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Currently, no radioprotectors have been approved to
mitigate hematopoietic injury after exposure to ionizing
radiation. Acute ionizing radiation results in damage to
both hematopoietic and immune system cells. Pre-exposure
prophylactic agents are needed for first responders and
military personnel. In this study, the ability of gamma-
tocotrienol (GT3), a promising radioprotector and antioxi-
dant, to ameliorate partial-body radiation-induced damage
to the hematopoietic compartment was evaluated in a non-
human primate (NHP) model. A total of 15 rhesus NHPs
were divided into two groups, and were administered
either GT3 or vehicle 24 h prior to 4 or 5.8 Gy partial-
body irradiation (PBI), with 5% bone marrow (BM) spar-
ing. Each group consisted of four NHPs, apart from the
vehicle-treated group exposed to 5.8 Gy, which had only
three NHPs. BM samples were collected 8 days prior to irradia-
tion in addition to 2, 7, 14, and 30 days postirradiation. To
assess the clonogenic ability of hematopoietic stem and
progenitor cells (HSPCs), colony forming unit (CFU) assays
were performed, and lymphoid cells were immunopheno-
typed using flow cytometry. As a result of GT3 treatment,
an increase in HSPC function was evident by an increased
recovery of CFU-granulocyte macrophages (CFU-GM).
Additionally, GT3 treatment was shown to increase the
percentage of CD34* cells, including T and NK-cell subsets.
Our data further affirm GT3’s role in hematopoietic recov-
ery and suggest the need for its further development as a pro-
phylactic radiation medical countermeasure. © 2024 by Radiation

Research Society
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INTRODUCTION

The risk of exposure to high doses of total- or partial-body
ionizing radiation arising from accidental or intentional
releases by terrorist attacks seems inevitable (/). Radio-
logical/nuclear exposures may result in acute radiation
syndrome (ARS) within a relatively short period, leading
to hematopoietic (H-ARS), gastrointestinal (GI-ARS), or
cutaneous and neurovascular injuries (2, 3). Two addi-
tional approved agents are biosimilars of Neulasta.
Moreover, such exposures are more than likely to be
non-uniform in nature and the severity of the injury
depends on the dose absorbed, radiation quality, and the
organ system that gets exposed (3). Among the various
tissues and organs in the body, bone marrow (BM) is the
most radiosensitive tissue. Damage to BM results in man-
ifestations of ARS including myelosuppression, bleeding,
immune dysfunction, systemic inflammation, and life-
threatening infections secondary to BM failure (3, 4). Cur-
rently, the United States Food and Drug Administration (U.S.
FDA) has approved only four medical countermeasures
(MCMs) for H-ARS, and all are radiomitigators for use
after radiation exposure (5—8). To date, there’s no FDA-
approved MCM that can be used prophylactically prior to
radiation exposure for protection against unwanted/unex-
pected radiation injuries (9, 10). Hence, there is an urgent
need to develop MCMs to protect against the devastating
effects of radiation exposure that are safe, non-toxic, and
effective, have excellent safety profiles, and can be easily
stored, distributed, and administered.

The hematopoietic system is composed of both mature
blood cells and hematopoietic stem cells (HSCs) in the BM
compartment that are highly sensitive to radiation injury,
and are crucial for the regeneration of blood cells (/7). H-ARS
mainly arises from hematopoietic insufficiency resulting in
severe pancytopenia, which in turn increases life-threatening
infections as well as vascular permeability and hemorrhage in
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vital organs (/2—15). In addition, due to the rapid proliferation
rates and reduced DNA repair capacity of myeloid/lymphoid
hematopoietic progenitors, the adverse effects caused by
H-ARS may affect immune function and can potentially
persist long-term (/6—[8). Therefore, protecting and res-
cuing HSCs and its self-renewable ability to repopulate
hematopoietic progenitor cells (HPCs) is essential to mitigat-
ing H-ARS (11, 19, 20).

Over the past few decades, several natural products and
their synthetic analogues have been found to be of interest
for development as radiation MCMs, which exhibit injury-
countering potential and minimal toxicity (2/). Among
them, members of the vitamin E family are well known for
their anti-oxidative, anti-inflammatory, and neuroprotective
properties (2/-23). The vitamin E family comprises eight
different isoforms: four saturated analogues called tocoph-
erols (o, B, v, 0) and four unsaturated analogues called
tocotrienols (a, B, v, 9), and are collectively referred as tocols
(24, 25). These agents protect cells from increased oxidative
damage caused by radiation-induced free radical generation
(24, 25). GT3 has emerged as one of the most efficacious and
promising radioprotectors tested to date. It is a natural antioxi-
dant and a potent inhibitor of 3-hydroxy-3 methylglutaryl-
coenzyme A (HMG-CoA) reductase (26—29). GT3 has been
shown to improve mitochondrial respiration, coupling, and
mitochondrial membrane potential, inhibit pro-apoptotic pro-
teins and enhance anti-apoptotic proteins, inhibit NF-kB acti-
vation, and reduce NF-kB transcription activity (30). GT3
treatment has shown radioprotective efficacy in both rodents
(mice) and NHPs when administered 24 h prior to total-
body irradiation (TBI) (37, 32). Interestingly, the radio-
protective effects of GT3 depend not only on its antioxi-
dant properties, but also on its ability to accumulate in
endothelial cells and reduce oxidative stress within epithe-
lia and endothelia of various radiosensitive tissues (33).
Though the mechanism of action of GT3 is not fully under-
stood, the above attributes of GT3 may be contributing to
preserve its antioxidant defense and avoid the pro-
inflammatory response to prevent ionizing radiation-
induced injury. Furthermore, GT3 has also been shown to
enhance hematopoietic recovery in murine and NHP models
(32, 34, 35). GT3 was found to stimulate an increase of
HPCs in the BM of irradiated mice (35). In addition to HSCs
and HPCs, GT3 reduced radiation-induced persistent DNA
damage of lymphoid/myeloid progenitor cells, while signifi-
cantly inducing G-CSF (granulocyte-colony stimulating fac-
tor), a crucial factor in stem cell mobilization and
hematopoietic recovery (36, 37). Interestingly, GT3 also
demonstrated its radioprotective role in intestinal epithelial
and crypt cells in an NHP model exposed to a supralethal
dose of radiation (38, 39). Most importantly, GT3 is under
advanced development as a radioprotective MCM following
the U.S. FDA Animal Rule to be used as a pre-exposure
prophylaxis for H-ARS (37). Notably, in a recent study,
we showed that GT3 accelerated recovery in CD34" cells
which increased HSC function as evidenced by improved
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recovery of CFU-GM and burst-forming units-erythroid
(BFU-E), and enhanced the recovery of circulating neutrophils
and platelets in an NHP model of 4 and 5.8 Gy TBI (40).

