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Abstract: Currently, there are no biomarkers to predict lethal lung injury by radiation. Since it is
not ethical to irradiate humans, animal models must be used to identify biomarkers. Injury to the
female WAG/RijCmcr rat has been well-characterized after exposure to eight doses of whole thorax
irradiation: 0-, 5-, 10-, 11-, 12-, 13-, 14- and 15-Gy. End points such as SPECT imaging of the lung
using molecular probes, measurement of circulating blood cells and specific miRNA have been shown
to change after radiation. Our goal was to use these changes to predict lethal lung injury in the rat
model, 2 weeks post-irradiation, before any symptoms manifest and after which a countermeasure
can be given to enhance survival. SPECT imaging with ™ Tc-MAA identified a decrease in perfusion
in the lung after irradiation. A decrease in circulating white blood cells and an increase in five specific
miRNAs in whole blood were also tested. Univariate analyses were then conducted on the combined
dataset. The results indicated that a combination of percent change in lymphocytes and monocytes,
as well as pulmonary perfusion volume could predict survival from radiation to the lungs with 88.5%
accuracy (95% confidence intervals of 77.8, 95.3) with a p-value of < 0.0001 versus no information
rate. This study is one of the first to report a set of minimally invasive endpoints to predict lethal
radiation injury in female rats. Lung-specific injury can be visualized by ™ Tc-MAA as early as
2 weeks after radiation.

Keywords: microRNA; SPECT/CT; molecular probes; radiation pneumonitis; animal model for

radiation injury; biomarkers

1. Introduction

Candidate biological molecules that are altered by radiation have been targets for
identification of accurate biomarkers to predict lethal injury [1]. However, despite decades
of research, a gap in this field remains. Biological molecules that have been pursued in-
clude DNA [2,3], multiple species of RNA such as long non-coding RNA (IncRNA) [4],
miRNA [5,6], mRNA [4,7], proteins and protein arrays [8-10], advanced multi-omic plat-
forms [11] and others [12]. Essential to bridging this gap is establishing representative
animal models and conducting relevant clinical trials. Since it is not ethical to irradiate
humans, surrogate animal studies that reflect human injury must be used. The most
straightforward model for damage from a radiation attack or accident is total body irradia-
tion (TBI) that induces acute radiation syndrome (ARS). However, in order to induce the
delayed effects of acute radiation exposure (DEARE), models that can survive ARS must be
developed. By sparing minimal volumes of bone marrow to survive early hematopoietic
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toxicity, animal models have proceeded to exhibit DEARE [13-15]. A part of a single limb
of an animal is shielded while exposing the remainder of the total body to ionizing radia-
tion. Such a model is referred to as partial body irradiation with bone marrow shielding
(PBI/BM) and has been described in mice [16], rats [13,17] and non-human primates [15,18].
In addition, models that irradiate smaller volumes of the body that spare lethal bone mar-
row toxicity, for example irradiation to the thorax only (whole thoracic lung irradiation,
WTLI [19-21]) are used to study the radiotoxicity on single or only a few organs such as
the lung and heart [22,23]. Lung injury is also induced in the context of multiple organ
exposure by sub-threshold doses of TBI combined with an additional booster dose to the
thorax only [8,24].

Regarding the types of radiation used in these models, photon sources such as cesium
irradiators [25,26], X-rays [13], linear accelerators [15,18] as well as mixed fields of neutron
and X-rays [27] have been applied. Such ionizing radiation manifests ARS and/or DEARE,
depending on the dose of radiation delivered and the organs that are exposed. The most
common radiation-induced organ injury that has been targeted for biomarker development
is radiation to the bone marrow. Kinetics of circulating blood cells have proved very
useful to monitor damage represented by this endpoint [12,28-30]. As more sophisticated
technologies emerge, molecular markers have also become popular [6,7,31-37]. A few
biomarkers for gastrointestinal toxicity during ARS such as circulating levels of citrulline
have been described [38-40]. In addition, several workshops, reports, and reviews on
biomarkers and biodosimetry are available [1,10,41-43].

In the current study, we focused on biomarkers for lethal lung injury. The female
WAG/RijCmcr rat model was chosen to develop predictive biomarkers for survival from
radiation pneumonitis, since well-characterized responses to multiple doses between 0-15 Gy
to the thorax (viz: 0-, 5-, 10-, 11-, 12-, 13-, 14- and 15-Gy) were available [13,21,44,45]. A dose
of 15 Gy WTLI was the lowest dose previously described to exhibit 100% morbidity from
radiation pneumonitis [45] and was therefore hypothesized to manifest the greatest changes
by radiation. It was selected to identify candidate biomarkers. Specifically, results of changes
in pulmonary perfusion [44], apoptotic injury [44], miRNA expression [46] and circulating
blood cell counts [46] were already established at 1, 2, 3 and 4 weeks post-15 Gy WTLIL Our
first step was to select the earliest informative timepoint after radiation when biological or
molecular alterations could be detected in the lung, but before symptoms of lung injury were
observed [47,48]. This approach to initially identify a pulmonary-imaging biomarker was
based as rationale to develop a lung-specific injury marker after total or partial body radiation
exposure. In a mass-casualty event such as a nuclear attack or accident, injury to multiple
organs including the heart [49] and lung will occur. The first step to identify pulmonary
markers was to use single photon emission computed tomography (SPECT) after WTLI with
15 Gy [44]. The studies were followed by testing other biomarkers including gases in exhaled
breath, circulating microRNA (miRNA) in plasma using next-generation miRNA seq and lastly,
circulating blood cell counts. Each marker was measured individually in rats at 2 weeks after
15 Gy. Two weeks post-radiation is earlier than the five-week window, when the ACE inhibitor
enalapril could be started in the same rat model to mitigate radiation pneumonitis [48]. In
addition, it is well within the latent period before any symptoms of radiation pneumonitis are
observed [44]. Once the results from this lethal dose (15 Gy WTLI) [44,46], were obtained, we
selected two SPECT probes, five candidate miRINAs as well as white blood cells counts for
a study on a separate set of rats in the current study. A test group of rats was given a dose
of 13 Gy WTLI that was lethal to <50% rats (Figure 1). Each rat was then evaluated for all
three sets of biomarkers at 2 weeks and then followed to correlate these with the outcome
of pneumonitis (lethal or not by 100 days). The same biomarkers were also measured in
nonirradiated controls (0 Gy) and in rats irradiated with 10 Gy WTLI [21], doses that did
not result in lethal morbidity up to 1 year after irradiation [21]. The collection of biomarkers
was limited to a single time point in these cohorts based on maintaining the integrity of the
survival studies. The ability of the biomarkers to predict survival was then determined.
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Figure 1. Kaplan-Meier plots for percent morbidity (X-axis) from pneumonitis in control female rats
and those given whole thorax lung irradiation (WTLI) and followed for 100 days post-irradiation
(X-axis). Three doses of radiation are represented: (1) no irradiation (0 Gy—red line), (2) 10 Gy WTLI
(green line) and (3) 13 Gy WTLI (blue line).

2. Results
2.1. Dose-Response and Survival after WTLI

Figure 1 shows the Kaplan—-Meier plots for survival of nonirradiated (0 Gy), 10, or
13 Gy WTLI in female rats. The experiment was terminated by 100 days post-irradiation.
While all nonirradiated rats (0 Gy) and 10 Gy survived to 100 days, 50% of rats with 13 Gy
were morbid by 60 days. All rats surviving to 60 days continued to stay alive until the
study was terminated. Previous studies had determined that there were no survivors at
60 days after 15 Gy WTLI in the same model [45]. In addition, rats given 13 Gy WTLI that
survived pneumonitis went on to survive over 210 days [13].

