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A B S T R A C T   

Purpose: To establish stable in vitro growth of keratinocytes from very small biopsy specimens and successfully apply new test systems to determine their 
radiosensitivity. 
Materials and Methods: Oral mucosa biopsies (diameter: 1.7 mm) from 15 subjects were immobilized with custom-made cups onto culture plates. Outgrowing cells 
were tested for cytokeratin 5/14 and Ki67, expanded, radiated at different doses, and seeded onto circumscribed areas before being allowed to spread centrifugally. 
In this newly developed spreading assay, cell-covered areas were measured by image analysis. For statistical analysis, a linear mixed regression model was used; 
additionally, results were correlated to the radiation dose applied. Colony forming efficiency (CFE) was used to validate the results. DNA damage repair was analysed 
by gammaH2AX and 53BP1 foci quantification using immunofluorescence microscopy 24 h and 96 h after irradiation. 
Results: Stable keratinocyte growth continued for up to 7 weeks in 14 biopsies. Cells spread reliably from an initial 16.6 mm2 up to a median of 119.2 mm2 (range: 
54.4–290). Radiated cells spread to only 100.7 mm2 (2 Gy; range: 55.3–266.7); 73.2 mm2 (4 Gy; 15–240.4); 47 mm2 (6 Gy; 2–111.9), and 22.7 mm2 (8 Gy; 0–80). 
Similarly, CFE decreased from 0.223 (0 Gy) to 0.0028 (8 Gy). Using an individual donor as a random factor, cell spread correlated with CFE, where radiation dose was 
the main driver (decrease by 0.50, adjusted for area). Upon irradiation with 6 Gy, radiation-induced DNA damage was increased after 24 h in all samples, and even 
after 96 h in 5 out of 7 samples, as detected by a higher number of gammaH2AX/53BP1 foci in irradiated cells (mean 3.7 for 24 h; mean 0.6 for 96 h). 
Conclusion: In vitro propagation of keratinocytes derived from a small biopsy is feasible. Radiation impairs cellular migration and proliferation, and the newly 
described spreading assay allows ranking for cellular radioresistance. The keratinocyte model also supports classical functional assays such as clonogenic survival and 
DNA double strand repair. The clinical relevance awaits upcoming investigations.   

Introduction 

While endowed with a remarkable regeneration capacity, the mu-
cosa of the oral cavity and pharynx is very sensitive to ionizing radia-
tion. Thus, patients undergoing radiotherapy for head and neck cancer 
are likely to suffer from inflammation and ulcerations, called radiation 
mucositis, which causes severe discomfort and can even lead to life- 
threatening complications [1–3]. These severe reactions of normal tis-
sue hamper optimal tumour control by reducing the therapeutically 

necessary radiation dose. An accurate prediction of the radiation 
response of normal tissue would allow one to adapt treatment options. 
As yet no clinical biomarker for radiation mucositis is available [4]. One 
reason for the lack of biomarkers or adequate bioassays for mucosal 
tissue is that biomarkers or bioassays have mainly been tested in blood, 
but not in the target tissue where side effects occur. In addition, oral 
mucosa is a mainly 2-dimensional tissue that can not be assessed by 
metabolic imaging in a way like other tissues at risk for radiation 
damage, e.g. salivary glands [4]. Therefore, acquisition of oral 
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keratinocytes from individual patients where radiation response and 
additional cellular properties can be identified could help to better un-
derstand the pathophysiology of radiation-associated toxicity, and guide 
personalized treatment. 

To pursue individualized strategies in the context of radiation 
mucositis, it is necessary to use biopsy procedures that are as minimally 
invasive as possible in order to avoid delaying the onset of radiation by 
introducing an unnecessarily large wound in the oral mucosa. The bal-
ance between minimal invasiveness and reliable expansion of the cells 
obtained is sometimes difficult to achieve. Therefore, the aim of our 
study was to obtain cells from a punch biopsy with the smallest possible 
diameter that allowed optimal wound healing while providing sufficient 
cell material. 

Here, we describe how to expand keratinocytes from micro-biopsies 
derived from single individuals and set up functional ex vivo assays 
measuring radiation-impaired migration and proliferation, as well as 
DNA damage repair. The assays were performed with defined cell lines 
for standardization as well as primary keratinocytes obtained from 
mucosal biopsies. 