The radioprotective efficacy of GT3 was investigated, as
well as its ability to accelerate hematopoietic recovery in
an NHP model exposed to 4 or 5.8 Gy partial-body X-rays
with 5% BM sparing. There has been recent interest in
studying the efficacy of MCMs using a PBI model, which
allows for the understanding of the effects of MCMs on
organ-specific injuries. The PBI model was developed to
mimic a real-life radiation exposure scenario that would
likely include sparing of some BM (417, 42). Although several
studies have been performed in the PBI model to identify
potential biomarkers and to support MCM development
(43—45), this study is the first report, to the best of our knowl-
edge that assesses the major immune cell populations in the
BM of GT3-treated NHPs using the partial-body NHP expo-
sure model with a linear accelerator (LINAC). In addition, we
evaluated the prophylactic efficacy of GT3 in accelerating
radiation-induced decreases in peripheral complete blood
counts (CBC). Results from this study demonstrate that 4 or
5.8 Gy PBI significantly reduced various immune cells in the
BM, including the self-renewable capacity of HPCs. Impor-
tantly, GT3 treatment accelerated HPCs function by improv-
ing the recovery of CFU-GM, in addition to enhancing the
percentage of T- and NK-cell subsets. In brief, these data fur-
ther affirm GT3’s contribution to hematopoietic recovery and
that this agent needs further investigation for its development
as an MCM for prophylaxis.

MATERIALS AND METHODS

Experimental Design

The goal of this study was to use an NHP model to study hematopoi-
etic injury resulting from partial-body X-ray irradiation and its recovery
after administration of GT3. The 15 NHPs in this study were split into
two groups: 8 animals were exposed to 4 Gy (sub-lethal) and the other 7
animals were exposed to 5.8 Gy (~LD,g 3060). Within each radiation
dose group, four animals were administered GT3 (37.5 mg/kg) and the
other 4 animals were administered the vehicle. For the 5.8 Gy vehicle-
treated group, there were only three animals (Table 1). Irradiation
occurred 24 h after GT3 or vehicle administration.

Animals

Fifteen naive rhesus NHPs (7 males and 8 females) were housed in an
Association for the Assessment and Accreditation of Laboratory Animal
Care (AAALAC)-International accredited facility. Prior to conducting the
study, animals were quarantined for six weeks (46). Details regarding
animal care, housing, health monitoring, and enrichment have been
described in detail earlier (47, 48). The Guide for the Care and Use of
Laboratory Animals was strictly adhered to throughout the study (49).

GT3 and Vehicle Administration

Either GT3 or the vehicle were injected subcutaneously (sc) at a dose
of 37.5 mg/kg 24 h prior to irradiation. Callion Pharma (Jonesborough,
TN) supplied GT3, which was used as an injectable formulation with a
concentration of 50 mg/mL, as well as the vehicle, which was an olive
oil formulation (50). The individual weight of each NHP decided the
volume of drug or vehicle administered. The injection site preparation
and drug/vehicle administration are discussed in detail earlier (57).
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TABLE 1
Experimental Design for 15 NHPs Exposed to 4 and 5.8 Gy PBI

Hematopoietic Study (PBI, LINAC)

Dose Irradiation Age Body Weight

NHP Drug Route (mg/kg) Frequency Dose (Gy) (years) Initial (kg)

4 (2F/2M) GT3 sc 37.5 24 h prior to irradiation 4 3.80 = 0.14 541 +0.37
4 (2F/2M) Veh sc 37.5 24 h prior to irradiation 4 3.60 = 0.54 5.1 £0.75
4 (2F/2M) GT3 sc 37.5 24 h prior to irradiation 5.8 3.35 = 0.59 4.80 = 0.47
3 (2F/1M) Veh sc 37.5 24 h prior to irradiation 5.8 3.60 = 0.17 5.37 £ 0.19

Partial-Body Irradiation

The fasting, transportation, and sedation of the NHPs were similar
to methods described earlier for TBI (52). For PBI, NHPs were irra-
diated one at a time using a 4 MV photon beam from an Elekta Infin-
ity clinical LINAC. Anterior/posterior measurements of the NHPs at the
location of the absorbed dose target (“core of the abdomen”) were mea-
sured with a digital caliper. Irradiation procedures with LINAC, dose
rate, and dosimetry have been described in detail earlier (53).

Each NHP was placed in the custom-built positioning device
attached to the LINAC couch. The NHP’s limbs were secured to the
platform using restraints that were attached to the device. Animals
were exposed to PBI with 5% bone marrow sparing. To achieve 5%
bone marrow sparing, the irradiation field excluded the tibia, ankles,
and feet of the animal. The field size of approximately 80 cm along
its diagonal with a collimator angle of 45° was used to provide a field
size that was large enough to fit the crown-to-knee of each NHP
inside the field (crown-to-knee lengths of the NHPs varied 54-75
cm). The heart rate and temperature of NHPs were continuously
monitored throughout the irradiation procedure (Advisor vital signs
monitor, Smiths Medical, Dublin, OH). The specific desired dose
was delivered, with a dose rate of approximately 1.3 Gy/min. To
ensure a uniform radiation field, half of the absorbed dose was deliv-
ered with a beam along the anterior-posterior direction (gantry angle
0°), and the other half was delivered along the posterior-anterior
direction (gantry angle 180°).

