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Abstract

Blood-based gene expression profiles that can reconstruct radiation exposure are being developed
as a practical approach to radiation biodosimetry. However, age and sex could potentially limit the
accuracy of the approach. In this study, we determined the impact of age on the peripheral blood
cell gene expression profile of female mice exposed to radiation and identified differences and
similarities with a previously obtained transcriptomic signature of male mice. Young (2 months)
and old (24 months) female mice were irradiated with 4 Gy X-rays, total RNA was isolated

from blood 24hr later and subjected to whole genome microarray analysis. Dose reconstruction
analyses using a gene signature trained on gene expression data from irradiated young male

mice showed accurate reconstruction of 0 or 4 Gy doses with root mean square error of £ 0.75

Gy (R"2 =0.90) in young female mice. Although dose reconstruction for irradiated old female
mice was less accurate than young female mice, the deviation from the actual radiation dose

was not statistically significant. Pathway analysis of differentially expressed genes revealed that
after irradiation, apoptosis-related functions were overrepresented, whereas functions related to
quantities of various immune cell subtypes were underrepresented, among differentially expressed
genes from young female mice, but not older animals. Furthermore, young mice significantly
upregulated genes involved in phagocytosis, a process that eliminates apoptotic cells and preserves
tissue homeostasis. Both functions were also overrepresented in young, but not old, male mice
following 4 Gy X-irradiation. Lastly, functions associated with neutrophil activation that is
essential for Killing invading pathogens and regulating the inflammatory response were predicted
to be uniquely enriched in young but not old female mice. This work supports the concept that
peripheral blood gene expression profiles can be identified in mice that accurately predict physical
radiation dose exposure irrespective of age and sex.
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Introduction

Early blood-based gene expression signatures that can predict radiation dose exposure are
being developed as a practical approach to radiation biodosimetry for use in a large-scale
radiological event, such as an intentional detonation of an improvised nuclear device or
nuclear accident [Amundson, 2022]. Moreover, pathway analysis of differentially expressed
genes could provide valuable biological information that could be predictive of later
damage, thus, guiding the implementation of appropriate long-term medical management
strategies, or enabling the development of novel medical countermeasures. However, the
development of accurate and rapid biodosimetry tools represents a significant challenge
because several biological confounding factors, such as sex, age, and various comorbidities,
such as pre-existing infections, could potentially limit the accuracy of blood-based gene
expression signatures of radiation exposure and, thus, useful radiation biomarker candidates
should be accurate, at least, across age and sex.

Individuals exposed to radiation show different degrees of sensitivity depending on their
age. It has been shown that sensitivity to radiation is high at early ages, declines during
middle life, and again increases in older adults [Hernandez et al., 2015]. Similar trends

are also found in mice [Hernandez et al., 2015]. Increased reactive oxygen generation

with a concomitant decline in the activity of antioxidant enzymes, telomere attrition, and
impaired DNA damage response and repair are some of the factors that contribute to the
altered sensitivity to radiation in aged individuals [Hernandez et al., 2015]. Furthermore,
molecular analysis of human blood samples revealed significant age-related changes in gene
expression [Peters et al., 2015] that lead to dysregulation of immune function that involves
both the adaptive and the innate immune system. These changes result in an aberrant chronic
low-grade pro-inflammatory state [Goronzy et al., 2013; Fulop et al., 2018], believed to
occur to a greater extent in females than males [Furman et al., 2014].

In addition to age, sex is a major determinant of variation in physiology and disease
susceptibility in humans and many immunological and inflammatory diseases have a striking
gender bias in incidence and severity [Klein and Flanagan, 2016], such as in the immunity
and clinical manifestations of infectious or autoimmune diseases and malignancy [Klein
and Flanagan, 2016]. Immune systems of men and women function and react to infections
and vaccination differently [Giefing-Kr6ll et al., 2015] and respond differently to immune
cell stimuli, such as cytokines and microbes [Bakker et al., 2018; Piasecka et al., 2018].
The number and activity of innate immune cells, including macrophages and dendritic cells,
as well as inflammatory immune responses, are higher in females than males [Boissier

et al., 2003; Xia et al., 2009; Melgert et al., 2010]. For some infectious diseases, an
inability to properly clear or control a pathogen may contribute to increased prevalence

and severity of disease in males as compared with females, and epidemiological studies
have shown that males have a higher mortality rate to various infectious diseases [vom

Cytogenet Genome Res. Author manuscript; available in PMC 2024 March 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Broustas et al.

