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1. Introduction

1.1 Acute Radiation Syndrome

Acute radiation syndrome (ARS) is a complex, multisystem disorder that
develops following exposure to high levels of ionizing radiation over a short period of
time. The severity and clinical trajectory of ARS depend on total absorbed dose, dose
rate, radiation quality, and the extent of whole-body versus partial-body exposure.
Historically, understanding of ARS has been informed by observations from atomic
bomb survivors, radiological accidents, and controlled preclinical models (1-3).

Ionizing radiation induces biological injury primarily through the generation of
DNA double-strand breaks, either directly through energy deposition in DNA or
indirectly via radiolysis of water and subsequent production of reactive oxygen species
(ROS) (4). DNA double-strand breaks represent one of the most lethal forms of DNA
damage and activate a highly coordinated DNA damage response (DDR). Central to this
response 1is activation of ataxia telangiectasia mutated (ATM) kinase, which
phosphorylates downstream effectors including p53, H2AX, and checkpoint kinases to
orchestrate cell cycle arrest, DNA repair, senescence, or apoptosis (4, 5).

While DNA damage is the initiating event, the clinical manifestations of ARS
arise from dysfunction in highly proliferative tissues that depend on continuous cellular
renewal. ARS is traditionally divided into three subsyndromes: hematopoietic (H-ARS),
gastrointestinal (GI-ARS), and neurovascular. H-ARS predominates at doses above
approximately 2 Gy and is characterized by bone marrow suppression and cytopenias
(2, 3, 6, 7). GI-ARS becomes clinically significant at higher exposures, typically above
8-10 Gy, where intestinal epithelial loss contributes substantially to morbidity and
mortality (8-10). At extreme doses (>20 Gy), neurovascular compromise leads to rapid
cardiovascular collapse and death (11).

Despite significant advances in radiation oncology and emergency preparedness,
therapeutic options for ARS remain limited. Hematopoietic growth factors such as
filgrastim and pegfilgrastim are FDA-approved for treatment of H-ARS (12, 13).
However, these countermeasures approved for H-ARS do not mitigate GI-ARS. The
absence of effective gastrointestinal mitigation strategies represents a critical

vulnerability in radiation emergency response.



Regarding treatment of radiation exposure, a clear distinction must be made
between radioprotectors and radiation mitigators. Radioprotectants function
prophylactically, using mechanisms like DNA stabilization and free radical scavenging
to prevent initial damage. In contrast, radiation mitigators serve as post-exposure
treatments—applied 24 hours or more after the event—to alleviate the severity of injury
and support regenerative healing. In the context of accidental nuclear incidents or
deliberate radiological events, the absence of effective, field-deployable therapies
capable of reducing delayed gastrointestinal injury represents a critical translational gap.
Development of pharmacologic agents that can be administered after radiation exposure
and meaningfully attenuate tissue injury therefore remains a high priority in radiation
medicine. These limitations underscore the need for understanding the mechanism of
cell injury and the development of translational mitigation strategies that target tissue

resilience rather than solely DNA repair.
1.2 Gastrointestinal injury in acute radiation syndrome

The gastrointestinal tract is among the most radiation-sensitive organ systems
due to the rapid turnover of its epithelial lining. Under homeostatic conditions, the
intestinal epithelium renews itself every 3—5 days (14). This renewal is sustained by
multipotent intestinal stem cells (ISC) residing at the base of crypts of Lieberkiihn (15,
16).

Lgr5-positive crypt base columnar cells constitute an actively cycling stem cell
population responsible for daily epithelial replenishment (16). These cells are highly
sensitive to ionizing radiation. Apoptosis of Lgr5-positive cells peaks within 2—6 hours
after exposure, and crypt loss becomes morphologically apparent within 24—72 hours.
The nadir of crypt depletion typically occurs between days 3 and 5 post-irradiation (17-
19).

Loss of crypt stem cells disrupts the structure of the crypt—villus axis,
compromises absorptive capacity, and destabilizes tight junction and adherens junction
complexes that maintain intestinal epithelial barrier integrity (20, 21). Barrier
breakdown permits translocation of luminal bacteria and endotoxins into systemic
circulation, triggering inflammatory cascades, bacteremia, sepsis, and multi-organ

failure (8). In murine models, survival correlates closely with the preservation of



functional crypt microcolonies, underscoring the importance of ISC survival as a
determinant of GI-ARS outcome (22, 23).

Regeneration following injury depends on surviving stem and progenitor
populations. Quiescent reserve ISC, including Bmil-positive cells located at the +4
position of the crypt, exhibit relative radioresistance and can contribute to regeneration
(24, 25). More recently, revival stem cells, characterized by clusterin expression and
pS3-mediated transcriptional reprogramming, have been shown to repopulate damaged
crypts after severe injury (26, 27).

These findings highlight the plasticity of the ISC compartment. Nevertheless, at
sufficiently high radiation doses, endogenous regenerative capacity is inadequate to
prevent lethal barrier failure. Therapeutic strategies that enhance ISC survival, promote
regenerative signaling, or stabilize intestinal epithelial junctional complexes therefore

represent rational mitigation approaches.
1.3 Hematopoietic Injury in Acute Radiation Syndrome

The hematopoietic compartment is similarly dependent on proliferative stem and
progenitor cells and is therefore highly sensitive to radiation-induced DNA damage.
Hematopoietic stem and progenitor cells (HSPC) reside within specialized bone marrow
niches and give rise to all mature blood lineages. Following total body irradiation, HSCs
undergo apoptosis, senescence, or functional exhaustion, leading to depletion of
circulating leukocytes, erythrocytes, and platelets (3, 28, 29). Radiation-induced
oxidative stress also contributes to hematopoietic injury. ROS accumulation damages
mitochondrial membranes, impairs ATP production, and amplifies apoptotic signaling
cascades (7, 30). Proteins that regulate mitochondrial redox homeostasis therefore
influence hematopoietic radiosensitivity.

Clinically, H-ARS manifests as leukopenia, anemia, and thrombocytopenia.
Leukopenia increases susceptibility to opportunistic infection, while thrombocytopenia
predisposes to hemorrhagic complications (6, 7). Growth factor therapies approved for
the treatment of H-ARS, such as filgrastim and pegfilgrastim, stimulate granulopoiesis
and improve survival in preclinical and clinical contexts (13, 31). However, these
interventions do not directly address gastrointestinal injury and may not provide

sufficient protection at radiation doses that induce overlapping gastrointestinal damage.



Because high-dose radiation frequently induces concurrent hematopoietic and
gastrointestinal injury, targeting signaling pathways that enhance resilience across

multiple tissues may offer broader therapeutic benefit.
1.4 Pro-survival signaling pathways in radiation response

Ionizing radiation initiates a highly coordinated cellular stress response that
extends beyond direct DNA damage. While the DDR orchestrates repair and checkpoint
activation through ATM, ATR, and p53 signaling (4, 5), cell fate following irradiation
is ultimately determined by the integration of pro-apoptotic and pro-survival signaling
cascades. Among these, the mitogen-activated protein kinase (MAPK) pathway and the
phosphoinositide 3-kinase (PI3K)/Akt pathway are central regulators of radiation
response (32-35).

The MAPK family includes ERK1/2, c-Jun N-terminal kinase (JNK), and p38
kinases, each of which can be activated by radiation exposure (32). JNK and p38 are
frequently associated with stress-induced apoptosis and inflammatory signaling,
whereas ERK1/2 activation is more commonly linked to proliferation and survival
responses (32, 33). However, the functional consequences of ERK activation are highly
context-dependent and influenced by the magnitude, duration, and timing of
phosphorylation.

ERK signaling exhibits temporal dynamics that critically influence downstream
transcriptional programs. Sustained ERK activation has been associated with induction
of cytoprotective genes, promotion of cell cycle re-entry, and enhancement of
clonogenic survival following genotoxic stress (32, 36). In contrast, transient or
dysregulated ERK activation may be insufficient to prevent apoptotic progression (33).
The mechanisms governing these kinetic patterns involve feedback regulation through
dual-specificity phosphatases, protein phosphatase 2A (PP2A), and scaffold proteins
that spatially constrain signaling complexes (33, 37-39).

Parallel to MAPK signaling, the PI3K/Akt pathway promotes survival through
phosphorylation of pro-apoptotic proteins such as BAD, modulation of FOXO
transcription factors, and activation of mTOR-dependent anabolic pathways (34, 35,
40). Akt activation also intersects with DNA repair machinery, influencing homologous

recombination and non-homologous end joining processes (41, 42). Furthermore, Akt



signaling contributes to stabilization of mitochondrial membranes, limiting cytochrome
c release and downstream caspase activation (43).

Radiation-induced ROS accumulation disrupts mitochondrial membrane
potential, oxidizes lipids and proteins, and amplifies apoptotic signaling (44). The
balance between mitochondrial injury and survival signaling determines whether
irradiated cells undergo apoptosis, senescence, or functional recovery (7, 30).
Importantly, signaling pathways activated at the plasma membrane—including those
mediated by G protein—coupled receptors—can modulate these intracellular stress
responses.

Thus, modulation of pro-survival signaling kinetics, rather than direct
interference with DNA damage itself, represents a biologically plausible strategy for
mitigating radiation-induced injury. Therapeutic interventions that sustain adaptive
ERK and Akt signaling during critical post-irradiation windows may enhance tissue

resilience and improve survival outcomes.
1.5 Lysophosphatidic acid receptor 2 as a therapeutic target

Lysophosphatidic acid (LPA) is a bioactive lipid mediator produced by
autotaxin-mediated hydrolysis of lysophosphatidylcholine. LPA signals through six G
protein—coupled receptors (LPAR1-6), which couple to multiple G proteins and activate
diverse downstream pathways (45). Among these receptors, LPAR2 has been implicated
in radiation mitigation. LPAR2 expression is upregulated following v-irradiation
through ATM-dependent NF-xB activation, suggesting integration within the DNA
damage response (36). Activation of LPAR2 promotes assembly of multiprotein
signaling complexes involving TRIP6 and NHERF2, leading to activation of ERK1/2
and Akt pathways (46-50).

Beyond kinase activation, LPAR2 directly interacts with the pro-apoptotic
protein Siva-1, facilitating its proteasomal degradation and thereby attenuating
mitochondrial apoptosis (43, 51). LPAR2 activation has also been shown to accelerate
clearance of YH2AX foci, consistent with enhanced resolution of DNA damage (36, 52).
In intestinal models, LPAR2 stimulation reduces radiation-induced disruption of tight

junction proteins and preserves barrier function (53).
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While LPAR stimulation provides an attractive physiological target for radiation
mitigation, LPA itself is not suitable for use as a pharmacologic agent due to rapid
metabolism, short plasma half-life, and structural instability (54). Research over the past
twenty years has focused on the potential of LPAR2 agonists to mitigate radiation
damage. Starting with the stable, synthetic lipid-like LPA mimic known as octadecenyl
thiophosphate (OTP), we refined multiple non-lipid benzoic acid derivatives through
high-throughput ~ screening  campaigns and  medicinal chemistry  to
identify Radioprotectin-1 (RP-1), a third-generation LPAR2-specific agonist with 6 pM
potency at the human receptor (Figure 1) (49, 50, 55). RP-1 has been shown to
improve y-H2AX foci resolution, trigger prolonged Akt and ERK signaling, and
decrease apoptosis (56). Furthermore, it protects Lgr5-positive intestinal stem cells in
small intestinal enteroid models and improved survival by 50% in mice in a GI-ARS
model (56). These findings provide a mechanistically grounded basis for therapeutic

targeting of LPAR2 in ARS.

e S R

LPA 18:1 oTP RP-1

Figure 1. LPAR agonists. Structural comparison of LPAR agonists LPA 18:1, OTP,
and RP-1. Created in BioRender. Derek D, N. (2026) https://BioRender.com/
iz6gbsa. Figure adapted from the author’s original publication (57).

