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As the great majority of gene expression (GE) biodosimetry
studies have been performed using blood as the preferred source
of tissue, searching for simple and less-invasive sampling meth-
ods is important when considering biodosimetry approaches.
Knowing that whole saliva contains an ultrafiltrate of blood and
white blood cells, it is expected that the findings in blood can
also be found in saliva. This human in vivo study aims to exam-
ine radiation-induced GE changes in saliva for biodosimetry
purposes and to predict radiation-induced disease, which is yet
poorly characterized. Furthermore, we examined whether tran-
scriptional biomarkers in blood can also be found equivalently
in saliva. Saliva and blood samples were collected in parallel
from radiotherapy (RT) treated patients who suffered from
head and neck cancer (n = 8) undergoing fractioned partial-
body irradiations (1.8 Gy/fraction and 50-70 Gy total dose).
Samples were taken 12-24 h before first irradiation and ideally
24 and 48 h, as well as 5 weeks after radiotherapy onset. Due to
the low quality and quantity of isolated RNA samples from one
patient, they had to be excluded from further analysis, leaving a
total of 24 saliva and 24 blood samples from 7 patients eligible
for analysis. Using qRT-PCR, 18S rRNA and 16S rRNA (the
ratio being a surrogate for the relative human RNA/bacterial
burden), four housekeeping genes and nine mRNAs previously
identified as radiation responsive in blood-based studies were
detected. Significant GE associations with absorbed dose were
found for five genes and after the 2nd radiotherapy fraction,
shown by, e.g., the increase of CDKNIA (2.0 fold, P = 0.017)
and FDXR (1.9 fold increased, P = 0.002). After the 25th
radiotherapy fraction, however, all four genes (FDXR, DDB2,
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POU2AF1, WNT3) predicting ARS (acute radiation syndrome)
severity, as well as further genes (including CCNGI [median-
fold change (FC) = 0.3, P = 0.013], and GADD45A (median-
FC = 0.3, P = 0.031)) appeared significantly downregulated
(FC = 03, P = 0.01-0.03). A significant association of
CCNG1, POU2AF1, HPRTI, and WNT3 (P = 0.006-0.04) with
acute or late radiotoxicity could be shown before the onset of
these clinical outcomes. In an established set of four genes pre-
dicting acute health effects in blood, the response in saliva
samples was similar to the expected up- (FDXR, DDB2) or
downregulation (POU2AF1, WNT3) in blood for up to 71% of
the measurements. Comparing GE responses (PHPTI,
CCNGI1, CDKNIA, GADD45A, SESNI) in saliva and blood
samples, there was a significant linear association between
saliva and blood response of CDKNIA (R* = 0.60, P = 0.0004).
However, the GE pattern of other genes differed between
saliva and blood. In summary, the current human in vivo
study, (I) reveals significant radiation-induced GE associations
of five transcriptional biomarkers in salivary samples, (II) sug-
gests genes predicting diverse clinical outcomes such as acute
and late radiotoxicity as well as ARS severity, and (III) sup-
ports the view that blood-based GE response can be reflected
in saliva samples, indicating that saliva is a mirror of the body
for certain but not all genes and, thus, studies for each gene of
interest in blood are required for saliva. © 2024 by Radiation Research
Society

INTRODUCTION

In a radiological or nuclear scenario, there is a need for
early and high throughput diagnostics to identify highly
exposed individuals within the first days to initiate appro-
priate treatment and increase the prognosis (/). In the
absence of physical dosimeters (e.g., in case of terrorist
attacks or other scenarios when badge dosimeters are not
routinely worn by those likely to be exposed), biological
measurements after radiation exposure are used for individ-
ual dose estimates and prediction of later occurring acute
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health effects. Gene expression (GE) analysis has already
been shown to be suitable for early (2, 3) and high-throughput
minimally invasive radiation biodosimetry (4—6). Neverthe-
less, most studies dealing with biomarkers for diagnostics and
screening purposes based on GE have been performed using
blood as the preferred tissue source.

Over the last two decades, saliva as an alternative biofluid
has become increasingly interesting as an easily accessible and
non-invasive source of human biomarkers (7—/0). It has been
shown to contain RNA biomarkers for prediction and diagno-
sis of several diseases especially of the oral cavity, such as
oral cancer (//-13) and general disorders of the salivary
glands (/4, 15). Particularly in emergency situations such as a
large-scale radiological accident or nuclear mass casualty sce-
nario, the bottleneck of sampling could be overcome by using
easily accessible biosamples such as saliva for high-
throughput biodosimetry. Saliva has numerous advantages
over other types of biosamples such as blood: non-invasive
and straightforward sample collection (possibly by the patient
himself or an untrained person), easy and repeatable sampling
of the elderly and children (/6), far less discomfort to subjects
and simplified logistics of sample collection as well as low
costs of collection (no venipuncture). Saliva aggregates infor-
mation from several bodily sources. Because saliva also con-
tains plasma ultra-filtrate and white blood cells (/7), this
indicates that most compounds, including the robust and indis-
putable radiation-induced biomarkers expressed in the blood,
may also be represented in saliva. This led to the aphorism that
saliva is a “mirror of the body” (18, 19). Collecting saliva sam-
ples represents an easy, fast, and non-invasive alternative to
blood collection for diagnostic screening. So far, there is very
limited published data in the field of biodosimetry using saliva
(20, 21). A pilot study compared GE changes in blood and
saliva and showed that saliva has the potential to provide
promising gene-based biomarkers during head and neck
radiotherapy (27). Previous metabolomic studies in mice and
non-human primate models have already identified radiation
as well as dose-specific biomarkers from saliva (22, 23). After
the association of radiation-induced GE changes in saliva
(radiation-to-gene association), a further step would be to ask
about the clinical consequences of these deregulated genes.
Are GE changes also associated with later occurring health
effects (gene-to-effect prediction)? If this applies, this
approach could offer a tool to predict acute and late radiotox-
icity in irradiated patients, supporting clinicians in individual-
izing the therapy regimen.