The calculation of the number of monitor units (MUs) required to
deliver the requested absorbed dose was based on the dose rate to the
abdominal core of the NHP. Each NHP was positioned supine on the
platform with its coronal midline at 149 cm from the LINAC target.
However, the dose rate to the abdominal core depends on the thick-
ness of tissue that the beam must travel through from the surface to
the core of the NHP. To account for the effect of variations in attenu-
ation of the beam due to variations in the anterior-posterior (AP) sep-
aration of each NHP, the AP-separation of each NHP was measured
prior to irradiation.

To determine absorbed dose rates to NHPs of various AP-separations,
the absorbed dose rates to the center of a series of cylindrical water-
filled polymethylmethacrylate NHP phantoms were measured using a
Farmer ionization chamber (0.6-cc sensitive volume). Phantoms with
diameters of 5.08, 6.99, 10.16, and 12.7 cm were used for these dose
rate measurements. These phantom diameters covered the range of AP-
separations of the NHPs that were experimentally irradiated (7—11 cm).
The number of monitor units required to deliver the requested absorbed
dose to the abdominal core was adjusted for the AP-separation of each
individual NHP. The Farmer ionization chamber used for the dosimetry
measurements in this study was calibrated at a National Institute of Stan-
dards and Technology (NIST)-traceable accredited dosimetry calibration
laboratory. The calibration was in terms of absorbed dose-to-water. A
water-to-soft tissue correction factor was applied to the dose rates deter-
mined by these irradiations. This ionization chamber-based dosimetry
system is based on the calculation of the absorbed dose rate that is
described in the American Association of Physicists in Medicine
(AAPM) Task Group (TG)-51 protocol (54). The absorbed dose rates
determined from ionization chamber measurements were used to deter-
mine a function of dose rate vs. phantom diameter (where phantom
diameter corresponds to the AP-separation of the NHP). This empirical
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function was then used to determine the dose rate to the abdominal core
of each NHP (based on its individual AP-separation that was measured
prior to irradiation). This function enables calculating the absorbed dose
rate to the cores of NHPs that are intermediate in size between that of
the phantoms in which the dosimetry measurements were performed.

BM Collection

Approximately 2 ml BM sample was collected 8 days prior to irra-
diation and on days 2, 7, 14, and 30 postirradiation. The site for BM
collection was the iliac crest and the site was alternated between col-
lection days. This procedure was conducted by trained study person-
nel as described earlier (40). For pain management, a single dose of
buprenorphine ([0.005-0.03 mg/kg, intramuscularly (im) or sc] was
administered. The BM sample was transferred to a sterile tube, and
samples were then promptly shipped on wet ice via FEDEX priority
overnight for analysis to the collaborator at the University of Arkan-
sas for Medical Sciences. The cells were stained within 16 h and ana-
lyzed within 24 — 48 h.

Blood Collection and Complete Blood Counts (CBCs)

Blood was collected from NHPs at various time points during the
study using either the cephalic or saphenous vein, and CBCs were
analyzed with a Bayer Advia-120 cell counter as previously described
(55, 506).

Bone Marrow CFU Assay

CFU assays were performed by culturing 1 X 10° BM cells collected
on days -8, 2, 7, 14, and 30 using Methocult TM H4034 optimum
(Stem Cell Technologies, Vancouver, Canada), as described recently
(40). CFU-GM and burst-forming unit-erythroid (BFU-E) were scored
on day 14.

Flow Cytometry and Gating Strategy

The detailed procedure for flow cytometry of BM cells and gating
strategy is described in detail earlier (40). Briefly, RBC lysis was per-
formed, and cell viability was assessed by the trypan blue dye exclusion
method. In addition, we used eFlour 506, a fixable viability dye to
exclude the dead cells during flow cytometric analysis. To establish a
gating strategy and a compensation matrix, unirradiated NHP BM sam-
ples were used to run single stained controls, fluorescence minus one
control, as well as a complete cocktail of all immune cell markers (40).
A list of various fluorochrome-conjugated antibodies for specific anti-
gens and details of the gating strategy used in this study is provided in
Supplementary Table S1 and Supplementary Fig. S1* (https://doi.org/10.
1667/RADE-23-00075.1.S1), respectively.

*Editor’s note. The online version of this article (DOI: https://doi.
org/10.1667/RADE-23-00075.1) contains supplementary information
that is available to all authorized users.
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Statistical Analysis

Various statistical analyses were performed using GraphPad Prism
Version 9.1.0 (GraphPad Software, San Diego, CA). Two-way analy-
sis of variance (ANOVA) tests were performed to determine the
interaction between the GT3 and vehicle-treated groups across vari-
ous time points. To compare the mean of each treatment group to the
pre-irradiation time point (day —8), Dunnett multiple comparisons
tests were performed. The student’s t-test was also used to analyze
pairwise comparisons. Statistical significance was set to a P value of
0.05 or less.

RESULTS

GT3 Effects on CBCs

A single dose of 37.5 mg/kg GT3-treatment 24 h prior to
irradiation enhanced hematopoietic recovery in comparison
to vehicle-treated NHPs as demonstrated in Figs. 1 and 2 and
Supplementary Figs. S2 and S3 (https://doi.org/10.1667/
RADE-23-00075.1.S1). Compared with the same dose of
TBI, cytopenia and thrombocytopenia were less severe
with PBI.

Effects of GT3 on CBC after 4 Gy PBI. GT3-treated NHPs
exposed to 4 Gy PBI exhibited a higher level of WBC counts
beginning at day 7 postirradiation (Fig. 1). GT3-treated NHPs
showed higher neutrophil counts from day 7 and counts
remained increased onwards. Reticulocytes in GT3-treated
NHPs returned to pre-exposure levels by day 20, while
vehicle-treated levels remained persistently high until day
30. The platelet levels in GT3-treated groups were not signif-
icantly altered compared to their respective vehicle-treated
group. Unlike PBI, NHPs exposed to 4 Gy TBI showed pro-
nounced reduction in the levels of neutrophils and platelets
(40). This may be due to the lack of severe cytopenia with
this dose of PBI compared with TBI. Further, both red blood
cells (RBC) and hematocrit (HCT) showed an increased
level on day 16 and 22 in GT3-treated groups. However, there
was no significant difference between the groups at any other
time points. Hemoglobin (HGB) showed a very similar pat-
tern throughout the study with levels being slightly higher in
GT3-treated groups. The GT3-treated NHPs showed higher
levels of monocytes by day 20 and returned to baseline
by day 30, while eosinophils showed increased levels by
day 18 and remained elevated from day 26 to day 28 and
returned to baseline by day 30. Lymphocytes and basophils
followed very similar trends throughout the period of study
(Supplementary Fig. S2; https://doi.org/10.1667/RADE-23-
00075.1.S1).

