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The increased risk of acute large-scale radiological expo-
sure for the world’s population underlines the need for opti-
mal radiation biomarkers. Ionizing radiation triggers a
complex response by the genome, proteome, and metabo-
lome, all of which have been reported as suitable indicators
of radiation-induced damage in vivo. This study analyzed
peripheral blood samples from total-body irradiation (TBI)
leukemia patients through mass spectrometry (MS) to iden-
tify and quantify differentially regulated proteins in plasma
before and after irradiation. In brief, samples were taken
from 16 leukemic patients prior to and 24 h after TBI (2 X
2.0 Gy), processed with Tandem Mass Tag isobaric labelling
kit (TMTpro-16-plex), and analyzed by MS. In parallel,
label-free relative quantification was performed with a RP-
nanoL.C-ESI-MS/MS system in a Q-Exactive mass spec-
trometer. Protein identification was done in Proteome
Discoverer v.2.2 platform (Thermo). Data is available via
ProteomeXchange with identifier PXD043516. Using two
different methods, we acquired two datasets of up-regulated
(ratio > 1.2) or down-regulated (ratio < 0.83) plasmatic
proteins 24 h after irradiation, identifying 356 and 346 pro-
teins in the TMT-16plex and 285 and 308 label-free analy-
ses, respectively (P < 0.05). Combining the two datasets
yielded 15 candidates with significant relation to gamma-
radiation exposure. The majority of these proteins were
associated with the inflammatory response and lipid metab-
olism. Subsequently, from these, five proteins showed the
strongest potential as radiation biomarkers in humans
(C-reactive protein, Alpha amylase 1A, Mannose-binding
protein C, Phospholipid transfer protein, and Complement
CS5). These candidate biomarkers might have implications for
© 2024 by Radiation Research Society

practical biological dosimetry.
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INTRODUCTION

The threat of radiological incidents has been increasing
throughout the past years; therefore, it is to be expected
that a large section of the world’s population will be
exposed to ionizing radiation at one point or another (/). In
such circumstances, it becomes necessary to rapidly clas-
sify and separate the exposed and non-exposed individuals,
and to estimate the absorbed radiation dose (2). The biolog-
ical effects of radiation exposure depend on the dose rate,
the physiological state of the cells, and exposure level (3).
It must be highlighted that both low and high doses cause
health issues after said exposure (4). In these type of acci-
dents, biological dosimetry is crucial for an effective triage
(5) and treatment classification (6) of the victims.

In this regard, biological dosimetry exploits radiation
biomarkers present in blood, urine, hair, sputum, nails, etc.
(7). Therefore, these biomarkers then become necessary for
the prediction of deterministic and stochastic effects (e.g.
cancer, genetic alterations, etc.) (3) and should be indica-
tive of unique changes in the organism due to exposure to
radiation and the following response which, regardless of
either the physiological or medical condition of the
afflicted, should be the same (6).

Several studies have been made in animals such as mice
(8), rats, minipigs (9), and non-human primates (/0), as
exposing healthy human volunteers to radiation is unethical
and dangerous (/). Therefore, research studies can only be
performed on individuals accidently exposed to ionizing
radiation or on patients undergoing radiotherapy, with
appropriate human use approvals (12, 13).

The gold standard for biological dosimetry diagnosis is
based on the dicentric chromosome assay (DCA) (/4),
which can be used for retrospective dose assessment (/5).
This method is highly specific because dicentric chromo-
somes are primarily induced by radiation (/6). However, it
is also time consuming, labor intensive (/7). genomics (/8)
and metabolomics (/3) biomarkers can provide valuable
insight concerning radiation exposure, and the proteomics
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field has proven its important role in biodosimetry too (/9).
Hence, novel “-omics” based platforms have become appeal-
ing complementary approaches to the golden standard.

In this paper, we describe a unique proteomics study per-
formed on a cohort of 16 leukemia patients undergoing
total-body irradiation (TBI), applying a mass-spectrometry
(MS) approach to analyze radiation-induced changes in the
plasma proteome and identifying potential biomarkers of

total-body gamma-irradiation.

MATERIALS AND METHODS

Sample Collection and Preparation

A total of 16 leukemia patients undergoing TBI were included in
this study after providing their informed consent. The study meets
the approval requisites of the ethics committee of the University Hos-
pital Bulovka, Prague. In the period of 2015-2019, blood samples
were collected from twelve males and four females (Table 1) aged 19
to 58 years (median 38.0) received TBI (two doses of 2.0 Gy).
Patients were irradiated by standard C-arm linear accelerator Versa
HD (Elekta Solutions AB, Stockholm, Sweden) using homogenous
6MV X-ray beams with a dose rate of 3 Gy/min. The doses to the
patients were delivered using sweeping beam technique. In this
method, the patient lies on a special couch situated on the floor per-
pendicular to the target-gun axis at a source-skin distance of 200 cm
and the linear accelerator gantry is sweeping over the patient with
jaws wide open. To reach the TBI dosimetric recommendations
regarding dose homogeneity, patients were irradiated by two arcs— the
first arc in a supine and the second arc in a prone position. Moreover,
to keep the constant source-to-patient distance we used the U-like
curved couch. Delivered doses were verified using in vivo measure-
ments at several points on the skin in both positions — prone and

supine.

