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Abstract

The risk of exposure of the general public or military personnel to high levels of ionizing radiation from nuclear weap-
ons or radiological accidents is a dire national security matter. The development of advanced molecular biodosimetry
methods, those that measure biological response, such as transcriptomics, to screen large populations of radiation-
exposed victims is key to improving survival outcomes during radiological mass casualty scenarios. In this study,
nonhuman primates were exposed to either 12.0 Gy cobalt-60 gamma (total-body irradiation, TBI) or X-ray (partial-
body irradiation, PBI) 24 h after administration of a potential radiation medical countermeasure, gamma-tocotrienol
(GT3). Changes in the jejunal transcriptomic profiles in GT3-treated and irradiated animals were compared to healthy
controls to assess the extent of radiation damage. No major effect of GT3 on radiation-induced transcriptome at this
radiation dose was identified. About 80% of the pathways with a known activation or repression state were com-
monly observed between both exposures. Several common pathways activated due to irradiation include FAK signal-
ing, CREB signaling in the neurons, phagosome formation, and G-protein coupled signaling pathway. Sex-specific
differences associated with excessive mortality among irradiated females were identified in this study, including Estro-
gen receptor signaling. Differential pathway activation was also identified across PBI and TBI, pointing towards altered
molecular response for different degrees of bone marrow sparing and radiation doses. This study provides insight
into radiation-induced changes in jejunal transcriptional profiles, supporting the investigation for the identification of
biomarkers for radiation injury and countermeasure efficacy.
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Introduction

Acute radiation syndrome (ARS) is an illness in humans
involving multiple organ systems caused by total- or
partial-body exposure to radiation of greater than 2 Gy
at a high dose rate. There are three sub-syndromes of
ARS characterized both by the different organ systems
affected and by the aggregate absorbed dose of radia-
tion. These include the hematopoietic (H-ARS; 2 — 6 Gy),
gastrointestinal (GI-ARS; 6 —10 Gy), and neurovascular
sub-syndromes (NV-ARS;>10 Gy) [1-3]. Individuals
developing H-ARS or GI-ARS are considered to benefit
from treatment with radiation medical countermeasures
(MCMs) and have generally been the focus of research
efforts for developing MCMs and for the identification
of biomarkers. Individuals exposed to supralethal doses
of radiation developing NV-ARS, on the other hand,
are considered incurable with MCMs. In case of such
supralethal doses of radiation exposure leading to NV-
ARS, death occurs within 24 to 48 h after exposure [4].

The development of MCMs is a top priority for the
government due to the increased risk of the dispersion
of radioactive materials by domestic or foreign adversar-
ies, or from a nuclear event or radiological accidents. All
four radiation MCMs currently approved by the US Food
and Drug Administration (US FDA) are radiomitigators
for H-ARS, which are for use after radiation exposure but
before the onset of symptoms [5, 6]. No radioprotector
has been approved by the US FDA. One potential radia-
tion MCM under advanced development as a pre-expo-
sure prophylaxis for H-ARS is gamma-tocotrienol (GT3),
a component of vitamin E [7]. GT3 is an antioxidant
as well as an inhibitor of 3-hydroxy-3-methylglutaryl-
coenzyme A reductase, and has proven radioprotective
efficacy in both mice and nonhuman primates (NHPs)
when administered 24 h prior to total-body irradiation
(TBI) [8-12]. Its dose reduction factor in mice is 1.29
when administered 24 h prior to irradiation at a dose of
200 mg/kg [13]. This agent is being developed as a radia-
tion MCM for H-ARS following the US FDA Animal Rule
since the efficacy of such agents cannot be investigated
in a clinical setting under phase II and phase III due to
ethical reasons [14]. The NHP model is considered the
gold standard of animal models for developing radiation
MCMs, and identifying and validating biomarkers for
radiation injury and countermeasure efficacy [15]. NHPs
are as close to humans as possible due to 95% DNA
homology as well as similar pathophysiology and organ
structure.

Clinical interventions to treat ARS include the use
of MCMs and other treatment options depending on
the absorbed radiation dose. Therefore, it is critical to
assess the extent of radiation exposure in order to pro-
vide appropriate medical interventions [16]. However,
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current dosimetry methods used to assess the absorbed
radiation dose, including cytogenetic analysis of periph-
eral blood lymphocyte assays, are time-consuming,
labor-intensive, and require well-trained personnel. In a
radiological/nuclear disaster scenario, the infrastructure
and personnel required to perform these arduous assays
would be scarce [17]. Therefore, new high-throughput
screening tools that are fast and easy to use are needed
to screen subjects at a population scale quickly and effi-
ciently so medical interventions can begin soon after
exposure to improve survival outcomes after a mass
casualty scenario. Some promising methods include
assays involving genomics, transcriptomics, proteomics,
and metabolomics, which have the potential for high-
throughput mass screening and can reliably account for
population variability [18-20]. Due to technological
advancements to accurately sequence transcripts and the
availability of bioinformatics algorithms to analyze these
profiles, transcriptomic profiling is favored as a high
throughput, reliable, and accurate approach for assessing
radiation-induced damage and for identifying radiation-
specific biomarkers [21-24].