Effects of GT3 on CBC after 5.8 Gy PBI. At 5.8 Gy, both
GT3 and vehicle-treated groups exhibited very similar pattern
in the levels of WBC, neutrophils and platelets after irradiation
(Fig. 2). Notably, in comparison to 5.8 Gy PBI, NHPs with 5.8
Gy TBI showed a severe reduction in these parameters and
recovery was found to be enhanced in GT3-treated groups
(40). As stated above, this may be due to the lack of severe
cytopenia with this dose of PBIL Reticulocyte levels were
higher in GT3-treated groups on day 14, and in the following
time points, both groups had very similar response patterns
and reached baseline by day 30. Throughout the course of the
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study, the response curve for RBCs, HGB and HCT levels in
NHPs treated with GT3 closely resembled the response curve
for those treated with the vehicle. Likewise, additional param-
eters like monocytes, lymphocytes and basophils showed little
difference between GT3- and their respective vehicle-treated
groups across the time points. The GT3-treated group showed
an increased level of eosinophils from day 22 onwards and
remained consistently higher than the control until day
30 (P < 0.05) (the latest time point examined in this study)
(Supplementary Fig. S3; https://doi.org/10.1667/RADE-23-
00075.1.S1).

GT3 Effects on BM Hematopoietic Injury

The effects of GT3 treatment on HSCs and immune cell
phenotypes in BM samples were compared to their respective
vehicle-treated group and to unirradiated animals on day 8
prior to PBI in each group. Figs. 3—10 illustrate these findings.

Leukocytes. The total number of white blood cell counts
was based on the volume of aspirated BM. PBI revealed a
progressive decrease in vehicle and GT3-treated groups until
day 14 as shown in Table 2. Though these numbers returned
to baseline by day 30 in the vehicle-treated group and close to
baseline in the GT3-treated group at 4 Gy, these were rela-
tively lower in both groups with 5.8 Gy (Table 2). These
changes were significant on day 14 in the vehicle-treated
group, and on day 2, 7 and 14 in the GT3-treated groups
when compared with day —8 at 4 Gy. These changes were
more prominent at 5.8 Gy on day 7 and 14 when compared to
day -8 in the vehicle-treated group. At 5.8 Gy on day 30, the
numbers were still lower in the vehicle-treated (51%) and
GT3-treated group (35%) compared to day —8. However,
these changes did not reach significance. In addition, no sig-
nificant difference was observed between vehicle- and GT3-
treated groups across the time points (Table 2).

Hematopoietic cells (CD45"). A radiation dose of either
4 or 5.8 Gy PBI induced a decrease in hematopoietic cells
in both vehicle- and GT3-treated groups (Fig. 3A and B).
To prepare the BM cells for analysis, cells were labeled
with CD45, a receptor linked protein tyrosine phosphatase
present on most cells of the hematopoietic lineage (57). These
changes were noted to be significant at day 2 in the vehicle-
treated group (compared to day —8, P < 0.001) and at day 2
and 14 in the GT3-treated group at 4 Gy (compared to
day -8, P < 0.0001, P < 0.001, respectively) (Fig. 3A).
In addition, these changes were pronounced at 5.8 Gy
in both groups on days 2, 7 and 14 compared to day —8
(Fig. 3B). A significant difference was also observed between
the vehicle and GT3-treated groups on day 14 at 4 Gy
(P <0.01) (Fig. 3A).

Hematopoietic stem cells (CD347CD45"). HSCs are the
common precursors of immune cells and all blood lineages,
and are crucial for maintaining the immune system (58).
CD34 is a marker of HSCs in humans and NHPs (59, 60).
Radiation doses of 4 and 5.8 Gy PBI induced a dose-dependent
reduction in percent positive as well as in the total number of
HSCs on days 2, 7 and 14 in both vehicle- and GT3-treated
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FIG. 1. CBC profiles in NHPs treated with a single dose of GT3 (37.5 mg/kg) or vehicle 24 h prior to 4 Gy PBI. Blood samples
were collected at different time points as indicated in the graphs and cells were analyzed. Data are expressed as the mean = SEM. *A
significant difference between the GT3- and vehicle-treated groups was determined when equal variance between groups was assumed

(*P < 0.05).
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ples were collected at different time points as indicated in the graphs and cells were analyzed. Data are expressed as the mean = SEM.

groups as shown in Fig. 4 and Table 3. However, an apparent
increase was observed in percentages on day 30, with signifi-
cance in vehicle-treated groups at 4 and 5.8 Gy (P < 0.05)
(Fig. 4C-D) and in the GT3-treated group at 5.8 Gy (P <
0.001) (Fig. 4D). A representative FACS plot has been
shown for both 4 and 5.8 Gy PBI at day 30 (Fig. 4A-B).
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Significant differences were also observed in the total num-
ber of these cells in GT3-treated groups on days 2, 7 and 14
at 4 Gy (P < 0.01) and on day 7 at 5.8 Gy (P < 0.05) (Table
3). However, in vehicle-treated groups, the total number
appeared lower on days 2, 7, and 14 at 4 and 5.8 Gy, but these
differences were not significant. Furthermore, the numbers
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vs. GT3 day -8; 1P < 0.01 vehicle vs. GT3 at day 14.

and percent of HSCs were appreciably higher on day 30 in
both vehicle- and GT3-treated groups at both doses of PBI
(Fig. 4 and Table 3). The change in percentages of HSCs
were in accordance with the total cell counts in BM.

