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Abstract 

(1) Background: Just little is known about the interaction of ALK/ROS1-targeting kinase inhibitors with ionizing radiation (IR), 
particularly regarding side effects. We investigated the toxicity in two different lung cell lines both ALK/ROS1 wildtype (healthy 
and tumor origin) as representatives for normal lung tissue; (2) Methods: Human lung cell line BEAS-2B and malignant A549 lung 
cancer cells (ALK/ROS1 wt) were treated with alectinib or crizotinib, 2 Gy irradiation or a combination of KI and IR. Cell toxicity 
was analyzed by cell death (Annexin, 7AAD), colony forming, migration assay and live-cell imaging (TMRM, DRAQ7, Caspase3/7). 
Cell cycle (Hoechst) were analyzed by flow cytometry; (3) Results: Crizotinib led to higher cell death rates than alectinib, when cells 
were treated with 10 μM KI. Alectinib induced a more intense growth inhibition of colonies. Both inhibitors showed additive effects 
in combination with irradiation. Combination treatment (IR + KI) does not lead to synergistic effect on neither cell death nor colony 
forming; (4) Conclusions: The influence of simultaneous KI and IR was studied in non-mutated ALK/ROS1 cell lines. Both KIs 
seems to be well tolerated in combination with thoracic radiotherapy and lacked synergistic reinforcement in cellular toxicity. This 
supports the feasibility of ALK/ROS1 inhibition in combination with thoracic irradiation in future clinical trials. 
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Introduction 

With more than 300.000 cases in EU-27 in 2020 lung cancer is still
the second most-common malignancy in male and third most-common
in female (ECIS). Different biomarkers are established for the selection of
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recise systemic therapy of metastatic non-small cell lung cancer (NSCLC).
elevant mutations like epidermal growth factor receptor (EGFR) mutations, 
naplastic lymphoma kinase (ALK) rearrangements, ROS1 rearrangements, 
nd BRAF V600E mutations are molecularly tested and approximately 30 %
f NSCLC patients harbor one or more of these alterations [1] . 

First-generation kinase inhibitor crizotinib was approved by the EMA 

n 2012 for monotherapy (first-line) in ALK-positive and/or ROS1-positive 
SCLC. Beside ALK and ROS, crizotinib targets multiple proteins like

epatocyte growth factor receptor (HGFR, c-Met), and récepteur d’origine 
antais (RON) additionally (FDA Approval; Reference ID: 4730020). 
econd-generation KI alectinib, approved in 2017 by the EMA as first-line
onotherapy or second-line after crizotinib in ALK-positive NSCLC, blocks 

he STAT3 and PI3K/ACT pathways and therefore lead to cell death, by
nhibiting the tyrosine kinases ALK and RET (FDA Approval; Reference
D: 4177381). Alectinib overcomes the blood-brain-barrier and leads to a
eduction of progression in the central nervous system (CNS) significantly
Alectinib 12 % versus crizotinib 45 %) [2] . 

In the metastatic situation frequently also, palliative radiotherapy of e.g.
rain or bone metastases is required [3–5] . Therefore, the need arises to
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investigate whether the combination of targeted therapy (kinase inhibitors)
and ionizing radiation (IR) interact with each other and what type of outcome
should be expected, both in the tumor and in the surrounding normal
tissue. There is evidence that KI interact with IR especially for inhibitors
of BRaf like vemurafenib and dabrafenib [6] . Severe acute and late toxicities
occurred in the past and pausing of the KI during IR is recommended for
some small molecules [ 7 , 8 ]. One of the most challenging toxicities in the
lung is radiation-related pneumonitis (RP), which is known as acute lung
tissue inflammation. Several combinatory treatment settings a published to
increase risk of RP. Synergistic interactions of IR and chemotherapy [9] and
additionally the combination of IR with inhibitors of EGFR (erlotinib,
gefitinib, osimertinib), which are frequently used in NSCLC, were found
[10] . 

