 
of the tight junction protein occludin; the cell shape of control cells is rounded, while it is almost unchanged after exposure to a higher dose of 
α-particles, and clearly elliptical and elongated after exposure to a high X-ray dose, consistent with the radiation effect observed after analysis of aspect 
ratio and the shape index shown in (C,D). (B) Shows the measured intensity of the adherens junction protein E-cadherin, which was not altered after 
radiation exposure. (C) Shows the aspect ratio of the cells where no radiation effect was visible in cells of donor 1, but for donor 2, an increase was 
observed at higher doses. (D) Shows the shape index of the cells, where no change after irradiation was observed in cells of donor 1, but for donor 2, at 
a higher X-ray dose, an increase was measured. Data are depicted as mean ± SEM from three independent experiments separated after donor, 
resulting in N = 3 with five analyzed images (n = typically 5). Kruskal–Wallis with post-hoc Dunn’s test was used for statistical analysis *p ≤ 0.05; 
***p ≤ 0.001.

https://doi.org/10.3389/fpubh.2025.1706687
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Röder et al.� 10.3389/fpubh.2025.1706687

Frontiers in Public Health 09 frontiersin.org

clonogenic survival. In contrast to the markers for ciliated cells, the 
markers for mucus-producing, secretory goblet and club cells increase 
with X-ray dose. It can be assumed that with increasing damage 
induced by 2 Gy X-rays compared to 0.5 Gy, the cells tend to 
differentiate into secretory cells to activate the MCT. This is not the 
case for α-particles; thus, it is in line with other observations that the 
increased effectiveness of α-particles with respect to cell killing is not 
necessarily reflected in other endpoints (51).

Concerning the possible impairment of functionality, a 
dysregulation of differentiation due to radiation may lead in vivo to an 
impaired regeneration process of the tissue after an injury, as it reduces 
the differentiation capabilities of the stem cells and increases 
senescence (6, 48, 52, 53). As a consequence of the shift of cellular 
markers in the differentiating epithelium, we hypothesized that one 
reason for the radiation-induced impaired functionality of MCT could 
be the content of glycoproteins in the mucus, namely MUC5AC. This 
glycoprotein is synthesized by goblet cells and is a key component of 
the MCT (54, 55). The information about the expression of MUC5AC 
is missing in our study, because due to a limited cell number in the 
ALI culture, the protein expression has not been investigated. 
However, despite a transiently increased expression of the MUC5AC 
expression marker, no changes in the protein release have been 
detected. This argues against an impact of the increased abundance of 
secretory activity by the respective cell types on the observed impaired 
MCT functionality. As a result of this part of our study, the mechanistic 
basis of the observed impairment of MCT function remains to be fully 
clarified. However, the abundance of the ciliated cells has not been 
assessed when the functionality is impaired, which could be the 
mechanistic basis of the reduced velocity and directness of 
the transport.

With respect to the barrier function of the bronchial epithelium, 
our measurements revealed no significant changes at low doses, while 
higher doses of X-rays and α-particles resulted in reduced permeability 
for ions (increased TEER), but an increased transport of 
macromolecules (increased FITC dextran flux) from the apical side of 
the differentiated epithelium across the epithelium itself. While these 
data confirm our general hypothesis of a radiation-induced change of 
epithelial functionality, they provide at this point no clear-cut 
explanation for the processes underlying transepithelial transport 
modifications. If both ion and macromolecule transport would be 
affected in a similar manner, an increased TEER should occur 
concomitant with a decreased FITC dextran flux, e.g., in the case of a 
reduced paracellular permeability and vice versa (31). However, in our 
case, the data indicate changes to be opposed for ions versus 
macromolecules for both radiation dependence and interindividual 
differences. Experimental evidence has been provided for different 
courses of FITC-Dextran and resistance measurements over time, 
endorsing our experimental data (56).

A speculative explanation for this conundrum could be that high 
doses of radiation favor the permeation of large molecules through the 
paracellular route. A slow diffusion of FITC would at the same time 
block the ion current through this pathway and increase in this 
manner the electrical resistance. Albeit hypothetical such a scenario 
is possible and can be observed when ions compete with either 
proteins or DNA for a passage through narrow pores (57, 69). An 
alternative explanation of the conflicting electrical and dextran 
diffusion data could be that irradiation affects multiple transepithelial 
transport pathways, increasing the transepithelial resistance by 

strengthening the tight junctions. At the same time, irradiation could 
stimulate a vesicle-mediated transcellular transport, i.e., transcytosis, 
which occurs in epithelial cells in particular under stress (58, 59); this 
could increase the transfer of large molecules across the cell layer.

