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Abstract
Objective  Radiation-induced lung injury (RILI) is a serious side-effect of radiotherapy for lung cancer, in which effects 
on the normal lung epithelium may play a key role. Since these effects are incompletely understood, the aim of the 
present study was to evaluate the effect of ionizing radiation (IR) on cultured well-differentiated primary bronchial 
epithelial cells (PBEC) with a focus on cytotoxicity, barrier formation, inflammation and epithelial progenitor function.

Materials and methods  PBEC were cultured at the Air-Liquid Interface (ALI-PBEC) to allow mucociliary 
differentiation. Effect of IR (1, 2, 4, 8 Gy [Gy]) on ALI-PBEC cultures was investigated by lactate dehydrogenase (LDH) 
release, Trans Epithelial Electrical Resistance (TEER; as a measure of barrier function), qPCR (P21/CDKNA1, MKI67, 
AEN, E2F1, ATF3) and immunofluorescence staining (γH2Ax-foci). The impact on epithelial progenitor function was 
assessed by studying organoid formation capacity of irradiated ALI-PBEC at 24 h and 7 days after IR.

Results and discussion  IR increased the number of γH2Ax-foci (marker of double stranded DNA breaks) in ALI-PBEC, 
but did not affect markers of toxicity (LDH-release or TEER). IR did also not affect mRNA markers for inflammation or 
epithelial-mesenchymal transition (EMT), but did increase mRNA levels of the cell cycle inhibitor P21/CDKN1A and 
resulted in downregulation of the proliferation markers MKI67 and E2F1. Finally, IR of ALI-PBEC had a marked effect on 
organoid formation capacity, which was markedly impaired following IR in a dose-dependent manner.

Conclusion  In conclusion, epithelial progenitor cell function as assessed by organoid formation capacity is strongly 
reduced by IR and persists for at least 7 days. Despite an effect on organoid formation capacity, DNA breaks, P21/
CDKN1A expression and reduced expression of MKI67 and E2F1, this effect was not accompanied by IR-induced 
cytotoxicity, or an increase in markers of inflammation or EMT. This study indicates that studying the effects of IR on 
organoid formation is a valid and sensitive tool to study adverse effects of IR on normal lung epithelial cells and could 
be used as a tool to study RILI.
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Background
Radiation-induced lung Injury (RILI) is one of the main 
dose-limiting factors of radiotherapy for stage III non-
small cell lung cancer (NSCLC). Between 5 and 25% 
of patients develop some form of RILI, manifesting as 
radiation pneumonitis within the first 6 months, or as 
radiation fibrosis which can occur up to one year after 
treatment. Both conditions can lead to shortness of 
breath, cough, hypoxemia, reduced quality of life or even 
death. With the advancements in lung cancer care result-
ing in longer survival, it is of utmost importance to better 
understand and prevent these severe side-effects.

The pathogenesis of RILI is a complex cascade that 
starts with DNA damage following ionizing radiation 
(IR) and the formation of reactive oxygen species (ROS). 
This results in cellular stress, cell death and inflamma-
tion, which can spiral out of control to cause radiation 
pneumonitis [1]. In the repair and remodelling pro-
cess that starts the onset of inflammation, a pro-fibrotic 
environment may develop, leading to radiation-induced 
lung fibrosis [2]. Previous research has mainly focussed 
on alveolar injury as an initiating event, although recent 
studies in idiopathic pulmonary fibrosis (IPF) have shown 
that aberrant bronchial epithelial cells may also play a 
role in the development and continuation of lung fibrosis 
[3, 4] Therefore, bronchial epithelial cells are of interest 
in the pathogenesis of RILI. Furthermore, RILI is often 
accompanied by pathological changes in the airways [5], 
suggesting a role for effects of IR on bronchial epithelial 
cells. Within the airway epithelium, cells with progenitor 
function reside in the population of basal cells, and these 
cells can self-renew and act as precursors for the luminal 
cells [6]. Previous studies in primary bronchial epithelial 
cells cultured at the air-liquid interface (ALI) have shown 
that IR results in basal cell loss [7], and animal experi-
ments suggest a reduction of progenitor cell function [8] 
and a reduction of colony formation [9]. These effects on 
epithelial progenitor function were confirmed in studies 
using irradiated mice-derived salivary gland organoids 
[10] and intestinal organoids [11].