As a comparative control, 15 samples were collected from healthy
donors, i.e., six females and nine males aged 25 to 46 years (median
36.0). All the samples were collected at two different intervals: prior
to and 24 h after irradiation. The samples from the control group
were taken in a similar interval. The samples were collected into vac-
uum tubes (BD P100, Becton Dickinson, Franklin Lakes, NJ) during
the early morning and processed within 1 h after collection. The
plasma was separated by centrifugation (2,500 X g for 20 min at
22°C), from which ~3.5 ml was aliquoted and stored at —80°C.

A relative proteomic quantitation of the samples was done using
two label free quantitation and TMTprol6 isobaric labelling. In both
cases, the samples were digested and directly analyzed through LC-
MS (label-free experiment). In contrast, the peptides had to be
labelled with a stable isotope in the TMTprol6 analysis, chromato-
graphically fractionated, and analyzed through LC-MS. The obtained
data was pooled and relative protein abundance was determined
through bioinformatics analyses. The patients were split equally in
two groups, i.e., LFQ1 or TMT1 and LFQ2 or TMT2, each including
two sample sets (0 h and 24 h postirradiation). A direct comparison

was made between the obtained data sets.

Prior to proteomic analysis, the samples were centrifuged in 0.22
pm spin filter tubes Ultrafree-MC (Amicon, Millipore Corporation,
Bedford, MA) at 10,000 X g for 5 min at 4°C. Thereafter, High
Select™ Topl4 Abundant Protein Depletion Mini Spin Columns
(Thermo Fisher Scientific, Waltham, MA) were used to remove the
most abundant proteins in human plasma (i.e., albumin, IgG, antitryp-
sin, IgA, transferrin, haptoglobin, fibrinogen, alpha-2-macroglobulin,
alpha-1-acid glycoprotein, IgM, apolipoprotein A1, apolipoprotein A2,

complement C3 and transthyretin).

Protein concentration was determined using the BCA and trypto-
phan fluorescence-based protein quantification methods (20), making
a comparison between them for greater accuracy. An SDS-PAGE
was performed to assess the efficiency and quality of the depletion
step. Afterwards, 50 ng protein were used in the quantitative proteo-

mic analyses.

Downloaded From: https://bioone.org/journals/Radiation-Research on 08 Jul 2024
Terms of Use: https://bioone.org/terms-of-use

TABLE 1
Overview of 16 Leukemia Patients

Patient code Sex Age Diagnosis Total dose (Gy)

TBI2 B M 28 ALL 3.72
TBI6 B M 56 ALL 4.49
TBI7B F 39 ALL 4.18
TBI8 B M 46 ALL 4.38
TBI9B M 31 ALL 4.65
TBI10 B M 56 ALL 4.46
TBI11B M 53 ALL 4.41
TBI13 B F 54 ALL 4.42
TBI 18 B M 19 ALL 4.12
TBI19B M 54 ALL 4.28
TBI21 B M 46 ALL 3.84
TBI23 B M 53 ALL 4.19
TBI24 B F 58 ALL 4.33
TBI25B F 46 ALL 3.94
TBI27 B M 58 ALL 4.89
TBI29 B M 30 ALL 3.87

Notes. Samples from total-body irradiation leukemia patient. The
overview shows 16 leukemia patients code, sex, age, diagnosis and
the total dose of ionizing radiation received. Abbreviations: TBI,
total-body irradiation; M, male; F, female; ALL, acute lymphoblastic
leukemia

Elaborating further, the plasma aliquots were diluted up to 250 pl
with 10 mM phosphate buffer (Sigma-Aldrich, St. Louis, MO) and
30 pl 10% SDS (Sigma-Aldrich, St. Louis, MO) were added. The
proteins were denatured at 95°C for 3 minutes. After addition of 30
pl 1M triethylammonium bicarbonate (Sigma-Aldrich, St. Louis,
MO) and 15 pl 200 mM tris(2-carboxyethyl)phosphine hydrochloride
(Sigma-Aldrich, St. Louis, MO) the proteins were reduced for 60 min
at 60°C. The mixture was alkylated with 15 pl 375 mM iodoaceta-
mide (Sigma-Aldrich, St. Louis, MO) for 30 min at room tempera-
ture. The proteins were precipitated with the addition of 6 volumes
acetone and incubated at —20°C overnight. The precipitated proteins
were centrifuged (8,000 X g) for 10 min at 4°C, the supernatant was
removed and the protein pellet dried for 2 min in vacuum centrifuge.

The protein pellet was redissolved in 70 pl water, 10 pl 10%
sodium deoxycholate (Sigma-Aldrich, St. Louis, MO) and 10 pl 1M
triethylammonium bicarbonate (Sigma-Aldrich, St. Louis, MO) in a
sonicator. The proteins were digested by adding 10 pl of trypsin
(Promega, Madison, WI) (1:30 w/w) and incubating at 37°C over-
night. The samples were acidified with the addition of 20 ul 10% tri-
fluoroacetic acid (TFA) (Sigma-Aldrich, St. Louis, MO), centrifuged
(4,000 X g) for 10 min and the supernatant was transferred to a clean
1.5 ml tube. The pellet was washed with 100 pl 1% TFA and centri-
fuged (4,000 X g, 2 min). The wash solution was pooled with the
sample’s supernatant. Later, 750 pl ethyl acetate (Sigma-Aldrich, St.
Louis, MO) were added to this solution, vortexed for 30 s and centri-
fuged (10,000 X g, 1 min). The upper organic layer was removed.
This step was repeated 4 times. The remaining aqueous layer contain-
ing the digested peptides was dried in a vacuum centrifuge. The sam-
ples were redissolved in 400 pl 2% acetonitrile (Sigma-Aldrich, St.
Louis, MO)/0.1% TFA (v/v) and purified using CI18 solid-phase
extraction cartridges (3M™ Empore™, St. Paul, MN) according to
manufacturer instructions and using double elution with 150 pl 50%
acetonitrile/0.1% TFA (v/v). From this, 5 pg peptides were taken,
dried in a vacuum centrifuge and redissolved in 20 pl 2% acetoni-
trile/0.1% TFA (v/v) for the label-free LC-MS quantitation analysis.
The remaining eluent was dried in vacuum centrifuge, redissolved in
water, and 25 pg of each sample were taken for the TMTpro16 label-
ling analysis, where 10 pul 1 M triethylammonium bicarbonate were
added to each sample, and water was added to a final volume of
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100 pl. These samples were dissolved in 40 pl anhydrous acetonitrile
(5 min with occasional vortexing), and 20 pl of the labelling solution
added and briefly vortexed. The samples were incubated 60 min at
25°C. The reaction was quenched with the addition 5 pL of 5%
hydroxylamine and incubation for 15 min. The TMTprol6 labelled
sample were split into 28 fractions, vacuum dried and analyzed

