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Abstract

The Radiation and Nuclear Countermeasures Program at the National Institute of Allergy and
Infectious Diseases (NIAID) mandated that medical countermeasure for treating the Acute
Radiation Syndrome (ARS) must have efficacy when administered at least 24 hours after radiation
exposure. At this time point, many cells within key target tissues, such as the hematopoietic
system and the gastrointestinal (Gl) tract will already be dead. Therefore, drugs that promote the
regeneration of surviving cells may improve outcomes. The serine/threonine kinase glycogen
synthase kinase-3 (GSK-3) regulates stem and progenitor cell self-renewal and regeneration in the
hematopoietic and GI compartments. We tested inhibition of GSK-3p by SB216763 24 hours after
total body irradiation (TBI) and sub-total body Irradiation (SBI). Here, we show that subcutaneous
administration of SB216763 promotes the regeneration of surviving hematopoietic stem/progenitor
cells (HSPCs) including myeloid progenitor cells and improves survival of C57BI/6 male mice
when administered 24 hours after TBI. However, these results were not recapitulated in female
C57BI/6 animals suggesting a sex difference in GSK-3p signaling in HSPCs. Subcutaneous
administration of SB216763 in male mice stimulated activation of Sox2 transcription, but failed to
induce Sox2 transcription in female C57BI/6 mice. Using TCF/lef-GFP reporter mice we
examined Whnt signaling in HSPCs of irradiated male and female mice treated with SB216763.
GSK-3 inhibition elevated Wnt reporter activity in HSPCs isolated from male but not female mice.
SB216763 did not mitigate hematopoietic ARS in males or females of a second strain of wild type
mice, C3H. In addition, administration of SB216763 did not mitigate hematopoietic ARS beyond
the currently available standard approved therapy of ciprofloxacin and granulocyte-colony
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stimulating factor (G-CSF) in male C57BI/6 mice. Further, SB216763 did not mitigate GI-ARS
after SBI in C57BI/6 male mice. The lack of efficacy in both sexes and multiple strains of mice
indicate that SB216763 is not suitable for further drug development as a mitigator of ARS. Our
studies demonstrate that activation of Wnt signaling in HSPC promotes hematopoietic
regeneration following radiation exposure and targeting this pathway downstream of GSK-3p may
mitigate ARS in a sex and strain independent manner.

Introduction

High dose radiation exposure in a nuclear disaster or attack leads to Acute Radiation
Syndrome (ARS) (Dainiak, 2018). ARS is a potentially lethal condition that primarily
effects tissues with a high rate of cellular turnover including the hematopoietic system and
gastrointestinal (GI) tract (Mettler and Voelz, 2002). Rapidly cycling stem cells are
vulnerable to radiation damage and death which leads to loss of tissue integrity (Williams et
al., 2010). Total body irradiation (TBI) of doses between 4 and 8 Gy results in extensive
hematopoietic cell loss and life-threatening neutropenia and thrombocytopenia. In
circumstances where the abdomen is exposed to high dose radiation (>10 Gy) and shielding
preserves some bone marrow to prevent hematopoietic ARS, GI ARS occurs (Mettler and
Voelz, 2002). Radiation-induced Gl injury is mediated by crypt stem cell death and impaired
regeneration of the intestinal epithelial cell (IEC) layer, which causes a loss of the mucosal
barrier, and sepsis (Kim et al., 2017).

The current therapeutic strategy for treating ARS patients is to provide supportive care such
as fluids and treatment of burns and injuries, to give antibiotics such as ciprofloxacin to
prevent infection, and to administer granulocyte-colony stimulating factor (G-CSF) to
stimulate bone marrow recovery (Williams et al., 2016). The development of
pharmaceuticals to mitigate the ARS beyond supportive care, antibiotics, and G-CSF
remains an unmet challenge. Logistically, in a mass casualty radiation disaster it may take up
to 24 hours to administer potential mitigator therapeutics to victims. Therefore, in order for a
mitigator to be included in the national countermeasure stockpile it must be efficacious when
delivered 24 hours after radiation exposure. At this timepoint, many of the stem cells in the
hematopoietic and Gl systems have died (Williams et al., 2010) and thus stimulating
regeneration of the remaining stem cells is a major therapeutic goal.

