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The purpose of this study was to elucidate the role of alpha-tocopherol succinate (TS)- and AMD3100-mobi-
lized progenitors in mitigating combined injury associated with acute radiation exposure in combination with
secondary physical wounding. CD2F1 mice were exposed to high doses of cobalt-60 gamma-radiation and
then transfused intravenously with 5 million peripheral blood mononuclear cells (PBMCs) from TS- and
AMD?3100-injected mice after irradiation. Within 1 h after irradiation, mice were exposed to secondary
wounding. Mice were observed for 30 d after irradiation and cytokine analysis was conducted by multiplex
Luminex assay at various time-points after irradiation and wounding. Our results initially demonstrated that
transfusion of TS-mobilized progenitors from normal mice enhanced survival of acutely irradiated mice
exposed 24 h prior to transfusion to supralethal doses (11.5-12.5Gy) of ®°Co gamma-radiation.
Subsequently, comparable transfusions of TS-mobilized progenitors were shown to significantly mitigate
severe combined injuries in acutely irradiated mice. TS administered 24 h before irradiation was able to
protect mice against combined injury as well. Cytokine results demonstrated that wounding modulates irradi-
ation-induced cytokines. This study further supports the conclusion that the infusion of TS-mobilized progeni-
tor-containing PBMCs acts as a bridging therapy in radiation-combined-injury mice. We suggest that this
novel bridging therapeutic approach involving the infusion of TS-mobilized hematopoietic progenitors follow-
ing acute radiation exposure or combined injury might be applicable to humans.
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INTRODUCTION

There has been increasing awareness that terrorists might
attack using sophisticated weapons of mass destruction, in-
cluding nuclear/radiological devices. Such attacks could
involve the placement of a concealed radiation source, a
simple radiological device, the use of a radiological dispersal
device (also known as dirty bomb), detonation of an impro-
vised nuclear device or a sophisticated nuclear weapon
(nuclear bomb), or an attack on a nuclear power plant or
nuclear waste facility. The most destructive scenario would

be the detonation of a nuclear weapon, which in an urban
setting might cause enormous loss of lives from blast and
heat, produce an intense burst of radiation and a large
amount of radioactive fallout, and lead to thousands of
injured survivors [1-3]. The actual numbers of casualties
will depend on several factors, including, but not limited to:
device design, time of day and weather conditions at deton-
ation, and its precise location. Care of the injured may
require application of some sort of radiation countermeasure,
which is defined as an agent that prevents, mitigates or
treats radiation injury. Despite the extensive research on the
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effects of radiation on normal tissue, there is an extremely
limited number of effective radiation countermeasures cur-
rently available either to prevent, to mitigate, or to treat such
radiation injuries, especially in the context of unwanted
(terrorist-associated) or unintended (radiation accidents)
exposures. The US Food and Drug Administration (FDA)
has approved several therapies such as potassium iodine
(KI), calcium and zinc salts of diethyl-triamine-penta-acetate
(DTPA), and Prussian blue for decorporation or blocking of
internalized isotopes. The latter two agents are available in
strategic national stockpile. Amifostine has been approved
for preventing radiation injury in the salivary glands of head
and neck cancer patients receiving radiotherapy to reduce
xerostomia. However, no safe and effective radiation coun-
termeasure has yet been approved by the FDA for acute radi-
ation syndrome. To improve preparedness for such attacks,
the US Government has established programs to promote the
development and licensure of medical countermeasures to
treat victims of radiological or nuclear terrorism. ‘Radiation
combined injury’ is a term used to describe conditions where
radiation injury is coupled with other insults such as
wounds, burns, infections, or blunt trauma. Radiation com-
bined injury would be expected after a radiological or
nuclear attack [4]. Radiation exposure combined with other
insults was observed at Hiroshima and Nagasaki, Japan,
among nuclear detonation victims. Approximately 60% of
these victims received only radiation exposure while the
remaining 40% received other injuries (wounds and/or
thermal burns) in addition to radiation exposure [5, 6].
Approximately 10% of radiation-exposed victims of the
Chernobyl reactor meltdown in the former USSR received
thermal burns [7]. There are several reports demonstrating
that burns and wounds increase mortality after exposure with
non-lethal doses of radiation in mice [8, 9], rats [10, 11],
guinea pigs [12], canines [13], and swine [14]. In mice, radi-
ation exposure combined with wounds decreases body
weight, increases gut bacterial translocation to various
organs, and increases mortality compared with wounds or ra-
diation exposure alone [9, 15]. The combination of radiation
with trauma, burns or both confers a worse prognosis than
the same dose of radiation alone [16]. Combined injury
results in immunosuppression, acute myelosuppression, cel-
lular damage, sepsis, and fluid imbalance resulting in multi-
organ dysfunction and multiorgan failure, the most frequent
cause of mortality after irradiation and combined injury [17-
21]. The molecular and cellular events underlying increased
mortality by combined injury are not well understood.
Tocopherol succinate (TS) is a hemisuccinate ester of
o-tocopherol that has been shown to protect mice against
ionizing radiation injury when administered 24 h prior to ir-
radiation [22, 23]. We demonstrated recently that TS induces
high levels of granulocyte colony-stimulating factor
(G-CSF) in a dose-dependent manner [24, 25]. In addition,
the protective efficacy of TS against hematopoietic and