2.2. Perfusion Volume of the Lung and Apoptosis as Measured by SPECT/CT Imaging
at 2 Weeks Post-Irradiation

The fraction of the lung volume that was perfused in each rat was determined at 2 weeks
following radiation using technetium-labeled macroaggregated albumin (*™Tc-MAA) and
SPECT imaging. The ™ Tc-MAA beads (diameter < 20 um) lodge in capillaries in proportion
to flow. Differences between perfused volumes for SPECT studies between nonirradiated
controls versus rats irradiated with 10 Gy or 13 Gy WTLI are shown in Figure 2 and were
analyzed by a Kruskal-Wallis test with Dunn’s test to account for multiple comparisons.
There was no statistical difference between perfusion in nonirradiated rats, median 93.9% with
95% confidence intervals of (64.1-96.8, n = 6) versus those given 10 Gy WTLI median 92.8%
(73.5-98.6, n =7) or 13 Gy WTLI median of 87.3% (70.9-91.6, n = 26). A Mann-Whitney test
was performed comparing nonirradiated controls with a median of 93.9% (64.1-96.8, n = 6) to
rats that were morbid by 60 days after 13 Gy WTLI with a median of 73.5% (62.0-91.1, n = 13),
these results reached statistical significance (p = 0.037) and are comparable to the 15 Gy WTLI
rat cohort (n = 11) in which matched nonirradiated controls (n = 12) showed a significant
decrease in perfusion of the irradiated lungs [44].

Values for uptake of the apoptosis marker technetium-labeled duramycin (**™Tc-DU,
that binds to apoptotic cells) were not different after 10- or 13-Gy and are not included in
Figure 2 but are shown in Supplementary Figures S1 and S2 where all results are graphically
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summarized. It should be noted that uptake of both probes, ™ Tc-MAA and *™Tc-DU, is
known to be altered in the lung at 2 weeks after a lethal dose of 15 Gy WTLI [44].
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Figure 2. Percent perfused lung volume by radiation (Y-axis) as determined by *™Tc-MAA and CT
imaging. The data are presented as medians and 95% confidence intervals in female nonirradiated
rats and age-matched rats given 10- and 13-Gy whole thorax lung irradiation (WTLI) at 2 weeks after
exposure. There was no difference in perfusion between groups when all rats in each group were
included. ns = no statistical difference.

2.3. Changes in Circulating White Blood Cell Counts at 2 Weeks after Irradiation

Figure 3 shows white blood cell counts at 2 weeks after 10- and 13-Gy WTLL Total
white blood cells were decreased at 2 weeks after both doses (Figure 3A), similar to previous
results for 15 Gy WTLI [46]. The percent of neutrophils in the white blood cell compartment
were increased by 13 Gy WTLI but not after 10 Gy WTLI (Figure 3B). The percent of
lymphocytes in the white blood cells were decreased by 13 Gy WTLI but not after 10 Gy
WTLI (Figure 3C). The percent of monocytes in white blood cells tended to be higher after
13 Gy WLTI (Figure 3D), though this difference did not reach statistical significance. Because
differences in any one 2-week variable alone did not correlate to survival, we proceeded to
test a combination of endpoints. It should be noted that the absolute differential counts of
the individual white blood cell types were not changed; only the percentages of some cell
types were altered as shown in Figure 3B,C. The absolute counts of individual white blood
cell types are not included in Figure 3 but are shown in Supplementary Figures S1 and S2
where all results are graphically summarized.
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Figure 3. Graphical representation of circulating white blood cell counts 2 weeks after whole thorax
lung irradiation (WTLI). Blood was harvested from female nonirradiated, and age-matched rats given
10- and 13-Gy WTLI and the white cell count determined as described (see Section 4). (A) Total white
blood cells/microliter. (B) Percent neutrophils. (C) Percent lymphocytes. (D) Percent monocytes. The
data are presented as medians and 95% confidence intervals: * = p < 0.0332, *** = p < 0.0002, ns = no
statistical difference.
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2.4. Expression of miR19a-3p, miR142-5p, miR 144-5p, miR 144-3p, miR 21-5p at 2 Weeks
after Irradiation

The results of the relative expression of miR 19a-3p, miR 142-5p, miR 144-5p, miR
144-3p, miR 21-5p and 150-5p after normalization to miR191-5p are shown in Figure 4.
miR191-5p was selected for normalization as we have demonstrated it is not altered by
radiation [46]. The relative expression of miR 144-5p, miR 144-3p, miR 142-5p, miR 19a-3p
and miR 21-5p (markers that were upregulated in whole blood compared to miR 191-
5p at 2 weeks after 15 Gy WTLI [46]) were not significantly increased by 13 Gy WTLI
(Figure 4A-E). MiR 150-5p, a marker derived from hematopoietic cells [6] was decreased
after 13 Gy WTLI (Figure 4F). Similar results were obtained after 10 Gy WTLL
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Figure 4. miRNA expression relative to miRNA 191-5p: Graphical representation of circulating
miRNA from total blood after whole thorax lung irradiation (WTLI). Blood was harvested from
female nonirradiated (0 Gy) and age-matched rats given 10- and 13-Gy WTLI and miRNA isolated
and quantitated by gRT-PCR as described (see Materials and Methods). Normalized expression of
miRNA as compared to miR 191-5p: (A) miR 19a-3p, (B) miR 142-5p, (C) miR 144-5p, (D) miR 144-3p,
(E) miR 21-5p, (F) miR 150-5p. The data are presented as medians and 95% confidence intervals:
**** = p < 0.0001, ns = no statistical difference.

2.5. Combining Biomarkers to Predict Lethal Lung Irradiation
2.5.1. Data Import

Data were available from two sets of experiments. The first set had all variables of
interest measured in animals treated with 0-, 10- or 13-Gy radiation, while the second set
had only one type of variable (i.e., only blood composition, only miRNA, only ™ Tc-MAA
or only ™ Tc-DU) in animals treated with 0- or 15-Gy. Univariate analyses were conducted
on the entire combined dataset, using the animals with non-missing values of the relevant
variable (See Supplementary data: Figures S1 and S2). The multivariate analyses were
conducted using an artificial dataset with imputed values for the single-variable animals
from the second set as described below.

2.5.2. Imputation Procedure

Based on the four subsets depending on the variable availability, 29,898 hypothetical
animals were created with all possible combinations of the values for the variables, match-
ing on radiation dose. From this pool, 11 animals treated with 0 Gy and 11 animals treated
with 15 Gy were randomly selected to reflect the typical group sizes in the second set of
experiments. Six 0 Gy, all the 10 Gy and 13 Gy animals had complete data, and they were
included as is (see Table 1). This process can be considered a single replicate of a multiple
imputation procedure. A limitation of this approach is the assumption of independence
between the variables, conditional on radiation dose, during the imputation process.
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Table 1. Number and distribution of rats used for biomarker analysis.
Number Gy Notes
6 0 Study set
7 10 Study set
26 13 Study set
11 0 Biomarker identification set
11 15 Biomarker identification set

2.5.3. Predicting Survival

Prediction rules for 60-day status were then developed using a classification-tree
(CART) approach. CART uses a recursive binary splitting algorithm to build the classi-
fication tree. Using the entire dataset, the cutoff for the optimal split for each variable is
determined by minimizing the Gini index, which measures the “impurity” of the nodes
created by the split. The variable with the lowest Gini index is selected for the split. This
process is repeated in the two subsets defined by the first split, and all subsequent splits
until there is no improvement in the classification or the subsets become too small (we
did not split nodes with fewer than 20 observations). The benefits of CART include its
interpretability, ability to model interactions and ability to handle missing data. Splitting
criteria are listed at each decision point; the left branch corresponds to “YES” and the right
branch to “NO”. The Alive/Dead label at the bottom of the tree (Figure 5) indicates the clas-
sification of the observations falling into that group. Missing values were handled by either
splitting on a correlated “surrogate” variable or by going with the majority. Figure 5 shows
that a combination of percent lymphocytes and monocytes, as well as a drop in pulmonary
perfusion volume will predict survival from radiation to the lungs with 88.5% accuracy
(95% confidence interval of 77.8, 95.3) with a p-value of < 0.001 versus the no information
rate (NIR) of 60.7%, and a McNemar’s p-value of 0.45. All the misclassified observations
were in the 13 Gy group, within which the accuracy was 73.1% (95% CI: 52.2-88.4%), with
p = 0.015 versus NIR.

