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ABSTRACT

Purpose: In a nuclear or radiological event, an early diagnostic or prognostic tool is needed to
distinguish unexposed from low- and highly exposed individuals with the latter requiring early
and intensive medical care. Radiation-induced gene expression (GE) changes observed within
hours and days after irradiation have shown potential to serve as biomarkers for either dose
reconstruction (retrospective dosimetry) or the prediction of consecutively occurring acute or
chronic health effects. The advantage of GE markers lies in their capability for early (1-3 days after
irradiation), high-throughput, and point-of-care (POC) diagnosis required for the prediction of the
acute radiation syndrome (ARS).

Conclusions: As a key session of the ConRad conference in 2021, experts from different institu-
tions were invited to provide state-of-the-art information on a range of topics including: (7)
Biodosimetry: What are the current efforts to enhance the applicability of this method to perform
retrospective biodosimetry? (2) Effect prediction: Can we apply radiation-induced GE changes for
prediction of acute health effects as an approach, complementary to and integrating retrospective
dose estimation? (3) High-throughput and point-of-care diagnostics: What are the current develop-
ments to make the GE approach applicable as a high-throughput as well as a POC diagnostic plat-
form? (4) Low level radiation: What is the lowest dose range where GE can be used for
biodosimetry purposes? (5) Methodological considerations: Different aspects of radiation-induced
GE related to more detailed analysis of exons, transcripts and next-generation sequencing (NGS)
were reported.
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1. Introduction clinical signs and symptoms, and individual hematology
assessment, along with other methods such as biological
changes occurring within hours and days after irradiation,
can be used for either individual dose estimates (retrospect-
ive dosimetry) (Sullivan et al. 2013) or the prediction of
consecutively occurring acute health effects (Port et al. 2016,
2021). Hereby, different assays emerged over the last decades
including the dicentric chromosome assay (DCA), gamma-
H2AX foci assay, cytokinesis block micronucleus assay or
the “-omic’ assays (Sullivan et al. 2013). The DCA is cur-
rently considered the ‘gold-standard’, being very specific to
ionizing radiation and showing a high sensitivity due to low

Radiation exposure such as an accidental irradiation, the
potential radioactive release after a nuclear accident or a
potential terrorist attack on the civilian population using a
nuclear weapon or a radioactive device may result in signifi-
cant human exposures to ionizing radiation. In such a large-
scale radiological emergency, early diagnosis of exposed
individuals is clearly needed in order to evaluate the extent
of radiation injuries and assign appropriate treatment
(Kabacik et al. 2011; Boldt et al. 2012; Manning et al. 2013;
Jacobs et al. 2020). In the absence of physical dosimetry
devices, a combination of history of an individual’s location,
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background levels (IAEA 2011). However, like all cytogenet-
ics-based assays, the DCA is labor intensive and time con-
suming (Rothkamm et al. 2013).

An alternative approach for retrospective assessment of
radiation injury patients is the examination of radiation-
induced GE changes. Application of GE in two radiation vic-
tims for late exposure validation generated promising results
(Scherthan et al. 2007). However, authors emphasized the
experimental approach and the requirement for validation of
their results in bigger cohorts of radiation accident victims.

Gene expression (GE) analysis has been shown as an
alternative tool for high throughput biodosimetry and pre-
diction of clinical outcomes (Amundson et al. 2000, 2001;
Meadows et al. 2008; Paul and Amundson 2008; Meadows
et al. 2010; Paul et al. 2011; Port et al. 2016, 2018, 2019).
The field of transcriptomics in this context identified prom-
ising biomarker panels, which are now to be validated to
facilitate high-throughput automation and the development
of field deployable devices (Homer et al. 2016; Larsen and
Disbrow 2017; Lacombe et al. 2018).

This article summarizes presentations from the key ses-
sion at ConRad 2021 (Global Conference on Radiation
Topics) related to five areas on GE for biodosimetry and
effect prediction purposes pointing at promises, pitfalls and
future directions (Figure 1). The key messages per chapter
and presenters are also provided in Table 1.

In Section 2, different groups present their views on
applicability of GE analysis for biodosimetry purposes. How
to translate GE data from ex vivo experiments and animal
studies for robust diagnostic use in humans and what expos-
ure modalities are relevant for anticipating different expos-
ure scenarios? What are potential confounders?

Biodosimetry,

Section 6
P. Ostheim, BIR, GER
R. Ullmann, BIR, GER
S. Schiile, BIR, GER

M. Riego, SU, SE

TBI/PBI

Section 5
L. Kaatsch, BIR, GER
G. Woloschak, NWU, USA

Title: Key session overview.

In Section 3, we describe the underlying concept and the
applicability of radiation-related biomarkers of effect predic-
tion, which can help to integrate multiple radiation exposure
characteristics as well as cell- and molecular-based biological
processes. This novel idea will be compared to the more
established concept of dose estimation, i.e. GE analysis for
biodosimetry purposes.

In Section 4, we will outline some of the current develop-
ments in this fast-moving field of radiation research to
develop high-throughput, cost-effective and portable devices
(point-of-care (POC) diagnostic).