Activation of Wnt/B-Catenin signaling stimulates hematopoietic stem and progenitor cells
(HSPCs) self-renewal and proliferation (Reya et al., 2003). Indeed, p-catenin knockout mice
exhibit impaired whole bone marrow cellular recovery and reduced HSPC levels after TBI
compared to wild type mice (Lento et al., 2014). GSK-3p is a kinase that phosphorylates -
catenin and targets it for degradation; thus inhibition of GSK-3p stabilizes p-Catenin for
translocation to the nucleus to activate TCF/lef transcription factors. We previously showed
that inhibiting GSK-3p promotes renewal of HSPC populations in mice following TBI (Lee
et al., 2014). We found that the GSK-3 inhibitor SB216763, a small molecule derivative of
malemide, mitigates hematopoietic ARS when mice are treated at 1 or 24 hours after TBI
(Lee et al., 2014). Here, we tested whether inhibition of GSK-3p by SB216763 is a viable
countermeasure strategy by determining if SB216763 mitigates ARS in males and females
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of multiple strains of mice. Our data revealed a sex dependent variability in GSK-3p
signaling in HSPCs that impacts the mitigation potential of SB216763 for hematopoietic
ARS. Our results suggest that activation of wnt signaling in HSPCs is a promising strategy
for mitigating hematopoietic ARS and targeting this pathway downstream of GSK-3p may
be a more fruitful approach.

Impact of SB216763 on radiation injury to the Gl tract

The GI ARS usually occurs at higher doses of radiation and more quickly (less than 10 days
in mice) than the hematopoietic ARS (Williams et al., 2010). Because some civilians
exposed to a radiological disaster would be expected to have some bone marrow shielding,
for example if they are inside of a building at the time of exposure, we utilize a sub-total
body irradiation (SBI) model that preserves some bone marrow function to study the Gl
ARS (Kirsch et al., 2010) and drugs that protect (Lee et al., 2018) against the Gl ARS.
Previous studies demonstrated that inhibition of GSK-3p by CHIR99021 or SB415286
before irradiation protects the GI tract from radiation-induced injury (Thotala et al., 2010;
Wang et al., 2015). Therefore, we examined whether administration of SB216763 after SBI
would mitigate the Gl syndrome. C57BI/6 male mice were irradiated with 13 or 14 Gy and
24 hours later treated with vehicle or SB216763 (18mg/kg) by subcutaneous injection. The
number of surviving proliferative crypts was not altered with SB216763 treatment (Figure
1A and B). Additional cohorts of male and female mice were irradiated with 14 Gy
(LD40/10, Lethal Dose for 40 percent of the mice in 10 days) or 15.55 Gy (LD60/10),
treated with vehicle or SB216763 24 hours later and followed for the GI syndrome (Figure
1C and D). No difference was observed in GI ARS of mice treated with SB216763
compared to vehicle control.

Influence of mouse strain, sex, and supportive care on SB216763 mitigation after TBI

