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1. Introduction

Acute radiation syndrome (ARS) is a life-threatening condition
resulting from exposure to high doses of ionizing radiation. The severity
of ARS depends on radiation dose and the tissues affected, with injury
to the hematopoietic and gastrointestinal systems representing the
primary determinants of morbidity and mortality. While several medical
countermeasures have been approved for treatment of the hematopoietic
subsyndrome of ARS (H-ARS), effective therapies targeting the
gastrointestinal subsyndrome (GI-ARS) remain lacking. GI-ARS results
from radiation-induced loss of rapidly proliferating intestinal crypt stem
cells, leading to failure of epithelial regeneration, disruption of
intestinal barrier integrity, and systemic complications including sepsis
and multi-organ failure. Because large-scale radiation exposure events
would require rapidly deployable therapeutic strategies, the
development of countermeasures capable of mitigating gastrointestinal
radiation injury represents an important objective in radiation medicine
and public health preparedness.

Cellular responses to radiation injury are governed by the balance
between apoptotic signaling pathways and pro-survival mechanisms
that promote tissue recovery. Among the signaling pathways implicated
in radiation response, the extracellular signal-regulated kinase (ERK)
and phosphoinositide-3-kinase/Akt pathways play central roles in
regulating cell survival, proliferation, and stress adaptation.
Pharmacologic strategies capable of activating these pathways may
therefore enhance cellular resilience and support regeneration following
radiation exposure.

Lysophosphatidic acid (LPA) is a bioactive phospholipid that regulates
diverse cellular processes through activation of a family of G protein—
coupled receptors (LPARI1-6). Activation of lysophosphatidic acid
receptor subtype 2 (LPAR2) has been shown to promote intestinal
epithelial survival and mitigate radiation-induced apoptosis through
engagement of downstream ERK and Akt signaling pathways. Previous
work from our laboratory has focused on the development of non-lipid
LPA analogs capable of selectively activating LPAR2 as potential
radiation countermeasures. Early lipid-based agonists such as
octadecenyl thiophosphate (OTP) demonstrated radioprotective activity,
while subsequent medicinal chemistry efforts produced small-molecule



agonists with improved potency and pharmacologic properties.
Radioprotectin-1 (RP-1) represents a potent third-generation LPAR2-
specific agonist that activates pro-survival signaling pathways and
enhances cellular recovery following radiation exposure.

In addition to receptor-mediated signaling pathways, stress-responsive
genes play important roles in regulating cellular responses to radiation
injury. The immediate early response gene IEX-1 (IER3) is rapidly
induced following cellular stress and has been implicated in the
regulation of mitochondrial function, oxidative stress, and apoptosis.
IEX-1 has also been shown to interact with ERK signaling pathways,
suggesting that it may influence survival responses following radiation
exposure. However, the role of IEX-1 in determining tissue
radiosensitivity in vivo remains incompletely understood.

2. Objectives

The overall aim of this work was to investigate signaling pathways that
influence cellular responses to ionizing radiation and to evaluate
pharmacologic strategies for mitigating radiation-induced injury. This
thesis examined mechanisms regulating survival signaling in
gastrointestinal and hematopoietic radiation injury and assessed the
translational potential of LPAR activation as a radiation
countermeasure. The specific objectives of this study were:

2.1 To optimize the pharmacokinetic profile of the LPAR2 agonist
RP-1  through development of an extended-release
microemulsion (ME) formulation.

2.2 To evaluate whether extended-release RP-1 administration
improves survival outcomes and preserves intestinal integrity in
a murine model of GI-ARS.

2.3 To characterize the impact of LPAR2 activation on pro-survival
signaling pathways following irradiation.

2.4 To determine the contribution of IEX-1 to hematopoietic and
gastrointestinal radiosensitivity and to explore the relationship to
stress-response signaling pathways.



3. Methods

3.1 Animal models of ARS

Specific pathogen-free C57BL/6]J mice were used for pharmacologic
studies, while B6;129X1-Ier’™!Rakv/] (JEX-1 knockout [KO]) mice were
used to investigate the effects of IEX-1 deficiency on radiation
response.