gastrointestinal (GI) syndromes can be abrogated by use of
an exogenous neutralizing antibody to G-CSF [24]. We also
demonstrated that infusion of whole blood or peripheral
blood mononuclear cells (PBMCs) from TS-injected mice
improved their chances of extended survival after exposure
to escalating doses of acute radiation that cause not only po-
tentially fatal hematopoietic injuries but also severe, poten-
tially fatal GI injuries [26, 27]. In addition, we have
demonstrated that infusion of PBMCs from TS- and
AMD3100-injected mice significantly inhibited apoptosis,
increased cell proliferation in the analyzed tissues of recipi-
ent mice, and inhibited gut bacterial translocation to various
organs compared with mice receiving cells from vehicle-
mobilized cells [28]. All of the tocol species tend to enjoy a
wide margin of safety. No doubt, TS also has a very low
level of toxicity associated with it. AMD3100 in combin-
ation with G-CSF has been shown to mobilize more progeni-
tors than G-CSF alone. AMD3100 is a reversible, pure
antagonist of chemokine (C-X-C) receptor 4 (CXCR4) that
competes with stromal-derived factor-1 (SDF-1) [29]. It dis-
rupts the interactions between CXCR4 on CD34™ hematopoi-
etic stem cells and stromal cell-derived factor on bone
marrow stromal cells, essentially blocking the chemotactic
actions of stromal cell-derived factor [30]. This displacement
of previously anchored CD34" hematopoietic stem cells
causes their release from stromal cells, allowing their subse-
quent migration from the bone marrow into the peripheral
blood [31, 32]. AMD3100 has been approved by the US
FDA for mobilizing hematopoietic stem cells in patients
with non-Hodgkins lymphoma and multiple myeloma [33].
Our objectives for this study were to investigate the radio-
mitigation potential of TS-mobilized progenitors against
supralethal radiation exposures and combined injury, and sub-
sequently, to evaluate the effect of this treatment on cytokine
production. Our results demonstrated that transfusions of
TS-mobilized progenitors were clearly able to protect CD2F1
mice, with or without ‘combined injuries,” against the poten-
tial lethal effects of doses of ionizing radiation as high as
12 Gy, and that the protective/mitigative effect(s) of the trans-
fused TS-mobilized progenitors is temporally, but causally
associated with the modulation of various cytokines.

MATERIALS AND METHODS

Mice

For this study, 6-8-week-old male, CD2F1 specific-pathogen-
free mice were purchased from Harlan (Indianapolis, IN, USA)
and housed in an air-conditioned facility accredited by the
Association for Assessment and Accreditation of Laboratory
Animal Care International [34]. All mice were kept in rooms
with a 12 h light/dark cycle. The mouse holding room was
maintained at 21 +2°C, having 10-15 hourly cycles of fresh
air and a relative humidity of 50+ 10%. Upon arrival, the
mice were held in quarantine for 10 days. A microbiological
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examination of representative samples ensured the absence of
Pseudomonas aeruginosa. Mice were provided -certified
rodent rations (Harlan Teklad Rodent Diet, Harlan Teklad,
WI, USA) and acidified water (HCI, pH = 2.5-2.8) ad libitum.
The mice were 8-9 weeks old when experiments began. All
animal procedures were performed according to a protocol
approved by the Armed Forces Radiobiology Research
Institute (AFRRI) Institutional Animal Care and Use
Committee. Research was conducted according to the Guide
for the Care and Use of Laboratory Animals, prepared by the
Institute of Laboratory Animal Resources, National Research
Council, US National Academy of Sciences [35].

Drug preparation and administration

TS (Sigma-Aldrich, St Louis, MO, USA) was administered
in suspension as described earlier [23]. For a 400-mg/kg
dose (10 mg for a 25 g mouse; all experimental mice at the
time of testing were approximately 25 + 2 g), 1000 mg of TS
was dispersed in 8.35ml of PEG-400 and 0.5 ml of
Tween-80 for a total volume of 10 ml. The same composition
of Tween-80 and PEG-400 was used for the control vehicle.
AMD3100 (Sigma-Aldrich, St Louis, MO, USA) was
diluted to 1.25 mg/ml with phosphate buffer saline (PBS) for
a 5-mg/kg dose. Donor mice were injected with TS (400 mg/
kg, 72 h before harvesting) or the vehicle subcutaneously
(sc). All donor mice received AMD3100 1 h before harvest-
ing. AMD3100 was administered sc in a volume of 0.1 ml
using a 23-gauge needle.

