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Abstract

Ionizing radiation (IR) exposures accumulated throughout one’s lifetime can lead to acute or latent
toxicities, such as hematopoietic system depletion, leaky gut syndrome, as well as cancer. It is
known that the biological effects following IR exposures depend on several factors, including the
route of IR exposure (internal versus external), the rate of dose accumulation, as well as the type
or quality of IR exposed. Currently, there remains a need to better understand the biological impact
following various qualities of IR exposures and develop countermeasures to mitigate against IR-
induced toxicities. Throughout this dissertation, IR exposures will be discussed in two formats:
clinical and environmental. I will first describe *'I-mIBG, an internalized radioactive iodine
isotope that delivers targeted radiation therapy to children with high-risk neuroblastoma. I will
then utilize gene expression fluctuations within this clinical study as a model for internalized '3'I
exposures in children for purposes of biodosimetry, dose estimation, as well as developing
potential biomarkers of patient toxicity and outcome. Secondly, I will introduce the production
and characterization of nanolipoprotein particles (NLPs) loaded with curcumin as a potential
countermeasure against clinical IR exposures. Thirdly, I will apply curcumin NLPs to human cell
cultures and test their effectiveness as pharmaceutical countermeasures against both low and high
doses of IR exposures, especially those IR qualities relevant to the deep space flight environment.
Throughout this dissertation, transcriptomics will be utilized to reveal gene expression fluctuations
and address biological pathway alterations following both internal and external IR exposures in
humans or human cell model systems. Furthermore, this dissertation will introduce curcumin NLPs
as promising countermeasures that may protect or mitigate against IR-induced toxicities in

humans.
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Chapter 1: Introduction
1.1 Radiation (Ionizing and Non-Ionizing)

Radiation, the emission or transmission of energy through matter, presents in the form of waves
or particles and consists of non-ionizing and ionizing counterparts. Non-ionizing radiation, also
known as low-energy radiation, cannot eject electrons from an outer orbital atom. Several types of
electromagnetic radiation, including microwaves, visible light, and ultraviolet light are non-
ionizing radiation. Ionizing radiation (IR), on the other hand, is high-frequency, high-energy
radiation that ejects one or more electrons from an outer orbital atom, causing that atom to become
positively charged (ionized) (Figure 1.1). IR can occur both naturally and artificially, but
ultimately it is a result of the emission of high-energy waves or particles from unstable atoms.
Upon energy release, the resulting high-energy emitted substance collides with cellular molecules,
leading to broken atomic bonds and downstream cellular damage. There are two forms of ionizing

radiation: electromagnetic and particulate (Table 1.1).

Wavelength (m) 103 102 105 0.5x10% 107 10710 1012

Radio ! Microwave | Infrared | {Ultraviolet | X-ray | Gamma

Frequency (Hz) 108 10 10 10 108 10%°

Visible light
Photon Energy hv (eV) —)
N J\ J
N NV
Non-ionizing radiation Ionizing radiation

Figure 1.1: The electromagnetic spectrum. The electromagnetic spectrum consists of non-ionizing and ionizing
radiation counterparts. X-rays and gamma rays are high-energy and are capable of ejecting electrons from an outer

orbital atom.



Type of Ionizing Radiation Method of Exposure
X-rays Artificial (medical)

Electromagnetic Gamma rays () Artificial (medical/accelerator), Environmental (Radioactive decay)

Alpha particle Artificial (accelerator), Environmental (Radioactive decay)

Beta-particle Artificial (accelerator), Environmental (Radioactive decay)

Particulate Proton Artificial (accelerator), Environmental (deep space)

Neutron Fission, Environmental (Radioactive decay), Artificial (accelerator)

Heavy ion Artificial (Booster accelerator), Environmental (deep space)

Table 1.1: Types of IR and corresponding methods of exposure.

Electromagnetic ionizing radiation consists of waves and exists in two forms: x-rays and -
rays. Both x-rays and y-rays are part of the electromagnetic spectrum, but differ from other
electromagnetic counterparts (such as visible light) in that they have much lower wavelengths,
higher frequencies, and higher photon energies. Due to their higher energies, upon ionization
events, x-rays and y-rays can result in cellular damage. X-rays and y-rays are similar in that they
produce waves of electromagnetic energy, however, they differ in that x-rays are produced
extranuclearly (via an outside source of electron excitation) and y-rays are produced intranuclearly
(by the nuclear decay of radioactive isotopes from within the atom) (1). Regardless, both x-rays
and y-rays have high penetrating power and can only be blocked by lead shielding. Interestingly,
x-rays can also be thought of as photons, where the IR potential depends on the relative size of
energy “packets” deposited, with ionizing potential thresholds >124 electron volts (eV) or a
wavelength <10 cm (1).

Particulate radiations are the second type of ionizing radiations. Similar to x-rays and y-rays,
particulate radiation can also lead to downstream biological damage due to its ionizing potential

of nearby atoms. However, in contrast to electromagnetic radiation, particulate radiations are



naturally occurring “particles”, such as a-particles, B-particles (electrons or positrons), protons,
neutrons, or heavy ions. Particulate IR species may either eject from the parent atom by
accelerating to high speeds artificially, as through a cyclotron or synchrotron, or may naturally
occur through environmental exposures, such as radioactive decay (Figure 1.2). a-particles are a
unique particulate IR species that can be artificially accelerated as well as emitted naturally through
radioactive decay. Interestingly, neutrons can also be emitted as a byproduct of radioactive fission
and are thus a major component in nuclear reactors. Furthermore, heavy ions are one of the most
unique forms of ionizing radiation particles, as they have higher masses that have the potential to
cause more biological damage than lower energy particle counterparts. Heavy ions are naturally
found in deep space, but can also be artificially produced in specialized facilities when accelerated

to extremely high energies, such as Brookhaven National Laboratory in Upton, NY.
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Figure 1.2: Various types of radioactive decay cause electromagnetic or particulate IR events. a-particles, -

particles, and y-rays may be produced through natural radioactive decay processes. A) In a-decay, an element releases



an a-particle (2 protons and 2 neutrons) from its atomic nucleus, causing the parent element to change both atomic
mass and atomic number. Here, the parent element 2>Ra decays to daughter element *?Rn + alpha particle (*He). a-
particles are highly ionizing but have low penetrating power. However, they can be harmful if ingested or inhaled.

B) B-decay can result from the emission of an electron or a positron from an atomic orbital. In this figure, '*'1 decays
primarily by B~ decay, losing an electron from its outer orbital. The resulting B-particle can penetrate a few centimeters
into human skin. C) y-decay results in the release of a y-ray and is a second method of decay for radioactive '1. y-

rays have high penetrability and can pass through a human body unless protected by lead shielding.

1.2 Biological impact of IR

The biological impact of various qualities of IR depends on several factors, including the type
of IR, the targeting tissue, as well as the linear energy transfer (LET).

After an atom has become ionized, either through electromagnetic or particulate IR, it has the
potential to cause biological damage by interacting either directly or indirectly with the host DNA
(2). In direct IR, the excited electrons hit the DNA and cause a DNA single strand break (SSB) or
double strand break (DSB) firsthand. With indirect IR, stripped electrons can first interact with a
nearby water molecule prior to hitting the DNA, inducing unstable hydroxyl radicals and other
reactive oxygen species (ROS), which then collide with DNA to produce additional SSBs or DSBs
(1). X-rays and gamma rays mostly result in indirect damage, whereas particulate radiation

exposures generally result in a higher proportion of direct DNA damage (1) (Figure 1.3).
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Figure 1.3: Direct and indirect damage caused by ionizing radiation. After an IR event (i.e. an x-ray exposure),
DNA damage and DSBs can occur through direct contact with an excited electron or through indirect contact via free
radical formation. In direct DNA damage, an excited electron hits a DNA molecule within the cell firsthand.
Conversely, indirect DNA damage involves the excited electron first colliding with a surrounding water molecule,

which in turn produces reactive oxygen species (ROS). The ROS then contributes to subsequent DNA damage.

It is well known that differing biological tissues have various sensitivities to IR exposures. In
general, cells with high replicative capacity or high metabolism are more susceptible to IR
toxicities. Particularly sensitive cell types include hematopoietic cell lineages (erythrocytes and
lymphocytes) or gastrointestinal stem cells. Male spermatogonia and female oocytes are also
susceptible to radiation. Cells less sensitive to IR include muscle cells and neurons, which have
low replicative capacities (3).

Linear energy transfer (LET) is the energy deposited in the target material per unit distance
traveled, also known as the retarding force. LET can be expressed as electron volts per micrometer
(eV/uM), and it is an important factor to weigh-in when considering the biological damage to

tissues after an IR exposure. It is known that various IR species of identical doses will elicit



different biological effects on the same target cells due to different LET levels (4). In general,
species with higher energy demonstrate lower LET because they are moving so fast that the energy
deposited per unit distance traveled in the biological tissue is much less than species with higher
LET. In other words, high-LET species do not transverse through tissues as easily due to their high
retarding force, allowing them to incubate with microstructures for a longer time which can cause
more biological damage than lower-LET species. In general, neutrons, alpha particles, and heavy

ions (such as *°Fe) have higher LET than x-rays, gamma rays, and protons (1).

a. Signaling pathways induced by IR

Once an atom has been stripped from its parent substance and becomes ionized, the particles
or waves collide with surrounding DNA and initiate cellular damage through DNA SSB or DSBs
(2). After DNA damage has been signaled, a cascade of pathways immediately activates and
assesses the damage to determine cellular fate (Figure 1.4). Upon IR exposures, DNA DSBs are
much more damaging than SSB. In the event of DNA SSB, the sister DNA strand provides a
template which allows for more efficient repair and less consequential cell damage (5). However,
in the case of DNA DSBs, increased cellular damage with more difficult repair mechanisms
attributes to these lesions being the main drivers of IR-induced cellular toxicities (5).

The first responders to DNA damage include PI3-kinase regulated proteins such as Rad3-
related protein (ATR), ataxia telangiectasia mutated (ATM), and DNA-dependent protein kinase
(DNA-PK) kinases (6). ATR activates upon detection of DNA SSB, whereas ATM activates in
response to DNA DSBs. ATR/ATM then phosphorylate and activate downstream checkpoint
kinases (Chkl and Chk2, respectively), as well as activate the tumor suppressor gene, BRCAI
(S/G2 phase) or 53BP1 (G1 phase). These phosphorylation events signal for the cell to undergo

repair before progressing through the next phase of the cell cycle (6).



Another major responder induced after IR exposure and DNA DSB production is p53. p53 is
a tumor suppressor protein involved in regulating cell cycle arrest, apoptosis, and DNA damage.
Upon DNA DSB detection, ATM/ATR phosphorylate tumor suppressor protein p53, leading to
cell cycle arrest in the G1 or G2 phases of the cell cycle (6-8). This may ultimately lead to apoptosis

or senescence unless the cell can repair the IR-induced DNA damage.

ATM

Chk1 Chk2
\ \
1. DNA damage/repair B 53BP1
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Figure 1.4: Activated pathways following IR-induced DNA damage. IR exposures lead to DNA SSB or DNA DSB

NHEJ
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through direct or indirect ionization events. Upon DNA damage, the cell attempts to repair the damage via ATR (SSB)
or ATM (DSB) activation as well as the recruitment of DNA repair proteins. Upon a DNA SSB, the cell repairs itself
predominantly through base-excision repair (BER) or nucleotide excision repair (NER) using the sister DNA strand
as a template. Following DNA DSBs, DNA repair processes are dependent on the phase of the cell cycle and include
homologous recombination repair (HRR) or non-homologous end joining (NHEJ). Tumor suppressor protein p53 is
activated following IR exposures, particularly upon DNA DSBs. Upon activation of p53, the damage can be repaired,

the cell will arrest, or the cell will die by apoptosis.



b. Mechanisms of DNA repair

Following IR exposure, signal transduction and intrinsic DNA damage and repair pathways
will dictate whether the cell will repair itself, undergo senescence, or die by apoptosis or mitotic
catastrophe (2). Upon DNA DSBs, the cell attempts to repair itself via two mechanisms:
homologous recombination repair (HRR) or non-homologous end joining (NHEJ).

HRR is performed in S- and G2-phases of the cell cycle because it relies on an undamaged
sister chromatid to supply the DNA template upon repair of the damaged strand following an IR
exposure. The first step in HRR involves ATM phosphorylation and recruitment of the MRN
(Mrel1-Rad50-Nbs1) complex to the site of DNA damage. Upon ATM phosphorylation, BRCA1
is then recruited to the site of the DSB through recognition of the bound MRN complex. Through
the MRN complex, Mrel1 subsequently resects the damaged DNA and the 3’ overhang results in
the final recruitment of various HRR proteins, including BRCA2, Rad51, Rad52, and Rad54 which
recruit the homologous sister chromatid to the site of repair, separate the strands, and fill in the
complementary DNA gaps through “Holliday junction” crossover events (5, 6).

NHE]J is the predominant DNA DSB repair process that occurs primarily in the G1-phase
of the cell cycle due to the absence of a complementary sister chromatid. Here, recruitment of
ATM kinases occurs at the site of the DSB, and 53BP1 is recruited to the site of DNA repair. Once
53BP1 is recruited, this signals for the cell to undergo NHEJ rather than HRR. Subsequently,
Ku70/Ku80 heterodimers recognize and bind to the ends of the DNA repair and recruit the
initiation of additional DNA protein kinase catalytic subunits (DNA-PKcs) (6). Thirdly, an
Artemis protein processes 5’ and 3’ overhangs to allow for DNA polymerase p or A to repair the
DNA strand. In the final step, the newly repaired and synthesized DNA strand is ligated together

through a PNK/XRCC4/DNA ligase IV complex (5).



c. TP53 as a regulator of cellular senescence or apoptosis

TP53 is a tumor suppressor gene that regulates p53, a tumor suppressor protein, and is involved
in cell cycle arrest and apoptotic processes following genotoxic insult. Following IR exposures,
mRNA expression of p53 is relatively unchanged, however, post-translational modifications of
p53 protein, including phosphorylation and acetylation, prolong its stability within the cell and
lead to activation of DNA damage/DNA repair or cell death processes (7, 8). As p53 becomes
phosphorylated, its stability increases by displacing p53 from MDM?2-targeted degradation, and
this allows p53 to act as a positive transcriptional regulator of downstream apoptotic genes or
cyclin dependent kinases, inducing cell death or cell cycle arrest, respectively (7, 8). Cyclin
dependent kinase (Cdk) inhibitory protein 21 (p21/CDKN1A) is heavily activated following p53
phosphorylation and serves as a biomarker of cell cycle arrest in the G1-phase of the cell cycle.
Apoptotic-regulated genes like BAX (pro-apoptotic), BCL2 (pro-apoptotic), and BCL2L1 (anti-
apoptotic), as well as DNA damage responders, such as DDB2 and XPC, are additional examples

of genes regulated by p53.

d. Relative Biological Effectiveness

The cell or tissue toxicities induced by a particular type of radiation exposure may differ
based on several factors, including the radiation quality or LET, the cumulative dose and dose rate,
as well as the biological system exposed (4). Taken together, the effect of IR on biological tissues
is termed relative biological effectiveness (RBE) and is classified based on a quantitative ratio of
(Dx-ray/D1r), where Dx.ray is the biological impact resulting from 250 keV x-rays relative to the
effect from the unique IR species of interest (Dir) (4). In general, IR species with higher LET

have increased biological effectiveness up to about 100 keV/uM. After peaking at 100 keV/uM,



the RBE then decreases (4). It is known that at an LET of ~100 keV/uM is optimal to achieve a
DNA DSB by the passage of a single charged particle, as this aligns with the diameter of a DNA
double helix (4). In other words, at an LET of 100 keV/uM, there is an optimal amount of DNA
damage per particle track, whereas particles with very high LET (>100 keV/uM) can lead to more
than two ionization events per particle track, effectively delivering excess energy without
increasing the biological damage per unit dose.

The RBE in cells and tissues also depends on the total dose received as well as the dose
rate administered. It is well accepted that the higher the radiation dose, the higher the probability
of biological damage, however, this can differ based on the biological system exposed. For
example, total body IR of about 3.5-4.0 Gy is lethal in about 50% of the human population (9), but
tumors themselves can be targeted in fractionated doses upwards of 50 Gy (10). In addition to the
total dose received, the dose rate can also alter the RBE of IR species. For example, dividing a
single dose into fractionated doses can provide time for the cell to repair sublethal damage and can
lead to an increased tolerance of the cell type to absorb more total dose for the same net cell kill
(11). This dose-rate effect is most evident in cell death between 0.01 and 1 Gy/min, but can be
seen at higher doses as well. In the clinic, fractionated doses are primarily important for patients
undergoing radiation therapy for solid tumors. In these cases, fractionated IR doses are favorable
as they provide time for both the normal cells surrounding the tumor to potentially repair sublethal
damage while also providing time for the tumor to reoxygenate. This reoxygenation of the tumor
can lead to an increase in tumor cell kill due to the oxygen enhancement ratio (OER). With

increased oxygen, IR increases ROS and free radicals which corresponds to increased DNA
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damage. In the case of tumors, fractionated doses give time for the necrotic tumor tissue to re-

oxygenate and become susceptible to another fraction of IR therapy (12) (Figure 1.5).

IR
Aerated cells IR

{ 3 ‘.
9
time (@

—
Hypoxic cells ~70 pM ~70 pM ~70 pM

Figure 1.5: Fractionation of IR doses increases tumor cell kill while sparing normal tissues due to the oxygen
enhancement ratio (OER). Here, a solid tumor is represented by oxygenated tissue (pink) and hypoxic/necrotic tissue
(gray). In general, tumors only have about 70 uM of oxygenated tissue located on the periphery of the tumor, as blood
vessels within the tumor are irregular and prevent proper oxygenation. As the tumor is exposed to IR therapy, the
enhanced cell kill from oxygenated tissue leads to increased cell death/shrinkage of the outer layer of the tumor. As
the tumor is exposed to fractionated doses of IR, time allows for former necrotic tissue to reoxygenate and be
susceptible to a second fraction of IR therapy. After multiple fractions, the tumor will ideally be comprised of only

oxygenated tissue, making it fully susceptible to IR.

RBE is also dependent on cell type, as it is known that various tissues are more susceptible
to IR damage than others, with cells that have higher mitotic frequency (i.e. lymphocytes or gut
epithelia) being more susceptible to IR than cells with lower replicative potential (i.e. neurons) (9).
The stage of the cell cycle also affects overall cell kill per unit dose, as cells are more prone to
lethal damage when targeted in late G2- or M-phases and most resistant in S-phase (where DNA
replication is occurring and can be more easily repaired). The route of IR exposure can also have

profound effect on overall RBE. For example, alpha particles are relatively heavy species that
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cannot penetrate a thin sheet of paper if administered externally, however, if ingested, alpha

particles are strongly ionizing and cause severe toxicity (13).

e. Side effects of IR

IR exposures can lead to a range of side effects dependent upon the total dose received as well
as the RBE of the tissue(s) exposed. Mild radiation exposures (1-2 Gy) may lead to a compromised
immune system through hematopoietic lymphocyte depletion within the bone marrow. In addition,
moderate (2-4 Gy) exposures may cause a leaky GI tract due to gastrointestinal cell depletion
within the stem cell crypts which may result in diarrhea and/or a systemic infection. Around the
LDso of ~3.5-4 Gy, common symptoms also include anorexia, nausea, and vomiting (13). Severe
exposures (>4 Gy) may lead to side effects characteristic of acute radiation syndrome (ARS)
including high fevers, infections, bleeding, disorientation, and death if not properly treated (13).
Well-accepted long-term exposures, depending on dose, may also contribute to cataractogenesis,

infertility, and increased incidence of primary or secondary cancers (9, 14-16).

1.3 Clinical Ionizing Radiation Exposures

Although ionizing radiation leads to cellular damage, this phenomenon is a double-edged
sword. On the one hand, unwarranted IR exposures can damage normal cells and tissues through
local bystander effects. On the other hand, however, IR treatments provide great benefit to decrease
tumor burden, is even curative for some cancers, and is routinely used as a standard-of-care for
cancer therapy in the clinic.

The use of ionizing radiation in modern medicine is unprecedented and serves as one of the

pillars of cancer therapy. High energy external beam IR therapy can be meticulously targeted to a
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tumor site-specifically, leading to tumor contraction or eradication while sparing surrounding
tissues (17). Currently, external beam photons, protons, electrons, and heavy ion therapies have
been explored in the clinic (18). Internal brachytherapy, where the IR source targets the tumor site-
specifically, has also demonstrated promise in the clinic, and is currently explored for several
cancers, including prostate, breast, cervical, bladder, and head and neck tumors (19). In addition,
radioactive isotopes can be utilized for delivering targeted radiation to tumors site-specifically,

including !3'T as a treatment for high-risk neuroblastoma patients (20, 21).

a. Radiotherapy and Imaging

Another potential source of IR exposure in the clinic is through imaging modalities, including
x-rays, CT scans, as well as tagged radioisotopes for imaging contrast. These IR exposures are
used to detect inflammation, tumors, or abnormal bone or tissue maladies. For example,
radiolabeled pharmaceuticals, such as fluorodeoxyglucose 18F (!¥F-FDG), are administered for
positron emission tomography (PET) imaging to track glucose metabolism and detect tumor
metastasis or inflammation (22).

Other radioisotopes are conjugated to drugs to deliver targeted radiotherapy. For example,
actinium-225 (***Ac), bismuth-213 (*!*Bi), and yttrium-90 (°°Y) conjugates are being studied as
potential glioblastoma multiforme therapies (23, 24). In addition, radiolabeled monoclonal
antibodies ?2°Ac or 2!°Bi conjugated to cetuximab (anti-EGFR), lintuzumab (HuM195, anti-
CD33), or anti-CD20 antibodies are administered for Non-Hodgkin’s lymphoma, leukemia, and
bladder cancer (25). 13!T conjugated to anti-tenascin antibodies has also been investigated in many
glioblastoma multiforme trials (26). In this dissertation, I will discuss -

metaiodobenzylguanidine ("*'I-mIBG), a radionuclide currently in a Phase II/III clinical trial for
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high-risk  neuroblastoma patients (Clinicaltrials.gov identifiers: NCT02035137 and

NCT03126916) (Figure 1.6).
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Figure 1.6: Structure of *!I-metaiodobenzylguanidine (**'I-mIBG). '*'[-mIBG is a radiopharmaceutical used for

imaging as well as delivering targeted radiation therapy to patients with neuroblastoma tumors. It undergoes

radioactive decay through both 3-and gamma emissions with a physical half-life of about 8 days.

b. BI-mIBG as a targeted radiotherapy

B.mIBG serves as an analogue to norepinephrine, an endogenous neurotransmitter in the
peripheral nervous system. The great majority of *!I-mIBG is readily taken up in neuroblastoma
tumors site-specifically via the norepinephrine transporter (NET) pathway, and it has been well
recognized that MIBG avidity is directly proportional to NET levels (27, 28). 3!I-mIBG delivers
targeted radiation treatment via beta minus (90%) and gamma (10%) decay, with
myelosuppression being the major dose-limiting toxicity (21). It is currently administered
intravenously in high-risk neuroblastoma patients, who often display with advanced stage and
distant metastases (21). A recent Phase I clinical trial demonstrated that '3'I-mIBG treatment with
irinotecan and vincristine was generally well-tolerated at a maximum dose of 18 mCi/kg (20). A
Phase I pilot study also demonstrated that peripheral blood from patients treated with 3!'I-mIBG
can detect DNA damage and apoptosis up to 96 hours after exposure (29). It was also revealed that

FLT3 ligand, BCLXL, and DDB? levels are associated with acute *!'I-mIBG toxicity (30). It
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remains to be elucidated if peripheral blood biomarkers may indicate the likelihood of response to
BH-mIBG or may be good indicators for tracking *'T-mIBG normal tissue toxicity. Finally, '3!I-
mIBG treatment may serve as an ideal biodosimetry tool for understanding internalized radiation
exposures. This dissertation focuses on understanding the transcriptional response induced by p53
following *!'I-mIBG therapy in relapsed and refractory neuroblastoma patients and identifying
biomarkers of early (72 hours) and late (15 days) exposure to '*!T following *'I-mIBG treatment.
This dissertation encompasses findings from a New Approaches to Neuroblastoma Therapy

(NANT) clinical trial (Clinical trial identifier: NCT02035137).

1.4 Environmental Ionizing Radiation Exposures
a. Background exposures on Earth

While efficacious at treating tumors with normal tissue sparing, IR is also an inherent
environmental problem. Background levels of radiation result from everyday life, including
potassium-40, uranium-238, and radon-222 elements which are present in the terrestrial
atmosphere or in the food we eat. Pilots, as well as individuals housed in high elevations, are also
more heavily exposed to cosmic radiation emitted from the sun. Background levels of radiation
exposure may also be acquired artificially, such as that from an x-ray. Interestingly, the United
States Nuclear Regulatory Commission estimates that an average person receives about 620 mrem
(6.2 mSv) annually from natural and artificial radiation combined (31). Typical background
radiation is not known to be harmful to human health, although excessive exposure to areas of high
background radiation, such as living in an area with high radon emissions, has been linked to

increased risk of lung cancer (32).
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b. Exposures beyond low Earth orbit (deep space)

The Earth’s magnetosphere naturally shields humans from most of the cosmic radiation
exposures emitted from the sun. Therefore, the biological effects of radiation exposure for
astronauts traveling outside of the Earth’s magnetosphere, also known as beyond low Earth orbit
(LEO), present unknown risks. Space radiation beyond LEO includes exposure to additional IR
contributors, including galactic cosmic radiation (GCR) and solar particle events (SPE),
encompassing high energy protons, alpha particles, and heavy ion species (HZE) (33) (Figure 1.7).
GCR, comprised of mostly protons and alpha particles, as well as HZE exposures are particularly
harmful for astronauts beyond LEO and for long missions, such as a planned three-year exploration
to Mars (34). Space exposure, like other types of IR, may lead to skin lesions, hematological and
immune system dysfunction, neural behavioral changes, or secondary cancers (33). However, the
overall RBE of cumulative space IR exposure on human health remains unknown. Recently, an
astronaut-twin study investigating various biological endpoints comparing an astronaut aboard the
International Space Station (ISS) for 1 year compared to his Earth-bound twin reported alterations
in several biological endpoints, including gene transcription, body weight, microbiome
components, and cognitive impairment (35). However, future studies are needed to confirm these
findings as well as provide better estimates for the biological effects in humans in missions beyond
LEO. A better understanding of human response to space radiation exposures, as well as the
mechanisms of space radiation-induced toxicities, are needed to develop effective

countermeasures for deep space flight.
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Figure 1.7: The Earth’s magnetosphere protects against heavy amounts of cosmic radiation. The Earth’s
magnetosphere (gray/white rings) protects humans from exposure to radiation in deep space. Human exposures
beyond low-earth orbit include galactic cosmic radiation (GCR), heavy ion species, and solar particle events (SPE).
For astronauts traveling to Mars, exposure to heavy ions, solar flares, and GCR may contribute to hematological or

neurological toxicities.

c. Simulating deep space exposures here on Earth

To simulate GCR, SPE, and HZE exposures found in deep space, specialized facilities that
accelerate particles to extremely high energies are required. Brookhaven National Laboratory in
Upton, NY houses one such facility known as the Nasa Space Radiation Laboratory (NSRL). The
NSRL beamline can accelerate ions from lightweight protons to heavy gold particles between 50-
2,500 MeV per atomic mass unit (MeV/n) (36). In 2018, NSRL opened up the first GCR simulator,
housing both the option to test a 33-ion “full” GCR simulator as well as a simplified 5-ion GCR
simulator that mimic the IR particle fluences characteristic of the deep space environment (36).
Since only one ion species can travel through the beam at once, both the full 33-ion GCR simulator
and the simplified 5-ion GCR simulator require sequential fractions of the total dose to be

administered in tandem. This dissertation will describe radiation experiments performed at NSRL
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using the 5-ion GCR simulator beam (SimGCRSim). Within this simplified 5-ion GCR beam, the
order of the ions and corresponding energies delivered to the target cells are as follows: 1000
MeV/n protons, 600 MeV/n Si-28 ions, 250 MeV/n He-4 ions, 350 MeV/n O-16 ions, 600 MeV/n
Fe-56 ions, and finally another dose of 250 MeV/n protons (36). As is characteristic of deep space,
the simulated 5-ion GCR simulator delivers most of the target dose in protons (74%), followed by
He-4 ions (18%), O-16 ions (6%), and a small fraction of the HZE species Si-28 (1%) and Fe-56

(1%) (36).