Murine models of both H- and GI-ARS were employed. Hematopoietic
injury was induced by 9 Gy total body irradiation (TBI), while
gastrointestinal injury was modeled using 16 Gy partial body irradiation
with approximately 5% bone marrow shielding (PBI-BM5). Irradiation
was performed using a '*Cs source irradiator at a dose rate of <l
Gy/min, with radiation doses selected based on previously established
lethal dose-response parameters for each model. Survival following
irradiation was monitored for 21 days for PBI-BM5 GI-ARS model or
30 days for TBI H-ARS model, and animals exhibiting severe clinical
symptoms were humanely euthanized according to predefined criteria.

3.2 Pharmacologic studies and RP-1 formulation

Radiation mitigation studies initiated at 24 h post-irradiation were
conducted using RP-1. To improve the pharmacokinetic (PK) profile of
the compound, an extended-release water-in-oil-in-water (W/O/W) ME
formulation was developed. This formulation contained RP-1
distributed between an external aqueous (AQ) phase and an internal
aqueous reservoir encapsulated within an oil layer, enabling both
immediate and sustained drug release. In GI-ARS experiments, RP-1
ME formulation was administered by subcutaneous injection beginning
24 h post-irradiation, with a second dose administered at 72 h. Survival
outcomes and intestinal tissue responses were evaluated for
radiomitigative efficacy.

3.3 Pharmacokinetic studies

PK studies were performed in both mice and rhesus macaque non-
human primates (NHP) to evaluate systemic exposure to RP-I.
Following administration of RP-1 formulations, plasma was collected at
multiple time points.



Plasma concentrations of RP-1 were quantified using liquid
chromatography—tandem mass spectrometry. Plasma samples were
spiked with an internal standard and subjected to liquid-liquid
extraction using water-saturated butanol. Chromatographic separation
was performed using reverse-phase liquid chromatography coupled to a
triple quadrupole mass spectrometer operating in multiple reaction
monitoring mode. Quantification was based on calibration curves
generated using RP-1 standards prepared in pooled blank plasma.

PK parameters including plasma half-life, clearance, and mean plasma
residence time were calculated using non-compartmental analysis in
Phoenix WinNonlin 8.4.0. These studies were used to compare the PK
properties of AQ and ME RP-1 formulations and to assess formulation-
driven improvements in systemic drug exposure.

3.4 Histological analysis of intestinal injury

To evaluate gastrointestinal radiation injury, small intestinal tissues
were collected from mice treated with vehicle or RP-1 on day 5
following 16 Gy PBI-BMS5. Tissue samples were fixed in buffered
formalin, embedded in paraffin, and sectioned for histological analysis.
Hematoxylin and eosin (H&E) staining was used to assess intestinal
morphology and crypt integrity. Immunohistochemical staining of Ki67
was also performed to assess intestinal epithelial proliferation and
regeneration. Crypt survival and regenerative capacity were quantified
by counting intact and regenerating crypts in intestinal cross-sections.

3.5 Cellular models and signaling assays

Mouse embryonic fibroblasts (MEF) isolated from LPAR1/2 double KO
mice stably transfected with human LPA2 receptor (LPA2 MEF) or
empty vector (EV MEF) were used to investigate the effects of LPAR
stimulation on radiation-induced, pro-survival signaling pathways. All
experiments were performed using mycoplasma-free cultures.

MEF were serum-deprived and treated with either LPA or RP-1, then
exposed to 15 Gy irradiation. Phosphorylation of ERK1/2 and Akt was
quantified using phospho-antibody cell-based ELISA to evaluate
signaling kinetics up to 16 h following irradiation. Caspase 3/7 activity
assays were also performed using the same treatment paradigm to assess
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the effects of LPAR activation on radiation-induced apoptosis using the
Promega Caspase-Glo® 3/7 Assay System.

To examine intestinal epithelial growth responses, jejunal and ileal
crypts were isolated from wild-type (WT) and IEX-1 KO mice and
cultured as three-dimensional enteroids in Matrigel extracellular matrix
for 9 days. Enteroids were monitored for growth and differentiation
over time by measuring two-dimensional area in ImageJ v1.54 and
counting budding villus-like projections, respectively.