In Section 5, we present work on transcriptional changes
caused by low dose and different energy levels of computed
tomography (CT) as an alternative exposure modality in
this field.

In Section 6, we will give an insight on current develop-
ments for processing GE data, introducing novel analysis
strategies for whole genome expression screening and identi-
fying radiation responsive exon regions within genes.
Furthermore, the capability of GE analysis in human whole
saliva as an alternative body fluid will be discussed.

2. Biodosimetry

2.1. Gene expression biomarker for retrospective
biodosimetry

Considering the causal pathway where biological processes
in response to an exposure occur, the blood-based GE bio-
markers can be used for upstream reconstruction of the
exposure (Amundson et al. 2000, 2001). Examinations of the
association of GE with dose represent the topic of the
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Structure of the key session “Gene Expression for Biodosimetry and Effect Prediction Purposes: Promise, Pitfalls and Future Directions”.
Institutions abbreviations after the presenter’s names reflect a shortened version of corresponding affiliations.

Figure 1. Key session overview. Structure of the key session ‘Gene expression for biodosimetry and effect prediction purposes: promise, pitfalls and future direc-
tions'. Institutions abbreviations after the presenter’s names reflect a shortened version of corresponding affiliations.
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Table 1. Summary of key messages per section and presentation.

Section

Presenter

Key messages

Biodosimetry

Effect prediction

C. Badie

B. Terbrueggen
S. Amundson

P. Ostheim

P. Rogan

A. Evans

D. Bazyka

S. Ghandhi

P. Ostheim

M. Gomolka

1. In a large scale event, high-throughput measurements are required for individual dose estimation for
radiobiological triage
2. New sequencing technology: nanopore sequencing to detect radiation-responsive genes in human peripheral blood:
portable, rapid, real-time biodosimetry platform
3. Identification of specific FDXR transcript variants responsive to ionizing radiation (IR) —>in vivo validation in blood of
radiotherapy patients
4. High responsiveness of FDXR-201 and FDXR-208
5. New class of gene based radiation exposure markers: FDXR-218 and FDXR-219 without endogenous expression, but a
clear detection after IR
see below
1. Development of algorithms to allow translation between animal and human responses, and between in vitro and
in vivo responses
. Exposure modalities relevant for anticipating exposure scenarios: impact of relevant exposure factors such as dose rate,
presence of neutrons, or exposure to internal emitters
. Gene expression (GE) approach shows great promise for dose reconstruction and injury prediction
4. Better understanding and integration of factors that may impact both an individual’s physiological response to
radiation and their GE response still needed
. GE changes in the peripheral blood (mRNA and miRNA) provide indications of the exposure pattern and a suggestion
of the percentage of the exposed body area
. Dose-dependent GE responses to incorporated radionuclides (223Ra)
1. GE signatures for radiation exposure are susceptible to nonspecific changes caused by common, confounding
hematological disorders
2. Strategy: necessity to identify and mitigate confounder up front, include confounders as controls, exclude genes
responsible for false positive calls
1. Transcriptional biomarker can be used for assessing internalized '3'l —>differentiate exposed from unexposed
2. Dose and time dependent GE signature for internalized "'l over a period of 15 days after exposure
1. Examination of 314 Chernobyl cleanup workers, and staff of the ‘Shelter’ and exclusion zone with various doses of
external irradiation
2. Demonstration of a dose-response relationship on a molecular level with promising results for biological dosimetry
Examination of molecular response to internal radiation using mice injected with 137Cs —>sustained impact of dose and
low dose-rate on immune response
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. Dose estimates are a ‘surrogate’ for prediction of acute health effects

. Concept of radiation-related biomarkers for effect prediction: integration of multiple radiation exposure characteristics
as well as cell- and molecular-based processes like individual radiosensitivity via molecular changes lying downstream
of the exposure and upstream of the effect

. Integrative approach for more robust and simplified prediction of later occurring acute health effects

. A radiation specific gene signature was identified in uranium workers 20-30 years after exposure

. Low and high dose exposure groups of uranium workers can by distinguished by gene expression analysis

3. Deregulated genes are involved in immune response pathways, including interferon and pro-inflammatory responses

N

N —= W

High-throughput and point-of-care (POC) diagnostics

Low-level radiation

Methods

B. Terbrueggen

F. Zenhausern

C. Badie

P. Ostheim

L. Kaatsch

G. Woloschak

P. Ostheim

1. REDI-Dx: high throughput and blood-based biodosimetry test system

2. Measurement of radiation responsive mRNA transcripts for estimation of absorbed radiation dose, extremely low false
positive rate

3. Up to 1200 samples within 24 hours and first results are available after 6.5 hours

. Only biodosimetry test for which the performance has been validated

. Advances of paper-based vertical flow multiplex assay system (VeriFAST) for rapid biodosimetry in a mobile

environment

2. Simple user interface for self-collection and testing on a low-cost basis

3. High sensitivity for a variety of nucleic acids to proteins multiplex panels of biosignatures for different bioeffects

4. Future work and validation needed

Nanopore sequencing: portable, real-time and high-throughput biodosimetry platform for assessing radiation exposure
(see above)

1. Current progress in the development of point-of-care device based on microfluidic technology as a stand-alone platform

