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Abstract. In the event of acute radiation exposure, absorbed dose may be unknown and biodosimetry tools are
needed by first responders to properly triage patients. We evaluated two protein markers — FMS-related tyrosine
kinase 3 ligand (Flt3L) and granulocyte colony-stimulating factor (G-CSF) — that are known to be elevated after an
acute radiation exposure, as well as total white blood cell (WBC) count changes pre- and post-irradiation at different
dose-rates. Female B6D2F1 mice were divided into one sham-irradiated control group and four total-body irradiated
groups. Experimental groups received a total dose of 8 Gy of °Co gamma photon irradiation at four dose-rates:
0.04, 0.15, 0.30, and 0.4y Gy min. Blood samples from mice were collected at 24 and 48 hours post-exposure for
WBC and protein biomarkers (Flt3L and G-CSF). Flt3L values at all dose-rates except 0.15 were significantly elevated
from controls but not each other. The G-CSF levels in mouse groups of 0.47 Gy min* and 0.04 Gy min were
significantly different from controls, and 0.15 Gy min-1 significantly differed from 0.47 Gy min-1. WBC changes from
baseline showed that all experimental groups were significantly lower than controls, and additionally the 0.04 Gy
min group was significantly lower than the 0.30 Gy min group. Though more research is needed, it would appear
that at the fixed dose, dose-rates, and time points chosen herein may not be particularly strong or show predictable

differences in the selected biomarker expression levels.
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1. INTRODUCTION

Numerous people (civilian and military) could be
exposed to ionizing radiation after a terrorist
radiological attack, a radiation or nuclear accident, or a
combat detonation. In such scenarios, triage tools are
needed by first-responders to identify victims exposed
to life-threatening doses of radiation, as well as
discriminate between those not exposed and those
exposed but expected to survive. Such casualties could
occur in response to an acute or prompt irradiation
dose as well as a protracted one. Triage tools are
available for both these scenarios [1], but under mass-
casualty conditions, it will be important to assess
radiation dose and injury as quickly as possible. The
aforementioned authors state that proteomics may
have an impact on biodosimetry and that proteomics
may prove more informative (i.e. “protein changes may
be more relevant, longer lasting or more indicative of
long-term cellular damage correlating with biological
impact and risk”). It is the purpose of this study to
evaluate two identified protein markers (known to be
elevated after an acute radiation dose) for their utility
after varied radiation dose-rates. Complete Blood
Count (CBC) values are also compared under these
conditions. Multiple biomarker measures together may
all provide better discernment among irradiation doses
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and the degree of acute radiation syndrome (ARS)
sequelae expected [2-5].

There are several candidate biomarkers available
for acute radiation exposure and two of the most
promising are fms-like tyrosine kinase receptor-3
(FltsL) and granulocyte colony stimulating factor
(G-CSF) [6-8]. In addition, CBC values such as white
blood cell count can provide further information on the
degree of damage in response to irradiation. These
three biomarkers are evaluated.

FltsL is a class III receptor tyrosine kinase that
holds promise as a therapeutic target in hematological
malignancies [9] and acts as a growth factor to increase
the number of immune cells by activating
hematopoietic progenitor cells, mobilizing them and
also mobilizing stem cells. Bertho et al. [10] found that
plasma Flt3L concentrations in non-human primates
(NHP) increased as early as day 2 post-irradiation and
by day 5, the levels correlated with both radiation dose
and severity of radiation-induced aplasia. The peak of
the Flt3L concentration appeared before the nadir of
the neutrophil count and subsequent decreases in
Flt3L concentration correlated with hematologic
recovery. The same group demonstrated that Flt3L
plasma concentrations reflect post-irradiation bone
marrow function in two mouse strains, the BALB/c and
NOD-SCID [11], and in the BALB/c strain also
correlated with the severity of aplasia [12]. This group
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also showed that the overall amount of Flt3L correlated
directly with the cumulative radiation dose and the
proportion of irradiated bone marrow in humans
during a fractionated-radiation therapy trial [13]. The
Flt3L assay was also used to demonstrate the severity
of the bone marrow aplasia after two different
radiation accidents [14, 15]. Thus, for biodosimetry
after acute irradiation exposure, Flt3L. has been
validated as a marker in mice, NHPs and humans.