1.5 Developing new means to address IR exposures

Developing safe and effective radioprotectors or radiomitigators is vital for minimizing normal
tissue damage either before (radioprotector) or following (radiomitigator) an ionizing radiation
exposure. Mechanisms of radiation protection may include scavenging free radicals, promoting
cell cycle arrest, decreasing apoptosis (p53) activation, or stabilizing the cellular DNA (37).
Currently, amifostine and palifermin are the only two radiation protection agents in the United
States that are FDA-approved for use in combination with radiotherapy (37). Amifostine, a
prodrug, is currently administered intravenously and metabolizes to an active free-radical
scavenger, preventing severe xerostomia in head and neck cancer patients (38). It has further been
suggested that amifostine may also induce cellular hypoxia and protect against DNA damage in
normal tissues (39). The second FDA-approved drug on the market, palifermin, is a recombinant
human keratinocyte growth factor receptor that activates the MAPK pathway on buccal cell
surfaces to stimulate cell growth and survival. Palifermin is administered as a radioprotector three
days before IR-based therapy and effectively reduces oral mucositis in hematologic cancer patients

undergoing a combined radiotherapy/chemotherapy regimen (40).
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In recent years, dietary supplements and natural compounds have also been proposed as
potential radioprotectors and/or radiomitigators due to their native antioxidant properties (41). One
of the major antioxidants of interest is curcumin, a natural compound found within the spice
turmeric (42). Throughout this dissertation, I will focus on investigating the radioprotective and
radiomitigative effects of curcumin on a human fibroblast cell line exposed to both low and high-

LET radiation qualities.

a. Curcumin

Curcumin, the main polyphenol within the spice turmeric, is a natural anti-inflammatory and
antioxidant agent that has been used for centuries in Ayurvedic medicine, as a common food
additive, and as a dye colorant globally (43) (Figure 1.8). Interestingly, curcumin has shown
promise as both a radiation protectant in normal tissues as well as a radiation sensitizer in
cancerous tissues (44). However, due to its lipophilic nature, curcumin is virtually insoluble in
water and its bioavailability is therefore limited. It has been proposed that curcumin bioavailability
may increase when formulated in the presence of lipids, when embedded in alternate matrices, or
in conjunction with adjuvant moieties, such as piperine (45) . This dissertation focuses on
solubilizing curcumin within a nanodisc environment, known as an NLP, to improve curcumin

solubility and bioavailability for downstream in vitro or in vivo applications.

HO~ OH

Figure 1.8: Structure of curcumin. Curcumin is the principal curcuminoid component within the spice turmeric.
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b. NLPs

Nanolipoprotein particles (NLPs) are ~10-20 nm lipid nanodiscs consisting of a lipid bilayer
mimetic surrounded by a scaffolding protein or polymeric moiety (Figure 1.9). Due to their lipid
composition and resemblance to human high-density lipoprotein (HDL) molecules, NLPs provide
a versatile and customizable platform that can readily transport molecules to the cell and deliver
cargo both in vitro and in vivo (46). Moreover, they are non-toxic and can be readily purified and
lyophilized for long-term storage purposes.

At Lawrence Livermore National Laboratory (LLNL), we have recently shown that NLPs can
be customized for solubilizing membrane proteins as well as forming NLP:nucleic acid complexes
which may be useful for vaccine applications (47-49). This dissertation expands upon our
previously published works with NLPs and investigates their uses for increasing the solubility and
bioavailability of antioxidant molecules, particularly curcumin, in cell model systems. Although
the feasibility of solubilizing curcumin in an apolipoprotein-derived disc has previously been
published (50, 51), we differ from these studies in that we are also testing the protective effects of
curcumin nanodiscs against IR exposures within a normal human cell line model. These studies
may prove useful for developing novel nutri-pharmaceutical agents to combat the negative side

effects following clinical and/or environmental IR exposures.

Figure 1.9: Illustration of a nanolipoprotein particle (NLP). Shown is a representative empty NLP disc

surrounded by an apolipoprotein scaffold (blue). In practice, cargo molecules (such as membrane proteins
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adjuvants, or lipophilic compounds) can be embedded within the lipid bilayer to improve solubility or cell delivery

in vitro or in vivo. Additional surrounding moieties in lieu of the apolipoprotein scaffold may include polymers.

Aim of Dissertation:

This dissertation has two goals that focus on understanding and modulating the biological
effects of ionizing radiation that directly impact humans. The first is clinically focused. I will use
transcript signatures in the peripheral blood to investigate the early and late effects of the DNA
damage response in children exposed to *'T-mIBG as part of his or her cancer therapy regimen.
The goal of this chapter is to apply this internal *'T exposure data as a model for biodosimetry for
a vulnerable population in the event of a radiologic disaster. This data also serves as supporting
data to reveal biomarkers associated with positive patient outcomes in high-risk neuroblastoma
patients as part of a Phase Il NANT-2011-01 clinical trial. The second part of my dissertation work
focuses on understanding the associated DNA damage, transcriptomic alterations, and
hematological toxicities from environmental radiation exposures associated with space travel and
developing and characterizing curcumin-nanoparticles as countermeasures to these exposures. The
relative biological effectiveness of space radiation exposures will be studied using human-derived
fibroblasts treated with and without curcumin-loaded NLPs. This dissertation serves to validate
the transcriptome within the peripheral blood as a useful tool for biodosimetry, exposure triage,
and treatment outcome in both neuroblastoma patients and astronauts exposed to ionizing radiation
exposures. Furthermore, this dissertation outlines a path forward for using curcumin-loaded
nanoparticles as a protectant against cellular toxicities induced by IR exposures both in the clinic

or within the deep space environment.
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Chapter 2: Peripheral blood transcript signatures after internal !I-mIBG therapy in
relapsed and refractory neuroblastoma patients identifies early and late biomarkers of
internal *'T exposures

This work is published in Radiation Research. 2022; 197:101-112197; DOI: 10.1667/RADE-20-
00173.1. and is re-printed with permission as part of this dissertation. The approval letter to re-
publish as part of this dissertation is included in the Appendix. The Figure and Table numbers have
been altered from the original publication to fit this dissertation format.

Authors:

Angela C. Evans’>*, Tim Setzkorn®, David A. Edmondson*, Haley Segelke?, Paul F. Wilson',
Katherine K. Matthay>, M. Meaghan Granger®, Araz Marachelian’, Daphne A. Haas-Kogan®,
Steven G. DuBois’, Matthew A. Coleman'?

1. Department of Radiation Oncology, University of California Davis, Sacramento, CA.

2. Lawrence Livermore National Laboratory, Livermore, CA

3. Technical University of Munich, School of Medicine, Germany.

4. Cincinnati Children’s Hospital Medical Center, Cincinnati OH

5. Department of Pediatrics, University of California San Francisco School of Medicine, San
Francisco CA.

6. Department of Pediatrics, Cook Children’s Hospital, Fort Worth, TX.

7. Department of Pediatrics, Children’s Hospital Los Angeles, Los Angeles, CA

8. Department of Radiation Oncology, Brigham and Women’s Hospital and Dana-Farber Cancer
Institute, Boston, MA

9. Dana-Farber/Boston Children’s Cancer and Blood Disorders Center, Boston, MA

* Scholar in Training

25



Corresponding Author: Matthew A. Coleman, colemanl6@lInl.gov

2.1 Abstract

B1-metaiodobenzylguanidine (!3'I-mIBG) is a targeted radiation therapy developed for the
treatment of advanced neuroblastoma. We have previously shown that this patient cohort can be
used to predict absorbed dose associated with early 3T exposure, 72 hours after treatment. We
now expand these studies to identify gene expression differences associated with '*'I-mIBG
exposure 15 days after treatment. Total RNA from peripheral blood lymphocytes was isolated from
288 whole blood samples representing 59 relapsed or refractory neuroblastoma patients before and
after *'I-mIBG treatment. We found that several transcripts predictive of early exposure returned
to baseline levels by day 15, however, selected transcripts did not return to baseline. At 72 hours,
all 17 selected pathway-specific transcripts were differentially expressed. Transcripts CDKNI1A4
(p<0.000001), FDXR (p<0.000001), DDB2 (p<0.000001), and BBC3 (p<0.000001) showed the
highest up-regulation at 72 hours post-'3'I-mIBG exposure, with mean log, fold changes of 2.55,
2.93, 1.86, and 1.85, respectively. At 15 days post-13'I-mIBG, 11 of the 17 selected transcripts
were differentially expressed, with XPC, STAT5B, PRKDC, MDM2, POLH, IGFIR, and SGK1
displaying significant up-regulation at 72 hours and significant down-regulation at 15 days.
Interestingly, transcripts FDXR (p=0.01), DDB2 (p=0.03), BCL2 (p=0.003), and SESNI
(p<0.0003) maintained differential expression 15 days after *'I-mIBG treatment. These results
suggest that transcript levels for DNA repair, apoptosis, and ionizing radiation (IR)-induced
cellular stress are still changing by 15 days post *!I-mIBG treatment. Our studies showcase the
use of biodosimetry gene expression panels as predictive biomarkers following early (72 hours)

and late (15-day) internal '*'T exposure. Our findings also demonstrate the utility of our transcript
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panel to differentiate exposed from non-exposed individuals up to 15 days post-exposure from

internal 131,

2.2 Introduction

Biodosimetry assays are employed as surrogate measurements or supplements to physical
ionizing radiation (IR) dosimetry that are based on assaying the outcomes of cellular DNA damage
responses (DDR) following unanticipated radiation exposures (/). Much progress has been made
to increase the sensitivity and throughput of various types of biodosimetry assays (2), with the
intent that in the event of large-scale radiation incidents, these techniques will allow triaging of
exposed individuals so that those with higher likelihood of severe radiation damage can be urgently
treated (3). In addition, these assays can provide more refined estimates of true physical doses
received by exposed individuals.

There are several physical methods to estimate IR dose including radiographic film,
thermoluminescent dosimetry, optically stimulated luminescence (OSL) dosimetry, and electron
paramagnetic resonance (EPR) measurements of teeth (4-6). While these external dosimetry
methods may prove useful, they present multiple challenges including issues of sensitivity and
concerns over partial-body irradiation scenarios. Furthermore, OSL exposure estimates rapidly
degrade when exposed to ambient light (4, 5), and EPR analysis is based on a local, rather than a
whole body, absorbed dose (6). Therefore, additional biological markers that also accurately
predict absorbed dose over time after exposure are still needed (2, 7-10).

While the dicentric chromosome assay has traditionally been utilized as the “gold-standard” to
estimate absorbed dose by measuring dicentric chromosome numbers per cell in mitogen-

stimulated peripheral blood lymphocytes, and more recently as a measurement of DNA double-
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strand break-associated nuclear foci (e.g., g-H2AX pS139, 53BP1) levels post-irradiation, it is not
readily scalable and is time-intensive (/7). Gene expression analysis, on the other hand, is a robust
and well-validated technique that can be quite feasible for screening a large cohort of affected
individuals in the case of a disaster scenario, as it can be readily scaled-up and has a rapid
turnaround. Thus, recent developments in gene expression profiling have shown that this technique
may be a suitable alternative as well as supplement to both physical dosimetry and cytogenetic
assays, as it can serve to estimate both whole and partial-body radiation doses in both human and
mouse models (12-16). In addition to being less labor intensive, quantitative real-time PCR or
microarray-based analyses have shown many biological pathways and genes of interest are
modulated in response to IR (2, /7), and several highly predictive mRNA and miRNA transcripts
have been identified that are predictive of dose in human derived samples (8, /0, 14). These studies
have proven useful for establishing panels of gene transcripts with increased sensitivity that are
rapidly deployable and scalable for application in a disaster scenario.

While most radiation gene expression studies have been focused only on external irradiation
scenarios, several groups have recently developed internal irradiation exposure models with an
emphasis on mouse-based studies (/3, 15, 16, 18). Previous gene expression analyses for internal
irradiation exposures in humans have typically focused on biomarkers of multiple organ damage
(19-21), but these did not look for DDR-related signatures in the peripheral blood as a readily
available source of biodosimetry markers. More recently, DDR-related signatures in the peripheral
blood have been studied in prostate cancer patients undergoing targeted radiation therapy (22). In
addition, DDR-related signatures in peripheral blood lymphocytes have been seen shortly after

patients undergo low-dose radiation treatments for neurological procedures (23, 24).

28



Previous work on internal exposures to !')'I-metaiodobenzylguanidine (*'I-mIBG), a
commonly used targeted radiotherapeutic for advanced neuroblastoma (25, 26), has demonstrated
the utility of using well known transcripts for biodosimetry amongst DNA repair and apoptosis
pathways. We have previously shown that these same transcripts can be applied in chemo-
radiotherapy patients as a model system for characterizing internal irradiation exposures to 3!
(27, 28). In brief, Edmondson et al. characterized the dosimetry of '*'T using a three-compartment
model in a pilot study of high-risk neuroblastoma patients treated with '3!I-mIBG. In that study,
an exponential decay curve of 13! activity was measured through a radiation detector that was
situated above the patient. We utilized our experimentally derived decay constants from our time-
activity curve to estimate total cumulative activity and ultimately mean absorbed dose in these
patients. We then performed multiple regression analysis and attained a mathematical equation to
estimate gene-expression based dose prediction with time. In short, Edmondson et al. demonstrated
that transcripts known to be affected by external irradiation are likewise good indicators of internal
IR exposures at 72 and 96 hours post-'3'I-mIBG treatment (28). Campbell et al. also showed that
transcripts measured in the peripheral blood at 72 hours may be predictive of treatment toxicities
in relapsed and refractory neuroblastoma patients (27). Extending these findings to later time
points may enhance the utility of IR-specific gene expression panels to correlate biomarkers of
patient response to total absorbed dose based on the treatment with *!I-mIBG, as well as identify
additional biomarkers that may be predictive of sub-acute toxicities. These transcript panels may
also be used as an efficient tool to triage whole and partial-body exposed individuals following an
unanticipated irradiation or nuclear incident.

The current study investigates 3'I-mIBG therapy-induced gene expression changes in

pediatric relapsed and refractory neuroblastoma patients at both 72 hours and 15 days post-
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exposure. The goal of this study was to further characterize our established IR-responsive
transcripts and evaluate their differential expressions at both 72 hours and 15 days after 3'I-mIBG
treatment, as compared to untreated baseline samples. To our knowledge, this is the first
demonstration of isolating whole blood at 15 days after *'I-mIBG treatment in humans for
validating transcripts known to be responsive to both internal and external IR and calculating
expression differences in patient peripheral blood. We also demonstrate that our selected transcript
panel differentiates between exposed and non-exposed samples 15 days after '3!I-mIBG. These
findings expand upon our previous studies investigating the biological responses to 3!I-mIBG in
pediatric neuroblastoma patients and may potentially be extended to predict biomarkers of
systemic total body exposures up to 2 weeks following a radiation incident involving internalized

isotopes.

2.3 Materials and Methods
Clinical trial patient recruitment and mIBG study

The NANT11-01 trial was a randomized phase II trial comparing response rates in patients
with relapsed/refractory mIBG-avid neuroblastoma treated with *'I-mIBG therapy alone, '*!I-
mIBG with vorinostat (SAHA), or P!I-mIBG with both vincristine and irinotecan
(clinicaltrials.gov identifier: NCTO02035137). These patients were selected based on several
inclusion as well as exclusion criteria as outlined on clinical trials.gov website (clinicaltrials.gov
identifier: NCT02035137). All 59 patients in this study were treated with *'I-mIBG 18 mCi/kg
[6.66x10% Bg/kg] (maximum absolute dose 1200 mCi [4.44x10'° Bq]) intravenously over 90 to
120 minutes and received proper thyroid blockade and bladder protection using potassium iodide

(6 mg/kg loading dose then 1 mg/kg/dose every 4 hours on Days 1-7 and then 1 mg/kg/dose once
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daily on Days 8-43), and a Foley catheter as previously described (29). NANT11-01 included an
optional correlative study to evaluate biomarkers of radiation exposure. Patients (or legal guardians
for minor subjects) included in the current analysis provided consent for the parent trial and opted
in for these gene expression studies. The Institutional Review Board of participating trial sites, as
well as the University of California Davis and Lawrence Livermore National Laboratory, approved

this study.

Blood sample processing

Peripheral blood was drawn using PAXgene RNA blood tubes (Qiagen) in two separate
samples prior to 3!'[-mIBG treatment (Baseline A and Baseline B) as well as a sample at 72 hours
and 15 days after 3'I-mIBG exposure (treated). Baseline A was obtained prior to any protocol
therapy for all patients. Baseline B for patients on the mIBG only arm was drawn 1-2 days later
and reflects no intervening therapy. Baseline B for patients on the other arms of the trial that
contain additional putative radiation sensitizers (vorinostat or vincristine/irinotecan) was drawn 1-
2 days after Baseline A and reflects the intervening radiation sensitizer therapy but not the effect
of mIBG (Figure 2.1). Once *'I-mIBG is administered, this is Day 1, and the 72 hour or 15-day
blood draw occurs either 3 days or 15 days after *'I-mIBG treatment. Blood tubes were stored at
-80°C for several weeks after IR exposure and before blood processing began, ensuring that the
levels of 13! had sufficiently decayed prior to analysis. Total RNA was then extracted using
MagMAX™ for Stabilized Blood Tubes RNA Isolation Kit, compatible with PAXgene RNA tubes
(Invitrogen) following the manufacturer’s instructions. RNA was eluted in 50 pL aliquots and
stored at -80°C for later use. RNA was quantified via the NanoDrop™ One® spectrophotometer

(Invitrogen) and Qubit 3.0 Fluorometer (Invitrogen). Total RNA was isolated and prepared for
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cDNA synthesis prior to quantitative real-time PCR (qPCR) analysis. In total, 288 blood samples

were processed for this study. Each patient serves as his or her own control for differential analysis.

4 (Clinical Timeline b.  Differentially Expressed Transcripts
Compared to Untreated Samples

Quantitative Real Time-PCR

Clinical
timeline ] ] ] e
None BIL.MIBG NH Autologous
or | )k Stem Cell Boost
Vorinostat \Q/\u NH, ; . T
or (72 hours) (15 days)
Irinotecan+Vincristine

Figure 2.1: Study Design. (a). Patients with relapsed or refractory neuroblastoma were treated with *'I-mIBG alone
or in combination with vorinostat or irinotecan/vincristine. Blood was drawn prior to any treatment (Baseline A), as
well as after introduction of radiation sensitizers (if necessary, Baseline B). All patients were treated with *'1-mIBG,
and P'I-mIBG radiotherapy began after blood draw B. Subsequent peripheral blood was drawn at 72 hours and 15
days after the start of '3!I-mIBG infusion. (b). Quantitative real-time PCR was applied to calculate differential
transcript expression from the lymphocytes of the peripheral blood. Differential expression of transcripts was

calculated at 72 hours and 15 days post '3!I-mIBG treatment as compared to untreated controls (Baseline A).

Biodosimetry transcript selection

Previously published irradiation-responsive transcripts were selected for validation within
our current study (8, 30-33) and are shown in Table 2.1. The GAPDH housekeeping gene was
selected for normalization based on our previous findings using multiple housekeeping transcripts

in Edmondson et al. (28). Most transcripts of interest were downstream effectors of the tumor
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suppressor protein 53 (TP53 or p53) pathway. Additional transcripts were associated with

pathways involved in cellular stress as well as TP53 DNA damage response (Table 2.1).

Gene Name Primer No. Pathways Biological Processes
GAPDH Glyceraldehyde-3-phosphate dehydrogenase Hs02758991 Glycolysis
. . P TP53, ErbB , HIF1, FoxO, DNA damage repair, Cell cycle arrest,
CDKNIA Cyclin dependent kinase inhibitor A Hs00355782 PI3K/AKT Apoptosis
FDXR Ferredoxin reductase Hs00244586 TP53, Metabolism Electron Transport
. Ras MAPK, NFKB, TP53, . .
BCL2L1/BCLXL BCL2 like 1 Hs00236329 PBK/AKT Apoptosis (anti)
BCL2 B-Cell CLL/Lymphoma 2 Hs99999018 NFKB, HIF1, TP53, PI3K/AKT Apoptosis (anti)
BAX BCL2 Associated X Protein Hs99999001 TP53 Apoptosis (pro)
DDB? Damage Specific DNA Binding Protein 2 Hs03044953 TP53 Nucleotide Excision Repair
PRKDC Protein Kinase, DNA-Activated, Catalytic Polypeptide Hs04195439 TP53, PI3K.AKT DNA repair
GADD454 Growth Arrest And DNA Damage Inducible Alpha Hs00169255 MAPK, FOX]%;;S% Cell Cycle, Cell cycle, Cellular Stress
STATSB Signal Transducer And Activator Of Transcription 5B Hs00273500 TCR Signaling Transcription Activator
XPC Xeroderma Pigmentosum, Complementation Group C Hs00190295 TP53 DNA damage repair
BBC3 BCL2 Binding Component 3 Hs00248075 TP53 Apoptosis (pro)
SESNI Sestrin 1 Hs00205427 TP53 DNA damage, Oxidative stress
POLH DNA Polymerase Eta Hs00982625 TP53 DNA repair
IGFIR Insulin-Like Growth Factor 1 Receptor Hs00181385 PI3K/AKT, Ras MAPK Tyrosine kinase activity, Cell growth
and survival, Apoptosis (anti)
SGK1 Serum/Glucocorticoid Regulated Kinase 1 Hs00985033 TP53, Ras MAPK Cellular Stress
PCNA Proliferating Cell Nuclear Antigen Hs00427214 TP53 DNA repair
MDM?2 Mouse Double Minute 2 Hs00234753 TP53, PI3K/AKT, FoxO Cell cycle arrest, Apoptosis (anti)

Table 2.1: Selected transcripts of interest for quantitative real-time PCR (qPCR).

cDNA synthesis

In preparation for quantitative real-time PCR (qPCR), 200 ng of RNA was converted to cDNA
via the High-Capacity RNA-to-cDNA kit (Applied Biosystems, Foster City, CA). If RNA was too
dilute, it was concentrated via Speedvac 2.0 (Savant, DNA SpeedVac 120) prior to cDNA
synthesis. The cDNA synthesis reactions incubated in a thermocycler at 37°C for 60 minutes, 95°C
for 5 minutes, and then held at 4°C. Once complete, the cDNA was pre-amplified with Tagman™
PreAmp Master Mix (Applied Biosystems, Foster City, CA). A custom pooled assay mix of
TagMan primers, including all 18 transcripts for this study, were combined along with the cDNA

template and the Tagman™ PreAmp master mix. Reactions pre-amplified at 95°C for 10 minutes,
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followed by 14 cycles of (95°C for 15 seconds, 60°C for 4 minutes) in a thermocycler. After pre-
amplification, reactions were diluted 20-fold in 1X TE buffer and stored at -15°C to -25°C in

preparation for qPCR.

Quantitative real-time PCR (qPCR)

Quantitative real-time PCR was used to analyze the transcript expression level differences for
each patient at each exposure time point. Each reaction used 5x TUFF TAQ QPCR Master
Mix+Rox (Rebel Bioscience, Portland, OR), TagMan™ primers (Table 2.1), pre-amplified cDNA,
and nuclease-free water for a total volume of 25 pL per reaction. Each transcript was analyzed in
triplicate. Reactions were placed in a 7900HT Fast Real-Time PCR machine (Applied Biosystems,
Foster City, CA). The following parameters were used: 95°C for 10 minutes, followed by 40 cycles
of (95°C for 15 seconds, 60°C for 1 minute). The cycle threshold (Ct) values from the qPCR curves
were extracted at the logarithmic growth phase of the curve. The delta-delta Ct methods was used
to calculate the fold changes (244¢Y), as previously described (28). The log, of the linear fold

changes was calculated for comparisons.

Statistics and analysis

For qPCR, the 224 was used to calculate the fold change, as previously published (28). A p-
value of 0.05 was used as a cutoff to determine statistical significance. P-values are labeled as
<0.05 (*), <0.01 (**), <0.001 (***), and <0.0001 (****) throughout the manuscript.

At 72 hours and 15 days post-'3'I-mIBG, patient fold changes were calculated with respect to
Baseline A (untreated) expression levels across all patient sets. Each baseline sample was analyzed

in the same manner as the exposed samples. Fold changes between Baseline B and Baseline A

34



samples account for either normal variability in the baseline data (*'I-mIBG only group) or the
effects of the additional drug(s) (vorinostat or vincristine/irinotecan patients) prior to irradiation
exposure. The “Baseline” fold changes (Baseline B versus Baseline A) were then used for
comparisons with later time points. Thus, any variability under the “Baseline” fold change will
account for the potential effect(s) of the radiation sensitizers when comparing to fold changes at
72 hours or 15 days after *'I-mIBG treatment. The log, of the linear fold changes were calculated
and multiple t-tests were performed to determine significance between various time points. Data
plotting and t-tests used GraphPad software.

Calculated kinetic model (Km) doses at 72 hours were determined based on absolute mCi of
BIL-mIBG received and fitted to the linear decay curve as previously described (28). A linear
regression model was then derived using the top priority transcript fold changes to generate a gene
expression-based dose (GE) as previously described (28). Predicted doses for 32 random samples
(16 at 72 hours and 16 unexposed) were fit using our newly derived gene expression based linear

regression model (Table 2.3), along with prediction intervals (PI) and confidence intervals (CI).

Partial Least Squares Discriminant Analysis

As a preliminary assessment for how strongly log> transformed transcripts can predict whether
a patient has been exposed (72 hours or 15 days after treatment) from unexposed patients (prior to
treatment), we used partial-least squares discriminant analysis (PLS-DA). PLS-DA is a linear
classification model generated from data that can be used to classify new samples. PLS-DA was
applied using only the top 7 transcripts (CDKNIA, FDXR, BAX, BCL2, BCL2L1, DDB2, and
PRKDC) at 72 hours, and two PLS-DA runs were applied to 15-day samples (top 7 transcripts and

all transcripts). We assessed generalizability of the model by performing leave-one-out cross-
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validation. We calculated sensitivity, specificity, and area under the curve (AUC) as measures of

model performance. Implementation of PLS-DA was done using the R package ‘mixOmics’ (34).