In previous work, we have shown that methodologic
improvements could mitigate the drawbacks of non-sterile
saliva samples, such as low RNA yield and high levels of non-
human RNA. Based on those findings, a robust workflow was
developed to process human whole saliva (not salivary super-
natant) for GE analysis, introducing a modified cDNA synthe-
sis aiming at the poly(A)-+-tail and a pre-amplification step
prior to gqRT-PCR (24). Further efforts were made to advance
this workflow. We demonstrated that the quality and quan-
tity of RNA isolates is highly robust considering potential
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confounding factors such as demographic/epidemiologic
parameters (e.g., sex, age, cigarette consumption, or oral
hygiene) and the saliva sampling time, making the approach
of saliva collection even more attractive for further bio-
marker studies (25).

The current pilot study addressed the following aspects: (I)
Examining the applicability of the newly developed GE work-
ing pipeline for identifying radiation-induced biomarkers (radi-
ation-to-gene-association). (II) Identifying genes (mRNA) in
saliva samples that are associated with consecutive clinical
outcomes in terms of acute and late radiotoxicity (such as
radiation-induced mucositis) occurring in patients during RT
(gene-to-effect-association). Here, we also examined a four
gene set predicting the ARS severity in blood after irradia-
tion (26, 27). (II) Verifying that saliva is a “mirror of the
body” by performing saliva and blood GE measurements in
the same patients and at the same time points.

MATERIALS AND METHODS
Patients, Sample Collection, Radiotherapy, Ethical Approval

Eight head-and-neck cancer patients (all male, average age 59 *=
6.8 years, Table 1) with indicated local radiotherapy (partial-body
irradiation, PBI) and without previous (or concomitant) radio- as
well as chemotherapy were sequentially enrolled for blood collection
over five weeks. Clinical follow-ups have been carried out for more
than three months, depending on the clinical course. All patients
underwent treatment with a comparable scheme of radiotherapy,
allowing comparability due to the corresponding irradiation field size
and dose rate. The prescribed dose was between 50 and 70 Gy and
applied within 25 to 33 fractions over 35 to 45 days. Using LINAC
with a dose rate of 300 MU/min (Varian Medical Systems Inc., Palo
Alto, CA) and the treatment planning system Eclipse (Varian Medi-
cal Systems), the single dose per fraction was 2.0 or 2.121 Gy (Table
1). The average whole-body dose absorbed by blood per fraction was
0.08 Gy. No shielding was used during irradiation (28).

Treatment-related radiation toxicity was recorded for each patient
(Table 1). Acute toxicity grading was performed according to the worst
grade of symptoms recorded during treatment or up to three months
after the end of the radiotherapy using the CTCAE v4.0 (29). Late toxic-
ity grades were classified as the worst grade of symptoms that persisted
more than three months after the end of the radiotherapy scheme using
the RTOG grading system (30). Patients P1 and P2 died due to the rapid
progression of cancer and not due to radiation toxicity. Patients with
oral mucositis or xerostomia received improved mouthwash, artificial
saliva and/or Cevimeline (hydrochloride) for stimulating secretion by
the salivary glands and treating symptoms of dry mouth.

Twenty-four peripheral whole blood samples (2.5 ml each) were
obtained via venipuncture using the PAXgene Blood RNA system
(BD Diagnostics, PreAnalytiX GmbH, Hombrechtikon, Switzer-
land). In parallel, 24 whole saliva samples were collected using
ORAgene”RNA (catalog number: RE-100) vial collection kits from
DNA Genotek used according to the manufacturer’s instructions
(DNA Genotek Inc., Kanata, Ontario, Canada). The kit is an all-in-
one system for unstimulated sampling (e.g., no saliva secretion
stimulation with sugar or drugs), stabilization, and transportation of
RNA from whole saliva. From all donors, blood and whole saliva
were sampled before the first radiation treatment, which served as a
control sample prior to the irradiation (reference), and ideally after
24 h, 48 h, and 5 weeks, i.e., after Ist, 2nd, and 25th radiotherapy
fraction (Table 1). No specific oral hygiene, eating, drinking, or
smoking habits were followed. Saliva and blood samples were
stored at room temperature overnight and placed in a freezer (—=20°C)
for storage. All samples and data were obtained with informed consent
from the donors, processed anonymously without exception, and only
used for this specific purpose. Sampling was carried out in accordance
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TABLE 1

Overview of the Included Samples, Demographic and Epidemiologic Characteristics of the Patients (Age, Sex, Morbidity) as
well as Radiotherapy (RT) Regimen Analyses and Recorded Radiotoxicity Grades According to RTOG/EORTC Late
Radiation Morbidity Criteria: Acute (Grade 1-2) and Late (Grade 1-3) Toxicity as well as Late Toxicity Location

q . . N Sampling time
. Partial body ir q .. .
Morbidity (25 fractions over 5 weeks) ety Recorded acute and late toxicity points .
(# RT fraction)
Patient ID Age Sex Irradiated  Absorbed
(years) SO — Tumor Dose per Prescribed blood blood dose Acute toxicity Late toxicity Late toxicity o 1 2 25
grade fraction  total dose (Gy) volume per fraction (Grade) (Grade) location
(dm?) (Gy)
P1 50 male Submandibular gland 3 2 50 1 0.11 1 early death none X X X X
P2 60 male Skin 3 2 60 1 0.09 1 early death none X X X X
P3 70 male Tonsil 2 2.1 70 0.4 0.07 2 2 s.c./mucosal X X X X
P4 50 male Base of tongue 2 2.1 50 0.5 0.11 2 3 s.c./mucosal X X X
P5 50 male Supraglottis 3 2.1 50 0.7 0.09 2 2 s.c./mucosal X X X
P6 66 male Hypopharynx 2 2 66 0.5 0.08 1 1 s.c./mucosal X X X
P7 66 male Larynx 3 2 66 0.5 0.09 1 1 s.c./mucosal X X X
P8 60 male Disseminated neoplasm 2 2 60 0.4 0.08 1 1 s.c./mucosal X X X

Notes. Further, the sampling time points are depicted for each patient according to radiotherapy fractions (RT1 = 24 h after the start of
Radiotherapy, RT1 = 48 h after the start of radiotherapy, RT25 ~ 5 weeks after the start of radiothearpy). m — male, s.c. - subcutaneous.

with the institutional guidelines and regulations. Informed consent was
obtained from each individual, and the local Ethical Committee of the
University Hospital in Hradec Kralove (Czech Republic) approved
experimentation with human subjects according to The Code of Ethics
of the World Medical Association — Declaration of Helsinki (approval
no: 201401-S15P). All data were handled according to the European
General Data Protection Regulation.