Page 3

Steeg and Klein, 2016]. However, heightened inflammatory, and cellular immune responses
in females, though essential for pathogen clearance and increased vaccine efficacy, may
underlie increased development of symptoms of disease among females as compared with
males following infection.

In humans, the impact of age and sex on immune phenotypes has been described [Marquez
et al., 2020] and sex-dependent variation in white blood cell gene expression in healthy
human populations has been reported [Whitney et al., 2003] that could potentially limit the
accuracy of blood-based gene expression radiation biodosimetry. However, the accuracy of
radiation biodosimetry appears less affected by sex in human subjects [Paul and Amundson,
2011], whereas, in a murine radiation biodosimetry study, it was shown that sex differences
had an impact on gene expression signatures following radiation and influenced the accuracy
of the prediction of radiation exposure at low doses (0.5 Gy), albeit not at higher doses

(1 and 2 Gy) [Meadows et al., 2008]. Thus, sex-related differences could be a concern

for distinguishing low dose exposures from unirradiated controls. On the other hand, we
demonstrated that age modulated the transcriptomic profile of blood cells in male mice
exposed to radiation, and that numerous biological processes and pathways were altered,
while it compromised the accuracy of prediction of physical radiation dose exposure
[Broustas et al., 2021].

In this study, we examined the impact of age on blood cell gene expression profiles in
response to acute radiation exposure using female C57BL/6 mice and compared the data
with those from male mice treated under the same conditions [Broustas et al., 2021].

The transcriptomic response was analyzed 24 h following 4 Gy X-irradiation as relevant
to early monitoring applications, and to allow direct comparison with our earlier studies,
whereas whole blood was chosen as a minimally-invasive source for the development

of molecular biomarkers. We applied a recently developed radiation dose reconstruction
method [Ghandhi et al., 2019] to determine the impact of age and sex on this method of
radiation biodosimetry. Furthermore, we performed gene ontology analysis to identify and
compare differentially enriched pathways, diseases, and functions in mice of different age
and sex.

Materials and Methods

Animals and irradiation

A total of 20 female C57BL/6 mice were purchased from Jackson Labs (10 young [2
months] and 10 old [24 months] at the time of irradiation) and acclimated for 2 weeks before
irradiation. The young and old mice are considered to roughly correspond to humans at
around 20 and 70 years of age, respectively [Flurkey et al., 2007]. Each treatment group
consisted of 5 mice and the treatment was as follows: (1) Control (unirradiated)-young mice,
(2) Control (unirradiated)-old mice, (3) 4 Gy X-ray-young mice, (4) 4 Gy X-ray-old mice.
Mice were fed the standard chow, without caloric restriction. All animal experiments were
conducted in accordance with applicable federal and state guidelines based on approved by
the Columbia University Institutional Animal Care and Use Committee (approval number
AC-AAAT6450). Mice were either sham-irradiated or exposed to 4 Gy X-rays of total

body irradiation from an X-RAD 320 Biological Irradiator (operating at 320kV, 12.5mA
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with a 2 mm Al filter [HVL~1.0 mmCul]) at a dose rate of 1 Gy/min. The male study has
been published previously [Broustas et al., 2021] and performed under the same conditions
described herein.

Blood Collection and RNA isolation

Blood was collected 1 day post-irradiation by cardiac puncture at the time of euthanasia
(by CO, asphyxiation). Each sample (~0.4 ml blood) was added to a 15 ml centrifuge tube
that contained 1.6 ml of PAXgene Blood RNA stabilization and lysis solution (PreAnalytix
GmBH) and mixed thoroughly, while a small amount of blood was added to sodium

EDTA anti-coagulant containing tubes for blood count using a Genesis hematology system
(Oxford Science). After collection, blood was incubated at 4 °C for 24 h. RNA was purified
following the PAXgene RNA kit recommendations with on-column DNase | treatment. As
excessive amounts of globin transcript have been shown to interfere with gene expression
signatures derived from blood, globin RNA was reduced using the Ambion GLOBINCclear-
mouse/rat kit (Thermofisher). RNA yields were quantified using the NanoDrop ND1000
spectrophotometer (Thermofisher) and RNA quality was checked by the 2100 Bioanalyzer
(Agilent). High quality RNA with an RNA integrity number of at least 7.0 was used for
microarray hybridization.