A second potential biomarker is G-CSF, a colony-
stimulating factor produced by numerous tissues to
stimulate the bone marrow to produce granulocytes
and stem cells, then stimulates the bone marrow to
release the granulocytes into the bloodstream and also
stimulates the survival, proliferation, differentiation
and function of neutrophil precursors and mature
neutrophils. It is commonly used off-label in clinics
after radiological incidents or accidents [16, 17]. It is
the therapeutic standard for irradiation injuries below
the LD5o0 [16], is standard treatment for the Acute
Radiation Syndrome in the US [18], and is stored in the
Strategic National Stockpile of the Centers for Disease
Control and the World Health Organization. Of
importance is that it has been shown that G-CSF is
released in mouse and NHP radiation models in a
dose-dependent manner in response to ionizing
radiation [3, 19]. This has been substantiated by Desai
et al. [20] who found G-CSF (and other cytokines) to be
secreted into the conditioned media of five different
human tumor cell lines 48 hours after irradiation.
Although a full dose-response curve for irradiation was
not generated, 6 Gy irradiation evoked a significantly
greater release of G-CSF than did 2 Gy. Thus this
relatively new protein biomarker for radiation injury
should be assessed for the effects of dose-rate on its
production.

Diminished CBC values are well documented to
occur within 24-48 hours after acute irradiations in a
dose-dependent manner. There is no significant dose-
rate effect of gamma irradiation on circulating
erythrocytes and leukocytes when comparing high and
low dose-rates [21-24], although the latter low dose-
rates are far lower than the ones investigated herein.
However, there is a dose-rate effect on thrombocytes
[23], and low dose-rate irradiation significantly
decreases leukocytes, erythrocytes and WBCs in a dose-
dependent fashion [21-23]. Radiation accidents and
studies related to the space program provide the most
information regarding the effect of low dose-rate
irradiation on CBC values. For example, WBC and
platelet values were evaluated for three victims
accidently exposed to a %°Co source for 9.3-20 hours
and the physical doses were determined to be between
2.4 and 6.1 Gy [17]. Both WBC and platelet values
began falling almost immediately after exposure and
the lowest counts occurred three weeks past the
accident (despite receiving almost immediate and
prolonged medical treatment). In another accidental
exposure, five victims were exposed to ¢°Co for 12-14 hr
daily for approximately a week [26]. There was severe
neutropenia in  four of the victims and
thrombocytopenia ranged from severe to low normal.
Chromosomal analysis yielded radiation dose estimates
ranging between 0.6-3.1 Gy.
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The National Aeronautic and Space Administration
(NASA) has long been interested in the effects of low
dose-rate irradiation, particularly from radiation
qualities that may be encountered in space. Gamma-
irradiation is often compared with high LET
irradiations in these studies. It has been shown that
there is no significant dose-rate effect of gamma
irradiation on circulating erythrocytes and leukocytes
when comparing high and low dose-rates [21-23],
although the low dose-rates are lower than the ones
used here. However, there is a dose-rate effect on
thrombocytes [23] and low dose-rate irradiation
significantly decreases leukocytes, erythrocytes and
WBCs in a dose-dependent fashion [21-23]. In the
study by Gridley et al.[23], the radiation doses were
0.5, 1.5 and 3 Gy at 1 ¢cGy min™. In the Pecaut et al. [22]
study, the irradiation doses were again 0.5, 1.5 and
3 Gy and the dose rates compared were 1 ¢cGy min~ vs.
80 c¢Gy min™. Spleen, leukocyte and lymphocyte
changes were altered in a dose-dependent manner, but
not in response to dose rate. In the Maks et al. [21]
study, the irradiation doses ranged from 0.5 — 2 Gy at
0.5 Gy minvs. 0.5 Gy hr.

Although the protein biomarkers FLt3L and G-CSF
appear to be valuable in ascertaining the radiation
response to acute irradiation doses, it is unknown
whether they will be elevated in a similar manner
and/or with a similar time-course after substantially
lowered radiation dose-rates of equivalent cumulative
dose in vivo. Our hypothesis was that there are
detectable differences amongst dose-rate groups for the
biomarkers chosen. The utility for elucidating these
differences could have practical implications for
dosimetry with respect to dose-rate, compared to total
dose.