To obtain more insight into the consequences of the observed 
increased permeability of the epithelial layer, at least for 
macromolecules, we investigated the UJT transition process that is 
related (36, 38, 39). UJT is associated with a typical elongated cell 
morphology, which we found in only one of two donors. As reduced 
permeability was found in both donors, the occurrence of UJT is not 
fully supported by our data. However, UJT induction was reported 
after repeated X-ray exposure testing using a completely different 
experimental design (36).

Moreover, the consequences of a reduced permeability of the 
epithelium, as shown for ions in our study, are not entirely clear. It is 
likely that inflammation occurs: Wawrzyniak et al. showed a 
correlation between altered permeability and asthma and concluded 
that reduced barrier function fosters asthma pathogenesis (60), which 
Coyne et al. showed for cystic fibrosis (61). Modified barrier function 
can influence the infection risk, pathogenesis of chronic inflammatory 
diseases, and penetration potential for immune or cancer cells (2). 
Therefore, because the functionality of the physical barrier of the 
epithelium is also affected by cytokines and growth factors, which 
modulate the immune response of the epithelium (62), we investigated 
as a next step the impact of irradiation on the release of inflammatory 
cytokines. However, no significant radiation-induced changes related 
to inflammation or a senescence-associated secretory phenotype were 
observed (Supplementary, Figure S2).

This might be due to the lack of resident or attracted immune cells 
in the model system of the lung epithelium that we used in our study, 
not reflecting the dynamics between immune and epithelial cells that is 
established when the epithelium is damaged. This is in contrast to the 
model system of human skin, where inflammation was observed even 
in the absence of immune cells (63). Another explanation for the 
absence of inflammation-related changes in our study is that we tested 
relatively low doses. This idea is endorsed by studies from other groups: 
Chauhan et al. showed in the lung cancer cell line A549 that after 1.5 Gy 
α-particle, altered expression of several proinflammatory cytokines, 
while after 1.5 Gy X-rays, only IFNγ was downregulated (64). In a 
different context, i.e., the influence of nicotine on the α-particle induced 
radiation response in bronchial epithelial BEAS-2B cells, Boroumand 
and co-workers reported increased IL-6 and IL-1β mRNA levels post-
treatment (65). With bronchoalveolar lavage of lung cancer patients, 
Barthelemy-Brichant et al. showed after a total dose of 20–60 Gy in 
2-Gy fractions of X-rays an increase of IL6 for over six months and 
concluded that IL6 is involved in the radiation response of human lung 
tissue (66). Thus, a large body of data indicates the involvement of 
inflammation in the radiation response of the lung. However, the results 
of our study obtained for relatively low doses, i.e., unchanged release of 
cytokines and MUC5AC production, are consistent. We conclude that 
cytokine release is unlikely to contribute to the observed altered 
paracellular permeability after the irradiation doses tested in our study.

The question arises whether our observations of MCT 
dysfunction, reduced MUC5AC expression, and an increase in TEER 
could be a consequence of cytotoxicity of X-ray and α-particle 
exposure. However, this can be excluded because the cell growth of 
the surviving cells increases with increasing time gap between 
irradiation and analysis; daughter cells overgrow the directly irradiated 
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cells. Also, an increase in the electrical resistance of the epithelial layer 
suggests indirectly that the respective doses of radiation are neither 
causing apoptosis nor necrosis over the time of the investigation. 
Notably, both forms of cell death are known to reduce the electrical 
resistance of epithelial layers (35). Furthermore, increased expression 
of markers of secretory cells was observed only after X-ray irradiation, 
whereas α-particle exposure did not modify the expression of markers. 
This renders the explanation based on cytotoxicity very unlikely, since 
doses were chosen to be iso-effective in cell killing.

Taking all our results together, we showed that irradiated basal 
cells are able to form a pseudostratified epithelium, which, however, 
was altered in its function With respect to the MCT, a clear impairment 
after the higher doses, i.e., 0.5 Gy α-particles and 2.0 Gy of X-rays, was 
observed. Also, the permeability of the epithelium showed a radiation-
induced change after irradiation with higher doses; the impact on the 
barrier properties of the epithelium has to be further investigated. The 
described radiation-induced effects were observed only after the 
higher doses, similar to typical doses used in one fraction of 
radiotherapy. Remarkably, the lower doses (0.25 Gy α-particles, 0.5 Gy 
of X-rays), which are significantly higher than the radiation exposure 
of a radon spa therapy (10, 19), had no significant effect on the 
functionality of the epithelium.