Microarray hybridization

Cyanine-3 labeled cRNA was prepared using the One-Color Low input Quick Amp Labeling
kit (Agilent). Dye incorporation and cRNA yield was measured with a NanoDrop ND1000
spectrophotometer (Thermofisher). Labeled cRNA was fragmented and hybridized to
Agilent Mouse Gene Expression 4x44K v2 Microarray Kit (G4846A). Slides were scanned
with the Agilent DNA microarray scanner (G2505B) and the images were analyzed with
Feature Extraction software (Agilent) using default parameters for background correction
and flagging non-uniform features.

Data analysis

Background-corrected hybridization intensities were imported into BRB-ArrayTools,
version 4.5.1 [Wright and Simon, 2003], log,-transformed and median normalized. Non-
uniform outliers or features not significantly above background intensity in 25% or more

of the hybridizations were filtered out. In addition, a minimum 1.5-fold change in at least
20% of the hybridizations was set as a requirement. Furthermore, probes were averaged

to one probe per gene and duplicate features were reduced by selecting the one with
maximum signal intensity. Class comparison was conducted in BRB-ArrayTools to identify
genes differentially expressed between radiation exposed samples and matched unirradiated
controls using a random variance t-test. Genes with p-values less than 0.005 were considered
statistically significant. The false discovery rate (FDR) was estimated for each gene by the
method of Benjamini and Hochberg [Hochberg and Benjamini, 1990], to control for false
positives. The cutoff in this analysis was set at an FDR of less than 0.05. Hierarchical
clustering of microarray gene expression data was performed with the Dynamic Heatmap
Viewer of the BRB-ArrayTools software using a one minus correlation metric and average
linkage. Genes differentially expressed following exposure to 4 Gy X-ray at day 1 in the
young female mice from this study, or in the young male mice [Broustas et al., 2021] were
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used to construct the heatmap. Venn diagrams [Bardou et al., 2014] were used to identify
unique and overlapping differentially expressed genes from irradiated old and young female
mice.

Dose reconstruction

We analyzed 4 data sets of gene expression in mice: young males, old males, young

females, and old females. The young male data set was a priori assigned as a “training”

data set for identifying radiation-responsive gene candidates, whereas the other 3 data sets
were assigned as “testing” sets where these candidate genes would be applied for dose
reconstruction. The search for candidate genes in the “training” young male data was
performed by selecting those genes which had a statistically significant positive or negative
Pearson correlation coefficient with dose (either 0 or 4 Gy) and were measured (not missing)
in all 12 samples. A p-value threshold of 0.05 with Bonferroni correction for multiple
comparisons was selected to indicate statistical significance.

Top 10 candidate upregulated genes and top 10 downregulated genes from the young males
“training” data set (i.e., genes with positive or negative statistically significant Pearson
correlation coefficients with radiation dose) were selected for further analysis. Their signals
were combined using geometric means, separately for upregulated and downregulated
groups. These top 10 upregulated and downregulated genes, originally identified in the
young males, were then selected in each of the three “testing” data sets: old males, young
females and old females. The geometric means of top 10 upregulated and downregulated
genes were calculated for all 4 data sets.

The net signal was defined as the difference in geometric means between upregulated and
downregulated genes. A linear regression model was fitted to the “training” young male
data. The dependent (target) variable was radiation dose, and the independent (predictor)
variable was the net signal of the genes. An intercept term was also allowed. The best-fit
parameters for the regression model obtained on “training” data were then used to make
dose predictions (reconstructions) on the 3 “testing” data sets. Root mean squared errors
(RMSE) and coefficient of determination (R?) performance metrics, which compared actual
with reconstructed dose values, were calculated to evaluate the model. Potential differences
in dose reconstructions as function of sex (male or female) and age (young or old) were
investigated by ANOVA and Tukey post-hoc test. These analyses were performed in R 4.2.0
software.