2. Limitations in the linearity of GE values miniaturization restrictions have to be overcome

NS

1. Diagnostic and interventional radiology provides alternative exposure model for LLR experiments, here
computed tomography
2. Modern CT diagnostics evoke genotoxic alterations with deregulation of well-known genomic biomarkers and
DNA damage
3. No increased biological effectiveness of varying X-ray spectra in dual-energy CT
1. Irradiated animals tissue archive hosted at Northwestern University: repository of samples and data collected in the
course of large-scale animal studies —>samples and existing datasets available upon request (janus.northwestern.edu)
2. Difficult to do an analysis for the animals with very low dose rates
3. Mostly paraffin embedded tissue of differing quality, mRNA measurements challenging and miRNA
measurements promising

1. Saliva, as a noninvasive easily accessible biofluid, contains presumably RNA biomarkers for prediction and diagnosis of
several diseases and is poorly characterized for radiation biodosimetry

2. |dentification of challenges (high yield of bacterial RNA and low yield of human mRNA) and development of a robust
methodology to process human whole saliva for GE analysis

3. Next step: saliva samples from radiotherapy patients used to evaluate the applicability of this workflow for GE analysis
for its use in a radiobiological context

(continued)
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Table 1. Continued.

Section Presenter Key messages
R. Ullmann Introduction of a novel RNASeq analysis strategy for whole genome exon- and not gene-based GE screens: rapid, budget-
friendly and reproducible
S. Schiile 1. Discrepancies in baseline and height of radiation-induced differential GE of commonly used radiation-induced genes
have been observed among laboratories and in the validation of GE NGS data (gene-based examination) using qRT-PCR
(exon-based examination).
2. |dentifying radiation responsive exons and primer-probe designs of genes widely used for biodosimetry and
ARS prediction
3. More meaningful comparison of NGS and gRT-PCR measurements (both exon-based)
M. Riego Alternative transcript or splicing variants of known radiation-responsive genes can be used as a potential source of

individually variable response to certain radiation qualities at an exon-level

The table is ordered per main section of the key session ‘Gene expression for biodosimetry and effect prediction purposes: promise, pitfalls and future directions’
at ConRad 2021 as well as presenters. It summarizes the key contents of each presentation. Details are provided in the text of the manuscript.

majority of molecular radiobiological publications. Herein,
quantitative real-time PCR (qRT-PCR) is still the gold-
standard methodology for providing robust and sensitive
results. The technological developments in this field, espe-
cially microarray and RNA sequencing techniques have
allowed an agnostic approach. This has resulted in the iden-
tification of complex responses comprising hundreds of
genes for robustly discriminations, e.g. exposed from unex-
posed groups or different exposure levels (Abend et al. 2021;
Amundson 2021).

FDXR is a gene known to show transcriptional respon-
siveness to IR over a large range of doses (O’Brien et al.
2018). Most recent results from Badie et al. even showed a
new class of gene based radiation exposure markers: nano-
pore sequencing was performed to identify new promising
genes as well as splicing variants of FDXR (Cruz-Garcia,
O’Brien, Sipos, Mayes, Tichy, et al. 2020). In further work, a
dose-dependent up-regulation for specific FDXR transcript
variants using qRT-PCR was reported (Cruz-Garcia,
O’Brien, Sipos, Mayes, Love, et al. 2020). Hereby, eight alter-
native transcripts could be validated in human whole blood
from radiotherapy patients in response to IR.

2.2. Useful study design

The ultimate goal of the development of GE biomarkers is
to produce biodosimetry methods that are useful for
humans exposed to IR in vivo. Assessment of these bio-
markers in human studies is limited because of a scarcity of
human population radiation exposures, though in some
cases clinical therapeutic radiation exposures have been
used. Most groups rely on human blood irradiated ex vivo
or on animal models like mice or ideally non-human pri-
mates (NHPs) (Port et al. 2018; Abend et al. 2021).
However, there is a need to combine in vivo with ex vivo
studies and to bridge the inter-species gap by assessing sev-
eral species and to compare results with findings in irradi-
ated patient populations and healthy humans (Amundson
2021). The idea is, that by learning how to translate between
ex vivo and in vivo studies and between animals and
humans, the community will be able to develop a novel
radiation biodosimetry approach that is robust enough to be
officially approved for its diagnostic use in humans.

Efforts were and are made to translate the ex vivo to
in vivo models. Hereby, a previous study has shown that ex

vivo irradiation is an appropriate model that can provide
meaningful prediction of in vivo exposure levels, in this case
using blood from hematopoietic stem cell transplant patients
undergoing total body irradiation (TBI) (Paul et al. 2011).
While this study only comprises a limited dose range, it
exemplifies an early demonstration of transfer from ex vivo
signatures to in vivo samples.