RNA Extraction and Quality/Quantity Control

Total RNA, comprising a mixture of human and bacterial RNA,
was isolated from whole saliva samples following a combination of
the ORAgene® RNA purification protocol (3/) and the mirVana™
kit protocol (InvitrogenTM, ThermoFisher Scientific, Carlsbad, CA
92008; USA/Life Technologies, Darmstadt, Germany) as described
in detail elsewhere (24). In brief, the samples were heated at 50°C
(1 h), three aliquots (of 1,000 pl) were generated, incubated at 90°C
(15 min), cooled to room temperature, 40 pl ORAgene® neutralizer
solution (1/25 of total volume) was added, incubated on ice, centri-
fuged at 13,000 g (3 min) and the cell-free clear supernatant was col-
lected for further processing. We then continued processing using the
mirVana™™ kit protocol (32) by adding the Lysis/Binding Solution.
The mirVana™ kit isolated total RNA, including human and bacte-
rial RNA species, by combining a Phenol-Chloroform RNA precipi-
tation with further processing using silica membranes. After several
washing procedures to purify RNA from other residual debris, DNA
residuals were digested on the membrane (RNAse-free DNAse Set,
Qiagen, Hilden, Germany). RNA was eluted with 100 pl RNAse free
water in a collection tube, and the aliquots were pooled for each
sample. To increase the input RNA amount for downstream gene
expression analysis, sample volumes were reduced by evaporating
at 45°C for 90 min, followed by re-elution with 30 pl of RNase-free
water.

Blood samples were processed during another study (28). In
brief, the PAXGene tubes containing the whole blood (n = 24)
were thawed, washed, and centrifuged according to the PAXgene
Blood RNA system protocol (BD Diagnostics, PreAnalytiX GmbH,
Hombrechtikon, Switzerland). Cells in the supernatant were lysed
(Proteinase K; BD Diagnostics, PreAnalytiX GmbH, Hombrechti-
kon, Switzerland), then the Lysis/Binding Solution was added, and
further steps were performed according to the mirVana ™ kit proto-
col described above.

The quality and quantity of isolated total RNA was measured
spectrophotometrically using NanoDrop™ One Microvolume UV-
Vis spectrophotometer (NanoDrop, PeqLab Biotechnology, Erlan-
gen, Germany). RNA integrity was assessed by the 4200 TapeSta-
tion System (Life Science Group, Penzberg, Germany), and DNA
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contamination was checked via conventional PCR using [-actin
primers.

¢DNA Synthesis and Pre-Amplification

To ensure equal human RNA input for cDNA-synthesis as a pre-
requisite for comparability among samples when performing quanti-
tative RT-PCR, 18S rRNA (Hs99999901_g1) as surrogate for human
RNA and pan-bacterial 16S rRNA (Ba04230899_s1) as a surrogate
for bacterial contamination were quantified after reverse transcription
via the High-capacity cDNA reverse transcription kit (33) (Applied
Biosystems™™, Life Technologies, Darmstadt, Germany). Using the
RNA concentration from repeated NanoDrop™ measurements and
the calculated 18S/16S rRNA ratio (to reconstruct the human portion
of the total RNA amount including human and bacterial RNA parts)
for each sample [ratio = 2AC!18S rRNA - ClES RNAT] "5 defined amount of
human RNA (4 ng) could be reverse transcribed in a second cDNA
synthesis via the SuperScript® III First-Strand Synthesis System with
Oligo (dT),q primers (25).

Due to high bacterial contamination and low amounts of human RNA,
samples from patient P8 were discarded. To detect low-abundance mRNA
species, pre-amplification was required to increase the amount of specific
cDNA targets synthesized with the SuperScript® III First-Strand Synthesis
System. Ten cycles of pre-amplification were performed according to the
TagMan® PreAmp Master Mix (Thermo Fisher Scientific Baltics UAB,
Vilnius, Lithuania) (34). In the present work, 13 different TagMan® Gene
Expression Assays (4 genes for normalization purposes and 9 genes for
detecting radiation-induced target genes) were utilized and pooled to
enable the multiplex amplification of specific cDNA targets. ACTB
(Hs01060665 _gl), ATP6 (Hs02596862_gl), B2M (Hs00187842 ml),
and HPRT1 (Hs02800695_m1) were used as an internal control for normal-
ization purposes. PHPTI (Hs03645225_ml), CCNGI (Hs00171112_m1),
CDKNIA (Hs00355782_ml), GADD45A (Hs00169255_ml), SESNI
(Hs00902782_m1), FDXR (Hs01031617_m1), DDB2 (Hs00172068_m1),
POU2AFI (Hs01573371_m1l), and WNT3 (Hs00902257_m1) known as
radiation-induced targets in blood were detected as well (2, 26-28,
35-37).

Real-time Quantitative Reverse Transcription Polymerase Chain
Reaction (qRT-PCR)

For human (/8S rRNA) and pan-bacterial (/6S rRNA) primer probe
designs (for ratio calculation; see above), cDNA from a high-capacity
cDNA reverse transcription kit was used. For the nine primer probe
designs representing previously identified biomarkers of radiation
exposure in the blood (PHPTI, CCNGI, CDKNIA, GADD45A,
SESNI, FDXR, DDB2, POU2AFI, and WNT3), SuperScript™ III
First-Strand Synthesis SuperMix was used in combination with a 10X
pre-amplification for the detection of each gene in each saliva sample.
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FIG. 1. The box plot in panel A displays the ratio of bacterial /6S rRNA and human /8S rRNA for all
whole saliva samples (n = 24). Solid lines represent the median and circles the outliers. The inserted table shows
the calculated ratio between raw Ct values of human /8S rRNA and bacterial /6S rRNA as an indicator of bacte-
rial contamination in relation to human RNA. Descriptive statistics: mean, median, standard deviation (stdev),
minimum (min) and maximum (max). The box plots in panel B represent the concentration (pg/pl) of 24 RNA
isolates (left side). The right side shows the quality of isolated RNA using RNA integrity numbers (RIN) for
saliva samples (total n = 24). Dashed lines represent the mean, solid lines the median, and circles the outliers.