ERK signaling in 5 Gy irradiated enteroids was analyzed by
immunoblot to assess differences in signaling dynamics between
genotypes following radiation exposure. Total protein was separated by
12% SDS-PAGE, transferred to nitrocellulose membranes, and probed
for phosphorylated ERK1/2. Blots were stripped and re-probed for total
ERK1/2, and densitometric analysis was conducted in Bio-Rad Image
Lab 5.2.1 software. Phosphorylated ERK was normalized to total ERK,
and data were presented as fold change relative to non-irradiated WT
control samples.

3.6 Gene expression analysis

IEX-1 expression was analyzed in mouse whole blood, intestinal
mucosa, and enteroid cultures. Total RNA was extracted using the
Qiagen RNeasy Protect Animal Blood Kit, RNeasy Lipid Tissue Mini
Kit, and RNeasy Micro Kit, respectively. RNA was reverse transcribed
using the Thermo Scientific™ RevertAid Reverse Transcriptase Kit.
Quantitative real-time PCR (RT-qPCR) was performed using gene-
specific primers to measure expression of IEX-1 and related signaling
components. Relative expression levels were calculated using the
comparative Ct (AACt) method with normalization to endogenous
Gapdh or Rplp0 housekeeping genes, and fold changes in expression
were reported relative to untreated non-irradiated controls.

3.7 Statistical analyses

All experimental data are presented as mean + standard error of the
mean (SEM). Survival curves were analyzed using Kaplan—Meier
methodology with Mantel-Cox log-rank testing for statistical
significance. For comparisons between two independent groups,
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unpaired two-tailed t-test was used. For experiments involving more
than two groups or multiple time points, one-way or two-way analysis
of variance (ANOVA) with Tukey’s or Sidék’s post hoc testing was
used. Statistical analyses were performed using GraphPad Prism
v10.4.1, and differences were considered significant at p < 0.05.

4. Results

4.1 Pharmacokinetic optimization of RP-1

RP-1 is a selective LPAR2 agonist capable of activating pro-survival
signaling pathways following radiation exposure. However, the AQ
formulation used in earlier studies exhibited rapid plasma clearance and
relatively short systemic exposure, necessitating multiple doses to
achieve therapeutic efficacy. To improve the PK properties of RP-1 and
enhance its potential applicability as a radiation countermeasure, an
extended-release W/O/W ME formulation was developed.
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Figure 1. RP-1 ME exhibits an extended-release PK profile in mice and NHP
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PK studies were conducted to compare systemic exposure following
AQ and ME formulations. Plasma concentrations of RP-1 were
quantified using LC-MS/MS in both mice (Figure 1A-B) and NHP
(Figure 1C-D). In both mice and NHP, the ME formulation produced a
markedly prolonged exposure profile compared with the AQ
formulation, characterized by significant increases in plasma half-life
and mean residence time and significant reduction in plasma clearance.
These results demonstrate that ME formulation-based optimization
significantly improves the PK profile of RP-1 and supports its use in
simplified dosing regimens for radiation countermeasure deployment.

4.2 RP-1 mitigates gastrointestinal radiation injury

The radiomitigative efficacy of RP-1 ME was evaluated using a murine
model of GI-ARS with PBI-BMS5. This model produces severe intestinal
injury while preserving a small fraction of bone marrow to permit
assessment of survival outcomes. Treatment with RP-1 ME was
initiated 24 h following irradiation, consistent with a radiomitigation
paradigm. Animals receiving RP-1 demonstrated a significant
improvement in survival compared with vehicle-treated controls
(Figure 2). The extended-release formulation enabled effective
mitigation using a simplified dosing schedule consisting of two
subcutaneous injections administered at 24 h and 72 h after irradiation.
These findings indicate that pharmacologic activation of LPAR
signaling  significantly — improves survival following severe
gastrointestinal radiation injury.
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Figure 2. RP-1 ME formulation mitigates GI-ARS.
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4.3 RP-1 augments intestinal crypt regeneration