4 Materials and methods

4.1 Submerged cell culture

Normal primary human bronchial epithelial cells (NHBEs) from 
two different donors (Lonza; Wokingham, UK) were cultured in 
PneumaCult Ex Plus medium (STEMCELL Technologies Inc., 
Vancouver, BC, Canada). Basal cells were characterized by 
immunofluorescence staining of the basal cell marker KRT5. Media 
change was performed 3 to 4 times per week. Irradiation was 
performed in passage 3 with an approximate confluence of 80%.

4.2 Irradiation of primary human bronchial 
epithelial cells

At the time of X-ray irradiation, the basal cells were maintained 
in a T25. X-ray exposure was performed at room temperature at an 
MXR 320/26 X-ray tube (Comet Holding AG, Wünnewil-Flamatt, 
Switzerland; 250 kV and 16 mA, 2.7 Gy/min). A filter set of 3 mm Be, 
1 mm Al, and 1 mm Cu was used to harden the energy spectrum.

Controls were sham-irradiated. Passage into the 12-well transwell 
plates (Corning, 12 mm, 0.4 μm pore, polyester) was performed 
within 1 h after the exposure.

For α-irradiation, the basal cells were grown on a 4 μm thin 
biaxially-oriented polyethylene terephthalate (boPET) foil treated with 
air plasma under atmospheric conditions. The α-irradiation was 
performed by using an americium (241Am) source (α-particles with an 
energy of 5.486 MeV) in a setup described by (15). For dosimetry, in a 
first step the alpha particle fluence was determined by means of nuclear 
track detectors which were positioned at the same distance from the 
source as the cell samples. The corresponding energy spectrum was 
measured using a surface barrier solid-state detector at the same 

position. From the energy distribution, the LET distribution could 
then be determined using the energy loss program ATIMA. Combining 
the fluence and LET information yields a dose rate of 8.2 ± 2.4 Gy/min.

Controls were also sham-irradiated and plated into the 12-well 
transwell plates (Corning) within 1 h of exposure.

4.3 ALI culture

NHBE were seeded in transwells in a 12-well plate (Corning, 
12 mm, 0.4 μm pore, polyester) with 1.1 × 105 cell/cm2. After reaching 
confluence of >80%, the cells were lifted to the ALI by removing the 
apical media from the transwell, and the basolateral medium was 
substituted with PneumaCult-ALI medium (STEMCELL) and changed 
3 to 4 times per week. Two weeks after the airlift, a mucus wash was 
performed, and thereafter it was performed every 7 days. Therefore, 
500 μL PBS with Ca2+ and Mg2+ (PBS +/+), prewarmed to 37 °C, was 
given to the apical side of the epithelium for 5 min. Afterwards, the 
PBS +/+ is collected for MUC5AC quantification and stored at −80 °C.

4.4 RNA isolation and quantitative 
reverse-transcriptase PCR

Residual cells from seeding into transwell plates were washed with 
PBS and dissolved in QIAzol® lysis reagent (QIAGEN, Venlo, 
Netherlands). After the airlift, every 7 days epithelia from two inserts 
were collected for RNA isolation by detaching the cells in PBS and 
dissolving the cells in QIAzol® lysis reagent (QIAGEN). Samples were 
stored at −80 °C till isolation. RNA isolation was performed with the 
RNeasy Mini Kit (QIAGEN) according to the user’s manual, including 
a DNA digestion with the RNase-free DNase set (QIAGEN). The 
mRNA was transcribed into cDNA with the RevertAid RT Reverse 
Transcription kit (Thermo Scientific, Waltham, MA) according to the 
user’s manual. Real-time qRT-PCR was performed in a Quant Studio 
3 (Thermo Scientific) using the following primers, which were 
synthesized by Biomers (Ulm, Germany): RPLPO1 forward 
5′-CCTCGTGGAAGTGACATCGT-3′; RPLPO1 reverse 
5′-CTGTCTTCCCTGGGCATCAC-3′; KRT5 forward 5′-AGGAAT 
GCAGACTCAGTGGAGAAG-3′; KRT5 reverse 5′-; TGCCAT 
ATCCAGAGGAAACACT-3′; FOXJ1 forward 5′-ACTCGTATGC 
CACGCTCATCTG-3′; FOXJ1 reverse 5′-GAGACAGGTTGTGGCG 
GATTGA-3′; MUC5AC forward 5′-TGTGAGGGCAACAACGT 
CAT-3′; MUC5AC reverse 5′-CCATCTTGGTCAGCCACCTT-3′; 
SCGB1A1 forward 5′-AAAGCATCATTAAGCTCATGGAAA-3′; 
SCGB1A1 reverse 5′-TGGAGCAGTTGGGGATCTTC-3′; IL1β 
forward 5′-CCACAGACCTTCCAGGAGAATG-3′; IL1β reverse 
5′-GTGCAGTTCAGTGATCGTACAGG-3′; IL8 forward 5′-GCGCC 
AACACAGAAATTATTGTAA-3′; IL8 reverse 5′-TTCTTGGATAC 
CACAGAGAATGAA-3′.