1.6 Pharmacokinetic optimization and extended-release formulation

Although RP-1 demonstrated mitigation efficacy in murine models of GI-ARS,
its initial aqueous (AQ) formulation exhibited pharmacokinetic (PK) properties that
limited translational practicality (56). Specifically, the AQ formulation was
characterized by relatively rapid plasma clearance and short mean plasma residence

time, necessitating twice-daily subcutaneous administration for three consecutive days
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beginning 24 hours post-irradiation to achieve survival benefit. While effective under
controlled laboratory conditions, such a dosing schedule may be difficult to implement
in large-scale radiation emergency scenarios.

Development of medical radiation countermeasures requires consideration not
only of biological efficacy but also of feasibility in mass casualty settings (12, 58).
Simplified dosing regimens, prolonged therapeutic exposure, and predictable
pharmacokinetics are critical factors for field deployment. In the context of GI-ARS, the
timing of epithelial stem cell loss and maximal crypt depletion occurs within several
days following irradiation (17-19), suggesting that sustained receptor engagement
during this window may be advantageous.

To address these limitations, a multilayered water-in-oil-in-water (W/O/W)
microemulsion (ME) delivery system was developed (59-61). Microemulsions are
thermodynamically stable dispersions of oil and water stabilized by surfactants, capable
of encapsulating small molecules and modulating release kinetics (62, 63). The W/O/W
architecture enables biphasic drug release: an initial burst from the external AQ phase
followed by sustained release from an internal AQ reservoir dispersed within the oil
layer (Figure 2 and Table 1) (60, 61). This configuration is designed to prolong
systemic exposure while reducing dosing frequency.

Extended-release formulations may offer biological advantages beyond logistical
convenience. Sustained systemic levels of RP-1 could maintain activation of LPAR2-
mediated ERK and Akt signaling during the critical period of post-irradiation intestinal
epithelial vulnerability. In addition, predictable PK in both murine and non-human
primate models support translational scalability and dose extrapolation. Thus, PK
optimization represents a central step in advancing RP-1 from proof-of-concept

mitigation toward practical application as a radiation medical countermeasure.
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Figure 2. RP-1 W/O/W microemulsion provides two pools of drug for delivery. By
loading the overall dose of RP-1 ratiometrically between an internal AQ phase
encapsulated in hydrophobic oil which is further emulsified with hydrophilic surfactants
within an external AQ phase, a multilayered W/O/W ME delivery system is achieved.
With this formulation, 50% of total RP-1 is administered in a burst release via the
external AW phase, while 50% is slowly released to maintain plasma concentration over
an extended period from the internal AQ phase. Created in BioRender. Derek D, N.
(2025) https://BioRender.com/i7hh7nb. Figure adapted from the author’s original
publication (57).

1.7 Immediate early response gene X-1 (IEX-1) in tissue radiosensitivity

Immediate early response gene IEX-1, also known as IER3, was initially
identified as a transcript rapidly induced following exposure to ionizing radiation (64).
As an immediate early gene, IEX-1 is transcriptionally upregulated without requiring
new protein synthesis, positioning it as an early mediator of stress adaptation. Its
expression can be induced by diverse stimuli including oxidative stress, inflammatory
cytokines, and genotoxic injury through pathways involving p53, NF-«kB, and ERK
signaling (37, 64-66).

IEX-1 functions as a stress-responsive adaptor protein, and in some cases as
transcriptional regulator (67, 68). One of its best-characterized roles involves regulation
of mitochondrial redox homeostasis. IEX-1 interacts with the F1Fo-ATP synthase
inhibitor protein (IF1), promoting IF1 degradation and enhancing ATP synthase activity

(44). Through this mechanism, IEX-1 limits excessive mitochondrial ROS accumulation
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during stress. Because radiation exposure generates substantial oxidative stress and
mitochondrial dysfunction, proteins that regulate ROS accumulation may significantly
influence cellular radiosensitivity.

In addition to its mitochondrial role, IEX-1 participates in regulation of stress-
response kinase signaling. ERK-mediated phosphorylation stabilizes IEX-1 protein,
while IEX-1 in turn modulates ERK dephosphorylation through interactions with B56-
containing PP2A phosphatase complexes (38, 39, 66). This reciprocal relationship
suggests that IEX-1 functions within a feedback loop that influences the amplitude and
duration of ERK activation. Because ERK signaling kinetics are known to determine
downstream cell fate following genotoxic stress (33, 34), disruption of IEX-1 may alter
the temporal coordination of pro-survival signaling following radiation.

Beyond ERK, IEX-1 has been reported to interact with apoptosis-regulatory
proteins including CAML, TRAIL, MCL1, and BAT3, indicating broader integration
within stress signaling networks (67). In hematopoietic cells, IEX-1 deficiency has been
associated with impaired erythroid recovery, thrombocytopenia, increased ROS
accumulation in hematopoietic stem cells, and heightened susceptibility to radiation-
induced apoptosis (5, 37). These findings support a role for IEX-1 in maintaining
hematopoietic resilience under conditions of genotoxic stress.

However, comparatively little is known about the contribution of IEX-1 to
gastrointestinal radiation injury. The intestinal epithelium is highly dependent on
coordinated regulation of proliferation, differentiation, and apoptosis, processes that
intersect with ERK signaling and mitochondrial function. Whether IEX-1 influences
intestinal radiosensitivity, and how its stress-responsive functions integrate with
receptor-mediated pro-survival signaling pathways, remains undefined. Taken together,
existing literature supports the concept that IEX-1 may serve as a regulator of tissue
responses to radiation-induced stress. Clarifying its role within the context of ARS—
especially GI-ARS—may provide insight into signaling networks that influence

organism-level survival following irradiation.
1.8 Knowledge gap and rationale

Collectively, prior investigations establish that activation of LPAR2 promotes

pro-survival signaling and mitigates radiation-induced gastrointestinal injury in
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preclinical models (43, 50, 56, 69). Pharmacologic stimulation of this receptor enhances
ERK and Akt activation, reduces apoptotic signaling, and preserves intestinal crypt
architecture when administered following irradiation (36, 50). These findings provide a
mechanistic foundation for targeting lipid-mediated signaling pathways in the
development of radiation medical countermeasures.

However, several critical gaps remain. First, although RP-1 has demonstrated
mitigation efficacy in murine models, its initial aqueous formulation exhibits
pharmacokinetic limitations that constrain translational applicability (56). Rapid
clearance and short systemic exposure necessitate repeated dosing, which may be
impractical in large-scale radiation emergencies. Whether pharmacokinetic optimization
through extended-release formulation can maintain biological efficacy while
simplifying administration regimens requires systematic evaluation.

Second, while LPAR2 activation is known to engage ERK-dependent pro-
survival pathways, the downstream molecular mediators that integrate receptor
activation with coordinated stress response remain incompletely characterized.
Sustained ERK signaling, extending beyond 16 h of a single administration of LPA, has
been associated with enhanced survival following genotoxic stress (32, 36), yet the
regulatory mechanisms governing ERK signaling kinetics in irradiated tissues are not
fully defined.

Third, although IEX-1 has been implicated in hematopoietic stress responses and
mitochondrial redox regulation (5, 37, 65) its role in gastrointestinal radiosensitivity and
its potential integration with lipid-mediated signaling pathways have not been fully
examined. Given its established functions in ERK modulation and oxidative stress
control, IEX-1 represents a plausible regulator of tissue resilience following irradiation.
Accordingly, there exists a translational and mechanistic need to:

1. Optimize LPAR2 agonist pharmacokinetics to improve feasibility for post-
exposure mitigation.

2. Evaluate the biological impact of sustained receptor activation in models of
acute radiation syndrome.

3. Clarify the contribution of IEX-1 to tissue radiosensitivity and its relationship to

pro-survival signaling dynamics.
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Addressing these questions requires an integrated approach that combines
formulation development, preclinical efficacy assessment, and mechanistic
investigation. By pursuing this strategy, the present thesis seeks to advance LPAR2
activation from experimental proof-of-concept toward practical radiation medical
countermeasure development, while simultaneously improving understanding of stress-

responsive signaling networks that influence radiation resilience.
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2. Objectives

The central hypothesis of this thesis is that pharmacologic activation of LPAR2
can be translationally optimized through extended-release formulation to provide
effective post-exposure mitigation of ARS, and that modulation of stress-responsive
signaling pathways—including those involving ERK and IEX-1—contributes to tissue
radiosensitivity and survival outcomes. The overall aim of this work was to advance
LPAR2 activation as a practical radiation medical countermeasure while examining the

contribution of IEX-1 to tissue resilience in models of ARS.

2.1 To optimize the pharmacokinetic profile of the LPAR2 agonist RP-1 through

development of an extended-release ME formulation

This objective addressed the translational limitation of the aqueous RP-1 formulation.

Specific goals included:

e Development of a multilayered W/O/W ME delivery system.
e Comparative pharmacokinetic analysis of AQ and ME formulations in murine

and NHP models.

This objective directly addressed the need for simplified dosing and sustained systemic

exposure suitable for post-exposure mitigation scenarios.

2.2 To evaluate whether extended-release RP-1 administration improves survival

outcomes and preserves intestinal integrity in a murine model of GI-ARS

This objective focused on preclinical efficacy and translational relevance. Specific goals
included:
e Determination of 21-day survival following high-dose irradiation with RP-1 ME
administered beginning 24 h post-exposure.
o Comparison of dosing frequency relative to the AQ formulation.
e Quantification of total and regenerating intestinal crypts at the post-irradiation

nadir.
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This objective examined whether pharmacokinetic optimization translated into

therapeutically relevant biological and organism-level benefit.

2.3 To characterize the impact of LPAR2 activation on pro-survival signaling

pathways following irradiation.

This objective provided mechanistic context for mitigation effects. Specific goals
included:
o Assessment of ERK1/2 and Akt phosphorylation kinetics following irradiation
and RP-1 treatment.
o Evaluation of sustained signaling patterns consistent with enhanced cellular
resilience.

e Measurement of caspase-mediated apoptotic signaling.

This objective was designed to evaluate signaling dynamics without presuming direct

causal relationships between pathway activation and survival outcomes.

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

pathways.

This objective addressed the mechanistic gap identified in section 1.8. Specific goals
included:
e Comparison of survival outcomes in wild-type (WT) and IEX-1-deficient mice
in models of H- and GI-ARS.
o Evaluation of intestinal regenerative capacity in in vitro enteroid systems.
o Assessment of ERK1/2 phosphorylation dynamics in the presence and absence

of IEX-1.

This objective sought to clarify whether IEX-1 functions as a determinant of tissue
radiosensitivity and to explore its potential integration within receptor-mediated pro-

survival signaling networks.
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3. Methods

3.1 Animal models, husbandry, and ethical compliance

All animal experiments were conducted in accordance with institutional and
federal regulations governing the ethical use of vertebrate animals in research. Murine
protocols were reviewed and approved by the Institutional Animal Care and Use
Committee (IACUC) of the University of Tennessee Health Science Center. All
procedures involving NHP were approved by the University of Maryland School of
Medicine IACUC.

3.1.1 Wild-type murine cohorts

Specific pathogen-free C57BL/6J mice were obtained from The Jackson
Laboratory (Bar Harbor, ME, USA) and housed in the UTHSC Regional
Biocontainment Laboratory in ventilated Allentown biocontainment cages. Male and
female cohorts were maintained separately and experiments involving each sex were
conducted independently to minimize potential pheromone-associated physiological
effects. Mice were 10—12 weeks of age upon arrival and were allowed to acclimate for
one week prior to initiation of experimental procedures.