Classification % lymphocytes > 79.4
tree
Alive Normalized MAA/CT vol > 89.6%
22/1
% monocytes < 2.0% [1)?161 g
Alive Dead
10/1 4/6
Confusion Matrix and Statistics
Observations Accuracy: 88.5%
Prediction Alive Dead 95% Cl: (77.8, 95.3)
Alive 32 2 P-value accuracy: <0.0001
Dead 5 22 McNemar’s p-value: 0.45

Figure 5. Prediction rules for 60-day status were developed using a classification-tree (CART) ap-
proach. In the plots, the splitting criterion is listed at each decision point; the left branch corresponds
to “YES” and the right branch to the “NO”. The Alive/Dead label at the bottom of the tree in-
dicates the classification of the observations falling into that group, with the numbers indicating
the actual number of observations (alive/dead). Splits on a missing value are handled by either
splitting on a correlated “surrogate” variable, or by going with the majority. McNemar’s p-value: test
misclassification bias (e.g., more alive > dead or dead > alive).
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3. Discussion

The goal of the current study was to find markers to identify potentially lethal
radiation-induced pneumonitis. Since multiple organs are injured by radiation and circu-
lating markers such as blood cells and miRNA can be altered by radiation to organs other
than the lungs, pulmonary imaging modalities are likely to directly measure lung injury.
SPECT imaging with ™ Tc-MAA detected changes as early as 2 weeks in rats, providing
a structural biomarker of perfused lung volume that correlates with lung function, since
perfusion plays an important role in gas exchange in the lung. There are many reports
of a decrease in perfusion in the lungs after radiation [50-52]. In the future, SPECT/CT
values in nonirradiated humans will be useful to provide a baseline for this biomarker to
make it informative after radiation. Another change at 2 weeks after radiation, vascular
permeability, has also been reported [53]. This dysfunction has been explored using an
FDA-approved dye in combination with optical imaging in rat lungs [53], a technique
that could be easily applied in the clinic [54,55]. These translational markers can readily
be measured in humans. Differential white blood cell counts can be easily evaluated at
2 weeks, while clinics throughout the United States routinely measure lung perfusion by
SPECT/CT. It should be noted that there are only a few other studies measuring such early
functional changes in any organ to predict radiation injury. One example is cardiac mag-
netic resonance imaging for evaluation of cardiotoxicity in patients with breast cancer [56].
We report that a combination of percent change in lymphocytes and monocytes, as well
as pulmonary perfusion volume, could predict survival from radiation to the lungs with
88.5% accuracy (95% confidence intervals of 77.8, 95.3) with a p-value of <0.0001 versus
no information rate. Thus, a simple set of tests has potential to detect lethal lung injury
before pulmonary symptoms of radiation pneumonitis develop and in time to mitigate
injury with an ACE inhibitor [48].

Blood cell measurements, ratios and kinetics are commonly used as diagnostic biomark-
ers for radiation exposure [30] and have been refined for dose evaluation [29] and bio-
dosimetry [28]. They have been combined with other markers to assess multiple parameters
for radiation injury in nonhuman primates [28]. RNA and gene expression have also been
popular candidates as radiation biomarkers. Some of the more recent and successful ex-
amples have been the measurement of miR 150-5p [6] as well as expression of radiation
responsive genes [7,10]. RNA signatures have also been explored in nonhuman primates
exposed to total body irradiation and WTLI [5]. Emerging as another set of popular can-
didates are small molecules such as metabolites and lipids [34,35,49]. Other investigators
have also attempted to identify radiation-induced biomarkers of lung injury in animal
models relevant to a radiological incident [5,8,43]. Circulating content of club cell secre-
tory protein (CCSP) and surfactant protein D (SP-D) expressed by lung epithelium were
identified as biomarkers for pulmonary fibrosis induced by radiation [8].

Since circulating blood cell counts can be altered by a number of factors, we also
evaluated if intraperitoneal injection of a toxic agent, lipopolysaccharide (LPS), alters
circulating blood cell counts in a similar manner as radiation to the lungs. After 24 h
treatment with LPS, a time point that injures the lungs, the neutrophil /lymphocyte ratio
was 3 times higher than with radiation at 2 weeks after >10 Gy WTLI (results not shown).
Thus, the profile or even kinetics of changes in circulating blood cell counts may differentiate
between these two insults (biochemical and radiological toxicities). Though the pulmonary
SPECT endpoint advances the search for a lung-specific biomarker, further research by
irradiating other parts of the body and shielding the lungs will verify if perfusion is altered
even when the lung is not in the radiation field. In addition, evaluating male rats will
determine if the biomarkers are sex-specific. Though the pattern and effects of radiation
to the lungs are very similar after WTLI and PBI with bone marrow sparing [57,58], the
biomarkers presented in this study were not tested after PBI. Another limitation of the
current work is the use of the WAG/RijCmcr rat model. Humanized animal models [59]
are gaining popularity and can better confirm translational potential of biomarkers studied
in rodents. Males and special populations such as juvenile and geriatric models must also
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be studied in the future to determine efficacy of the biomarkers described here. In addition,
as mentioned, baseline *™Tc-MAA SPECT/CT values in human lungs will help to promote
this biomarker of lung perfusion to detect lethal radiation injury.

In summary, the current study is one of the first to report a set of non-invasive
structural and functional endpoints that are translational and can be used to predict lethal
radiation injury in female rats in combination with simple tests such as circulating blood
cell counts. Detection is possible as early as 2 weeks after radiation, within the latent
window before symptoms of radiation injury to the lung are observed. Mitigators can then
be used after detection to reduce pulmonary toxicity induced by radiation to the lungs.

4. Materials and Methods
4.1. Animal Care

All animal protocols were approved by Institutional Animal Care and Use Committees
(IACUC) at the Medical College of Wisconsin [23].

4.2. Irradiation and Follow Up

Unanesthetized female WAG/RijCmcr rats were irradiated with 10 Gy (n =7) or 13 Gy
(n =26) WTLI at 9-10 weeks of age. Nonirradiated age-matched control rats (0 Gy) (n = 6)
were also evaluated. WTLI dosimetry was conducted as has been previously described [47].
Briefly, rats were placed in a Plexiglas jig to allow for irradiations to be performed without
anesthesia. Rats were exposed with opposed parallel fields that encompassed the whole
thorax with an X-RAD 320 X-ray unit (Precision X-Ray, Madison, WI, USA) at 320 kVp
and 13 mA at a dose rate of 1.531 Gy min~! with a half value layer of 1.4 mm Cu filtration.
Biomarkers were studied at 2 weeks after WTLI. This time point was determined by results
from biomarkers measured in rats given 15 Gy WTLI at 4 time points in an earlier study [44].