2.4 Results
Patient and sample characteristics

Fifty-nine pediatric patients with relapsed or refractory neuroblastoma provided samples for
the current analysis (Figure 2.1). There were 25 males and 34 females included in this analysis.
The ages of the patients range from 1-26, with a mean age of 7. There were 22 of the 59 patients
that received two rounds of P!I-mIBG treatment (four "'I-mIBG alone, nine !3'I-
mIBG-vincristine/irinotecan patients, and nine *'T-mIBG+vorinostat patients), and we received
samples from only a second course of treatment from one patient (13'I-
mIBG+vincristine/irinotecan). We confirmed with this dataset our previous findings that our gene
expression transcript panel was not statistically different following the second course of treatment
compared to the first course of treatment (Figure 2.2, (28)). Thus, individuals who had a previous
course of treatment were analyzed independently of their second course of treatment. Altogether,
there were 81 patient sets (courses of treatment) in this study (20 *'I-mIBG only, 31 *'I-mIBG
+vincristine/irinotecan, and 30 '*!'[-mIBG +vorinostat). One patient set did not have a 72-hour time
point and only had baseline and 15-day blood draws. In total, there were 80 patient sets with a 72-
hour timepoint (57 patient sets from Course 1 and 23 patient sets from Course 2, with one patient
set only having received Course 2 samples) and 16 patient sets at the 15-day time point (12 patient
sets from Course 1 and 4 patient sets from Course 2, with one patient set only having received
Course 2 samples). Transcripts GAPDH, CDKNIA, FDXR, BAX, BCL2, BCL2L1, DDB2, and

PRKDC were considered our top priority transcripts and were analyzed with all 58 patients (n=80
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courses of treatment) at 72 hours and all 13 patients (n=16 courses of treatment) at 15 days. Second
priority transcripts GADD45A4, XPC, STAT5B, SESN1, POLH, BBC3, PCNA, IGFIR, and SGK1
comprised of 12 patients (n=14 courses of treatment) at 15 days or 26 patients (n=31 courses of
treatment) at 72 hours. MDM?2 was added to the transcript panel after many samples had already
been analyzed and comprised of 12 patients (n=14 courses of treatment) at 15 days or 11 patients
(n=13 courses of treatment) at 72 hours. The total number of patients, total courses of treatment,
p-values, and FDR values for all transcripts at both 72 hours and 15 days as compared to untreated
controls are summarized in Table 2.2. RNA yield varied between 4.7 and 574 ng/ul, with average
A260/280 absorbance values of 2.2, and A260/230 absorbance values of 0.9 across all samples.
The mean RIN value collected was 8. Our analysis focused on differentially expressed transcripts
1311

within these patient sets for comparing early (72 hours) and late (15-day) responses after

mIBG via quantitative real-time PCR (Table 2.1, Figure 2.1b).

10 Transcript P value FDR (q value)
CDKNIA | 0.448492 0.944136

FDXR 0952539 >0.999999

GADD454 | 0.078130 0.464874

5. . XPC 0.667585 0.944136
Lk , ) . IBCLXL/BCL2LI| 0.886644 >0.999999
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2 T £8 0 . MDM2 | 0.498140 0.944136
= i : SESNI 0.028622 0.458009
-5 . POLH | 0.369519 0.944136

- . Course ] BBC3 0.295827 0.944136

. Course? PCNA 0.467459 0.944136
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Fig. 2.2: Course of treatment does not dramatically alter gene expression findings. Quantitative real-time PCR
was used to determine fold change differences amongst patients between his or her first and second course of
treatment. No transcripts were determined to be statistically different at 72 hours between courses based on an
unpaired t-test with two-stage step-up (Benjamini, Krieger, and Yekutieli). Each dot represents one patient, and the

black bar represents the median log> fold change.
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q q q . Total courses
Transcript Timepoint Total Patients e P-value FDR
72 hrs 58 80 <0.000001 <0.000001
CDKNIA
15 days 13 16 0.441898  0.372254
72 hrs 58 80 <0.000001 <0.000001
FDXR
15 days 13 16 0.011147  0.013760
72 hrs 26 31 0.000344  0.000232
GADD45A4
15 days 12 14 0.880141  0.586203
72 hrs 26 31 0.000002  0.000001
XPC
15 days 12 14 0.028870  0.031669
72 hrs 58 80 <0.000001 <0.000001
BCLXL/BCL2L1
15 days 13 16 0.896980  0.586203
72 hrs 26 31 0.000394  0.000239
STAT5B
15 days 12 14 0.007300  0.011586
72 hrs 58 80 0.020016  0.007135
BCL2
15 days 13 16 0.002583  0.004783
72 hrs 58 80 <0.000001 <0.000001
BAX
15 days 13 16 0.812857  0.586203
72 hrs 58 80 <0.000001 <0.000001
DDB2
15 days 13 16 0.031355  0.031669
72 hrs 58 80 0.014392  0.005814
PRKDC
15 days 13 16 0.001428  0.003967
72 hrs 11 13 0.011317  0.005171
MDM?2
15 days 12 14 0.002145  0.004767
72 hrs 26 31 0.015751  0.005966
SESN1
15 days 12 14 0.000287  0.002762
72 hrs 26 31 0.011946  0.005171
POLH
15 days 12 14 0.000746  0.002762
72 hrs 26 31 <0.000001 <0.000001
BBC3
15 days 12 14 0.232644  0.215389
72 hrs 26 31 0.002399  0.001321
PCNA
15 days 12 14 0.469087  0.372254
72 hrs 26 31 <0.000001 <0.000001
IGFIR
15 days 12 14 0.000500  0.002762
72 hrs 26 31 0.011909  0.005171
SGK1
15 days 12 14 0.009254  0.012851

Table 2.2: Transcript statistics at the early (72 hour) or late (15-day) time points.

ISI.mIBG exposure alters early gene expression levels compared to baseline

Figure 2.3a shows the range of transcript fold changes at 72 hours as compared to Baseline A
samples. Overall, 17 transcripts demonstrated significant gene expression differences at 72 hours
as compared to baseline controls, with 14 transcripts displaying significant up-regulation and 3
transcripts demonstrating significant down-regulation (Figure 2.3a, Appendix Figure A.2.1). At

72 hours post *'1-mIBG treatment, the average logs transformed fold changes across the transcript
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panel ranged from -1.786 (BCL2LI) to +2.930 (FDXR) across all 80 patient sets. Several
transcripts demonstrated significant up-regulation, including CDKNIA (p<0.000001), FDXR
(p<0.000001), DDB2 (p<0.000001), and BBC3 (p<0.000001) (Figure 2.3a, Appendix Figure
A.2.1). FDXR showed the highest levels of up-regulation at 72 hours, with the median linear fold
change of 7.77, and peak linear fold change of 25.85. BCLXL was heavily down-regulated at 72

hours, with median linear fold change of 0.277 (about 1.85 fold down-regulated) over baseline

samples (untreated controls).
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Figure 2.3a. Differential expression 72 hours after !I-mIBG radiotherapy. Quantitative real-time PCR
demonstrates 17 statistically significant transcripts at 72 hours post '*'I-mIBG treatment. Differential expression from
58 patients and 80 courses of treatment are shown for our top priority transcripts. Shown is the mean logz fold change

with 95% Confidence Intervals. All fold changes are with respect to untreated blood draw A (Baseline A).

Multiple transcripts are differentially expressed 15 days after 1*'I-mIBG exposure
Similar to the early exposed samples, all transcripts selected were measurable in qPCR assays
15 days after 3'I-mIBG treatment and a Baseline B to Baseline A (untreated control) fold change

comparison was used to negate potential confounding factors from the radiosensitizer(s) (Figure
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2.3b). Nine transcripts were significantly down-regulated at 15 days compared to untreated
controls, including BCL2 (p=0.002583), XPC (p=0.028870), STAT5B (p=0.007300), MDM?2
(p=0.002145), PRKDC (p=0.001428), SESNI (p=0.000287), IGFIR (p=0.0005), POLH
(p=0.000746), and SGK1 (p=0.009254) (Figure 2.3b, Appendix Figure A.2.2). FDXR and DDB?2
(p=0.01 and 0.03, respectively) maintained significant up-regulation at 15 days post exposure.
Additionally, BCL2 and SESNI expression remained down-regulated at both 72 hours and 15 days
(Figure 2.4). Interestingly, STAT5B, XPC, MDM?2, PRKDC, POLH, SGKI, and IGFIR were
significantly up-regulated at 72 hours but were significantly down-regulated at 15 days (Figure
2.4, Appendix Figures A.2.1-A.2.2). Expression levels of six irradiation-responsive transcripts at
early time points (CDKNIA, GADD45A4, BCL2L1, BAX, BBC3, and PCNA) did not display any
differential expression at 15 days as compared to untreated controls, indicating a return to baseline

expression levels (Figure 2.3b, Figure 2.4).
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Figure 2.3b. Differential expression 15 days after 1*'I-mIBG radiotherapy. Quantitative real-time PCR
determined 11 statistically significant transcripts 15 days post '*'I-mIBG treatment. SESNI, POLH, and IGFIR
displayed the most significant down-regulation from Baseline (p<0.001). Shown is the mean log fold change with

95% Confidence Intervals. All fold changes are with respect to untreated blood draw A (Baseline A).
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Comparison between early and late time points show differences in gene expression

Given the differential gene expression changes between early (72 hours) and late (15-day) time
points compared to untreated controls, we next sought to compare differences between 72 hours
and 15 days independently. Here, the log, fold changes at both time points were calculated with
respect to untreated Baseline A. Fourteen transcripts demonstrated significant modulation between
early and late time points after *'I-mIBG treatment (Figure 2.3¢, Appendix Figure A.2.3). Fold
changes for thirteen of the fourteen transcripts were up-regulated at 72 hours after exposure, and
subsequently down-regulated at day 15. The only transcript that displayed significant down-

regulation at 72 hours as compared to 15 days was BCL2L 1, an anti-apoptotic marker (Figure 2.3c,

Appendix Figure A.2.3).
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Figure 2.3c. Observational expression level differences between early and late time points. Quantitative real-time
PCR determined fold change fluctuations between early and late time points after'3!'[-mIBG treatment. Shown are the

mean logz fold changes with 95% Confidence Intervals. All fold changes are with respect to untreated blood draw A

(Baseline A).
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Figure 2.4: Transcripts levels fluctuate between early and late time points. (a). Heatmap of average log, fold
changes across time points. Baseline fold change refers to the Baseline B vs Baseline A comparison. All fold changes
are with respect to Baseline A. (b). Venn diagram illustrates the differentially expressed transcripts at 72 hours, 15
days, or the overlap between both time points. Transcript coloring is as follows: up-regulated transcripts (red), down-
regulated transcripts (blue), differential expression at both timepoints, but in reverse directions when compared to
baseline (gray). All fold changes are log: transformed and were compared to Baseline A. Differential gene expression

cutoff was p<0.05.

Gene expression-based dose prediction is consistent at 72 hours but inconclusive at 15 days
We calculated absorbed doses for all 80 patient sets at 72 hours using the three-
compartment biokinetic model based on the ’'T decay curve, amount of injected *!'I-mIBG
activity, and patient body weight as previously described (28). These doses were termed kinetic
model (Km) doses. We then applied a linear regression model on a random pool of 32 patient sets
(16 treated at 72 hours and 16 untreated) to predict dose based on gene expression values. We
focused only on the top 7 priority transcripts (CDKNIA, FDXR, BAX, BCL2, BCL2L1, DDB2, and
PRKDC) for our gene expression dose estimation to ensure that all patients contained full datasets.

Predicted doses based on the gene expression (GE) model fall between 1.55-2.97 Gy, and
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calculated Km doses for these 16 treated samples fall within 2.3-2.88 Gy with an R? value of
~0.89, suggesting that a linear regression model remains robust for predicting dose values in
subjects exposed to 3'I-mIBG (Table 2.3). We then performed PLS-DA with Leave-One-Out
Cross Validation (LOO-CV) using the same top 7 transcripts on all 160 samples at 72 hours (80
treated and 80 untreated) to predict exposed from unexposed individuals. LOO-CV predicted
exposed from unexposed samples with 98% specificity and 92.5% sensitivity (Table 2.4).
Because our previously published three-compartment model only encompassed data up to 120
hours, we could not use this model to predict doses at 15 days. Therefore, we used the amount of
injected 3'I-mIBG activity (mCi) to calculate the absorbed dose at 15 days using the Equations 1-
3 from our previous pilot study (28) in an attempt to calculate dose based on gene expression at
the 15-day time point. The resulting doses from the biokinetic model were termed “observed”
doses. We then performed linear regression and LOO-CV to create a gene expression model that
would be relevant at 15 days. Using our newly derived 15-day gene expression-based model, we
predicted total dose absorbed at 15 days as compared to the observed dose from the biokinetic
model (data not shown). Predicted doses from the 15-day gene expression results (logz fold change
compared to Baseline A) were indistinguishable from the predicted dose using untreated baseline
samples (Time 0; log> fold change comparing Baseline B to Baseline A). This suggests that 15
days may be too late to retrieve an accurate gene-expression based dose estimation reading within

the peripheral blood from internal '3'1.
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Patient Set Km Dose GE Dose (Fit) Lower PI  Upper PI  Lower CI  Upper CI

1 246.25 215.50 113.88 317.13 184.44 246.56
2 283.88 269.84 170.63 369.05 247.95 291.73
3 256.56 261.98 163.21 360.75 242.16 281.80
4 233.92 225.61 126.12 325.11 202.45 248.78
5 251.26 245.56 143.52 347.60 213.18 277.94
6 250.75 155.45 57.19 253.72 138.36 172.55
7 275.89 242.50 144.78 340.21 228.88 256.12
8 254.95 252.93 154.00 351.86 232.36 273.51
9 272.85 237.56 139.65 335.47 222.63 252.49
10 271.75 215.67 117.81 313.52 201.10 230.24
11 259.26 281.64 178.13 385.15 244.89 318.39
12 267.24 254.53 155.60 353.47 233.92 275.14
13 256.56 181.26 83.54 278.98 167.63 194.90
14 275.89 221.45 118.75 324.16 187.04 255.87
15 275.02 257.70 157.67 357.74 232.34 283.07
16 288.13 297.31 197.49 397.13 272.78 321.84
1 0 -32.06 -129.99 65.87 -47.10 -17.02
2 0 10.91 -88.53 110.36 -12.01 33.84
3 0 -24.50 -122.17 73.17 -37.78 -11.21
4 0 -7.15 -110.04 95.73 -42.10 27.80
5 0 6.67 -91.06 104.41 -7.10 20.45
6 0 -66.40 -163.97 31.16 -78.88 -53.92
7 0 -29.87 -127.21 67.47 -40.41 -19.32
8 0 -7.96 -105.11 89.18 -16.51 0.58

9 0 1.77 -95.04 98.57 -1.15 4.68

10 0 -5.00 -102.81 92.81 -19.28 9.28

11 0 28.87 -74.45 132.18 -7.34 65.07
12 0 8.23 -88.83 105.29 0.63 15.84
13 0 -19.41 -116.86 78.03 -30.89 -7.93

14 0 20.43 -71.70 118.55 4.15 36.71

15 0 -7.02 -105.10 91.06 -23.02 8.98

16 0 -11.73 -109.07 85.61 -22.31 -1.16

Table 2.3: Gene expression dose prediction at 72 hours using a linear regression model

N unexposed N exposed  AUC Specificity — Sensitivity

LOO-CV Results 80 80 0.9892 0.9875 0.925

Table 2.4: Leave One Out Cross Validation (LOO-CV) at 72 hours on 160 blood samples predicted exposed vs.

unexposed with over 98% specificity.

Transcripts are strongly predictive of exposure status out to 15 days
Although accurate or absolute dose prediction was inconclusive at 15 days, we next sought

to investigate if our gene expression panel could distinguish IR-exposed from unexposed
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individuals at 15 days. Thus, we generated a predictive two-component PLS-DA model using gene
expression results from 16 patients sets (Figure 2.5). We ran PLS-DA with LOO-CV on our top 7
priority transcripts and predicted exposed vs. unexposed samples with 87.5% specificity, 87.5%
sensitivity and an R? value of ~0.9 (Figure 2.5, Table 2.5). All 16 exposed samples were correctly
identified as exposed, and only 1 false positive sample was incorrectly predicted as exposed
(Figure 2.5). We also performed PLS-DA and LOO-CV on our complete 17 transcript panel and
found it to be slightly more specific than our top 7 transcripts alone, with 94% specificity and

87.5% sensitivity (Figure 2.6, Table 2.5).

|Individual Plot for PLS-DA Using 7 Transcripts
O

o

O Exposed
Unexposed

Component 2: 18% explained variance
o

-2 -1 0 1 2 3
Component 1: 28% explained variance

Figure 2.5: Top 7 transcript panel differentiates exposed from non-exposed out to 15 days. A predictive two-
component PLS-DA model comprised of CDKNI1A4, FDXR, DDB2, BCL2, BCL2L1, DDB2, and PRKDC identified
exposed versus unexposed samples with 87.5% specificity. The color of the background represents the predicted label,

and the icons are representative of the actual label.
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Individual Plot for PLS-DA Using 17 Transcripts
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Figure 2.6: PLS-DA on entire transcript panel mimics Top 7 findings to differentiate exposed from non-exposed
out to 15 days. A predictive two-component PLS-DA model using all transcript data collected identified exposed
versus unexposed samples with ~94% specificity and ~88% sensitivity. The color of the background represents the

predicted label, and the icons are representative of the actual label.

N unexposed N exposed AUC  Specificity  Sensitivity

LOO-CV Results 16 16 0.8594 0.875 0.875 Top Priority Transcripts

LOO-CV Results 16 16 0.9648 0.9375 0.875 All Transcripts

Table 2.5: Leave One Out Cross-Validation (LOO-CV) on Top Priority Transcripts Predicts Exposed from

Unexposed at 15 days
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2.5 Discussion

This study demonstrates the utility of using biodosimetry gene expression panels established
for external irradiation scenarios for internalized '*!T exposures (and may be generally applicable
to other internal radioisotopes) over later time points. Importantly, the data are derived directly
from pediatric patients, an under-represented population rarely included in radiation exposure
studies. These data were also useful for detecting transcriptional differences between early (3 day)
and late (15-day) time points after *!I-mIBG treatment in human chemo-radiotherapeutic patients
using known IR-responsive gene transcripts. Furthermore, our findings demonstrate that this gene
expression panel is useful for predicting exposed from unexposed individuals out to 15 days and
could accurately triage the exposed population with as little as 7 selected transcripts. These data
may be useful in the event of a large-scale disaster between 3 days and up to 2 weeks after an
initial exposure, allowing clinical assistance and resources to funnel to those in need while
reassuring the worried well.

Previous external and internal biodosimetry studies provided transcript analysis usually within
3 days of exposure (10, 12, 14, 27, 28). To our knowledge, our study is unique in that it
demonstrates the strength of using peripheral blood as a biomarker of DNA damage-related
responses to internal 1311 in humans up to 15 days after exposure, demonstrating further utility for
expression panels with common transcripts of interest. We chose our two time points of interest,
72 hours and 15 days, because they align nicely with the treatment plan for these
relapsed/refractory neuroblastoma patients. There are radiation safety concerns with obtaining
blood samples prior to 72 hours after 1311-mIBG treatment. Thus, 72 hours (3 days) serves as our
early time point. The 15-day time point was chosen as patients are clinically treated with an

autologous stem cell boost at that time.
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We utilized an expanded panel of TP53, PI3K/AKT, and MAPK-regulated transcripts and
found that certain predictors of early exposure did not overlap with the later time point of 15 days.
These data demonstrate that at 72 hours of exposure, CDKNIA, GADD45A4, BAX, BBC3, PCNA,
and BCL2L1 were key indicators of internal '*'T exposure, however, transcript fluctuations were
time-dependent and were not significant at the later time point as compared to untreated controls.
This demonstrates that these transcripts may be useful as early biomarkers of more recent '
exposures that could likewise be relevant to other beta-emitting radioisotopes of concern such as
%0Sr and '¥’Cs. We also identified four transcripts that continued to maintain consistent gene
expression differences at both early (72-hour) and late (15-day) points: FDXR, DDB2, BCL2, and
SESNI. These transcripts may serve as novel biomarkers useful for triaging those exposed at both
early and late time points, especially in the event of a nuclear disaster, where it may not be feasible
to triage the entire exposed population from the worried well within three days. We also found that
STAT5B, XPC, MDM?2, PRKDC, POLH, SGK1, and IGF IR were the only transcripts in this study
to be significantly up-regulated at the early time point and significantly down-regulated at the late
time point. This indicates that these transcripts may be more sensitive to small changes in relevant
IR-responsive cell cycle and DNA damage response pathways, such as those mediated by TP53.
This may also indicate transcripts that are susceptible to long-term toxicities associated with
treatment, such as immune modulation and hematopoietic stem cell depletion/dysfunction
associated with *'I-mIBG treatment at later time points. It should also be noted that gene
expression levels continued to change at 15 days post-treatment, as most transcripts had not
returned to baseline levels.

Our biodosimetry panel focused on several TP53-regulated transcripts of interest that have

been previously identified as responsive to early irradiation exposures of <3 days (35). These
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results coincide with previous reports of ex-vivo irradiated samples from human peripheral blood,
validating FDXR and CDKNIA as important biomarkers of early exposure for both internal and
external sources of irradiation (/4, 36). Other external irradiation studies of TP53-responsive genes
included DDB2 and MDM?2, which were also significantly up-regulated upon early exposures (335,
37). Although previous studies have investigated CDKNIA, FDXR, MDM?2, and DDB?2 as
candidate up-regulated biomarkers of IR exposure (30, 35, 36), our study expands upon these
findings to validate these transcripts as biomarkers of internal '3'I exposure at early time points.
Similar to what we have seen previously in neuroblastoma patients, CDKNIA and MDM?2 also
displayed a time-dependent up-regulation at 72 hours and decreased with later time points (28).
Interestingly, our study identified FDXR and DDB? as biomarkers of both early and late exposures,
maintaining consistent up-regulation at 72 hours and 15 days as compared to untreated controls.

We found that at 15 days the fold changes of our transcript panel differed from those at 72
hours. We identified nine transcripts significantly down-regulated at day 15 as compared to
untreated controls, which may indicate a delayed recovery response of these genes to return to
normal levels from the effects of internal *'T-mIBG exposure. It is also possible that the biological
effects of 1*'T may still be contributing to these transcript fluctuations at day 15, as the physical
half-life of *!T is ~8 days and there is still ongoing exposure 15 days after treatment initiation.
This finding that transcripts are still fluctuating after two weeks of exposure will need to be
considered when triaging and treating individuals long after an irradiation incident.

Here, we suggest that many transcripts initially designated as early biomarkers of ionizing
radiation exposure are no longer predictive biomarkers of exposure out to 15 days. In contrast to
transcripts that we identified that are indicative of early exposures, we found that BCL2 and SESN1

remained significantly down-regulated at 15 days, indicating that DDR and apoptotic pathways
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may still be dysregulated at later time points. These transcripts differ from the standard transcripts
studied with early exposures and may be relevant and impactful biomarkers at late exposures out
to 15 days, where gene expression levels are still changing.

Among the essential features of this model system is the well-defined patient exposure history,
where samples were collected at both early and late time points post-'3'I-mIBG treatment.
Moreover, each subject provided blood before and after exposure, so that each individual acts as
his or her own control. Furthermore, we utilized robust qPCR assays that are used in exposure
scenarios over an extensive amount of irradiation studies (35) and that have been previously
validated as an accurate and reproducible method for analyzing *'I-mIBG patient samples (38).
This model system is also ideal for detecting biomarkers of acute toxicity (27) and extrapolating
absorbed dose estimates from 3'I-mIBG exposures (28).

Despite the quick and reliable detection methods of qPCR, there is still a need for larger gene
expression studies to better understand the overall association between transcripts and
physiological effects associated with exposure outcomes. Another limitation of qPCR is that it is
directed towards a specific transcript panel of interest, and it is not feasible for analyzing thousands
of genes at once. Thus, analyzing gene expression levels via qPCR in combination with additional
studies, like microarray and sequencing, may complement these findings and validate new genes
and pathways responding to both early and late '3'I-mIBG exposures.

Although human data are the most relevant in the case of an irradiation exposure, there are
confounding factors within this study that may alter the gene expression results as compared to the
normal population. First, all the individuals within this study have been diagnosed with relapsed
or refractory neuroblastoma and may have been previously exposed to chemotherapeutic agents

and/or surgery. In addition, these data encompass exposure conditions from children treated with
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potassium iodide to block and protect the thyroid, as well as concomitant chemotherapy or
radiation sensitizers, which may or may not contribute at some level to the differential expression
observed in the peripheral blood. Furthermore, similar studies in adults are limited due to the nature
of this disease. It is also worth noting that this study encompasses 81 different patient sets amongst
59 different people, since many patients had two courses of treatment. The impact of the
autologous stem cell boost may have been the reason for seeing transcriptional responses resetting
prior to the next round of treatment.

In the case of a large-scale irradiation incident, estimating the dose for exposed individuals
will help triage those that need immediate attention to relay the proper medical treatment. It is
known that the timing since exposure can have drastic influence on dose estimate and clinical
patient care (5, 39). Therefore, expanding the gene panel of interest out to different time points
remains a key variable in providing accurate and reliable dose-estimation and clinical assistance
in the event of an exposure disaster. In summary, we have shown in a human peripheral blood
model system that there are unique transcripts that are differentially expressed at both early and
late time points after *'I-mIBG treatment. We have also identified key biomarkers responding to
internal "*'T-mIBG at both early (72 hour) and late (15-day) time points. In addition, FDXR, DDB2,
BCL2, and SESNI maintained consistent differential expression at both 72 hours and 15 days,
indicating biomarkers that may remain useful in a triage incident 15 days post exposure.

Furthermore, the modulation in gene expression at the 15-day time point can still discriminate
between exposed and non-exposed individuals using a selected gene transcript panel associated
with DNA damage signaling, apoptosis, cell cycle progression, and cellular stress response
pathways. We can also predict exposed from the non-exposed at 15 days post treatment with 87.5%

or 94% specificity using the weightings from our top priority transcripts or our full transcript panel,
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respectively. It is worth noting that these data not only serve to model *'T dosimetry or internal
exposure, but may ultimately be shown to provide a measure of patient toxicity or tolerance in the
treatment of high-risk neuroblastoma patients (27). In the future, it will be of interest to investigate
additional genome scale data such as arrays and next generation sequencing to expand our
biodosimetry panel of interest and identify both patient-specific and treatment-specific responses

to 31I-mIBG exposure, including its relevance as a measure of overall patient outcome.
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Figure A.2.1: Individual fold change plots and statistical significance across 72-hour time point. Unpaired

multiple t-tests determined statistical significance amongst time points. Left panel: The p-values for 72 hours vs.