As mentioned above, a majority of the numerous proof-
of-concept studies to build gene sets and signatures for bio-
dosimetry purposes heavily rely on animal models, like
mice, knowing that they show significant differences from
human responses. Even NHPs do not correspond perfectly
to human radiation responses, even when candidates from
animal models have striking gene sequence homology to
humans. For example, in a baboon model, FDXR was down-
regulated (Port et al. 2016), whereas it appeared up-regu-
lated in humans (Port et al. 2018) after radiation exposure.
The question arises of how to bridge this inter-species gap.
In a study looking at the interspecies translation of GE find-
ings using an ex vivo irradiation model, it was possible to
build a model for using NHP data that has similar accuracy
of dose reconstruction in NHP and humans when selecting
interspecies correlated genes and applying multiple regres-
sion-based cross-species conversion of expression values
(Park et al. 2017). A successful inter-species validation using
in vivo and ex vivo blood models in baboons and humans
(leukemia patients) was recently reported (Port et al. 2018).
It provided strong evidence for the applicability of a subset
but not all candidate genes examined in both species in vivo
as well as ex vivo.

As radiation accidents are known to be rare events, avail-
ability of human biological samples is even rarer. In this
context, Bazyka et al. reported on promising GE dose-res-
ponse relationships after irradiation in Chernobyl clean-up
workers (Ilienko et al. 2018, 2020), and staff of the ‘Shelter’
and exclusion zone (Bazyka et al. 2018, 2020). The term
‘biological dosimeter’ was frequently used in this context,
emphasizing the underlying association of dose to relative
GE in this context.

Besides setting up new studies and exposure models,
another way for performing GE studies is to use archived
samples that already exist. Therefore, the irradiated animals
tissue archive hosted at Northwestern University is a reposi-
tory of samples and data collected in the course of large-
scale animal studies performed between the 1950s and 1990s



in several different national laboratories and institutes in the
USA. These archival samples and existing datasets (including
dogs, mice and rats) are available upon request (janus.north-
western.edu) and can be used for determination of low-dose
rate effects or examination of incorporated radionuclides vs.
external beam exposures. Investigations comprise the ana-
lysis of expression changes of proteins, miRNAs (mRNA are
often degraded) and DNA damage.

2.3. Exposure modalities relevant for anticipated
exposure scenarios

As mentioned above, the association of GE with dose repre-
sents the topic of the majority of molecular radiobiological
publications (Abend et al. 2021). In comparison, the impact
on GE in peripheral blood cells of dose rate, incorporated
radionuclides, or neutrons, likely to be present in an impro-
vised nuclear device (IND) detonation, have been less exten-
sively examined.

Amundson et al. contributed to closing these gaps and
examined the impact on GE of dose rate (Ghandhi et al.
2015, 2019), neutron exposure (Broustas, Xu, Harken,
Chowdhury, et al. 2017; Broustas, Xu, Harken, Garty, et al.
2017; Broustas et al. 2018; Mukherjee et al. 2019) and expos-
ure to incorporated emitters (Paul et al. 2014; Ghandhi et al.
2020; Shuryak et al. 2020). Their neutron studies used an
accelerator-based biological irradiation facility simulating
neutron exposure from an IND for irradiation of blood or
small animals (mice) (Xu et al. 2015). Authors reported that
the relative biological effectiveness (RBE) for neutrons dif-
fered for certain genes compared to X-ray exposure, suggest-
ing that GE may provide information to differentiate
exposures of different radiation quality (Broustas, Xu,
Harken, Chowdhury, et al. 2017).

Considering a scenario with a radiologic dispersal device
(‘dirty bomb’) (Rump et al. 2018), changes in GE are sought
to be an easy method to detect incorporated radionuclides
in human peripheral blood for improved internalized radio-
nuclide diagnostic with the potential of high throughput
diagnosis. Therefore, internalized radionuclide studies were
set up, using murine models for examination of '*’Cs
incorporation (Ghandhi et al. 2020) as well as patients for
examination of ?*’Ra incorporation (Ostheim et al. 2021).
Dose-dependent GE responses to incorporated radionuclides
could be found in these studies although the GE patterns
appeared very complex in all incorporation studies, most
likely resulting from continued irradiation at a decreasing
dose rate. The human in vivo study for **’Ra incorporation
was further challenged by the severe health conditions of the
patients, potentially masking the underlying association
between incorporated alpha-emitting radionuclides and
GE changes.

In an effort to further study such variable dose-rates, an
external '*’Cs irradiator was used for long-term low dose
rate studies (Garty et al. 2020). Interestingly, sex-specific dif-
ferences were found in the applied murine model when
looking at the relative response of different blood cell sub-
types. Protracted exposures showed almost complete decline
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of T-cells in male but not female mice. In contrast, B-cells
showed similar initial declines in both sexes, but a much
more rapid recovery in female mice.

In vivo GE responses following 1311 " another nuclide of
interest following a ‘dirty bomb’ incident, were studied in
relapsed and refractory neuroblastoma patients receiving
!1-tagged metaiodobenzylguanidine (**'I-mIBG) as part of
their radiotherapy regimens (Edmondson et al. 2016;
Campbell et al. 2017). These studies utilized qRT-PCR to
determine GE changes in human peripheral blood lympho-
cytes 3-4 days following *'I-mIBG treatment, providing
both a GE-based biodosimetry model for '*'I exposures
(Edmondson et al. 2016) and identifying biomarkers of '*'I
toxicity in children (Campbell et al. 2017). Recently,
Coleman et al. also found that transcript signatures in the
peripheral blood may differentiate exposed from unexposed
samples up to 15 days after "'I-mIBG treatment (Evans
et al. 2021).