Just little is known about the interaction of ALK/ROS1-targeting kinase
inhibitors with IR, particularly regarding the occurrence of side effects of the
surrounding healthy lung cells. In our study we investigated the toxicity in
two different lung cell lines, both ALK and ROS1 wildtype as representatives
for the normal lung tissue, including cell death and colony forming
ability, covering different ways of action e.g. senescence. These outcomes
are of certain interest regarding analysis of early and late toxicities. Both
representing different processes in inflammation, the main cause for e.g. RP.
Different forms of cell death as well as acute or persistent cell arrest embrace
important immunogenic potential through activation and modulation of
the immune system [11–13] . Since the cell cycle phases are relevant for
radiosensitivity we checked for the distribution of cells during treatment and
analyzed the influence on migration behavior, regarding the approval in the
metastatic situation. As special outcome we established a live-cell imaging
system to detect mitochondrial activity, apoptosis and necrosis over a time
period of up to 72 h. Mitochondrial activity is especially interesting, since loss
of organization and dysfunction is published in association with lung disease
including cancer [ 14 , 15 ]. Our findings should help to better understand
the interactions and possible toxicities of concomitant kinase inhibitor and
radiotherapy in normal ALK/ROS1 wildtype lung cells. 

Materials and methods 

Cell lines and kinase inhibitor 

As previously published, normal human bronchial epithelium cells
(BEAS-2B) were provided by the United Kingdom Sigma/Public Health
Consortium [16] . Infection of this epithelial-like growing cell line with
adenovirus type 12 (Ad12) and Simian virus 40 (SV40) hybrid virus has
led to immortality required for cell culture potential [ 17 , 18 ]. A549 were
purchased by CLS cell lines service (Eppelheim, Germany). For continuous
cell culture, cells were cultured in Dulbeco’s MEM (Gibco, Waltham,
MA, USA), including 10 % FBS (Gibco, Waltham, MA, USA) and 1
% penicillin/streptomycin (Gibco, Waltham, MA, USA). All cells were
incubated at 37 °C in a humidified 5 % CO2 atmosphere. Cells were cultured
50 passages maximum. Kinase inhibitors alectinib (MW 482.62 g/mol) and
crizotinib (450.34 g/mol) (both: Selleck Chemicals LLC, Huston, USA) were
prepared as stock solution in DMSO (Roth, Karlsruhe, Germany) and stored
at – 80 °C with a concentration of 1 mM. Required aliquots were thawed
freshly prior to each experiment. 

Cell death analysis – FACS 

Adequate count of cells was seeded into T25-flasks to reach a confluence
of around 50 % and settled down over night. On the next day medium
was exchanged with cell culture medium containing a reduced amount
of 2 % FBS to avoid bias in outcome because of cells triggered strongly
for proliferation. Additionally, kinase inhibitor was added in a certain
concentration and after 3 h of incubation cells were irradiated with a
ose of 2 Gy by an ISOVOLT Titan X-ray generator (GE, Ahrensburg, 
ermany). After 48 h of incubation cells and supernatant were collected and 

tained using Annexin-V-APC and 7-AAD (both: BD Biosciences, Franklin 
akes, NJ, USA) for 30 min on ice. Cells were analyzed using a Beckman
oulter cytometer (Cytoflex, Beckman Coulter, Brea, CA, USA). Cells neither 
ositive for Annexin-V nor 7-AAD were defined as “alive”, Annexin-V - 
ositive and 7-AAD-negativ cells as “apoptotic” and double-positive cells 
s “necrotic. For data evaluation, the Kaluza analysis software (Beckman 
oulter, Brea, CA, USA) was used. 

ell cycle analysis – FACS 

Seeding, treatment and incubation of cells were performed according to 
ur cell death assay mentioned above. Cells and supernatant were harvested 
8 h after incubation and fixed with 70 % ethanol for 24 h in minimum.
fterwards cells were stained with DNA dye Hoechst 33258 (Molecular 
robes, Eugene, OR, USA) for 1 h on ice and analyzed with the Beckman
oulter cytometer. 