Baseline were analyzed. All fold changes were logz transformed and compared to untreated controls. Right panel:

Quantitative real-time PCR determined fold change fluctuations between 72 hours vs. Baseline. Each dot represents

one blood sample. All fold changes are with respect to untreated blood draw A (Baseline A). The black line represents

the mean fold change.
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Figure A.2.2: Individual fold change plots and statistical significance across 15-day time point. Unpaired

multiple t-tests determined statistical significance amongst time points. Left panel: The p-values for 15 days vs.
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Baseline. All fold changes were log: transformed and compared to untreated controls. Right panel: Quantitative real-
time PCR determined fold change fluctuations between 15 days vs. Baseline. Each dot represents one blood sample.

All fold changes are with respect to untreated blood draw A (Baseline A). The black line represents the mean fold

change.
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Figure A.2.3: Individual fold change plots and statistical significance across 72-hours and 15-day time points.
Unpaired multiple t-tests determined statistical significance amongst time points. Left panel: The p-values for 72 hours
vs. 15 days were analyzed. All fold changes were log: transformed and compared to untreated controls. For the 72
hours vs 15-day comparison, a multiple t-test with Welch’s correction (assumed variance between each group) was
applied since there were drastically different numbers of patients tested at 72 hours versus 15 days. Right panel:
Quantitative real-time PCR determined fold change fluctuations between 72 hours vs. 15 days. Each dot represents
one blood sample. All fold changes are with respect to untreated blood draw A (Baseline A). The black line represents

the mean fold change.
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3.1 Abstract

Curcumin, a natural polyphenol present within the spice turmeric (Curcuma longa), contains
antioxidant, anti-inflammatory, and anti-cancer properties and has also presented as a promising
radiation medical countermeasure (MCM). However, curcumin bioavailability is inherently low

due to poor water solubility and rapid metabolism. Here, we have successfully incorporated
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curcumin into “biomimetic” nanolipoprotein particles (¢cNLPs) surrounded by apolipoprotein Al
and amphipathic polymer scaffolding moieties. Our cNLP formulation improves the water
solubility of curcumin and produces nanoparticles with ~350 pg/ml total soluble curcumin for
downstream in vitro applications. We found that cNLPs were well-tolerated in human primary
lung fibroblasts (AG05965/MRC-5 cells) in G0/Gl-phase compared to those treated with
curcumin solubilized in DMSO (curDMSO). Pre-treatment with cNLPs on MRC-5 cultures also
improved cell survival when exposed to '3’Cs rays. These findings may be useful for establishing
curcumin nanodiscs as a method to improve the bioavailability of curcumin for administration as

radioprotective agents against ionizing radiation (IR) exposures.

3.2 Introduction

Curcumin, a major component of turmeric (Curcuma longa), is a naturally occurring
phytochemical known for its pleotropic health benefits including antioxidant and anti-
inflammatory properties (1). Turmeric, a common household spice and the main source of
curcumin, has been used in South-East Asia and the Middle East for centuries as a curative for
minor ailments, as well as a food additive, dye colorant, and cosmetic additive globally (2).
Recently, curcumin has been studied as a health supplement for a variety of diseases and disorders,
including liver fibrosis, diabetes, cardiovascular disease, and cancer (3). To date, there have been
over 100 clinical trials involving more than 6,000 participants examining the safety, efficacy, and
health benefits of curcumin against numerous disease states (4). It has been established that
curcumin is safe and well-tolerated in humans, with acceptable intake up to 12 grams/day

demonstrating little to no toxicity (5).
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Currently, the mechanisms of action following curcumin treatment are being investigated with
increasing popularity in humans (1, 3, 4). It is well-accepted that curcumin modulates a wide
variety of cellular pathways that can affect a multitude of downstream functions, including cancer
cell proliferation, apoptosis, cell cycle arrest, and inflammatory processes (3, 4). For example,
curcumin has been shown to increase cell cycle arrest and disrupt VEGF, EGFR, and COX-2
pathways in numerous cancer cell lines (3). Curcumin is also a potent anti-inflammatory and free-
radical scavenger, and it has been proposed that curcumin alters arachidonic acid metabolism,
potentially as an upstream regulator of inflammatory processes via cyclooxygenase (COX),
lipoxygenase (LOX), and tumor necrosis factor (TNF) inhibition (6). Curcumin has also been
shown to decrease reactive oxygen species (ROS) production via decreasing inducible nitric oxide
synthase (iNOS), increasing glutathione peroxidase, as well as increasing the transcription of
antioxidant gene response elements through the Nrf-2-Keap1 complex (6).

Ionizing radiation exposures increase ROS production which can lead to increased DNA
damage in cells as well as dysregulated downstream biological pathways. Previous studies have
demonstrated that natural antioxidants, such as curcumin, may offer potential as radiation
protectants or radiation countermeasures (7). Recently, curcumin has shown to protect human
lymphocytes from lipid peroxidation and improved antioxidant potential following up to 4 Gy
gamma exposures (8). Curcumin treatments have also improved wound healing response times
following mice exposed to whole body doses up to 20 Gy (9), and oral administration of curcumin
in mice shows decreased micronucleated polychromatic erythrocytes following 1.15 Gy of total
body gamma irradiation (10). However, unlike this study, these findings were not focused on the

effects on DNA double strand break (DSB) repair or cell survival following curcumin treatment.
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Although curcumin acts as a promising phytochemical for radiological protection or as a
radiation MCM, it has an inherently low water-solubility and poor bioavailability due to its limited
absorption, rapid metabolism, and fast excretion (11). Several formulations have been proposed to
circumvent the problem of low curcumin bioavailability, including curcumin-adjuvant
formulations, nanoparticles, or liposomes (11). Co-administration of piperine with curcumin in
mice shows an enhanced protective effect against stress-induced neural impairment over curcumin
treatment alone (12). Furthermore, concomitant administration of piperine with curcumin
demonstrates increased absorption of curcumin in both rats and humans, with a 2000% increase in
bioavailability in human subjects (13). In addition, curcumin liposomal formulations have also
recently shown promise to enhance curcumin bioavailability in vitro and in vivo, as shown via
increased apoptosis and toxicity to colon, lung, prostate, and cervical cancer cell lines as well as
decreased tumor growth in mouse xenograft models (14, 15). Previous nanocurcumin formulations
also improved curcumin water solubility and were well-tolerated in vivo (16). In this study, we
describe the formulation and characterization of curcumin nanolipoprotein particles (NLPs) as a
vehicle to increase curcumin bioavailability.

NLPs are nanodiscs composed of lipids and scaffolding proteins that mimic high-density
lipoprotein (HDL) particles within the human body. They can be readily customizable to a variety
of lipids, scaffolding proteins, as well as polymeric or adjuvant formulations and are virtually non-
toxic in vitro and in vivo (17). In addition, NLPs also act as biomimetic transporters of cargo into
the cell (17), and serve as biodelivery platforms for otherwise unstable or insoluble moieties,
including self-amplifying mRNA replicon (18) or membrane proteins (19, 20). It has previously
been shown that curcumin incorporation into stable nanodiscs surrounded by either apolipoprotein

ApoAl or ApoE increases the efficiency of curcumin delivery and subsequent apoptosis in
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hepatoma, lymphoma, and glioblastoma cell lines (21-23). However, these studies did not examine
the effects of curcumin nanodiscs on normal human cells or its impact on cells pre- or post-IR
exposure. Here, we introduce the production of our curcumin-loaded ApoA1 NLPs (cNLPs) by
mixing curcumin with DMPC lipid and amphipathic telodendrimer polymers, followed by the
addition of ApoA1l scaffolding proteins, and then characterize curcumin bioavailability in vitro as
a potentially less toxic alternative to DMSO solubilized curcumin. We also examine the protection
that our cNLP formulations may provide against IR-induced DNA damage and subsequent cell
survival following ionizing radiation exposures in vitro.

The current study examines the compatibility of cNLPs compared to DMSO solubilized
curcumin in a cell line derived from normal human fetal lung tissue (AG05965/MRC-5) primary
lung fibroblasts and tests the ability of cNLPs to alter DNA DSB kinetics and cell survival
following exposure to 13’Cs gamma rays. The goal of this study was to demonstrate the production,
characterization, and toxicity of our cNLPs and to test whether these cNLPs may serve as
radiological protectants in normal human fibroblasts. To our knowledge, this is the first study
examining the effects of solubilized curcumin nanodiscs on overall toxicity and radiation
protection in normal human fibroblasts. We demonstrate that our cNLPs solubilize curcumin in
the lipidic nano-environment as evidenced via an absorbance shift, size exclusion chromatography
(SEC), and dynamic light scattering (DLS). In addition, we show that our cNLPs protect against
IR-induced cellular death in vitro and demonstrate the utility of cNLP formulations as potential
radiation protectants or radiation medical countermeasures (MCM). These data suggest that cNLPs
may be useful MCM in the clinic for patients undergoing radiotherapy or following ubiquitous

environmental exposures to radiation throughout deep space missions.
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3.3 Materials and Methods
Formulating curcumin-telodiscs (cur-telodiscs)

The first step to cNLP formation was forming the curcumin telodendrimer-lipid discs (cur-
telodiscs). To formulate the cur-telodiscs, 60 mg/ml curcumin (in DMSO), 20 mg/ml of 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) lipid (Avanti Polar Lipids) (in water), and 20
mg/ml telodendrimer PEG5k-CAS8 polymer (in water) are prepped as stock solutions. First, re-
constituted DMPC lipid [20 mg/ml] was sonicated in a horn sonicator for about 25-45 minutes or
until optical translucence is achieved. The lipid was then mixed with the telodendrimer [20 mg/ml]
in a 10:1 vol/vol (DMPC: telodendrimer) ratio. Solubilized curcumin [60 mg/ml in DMSO] was
then added to the lipid-telodendrimer mixture at a 9:10:1 vol/vol/vol ratio (curcumin: DMPC:
telodendrimer). The final concentration of the curcumin telodendrimer-lipid mixture (cur-telodisc)
is 27 mg/ml curcumin, 10 mg/ml DMPC, and 1 mg/ml telodendrimer. The resulting cur-telodiscs
were then sonicated for 30-45 minutes until homogenized in a horn sonicator and spun down in a

microcentrifuge at 10,000 rpm for 1 minute to remove any unincorporated curcumin.

Formulating curcumin nanolipoprotein particles (¢cNLPs)

To formulate the cNLPs, 500 pl of soluble cur-telodisc was combined with purified
A49ApolipoproteinAl (ApoAl) (final ApoAl concentration of 2 mg/ml) and 1X PBS to a final
volume of 1 ml. The resulting curcumin nanoparticles were then sonicated for 30 minutes in a bath
sonicator and then dialyzed overnight against 1X PBS pH 7.4 at room temperature. After dialysis,
250 pl of freshly sonicated [20 mg/ml] DMPC lipid is added per ml of dialyzed curcumin mixture,

re-sonicated for 45 more minutes in a bath sonicator, and then centrifuged at 10,000 rpm for 1
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minute to remove any potential unincorporated curcumin. The resulting supernatant contains

soluble curcumin nanolipoprotein particles, or cNLPs.

UV-Vis Spectroscopy

UV-Vis spectroscopy was utilized to determine total curcumin incorporated into the cNLPs
based on previous studies with ApoA1 and E4 nanodiscs as well as curcumin-amyloid aggregates
(21-23). Curcumin absorbance at 430 nm was read using the NanoDropTM One®
spectrophotometer (Thermo Fisher Scientific). To establish a standard curve, absorbance readings
at 430 nm were read for two-fold serial dilutions of curcumin solubilized in DMSO at [0.25
mg/ml], [0.125 mg/ml], [0.06 mg/ml], [0.03 mg/ml], and [0.015 mg/ml]. The resulting standard
curve equation was calculated using Microsoft Excel along with the resulting R? value. For our
experiments, our R? value was consistently >0.99. A new standard curve was created with fresh
curcumin solubilized in DMSO for comparison to each new cNLP prep. Absorbance readings of
cNLP at 430 nm were then compared to the standard curve to give a final concentration of

curcumin in our cNLP sample.

Size Exclusion Chromatography (SEC)

Size exclusion chromatography was used to demonstrate proper incorporation of curcumin
within our cNLP particles. cNLPs were diluted ~1:50 in PBS and loaded into a SEC column
(Superose 6 Increase, GE Healthcare) to verify curcumin incorporation. SEC was run at a flow
rate of 0.6 ml/min in PBS buffer. Curcumin absorbance (430 nm) along with protein absorbance
(280 nm) was used to demonstrate curcumin incorporation into the cNLPs. Total run time per

sample did not exceed 6 minutes.
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Dynamic Light Scattering (DLS)

Dynamic light scattering was applied to determine the solution size of the nanoparticles with
and without loaded curcumin. Here, 1 pL of sample was diluted in 99 pL 1X PBS in a cuvette.
The cuvette was then placed into the DLS (Zetasizer Nano ZSP, Malvern Panalytical,
Westborough, MA, USA) and the average size or aggregation state of the particles was determined.

Zetasizer Nano ZSP software was used for analysis of the particle size distribution.

UV Transluminescence

Fluorescence of free curcumin dissolved in water or DMSO was compared alongside curcumin
in telodisc form (Lipids). Curcumin concentrations in water, DMSO, or lipids ranged from 0.015-
0.5 mg/ml total curcumin incorporation. 100 pl of each solution was aliquoted and imaged for

general fluorescence under a UV lamp (365 nm).

Cell culture

AG05965/MRC-5 normal primary human lung fibroblasts were maintained in MEMa with 1X
GlutaMAX media (GIBCO/Invitrogen). Media was supplemented with 15% FBS, 0.8% PenStrep
(GIBCO/Invitrogen), 0.8% MEM Vitamins (GIBCO/Invitrogen), 0.8% MEM (Essential) Amino
Acids Solution (GIBCO/Invitrogen), 0.8% MEM Non-Essential Amino Acids Solution
(GIBCO/Invitrogen), and 4 mM NaOH. Cell culture media was filtered through a 0.2-micron PES
filter before use. Cells were cultured in a 37°C incubator with 5% COs. Experiments were

conducted with cells below 20 passages.
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Cell Proliferation (MTS) Assay

AG05965/MRC-5 normal primary human lung fibroblasts were seeded at 10,000 cells/well in
a 96 well plate. After ~24-48 hours of growth, the cells were washed 1X with PBS then treated
with ¢cNLPs [0, 20, 40, 60, 80, or 100 uM curcumin], curDMSO [0, 20, 40, 60, 80, or 100 uM
curcumin], or empty NLPs [added the same volumes as cNLP group] for 18 hours. The maximum
amount of DMSO used in the 100 pM curDMSO group was 0.4%. Following 18-hour
curDMSO/cNLP/empty NLP treatment, 20 ul CellTiter 96® AQueous One Solution Reagent
(Promega) was added to each well containing the samples in 100 pl culture medium. Cells were
then incubated in a 37°C incubator with 5% CO; for 4 hours. After 4 hours, absorbance was read
at 490 nm using a 96-well plate reader and 650 nm (background) was subtracted from all wells
prior to normalization. Normalized values were calculated by dividing the average 490 nm
absorbances of empty NLP, cNLP, or curDMSO treated wells by the average 490 nm absorbances
from cells treated only with cell culture media (Absorbancesgo treated cells/Absorbancesgo media
alone cells). Two independent biological replicates were combined to determine statistical

significance using Two-Way ANOVA.

DNA Damage Immunohistochemistry

G0/G1 AGO05965/MRC-5 normal primary lung fibroblasts were grown to confluency in
standard MRC-5 culture media on Nunc-flaskettes (Thermo Fisher). Once confluent, cells were
treated for 18 hours with 10 pg/ml [27uM] cNLPs, 10 pg/ml [27uM] curDMSO, or 0.1% DMSO
alone prior to 50 cGy or 0 cGy (SHAM) irradiation. Cells were then irradiated with 50 cGy of
37Cs gamma rays or 0 ¢cGy (SHAM) at Lawrence Livermore National Laboratory (LLNL).

Flaskettes were returned to the cell incubator for deactivation and samples were fixed at 15, 120,
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360 and 1440 min following IR by aspirating medium, rinsing gently 2X with DPBS (with
Ca?"Mg?"), and fixed for 15 min with 4% Paraformaldehyde (PFA) in 1X PBS. Following fixation,
PFA was aspirated and flaskettes were rinsed (3x5 min) with DPBS on rocker and then filled with
DPBS, capped, and resealed with Parafilm and stored in 4°C refrigerator until immunostaining.
Within a few weeks post fixation, cells were immunostained as previously described (24). In
detail, chambers were rinsed 2X with room temperature (RT) DPBS for 5 minutes each on rocker.
Cells were then permeabilized with ice-cold PBS with 0.5% Triton X-100 per chamber and placed
on rocker on ice tray for 10 minutes. Permeabilization solution was then aspirated and flaskettes
were rinsed 2X with RT DPBS for 5 minutes each on rocker. Samples were then treated with
Image-iT™ FX Signal Enhancer solution (Thermo Fisher) and incubated at room temperature for
30 minutes. Image-iT™ FX Signal Enhancer solution was then aspirated, and chambers were
rinsed 2X with RT DPBS for 5 minutes each on rocker. Samples were then blocked with 2% goat
serum, 2% FBS, 1% BSA, 0.1% Triton X-100, and 0.05% Tween-20 in PBS at RT for 30-60
minutes on the rocker. After blocking, cells were rinsed quickly RT DPBS and chambers and
gasket were carefully removed from the slide with a razor blade. Primary antibody solutions of
1:250 Upstate mouse anti-phosphoH2AX JBW301 (Millipore # 05-636) and 1:250 rabbit anti-
53BP1 (Novus #NB100-304) in PBS with 1% BSA were loaded on slide. Slides were overlayed
with coverslip and incubated horizontally in a 37°C humid chamber (wet slide box/Tupperware in
incubator/warm room) for 30—60 minutes. Slides were rinsed 3X in RT DPBS for 5 minutes each
in dark Coplin jars on rocker. Secondary antibodies 1:500 Molecular Probes Alexa-488-conjugated
goat anti-mouse IgG (Thermo Fisher #A-11017) and 1:500 Molecular Probes Alexa-594-
conjugated goat anti-rabbit IgG (Thermo Fisher #A-11072) prepped in PBS alone (no BSA) were

then mounted on slide with overlaying coverslip and incubated horizontally in a dark 37°C humid
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chamber for 30—60 minutes. Slides were then rinsed 2X in RT DPBS for 5 minutes each in dark
Coplin jars on rocker, followed by 1X final rinse for 10 minutes. Slides were then incubated in
freshly prepared RT 3.7% paraformaldehyde in PBS for 10 minutes followed by (2x5min) rinses
with RT DPBS on rocker. After the final rinse, excess PBS was removed from slides and slides
were treated with RT Molecular Probes ProLong Gold with 0.2 pg/ml DAPI (Thermo Fisher) and
overlayed with a 24 mm x 50 mm coverslip. Slides were cured overnight at RT in a light-tight
slide box and then transferred to the refrigerator the following day and stored at 4°C until imaging.
Slides were imaged at 63x with a Carl Zeiss microscope using Zen Software. Over 250 cells were

counted per experimental time point.

Survival Curves

To assess the radioprotectant capabilities of cNLPs, GO/G1 AG05965/MRC-5 normal primary
lung fibroblasts were treated for 18 hours with 10 pg/ml [27uM] cNLPs, 10 pg/ml [27uM]
curDMSO, 10 pg/ml empty NLPs, or 0.1% DMSO alone prior to 50 ¢Gy 3’Cs or 0 cGy (SHAM)
irradiation. After 18 hours of treatment, cells were trypsinized and counted via Countess 11 FL
(Invitrogen) and aliquoted into respective tubes for irradiation. Approximately 100, 111, 143, 222,
500, and 3333 cells/ml media were aliquoted into respective tubes for subsequent 0 Gy (SHAM),
0.5 Gy, 1 Gy, 2 Gy, 4 Gy, and 6 Gy irradiations, respectively. Cells were then irradiated with '37Cs
gamma rays at Lawrence Livermore National Laboratory (LLNL). After irradiation, cells were
plated in triplicate T-25 flasks (4 ml/flask) and placed in 37°C incubator with 5% CO- and left
undisturbed for 7 days. After 1 week, cell medium was replaced in all flasks. After 1 more week
(14 days following IR), cells were fixed by aspirating medium, rinsed gently twice with 1X DPBS,

and fixed/stained with 3-4 ml of staining solution (50% v/v Kopykake blue dye, 40% v/v 95%
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EtOH, and 10% v/v glacial acetic acid). Flasks were stained on a shaker for 30-60 mins. Flasks
were then rinsed gently twice with ultradistilled Milli-Q water, excess water was removed, and
flasks were stood up neck-down on absorbent towels to drain out fully and dry overnight. Colonies

with >25 cells were scored as survivors using a standard light microscope.

Statistical Analysis

A p-value of 0.05 was used as a cutoff to determine statistical significance. P-values are labeled
as <0.05 (*), <0.01 (**), <0.001 (***), and <0.0001 (****) throughout the manuscript. Two-Way
ANOVA was applied for the MTS assay to compare cNLP vs curDMSO vs empty NLP treatment
viability. One-Way ANOVA was applied amongst SHAM groups at 15 minute and 24-hour time
points within each treatment group. Two-Way ANOVA was also used for calculating induced
foci/cell differences amongst treatment groups and time points. For foci counts, all outliers were
removed prior to graphing. Induced foci counts/cell were calculated by subtracting the averaged
foci counts for the SHAM values determined for curDMSO, cNLP, or DMSO alone control groups
from the raw foci counts per treatment. Statistical analysis and graphs used Graphpad Prism

Version 9.1.2 software.

3.4 Results
Nanolipoprotein particles support curcumin addition

Curcumin was successfully incorporated into nanodiscs using a combination of 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC), amphiphilic telodendrimer polymer (25), and
AA49 apolipoprotein A1 (ApoAl) (Figure 3.1). Size exclusion chromatography (SEC) illustrates the

mixture of nanodiscs surrounded by either a telodendrimer polymer or apolipoprotein dominant
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cNLP product (Figure 3.2a). Curcumin nanodiscs containing curcumin, DMPC, telodendrimer,
and apolipoprotein ApoA1l scaffold are all components of the larger nanoparticles and elute from
the SEC column at around 2 minutes. In contrast, smaller nanodiscs were also formed and eluted
with a distinct peak at about 3.6 minutes. Both nano-species demonstrate overlapping 280 nm and
430 nm absorbances, indicating co-localized curcumin within the NLP nanodiscs, respectively
(Figure 3.2a). The resulting mixture of curcumin nanodiscs (mixtures of curcumin-apolipoprotein
Al and curcumin-telodendrimer-apolipoprotein Al discs) were applied to all downstream assays
and were collectively termed “cNLPs”. Dynamic light scattering (DLS) estimated an average size
of 43 nm for our heterogeneous cNLP formulation (standard deviation of 11 nm) with a
polydispersity index of 0.232 (Figure 3.2b). Our cNLP formulations show increased solubility over
curcumin solubilized in water and a similar solubility to curcumin solubilized in DMSO
(curDMSO) (Figure 3.2c). Contrary to the yellow fluorescence observed under UV light for
curDMSO solutions, the cNLPs demonstrate a slight blue-shift in fluorescence, indicating
incorporation of the curcumin into the lipid nanodisc environment (Figure 3.2¢) (26). Across three

biological replicates, our cNLP formulation yielded an average of 348 pg/ml incorporated

curcumin.
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Figure 3.1: Forming curcumin nanoparticles. Curcumin-DMSO, DMPC, and an amphipathic telodendrimer (green)
polymer are mixed to form curcumin-telodendrimer nanodiscs (cur-telodiscs). After cur-telodisc formation,

A49ApoAl protein (blue) is added to form curcumin-apolipoprotein nanodiscs. Removal of DMSO is achieved by
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dialysis overnight in 1X PBS. The next morning, additional DMPC lipid is added, and the resulting mixture contains

solubilized small and large nanodiscs, collectively termed cNLPs.
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Figure 3.2: Characterization of curcumin-NLPs (cNLPs). A) Size exclusion chromatogram demonstrates that
curcumin associates within larger (leftmost peak) as well as smaller (rightmost peak) ApoA1-NLPs via co-localized
280 nm protein absorbance (black) and 430 nm curcumin absorbance (orange). B) Dynamic Light Scattering of cNLPs
demonstrates that these particles average about 43 nm in diameter. C) Comparison of curcumin fluorescence when

solubilized in water, DMSO, or curcumin-telodendrimer nanodiscs at 0.015-0.5 mg/ml concentrations.
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Normal human fibroblasts tolerate cNLPs better than DMSO solubilized curcumin

Primary human MRC-5 fibroblasts were treated with curcumin solubilized in nanodiscs
(cNLPs), empty NLPs (no curcumin), or DMSO-solubilized curcumin (curDMSO). Cells treated
with cNLPs trended towards increased cell viability over curDMSO treated cells at 40, 60, 80, and
100 uM concentrations. Statistical significance was achieved (p<0.05) between cNLP and
curDMSO treated cells at 60 uM and 100 uM curcumin concentrations. At 40 uM and 80 uM
curcumin concentrations, cells trended towards higher viability in ¢cNLP groups, but these
concentrations were not statistically significant from curDMSO (p=0.1). Cell viability was
unchanged at 20 uM amongst the cNLP or curDMSO groups, but cNLPs expressed slightly higher

viability over empty NLP controls (Figure 3.3).
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Figure 3.3: MRC-5 cells tolerate cNLP better than DMSO solubilized curcumin. MRC-5 cells were pre-treated
for 18 hours with various concentrations of empty NLP (no curcumin), or with curcumin solubilized in the nanodisc
(cNLP) or DMSO (curDMSO). MTS reagent was then applied to measure cell proliferative capacity. Shown is the
mean normalized absorbance with standard deviation (SD). All wells were normalized to cells treated with media

alone.
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c¢NLP pre-treatment does not decrease DNA DSB foci formation but alters foci persistence
following gamma irradiation

Since curcumin demonstrates natural antioxidant properties, we next sought to determine if
cNLPs may alter DNA DSB foci persistence following ionizing radiation exposures. Within each
treatment group, background foci/cell in SHAM samples fixed at 15 min or 24 hours were not
statistically different from one another and were averaged for each treatment (cNLP, curDMSO,

or DMSO alone) to determine induced foci counts (Figure 3.4).
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Figure 3.4: SHAM treated foci counts amongst treatment groups.