We previously reported that SB216763 mitigates the hematopoietic syndrome in C57BI/6
mice when delivered in a single subcutaneous injection 24 hours after irradiation (Lee et al.,
2014). Male C57BI/6 mice were exposed to 6.5 Gy TBI and 24 hours later treated with
SB216763 (18mg/kg) or vehicle control. Similar to our previous report (Lee et al., 2014),
SB216763 treatment improved the 30 day mouse survival from hematopoietic ARS (Figure
2A). Currently approved treatments for hematopoietic ARS include granulocyte-colony
stimulating factor (G-CSF) and ciprofloxacin, improve the survival of mice when
administered after TBI (Plett et al., 2012). We therefore sought to determine if treatment
with SB216763 provided additional mitigation benefit in the setting of these FDA approved
treatments. Male C57BI/6 animals were irradiated with 6.5 Gy TBI. Then, starting 24 hours
after TBI, G-CSF (125ug/kg) was administered by subcutaneous injection daily for 16 days,
and ciprofloxacin was provided in the drinking water and wet food (0.67mg/ml) beginning
day 4 post-irradiation (Plett et al., 2012). Vehicle or SB216763 (18mg/kg) were delivered by
a single subcutaneous injection 24 hours after TBI. SB216763 did not further mitigate the
hematopoietic ARS over conventional supportive care alone (Figure 2B).
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To further characterize SB216763 as a mitigator of hematopoietic ARS we performed
experiments in a second strain of mice, C3H. Male C3H mice received 6 Gy TBI and 24
hours later one dose of SB216763 (18mg/kg) or vehicle was administered by subcutaneous
injection. Mice were followed for hematopoietic ARS. While a slightly higher portion of
SB216763 mice survived compared to vehicle treated animals, no significant difference was
observed (Figure 3A). Similar experiments were performed in female C3H and C57BI/6
strains of mice. SB216763 administration did not mitigate hematopoietic ARS in female
mice of either strain (Figure 3B and C). These results indicate that SB216763 mitigates
hematopoietic ARS in a strain and sex dependent manner.

Comparison of SB216763 inhibition of GSK-3B in the bone marrow of male and female

mice

Recently published data provide evidence of a sex difference in GSK-3p activation in
normal human hematopoietic cells, namely adhesion induced GSK-3p activation occurred in
cells from male patients, but not from female patients (Bertrand et al., 2012). These data
suggest that GSK-3p inhibition may impact hematopoietic ARS in males because the
pathway may be more responsive to activation following TBI. To explore this potential
explanation for the sex difference of SB216763 as a mitigator of the hematopoietic ARS, we
examined a downstream target of GSK-3p inhibition in bone marrow cells. GSK-33
inhibition has been shown to induce gene expression of the stem cell marker Sox2 (Ke et al.,
2017; Kirby et al., 2012). To investigate sex and strain differences in the bone marrow
following inhibition of GSK-3p, male or female C57BI/6 and C3H mice were treated with a
single dose of SB216763 (18mg/kg) or vehicle and 3 hours later whole bone marrow was
harvested for Sox2 gene expression analysis by Real-time PCR. SB216763 treatment of
C57BI/6 male mice induced a robust increase in Sox2 expression in whole bone marrow
preparations (Figure 4A). However, Sox2 mRNA levels were not significantly elevated in
SB216763 treated C57BI/6 female nor C3H male and female mice compared to vehicle
treated animals (Figure 4B-D).

We previously published that treatment with SB216763 following TBI mitigates
hematopoietic ARS by improving the recovery of the hematopoietic stem and progenitor cell
(HSPC) population in male C57BI/6 mice (Lee et al., 2014). We therefore examined HSPC
recovery following TBI in female C57BI/6 mice treated with SB216763 or vehicle. Mice
were irradiated with 4 Gy TBI and 24 hours later treated with a single subcutaneous dose of
SB216763 (18mg/kg) or vehicle. Whole bone marrow was harvested 15 days after
irradiation and HSPCs were evaluated by flow cytometry using previously published
markers (Lee et al., 2014). In contrast to male C57BI/6 mice (Lee et al., 2014), the percent
of multipotent HSPCs as defined by c-Kit* lineage™ Sca-1* (KLS) cells (Figure 4C), or
oligopotent myeloid progenitor cells as defined by c-Kit* lineage™ (KL) cells (Figure 4D),
were not significantly increased in female mice that received SB216763 24 hours after TBI.