Irradiated rats (13 Gy WTLI and 10 Gy WTLI) and controls (0 Gy) were followed to
100 days to determine survival. Nonirradiated rats of the same age, strain and gender
served as controls in parallel with each batch of irradiated rats. Animals that were evaluated
as morbid were euthanized as in previous studies [17,23].

4.3. SPECT/CT

In vivo SPECT /CT was performed as described previously [44] using 2 probes: technetium-
labeled macroaggregated albumin (¥™Tc-MAA) and technetium-labeled duramycin (*™Tc-DU).
PMTe-MAA lodges within the intricate and abundant microvasculature of the lung in proportion
to flow, and gamma-ray emissions are detected by the gamma camera in the SPECT imager.
9mTe-DU has high affinity and specificity for phosphatidylethanolamine (PE) which is exter-
nalized in apoptotic and other dying cells [44]. Since radiation has been reported to induce
apoptosis [60-62], necrosis and mitotic cell death, this marker reports whole body tissue damage
after radiation [63].

Macroaggregated albumin (Jubilant DraxImage) and duramycin (3035 g/mole MW)
were labeled with technetium as previously described [44,63-65]. Rats first received an in-
jection (tail vein) of 38.5 4 7.6 (mean + 95% confidence intervals) MBq of ™ Tc-duramycin.
The animals were positioned in a SPECT/CT scanner (Triumph, TriFoil Imaging) and
rapidly CT scanned for anatomical localization then scanned at 50 min after injection.
Rats were then injected with ™ Tc-MAA administered as a single dose of 24.6 + 3.9
(mean + Standard Deviation (SD)) MBq via the tail vein, using the same catheter. A second
scan was run at 5 min after the “*™Tc-MAA injection. The corresponding maximal uptake
for each probe was determined as in previous studies. In vivo radionuclide imaging was
performed using multi-pinhole collimators with two gamma head detectors (130 to 150 keV
energy window). A total of 72 projections for 10 s each were acquired for each scan. SPECT
and CT data were reconstructed and coregistered using built-in software [44,63]. CT scans
were performed again on each rat after SPECT imaging to determine lung volume.
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4.4. Image Analysis

The reconstructed CT and ™ Tc-MAA image volumes were segmented and analyzed
to determine the perfused lung volume as previously described [44]. Briefly, the lung region
within the CT image volume was identified. A grayscale window with a lower threshold of
zero (corresponding to air) and an upper threshold of the maximum grayscale value within
the lung parenchymal region, was established and used to determine the boundaries of the
anatomical lung region. This region served as a binary lung mask that was then applied to
the reconstructed radiolabeled image volumes.

For the ™Tc-MAA studies, the total number of nonzero voxels of ™Te-MAA SPECT
lung region for each rat was determined and scaled to the volume of each SPECT voxel,
to determine the perfused lung volume. The fraction of lung perfused was determined
by dividing the perfused lung volume obtained from **™Tc-MAA by the anatomical lung
volume obtained from CT.

For experiments involving *™Tc-DU, the reconstructed CT and SPECT image vol-
umes were coregistered and lung boundaries from CT were applied as a mask to deter-
mine the #Tc-DU lung region. *™Tc-DU lung uptake was then determined as aver-
age ?MTc-DU counts per voxel within the lung region and normalized to the activity of
9mTe-DU injected [44].

4.5. Blood Cell Counts

Rats were anesthetized for blood-draws (0.5-1 mL) by retro-orbital bleeds conducted
by an experienced technician [66]. Total and differential white blood cell counts were
obtained the same day by Marshfield Laboratories (Marshfield, WI, USA) [46]. Only
samples with adequate volume of uncoagulated blood were considered for evaluation.

4.6. Measurements of Expression of Circulating microRNA

Candidate microRNA, miR 144-5p, miR 144-3p, miR 142-5p, miR 19a-3p and miR 21-5p
that were upregulated after 15 Gy WTLI in a previous study [46] were tested as biomarkers,
along with miR 150-5p that was downregulated and miR 191-5p that was not changed after
15 Gy WTLI [46]. In the current study, total RNA was prepared from whole blood from
control rats (0 Gy) and rats irradiated to 10 Gy or 13 Gy WTLI at 2 weeks after WTLI by the
same method described for rats given 15 Gy WTLI [46]. Briefly, RNA was isolated from
whole blood using TRIzol Reagent (Ambion/RNA (Life Technologies, Carlsbad, CA, USA).
High purity total RNA (A260/280 > 1.6) was used for RT-qPCR without pre-amplification.
LNA-primers, RT-qPCR and calculation of miRNA were performed as described [46,67].
The expression of each target that was upregulated: miR 144-5p, miR 144-3p, miR142-5p,
miR19a-3p and miR 21-5p was separately compared to the expressed level of miR 191-5p in
the same blood sample.

4.7. Statistical Analyses

Kruskal-Wallis test with Dunn’s test for multiple comparisons were used to test signif-
icance for lung perfusion, blood counts and miRNA. Median values with 95% confidence
intervals are presented.

4.8. Strategy for Identifying and Testing Biomarkers

Candidate biomarkers from previous results from rats exposed to 15 Gy along with
nonirradiated controls [44,46] were used to serve as a base to narrow down an informative
set of biomarkers to predict lethal radiation injury to the lungs. SPECT imaging had yielded
2 biomarkers, Tc-MAA and Tc-DU, that determined the volume of perfused lung as well
as apoptosis in the lung respectively after 15 Gy WTLI as published [44]. miRNA-seq at
2 weeks had yielded 5 plasma miRNA that were upregulated after 15 Gy WTLI [46]. A
third set of rats given 15 Gy WTLI along with nonirradiated controls was used to measure
total and differential blood cell counts at the same time point, 2 weeks after 15 Gy WTLL In
the current study, all 3 sets of biomarkers were measured in the same rat at 2 weeks after
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13 Gy WTLI, a radiation dose which had been characterized to cause lethal pneumonitis
to ~50-70% of irradiated rats [45,47]. After biomarkers were measured at 2 weeks with
13 Gy WTLI, the same rats were followed to 100 days to determine survival of each animal
and then correlate the biomarker results with survival. The 3 sets of biomarkers (SPECT
probes, miRNA and blood cells counts) were also evaluated at 2 weeks after radiation in
nonirradiated controls (0 Gy) and rats given 10 Gy WTLI, a dose that is survived by all
rats. In previous studies, rats surviving to 100 days went on to survive at least 210 days
and 1 year after irradiation [47,57]. Statistical methods were then developed to define a
biomarker signature to predict survival after radiation as well as determine the sensitivity
and specificity of the selected biomarker panel.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/ijms24065627 /s1.

Author Contributions: Conceptualization, M.M.; investigation, B.L.F,, E.R.J. and M.M.; methodology,
B.LE, AV.C, EG. and ].N,; supervision, M.M., B.L.E. and A.V.C,; data computation, B.L.E,, T.G., FEG.
and A.S,; statistics and interpretation, A.S., B.L.F. and M.M.; writing, M.M.; editing and review, M.M.,
FG., TG, JN,HH,ER]J,AVC,B.LE and A.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the following grants: NIAID 1R01AI101898 (M.M.), U01-
AT107305 (M.M.) U01AI133594 (M.M. and H.H.), VA Merit Review 1 101 BX001681 (E.R.J.), NHLBI
HL116530 (E.RJ].).