B cells (CD3 CD207"). Radiation-induced reduction in the
frequency of B cells were noted at all time points in vehicle-
treated groups (19 to 66% decrease compared to day —8,
P < 0.05, P < 0.001, P < 0.01) and in GT3-treated groups
(decreased in the range of 39-86% compared to day -8, P <
0.001, P < 0.01) at 4 Gy (Fig. 5A). Populations of these cells
declined further post 5.8 Gy PBI at all durations in GT3-
treated groups (decreased in the range of 59 to 93% compared
to day -8, P < 0.05, P < 0.001) (Fig. 5B). Though we
observed a sharp decline in vehicle-treated groups at 5.8 Gy
as well, these changes were not significant.

T cell (CD3%) subsets. T cells represent a major compo-
nent of the adaptive immune system and play a critical role
in cell-mediated immunity. Some of the major subsets of T
cells have been immunophenotyped here and are discussed.

At 4 Gy after PBI, significant differences were noted in
the frequency of T cells, Ty, and T subsets on day 2 com-
pared to day —8 in both vehicle-treated and GT3-treated
groups (Fig. 6A and B,D). In addition, a significant decrease
was also recorded in T cells (P < 0.01), Ty cells (P < 0.05)
and Treg cells (P < 0.01) in GT3-treated NHPs compared to
their respective vehicle-treated NHPs on day 14 (Fig. 6A-D).
This contrasts with what we observed at 4 Gy TBI, where no
significant changes were noted in the frequencies of T cells,

Ty, Treg, and Tc subsets in vehicle- and GT3-treated groups
across the time points. However, highly significant differences
were observed on days 2, 7 and 14 in the frequencies of
T cells and different T cell subsets in both vehicle- and
GT3-treated groups at 5.8 Gy PBI (Fig. 6E and F,H). T cell
percentage was decreased in the range of 59% to 81% in
vehicle-treated groups and 56% to 77% in GT3-treated groups
compared to day —8 (Fig. 6E). Similarly, Ty cell percentages
were decreased in vehicle-treated groups in the range of 62%
to 81% and in GT3-treated groups in the range of 40% to
86% (Fig. 6F). Likewise, T cells frequencies also declined
sharply in vehicle-treated groups in the range of 62% to 83%
and in the GT3-treated group in the range of 37% to 90%
(Fig. 6H). On the contrary, we observed a general
increase in the frequencies of T cells, Ty cells, and T¢
cells on days 2, 7 and 14 in both vehicle- and GT3-
treated groups exposed to 5.8 Gy TBI (40). Furthermore,
no significant change was observed in Treg cells in either
vehicle- or GT3-treated groups at 5.8 Gy PBI (Fig. 6G). A
sharp, significant increase was observed in these cells at day
14 in vehicle-treated animals compared to the GT3-treated
group at 4 Gy (P < 0.01) (Fig. 6C). Furthermore, we
assessed the CD4:CDS8 ratio, which indicates the overall
immune health of an individual, and compared the values
with the ratio at day —8 in both groups (4 and 5.8 Gy PBI). A
significant increase was noticed in the ratio of these cells on
day 2 in both vehicle- and GT3-treated groups after 4 Gy PBI
(vehicle: 35%, P < 0.01; GT3: 27%, P < 0.05, respectively)

TABLE 2
Total Leukocytes in the BM of NHPs Exposed to 4 and 5.8 Gy PBI with and without GT3 Treatment
4 Gy 5.8 Gy
Days postirradiation Vehicle GT3 Vehicle GT3
Day -8 25.87 £2.22 33.39 = 12.88 39.57 £ 19.14 32.8 £9.92
Day 2 8.59 = 3.36 7.84 = 2.77 11.99 = 3.32 15.33 £ 6.12
Day 7 2.41 £0.77 5.53 +2.15 272 £ 1.26 1.34 £0.19
Day 14 1.27 = 0.33 3.20 = 1.47 1.75 = 1.05 1.36 = 0.46
Day 30 25.59 + 13.95 19.85 = 7.18 19.25 = 10.22 21.45 =594

Note. Absolute cell numbers [mean values * standard error (SEM)].
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FIG. 4. Effects of GT3 on CD34 expression in the BM of NHPs after irradiation. GT3 (37.5 mg/kg) or vehicle was administered to NHPs
24 h prior to 4 Gy (panels A and C) and 5.8 Gy (panel B and D) PBI. The percentage of CD34" cells (panels C and D) were analyzed in BM
collected at different time points. Representative FACS plot on day 30 are shown after PBI (panels A and B). The number in each quadrant
are the percentages based on the lymphocyte gate. Data are expressed as mean = SEM. *P < 0.05 vs. vehicle day —8; #P<< 0.05, ##P < 0.01,
###P < 0.001 vs. GT3 day -8.

(Fig. 7A), and in the GT3-treated group after 5.8 Gy PBI There was no significant difference observed in
(40%, P < 0.01) (Fig. 7B). CD567CD16" (cytotoxic cells) subsets of NK cells at 5.8 Gy

NK cell subsets. A general time- and dose-dependent  (Fig. 8D), apart from a significant decrease observed on day
decrease was observed in the percentage of NK cells 14 in the GT3-treated group when compared to the respective
(CD3CD56%) at 4 Gy and 5.8 Gy compared to baseline at  vehicle-treated group (P < 0.05) at 4 Gy (Fig. 8C). A gen-
day -8 in vehicle-treated animals after PBI (Fig. 8A and B).  eral decline was observed in the percentage of CD56"CD16°
Nevertheless, these changes were not significant at any time  expressing cells compared to day —8 in both vehicle- and
point. However, in the GT3-treated group, a significant ~ GT3-treated groups on days 2, 14 and 30 at 4 Gy (Fig. 8E),
decrease was observed on day 2 and 14 at 4 Gy compared  and on days 2, 7 and 14 at 5.8 Gy (Fig. 8F). A significant
to day —8. (Fig. 8A). In contrast, in GT3-treated animals  difference was observed only on day 14 in the GT3-treated
at 5.8 Gy, the percentage of NK cells appeared higher  group (58% decrease, P < 0.05) (Fig. 8F). Though the
compared to the vehicle group at all durations, but significance =~ percentage of these cells are on the lower side at differ-
was not achieved (Fig. 8B). The higher percentage of NK cells  ent time points in the GT3-treated groups compared to