In this study, we profiled transcriptomic changes in
the jejuna, a very sensitive and important tissue to assess
radiation injury, of NHPs (rhesus macaques, Macaca
mulatta) exposed to a supralethal dose of radiation-
inducing ARS. We also compared the gene expression
changes resulting from TBI and partial-body irradiation
(PBI). Furthermore, the changes induced by the promis-
ing MCM for H-ARS, GT3, were also analyzed. The sex-
dependent transcriptional changes in response to GT3
and irradiation were evaluated.

Results

Jejunum transcriptome profiling for radiation response
and drug response

For each experimental group, the effect of irradiation
(healthy vs. irradiated), sex (male vs. female), drug treat-
ment (GT3 vs. vehicle), and days post-exposure (d 7 vs.
d 4) were summarized using RNA-seq analysis. A list of
evaluations examined in this study with the differentially
expressed genes is presented in Table 1.

Transcriptomic profile comparisons to understand
the effect of TBI
Changes in the jejunum transcriptome due to 12 Gy ®Co
y-radiation were profiled by comparing the irradiated
NHPs administered vehicle (designated as TBI-Veh) and
untreated/unirradiated healthy animals (designated as
Control) (Fig. 1).

A total of 4,443 genes were differentially expressed after
irradiation (2,644 and 1,799 genes upregulated or downreg-
ulated in TBI-vehicle, respectively, Supplementary Table 1).
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Table 1 Different conditions analyzed in this study are listed in

this table

Radiation Comparison Up Down Total DE

PBI Healthy vs PBI-Vehicle 2350 1364 3,714
Healthy vs PBI-GT3 2992 1,704 4,69
PBI-M-GT3 vs PBI-F-GT3 21 13 34
PBI-M-vehicle vs TBI-F-vehicle 21 13 34
PBI-vehicle-SD4 Vs PBI-GT3-SD4 16 21 37
PBI-vehicle-SD7 Vs PBI-GT3-SD7 27 5 32
PBI-vehicle Vs TBI-GT3 (all) 1 1 2

TBI Healthy vs TBI-Vehicle 2644 1,799 4443
Healthy vs TBI-GT3 2,692 1804 449
TBl-vehicle vs TBI-GT3 0 0 0
TBI-vehicle-SD4 vs TBI-GT3-SD4 5 9 14
TBl-vehicle-SD7 vs TBI-GT3-SD7 4 8 12
TBI-M-GT3 vs TBI-F-GT3 53 53 106
TBI-M-vehicle vs TBI-F-vehicle 5 8 13

TBI/PBI TBI-M-GT3 PBI-M-GT3 52 58 110
TBI-GT3 Vs PBI-GT3 150 274 424
TBl-vehicle vs PBI-vehicle 51 51 102
TBI-F- GT3 Vs PBI-F- GT3 112 90 202

Differentially regulated genes from RNA-seq data using DESeq2 analysis are
shown here

PBI Partial-body irradiation, TBI Total-body irradiation, M Male, F Female, SD4
Study day 4, SD7 Study day 7, DE Differentially expressed genes
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Ingenhuity pathway analysis (IPA) of these differentially
expressed genes revealed a large number of upregulated
pathways associated with FAK signaling, CREB signaling,
Wound healing signaling, p38 MAPK signaling, Phago-
some formation , and G-Protein coupled signaling. On
the other hand, pathways associated with PTEN signaling,
Kinetochore metaphase signaling pathway and PPAR Sign-
aling were downregulated in TBI-Veh (Fig. 2, Supplemen-
tary Table 2).

Differentially expressed genes in some of the enriched
pathways are represented in Fig. 3.

We also compared the transcriptomic changes in the
jejunum of NHPs administered GT3 prior to TBI (TBI-
GTS3) to control. A total of 4,496 genes were differentially
expressed in this comparison, with 2,692 genes upregu-
lated in TBI-GT3 (Supplementary Table 3). IPA revealed
several pathways up or downregulated, similar to TBI-
Veh vs. Control (Fig. 4, Supplementary Table 4).