Blood collection, separation, and transfusion

of PBMCs

The efficacy of PBMC infusions after total-body irradiation
was evaluated using CD2F1 mice as donors as well as recipi-
ents. Donor mice were anaesthetized with isoflurane (Abbott
Laboratories, Chicago, IL, USA), and blood samples were
collected 72 h after TS injection. For preparation of the
PBMC transfusates, blood was drawn from the caudal vena
cava of donor mice into syringes coated with citrate dextrose
(BD Diagnostics, Franklin Lakes, NJ, USA), using a
23-gauge needle. The ratio of the anticoagulant was 0.188
ml citrate dextrose per 1 ml of blood, according to the recom-
mendation of the anticoagulant supplier. Blood samples
from the donor group (8-16 mice) were pooled for PBMC
separation and transfusion. To mobilize progenitors from the
bone marrow into peripheral blood and to improve the yield
of progenitor cells within the PBMC fractions, AMD3100
(commercially known as plerixafor or Mozobil) (5 mg/kg)
was injected sc 1 h prior to harvest [36]. It has been well
established that administration of AMD3100 helps in mobil-
izing progenitors from bone marrow to peripheral circulation
and improves the yield of progenitors when injected to mice
1 h prior to harvest [37-39]. To isolate PBMCs, blood was
diluted 1:1 with PBS and layered on histopaque-1083
(Sigma-Aldrich, St Louis, MO, USA), centrifuged for 30

min at 400 g, and mononuclear cells were separated as
described earlier [24]. Cells were washed three times (PBS
with 1% fetal bovine serum) and the final cell concentration
for transfusion was adjusted to 50 million cells/ml in a
Hanks balanced salt solution (HBSS, Sigma-Aldrich, St
Louis, MO, USA), with 1% fetal bovine serum. Recipient
mice were transfused with 5 million cells in 0.1 ml 24 h after
irradiation via the retro-orbital sinus using a 28-gauge
needle. A total of 5 million PBMCs were obtained from ap-
proximately 600 ul of whole blood. For mobilized progenitor
cell analysis, blood samples were collected into potassium-
EDTA blood collection tubes (lavender screw cap, 1.6 mg
EDTA/ml blood; Sarstedt, Germany) and mixed in a rotary
shaker. Each million PBMCs collected from TS-injected
mice contained approximately 1800 Lin~ sca-1" and 2600
Lin~ c-Kit" cells. For the vehicle group these values were ap-
proximately 1100 (Lin~ sca-17) and 1250 (Lin~ c-Kit" cells)
[28]. These numbers of sca-1" and c-kit" cells were present
in blood samples collected 1 h after AMD3100 injection.

Irradiation

Mice were placed in ventilated Plexiglas boxes compartmen-
talized to accommodate eight mice per box and exposed to
bilateral irradiation in the AFRRI ®°Co facility at a dose rate
of 0.6 Gy/min [25]. After irradiation, mice were returned to
their cages and monitored. Sham-irradiated mice were treated
in the same manner as irradiated animals except that the facil-
ity’s ®Co rods were not raised from their pool of shielding
water. Radiation dosimetry was based primarily on the
alanine/EPR (electron paramagnetic resonance) system [40,
41], currently accepted as one of the most accurate methods
and used for intercomparison between national metrology
institutions. The calibration curves (spectrometer e-Scan,
Burker Biospin, Inc., Madison, WI, USA) used in dose mea-
surements at the AFRRI are based on standard alanine cali-
bration sets purchased from The United States National
Institute of Standards and Technology (NIST), Gaithersburg,
MD, USA. The alanine dosimeters obtained from NIST had
been calibrated in terms of absorbed dose to water using the
US national standard radiation sources. At AFRRI, identical
alanine dosimeters were irradiated in mice phantoms (Plexiglas
2.5cm diameter, 7.6 cm length) for a predefined period of
time. Measurement of their EPR signals using the calibration
curve constructed with alanine dosimeters from NIST provided
dose rates to water in the cores of mice. A small correction was
subsequently applied for the difference in mass energy absorp-
tion coefficients between water and soft tissue.