The number of induced foci/cell in ctNLP, curDMSO, and DMSO treated groups exposed to
50 ¢cGy "*’Cs rays were not significantly different from one another at the early time point (15
minutes) or the late time point (24 hours) post-exposure (Figure 3.5). Interestingly, cNLPs

displayed slightly increased foci at the 2-hour time point when compared to DMSO controls (mean
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induced foci/cell 4.84 and 3.77, respectively), however, induced cNLP foci counts were not
significantly different than induced curDMSO foci counts at this time point (4.84 vs. 4.16 foci/cell,
respectively). In addition, both curDMSO and cNLP groups displayed increased foci counts (mean
induced foci/cell 2.2 and 2.5, respectively) compared to DMSO alone (mean induced foci/cell
0.94) at 6 hours post-exposure (Figure 3.5). Within each treatment group, the number of raw foci
gradually decreased with time, overlapping with SHAM controls when fixed at the 24-hour time
point (Figure 3.6). Representative immunostained images of foci following 50 ¢Gy '*’Cs rays at
the 15-minute fixation time point for cNLP, curDMSO, and 0.1% DMSO treatments are shown,

demonstrating co-localization of gamma H2AX, 53BP1, and nuclear stain DAPI (Figure 3.7).
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Figure 3.5: Curcumin pre-treatment alters foci persistence following *’Cs exposures. MRC-5 cells were pre-
treated for 18 hours with cNLP, curDMSO, or 0.1% DMSO alone prior to IR (50 ¢Gy !*’Cs gamma rays). Cells were

fixed at 15 minutes, 2 hours, 6 hours, or 24 hours following IR. Shown is the mean induced foci count per cell with

standard deviation (SD).
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Figure 3.6: Quantification of foci from MRC-5 cells following IR exposure. Cells were pre-treated for 18 hours
with cNLP, curDMSO, or 0.1% DMSO prior to IR (50 cGy or SHAM). Cells were fixed 15 minutes, 2 hours, 6 hours,
or 24 hours after irradiation and immunostained with DSB markers gamma-H2AX/pSer139 and 53BP1. All outliers

have been removed. The black line represents the mean foci/cell per treatment group. Statistics are One-Way ANOVA.
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- 3

Figure 3.7: Curcumin pre-treatment does not protect against DSB foci formation. Representative images of
MRC-5 cells treated with cNLP, curDMSO, and DMSO alone and irradiated with 50 ¢cGy '*’Cs rays are shown at the
15-minute fixation time point. Cells were stained for gamma H2AX/pSer139 (green), 53BP1 (red), and DAPI (blue).

Scale bar is 5 microns.

cNLPs offer survival benefit against 3’Cs irradiation

We next sought to investigate whether cNLPs could protect against cell survival. MRC-5 cells
were pre-treated for 18 hours with cNLPs, empty NLPs, curDMSO, or DMSO and then exposed
to 0 cGy (SHAM), 0.5 Gy, 1 Gy, 2 Gy, 4 Gy or 6 Gy of '3’Cs gamma rays. Both curDMSO and
cNLP pre-treatment offered survival benefits to MRC-5 fibroblasts over empty NLP or DMSO
alone controls. Although we saw a slight radioprotective effect seen with DMSO-containing
groups (DMSO alone and curDMSO), the average relative survival fractions in cells treated with
cNLP (no DMSO) were still above those seen with curDMSO treatments at 2, 4, and 6 Gy. The
average relative survival fractions for cNLP vs. curDMSO were the following: 2 Gy (0.832 vs.
0.688), 4 Gy (0.387 vs. 0.232), and 6 Gy (0.143 vs 0.125) across 5 biological replicates (Figure
3.8). Our cNLP treated MRC-5 cells also trended towards higher survival at all doses relative to

empty NLP controls (Figure 3.8).
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Figure 3.8: Curcumin NLP pre-treatment improves cell survival following '¥’Cs exposures. MRC-5 cells were
pre-treated for 18 hours with cNLP, curDMSO, empty NLP, or 0.1% DMSO alone prior to IR (50 cGy '*’Cs gamma
rays). Cells are grown for 2 weeks following IR and then fixed and stained. Shown are the mean colony counts per

treatment with standard deviation (SD).

3.5 Discussion

Curcumin, the main phytochemical within turmeric, exhibits numerous health benefits
including antioxidant, anti-inflammatory, and free-radical scavenging properties that act on a
variety of cellular mechanisms, such as inhibition of NF-kB, COX-2, and TNF (6, 27). Curcumin
also decreases inflammation associated with multiple disease-states, including Type II diabetes,
multiple sclerosis, and rheumatoid arthritis (6).

It is well accepted that curcumin modulates a variety of pathways and transcription factors and
can act as both a chemosensitizer and radiosensitizer in a multitude of cancer cell lines and
xenograft mouse models (27-30). Recent studies have highlighted potential mechanisms by which
curcumin has altered cancer cell death. It has been shown that curcumin treatment activates tumor-
suppressor genes p53 and PTEN while suppressing P13K and mTOR pathways, leading to

increased apoptosis in cancer cell lines and decreased tumor growth in xenograft mouse models
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(31-33). Curcumin has also been explored as a modulator of cancer cell apoptosis by suppressing
miR-21 (34, 35) and miR-19 (36), as well as an inducer of autophagy (37) or senescence (38) in
numerous cancer cell lines. It has also been shown that curcumin may synergize with other anti-
cancer agents, including cisplatin or docetaxel, as well as radiation treatment (39-41).

Although curcumin increases cancer cell death through a variety of mechanisms, it has also
been shown that curcumin may, in contrast, provide both chemotherapeutic and radiological
protection in normal tissues (28). Srinivasan et al. demonstrated that curcumin pre-treatment on
human peripheral blood lymphocytes was able to protect against micronuclei and dicentric
chromosomal formation following up to 4 Gy gamma irradiation exposures (8). In addition,
Abraham et al. illustrated that curcumin treatment 2 hours before gamma irradiation protected
against chromosomal damage in mice (10). Additional in vivo studies have shown that mice
injected with curcumin either 5 days before or 5 days after a single 50 Gy exposure to the hind leg
improved both acute and chronic skin toxicity (42), and curcumin had also decreased associated
nephrotoxicity and cardiotoxicity following cisplatin or doxorubicin treatments in rats (28).
Furthermore, although curcumin is toxic to cancer stem cells, it demonstrates little to no toxicity
to normal stem cells (43). Potential mechanisms at play distinguishing the toxicity of curcumin on
cancer cells versus normal cells have suggested that cancer cells preferentially take up much more
curcumin than normal cell counterparts (44) which may enhance cytotoxicity. Due to its
widespread health benefits and potential to kill cancer cells while protecting normal tissues,
curcumin is actively being explored as a therapeutic for a variety of diseases and disorders (3).

Curcumin has proven to be safe and well-tolerated in healthy human volunteers and has
demonstrated efficacy against a multitude of clinical ailments (4). In one study, a standardized

curcumin formulation NCB-02 (comprised of a mixture of curcumin, demothoxy curcumin, and
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bis-demothoxy curcumin) decreased oxidative stress and inflammation in diabetic patients over
placebo controls (45). In another study, breast cancer patients undergoing radiation therapy taking
6 mg/day of curcumin capsules orally displayed less radiation dermatitis over placebo groups (46).
Furthermore, oxidative damages in thalassemia patients given 500 mg/day curcuminoid treatment
were decreased at the end of a 12-month study (47).

Although curcumin acts as a pleiotropic polyphenol studied for its ability to protect against a
variety of diseases and inflammatory disorders, its bioavailability is limited due to its poor water
solubility. Curcumin lipid formulations therefore remain promising to enhance curcumin
bioavailability and therapeutic efficacy. Lipid nanoparticles have been shown to increase curcumin
bioavailability through in vitro cell cultures and in vivo animal models (17, 48, 49). Curcumin
nano-formulations have also been explored in the clinic for treating inflammatory diseases. For
example, curcumin nano-micelles tested in patients with multiple sclerosis (MS) demonstrated
fluctuating miRNA expression levels in peripheral blood lymphocytes following 6 months of
treatment, suggesting that curcumin nanodiscs may be immunomodulatory in MS patients (50).
Another clinical trial showed increased survival in amyotrophic lateral sclerosis patients treated
with 80 mg/day nanocurcumin for 1 year (51).

NLPs are a disc-shaped lipid nanoparticles that can be readily customizable with a variety of
lipids, scaffolding proteins, as well as cargo molecules (17). We have previously shown that
formulating NLPs with additional telodendrimers, amphiphilic polymers comprised of cholic acid
“heads” and polyethylene glycol “tails”, can decrease aggregation and may serve as additional
scaffolds independent of the apolipoprotein for incorporating a cargo molecule of interest (19, 25).
In the current study, formulation and characterization of heterogeneous curcumin-loaded

nanodiscs (cNLPs) surrounded by a telodendrimer and/or apolipoprotein scaffold were explored
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as potential radiological protectants against DNA damage or cellular survival following 50 cGy
137Cs exposures. Here, we demonstrated that our cNLPs improve bioavailability of curcumin in a
normal human fibroblast cell line. These cNLPs also increase curcumin water solubility and are
less toxic than curDMSO. They also alter the foci persistence of DNA DSBs and provide some
survival benefit to MRC-5 cells following up to 6 Gy of '*’Cs exposures.

Robert O. Ryan and colleagues have previously demonstrated enhanced bioavailability of
curcumin nanodiscs over free curcumin (curDMSO) in vitro (21, 22). In these studies, curcumin
nanodiscs with ApoAl scaffold protein showed increased apoptosis in human hepatoma and
lymphoma cell lines over curcumin alone controls (21, 22), and ApoE curcumin nanodiscs
demonstrated increased apoptosis and bioavailability in glioblastoma cells (21). Compared to Ryan
et al., we similarly incorporated curcumin into a nanodisc using a combination of sonication,
centrifugation, and dialysis techniques (22). Here, our final cNLP formulation has similar overall
curcumin incorporation to Ryan et al. (~350 pg/ml) and our nanodiscs are also of comparable
average size (~43 nm vs 48 nm) (22). However, our methodology of making cNLPs slightly
differed, as we added telodendrimer polymers to help solubilize curcumin within lipids and we did
not filter out nanodiscs smaller than 0.2 microns as this may have limited our ability to include
larger cNLPs. Most importantly, we tested our cNLPs on normal human MRC-5 fibroblasts in
contrast to cancer cell lines, demonstrating that our cNLPs enhance the viability and offer some
protection against irradiation in a normal in vitro cell environment.

It is well-known that the cellular DNA damage response (DDR) is activated following an
ionizing radiation exposure (52). Phosphorylation of histone H2AX, forming gamma H2AX and
inducing subsequent foci, is a well-accepted biomarker of DNA DSBs following numerous

qualities of IR exposures (24, 53). Here, we demonstrated co-localized immunofluorescent

83



staining of gamma H2AX and 53BP1, a mediator protein also recruited to the site of DNA damage
following genotoxic insult (54). Our co-localized immunostained MRC-5 fibroblasts do not detect
differences in induced foci formation amongst curcumin treated and DMSO control cells 15
minutes after irradiation, suggesting that curcumin does not affect the induction of DNA DSB
following 50 cGy of 1¥’Cs exposures. Interestingly, we detected persistent foci formation in cNLPs
at 2 hours post-exposure compared to DMSO alone controls, however, this was not significantly
different than the curDMSO groups. We also see slightly increased foci formation between both
cNLP and curDMSO at the 6-hour time point compared to cells that did not receive curcumin
treatment (Figure 3.5). This suggests that curcumin may delay the timing of DNA repair to
complete following IR exposure. A previous study in HeLa cells has shown that curcumin
treatment suppresses DNA damage repair processes, including non-homologous end joining
(NHEJ), homologous recombination (HR), and DNA damage checkpoints (55). However, by 24
hours after irradiation, no significant differences with induced foci/cell were detected between
cNLP, curDMSO, or DMSO alone treated groups and all had returned to baseline levels (Figure
3.5).

In our current study, we see that 10 pg/ml [27 uM] cNLPs protect against normal human MRC-
5 fibroblast cell death following 0.5-6 Gy of '*’Cs exposures, with the greatest enhanced mean
overall survival over empty NLP controls at 4 and 6 Gy (Figure 3.8). A previous report by Lee et
al. also investigated curcumin effects on cell survival in a mouse lung carcinoma cell line and
showed that 10-25 uM curcumin also affected cell survival, with curcumin enhancing radiation
sensitivity following up to 6 Gy gamma exposures (56). Here, we demonstrate that in a normal
human fibroblast cell line, curcumin similarly alters radiation response but in favor of cell survival,

enhancing radiation protection over empty NLPs or curDMSO groups (Figure 3.8). Although we
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determined that this protection was not due to decreases in DNA DSBs, potential mechanisms at
play here may be the antioxidant nature of curcumin to scavenge free radicals or increase
antioxidant production following radiation exposures (6, 56).

In this study, although average relative survival of cNLP groups outperformed curDMSO or
empty NLP controls, we do not see significant differences in the ability of cNLPs to protect against
cell survival as each dose had large variability (Figure 3.8). This may be due to the concentration
of cNLP used in our experiments (10 pg/ml [27 uM]). It has been previously shown that free
curcumin is toxic to cancer cells =1 pM (57) and we have similarly demonstrated toxicity in K562
and HL-60 human leukemia cell lines treated with 15-30 uM curcumin (58). However, since
normal cells are more resistant to curcumin than cancer cells (43, 44) it is therefore possible that
higher curcumin concentrations (above 30 uM) may be beneficial to cell survival following *’Cs
exposures. Regardless, this study illustrates the potential for ctNLPs to deliver bioavailable
curcumin to cells and serve as a potential radiological protectant to normal tissues or as an adjuvant
therapeutic for ongoing cancer therapy. Exploring higher curcumin concentrations as well as
investigating in vivo model systems may reveal additional radioprotective qualities of cNLPs
against IR-induced normal tissue toxicities.

The essential findings of this study include successful incorporation of curcumin into a
nanodisc with about 350 pg/ml total soluble curcumin in a nano-lipid environment. We also
demonstrate that NLPs provide an optimal delivery vehicle for curcumin, enhancing the solubility
of curcumin and its bioavailability in normal human fibroblasts. Moreover, our cNLPs are much
less toxic to MRC-5 cells than curDMSO, demonstrating the feasibility of ¢cNLPs to be used in
vitro or in vivo in higher quantities. Although we do not see a decreased foci count with curcumin

treatment, treating cells with 10 pg/ml curcumin was able to demonstrate mild radiological

85



protection and enhanced average survival in MRC-5 cells exposed to 0.5-6 Gy gamma rays. These
data suggest that cNLPs may be useful as radiological protectants that can be applied in clinical
radiotherapy to protect normal tissues. It also suggests the use of cNLPs as an ideal pharmaceutical
formulation to protect from chronic low doses of environmental radiological exposures, such as in
deep space missions. Overall, our cNLP formulation pipeline serves as a model for forming
antioxidant-loaded nanodiscs to increase the water-solubility and bioavailability within in vitro
normal human cell cultures. In the future, it will be of interest to investigate the effects of cNLPs
to protect against radiological stressors in vivo or to protect against additional ionizing radiation

species altogether.
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Chapter 4: Curcumin nanoparticles alter gene expression and pathway activation in primary
human fibroblasts following simulated ionizing radiation exposures relevant to deep space
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4.1 Abstract

Environmental radiation exposures in deep space pose significant health risks and may lead
to acute or latent ionizing radiation (IR)-induced toxicities including hematopoietic depletion,
cellular dysfunction, cognitive neurological deficits, or secondary cancer development. Therefore,
for future long-term space travel, there is a need to develop safe and effective radiological
protectants or countermeasures. An ideal radiation countermeasure needs to be readily available,
have a long shelf-life, show little to no toxicity in vivo, and show efficacy when administered
concomitantly with other supplements while onboard the spacecraft (1). It has been suggested that
food-derived compounds may satisfy these criteria and include natural products such as vitamins
(e.g. vitamin C, vitamin E), polyphenols (e.g. curcumin), as well as non-polyphenols (e.g. caffeine)
(2, 3). Here, we demonstrate that curcumin, a natural antioxidant found within the spice turmeric,

shows potential as a non-toxic and safe pharmaceutical countermeasure for use on deep space
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missions. We solubilized curcumin within a nanolipoprotein particle (NLP) disc and treated
normal human fetal lung fibroblasts with 10 pg/ml [27 uM] curcumin prior to (radioprotection) or
shortly after (radiomitigation) simulated space radiation exposures at the Nasa Space Radiation
Laboratory (NSRL). RNA was isolated from cells for differential transcriptomic analyses to
identify differentially expressed genes and biological pathways in ¢cNLP radioprotection and
radiomitigation treatments compared to IR alone controls. Namely, curcumin NLP treatment
altered gene expression differently than IR-alone control groups, activated key antioxidant
response genes within the Nrf2 pathway, and modulated select p53 transcripts independent of IR
exposures and more so than curcumin dissolved in DMSO. These findings may be useful for
establishing curcumin NLPs as effective radiation medical countermeasures (MCM) against

environmental IR exposures in deep space.

4.2 Introduction

Environmental radiation exposures in space, comprised of complex electromagnetic and
particulate ionizing radiation (IR) mixtures, pose great risks to human health and especially when
traveling beyond low earth orbit (LEO) (Figure 4.1). Associated sources of radiation in space
include the sun’s solar plasma, Van Allen radiation belts, high-proton flux of solar particle events
(SPE), as well as chronic low-dose exposures to galactic cosmic radiation (GCR) (4). Radiation
risks for astronauts traveling beyond LEO, such as a planned three-year exploration to Mars,
increase following exposures to these unique IR qualities. It is believed that IR exposures
throughout long-duration space flight will primarily arise from the potential for an acute, high-
dose exposure to a SPE as well as the chronic low-dose exposure to GCR and its associated heavy

ion (HZE) species (5).
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Figure 4.1: Environmental IR exposure types and associated risks differ between Earth and space. Left: Earth-
bound ionizing radiation exposures include ultraviolet rays as well as minimal exposures to radioactive elements
within the Earth’s crust. Occasional acute exposures may also occur in the clinic, such as an X-ray or a radiation
therapy treatment. Right: Throughout long-term space travel, such as a trip to Mars, astronauts will be exposed to
more complex radiation qualities, including GCRs and SPEs. While traveling throughout space, astronauts will also

be exposed to higher overall doses, increasing his or her risk for developing subsequent IR-induced toxicities.

Cumulative IR exposures for astronauts on a 2-3 year Mars mission is estimated to be about
0.5-1 Gy absorbed dose, or 0.7-1.2 Sv biological equivalent dose (4, 6, 7). Given their high charge
and radiation quality factor weightings, HZE particles contribute about 87% of total dose
equivalent in free space. However, beyond typical spacecraft shielding, this total dose equivalent
becomes predominated by protons and light ions (7). Space exposure, like other types of IR, may
lead to skin lesions (primarily through high-dose SPE flares), hematological and immune system

dysfunction, neural behavioral changes, cardiovascular disease, or secondary cancers (4, 8).
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Acute radiation syndrome (ARS), also known as radiation sickness, is characterized by high-
doses (>4 Gy) of total body irradiation delivered over a very short period of time (usually within
minutes). Although space radiation is generally characterized by chronic low-dose GCR particles,
ARS symptoms may occur in the event of an acute, high-dose SPE (4, 6). In the event of ARS
onset, astronauts may develop rapid fevers, infections, disorientation, and death if not promptly
treated (9).

Given the increased radiation risks associated with space flight beyond LEO, there remains a
need to better understand the relative biological effectiveness (RBE) following these complex
mixed-ion exposures. Moreover, learning more about the RBE induced by GCR exposures will
aid in the development of effective radiological protectants and countermeasures.

As of 2018, the NASA Space Radiation Laboratory (NSRL) at Brookhaven National
Laboratory can simulate the deep space environment through their full 33-ion or simplified 5-ion
GCR simulator beams (7). In either case, these mixed-ion beams were designed to approximate
the relevant particle flux that would hit target tissues and organs within the spacecraft environment
(7). To date, there are limited published studies investigating the biological effects following GCR-
simulated exposures. Regardless, several studies have tested the effects of single-ion protons or
HZE particles in vitro and in vivo which are still relevant for deep space missions and for
estimating radiation-induced toxicities. Specifically, Rodman et al. discovered that human
hematopoiesis was altered following proton and Fe-56 exposures and that 20 cGy Fe-56 ion
exposures led to leukemogenic-like transformations in vivo (10). In addition, a mixture of
sequential exposures to proton and Fe-56 ions led to marked biological damage in both
hematopoietic stem cell and mesenchymal stem cell lineages (10, 11). Furthermore, mitochondrial

dysfunction in mouse livers was identified following 0.2 Gy of Fe-56, Si-28, and O-16 HZE
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exposures (12). It remains evident that a better understanding of human responses to mixed field
GCR exposures, including further evidence for potential mechanisms at play, is needed to
minimize radiation-induced cellular damage and develop effective countermeasures for deep space
flight.

There are two main radiation countermeasure strategies for deep space flight missions;
enhancing the radio-resistance of one’s body prior to space flight through preventative care
measures or supplementing the body with pharmacological agents throughout the mission to
combat radiation-induced toxicities (1). As a strategy to address the latter, current radiation
protection agents of interest include natural food-derived compounds or nutripharmaceuticals due
to their 1) minimal toxicity profiles, 2) ease of combining them with other medications on board,
and 3) long shelflife (1). Several natural products have been explored as radiation protective agents
to date, including vitamins (Vitamin C, Vitamin E, Vitamin A), polyphenols (green tea, resveratrol,
curcumin), and non-polyphenols (caffeine) (2). Within this chapter, we will focus on curcumin,
which has been explored as a radiation protection agent in a variety of model systems and is well-
tolerated for human consumption (13).

Curcumin has long been sought out for its pleotropic health benefits, including antioxidant and
anti-inflammatory properties. Although curcumin bioavailability is normally quite low, we showed
in the previous chapter (Chapter 3) that curcumin can be readily formulated into a nanodisc
(cNLP), increasing its bioavailability in cell culture without compromising feasibility of
formulation and ease of administration. We also demonstrated that ¢cNLPs have a mild
radioprotective effect in cells exposed to Cs-137 gamma rays over empty NLP controls and a

comparable radioprotective effect to curcumin dissolved in DMSO (Chapter 3, Figure 3.8).
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In this chapter (Chapter 4), we expand upon our Chapter 3 findings and investigate the
transcriptional profile, DNA damage kinetics, and biological pathways that are altered in human
fetal lung fibroblasts following curcumin treatment and IR exposures. Our study investigates the
effect of 5-ion simulated GCR exposures compared to single ion proton particles, HZE species
(Fe-56), and low-LET gamma rays. We examined the radioprotective and radiomitigative qualities
of cNLPs on simulated GCR exposures as well as the impact that they have on downstream
biological pathways in normal human fibroblasts. These findings illustrate the potential of cNLPs
to serve as a novel radiation countermeasure for astronauts traveling in deep space, as well as
elucidate potential pathways of interest for optimizing additional radiotherapeutics for future Mars

missions.

4.3 Materials and Methods
Cell culture

AG05965/MRC-5 normal primary human fetal lung fibroblasts (derived from Caucasian male)
were maintained in MEMa with 1X GlutaMAX media (GIBCO/Invitrogen #32571). Media was
supplemented with 15% FBS, 0.8% PenStrep (GIBCO/Invitrogen #15140), 0.8% MEM Vitamins
(GIBCO/Invitrogen #11120), 0.8% MEM (Essential) Amino Acids Solution (GIBCO/Invitrogen
#11130), 0.8% MEM Non-Essential Amino Acids Solution (GIBCO/Invitrogen #11140), and 4
mM NaOH. Cell culture media was filtered through a 0.2-micron PES filter before use. Cells were
cultured in a 37°C incubator with 5% CO,. Experiments were conducted with cells below 20

passages.
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Irradiation Experiments

Confluent MRC-5 fibroblasts in T-25 flasks (transcriptomics) or Nunc flaskettes (DNA
damage immunohistochemistry) were shipped to the Nasa Space Radiation Laboratory (NSRL) at
Brookhaven National Laboratory in Upton, NY at least 24 hours prior to irradiation experiments.
At NSRL, radiation protection groups were pre-treated for ~18 hours with 10 pg/ml [27 pM]
cNLPs, 10 pg/ml [27 uM] curcumin in DMSO (curDMSO), or 0.1% DMSO (IR alone) control.
During active beam time, cells were irradiated with the following ion species: 5-ion SimGCRSim
(75¢Gy), Fe-56 particles (25 or 50 cGy), O-16 particles (25 or 50 cGy), H-1 protons (50 or 100
cQGy), Si-28 particles (25 or 50 cGy), and Cs-137 gamma rays (50 or 100 cGy). For radiation
mitigation groups, cells were treated with 10 pg/ml [27 pM] cNLPs 15 minutes after the cells were
irradiated. Note: Repeat experiments of the gamma irradiation experiments were also performed
at Lawrence Livermore National Laboratory in Livermore, CA. SHAM samples are not irradiated
but were treated and collected in the same manner alongside corresponding irradiated samples.

For the purposes of this study, top priority irradiation groups most relevant to space flight
(GCR and H-1 particles) are listed in the main chapter figures for direct comparison to gamma
irradiated groups. Fe-56 irradiations were also included in the main text as needed to perform a
HZE particle comparison. Second priority irradiation groups consisted of additional HZE species
(Silicon-28 and Oxygen-16) irradiations and served to investigate biological effects of LET
differences. The second priority IR groups and corresponding figures are primarily listed in the
Appendix. Table 4.1 outlines the dose(s) of exposure applied per IR quality and associated LET

levels.
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IR Type | Dose(s) of Exposure (cGy) LET (keV/uM)
SHAM 0 N/A
Gamma 50, 100 0.8
Proton 50, 100 1.26
Oxygen 25, 50 20.9
Silicon 25, 50 50.47
Fe 25, 50 151.4
Ion Fraction LET
1 GeV 'H 0.35 0.22 keV/uM
600 MeV/n 2°si 0.01  50.47 keV/uM
GCR 75 250 MeV/n *He  0.18  1.58 keV/uM
350 MeV/n '°0  0.06  20.90 keV/uM
600 MeV/n *Fe  0.01  174.07 keV/uM
250 MeV 'H 0.39  0.39 keV/uM

Table 4.1. Various qualities of IR used within this chapter and corresponding LET levels.

DNA Damage
a. Cell collections

Confluent MRC-5 cells (see above “Cell culture™) were irradiated at NSRL and then returned
to incubator for deactivation. Samples were fixed at 15, 120, 360 and 1440 min following IR by
aspirating medium, rinsing gently 2X with 1X DPBS (+Ca?"Mg?"), and fixed for 15 min with 4%
Paraformaldehyde in 1X PBS. Following fixation, PFA was aspirated and flaskettes were rinsed
3X with DPBS for 5 min each on rocker and then filled with DPBS, capped, and resealed with

Parafilm and stored at 4°C until immunostaining.
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b. Immunohistochemistry

After cell fixation (see above “Cell collections”), cells were immunostained in the same
manner as is written in Chapter 3. In brief, chambers were rinsed (2x5 min) with room-temperature
(RT) DPBS on rocker, permeabilized with ice-cold PBS with 0.5% Triton X-100 for 10 minutes,
then rinsed (2x5 min) with RT DPBS. Samples were then treated with Image-iT™ FX Signal
Enhancer solution (Thermo Fisher) for 30 minutes and then rinsed (2x5 min) with RT DPBS.
Samples were then blocked with 2% goat serum, 2% FBS, 1% BSA, 0.1% Triton X-100, and
0.05% Tween-20 in PBS at RT for 30—60 minutes on a rocker and rinsed with RT DPBS. After
slides were separated from cassette, primary antibody solutions of 1:250 Upstate mouse anti-
phosphoH2AX JBW301 (Millipore) and 1:250 rabbit anti-53BP1 (Novus) in PBS with 1% BSA
were then loaded on slide, overlayed with coverslip, and incubated horizontally in a 37°C humid
chamber for 30—60 minutes. Slides were rinsed (3x5 minutes) in RT DPBS in covered Coplin jars.
Secondary antibodies 1:500 Molecular Probes Alexa-488-conjugated goat anti-mouse IgG
(Thermo Fisher Scientific) and 1:500 Molecular Probes Alexa-594-conjugated goat anti-rabbit IgG
(Thermo Fisher Scientific) were prepped in PBS alone (no BSA) and mounted on slide with
overlaying coverslip and incubated horizontally in a dark 37°C humid chamber for 30—-60 minutes.
Slides were then rinsed with (2x5 min) and then (1x10 min) washes in DPBS. Slides were then
incubated in freshly prepared RT 3.7% paraformaldehyde in PBS for 10 minutes followed by (2x5
min) rinses with DPBS. After the final rinse, excess PBS was removed from slides and slides were
treated with RT Molecular Probes ProLong Gold with 0.2 pg/ml DAPI (Thermo Fisher) and
overlayed with a 24 mm x 50 mm coverslip. Slides were cured overnight at RT in a light-tight

slide box and then transferred to the refrigerator the following day and stored at 4°C until imaging.