Materials and Methods 

Cell lines 

Three cell lines were used to standardize the spreading assay. Head 
and neck squamous cell carcinoma cell lines Cal33 and Cal27 were 
cultivated in DMEM, high glucose; GlutaMAX with pyruvate 
(#31966021, Gibco, Thermo Fisher Scientific, USA) supplemented with 
10% FCS and 100 U/mL penicillin, 100 μg/mL streptomycin at 37 ◦C, 
7.5% CO2 in humidified atmosphere. Immortalized oral keratinocyte 
cell line OKF6-Tert1 was cultivated in 1:1 Keratinocyte SFM (serum-free 
medium) (#17005–034, Life Technologies, Thermo Fisher Scientific, 
USA) and DMEM/F12 (1:1, #11330–32, Life Technologies, Thermo 
Fisher Scientific, USA) supplemented with BPE, EGF and 0.5x penicillin/ 
streptomycin at 37 ◦C, 5% CO2, in humidified atmosphere. Cells were 
routinely checked for mycoplasma (MycoAlert, #LT07-318, Lonza 
Group, Switzerland) and authenticated by STR typing. 

Oral mucosa biopsy 

All procedures were approved by the ethics committee of the Uni-
versity of Freiburg (vote ETK-FR 449/16, amended by vote ETK-FR 413/ 
17). Written informed consent was provided. All personal data and bi-
opsy specimens were pseudonymized. Oral micro-biopsy of mucosa was 
carried out in 8 healthy volunteers. To increase the sample size and to 
check for potential clinical damage we also included biopsies from 8 
patients before chemo-radiation for cancer of the head and neck. 
Following a 60 s mouthwash with Chlorhexamed® Forte 0.2% (Chlo-
rhexidinbis-D-Gluconate; GlaxoSmithKline, Germany), a superficial 
anaesthesia with Xylocain® Gel 2% (Lidocaine hydrochloride 1 H2O; 
AstraZeneca, Germany) was applied for two minutes to the vestibular 
mucosa of a tooth region (teeth 32 to 42). To lift tissue from the un-
derlying periosteum, 0.1 mL of physiological saline was injected un-
derneath the mucosa. Two biopsies were taken with a biopsy punch 
(outer diameter 2 mm, inner diameter 1.7 mm, Stiefel, SmithKline 
Beecham Ltd., UK) and transferred into DMEM/F12-medium (35 mM 
HEPES, 100 U/mL penicillin, 100 μg/mL streptomycin, 2 µg/mL cipro-
floxacin). Biopsy sites were inspected one week after the procedure for 
eventual damage. 

Ex vivo propagation of human oral keratinocytes 

Mucosa biopsies were cut into particles < 0.5 mm under a stereo 
microscope (Suppl. Figure 3) and transferred into 6-well cell culture 
plates (Costar). Explant culture was performed as described elsewhere 
[23], as a modification, mucosa particles were squeezed to the bottom of 

the well with agarose cups. This was done to improve take rate of the 
small mucosa explants, which otherwise are prone to floating off. Cups 
were manufactured by a replica moulding method to fit the plates. 
Briefly, a hot 2.4% agarose solution (DNA grade, SERVA) was poured 
into polydimethylsiloxane (PDMS) (Pricosil shore 31, Schwarzmann, 
Germany) moulds and covered with glass plates. Upon setting on wet 
ice, cups were removed from the moulds, immersed in D-PBS without 
Mg++/Ca++ (Invitrogen) and sterilized by UV radiation at 254 nm for 
100 min. Cups were equilibrated in non-supplemented DMEM/F12 
medium, placed onto tissue particles and thereafter filled with 2.5 mL 
Keratinocyte Growth Medium 2 (KGM 2) (#C-20111, Promocell, Ger-
many), supplemented with 5% human serum (‘off the clot’), penicillin 
(25 U/mL) and streptomycin (25 μg/mL). Cells were incubated at 5% 
CO2, 37◦ C and 100 % humidity. When keratinocytes grew out of the 
tissue particles, agarose cups, with adherent soft tissue, were removed 
(usually on day 3–4) and medium was changed into KGM 2 without 
serum and without antibiotics. Medium was replaced every 3–4 days. On 
day 10–14, cells were detached with non-diluted AccutaseTM (PAA, 
Germany) for 4–10 min and re-seeded (10,000 cells per cm2) or further 
processed. To test resistance to radiation we used cells of passage 1 or 2. 