Institutional Review Board Statement: Animal studies were conducted according to the guidelines
of the Institutional Animal Care and Use Committees (IACUC) at the Medical College of Wisconsin,
USA, TACUC # AUA-246, Approval 23 June 2016, and 13 June 2019.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting findings presented in this study are available
from the corresponding author upon reasonable request.

Acknowledgments: We thank Steven Haworth and the Biophysics Department at MCW for their
valuable help and support to carry out the imaging studies and Marylou Méader for the excellent help
with animal care. This work was also supported by the Department of Radiation Oncology at the
MCW. Blood counts were measured by Marshfield Laboratories, Marshfield, Wisconsin, USA.

Conflicts of Interest: Authors (M.M., B.L.E, T.G., EG., ].N,, HH., A.V.C,, ER]J. and A.S.) have
reviewed the manuscript and do not have a conflict of interest with the material included.

References

1. DiCarlo, A.L.; Homer, M.].; Coleman, C.N. United States medical preparedness for nuclear and radiological emergencies. J. Radiol.
Prot. 2021, 41, 1420-1434. [CrossRef]

2. Bisserier, M.; Shanmughapriya, S.; Rai, A.K.; Gonzalez, C.; Brojakowska, A.; Garikipati, VN.S.; Madesh, M.; Mills, PJ.; Walsh, K,;
Arakelyan, A; et al. Cell-Free Mitochondrial DNA as a Potential Biomarker for Astronauts” Health. |. Am. Heart Assoc. 2021,
10, €022055. [CrossRef]

3. Zhang, L.; Zhang, M.; Yang, S.; Cao, Y.; Zhang, S.B.; Yin, L.; Tian, Y.; Ma, Y.; Zhang, A.; Okunieff, P; et al. A new biodosimetric
method: Branched DNA-based quantitative detection of Bl DNA in mouse plasma. Br. ]. Radiol. 2010, 83, 694-701. [CrossRef]

4. Aryankalayil, M.].; Martello, S.; Bylicky, M.A.; Chopra, S.; May, ].M.; Shankardass, A.; MacMillan, L.; Sun, L.; Sanjak, J.;
Vanpouille-Box, C.; et al. Analysis of IncRNA-miRNA-mRNA expression pattern in heart tissue after total body radiation in a
mouse model. J. Transl. Med. 2021, 19, 336. [CrossRef]

5. Rogers, CJ.; Kyubwa, EM.; Lukaszewicz, A.L; Starbird, M.A.; Nguyen, M.; Copeland, B.T.; Yamada-Hanff, J.; Menon, N.
Observation of Unique Circulating miRNA Signatures in Non-Human Primates Exposed to Total-Body vs. Whole Thorax Lung
Irradiation. Radiat. Res. 2021, 196, 547-559. [CrossRef]

6. Yadav, M; Bhayana, S.; Liu, J.; Lu, L.; Huang, J.; Ma, Y.; Qamri, Z.; Mo, X; Jacob, D.S.; Parasa, S.T. Two-miRNA-based finger-stick
assay for estimation of absorbed ionizing radiation dose. Sci. Transl. Med. 2020, 12, eaaw5831. [CrossRef]

7. Ghandhi, S.A.; Shuryak, I.; Morton, S.R.; Amundson, S.A.; Brenner, D.]. New approaches for quantitative reconstruction of
radiation dose in human blood cells. Sci. Rep. 2019, 9, 18441. [CrossRef]

8. Groves, AM.; Williams, ].P,; Hernady, E.; Reed, C.; Fenton, B.; Love, T.; Finkelstein, ].N.; Johnston, C.J. A potential biomarker for

predicting the risk of radiation-induced fibrosis in the lung. Radiat. Res. 2018, 190, 513-525. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms24065627/s1
http://doi.org/10.1088/1361-6498/ac0d3f
http://doi.org/10.1161/JAHA.121.022055
http://doi.org/10.1259/bjr/49886569
http://doi.org/10.1186/s12967-021-02998-w
http://doi.org/10.1667/RADE-21-00043.1
http://doi.org/10.1126/scitranslmed.aaw5831
http://doi.org/10.1038/s41598-019-54967-5
http://doi.org/10.1667/RR15122.1

Int. . Mol. Sci. 2023, 24, 5627 110f13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Nongrum, S.; Vaiphei, S.T.; Keppen, ].; Ksoo, M.; Kashyap, E.; Sharan, R.N. Identification and preliminary validation of radiation
response protein (s) in human blood for a high-throughput molecular biodosimetry technology for the future. Genome Integr.
2017, 8, 5. [CrossRef]

Ostheim, P.; Amundson, S.A.; Badie, C.; Bazyka, D.; Evans, A.C.; Ghandhi, S.A.; Gomolka, M.; Lépez Riego, M.; Rogan, PK;
Terbrueggen, R. Gene expression for biodosimetry and effect prediction purposes: Promises, pitfalls and future directions-key
session ConRad 2021. Int. ]. Radiat. Biol. 2022, 98, 843-854. [CrossRef]

Zalesak-Kravec, S.; Huang, W.; Wang, P; Yu, J.; Liu, T.; Defnet, A.E.; Moise, A.R.; Farese, A.M.; MacVittie, TJ.; Kane, M.A.
Multi-omic analysis of non-human primate heart after partial-body radiation with minimal bone marrow sparing. Health Phys.
2021, 121, 352-371. [CrossRef]

Hayes, ].M.; Olson, ].D.; Chino, Y.; Bourland, J.D.; Cline, ] M.; Johnson, T.E. Pseudo Pelger-Huét anomalies as potential biomarkers
for acute exposure radiation dose in rhesus macaques (Macaca mulatta). Int. |. Radiat. Biol. 2022, 98, 913-923. [CrossRef]

Fish, B.L.; Gao, F; Narayanan, J.; Bergom, C.; Jacobs, E.R.; Cohen, E.P.; Moulder, J.E.; Orschell, C.M.; Medhora, M. Combined
Hydration and Antibiotics with Lisinopril to Mitigate Acute and Delayed High-dose Radiation Injuries to Multiple Organs.
Health Phys. 2016, 111, 410-419. [CrossRef]

Medhora, M.; Gao, F; Gasperetti, T.; Narayanan, J.; Khan, A.H.; Jacobs, E.R.; Fish, B.L. Delayed Effects of Acute Radiation
Exposure (Deare) in Juvenile and Old Rats: Mitigation by Lisinopril. Health Phys. 2019, 116, 529-545. [CrossRef]

Prado, C.; MacVittie, T.; Bennett, A.; Kazi, A.; Farese, A.; Prado, K. Organ doses associated with partial-body irradiation with
2.5% bone marrow sparing of the non-human primate: A retrospective study. Radiat. Res. 2017, 188, 695-705. [CrossRef]

Salem, A.M.; Jackson, LL.; Gibbs, A.; Poirier, Y.; Newman, D.; Zodda, A.; Vujaskovic, Z.; Kaytor, M.D.; Serebrenik, A.A.; Gobburu,
J. Interspecies Comparison and Radiation Effect on Pharmacokinetics of BIO 300, a Nanosuspension of Genistein, after Different
Routes of Administration in Mice and Non-Human Primates. Radiat. Res. 2022, 197, 447-458. [CrossRef]