99



Slides were imaged on a Carl Zeiss microscope using Zen Software at 63x magnification. Over

250 cells were counted per experimental time point.

Transcriptomics
a. Cell collections

After irradiation, cells were left undisturbed in a 37°C incubator with 5% CO; for 24 hours.
After 24 hours of incubation, cell media was aspirated and cells were trypsinized with ~2 ml of
0.25% Trypsin:EDTA. After trypsinization, fresh media was added, and the cells were pooled
amongst treatment groups and aliquoted into 15-ml conical tubes. Cells were then centrifuged at
1500 rpm for 3 minutes, supernatant was discarded, and then the pellet was re-suspended in ~3
mL 1X DPBS (+Ca?*/Mg?") and centrifuged again at 1500 rpm for 3 minutes. Following
centrifugation, the resulting supernatant was discarded and ~350 pL of RNALater solution
(Qiagen) was added on top of the cell pellet. Tubes were then placed in -20°C for short-term
storage and -80°C for long term storage until RNA extraction for RNA sequencing or quantitative

real-time PCR.

b. RNA extraction

Cell pellets were prepared for RNA extraction by removing RNALater solution and mixing
cell contents with RLT storage buffer (Qiagen) supplemented with 10 ul beta-mercaptoethanol per
ml RLT. Total RNA was extracted using the RNeasy Mini Kit (Qiagen) according to the
manufacturer’s instructions. RNA was eluted in RNase-free water. RNA concentrations were
quantified using a Qubit RNA HS Assay Kit (Thermo Fisher Scientific) and Nanodrop One®
(Thermo Fisher Scientific). RNA quality was determined via A260/280 and A260/A230

absorbance via Nanodrop. A260/A280 values averaged 2.045 and A260/A230 values averaged
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2.038. The average RIN value collected was 9.81 and was measured with the RNA 6000 Nano kit

run on an Agilent 2100 Bioanalyzer (Agilent Technologies).

¢. RNA sequencing

All cDNA libraries were prepared from 100 ng of total isolated RNA per manufacturer
specification for RNA sequencing using [llumina TruSeq RNA Library Preparation kit version 2.0
(Illumina Inc.) and run on an Illumina Nextseq 500 using the High Output 75 cycles kit (Illumina
Inc.). Raw sequence data generated from Illumina NextSeq500 was de-multiplexed and converted
into fastq files using Illumina’s bcl2fastq software using default parameters. Read quality was
assessed using FastQC [PMID: 2860544]. Reads were then aligned to human reference genome
hg38 with STAR [PMID: 23104886]. Subsequently, gene-wise read counts were calculated using
‘featureCounts’ [PMID: 24227677], using hg38 gene annotation. The sequencing data were then
normalized using RUVseq [PMID: 25150836] to correct for batch effects and other unwanted
variations. Differentially expressed genes were identified using edgeR [PMID: 19910308]. Genes
with false discovery rate adjusted p-value (FDR) less than 0.05 and log> fold change greater
than +/-1 were considered as significantly differentially expressed genes unless otherwise
specified. All RNAseq data will be made publicly available through GeneLab (genelab.nasa.gov)

and NCBI GEO (www.ncbi.nlm.nih.gov/geo/) prior to publication.

d. Quantitative real-time PCR
Quantitative real-time PCR (qPCR) was used to analyze the transcript expression level
differences across irradiation groups on a selected panel of TP53-responsive and antioxidant-

responsive transcripts. RNA extracted from cells was converted to cDNA prior to qPCR analysis.
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Here, 2 pg of total RNA was converted to cDNA using the High-Capacity RNA-to-cDNA kit
(Applied Biosystems) according to the manufacturer’s instructions. cDNA was diluted 1:50 in 1X
TE buffer and stored at -20°C in preparation for quantitative real-time PCR.

Each gPCR reaction used 5x TUFF TAQ QPCR Master Mix+Rox (Rebel Bioscience),
TagMan™ primers (Table 4.13), pre-amplified cDNA, and nuclease-free water for a total volume
of 20 pL per reaction. Each transcript was analyzed in triplicate. Reactions were placed in a
7900HT Fast Real-Time PCR machine (Applied Biosystems). The following parameters were
used: 95°C for 10 minutes, followed by 40 cycles of (95°C for 15 seconds, 60°C for 1 minute).
The cycle threshold (Ct) values from the qPCR curves were extracted at the logarithmic growth
phase of the curve. The delta-delta Ct methods was used to calculate the fold changes (2°44¢Y). All
groups containing DMSO were normalized to a SHAM+DMSO control. All groups that did not
contain DMSO were normalized to a SHAM (no DMSO) control. GAPDH was used as the
normalizer gene across all samples as has been previously demonstrated in other IR response
studies as well as curcumin treated cells (14-16). We also verified in our dataset that GAPDH
levels were not changing and could be used as an appropriate normalizer gene (data not shown).

The logy of the linear fold changes was calculated for comparisons.

Statistical Analysis

A p-value of 0.05 was used as a cutoff to determine statistical significance. P-values are labeled
as <0.05 (*), <0.01 (**), <0.001 (***), and <0.0001 (****) throughout the manuscript unless
otherwise specified. For RNA sequencing, differentially expressed genes were identified in
comparison to SHAM controls using edgeR (see “RNA sequencing”) and satisfied the following

criteria: logs fold change (+/-1), p<0.05, FDR<0.05. For DNA damage immunohistochemistry,
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statistical analysis is One-way ANOV A with Dunnett's multiple comparisons test using GraphPad
Prism software (all groups compared to SHAM (those without cNLP) or SHAM+cNLP (those with
cNLP)). Induced foci counts/cell were calculated by subtracting the averaged foci counts for the
SHAM values determined for curDMSO, cNLP, or DMSO alone control groups from the raw foci
counts per treatment. Statistical analysis amongst foci counts at the 15-minute time point was
determined by One-Way ANOVA with Turkey’s multiple comparisons test (Gamma vs.
Gamma+cNLP and Oxygen vs. Oxygen+cNLP). GraphPad Prism software and Biorender.com

were used for figure illustrations.

4.4 Results
DNA double stranded break (DSB) foci induction was used to characterize the DNA damage
response to different qualities of ionizing radiation

We measured the effect on the DNA damage response following IR exposures by quantifying
DNA DSB-associated nuclear foci stained for gamma-H2AX/phospho-ser139 and 53BP1 (Figure
4.2a). At 15 minutes post-IR, all treatment groups resulted in peak DNA DSB associated gamma
H2AX/53BP1 foci counts (Figure 4.3, Appendix Figure A.4.1, Appendix Table A.4.1). Here, 75
cGy GCR exposures had the highest average foci/cell count at 10.7, followed by 50 ¢Gy protons
(10.2 foci/cell) and then 50 cGy gamma (9 foci/cell) at the 15-minute time point. The highest-LET
ion species (Fe-56 irradiated samples) resulted in the lowest average foci/cell, at roughly 6.6 total
foci/cell and 3.6 foci/cell induced at the 15-minute time point (Table 4.2). When accounting for
induced foci per cGy of exposure (Induced foci/cGy), protons and gamma-irradiated samples
demonstrated the highest foci counts, at 0.142 and 0.118 induced foci/cGy, respectively. In

addition, the highest-LET ion species Fe-56 demonstrated the least number of induced foci/cGy at
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~0.071 (Table 4.2, Appendix Table A.4.2). Although the induction of DNA DSBs differed per IR
quality, all IR species had peak DNA damage foci induction at the 15-minute time point and
gradually reduced DNA damage foci expression over time, with proton, Fe-56, GCR, and O-16
irradiated groups returning to background levels of foci indistinguishable from SHAM groups by

24 hours after exposure (Figure 4.3, Figure A.4.1).

A.

IR alone Analysis:
IR at NSRL _ Gamma H2AX pS139/53BP1

. DSB-associated foci
m) (15 min-24 hrs post IR)

(GCR, 5%Fe, 1¢Q, 'H, 28Si, Gamma, SHAM)

AGO05965/MRC-5
Human Fibroblasts

+cNLP
(18 hr pre-IR) Gamma HAszaMssias/mBm
——> IR at NSRLS ~====——p> Radioprotection DSB—associgted foci

m) (15 min-24 hrs post IR)
|

AG05965/MRC-5 (GCR, 3Fe, 190, 'H, 28Si, Gamma, SHAM)
Human Fibroblasts

B

Figure 4.2: DNA damage study design. (a). Normal human MRC-5 fibroblasts were grown to confluency and
irradiated with SimGCRSim (GCR), Fe-56, O-16, H-1 protons, Si-28, or gamma irradiation prior to DNA damage
analysis. (b). Normal human MRC-5 fibroblasts were grown to confluency and pre-treated for 18 hours with cNLPs
to analyze radioprotection following SimGCRSim (GCR), Fe-56, O-16, H-1 protons, Si-28, or gamma irradiation

prior to DNA damage analysis.
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Figure 4.3: DNA damage foci counts when fixed 15 minutes-24 hours after ionizing radiation exposures. Shown
are the gamma H2AX/53BP1 overlapping foci/cell averages with standard deviation. Doses of exposure are the
following: Gamma (50 cGy), Proton (50 cGy), Fe-56 (50 cGy), and 5-ion SimGCRSim (GCR) (75 c¢Gy). Analysis is
One-way ANOVA with Dunnett's multiple comparisons test (all groups compared to SHAM). Foci counts for Si-28

and O-16 irradiations can be found in the Appendix (Figure A.4.1). Quantification of the foci counts in all IR groups

can be found in the Appendix (Table A.4.1).
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IR Dose (cGy) | Time point | Average foci/cell |Induced foci/cell| Induced foci/cGy
SHAM 0 15 min/24 hrs 3.1
GCR 75 15 min 10.7 7.7 0.102
Proton 50 15 min 10.2 7.1 0.142
Gamma 50 15 min 9 5.9 0.118
Fe 50 15 min 6.6 3.6 0.071

Table 4.2: Induced DNA DSB foci on human MRC-5 fibroblasts treated with IR-alone.

RNA sequencing analysis demonstrates the unique responses to different qualities of ionizing
radiation

Six qualities of ionizing radiation with varying linear energy transfers (LET) (gamma rays, Si-
28 particles, H-1 (proton) particles, O-16 particles, Fe-56 particles, and 5-ion simulated galactic
cosmic radiation (GCR)) were applied to primary human MRC-5 fibroblasts and subjected to RNA
sequencing analysis (Table 4.1, Figure 4.4a). Total up-regulated and down-regulated differentially
expressed genes per IR species of interest compared to SHAM unirradiated control cells are shown
(Table 4.3, Appendix Table A.4.3). GCR exposures had the most differentially expressed genes,
with 559 up-regulated and 833 down-regulated genes over SHAM controls (Table 4.3).
Interestingly, IR species with higher LETs, including Fe-56, Si-28, and O-16 had the least
differentially expressed genes; 95, 103, and 64, respectively (Table 4.3, Appendix Table A.4.3).
We then investigated total up- or down-regulated differentially expressed genes amongst gamma,
proton, Fe-56, and GCR irradiated groups to identify uniquely differentially expressed genes as
well as overlapping gene hits amongst these IR qualities (Figure 4.5). Gamma IR exposures
demonstrated the least amount of uniquely expressed differential genes (20/125 or 16%)), followed
by Fe-56 (29/95 or 30.5%) and proton (129/328 or 39.3%). By far, GCR irradiated groups had the
most uniquely differentially expressed genes compared to other IR species, with 1215/1392 or

87.3% of total differential gene hits unique to GCR groups. When looking at those differentially
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expressed genes in common amongst IR groups, we found 30 overlapping differentially expressed
genes across all IR types (Figure 4.5). Interestingly, differentially expressed genes within the
gamma irradiated group demonstrated ~84% overlap (105/125 genes) with at least 1 other IR
group, with the majority of overlapping differentially expressed genes coinciding with proton
irradiated samples (78% or 98/125 genes). In Fe-56 irradiated samples, we found that 14/95 genes
(14.7%) overlapped solely with GCR-irradiated groups whereas only 7 (7.3%) and 5 (5.3%) of
genes overlapped with proton or gamma irradiated groups, respectively (Figure 4.5). Lastly, GCR-
irradiated groups demonstrated the largest variability in gene hits compared to other IR species,
with only 161/1392 (11.6%) of differentially expressed genes overlapping with proton samples,
69/1392 (5%) overlapping with gamma irradiated samples, and 46/1392 (3.3%) overlapping with

Fe-56 irradiation groups (Figure 4.5).

IR alone Analyses:
IR at NSRL === | RNA Seq (24 hr)

m' - qPCR (24 hr)
(GCR, 55Fe, 160, 1H, Si, Gamma, SHAM)
AGO5965/MRC-5

Human Fibroblasts

+cNLP . '
b (18 hr pre-IR) IR at NSRLS =) Radioprotection
e > Analyses:
o— > RNA Seq (24 hr)
m " - \ +cNLP gqPCR (24 hI‘)
o (15 min post-IR) o
AG05965/MRC-5 IR at NSRLS e R2di0mitigation

Human Fibroblasts

(GCR, 5°Fe, 160, H, 28Si, Gamma, SHAM)

Figure 4.4: Transcriptomics study design. (a). Normal human MRC-5 fibroblasts were grown to confluency and
irradiated with SiImGCRSim (GCR), Fe-56, O-16, H-1 protons, Si-28, or gamma irradiation prior to differential gene
expression analyses. (b). Normal human MRC-5 fibroblasts were grown to confluency and pre-treated for 18 hours
with cNLPs to analyze radioprotection, or 15 minutes after IR to investigate radiomitigation following SimGCRSim

(GCR), Fe-56, O-16, H-1 protons, Si-28, or gamma irradiations.
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IR type | Dose (cGy) | Up-regulated DEG | Down-regulated DEG | Total DEG
Gamma 100 8 117 125
Proton 100 82 246 328
Fe 50 22 73 95
GCR 75 559 833 1392

Table 4.3: Total numbers of differentially expressed genes in irradiated samples as determined via RNA
sequencing. Note: The differentially expressed genes for Si-28 and O-16 irradiations can be found in the Appendix

(Table A.4.3).

Gamma (125) Proton (328)
20 129
23
5 92
29 8 37 1215
- 30
2 0 ¢
14
Fe (95) GCR (1392)

Figure 4.5: Overlapping differentially expressed genes amongst IR groups. Venn diagram of the differentially
expressed genes amongst gamma, Fe-56, proton, and GCR irradiated groups. Gene hits were identified as either up-
regulated or down-regulated within each IR group and satisfied the following criteria (logz fold change +/-1, p<0.05,

FDR<0.05).
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We then investigated the top up-regulated and down-regulated genes per IR quality of interest
and their associated biological pathways using the GeneCards: The Human Gene Database
(https://www.genecards.org/). Overall, the top differentially expressed genes in gamma irradiated
cells were associated with immune signaling, stress, cell cycle arrest, and dysregulated mitosis
(Table 4.4a). In proton irradiated samples, dysregulated neural trafficking, calcium signaling,
Na+/K+ homeostasis, and metabolic processes predominated (Table 4.4b). Similar to proton IR,
the top differentially expressed genes in high-LET Fe-56 samples revolved around neural
trafficking and calcium signaling homeostasis. However, in contrast to other IR species, the top
differentially expressed genes in Fe-56 samples also resulted in dysregulated hemoglobin function,
oxygen transport, and muscle movement (Table 4.4c). In GCR-irradiated samples, the top 20 up-
regulated genes had the strongest average differential expression out of all IR species tested, with
an average log> fold change of 9.6, and were involved the host-defense immune response,
including phagocyte-mediated host-defense as well as serum complement pathways. GCR-
irradiated groups also modulated a host of additional biological pathways, including p53, TGF-
Beta, ERK, BMP signaling, and GPCRs (Table 4.4d). The lists of the top up-regulated and down-
regulated genes and associated pathways for gamma, proton, Fe-56, and GCR-irradiated samples

are listed in Tables 4.4(a-d).
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Gamma Irradiation (100 cGy)
Gene Log; Fold Change | P-Value FDR Biological Pathways
Transcriptional regulation (Cell
FOS 1.31 4.70E-10 | 8.31E-08 proliferation, differentiation, cell
transformation)
RNU4-2 2.59 4.94E-05 | 4.26E-03 Unknown (snRNA)
Transcriptional regulation (Cell
FOSB 1.92 2.46E-11 | 5.27E-09 proliferation, differentiation, cell
transformation)
SNORA73B 1.43 6.96E-05 | 5.80E-03 Metabolism, oxidative stress, lipotoxicity'
MIR3648-1 235 220E-17 | 1.02E-14 Endoplasmic reticulum stress, Cell
proliferation
MIR3648-2 2.56 3.99E-17 | 1.68E-14 Endoplasmic reticulum stress, Cell
proliferation
MIR663A 3.25 1.28E-09 | 2.18E-07 | Proliferation, TGF-Beta (negative regulator)
SSCAD 1.05 427E-04 | 2.65E-02 Innate and adaptive immupity, scavenger
receptor activity
E2F2 -6.08 1.60E-07 | 2.32E-05 Cell cycle regulation, DNA replication
HGC6.3 -4.83 7.30E-04 | 4.10E-02 Increased in various cancers
CDC25C -3.5 1.35E-13 | 3.71E-11 Cell cycle (Mitosis activator)
NUF2 -3.08 2.25E-28 | 3.58E-25 Chromosomal segregation
ERCC6L -3.01 4.94E-13 | 1.33E-10 Cell cycle (mitosis)
SGO1 -2.94 1.87E-07 | 2.68E-05 Cell cycle (mitosis)
NEK2 -2.91 1.43E-22 | 1.14E-19 Cell cycle (mitosis)
NDC80 -2.68 8.81E-26 | 1.05E-22 Cell cycle (microtubule-kinetochore)
SPC25 -2.67 2.29E-10 | 4.20E-08 Cell cycle (microtubule-kinetochore)
KIF18B -2.64 3.56E-17 | 1.59E-14 Cell cycle (Microtubule)
ASFIB 2.53 4.06E-15 | 1.38E-12 Cell cycle (histone chaperone
protein/chromatin)
DEPDCI -2.51 1.45E-27 | 2.07E-24 DNA transcription (negative regulator)
BUBIB 150 2 86E-20 | 1.71E-17 Cell cycle (spinflle checkpoint function at
kinetochore)
MKI67 -2.48 5.49E-32 | 3.67E-28 Dispersion of chromosomes in cytoplasm
UBE2C a0 7 69E-32 | 3.67E-28 Ubiquitinylation (E2 ubiquitin conjugating
enzyme)
KIF2C -2.40 1.99E-22 | 1.43E-19 Cell cycle (microtubule)
CDK1 -2.40 5.21E-31 | 1.24E-27 | Cell cycle regulation, DNA damage response
FAMII11B -2.39 3.51E-10 | 6.28E-08 DNA replication/peptidase (Ref: Uniprot)
ZNF367 -2.36 3.31E-05 | 3.08E-03 DNA transcription factor binding
CDC20 93] 107E-39 | 1.53E-35 Cell cycle regulation (nuclear' movement,
chromosome separation)

Table 4.4a: Top up-regulated and down-regulated genes based on gamma IR exposure and associated biological
pathways. 'Sletten, A.C et al. (2021). Loss of SNORA73 reprograms cellular metabolism and protects against
steatohepatitis. Nat Commun. 12, 5214. https://doi.org/10.1038/s41467-021-25457-y.

ZRashid, F et al. (2017). Induction of miR-3648 Upon ER Stress and Its Regulatory Role in Cell Proliferation. Int. J.

Mol. Sci., 18, 1375. https://doi.org/10.3390/ijms 18071375
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Proton Irradiation (100 cGy)

Gene Log: Fold Change | P-Value FDR Biological Pathways
GPM6A R 43 196E-17 | 2.18F-14 Neural differentiatign/plgsticity, Ca*
channel signaling
ADGRV1 4.88 1.69E-03 | 2.18E-02 GPCR-hearing and vision
CAMK2B 4.21 1.56E-14 | 7.52E-12 Calcium signaling

MPO 4.19 1.32E-04 | 3.19E-03 Immunity, myeloid cells
OLFM1 4.15 1.34E-15 | 7.43E-13 Neural cell growth
NSG2 3.68 8.48E-04 | 1.30E-02 Neural trafficking

AC 1411 424. 3.66 8.14E-09 | 1.00E-06 IncRNA (unknown)
ATPIA3 3.63 1.29E-10 | 2.63E-08 Na+/K+ pump
TSPAN7 3.47 5.20E-08 | 5.08E-06 Cell growth, development

PDE2A 3.45 1.63E-05 | 6.17E-04 Calcium signaling
NAPIL2 3.20 1.91E-03 | 2.36E-02 Neural cell proliferation
RNU4-2 3.17 2.10E-07 | 1.75E-05 Unknown (snRNA)
MIR663A 2.63 1.50E-05 | 5.81E-04 Immune dysregulation’

HPCA 2.60 2.17E-03 | 2.57E-02 Neuron-specific calcium binding
GPM6B 254 3.67E-09 | 4.95E-07 Membrane trafficking, cell to cell

communication (brain)

PLPI 2.50 6.62E-06 | 2.94E-04 | Myelin sheath maintenance, axonal survival
ENPP4 2.34 2.19E-03 | 2.58E-02 Innate immunity (blood coagulation)
AGAP?2 294 336E-08 | 3.63E-06 Anti-apoptosis of nerves, neural PI3K

(activation)
GRIN2C 2.23 2.26E-03 | 2.64E-02 Learning, memory (NMDA receptor
development)
RN7SL2 2.21 6.63E-05 | 1.83E-03 scRNA (unknown)
HGC6.3 -7.6 6.51E-05 | 1.81E-03 IncRNA (unknown)
KCNIJ5 -5.64 6.35E-04 | 1.06E-02 K+ channel tetramer
TMEM74B -5.62 1.63E-04 | 3.73E-03 Autophagy
CCLII 5.08 6.36E-09 | 8.12E-07 Chemokine (Immune system and
inflammation)
ACRBP -5.06 1.15E-03 | 1.64E-02 Sperm and various cancers

LINC01909 -4.8 5.18E-03 | 4.70E-02 IncRNA (unknown)
MIR616 -4.46 1.95E-03 | 2.39E-02 Proliferation, expressed in cancers

LMO2 377 576E-04 | 9.83E-03 Hematopoietic development and

erythropoiesis
MIR641 -3.57 8.34E-04 | 1.29E-02 Bone/Chondrocyte growth
LNCOC1 -3.45 5.89E-04 | 1.00E-02 IncRNA (Ovarian cancer)
ESCO2 -3.42 1.82E-06 | 1.01E-04 Cell cycle (mitosis)

NEK?2 -3.20 4.89E-17 | 4.15E-14 Cell cycle (mitosis)

ASPDH 318 2 83E-03 | 3.09E-02 Oxidoreductase activity,' aspartate
dehydrogenase activity
ADHI1C -3.17 4.36E-08 | 4.50E-06 Metabolism (alcohol dehydrogenase)

SNOEDI 2.94 236E-03 | 2.72E-02 snoRNA (unknown)

CENPA -2.79 1.59E-11 | 4.10E-09 Cell cycle (centromere regulation)
BCL2A1 -2.74 1.57E-04 | 3.63E-03 Apoptosis (anti), Inflammation (NF-kB)
ADHI1B -2.72 3.92E-11 | 8.76E-09 Metabolism (alcohol dehydrogenase)
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Proton Irradiation (100 cGy) (continued)
Gene Log; Fold Change | P-Value FDR Biological Pathways
Cell proliferation (positive regulator),
SAPCD2 -2.65 1.80E-10 | 3.51E-08 protein localization to cortex (negative
regulator)
HGFAC -2.61 1.25E-03 | 1.74E-02 Hepatocyte growth factor activation

Table 4.4b: Top up-regulated and down-regulated genes based on proton IR exposure and associated biological
pathways. 'Geng et al. (2019). MicroRNA-663 induces immune dysregulation by inhibiting TGF-B1 production in
bone marrow-derived mesenchymal stem cells in patients with systemic lupus erythematosus. Cell Mol

Immunol.;16(3):260-274. doi: 10.1038/cmi.2018.1.