through LC-MS.

LC-MS Analysis

The samples were dissolved in 20 pl 2% acetonitrile/0.1% TFA
(v/v) and 1 pl of the sample was analyzed using a gradient nanoLC
system with UV detection (UltiMate 3000 HPLC system (Dionex) as
previously described (27). The optimized samples were then used for
LC-MS analysis in an UltiMate 3000 RSLC-nano HPLC (Dionex)
coupled with QExactive (Thermo Fisher Scientific) (217). Data acqui-
sition was done with the Xcalibur (v4.2.47) and Tune control
(v2.11.0.3006) software. The label-free quantitation settings were as
follows: full MS scan (350-1650 m/z) at 70,000 FWHM with maxi-
mum filling time 100 ms and AGC target 1E6; top 12 precursors in
MS/MS at 17,500 FWHM with isolation window 1.6 m/z, fixed first
mass at 140 m/z, maximum filling time 100 ms and AGC target 1ES.
The instrument settings for TMT quantitation analysis were
adjusted as follows: full MS scan (400-1650 m/z) at 70,000 FWHM
with maximum filling time 100 ms and AGC target 3E6; top 10 pre-
cursors in MS/MS at 35,000 FWHM with isolation window 1.2 m/z,
fixed first mass at 110 m/z, maximum filling time 250 ms and AGC

target 2ES.

Bioinformatics

The spectra files were processed in the Proteome Discoverer soft-
ware (Thermo Fisher Scientific, v2.4.1.15), through which the pro-
teins present in the samples could be identified and quantified (i.e.,
relative protein abundance). The data processing workflow contained
a spectrum selector, non-fragment filter, top N peaks filter, precursor
detector, SequestHT search engine, Percolator validator, Spectrum
Confidence Filter, SequestHT search engine and Percolator validator
(second round search) nodes. The parameters for the first SequestHT
database search were: protein database - UniProt human reference
proteome UP000005640 (May 1, 2023); enzyme - trypsin; maximum
missed cleavage sites - 1; min. peptide length - 7; precursor mass tol-
erance - 10 ppm; fragment mass tolerance - 0.02 Da; weight of b-
and y-ions - 1; static modifications - Carbamidomethyl/4-57.021 (C);
dynamic modifications - Oxidation/4-15.995 Da (M); dynamic modi-
fications (protein terminus) - Acetyl/+42.011 Da (N-terminus), Met-
loss/—131.040 Da (M), Met-loss+Acetyl/—=89.030 Da (M). The
obtained data was then processed in the consensus workflow: PSM
Grouper, Peptide Validator, Protein and Peptide Filter (two peptides
with strict target FDR 0.01), Protein Scorer, Protein FDR Validator,
Protein Grouping, Protein in Peptide Annotation, Modification
Sites, Protein Annotation and Protein Marker nodes. Regarding the
label-free quantitation analysis, a Minora Feature Detector node
was used in the processing workflow and Feature Mapper and Pre-
cursor lons Quantifier (with pairwise computed protein ratio and
background-based t-testing) nodes were applied in the consensus
workflow. On the other hand, the TMTprol6 labelling experiment
used a Reporter Ions Quantifier node in the processing workflow
and Reporter Ions Quantifier node in the consensus workflow (with
pairwise computed protein ratio and background-based t-testing). A
nested experiment design was applied in this study because the
samples were collected twice from identical patients at two differ-
ent time points (0 h and 24 h). Gene ontology analysis was per-

formed with the Metascape program.

The raw MS data, as well as the processed identification results,
have been deposited in the ProteomeXchange Consortium via the
PRIDE partner repository with the dataset identifier PXD043516

(DOI: 10.6019/PXD043516) (22).
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RESULTS

According to the capacity of the isobaric TMT labels, 16
plex was used in our study, where each of the 8 samples
were divided into two halves (0 G and 24 h). The radiation
dose was identical for all patients (2 X 2 Gy). The samples
were grouped according to sex and randomized. The first
group (TMT1) contained only male donors whereas that
the second group (TMT?2) had patients of both sexes. The
groups with equal sample distribution were retained when
implementing the LFQ method (LFQ1 and LFQ2) and,
based on the results from the Proteome Discoverer analyti-
cal program, the individual data from LFQ and isobaric
TMT labelling were compared with each other.