Wounding

Mice were anesthetized with isoflurane (Abbott Laboratories,
Chicago, IL, USA) prior to wounding within 1 h after radi-
ation exposure. Fur was shaved in the wounding area, and a
nonlethal surface area wound was administered 20 mm from
the occipital bone and between the scapulae using a stainless
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steel arch punch (9/16", CS Osborne & Company, Harrison,
NJ, USA) on a Teflon covered board cleaned with 70%
alcohol before each use. The panniculus carnosus muscle and
overlying skin were removed as a result of wounding with the
steel arch punch. Immediately after wounding, mice were
administered 0.5 ml saline (Hospira Inc., Lake Forest, IL,
USA) intraperitoneally. Five minutes before and 24 h after
wounding, 100 pg/kg Buprenex® (buprenorphine, Reckitt
Benckiser Healthcare (UK) Ltd, Hull, England) was adminis-
tered sc in 0.1 ml volume. Mice receiving no wounds were
manipulated identically except that wounding was not admi-
nistered (fur was shaved as for the wound group). Mice were
transfused with 5 million PBMCs from TS- and
AMD3100-injected mice 24 h after irradiation, and monitored
for survival for 30 days post-irradiation. Diagrammatic repre-
sentation of the experiment is shown in Fig. 1.

Analysis of cytokines by multiplex Luminex
in serum samples
Mice were anaesthetized with isoflurane, and blood samples
were collected from the caudal vena cava, transferred to
CapiJect serum separator tubes (3T-MG; Terumo Medical
Corp., Elkton, MD, USA), allowed to clot for 30 min and
centrifuged at 1000 rpm for 10 min. Serum was collected
and stored at—70°C until used for cytokine analysis by
multiplex Luminex.

The Luminex protocol is a ‘sandwich-type’ immunoassay
system that allows for the simultaneous detection of different
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Fig. 1. Diagrammatic representation of experimental model for

evaluating TS mobilized progenitors as a radio-mitigator and
countermeasure against combined injury (radiation plus wound).
Donor mice received TS and AMD3100 72 h and 1 h, respectively,
before blood collection. PBMCs were transfused into irradiated
mice 24 h after irradiation. Combined injury mice received wound
1 h after irradiation.

cytokines in the Luminex-200 (Luminex Corp., Austin, TX,
USA) dual-laser flow analyzer. Mouse serum samples were
analyzed for interleukin-18 (IL-18), IL-6, IL-10, IL-12(p70),
G-CSF, granulocyte macrophage colony-stimulating factor
(GM-CSF), keratinocyte-derived chemokine (KC) and tumor
necrosis factor-o. (TNF-o), as described earlier [42, 43].
Cytokine analysis kits were custom ordered (M200003JZX,
Bio-Rad Inc., Hercules, CA) and included all necessary
reagents for analysis. In brief, cytokine antibody-conjugated
beads were added to each well of a flat-bottom 96-well plate
(Bio-Rad Inc.). Serum samples were diluted 1:4, and
samples were analyzed as per the manufacturer’s instructions
with slight modifications as described elsewhere [34, 44].

ELISA for estimation of FLT3 ligand

in serum samples

FLT3 (fms-related tyrosine kinase 3) ligand measurement was
carried out as described earlier [45]. Serum samples were col-
lected and stored at —70°C until tested. Briefly, ELISA for
FLT3 ligand was carried out as solid phase enzyme immu-
noassays with DuoSets (R&D systems, Inc., Minneapolis,
MN, USA) based on the antibody sandwich principle.
Absorbance was measured in a SpectraMax M5 Microplate
reader (Molecular Devices Corporation, Sunnyvale, CA,
USA) at 450 nm and was proportional to the concentration of
cytokine present in samples. Standard curves were obtained
by plotting known concentrations of respective cytokines
versus absorbance. Results are presented as concentrations in
pg/ml in serum.

Statistical analysis

Mean values with standard errors (when applicable) or per-
centages were reported. For comparing survival between
groups at the end of 30 d, Fisher’s exact test was used, with a
Bonferroni adjustment to account for the pairwise compari-
sons that were made between groups. Analysis of variance
(ANOVA) was used to detect whether there were significant
differences between groups. If significant, a Tukey’s post
hoc test was used to determine significant differences
between particular groups. ANOVA was used to detect
whether there was a significant difference over a period of
time for a particular group. If significant, a Schefté post hoc
test was used to locate the significance. To compare two dif-
ferent treatment groups, an independent #-test was used. The
significance level was set at 5% for each test and all statistical
tests were two-sided. Statistical software, SPSS, was used for
statistical analyses.