Several pathways were upregulated, including CREB
signaling, Phagosome formation, STAT3 pathway, and
GP6 signaling. PTEN signaling, Cell cycle control of
chromosomal replication, Oxidative phosphorylation,
PPAR Signaling, and Kinetochore metaphase signaling
pathways were downregulated in TBI-Veh. A compari-
son of pathways differentially regulated in TBI-GT3
vs. Control and TBI-Veh vs. Control were performed
using IPA (Supplementary Fig. 1). Several pathways,
including Cell cycle control of chromosomal repli-
cation, PTEN signaling and Kinetochore metaphase

TBI/PBI
GT3
M=7
NHPs —» NHPs
N=16
(each for TBI and PBI) ';/1:97
Vehicle

Pre-treatement

Day 4

Jejunum tissue collection
for RNA-seq

Day 7

F=1

No Drug Treatment

Healthy
Control NHPs Jejunum tissue collection
No Radiation NM=_? for RNA-seq

Fig. 1 Experimental design. Nonhuman primates were exposed to either total-body radiation (TBI) or partial-body radiation (PBI). They were
compared to Controls to identify differentially regulated genes associated with radiation exposure. TBI or PBI NHPs were also treated with
gamma-tocotrienol (GT3) or vehicle 24 h before radiation. Jejunum tissue for RNA-seq analysis was collected at Day 4 and Day 7 post-exposure
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Fig. 2 Enriched canonical pathways identified using /PA in TBI treatment. Both up and downregulated genes in each comparison are represented
here (Benjamini—-Hochberg corrected p-value <0.05). Orange or shades of orange bars indicate the predicted activation state of the canonical
pathway, and blue or lighter shades of the blue bar indicate a negative z-score and down-regulation of the pathway. Grey bars represent pathways
with no predicted activity pattern. The ratio indicates the number of significantly enriched genes compared with the total number of genes

associated with that canonical pathway

signaling pathways, were exclusively downregulated in
TBI-GT3 vs Control, while RHOGDI signaling down-
regulation was exclusive in TBI-Veh vs. Control. On
the other hand, several pathways including Phagosome
formation, G-protein coupled receptor signaling, Role
of osteoclasts in Rheumatoid Arthritis signaling path-
way and GP6 signaling pathways were upregulated in
Control vs. TBI-Veh.

The effect of TBI on sex was also compared in this
study. A total of 106 genes (53 up and 53 downregu-
lated in TBI-GT3) were differentially expressed in male
NHPs pre-treated with GT3 and irradiated compared
to corresponding females (Supplementary Table 5). No
enriched IPA pathways after false discovery rate (FDR)
correction were identified in this comparison. Very few
genes were differentially expressed in jejunum when
male and female NHPs were exposed to radiation and
treated with vehicle (TBI-Veh) were compared (N=13,
five genes upregulated and eight genes downregulated
in males, Supplementary Table 6).

Transcriptional profiles of TBI NHPs pre-treated
with GT3 or vehicle were also compared to understand
the molecular pathways altered by drug exposure dura-
tion. We did not find any genes differentially regulated
when the transcriptional changes on days 4 and 7 were
compared together (TBI-GT3 vs. TBI Veh). However,
a handful of genes were differentially regulated when
transcriptional changes between TBI-GT3 and TBI-
Veh on day 4 (TBI-GT3-SD4 vs. TBI Veh) and day 7

(TBI-GT3-SD7 vs. TBI-Veh) were compared (Supple-
mentary Tables 7 and 8).

Transcriptomic profiling to understand the effects of PBI
and GT3 pretreatment to NHP on the jejunum tissue
Transcriptomic changes in the jejunum due to PBI with
12 Gy LINAC-derived X-ray were profiled by compar-
ing the vehicle-treated irradiated NHPs (designated
as PBI-Veh) and unirradiated Control (designated as
Control). A total of 3,714 genes were differentially
expressed after irradiation (2,350 and 1,364 genes
upregulated and downregulated in PBI-Veh, respec-
tively, Supplementary Table 9). IPA of these differen-
tially expressed genes revealed activation of several
pathways associated with phagosome formation, CREB
signaling in neurons, HIF1la signaling, and GP6 signal-
ing pathway after PBI (Supplementary Fig. 2, Supple-
mentary Table 10). Genes differentially expressed in
FAK signaling, HIF Alpha signaling, Phagosome for-
mation, RHOGDI signaling, and Epithelial adherence
signaling are represented in Fig. 5.