This approach allowed the identification of a large num-
ber of proteins, from which suitable candidates were
selected based on a set of specific criteria. These were
maintained for both groups and the LFQ and TMT meth-
ods. First, we compared the abundance ratio with the corre-
sponding P value. In the control group, the difference for
individual proteins determined at time O and 24 h ranged
from 1.21 to 0.89, thus establishing this range as a thresh-
old. In the TBI patients, any observed change would only
be considered as significant if their value was over 1.21 or
less than 0.89-fold (P < 0.05). A comparison between leu-
kemia and control samples was made at 0 h to remove
those proteins directly associated with the disease from fur-
ther analysis. Contaminants, such as keratin, and several
depleted abundant proteins were discarded.

The analysis of the TMT1 data resulted in the identification
of 356 proteins, 78 of which had an expression fold-change
after irradiation; of these, only 19 proteins displayed statisti-
cal significance (P < 0.05) (Table 2). The TMT2 dataset
identified 346 proteins, of which 91 showed an expression
fold-change after irradiation; of these, 29 possessed statistical
significance (Table 3).

Based on the LFQ1 experiment we identified 285 pro-
teins, of which 65 showed an expression fold-change after
irradiation and out of which 23 were statistically significant
(Table 4). Finally, the LFQ2 experiment identified 308 pro-
teins, 85 of which showed an expression fold-change after
irradiation and out of which 45 were statistically significant
(Table 5).

The candidates that met the specified criteria were
selected from both TMT and LFQ data sets, totaling 15
candidates in the first screening stage, being later reduced
to only five. Importantly, the selected candidates were
included previously reported radiation-responsive proteins
and others involved in the immune response, including C-
reactive protein (CRP), Alpha amylase 1A (AMY1A),
Phospholipid transfer protein (PLPT), Complement C5
(C5), and Mannose-binding protein C (MBL; Tables 6a
and 6b). The abundance ratio and P value showed a greater
significance in the second group of patients. However, the
difference between irradiated and non-irradiated samples
was significant in all 16 samples. When comparing the
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TABLE 2
Potential Candidates from TMT1 Dataset

Abundance ratio

Abundance ratio: P value:
Description (24 h)/(0 h) (24 h)/(0 h)
Platelet-activating factor 2.022 9,03E-05
acetylhydrolase
Carbonic anhydrase 2 1.917 3,27E-04
Tsukushi 1.911 3,49E-04
Protein S100-A6 1.883 4,89E-04
Peroxiredoxin-2 1.849 7,38E-04
Lymphatic vessel endothelial 1.848 7,41E-04
hyaluronic acid receptor 1
Ficolin-2 1.795 1,39E-03
Carbonic anhydrase 1 1.762 2,03E-03
Mannose-binding protein C 1.651 7,15E-03
Alpha-amylase 1A 1.618 1,01E-02
Prenylcysteine oxidase 1 1.602 1,21E-02
Protein S100-A9 1.549 2,12E-02
Putative annexin A2-like 1.475 4,45E-02
protein
Glyceraldehyde-3-phosphate 1.468 4,75E-02
dehydrogenase
Catalase 1.463 4,97E-02
Multiple inositol polyphosphate 0.749 3,71E-02
phosphatase 1
Chromogranin 0.693 1,08E-02
Protein disulfide-isomerase A3 0.586 3,69E-04
Insulin-like growth factor 11 0.418 2,01E-08

Notes. The 19 candidates were selected based on the criteria from
TMT1 dataset. Data show the best protein candidates with the most
significant change levels after irradiation in plasma (P < 0.05).

results from both methods, we concluded that the resulting
abundance ratio values were, with a few exceptions, very
similar.

Protein-Protein Interaction

The candidate proteins were evaluated concerning their
biological function. In this manner, several radiation-
induced signaling pathways were identified (Fig. 1). These
pathways could be associated with opsonization, the com-
plement system, and insulin-like growth factor (IGF) regu-
lation. In addition, carbohydrate metabolism and cell
proliferation were also dysregulated.

DISCUSSION

The current biological dosimetry techniques are still reli-
ant on the gold-standard, i.e., the analysis of dicentric chro-
mosomes (DCA), which is used to determine radiation
dose. Although the DCA is reliable and reproducible, it is
also time-consuming and very laborious and therefore not
fully satisfactory for incidents involving mass casualty. In
these scenarios, rapid assays are needed (23). Therefore,
the present study sought to identify radiation exposure
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TABLE 3
Potential Candidates from TMT2 dataset

Abundance ratio

Abundance ratio: P-Value:
Description (24 h)/(0 h) (24 1)/(0 h)
Alpha-amylase 1A 3.328 1,80E-13
C-reactive protein 2.100 1,05E-05
Trypsin-1 1.894 1,81E-04
Lysosome-associated 1.880 2,20E-04
membrane glycoprotein 1
Calmodulin-like protein 5 1.815 5,24E-04
Prenylcysteine oxidase 1 1.679 3,02E-03
Retinoic acid receptor 1.594 8,49E-03
responder protein 2
Complement C5 1.586 9,27E-03
Oncostatin-M-specific 1.581 9,83E-03
receptor subunit beta
Adenosine deaminase 2 1.549 1,43E-02
Serum amyloid P-component 1.545 1,49E-02
Phospholipid transfer protein 1.494 2,65E-02
Ecto-ADP-ribosyltransferase 3 1.490 2,78E-02
Coagulation factor IX 1.475 3,30E-02
Phosphatidylethanolamine- 1.472 3,40E-02
binding protein 4
Dermcidin 1.469 3,49E-02
Ankyrin-1 0.775 4,55E-02
Lysozyme C 0.770 4,11E-02
Carbonic anhydrase 2 0.751 2,74E-02
CD166 antigen 0.735 1,89E-02
Protein S100-A9 0.732 1,766-02
Protein S100-A8 0.722 1,38E-02
Platelet factor 4 variant 0.721 1,35E-02
Hemoglobin subunit gamma-1 0.718 1,26E-02
Carbonic anhydrase 1 0.688 5,54E-03
Tubulin beta-6 chain 0.687 5,42E-03
Thrombospondin-1 0.630 8,37E-04
Protein S100-A6 0.566 5,59E-05
Platelet basic protein 0.562 4,68E-05