4.5 Protein quantification

Protein quantification of the glycoprotein MUC5AC in the PBS 
+/+ from the mucus wash was performed using a human MUC5AC 
ELISA Kit (NBP2-76703, Bio-Techne, Minneapolis, MN) according 
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to the manufacturer’s instructions. The cytokines IFNγ, IL1β, IL6, 
MCP1, and TNFα were quantified by a U-Plex® Custom Multiplex 
Assay (Meso Scale Discovery, Rockville, MD) of the culture medium 
according to the manufacturer’s instructions.

Please note that the number of viable cells contributing to protein 
release was not determined because the release was measured over 
time. At each time point, mucus was taken to run the different ELISA 
tests, and the ALI culture was continued. This represents an 
unavoidable limitation of the method.

4.6 Immunofluorescent staining

For immunofluorescent staining, epithelia were washed with PBS 
−/− and fixed for 15 min in 3.7% paraformaldehyde. The epithelia 
were washed again with PBS −/− and permeabilized for 20 min in 
0.5% TritonX and 1% BSA. Blocking was performed for 90 min in 1% 
BSA, 10% goat serum, 1% Tween 20, and 0.3 M glycine. Staining was 
performed with 1:30 E-cadherin (DECMA-1, Alexa Fluor™ 488, 
Invitrogen of Thermo Scientific, Waltham, MA) and 1:75 Occludin 
(OC-3F10, Alexa Fluor™ 594, Invitrogen) in the blocking solution 
for 90 min in the dark at room temperature. Epithelia were washed 
three times for 5 min with PBS −/−. Nucleus staining was performed 
with 1.5 mg/mL DAPI for 15 min in the dark, and afterwards the 
epithelia were washed with PBS −/−. Epithelia were mounted with 
Dako Mounting Medium (Agilent Technologies, Santa Clara, CA). 
Fluorescence images were taken at the fluorescence microscope Axio 
Imager. Z2 (Carl Zeiss AG, Oberkochen, Germany) with the CCD 
Kamera CoolCube4 (MetaSystems, Heidelberg, Germany).

4.7 Cell shape analysis

Analysis of cell morphology was performed using the Cell 
Image Analyzer (Yannic Röder Engineering, Darmstadt, Germany). 
Background-corrected images of the occludin staining were 

converted into binary images, background noise was removed, and 
the contours were additionally sharpened. The contours of the 
individual cells were determined with a watershed-based 
algorithm, and an ellipse was fitted onto each cell. Subsequently, 
the various parameters of the individual ellipses of the cells were 
calculated as described previously by Park et al. (67). Including the 
aspect ratio, which was calculated by the division of the major axis 
by the minor axis (Formula 1), and the shape index, where the 
perimeter of the ellipse was divided by the square root of the area 
(Formula 2).

	
=

  
minor axis
major axisaspect ratio

	
(1)

	
= perimetershape index

area 	
(2)

The mean aspect ratio and shape index were calculated from all 
complete cells within the image and amount of normal and elongated 
cells is given.

4.8 TEER

The assessment of paracellular permeability is explained in Figure 6.
TEER was measured according to the manufacturer’s 

instructions in ALI cultures at 35 dpa using an Epithelial Tissue 
Voltohmmeter (EVOM) with EndOhm-12 circular disk electrodes 
(World Precision Instruments, Sarasota, FL). Briefly, using 
standard Dulbecco’s modified PBS without Ca2+ and Mg2+ 
prewarmed to room temperature as an electrolyte. After a 10-min 
equilibrium, the TEER value was measured. TEER is expressed as 
Ω × cm2.