On the other hand, PTEN signaling, RHOGDI signal-
ing, Oxidative phosphorylation, and Epithelial adherence
junction signaling were downregulated after PBI. Sev-
eral common pathways associated with transcriptional
changes were identified in PBI and TBI, including FAK
signaling, Phagosome formation, G-Protein Coupled
Receptor Signaling, and IL-6 Signaling.
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Similarly, differential expression analysis of NHPs of
PBI and pre-treated with GT3 (PBI-GT3) compared to
Control identified 4,696 genes (2,992 and 1,704 genes
with statistically different gene expression, Supplemen-
tary Table 11). IPA revealed pathways associated with

FAK signaling and phagosome formation. CREB signal-
ing in neurons and G-Protein coupled signaling were
activated after PBI-GT3 exposure (Supplementary
Fig. 3, Supplementary Table 12). Pathways associated
with PTEN signaling, RHOGDI signaling, LXR/RXR
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Fig.4 Enriched canonical pathways identified using IPA in TBI compared to GT3 pretreatment. Canonical pathways enriched in Control vs. TBI-GT3.
Both up and downregulated genes in each comparison are represented here (Benjamini-Hochberg corrected p-value £0.05). Orange or shades of
orange bars indicate the predicted activation state of the canonical pathway, and blue or lighter shades of the blue bar indicate a negative z-score
and down-regulation of the pathway. The activity patterns are not predicted in the pathways with gray bars. The ratio indicates the number of
significantly enriched genes compared with the total number of genes associated with that canonical pathway

activation, and PPAR signaling were downregulated. We
also identified several common altered pathways result-
ing from PBI-Veh vs. Control and PBI-GT3 vs. Control,
such as activation of pathways associated with FAK sign-
aling, Phagosome formation, and wound healing path-
way after PBI (Supplementary Fig. 4). On the other hand,
pathways associated with PPAR Signaling, RHOGDI
Signaling, and PTEN Signaling were downregulated in
both comparisons.

Sex-specific transcriptional differences associated
with PBI were also studied. Sex differences among NHPs
administered either vehicle or GT3 with PBI had very few
transcriptional changes reflected in the jejunum (com-
parison: PBI-M-Veh vs. PBI-F-Veh and PBI-M-GT3 vs.
PBI-F-GT3, Supplementary Table 13A and B). In addi-
tion, the differentially expressed genes also overlapped to
a large extent (59% of genes had a similar transcriptional
response). IPA identified pathways associated with HIFla
signaling, wound healing signaling and HOTAIR regula-
tory pathway in male and female NHPs administered the
vehicle (Supplementary Fig. 5, Supplementary Table 14).
We did not find any FDR corrected differentially regu-
lated pathways among the male and female NHPs pre-
treated with GT3.

The differences in the transcriptional response to GT3
after irradiation on day 4 and day 7 were also studied.
The number of genes differentially expressed at both days
post-irradiation was similar (comparisons: PBI-Veh-SD4

vs. PBI-GT3-SD4 and PBI-Veh-SD7 vs. PBI-GT3-SD7
Supplementary Table 15A, B). No differentially regulated
pathways were identified on day 7 post-exposure. When
both samples collected on day 4 and day 7 post-exposure
were pooled and analyzed, only two genes were found
to be differentially expressed (comparison: PBI-Veh vs.
PBI-GT3).

Comparison of transcriptional changes associated with TBI
and PBIl in the jejunum
Transcriptional changes in jejunum associated with
TBI and PBI could be different. To understand these
transcriptional changes, we compared the profile of TBI
and PBI in the jejunum. The extent of transcriptional
differences across TBI and PBI after pre-treatment
with GT3 (TBI-GT3/PBI-GT3) were larger than just
the vehicle-treatment (TBI-Veh/PBI-Veh). A total of
424 genes were differentially expressed in the TBI-GT3
vs. PBI-GT3 comparison (150 genes upregulated and
274 genes downregulated in TBI-GT3, Supplementary
Table 16). No pathways were differentially regulated in
this comparison. Comparison of NHPs pre-treated with
the vehicle and either TBI or PBI identified 102 differ-
entially regulated (51 genes up or down-regulated, Sup-
plementary Table 17). No differentially regulated IPA
pathways were identified in this comparison.
Sex-specific comparisons across TBI and PBI were
also performed. Among GT3-treated TBI and PBI,
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Fig. 5 Heatmap of genes in the differentially regulated pathways associated with PBI in jejunum. A. FAK Signaling pathway. B. HIF Alpha
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females had higher differentially expressed genes in the
jejunum than males (Supplementary Tables 18A and B).

IPA match analysis of NHPs pre-treated with the
vehicle and TBI or PBI compared to healthy unex-
posed animals identified several common pathways.
These include Pulmonary fibrosis idiopathic signaling
pathway, S100 family signaling pathway, Synaptogen-
esis signaling pathway, CREB signaling in neurons, and
Tumor microenvironment pathway among others that
were activated in both exposures (Supplemental Fig. 6).
On the other hand, Oxidative phosphorylation, Kine-
tochore metaphase signaling pathway, PTEN signal-
ing, and RHOGDI signaling pathways were commonly
downregulated.