Gene ontology analysis

Lists of genes that were either significantly overexpressed or underexpressed compared
with controls were analyzed using the Ingenuity Pathway Analysis (IPA) core pathway
(Qiagen Ingenuity Systems) to identify significantly affected canonical pathways, diseases
and functions. Benjamini corrected p values of < 0.05 were considered significant.
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Results

Effect of radiation on blood cell counts of young and old mice

We analyzed the differential blood cell counts from young and old female mice that had
been exposed or not to 4 Gy X-ray irradiation. Overall, the number of white blood cells
(WBC) in older mice was significantly higher than in younger mice (p = 7.21E-03) (Fig. 1a).
However, the total number of WBC 24 h post-irradiation was similar in both age groups (p =
4.95E-01). The relative percentage of lymphocytes in unirradiated female mice was 60-70%
of the total WBC number and similar between young and old animals (p = 6.84E-02).
Following radiation, relative lymphocyte percentages fell to approximately 35% that were
significant compared with unirradiated animals (p = 1.33E-04 for young and p = 1.32E-02
for old mice). In contrast, the relative percentage between young and old mice following
irradiation were similar (p = 2.20E-01). Furthermore, neutrophils, which are less sensitive to
radiation than lymphocytes, became the most abundant species after irradiation, accounting
for approximately 50-70% of the WBC (Fig. 1b). A significant increase in the percentage

of neutrophils was found in irradiated young (p = 3.74E-04) and old (p = 3.10E-03) mice
compared with unirradiated animals (Fig. 1c). There was also a statistically significant
difference in the percentage of neutrophils from young and old mice before irradiation (p =
4.12E-02) and the difference remained significant after irradiation (p = 2.58E-02). Moreover,
percentages of monocytes, which differentiate into macrophages and dendritic cells, were
higher in older female mice (p = 2.47E-02) under basal conditions compared with young
female mice; however, exposure to 4 Gy X-rays did not appreciably change the relative
abundance in young (p = 2.92E-01) or older (p = 7.43E-02) female mice (Fig. 1d). Radiation
exposure did not change platelet counts in either young (p = 2.02E-01) or old mice (p =
2.81E-01) compared with unirradiated mice. However, the number of platelets was higher

in irradiated old mice compared with irradiated young animals (p = 9.71E-03), suggesting
that platelets from older mice are more resistant to radiation or that platelets from older mice
respond to radiation with a delayed kinetics.

Microarray Analysis

Class comparison using BRB-ArrayTools [Wright and Simon, 2003] identified a total of
2,505 and 2,242 differentially expressed genes (p < 0.005, false discovery rate (FDR) <
5%) in young irradiated vs. young control mice and old irradiated vs. old control mice,
respectively (Fig. 2a). In a deviation from the previous studies with male mice [Broustas
etal., 2017, 2021] that showed that the majority of the differentially expressed genes

are downregulated in response to irradiation, 60% of the differentially expressed genes in
the young female mice were upregulated, whereas 40% were downregulated. In the old
female mice, 62% of the differentially expressed genes were upregulated and 38% were
downregulated. At steady state, 2,352 genes were found to be differentially expressed in
control (unirradiated) young female versus control aged female mice with 64% of the genes
being downregulated in the geriatric population (Fig. 2a). In male mice, we found that 85%
of the genes differentially expressed between young and old animals were downregulated in
the older mice [Broustas et al., 2021]. A total of 3,919 genes were responsive to ionizing
radiation in at least one age group. Of these genes, 828 were common between young

and old female mice, whereas 1,677 genes (42.8%) in the “young” cohort and 1,414 genes
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(36.1%) in the “old” cohort were unique to the respective age group (Fig. 2b). Comparison
of radiation-responsive genes between young male [Broustas et al., 2021] and young female
mice revealed that 1,264 genes were common between the two genelists, which represented
26.4% of the differentially expressed genes in the young animals, whereas, there were only
671 common between old male and female or 14.3% of radiation responsive differentially
expressed genes (Fig 2b and online suppl. Fig. S1).

To determine the effect of age on gene expression in response to radiation, we followed
the expression of the 1,264 radiation-responsive genes that are common between young
male and female mice and assessed their expression levels in aged mice from both sexes.
Heatmap generation revealed that expression of these genes in response to irradiation
diverged significantly among replicates of geriatric mice, especially in the older female
mice (Fig. 2¢).

Impact of age and sex on reconstruction of radiation exposure

To assess the impact of age and sex on radiation-response gene signatures, we identified
354 genes that were commonly differentially expressed in response to radiation irrespective
of age or sex (Fig. 2b) and compared fold-change gene expression using the young male
fold-changes as reference values. Plotting fold changes in response to irradiation against the
fold change of male young mice revealed that the fold-change values from either old male
or old female mice differed dramatically from those of young male or female irradiated
mice (p = 1.82E-04 young vs. old male; p = 3.82E-13 young vs. old female mice) (Fig.