at 5.8 Gy may be attributed to GT3-mediated protection. day -8, these percentages are higher compared to their
TABLE 3
Total CD34* Cells in the BM of NHPs Exposed to 4 and 5.8 Gy PBI with and without GT3 Treatment
4 Gy 5.8 Gy
Days postirradiation Vehicle GT3 Vehicle GT3
Day -8 0.17311 = 0.0254 0.28220 *= 0.1096 0.20667 = 0.0867 0.17500 = 0.1027
Day 2 0.01471 = 0.0029 0.00604 = 0.0035 0.00527 = 0.0039 0.00450 = 0.0017
Day 7 0.00227 = 0.0013 0.00578 = 0.0024 0.00035 = 0.0001 0.00048 = 0.0000
Day 14 0.00433 = 0.0023 0.00234 = 0.0013 0.00051 = 0.0001 0.00076 = 0.0002
Day 30 0.20619 = 0.1217 0.11061 = 0.0495 0.15015 *= 0.0839 0.17939 =+ 0.0549

Note. Absolute cell numbers in millions [mean values * standard error (SEM)].
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FIG. 5. Effects of GT3 on B* cells in the BM of NHPs after irradiation. GT3 (37.5 mg/kg) or vehicle was administered to NHPs 24 h prior
to 4 Gy (panel A) and 5.8 Gy (panel B) PBI. Data are expressed as the mean = SEM. *P < 0.05, **P < 0.01, ***P <0.001 vs. vehicle day —8;
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respective vehicle-treated groups. Higher percentages of
these cells in GT3-treated groups may be linked to GT3-
mediated protection and regulation of other immune cells.

Monocytes and granulocytes (CD11b*). Granular leuko-
cytes, or granulocytes, comprise of neutrophils, eosinophils
and basophils, and serve as a key component in the innate
immune system (57, 59). Although the percentage of granulo-
cytes and monocytes appeared reduced in vehicle-treated ani-
mals on days 7 and 14 and in GT3-treated animals on days 2,
7, and 14 at 4 Gy, a significant difference was noticed only at
day 14 in GT3-treated NHPs (>74% decrease compared to
day -8, P < 0.01) (Fig. 9A). In addition, a progressive
decrease in these cells was observed on days 2, 7, and 14 at
the 5.8 Gy dose of PBI in both groups compared to day —8
(24 to 81% decrease in vehicle-treated and 19 to 68% decrease
in GT3-treated (Fig. 9B). However, these cells returned to
normal by day 30.

GT3 Effects on BM HPCs

To evaluate the effects of GT3 pre-treatment on HPCs,
we performed in vitro clonogenic assays using BM cells
from NHPs exposed to 4 and 5.8 Gy PBI. The number of
CFUs serves as an indicator for hematopoiesis and is an
important sign for hematopoietic recovery. We measured
BM-CFUs in vehicle and GT3-treated groups at days -8, 2,
7, 14 and 30 after PBI. When compared to day -8, PBI sig-
nificantly reduced the CFU-GM in both vehicle and GT3-
treated groups at early time points: day 2 and day 7 in 4 Gy
(Fig. 10A), and day 2 in 5.8 Gy (Fig. 10B). Importantly,
when compared to their respective vehicle-treated groups,
GT3-treated animals showed an increasing trend in CFU-
GM from day 2 onwards, which persisted until day 30 in
animals exposed to 4 and 5.8 Gy (Fig. 10A and B). This is
consistent with what we observed in GT3-treated NHPs
exposed to 4 and 5.8 Gy TBI, where GT3 improved the
recovery of CFUs after irradiation (40). Interestingly, GT3
significantly increased CFU-GM levels by day 30 in GT3-
treated groups when compared to its respective vehicle-
treated groups in 4 Gy PBI, while 5.8 Gy dose of PBI
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exhibited an increase in both vehicle- and GT3-treated
groups (Fig. 10A-B). These data indicate that GT3 may
enhance the ability of HPCs to differentiate into granulo-
cytes and monocytes, and thereby may attenuate acute
hematopoietic damage induced by radiation.

DISCUSSION

Radiation-induced hematopoietic injury and myelosup-
pression can occur in the event of a nuclear disaster, terror
attacks or therapeutic interventions (3). HSC injury is one
of the major causes of morbidity and mortality following
exposure to a moderate or high dose of radiation (//, 13, 61).
Studies have shown that even a sub-lethal dose of radiation
can result in immunosuppression due to a decrease in the
number of functional blood cells (62). Therefore, protecting
and rescuing HSCs from radiation damage is not only critical
for normal hematopoietic system function, but is also critical
for the survival of cancer patients undergoing radiotherapy
and for the development of MCMs (63-65). We have shown
GT3 as a promising MCM with significant radioprotective
efficacy both in mice and NHPs (37, 34, 39, 66, 67). GT3 is
currently under advanced development for H-ARS (34). Most
importantly, we recently showed an encouraging role of GT3
in promoting hematopoietic recovery in an NHP model with
4 or 5.8 Gy TBI by enhancing/preserving the self-renewable
capacity of HSCs (40). Ultimately, the current study investi-
gated GT3’s potential in enhancing hematopoietic recovery in
NHPs with 4 and 5.8 Gy PBI. Herein, we assessed radiation-
induced changes in the immune cell phenotype in the BM
treated with or without GT3 over a period of 30 days.