Cryopreservation of keratinocytes was performed at passage 2 using 
KGM 2 medium supplemented with 20% human serum and 5% of 
dimethyl sulfoxide (DMSO, Sigma) at − 1◦ C per minute using a Cryo-Box 
(Nunc Nalgene) up to − 80◦ C. Vials were stored at − 196◦ C in liquid 
nitrogen [5]. 

Isolation of human mesenchymal stroma cells (hMSC; feeder cells) 

hMSCs were derived from a bone marrow aspirate of a 46-year-old 
healthy male volunteer. The procedure was approved by the ethics 
committee of the University of Freiburg (vote ETK-FR 212/16). Cells 
were isolated from bone marrow particles as previously described [6] 
and expanded for three weeks. hMSCs were functionally validated by 
adipogenic, osteogenic and chondrogenic differentiation [6]. 

Confirmation of keratinocyte growth 

Keratinocytes were confirmed by anti-cytokeratin 5/14 binding 
antibody [7] (Sc-58733, Santa Cruz), detected with immunofluores-
cence labelled goat anti-mouse IgG (H + L) antibody, (Alexa Flour 594; 
A11020, life technologies, Germany) [7]. Cytoskeleton was counter-
stained with Alexa Flour 488 phalloidin (A12379, life technologies) and 
nuclei with DAPI (4′, 6-Diamidin-2-phenylindol, Sigma-Aldrich, Ger-
many). Proliferation of cells was detected with Ki67 antibody (ab833, 
Abcam) and Alexa Flour 594-conjugated goat anti-rabbit IgG (H + L) 
secondary antibody. 

Radiation-induced DNA damage 

Radiation-induced DNA damage was verified by 53BP1 / γ-H2AX 
immunostaining. Keratinocytes from seven individuals were grown on 
glass slides (SuperFrost Plus™, Fisher Scientific, Germany) in KSFM for 
24 h, irradiated at 6 Gy, incubated for another 24 or 96 h, fixed with 2% 
formaldehyde in Dulbecco’s PBS for 15 min and stored (PBS) at 4 ◦C for 
further processing. Immunostaining of γH2AX and 53BP1 was per-
formed as described [8]. Briefly, cells were permeabilized with 0.15% 
Triton X-100 in PBS 3x for 5 min. Slides were blocked with blocking 
solution (1% BSA (Sigma Aldrich, Germany)/0.15% glycine/PBS) and 
incubated with 75 µL of anti-phospho-histone H2A.X (Ser139) mouse 
mAb (#05–636, Merck, Germany) 1:100 and anti 53BP1 rabbit pAB 
(#NB100-305, Novus Biologicals, USA) 1:500 for 2 h at room temper-
ature. After washing (5 min PBS, 10 min 0.15 % Triton X-100 in PBS, 5 
min PBS and 7 min with blocking solution) slides were incubated with 
75 µL of anti-mouse IgG (H + L), F(ab’)2 fragment conjugated to Alexa 
Fluor 488 fluorescent dye and anti-rabbit IgG (H + L), F(ab’)2 fragment 
conjugated to Alexa Fluor 555 fluorescent dye (#4408 & #4413, Cell 
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Signaling Technology, Germany; 1:1000 in blocking solution) for 45 min 
at room temperature. Following 2x 5 min in 0.015% Triton X-100 in PBS 
and 2x 10 min in PBS, slides were mounted with 16 µL Vectashield 
mounting medium including 4′-6-diamidino-2-phenylindole (DAPI) 
(Vector Laboratories, USA). Immunofluorescence analysis and image 
acquisition were performed using the epifluorescence microscope Zeiss 
AxioImager.Z2 (objectives: ECPlnN 20x/0.50 M27; ECPlnN 40x/0.75 
M27; EC-PlnN 63x/0.95 Korr M27and filters: Zeiss 96 HE BFP, Zeiss 38, 
Zeiss 43) equipped with Axiocam 503 mono, LED light source Colibri7 
(Carl Zeiss, Germany) and Zen Software (Carl Zeiss, Germany). The 
number of radiation-induced γH2AX, 53BP1 and colocalized foci were 
manually quantified in 100 cells (when available) on recorded pictures. 
Data analysis was carried out by using a generalized linear model with a 
quasipoisson error distribution. 