Discussion
The purpose of this study was to identify biomarkers
for radiation injury as well as for the development of
MCMs against GI-ARS. While reports have shown that
survival prospects are higher for H-ARS after irradia-
tion [25-27], the focus is now shifting towards GI-ARS.
However, the development of effective MCMs against
GI-ARS is limited due to insufficient data associated
with this sub-syndrome. To address this issue, we have
profiled the transcriptomic changes in the jejunum
associated with TBI or PBI. We selected jejunum as the
focus of this study, because this is an important organ
for radiation injury and an active part of the GI system
that secretes enzymes.

Biomarkers play a vital role in radiation dose exposure
assessment as well as for the development of MCMs. The
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US FDA Animal Rule is being used to develop MCMs
where clinical Phase II and III efficacy studies are not
feasible due to ethical reasons and hence, drugs receive
regulatory approval using NHP efficacy data. There-
fore, biomarkers are necessary for drug dose conversion
from animal models to humans, which is a crucial step in
MCM development.

A comparison of transcriptional changes in the jeju-
num due to TBI-Veh vs. Control and PBI-Veh vs. Control
identified common and unique pathways associated with
TBI and PBI. Approximately 80% of the pathways with
known activation or repression state (non-zero Z-score
from IPA) were shared between TBI and PBI when com-
pared to their respective Controls, indicating similar
response patterns. Common pathways activated by radia-
tion injury included the FAK signaling, CREB signaling in
neurons, phagosome formation, and G-protein coupled
signaling pathways (Supplementary Fig. 6). On the other
hand, PPAR signaling, RHOGDI signaling, PTEN sign-
aling, Hippo signaling, and Epithelial adherens junction
signaling were downregulated after irradiation. In previ-
ous studies, it was found that changes in epithelial junc-
tions in oral and colon cells were linked to side effects
caused by irradiation [28-30]. Intestinal epithelial junc-
tion proteins play a critical role in maintaining the physi-
cal barrier and regulating the movement of ions, solutes,
and water across the epithelium [31]. During later stages
of exposure, an increase in the expression of adherens
junctions was noted, indicating that the epithelium is
reorganizing and proliferating, which may lead to loss of
radiosensitivity [32].

The Hippo pathway is involved in the regulation of
normal intestine homeostasis. It is inhibited under con-
ditions that promote growth, stabilizing YAP1 and TAZ
coactivators and activating the cascade for repressing
apoptosis and triggering cell proliferation [33]. YAP1
is crucial for intestinal regeneration and recovery after
injury. It was also found to be activated a few days after
irradiation in mice intestinal epithelial cells [34]. Our
study also found YAP1 in the Hippo pathway upregulated
in the jejunum after both TBI and PBI. Additionally, we
observed that Wnt signaling was also activated by YAP1
after irradiation.

Several pathways unique to TBI or PBI were also iden-
tified; for example, EGF signaling was activated with PBI
but not with TBI. It has been reported that radiation
exposure induces EGFR expression [35], and cytotoxicity
is inversely correlated to EGFR expression [36—38]. Since
this pathway was not activated after TBI with gamma-ray,
it can be speculated that EGFR expression is associated
with X-ray PBI and not with TBI y-radiation. Interest-
ingly, the pyroptosis signaling pathway was activated in
TBI but not in PBIL. Pyroptosis is an inflammatory cell

Page 8 of 13

death associated with microbial infection and is com-
plemented by the activation of inflammasomes. Pyrop-
tosis has been associated with radiation therapy in bone
marrow-derived macrophages [39]. Reports also suggest
a direct association with y-radiation-induced pyroptosis
at a dose higher than 7.5 Gy in microvascular endothe-
lial cells, indicating that ionizing radiation can stimulate
inflammasome-mediated cell death [40]. We also need to
consider the differences in the radiation source (gamma
vs. X-ray) when comparing transcriptional changes
across TBI and PBI, as the biological effects of radiation
depend on the radiation energy and a comparison of
radiation sources needs assessment of energy and filtra-
tion of the beam [41]. Orthovoltage X-rays were reported
to produce severe hematopoietic, immunologic, and GI
injury compared to metavoltage y-rays at a constant dose.
Though we have used X-ray for PBI, our X-ray source is
LINAC (not orthovoltage).