Fish, B.L.; MacVittie, T.].; Gao, F; Narayanan, J.; Gasperetti, T.; Scholler, D.; Sheinin, Y.; Himburg, H.A.; Hart, B.; Medhora, M. Rat
Models of Partial-body Irradiation with Bone Marrow-sparing (Leg-out PBI) Designed for FDA Approval of Countermeasures for
Mitigation of Acute and Delayed Injuries by Radiation. Health Phys. 2021, 121, 419-433. [CrossRef]

Cohen, E.P; Hankey, K.G.; Bennett, A.W.; Farese, A.M.; Parker, G.A.; MacVittie, T.J. Acute and Chronic Kidney Injury in a
Non-Human Primate Model of Partial-Body Irradiation with Bone Marrow Sparing. Radiat. Res. 2017, 188, 661-671. [CrossRef]

Jackson, I.L.; Zodda, A.; Gurung, G.; Pavlovic, R.; Kaytor, M.D.; Kuskowski, M.A.; Vujaskovic, Z. BIO 300, a nanosuspension of
genistein, mitigates pneumonitis/fibrosis following high-dose radiation exposure in the C57L/] murine model. Br. ]. Pharmacol.
2017, 174, 4738-4750. [CrossRef]

MacVittie, T.].; Gibbs, A.; Farese, A.M.; Barrow, K.; Bennett, A.; Taylor-Howell, C.; Kazi, A.; Prado, K,; Parker, G.; Jackson, W.
AEOL 10150 Mitigates Radiation-Induced Lung Injury in the Nonhuman Primate: Morbidity and Mortality are Administration
Schedule-Dependent. Radiat. Res. 2017, 187, 298-318. [CrossRef]

Zhang, R.; Ghosh, S.N.; Zhu, D.; North, P.E; Fish, B.L.; Morrow, N.V,; Lowry, T.; Nanchal, R.; Jacobs, E.R.; Moulder, J.E. Structural
and functional alterations in the rat lung following whole thoracic irradiation with moderate doses: Injury and recovery. Int. |.
Radiat. Biol. 2008, 84, 487-497. [CrossRef]

Ghobadi, G.; Van Der Veen, S.; Bartelds, B.; De Boer, R.A.; Dickinson, M.G.; De Jong, J.R.; Faber, H.; Niemantsverdriet, M.;
Brandenburg, S.; Berger, R.M. Physiological interaction of heart and lung in thoracic irradiation. Int. . Radiat. Oncol. Biol. Phys.
2012, 84, €639—-e646. [CrossRef]

Medhora, M.; Gao, F; Glisch, C.; Narayanan, J.; Sharma, A.; Harmann, L.M.; Lawlor, M.; Snyder, L.A.; Fish, B.L.; Down, ].D.;
et al. Whole-thorax irradiation induces hypoxic respiratory failure, pleural effusions and cardiac remodeling. J. Radiat. Res. 2015,
56, 248-260. [CrossRef]

Rabender, C.; Mezzaroma, E.; Mauro, A.G.; Mullangi, R.; Abbate, A.; Anscher, M.; Hart, B.; Mikkelsen, R. IPW-5371 Proves
Effective as a Radiation Countermeasure by Mitigating Radiation-Induced Late Effects. Radiat. Res. 2016, 186, 478-488. [CrossRef]
Patterson, A.M.; Plett, PA.; Chua, H.L.; Sampson, C.H.; Fisher, A.; Feng, H.L.; Unthank, ].L.; Miller, S.J.; Katz, B.P; MacVittie, T.].;
et al. Development of a Model of the Acute and Delayed Effects of High Dose Radiation Exposure in Jackson Diversity Outbred
Mice; Comparison to Inbred C57BL/6 Mice. Health Phys. 2020, 119, 633-646. [CrossRef]

Patterson, A.M.; Wu, T.; Chua, H.L.; Sampson, C.H.; Fisher, A.; Singh, P.; Guise, T.A.; Feng, H.; Muldoon, ]J.; Wright, L. Optimizing
and profiling prostaglandin E2 as a medical countermeasure for the hematopoietic acute radiation syndrome. Radiat. Res. 2021,
195, 115-127. [CrossRef]

Wang, Q.; Lee, Y.; Pujol-Canadell, M.; Perrier, ].R.; Smilenov, L.; Harken, A.; Garty, G.; Brenner, D.]J.; Ponnaiya, B.; Turner,
H.C. Cytogenetic Damage of Human Lymphocytes in Humanized Mice Exposed to Neutrons and X Rays 24 h After Exposure.
Cytogenet. Genome Res. 2021, 161, 352-361. [CrossRef]

Blakely, W.E,; Ossetrova, N.I.; Whitnall, M.H.; Sandgren, D.].; Krivokrysenko, V.I; Shakhov, A.; Feinstein, E. Multiple param-
eter radiation injury assessment using a nonhuman primate radiation model—Biodosimetry applications. Health Phys. 2010,
98, 153-159. [CrossRef]

Grace, M.B.; Muderhwa, ].M.; Salter, C.A; Blakely, W.E. Use of a centrifuge-based automated blood cell counter for radiation dose
assessment. Mil. Med. 2006, 171, 908-912. [CrossRef]


http://doi.org/10.4103/2041-9414.198910
http://doi.org/10.1080/09553002.2021.1987571
http://doi.org/10.1097/HP.0000000000001478
http://doi.org/10.1080/09553002.2021.1998708
http://doi.org/10.1097/HP.0000000000000554
http://doi.org/10.1097/HP.0000000000000920
http://doi.org/10.1667/RR14804.1
http://doi.org/10.1667/RADE-21-00114.1
http://doi.org/10.1097/HP.0000000000001444
http://doi.org/10.1667/RR24857.1
http://doi.org/10.1111/bph.14056
http://doi.org/10.1667/RR4413.1
http://doi.org/10.1080/09553000802078396
http://doi.org/10.1016/j.ijrobp.2012.07.2362
http://doi.org/10.1093/jrr/rru095
http://doi.org/10.1667/RR14403.2
http://doi.org/10.1097/HP.0000000000001344
http://doi.org/10.1667/RADE-20-00181.1
http://doi.org/10.1159/000516529
http://doi.org/10.1097/HP.0b013e3181b0306d
http://doi.org/10.7205/MILMED.171.9.908

Int. . Mol. Sci. 2023, 24, 5627 12 0f13

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Prasanna, P.G.; Blakely, W.E; Bertho, J.-M.; Chute, ]J.P.; Cohen, E.P; Goans, R.E.; Grace, M.B.; Lillis-Hearne, P.K.; Lloyd, D.C;
Lutgens, L.C. Synopsis of partial-body radiation diagnostic biomarkers and medical management of radiation injury workshop.
Radiat. Res. 2010, 173, 245-253. [CrossRef]

Bhayana, S.; Song, E.; Jacob, J.; Fadda, P; Denko, N.C.; Xu-Welliver, M.; Chakravarti, A.; Jacob, N.K. Urinary miRNAs as
biomarkers for noninvasive evaluation of radiation-induced renal tubular injury. Radiat. Res. 2017, 188, 706-715. [CrossRef]
Chakraborty, N.; Gautam, A.; Holmes-Hampton, G.P.; Kumar, V.P; Biswas, S.; Kumar, R.; Hamad, D.; Dimitrov, G.; Olabisi, A.O;
Hammamieh, R. MicroRNA and metabolite signatures linked to early consequences of lethal radiation. Sci. Rep. 2020, 10, 5424.
[CrossRef] [PubMed]

Chopra, S.; Moroni, M.; Sanjak, J.; MacMillan, L.; Hritzo, B.; Martello, S.; Bylicky, M.; May, J.; Coleman, C.N.; Aryankalayil, M.J.
Whole blood gene expression within days after total-body irradiation predicts long term survival in Gottingen minipigs. Sci. Rep.
2021, 11, 15873. [CrossRef] [PubMed]