Radiation-impaired cellular function 

Radiation-impaired cellular function is demonstrated by reduced 
cellular migration and proliferation, which was called a spreading assay. 
Keratinocytes were harvested as described above, cell suspension was 
adjusted to a density of 20,000 cells/mL and divided into 500 µL aliquots 
in 1.5 mL polypropylene tubes. Tubes with cell suspension were then 
placed upright in a fixed position within the irradiation chamber of a 
137Cs Gammacell 40 Exactor (Best Theratronics, Canada) and exposed to 
0, 2, 4, 6 or 8 Gy at a dose rate of 0.63 Gy min− 1. Irradiation was per-
formed at room temperature and in adherence to the manufacturer’s 
instructions. Additional information on the irradiation setup is given in 
Suppl. Figure 7. 

Cells were seeded in triplicates at 3000 cells (150 µL) into poly-
dimethylsiloxane (PDMS) rings within 12-well-plates; PDMS rings were 
manufactured as illustrated in Suppl. Figure 2, autoclaved and dried 
under a sterile hood. Assay setup is displayed in Suppl. Figure 1. After 
6–8 h of cellular growth, PDMS rings were removed, and each well was 
flooded with 2 mL of the appropriate culture medium. 

Cells were allowed to proliferate and expand for 11 days. Thereafter 
medium was replaced with 0.05% crystal violet (w/v), 1% formalde-
hyde, and 1% methanol in 1X PBS [9] for 20 min at room temperature; 
fixed and stained cells were washed three times with demineralized 
water and dried. To provide a homogeneous background for scanning 
plates, we placed custom-made white polyether ether ketone (PEEK) 
inserts on top of the fixed cells (Suppl. Figure 3). Scans of the cell- 
covered areas were taken from the bottom of the plates at 600 dpi 

with a high-resolution flatbed scanner (CanoScan 9000F Mark II, Canon 
Inc.) using the reflected light modus, and stored as TIF files. Area was 
quantified using ImageJ image analysis software (NIH) as shown in 
Suppl. Figure 6. 

To validate the planimetric measurements above, we quantified the 
amount of crystal violet bound to the cells. Dye was dissolved in 500 µL 
of 70% ethanol per well and optical density was measured at 590 nm in a 
microplate spectrophotometer. 

Colony forming efficiency of oral keratinocytes using hMSC 
feeder layers 

To confirm the radiation-impaired cellular function, the colony 
forming efficiency (CFE) of keratinocytes grown in coculture with hMSC 
was tested (Suppl. Figure 5). Passage 2–4 hMSC were seeded at 5000 
cells/cm2 into 6-well plates in MSC medium (DMEM/F12 (Invitrogen) 
containing 5% autologous human serum and supplements [6]. Cells 
were allowed to adhere for 24 h and overlaid thereafter with keratino-
cytes at 10 cells/cm2; keratinocyte cell density was adjusted according 
to the radiation dose: 20 cells/cm2 at 2 Gy, 60 cells/cm2 at 4 Gy, 120 
cells/cm2 at 6 Gy, and 240 cells/cm2 at 8 Gy. On day 9, keratinocyte 
colonies (>50 cells) were stained with crystal violet and counted. CFE 
was calculated by dividing the number of counted colonies by the 
number of keratinocytes seeded. 

Bioinformatical analysis of survival and migration data 

To investigate the impact of cell-covered area (spreading assay), 
radiation dose and group (healthy volunteer or patient) on the colony 
formation efficiency (CFE), we applied a linear mixed model with log 
(CFE) as dependent variable and area, radiation dose and group as 
covariates. Log CFE was modelled depending on the radiation dose with 
the individual as a random factor. In a second model, log CFE was 
modelled dependent on both the radiation dose and spreading assay. We 
used the open-source statistical software environment R (version 4.1.0) 
and the R package lme4 (version 4_1.1–21) [10,11]. Details on statistical 
analyses are provided in supplementary files 3 and 4. 