3) with geriatric mice showing markedly lower fold-changes than those of young animals.
Comparison of sex differences showed that young female fold-changes were very similar to
those of young male mice (p = 7.83E-02). In contrast, there was a statistical difference in
fold-changes between aged female and aged male mice (p = 1.42E-29).

Next, we attempted a dose reconstruction analysis using the transcriptomic profile of young
male mice [Broustas et al., 2021] as the training set. The initial search for genes significantly
correlated with radiation dose in the “training” young male data identified 189 genes. The
top 10 downregulated and top 10 upregulated genes from this group are shown in Table

1. Most of these genes showed similar dose-responsive trends in the “testing” data sets

(7.e., signs and magnitudes of Pearson correlation coefficients were similar to those in the
“training” data), although they did not always reach statistical significance.

The best-fit parameters for a linear regression which predicted radiation dose on the
“training” young male data were: intercept = 1.083 + 0.073 (standard error), p-value =
4.00E-08; slope (dependence on gene net signal) = 0.552 + 0.018, p-value = 4.10E-11.
Although the lists of significantly dose-correlated genes were different for different ages/
sexes, those genes that were strongly upregulated or downregulated with dose (top 10
candidates) identified in the “training” young males data showed similar dose response
trends in the other ages/sexes, even though these trends did not always reach statistical
significance there. So, using geometric means of these 10 upregulated and downregulated
genes allowed decently accurate dose reconstruction in the “testing” data sets (old

males, young and old females). ANOVA and Tukey post-hoc test analyses suggested that
reconstructed doses did not significantly vary with sex (adjusted p-value = 0.80) or age
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(adjusted p-value = 0.67). A table comparing actual with reconstructed doses is shown in
Table 2. Overall, the root mean square error (RMSE) on testing data was 0.75 (R2 = 0.90).

Pathway Analysis

Of the 69 canonical pathways with a |z| = 2, 48 or 69.5% were common to both sex

groups and ages. Nineteen pathways were unique to young, irradiated male and female
mice, whereas older mice showed a greater dissimilarity with only 2 (3%) pathways shared
between male and female. IPA analysis revealed that 98 diseases and functions were
predicted to be differentially regulated in irradiated mice. Of these, 33 (34%) functions
were common to all age and sex groups, 60 (61%) were unique to young animals, whereas
5 (5%) were enriched specifically in older mice. immune cell apoptosis-related functions
were overrepresented specifically in the younger female mice, but not in older mice (Fig. 4a
and online suppl. Table S1a for actual z-scores). Functions related to B and T lymphocyte
death were overrepresented, whereas quantity of B cells and antibody production were
underrepresented in young female mice exposed to radiation, but not old female mice.
Similar results were noted using male mice, as well (Table S1b) [Broustas et al., 2021].
Furthermore, another significant class of disease and functions that was overrepresented in
young female animals was related to phagocytosis (Fig. 5a and online suppl. Table S2a for
actual z-scores). A smaller number of phagocytosis-associated functions was also predicted
to be overrepresented in older female mice (Fig. 5a). Furthermore, phagocytosis-related
biofunctions were predicted to be associated with irradiated young animals of both sexes,
whereas they were not differentially represented in old animals (Fig. 5b and online suppl.
Table S2b for actual z-scores).

A unique feature of irradiated female mice was the overrepresentation of functions related
to neutrophil recruitment and activation, which were significantly overrepresented only in
young female mice (Fig. 6a and online suppl. Table S3a for actual z-scores values). Older
female and young male, but not old male mice exposed to radiation were enriched in

only one neutrophil-related function. Concomitantly, production and metabolism of reactive
oxygen species were also predicted to be significant in young female and young male
mice, but not older male animals, whereas differentially expressed genes from irradiated
old female mice were enriched in these functions, albeit with significant lower z-scores
(Fig. 6b and online suppl. Table S3b for actual z-scores values). Extending the analysis to
myeloid cell related functions, in general, we found that myeloid-associated functions were
overrepresented in young female and young male mice, less in older female mice, but were
absent from older male mice following radiation (online suppl. Table S3c).