To evaluate the effects of RP-1 treatment on intestinal injury and
recovery, histological analyses were performed on small intestinal
sections collected following irradiation. H&E staining revealed
extensive disruption of the intestinal crypt-villus architecture in
irradiated animals. Counting surviving crypts in H&E-stained sections
revealed a significant increase in the number of crypts in animals
treated with RP-1 compared with vehicle-treated controls (Figure 3A).
To assess epithelial regenerative activity, sections were additionally
stained for Ki67 using immunohistochemistry. Ki67-positive staining
identified actively regenerating crypts undergoing proliferative recovery
following radiation injury. RP-1-treated animals exhibited increased
numbers of Ki67-positive regenerating crypts compared with controls,
indicating enhanced epithelial proliferation during the recovery phase
(Figure 3B). Because intestinal crypts contain the stem and progenitor
cells responsible for intestinal epithelial renewal, these findings
demonstrate that activation of LPAR2 signaling promotes both crypt
survival and regenerative proliferation following radiation exposure.
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Figure 3. RP-1 ME preserves intestinal crypt architecture and regeneration.



4.4 LPAR activation induces prolonged pro-survival signaling and
reduces apoptosis

Activation of LPAR signaling is known to stimulate intracellular
pathways that promote survival following cellular stress. To
characterize the signaling response associated with LPAR activation,
phosphorylation kinetics of ERK and Akt were evaluated in irradiated
and non-irradiated EV vs LPA2 MEF following treatment with LPA or
RP-1.
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Figure 4. LPAR activation induces pro-survival signaling and reduces apoptosis.
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Regardless of irradiation, both LPA and RP-1 treatment resulted in
increased phosphorylation of ERK (Figure 4A-B) and Akt (Figure 4C-
D) relative to untreated controls. Notably, both LPA and RP-1
stimulation produced sustained ERK phosphorylation that persisted for
up to 16 h following irradiation; however, LPA-induced ERK
phosphorylation peaked earlier and declined more rapidly over time.
Akt activation was less robust overall but was still significantly elevated
16 h after irradiation upon LPA or RP-1 stimulation. Little to no ERK
or Akt phosphorylation was noted in EV MEF, underscoring the
necessity of LPAR activation in the pro-survival response.

To determine whether activation of these pro-survival pathways
influenced apoptotic responses following irradiation, caspase-3/7
activity was also measured. RP-1 treatment significantly reduced
caspase activation compared with irradiated control cells, indicating
decreased apoptosis following LPAR stimulation. This effect only
occurred in the LPA2 MEF and not the EV MEF. Together, these
findings demonstrate that LPAR activation promotes sustained pro-
survival signaling while simultaneously suppressing apoptosis
following radiation exposure.

4.5 LPAR stimulation induces IEX-1 expression

Expression of IEX-1 was evaluated in WT mouse whole blood and
intestinal mucosa as well as in intestinal enteroid cultures. Quantitative
gene expression analysis demonstrated that IEX-1 expression was
markedly enriched in intestinal mucosal tissue and enteroids compared
with whole blood (Figure SA), suggesting a potential role for IEX-1 in
intestinal epithelial regenerative capacity under conditions of stress. To
investigate whether IEX-1 expression is regulated by LPAR signaling,
expression levels were measured following stimulation with LPA and/or
OTP and subsequent irradiation at 9 Gy TBI, 16 Gy PBI-BMS, or 5 Gy
for, whole blood (Figure 5B), intestinal mucosa (Figure 5C), and
enteroid cultrues (Figure 5D) respectively. LPAR activation induced
IEX-1 expression in vivo in whole blood—beyond that of irradiation
alone—and intestinal mucosa, as well as in intestinal enteroid cultures.
These results demonstrate that IEX-1 is expressed in radiation-sensitive
hematopoietic and intestinal epithelial tissues and can be induced
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further by activation of LPAR, supporting further investigation of its
contribution to radiosensitivity.
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Figure 5. LPAR stimulation induces IEX-1 expression.

4.6 IEX-1 deficiency exacerbates radiation injury

To determine whether IEX-1 influences radiosensitivity, survival
outcomes were evaluated in WT and IEX-1 KO mice following
radiation exposure. Mice lacking IEX-1 exhibited ~30% reduced
survival compared with WT controls following 9 Gy TBI, indicating
increased susceptibility to hematopoietic radiation injury (Figure 6A).
Similarly, in a model of GI-ARS using 16 Gy PBI-BMS5, IEX-1 KO
mice also demonstrated ~30% decreased survival compared with WT
animals (Figure 6B). These findings indicate that loss of IEX-1
increases sensitivity to radiation-induced injury in both hematopoietic
and gastrointestinal systems and suggest that IEX-1 contributes to
protective cellular responses following irradiation.