To directly assess the activation of Wnt signaling in HSPC cells downstream of GSK-3p
inhibition by SB216763 we used TCF/Lef1-HIST1H2BB/EGFP mice on a C57BI/6
background (Ferrer-Vaquer et al., 2010). In these reporter mice, Wnt/B-catenin signaling
activates the TCF/Lef promoter and drives expression of EGFP. We examined GFP
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expression in bone marrow cells /n vivoin male and female mice after TBI. Reporter mice
were irradiated with 3 Gy TBI, 24 hours later mice they were treated with vehicle or
SB216763 (18mg/kg), and 3 hours later whole bone marrow was harvested. Flow cytometry
was performed using markers identified to efficiently define the cell populations enriched for
HSPCs in irradiated mice including Lineage-, CD27+, CD201+ cells and lineage-, CD27+,
CD201- cells (Vazquez et al., 2015). Quantification of GFP positive cells within these
populations showed that SB216763 significantly induced Whnt activation and therefore GFP
expression in Lineage- CD27+ CD201- cells from male mice, but not female mice (Figure 5,
A and B). Collectively, our results suggest that SB216763 inhibits GSK-3p activity in
HSPCs of C57BI/6 male mice, but not female mice, to mitigate hematopoietic ARS when
administered 24 hours after TBI. Because GSK-3p pathway inhibition is sex dependent, the
potential utility of SB216763 as a countermeasure is limited.

Discussion

Our data reveal that although SB216763 is an effective mitigator of hematopoietic ARS in
male C57BI/6 mice, SB216763 does not provide additional benefit when combined with
standard antibiotic and G-CSF therapy. This finding underscores the importance of
comparing mitigators of the ARS with drugs that are already in the national stockpile for
radiation disaster scenarios. Studying mitigators of the hematopoietic ARS in the context of
G-CSF therapy is particularly important for drugs whose mechanism of action stimulate the
regeneration of surviving HSPCs, which can also be efficiently accomplished with G-CSF
(Plett et al., 2012). In addition, our data show that SB216763 treatment 24 hours after SBI
does not mitigate Gl ARS. Interestingly, in C3H and female C57BI/6 mice, SB216763 failed
to mitigate hematopoietic ARS. We showed that in C3H and female C57BI/6 mice Sox2
activation in the bone marrow and in female C57BI/6 mice Wnt signaling in HSPCs can be
uncoupled from GSK-3p inhibition. These data demonstrate that in mice, similar to humans
(Bertrand et al., 2012), GSK-3p activity in bone marrow cells is sex dependent and therefore
may not be a relevant therapeutic target in females. These results underscore the importance
of testing potential mitigators in both sexes and more than one strain of mice.

Inhibition of GSK-3p and subsequent activation of Wnt signaling has been shown to
improve bone marrow regeneration from irradiation and chemotherapy (Congdon et al.,
2008; Lee et al., 2014; Trowbridge et al., 2006). In bone marrow transplant studies,
treatment of mice with SB216763 to activate Notch, Wnt and Hedgehog signaling in HSPCs
stimulated improved bone marrow progenitor cell recovery compared to vehicle controls
(Trowbridge et al., 2006). Interestingly, while these studies were performed in female
recipient mice it is unclear if the human and mouse HSPCs were from male or female
donors. We previously demonstrated that SB216763 administration mitigates hematopoietic
ARS (Lee et al., 2014). Further examination of these data reveal that the mitigation
phenotype at high dose TBI was driven by the improved survival of male mice in the
cohorts. These results suggest that GSK-3f may not be as active in female bone marrow
cells and therefore inhibiting GSK-3p is not sufficient to elicit downstream signaling effects
to promote regeneration of HSPCs. This notion is supported by data in human HSCs from
healthy donors where GSK-3p activity is markedly increased in male cells plated on plastic
compared to suspension cells, however GSK-3p in female HSCs remains inactive under
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suspension and adhesion conditions (Bertrand et al., 2012). Further, SB216763 treatment in
female HSCs did not affect activity readouts indicating low basal activity.

Importantly, our data indicate that the downstream effects of blocking active GSK-3p in
C57BI/6 male HSPCs leads to mitigation of hematopoietic ARS and these results may be
useful for identifying more effective therapeutic targets. Indeed, SB216763 administration
results in increased expression of the target gene Sox2 in bone marrow cells and activates
Whnt signaling in HSPCs of male mice leading to increased survival from high dose TBI.
Therefore, these results suggest that other downstream signaling nodes that bypass the sex
dependent signaling of GSK-3p and function in both male and female mice might improve
hematopoietic regeneration when targeted following radiation injury. Therefore, even though
our results do not support further development of SB216763 as a mitigator for the ARS, they
suggest that activation of downstream effectors, such as Wnts, remain promising targets for
medical countermeasures against radiation.