Discussion

The purpose of radiation biodosimetry is to reconstruct radiation dose, as a surrogate of
radiological injury. Large-scale transcriptomic analysis using whole blood has been used
to select genes that may detect radiation exposure both in humans and mice [Dressman
et al., 2007; Paul and Amundson, 2011; Broustas et al., 2017a, 2017b, 2018; Mukherjee
etal., 2019a; Li et al., 2019]. Furthermore, gene ontology analysis of the differentially
expressed genes has helped to identify critical biological functions that could be used to
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rationally design new mitigators against the deleterious effects of radiation. However, both
physical factors, such as radiation quality, and biological factors, such as age, sex, chronic
inflammation, or anti-inflammatory medication can influence basal and post-radiation
exposure gene expression. Recently, we used two transgenic mouse models that mimic
chronic inflammation (/L-10knockout) [Mukherjee et al., 2019b] and anti-inflammation
(dominant negative p38aMAPK) [Broustas et al., 2022]. We showed that generation of
inflammatory conditions modified the expression of many radiation-responsive genes.
However, we demonstrated that the inflammation status of mice has little impact on
radiation dose classification. In contrast, we showed that age could have a profound

impact on gene expression and diminish the predictive power of a previously created
radiation biodosimetry gene list [Broustas et al., 2021]. Thus, previously identified radiation
biomarker candidates may require adjustment to translate across age or sex and, thus,

age- and sex-specific validation is crucial. In this article we examined the impact of sex
alone or in combination with age on radiation dose reconstruction. Comparing differentially
expressed genes between male and female irradiated mice, we found that young animals
shared 26.4% of the total differentially expressed genes in either sex. In contrast, older
male and female animals exposed to the same radiation dose shared only 14.5% of the
differentially expressed genes. Of the initial radiation-responsive genes identified in young
female and male animals, less than a third were also differentially expressed in older

mice, particularly female animals, due to an increased replicate variability as visualized

in a series of gene expression heatmaps (Fig. 2¢). These results support the idea that

aging is characterized by increased inter-individual variability of gene expression and are
consistent with a less uniform radiation response of older mice compared with young
animals [Patterson et al, 2022]. The combined effect of age and sex on radiation-responsive
genes common to all age and sex mouse groups was also examined plotting fold-change of
expression of each group against fold-change of expression of young male mice. Results
revealed that fold-changes in young female mice were similar to those of young male mice,
whereas fold-changes in old female were closer to old male mice, although sex differences
in older animals were still significant. Thus, although sex does not appear to have an impact
on the magnitude of up- or down-regulation of radiation-responsive gene expression in
younger mice, it becomes a confounding factor in older age.

We used a novel approach to quantitatively reconstruct radiation dose, initially developed
using human blood cells [Ghandhi et al., 2019], based on the gene expression data. The
dose reconstruction algorithm was trained using the young male dataset and tested on the
young female and old male and female datasets. Using this method, we were able to define
a gene expression signature that could reconstruct the radiation dose of 4 Gy with root mean
square error of + 0.75 Gy with a coefficient of determination (R2) of 0.90. Of the groups
tested, older female mice showed the greatest divergence of the estimated dose from the
true dose (4 Gy), although the difference was not statistically significant. In the past, it

has been demonstrated that classifiers derived using data from ex vivo irradiation of blood
samples from a number of male and female human donors performed equally well over a
range of radiation exposure doses (0.1 to 2 Gy) and was not affected by gender differences
[Paul and Amundson, 2011]. However, it has been shown that sex differences may impact
the accuracy of gene expression signatures to differentiate between low (e.g., 0.5 Gy) and
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control unirradiated mice, whereas at higher doses (e.g., 1-2 Gy), sex is not a confounding
factor [Meadows et al., 2008]. Thus, the impact of sex on radiation biodosimetry may
depend not only on age, but also on radiation dose. Considering this information, it will be
necessary to test the robustness of our gene expression signature over a range of radiation
doses, especially lower doses.