11



A Survival in H-ARS Model B Survival in GI-ARS Model

100- — IEX-1 WT (n=34) 1007 — IEX-1 WT (n=28)
— |IEX-1 KO (n=37) — |EX-1 KO (n=28)
_ 754 _ 754
© [
2 2
= B
@ 901 a 501
ES X
25+ **p = 0.0005 25
0 T T T T T d 0 T T T T d
0 5 10 15 20 25 30 0 5 10 15 20 25
Postirradiation Day Postirradiation Day

Figure 6. IEX-1 deficiency exacerbates radiation injury.

4.7 Loss of IEX-1 delays enteroid growth and alters ERK signaling
To investigate cellular mechanisms underlying the increased
radiosensitivity observed in IEX-1-deficient animals, intestinal
enteroids derived from WT and IEX-1 KO mice were examined over a
period of 9 days (Figure 7A). IEX-1 KO enteroids exhibited delayed
growth (Figure 7B) and impaired differentiation (Figure 7C) compared
with WT enteroids over the first 7 days in culture, indicating that IEX-1
may facilitate early intestinal epithelial regeneration in response to
stress. Consistent with these observations, histological analysis of
intestinal tissue revealed no significant differences in baseline crypt
numbers between WT and IEX-1 KO mice, suggesting that the
observed phenotype does not result from developmental differences in
intestinal crypt density (Figure 7D). Immunoblot analysis revealed
altered ERK phosphorylation kinetics in IEX-1 KO enteroids in
response to radiation. While basal ERK phosphorylation levels were
elevated in IEX-1 KO enteroids, early ERK activation following
irradiation was reduced relative to WT controls (Figure 7E). These
findings suggest that IEX-1 plays a role in regulating the temporal
dynamics of ERK signaling during cellular stress responses and may
influence intestinal epithelial survival and regenerative capacity
following radiation exposure.
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5. Conclusions

This work investigated signaling pathways that regulate cellular

responses to ionizing radiation and explored strategies for mitigating
radiation-induced injury. Using complementary pharmacologic and
genetic approaches, the studies presented here examined the role of
LPAR signaling and IEX-1 in determining survival outcomes following
radiation exposure. The principal conclusions are as follows:

Activation of LPAR signaling mitigates GI-ARS. Treatment with
the selective LPAR2 agonist RP-1 improved survival and preserved
intestinal crypt architecture in a murine GI-ARS model when
administered beginning 24 h post-irradiation.
Pharmacokinetic optimization improves the translational
feasibility of RP-1. A multilayered W/O/W ME formulation
extended the plasma residence time of RP-1 in both mice and NHP
and enabled effective radiation mitigation with a simplified two-dose
regimen in a murine GI-ARS model.
LPAR activation promotes sustained pro-survival signaling
following irradiation. Stimulation with LPA or RP-1 resulted in
prolonged ERK and Akt phosphorylation and reduced caspase-
mediated apoptosis in vitro in MEF.
IEX-1 is a determinant of tissue radiosensitivity. IEX-1 KO mice
exhibited reduced survival in models of both H- and GI-ARS,
indicating that IEX-1 contributes to radiation injury response in
multiple tissue compartments.
IEX-1 influences intestinal epithelial growth dynamics and ERK
signaling responses. Enteroids derived from IEX-1 KO mice
displayed delayed growth, impaired differentiation, and altered ERK
phosphorylation kinetics following irradiation, and IEX-1 expression
was inducible following LPAR stimulation, implying that IEX-1
participates in stress-responsive signaling networks that regulate
cellular responses to radiation-induced damage.

Collectively, these findings highlight the importance of survival

signaling pathways in determining tissue responses to radiation
exposure. The results support continued investigation of LPAR-targeted
therapeutics and identify IEX-1 as a regulator of radiosensitivity that
may contribute to future strategies for mitigating radiation injury.
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