Kumar, P; Wang, P; Farese, A.M.; MacVittie, T.].; Kane, M.A. Metabolomics of multiorgan radiation injury in non-human primate
model reveals system-wide metabolic perturbations. Health Phys. 2021, 121, 395-405. [CrossRef]

Laiakis, E.C.; Canadell, M.P; Grilj, V.; Harken, A.D.; Garty, G.Y.; Brenner, D.J.; Smilenov, L.; Fornace, A.]. Small molecule responses
to sequential irradiation with neutrons and photons for biodosimetry applications: An initial assessment. Radiat. Res. 2021,
196, 468-477. [CrossRef]

Liu, K; Singer, E.; Cohn, W.; Micewicz, E.D.; McBride, W.H.; Whitelegge, ].P.; Loo, J.A. Time-Dependent Measurement of
Nrf2-Regulated Antioxidant Response to Ionizing Radiation toward Identifying Potential Protein Biomarkers for Acute Radiation
Injury. PROTEOMICS Clin. Appl. 2019, 13, 1900035. [CrossRef] [PubMed]

Ossetrova, N.I; Stanton, P; Krasnopolsky, K.; Ismail, M.; Doreswamy, A.; Hieber, K.P. Comparison of biodosimetry biomarkers for
radiation dose and injury assessment after mixed-field (neutron and gamma) and pure gamma radiation in the mouse total-body
irradiation model. Health Phys. 2018, 115, 743-759. [CrossRef]

Bujold, K.; Hauer-Jensen, M.; Donini, O.; Rumage, A.; Hartman, D.; Hendrickson, H.; Stamatopoulos, J.; Naraghi, H.; Pouliot, M.;
Ascah, A. Citrulline as a biomarker for gastrointestinal-acute radiation syndrome: Species differences and experimental condition
effects. Radiat. Res. 2016, 186, 71-78. [CrossRef] [PubMed]

Jones, J.W.; Bennett, A.; Carter, C.L.; Tudor, G.; Hankey, K.G.; Farese, A.M.; Booth, C.; MacVittie, T.].; Kane, M.A. Citrulline as a
biomarker in the non-human primate total-and partial-body irradiation models: Correlation of circulating citrulline to acute and
prolonged gastrointestinal injury. Health Phys. 2015, 109, 440—451. [CrossRef]

Jones, JW,; Tudor, G.; Li, E; Tong, Y.; Katz, B.; Farese, A.M.; MacVittie, T.].; Booth, C.; Kane, M.A. Citrulline as a biomarker in the
murine total-body irradiation model: Correlation of circulating and tissue citrulline to small intestine epithelial histopathology.
Health Phys. 2015, 109, 452-465. [CrossRef]

Ainsbury, E.A.; Moquet, J.; Sun, M.; Barnard, S.; Ellender, M.; Lloyd, D. The future of biological dosimetry in mass casualty
radiation emergency response, personalized radiation risk estimation and space radiation protection. Int. J. Radiat. Biol. 2022,
98, 421-427. [CrossRef]

Kugathasan, T.; Mothersill, C. Radiobiological and social considerations following a radiological terrorist attack; mechanisms,
detection and mitigation: Review of new research developments. Int. |. Radiat. Biol. 2022, 98, 855-864. [CrossRef]

Liu, X; Shao, C.; Fu, J. Promising Biomarkers of Radiation-Induced Lung Injury: A Review. Biomedicines 2021, 9, 1181. [CrossRef]
Medhora, M.; Haworth, S.; Liu, Y,; Narayanan, J.; Gao, F; Zhao, M.; Audj, S.; Jacobs, E.R; Fish, B.L.; Clough, A.V. Biomarkers for
radiation pneumonitis using noninvasive molecular imaging. J. Nucl. Med. 2016, 57, 1296-1301. [CrossRef]

Medhora, M.; Gao, F.; Fish, B.L.; Jacobs, E.R.; Moulder, J.E.; Szabo, A. Dose-modifying factor for captopril for mitigation of
radiation injury to normal lung. J. Radiat. Res. 2012, 53, 633—640. [CrossRef]

Gao, F; Liu, P; Narayanan, J.; Yang, M.; Fish, B.L,; Liu, Y.; Liang, M.; Jacobs, E.R.; Medhora, M. Changes in miRNA in the lung
and whole blood after whole thorax irradiation in rats. Sci. Rep. 2017, 7, 44132. [CrossRef]

Kma, L.; Gao, F; Fish, B.L.; Moulder, J.E.; Jacobs, E.R.; Medhora, M. Angiotensin converting enzyme inhibitors mitigate collagen
synthesis induced by a single dose of radiation to the whole thorax. J. Radiat. Res. 2012, 53, 10-17. [CrossRef]

Gao, F; Fish, B.L.; Moulder, ].E.; Jacobs, E.R.; Medhora, M. Enalapril mitigates radiation-induced pneumonitis and pulmonary
fibrosis if started 35 days after whole-thorax irradiation. Radiat. Res. 2013, 180, 546-552. [CrossRef]

Unger, K,; Li, Y,; Yeh, C; Barac, A.; Srichai, M.B.; Ballew, E.A.; Girgis, M.; Jayatilake, M.; Sridharan, V.; Boerma, M. Plasma
metabolite biomarkers predictive of radiation induced cardiotoxicity. Radiother. Oncol. 2020, 152, 133-145. [CrossRef]
Fleckenstein, K.; Zgonjanin, L.; Chen, L.; Rabbani, Z.; Jackson, I.L.; Thrasher, B.; Kirkpatrick, J.; Foster, W.M.; Vujaskovic, Z.
Temporal onset of hypoxia and oxidative stress after pulmonary irradiation. Int. J. Radiat. Oncol. Biol. Phys. 2007, 68, 196-204.
[CrossRef]

Ghosh, S.; Wu, Q.; Méder, M.; Fish, B.; Moulder, J.E.; Jacobs, E.R.; Medhora, M.; Molthen, R.C. Vascular injury after whole thoracic
x-ray irradiation in the rat. Int. J. Radiat. Oncol. Biol. Phys. 2009, 74, 192-199. [CrossRef]

Mehrvar, S.; Mostaghimi, S.; Camara, A K.; Foomani, FH.; Narayanan, ].; Fish, B.; Medhora, M.; Ranji, M. Three-dimensional
vascular and metabolic imaging using inverted autofluorescence. J. Biomed. Opt. 2021, 26, 076002. [CrossRef]