Animals and SB216763 treatment

All animal procedures for this study were approved by the Institutional Animal Care and
Use Committee (IACUC) at Duke University. Experiments were carried out with mice that
were between 8 to 12 weeks old and contemporaneous vehicle controls were used. C57BI/6
mice were purchased from Jackson Laboratories (stock number 000664) and C3H mice were
purchased from Charles River (catalog number 25). The 7CF/Lef.H2B-GFPtransgenic mice
were purchased from Jackson laboratories (stock number 013752) and bred in-house.
SB216763 was administered in 100% DMSO at the indicated dose by subcutaneous
injection.

Mouse Irradiation

An X-RAD 320 biological irradiator (Precision X-ray Inc., North Branford, CT) was used to
irradiate the mice. Irradiators are maintained and dosimetry performed by the Duke
University Radiation Safety Division staff using an ion chamber (Belley et al., 2014). For
TBI, unanesthetized mice were placed in a pie cage without restraints and with no shielding.
For SBI, unanesthetized animals were restrained in jigs and placed under lead shielding to
protect the head and front limbs from exposure, as previously described (Kirsch et al., 2010).
All mice were placed 50 cm from the source and irradiated with 320 kVp, 12.5 mA X rays.
A 2.5-mm aluminum and 0.1-mm copper filter was used. Mouse radiation exposures were
performed at a consistent time of day, to minimize the effect of circadian rhythm on
radiation response across experiments. No supportive care was given to mice after irradiation
except for the study when ciprofloxacin and G-CSF was administered (Figure 2B). The
health status of irradiated mice was monitored by trained laboratory personnel daily. The
criteria for euthanasia (Plett et al., 2012) was based on two parameters: decreased activity
and squinted/closed eyes on a scale of 1-3. A mouse receiving a score of 3 in either category
was considered moribund and was euthanized by carbon dioxide asphyxiation.
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Quantitative Real-Time PCR

Whole bone marrow cells were isolated and resuspended in 1 ml of TRI Reagent
(Invitrogen™, Grand Island, NY). Total RNA was extracted and quantified. cDNA was
generated from 1 pg of RNA using iScript™ cDNA Synthesis Kit (Bio-Rad® Laboratories
Inc., Hercules, CA). Relative expression levels were determined using qPCR assays
performed on the QuantStudio™ 6 Flex Real-Time PCR System with TagMan™ Fast
Advanced Master Mix and specific Tagman probes (Thermo Fisher Scientific): Sox2
Mm03053810_s1 and Gapdh Mm99999915 g1. Target gene quantification levels were
normalized to the housekeeper gene, Gapdh.

Crypt Survival Assay

A 12-cm segment of the duodenum and jejunum was harvested from mice 96 h after 13 or
14 Gy SBI (n = 5 mice per treatment group per dose). BrdU (Sigma-Aldrich) was
administered by intraperitoneal injection (200 ul of 10 mg/ml in PBS) 2 hours prior to
sacrificing the animal. Immunohistochemistry was performed on tissue sections from the
duodenum and jejunum using anti-BrdU (1:100; Abcam). The number of surviving crypts
per cross section was scored in approximately 7 circumferences per mouse. To correct for
the increased likelihood of counting a larger crypt, we multiplied the surviving number of
crypts by a correction factor as previously described (Potten et al., 1981).