RESULTS

Radio-mitigative potential of TS-mobilized
progenitors against supralethal doses of irradiation
We were interested to investigate whether TS-mobilized pro-
genitors protect mice against supralethal doses of radiation
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when administered 24 h after radiation exposure. TS was
administered to donor mice 72 h prior to irradiation of recipi-
ent mice. AMD3100 was administered to all donor mice 1 h
prior to blood collection for PBMC separation. The recipient
mice were exposed to 11.5, 12.0, 12.5, 13.0 and 14.0 Gy
%0Co v-radiation doses, and then, 24 h after irradiation mice
were transfused with 5 million PBMCs from TS-injected
mice (details provided under ‘Materials and Methods’), and
subsequently monitored for survival for 30 days post-
irradiation. CD2F1 mice are relatively radio-resistant [46,47]
when compared with BALB/c or C3H animals, as indicated
by the absence of the commonly noted early wave of deaths
(at ~6 d) after irradiation with radiation doses as high as 15
Gy. Data shown in Fig. 2 demonstrates significant protection
by TS-mobilized progenitors from exposure to 11.5, 12.0
and 12.5 Gy on Day 10 compared with the vehicle control
(P<0.05). On Days 15 and 30, TS-mobilized progenitors
significantly protected mice against 11.5 and 12.0 Gy radi-
ation exposures (P<0.001). On Day 30, TS-mobilized

progenitors protected 81 and 69% of mice receiving 11.5 and
12.0 Gy radiation, respectively. Although the responses of
test and control groups were not statistically different on
Days 15 and 30 with 12.5 Gy, there was a significant positive
trend. None of the vehicle groups had survivors, either on
Day 15 or Day 30 after irradiation. On Day 10, the vehicle
groups for 11.5 and 12.0 Gy had 19 and 6% survivors, re-
spectively. TS-mobilized progenitors did not protect mice
against 13.0 and 14.0 Gy *°Co y-radiation (data presented in
a supplemental figure).

Efficacy of TS-mobilized progenitors against
radiation injury combined with wounding

Blood was collected from TS-administered donor mice 72 h
after TS injection for isolation of PBMCs. Two sets of four
groups of mice (n =16 per group) were irradiated either with
9.2 or 11 Gy. Two groups in each set were wounded 1 h fol-
lowing radiation exposure. A total of 5 million PBMCs
obtained from donor mice were injected into each mouse of
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Fig. 2. Efficacy of TS-mobilized progenitors as a radio-mitigator against different doses of °°Co y-radiation
in mice. Five million PBMCs from TS-injected mice were transfused to each mouse 24 h after irradiation
with 11.5 (n=16), 12.0 (n = 16), and 12.5 (n = 16) Gy. Survival was monitored for 30 d. The table shows the
statistical significance of the differences between vehicle control and TS-mobilized, progenitor-administered
groups at each radiation dose on Days 10, 15 and 30 (ns denotes not significant).
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Fig. 3. Effect of TS-mobilized progenitors on survival of mice exposed to combined injury (irradiation and wounding). TS was administered
to CD2F1 donor mice (n =72), and blood was collected from donor mice 72 h after TS injection for isolation of PBMCS. Four groups of mice
(n=16 in each group) were irradiated either with 9.2 or 11 Gy. Two groups in each set were wounded within 1 h following radiation exposure.
Five million PBMCs obtained from donor mice were injected 24 h after irradiation into each mouse of the group that had been irradiated and
wounded, and also into the group treated with radiation alone. Untreated group mice did not receive cell transfusion. Survival was monitored for
30 d. In an experiment using 9.2 Gy, the TS-mobilized, PBMC-treated group had significantly higher survival compared with controls
(fcombined injury, P <0.05, or *irradiated only, P <0.001). In an experiment using 11 Gy, TS-mobilized, PBMC-treated mice had a higher
number of survivors compared with its control (*P < 0.01), but the difference in the wounded groups was not significant.

an irradiated and wounded group, and into another group
treated with radiation alone. Survival was monitored for 30
d. A higher percentage of mice died in the groups receiving
radiation exposure combined with wounding compared with
those receiving radiation alone, and they died sooner than
mice receiving only radiation exposure. In an experiment
where 9.2 Gy was used, TS-mobilized PBMC treatment pro-
tected a significantly higher percentage of mice compared
with respective controls (‘combined injury, P<0.05, or
*irradiated only, P <0.001) (Fig. 3, left panel). In an experi-
ment with 11 Gy, TS-mobilized PBMC-treated mice had
more survivors compared with the radiation control group
(*denotes P <0.01), but the difference between the wounded
groups was not significant (Fig. 3, right panel). The body
weight of the combined-injury group mice decreased com-
pared with mice receiving only radiation exposure. In
combined-injury mice, water intake increased. There was no
significant difference in body weight or water intake between
the TS-mobilized progenitor-administered, combined-injury
group and its control.