Animals were maintained on sterilized Teklad 7912 rodent chow (Inotiv,
Indianapolis, IN, USA) with unrestricted access to autoclaved water. Health
assessments were performed daily under baseline conditions and increased to twice
daily during the anticipated period of radiation injury progression. Predefined humane
endpoint criteria were established in accordance with IACUC-approved scoring systems
and included severe lethargy, inability to ambulate, respiratory distress, cyanosis,
abdominal distension, persistent ataxia, unresponsiveness, facial swelling, head tilt, or
open wounds. Animals meeting these criteria were euthanized promptly to minimize
distress. Supportive nutritional supplementation in the form of sterilized DietGel 76A
(ClearH,0O, Westbrook, ME, USA) was provided ad libitum beginning on day 4
following irradiation to support hydration and caloric intake during the expected crypt

nadir period.
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3.1.2 IEX-1 knockout model

To investigate the contribution of IEX-1 to radiation response, B6;129X1-
ler3miRaku/T mice (IEX-1 knockout [KO], stock #012664) (70) were obtained from The
Jackson Laboratory (Bar Harbor, MI, USA) and bred in-house under specific pathogen-
free conditions. Genotyping was performed using PCR analysis of genomic DNA
extracted from tail biopsies. Amplification employed the following established primer
sequences: #11229 5’-CGCCTACATTTTGCTTCCTC-3, #11230 5’-
GAGGGTAGAGCACCCT-TCG-3’, and mutant-specific primer oIMR7266 5°-
GTGGGCTCTATGGCTTCTGA-3’. WT littermates served as experimental controls.
Female mice 8-14 weeks of age at time of experiments. Animals were randomized to

treatment groups prior to irradiation.
3.1.3 Non-human primate cohort

For pharmacokinetic evaluation in a higher-order species, a cohort of seven
rhesus macaques (six male and one female) was housed individually in stainless steel
enclosures. Animals were maintained on a Global 20% Protein Primate Diet
supplemented with fresh fruit and commercial primate enrichment treats. Reverse
osmosis—purified water was provided continuously via sipper lines and in-cage bottles.
Daily veterinary assessments were conducted to monitor social interaction, activity

level, and clinical condition.
3.2 Irradiation procedures and dosimetry

All irradiations were performed using a '¥’Cs source JL Shepherd Mark T y-
irradiator operating at a dose rate below 1 Gy per minute. Dosimetric calibration was
verified using thermoluminescent dosimeters incorporated into each irradiation session.
Independent dose verification was performed by MD Anderson Cancer Center

Radiation Dosimetry Services (Houston, TX) to ensure accuracy and reproducibility.
3.2.1 Total body irradiation (TBI)

For H-ARS studies, mice were subjected to 9 Gy TBI, corresponding to an

LD7030 model as described in our previous work (49, 52, 56). Animals were placed in
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well-ventilated restrainers to ensure uniform radiation exposure. Following irradiation,
mice were returned to clean cages and monitored daily for 30 days for survival analysis.

For studies assessing the effect of irradiation on systemic drug
pharmacokinetics, mice were exposed to 16 Gy TBI. RP-1 was administered
intravenously (IV) via tail vein injection 24 h following irradiation to evaluate post-

exposure pharmacokinetics.
3.2.2 Partial body irradiation with 5% bone marrow shielding (PBI-BM5)

To model GI-ARS while preserving limited hematopoietic function, partial body
irradiation with approximately 5% bone marrow shielding was performed as described
in our previous work (49, 52, 56). Bilateral lower femurs, tibiae, fibulae, and paws were
protected using custom-fabricated lead shields, thereby sparing a defined fraction of
total bone marrow mass. Mice were anesthetized by intraperitoneal (IP) injection of
ketamine (87 mg/kg) and xylazine (13 mg/kg) prior to irradiation to minimize
movement and ensure consistent shielding geometry. The remainder of the body was
exposed to 16.0-16.5 Gy, corresponding to an LD7o21 gastrointestinal injury model. RP-
1 ME was administered in 0.1 ml (female) or 0.05 ml (male) dose volumes by
subcutaneous (SC) injection starting 24 h post-irradiation. Subjects were monitored
twice daily for 21 days, and any mice exhibiting clinical signs consistent with severe
gastrointestinal radiation injury were euthanized in accordance with humane endpoint

criteria.
3.3 RP-1 formulation development and administration

RP-1 was synthesized through medicinal chemistry collaboration and prepared
under sterile conditions for in vivo administration. All formulations were prepared fresh

prior to injection unless otherwise indicated.
3.3.1 Aqueous formulation

The AQ formulation of RP-1 used for pharmacokinetic analyses was prepared in
a vehicle consisting of phosphate-buffered saline (PBS) supplemented with 1% (v/v)
ethanol and 2% (v/v) 1,2-propanediol to facilitate solubilization. SC administration was

performed in the dorsal cervical region.
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3.3.2 Development of extended-release microemulsion formulation

To prolong systemic exposure and reduce dosing frequency, a multilayered
water-W/O/W ME delivery system was developed by modification of a previously
published formulation (59-61). The preparation began with the creation of a
primary W/O ME containing half of the total RP-1in its internal AQ phase. This
primary system was optimized via a pseudo-ternary phase diagram using the water
titration technique, utilizing Labrafac Lipophile WL1349 oil (Gattefossé, Paramus, NJ,
USA), a 1:1 blend ofsurfactants Capryol 90 (Gattefoss¢, Paramus, NJ,
USA) and soybean L-a-lecithin (Calbiochem, Billerica, MA), and water in a 3:5:2 ratio.
Separately, an external AQ phase was formulated with the remaining RP-1, consisting
of water, a 1:1 mixture of Labrasol (Gattefossé, Paramus, NJ, USA) and Cremophor EL
(Sigma-Aldrich, St. Louis, MO, USA), and the co-solvent propylene glycol (Thermo
Fisher Scientific, Waltham, MA, USA) in a 5:2:3 ratio (Table 1). Finally, the primary
ME was emulsified into the external phase with the specific incorporation ratio
determined by previously established titration methods (59, 61).

The architecture of the W/O/W system was designed such that approximately
half of the administered RP-1 dose was available for immediate systemic absorption
from the external aqueous phase, while the remaining fraction was retained within the
internal reservoir and released gradually over time. SC injection volumes were

standardized to 0.1 mL for female mice and 0.05 mL for male mice.

Table 1. RP-1 W/O/W Microemulsion Components

Internal W/O ME % of Phase External AQ Phase % of Phase
Labrafac Lipophile WL 1349 30% Labrasol 10%
Capryol 90 25% Cremophor EL 10%
Soybean L-a-Lecithin 25% Propylene Glycol 30%
Water for Injection 20% Water for Injection 50%

Ratio of internal W/O microemulsion incorporated into the final multilayered microemulsion determined by titration method.

3.3.3 Dosing paradigms in GI-ARS studies

For evaluation of mitigation efficacy in the gastrointestinal acute radiation
syndrome model, RP-1 microemulsion was administered beginning 24 h following

partial body irradiation with bone marrow shielding. The primary dosing paradigm
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consisted of two subcutaneous injections administered at 24 h and 72 h post-irradiation.
Exploratory dosing schedules included a single administration at 24 h and delayed
administration at 48 and 96 h post-irradiation to evaluate the impact of timing on
survival outcomes. In male cohorts, dose-response evaluation was conducted due to
observed differences in tolerability at higher doses. Animals were monitored closely

following injection for evidence of local irritation or systemic adverse effects.
3.4 Pharmacokinetic studies

Pharmacokinetic studies were conducted to characterize systemic exposure,
clearance, and residence time of RP-1 following intravenous and subcutaneous
administration in mice and non-human primates (NHP). In addition, the potential impact
of radiation exposure and sex-dependent variability on drug disposition was evaluated

in mice.
3.4.1 Plasma preparation

For murine pharmacokinetic studies, blood samples were collected from 4-6
mice of both sexes from the inferior vena cava at predetermined time points following
RP-1 administration. For IV pharmacokinetic assessment, RP-1 was delivered via tail
vein injection with sample collection at 10 min, 30 min, 1 h, and 6 h post-injection. For
SC pharmacokinetic assessment, RP-1 administration was performed in the dorsal
cervical region with sample collection at 30 min, 1 h, 2 h, 6 h, 24 h, 48 h, and 72 h post-
injection. To assess translational scalability, plasma samples were generated from a
cohort of 6 male and 1 female rhesus macaques receiving abdominal SC administration
of RP-1. Serial blood sampling was performed according to approved veterinary
protocols at 30 min, 1 h, 2 h,4 h, 6 h, 8 h, 24 h, 48 h, and 72 h post-injection. From both
species, blood was also collected from untreated animals for blank plasma preparation.
Whole blood was collected into K3-EDTA-coated Sarstedt Microvette 500 K3E tubes
(Sarstedt, Newton, NC, USA). Plasma was generated by centrifugation at 5,000 RPM

for 5 min and was stored immediately at -80°C prior to analysis.
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3.4.2 Quantification of plasma RP-1 by LC-MS/MS

Calibration standards were prepared by diluting RP-1 into pooled blank Ks-
EDTA plasma over a concentration range of 0—1000 ng/mL. A structurally related
analog, 2-[4-(1,3-dioxo-1H,3H-benzoisoquinolin-2-yl)butylsulfamoyl]benzoic  acid
(DBIBB), was used as an internal standard (IS) and added to all samples at a final
concentration of 50 ng/mL prior to extraction. RP-1 and internal standard were
extracted from plasma using a liquid-liquid extraction method. Briefly, 150 pL of
water-saturated butanol was added to 50 pL plasma samples containing internal
standard. Samples were vortexed vigorously for 5 min to facilitate analyte partitioning
into the organic phase and subsequently centrifuged at 15,000 rpm for 5 min to achieve
phase separation. The upper organic layer was collected, evaporated to dryness, and
reconstituted in LC-MS grade methanol prior to analysis.

Chromatographic separation was performed using a Shimadzu Prominence

Series LC system equipped with LC-20AD pumps, a Nexera autosampler, and a CTO-
20 AC column oven (Shimadzu Scientific Instruments, Columbia, MD, USA). Analytes
were resolved on a Gemini C18 reversed-phase column (50 x 2.0 mm, 5 pm particle
size, 110 A pore size; Phenomenex, Torrance, CA, USA) maintained at 35°C with an
injection volume of 20 uL. Mobile phase A consisted of 0.1% (v/v) trifluoroacetic acid
(TFA) in LC-MS grade water, and mobile phase B consisted of 0.1% (v/v) TFA in LC—
MS grade acetonitrile. A 5-minute gradient was applied, beginning at 10% mobile phase
B, increasing to 35% at 1 minute, ramping to 95% at 4.1 minutes, held at 95% for 1
minute, and then returning to 10% for re-equilibration.
Mass spectrometric detection was performed using an AB Sciex 4500 QTRAP triple
quadrupole linear ion trap mass spectrometer equipped with a Turbo V ion spray source
operating in positive electrospray ionization mode (Applied Biosystems Sciex LLC,
Marlborough, MA). Quantification was conducted in multiple reaction monitoring
(MRM) mode with the transition of the m/z 487.2 parent ion to the m/z 252.2 daughter
ion for RP-1 and the transition of the m/z 453.2 parent ion to the m/z 252.2 daughter ion
for IS.

Quadrupoles Q1 and Q3 were operated at unit resolution. Data acquisition and
peak integration were performed using AB Sciex Analyst software (version 1.6.1). Peak

area ratios of RP-1 to internal standard were calculated for each sample. Concentrations
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were interpolated from calibration curves generated using linear regression of peak area
ratios versus nominal concentrations. To account for minor variations in dosing due to
average cohort weight-based injection volumes, measured plasma concentrations in
murine studies were normalized to the intended 3 mg/kg target dose based on individual

animal body weight at the time of administration.
3.4.3 Pharmacokinetic modeling and analysis

Pharmacokinetic parameters were determined using non-compartmental analysis
(NCA) of plasma concentration—time data using Phoenix WinNonlin 8.4.0 (Certara
USA, Inc., Princeton, NJ, USA). The extravascular model was applied for the SC data,
and the IV bolus model was applied for the IV data. The “linear-up log-down” method
was used to estimate the area under the C; curve (AUC) values. The terminal phase was
defined as at least three time points at the end of the C; profile, and the elimination rate
constant (K.;) was estimated using an unweighted log-linear regression of the terminal
phase. The terminal elimination half-life (¢;2) was estimated as 0.693/K.. Other
parameters estimated included time to reach Cuax (Tmax), mean residence time (MRT),
bioavailability (F), and total body clearance (CLr = Dose/AUC).