Gene expression profiling in radiation biodosimetry is not only useful for reconstructing
physical absorbed radiation dose, but to predict the biological effect of the exposure and,
thus, predict severity of injury [Port et al., 2016], as well as provide actionable genes that
could be targeted to counteract the effects of radiation. We performed pathway analyses

to identify canonical pathways and diseases or functions that were enriched in response

to radiation in female young and old mice and compared with data from our previous
study with male young and old animals [Broustas et al., 2021]. Cell death and specifically
apoptosis plays multiple critical roles in the immune system, such as the negative selection
of thymocytes and lymphocytes, as a defense mechanism against autoimmunity, and in the
maintenance of proliferative homeostasis [Salminen et al., 2011]. It is well known that
proliferating hematopoietic system cells predominantly undergo apoptosis in response to
irradiation [Sarosiek et al., 2017]. Our analysis showed that the gene expression profile in
peripheral blood cells from young mice of both sexes exposed to radiation correlated with
an upregulation of apoptosis-related functions, whereas functions associated with quantity
of many immune cell subtypes were markedly underrepresented. In contrast, cell death-
or apoptosis-related functions were not enriched in irradiated old mice. Radiation-induced
apoptosis of blood cells in young mice could subsequently be cleared by phagocytosis
leading to inflammatory resolution and restoration of immune system function, whereas
decreased apoptosis in response to irradiation could lead to induction and persistence of
inflammation.

Phagocytosis is an indispensable cellular and molecular function tasked to maintain tissue
homeostasis and innate immune balance [Li, 2013]. Phagocytosis clears apoptotic cells,
as well as invading pathogens, and is mainly carried out by the so-called professional
phagocytes that include macrophages, dendritic cells, and neutrophils [Li et al., 2013]. It
is well established that females from various species, including humans and mice, have a
more robust phagocytic activity than males and the phagocytic activity of neutrophils and
macrophages is higher in females than males [Spitzer, 1999]. Although the role of sex
hormones in phagocytosis has not been studied systematically, there is evidence that the
phagocytic activity of macrophages is lower in males than females owing to the suppressive
effects of androgens on male macrophage activity [Mondal and Rai, 1999]. The potential
role of phagocytosis in radiation-induced processes is supported by our data that show
phagocytosis-related biofunctions were upregulated in young irradiated female mice and
these pathways were common between female and male mice following irradiation. In
support of the previous studies that female mice have elevated phagocytic function, our
results predict that unlike old male mice that are not enriched in phagocytosis-related
functions, older female mice are enriched in some phagocytosis functions, albeit with
smaller z-scores and p-values compared with young animals. Interestingly, few of these
pathways were enriched in unirradiated mice. However, to confirm these observations,
functional phagocytosis assays will be required.
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Neutrophils are the predominant leukocyte subset in the human peripheral blood and play
a major role in defense against microbial pathogens through their phagocytic activity and
are essential for effective innate immunity [Mantovani et al., 2011]. They are recruited to
sites of infection where they ingest and kill invading pathogens. Accordingly, neutropenia
or neutrophil dysfunction leads to recurrent infections and life-threatening conditions
[Mantovani et al., 2011; Jaillon et al., 2013]. Neutrophils are acting as phagocytes by
releasing lytic enzymes from their granules and produce reactive oxygen species with
antimicrobial potential [Mantovani et al., 2011; Winterbourn et al., 2016]. Although we
show that geriatric mice possess higher percentages of neutrophils both at steady state,

and in the case of female mice after irradiation, as well, they exhibit a higher frequency

of infection-related morbidities compared with young populations [Patterson et al., 2022],
implying they may be dysfunctional. Furthermore, sex differences in neutrophil activity
have been manifested with female hormones delaying apoptosis, as well as stimulating
chemotaxis and recruitment of neutrophils to sites of infection [Jaillon et al., 2019]. In
addition, in humans, sex hormones modulate the production of reactive oxygen species
intermediate by neutrophils [Bouman et al., 2005]. However, although neutrophil activation
protects the organism from infections, their activation releases cytotoxic mediators that

can cause tissue damage, such as myocardial infarction and autoimmune disease [Luster

et al., 2005]. While young female mice are predicted to have a more robust inflammatory
response immediately following radiation exposure than young male or old animals, it
would be necessary to perform longitudinal studies to determine the time it takes for
neutrophil activity to return to basal levels following radiation exposure and whether they
contribute to the resolution or propagation of inflammation response to irradiation and thus
whether the play a protective or harmful role in tissue and organismal injury. In general,
myeloid cell related functions, which are the first line of defense to infection after an acute
radiation exposure were significantly overrepresented in young female and male mice, less
represented in older female mice and absent in older male mice, despite the well-established
age-biased increased myeloid cell production in both humans and animals [Elias et al.,
2017], but consistent with their relatively impaired activity.