For blood samples, cDNA from a High-capacity cDNA reverse tran-
scription kit was used. The experiments for analyzing blood samples
were performed during another study (28). That’s why, the blood gene
expression (GE) data of CDKNIA, PHPTI, CCNGI, GADD45, and
SESNI for the comparison in the results part Task III part 1 was
used from the mentioned study. The qRT-PCR reaction contained
the TagMan® Universal PCR Master Mix and one of the invento-
ried TagMan® Gene Expression Assays for separate detection of
transcripts. The qRT-PCR for the genes /8S rRNA and 165 rRNA
was performed similarly. All measurements were run in duplicate,
using a 96-well-format TagMan® qRT-PCR platform and the
QuantStudio™ 12K OA Real-Time PCR System (Thermo Fisher
Scientific Inc., Waltham, MA). After the calculation of input and
normalization using ACTB, ATP6, and B2M in saliva samples, as
well as HPRT! in blood samples, fold change (FC) differences in
GE were calculated by the —~AACt-approach [cycle threshold (Ct)]
relative to unexposed samples of the same patient used as the
calibrator.

Statistical Analysis

Descriptive and analytical statistics were performed using SAS
(release 9.4, Cary, NC). Associations with GE were either examined
using linear (for continuous variables such as age) or logistic regres-
sion models (for categorical variables such as acute or late radiotox-
icities). Acute toxicity was examined with grade 1 vs. grade 2. Due
to the reduced patient number, we merged late toxicity grades into
binary categories to increase the power. For late toxicity, grades 1
and 2 were merged into one category, and grades 3 and 4 into a
second category. Significant GE differences at specific time points
were calculated using either parametrical (t test) or non-parametric
tests, where applicable. To compare frequencies of patients show-
ing the same direction of differential gene expression (DGE)
response in saliva and blood, a FC > [1.2] was introduced to define
up- or downregulation or non-response (lying below 1.2) to partial-
body irradiation. A fold change of 1.2 was chosen to allow for high
sensitivity. Statistical analysis was performed separately for each
of the first two radiotherapy fractions and for some comparisons
combined to increase the power. If mean GE values in these com-
parisons revealed a similar GE tendency (up- or downregulation)
in both radiotherapy fractions and became statically significant
after merging them, they were reported in this study. Further calcu-
lations and graphical presentations were performed using Excel
2010 (Microsoft) and Sigma Plot 14.5 (Jandel Scientific, Erkrath,
Germany).
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RESULTS

Saliva Sample RNA Quantity and Quality Control

An average of 15.1 pg (SD = 21.4) total RNA per 2 ml
of saliva could be isolated in 24 samples from seven
patients. The A260/A280 nm ratio was measured at a mean
of 1.9. A mean RNA integrity number (RIN) of 5.3 (SD =
1.5) was detected and all saliva samples showed gel-like
image bands of human 28S rRNA and /8S rRNA, which did
not indicate severe degradation. The B-actin PCR could not
detect DNA contamination in all samples (data not shown).

The mean average (= SD) /65/18S rRNA ratio of 41,516 =
147,552 indicated a high bacterial abundance over human total
RNA (Fig. 1). All four samples from patient P8 had to be
excluded from GE and further analysis due to high bacterial
contamination (/6S rRNA raw Ct value of 20.8 on average,
min 17.6) and low amounts of human RNA (/8S rRNA raw Ct
value of 37.4 on average, max 38.1, data not shown). All other
samples (n = 24) fulfilled previously detected quality and quan-
tity criteria for GE analysis in saliva samples [e.g. 18S rRNA Ct
value < 30 and RNA integrity number (RIN) > 5; (24, 25)].

Task 1: Examining for Radiation-Induced Genes during
Radiotherapy

Median DGE of all patients of CDKNIA was significantly
increased in saliva samples after the 2nd dose fraction, pre-
senting a median FC of 1.9 (P = 0.017), which then rose after
the 25th radiotherapy fraction showing a median FC of 2.2
(not statistically significant, Fig. 2, Supplementary Table S1;2
https://doi.org/10.1667/RADE-23-00176.1.S1). With increas-
ing radiation dose, a downregulation of median CCNG/ DGE

2 Editor’s note. The online version of this article (DOI: https://doi.
org/10.1667/RADE-23-00176.1) contains supplementary information
that is available to all authorized users.
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FIG. 2. Aggregated data of DGE in saliva for all 9 genes (PHPTI, CCNG1, CDKNIA, GADD45, SESN1,
FDXR, DDB2, POU2AF1, and WNT3) is shown over time of the radiotherapy scheme (number of radiother-
apy fractions). GE is given as fold change (FC) relative to unexposed (normalized against a combination of
ACTB/ATP6/B2M). Symbols reflect the median (N = 7), and error bars the standard error of the mean
(SEM). The superimposed grey area refers to a FC < I2I. Significant changes in GE relative to unexposed are
indicated with asterisks (**P < 0.02). Individual plots per donor and gene are shown in Supplementary Fig.

S1 (https://doi.org/10.1667/RADE-26-00176.1.51).

was observed. No persistent pattern of median DGE with dose
could be observed for PHPT1, GADD45A, and SESN1 (Fig. 2).