TS is a known radio-protector currently under develop-
ment [23]. Based on our findings with TS-mobilized pro-
genitors in a combined-injury model, we investigated
whether TS alone can provide survival benefits in a
combined-injury model. Four groups of mice (n =16 in each
group) were exposed to 9.2-Gy radiation. Out of these four
groups, two were treated with TS (400 mg/kg) and two with
the vehicle. Two groups (one with TS treatment and another
with the vehicle) were wounded within 1h of radiation

exposure. As observed in the above-described experiment
with combined injury, mortality was higher in groups receiv-
ing radiation exposure combined with wounding than in the
group with radiation alone, and they died sooner than mice
receiving only radiation exposure. TS treatment protected
significantly higher numbers of mice compared with the
vehicle control (*P < 0.001, Fig. 4). TS-treated and wounded
mice had a higher number of survivors compared with the
vehicle control (TP <0.01).

Effect of TS-mobilized progenitor administration
on irradiation-induced cytokines in mice
Previous studies with other radiation countermeasures have
shown a relationship between survival efficacy and an in-
crease in levels of cytokines (G-CSF, KC and IL-6) in circu-
lating blood [34, 44, 48]. We have proposed that these
cytokines may serve as efficacy biomarkers for some radi-
ation countermeasures. At the same time, irradiation also
induces several cytokines, particularly G-CSF, and neutral-
ization of radiation-induced G-CSF exacerbates radiation
injury [49]. In addition, neutralization of G-CSF induced by
radiation countermeasures abrogated radio-protective effi-
cacy of some drugs [3, 44, 48, 50]. Thus, we wanted to deter-
mine whether the observed survival benefit afforded by
TS-mobilized progenitors after total-body irradiation is asso-
ciated with increased/decreased levels of cytokines in circu-
lating blood.

The time-course of cytokine response in circulating blood
in irradiated mice in response to TS-mobilized progenitors or
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Fig. 4. Effect of TS treatment on the survival of mice with
combined injury (exposed to 9.2Gy ®Co y-radiation and
wounded). TS or vehicle was administered to mice (n = 16) 24 h
before radiation exposure, and wounded groups were given a
wound within 1 h following irradiation. Survival was monitored for
30 d. Mice treated with TS were protected significantly
(*P<0.001) compared with vehicle control. In combined-injury
groups, TS treatment increased the number of survivors over
vehicle-treated mice (TP <0.01).

vehicle injection was determined by multiplex Luminex ana-
lyses. We analyzed cytokines in serum samples of two
groups of mice, as shown in Fig. 5. These mice were irra-
diated at 8 Gy (°°Co y-radiation) and 5 million PBMCs from
TS-injected mice were transfused to one group 24 h after ir-
radiation. The second irradiated group was injected with the
vehicle. Mice were exposed to a marginally lethal 8 Gy so
that survivors would be present at 30 d after irradiation for
cytokine analysis. Because TS-mobilized progenitor-derived
cells were present in recipients, we were interested in deter-
mining cytokine levels at later time-points. Blood samples
from these mice were collected 3, 5, 8, 12, 15, 20 and 30 d
after irradiation and serum was separated for cytokine ana-
lysis. The results presented in Fig. 5 demonstrate that admin-
istration of TS-mobilized progenitors suppressed levels of
G-CSF, IL-10, IL-6 and IL-12 at different time-points after
irradiation. Although the levels of cytokines were clearly
lower, albeit marginally in some cases (relative to matched
controls) at selected time-points, the biological relevance of
these responses is uncertain. Levels of FLT3 initially
increased in both TS PMBC-treated and vehicle-treated
mice. However, FLT3 ligand remained significantly elevated
in vehicle-treated mice for a longer time until it finally
decreased to low levels again at 30 d.

Effect of TS-mobilized progenitor administration on
cytokine levels in mice receiving combined injury

Four groups of mice were irradiated with 11 Gy. Two groups
in each set were wounded 1 h following radiation exposure.

A total of 5 million PBMCs obtained from donor mice were
injected into groups of mice that had been either irradiated
plus wounded or that had been irradiated alone. The remain-
ing two groups were untreated controls receiving only cell
transfusions. Blood samples from these mice were collected
3,7, 10 and 15 d after irradiation, and serum was separated
for cytokine analysis as described above. We could compare
cytokine levels in various groups only in samples collected
three and seven days after irradiation as the majority of mice
died by the 10th day. Our results demonstrate that there were
significantly higher levels of G-CSF, KC and IL-6 in irra-
diated and wounded mice receiving TS-mobilized progeni-
tors compared with irradiated mice receiving TS PBMCs,
suggesting that wounding enhanced the circulating levels of
these cytokines (P <0.05; Fig. 6). We also observed higher
levels of G-CSF and KC in irradiated wounded mice (with
no cell transfusion) compared with irradiated mice without
wounding (P < 0.01), suggesting again that wounding stimu-
lated production of these cytokines.