2.4. Total and partial body irradiation

For any type of radiological event, the exposure is expected
to be heterogeneous and partial exposure more likely than
whole body exposure. In an IND event, people may be par-
tially shielded to prompt radiation by the structures sur-
rounding them, and exposure to radionuclides from fallout
will be non-uniform (Preston and Pierce 1988; Cullings
et al. 2006; Sakata et al. 2012; Coleman and Koerner 2016).
Although many of the early radiation dose reconstruction
models were based on uniform total body exposure, new
research in the field is directed at developing dose recon-
struction models for partial exposures (Blakely et al. 2014;
Sproull et al. 2017). The knowledge of the exposure pattern
is an important characteristic when thinking about acute
radiation health effects in a radiological scenario. In an
NHP study, where animals were treated with different
exposure patterns, 55 miRNAs (Ostheim et al. 2019) and
about 20-times more mRNA species (Ostheim et al. 2020)
associated with the exposed body area could be identified.
Interestingly, 21 miRNAs revealed significant linear associa-
tions of GE changes with the percentage of the exposed
body area. These results might provide indications of the
exposure pattern and a suggestion of the percentage of the
exposed body area.

2.5. Confounders of gene expression

There is an ongoing debate on the impact of confounders
such as diseases but also demographic parameters (ethnicity,
age, gender) on certain GE markers and e.g. the associated
detection of unexposed or exposed individuals. Though few
studies reported on a negligible effect of these factors, at
least for discrimination of unexposed healthy donors from
heavily exposed individuals (Agbenyegah et al. 2018), there
are also hints that metabolomics changes (such as smoking
(Paul and Amundson 2011), simulated bacterial infection
and curcumin inflammation (Cruz-Garcia et al. 2018)), viral
infections and blood-borne diseases can modify the normal
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baseline values of biomarkers used for diagnostic analysis of
radiation exposure (Zhao et al. 2018). Most recent results,
examining the impact of aging on GE response to X-ray
irradiation using mouse blood, showed that age-dependent
GE differences should be considered when developing gene
signatures for use in radiation biodosimetry (Broustas et al.
2021). All these confounding conditions may lead to mis-
classification or high false positive rates for diagnosis of
radiation exposure. In order to overcome these confounding
issues and to mitigate confounder effects, Rogan et al. sug-
gested a strategy for identification of gene signatures which
(1) identifies and eliminates confounders up front, (2) vali-
dates designs by including patients with these conditions
before they are applied clinically and (3) to exclude genes
responsible for false positive calls, i.e. related to biological
processes other than DNA damage response or apoptosis.
While many highly performing radiation signatures are cur-
rently available, only those with performance that is not
confounded by underlying pathologies may be useful for
assessment, they conclude (Mucaki et al. 2021).

2.6. Challenges and promises

As outlined above there is still need for improvement in the
translation of ex vivo to in vivo and from animal models to
humans and to examine GE response to various radiation
qualities, dose rates and exposures to internalized radionu-
clides as well as understanding the impact of potential con-
founders like sex, age, co-morbidities, and
combined injuries.

Confounding factors might reduce the specificity of radi-
ation-induced GE changes. This highlights the requirement
for considering GE changes in context. In a radiological or
nuclear scenario, clinical parameters (e.g. vomiting, diarrhea,
and erythema), physical measurements, and different meth-
ods to detect biological changes should be considered holis-
tically in order to minimize misclassifications (Blakely et al.
2010; Shuryak et al. 2020).

3. Effect prediction

3.1. The concept of effect prediction compared to
retrospective dosimetry

As mentioned in Section 2.6, GE changes have been widely
used as a tool for biodosimetry, but have limitations regard-
ing diagnosis and triage of radiation injury patients suffering
from acute radiation health effects considered here only
(Port et al. 2019).

It is not uncommon assuming an increased hematological
ARS (H-ARS) severity with increasing dose (Khvostunov
et al. 2011). However, recently a non-linear relationship of
dose and H-ARS severity degree was reported based on real
case histories from radiation accidents (Abend et al. 2021).
Exposures below 1Gy roughly corresponded with no or a
low-grade H-ARS (no hospitalization and intensive care are
required) and doses above 5Gy mainly correspond with
severe H-ARS severity degrees (early hospitalization and

intensive care are required). Knowing the dose in these sit-
uations provides a good estimate for acute health effects.
However, whole body doses between 1 and 5 Gy poorly cor-
responded to different H-ARS degrees of severity, making
an individual recommendation based only on dose almost
impossible. That does not render absorbed dose uninforma-
tive, but reflects the complexity of the dose concept for
acute health effect predictions.

Acute radiation syndrome (ARS) is caused by massive
and sudden cell death and multiple radiation exposure char-
acteristics (e.g. radiation quality, dose fractionation, dose
rate, and partial/TBI) as well as biological processes (e.g.
radiosensitivity, cell cycle dependency, and oxygenation) are
known to contribute (Hall and Giaccia 2012). Examination
of radiation-induced GE changes downstream of radiation
exposure and upstream of the ARS event provide the basis
of introducing radiation-related biomarkers for effect predic-
tion (Abend and Port 2016; Port et al. 2018, 2021).
Compared to dose estimation, this integrative approach
appears more robust and easier to follow for clinicians, since
GE changes are allocated to clinically defined ARS severity
categories (see below) associated with certain treat-
ment options.