For FDXR, median DGE increased significantly (1.6 fold,
P = 0.002) after the 2nd radiotherapy fraction (Fig. 2, Sup-
plementary Fig. S1B; https://doi.org/10.1667/RADE-23-
00176.1.S2 and Supplementary Table S1; https://doi.org/10.
1667/RADE-23-00176.1.S2). Expected although insignifi-
cant upregulation of DDB?2 and insignificant downregulation
of POU2AF1 and WNT3 was found after the 1st and/or 2nd
radiotherapy fraction. After the 25th radiotherapy fraction, a
significant downregulation of many genes including CCNG!
(median FC = 0.3, P = 0.013), GADD45A (median FC =
0.3, P = 0.031) and WNT3 (median FC = 0.1, P = 0.017)
could be observed. PHPTI appeared insignificantly down-
regulated. Only CDKNIA was upregulated, and SESN/ was
unchanged from control values (Fig. 2, Supplementary Fig.
STA and Supplementary Table S1).

Task I1: Examining for Radiation-Induced Genes
Associated with and Predicting Clinical Outcomes

Three head and neck cancer patients recorded a grade 2 and
four a grade 1 acute toxicity. Concerning late toxicity grading,
one patient showed the highest grade of 3, two grade 2, and
two grade 1 (Table 1). All late toxicities were located subcuta-
neously and/or mucosal. Two patients died due to the rapid
progression of cancer and not due to radiation toxicity. No late
effects (>3 months after the end of the radiotherapy scheme)
could be evaluated for these two patients. The 1st and 2nd
radiotherapy fraction measurements were merged and reported
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for those genes, showing DGE going in the same direction
after both radiotherapy fractions (Table 2). The merged set of
raw data is provided within Supplementary Table S2 (https://
doi.org/10.1667/RADE-23-00176.1.53).

A weakly significant association of CCNG! (P = 0.04) and
a borderline significant association for DDB2 (P = 0.06) was
found for grade 2 relative to grade 1 acute toxicity. The DGE
of both genes was about twofold downregulated (Table 2,
Supplementary Table S2; https://doi.org/10.1667/RADE-23-
00176.1.S3).

A significant association of merged binary late toxicity
grades was detected for HPRTI (P = 0.006, 0.5 fold) and
POU2AFI (P = 0.02, 0.1 fold) after 1st and 2nd radiotherapy
fraction combined, and before irradiation for WNT3 (P =
0.04, 0.1 fold) (Table 2). HPRT1, POU2AFI and WNT3 DGE
remained downregulated after 1st and 2nd radiotherapy frac-
tion but did not reach significance (Supplementary Table S2;
https://doi.org/10.1667/RADE-23-00176.1.S3).

Except for HPRTI (tumor grade 2 vs. 3; P = 0.01), tumor
grading did not appear significantly associated with DGE in
all genes and over all time points examined (data not shown).

Task I11: Comparing GE Changes in Saliva vs. Blood

1. Comparing radiation-induced DGE of CDKNIA,
PHPTI, CCNG1, GADD45, and SESN1 in saliva vs. blood.
For each patient, an upregulation of CDKNIA DGE after radia-
tion exposure could be detected in both saliva as well as in
blood samples at all time points except for two patients (P4 and
P6 after the first radiotherapy fraction, Fig. 3A). Plotting
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TABLE 2
Overview of the GE Results (Normalized Ct Values) and the Significant Correlations with Acute
(Grade 1-2) and Late Toxicity Grade (Categories of Grade 1-2 and 3—4)

Normalized Ct value

n mean stdev min max FC p-value

Acute toxicity - grade

CCNG1

I il gradel 8 105 0.8 93 117  Ref

fraction

combined grade2 6 11.4 0.5 108 124 054 0.04
DDB2

RT 1st&2nd gradel 8 10 1.3 77 117  Ref

fraction

combined grade2 6 11.2 0.6 10.5 12.2 0.44 0.06

Late toxicity - grade

HPRT1

RT 1st&2nd grade1-2 8 12.2 0.5 114 132  Ref

fraction

combined grade3-4 6  13.2 0.7 125 14 050  0.006
POU2AF1

RT 1st&2nd grade1-2 7 12.7 1.7 10.1 154  Ref

fraction

combined grade3-4 5 15.5 1.1 142 172 0.14 0.02
WNT3

grade1-2 3 14.7 11 136 16.2 Ref
grade3-4 3 17.8 0.9 6.6 188 0.12 0.04

pre-exposure

Notes. Fold changes were calculated with grade 1 in acute toxicity and grade 1-2 in late toxicity as the ref-
erence. Provided are numbers (n) per category and corresponding descriptive statistics: mean, standard devia-
tion (stdev), minimum (min) and maximum (max), fold changes difference (FC) with corresponding
reference. Only genes that showed significant or borderline significant results are depicted. Data for all genes

is shown in Supplemental Table S2 (https://doi.org/10.1667/RADE- 23-00176.1.S3).

corresponding CDKNIA DGE of saliva and blood samples
from each patient and time point resulted in a significant asso-
ciation (rsq = 0.6, P = 0.0004, Fig. 3B).

For genes PHPTI, CCNGI, GADD45, and SESNI,
median DGE values of saliva and blood samples did not
correspond significantly and DGE for some time points
appeared even significantly different (Fig. 3C).

The frequency of similarly up- or downregulated genes
in saliva and blood FC > 1.2l differed among genes. The
overall conformity (including 1st, 2nd, and 25th radiother-
apy fraction measurements) reached a maximum of 76.5%
for CDKNIA and a minimum of 23.5% regarding SESN/
(Table 3). Intermediate overall conformities of 47.1%,
35.3% and 29.4% were calculated for PHPTI, CCNGI and
GADDA45, respectively (Table 3).

2. Comparing radiation-induced DGE of FDXR, DDB2,
POU2AFI and WNT3 in saliva vs. blood. Previous work
identified a set of four genes (FDXR, DDB2, POU2AFI,
WNT3) which predicts the hematological acute radiation
syndrome (H-ARS) severity within the first three days after
irradiation. These four genes were not measured in blood
samples within this study, but the radiation-induced upreg-
ulation of FDXR and DDB2 as well as the downregulation
of POU2AFI and WNT3 was shown in several previous
studies (3, 26, 27, 38, 39).