Notes. The 29 candidates were selected based on the criteria from
TMT?2 dataset. Data show the best protein candidates with the most
significant change levels after irradiation in plasma (P < 0.05).

biomarkers that might complement already established bio-
dosimetric methods (24, 25).

The data analysis identified five protein candidates with
highly significant expression change after irradiation, i.e.,
CRP, AMY 1A, PLPT, C5 and MBL. These proteins partic-
ipate in metabolic pathways known to be altered through
radiation exposure (26, 27).

CRP, along with pro-inflammatory cytokines, plays an
important role in innate immunity, immunoglobulin recep-
tor binding, opsonization, complement activation, and
inflammation (28). The latter has an essential function in
several pathogenic processes, such as atherosclerosis,
which is caused by radiation (29). Further, CRP has been
classified as a risk factor in cardiovascular disease (CVD),
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TABLE 4 TABLE 5
The Potential Candidates from LFQ1 Dataset The Potential Candidates from LFQ2 Dataset
Abundance ratio Abundance
Abundance Ratio: P value: Abundance ratio
Description (24 h)/(0 h) (24 h)/(0 h) Ratio: P value:

Cofilin-1 100.00 1,00-17 Description @4/O0h 24h/Oh
Neutrophil defensin 1 100.00 1,00E-17 Alpha-amylase 1A 100.00 1,00E-17
Talin-1 100.00 1,00E-17 Serpin B3 100.00 1,00E-17
Peptidyl-prolyl cis-trans 9.280 1,00E-17 Putative annexin A2-like protein 24.726 1,00E-17

isomerase A Desmoglein-2 14.251 1,00E-17
14-3-3 protein zeta/delta 2.958 2,97E-07 Roundabout homolog 4 13.886 1,00E-17
Flavin reductase (NADPH) 2.587 6,94€E-06 Protein S100-A12 11.557 1,98E-02
Filamin-A 2.223 1,57E-04 Serpin B12 10.132 1,00E-17
Hemoglobin subunit delta 1.974 1,28E-03 Desmocollin-1 7.586 8,35E-13
Serglycin 1.964 1,39E-03 Nesprin-1 2.590 7,47E-05
Platelet factor 4 1.889 2,58E-03 Peroxiredoxin-1 2.589 7.47E-05
Tropomyosin alpha-4 chain 1.857 3,37E-03 C-reactive protein 2.049 1,16E-04
Adenosine deaminase 2 1.788 5,88E-03 Dermcidin 1.910 5,06E-04
Lactotransferrin 1.755 7,69E-03 Cystatin-A 1.812 2,96E-02
Peroxiredoxin-2 1.676 1,43E-02 Calmodulin-like protein 5 1.751 2,60E-03
Catalase 1.662 1,600E-02 Lipopolysaccharide-binding protein 1.585 1,33E-02
Carbonic anhydrase 1 1.556 3,57E-02 Apolipoprotein F 1.543 1,97E-02
Ficolin-2 1.512 4,94E-02 Phospholipid transfer protein 1.543 2,19E-05
Pyruvate kinase PKM 0.604 1,85E-02 Thyroxine-binding globulin 1.527 2,29E-02
Immunoglobulin heavy 0.587 1,28E-02 Complement C5 1.494 3,11E-02

constant alpha 2 Corticosteroid-binding globulin 1.461 4,16E-02
Tyrosine-protein kinase 0.349 7,58E-07 Protein S100-AS8 0.689 4,54E-02

ITK/TSK Spectrin beta chain, erythrocytic 0.684 4,14E-02
A disintegrin ar}d . 0244 3,20E-11 Immunoglobulin heavy constant 0.67 3,14E-02

metalloprotelnfise w1.th gamma 1

thrombospondin motifs 13 .

. Desmoglein-1 0.668 2,99E-02
Serpin B3 001 LOOE-17 Lysozyme C 0.654 2,22E-02
Tu;ultm alﬁ}l}la-é? chzz;r; 5 ] tO.;)l T ;;(:IOE- 1: - Fumarylacetoacetase 0.636 1,48E-02

otes. c candidates were selected on the basis o € Criteria . T
from LFQl dataset. Data show the 'bestvpr.otei.n candidates with the Glzgﬁgﬂfggg: ;S—S—phosphdte 0623 1.OSE-02
most significant change levels after irradiation in plasma (P < 0.05). Multivesicular body subunit 12B 0.622 1LO7E-02

Hemoglobin subunit beta 0.621 1,03E-02
playing a direct role in their development (30). In this Serpin Al1 0.57 9.09E-03
regard, previous epidemiological studies suggest that the  Hemoglobin subunit alpha 0.558 1,73E-03
exposure to low and medium doses of radiation could Serum amyloid A-2 protein 0.501 2.04E-04
increase the risk of CVD, whereas that high doses acceler-  gand 3 anion transport protein 0.472 5.49E-05
ate the development of atherosclerosis. Platelet basic protein 0.456 2.43E-05