olony forming assay 

Cells were seeded into 6-well-plates and incubated overnight. After 
ettlement cells were treated with kinase inhibitor (alectinib, crizotinib), 
rradiation (0, 2 or 4 Gy) or a combination of both and incubated for
dditional 24 h. Medium was exchanged one day after and substituted with 
tandardly used cell culture medium. Plates were incubated 10 to 14 days to
orm colonies. Afterwards cells were stained with methylene blue (#66725, 
igma Aldrich, München, Germany) for 30 min and colonies were counted 
onsisting of more than 50 cells. Plating efficiency (PE) and survival fraction 
SF) were calculated. 

igration analysis – Scratch assay (collective migration) 

For investigation of the migration behavior scratch assays were performed. 
herefore, 48-well-plates were seeded with cells to reach confluence within 
4 h. Cells were starved using 2 %-FBS containing medium for another 24 h
n the incubator. After starvation cell monolayer was scratched with a 10 μL
ipet tip and medium was securely exchanged with again 2 %-FBS containing 
edium including relevant concentrations of kinase inhibitors. Additionally, 

ne half of plates was irradiated with a 2 Gy dose. Images were taken at
imepoint 0 h immediately after treatment (kinase inhibitor or irradiation) 
nd repeated after 24 h and 48 h. The decreasing area of the scratch
as measured and calculated using the image software Biomas (Version 
3.07/2012, MSAB, Erlangen, Germany). Overall migration behavior from 

 h to 48 h was analyzed by calculating area under the curve (AUC) from 0
 to 24 h and 24 h to 48 h, leading to a maximum value of “2” synonymous
ith “no scratch-closing”. 

AD51-staining for analysis of HR-status 

To analyze if cells are able to use homologous recombination (HR) in 
n efficient manner we seeded cells onto glass slides until a confluence of
0 % was reached [ 19 , 20 ]. Cells were than treated with 5 μM DNA-PK
nhibitor CC-115 (Selleckchem, Houston, TX, USA) for 24 h to block 
he non-homologous end-joining pathway and force the cells into HR. 
fter incubation glass slides were irradiated with a dose of 10 Gy by an

SOVOLT Titan X-ray generator and 4 h after irradiation cells were fixed 
ith formaldehyde (4 % v/v) and blocked with a 1 % BSA containing

olution. Foci of γ H2AX and RAD51 were stained with primary mouse 
ntibody anti- γ H2AX (1:1500, Merck, Darmstadt, Germany) and rabbit 
nti-RAD51 (1:250, abcam, Cambridge, UK). For detection secondary 
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Fig. 1. Cell death analysis and colony forming of ALK/ROS1-wt BEAS-2B and A549 lung cells. Cells were treated with (a) alectinib or (b) crizotinib, 2 Gy 
irradiation or a combination of KI + IR. Cells died dose-dependent and showed higher cell death rates after crizotinib, unaffected by irradiation ( p < 0.050). 
Additionally, relative number of colonies was measured after (c) alectinib and (d) crizotinib (non-linear curve fit). Cells died irradiation- and kinase inhibitor- 
dependent ( p < 0.050; one-tailed Mann-Whitney-U). (e) Normalization of colony forming data showed additive effects of the combinatory treatment. (f ) 
Homologous recombination status: staining of γ H2AX and RAD51 foci of untreated controls and CC-115 treated (DNA-PK inhibitor) cells. Each value 
represents mean ± SD (n = 4). Significance was determined by two-tailed Mann Whitney U test ∗ p ≤ 0.050. 
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antibodies AlexaFluor488 goat anti-mouse and AlexaFluor594 chicken anti-
rabbit (Invitrogen, Eugene, OR, USA) were used. DAPI was applied for DNA
staining (10236276001, Sigma Aldrich, St. Louis, MO, USA). Images were
taken by a Zeiss Imager Z2 fluorescence microscope (Zeiss, Oberkochen,
Germany) and number of foci was automatically counted by Biomas software
(Version V3.07/2012, MSAB, Erlangen, Germany) in minimum of 300 cells
per condition. 