Since we observed increased survivors in combined injury
mice pretreated with TS, we investigated cytokine levels in
TS-treated animals at various time-points after irradiation. A
total of six groups of mice were used; all receiving 9.2-Gy ra-
diation exposure. Three groups were wounded 1 h after ir-
radiation. Of these three groups, one was untreated, another
was vehicle-treated, and the third was TS-treated (vehicle or
TS treatment occurred 24 h before irradiation). The remain-
ing three groups received similar treatments without wound-
ing. Blood samples from these mice were collected 3, 7 and
10 d after irradiation and serum was separated for cytokine
analysis, as described earlier. We could compare cytokine
levels only in samples collected on Days 3 and 7 after irradi-
ation as the majority of the mice had died by thelOth day.
TS-treated mice had higher levels of IL-1f, IL-10, G-CSF,
GM-CSF and TNF-a compared with the vehicle group 3 d
after irradiation (Fig. 7). Wounded mice pretreated with TS
had higher levels of G-CSF on Day 3 after irradiation com-
pared with wounded mice receiving vehicle treatment.
Untreated wounded mice had higher levels of IL-1f, IL-10,
G-CSF, KC, IL-6, GM-CSF and TNF-o. compared with un-
treated mice without any wounding on Day 3 after irradiation.
The untreated wounded group had lower levels of FLT3 ligand
compared with mice without wounding on Day 7 after irradi-
ation. These observations suggest rather profound effects of
wounding on the blood levels of various cytokines.

DISCUSSION

Difficulty obtaining sufficient hematopoietic stem cells dir-
ectly from the donor has limited the clinical use of stem cell
transplantation. Several attempts to stimulate the ex vivo
growth of purified hematopoietic stem cells with cytokines
and growth factors generally have induced only modest
increases in hematopoietic stem cell numbers while
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P <0.05 between TS PBMCs and vehicle. ¥P =0.058.

decreasing their in vivo reconstituting ability. TS administra-
tion induces high levels of G-CSF in mice [24, 25, 51].
G-CSF is produced in the bone marrow, where it stimulates
granulopoiesis. G-CSF has been shown to enhance the sur-
vival of irradiated mice and to minimize the effect of radi-
ation on GI injury [52]. TS-induced G-CSF mobilizes
hematopoietic progenitors from bone marrow into peripheral
circulation [24]. G-CSF has also been shown to mobilize pro-
genitors by several proposed mechanisms such as suppres-
sion of osteoblasts, disruption of the interactions between
CXCR4 and chemokine ligand 12 (CXCL12, also known as
SDF-1), and between very late antigen-4 (VLA-4) and vas-
cular cell adhesion molecule 1 (VCAM 1). A number of
other pathways are activated during G-CSF administration
that may augment progenitor mobilization by modulating
CXCR4 signaling [53]. Lai et al. have reported that a recom-
binant single-chain form of a naturally occurring murine
hybrid cytokine of IL-7 and the beta chain of hepatocyte
growth factor (rIL-7/HGFbeta), that stimulates the in vitro
proliferation and/or differentiation of common lymphoid pro-
genitors, pre-pro-B cells, and hematopoietic progenitor cells

(Day 12 spleen colony-forming units) in cultures of mouse
BM, efficiently induces transplantable murine hematopoietic
stem cells [54]. Recently, we proposed a strategy to treat indi-
viduals who are at high risk of acute, high-dose ionizing radi-
ation exposure (e.g. military personnel) using TS-mobilized
hematopoietic progenitors [26, 27].

Our results demonstrated significant radio-mitigation by
TS-mobilized progenitors following exposure to radiation
doses as high as 11.5, 12.0 and 12.5 Gy, as indicated by sur-
vival on Day 10 post-exposure (Fig. 2). We reported earlier
that TS-mobilized progenitors provide optimal radio-
mitigation when administered 24 h after irradiation in mice.
When TS-mobilized progenitors were administered 48 or 72
h after irradiation, radio-mitigation potential decreased but
was still present [27]. Keeping in mind the above facts, we
evaluated the efficacy of TS-mobilized progenitors against
supralethal doses of radiation when cells were administered
24 h after radiation exposure. On 15 and 30 days after irradi-
ation, TS-mobilized PBMC-treated groups had higher sur-
vival compared with their respective controls. At high
radiation doses (11.5 and 12 Gy), 5 million TS-mobilized
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enriched PBMCs provided significant mitigation when admi-
nistered 24 h after irradiation. At these supralethal radiation
doses the primary cause of death is GI damage, as suggested
by the early death of the control animals. Such observations
suggest additional radio-mitigative effect(s) of transfused
hematopoietic progenitors for repair and recovery of
radiation-injured tissues and organ systems that extend
beyond the primarily targeted hematopoietic system [55].