The increase in CRP levels after irradiation was con- Carbonic anhydrase 2 0.438 8.91E-06
firmed in a study by Cenigz et al., where 51 patients diag- Platelet factor 4 0.424 3,92E-06
nosed with endometrial cancer were irradiated with a dose  Serum amyloid A-1 protein 0.424 3,94E-06
of 50.4 Gy. The post-irradiation values increased up to two- Hemoglobin subunit delta 0.398 7.29E-07
fold when compared to pre-radiotherapy (26). Similar  Thrombospondin-1 0.392 4,66E-07
results were observed by Ki et al. and Ossectrova et al., Flavin reductase (NADPH) 0.181 2.85E-11
thus supporting the results hereby observed (31, 32). Collagen alpha-11) chain 0.103 1,00E-17

AMY1A is another of the top candidates found in this  Phosphoglycerate kinase 1 0.102 1,00E-17
study. This protein, amyolytic enzyme catalyzing alpha-1,4- Vinculin 0.073 1,00E-17
glycosidic, binds to starch and other related alfa glucans Nucleoside diphosphate kinase A 0.01 1,00B-17
(33). It is systemically expressed, including the salivary  Transketolase 0.01 1,00e-17

glands, which are affected by TBI, inducing the increased
concentration of amylase in serum. Therefore, a correlation
between serum amylase and the radiation dose received
was proposed and an early biomarker of salivary gland
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Notes. The 45 candidates were selected on the basis of the crite-
ria from LFQ2 dataset. Data show the best protein candidates with
the most significant change levels after irradiation in plasma (P <
0.05).
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TABLE 6A
Candidates Selected from TMT1 and LFQ1 Datasets
TMT1 LFQ1
Abundance ratio:  Abundance ratio P value: ~ Abundance ratio:  Abundance ratio P value:
Accession Description (24 h)/(0 h) (24 h)/(0 h) (24 h)/(0 h) (24 h)/(0 h)
P02741 C-reactive protein 1.351 1,39E-01 1.455 7.47E-02
PODUB6 Alpha-amylase 1A 1.618 1,01E-02 1.023 9,01E-01
P11226 Mannose-binding protein C 1.651 7,15E-03 1.274 2,46E-01
P55058 Phospholipid transfer protein 1.453 5,47E-02 1.113 6,03E-01
P01031 Complement CS 1.337 1,56E-01 1.206 3,69E-01
P24592 Insulin-like growth factor-binding 1.287 2,34E-01 1.438 8,37E-02
protein 6
P04114  Apolipoprotein B-100 1.316 1,866-01 1.246 2,93B-01
Q13790  Apolipoprotein F 1.015 8,06E-01 1.402 1,08E-01
P61626 Lysozyme C 0.955 5,40E-01 0.744 1,68E-01
P18428 Lipopolysaccharide-binding 0.963 5,72E-01 1.219 3,43E-01
protein
Q01459  Di-N-acetylchitobiase 1.1331 6,77E-01 1.25 2,85E-01
075636  Ficolin-3 1.278 2,52E-01 1.096 6,53E-01
P29622  Kallistatin 1.208 4,22E-01 1.131 5,50E-01
P04070  Vitamin K-dependent protein C 1.404 8,66E-02 1.177 4,33E-01
Q15848  Adipoctin 1.233 3,54E-01 1.201 3.80E-01

Notes. Overview of 15 candidates selected from TMT1 and LFQ1 datasets based on ratio of the values at 0 h and 24 h postirradiation. The
threshold value of abundance ratio was set as higher than 1.21 or lower than 0.89-fold (P < 0.05).

damage was established (34). Previous studies showed that
amylase production increased under the local irradiation of
the salivary glands, being as high as 80-fold. However, TBI
caused little to no change in amylase production (35). On
the other hand, another study conducted on rhesus
macaques revealed a consistent increment of AMY1A in
plasma 1 day after TBI (36), which is consistent with our
observations.

Another candidate, PLPT, is a major component of the
cell membrane, having important biological functions such
as phospholipid transport (37). Membrane lipids (and espe-
cially phospholipids containing polyunsaturated fatty acids)
are very susceptible to the presence of reactive oxygen spe-
cies (ROS), as it can disrupt the membrane and induce
changes in fluidity and permeability, ion transport alter-
ations, and inhibit cell metabolism (27). Radiation expo-
sure leads to the oxidative damage of phospholipids caused
by free oxygen radicals (38). The alternation in membrane
function and phospholipid metabolism was suggested as a
potential marker of radiation exposure in a previous report
(39), which is supported by the findings revealed in this
study, where a >1.5-fold increase in plasma PLPT levels
was observed.

The fourth candidate, C3, is part of the complement sys-
tem, participating in inflammatory processes along with
CRI1 and CR3 and functioning as an enzymatic mediator.
Complement system proteins are normally inactive until
sequentially activated by a series of chain reactions (40).
The IL-6 cytokine activates C5, which produces a potent
anaphylatoxin via receptor C5aR. This leads to pathogen
lysis, inflammation, and cell damage (4/). The association
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between the increased C5aR levels in response to IL-6 has
been demonstrated during toxic liver injury (42). Promot-
ing hepatocyte regeneration is desirable, as radiation expo-
sure can cause serious damage to liver tissue (43), whose
significant recovery through C5a has been previously
reported in mice (44). On the other hand, tumor-associated
dendritic cells also exhibit increased C3a and C5aR1
expression after radiotherapy (45). Further, a clear relation
between irradiation and the complement system was
described Surace et al. (46). Radiation exposure results in
the production of anaphylatoxins (C3a and C5a), which
then stimulate the adaptive immunity and contribute to the
elimination of cancer cells (46). Radiotherapy of mouse
lung carcinoma upregulated C5aR1 expression in CD8" T
cells (47), which supports our findings.