Individual subjects’ radiation-impaired cell spread was additionally 
estimated by principal component analysis (PCA): spread areas at 0, 2, 4, 
6 and 8 Gy were scaled at the particular dose level and first component 
PCA values were normalized by the square root of the eigen value to 
allow comparison between individuals. Analyses were performed using 

Fig. 1. Kinetics, properties and spreading assays of explant human oral keratinocytes. Outgrowth of keratinocytes from an oral mucosa particle on (a) day 0, (b) day 
1 and (c) day 2, phase contrast microscopy. (d) – (f) Properties of primary human oral keratinocytes: (d) Immunofluorescence for Ki-67 (pink) shows proliferating 
cells; arrowheads indicate mitotic figures; nuclei (DAPI, blue). (e) Immunofluorescence for cytokeratin 5/14 (red), cytoskeleton (phalloidin) (green) and nuclei 
(DAPI, blue). (f) Following subcultivation, keratinocytes continued to grow as a monolayer of polygonal cells, phase contrast microscopy. (g) Spreading assay from 
primary keratinocytes, 3 individuals with high (upper row), low (middle row) and intermediate (lower row) radiosensitivity, following 0, 2, 4, 6 and 8 Gy exposure. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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JMP 8.0 statistical discovery software. 

Results 

Keratinocytes grow out from mucosa micro-biopsies 

One week after biopsy complete mucosa healing was documented in 

all subjects. One hundred and forty-four gingiva particles from 16 in-
dividuals were processed by micro-dissection (age: 29 to 65 years; me-
dian 47) resulting in 111 primary keratinocyte cultures (success rate: 
85%). Cells attached to the culture dish within 24 to 48 h and started 
exuding out of the tissue particle (Fig. 1). Substantial numbers of mitotic 
cells occurred at day 2 or 3 (Fig. 1d). Immunofluorescence for cyto-
keratin 5/14 confirmed the keratinocyte identity [7] (Fig. 1e). After 
passage, cells maintained a polygonal morphology, forming densely 
packed monolayers (Fig. 1f). Expansion of keratinocytes was successful 
7 out of 8 HNSCC patients, and in all 8 healthy individuals. 

Continuous proliferation (three passages, mean; range: 2–6) for 4–7 
weeks was documented for 14 out of 15 individuals (93%). The average 
doubling time in the first passage was 55 h (range: 33–105). Thereafter, 
proliferation rates declined, and cells changed to a more flattened, less 
compact morphology. Upon recultivation following liquid nitrogen 
preservation, cells from 12 out of 15 individuals showed normal growth. 

Table 1 
Residual colocalized gammaH2AX/ 53 BP1 foci after 6 Gy, corrected for the 
respective control at 0 Gy by subtracting the respective means; (mean; confi-
dence interval).  

Individual Radiation-associated increase in focus numbers 

24 h post radiation 96 h post radiation 

P52 9.41 (6.05 – 13.51) ¡0.37 (-0.84 – 0.07) 
P53 2.42 (1.35 – 3.74) 0.23 (-0.72 – 1.09) 
P51 1.61 (0.68 – 2.66) 0.74 (0.33 – 1.16) 
P31 2.92 (2.22 – 3.69) 0.89 (0.33 – 1.50) 
P49 3.52 (2.71 – 4.41) ¡0.38 (-1.49 – 0.72) 
P30 2.87 (1.91 – 3.92) 1.87 (0.92 – 2.88)  

Fig. 2. Results of radiation resistance testing of biopsy-derived oral keratinocytes from individual subjects. (a) Cellular spread following 0, 2, 4, 6 and 8 Gy exposure; 
15 individuals, colour-coded triplicates and appropriately fitted lines, and median of all subjects (dotted line); P = healthy individual; # = patient. (b) Colony 
formation efficiency of oral keratinocytes following 0, 2, 4, 6 and 8 Gy exposure; 15 individuals. (c) Cell spread correlates to clonal growth of oral keratinocytes. 
Radiation doses are coded by colour. *Pearson correlation coefficient. (d) Cellular spread of keratinocytes from a single healthy individual following 0, 2, 4, 6 and 8 
Gy exposure; colour-coded triplicates (if applicable) and appropriately fitted lines; P32, P42 and P51 = different biopsies or cell harvest (P32_1 = passage 1; P32_2 =
passage 2). Note: all observations are below the median of all 15 subjects tested (dotted line), which indicates that keratinocytes from this individual have a 
consistently high radiosensitivity. 
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Radiation-induced double strand breaks in oral keratinocytes increases 
after 24 and 96 h of repair 

We used residual DNA damage in relation to non-irradiated cells as a 
measure for the DNA repair capacity. Upon exposure to 6 Gy, after 24 h 
of repair, residual colocalized nuclear gammaH2AX/53 BP1 foci were 
increased 3.7-fold (mean) compared to non-irradiated control samples. 
At 96 h repair time, the irradiated samples displayed less residual 
damage than at 24 h, but still foci numbers were slightly increased by 
0.6-fold (mean) compared to the non-irradiated control for most of the 
individuals. For some individuals, negative values result from fewer foci 
in the irradiated cells compared to non-irradiated cells. Therefore, 
except for P30 (Table 1), DNA damage was almost completely repaired 
to control levels. Raw data is shown in Suppl. Table 2. 