As stated above, studying PBI has benefits in the field of
MCM development and radiation-induced injury progression.
The hematopoietic system can recover better following high-
dose irradiation if a small percentage of BM is spared. In this
study, we used the PBI NHP model with 5% BM sparing to
mimic radiation exposures that would likely spare some BM
in a radiological/nuclear incidence. In such scenarios, radia-
tion exposure may not be total-body and uniform. Moreover,
several investigators in the field of MCM development have
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FIG. 6. Effects of GT3 on T cell marker expression in the BM of NHPs after irradiation. GT3 (37.5 mg/kg) or vehicle was administered to
NHPs 24 h prior to 4 Gy and 5.8 Gy PBI. Expression of CD3" cells (panels A and E), CD4" cells (panels B and F), CD4"CD25" cells (panels C
and G), and CD8" cells (panels D and H) were analyzed in BM collected at different time points. Data are expressed as mean = SEM. *P < 0.05,
#P < 0.01, ***P < 0.001. vs. vehicle day —8; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. GT3 day -8; P < 0.05 and {P < 0.01 vehicle

vs. GT3 at day 14.

emphasized the importance of this novel model to investigate ~ with respect to their genetic homology, immune system and
the acute and delayed effects of radiation exposure and its  pathophysiology, and they are often used for the evaluation
usefulness for MCM efficacy (43, 68). NHPs have been  of immune system homeostasis and function, including for
shown to be an excellent model for studies of ARS and studies that assess MCM development (68—73). In addition,
MCM development (69, 70). They closely resemble humans  these animals show a reduction in circulating neutrophils
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including a decrease in B cells, helper T cells (CD4") and
cytotoxic T cells (CD87) associated with delays in T cell
recovery following radiation, very much similar to humans
(71,74).

GT3, a potent antioxidant and a promising radioprotector
(25, 31, 67), is under advanced development as a radiopro-
tective prophylaxis MCM for H-ARS (34). Importantly, it
has been observed that a single injection of GT3, compared
to multiple doses of Neupogen/Leukine and two doses of
Neulasta (with supportive care including blood products)
was found to be equally effective (without supportive care/
blood products) in ameliorating hematopoietic injury in an
NHP model (31, 34, 67, 75, 76). Moreover, the radiopro-
tective properties of GT3 relies not only on its free radical
scavenging properties, but also on its ability to accumulate
30 — 50 times higher in endothelial cells. Notably, GT3 has
been shown to protect endothelial cells from radiation-
induced damage by enhancing the availability of nitric oxide
synthase co-factor tetrahydrobiopterin (77). We have also
shown that both GT3 and tetrahydrobiopterin supplementa-
tion reduce vascular peroxynitrite production following radi-
ation (77). In addition, GT3 modulated irradiation-induced
transcriptomic changes (53) and most importantly showed
promising hematopoietic recovery in NHP models by stimu-
lating/preserving the regenerating ability of the HSCs
(34, 40). Here, we report that PBI doses of 4 and 5.8 Gy
resulted in a marginal reduction in circulating neutrophils
and platelets levels, including decreased reticulocytes. Nota-
bly, the severity and duration of neutropenia and thrombocy-
topenia with PBI were less compared with TBI at the same
doses, 4 or 5.8 Gy (40). However, PBI induced a dose-
dependent significant decrease in BM leukocyte popula-
tions including reduced percentages of HSCs and compro-
mised HSC and HPC function. Interestingly, GT3 prophylaxis
showed marginal efficacy in the recovery of HSCs and
enhanced HPC function as revealed by increased CFUs with
improved CBCs.

Radiation induces HSC damage and affects all lineages
of blood cells, which are critical for producing and
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maintaining blood cells in circulation (//, 78). Lympho-
cytes are shown to be highly sensitive to radiation (>2 Gy)
and are the first to diminish from circulation followed by
neutrophils and platelets. Moreover, radiation-induced
depletion of cells in the peripheral blood (7/) and bone
marrow (79) may result in impaired immunity and subse-
quent infection later resulting in hemorrhages, which is a
hallmark of H-ARS. The depletion and recovery of immune
cells following radiation exposure requires HSC mobiliza-
tion from the BM to reconstitute the hematopoietic system
(68). Notably, GT3 has been shown to induce G-CSF and
mobilize progenitors into circulation (36, 37). Interestingly,
GT3-treated mice showed almost complete recovery of
peripheral blood monocytes, neutrophils, and platelets by
day 16 after TBI (32). Likewise, GT3 treatment reduced
the severity and duration of neutropenia and thrombocytope-
nia in an NHP model with a radiation dose of 5.8 and 6.5 Gy
TBI (34). Furthermore, we recently reported a similar obser-
vation, where GT3 was associated with improved recovery of
WBCs, including neutrophils and platelets in irradiated NHPs
(40). The current study is in concordance with our previous
observation where GT3 treatment showed improved levels of
WBCs, neutrophils, and reticulocytes following exposure to 4
and 5.8 Gy PBI. However, platelet levels were not altered
much compared to the vehicle-treated irradiated controls.
Importantly, PBI doses of 4.0 and 5.8 Gy did not induce sig-
nificant hematopoietic injury and under such a situation, posi-
tive effects of GT3 are not obvious. Most importantly, this
study clearly warrants a future study using a larger sample
size, as we were limited with a small sample size of four ani-
mals per group and one group had only three NHPs. Keeping
in mind this is a study with NHPs, these numbers were con-
sidered reasonable for a proof of principle study.

Exposure to radiation causes a drastic deficit in bone mar-
row populations. HSCs residing in the BM are characterized
by their extensive self-renewal capacity and pluripotency.
They give rise to the myeloid and lymphoid lineages and are
responsible for maintaining the immune system (80). Several
studies have extensively evaluated immune cell injury and
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recovery following high dose PBI with 5% BM sparing to a
sub lethal TBI dose in NHP models (68, 70, 71, 74). Both
models (TBI and PBI) have shown variable recovery kinet-
ics of B- and T-cell populations in peripheral blood, suggest-
ing their dependence on the marrow-derived stem and
progenitor cells, peripheral homeostatic expansion and effec-
tive thymopoiesis (68, 71). Moreover, most of these studies
have primarily assessed immune cell populations in the
peripheral blood (B and/or T cells) with a few studies char-
acterizing them in lymphoid organs (BM/spleen/thymus)
(59, 60, 81, 82). Recently, our group showed that NHPs
irradiated at a dose of 6.7 and 7.4 Gy TBI had significantly
decreased total BM cells and CD45* CD34" HPSCs in the
BM (60). Notably, irradiated cells have been shown to traf-
fic to the BM and bring about the reduction of HSCs and
HPCs (83). This is consistent with what we observed in
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the current study, where PBI induced a dose-dependent
decrease in different immune cells present in the BM,
including HSCs and progenitors as reflected in their per-
centages. However, by day 30, HSC recovery was signifi-
cantly increased in GT3- and vehicle-treated groups at
both doses of PBI (latest time point examined in this
study), suggesting sparing of BM might have contributed
towards the recovery. In contrast, only the GT3-treated
group showed the recovery of HSCs in NHPs exposed to 4
and 5.8 Gy TBI (40). Importantly, HSCs recovery is crucial
for the adequate production of B cell progenitors as well as
for HSC mobilization.