Our results also demonstrated an increment in C5 expres-
sion up to 1.5-fold when compared to control samples,
underlying its importance in the response to TBI.

The last one is MBL, whose level can be increased due to
radiation exposure, thus activating the complement lectin
pathway (47). Since the complement system is initiated by
MBL, its relevance to radiation-induced response is obvious.

The level of MBL in serum after the total-body irradia-
tion of mice (11 Gy) was significantly higher than before
irradiation (48), again, confirming the results of our study.
Similar increase was found in another work, where the
mice were irradiated with a dose of 3 Gy (49).

During this research, other radiation-biomarker candidates
were identified. Unfortunately, the obtained P value lacked
any statistical significance. Among these, we identified pro-
teins such as insulin-like growth factor-binding proteins,
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TABLE 6B
Candidates Selected from TMT2 and LFQ2 Datasets

TMT2

LFQ2

Abundance ratio:

Abundance ratio P Abundance ratio: Abundance ratio P

Accession Description (24 h)/(0 h) value: (24 h)/(0 h) (24 h)/(0 h) value: (24 h)/(0 h)
P02741 C-reactive protein 2.1 1,05E-05 2.049 1,16E-04
POODUB6 Alpha-amylase 1A 3.326 1,80E-13 100.00 1,00E-17
P11226 Mannose-binding protein C 1.229 3,35E-01 1.213 2,99E-01
P55058 Phospholipid transfer protein 1.494 2,65E-02 1.543 1,98E-02
P01031 Complement C5 1.586 9,27E-03 1.494 3,11E-02
P24592 Insulin-like growth factor-binding 1.35 1,18E-01 1.281 1,83E-01
protein 6
P04114 Apolipoprotein B-100 1.219 3,63E-01 1.225 2,75E-01
Q13790 Apolipoprotein F 1.341 1,28E-01 1.543 1,97E-02
P61626 Lysozyme C 0.77 4,11E-02 0.654 2,22E-02
P18428 Lipopolysaccharide-binding 1.406 6,77E-02 1.585 1,33E-02
protein
001459 Di-N-acetylchitobiase 1.242 3,03E-01 1.431 1,19E-01
075636 Ficolin-3 1.419 5,91E-02 1.377 8,56E-02
P29622 Kallistatin 1.215 3,74E-01 1.234 2,59E-01
P04070 Vitamin K-dependent protein C 1.261 2,60E-01 1.234 2,59E-01
Q15848 Adipoctin 1.269 2,43E-01 0.946 7.63E-01

Notes. Overview of 15 candidates selected from TMT2 and LFQ2 datasets based on ratio of the values at 0 h and 24 h postirradiation. The
threshold value of abundance ratio was set as higher than 1.21 or lower than 0.89-fold (P < 0.05).

apolipoprotein B-100 and F, lysozyme C, lipopolysaccharide
binding protein, di-N-acetylchitobiase, ficolin 3, kallistatin,
protein C, and adiponectin. According to the available litera-
ture, some of these have been already reported in association
with a radiation-induced response in vivo.

Insulin-like growth factor-binding proteins (IGFBPs) are
involved in the regulation of insulin-like growth factor
(IGF)-mediated signal transduction and thus can profoundly
influence cellular phenotypes and cell fate (50). Several
studies have established the association of the IGF pathway
with radiation (5/). For example, analysis of non-irradiated
and irradiated mice showed that radiosensitivity and survival
after irradiation are related to, among other things, the state
of tissue activation and systemic IGF-1 signaling. Thus,
exposure to radiation leads to the activation of several IGF-1
receptor tyrosine kinases involved in the radiation-induced
response to DNA damage (52). IGFBP family proteins are
closely associated with the inflammatory response and are
involved in the removal of superoxides and radiation-
damaged cells. In these conditions, their plasma levels
increase similarly as in our study. In this context, our results
confirm their role in TBI response and also implicate the
importance of radiosensitivity.

The next identified candidates apolipoprotein B-100 and
apolipoprotein F are involved in lipid metabolism (53). Ele-
vated plasma level of apolipoprotein B-100 is a strong risk
factor for the development of premature atherosclerotic dis-
ease induced by radiation (54). Furthermore, apolipoprotein
F is known to be a lipid transfer inhibitor ex vivo (55).

Lysozyme C is a glycosidase found in various types of
tissues, i.e., plasma, saliva, liver, and articular cartilage,
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and is characterized by its antibacterial capacity (56).
When the lysozyme protein is irradiated, the structure is
disrupted and the total amount of enzyme in plasma is
decreased (57). Franzini et al. observed that the hydroxyl
radical OH and secondary free radicals caused changes in
lysozyme with subsequent aggregation. Furthermore, lyso-
zyme activity decreased rapidly with the magnitude of the
radiation dose (58). The decrement in plasma lysozyme
levels was also confirmed in this study.

Lipopolysaccharide binding protein (LBP) is an acute
phase protein and its levels increase significantly during sys-
temic inflammatory reactions and sepsis. Its secretion is
induced by IL-1 or IL-6 (59). The results of Chalubinska-
Fendler et al. showed its dose-dependent association with
radiation in the lung tissue (60). More specifically, increased
levels of LBP were observed in 51 cancer patients 24 h after
irradiation (61).