Comparative analyses were performed between AQ and ME formulations to
evaluate differences in systemic exposure and clearance kinetics. Additional analyses
were conducted to assess the impact of radiation exposure on pharmacokinetic behavior
and to evaluate sex-dependent variability in murine cohorts. NHP pharmacokinetic
parameters were calculated using the same analytical approach to enable interspecies

comparison of systemic exposure and elimination characteristics.
3.5 Gastrointestinal injury assessment

Evaluation of gastrointestinal radiation injury included organism-level survival
analysis and tissue-level assessment of crypt survival and regenerative capacity.
Experiments were performed in the PBI-BM5 model to isolate gastrointestinal injury

while preserving limited hematopoietic function.
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3.5.1 Survival analysis

Following PBI-BMS5 exposure (16.0-16.5 Gy), mice were returned to sterile
housing, and RP-1 ME was administered SC beginning 24 h after irradiation in
accordance with radiation mitigator criteria. In the primary mitigation paradigm, a
second dose was administered at 72 h post-irradiation. Control animals received vehicle
injections under identical conditions. Animals were observed daily over a 21-day period
for morbidity and mortality. Predefined humane endpoints were applied consistently
across treatment groups. Animals meeting endpoint criteria were euthanized and
recorded as non-survivors for Kaplan-Meier analysis. Survival curves were generated
for each treatment group over the observation period. Differences in survival

distributions were evaluated using the Mantel-Cox log-rank test.

3.5.2 Intestinal crypt microcolony assay

To assess structural preservation and regenerative capacity of the intestinal
epithelium, mice were euthanized on post-irradiation day 5, corresponding to the
expected nadir of crypt depletion in the GI-ARS model. Segments of jejunum were
harvested at standardized anatomical locations to ensure reproducibility across
animals—specifically, at 9 cm, 11 cm, and 13 cm distal to the stomach to minimize
regional variability in crypt density. Excised intestinal segments were flushed with cold
PBS to remove luminal contents and fixed in neutral-buffered formalin. Following
fixation, tissues were processed through graded alcohol dehydration, paraffin
embedded, and sectioned at 5 um thickness.

For morphological evaluation and crypt survival quantification, sections were
stained with hematoxylin and eosin (H&E). Surviving crypts were identified using the
established microcolony assay criterion, defined as a crypt containing at least ten
adjacent viable epithelial cells as described previously (50, 71). Only well-oriented
cross-sections were included in analysis to ensure accurate circumferential crypt
counting.

To assess proliferative activity within regenerating crypts, adjacent sections were
subjected to immunohistochemical staining for Ki67 as described previously (72).

Following deparaffinization and rehydration, heat-mediated antigen retrieval was
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performed. Endogenous peroxidase activity was blocked prior to incubation with
primary anti-Ki67 antibody. Sections were subsequently incubated with appropriate
secondary antibody conjugates and visualized using chromogenic substrate
development. Slides were counterstained with hematoxylin.

For each animal, multiple circumferential sections were evaluated. Total
surviving crypts and Ki67-positive crypts were counted under light microscopy. All
histological assessments were performed independently by two investigators blinded to
treatment allocation to minimize observational bias. Average crypt counts per animal

were calculated and used for group comparisons using unpaired t-test.
3.6 Cell culture models
3.6.1 Mouse embryonic fibroblast culture

Mouse embryonic fibroblasts (MEF) were generated from LPAR1 and LPAR3
double knockout animals that endogenously express LPAR4, LPARS, and LPAR6 at
very low levels but completely lack LPAR1, LPAR2, and LPAR3. Using lentiviral
overexpression, these MEFs were transduced with either empty vector (EV) or human
LPAR?2 to generate a stable MEF line as described previously (51). Cells were cultured
at 37°C with 5% CO2 in Dulbecco’s modified Eagle medium (DMEM; Corning Inc.,
Corning, NY, USA) supplemented with 10% fetal bovine serum (FBS; R&D Systems,
Minneapolis, MN, USA), 2 mM L-glutamine (Corning Inc., Corning, NY, USA), and
100 U/mL penicillin-streptomycin (Corning Inc., Corning, NY, USA). Cultured cells
were tested regularly for mycoplasma contamination, and all experiments were

performed using mycoplasma-free cells.
3.6.2 Mouse small intestinal enteroid culture

Small intestinal crypts were isolated from the jejunum and ileum of WT and
IEX-1 KO mice for three-dimensional enteroid culture. Following tissue harvest,
intestinal segments were flushed with cold PBS, opened longitudinally, and subjected to
EDTA-based chelation with mechanical agitation to release crypt units as described
previously (56, 73). Isolated crypts were embedded in growth factor-reduced Matrigel
domes (Corning Inc., Corning, NJ, USA) and overlaid with IntestiCult™ Organoid
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Growth Medium (OGM; STEMCELL Technologies, Vancouver, British Columbia,
Canada). Approximately 350 crypts were seeded per 40 pL dome, and enteroids were
maintained at 37°C in 5% CO; with medium replacement every two to three days.
Growth kinetics, budding morphology, and structural organization were monitored
microscopically over a nine-day culture period where ImagelJ (v1.54) was used to

measure two-dimensional area of enteroids.
3.7 Radiation and pharmacologic treatments in cell systems

For pharmacologic signaling studies, MEF were plated in triplicate wells of a
96-well plate at 1x10* cells per well. For caspase activation assays, cells were plated in
triplicate wells of a 48-well plate at 2x10° cells per well. Cells were cultured in
complete medium overnight, serum-deprived for 1 h, then treated with LPA 18:1 or RP-
1 prior to irradiation where indicated. Irradiation (15 Gy) was delivered at a dose rate of
3.2 Gy/min to induce measurable stress signaling responses. Cells were assayed at
multiple time points extending up to 16 h post-irradiation to evaluate the time-course of
ERK and Akt phosphorylation dynamics as well as caspase 3/7 activation. Three to four
parallel sample wells were assayed, and experiments were repeated three times.

For genetic and signaling studies, day 9 enteroid cultures derived from WT and
IEX-1 KO mice were pre-treated for 2 h with LPA 18:1 or OTP prior to irradiation to 5
Gy at a dose rate of 0.6 Gy/min. Enteroids were harvested at early post-irradiation time
points (1 h, 3 h, and 4 h) to assess acute ERK phosphorylation dynamics and IEX-1
expression. Three to four Matrigel domes were pooled for each sample, and Matrigel
domes were mechanically disrupted in cold Cell Recovery Solution (Corning Inc.,
Corning, NJ, USA) as per manufacturer’s instructions. Experiments were repeated three

times with fresh crypt harvests from 2-3 mice.
3.8 Molecular and biochemical analyses
3.8.1 Cell-based phospho-ERK and phospho-Akt quantification

Phosphorylation of ERK1/2 and Akt in MEF was quantified using a phospho-
antibody cell-based ELISA (PACE assay) as described previously (74, 75). Following

treatment with LPA or RP-1 and irradiation, cells were fixed in 4% NBF, and non-
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specific binding was blocked with 5% non-fat dry milk in PBS with 0.1% Triton X-100
(PBS-T). ERK and Akt phosphorylation were assayed with overnight incubation at 4°C
with phospho-p44/42 MAPK (ERK1/2) antibody at 1:3000, phospho-Ser473 Akt, D9E
XP antibody at 1:1000, or phospho-Thr308 Akt, 244F9 antibody at 1:1000 in 5% bovine
serum albumin (BSA; Sigma-Aldrich, St. Louis, MO, USA). For normalization, total
ERK1/2 and total Akt were assessed with the corresponding antibodies in 5% non-fat
dry milk at 1:1000. All primary antibodies were from Cell Signaling Technology, Inc.
(Danvers, MA, USA). Plates were incubated for 1 h at room temperature with
horseradish peroxidase coupled goat anti-rabbit IgG secondary antibody (Thermo Fisher
Scientific, Waltham, MA, USA) at 1:1000 in 5% non-fat dry milk. Thermo Ultra-TMB
ELISA Substrate (Thermo Fisher Scientific, Waltham, MA, USA) was used to visualize
HRP signal, and the signal development was then stopped with 2 M sulfuric acid.
Absorbance was read immediately at 450 nm using a FlexStation 3 (Molecular Devices,
San Jose, CA, USA). Data were background-corrected, and phosphorylated signal was
normalized to total protein level. Fold-change in ERK or Akt phosphorylation was
calculated vs vehicle control, and differences in activation magnitude and duration

under various treatment conditions were evaluated.
3.8.2 Caspase 3/7 activity assay

Apoptotic activity following irradiation and LPAR stimulation was quantified
using a luminescence-based Caspase-Glo® 3/7 assay (Promega, Madison, WI)
according to the manufacturer’s protocol. Following treatment with RP-1 and
irradiation, Caspase-Glo® 3/7 reagent was added directly to culture wells in a 1:4 ratio
with existing medium. Plates were gently mixed to ensure uniform distribution and
incubated at room temperature for 30 min to allow complete cell lysis and substrate
cleavage. 200 pL of each lysate were then transferred to a 96-well, white-walled assay
plate. Luminescence was measured over 1000 ms integration using a FlexStation 3
multi-mode microplate reader. Background luminescence from reagent-only wells was
subtracted from all readings. Caspase activity values were normalized to non-irradiated

vehicle-treated controls, and fold change in caspase 3/7 activation was determined.
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3.8.3 Immunoblot analysis of ERK phosphorylation in enteroids

Protein lysates were prepared from pooled enteroid cultures by lysis in M-
PER™ buffer containing protease and phosphatase inhibitors (Thermo Fisher Scientific,
Waltham, MA, USA). Protein concentration was determined using Pierce™ BCA
protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA). A total of 15 pg
protein was separated by 12% SDS-PAGE and transferred to nitrocellulose membranes.
Membranes were blocked with 5% non-fat milk in TRIS-buffered saline with 0.05%
Tween 20 (TBS-T), then incubated with rabbit anti-phospho-ERK1/2 primary antibody
at 1:1000 dilution, washed, and incubated with secondary goat anti-rabbit IgG HRP
antibodies at 1:3000 dilution. Protein was visualized using the Super Signal™ West
Pico PLUS Chemiluminescent Substrate kit (Thermo Fisher Scientific, Waltham, MA,
USA). For normalization, membranes were stripped using Restore™ Western Blot
Stripping Buffer (Thermo Fisher Scientific, Waltham, MA, UDA) and re-probed with
rabbit anti-total ERK1/2 at 1:1000 dilution. Chemiluminescent signal was visualized
using a Bio-Rad ChemiDoc™ XRS system, and densitometric analyses were conducted

in the Bio-Rad Image Lab 5.2.1 software (Bio-Rad, Hercules, CA, USA).
3.8.4 Quantitative RT-PCR

For in vivo studies, WT mice were pre-treated with OTP 30 min prior to 9 Gy
TBI or 16 Gy PBI-BM5. Whole blood and intestinal mucosa were harvested 3 h post-
irradiation. Enteroid RNA was also isolated from pooled domes pre-treated with LPA or
OTP 2 h prior to exposure to 5 Gy irradiation. Total RNA was extracted using RNeasy
Protect Animal Blood Kit, RNeasy Lipid Tissue Mini Kit, and RNeasy Micro Kit,
respectively (Qiagen, Germantown, MD, USA). Equal quantities of total RNA (1 pg)
from each sample were reverse transcribed into cDNA using the RevertAid Reverse
Transcriptase Kit (Thermo Fisher Scientific, Waltham, MA, USA) with random
hexamer primers. Reactions were performed under standardized thermal cycling
conditions to ensure uniform reverse transcription efficiency across samples. RT-qPCR
was performed on a QuantStudio™ 6 system using the PowerUp™ SYBR™ Mastermix
(Thermo Fisher Scientific, Waltham, MA, USA) using gene-specific primers (Table 2).
Relative gene expression was calculated using the comparative Ct (AACt) method.

Target gene expression levels were normalized to endogenous housekeeping genes
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Gapdh or Rplp0 to control for variation in RNA input and reverse transcription
efficiency. Fold changes were calculated relative to untreated and non-irradiated control

samples.