2. MATERIALS AND METHODS

2.1. Animals

Eighty four female B6D2F1 mice (Mus musculus)
10-20 wk old (approximately 22-26 g) were used for
these studies. Mice were housed under conventional
conditions in microisolator filter-top cages in a facility
fully accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC)
International and treated in accordance with principles
outlined in the Guide for the Care and Use of
Laboratory Animals of the Institute of Laboratory
Animal Resources, National Research Council. Animal
rooms were provide with 10-15 air changes h-1 of 100%
fresh conditioned air and maintained at 22 (+ 2) °C
and a relative humidity of 50 (+ 20) %. Animals
remained on 12:12-h light:dark cycles and received
food (Rodent Diet #8604, Harlan Teklad, Madison,
WI) and water acidified with HCI to a pH of 2.5-2.8) ad
libitum. Mice were acclimated for 1 week before pre-
irradiation CBC blood collection. Mice tails were
tattooed for individual identification during
acclimation. Animal manipulations and research were
conducted under an approved IACUC protocol.
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2.2. Exposure of animals to y-radiation and blood
collection

CBCs were obtained from all mice approximately 3
weeks prior to irradiation to compare to post-
irradiation values. The facial vein venipuncture
technique was used, under isoflurane anesthesia, to
acquire approximately 50 pL of blood in an EDTA tube.
All mice recovered from anesthesia and venipuncture
without complications. A CBC analyzer was used that
was able to process this small amount of blood (“scil
Vet abc” Hematology Analyzer, “scil animal care
company”, Gurnee, IL).

For the irradiations, AFRRI’s ¢°Co facility was used
and the mice were housed in Plexiglas partition
chambers that fit into micro-environment cages
(4 partitions per cage with dimensions of each chamber
at 2.5” wide x 4” deep x 6 1/5” tall; Figure 1) and
allowed to move freely about with access to food and
water during the irradiation exposures. Due to the
partitioning, the mice were irradiated unilaterally with
Cobalt-60 gamma photons, and could not shield one
another. The longer exposure times (up to 215 minutes)
required for the low dose-rate irradiations necessitated
this unilateral setup, as using the smaller restraint
boxes available for bilateral irradiation would have
resulted in undesirable prolonged restraint. It was not
possible to bilaterally-irradiate these cages due to the
potential for shielding/scatter of irradiation from a
second beam passing through the back side of the cage
where water bottles and food were located.

Figure 1. Plexiglas® insert for mouse shoe-box cage that
allows freedom of movement for mice as well as access to food
and water during the irradiation procedure. The tubes for
food and water are behind the open chambers. The insert
dimensions are described in the text.

The ¢°Co irradiation dose was fixed at 8 Gy for all
groups as a mean LD50/30 for this strain has recently
been described as 9.39 Gy in response to bilateral
irradiation [25]. The 8.0 Gy dose was chosen as it was

close to the reported LD50/30, such that it was likely
to induce hematologic changes, however unlikely to
produce mortality from ARS at 48 hours post-
irradiation. There were 4 irradiated groups of 16 mice
per group at the following requested dose-rates: 0.05,
0.2, 0.4, and 0.6 Gy min ' (equivalent to an exposure
time range of 17-215 min). However, due to radioactive
decay from the date of dosimetry mapping, actual dose
rates delivered were 0.04, 0.15, 0.30, and 0.47 Gy min™!
(rounded to the hundredth). Additionally, the actual
lengths of time were adjusted by the facility dosimetry
team to account for radioactive decay of the radiation
source (Table 1). The originally requested dose rate of
0.6 Gy min™ is a lynch-pin dose rate for the varied dose
rates because previous and ongoing work at AFRRI on
biomarkers has been done at this dose rate.