This known upregulation of FDXR and DDB2, as well as
downregulation of POU2AFI and WNT3, was also detected in
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saliva samples within the current study, which is depicted in Fig.
2. Median FDXR and DDB2 DGE revealed an upregulation
either after the 1st or 2nd radiotherapy fraction, while POU2AF |
and WNT3 were downregulated after both radiotherapy fractions
(Fig. 2 and Supplementary Table S3; https://doi.org/10.1667/
RADE-23-00176.1.54). All four genes’ median DGE measure-
ments were downregulated after the 25th radiotherapy fraction.

The direction of deregulated DGE of these four genes in all
measurements taken after both, the 1st and 2nd radiotherapy
fraction combined as well as measurements taken after all
radiotherapy fractions, revealed similarities between saliva and
the previously observed and validated deregulation in blood
based studies ranging between 57-71% and 53-71%, respec-
tively (Table 4).

DISCUSSION

Biofluids such as whole blood are investigated for esti-
mating individual doses in high-throughput biodosimetry
and predicting later occurring acute health effects like
acute radiation syndrome (40—43). The expression of spe-
cific genes in blood as the most collected biofluid so far
has already been shown to be modulated in a dose-
dependent manner (44, 45). There is strong evidence for
gene expression to be used for early (2, 3), high-throughput
(6), and minimally invasive radiation biodosimetry (4).
The collection of saliva samples could represent an ideal
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non-invasive alternative to blood considering high-throughput
biodosimetry for victims of radiological/nuclear incidents
(20, 46). In this human in vivo study with head and neck
cancer patients undergoing fractioned radiotherapy in terms
of partial-body irradiation, we wanted to show that a com-
bination of GE analysis and saliva as a non-invasive and
easily collectible biofluid can be useful for e.g., biodosime-
try purposes. Hereby, we had the unique opportunity to collect
whole saliva and whole blood samples (as a positive control)
from RT patients in parallel and examined nine genes
(mRNA) known to be radiation-responsive in blood (28).

Except for one patient, the quality and quantity of RNA
isolated from saliva samples was overall sufficient for GE
analysis. The samples of the stated patient were discarded
because they did not fulfil the quality criteria of 18S rRNA
FC < 30 (indicating sufficient amounts of human RNA).
Possible reasons may be insufficient sampling compliance
(2.5 ml saliva required), samples not shaken vigorously after
collection (a prerequisite for conservation to avoid degrada-
tion), concomitant oral mucositis and/or xerostomia.

As a first attempt, we examined nine radiation-induced
genes previously identified in blood [PHPTI, CCNGI,
CDKNIA, GADD45A, SESNI, FDXR, DDB2, POU2AF1,
WNT3 (2, 28, 35-37)]. These genes are commonly used
for biodosimetry purposes (FDXR, DDB2, CDKNIA, and
GADDA45A) and partly associated with radiation-induced acute
health effects [FDXR, DDB2, POU2AF1, WNT3, (26, 27)].
Two genes (CDKNIA and DDB?2) already appeared to be radi-
ation responsive in saliva after head and neck cancer radiother-
apy in a previous pilot study (27). In saliva, almost all patients
revealed an upregulation of CDKNIA with increasing radiation
exposure and downregulation of CCNG/, indicating the exis-
tence of radiation-responsive genes in saliva. The upregulated
CDKNIA and the downregulated CCNGI in saliva corre-
sponded with blood measurements within our study and pub-
lished examinations in blood (28). Almost similar responses of
irradiated saliva and blood CDKNIA measurements in all
examined patients and time points (R* = 0.60, P value =
0.0004) provided further hints for the reflection of DGE in
saliva as the “mirror’” of blood. However, responses of PHPT],
GADDA45A, and SESNI with dose in saliva differed from corre-
sponding blood measurements within this study (Fig. 2) and
cited work (28). Almost opposing DGE patterns with increas-
ing doses were found for these genes in saliva versus blood of
the same patient. That does not argue against their use for
biodosimetry purposes, but it emphasizes organ-specific

differences in radiation response. Otherwise, with increas-
ing radiation exposure, an expected upregulation of FDXR
and DDB?2 and a downregulation of POU2AF1 and WNT3
could be found in up to 71% of all examined saliva samples
(Fig. 3A and B) in correspondence to cited work (28).
Hence, saliva measurements mirror only partially radiation-
induced blood responses, and organ-specific responses must
be acknowledged. Therefore, every radiation-responsive blood
gene must be reevaluated in saliva. Interestingly, after the 25th
radiotherapy fraction, all genes except CDKNIA and SESNI
became downregulated (Figs. 2 and 3). A similar pattern was
observed on Rhesus macaques, and all four genes (FDXR,
DDB2, POU2AFI and WNT3) examined in blood were down-
regulated 35 days after single high-dose radiation exposures
(47). Radiation exposures (50-60 Gy fractionated partial-body
irradiation including the salivary gland vs. 5-7 Gy total-body
irradiation including the hematopoietic system) differed con-
siderably, but the radiation-responsive organs received high-
dose radiation exposures. This analogy identified in saliva
indicates the usefulness of this biofluid as a surrogate of
blood measurements. Within this study, the previously
detected upregulation of CDKNIA and DDB?2 in saliva in
another cohort of eight head and neck cancer patients under-
going radiotherapy could be successfully validated (27).