Table 2. Primers Used in RT-qPCR
Target Forward 5°-3’ Reverse 5°-3°

Gapdh CTGCACCACCAACTGCTTAG GGGCCATCCACAGTCTTCT
Rplp0 CTCTCGCTTTCTGGAGGGTG ACGCGCTTGTACCCATTGAT

Iex-1 ATGCTACCAGCGCCGTGACA TTAGAAGGCCGCCGGATGTTGC
Lparl GCTGGACCTAGCAGGCTTAC TGCCAGGCACAAAAAGCAAT
Lpar2 TGTTCAGCCGCTCCTACTTG AATGCCCCCAGAATGATGACA
Lpar3 GTCTTAGGCGCCTTCGTGG TTGCACGTTACACTGCTTGC
Lpar4 GCGAGTTGCCAGTTTACACG TTGAGTGCCCAAGAAAGAGTGT
Lpar5 TCAGCGATGAACTGTGGAAG ACGAAGCACAGCAGGAAGAT

Lpar6 TCATCTGTGCCCTCAAAGTG CACAGCAATGCAAACGATCT

3.9 Statistical analyses

All statistical analyses were performed using GraphPad Prism version 10.4.1
(GraphPad Software, San Diego, CA, USA). Data are presented as mean + standard
error of the mean (SEM) unless otherwise indicated. The number of biological
replicates (n) is specified in the corresponding figure legends or results descriptions.
Survival data were analyzed using Kaplan-Meier survival curves. Differences between
survival distributions were assessed using the Mantel-Cox (log-rank) test. For
comparisons between two independent groups, unpaired two-tailed Student’s 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 Sidak’s post hoc testing

was used.
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4. Results

4.1 Immediate-release RP-1 improves outcomes in GI-ARS
4.1.1 RP-1 AQ mitigates GI-ARS

To determine the effects of RP-1 in AQ formulation on radiation mitigation,
survival studies were conducted in the PBI-BMS5 model of GI-ARS. Female C57BL/6J
mice were exposed to 16.0 Gy and treated with 0.3 mg/kg RP-1 AQ twice daily for 3
days beginning 24 h post-irradiation. Kaplan-Meier survival analysis demonstrated a
substantial improvement in 21-day survival in mice treated with RP-1 AQ compared to
vehicle-treated controls (Figure 3) (56). Statistical comparison using the Mantel-Cox
log-rank test confirmed a significant 50% increase in survival in RP-1 treated mice vs
vehicle control. Although radiation mitigation by RP-1 AQ was robust in the GI-ARS
model, the dosing regimen required to achieve efficacy was not conducive to
application as a medical countermeasure.

Survival in Female GI-ARS Model
(Treatment Twice Daily to +72h Post-Irradiation)

100,

*+*p = 0.0004
751

50+

% Survival

25

—— Vehicle (n=20)

----- 0.3 mg/kg RP-1 (n=20) :

0 5 10 15 20 25
Post-irradiation Day

Figure 3. RP-1 AQ mitigates GI-ARS. Female mice were exposed to 16 Gy PBI-BM5
and treated with vehicle or 0.3 mg/kg RP-1 AQ twice daily for 3 days starting 24 h post-
irradiation. Kaplan-Meier plots were generated for percent survival, and Mantel-Cox
log-rank analysis was conducted to compare vehicle vs RP-1 AQ (n=20 per group).
Figure adapted from the author’s original publication (56).
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4.2 Pharmacokinetic optimization of RP-1

4.2.1 RP-1 ME exhibits an extended-release pharmacokinetic profile in mice and
NHP

To improve the translational feasibility of RP-1 as a radiation mitigator, a
multilayered W/O/W ME formulation was developed to extend systemic exposure
relative to the previously utilized AQ preparation. Pharmacokinetic characterization was
performed to compare systemic drug disposition between formulations and to determine
whether radiation exposure altered RP-1 pharmacokinetics. Plasma samples were
collected over an extended time course to capture both early absorption and later
elimination phases. Plasma concentration-time curves are presented as mean + SEM,
and unpaired t-test was used to identify differences in pharmacokinetic parameters
between AQ and ME formulations.

Following administration of the AQ formulation in mice, plasma RP-1
concentrations declined rapidly, consistent with relatively short systemic persistence
(Figure 4A). In contrast, the ME formulation produced a prolonged concentration-time
profile indicative of sustained release from the internal reservoir of the ME system
(Figure 4B). NCA performed using Phoenix WinNonlin demonstrated a marked
extension in plasma half-life (¢#4) with the ME formulation compared to AQ.
Specifically, the mean half-life increased from approximately 1.15 h in the AQ
formulation to approximately 8.42 h in the ME formulation. This increase in half-life
was accompanied by increases in mean residence tie and total systemic exposure, as
reflected by significantly elevated AUC values. Systemic plasma clearance (CL7/F) was
correspondingly reduced in the ME group (Table 3).

To assess translational scalability, the ME formulation was evaluated in NHP.
Plasma concentration-time profiles demonstrated sustained systemic exposure following
SC administration, like that observed in mice, where half-life increased from 2.11 h in
the AQ formulation to 5.77 h in the ME along with corresponding increases in mean
residence time and reduction systemic plasma clearance (Figure 4C-D and Table 4).
Although the sample size was limited and formal sex-stratified modeling was not
feasible, NCA confirmed measurable systemic exposure and prolonged half-life

consistent with extended-release behavior in this higher-order species.
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Figure 4. RP-1 ME exhibits an extended-release pharmacokinetic profile in mice
and NHP. Female mice were dosed via SC injection with 3 mg/kg RP-1 in AQ (A) or
ME formulation (B). Plasma samples were generated from 4-5 mice per time point. A
cohort of 7 Rhesus macaques was dosed in the same paradigm (C-D) with serial blood
collection and plasma generation for each animal within the cohort. RP-1 plasma
concentration was quantified by LC-MS/MS, and NCA was conducted to determine
pharmacokinetic parameters. Figure adapted from the author’s original publication (57).

Table 3. Pharmacokinetic Parameters of RP-1 AQ vs ME Formulation in Mice

v SC
Parameter AQ AQ ME ( A[(;‘;:h;:E)
T (h) 0 0.70 £ 0.27 1.50 £ 0.58 0.0621
t;> (h) 0.32+0.13 1.15£0.28 842+ 1.16 <0.0001 (****)
MRT (h) 0.27 +0.08 1.90 £ 0.13 8.58 £0.42 <0.0001 (***#*)
AUC (ng/ml*h) 1507.8 +415.9 1069.8 £ 166.3 2573.8+479.9 0.0024 (**)
F (%) 100 71.0+11.0 - -
CL/F (ml/h/g) 2.05+0.51 2.75 +0.41 1.02+0.18 0.0002 (***)
CLy (ml/h/g) 2.05+0.51 1.95+0.29 0.72+0.12 0.0002 (***)
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Table 4. Pharmacokinetic Parameters of RP-1 AQ vs ME Formulation in NHP

SC
Parameter AQ ME ( A‘())_‘;:hl::E)
Ty (h) 1.00 £ 0.71 3.71£0.76 0.0004 (***)
t; (h) 2.11+097 577+ 1.44 0.0091 (***)
MRT (h) 242+0.17 7.87 + 1.08 0.0029 (**)
AUC (ng/ml*h) 392.4 £70.6 2446.7 £ 417.8 0.0013 (**)
CL/F (ml/h/g) 6.67 + 1.73 1.17+0.29 0.0014 (**)

Collectively, these data demonstrate that the W/O/W ME formulation
substantially prolongs systemic exposure of RP-1 compared to the AQ preparation. The
extended half-life and increased residence time support reduced dosing frequency and

enhance the translational applicability of RP-1 as a post-exposure radiation mitigator.
4.2.2 Sex but not irradiation affects the pharmacokinetic profile of RP-1 in mice

Previously, we have shown that the pharmacokinetic profile of OTP is not
affected by sex or irradiation (49). To determine whether sex or prior radiation exposure
altered systemic drug disposition, pharmacokinetic studies were conducted in irradiated
and non-irradiated male and female mice. Concentration-time curves and calculated
pharmacokinetic parameters were comparable within each sex regardless of irradiation,
indicating that radiation exposure at the doses tested did not significantly impact RP-1
pharmacokinetics. However, noticeably less circulating RP-1 was observed in male
mice, with the peak concentration at 10 min only reaching about 30% of that seen in
females. This trend was consistent across non-irradiated and irradiated mice, suggesting
that male mice had significantly lower drug exposure and higher plasma clearance than
female mice regardless of irradiation exposure (Figure 5 and Table 5). Sex-dependent
pharmacokinetic modeling was not performed in full for male mice. Male cohorts were
evaluated primarily for tolerability and dose-response effects, as increased sensitivity at
higher doses was observed. Consequently, complete non-compartmental
pharmacokinetic analysis was conducted in female mice, which served as the primary

cohort for formulation optimization.
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Figure 5. Sex but not irradiation affects the pharmacokinetic profile of RP-1 in
mice. Non-irradiated and TBI (16-16.5 Gy) female and male mice, respectively, were
dosed via tail vein injection with 3 mg/kg RP-1 in AQ formulation. Plasma samples
were generated from 4-6 mice per time point, and RP-1 plasma concentration was
quantified by LC-MS/MS. NCA was conducted using Phoenix WinNonlin 8.4.0 Figure
adapted from the author’s original publication (57).

Table 5. Pharmacokinetic Parameters of RP-1 in Irradiated vs Non-Irradiated Mice

Female Male
Parameter Non-Irradiated 16.0 Gy Non-Irradiated 16.5 Gy
Tpax (h) 0 0.70 £0.27 1.50 = 0.58 1.50 +£0.58
t;» (h) 0.32+0.13 1.15+0.28 842+1.16 8.42+1.16
MRT (h) 0.27 £0.08 1.90+0.13 8.58+0.42 8.58 £0.42
AUC (ng/ml*h) 1507.8 £4159 1069.8 = 166.3 2573.8+£479.9 2573.8+479.9
F (%) 100 71.0+11.0 - -
CL4/F (ml/h/g) 2.05+£0.51 2.75+0.41 1.02+0.18 1.02+0.18
CLy (ml/h/g) 2.05+0.51 1.95+0.29 0.72+0.12 0.72+0.12

4.3 Extended-release RP-1 improves outcomes in GI-ARS
4.3.1 RP-1 ME mitigates GI-ARS

To determine whether pharmacokinetic optimization of RP-1 translated into
improved mitigation efficacy, survival studies were conducted in the PBI-BMS5 model
of GI-ARS. Female C57BL/6J mice were exposed to 16.0-16.5 Gy and treated with 30
mg/kg RP-1 ME beginning 24 h post-irradiation. In the primary mitigation paradigm, a
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second dose was administered at 72 h post-exposure. Kaplan-Meier survival analysis
demonstrated a significant improvement in 21-day survival in mice treated with RP-1
ME compared to vehicle-treated controls. While vehicle-treated animals exhibited
mortality consistent with the LD7021 model, RP-1 ME administration resulted in a
marked increase in survival proportion over the observation period (Figure 6B).
Statistical comparison using the Mantel-Cox log-rank test confirmed a significant
difference between treatment groups. Alternative dosing paradigms were evaluated to
assess timing sensitivity. Differences in end-point survival percentage were evident with
administration of a single dose of RP-1 ME at 24 h post-irradiation; however, the
overall Mantel-Cox log-rank test was not significantly difference (Figure 6A).
Similarly, no survival benefit was noted when dosing was delayed to 48 h post-
irradiation with a second dose at 96 h post-irradiation (Figure 6C).