Table 1. Dose-rates by group

Group A | B | C [ D |Controls
Dose Rate (Gy min?) |0.47]0.30]0.15(0.04 0
Total min. irradiation | 13.3 ]| 26 | 53 | 160 0

Twenty-four hours after irradiation half the mice
from each group were deeply anesthetized under
isoflurane anesthesia for cardiac puncture to obtain
blood for CBCs. Forty-eight hours after irradiation, the
other half of the mice from each group were deeply
anesthetized via the same procedure to obtain blood for
CBC, Flt3L and G-CSF. For each time point, after the
maximum amount of blood was withdrawn (up to
approximately 0.9 mL) and the mice were humanely
euthanized by exsanguination under general anesthesia
followed by cervical dislocation. Approximately
50-100 pL was placed in an EDTA tube for CBC
analysis and the remainder, approximately
100-800 L, placed in a no-additive tube for serum
biomarker analysis. CBCs were measured using the
same veterinary hematology analyzer utilized for the
pre-irradiation collections. The blood collected in
no-additive tubes was allowed to clot for 2 hours, then
centrifuged at 2000 g for 20 min, and serum was
aliquoted into 2 tubes per sample and stored at -20°C
for protein bioassays.

Samples for G-CSF and FIt3L measurements were
packed on dry ice, shipped overnight, and analyzed by
R&D  Systems’  Biomarker  Testing  Service
(Minneapolis, MN), using the R&D Systems’ Mouse
G-CSF Quantikine Enzyme-linked Immunosorbent
Assay (ELISA) kit and R&D Systems’ Mouse/Rat Flt-3
Ligand Quantikine ELISA kit.

2.3. Statistical Analysis

Statistical software (SPSS 22) was used for
statistical data analysis. Assumptions of a traditional
ANOVA were not met (i.e. normal distribution and
equal variances assumed) and therefore a non-
parametric test was used. The Kruskal-Wallis test was
used to compare distributions across groups, and
Dunn’s post-hoc test was used for all pairwise
comparisons among groups. Significance levels were
set at p <0.05.
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3. RESULTS

3.1. Flt3L

Control group levels of Flt3L had a median and
interquartile range of 340.6 and 36.9 pg mL-1 (Figure
2). These are slightly higher but comparable to
published control levels in CD2F1 male mice [3]. The
Kruskal-Wallis test gave an asymptotic significance
value of p < 0.001 thus rejecting the null hypothesis
that the distribution of Flt3 values was the same across
groups.
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Figure 2. Flt3L ligand differences as determined for
independent samples obtained 48 hours post-irradiation by
the Kruskal-Wallis Test. Total N = 38; p <0.001. Dark lines in
box plots represent median values, boxes extend from the 25th
to 75th percentile, and whiskers extend to the minimum and
maximum values.

The Flt3L values for the experimental dose-rate
groups of 0.47 Gy min?, 0.30 Gy min? and
0.04 Gy min™ differed significantly from control when
evaluated by the post-hoc tests using Dunn’s
adjustment for multiple comparisons.

3.2. G-CSF

180

Control 0.47 0.30 0.15 0.04
Dose-Rate Group, Gy min-!

Figure 3. G-CSF ligand differences for independent samples
obtained 48 hours post-irradiation as determined by the
Kruskal-Wallis. Total N = 38, p < 0.001. Dark lines in box
plots represent median values, boxes extend from the 25t to
75th percentile, and whiskers extend to the minimum and
maximum values.
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Control group levels of G-CSF had a median and
interquartile range of 71.3 and 22.2 pg mL-1 (Figure 3)
similar to published sham-irradiated levels in the
CD2F1 strain [3]. Again, the Independent-Samples
Kruskal-Wallis Test was used to determine if the
distribution of G-CSF was the same across categories of
the Group; this null hypothesis was rejected with an
asymptotic significance value of p < 0.001. The 0.47
Gy min* and 0.04 Gy min™ values differed significantly
from control values and the 0.47 Gy min-1 dose-rate
values differed from the values for the 0.15 Gy min
values (Figure 3). The medians of these groups are not
likely to be equal.