The documentation of normal tissue responses in our
patients, namely acute and late toxicities, allowed us to exam-
ine whether radiation-induced genes might also be useful as
predictors of diverse clinical outcomes when examined after
the 1st and 2nd radiotherapy fraction before normal tissue
responses are detected. Several genes (e.g., CCNGI, DDB2,
HPRTI, POU2AFI, and WNT3) revealed associations with
acute and late toxicities (Table 2). However, these associa-
tions were weak or borderline significant. Nevertheless, the
DGE of these genes examined after the Ist and 2nd radio-
therapy fraction were consistently deregulated in the same
direction (up- or downregulated, Supplementary Table S1;
https://doi.org/10.1667/RADE-23-00176.1.52). However, the
low sample size made these consistent trends insignificant,
and even merging measurements from the 1st and 2nd radio-
therapy fraction resulted in weak associations, which must be
interpreted cautiously. The low sample size represents a sub-
stantial limitation of our study. Our work must be considered
as a more explorative type of study for hypothesis generation.
Larger studies are planned for validation purposes in the near
future. Interestingly, HPRT! used as a housekeeping gene in
several cited studies (28,48) was predictive for late toxicity

—

FIG. 3. This figure focuses on the comparison of radiation-induced DGE of CDKNIA, PHPTI, CCNG1, GADD45, and SESNI in saliva versus
blood (task III-1). Panel A: the DGE of CDKNIA is shown by way of example for each patient in separate panels over time of the radiotherapy
scheme (number of radiotherapy fractions). GE is given as fold change (FC) relative to unexposed (normalized against a combination of ACTB/
ATP6/B2M in saliva samples and HPRTI in blood samples). The black circles represent GE results from saliva samples, and gray squares repre-
sent GE results from blood samples. In the right panel, data of all patients for CDKNIA is aggregated. Symbols reflect the median (N = 7), and
error bars the standard error of the mean (SEM). The superimposed gray areas refer to a FC < |2I. Significant changes in GE relative to unex-
posed are indicated with asterisks (**P < 0.02). Panel B: FC values obtained with RNA from saliva samples and those obtained with RNA from
blood samples for each measurement were correlated with linear regression analysis (calculated R* and P values are provided). Outliers from
95% confidence interval were excluded. Panel C: Equivalently shows aggregated data for PHPTI, CCNGI, CDKNIA, GADDA45, and SESNI.
Individual plots per donor and gene are shown in Supplementary Fig. S1 (https://doi.org/10.1667/RADE-26-00176.1.51).
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TABLE 3
Overview of the Simple Direction of Response (Up- or Downregulation, FC > 11.2]) or Non-Response for PHPT1, CCNGI,
CDKNIA, GADD45, and SESNI in Blood and Saliva Samples for each Patient over Three Time Points after the Start of
Radiotherapy (RT) (RT1, RT2, RT25)

Direction of FC

down

RT1 RT2
Gene Patient saliva Blood saliva Blood
up down up down up down up

CDKN1A N2 X X X X

N3 X o X X

N4 o o X X

N5 x X X X

N7 X X X X

N8 x o o o

N9 X X X X
PHPT1 N2 X o o o

N3 X o X X

N4 o o X X

N5 X o o X

N7 X X o X

N8 o o X X

N9 X X X X
CCNG1 N2 X o X o

N3 X o X X

N4 o X X X

N5 X X X X

N7 X X X X

N8 X o X o

N9 X X X X
GADD45A N2 X X X

N3 X o X o

N4 o X X o

N5 X X X X

N7 o X X X

N8 X o X o

N9 X X X X
SESN1 N2 X X o

N3 o o X o

N4 X o X o

NS x o X o

N7 X X o o

N8 X o X o

N9 o o X X

Overall conformity Saliva - Blood

RT 25
Saliva Blood 1st + 2nd RT all RT fractions
d d yes no undefinded yes no undefinded
uj own u own
g P % % (%) % % %)
o X
X X
X X
X
11/14 1/14 2/14 13/17 1/17 3/17
78.6 7.1 14.3 76.5 59 17.6
X o
o o
X X
X
7/14  2/14 5/14 8/17  3/17 6/17
50.0 143 35.7 471 176 353
X X
X o
X X
X
5/14  3/14 6/14 6/17  4/17 7/17
357 214 42.9 353 235 41.2
X o
X o
X X
X
5/14  2/14 7/14 5/17  3/17 9/17
357 143 50.0 294 176 52.9
o X
o X
X o

4/14  2/14 8/14 4/17  2/17 11/17

28.6 143 57.1 235 118 64.7

Notes. FC > 11.2| was considered as an up- or down-regulation represented by the symbol “x”, FC < |1.2| was considered as an no de-regula-
tion represented by the symbol “0”. The column “overall conformity Saliva - blood” provides a summary per gene for early radiotherapy frac-
tions (RT1, RT2) and for all radiotherapy cycles (RT1, RT2, RT25). Conformity or no conformity in deregulation or undefined response
between corresponding blood and saliva samples from the same patient at the same time point is depicted.

normal tissue responses in our study (Supplementary Table
S2; https://doi.org/10.1667/RADE-23-00176.1.S3). Again,
HPRT] appeared consistently downregulated after 1st and
2nd radiotherapy fraction and the strongest association
with late toxicity was found for this gene (P values of 0.006).
Nevertheless, the low sample size does not rule out significant
findings by chance and requires validation. Interestingly,
even pre-exposure HPRTI appeared downregulated in
patients developing higher degrees of late toxicity. This was
insignificant, but for WNT3, a tenfold downregulation pre-
exposure reached significance (Supplementary Table S1;
https://doi.org/10.1667/RADE-23-00176.1.S1). Recently, a
gene (CHDS) was independently validated in two different
Rhesus macaques cohorts. This gene predicted the radiosen-
sitivity (survival) of lethally irradiated Rhesus macaques
(47, 49). It could be hypothesized that the DGE of HPRT]
and WNT3 might present a prone pre-exposure transcrip-
tomic status so irradiation at this status increases the likeli-
hood of developing more severe late toxicities. Again,
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further studies in this regard with increased sample sizes are
required. No significant association of tumor grading with
DGE could be detected among all genes and time points,
possibly due to the underlying disease effect. Nevertheless,
these salivary genes could serve as predictive assays for
identifying radiotoxic health effects caused by radiotherapy,
potentially contributing to medical management decision-
making, or could be used for the prognosis of deterministic
health effects in victims in radio/nuclear incidents.

This study directly compares GE responses between
saliva and equivalent whole blood from the same individual
in parallel, showing that blood biomarkers are reflected in
whole saliva and providing support for the idea that saliva
is a “mirror of the body”. This study supports further explo-
ration of human saliva as a more attractive material for
expanded biomarker studies such as cancer biomarkers, infec-
tious disease, etc., already detected and validated in blood.