The aim of the present study was to study the effect of 
IR on cultured human primary bronchial epithelial cells 
(PBEC), with a focus on cytotoxicity, barrier function and 
markers of inflammation and epithelial to mesenchymal 
transition (EMT). We specifically focussed on effects of 
epithelial progenitor cell function by assessing organ-
oid formation capacity, which has been previously used 
to study progenitor cell function and responses after IR 
[12]. We hypothesized that radiation-induced effects on 
the normal airway epithelium play a significant role in 
development of RILI, and that results of the present study 
help unravel the pathogenesis of RILI.

Materials and methods
An extensive description of all materials and methods can 
be found in the supplemental material. In short, PBEC 
were obtained from our local biobank from patients 
who underwent resection surgery for lung cancer at the 
Leiden University Medical Centre, the Netherlands. This 
biobank was approved by the institutional medical ethical 
committee (B20.042/Ab/ab and B20.042/Kb/kb). PBEC 
from non-COPD donors were cultured at the Air-Liquid 
Interface (ALI-PBEC) for 14 days to allow mucociliary 
differentiation. For this study, cultures from a total of 5 
donors were used, and cells from an additional 12 donors 
were used in the preliminary and pilot experiments. 
After differentiation, ALI-PBEC cultures were treated 
with 1, 2, 4, and 8 Gy photon radiation using the YXlon 
X-ray generator (YXLON International GmbH, Ger-
many). First, to assess the impact on epithelial progeni-
tor function, PBEC were dissociated at 24  h and 7 days 
after IR and 90,000 cells per sample were seeded in three 
30 µl hydrogel droplets and cultured to assess and count 
organoid formation after 8 days of culture (Supplemen-
tal Fig. 2). Additionally, the effect of IR was investigated 
by using qPCR to detect transcription of pre-determined 
genes (EMT: Vimentin; Inflammation: IL-1β, IL6, IL-8/
CXCL8; Cell cycle progression: P21/CDKN1A, AEN; 
Proliferation: MKI67, E2F1, ATF3; primer sequences in 
supplemental Table 1). The Trans Epithelial Electrical 
Resistance (TEER) was used as a measurement of bar-
rier function and lactate dehydrogenase (LDH) release 
was measured to assess direct toxic effects of IR. Finally, 
immunofluorescence staining of γH2Ax-foci was per-
formed to assess DNA-damage in ALI-PBEC after IR at 
different dosages. Results were analysed using GraphPad 
Prism (GraphPad Software, CA, USA) using paired Stu-
dent’s t-test and one-way ANOVA.

Results
PBEC were isolated from five donors with an age range 
of 52–73 years and a normal lung function. There were 
three female and two male donors, three donors had 
stage I NSCLC, one donor had a typical carcinoid, and 
for one donor the diagnosis was unknown. ALI-PBEC 
cultures from these donors were exposed to 1, 2, 4 and 
8  Gy photon radiation (Fig.  1A), and next subjected to 
various analyses at different time points after irradia-
tion. IR caused a dose-dependent increase of γH2AX foci 
measured with immunofluorescence staining using con-
focal microscopy at 1 h after IR (Fig. 1B). Gene expres-
sion was assessed by RT-PCR at 48  h or 7 days after 
exposure to 2  Gy, since this is a relevant dose for lung 
cancer patients who undergo fractionated radiotherapy. 
Measurements of mRNA levels for markers associated 
with EMT (vimentin) and inflammation (IL-1β, IL-6, 
IL-8/CXCL8,) showed no change after IR (Supplemental 
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Fig. 1  Effects of IR on ALI-PBEC. (A) general experimental design with specific details for organoid formation (see materials and methods for details) (B) 
Immunofluorescence staining of γH2AX-foci (green) in DAPI-stained nuclei (blue) 1 h after radiation. Expression of P21/CDKN1A (C) and MKI67 (D) anal-
ysed by qPCR at 48 h and 7 days post-IR (n = 5) E. organoid formation capacity: number of organoids based on 15 brightfield images at 10x magnification 
per organoid culture initiated at 24 h (n = 4) and 7 days (n = 3) following radiation (one-way ANOVA, 24 h: p = 0.0010, 7 days: p = 0.0491)
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Fig.  1A). Preliminary experiments evaluating the same 
markers at other time-points and dosages also showed no 
change after IR (data not shown). However, expression of 
the cell cycle inhibitory marker P21/CDKN1A was sig-
nificantly upregulated at 48 h and remained upregulated 
up to 7 days (Fig. 1C), and a similar pattern was seen for 
DNA damage response (DDR)-associated marker AEN 
(Supplemental Fig. 1B). The proliferation marker MKI67 
was shown to be decreased significantly in the irradiated 
samples at 48 h and remained decreased at 7 days after 
IR (Fig. 1D). The same pattern could be observed for the 
cycle regulator E2F1 [13], but not for another prolifera-
tion-associated marker, ATF3 (Supplemental Fig.  1B). 
Furthermore, there were no changes in morphology, bar-
rier function (TEER) or LDH-release, indicating that IR 
to ALI-PBEC did not cause cytotoxicity (Supplemental 
Fig.  1C, D). Importantly, IR caused a dose-dependent 
decrease in organoid formation capacity when assessed 
at 1 or 7 days after IR (Fig. 1E).