The transcriptional effect of TBI on jejunum and lungs
[42] was drastically different, with the jejunum show-
ing larger changes than the lungs. Only a few common
pathways were upregulated after TBI in both tissues
including PD-1, PD-L1 cancer immunotherapy pathway,
Xenobiotic metabolism PXR signaling pathway, GADD45
signaling, and p53 signaling (Supplementary Table 19,
Supplementary Fig. 7A, B). However, several pathways
were downregulated after TBI in both tissues, includ-
ing the Neutrophil extracellular Trap signaling pathway,
Kinetochore metaphase signaling pathway, Cyclins and
cell cycle regulation, and Cell cycle control of chromo-
somal replication. In the jejunum, there was inhibition of
the role of BRCA1 in DNA damage response, Epithelial
adherens junction signaling, PTEN signaling, RHOGDI
signaling, and EIF2 signaling. On the other hand, these
pathways were activated in the lung after TBI. Further-
more, many pathways were strongly inhibited in the
lungs after TBI, such as the Pathogen induced cytokine
storm signaling pathway, cardiac hypertrophy signaling
by stathminl, FAK signaling, CREB signaling in neurons,
$100 family signaling pathway and Phagosome pathways,
which were all activated in the jejunum.

Transcriptional change induced by PBI on jejunum and
lungs [42] was also compared (Supplementary Fig. 8A, B).
Our study found that PBI induced activation of several
pathways in the jejunum compared to the lungs, while
a number of pathways were downregulated in the lung
after PBL. Some of the pathways that were upregulated
in the jejunum and downregulated in the lungs after PBI
included FAK signaling, Phagosome formation, Tumor
microenvironment pathway, Pathogen induced cytokine
storm signaling pathway, G-protein coupled receptor
signaling, CREB signaling in neurons, and S100 family
signaling pathway. These findings indicate that the effect
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of PBI varies across different tissues. PBI also caused acti-
vation of different pathways in the jejunum and lungs.
Additionally, p53 signaling and PD-1, and the PD-L1 can-
cer immunotherapy pathway were upregulated in both
jejunum and lungs after PBI. However, Neutrophil extra-
cellular Trap signaling pathway, and Crosstalk between
dendritic cells and natural killer cells were downregu-
lated in both tissues (Supplementary Fig. 8B).

Comparison of transcriptional changes in jejunum
associated with GT3 treatment in both TBI and PBI was
limited, indicating that GT3 was minimally effective in
counteracting radiation exposure at such a supralethal
dose. This observation was consistent with the effect of
GT3 in irradiated lung tissue, implying that GT3-induced
transcriptional changes were minimal in different tis-
sues. Our recent study on the conventional GI parame-
ters used in radiobiology to assess MCM efficacy (crypt
survival, crypt depth, crypt cell proliferation, apoptotic
cell death, villus height, mucosal surface area, and tight
junction related proteins) also demonstrated limited effi-
cacy of GT3 at 12 Gy TBI [42]. However, analysis of the
impact of GT3 treatment on day 4 and day 7 revealed a
handful of differentially expressed genes, with PBI hav-
ing more genes differentially expressed than TBI, and the
effect being more pronounced on day 4. This suggests
that GT3 interaction was slightly more distinct in PBI
than in TBI and decreased with time. Of note, NKAIN4
(Sodium/Potassium Transporting ATPase Interacting
4), a gene known to increase ionizing radiation sensi-
tivity, was downregulated in GT3-treated jejunum but
upregulated in jejunum after TBI. GT3 treatment led to
a decrease in NKAIN4 expression in the jejunum, indicat-
ing that the drug can counter radiation injury.

In our study, we found that radiation-induced changes
differed between male and female NHPs, which is con-
sistent with a previous study on rhesus macaques that
reported higher mortality among females after radiation
exposure [43]. This highlights the importance of consid-
ering sex-specific differences when developing MCM:s.
In particular, we observed larger sex-specific differences
in the jejunum after PBI compared to TBI. Our recent
study also showed that female NHPs are more sensi-
tive to radiation exposure than males [44]. Inhibition of
Matrix metalloproteases, Estrogen receptor signaling,
HIFla signaling, EIF2 signaling, and HOTAIR regula-
tory pathways were differentially regulated across males
and females with PBI (Supplementary Table 14). Fur-
ther investigation of these pathways is necessary to fully
understand the sex-specific radiation induced-changes in
the jejunum.
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Conclusions

Our study profiles the transcriptomic changes in the jeju-
num associated with TBI and PBI. We identified that the
radiation MCM, GT3, induced minimal changes in the
transcriptional profile of jejunum after supralethal TBI
or PBI with 12 Gy to NHPs. Since there is no conclusive
data to understand the role of GT3 as a radioprotect-
ant at such a supralethal dose of radiation, further study
is needed to understand the role of GT3 as a MCM for
GI-ARS. Sex-specific differences that might be linked to
higher mortality among irradiated females were identi-
fied in this study, including Estrogen receptor signaling.
Differential pathway activation was also identified across
PBI and TBI which points towards molecular response
associated with different degrees of bone marrow spar-
ing and radiation doses. The unique pathways associated
with PBI or TBI in the jejunum could be investigated fur-
ther for characterizing biomarkers for radiation exposure.