Jagtap, J.; Audi, S.; Razeghi-Kondelaji, M.H.; Fish, B.L.; Hansen, C.; Narayan, J.; Gao, E; Sharma, G.; Parchur, A.K; Banerjee, A. A
rapid dynamic in vivo near-infrared fluorescence imaging assay to track lung vascular permeability after acute radiation injury.
Am. ]. Physiol. Lung Cell. Mol. Physiol. 2021, 320, L436-L450. [CrossRef]


http://doi.org/10.1667/RR1993.1
http://doi.org/10.1667/RR14828.1
http://doi.org/10.1038/s41598-020-62255-w
http://www.ncbi.nlm.nih.gov/pubmed/32214144
http://doi.org/10.1038/s41598-021-95120-5
http://www.ncbi.nlm.nih.gov/pubmed/34354115
http://doi.org/10.1097/HP.0000000000001472
http://doi.org/10.1667/RADE-20-00032.1
http://doi.org/10.1002/prca.201900035
http://www.ncbi.nlm.nih.gov/pubmed/31419066
http://doi.org/10.1097/HP.0000000000000939
http://doi.org/10.1667/RR14305.1
http://www.ncbi.nlm.nih.gov/pubmed/27351760
http://doi.org/10.1097/HP.0000000000000347
http://doi.org/10.1097/HP.0000000000000346
http://doi.org/10.1080/09553002.2021.1980629
http://doi.org/10.1080/09553002.2021.1988180
http://doi.org/10.3390/biomedicines9091181
http://doi.org/10.2967/jnumed.115.160291
http://doi.org/10.1093/jrr/rrs004
http://doi.org/10.1038/srep44132
http://doi.org/10.1269/jrr.11035
http://doi.org/10.1667/RR13350.1
http://doi.org/10.1016/j.radonc.2020.04.018
http://doi.org/10.1016/j.ijrobp.2006.12.056
http://doi.org/10.1016/j.ijrobp.2009.01.006
http://doi.org/10.1117/1.JBO.26.7.076002
http://doi.org/10.1152/ajplung.00066.2020

Int. . Mol. Sci. 2023, 24, 5627 13 0f 13

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

Kamolz, L.-P; Andel, H.; Haslik, W.; Donner, A.; Winter, W.; Meissl, G.; Frey, M. Indocyanine green video angiographies help to
identify burns requiring operation. Burns 2003, 29, 785-791. [CrossRef]

Seo,J.; An, Y; Lee, ].; Ku, T.; Kang, Y.; Ahn, C.W.; Choi, C. Principal component analysis of dynamic fluorescence images for
diagnosis of diabetic vasculopathy. J. Biomed. Opt. 2016, 21, 046003. [CrossRef]

Speers, C.; Murthy, V.L.; Walker, EM.; Glide-Hurst, C.K.; Marsh, R.; Tang, M.; Morris, E.L.; Schipper, M.].; Weinberg, R.L.; Gits,
H.C. Cardiac Magnetic Resonance Imaging and Blood Biomarkers for Evaluation of Radiation-Induced Cardiotoxicity in Patients
With Breast Cancer: Results of a Phase 2 Clinical Trial. Int. ]. Radiat. Oncol. Biol. Phys. 2022, 112, 417-425. [CrossRef]

Fish, B.L.; MacVittie, T.].; Szabo, A.; Moulder, J.E.; Medhora, M. WAG/RijCmcr rat models for injuries to multiple organs by
single high dose ionizing radiation: Similarities to nonhuman primates (NHP). Int. ]. Radiat. Biol. 2020, 96, 81-92. [CrossRef]
MacVittie, T.].; Farese, A.M.; Parker, G.A.; Bennett, A.W.; Jackson III, W.E. Acute radiation-induced lung injury in the non-human
primate: A review and comparison of mortality and co-morbidities using models of partial-body irradiation with marginal bone
marrow sparing and whole thorax lung irradiation. Health Phys. 2020, 119, 559-587. [CrossRef]

Ghandhi, S.A.; Smilenov, L.; Shuryak, I.; Pujol-Canadell, M.; Amundson, S.A. Discordant gene responses to radiation in humans
and mice and the role of hematopoietically humanized mice in the search for radiation biomarkers. Sci. Rep. 2019, 9, 19434.
[CrossRef]

Garcia-Barros, M.; Paris, F; Cordon-Cardo, C.; Lyden, D.; Rafii, S.; Haimovitz-Friedman, A.; Fuks, Z.; Kolesnick, R. Tumor
response to radiotherapy regulated by endothelial cell apoptosis. Scierice 2003, 300, 1155-1159. [CrossRef]

Holcik, M.; Yeh, C.; Korneluk, R.G.; Chow, T. Translational upregulation of X-linked inhibitor of apoptosis (XIAP) increases
resistance to radiation induced cell death. Oncogene 2000, 19, 4174-4177. [CrossRef] [PubMed]

Verheij, M.; Bartelink, H. Radiation-induced apoptosis. Cell Tissue Res. 2000, 301, 133-142. [CrossRef]

Johnson, S.E.; Li, Z,; Liu, Y.; Moulder, J.E.; Zhao, M. Whole-body imaging of high-dose ionizing irradiation-induced tissue injuries
using 99mTe-duramycin. J. Nucl. Med. 2013, 54, 1397-1403. [CrossRef]

Audi, S.H.; Jacobs, E.R.; Zhao, M.; Roerig, D.L.; Haworth, S.T.; Clough, A.V. In vivo detection of hyperoxia-induced pulmonary
endothelial cell death using 99mTc-duramycin. Nucl. Med. Biol. 2015, 42, 46-52. [CrossRef]

Clough, A.V;; Audi, S.H.; Haworth, S.T.; Roerig, D.L. Differential lung uptake of 99mTc-hexamethylpropyleneamine oxime and
99mTc-duramycin in the chronic hyperoxia rat model. J. Nucl. Med. 2012, 53, 1984-1991. [CrossRef] [PubMed]

Sharma, A.; Fish, B.L.; Moulder, ].E.; Medhora, M.; Baker, ].E.; Mader, M.; Cohen, E.P. Safety and blood sample volume and quality
of a refined retro-orbital bleeding technique in rats using a lateral approach. Lab Anim. 2014, 43, 63—66. [CrossRef] [PubMed]
Gao, F; Dong, W,; Liu, PY;; Narayanan, J.; Fish, B.L.; Jacobs, E.R.; Medhora, M. Molecular Changes in miRNA in Irradiated Rat
Kidneys: Role of miR-34a and its Vascular Targets in the Notch Pathway. Radiat. Res. 2021, 196, 611-622. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/S0305-4179(03)00200-6
http://doi.org/10.1117/1.JBO.21.4.046003
http://doi.org/10.1016/j.ijrobp.2021.08.039
http://doi.org/10.1080/09553002.2018.1554921
http://doi.org/10.1097/HP.0000000000001346
http://doi.org/10.1038/s41598-019-55982-2
http://doi.org/10.1126/science.1082504
http://doi.org/10.1038/sj.onc.1203765
http://www.ncbi.nlm.nih.gov/pubmed/10962579
http://doi.org/10.1007/s004410000188
http://doi.org/10.2967/jnumed.112.112490
http://doi.org/10.1016/j.nucmedbio.2014.08.010
http://doi.org/10.2967/jnumed.112.108498
http://www.ncbi.nlm.nih.gov/pubmed/23086010
http://doi.org/10.1038/laban.432
http://www.ncbi.nlm.nih.gov/pubmed/24451361
http://doi.org/10.1667/RADE-20-00078.1

	Introduction 
	Results 
	Dose-Response and Survival after WTLI 
	Perfusion Volume of the Lung and Apoptosis as Measured by SPECT/CT Imaging at 2 Weeks Post-Irradiation
	Changes in Circulating White Blood Cell Counts at 2 Weeks after Irradiation 
	Expression of miR19a-3p, miR142-5p, miR 144-5p, miR 144-3p, miR 21-5p at 2 Weeks after Irradiation 
	Combining Biomarkers to Predict Lethal Lung Irradiation 
	Data Import 
	Imputation Procedure 
	Predicting Survival 


	Discussion 
	Materials and Methods 
	Animal Care 
	Irradiation and Follow Up 
	SPECT/CT 
	Image Analysis 
	Blood Cell Counts 
	Measurements of Expression of Circulating microRNA 
	Statistical Analyses 
	Strategy for Identifying and Testing Biomarkers 

	References