3.3. WBC

For the WBC the distribution of the percent change
was not the same across categories as tested by the
Independent Samples Kruskal-Wallis Test (p < 0.001).
For these tests both the 24 and 48 h post-irradiation
results were pooled. When the two post-irradiation
time-points were compared for each dose-rate, there
were no differences between their median values (data
not shown). The control values significantly differed
from all dose-rate group values, and among
experimental groups only the 0.30 Gy min* dose-rate
values differed significantly from the 0.04 Gy min*
values (Figure 4).
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Figure 4. Percent change from baseline of WBC counts as
determined for independent samples by the Kruskal-Wallis
Test for ordered alternatives. Twenty-four and 48 h WBC
values are pooled together. Total N = 78, p < 0.001. Dark lines
in box plots represent median values, boxes extend from the
25th to 75th percentile, and whiskers extend to the minimum
and maximum values.

3.4. Limitations

Sample volumes from all mice for all tests were
incomplete due to insufficient sample volume collected.
Additionally, some samples were only able to be run
singly rather than as duplicates in the ELISA plates.
CBC results from 4 mice were excluded due to
insufficient sample volume collected. Note that Flt3L
and G-CSF were from the same mice but some had
insufficient sample volume to run both tests resulting
in sample sizes of less than 8 mice per group.

After irradiation, all CBC samples had absolute
WBC counts but most values were too low to give
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differential  breakdowns of the components
(Iymphocytes, monocytes, and granulocytes). Because
WBC values (in particular the lymphocyte count) are
known to drop dramatically post-irradiation, it was
appropriate to measure the changes in absolute WBC
counts. To observe the changes post-irradiation, the
percent change from baseline (pre-irradiation) count
was calculated. This was calculated by subtracting the
pre-irradiation count from the post-irradiation count,
and taking that number divided by the pre-irradiation
count.

Both ELISA tests were only validated for results up
to the highest standard of 2000 pg mL~. Therefore,
even though some test results gave values over this
amount, they could not be reported more accurately
without repeating the assay with diluent and
multiplying by the dilution factor. As the minimum
required serum sample in duplicate was 100 pL, there
was insufficient sample volume to repeat the assays.
Additionally, some samples only had enough volume to
run singly rather than in duplicate.

4. DISCUSSION

From what we could evaluate, results from the
ELISA tests did not appear to demonstrate much of a
dose-rate effect. Overall the tests showed that there
were at least some significant differences between the
experimental groups and the control group, but not
many significant differences between experimental
groups.

Bertho and Roy have shown the utility of using
Flt3L. measurements to assess radiation accident
victims in Dakar [14]. In this accident, an iridium-192
source was stored close to a work place for
approximately 8 weeks potentially exposing 63 victims.
The biological evaluation took place at least 4 weeks
after the end of irradiation. In this study plasma FLt3L
was evaluated in addition to CBC alterations and a
scoring system was developed based on these
hematological parameters and compared with a scoring
system for chromosomal aberrations. The two scoring
systems were strongly correlated and there were 10
patients identified with a final global score (for CBC +
FLt3L) greater than 3. For the patients with scores > 4
the authors concluded (using this method) that anyone
with such scores would be at risk for the ARS and
should be placed under medical supervision. Their data
also suggested that the FLt3L concentration analysis
plus CBC analysis may serve as a method for rapid
evaluation of radiation injury. This analysis was also
applied to another accident victim [15]. The long-term
results from a fractionated human radiation study [13]
further support the notion that at least FLt3L may
respond to radiation at a protracted dose rate. These
two studies clearly involve radiation exposures in
which the repair and recovery processes would
continue despite the irradiations, unlike with this
study.

Our data may indicate that in dose-rate dosimetry,
WBC counts may be the most helpful and practical
indicator of exposure, potentially at dose-rates 0.04 Gy
min? and below, but has a somewhat paradoxical
effect. Although not considered in our original

hypothesis, we would have expected the lowest dose-
rate to be affected the least by protracted radiation
because of DNA repair mechanisms, but our data
showed the opposite.

Overall, the dose-rates in this study did not show a
strong or predictable pattern when compared to each
other. However, our study had multiple limitations,
and more research is needed, especially at lower dose-
rates, to determine if a dose-rate effect truly exists
when measuring biomarker levels. The selected
biomarkers remain important tools in estimating total
dose exposure, though utility for dose-rate estimation
remains unclear.
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