Material and methods

Animals and experimental design

A total of 32 naive rhesus macaques (Macaca mulatta,
Chinese sub-strain, 14 males and 18 females) were used
for this study. They were between 3.5 — 5.5 years of age,
weighing 4.35 — 10.35 kg. Each group of 16 animals for
TBI and PBI was randomly divided; eight received GT3
(37.5 mg/kg, subcutaneously (sc)), and the remaining
eight received vehicle. All animals were maintained in a
facility accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC)-
International. Animals were quarantined for six weeks
prior to the initiation of the experiment. Animal hous-
ing, health monitoring, care, and enrichment during the
experimental period have been described in detail earlier
[45, 46]. Details of the sex of the animals used in each
group is provided in Supplementary Table 20. All animal
procedures and methods were performed in accordance
with the relevant guidelines and regulations. All animal
studies were approved by the Institutional Animal Care
and Use Committee (BIOQUAL Inc., protocol #18-060)
and the Department of Defense Animal Care and Use
Review Office (ACURO). This study was carried out in
strict accordance with the recommendations made in the
Guide for the Care and Use of Laboratory Animals [47].

Drug preparation and administration

An olive oil formulation was used as the vehicle control.
GT3 and vehicle formulations (50 mg/ml) in 5% Tween-
80 in saline were purchased from Callion Pharma (Jones-
borough, TN, USA). The quantity of GT3 or vehicle for
each animal was determined based on NHP body weight.
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The dose of GT3 administered was 37.5 mg/kg sc 24 h
prior to irradiation, as described earlier [11].

Radiation exposure
For TBI and PBI, the high level ®*Co gamma irradiator
and linear accelerator (LINAC) were used, respectively.

Total-body irradiation

NHPs were fasted for approximately 12 h prior to irradia-
tion, transported, sedated, and exposed to a midline dose
of 12 Gy ®Co y-radiation at a dose rate of 0.6 Gy/min
(bilateral, simultaneous exposure), as described earlier
[48, 49]. This group contained 3 males and 5 females each
in the GT3 treated group as well vehicle controls.

Partial-body irradiation

NHPs were fasted, transported, and sedated as described
above for TBI. For PBI, NHPs were irradiated one at a
time using a 4 MV photon beam from an Elekta Infinity
clinical LINAC. Anterior/posterior (AP) measurements
of the NHPs at the location of the absorbed dose target
(core of the abdomen) were measured with a digital cali-
per. Irradiation procedures for exposure with LINAC and
dosimetry are described earlier [42]. We had to use two
different radiation sources for PBI and TBI due to spe-
cific reasons. LINAC is preferred for PBI as it provides
a collimated beam and the irradiation field is limited.
Therefore, we can place only the part of the body under
the field one is interested to expose. The high level cobalt
facility for gamma-irradiation has a panoramic field and
it is not possible to provide complete sparing of any body
part one is interested to spare. This group contained
4 males and 4 females each in the GT3- treated as well
vehicle.

Euthanasia

Animals exposed to 12 Gy, either total-body or partial-
body radiation, were euthanized either on day 4 or day
7 post-irradiation. Euthanasia was carried out per the
American Veterinary Medical Association (AVMA)
guidelines using EUTHASOL Euthanasia Solution
(pentobarbital sodium and phenytoin sodium) when ani-
mals reached a point of no return [50].

Jejunum tissue collection

As soon as the jejuna samples were harvested, all samples
were transferred into individual sterile storage tubes and
placed on dry ice, which was then stored at -80 °C until
use. Six animals (3 vehicle/3 GT3) were euthanized as
scheduled on day 4 post-irradiation for the TBI study. The
remaining ten animals (5 vehicle/5 GT3) were euthanized
on day 7, and tissue samples were collected accordingly.
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Similarly, for the PBI study, tissue samples from six ani-
mals (3 vehicle/3 GT3) were collected according to
schedule on day 4, while all remaining samples (5 vehi-
cle/5 GT3) were collected on day 7 post-irradiation. In
addition, tissue samples harvested from healthy/unirradi-
ated animals were used as the control. The experimental
design is presented in Fig. 1.