TS may be administered to select military personnel pre-
paring for special missions having an increased risk of radi-
ation exposures. Blood samples (either whole blood or
PBMCs) of these individuals would be collected prior to a
mission and stored frozen. If during the course of the
mission an acute, high-dose exposure occurred, the exposed
troop(s) would be removed from the field of operation and
transported to a medical facility where a transfusion of their
own, previously stored, blood/PBMC sample would be given
in order to mitigate radiation injuries received. We consider
this to be logistically feasible with minimal infrastructure
because of the simplistic nature of this treatment protocol.
We also studied the efficacy of gamma-tocotrienol, another
component of vitamin E, in mobilizing progenitors for miti-
gation of radiation injury. Gamma tocotrienol-mobilized

PBMC:s also mitigated radiation injury in mice (unpublished
observation).

Few animal models of radiation combined injury exist,
and mechanisms underlying the high mortality associated
with complex radiation injuries are poorly understood.
Medical countermeasures currently are available for manage-
ment of the non-radiation components of radiation combined
injury, but it is not known whether treatment for other insults
will be effective when the injury is combined with radiation
exposure. Further research is needed to elucidate mechan-
isms behind the synergistic lethality of radiation combined
injury and to identify targets for medical countermeasures.
We demonstrated that as well as TS, TS-mobilized progeni-
tors improve the numbers of survivors in mice receiving
combined injury (radiation exposure and wounding). These
treatments were effective when a 9.2-Gy dose of radiation
(LD90/30) was used in combination with wounding. We
observed no benefit when a higher dose of radiation (11 Gy)
was used in combination with wounding. We have demon-
strated earlier that TS mobilizes progenitors (Lin~ sca-1* and
Lin~ c-Kit*, Lin™ sca-1" and Lin~ ¢-Kit" cells) in peripheral
circulation [24]. The survival sparing progenitors within
TS-mobilized PBMC transfusates may include not only
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hematopoietic stems and early progenitors (as defined by the
ckit” lin~ phenotype) but also additional, yet to be identified,
progenitor subsets that have tissue reparative/renewal func-
tions, such as innate lymphoid progenitors. It will be import-
ant to test TS-mobilized progenitors in other models of
combined injury such as radiation-plus-burn, and
radiation-plus-hemorrhage. Currently myeloid progenitors
(mMPCs) are being developed as a promising radiation
countermeasure for radiation-exposed victims [43]. Our
observations suggest that mMPCs should be tested in a com-
bined injury model.

Recently, we reported that G-CSF/IL-6 are principal med-
iators of the radio-protective efficacy of TS [24], 5-
androstenediol [3], CBLB502 [44], and gamma-tocotrienol
(unpublished observation). Our current study demonstrates
that administration of TS-mobilized progenitors does not
affect cytokine production to a great extent in irradiated mice
(Fig. 5). Overall, the levels of cytokines were low and may
not be relevant biologically [56, 57]. Our data suggest that
TS-mobilized progenitor mitigation of radiation lethality is
not mediated through an immediate effect on cytokine levels.
Similar observations have been made earlier with mMPCs
[43]. We did, however, observe a peak in some cytokines at

different time-points after irradiation in the vehicle control
mice compared with progenitor-treated mice. These cyto-
kines play an important role in the inflammatory response
[58-60], and their inhibition by progenitors indicates they
may have anti-inflammatory activity. It needs to be investi-
gated whether the reduction in cytokine levels after irradi-
ation results from direct inhibition of cytokines by
progenitors or from an indirect effect on hematopoietic
injury in general. We have made similar observations with
myeloid progenitors [43].

Our results, presented in Fig. 7, also suggest that wound-
ing leads to induction of increased levels of IL-1p, IL-10,
G-CSF, KC, IL-6, GM-CSF and TNF-o in irradiated mice.
Some of these cytokines were also elevated by wounding
(experimental data presented in Fig. 6). These cytokines may
play a vital role in the radiation-induced injury recovery
process. There are increased survivors among wounded irra-
diated mice when injury is administered before radiation ex-
posure compared with injury after radiation exposure [61].
Such survival improvement in irradiated mice may be a
result of increased cytokine levels induced by wounding. As
stated above, we have shown the induction of various cyto-
kines (particularly IL-6 and G-CSF) by different radiation
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countermeasures and their important roles in radio-protection
[3, 25, 42, 44]. We have also demonstrated that irradiation-
induced G-CSF plays a protective role in irradiated mice and
that the use of neutralizing antibody to G-CSF exacerbates
radiation injury [49]. Other investigators have also demon-
strated increased levels of cytokines in wounded mice [9].

CONCLUSION

In summary, this study further supports our contention that
the infusion of TS-mobilized progenitor-containing PBMCs
acts as a bridging therapy. To the best of our knowledge, this
is the first report demonstrating the efficacy of mobilized pro-
genitors against radiation combined injury. This treatment
may be useful for combined injury victims.
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