Discussion
These results show that exposure of differentiated human 
bronchial epithelial cells to IR results in a loss of epithelial 
progenitor cell function as assessed by an organoid for-
mation assay, which persists for at least 7 days. Whereas 
IR did cause DNA breaks, caused an increase in gene 
expression of the cell cycle inhibitor P21/CDKN1A and 
a decrease in the proliferation markers MKI67 and ETF1, 
it did not affect viability, barrier function or production 
of a set of markers for inflammation and EMT, even at 
high IR dose. These findings extend previous findings on 
effects of IR on mouse airway epithelial progenitor func-
tion [8], effects on progenitor function in mouse salivary 
glands [10] and intestinal organoids [11]. They are in line 
with previous findings in a similar ALI-PBEC culture 
model as used in the present study, that showed that IR 
decreases the number of basal cells in such cultures [8]. 
Since basal cells constitute a heterogeneous population of 
cells displaying various functions, the present study adds 
by showing that IR decreases progenitor cell function 
specifically.

This finding is relevant for a better understanding of 
the pathogenesis of RILI, in view of the essential role of 
airway epithelial progenitor cells in repair and inflam-
mation. Whereas its capacity to self-renew is essen-
tial for repair following injury, recent studies in chronic 
obstructive pulmonary disease (COPD) demonstrate that 
alterations in the composition of progenitor subpopula-
tions may also impact on inflammation and remodelling 
of tissue [14]. These results suggest that IR may also have 
long-term effects on inflammation and tissue remodel-
ling through alterations in airway epithelial progenitor 
populations. It is possible that this remodelling process 
also plays a role, together with the supporting stromal 

cells, in the airway pathology and development of bron-
chial stenosis, a known side effect of radiotherapy to the 
lungs with major impact on quality of life [15].

In line with previous studies on bronchial [8] and alve-
olar [16] epithelial cells, we found no effect of radiation 
on inflammation or markers of viability in our bronchial 
epithelial model. These studies similarly exposed PBEC 
[8] and alveolar epithelial cells [15] to different dosages of 
IR and did not find any effect on inflammation or EMT. 
The marked effect on the organoid formation capacity 
described in the current study could thus not be readily 
explained by changes in these markers of viability stud-
ied, but most likely results from the inhibitory effect of 
radiation on the cell cycle through the DDR which acti-
vates P53. The activation of the DDR is further supported 
by the occurrence of γH2AX foci and upregulation of 
AEN and P21. After activation of P53, it transcription-
ally activates P21, which is a key factor in cell cycle arrest 
[17], and remained increased in our samples for at least 7 
days. This cell cycle arrest allows the cells time for DNA 
repair, but here we show it also leads to a strong reduc-
tion of self-renewal in the progenitor cell population. 
Another related possibility is that IR induces senescence 
in the progenitor cell population. Senescence has been 
linked to the development of other pulmonary fibrotic 
diseases as well as COPD [18]. Others have also shown 
the occurrence of senescent progenitor cells in irradi-
ated salivary gland organoids in mice [10], accompanied 
by decreased organoid formation which was rescued by 
senolytic drug ABT-263. The cell cycle arrest marker 
P21/CDKN1A that we found to be increased following 
radiation, is also associated with senescence [19], and 
therefore it is tempting to speculate that the observed 
effect of radiation on organoid formation is linked to the 
induction of senescence. However, we did not observe an 
increase in other markers of senescence or a senescence-
associated secretory phenotype (SASP). It is possible that 
increases in these markers of senescence, or even EMT 
and inflammation, were not detected because the pro-
genitor cell population is only a small proportion of the 
total cell population, and differences may therefore not 
have been detected in the current experimental setup.