Analyzing Hematopoietic Stem/Progenitor Cells (HSPCs) in the Bone Marrow

Whole bone marrow cells were isolated from femurs and tibias by grinding the bones in
hematopoietic stem cell (HSC) buffer [Hanks’ balanced salt solution (HBSS) with Ca2* and
Mg2*, 5% fetal bovine serum, 2 mA/EDTA]. Red blood cells (RBCs) were lysed using
ACK lysing buffer (Lonza, Basel, Switzerland). Cells were blocked with a rat anti-mouse
CD16/32 antibody (BD Pharmingen) and stained with PE-Cy5 conjugated lineage cocktail
containing anti-mouse CD3, CD4, CD8, B220, CD11b, Gr-1 and Ter-119 antibodies
(eBioscience). Cells were stained with either PE conjugated anti-mouse Scal and APC
conjugated anti-mouse c-Kit (eBioscience) or with CD27 conjugated to APC (Thermo
Fisher) and CD201 conjugated to PE (eBioscience). Dead cells were excluded by staining
with 7-AAD (BD Pharmingen). Data were collected from 1 million single cells by
FACSCanto (BD Biosciences) and analyzed by FlowJo software.
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Figure 1. SB216763 does not mitigate GI-ARS in C57BI/6 male mice.
A, B. SB216763 or vehicle control was administered to male C57BI/6 mice in a single

subcutaneous injection 24 hours after a 13 or 14 Gy dose of SBI using X rays. Small
intestine of animals was harvested 96 hours post-IR, H&E slides prepared, and surviving
crypts per circumference were counted. Each dot represents the average of 7 circumferences
from the duodenum and jejunum of one mouse. Scale bars, 100um. C, D. SB216763 or
vehicle control delivered to mice 24 hours after 14 or 15.55 Gy SBI. Mice were followed for
the GI-ARS. Pvalue was calculated by log-rank test.
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Figure 2. SB216763 alone, but not in combination with approved standard of care, mitigates

hematopoietic ARS in C57BI/6 male mice.

A. SB216763 or vehicle control was administered to male C57BI/6 mice in a single
subcutaneous injection 24 hours after a 6.5 Gy dose of TBI using X rays. B. SB216763 or
vehicle was administered to male C57BI/6 mice 24 hours after a 6.5 Gy dose of TBI using X
rays. In this experiment all males received: G-CSF, 125ug/kg subcutaneous injection daily
starting 24 hours after TBI for 16 days, and Ciprofloxacin, 0.67mg/ml in the drinking water
and wet food beginning at day 4 post-irradiation according to Plett et al. Health Physics,
2012 (Plett et al., 2012). Mice were followed for the hematopoietic ARS. Pvalue was

calculated by log-rank test.
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Figure 3. SB216763 failed to mitigate hematopoietic ARSin C3H miceor in C57BI/6 female

mice.

A. SB216763 or vehicle control was administered to male C3H mice in a single
subcutaneous injection 24 hours after a 6.0 Gy dose of TBI using X rays. B. SB216763 or
vehicle control delivered to female C3H mice 24 hours after 6.0 Gy TBI. C. SB216763 or
vehicle control delivered to female C57BI/6 mice 24 hours after 6.5 Gy TBI. Mice were

followed for the hematopoietic ARS. Pvalue was calculated by log-rank test.
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Figure 4. SB216763 does not stimulateincreased HSPC recovery in irradiated C57BI/6 female
mice.

A, B SB216763 or vehicle control was administered to male (left) and female (right)
C57BI/6 mice in a single subcutaneous injection and bone marrow was harvested 3 hours
later for RNA isolation and Sox2 analysis. Pvalue was calculated by Student T-test. C, D
SB216763 or vehicle control was administered to male (Ieft) and female (right) C3H mice
in a single subcutaneous injection and bone marrow was harvested 3 hours later for RNA
isolation and Sox2 analysis. P value was calculated by Student T-test. E, F C57BI/6 female
mice were irradiated with 4 Gy TBI and 24 hours later one dose of SB216763 or vehicle
control was administered subcutaneously. Bone marrow was harvested 15 days after
irradiation and hematopoietic cell populations were analyzed using flow cytometry. The
percent KLS (left) and KL (right) cells are plotted. P value was calculated by Student T-test.
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Figure 5. SB216763 increases Wnt signaling in stem and progenitor enriched populations of bone
marrow cellsin male mice, but not in female mice, following TBI.

TCF/Lef-GFP reporter male and female mice were irradiated and 24 hours later treated with
vehicle or SB216763 (18mg/kg). Three hours later whole bone marrow was harvested and
flow cytometry was performed to determine the percent of Lin-CD27+CD201+ cells (A) or
Lin-CD27+CD201- cells (B) that express GFP. Pvalue by ANOVA test.
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