Analysis of mitochondrial activity, apoptosis and necrosis via live-cell 
imaging 

Cells were seeded into T25 flasks. The calculated number of required
cells (800,000 cells/mL) correlated with approximately 80 % coverage of the
flask’s surface. After reaching the adequate cell number, the medium was
reduced to 10 mL and the cells were incubated for 45 min with 25 nM
Tetramethylrhodamine (TMRM, Invitrogen, Carlsbad, CA, USA) at 37 °C
and 5 % CO 2 . Subsequently, the medium was changed to FluoroBrite TM

DMEM (Life Technologies Europe BV, Bleiswijk, Netherlands) and the
fluorescent stains DRAQ7 (Abcam, Cambridge, UK) and CellEvent Caspase
3/7 (Invitrogen, Carlsbad, CA, USA) were added with the concentration of
3 μM and 10 μM. Furthermore, 10 mM of Good’s Buffer HEPES (Gibco,
Waltham, MA, USA) was added. The mixture of cell and stain was parted.
After adding 1 μM tyrosinkinase inhibitor (Selleckchem, Houston, TX,
USA) to one part, the mixture was divided onto two Rhombic Chamber
microfluidic chips (microfluidic ChipShop, Jena, Germany) which were then
nserted under the microscope. After 3 h one of the chips was irradiated with
 Gy by an ISOVOLT Titan X-ray generator (GE, Ahrensburg, Germany). A
eica DM6000B (Leica Microsystems GmbH, Wetzlar, Germany) recorded 
he images every 20 or 45 min for 3 days with differing wavelengths per
ach staining. For live cell imaging, the microscope was transformed into
n incubating system. Four different positions were attributed to every
ondition 30–50 individual cells were analyzed within one position. Each
xperiment was repeated at least 3 times. The imaging analyses was performed
ith Biomas Software (MSAB, Erlangen, Germany), where the background 
oise was then reduced, thus allowing the fluorescent color to intensify.
he intensities of the different stains were transferred to spreadsheets

Excel, Microsoft Corporation, Redmond, WA, USA) and GraphPad Prism9 
GraphPad Software, San Diego, CA, USA) was then used for data evaluation.
ata were normalized to foldchange at t 0 = 1. 

tatistical analysis 

GraphPad prism 9 software (San Diego, CA, USA) was used to perform
tatistical analysis. Mann-Whitney-U test was used to analyze data. P-value

0.050 was determined as significant. Graphs were also generated using 
raphPad Prism 9 software. 

esults 

In the following study we investigated the influence of simultaneous
inase inhibitor therapy and ionizing radiation on normal lung tissue
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Fig. 2. Cell cycle analysis of BEAS-2B and A549 after mono or combination therapy. Representative histograms and gating strategy after crizotinib w/o 2 Gy 
IR treatment (a) in BEAS-2B cells and (b) A549 cells. Cells counted in G0/G1 or G2/M phase after treatment with (c) alectinib w/o IR or (d) crizotinib w/o 
IR. Crizotinib increased number of BEAS-2B cells in G2/M phase after 1 μM + 2 Gy and 10 μM + 2 Gy ( p < 0.050) and number of A549 cells after 1 / 
5 / 10 μM + 2 Gy treatment compared to 2 Gy, respectively. Each value represents mean ± SD (n = 4). Significance was determined by two-tailed Mann 
Whitney U test ∗ p ≤ 0.050. 
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(ALK/ROS1 wt). The first and second generation ALK/ROS1 kinase
inhibitors crizotinib and alectinib are approved for treatment of lung
malignancies. Since normal tissue is always involved in radiotherapy
(surrounding the tumor tissue) we focused on the effect on normal lung
cells, based on the absence of ALK/ROS1 mutations, regarding possible side
effects previously published for other KI like BRaf-targeting vemurafenib [6] .
Cell death and colony formation were measured after combinatory therapy
(IR + KI), as well as after monotherapy of kinase inhibitor or irradiation
( Fig. 1 ). Regarding our clinical context of radiation oncology, we always
compared our findings between the treatment schemes of 2 Gy vs.
combination therapy (IR + KI) [20–22] . 