Fe-56 Irradiation (50 cGy)
Gene Log: Fold Change | P-Value FDR Biological Pathways
GPM6A 734 427E-20 | 6.14E-16 Neural dlffere(rzlltlilrtllri)eri zlng(il Ellians;lcny, Calcium
CAMK2B 5.89 4.63E-09 | 1.96E-06 Calcium/calmodulin binding
KIF1A 4.92 1.75E-10 | 1.18E-07 Organelle transport across microtubules
NSG2 4.44 1.21E-05 | 2.14E-03 Neural development
SLC17A7 3.75 1.94E-10 | 1.21E-07 Na/Pi transporter in brain (glutamate transport)
NAPIL2 3.63 2.47E-04 | 2.24E-02 Neural cell proliferation
SLC8A2 3.61 2.02E-04 | 1.97E-02 Calcium signaling
ATP1A3 3.37 1.44E-04 | 1.51E-02 Na+/K+ pump
SPOCK2 3.34 2.32E-08 | 8.79E-06 Calcium and ECM binding
CHDS5 2.8 1.29E-05 | 2.21E-03 DNA binding
DLGAP3 2.79 8.78E-07 | 2.26E-04 Neurotransmitter receptor activity (postsynaptic)
TAGLN3 2.28 1.00E-04 | 1.15E-02 CNS development
KIF5C 2.15 9.03E-05 | 1.07E-02 CNS cargo transport
SCNIA 2.02 8.17E-05 | 1.00E-02 Voltage-gated Na+ channels (brain)
FOSB 192 LIE08 | 442606 | G o cell ramsfomationy
SULT4A1 1.79 9.23E-05 | 1.08E-02 Neurotransmitter metabolism
DDN 1.70 3.60E-06 | 7.61E-04 Transcription factor activity (RNA polymerase II)
AGAP2 1.65 6.19E-06 | 1.20E-03 Anti-apoptosis of nerves, neural PI3K (activation)
NRXN1 1.65 7.07E-04 | 4.96E-02 | Calcium-dependent neural synapse regulation (CNS)
EBI3 1.44 1.30E-05 | 2.21E-03 | Inflammatory response (IL27), JAK/STAT pathway
HBB -5.21 1.35E-07 | 4.35E-05 Hemoglobin, oxygen transport
TNNT3 -4.98 2.46E-11 | 3.22E-08 Troponin synthesis (muscle contraction)
CP -4.88 1.28E-05 | 2.21E-03 Fe movement through blood and organs
HBA2 -4.63 1.45E-09 | 7.51E-07 Hemoglobin, oxygen transport
HBALI -4.6 1.46E-09 | 7.51E-07 Hemoglobin, oxygen transport
MYLI1 -4.22 4.14E-11 | 4.25E-08 Calcium ion binding for muscle
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Fe-56 Irradiation (50 cGy) (continued)

Gene Log: Fold Change | P-Value FDR Biological Pathways
AMPD1 -4.16 2.85E-04 | 2.51E-02 Muscle movement
CKM -3.95 1.92E-09 | 9.22E-07 Energy homeostasis (heart, muscle)
MYHI -3.78 1.67E-13 | 4.81E-10 Myosin (muscle contraction)
MYHS 365 107E-11 | 1.71E-08 Myosin (muscle congiztiir(l);) and actin filament
MYH4 3,59 5 69E-11 | 4.90F-08 Actin binding, ATI;}ggrggziiigmuscle contraction,
PTPRC -3.45 1.14E-04 | 1.28E-02 B and T cell signaling, cytokine signaling
HGC6.3 -3.44 2.37E-04 | 2.18E-02 IncRNA (unknown)
MYLPF -3.36 3.64E-10 | 2.12E-07 | Calcium ion binding, skeletal muscle development
MYH2 -3.35 5.91E-06 | 1.19E-03 Skeletal muscle contraction
MYBPC2 -3.29 1.56E-06 | 3.71E-04 Myosin binding (heart)
TNNI2 -2.68 1.28E-05 | 2.21E-03 Calcium-dependent muscle contraction
EVI2B -2.56 2.54E-04 | 2.28E-02 Hematopoiesis (granulocyte differentiation)
CYYRI-ASI -2.32 4.65E-05 | 6.30E-03 IncRNA (unknown)
KIF18B -2.03 3.57E-11 | 4.25E-08 Cell cycle (Microtubule)

Table 4.4c: Top up-regulated and down-regulated genes based on Fe-56 exposure and associated biological

pathways.
GCR Irradiation (75 cGy)

Gene Log: Fold Change | P-Value FDR Biological Pathways

DEFA1 29.94 9.34E-55 | 3.66E-52 Phagocyte-mediated host defense
DEFAIB 2994 9.34E-55 | 3.66E-52 Phagocyte-mediated };?]ss‘i E;i;:lfense, Innate Immune
DEFA3 28.86 827E-53 | 3.00E-50 Phagocyte-mediated host defense, Innate Immune

system

SASH3 10.1 1.12E-07 | 7.96E-07 Cell signaling (lymphocytes)

C1QC 8.92 1.43E-07 | 9.97E-07 Serum complement pathway

C1QB 8.55 1.46E-07 | 1.02E-06 Serum complement pathway

LTF 339 6.27E-05 | 2.55E-04 Non-specific 1mm1}n1ty (tr.an.sferrln), cell growth,
differentiation
Neuropathic pain signaling, DNA damage
PIK3RS 8.03 4.09E-04 ) 1.38E-03 response (ATM), cell growth, cell proliferation
GPRIS3 6.44 1.23E-34 | 1.56E-32 GPCR signaling (B lymphocytes), peptide ligand-
binding receptors
S100A9 504 §38E-23 | 433E-21 Calcium signaling, Inﬂammatlon (TLR4), Immune
Signaling
PCDH1 5.36 2.30E-174 1‘16 77 (])5 ) Neural cell adhesion, neural development
LINCO00862 5.12 9.49E-11 | 1.13E-09 IncRNA (unknown)
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GCR Irradiation (75 cGy) (continued)
Gene Log: Fold Change | P-Value FDR Biological Pathways
AC1411424' 5.05 7.41E-13 | 1.23E-11 lincRNA (unknown)
PDGFB 491 3 58E-124 1.30E- Platelet de.rlveq growth .factor (cell prohfe.ratlon,
120 cell migration, survival and chemotaxis)
ZNF385B 4.83 1.38E-16 | 3.80E-15 p53 binding and p53 induced intrinsic apoptosis
DCSTAMP 4.75 9.71E-19 | 3.39E-17 Dendritic cell immunity and bone homeostasis
S100A8 458 3.536-09 | 3.04E-08 Inflammatory process (pro) and immune response
activator
ELN 4.54 2.779E-20 | 1.11E-18 Organ elasticity, Phospholipase C pathway
SALRNA2 4.39 3.16E-09 | 2.92E-08 IncRNA (unknown)
SLCO5A1 4.30 425E-12 | 6.32E-11 Transporter activity (solute carrier organic anion
transporter)
OR11H2 -5.43 1.82E-02 | 3.85E-02 GPCR signaling (olfactory)
LINCO01497 -5.08 1.61E-04 | 5.97E-04 IncRNA (unknown)
Cz?glu_ -4.83 1.15E-04 | 4.41E-04 IncRNA (unknown)
BCL2A1 -3.92 9.31E-10 | 9.45E-09 Apoptosis (anti), Inflammation (NF-kB)
IFIT1 -3.81 3.46E-32 | 3.78E-30 Interferon signaling
TNFSF10 371 8 58E-13 | 141E-11 TNF receptor blndlng, TGF—Beta signaling, ERK
signaling
NROB1 -3.62 1.07E-04 | 4.13E-04 Gene transcription (Retinoic acid receptor)
SLC51B -3.6 3.86E-09 | 3.52E-08 Drug Induction of Bile Acid
SLC7A14 -3.39 1.84E-17 | 5.50E-16 Cationic amino acid transport
HCAR2 -3.38 4.68E-05 | 1.96E-04 | GPCR signaling, Peptide ligand-binding receptors
LCNLI -3.38 2.81E-09 | 2.60E-08 Small molecule binding
ACO621992' 332 8.85E-05 | 3.47E-04 IncRNA (unknown)
NPTX1 -3.31 1.86E-24 | 1.13E-22 Neural synapse regulation
CLDNI11 331 175E-64 | 1.01E-61 Cell polarity, s1gng1 tra.nsduc‘.uon,.ollgodendrocyte
proliferation/migration
TMEM100 33] 2.96E-06 | 1.59E-05 Bone Morphogenic Protein (BMP) signaling
pathway
KCNIJ2 -3.26 1.33E-49 | 4.02E-47 | K+ channel modulator (neural and muscle tissues)
HCAR3 -3.13 4.63E-03 | 1.19E-02 GPCR signaling (cell junctions)
HKDC1 -3.00 3.30E-06 | 1.76E-05 Glucose metabolism
MYCBPAP -2.99 1.71E-07 | 1.18E-06 Spermatogenesis
SLITRKS -29 1 1 49E-25 1 00E-23 Neural tissue modu]ation

Table 4.4d: Top up-regulated and down-regulated genes based on GCR exposure and associated biological

pathways.
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The DAVID NCBI database (https://david.ncifcrf.gov/) was then applied to investigate gene
ontology (GO) analysis and functional annotation clustering on the total numbers of up- and down-
regulated differentially expressed genes in gamma, proton, Fe-56, and GCR-irradiated samples
(Table 4.5a-b). Similarities amongst all IR exposures included dysregulated microtubule activity
associated with increased cell cycle arrest as well as modulated protein kinase activity (Table 4.5a).
We also found overlapping biological functions involved in ubiquitin regulation, metabolism,
hemoglobin transport, and muscle contraction amongst two or more IR species (Table 4.5a). GO
clusters also identified unique biological processes based on IR quality. For example, DNA
damage checkpoint functions (gamma IR), cAMP signaling (proton IR), nitric oxide transport and
oxygen binding (Fe-56 IR), as well as multiple GCR-specific responses involving immune
regulation, lipid homeostasis, and downstream receptor tyrosine kinase signaling cascades
predominated (Table 4.5b). In accordance with the increased numbers of differentially expressed
genes found in the GCR-irradiated cells, we found that GCR exposures also associated with the

greatest variety of biological functions and processes (Table 4.5b).

Shared Gene Ontology (GO) processes and functions

Microtubule motor activity (Gamma, Proton, Fe-56, GCR)

Mitotic cell cycle phase transition and cell cycle checkpoints (Gamma, Proton, Fe-56)

Ubiquitin regulation (Gamma, Proton)

Protein kinase activity (Gamma, Proton, Fe-56, GCR)

Mitotic spindle organization (chromosome stability and segregation) (Proton, Fe-56, GCR)

Muscle contraction (Fe-56 and GCR)

Metabolic processes (proton, GCR)
Hemoglobin binding (Fe-56, GCR)

Table 4.5a: Shared Gene Ontology (GO) functions associated with differentially expressed genes following

various qualities of IR exposures.
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Unique Gene Ontology (GO) processes and functions

Gamma: DNA replication checkpoints, DNA damage response, Drug/xenobiotic stimuli
response

Proton: cAMP mediated signaling, Endothelial proliferation, Vascular muscle cell
proliferation, Chemokine activity

Fe-56: Nitric oxide transport, Oxygen binding/transport

GCR: Integrin signaling, Transmembrane receptor signaling, Deamination of
cytosine/cytidine/deoxycytidine, Muscle contraction (cardiac) and motor activity, Cardiac cell
morphogenesis and ETM transition, Cholesterol homeostasis, Lipid transport activity, Immune
response (chemotaxis), Steroid metabolism, Dehydrogenase (NAD+) activity, oxidoreductase
activity, SMAD protein phosphorylation/signal transduction, BMP signaling , Ephrin signaling
(RTKSs), GPCR activity, Cell defense to bacteria, fungi, JAK/STAT cascade pathway, IL7
signaling

Table 4.5b: Unique Gene Ontology (GO) functions associated with differentially expressed genes following

various qualities of IR exposures.

Curcumin NLPs administered as a radioprotectant do not consistently alter DNA damage
foci induction

Following IR-alone exposures, we next sought to investigate whether curcumin NLPs may
alter the DNA DSB associated nuclear foci or transcriptomic findings when administered as a
radiation protection agent (Figure 4.2b, Figure 4.4b). First, we tested the effects of cNLPs as
radiation protectants on DNA DSBs (Figure 4.2b). Similar to IR alone groups, at 15 minutes post-
IR, all groups treated with cNLP radioprotection resulted in peak DNA DSB associated gamma
H2AX/53BP1 foci counts (Figure 4.6, Appendix Figure A.4.2). At the 15-minute fixation time
point, GCR+cNLP samples had the highest mean foci/cell (average foci/cell=11.5), and Fe-

56+cNLP samples had the lowest mean foci/cell (average foci/cell=5.9). The mean foci/cell

116



averages in IR+cNLP radioprotective groups from 15 minutes to 24 hours after exposure can be
found in the Appendix (Table A.4.4). When accounting for the differences in induced foci/cell
averages, gamma+cNLP and O-16+cNLP treatments were the only IR groups that had statistically
significant differences at the 15-minute time point compared to IR alone controls (Table 4.6, Table
A .4.5), however, these decreases in DNA DSBs were not consistent across all fixation time points.
In addition, we found that the proton+cNLP group had the highest induced foci/cGy (0.132),
followed by GCR+cNLP (0.112) (Table 4.6, Table A.4.5). Similar to IR alone, the high-LET Fe-

56+cNLP group had the lowest average induced foci count/cGy, at 0.056 (Table 4.6).
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Figure 4.6: DNA damage foci counts on cNLP pre-treated cells when fixed at 15 minutes-24 hours after ionizing
radiation exposures. Shown are the average foci/cell with standard deviation. Doses of exposure are the following:
Gamma+cNLP (50 cGy), Proton+cNLP (50 cGy), Fe-56+cNLP (50 cGy), and 5-ion SimGCRSim+cNLP
(GCR+cNLP) (75 cGy). Analysis is One-way ANOVA with Dunnett's multiple comparisons test (all groups compared
to SHAM-+cNLP control). Foci counts for Si-28+cNLP and O-16+cNLP treatments can be found in the Appendix

(Figure A.4.2). Quantification of the foci counts in all IR groups+cNLP can be found in the Appendix (Table A.4.4).
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Treatment | Dose (cGy) | Time point [ Average foci/cell | Induced foci/cell | Induced foci/cGy
Gamma 50 15 min 9 5.9 0.118
Gamma+cNLP 50 15 min 7.5% 4.4 0.087
Proton 50 15 min 10.2 7.1 0.142
Proton+cNLP 50 15 min 9.7 6.6 0.132
Fe 50 15 min 6.6 3.6 0.071
Fet+cNLP 50 15 min 5.9 2.8 0.056
GCR 75 15 min 10.7 7.7 0.102
GCR+cNLP 75 15 min 11.5 8.4 0.112

Table 4.6: Comparison of DNA DSB foci kinetics on human MRC-5 fibroblasts treated with IR alone or
IR+cNLP radiation protection treatment. *Note: Gamma+cNLP foci induction was significantly different than
Gamma IR alone at the 15-minute time point as determined by One-Way ANOVA with Turkey’s multiple comparisons

test (p<0.001).

Curcumin NLPs administered as a radioprotectant altered DEGs and pathways based on
RNA sequencing analysis

We next sought to investigate if curcumin NLPs (cNLPs) administered as a radioprotective
agent may alter the DEG and downstream biological pathways following simulated space radiation
exposures. We administered cNLPs to human MRC-5 fibroblasts approximately 18 hours before
exposure to gamma rays, simulated GCR, or corresponding single-ion IR species (Figure 4.4b).
Total numbers of differentially expressed genes across groups were determined via RNA
sequencing and can be found in the Appendix (Table A.4.6).

We first examined the effect of ctNLP radioprotection on gamma IR exposures. Overall, there
were 8 up-regulated/117 down-regulated genes in the gamma IR alone group and 69 up-
regulated/161 down-regulated genes in the gamma+cNLP radioprotective group (Figure 4.7).
When comparing gamma IR alone to gamma IR+cNLP, we found 0 overlapping up-regulated
genes and 94 overlapping down-regulated genes. We also identified 69 up-regulated and 67 down-

regulated genes in the gamma+cNLP groups that were not similarly differentially expressed in the
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gamma IR alone control group (Figure 4.7). Interestingly, FOS and RNU-4 were both up-regulated
in gamma IR alone (log, fold change of 1.3 and 2.5, respectively) and down-regulated in
gamma-+cNLP (log: fold change -1.5 and -12.5, respectively). We then utilized the DAVID NCBI
database to investigate the impact of differentially expressed genes on downstream biological
pathways between gamma or gamma+cNLP radioprotective groups (Table 4.7). We ran total up-
regulated and down-regulated genes hits for each treatment and then concatenated the findings for
gamma IR alone or gamma+cNLP pathway analysis. Overall, we found 5 shared biological
pathways between gamma alone and gamma+cNLP treatments, including cell cycle and p53
signaling modulation. We also discovered unique biological pathways in the gamma IR alone
group that were not impacted in the gamma+cNLP radioprotection group, including various cancer
and DNA damage repair pathways. We did not identify any unique biological pathways in the

gamma-+cNLP group that were not also impacted by gamma IR alone (Table 4.7).
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Up-regulated Gamma Irradiation (100 cGy) + ¢cNLP Radioprotection
Gene Log, Fold Change | P-Value FDR
Gamma Gamma-+cNLP SNORD43 7.95 9.16E-04| 1.24E-02
ENAM 2.40 3.77E-03| 3.51E-02
KCNN4 2.27 1.12E-03| 1.44E-02
RNF224 2.21 3.63E-03| 3.44E-02
3 0 69 CCDC65 1.90 2.39E-05| 7.32E-04
TNIP3 1.80 1.11E-03( 1.43E-02
TIAF1 1.72 3.93E-03| 3.63E-02
GCSAM 1.71 1.21E-05( 4.29E-04
EFCAB6 1.71 2.58E-04| 4.78E-03
Down-regulated PEAK3 1.71 5.81E-03 | 4.78E-02
MIR186 -13.97 2.38E-05| 7.32E-04
Gamma Gammar+cNLP RNUA4-2 -12.58 2.52E-05| 7.70E-04
E2F2 -9.84 1.97E-08| 1.70E-06
POU2F3 -9.77 2.58E-04| 4.78E-03
SYNE4 -8.27 4.85E-03| 4.24E-02
73 94 67 MYHI13 -7.04 3.62E-03| 3.43E-02
MEOX2 -6.03 1.57E-03( 1.87E-02
DLGAPS -5.65 242E-29| 8.66E-26
CNTNAP2 -5.62 1.03E-04( 2.37E-03
CENPA -5.31 1.92E-13| 5.39E-11

Figure 4.7: Differentially expressed genes in gamma irradiated groups with and without cNLP radioprotection
treatment. Left: Venn diagrams show the differentially expressed genes via RNA sequencing analysis in MRC-5 cells
exposed to 100 cGy gamma rays with and without cNLP radioprotection. Right: The top differentially expressed genes
in gamma-+cNLP radiation protection treatment. Up-regulated genes are in red and down-regulated genes are in green.

Differentially expressed genes satisfied the following criteria: log2 fold change (+/-1), p<0.05, FDR<0.05.
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Biological pathway Gamma alone | Gamma+cNLP Differentially Expressed Genes
PLKI, BUBIB, TTK, CDC6, PKMYT1, CDC25C,
hsa04110:Cell cycle v v CCNA2, CDC20, CCNB2, CCNBI, CDC45, ORCI,
CCNE2, E2F1, CDK1, E2F2, BUBI, MAD2L1
SGO1, CDC20, CCNB2, CCNBI, CCNE2, PLK1,
hsa04114:00cyte meiosis v v , CDK1, PKMYT!, CDC25C, BUBI,
MAD2L1
. . CCNA2, CCNB2, CCNBI, PLK1, CDK1, PKMYTI,
hsa04914:Progesterone-mediated oocyte maturation v v CDC25C, BUBL, MAD2L
hsa04115:p53 signaling pathway v v CCNB2, CCNBI, RRM2, CCNE2, CDK1, GTSEI
hsa05161:Hepatitis B v v CCNA2, CCNE2, E2F1, BIRCS, E2F2, FOS
hsa03460:Fanconi anemia pathway v BLM, RADS1, EMEL, FANCD2, FANCA
hsa03440:Homologous recombination v BLM, RADS1, EME]
hsa05206:MicroRNAs in cancer v CCNE2, CDCAS, E2F1, E2F2, KIF23, CDC25C
hsa05170:Human immunodeficiency virus 1 infection v CCNB2, CCNBI, CDK1, FOS, CDC25C
hsa04068:FoxO signaling pathway v PLK4, CCNB2, CCNBI, PLK1
hsa05200:Pathways in cancer v CCNA2, RAD51, CCNE2, E2F1, BIRCS, E2F2, FOS
hsa05212:Pancreatic cancer v RADS1, E2F1, E2F2
hsa05222:Small cell lung cancer v CCNE2, E2F1, E2F2
hsa05169:Epstein-Barr virus infection v CCNA2, CCNE2, E2F1, E2F2
hsa05203:Viral carcinogenesis v CCNA2, CDC20, CCNE2, CDK1
hsa05215:Prostate cancer v CCNE2, E2F1, E2F2
hsa01522:Endocrine resistance v E2F1, E2F2, FOS
hsa05207:Chemical carcinogenesis - receptor activation v E2F1, BIRC5, FOS, CDC6
CCNA2, CCNB2, CCNBI, CCNE2, CDK1, E2F1,
hsa04218:Cellular senescence v E2F2, MYBL2, FOXMI
L e CCNA2, CDC20, CCNB2, CCNE2, E2F1, BUBIB,
hsa05166:Human T-cell leukemia virus 1 infection v E2F2. FOS. MAD2LI

Table 4.7: Biological pathways impacted by gamma IR alone or gamma+cNLP radioprotection treatment.

Note: Differentially expressed gene hits per pathway are colored as follows: Black-colored genes (differentially
expressed in both treatment group pathways), orange-colored genes (differentially expressed in the pathways
involving in cNLP radioprotection group only), blue-colored genes (differentially expressed in the pathways involving

gamma alone group only). All pathway hits had p-values <0.1.

We next investigated the effect of cNLP radioprotective treatment on exposures relevant to
deep space missions. Differentially expressed genes from GCR exposed samples were run in the
DAVID NCBI database to explore relevant biological pathways impacted through either GCR
alone or GCR+cNLP radioprotective groups. Overall, there were 559 up-regulated/833 down-

regulated genes in the GCR alone group and 429 up-regulated/478 down-regulated genes in the
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GCR+cNLP radioprotective group (Figure 4.8). We also identified 110 uniquely up-regulated and
149 uniquely down-regulated genes in the GCR+cNLP group. There were 18 overlapping
biological pathways of interest between GCR and GCR+cNLP groups, including cell cycle effects,
immune cascades, FoxO signaling, ECM receptor interactions, PI3K-Akt signaling, and Rapl
signaling (Table 4.8). We also found 17 additional biological pathways of interest relevant to
GCR+cNLP that did not overlap with GCR alone. These unique pathways impacted meiosis,
microRNA regulation, ABC transporter function, immune regulation, as well as metabolism

(Appendix Table A.4.7).

GCR Irradiation (75 cGy) + cNLP Radioprotection
Gene Log; Fold Change | P-Value| FDR

Up-regulated

GCR GCR+cNLP DEFA1 21.47 2.18E-22 | 1.63E-20
DEFA1B 2147 2.18E-22 | 1.63E-20

DEFA3 19.81 7.26E-22|5.06E-20

C1QB 7.63 4.79E-13 [ 1.35E-11

240 319 110 PIK3R5 7.21 6.55E-04 | 3.02E-03
Cc1QC 6.70 3.56E-03 | 1.28E-02

LTF 6.53 1.18E-03 | 5.03E-03

SALRNA2 4.92 1.45E-11 [3.33E-10

DCSTAMP 4.82 1.29E-18 [ 6.05E-17

Down-regulated GPRI183 4.75 4.45E-12 [ 1.10E-10
GCR GCR+cNLP CCL7 -3.91 3.33E-15(1.17E-13
NROBI -3.90 5.64E-06 |4.59E-05

KIF20A 3.77 8.70E-50 | 5.26E-47

DLGAPS5 3.77 2.99E-57 [2.71E-54

TNFSF10 -3.63 5.97E-15 [2.04E-13

504 329 149 CEMIP -3.61 8.16E-36 | 1.72E-33
CCLI11 -3.59 1.94E-20 [ 1.11E-18

NPTX1 -3.58 2.11E-27 |2.34E-25

SPC25 -3.54 6.47E-23 | 5.13E-21

SLC7A14 -3.45 1.13E-17 [4.90E-16

Figure 4.8: Differentially expressed genes in GCR irradiated groups with and without cNLP radioprotection
treatment. Left: Venn diagrams show differentially expressed genes via RNA sequencing analysis in MRC-5 cells
exposed to 75 cGy 5-ion simulated GCR exposures with and without cNLP radioprotection. Right: Top differentially
expressed genes in GCR+cNLP radiation protection treatment. Up-regulated genes are in red and down-regulated
genes are in green. Differentially expressed genes satisfied the following criteria: log2 fold change (+/-1), p<0.05,

FDR<0.05.
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Biological pathway GCR alone GCR+cNLP Differentially Expressed Genes
TGFB2, CDKN2B, GADD45B, MCM7, PLK1, BUBIB, TTK, CDC7, CHEK2, CDC6,
hsa04110:Cell cycle v v PKMYTI, CDC25C, CCNA2, CDC20, CCNB2, CCNBI, CDC45, PTTGI, E2F |, CDKI,
E2F2, BUBIL, MAD2L |
204068 FoxO sianalin PLK4, TGFB2, CDKN2B, PRKAA2, GADD45B, PLK2, BNIP3, PLK1, [RS2, SLC2A4,
sa 'at‘}’lwasg aling v v IGF1, FOXO1, KLF2, IL6, SOD2, FBX032, PIK3RS5, CCNB2, CCNBI1, BCL2L11,
pathway TNFSF10, IL7R
15204512 ECMorecentor TNXB, VWE, ITGB3, ITGB4, ITGA2, ITGA4, ITGA3, ITGAI, TNC, HMMR, THBSI,
12:ECM-recep v v THBS4, COL1A1, COMP, VTN, COL2A1, COL4A1, COL4A2, ITGAV, CD36, CHAD,
interaction SPP1, ITGA7, ITGA9
SHC4, SHC2, TNXB, FLT 1, VWF, CAV2, ITGB3, FLT4, ITGA2, ITGA1, PDGFB, IGF1,
hsa04510:Focal adhesion v v THBSI, PIK3RS, MYLPF, COMP, COL2A1, COL4A1, CHAD, SPP1, ITGA7, ITGB4,
TNC, THBS4, VTN, ITGAV, VASP, ITGA4, CAV2, ITGA3, COLIAI, COL4A2, ITGA9
TNFSF18, CSFIR, TGFB2, CCL11, CXCL8, CSF2, TNFRSF12A, LIF, INHBA,
hsa04060:Cytokine-cytokine v v TNFRSF1B, GDF5, CXCL2, BMP7, GHR, CXCL12, CCL7, TNFSF4, TNFSF10, IL2IR,
receptor interaction CCL2, IL12A, IL7R, IL17B, 1L20, ILIRAP, CX3CL1, IL6R, IL11, IL34, TNFRSF19,
GDF6, PRLR, BMP5, BMP4, BMP2, IL6, INHA, CCL26
sal :Malaria B s 5 s R9, HBB, s s , IL6, 36,
hsa05144:Malari v v COMP, TGFB2, CXCLS, ITGB2, TLRO, HBB, CCL2, IL12A, THBSI, IL6, CD36, THBS4
hsa05414:Dilated v v TGFB2, ACTC1, TNNT2, ITGA2, ITGB3, TPML, ITGAL, ADCY4, ITGA7, DMD, IGF1,
cardiomyopathy ITGA4, ITGB4, ITGA3,  SLC8Al, SGCD, ITGAV, MYH6, CACNG4, ITGA9, MYH7
15405205+ Proteoalveans in CAMK2B, TGFB2, WNT2B, CAV2, ITGB3, WNT7B, ITGA2, FZDS, IGF1, THBSI,
; g v v PIK3RS, TEAP4, WNT11, ERBB3, PLAU, TIMP3, HCLS|, PTPN6, ITPR3, VTN,
cancer ITGAV, WNT7B, WNT5A, PLAUR, IGF2, MSN, MIR21, ANK2, COLIAl, HBEGF
CHRM2, CSFIR, FLT1, TNXB, PRKAA2, T4, ITGB3, PDGFB, THBSI, PIK3RS, GHR,
o COMP, BCL2L11, CHAD, SPP1, VWF, ITGA2, ITGAL, IGF1, FGF17, COL2A 1, COL4AL,
hsa0415 l'PI:tE‘;,’Zk‘ signaling v v KIT, ITGA7, IL7R, FGF11, ITGB4, TNC, FGF1, EFNAS, AREG, THBS4, VTN, ERBB3,
patway ITGAV, IL6R, ANGPT2, ITGA4, ITGA3, IGF2, PRLR, EREG, COL1Al, NR4AL, IL6,
COL4A2, FGFR4, ITGA9
CSFIR, CXCL8, WNT2B, ADCY4, PDGFB, GLI1, CKS1B, PIK3R5, RASGRP3, WNT11,
EOF1, E2F2, NKX3-1, TGFB2, CDKN2B, ITGA2, WNT7B, FZDS8, IGF1, FGF17, CXCL12,
15205200 Pathwavs i cancer v v COL4AL, KIT, AGTRI, BIRCS, PPARG, FGF11, F2RL3, FGF1, ETSI, HEY1, PIMI,
: 4 IL12A, ITGAV, IL6R, EDNI, ITGA3, WNT5A, FOS, COL4A2, CKS2, CAMK2B,
NOTCH3, PTGER2, FOXO1, DLL4, BCL2L11, HMOXI, PMAIP1, HES1, RUNXITI,
JAG2, GADDA45B, IGF2, BMP4, HEYL, BMP2, IL6, FGFR4, IL7R
EPHB6, SEMAGB, EPHAS, SEMA7A, CXCL12, UNC5B, SEMA3D, PLXNA2, UNC5C,
hsa04360: Axon guidance v v SLIT2, PLXNCI, EPHBI, ROBO2, CAMK2B, SEMA4A, EPHA4, TRPC6, TRPC4,
WNTS5A, NFATC2, EFNAS, BMP7, ENAH, EPHB3
hsa04610:Complement and C1QB, THBD, VWF, SERPINDI, PLAU, SERPINCI, CF'B, CIQC, CFD, ITGB2,
coagulation cascades SERPINE1, PLAUR, VTN, F2RL3
15205323 Rheumatoid arthritis TGFB2, FLT1, CXCL12, CXCLS, CSF2, ITGB2, MMP3, CCL2, HLA-DOB, IL11, FOS,
~ew IL6, ATP6VIE2, HLA-DQA1, HLA-DQBI
1604015 Ran ] sienali CSFIR, FLT1, ITGB3, FL T4, ITGB2, PDGFB, ADCY4, IGF1, THBSI, PIK3R5,
sa chsza signatng v v RASGRP3, FGF17, ADORA2B, KIT, FGF11, F2RL3, VASP, ANGPT2, FGF1, EFNAS,
patrway ENAH, PFN4, FGFR4, MAP2K6
CHRM2, GABRBI, NPY4R, HTRID, HTR2B, HTRIB, PTI11R, TACRI, SSTR2, GRIN2C,
hsa04080:Neuroactive ligand- v v GHR, GRIN3B, HTR7, ADORA2B, AGTRI, F2RL 1, SIPRS, F2RL3, GRIA4, CHRMS3,
receptor interaction UCN, CALCRL, CHRNAS, NPY4R, PTGER2, CHRNA7, OPRL1, GRIK4, ADM, ADRAID,
GRIK2, UCN2, P2RY2, NPY, ADORA1, LHCGR, EDN1, PRLR, P2RX6, GAL, NPY4R2
o CCNB2, CCNBI, RRM2, GADD45B, CHEK?2, CDK1, IGF1, THBS1, GTSE1, SERPINE,
hsa04115:p53 signaling pathway v v PMAIP1
5204810 Regulation of actin CHRM2, ITGB3, ITGA2, ITGB2, ITGA1, PDGFB, IQGAP3, PIK3RS, MYLPF, FGF17,
s . tzi‘e]etzn" c v v DIAPH3, TMSBA4Y, ITGA7, NCKAPIL, FGF11, ACTR3, CHRM3, ITGA4, ITGB4, ITGA3,
¥ MSN, FGF1, ENAH, SCIN, CXCL12, PEN4, ITGAV, MYH11, FGFR4, ITGA9
16a04020-Calcium sienalin CHRM2, CAMK2B, SPHK 1, ADCY4, HTR2B, CACNA1A, TACRI, GRIN2C, CACNAIG,
e um signaling v v HTR7, ERBB3, ADORA2B, AGTRI, RYRI, CHRM3, FLT1, PDEIA, CHRNA7, PDGFB,
pathway ADRAID, ITPR3, FGF1, SLC8A1, LHCGR, TNNC2, MCOLN2, P2RX6, ITPKA, FGFR4

Table 4.8: Biological pathways impacted by differentially expressed genes in GCR IR alone or GCR+¢cNLP

radioprotection treatment. Note: Differentially expressed gene hits per pathway are colored as follows: Black-
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colored genes (differentially expressed in pathway for both treatment groups), orange-colored genes (differentially
expressed in pathway in the GCR+cNLP radioprotection group only), blue-colored genes (differentially expressed in

pathway for the GCR alone group only). All pathway hits had p-values <0.1.