In order to investigate long-term health effects of radi-
ation, transcriptional profiles of 200 former uranium work-
ers (‘Wismut cohort’) were examined by using a microarray
platform (Kreuzer et al. 2011). Hereby, decades after irradi-
ation, GE alterations of genes related to the immune system
could be identified, which allowed discrimination between
high and low radiation exposure groups (Maria Gomolka,
data not published).

3.2. Predicting hematological ARS based on radiation-
induced gene expression changes

METREPOL (MEdical TREatment ProtocOLs for Radiation
Accident Victims) categorizes H-ARS into four severity
degrees based on blood cell count (BCC) changes in the
weeks after exposure: low (H1), medium (H2), severe (H3)
and fatal (H4) H-ARS. Normal BCCs in METREPOL are
not considered and are introduced as HO herein. These
severity degrees are associated with treatment decisions
(Friesecke et al. 2001). Using a baboon model (Port et al.
2016) combined with ex vivo experiments (Ostheim et al.
2021) as well as measurements on healthy donors
(Agbenyegah et al. 2018) and radiotherapy patients (Port
et al. 2018) for validation purposes, a GE signature was
developed that consists of only four genes in the most basic
version (FDXR/DDB2 and WNT3/POU2AFI) for prediction
of H-ARS. These genes allow triaging radiation exposed per-
sons within the first days after radiation exposure: (1) unex-
posed individuals (H-ARS 0) to conserve clinical resources
for those requiring it, (2) low-exposed individuals (H-ARS
1) requiring surveillance (late health effects) but no hospital-
ization or early treatment and (3) highly exposed individuals
who will develop acute health effects, e.g. H-ARS 2-4 sever-
ity degree. The latter are in need of early intensive care.
Merging existing H-ARS categories in those three categories



appears appropriate to address urgent clinical questions such
as prioritizing hospitalization as well as considering
restricted medical resources. GE onset can be detected as
early as 2-6hours after irradiation, thus, underlining the
potential as an early and high-throughput diagnostic tool
(Ostheim et al. 2021).

Although this gene set has been validated in human
patient models and using extensive ex vivo analysis, add-
itional analysis for confirmation is required. Therefore,
blood samples from a different species of NHPs (rhesus
macaques) as well as blood samples from 92 chemotherapy-
related female breast cancer patients will be analyzed for a
further validation step of the diagnostic tool.

3.3. Challenges and promises

Although this narrowed gene set holds promise for applic-
ability as a diagnostic tool for prediction of clinical out-
comes and its use as a biomarker of acute health effects, the
described approach is developed for H-ARS prediction.
Although this is an important step in diagnosis of the ARS
considering the bone marrow to be most radiosensitive,
other organ systems are also affected by ARS (e.g. gastro-
intestinal or the neurovascular system). Our diagnostic tool
does not directly cover those yet.

Again, a holistic view and the combination of clinical
parameters, physical measurements and different methods to
detect biological changes seems to be the most robust
approach in order to minimize misclassifications (Shuryak
et al. 2020). This is also important considering numerous
confounding conditions that may affect the expression of
certain genes of interest as outlined in Sections 2.5 and 2.6.

4. High-throughput and point-of-care diagnostics

In a large-scale radiological or nuclear event, high-through-
put measurements and POC diagnostics are required for
individual dose estimation and/or effect prediction with
regard to an early radiobiological triage. It is required to
determine the unexposed, low- and high-exposed individuals
in order to initiate appropriate diagnostic and therapeutic
interventions. Due to the early and high-throughput charac-
teristics, blood-based GE markers seem to be attractive for
this purpose. However, blood sampling and laboratory-based
analysis are limiting factors to provide these results just in
time. In order to overcome this ‘bottleneck’, several develop-
ments are currently under investigation, hereby striving to
be as cost-effective and portable as possible.

Besides qRT-PCR using low-density arrays for measure-
ment of up to 384 genes (Thermo Fisher Scientific,
Waltham, MA) or the 12k open array format (OA, Thermo
Fisher Scientific, Waltham, MA), next-generation sequencing
(NGS) and nanopore sequencing based technologies with
multiplexing of hundreds of samples in one reaction provide
high-throughput capabilities.
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4.1. High-throughput

In order to address the high-throughput applicability of GE
measurements for dose estimation and early prediction of
clinical outcomes, several experiments have proven that
results can be provided from 1000 samples within 30 hours
under optimal conditions (Port et al. 2019). Hereby, samples
were processed automatically using the QIASymphony
(Qiagen, Hilden, Germany), followed by targeted NGS. In
total, 100 times more samples could be processed three
times faster compared to established cytogenetic assays.