KI-dependent cellular toxicity in lung cells 

In our cell death analysis, irradiation itself or concomitant with the KI
therapy did not lead to enhanced cell death rates and both normal lung
cell lines responded equally when treated with the same kinase inhibitor.
Nonetheless, we found significant dose-dependent toxicity (apoptosis and
necrosis) in both cell lines and after treatment with both inhibitors alectinib
( Fig. 1 A) and crizotinib ( Fig. 1 B) ( p < 0.050). In general, both inhibitors
lead to equal rates of cell death at modest concentrations of 0.1 / 1 / 5 μM.
Crizotinib resulted in a stronger response at highest concentration of 10 μM
in BEAS-2B (10 μM + 2 Gy: 76.4 %) and A549 (10 μM + 2 Gy: 65.2 %)
compared to alectinib (BEAS-2B, 10 μM + 2 Gy: 35.3 %; A549, 10 μM + 2
Gy: 44.5 %). 
As a special approach, a live-cell microscope was used for time-resolved 
evelopment of mitochondrial activity, apoptosis and necrosis. A549 and 
EAS-2B cells (ALK/ROS1 wt) were treated as mentioned above with 
lectinib or crizotinib in addition to IR (Co, 1 μM, 2 Gy, 1 μM + 2 Gy),
tained and images were acquired every 20 or 45 min, respectively. Data of
he intensity of the fluorescence was accumulated as described in the material 
nd methods section to generate curves over time for cell line A549 (Fig. S1A)
nd BEAS-2B (Fig. S1B). All treatment arms showed similar outcome in most 
ases. Just BEAS-2B cells responded with a slight increase of apoptosis and 
ecrosis approximately 36 h after 2 Gy IR or combination therapy (IR + KI)
Supplementary Figs. S1 and S3). 

ombination treatment (IR + KI) does not lead to synergistic decline of 
olony forming 

Since staining of apoptosis and necrosis gives insights in cellular processes 
f cell death, we additionally used the gold standard in radiation biology to
over a wider range of cellular processes like cell survival, clonogenicity and 
enescence ( Fig. 1 C–E). After treatment with 1 μM KI, which represents
 more physiological relevant concentration (Alecensa; FDA approval 
prescribing information”), colony formation decreased in a radiation dose- 
ependent manner in both cell lines. Alectinib showed a stronger reduction of 
olonies (BEAS-2B: 25 %, A549: 14 %) compared to crizotinib (BEAS-2B: 
8 %, A549: 25 %). Clonogenicity was stronger reduced in A549 cells than in
EAS-2B cells, especially after treatment with crizotinib. Most importantly, 
ormalized data (dashed, blue lines) of BEAS-2B and A549 gave evidence that 
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Fig. 3. Influence of ALK/ROS1 inhibitors alectinib and crizotinib on migration behavior of ALK/ROS1-wt cell lines. Representative microscopic images of 
scratch closing at timepoints 0 h and 48 h under alectinib w/o 2 Gy IR of A549 (a) and BEAS-2B (b). BEAS-2B and A549 cells were treated with alectinib 
(c) or crizotinib (d) for 48 h and decrease of scratch area was measured. AUC of the time-lapse data was calculated to compare different treatment regimens 
(maximum of “2” represents no migration). Boxplots of AUC data for complete dose-escalation (0.1 – 20 μM KI) of both inhibitors alectinib and crizotinib, 2 
Gy irradiation and the combinatory treatment regime. Each value represents median (min to max) (n = 4). Significance was determined by two-tailed Mann 
Whitney U test ∗ p ≤ 0.050. 
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these KI influence irradiation in an additive, primary IR-depended manner
( Fig. 1 E), but not synergistically. 