Cellular spreading of established cell lines and oral keratinocytes correlates 
to radiation dose 

PDMS rings confine attachment of Cal27, Cal33 and OKF6 cells to an 
area of 16.6 mm2 for 6 to 8 h. Following removal of the PDMS rings and 
after 10 days of cultivation, OKF6-cells expanded to 68.5 mm2 (median; 
range: 41.6–74.4). Radiation delayed expansion in a dose dependent 
manner (Fig. 1G and H). Comparable attachment and dose-dependent 
expansion was observed for Cal27 and Cal33 cells. 

PDMS rings confined attachment of oral keratinocytes to 16.6 mm2 

for 6 to 8 h. Following removal of rings cells expanded within 10 days to 
119.2 mm2 (median; range: 54.4–290). Radiation before seeding 
reduced spreading of the keratinocytes to 100.7 mm2 (median; range: 
55.3–266.7) at 2 Gy; 73.2 mm2 (median; range: 15–240.4) at 4 Gy; 47 
mm2 (median; range: 2–111.9) at 6 Gy, and 22.7 mm2 (median; range: 
0–80) at 8 Gy (Suppl. Table 1). The overall linear slope from 0 to 8 Gy 
amounts to − 16.95. Differences in resistance to radiation between in-
dividuals (Fig. 2) may be best discriminated visually between 4 and 6 Gy 
because these slopes show the best parallel alignment (Fig. 2a). Plani-
metric measurements of the cell-covered area correlated to cellular 
bound crystal violet, and related to the radiation dose applied (p <
0.0001; Suppl. Figure 6). 

To more conveniently compare cell spread of samples from different 
individuals (Fig. 2a) and from one individual at different biopsy dates or 
different cell harvest passages (Fig. 2d), the dose dependent cellular 

spread was parametrized by a principal component analysis (PCA); 
variance of the first component is 88.4; relevant data are depicted in 
Table 2 and allow one to rank individuals for resistance to radiation in a 
numerical order. PCA confirms the interpretation of the visual graphic 
presentation in all cell samples and correlates with the overall linear 
slope (p < 0.0001; Table 2). 

When seeded onto non-irradiated bmMSC feeder layers, the median 
colony formation efficiency (CFE) of oral keratinocytes was 0.223 in 
non-irradiated controls, range: 0.05–0.32, i.e., around 20% of the 
seeded keratinocytes gave rise to colonies of > 50 cells. After radiation, 
CFE decreased in a dose dependent manner, to 0.0028 (median; 
following 8 Gy; Fig. 2b). Fig. 2c depicts the individual results. 

A mixed model with individual donors as a random factor revealed 
that the delay of cell spread correlated with decreased CFE (Fig. 2c); the 
main driver is radiation dose (decrease by a factor of 0.50, adjusted for 
area). Spread area itself had no direct effect. 

The log-transformed CFE decreased by 0.683 per 1 Gy, which means 
shrinking by a factor of about 50% per 1 Gy for the untransformed CFE. 
Area and group showed no additional impact on the CFE. See supple-
mental file 3 for R code and results. 

If individuals undergo subsequent gingival biopsies, a dose- 
dependent delay of the cell spread is reproducibly observed. Although 
repeated tests can not be exactly superimposed graphically, the overall 
slopes and PC_1 values suggest that this individual’s cells are always 
more radiosensitive than the median of all individuals tested (Fig. 2d 
and Table 2). 

Discussion 

Severe side effects following radiotherapy of head and neck cancer 
occur frequently and show substantial inter-individual variation [12]. 
The regenerative capacity of oral mucosa following ionizing radiation is 
not fully understood [13]. Radiation responses have been looked at in 
mucosa smears [14], biopsies [1,15,16], explants [17] and recon-
stituted, three-dimensional tissue models [18–22], but most reports 
focus on the cellular function of keratinocytes [7,12]. However, assays 
of keratinocytes to estimate an individual subject’s response to radiation 
are not available. 