The current study has some limitations. First, radiation dose reconstruction was performed
using only 1 dose, whereas to obtain a more robust and accurate comparison of male

and female responses, in the future, it will be necessary to use a range of radiation

doses. Second, gene expression profiles were examined and analyzed 24 hr post-irradiation.
Although this time represents the beginning of the crucial window of opportunity for
assessing radiation dose exposure in a radiological emergency, it would be beneficial to
determine gene expression changes over a period of time after radiation to assess both
radiation dose reconstruction accuracy in both sexes as well as biological changes that
could inform on progression and severity of injury. Lastly, prediction of significant disease
pathways and functions should be confirmed by functional studies to causally connect the
differentially enriched pathways with severity of radiation damage, and any sex-specific
differences that may be implicated.

The long-term goal of our studies is to develop gene expression signatures robust enough
to detect radiation exposure, irrespective of confounding factors, such as age, sex, or co-
morbidities. In this and a previous publication [Broustas et al., 2021], we studied the impact
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of age and sex on the accuracy of a gene expression signature to reconstruct the correct
radiation dose. Our data show that although age and sex can lessen the robustness of the
reconstructed dose estimate, deviations are not statistically significant. However, although
age and sex appear to have limited influence on radiation dose estimates, at least at 4 Gy
X-rays, gene ontology analysis demonstrated that there are significant variations among
enriched biological pathways, diseases, and functions among female and male animals
combined with young and old age and, thus, sex may have an impact on the severity of
radiation injury. For this reason, it is crucial to include both male and female individuals in
the study of radiation biodosimetry.
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Total white blood cell count (WBC) and percentages of different blood types in young and
old female mice 1 day after 4 Gy X-irradiation. (a) total WBC counts, (b) lymphocytes (%),
(c) neutrophils (%), (d) monocytes (%), (e) platelets counts. Data represent the mean S.E.M
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Differentially expressed genes. (a) Significantly differentially expressed genes in young and
old female mouse blood (p < 0.005) following 4 Gy X-rays (X-ray) relative to unirradiated
mice and comparing unirradiated old versus unirradiated young female mice (control).
Percent of upregulated (up) and downregulated (down) genes are shown. (b) Venn diagram
showing overlap of differentially expressed genes in irradiated young male (green) and
female (blue) versus irradiated old male (red) and female (yellow) mice (c) Heatmaps of
combined effects of age and sex on commonly differentially expressed genes in young
female and young male mice exposed to radiation.
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Impact of age and sex on the fold-change of radiation response signature genes. Fold
changes (FC) in differentially expressed genes from irradiated mice of different age and sex
compared with radiation fold changes (FC) of differentially expressed genes from irradiated
young male mice. R? values represent the fit of the gene fold changes to a line. P values
were calculated using the paired Student’s t-test. MY: male young; FY: female young; MO:
male old; FO: female old.
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Top 10 downregulated and top 10 upregulated dose-responsive genes in young male data

Table 1.

Gene Correlation coefficient with dose  Bonferroni adjusted p-value
Femr -0.991 6.65E-06
Hvenl -0.990 1.18E-05
Pla2g2d -0.994 1.43E-05
H2-Oa -0.988 3.64E-05
H2-Ob -0.988 3.85E-05
Tnfrsf13b -0.987 4.46E-05
Ighd -0.987 4.62E-05
Btla -0.987 5.00E-05
Cer7 -0.987 5.85E-05
Ccré -0.986 7.05E-05
Lgals3bp 0.984 1.38E-04
Ifi2712a 0.982 2.36E-04
Phlda3 0.982 2.36E-04
Oas2 0.979 5.85E-04
Oasl2 0.973 1.76E-03
Gabarapll 0.973 1.99E-03
Cdknla 0.971 2.43E-03
Oasla 0.967 4.84E-03
Lampl 0.967 5.07E-03
Rtp4 0.967 5.20E-03
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Table 2.

Comparison of actual and reconstructed radiation doses

Actual vs. Reconstructed doses

Sex Age Actual dose(Gy) Reconstructed dose (Gy)

mean sd

M Young 0 0.022 0.11

Young 4 3.978 0.30

Old 0 0.363 0.17

old 4 3.566 0.45

F Young 0 0.424 0.70

Young 4 3.523 0.32

old 0 0.775 0.56

Old 4 2.949 0.35

RM SE (Gy) on testing data R2 on testing data
0.75 0.90

M, male; F, female; RMSE: root mean square error.
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