To handle DNA damage after irradiation, cells need adequate efficiency
of several DNA damage response pathways like non-homologous end-joining
(NHEJ) and homologous recombination (HR). There is evidence that tumors
sometimes lack of efficient HR and therefore struggle with irradiation more
than healthy tissue would do [23] . We investigated HR-efficiency by staining
for RAD51 foci, as RAD51 is a main protein and essential for the HR
pathway ( Fig. 1 F). Foci were counted after treatment with DNA-PK inhibitor
CC-115 to force the cells to the usage of HR. BEAS-2B cells increased
the amount of RAD51 foci after blockage of NHEJ, which leads to the
assumption of HR-proficiency. In contrast, malignant A549 cells decreased
the amount of RAD51 foci and were therefore defined as HR-deficient [19] .
2-block is detectable after treatment with crizotinib 

Since it is known that different cell cycle phases show varying sensitivity
o irradiation [24] , we used a DNA staining approach to investigate
he interaction of irradiation with kinase inhibitors on this cellular level
 Fig. 2 ). Cells were stained with Hoechst dye and cells in G0/G1 as well as
ells in G2/M phase were counted using histograms ( Fig. 2 A,B). Tumor cells
549 showed higher amounts of cells in G0/G1 phase in general. Treatment
f cells with alectinib showed no influence neither of irradiation nor of kinase
nhibitor or a combination of both ( Fig. 2 C). Noticeably, only crizotinib
reatment led to an increase of the more radiosensitive G2/M phase in both
ell lines, A549 (2 Gy: 11 % vs. 1 μM + 2 Gy: 51 %, 2 Gy: 11 % vs. 5
M + 2 Gy: 61 %, 2 Gy: 11 % vs. 10 μM + 2 Gy: 37 %; p = 0.014) and
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BEAS-2B (2 Gy: 24 % vs. 1 μM + 2 Gy: 46 %, 2 Gy: 24 % vs. 10 μM + 2
Gy: 45 %; p = 0.014) ( Fig. 2 D). 

Migration is slightly influenced by ALK/ROS1 kinase inhibitors in both 
ALK/ROS1-wildtype cell lines 

In the preclinical phase it is important to evaluate the toxicological
potential of especially combination treatment schemes in different ways.
Therefore, we used a scratch assays to investigate whether the addition of KIs
to IR are able to influence the migratory potential of the cells ( Fig. 3 A and B)
[ 25 , 26 ]. Area under the curve (AUC) was calculated for the curves of scratch
closing over 48 h (Fig. S2), with a maximum value of 2 (no migration) and
half-maximum of 1 (meaning an average half closing over 48 h). In general,
both cell lines showed a similar migration behavior. At the physiological
relevant concentrations of 0.1 μM and 1 μM KI migration was almost not
influence while adding KI to radiotherapy, except the combination treatment
in A549 which up-regulated the migration behavior significantly (2 Gy vs. 0.1
μM + 2 Gy: p = 0.029; 2 Gy vs. 1 μM + 2 Gy: p = 0.029). Over all, cells
were less affected at concentrations of 0.1 and 1 μM but inhibited strongly
when higher concentrations were used ( Fig. 3 C and D). Irradiation solely did
not influence the migratory potential in a significant manner. 