Here, we report for the first time on an oral mucosa micro-biopsy 
technique performed on individually retrieved oral keratinocytes that 
is designed to predict radiation toxicity for patients with cancer of the 
head and neck area. This technique causes minimal discomfort, is safe 
and allows lesions to completely recover in healthy individuals and 
patients within one week. Although our tissue samples are smaller than 
previously reported [23], we achieve reliable cellular growth. 
Outgrowing cells display keratinocyte characteristics and respond to 
radiation with typical DNA-damage. Keratinocytes may easily be cry-
opreserved and remain available for further functional assays such as a 
gammaH2AX/ 53BP1 foci assay potentially predicting radioresistance 
[24]. 

Clonogenic tests for radioresistance, although readily available for 
cell lines [25], are difficult to perform with biopsy-derived keratinocytes 
because these have low colony formation efficacies when seeded 
without feeder cells [18,26,27]. Here we describe a feeder cell-free assay 
that investigates how radiation affects proliferation and migration of 
keratinocytes, both features involved in, and essential for filling “empty 
space” [28,29] resulting from damaged and denuded mucosa. The 
observed cell spread correlates to the radiation dose applied and is 
consistent for the cells of all subjects tested. Diagrammed results (Fig. 2) 
and principal component analyses (Table 2) allowed us to rank indi-
vidual donors according to their radioresistance. Our findings were, 
further, validated by colony formation efficiency testing, which had an 
intermediate correlation coefficient between the two assay types. 

Of note: Although repeated tests from single subject’s cells provided 
here an assessment for radioresistance, they do express some heteroge-
neity probably because of short-lived and heterogenous primary oral 

Table 2 
Normalized first component values (PC_1) of cellular spreading at 0, 2, 4 and 6 
Gy exposure and overall linear slope (calculated from 0 to 8 Gy); 15 individuals; 
P = healthy individual; # = patient; * = cells from one single individual at 
different biopsy dates (P32, P42 and P51) or a different cell passage (P32_1; 
P32_2).  

Individual PC_1 slope 

P11 − 0.206 − 16.9 
P12 0.543 − 28.5 
P30 − 0.768 − 11.9 
P31 − 0.143 − 6.7 
P32_1* − 1.045 − 13.5 
P33 − 0.831 − 10.3 
P34 − 0.598 − 13.8 
P36 1.277 − 15.6 
#003 0.450 − 27.8 
#004 1.322 − 31.5 
#005 2.315 − 29.6 
#020 1.169 − 22.8 
#021 − 0.779 − 14.5 
#023 0.369 − 20.6 
#024 − 0.381 − 8.9 
P32_2* − 1.180 − 7.2 
P42* − 1.055 − 6.6 
P51* − 0.457 − 10.7 
Median − 0.294 − 14.2 
Range − 1.18 to 2.315 − 31.5 to − 6.6  
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keratinocytes. A small sample size limits our data. Finally, the clinical 
relevance still has to be proven. 

We conclude that robust in vitro growth of keratinocytes from clinical 
micro-biopsies is feasible. Our test for migration and proliferation ca-
pacities allows one to estimate the radioresistance. Cells may be used for 
personalized models to investigate radiation-induced damage and 
additional cellular features [30,31]. Studies on the clinical relevance are 
presently underway, which include a larger sample size and detailed 
evaluation of mucositis. 
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[10] Bates D, Mächler M, Bolker B, Walker S. Fitting Linear Mixed-Effects Models Using 
lme4. J. Stat. Soft. 2015;67(1). 10.18637/jss.v067.i01. 

[11] R Core Team. R: A language and environment for statistical computing. Vienna, 
Austria: Foundation for Statistical Computing; 2021. https://www.R-project.org/. 

[12] Fowler JF, Harari PM, Leborgne F, Leborgne JH. Acute radiation reactions in oral 
and pharyngeal mucosa: tolerable levels in altered fractionation schedules. 
Radiother Oncol 2003;69(2):161–8. https://doi.org/10.1016/s0167-8140(03) 
00231-7. 