When we extended the efficacy studies to male mice, RP-1 ME at a 30 mg/kg
dose caused severe toxicity. A series of dose response efficacy studies were attempted
in male mice to establish the dose that would provide a survival advantage while
minimizing toxicity (Figure 7). While dual dosing with 5 mg/kg RP-1 ME at 24 h and
72 h post-irradiation provided slight end-point survival advantage to male mice, the
overall log-rank analysis was not significant (Figure 7B). All other dosing paradigms
attempted in male mice resulted in no survival advantage or marked toxicity. While we
were unable to delay administration beyond 24 h post-irradiation or reduce the overall
number of injections to one, we were able to optimize a RP-1 dosing regimen with
considerably fewer injections using the ME formulation than previously necessary with

the AQ formulation in the female GI-ARS model.
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Figure 6. RP-1 ME mitigates GI-ARS. Female mice were exposed to 16 Gy PBI-BM5
and treated with vehicle or 30 mg/kg RP-1 ME in multiple treatment paradigms: (A) a
single dose 24 h post-irradiation, (B) two doses 24 h and 72 h post-irradiation, or (C)
two delayed doses at 48 h and 96 h post-irradiation. Kaplan-Meier plots were generated
for percent survival, and Mantel-Cox log-rank analysis was conducted to compare
vehicle vs RP-1 ME (n=22-32). Male mice were assessed in the same dual dosing
regimen found effective in females using 5 mg/kg RP-1 ME due to observed toxicity
(D). Figure adapted from the author’s original publication (57).
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Figure 7. RP-1 ME exhibits toxicity in a male model of GI-ARS. Male mice were
exposed to 16.5 Gy PBI-BMS5 and treated with either vehicle or RP-1 ME at multiple
concentrations ranging from 2.5-30 mg/kg administered 24 h and 72 h post-irradiation
(A-F). Kaplan-Meier plots were generated for percent survival, and Mantel-Cox log-
rank analysis was conducted to compare vehicle vs RP-1 ME (n=9-24). Figure adapted
from the author’s original publication (57).
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4.3.2 RP-1 ME preserves intestinal crypt architecture and regeneration

We showed previously that AQ RP-1 increases the survival of cultured small
intestine-derived enteroids by protecting Lgr5-positive ISC in intestinal crypts after
radiation injury (56). To evaluate whether improved survival with RP-1 ME was
associated with preservation of intestinal epithelial integrity, mice were irradiated in the
PBI-BMS5 model of GI-ARS and dosed with the effective 30 mg/kg RP-1 ME in the 24
h and 72 h paradigm. Histological assessment was then performed on post-irradiation
day 5, corresponding to the anticipated crypt nadir in the GI-ARS model. Associated
H&E-stained sections of jejunum from vehicle treated female mice demonstrated
marked crypt depletion and architectural disruption. In contrast, RP-1 ME treated mice
exhibited increased numbers of surviving crypts with preserved structural organization
(Figure 8A). Quantitative analysis using the microcolony assay revealed a significant
increase in the number of surviving crypts per circumference in RP-1 treated animals
compared to vehicle controls. Immunohistochemical staining for Ki67 was performed
on adjacent sections to assess proliferative activity within regenerating crypts. Vehicle
treated mice exhibited limited Ki67-positive crypts. In contrast, RP-1 ME treated
animals demonstrated an increased number of Ki67-positive crypts, indicating enhanced
intestinal epithelial regenerative activity during the critical recovery phase (Figure 8B).

Together, these findings demonstrate that extended-release RP-1 administration
beginning 24 h after irradiation significantly improves survival in a murine GI-ARS
model and is associated with preservation of intestinal crypt architecture and

proliferative capacity.
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Figure 8. RP-1 ME preserves intestinal crypt architecture and regeneration.
Female mice were irradiated in the PBI-BM5 model and treated with either vehicle or
30 mg/kg RP-1 ME 24 h and 72 h post-irradiation. Tissue sections were stained with
H&E (A) for total crypt counting or used for immunohistochemical staining for Ki67
(B) for actively proliferating crypts. Intestinal crypts were counted from all three
sections for each mouse using light microscopy by two independent investigators, and
the average crypt count was compared for vehicle (n=8) vs RP-1 ME treated mice (n=7-
8) using Student’s unpaired t-test. Microscopy images are representative examples of
multiple samples counted per treatment group. Figure adapted from the author’s original
publication (57).

4.4 LPAR activation promotes survival
4.4.1 RP-1 activates LPAR dependent prolonged pro-survival signaling

Previously, we showed that LPA, OTP, and DBIBB, sister compound to RP-1,
activate ERK and Akt phosphorylation in LPAR2 expressing IEC-6 cells and MEF (36,
50, 52). To further characterize RP-1, phosphorylation time-course of ERK and Akt at
two phosphorylation sites were assessed using a phospho-antibody cell-based ELISA
technique over a 16 h time-course in EV and LPA2 MEF treated with RP-1 or vehicle
and exposed to sham or 15 Gy irradiation. We noted robust ERK activation by LPA and
RP-1 as early as 5 min in both sham and irradiated LPA2 MEF, with peak
phosphorylation occurring at 1 h (Figure 9A-B). LPA induced greater ERK
phosphorylation than RP-1 but declined after the 1 h peak, particularly in irradiated
LPA2 MEF, whereas RP-1 sustained ERK phosphorylation in both sham and irradiated
cells for up to 16 h.
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Figure 9. RP-1 activates LPAR dependent prolonged pro-survival signaling. Non-
irradiated (A, C, E) and 15 Gy irradiated (B, D, F) EV and LPA2 MEF were treated
with 10 uM LPA 18:1 or 10 uM RP-1. ERK (A-B) and Akt (C-F) phosphorylation were
measured using PACE assay over a period of 16 h. Data were normalized to total ERK
or total Akt within each treatment group, and two-factor ANOVA with Tukey’s post
hoc test was used to determine whether ERK or Akt activation differed significantly
from basal levels (n=3 for each time point; *p < 0.05). Figure adapted from the author’s
original publication (57).
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Next, we evaluated Akt phosphorylation at both Sers73 and Thrses by LPA or RP-
1. Sers73 Akt phosphorylation appeared biphasic in response to both LPA and RP-1
with detection within 5 min, diminished by 30 min, and subsequently increased out to
16 h in both sham and irradiated LPA2 MEF (Figure 9C-D). Comparatively, Thrsos Akt
phosphorylation by LPA and RP-1 was markedly delayed to 4-8 h in irradiated LPA2
MEF and was only detectable at 16 h in sham LPA2 MEF (Figure 9E-F). Remarkably,
for all three targets probed, RP-1 exhibited a greater level of phosphorylation at 16 h
compared to LPA. Little to no ERK or Akt phosphorylation was noted in EV MEF,
further supporting previous evidence that LPA or RP-1 induced long-duration activation

of these pro-survival signaling kinases via LPAR2.
4.4.2 RP-1 prevents apoptosis

Our work has previously shown that LPA, OTP, and DBIBB protect LPAR2
expressing MEF and IEC-6 cells from apoptosis by reducing caspase 3/7 activation and
increasing clonogenic survival post-irradiation (49, 50). To determine whether sustained
kinase activation by RP-1 was associated with modulation of apoptotic signaling,
caspase 3/7 activity was measured at 4 h, 8 h, and 16 h post-irradiation in EV and LPA2
MEF. At both 4 h and 8 h post-irradiation, caspase 3/7 activation was significantly
elevated in both cell types (Figure 10A-B) and returned to baseline by 16 h post-
irradiation (Figure 10C). RP-1 significantly reduced caspase 3/7 activation in LPA2
MEF at both 4 h and 8 h post-irradiation. This did not occur in EV MEF. Interestingly,
the apoptotic response also resolved more quickly in LPA2 MEF vs EV MEF, as in both
RP-1 treated and untreated cells, caspase activation at 8 h was markedly lower in
LPAR2 expressing cells (Figure 10B).

Taken together, these data demonstrate that pharmacologic activation of LPAR
signaling promotes prolonged pro-survival kinase activity and attenuates caspase-

mediated apoptosis following irradiation in vitro.
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Figure 10. RP-1 prevents apoptosis. EV and LPA2 MEF were stimulated with 10 uM
RP-1 for 15 min prior to 15 Gy irradiation. Caspase 3/7 activation was assessed at 4 h
(A), 8 h (B), and 16 h (C) post-irradiation by Caspase-Glo 3/7 luminescence assay. Data
were normalized to non-irradiated vehicle control within each cell type, and depicted as
fold change over basal level. Two-factor ANOVA with Sidak’s post hoc test was used
to determine whether irradiation significantly increased caspase activation (n=3 for each
time point; *p < 0.05, ***p < 0.001) and whether RP-1 significantly reduced the
irradiation-induced effect (*'fp < 0.001). Figure adapted from the author’s original
publication (57).

4.5 IEX-1 deficiency exacerbates H-ARS and GI-ARS

Expression of IEX-1 is induced by radiation damage, and its functions in pro-
survival and anti-apoptotic signaling control cell fate in the subsequent injury response
(5, 44, 66-68). To determine whether IEX-1 contributes to survival following radiation
exposure, WT and IEX-1 KO mice were evaluated in models of both H-ARS and GI-
ARS. In the H-ARS model, mice were subjected to 9 Gy TBI, and survival was
monitored for 30 days post-exposure (Figure 11A). In the GI-ARS model, WT and
IEX-1 KO mice were subjected to 16 Gy PBI-BMS5, and survival was monitored for 21
days following irradiation (Figure 11B). Kaplan-Meier analysis demonstrated
approximately 30% reduced endpoint survival in IEX-1 KO mice compared to WT
controls in both subsyndrome models. Statistical comparison using the Mantel-Cox log-
rank test confirmed these significant differences between genotypes. Together, these
findings demonstrate that IEX-1 deficiency increases radiosensitivity in both H- and GI-
ARS.
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Figure 11. IEX-1 deficiency exacerbates H-ARS and GI-ARS. Female WT and IEX-
1 KO mice were exposed to 9 Gy TBI (B) or 16 Gy PBI-BM5 (B). Kaplan-Meier plots
were generated for percent survival, and Mantel-Cox log-rank analysis was conducted
to compare WT vs IEX-1 KO (n=28-37). Figure adapted from the author’s original
manuscript (submitted under review).

4.6 IEX-1 regulates intestinal epithelial growth and ERK signaling dynamics
4.6.1 Loss of IEX-1 delays enteroid growth

To assess the impact of IEX-1 deficiency on intestinal epithelial regenerative
capacity, three-dimensional small intestinal enteroid cultures were established from WT
and IEX-1 KO mice. Enteroid growth and differentiation were monitored over a nine-
day period under standard culture conditions. WT enteroids demonstrated progressive
expansion and budding morphology consistent with active stem cell proliferation and
differentiation. In contrast, [IEX-1 KO enteroids exhibited delayed growth kinetics and
reduced structural complexity (Figure 12A). Quantitative analysis revealed a significant
lag in growth evidenced by decreased enteroid size (Figure 12B) and reduced budding
(Figure 12C) in KO cultures compared to WT controls up to approximately day 7 in
culture.