Discussion 

There is evidence that simultaneously treatment with kinase inhibitors
and radiotherapy could lead to unexpected and sometimes severe side effects
[7] , but sufficient data are still lacking for most KIs. To investigate whether
a combinatory therapy of ALK/ROS1 kinase inhibitors crizotinib (first-
generation) or alectinib (second-generation) with ionizing radiation could
influence the effect of radiotherapy especially in normal tissue (ALK/ROS1
wildtype), we measured cell death and colony formation, as well as changes
in the cell cycle and influence on the migratory behavior. Since normal,
healthy tissue is always involved during radiotherapy and severe adverse effects
like interstitial pneumonitis occurs frequently [27] , we focused our study on
the cell lines A549 and BEAS-2B, which are not harboring the KI-specific
ALK/ROS1 mutations, representing normal lung tissue. Both epithelial cell
lines are commonly utilized for investigation of radiosensitization events in
lung tissue. Enhanced serum concretions of TGF- β are known to stand
as risk factor of radio pneumonitis and Liu and colleagues demonstrated
that A549 is able to increase the concentration of TGF- β after irradiation
[28] . Additionally, TGF-b is a known inducer of epithelial-mesenchymal-
transition (EMT) in A549, a relevant mechanism of development of RP [29] .
Furthermore, the group of Heinzerling demonstrated recently less influence
of simultaneously IR and ALKi treatment in two lung cancer cell lines, with
no distinct radiosensitizing effect of ALKi in EML4-ALK mutated cells [30] .
Live-cell imaging was used for a time-resolved detection of mitochondrial
activity, apoptosis and necrosis. Time-resolved data gives deeper insights of
cellular processes like mitochondrial activity, apoptosis and necrosis right
after treatment. In general, treatment with both inhibitors concomitant to
IR did mostly not lead to enhancement of toxicity in BEAS-2B and A549
(ALK/ROS1 wt). Just crizotinib seems to trigger a stronger apoptotic response
in BEAS-2B, when compared to A549 + crizotinib. Here we might see an
influence of the malignant and non-malignant origin of the two cell lines.
According to the hallmarks of cancer, it is likely that tumor cells e.g. A549
harboring blocked or inadequate apoptosis signal pathways [31] . 

Analysis of toxicity showed no difference between the two ALK/ROS1-wt
cell lines BEAS-2B and A549, but a response in a kinase inhibitor-dependent
manner at concentrations of 5 and 10 μM ALKi respectively. Further analysis
of e.g. colony forming ability were performed using inhibitor concentrations
adapted to serum concentrations of the ALEX III trial, which let to approval
of alectinib [32] . Additional irradiation did not lead to an increase of cell
death. This might be of interest regarding the risk for radiation pneumonitis,
s one of the most frequent adverse effects in the treatment of NSCLC.
ince RP is based on an acute inflammation and inflammation could be 
rigged by cell death the immunogenic potential of combining IR with e.g. 
lectinib should be discussed. Our findings support the idea that concomitant 
R + ALKi therapy does not lead to a significant increase of cell death
t concentrations equal to serum concentrations, which might not lead to 
 relevant immunogenic trigger for the immune system. Cells responded 
tronger to first-generation KI crizotinib, due to a smaller specificity and 
ossible off-target effects based on the additional effect on different kinases 

ike c-Met and RON [33] . Interestingly, alectinib led to stronger decrease of
umber of colonies in our colony forming assay. We assumed that senescence

s a primary way of action of alectinib compared to cell death. No data has
een published yet to senescence-inducing ability of alectinib. Based on our 
ypothesis we want to emphasize that, in all cases IR led to enhancement of
ur tested treatment schemes in an additive manner, but not synergistically 
hich could serve as an improvement of the cancer patient therapy avoiding 

dditional side effects which are e.g. published for BRaf kinase inhibitor 
emurafenib [6] or KI used for non-small cell lung cancer (NSCLC) [34] .
ince vemurafenib showed less specificity compared to its second-generation 
Rafi (e.g. dabrafenib), pausing vemurafenib during RT is commonly 

ecommended based on the increased risk of adverse effects. Off-target effects 
re explained by binding to related proteins like CRaf or wildtype BRaf 
ffecting healthy tissue [6] . Such unwanted effects may not be suggested 
or alectinib because of its already published high binding specificity [9] . 
urthermore, the current standard of care in lung cancer is a combination 
f RT with chemotherapy harboring a risk of side effects in up to 20 %
f all patients, based on strong synergistic interactions of IR + CT [ 9 , 35 ].
egarding the clinical safety of concomitant IR with ALK-inhibitors, this 
ombination lacks such synergistic interactions. Interestingly, A549 seems 
o have an inefficient way of DNA double strand break repair (homologous 
ecombination). We assumed that this inefficiency could explain the stronger 
ecrease of colony formation. In accordance with this, previous findings 
howed a correlation of strong effect of DNA-PK inhibitor on cells lacking 
AD51 [22] . 