This study has several strengths. Firstly, we used bron-
chial epithelial cells isolated from macroscopical normal 
tissue from several patients with lung cancer, who could 
be eligible for radiotherapy. These cells are therefore rel-
evant to the patient category and disease development. 
Secondly, we used mucociliary differentiated cultures 
of primary cells reflecting the composition of the bron-
chial epithelium in vivo. Thirdly, there was very limited 
interdonor variability in the organoid formation capacity. 
Finally, the doses we used correspond to doses that are 
administered in the clinical setting for fractionated radio-
therapy for lung cancer and some cases of stereotactic 
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body radiation therapy (SRBT). However, this study also 
has some limitations. Firstly, this in vitro model lacks 
stromal and immune cells and the interplay with and 
between these cell types. This might be a relevant fea-
ture in the development of RILI, as was recently shown 
by Dasgupta et al. who developed an alveolus-on-a-chip 
combined with primary endothelial cells and immune 
cells to model radiation-induced lung injury in vitro [16]. 
To study inflammation and senescence, the addition of 
immune cells and endothelial cells to our culture might 
be essential, since addition of peripheral blood mono-
nuclear cells in increased responses to radiation in the 
alveolus-on-chip model [15], and endothelial cells have 
been shown to be susceptible for senescence and EMT 
after IR [20]. However, an advantage is that our model is 
simple and easy to use compared to the more technically 
challenging alveolus-on-chip or other co-culture mod-
els, and it is relevant for addressing questions regarding 
the basal epithelial cell population. A second limitation 
is that the organoid medium used in the culture is a 
rich medium containing several growth factors and the 
ROCK-inhibitor Y-27,632, which enhances cell survival. 
This medium could therefore influence the survival of the 
basal cells and may have caused an underestimation of 
the effect of radiation. A third limitation is that we used 
cells from donors that were diagnosed with lung cancer. 
Whereas this can be a considered a relevant population 
because these are the type of patients that undergo radio-
therapy, cells from such patients may respond different 
compared to those from healthy donors. However, the 
cell donors had a lung function within the normal range; 
only a low tumour stage; and one donor had a typical car-
cinoid that has a different origin than NSCLC. Despite 
the heterogeneity in their baseline characteristics, the 
responses are similar in all donors, supporting the rele-
vance of our findings. Nevertheless, it would be interest-
ing to compare responses to those in cells derived from 
normal healthy donors. Finally, although we did observe 
a sustained increase in senescent marker P21/CDKN1A, 
we were unable to find a radiation-induced increase in 
other markers of senescence such as SASP or activity of 
β-galactosidase, and we can therefore cannot formally 
conclude that senescence plays a role in the dimin-
ished proliferation. Future studies are required using 
other senescence-associated markers to demonstrate a 
role of senescence in the decreased organoid formation 
observed following radiation.

In conclusion, epithelial progenitor cell function as 
assessed by organoid formation capacity is strongly 
reduced by IR and persists for at least 7 days. Despite an 
effect on DNA breaks and P21/CDKN1A expression, this 
effect was not accompanied by IR-induced cytotoxicity, 
changes in barrier function, or markers of inflammation 
and EMT. This study indicates that studying the effects 

of IR on organoid formation is a valid and sensitive tool 
to study adverse effects of IR on normal lung tissue, that 
could be used to study radiomitigators or other radiation 
modalities.
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