RNA isolation, library preparation and sequencing

Total RNA was isolated from frozen jejunum tissue as
per the manufacturer’s protocol for the RNeasy Lipid Tis-
sue Mini kit (Qiagen, Germantown, MD, USA) and was
quantified using Qubit 4 fluorometer (Invitrogen, Carls-
bad, CA). Quality and quantity of RNA was determined
as previously published, and Illumina libraries prepared
as per manufacturer instructions [42]. Briefly, 500 ng
of total RNA was inputted using the TrueSeq stranded
mRNA Library Prep kit (Illumina, San Diego, CA) and
sequencing were performed on the NextSeq 500 (Illu-
mina) with paired-end reads of 75 base pairs in length.

Data processing and analysis

Sequencing data were demultiplexed, and FASTQ
files were generated using bcl2fastq2 software (Illu-
mina, version 2.20.0). Sequencing quality control was
performed using FastQC tool [51]. The reads were
aligned to the macaque genome Macaca mulatta
Mmul_10.105 using the STAR spliced read aligner in
the two-pass mode [52] and the latest Ensembl gene
transfer format (GTF) file. The average percent align-
ment percentage of uniquely mapped reads ranged
from 86 to 92, with an average of 90% across samples.
Filtering of genes based on median gene expression
profile above 10 RNA-seq read counts was performed.
Low expressed genes were filtered out and 47% of the
total genes analyzed remained in the downstream
analysis.

Read counts for each gene were calculated using STAR
aligner and differentially expressed genes across differ-
ent comparisons were identified using DESeq2 [53] as
described earlier [42]. A gene was identified as differen-
tially expressed if the FDR cutoff using the Benjamini—
Hochberg procedure for multiple testing correction
was <0.05 and the absolute fold change was above 1.5.
TBI and PBI assessments were performed as separate
conditions. DESeq2 multi-factor design was used to ana-
lyze the paired samples in this study, including irradia-
tion, drug treatment, sex, and days post-irradiation.

Differentially expressed genes in different compari-
sons were used to perform pathway analysis using
IPA (QIAGEN Inc.) and KEGG pathways using the
ShinyGO v0.741 [54, 55]. In all comparisons, KEGG
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pathways of the up- and down-regulated genes were
performed separately to reveal the differentially regu-
lated pathways. A comparison of enriched pathways
across different conditions was performed using IPA
match analysis. All abbrevations used are provided in
Supplementary Table 21.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512864-023-09385-3.

Additional file 1: Supplementary Tables.

Additional file 2: Supplementary Figure 1. IPA comparison analysis
across TBI-GT3 vs. Control and TBI-Veh vs. Control. Differentially activated
pathways are represented in orange and repressed in blue. Hierarchical
clustering was applied to both pathways. Supplementary Figure 2. IPA
enrichment analysis of the genes differentially expressed in the PBI-Veh
and PBI-comparison. The Y-axis gives the negative logarithm function of
Benjamini-Hochberg (B-H) false discovery rate p-value. Orange or shades
of orange bars indicate the predicted activation state of the canonical
pathway, and blue or lighter shades of the blue bar indicate a negative
z-score and down-regulation of the pathway. Supplementary Figure 3.
IPA enrichment analysis of the genes differentially expressed in the
PBI-GT3 and Control comparison. The Y-axis gives the negative logarithm
function of Benjamini-Hochberg (B-H) false discovery rate p-value. Orange
or shades of orange bars indicate the predicted activation state of the
canonical pathway, and blue or lighter shades of the blue bar indicate a
negative z-score and down-regulation of the pathway. Supplementary
Figure 4. IPA comparison analysis across PBI-GT3 vs. Control and PBI-Veh
vs. Control. Differentially activated pathways is represented in orange and
repressed in blue. Hierarchical clustering was applied to both pathways.
Supplementary Figure 5. IPA analysis of male and female NHPs admin-
istered with the vehicle and exposed to PBI. The Y-axis gives the negative
logarithm function of Benjamini-Hochberg (B-H) false discovery rate
p-value. Orange or shades of orange bars indicate the predicted activation
state of the canonical pathway, and blue or lighter shades of the blue
bar indicate a negative z-score and down-regulation of the pathway.
Supplementary Figure 6. IPA comparison analysis across TBI-Vehicle vs.
Control and PBI-Vehicle vs. Control. Differentially activated pathways is
represented in orange and repressed in blue. Hierarchical clustering was
applied to both pathways. Supplementary Figure 7A. Upset plot show-
ing the overlap between Lung and jejunum tissues after TBI. B: IPA com-
parison analysis across Jejunum TBI and lung TBI. Differentially activated
pathways is represented in orange and repressed in blue. Hierarchical
clustering was applied to both pathways. Supplementary Figure 8A.
Upset plot showing the overlap between Lung and jejunum tissues after
PBI. B: IPA comparison analysis across Jejunum PBI and lung PBI. Differen-
tially activated pathways is represented in orange and repressed in blue.
Hierarchical clustering was applied to both pathways.
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