The mucus wash was suspended 1 week before analysis to keep the 
integrity of the cellular layer, and the measurement was carried out in 
the presence of the mucus.

FIGURE 6

Paracellular permeability measurement via FITC dextran flux assay (green arrow) and TEER (red arrow) of the bronchial epithelium and its organotypic 
orientation. To measure TEER, a current is applied to the epithelium, which is in an isotonic electrolyte solution (PBS). The resistance of the epithelium 
to the current is measured. It is a parameter of the paracellular ionic conductivity through the epithelium, which is mainly regulated by the tight 
junctions. For the FITC dextran permeability assay the epithelium is also in PBS, but at the apical side FITC dextran is added. During the incubation, the 
FITC dextran macromolecules are actively transported through the paracellular space, which is regulated mainly by tight junctions.
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4.9 FITC dextran flux assay

Paracellular permeability was assessed by a 4 kDa FITC dextran 
assay (Sigma-Aldrich of Merck Group, Darmstadt, Germany) 
following the reference (68). With the subsequent modifications at 35 
dpa, 500 μL PBS −/− were added to the well basal to the transwell 
insert, and 200 μL of 4kD FITC dextran at a concentration of 5 mg/
mL was added apical to the epithelium. After a 30-min incubation at 
37 °C, 5% CO2, and 95% relative humidity, a fluorimeter (SpectraMax 
MiniMax 300 Imaging Cytometer, Molecular Devices, San Jose, CA) 
was used to determine the fluorescence of 100 μL PBS taken from the 
well. Concentration of FITC dextran was calculated from the standard 
curve using the 4-parameter fit of GraphPad Prism 9 software 
(GraphPad Software Inc., San Diego, CA).

For the TEER measurement, the mucus wash was suspended 
1 week before analysis to keep the integrity of the cellular layer, and 
the measurement was carried out in the presence of the mucus. 
Equally relevant to the TEER measurement, the cell occupancy rate of 
the transwell membrane has been visually assessed at the time points 
of analysis and is estimated to be 100%.

4.10 Video-based analysis/measurement of 
transport properties

Videos of the apical side of the fully differentiated epithelium were 
taken 35 days post-airlift (dpa) at room temperature. Mucus from the 
epithelia was removed shortly before measurement by a 5-min wash 
with 5 mM DTT in PBS, followed by 5-min washing steps with 
PBS. Green fluorescent beads with a diameter of 3 μm (Sysmex 
Deutschland GmbH, Germany, Concentrate Cod. 05–4,008, 488 nm 
excitation) were diluted in PBS, and 15 μL of the dilution was put on 
top of the washed epithelium. After an incubation time of 15 min at 
37 °C for each epithelium, at three randomly selected sites, a 
two-minute video (44 frames per second, object field of 
1,350 × 1,083 μm; 1.46 mm2) was recorded with the Echo Revolve 
(ECHO a bico company, San Diego, CA) using the FITC LED light 
cube and the 5 × objectiv LMPlanFLN (Olympus, Tokyo, Japan).

Video-based analysis of the transport of the beads was performed 
using the in-house developed software ImageD1 and the cilia 
microsphere tracker plug-in. The software localizes the single beads 
and determines their movement, characterized by a shift vector, if they 
are present in at least 12 successive frames. The length of the shift 
vector describes the velocity v, and the angle of the direction 
of transport.

Directionality of movements is determined from the weighted mean 
of normalized direction vectors in multiple subregions, where small-
scale movements can be considered linear in a good approximation. We 
therefore performed the analysis separately in 10 × 8 subregions of the 
field of view to avoid distortions resulting from the regular large-scale 
movement patterns. The weighted average of directionality is calculated 
by the mean of the 80 subregions weighted by the number of movements 
observed in each subregion. Limiting values of 1 correspond to 
completely directed movements, i.e., all vectors in a given subregion are 

1  https://github.com/DavidEilenstein/ImageD

exactly parallel, whereas values of 0 correspond to movements equally 
distributed in all directions in a given subregion.

4.11 Statistics

Statistical analysis was performed in GraphPad Prism 9 
software (GraphPad Software Inc., San Diego, CA). Data are 
presented by Mean ± SEM. Kruskal–Wallis with corrected Dunn’s 
post hoc was utilized. p-values < 0.05 were considered to 
be significant.
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