[13] Jones KB, Klein OD. Oral epithelial stem cells in tissue maintenance and disease: 
the first steps in a long journey. Int J Oral Sci 2013;5(3):121–9. https://doi.org/ 
10.1038/ijos.2013.46. 

[14] Patil V, Baad R, Gudur A, Vibhute N, Belgaumi U, Kadashetti V. Evaluation of 
Radiation-induced Cytological Changes in Lesional Oral Cancer Cells and Adjacent 
Normal Mucosal Cells. J Contemp Dent Pract 2018;19(12):1474–9. 

[15] Marcussen M, Sønderkær M, Bødker JS, Andersen M, Nielsen S, Vesteghem C, et al. 
Oral mucosa tissue gene expression profiling before, during, and after radiation 
therapy for tonsil squamous cell carcinoma. PLoS ONE 2018;13(1):e0190709. 
https://doi.org/10.1371/journal.pone.0190709. 

[16] Handschel J, Prott F-J, Sunderkötter C, Metze D, Meyer U, Joos U. Irradiation 
induces increase of adhesion molecules and accumulation of β2-integrin-expressing 
cells in humans. International Journal of Radiation Oncology*Biology*Physics 
1999;45(2):475–81. https://doi.org/10.1016/S0360-3016(99)00202-3. 

[17] Donetti E, Bedoni M, Capone P, Gualerzi A, Tartaglia G, Sforza C. An in vitro model 
of human oral explants to study early effects of radiation mucositis. Eur J Oral Sci 
2009;117(2):169–74. https://doi.org/10.1111/j.1600-0722.2009.00614.x. 

[18] Tobita T, Izumi K, Feinberg SE. Development of an in vitro model for radiation- 
induced effects on oral keratinocytes. Int J Oral Maxillofac Surg 2010;39(4): 
364–70. https://doi.org/10.1016/j.ijom.2009.12.020. 

[19] Rakhorst HA, Tra WMW, Posthumus-Van Sluijs ST, Hovius SER, Levendag PC, 
Kanaar R, et al. Quantitative analysis of radiation-induced DNA break repair in a 
cultured oral mucosal model. Tissue Eng 2006;12(12):3395–403. https://doi.org/ 
10.1089/ten.2006.12.3395. 

[20] Colley HE, Eves PC, Pinnock A, Thornhill MH, Murdoch C. Tissue-engineered oral 
mucosa to study radiotherapy-induced oral mucositis. Int J Radiat Biol 2013;89 
(11):907–14. https://doi.org/10.3109/09553002.2013.809171. 

[21] Lambros MP, DeSalvo MK, Mulamalla HC, Moreno J, Kondapalli L. Genome wide 
expression after different doses of irradiation of a three-dimensional (3D) model of 
oral mucosal. Genom Data 2016;7:137–9. https://doi.org/10.1016/j. 
gdata.2015.12.013. 

[22] Tschachojan V, Schroer H, Averbeck N, Mueller-Klieser W. Carbon ions and X-rays 
induce pro-inflammatory effects in 3D oral mucosa models with and without 
PBMCs. Oncol Rep 2014;32(5):1820–8. https://doi.org/10.3892/or.2014.3441. 

[23] Lauer G, Mai R, Pradel W, Proff P, Gedrange T, Beyer J. Influence of Cyclosporin A 
on human gingival keratinocytes in vitro. Journal of Cranio-Maxillofacial Surgery 
2006;34:116–22. https://doi.org/10.1016/S1010-5182(06)60024-3. 

[24] Subedi P, Gomolka M, Moertl S, Dietz A. Ionizing Radiation Protein Biomarkers in 
Normal Tissue and Their Correlation to Radiosensitivity. A Systematic Review J 
Pers Med 2021;11(2). https://doi.org/10.3390/jpm11020140. 

[25] Puck TT, Marcus PI. A rapid method for viable cell titration and clon production 
with HeLa cells in tissue culture: The use of X-irradiated cells to supply 
conditioning factors. Proc Natl Acad Sci U S A 1955;41(7):432–7. https://doi.org/ 
10.1073/pnas.41.7.432. 

[26] Cheshire P, Zhafira AS, Banakh I, Rahman MM, Carmichael I, Herson M, et al. 
Xeno-free expansion of adult keratinocytes for clinical application: the use of 
human-derived feeder cells and serum. Cell Tissue Res 2019;376(3):389–400. 
https://doi.org/10.1007/s00441-018-02986-5. 
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