As part of an overall strategy for effective medical man-
agement of large-scale radiological or nuclear emergencies in
the US, a high-throughput and blood-based biodosimetry
test system called REDI-Dx was developed (Jacobs et al
2020). The system consists of 18-plex GE assays (including
housekeeping genes), which measure radiation responsive
mRNA transcripts for estimation of absorbed radiation dose
(range: 0-10 Gy). A single platform can process up to 1200
samples within 24 hours and first results are available after
6.5hours. A validation study in human cancer patients TBI,
irradiated NHPs (TBI) and non-irradiated human samples
revealed sufficient sensitivity and specificity considering sev-
eral potential confounders. The accuracy of the test would
aid in the assignment of patients to the correct treatment
category deduced from certain dose categories (>93%).
Moreover, if the rate of false positives was very low, this
would be especially effective in calming the non-irradiated
concerned public. Until now, exact dose estimation is chal-
lenging, but dose categories can be discriminated suffi-
ciently. Further work including, e.g. dose fractionation will
be needed to ensure that this system will be robust and
appropriate for its intended use.

4.2. POC

For a long time, the only POC capabilities for biodosimetry
assessment were lymphocyte depletion kinetics and basic
clinical examinations (Sullivan et al. 2013). Modern molecu-
lar technology in this field opened up new doors.

With the nanopore sequencing method mentioned in
Section 2.1, the basis for the future development of a port-
able, real-time and high-throughput biodosimetry platform
has been already introduced (Cruz-Garcia, O’Brien, Sipos,
Mayes, Tichy, et al. 2020; Cruz-Garcia, O’Brien, Sipos,
Mayes, Love, et al. 2020). The technology for sequencing of
single-stranded DNA, respectively cDNA from RNA mole-
cules, relies on the use of transmembrane proteins that are
recording electrical changes characteristically for each of the
DNA bases. Hereby, the minimum sequencing time required
for dose estimation of irradiated samples using specific tran-
scripts could be less than three minutes for a total of 50,000
reads in up to 50 samples. For gaining the full potential of
this portable and rapid technology, some future improve-
ments regarding sample processing and the bioinformatic
pipeline for specific radiation-responsive transcript identifi-
cation are required. For example, in order to overcome the
bottleneck of RNA extraction prior to nanopore sequencing,
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a further module for in-field RNA extraction has to be slot-
ted ahead.

The paper-based vertical flow multiplex assay system
(VeriFAST) is a further development for rapid biodosimetry
in a mobile environment. This versatile and low-cost plat-
form for simultaneous testing of genes and proteins demon-
strated a high sensitivity for a variety of nucleic acids and
proteins (Chen et al. 2019; Devadhasan et al. 2021). One of
the main advantages of this system is the kit configuration
with a simple user interface for self-collection and testing in
various mobile or remote environmental conditions. Future
work will have to focus on optimization of assay chemistries
and packaging, kit mass production, as well as regulatory
development for specific applications. Further validation
studies for robust and appropriate results with regard to bio-
dosimetry assessment are lacking so far.

The microfluidic technology, that can handle small
amounts of fluids in a confined and controlled environment,
has been an emerging field for several years (Lacombe et al.
2016). Due to the potential of these stand-alone systems for
automated user-friendly, reproducible and sensitive analyses,
these devices may also be used in clinical biodosimetry. The
idea is to miniaturize the established laboratory workflow
for performing GE analysis as robustly as usual. Such a
POC device would enable first responders worldwide to
immediately triage radiation accident patients without a
highly specialized laboratory, e.g. in hospitals, where poten-
tially radiation exposed individuals will arrive in a radio-
logical or nuclear event. Although expenses per cartridge
have to be considered, the ‘lab on a chip’ technique would
allow high mobility compared to the time consuming and
often difficult shipment of human samples. Whereas several
reports deal with the microfluidic technology used for GE
analysis (Shinde et al. 2010), demonstrating some movement
in this direction, no established qRT-PCR based microfluidic
cartridge exists so far. Therefore, such a stand-alone device
for RNA isolation and simultaneous detection of up to eight
radiation responsive genes for prediction of individual radio-
logical injury is currently under development at the
Bundeswehr Institute of Radiobiology. At the moment, chal-
lenges like limitations in the linearity of GE values using a
one-step or two-step qRT-PCR and miniaturization restric-
tions have to be overcome.

5. Low level radiation (LLR)

Investigation of health effects of low doses of radiation
(mainly 100 mGy as cutoff) as a field of study has been
riddled by difficulties since its inception (Paunesku and
Woloschak 2018). This is most often ascribed to the fact
that effects of low doses of radiation are subtle and difficult
to distinguish from the glut of other ‘low grade’ stresses.
Epidemiological LLR studies have to include hundreds of
thousands of samples in order to provide statistically mean-
ingful results concerning risk assessment. Even after the
investigation of well controlled animal studies, the under-
standing of biological basis for risk from low dose radiation
exposure is still not conclusive. As described in Section 2.3,

a study was conducted using a repository of samples and
data collected in the course of large-scale animal studies
between the 1950s and 1990s in the USA. Hereby, it was
hard to do an analysis for the animals with very low dose
rates, because control animals developed cancer almost as
often as LLR animals, which might be caused by the experi-
mental stress conditions (Zander et al. 2021).