Finally, some limitations of this manuscript need to be
considered: Conclusions drawn from our work may be
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TABLE 4

The Table Comprises the Direction of Deregulation of FDXR, DDB2, POU2AF1, and WNT3 in
each Patient over Three Time Points after the Start of Radiotherapy (RT) (RT1 ~ 24 h after
Start of RT, RT1 ~ 48 h after the Beginning of the RT, RT25 ~ 5 weeks after the start of RT)

Expected Direction of FC
Gene patient ~ deregulation RT1 RT2
up down up down
FDXR P1 X X
P2 < X X
P3 3 X X
P4 & x X
g
P5 & X X
3
P6 X X
P7 X X
DDB2 P1 X X
P2 s 3 X
P3 B X X
P4 & X X
2
PS5 a x x
3
P6 X X
P7 X X
POU2AF1 P1 X
P2 5 X X
P3 5 x X
3
P4 & X
[ H X X
o
P6 = X X
P7 x
WNT3 P1 X X
P2 E X X
P3 5 X X
3
P4 & X
PS5 H X
o
P6 = X
P7 X

RT 25

up

Overall conformity
all RT fractions 1st + 2nd RT

down  fr p fr

per
X

X

X

10/17 59% 10/14 71%

9/17 53% 8/14 57%

10/15 67% 7/12 58%

10/14 71% 7/11 64%

Notes. An up- or down-regulation is shown regardless of the height of deregulation (fold-change). Knowing
that FDXR and DDB2 show a radiation-induced up-regulation and POU2AFI and WNT3 are down-regulated
after radiation exposure, frequency and the percentage represent the overall conformity of GE measurements
with the expected deregulation and for early radiotherapy fractions (RT1, RT2) and for all RT fractions.

limited given the advanced disease stage of our study
group. There is an ongoing debate on the impact of con-
founders, such as cancer disease, previous therapies, cur-
rent concomitant treatment, etc., on certain GE markers,
although we tried to homogenize the collective concern-
ing radiotherapy regimen, sex, age, etc. We demon-
strated in previous work that the GE of six promising
candidate genes previously found in a baboon model
could be validated in leukemia patients undergoing total-
body irradiation (38). To further minimize confounding
conditions that may lead to misclassification or high
false positive rates for diagnosis of radiation exposure,
we collected pre- and post-exposure samples to ensure
that irradiation is the only exposure type. Furthermore,
the detected genes in saliva were also found in blood
samples, providing as a positive control. Nevertheless, a
number of potentially confounding factors, such as the
development of acute or late radiotoxicity and its treat-
ment, could potentially influence GE as well. Because of
the small patient number (n = 7), even statistically sig-
nificant results must be interpreted carefully and require
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further validation on a larger cohort, as already stated
above.

In summary, the current human in vivo study (I) reveals sig-
nificant radiation-induced GE associations of five transcrip-
tional biomarkers in salivary samples, (II) suggests genes that
may predict diverse clinical outcomes such as acute and late
radiotoxicity as well as ARS severity, and (III) supports the
view that blood-based GE response can be reflected in saliva
samples correspondingly, indicating that saliva is a “mirror of
the body” for certain but not all genes. Thus, studies for each
blood gene of interest are required for saliva.

SUPPLEMENTARY MATERIALS

Supplemental Fig. S1. Shown is the DGE of PHPTI,
CCNG1, GADDA45, and SESNI (part A) as well as the DGE
of FDXR, DDB2, POU2AFI, and WNT3 (part B) in saliva
samples for each patient in separate panels over the time of
RT scheme (number of RT fractions). Data from blood sam-
ples is also shown for PHPT1, CCNGI, CDKNIA, GADD45,
and SESNI. GE is given as fold change (FC) relative to
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unexposed (normalized against a combination of ACTB/
ATP6/B2M in saliva samples and HPRTI in blood samples).
Black circle symbols represent GE results from saliva sam-
ples, and grey square symbols represent GE results from
blood samples. In the right panel, data of all patients for each
gene is aggregated. Symbols reflect the median (n = 7), and
error bars the standard error of the mean (SEM). The super-
imposed grey areas refer to a FC < |2I. Significant changes
in GE relative to unexposed are indicated with asterisks
(*P < 0.05, **P < 0.02, ***P < 0.005).

Supplemental Table S1. The table summarizes the descrip-
tive statistics of all nine genes and patients (n = 7) in saliva
samples over the time of the RT scheme (number of RT
fractions). In PHPTI, CCNGI, CDKNIA, GADD45, and
SESNI, qRT-PCR data from blood samples is additionally
shown. GE is given as fold change (FC) relative to unex-
posed (normalized against a combination of ACTB/ATP6/
B2M in saliva samples and HPRTI in blood samples).
Shown are the numbers per group with descriptive statistics
[mean, median, standard deviation (stdev), standard error of
the mean (sem), minimum (min), maximum (max)] and the
corresponding P values (paired t-test).

Supplemental Table S2. Overview of all GE results (normal-
ized Ct values) and the correlations with acute (grade 1 and 2)
and late toxicity grading (categories of grade 1-2 and 3—4).
Provided are numbers (n) per category, mean Ct values, and
P values for each gene and comparison. Data showing signif-
icant or borderline significant results are presented in bold.

Supplemental Table S3. Overview of GE results from
nine genes (PHPTI, CCNGI, GADD45, SESNI, FDXR,
DDB2, POU2AF 1, and WNT3) in saliva samples for each
patient (n = 7) over the time of RT scheme (number of RT
fractions). In PHPTI, CCNGI, CDKNIA, GADDA45, and
SESNI, gqRT-PCR data from blood samples is additionally
shown. The fold-change difference provides the GE values
(Ct values) with pre-exposure samples as reference (antilog
of inverse log-2 transformed Ct values). In the lower part,
median fold-changes are depicted for each gene. Data
showing FC > |2 are presented in bold.
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