To determine whether IEX-1 deficiency resulted in detectable differences in
intestinal architecture in vivo, H&E-stained sections of jejunal tissue from WT and KO
mice were evaluated. No significant differences in total crypt number or gross crypt
morphology were observed between genotypes under these conditions (Figure 12D).
These findings indicate that while IEX-1 deficiency alters ex vivo intestinal epithelial

growth dynamics, overt differences in crypt number were not detected in vivo.
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Figure 12. Loss of IEX-1 Delays Enteroid Growth and Alters ERK Signaling.
Enteroids from female WT or IEX-1 KO mice were monitored daily over a 9-day period
(A). Growth and differentiation were quantified as mean area (B) and number of
budding structures (C). Data were analyzed by two-way ANOVA with Tukey’s post
hoc test (n=3 independent isolations; *p < 0.05, **p < 0.01, ****p < 0.0001). Jejunal
crypt numbers were quantified from H&E-stained sections (D) and compared by
unpaired t-test (n=5 per genotype). WT and IEX-1 KO enteroids were exposed to sham
or 5 Gy irradiation and harvested at 1 h or 4 h post-irradiation. Phosphorylated ERK1/2
levels were normalized to total ERK1/2 and represented relative to non-irradiated WT
controls (E). Statistical analysis was performed by two-way ANOVA with Tukey’s post
hoc test (n=3; *p < 0.05, **p < 0.01, ***p < 0.001). Immunoblot is representative of 3
independent experiments. Figure adapted from the author’s original manuscript
(submitted under review).
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4.6.2 Loss of IEX-1 alters ERK signaling

It has been established that IEX-1 participates in ERK pathway regulation (38,
39, 41, 66). To evaluate whether altered growth characteristics were associated with
differences in pro-survival signaling, ERK phosphorylation was examined by
immunoblot in WT and IEX-1 KO enteroids following irradiation. In WT enteroids,
irradiation had little effect at 1 h but resulted in a ~2-fold increase in ERK
phosphorylation at 4 h post-exposure (Figure 12E). In contrast, IEX-1 KO enteroids
exhibited altered ERK signaling kinetics characterized by elevated basal
phosphorylation levels (~2-fold higher than WT) with reduced ERK phosphorylation at
1 h post-irradiation. Densitometric analysis of immunoblots demonstrated significant
differences in phospho-ERK levels between genotypes at defined time points. These
findings indicate that IEX-1 deficiency disrupts the activation of ERK in response to

radiation.
4.6.3 LPAR stimulation induces IEX-1 expression

To evaluate the tissue distribution of IEX-1 expression in compartments relevant
to radiation injury, RT-qPCR was performed on whole blood, intestinal mucosa, and
small intestinal enteroid cultures. Baseline analysis demonstrated that IEX-1 transcript
levels were ~15-fold higher in intestinal mucosal tissue relative to peripheral blood
(Figure 13A). Enteroid cultures exhibited IEX-1 expression levels comparable to those
observed in intact intestinal mucosa, consistent with epithelial compartmental
enrichment. To assess receptor context, expression profiling of LPAR subtypes revealed
LPAR2, LPARS, and LPARG6 expression across all tissues, predominant LPAR1 and
LPAR3 expression in intestinal mucosa, and complete absence of LPAR4 across all
tissues (Figure 13B).

We have shown previously that LPAR2 expression is upregulated after radiation
exposure (36), and stimulation of LPAR2 protects cells from radiation-induced
apoptosis (56, 57, 69). To determine whether IEX-1 expression is responsive to LPAR
stimulation, gene expression analysis was performed following in vivo and ex vivo
LPAR activation by LPA and/or OTP. In whole blood, irradiation induced a ~4-fold
increase in IEX-1 expression, and LPAR stimulation by OTP resulted in an additional

~10-fold increase relative to untreated controls 3 h post-irradiation (Figure 14A). In
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intestinal mucosal samples, IEX-1 expression was not induced by irradiation, but LPAR
stimulation by OTP resulted in ~5-fold increase in IEX-1 expression (Figure 14B).
Similarly, in enteroid cultures expression of IEX-1 was not induced by irradiation alone,
but LPAR stimulation by LPA and OTP resulted in upregulation of IEX-1 expression
compared to baseline conditions at both 1 h and 3 h post-irradiation (Figure 14C).
These findings demonstrate that IEX-1 expression is inducible in blood and intestinal
epithelial cells following LPAR activation.

Collectively, these data establish that IEX-1 is expressed in radiation-relevant
tissues, that LPAR2 is present in intestinal epithelial tissue, and that IEX-1 expression is

responsive to LPAR stimulation.
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Figure 13. Tissue IEX-1 and LPAR Expression. [IEX-1 (A) and LPARI-6 (B) mRNA
expression were assessed in whole blood, intestinal mucosa, and enteroids from female
WT mice. Expression was quantified by RT-qPCR and normalized to Rp/p0. Data
represent mean fold change + SEM. Statistical significance was determined by one-way
ANOVA with Tukey’s post hoc test (n=3-11; ****p < 0.0001). Figure adapted from the
author’s original manuscript (submitted under review).
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Figure 14. LPAR stimulation induces IEX-1 expression. Female WT mice were pre-
treated with OTP for 30 min prior to sham, 9 Gy TBI (A), or 16 Gy PBI-BM5 (B),
followed by collection of whole blood or intestinal mucosa 3 h post-irradiation. WT
enteroids were pre-treated with LPA or OTP for 2 h, exposed to sham or 5 Gy
irradiation, and harvested 1 h or 3 h post-irradiation (C). IEX-1 mRNA expression was
quantified by RT-qPCR and normalized to Rplp0 or Gapdh. Data represent mean fold
change + SEM. Statistical significance was determined by one-way ANOVA with
Tukey’s post hoc test (n=3-11; **p < 0.01, ***p < 0.001, ****p < 0.0001). Figure
adapted from the author’s original manuscript (submitted under review).
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5. Discussion

ARS remains a major medical challenge following high-dose y-radiation
exposure. Injury to the hematopoietic and gastrointestinal systems represents the
primary determinants of morbidity and mortality, yet effective countermeasures for GI-
ARS remain limited. While several agents have been approved for treatment of
hematopoietic injury, therapeutic strategies that mitigate intestinal radiation damage and
support gastrointestinal epithelial regeneration are still needed.

The work presented in this thesis aimed to investigate signaling pathways that
regulate cellular survival following radiation exposure and to evaluate pharmacologic
strategies capable of enhancing tissue resilience. Using complementary pharmacologic
and genetic approaches, these studies examined the roles of LPAR signaling in the
context of the immediate early response gene IEX-1 in the response to radiation injury.
The results demonstrate that pharmacologic activation of LPAR2 improves survival and
preserves intestinal architecture in a murine model of GI-ARS, while genetic loss of
IEX-1 increases radiosensitivity in both H- and GI-ARS mouse models. The following
sections integrate these findings within the broader context of radiation biology and

translational countermeasure development.
5.1 LPAR signaling as a strategic target for gastrointestinal radiomitigation

The gastrointestinal epithelium is among the most radiosensitive tissues in the
body, and severe injury to the intestinal crypt niche is a defining feature of GI-ARS (16,
21). Following high-dose radiation exposure, loss of rapidly proliferating crypt stem
cells leads to collapse of the crypt—villus architecture, deprivation of nutrients, impaired
intestinal epithelial barrier function, and translocation of luminal bacteria and
endotoxins into the systemic circulation (9, 10, 76). These events lead to sepsis, multi-
organ failure, and mortality following high-dose radiation exposure (53, 77). Despite the
critical role of intestinal injury in ARS pathogenesis, currently approved radiation
countermeasures primarily target hematopoietic recovery, highlighting the need for
strategies that directly address gastrointestinal injury (13, 31).

The findings presented in this thesis support existing literature on LPAR

signaling as a promising therapeutic target for the mitigation of GI-ARS. Pharmacologic
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activation of LPAR2 using the selective agonist RP-1 significantly improved survival in
a murine PBI-BMS5 model of GI-ARS when treatment was initiated 24 h after radiation
exposure. Importantly, this survival benefit was accompanied by preservation of
intestinal crypt architecture and increased numbers of regenerating crypts during the
critical phase of epithelial recovery. These observations substantiate our previous
findings that LPAR2 activation enhances intestinal epithelial resilience following
radiation injury and supports regeneration of the crypt compartment during the period in
which stem cell loss would otherwise compromise intestinal recovery (36, 52).

Mechanistically, LPAR stimulation was associated with sustained activation of
pro-survival signaling pathways following irradiation. In vitro experiments
demonstrated prolonged phosphorylation of ERK and Akt in MEF treated with either
LPA or RP-1. This sustained kinase activation corresponded with reduced caspase-3/7
activity, indicating attenuation of apoptosis following radiation exposure. These
observations are consistent with prior studies that showed pharmacologic inhibition of
ERK and Akt signaling pathways abrogates LPA-mediated anti-apoptotic effects (43).
As such, LPAR signaling engages downstream ERK and Akt pathways to regulate
cellular survival and stress responses (43, 50, 51), including resistance to radiation-
induced apoptosis and recovery of irradiated intestinal epithelial cells (32, 50, 51).

In addition to demonstrating biological efficacy, the present work highlights the
importance of pharmacokinetic optimization in the development of practical radiation
countermeasures. Earlier formulations of RP-1 required multiple injections over several
days to maintain effective systemic exposure. Development of a multilayered W/O/W
ME formulation substantially extended the plasma residence time of RP-1, enabling
effective mitigation with a simplified two-dose regimen administered at 24 h and 72 h
post-irradiation. From a translational perspective, such a dosing schedule is far more
compatible with deployment in mass-casualty scenarios, where rapid distribution and
limited medical resources may constrain treatment options.

The extended-release formulation also illustrates a broader principle in
countermeasure development: sustained receptor engagement may be necessary to
maintain protective signaling during the evolving phases of radiation injury. The
improved pharmacokinetic profile achieved with the ME formulation may further

extend prolonged activation of ERK and Akt observed following RP-1 treatment,
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thereby supporting cell survival during the period of maximal damage.

An additional consideration emerging from this work is the potential influence
of biological variables such as sex on treatment response. While significant survival
benefit was observed in female mice treated with RP-1 ME, higher-dose administration
in male mice was associated with toxicity, necessitating dose adjustment and resulting
in a more modest survival effect under the conditions tested. Although the mechanistic
basis for this difference remains unclear—and it is limited to mice as toxicity was not
observed in male NHP—the observation highlights the importance of evaluating sex-
specific pharmacologic responses during the development of radiation countermeasures.

Taken together, these findings demonstrate that pharmacologic activation of
LPAR2 promotes intestinal epithelial survival following radiation exposure and that
optimization of drug delivery can significantly enhance the translational feasibility of
this approach. The ability of LPAR signaling to modulate pro-survival kinase pathways
and support intestinal regeneration solidifies this pathway as a promising target for the

development of medical countermeasures aimed at mitigating gastrointestinal radiation
injury.
5.2 IEX-1 as a determinant of tissue radiosensitivity

IEX-1 was originally identified as a radiation-inducible immediate early gene
whose expression is rapidly upregulated in response to cellular stress (37, 64, 65). IEX-
1 functions as a stress-responsive adaptor protein capable of integrating multiple
signaling inputs that regulate cell survival and apoptosis (65), and previous studies have
demonstrated that IEX-1 expression can be induced by diverse stimuli including
ionizing radiation, inflammatory cytokines, and oxidative stress through pathways
involving p53, NF-kB, and ERK signaling (37, 65, 66, 78). As such, understanding the
role of IEX-1 in early adaptive responses to irradiation is crucial in developing medical
countermeasures aimed at mitigating ARS.

In addition to pharmacologic modulation of survival signaling through LPAR
activation, the studies presented in this thesis identify IEX-1 as an important
determinant of radiation sensitivity in vivo. Genetic deletion of IEX-1 resulted in
significantly reduced survival in models of both H- and GI-ARS. The survival
phenotype observed in IEX-1 KO mice following irradiation indicates that loss of IEX-1
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increases susceptibility to radiation-induced injury in multiple tissue compartments.
Previous work has demonstrated that IEX-1 contributes to hematopoietic recovery
following radiation exposure by regulating oxidative stress in HSPC (79). In that
context, [IEX-1 deficiency leads to increased ROS accumulation and impaired recovery
of erythroid and myeloid lineages following irradiation. The reduced survival observed
in the present study following TBI is consistent with these earlier findings and further
supports a role for IEX-1 in maintaining hematopoietic resilience during radiation
injury.

The present work extends these observations by demonstrating that IEX-1
deficiency also increases susceptibility to gastrointestinal radiation injury. Although no
significant differences in intestinal crypt number were observed between WT and IEX-1
KO mice, enteroid cultures derived from IEX-1 KO mice exhibited delayed growth and
reduced structural complexity relative to WT controls. This ex vivo phenotype suggests
that IEX-1 may contribute to intestinal epithelial regenerative capacity under conditions
of stress when steady-state intestinal architecture appears largely preserved in vivo.