In the light of these limitations, there is a need of further
insights into the biological processes induced by LLR to
complement the existing knowledge base of risk assessment.
An alternative exposure model for LLR experiments is pro-
vided by the field of diagnostic and interventional radiology
(Kaatsch et al. 2020). Due to the increased usage of CT
nowadays, this accounts for the majority of civilian radiation
exposure. With regard to risk assessment and biological
effects caused by varying energy levels in modern CT scan-
ning techniques, a recent study investigated the biological
effects of single- and dual-energy CT (DECT) with a special
focus on the early transcriptomic response of peripheral
blood cells. Using an ex vivo model, genotoxic alterations
with a deregulation of well-known genomic biomarkers and
DNA damage could be found, but no increased biological
effectiveness was observed with regard to various X-ray
spectra (80/150kV) in DECT (Kaatsch et al. 2021). The
results from this exploratory study are just the beginning of
LLR experiments in a clinical environment and further,
especially in vivo validation studies have to be performed.
Further, the question whether there is a trend toward lower
biological effectiveness caused by DECT has not been com-
prehensively answered yet.

6. Methodological considerations
6.1. New ways of data analysis

In previous inter-laboratory comparison exercises, differen-
ces in baseline and magnitude of radiation-induced differen-
tial GE of commonly used radiation-induced genes (e.g.
FDXR) have been observed among laboratories (Port et al.
2018). These discrepancies could be caused by exon regions
of the same gene with inherent differences in radiation-
responsiveness, examined by different teams. In an effort to
examine this issue, QRT-PCR based GE analysis using many
different TagMan® assays covering all exon regions of four
genes (FDXR, DDB2, WNT3 and POU2AFI) was performed.
Hereby, most promising exon regions and primer-probe
designs were identified for these four genes by e.g. consider-
ing sufficiently detectable baseline gene copy numbers,
height of radiation-induced fold-changes and inter-individ-
ual variance. These results have further implications when it
comes to the validation of NGS results using qRT-PCR. In a
conventional NGS workflow reads are allocated to genes,
but with qRT-PCR exon-specific primer probe designs rec-
ognize only one specific exon of the whole gene, thus, dis-
crepancies between both methods can occur. This analysis
based on ‘radiation-responsive exons” has the advantage that
it comprises information of all splicing variants of a gene
compared to the analysis of radiation-responsive transcripts



which can be processed with nanopore sequencing only due
to the large size of reads (see Section 2.1).

A RNASeq analysis strategy for whole genome GE
screens was employed at the Bundeswehr Institute of
Radiobiology enabling a rapid, budget-friendly and reprodu-
cible exon based NGS analysis. After providing the sequence
files and the sample information, RNASeq quality check,
sequence alignment, determination of expression levels and
identification of both GE changes and differential exon
usage are automatically performed with default settings.
Finally, a comprehensive report is generated that summa-
rizes the results and various data quality characteristics.

A further study from Sweden examined whether distinct
alternative transcript or splice variants of known radiation-
responsive genes in ex vivo irradiated human blood samples
can be used as a potential source of individually variable
response after mixed beam exposures (X-rays, alpha expos-
ure or mixed beams of both). In summary, the preliminary
results show different responses of the donors to certain
radiation qualities at the (manuscript  in
preparation).

exon-level

6.2. Saliva as an alternative biofluid used for GE related
biodosimetry

As the great majority of GE biodosimetry studies have been
performed using blood as the preferred source of tissue, the
search for simple, less-invasive sampling methods plays an
important role when considering sample collection for GE
analysis in field conditions. Saliva as a blood plasma ultra-
filtrate is thought as a ‘mirror of the body’ (Segal and Wong
2008; Yoshizawa et al. 2013). The collection of saliva sam-
ples represents an ideal noninvasive and easily-accessible
alternative to blood. It has been shown to contain RNA bio-
markers for prediction and diagnosis of several diseases (Li
et al. 2004; Kaczor-Urbanowicz et al. 2017; Ghizoni et al.
2020), but is poorly characterized for radiation biodosimetry
(Pernot et al. 2014; Lacombe et al. 2017).

In previous work, two problematic issues were identified,
not coherently described before: (1) most of the isolated
RNA originates from the oral microbiome and (2) the
amount of isolated human RNA is comparatively low.
Therefore, a robust workflow was developed to process
human whole saliva for GE analysis, introducing a modified
c¢DNA synthesis aiming at the poly(A)+-tail and a pre-amp-
lification step prior to qRT-PCR (Ostheim et al. 2020).
Recently, further efforts were made to advance this workflow
and to examine the influence of sociodemographic and epi-
demiologic characteristics that could potentially influence
salivary isolates (Ostheim et al. 2021).

7. Conclusions

Emergency response in the scenario of a radiological inci-
dent of mass population requires multiple biodosimetry
technology platforms for early, high-throughput and rapid
POC diagnostics regarding both dose estimation and acute
health effect prediction. Employing radiation-induced GE
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changes provides great promise, but limitations inherent to
this approach have to be further analyzed as well as speci-
fied and may best be addressed by combining other sources
of information into a holistic approach including, e.g. clin-
ical signs and symptoms or physical dosimetry.
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