Radiation-induced hematopoietic toxicity manifesting as
BM failure occurs mainly due to rapid depletion of the HPCs
(11, 13, 62). The number of CFUs serve as both an indicator
for hematopoiesis and an important sign of hematopoietic
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Fig. 9. Effects of GT3 on granulocyte and monocyte expression in the BM of NHPs after irradiation. GT3 (37.5 mg/kg) or vehicle was
administered to NHPs 24 h prior to 4 Gy (panel A) and 5.8 Gy (panel B) PBI. Data are expressed as the mean = SEM. **P < 0.01, ***P <

0.01 vs. vehicle day —8; ##P < 0.01, ###P < 0.001 vs. GT3 day -8.

recovery (I3, 84). Recently, we demonstrated that GT3
enhanced HPCs recovery by increasing the numbers of mye-
loid progenitors in the BM, like CFU-GM and BFU-E in an
NHP model exposed to 4 and 5.8 Gy TBI (40). Likewise, in
our current study, NHPs exposed to the same dose with PBI
showed an accelerated recovery of CFU-GM in GT3-treated
groups, noted as early as day 2, suggesting sparing of BM
might have facilitated the recovery process. On the contrary,
in our TBI study, we observed that GT3 treatment increased
CFU-GM from day 7 onwards (40). Taken together, these
results further confirm the earlier published studies in mice
and NHPs that show GT3 is highly competent in protecting
the hematopoietic tissue by facilitating/inducing HPCs recovery
(34, 35, 40), and thereby promoting radiation-induced reduction
in BM hematopoiesis.

Immune cells, including NK cells and T cells with different
subsets such as CD3", CD4" and CD8* cells, play an impor-
tant role in maintaining immune function (85). The imbalance
in the ratio of CD47/CD8" cells reflects the immunological
status and serves as an important indicator of immune func-
tion in cancer patients (85). Studies have shown dynamic
changes in the frequencies of these immune cell populations,
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including their variable recovery kinetics in an NHP model
after irradiation (68, 71, 74, 86). Further, in cancer patients,
radiation-induced damage was associated with a decreased
CD4/CDS8 ratio, suggesting that the immune system was
greatly compromised (85). In this study, we observed robust
changes in the different subsets of T cells as a response to
GT3. In GT3-treated groups, an increase in the number of
CD4* cells after PBI led to a shift in the ratio of CD4*/CD8*.
This increase in the ratio may be associated with cytokine
production, which might be imperative in the regulation of
other immune cells in the BM microenvironment. This is con-
sistent with what we observed in our earlier studies where the
CD4/CD8 ratio was increased in GT3-treated groups after
TBI (40). Further, in the B cell compartment, GT3-mediated
protection from radiation-induced injury was observed only
towards the end time point at 5.8 Gy PBI. Furthermore, NK
cells, an important component of the innate immune system,
are highly sensitive and this often results in their decreased
number and activity as a reaction to radiotherapy (87). Here,
we observed distinctive changes in the number of NK cells
and their subsets after PBI in both vehicle- and GT3-treated
groups. The higher number of NK cells and their subsets
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FIG. 10. Effects of GT3 on the BM-CFUs post 14-day culture. Vehicle and GT3 (37.5 mg/kg) were administered to NHPs 24 h prior to 4
Gy (panel A) and 5.8 Gy (panel B) PBI. The clonogenic function of HSCs was analyzed in BM cells collected at different time points by CFU
assay. Data are expressed as the mean = SEM. *P < (.05, ****P < 0.0001.
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observed in 5.8 Gy groups treated with GT3 can be attri-
buted to GT3-mediated protection. This contrasts with
what we observed in our TBI model, where GT3 treatment
exhibited a significant reduction in NK cells and its subset
(40). Notably, studies have shown NK cells to form synap-
ses with their targets after irradiation, but then failed to
undergo down-stream activation (88). Since mechanistic
studies were beyond the scope of this study, it will be of great
interest to assess the protective role of GT3 on irradiation-
induced injury of NK cells.

To the best of our knowledge, this is the first study using
the NHP partial-body irradiation model to investigate the
potential of GT3 as a radioprotector for H-ARS. Taken
together, the data in the current study points to the fact
that GT3 has marginal efficacy when hematopoietic injury is
minimal. We believe that this could be due to small sample
size and low lethality of PBI at 4.0 and 5.8 Gy. This needs to
be studied in the future with increased N and higher PBI
doses of radiation to inflict significant hematopoietic injury
with PBL

SUPPLEMENTARY MATERIALS

Supplementary Fig. S1. Gating strategy for analyses of
various immune cells in the NHP BM samples by flow
cytometry.

Supplementary Fig. S2. Complete blood count (CBC) pro-
files in NHPs treated with GT3 or vehicle exposed to 4 Gy
PBI. A single dose of GT3 (37.5 mg/kg) or vehicle was
given to NHPs 24 h prior to irradiation. Peripheral blood
samples were collected at different time points as indicated
in the graphs and cells were analyzed with a Bayer Advia-
120 cell counter. Data are expressed as the mean = SEM.

Supplementary Fig. S3. Complete blood count (CBC)
profiles in NHPs treated with GT3 or vehicle exposed to
5.8 Gy PBI. A single dose of GT3 (37.5 mg/kg) or vehicle
was given to NHPs 24 h prior to irradiation. Peripheral blood
samples were collected at different time points as indicated in
the graphs, and cells were analyzed with a Bayer Advia-120
cell counter. Data are expressed as the mean = SEM. *The
difference between GT3- and vehicle-treated groups was sig-
nificant when equal variance between groups was assumed
(*P < 0.05).

Supplementary Table S1. Antibodies used for the analysis
of NHP BM samples.
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