At the signaling level, IEX-1-deficiency was associated with altered ERK
activation kinetics following irradiation. Specifically, IEX-1 KO enteroids exhibited
elevated basal ERK phosphorylation but reduced early ERK activation following
radiation exposure compared to WT cultures. These findings are consistent with prior
studies indicating that IEX-1 participates in feedback regulation of ERK signaling (66).
IEX-1 has been shown to interact with components of the PP2A phosphatase complex,
which modulates ERK phosphorylation dynamics and contributes to regulation of cell
survival pathways (38, 39, 66). Disruption of this regulatory network may therefore
alter the temporal dynamics of ERK activation during cellular stress responses.

In addition to its role in ERK regulation, IEX-1 has been implicated in the
control of mitochondrial ROS production through interactions with IF1 (44). By
promoting degradation of IF1, IEX-1 enhances ATP synthase activity and limits
excessive mitochondrial ROS accumulation, thereby reducing activation of downstream
apoptotic pathways (44). This mechanism provides a potential explanation for the
increased radiosensitivity observed in IEX-1 KO mice, as radiation-induced oxidative
stress is a major contributor to cellular damage following ionizing radiation exposure

(80).
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Importantly, gene expression analyses performed in the present study
demonstrated that IEX-1 is enriched in intestinal mucosal tissue relative to peripheral
blood and is inducible following irradiation and LPAR stimulation in both blood and
intestinal epithelial cells. These findings suggest that IEX-1 participates in stress-
responsive signaling networks activated during radiation injury and may contribute to
intestinal epithelial survival pathways downstream of LPAR signaling.

Taken together, the genetic findings presented in this thesis establish IEX-1 as a
regulator of radiation response in both hematopoietic and gastrointestinal tissues. While
additional work will be required to define the precise molecular interactions linking
IEX-1 to specific survival pathways, the combined survival, enteroid growth, and
signaling data indicate that IEX-1 plays an important role in modulating cellular

responses to radiation-induced stress.
5.3 Integration of LPAR signaling and IEX-1 regulation in radiation response

The pharmacologic and genetic findings presented in this thesis collectively
suggest that LPAR signaling and IEX-1 may participate in a shared regulatory network
that influences cellular responses to radiation injury. Although the precise molecular
relationship between these pathways is not fully defined, several observations from the
present work indicate that they may converge on common pro-survival signaling
mechanisms.

Pharmacologic activation of LPAR2 wusing RP-1 resulted in sustained
phosphorylation of ERK and Akt following irradiation and was associated with reduced
caspase-mediated apoptosis in vitro. Activation of these pathways has been shown to
attenuate radiation-induced apoptosis and promote recovery of damaged intestinal
epithelial tissues. In parallel with these pharmacologic observations, genetic deletion of
IEX-1 produced alterations in ERK signaling kinetics following irradiation. This altered
temporal pattern of ERK signaling suggests that IEX-1 may function as a regulatory
component that modulates the magnitude and duration of ERK pathway activation
during cellular stress responses. In addition to these signaling effects, we demonstrated
that IEX-1 expression is further induced following stimulation of LPAR signaling. This
inducible expression pattern suggests that IEX-1 may be part of a broader

transcriptional response triggered by LPAR-mediated signaling during cellular stress.
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Taken together, these findings are consistent with a model in which LPAR activation
promotes pro-survival signaling following radiation exposure and induces expression of
stress-responsive genes such as IEX-1 that may contribute to regulation of downstream
signaling dynamics. In this framework, IEX-1 may function as a modulatory component
that helps shape ERK signaling responses during radiation-induced stress, thereby
influencing cell survival and tissue recovery.

Importantly, the present studies do not directly establish a causal signaling axis
linking LPAR activation to ERK regulation through IEX-1. The pharmacologic and
genetic datasets were generated independently and therefore cannot determine whether
IEX-1 is required for the pro-survival signaling effects observed following LPAR
stimulation. Additional experiments, such as assessing LPAR-mediated signaling
responses in IEX-1-deficient cells and tissues, would be required to determine whether
IEX-1 functions as a necessary mediator of this pathway. Nevertheless, the convergence
of pharmacologic and genetic observations suggests that LPAR-mediated signaling and
IEX-1 regulation may represent complementary components of cellular defense
mechanisms activated following radiation exposure. Understanding how these pathways
interact may provide further insight into the molecular determinants of tissue

radiosensitivity and may help identify new opportunities for therapeutic intervention.
5.4 Translational implications for radiation countermeasure development

The development of medical countermeasures capable of mitigating radiation
injury remains a priority for both public health preparedness and clinical radiation
medicine. Large-scale radiological or nuclear incidents would likely produce varied
patterns of injury involving both hematopoietic and gastrointestinal organ systems.
While several agents have received regulatory approval for treatment of the
hematopoietic subsyndrome of ARS, including granulocyte colony-stimulating factor-
based therapies such as filgrastim, pegfilgrastim, and sargramostim, there are currently
no approved therapeutics specifically targeting gastrointestinal radiation injury (13, 81).
As a result, GI-ARS continues to represent a critical unmet need in the field of radiation
countermeasure development.

The findings presented in this thesis highlight LPAR signaling as a potential

target for therapeutic intervention in GI-ARS. Pharmacologic activation of LPAR2
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using the selective agonist RP-1 improved survival and preserved intestinal crypt
architecture in a murine model of GI-ARS when treatment was initiated 24 h following
irradiation. Importantly, this post-exposure treatment window is consistent with the
operational constraints that would be expected following a mass-casualty radiological
incident, where immediate medical intervention may not be feasible for all affected
individuals.

Another key translational consideration addressed in the present work is the
importance of drug formulation and pharmacokinetic optimization. Many candidate
radiation countermeasures demonstrate biological activity in experimental models but
face practical limitations related to dosing frequency or delivery logistics. Development
of the multilayered W/O/W ME formulation of RP-1 significantly extended systemic
drug exposure and enabled effective mitigation with a simplified two-dose regimen
administered at 24 h and 72 h post-irradiation. From an operational standpoint, such a
dosing schedule is substantially more feasible for deployment in emergency response
scenarios than regimens requiring repeated daily administration.

The observation that LPAR activation promotes sustained pro-survival signaling
pathways further supports the potential translational value of this therapeutic strategy.
Radiation injury evolves over several days as cellular damage, inflammatory responses,
and regenerative processes unfold. Therapeutic approaches that maintain protective
signaling during this dynamic injury phase may therefore provide greater benefit than
interventions that act only during the immediate post-irradiation period.

In addition to pharmacologic considerations, the genetic findings presented in
this work underscore the importance of further exploring endogenous stress-response
pathways in determining tissue radiosensitivity. Identification of IEX-1 as a regulator of
survival in both H- and GI-ARS models highlights the broader concept that modulation
of stress-responsive signaling networks may represent a viable approach for improving
tissue resilience following radiation exposure. Understanding the molecular pathways
that influence radiosensitivity may therefore facilitate identification of additional
therapeutic targets for countermeasure development.

These findings contribute to the growing body of research aimed at developing
effective treatments for radiation-induced normal tissue injury. Continued investigation

of LPAR-mediated signaling pathways and their downstream regulatory networks may
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provide new opportunities for the development of radiomitigators capable of addressing

the currently unmet need for therapies targeting gastrointestinal radiation injury.
5.5 Limitations and future directions

The studies presented in this work provide new insight into signaling pathways
that influence radiation response; however, several limitations should be considered
when interpreting these findings and in guiding future investigation.

First, while pharmacologic activation of LPAR signaling confers significant
mitigation of gastrointestinal radiation injury, the precise molecular mechanisms
underlying these highly complex and interlinked protective effects remain incompletely
defined. The present work showed that LPAR stimulation promotes sustained ERK and
Akt activation and reduces caspase-mediated apoptosis following irradiation. Previous
studies have shown that LPAR2 signaling can engage adaptor proteins such as TRIP6
and NHERF?2 and activate downstream ERK and Akt pathways (46) and regulates DNA
repair by enhancing YH2AX histone phosphorylation (36). Further investigation will be
required to determine how these signaling complexes and repair mechanisms contribute
to intestinal epithelial survival and regeneration during radiation injury.

Second, the genetic studies identifying IEX-1 as a determinant of
radiosensitivity were performed using a global KO model. Because IEX-1 is expressed
in multiple tissues, the relative contribution of individual cellular compartments to the
observed survival phenotype cannot be determined from the present experiments.
Conditional KO models targeting intestinal epithelial cells or HSPC would help clarify
the tissue-specific functions of IEX-1 in radiation response.

Another limitation relates to the mechanistic relationship between LPAR
signaling and IEX-1 regulation. The present studies demonstrated that [EX-1 expression
is inducible following LPAR stimulation and that IEX-1 deficiency alters ERK
signaling kinetics following irradiation. However, the experiments presented here do not
directly establish whether IEX-1 is required for the protective signaling effects elicited
by LPAR activation. Future studies evaluating LPAR-mediated signaling responses in
IEX-1-deficient systems will help determine whether IEX-1 functions as a downstream
mediator of LPAR signaling or whether these pathways operate independently within a

broader radiation-responsive network.
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The present work also identified alterations in ERK signaling dynamics in IEX-1
KO enteroids, suggesting that IEX-1 may influence the temporal regulation of this
pathway during cellular stress responses. Previous studies have proposed that IEX-1
interacts with components of the PP2A phosphatase complex and may regulate
mitochondrial oxidative stress through interactions with IF1 (38, 39, 44). Additional
molecular studies will be required to determine how these mechanisms contribute to
radiation response in intestinal epithelial tissues.

Finally, while the pharmacokinetic and efficacy studies support the translational
potential of RP-1 as a radiation mitigator, additional work will be necessary to evaluate
the broader applicability of this therapeutic strategy. Future studies examining dose
optimization, treatment regimen, and efficacy across multiple biological variables—
including sex and different radiation injury models—will help define the therapeutic
window and safety profile of LPAR-targeted interventions. Evaluation in additional
preclinical models will also be important for advancing this approach toward clinical
development as a medical countermeasure.

Despite these limitations, the combined findings presented here provide a
framework for further investigation into signaling pathways that regulate tissue
radiosensitivity and support the continued development of therapeutic strategies

targeting radiation-induced gastrointestinal injury.

58



6. 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 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-

induced injury.
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7. Summary

The primary drivers of ARS-related mortality are systemic injuries to the
hematopoietic and gastrointestinal systems. Give the lack of robust countermeasures for
GI-ARS, this research focused on the regulatory signaling pathways triggered by
radiation injury. Specifically, we investigated novel pharmacologic approaches to
mitigate cellular injury and improve overall outcomes.

The first component of this research examined pharmacologic activation of
LPAR signaling as a strategy for mitigating gastrointestinal radiation injury. In a murine
model of GI-ARS, treatment with the selective LPAR2 agonist RP-1 significantly
improved survival when administered beginning 24 h after irradiation. RP-1 treatment
also preserved intestinal crypt architecture and increased the number of regenerating
crypts during the critical phase of intestinal epithelial recovery. In vitro experiments
demonstrated that LPAR activation promotes sustained phosphorylation of ERK and
Akt and reduces caspase-mediated apoptosis following irradiation, indicating that LPAR
signaling enhances pro-survival responses during radiation-induced injury.
Development of an extended-release W/O/W ME formulation improved the
pharmacokinetic profile of RP-1 and enabled effective mitigation using a simplified
dosing regimen.

The second component of this thesis investigated the role of IEX-1 in regulating
tissue radiosensitivity. Genetic deletion of IEX-1 resulted in significantly reduced
survival in murine models of both H- and GI-ARS. In addition, small intestinal
enteroids derived from IEX-1 KO mice exhibited delayed growth and altered ERK
signaling kinetics following irradiation. Gene expression analyses further demonstrated
that IEX-1 is enriched in intestinal mucosa and inducible following stimulation of
LPAR signaling.

Together, these findings demonstrate that survival signaling pathways play an
important role in determining tissue responses to radiation exposure. The results identify
LPAR signaling as a promising therapeutic target for mitigation of gastrointestinal
radiation injury and establish IEX-1 as a regulator of tissue radiosensitivity, providing a
basis for further investigation into mechanisms governing radiation response and the

development of improved radiation countermeasures.
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