Ficolin 3 and mannose-binding lectin (MBL) in conjunc-
tion with MBL/Ficolin-associated serine proteases (MASPs)
are the initiating molecules of the lectin pathway (62).
Ficolin-3 serum level increases during inflammatory and
infectious conditions (63). To the best of our knowledge, this
is the first report associating ficolin 3 with radiation expo-
sure, as its expression was increased of up to 1.4-fold in the
performed experiments.

Kallistatin is a plasma protein that inhibits apoptosis and
oxidative stress, thereby regulating the negative effects of
radiation-induced products in vivo (64). The administration
of kallistatin via gene transfer attenuated ROS production
and organ damage due to oxidative stress (65). A slight
increase in kallistatin expression was also observed in TBI
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FIG. 1. Overview of signaling pathways in which the dysregulated proteins are involved.

samples analyzed in this study, where an increased pres-
ence of ROS was anticipated.

Vitamin K-dependent Protein C is a glycoprotein acting
as an anticoagulant (66). A direct link to radiation has not
been reported in the radiobiological literature, thus it would
be an interesting candidate for further investigation, never-
theless the increase we observed was only modest.

Adiponectin is one of the cytokines that positively
responds to oxidative stress and its properties allow it to
regulate tissue damage and repair after irradiation (67). A
relationship between plasma levels of adiponectin and
inflammatory markers such as CRP has been previously
demonstrated (68). There was a slight increase in plasma
adiponectin levels observed in this study. The same result
was obtained in another study, in which 16 male rhesus
macaques were irradiated with 4 Gy (69).

In summary, this experimental study describes potential
irradiation biomarkers after total-body irradiation. Despite
the cohort was limited to 16 TBI patients, another batch of
patients is currently being sampled to validate these data.

Most of the proteomic biomarkers studies published so
far used animal models (pigs, rats, mice, non-human prima-
tes) and not humans. In the case of studies performed on
human plasma, the irradiation was performed in vitro after
the blood collection, which might result in a different bio-
logical response than in vivo. On the other hand, we have
used human plasma from leukemia patients, who have
undergone TBI as a part of their therapy. Naturally, this
also represents a certain limitation due to their condition.
We believe that the most significant contribution is the
data obtained from human plasma irradiated in vivo, which
further deepens the knowledge of proteomic biomarkers for
practical biodosimetry. Moreover, two independent mass-
spectrometry strategies were applied to increase data reli-
ability. Above all, the results from our study also correlate

well with the radiobiology literature underlining the impor-
tance and applicability of our candidate biomarkers. The
majority of identified proteins were found to be associated
with the acute radiation response (suggesting low probabil-
ity of artefacts and confirming the biological relevance).

When evaluating our data in regard to other radiation
biomarker publications, despite our efforts we did not find
a comparable study to ours on TBI patients. Nevertheless,
as mass spectrometry is a fast and sensitive analytical tech-
nique that has found application in the discovery of proteo-
mic markers, we managed to find partially similar
publications using proteomic approach on animal models.
Surprisingly, the results were similar in the terms of the
fold-change pattern for the top five proteomic candidates.
Following publications report increase after exposure of
different organisms for these proteins: CRP (32), AMY1A
(34, 70), PLPT (39), C5 (71) and MBL (48, 49). In Table 7,
there is a comparison of fold differences of the selected
proteomic biomarkers identified in this study with other
publications and some values are fairly comparable (e.g.,
for CRP).

The future steps will involve validating the suggested
proteomic biomarkers on a larger cohort (with different
age, sex, disease, or lifestyle), and developing a detection
strategy, possibly based on immunochemical methods such
as ELISA. Finally, the implementing into the clinical set-
tings should follow once the benefit to the patient is
proved. It is worth mentioning that for all protein candi-
dates identified in our study (AMY1A, C5, PLPT, and
MBL), a commercial kit is already available, but it is not
used routinely. Besides, CRP is included in standard bio-
chemical screening in the hospitals e.g., for cardiovascular
risk discrimination (72).

In conclusion, the present study focused on the discovery
of radiation biomarkers in the plasma of TBI leukemia

TABLE 7
Comparison Fold Differences in the Selected Proteomic Biomarkers
Protein Mean fold change Reference Organism Dose (Gy) Biological material Methods Fold change
CRP 1.74 32) rhesus macaques 3.5 plasma ELSIA 3.8
AMYIA 2.00 37) rhesus macaques 6.5 plasma ELISA 1.9
PLPT 1.34 39) rats 3.5 plasma MS 1.5
C5 1.40 71) mice 8.0 cells ELISA upregulated
MBL 1.41 48) mice 111.0 serum MS 11.5

Notes. The comparison the fold differences in the top 5 selected proteomic biomarkers with other published fold differences for comparable

radiation exposures.
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patients. Several differentially regulated plasma proteins
were identified and quantified prior to and 24 h postirradia-
tion. Comparing the obtained results with a control group
yielded a list of candidates with a demonstrable association
with radiation exposure.

Most of these candidates were related with the immune
response (e.g. opsonization and complement system activa-
tion) typically associated with irradiated patients (73), and
in which a variety of signaling pathways is triggered. It
must be mentioned that the causal link between radiation
exposure and complement activation has been historically
demonstrated (74). Interestingly, lipid metabolism was dys-
regulated in the evaluated patients too. Taken together, the
performed study provides biologically relevant findings not
only for biodosimetry purposes but for radiation biology in
general and presents a platform for future studies on radia-
tion biomarkers in humans.
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