Regarding the non-mutated ALK and ROS1 genes in both cell lines, they 
ehaved similar to the kinase inhibitors each. Interestingly, crizotinib blocks 
he cells in the G2-phase, which might be based on the binding affinity of
rizotinib to c-Met. The protein c-Met is involved in several cellular processes
ike survival and proliferation including the cell cycle [36] . G2-blockage 
fter crizotinib treatment was also shown by Zhou et al. and Shrestha and
olleagues [ 37 , 38 ]. The G2-phase is known to be more sensitive to irradiation
24] , but increased cell death must not be the only consequence of G2
lockage. G2 arrest may also lead to pronounced senescence, rather than 
ell death. Senescence is a time-related process. Therefore, we assume no 
easurement of increased cell death after 48 h of treatment. Nevertheless, 

he detected G2 block is clinically relevant as therapeutic target, since it 
s measured 48 h after treatment (KI w/o IR). In a clinical setting a daily
ractionated irradiation scheme could lead to accumulation of dead cells and 
ay hold as additional stimulus during IR. If crizotinib lead to a stable G2

rrest this would expand the therapeutic window beneficially. Alectinib did 
ot influence the cell cycle of our tested cell lines, since the second-generation

nhibitor is known for less off-target effects including lower toxicities [2] . In
he ALEX III trial (NCT02075840), which led to approval of alectinib, grade 
-5 adverse effects were detected for both inhibitors (alectinib vs. crizotinib: 
1 % vs. 50 %). We showed, that increasing ALK inhibitor concentration 

ead to increase of toxicity, but adding IR to the treatment scheme does not
nhance the toxicity further. Concomitant IR + KI therapy with a possible 
ose reduction of ALK inhibitors might therefore lead to improved tolerance, 
hile decrease adverse effects, and still obtain adequate local tumor control 

hrough irradiation. The G2 arrest, detected after crizotinib, might enlarge 
he therapeutic window by shifting the cells in a more radiosensitive cell cycle
hase during therapy. 
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Alectinib and crizotinib are both approved in the metastatic lung cancer
situation. Therefore, influence on migration behavior is of important interest.
Additionally, migration behavior can lead to evaluation of the toxicological
potential. Our scratch assay data suggests that alectinib inhibits migration
at physiological relevant concentrations of 1 μM KI (EMA – ALECENSA:
Assessment report; Procedure No. EMEA/H/C/004164/0000). In general,
both KI need high concentrations to decrease migration. Most importantly,
concomitant KI + IR therapy showed no synergisms in our ALK/ROS1
wildtype cell lines. 

Conclusions 

In the presented study, the influence of simultaneously kinase inhibitor
and irradiation therapy was investigated, on non-mutated ALK/ROS1 wt. cell
lines, representing normal lung tissue. We showed the stronger influence of
crizotinib on classical cell death pathways, whereas cells treated with alectinib
responded stronger regarding colony formation, assumed to be influenced by
senescence. Possibly, the G2-Block after crizotinib treatment is responsible
for the increased cell death and the wider range of KI targets compared to
alectinib. Surveillance over time showed stronger apoptotic response of BEAS
after crizotinib compared to A549. In general, the live-cell data showed almost
no difference between the treatment schemes especially IR vs. KI + IR and
therefore supported our findings of cellular toxicity of the cell death and
colony forming analysis. Both tested ALK and ROS1 wildtype cell lines
(healthy and malignant) behaved quite similar and concomitant targeted
therapy and radiotherapy lead to additive enhancement of cellular toxicity.
However, both KIs lacked synergistic reinforcement, which could lead to an
increase in the incidence and severity of side effects on normal tissues. Further
investigation, also regarding new third-generation KI like lorlatinib, should
be considered for the future [39] . In general, a combination of both kinase
inhibitors seems to be well tolerated and does not contribute to increased
toxicity in normal tissue. 
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