Given that the 5-ion simulated GCR exposures is comprised of mostly protons (~74%), we
compared the differential expression hits amongst proton+cNLP and GCR+cNLP irradiation
groups. We identified 39 overlapping up-regulated and 162 overlapping down-regulated genes
between proton+cNLP and GCR+cNLP IR groups (Figure 4.9). The total differentially expressed
gene hits in each cNLP radioprotection treatment were then loaded into DAVID NCBI database.
We uncovered 9 shared biological pathways of interest between proton+cNLP and GCR+cNLP
treatment groups (Table 4.9). The top differentially expressed genes within these shared pathways
were involved in cell cycle progression, oocyte meiosis and maturation, and p53 signaling.
Interestingly, ABC transporter function was not modulated in proton IR alone or GCR IR alone
control groups without cNLP radioprotective treatment (Table 4.9).

Up-regulated Down-regulated

Proton+cNLP GCR+cNLP Proton+cNLP GCR+cNLP

92 2 390 142 162 316

Figure 4.9: Differentially expressed genes comparison of Proton+cNLP and GCR+cNLP groups. Shown are the
differentially expressed genes via RNA sequencing in MRC-5 cells exposed to 100 cGy proton exposures with cNLP
radioprotective treatment (Proton+cNLP) or 75 ¢Gy 5-ion simulated GCR exposures with ¢cNLP radioprotective
treatment (GCR+cNLP). Up-regulated genes are in red and down-regulated genes are in green. Differentially

expressed genes satisfied the following criteria: logz fold change (+/-1), p<0.05, FDR<0.05.
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Biological pathways shared amongst
Proton+cNLP and GCR+cNLP treatment groups

Differentially expressed genes shared amongst
Proton+cNLP and GCR+cNLP treatment groups

hsa04110:Cell cycle

PLK1, BUBIB, TTK, PKMYT1, CDC25C, CCNA2,
CDC20, CCNB2, CCNB1, CDC45, PTTG1, CDKI,
E2F2, BUB1, MAD2L1

hsa04114:0o0cyte meiosis

CAMK2B, CDC20, CCNB2, CCNBI, PTTGI, PLKI,
CDKI1, PKMYTI1, CDC25C, BUB1, MAD2L 1

hsa04914:Progesterone-mediated oocyte maturation

CCNA2, CCNB2, CCNBI, PLK1, CDK1, PKMYTI,
CDC25C, BUB1, MAD2L 1

hsa04115:p53 signaling pathway

CCNB2, CCNB1, RRM2, CDK 1, GTSEI1

hsa00982:Drug metabolism - cytochrome P450

ADHIC, ADHIB, ADHIA, FMO2

hsa04060:Cytokine-cytokine receptor interaction

TNFSF18, CXCL12, CCL11, CCL7, TNFSF4,
TNFSF10

hsa04068:FoxO signaling pathway

PLK4, CCNB2, CCNBI, PLK1, TNFSFI10

hsa05214:Glioma

CAMK2B, PDGFB, E2F2

hsa02010:ABC transporters

ABCBI, ABCAS8, ABCA13, ABCGI

Table 4.9: Shared biological pathways and differentially expressed genes impacted by Proton+cNLP or
GCR+cNLP treatments. Note: Up-regulated genes are in red and down-regulated transcripts are in green. All

pathway hits had p-values <0.1.

Comparing cNLP radioprotective vs. radiomitigative treatments identifies novel biological
pathways of interest

We next evaluated the similarities and differences amongst ¢cNLP radioprotection and
radiomitigation treatments following various qualities of IR exposures. Total numbers of
differentially expressed genes across radiation mitigation groups can be found in the Appendix
(Appendix Table A.4.8). We then inputted the total up-regulated and down-regulated gene lists
within each cNLP radiomitigation group into the DAVID NCBI database and identified
downstream biological pathways of interest (Table 4.10). In contrast to cNLP radioprotection
treatment, where we found two biological pathways (cell cycle and p53 signaling) overlapping in

SHAM, gamma, proton, Fe-56, and GCR irradiated groups, we found 5 overlapping biological
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pathways in ctNLP RM groups (Table 4.10). Top pathway hits in cNLP radiomitigation groups
were steroid biosynthesis, ECM receptor interactions, and metabolism. In addition, top biological
pathways with curcumin mitigation treatment also included antibiotic synthesis and focal adhesion

(Table 4.10).

Biological pathways Treatment group (+cNLP RM)
hsa00100:Steroid biosynthesis All (SHAM, gamma, proton, Fe-56, GCR)
hsa01100:Metabolic pathways All (SHAM, gamma, proton, Fe-56, GCR)

hsa01130:Biosynthesis of antibiotics All (SHAM, gamma, proton, Fe-56, GCR)
hsa04510:Focal adhesion All (SHAM, gamma, proton, Fe-56, GCR)
hsa04512:ECM-receptor interaction All (SHAM, gamma, proton, Fe-56, GCR)
hsa00260:Glycine, serine and threonine metabolism SHAM, proton, Fe-56, GCR
hsa00900:Terpenoid backbone biosynthesis SHAM, gamma, proton, Fe-56
hsa04151:PI3K-Akt signaling pathway SHAM, gamma, Fe-56, GCR
hsa05323:Rheumatoid arthritis SHAM, gamma, Fe-56, GCR
hsa00561:Glycerolipid metabolism SHAM, gamma, Fe-56
hsa01040:Biosynthesis of unsaturated fatty acids SHAM, gamma, Fe-56
hsa01212:Fatty acid metabolism Gamma, proton, Fe-56
hsa02010: ABC transporters SHAM, gamma, GCR
hsa04015:Rap! signaling pathway SHAM, gamma, Fe-56
hsa04060:Cytokine-cytokine receptor interaction SHAM, Fe-56, GCR
hsa04115:p53 signaling pathway SHAM, gamma, GCR
hsa04610:Complement and coagulation cascades SHAM, proton, Fe-56
hsa04668:TNF signaling pathway SHAM, Fe-56, GCR
hsa04810:Regulation of actin cytoskeleton Gamma, Fe-56, GCR
hsa05143:African trypanosomiasis SHAM, Fe-56, GCR
hsa05144:Malaria SHAM, Fe-56, GCR
hsa05146: Amoebiasis SHAM, Fe-56, GCR
hsa05200:Pathways in cancer SHAM, Fe-56, GCR
hsa05410:Hypertrophic cardiomyopathy (HCM) SHAM, gamma, Fe-56
hsa05412:Arrhythmogenic( ;‘11%13 CV)entricular cardiomyopathy SHAM, gamma, proton

Table 4.10: Top biological pathways that are shared amongst radiation mitigation treatment groups.

In a direct comparison between cNLP radioprotection and radiomitigation treatments exposed
to gamma rays, we found 230 differentially expressed genes in the gamma+cNLP radioprotection

timeline and 633 differentially expressed genes in the gamma+cNLP radiomitigation timeline
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(Tables A.4.6 and A.4.8). We identified 25 modulated biological pathways in the gamma+cNLP
radiomitigation group compared to only 5 biological pathways in the gamma+cNLP
radioprotection group (Table 4.11). Overall, we found that p53 signaling and cell cycle effects
were the only two biological pathways that overlapped between gamma radioprotection and

gamma radiomitigation treatments (Table 4.11).

Gamma+cNLP (Radioprotection) Gamma+cNLP (Radiomitigation)

Pathway P-value Pathway P-value

Cell cycle* 1.30E-13 Cell cycle* 2.21E-02

p53 signaling pathway* 7.22E-04 p53 signaling pathway* 2.35E-02

Oocyte meiosis 2.09E-08 Steroid biosynthesis 2.73E-15

Progesterone-medlated oocyte 3.61E-06 Biosynthesis of antibiotics 2.72E-08
maturation

Hepatitis B 7.03E-02 Terpenoid backbone biosynthesis 6.08E-05

Metabolic pathways 1.25E-04

Glycerolipid metabolism 6.07E-04

Glycolysis / Gluconeogenesis 6.58E-03

ECM-receptor interaction 8.12E-03

Hypertrophic cardiomyopathy (HCM) 1.47E-02

Fructose and mannose metabolism 2.07E-02

Fatty acid metabolism 2.09E-02

Dilated cardiomyopathy 2.14E-02

Arrhythmogenic right ventricular

c}:rdion%yopathfl (ARVQ) 2.35E-02

Rheumatoid arthritis 2.68E-02

FoxO signaling pathway 3.43E-02

PI3K-Akt signaling pathway 3.84E-02

Biosynthesis of unsaturated fatty acids 3.95E-02

Bladder cancer 4.63E-02

Rap1 signaling pathway 4.72E-02

Regulation of actin cytoskeleton 4.72E-02

ABC transporters 5.75E-02

Focal adhesion 8.17E-02

Circadian entrainment 9.63E-02

HIF-1 signaling pathway 1.00E-01

Table 4.11: Biological pathways associated with gamma irradiation and either ¢cNLP radioprotective or
radiomitigative treatment. Note.: * indicates pathways that were differentially regulated in both radiation protection

and radiation mitigation treatments
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In simulated GCR-irradiated samples, we found 907 differentially expressed genes in cells
treated with the cNLP radioprotection timeline and 849 differentially expressed genes in the cells
treated with the cNLP radiomitigation timeline (Tables A.4.6 and A.4.8). In the GCR+cNLP
radioprotection group, there were 35 pathways modulated. In contrast, GCR+cNLP radiation
mitigation treatment affected 48 biological pathways, with only 16 (33.3%) overlapping with

radioprotection treatment (Table 4.12).

GCR+cNLP (Radioprotection) GCR+cNLP (Radiomitigation)
Pathway P-value Pathway P-value
ECM-receptor interaction® 3.46E-04 ECM-receptor interaction*® 2.87E-03
Focal adhesion* 5.93E-04 Focal adhesion* 4.41E-02
Cytokine-cytokine receptor interaction® 8.27E-04 Cytokine-cytokine receptor interaction* 9.75E-04
Oocyte meiosis* 9.86E-04 Oocyte meiosis™* 3.86E-02
Malaria* 1.10E-03 Malaria* 7.70E-04
Progesterone-mediated oocyte maturation®* | 1.27E-03 | Progesterone-mediated oocyte maturation®* | 6.62E-02
PI3K-Akt signaling pathway* 7.92E-03 PI3K-Akt signaling pathway* 1.92E-03
ABC transporters* 1.12E-02 ABC transporters* 8.70E-03
Pathways in cancer* 1.17E-02 Pathways in cancer* 3.29E-02
Tyrosine metabolism* 1.67E-02 Tyrosine metabolism* 2.72E-03
Rheumatoid arthritis* 3.68E-02 Rheumatoid arthritis* 2.32E-04
Cell adhesion molecules (CAMs)* 4.45E-02 Cell adhesion molecules (CAMs)* 1.37E-02
HTLV-I infection* 4.93E-02 HTLV-I infection* 8.25E-03
p53 signaling pathway* 7.00E-02 p53 signaling pathway* 5.65E-02
Regulation of actin cytoskeleton* 7.28E-02 Regulation of actin cytoskeleton™ 9.21E-02
Drug metabolism - cytochrome P450* 7.41E-02 Drug metabolism - cytochrome P450* 5.99E-02
Cell cycle 1.37E-06 Inflammatory mediator regulation of TRP 2 18E-03
channels

FoxO signaling pathway 6.24E-05 Glycolysis / Gluconeogenesis 3.67E-04
Hypertrophic cardiomyopathy (HCM) 1.89E-03 Ovarian steroidogenesis 1.43E-04
Dilated cardiomyopathy 3.29E-03 TNF signaling pathway 6.49E-06
Proteoglycans in cancer 6.04E-03 HIF-1 signaling pathway 5.86E-03
Axon guidance 2.19E-02 Transcriptional misregulation in cancer 8.68E-03
Glioma 2.20E-02 Biosynthesis of amino acids 9.05E-03
Complement and coagulation cascades 2.94E-02 NF-kappa B signaling pathway 9.16E-03
Rap1 signaling pathway 3.96E-02 Gastric acid secretion 9.81E-03
MicroRNAs in cancer 4.23E-02 Amoebiasis 1.16E-02
Type II diabetes mellitus 5.60E-02 Biosynthesis of antibiotics 1.38E-02
Neuroactive ligand-receptor interaction 5.64E-02 Chemical carcinogenesis 1.65E-02
Melanogenesis 6.86E-02 Bile secretion 2.26E-02
Natural killer cell mediated cytotoxicity 8.32E-02 cAMP signaling pathway 3.33E-02
Legionellosis 8.41E-02 Circadian entrainment 4.11E-02
Melanoma 8.72E-02 African trypanosomiasis 4.49E-02
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GCR+cNLP (Radioprotection) (continued) GCR+cNLP (Radiomitigation) (continued)

Pathway P-value Pathway P-value

Aldosterone-regulated sodium Sl hesi 4 68F-02
reabsorption 8.75E-02 Steroid biosynthesis .68E-

Calcium signaling pathway 8.92E-02 Retinol metabolism 4.69E-02
Nicotine addiction 9.41E-02 Central carbon metabolism in cancer 4.69E-02
Influenza A 5.45E-02
PPAR signaling pathway 5.65E-02
Toll-like receptor signaling pathway 6.98E-02
Metabolic pathways 7.08E-02
Leishmaniasis 7.10E-02

Glycine, serine and threonine metabolism 7.48E-02

NOD-like receptor signaling pathway 7.92E-02

Viral myocarditis 8.40E-02
Cholinergic synapse 8.61E-02
Maturity onset diabetes of the young 8.93E-02
Osteoclast differentiation 9.00E-02
Type I diabetes mellitus 9.27E-02
MAPK signaling pathway 9.72E-02

Table 4.12: Biological pathways associated with GCR irradiation and cNLP radioprotective or radiomitigative
treatment. Note: * indicates pathways that were differentially regulated in both radiation protection and radiation

mitigation treatments

Targeted qPCR identifies and validates important pathway-specific responses for curcumin
as a radioprotectant and radiomitigator

Given that the p53 pathway is canonically activated in response to ionizing radiation exposures
and curcumin is a well-known antioxidant, we explored whether targeted genes within the p53 or
Nrf2 antioxidant-response-element (ARE) pathways would be modulated in response to cNLP
radioprotective or radiomitigative treatments. We calculated gene expression differences on a
panel of 6 transcripts linked to p53 pathway (CDKNIA, FDXR, BAX, BCL2, BCL2L1, and DDB?2)
and 4 transcripts involved in antioxidant response (NFE2L2 (NRF2), NQOI, KEAPI, and
HMOXI) (Table 4.13). Overall, we found that both cNLP radioprotection and radiomitigation up-
regulated antioxidant transcripts HMOXI, NOQOI1, NFE2L2 (NRF2), and KEAPI across gamma,

proton, Fe-56, and GCR irradiation groups compared to curDMSO or DMSO alone controls.
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Moreover, cNLP radioprotection up-regulated the p53 transcripts CDKNIA, FDXR, DDB2, and
BAX over IR alone controls. Interestingly, cNLP radiomitigation treatment decreased BCL2 and
BCL2L1 transcript expression levels over ¢cNLP radioprotection groups or IR alone controls

(Figure 4.10). Individual transcript fold changes across all treatment groups are shown in Appendix

(Figure A .4.3).
Gene Name Primer No. Pathways Biological Processes
Glyceraldehyde-3- .
GAPDH phosphate dehydrogenase Hs02758991 Glycolysis
. . DNA damage repair
Cyclin dependent kinase TP53, ErbB , HIF1, FoxO, ’
CDKNI1A inhibitor 1A Hs00355782 PI3K/AKT Cell cycle arrest,
Apoptosis
FDXR Ferredoxin reductase Hs00244586 TP53, Metabolism Electron Transport
BAX BCL2 Associated X Protein | Hs99999001 TP53 Apoptosis (pro)
NFKB, HIF1, TP53, . .
BCL2 B-Cell CLL/Lymphoma 2 Hs99999018 PIRK/AKT Apoptosis (anti)
BCL2L1/ . Ras MAPK, NFKB, TP53, . .
BCLXL BCL2 like 1 Hs00236329 PIRK/AKT Apoptosis (anti)
DDB2 Dam.agf.: Spemﬁg DNA Hs03044953 TP53 Nucleotide Excmon
Binding Protein 2 Repair
NFE2L2 NFE2 Like BZIP NRF2 surv1va.1 s1gna11ng, Ox1df1tlve stress,
(NRF2) Transcrintion Factor 2 Hs00975961 HO-1, Antioxidant Injury, and
seription Facto response, NF-kB Inflammation
NQOI NAD(P)H Quinone Hs02512143 Metabohsm, NRF2 Oxidative stress,
Dehydrogenase 1 survival signaling Apoptosis
. . Oxidative stress,
KEapy | Keleh Like ECH Associated |y 65707977 NRF?2 signaling Autophagy,
Protein 1 Lo e
Ubiquitination
Oxidative stress,
HMOX1 Heme Oxygenase 1 Hs01110250 IL-4, {Lr—lellfi,nNRFZ Inflammation,
S8 £ Thrombosis (anti)

Table 4.13: Selected transcripts of interest for quantitative real-time PCR
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curDMSO

c¢NLP

c¢cNLP RM

GCR+DMSO (75 c¢Gy)
Fe+DMSO (25 cGy)
Fe+DMSO (50 cGy)

H+ DMSO (50 cGy)

H+ DMSO (100 cGy)
Gamma DMSO (50 cGy)
Gamma DMSO (100 ¢Gy)
GCR+curDMSO (75 cGy)
Fe+curDMSO (50 cGy)

H+ curDMSO (50 cGy)

H+ curDMSO (100 ¢Gy)
Gamma curDMSO (50 cGy)
Gamma curDMSO (100 c¢Gy)
GCR+cNLP (75 ¢Gy)
Fe+cNLP (25 cGy)
Fe+cNLP (50 cGy)

H+ ¢NLP (50 cGy)

H+ ¢cNLP (100 cGy)
Gamma cNLP (50 cGy)
Gamma cNLP (100 cGy)
Fe+cNLP RM (50 c¢Gy)

H+ ¢cNLP RM (100 cGy)
Gamma cNLP RM (100 cGy)

Fold Change (Log,)
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Figure 4.10: Heatmap of DNA damage and antioxidant responding transcripts across various IR groups with
and without curcumin treatments. Fold changes are based on qPCR analysis. Shown are the log> fold changes
compared to GAPDH normalizer gene. The IR alone and curDMSO group fold changes are with respect to SHAM
(DMSO) alone control group. The ¢cNLP and cNLP RM group fold changes are with respect to SHAM (no DMSO)

control.

4.5 Discussion
The space environment beyond LEO comprises a complex mixture of ion species that pose
great risk to human health, particularly for long-term flights (4, 6, 7). For a 3-year Mars mission,

astronauts are projected to be exposed to about 1 Gy (1.2 Sv equivalent dose) of radiation through
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a combination of GCR particles, solar flares (SPE), as well as Van Allen radiation belts (4, 7).
GCR particles, comprised of mostly protons, helium ions, as well as numerous HZE species, are
projected to contribute to the majority of IR dose, with an estimated proton particle hitting each of
an astronauts’ cells every 3 days, a helium ion every few weeks, and a HZE particle every few
months (4). Due to the high frequency of particle “hits”, both short-term and long-term effects
following ionizing radiation exposures constitute significant risks associated with deep space
flight. Moreover, understanding the biological pathways induced through these unique exposures
will aid in the development of safe and effective radiological countermeasures.

In this chapter, we have shown that the transcriptional profiles and affected biological
pathways differ in response to low (gamma, proton), high-LET (Fe-56), or space radiation (GCR)
exposures. Most interestingly, for the first time, we illustrate that curcumin radioprotection and
radiomitigation treatments following simulated GCR exposures further alter the transcriptional
responses of these exposures and resulting biological pathways. We also demonstrate that the
timing of cNLP administration plays a dominant role in the way normal human fibroblasts respond
to IR exposures, with radiomitigation treatment altering significantly more genes and biological
pathways than cNLP radioprotective treatment. Furthermore, our targeted qPCR findings on p53
and antioxidant-response-element transcripts highlighted how cNLP administration drives
increased cell-cycle arrest (CDKNIA4), DNA damage response (DDB2), apoptosis (BCL2,
BCL2L1) and antioxidant response genes (HMOXI, NFE2L2, KEAPI, NQOI) that regulate anti-
inflammatory and cell survival processes. Taken together, our findings illustrate that cNLPs may

perform as effective radiological countermeasures throughout a deep space mission.
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When looking at the top up- and down-regulated genes per IR quality as determined via RNA
sequencing, we found overlapping neural homeostasis pathways and calcium signaling modulation
within proton and Fe-56 IR groups (Table 4.4b-c). These findings align with previous reports that
Fe-56 exposures may contribute to neurological deficits (17-19) as well as calcium dysfunction as
soon as 24 hours after IR exposure (20). Interestingly, we also revealed that G protein-Coupled
Receptor (GPCR) pathways were modulated in the top differentially expressed genes within both
GCR and proton irradiated groups. This coincides with recent evidence that GPCRs may be critical
regulators following DNA damage IR responses (21).

Furthermore, our study emphasized both shared and unique gene ontology processes that occur
downstream of IR exposures. We showed that different IR qualities (gamma, proton, Fe-56, and
GCR) contribute to similar gene ontology processes including cell cycle arrest, mitotic regulation,
and protein phosphorylation (Table 4.5a). We also found that ubiquitin regulation was a
predominant biological process following both proton and gamma IR exposures. These findings
involving cell cycle arrest correspond with canonical IR responses previously described following
cellular stress and genotoxic insult (22). Furthermore, epigenetic modifications, including histone
modifications as well as modulation of non-coding RNA molecules, have also been previously
well-documented following IR exposures (23). However, we also noticed large variety in the
biological functions impacted through differing IR qualities, with low-LET gamma irradiation
contributing to the least amount of disturbed biological functions and GCR contributing to the
widest range of biological perturbations (Table 4.5a-b).

In looking at the differences in DNA DSBs amongst low and high-LET ion species, we found
that the low-LET ion species (gamma, proton) contribute to more DNA DSB per cGy than high-

LET species (Fe-56), with about 0.12-0.14 induced foci/cGy in low-LET IR and 0.07 induced
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foci/cGy in high-LET IR (Table 4.2, Table 4.6). Our findings correspond with previously
published gamma-irradiation experiments which found 0.11-0.21 induced foci/cGy across 25
normal human fibroblast cell lines (24). Furthermore, our findings that higher-LET ions induced
fewer foci/cGy than lower-LET counterparts align with our predictions, as the relative particle
fluences of these high-LET ions drop by orders of magnitude compared to lower-LET ions (given
that more energy is transferred in high-LET ions per unit dose). Our results suggests that although
the high-LET ions contributed to lower foci/cGy, these high-LET ion species may lead to increased
foci per particle track (and higher RBE) than lower LET counterparts. Desai and colleagues have
demonstrated that the biological tracks induced through high-LET radiation are distinctly different
than those induced through lower-LET counterparts, with one high-LET particle leading to
irradiation “streaks” that are not seen in lower-LET radiations (25). These particle “streaks”
induced through high-LET radiation, therefore, led to increased biological damage that is LET-
dependent (25). In contrast to Desai and colleagues, where the cells were irradiated with only about
a 5% angle difference from the beam, in our study we irradiated our cells perpendicular to the IR
beam. Thus, although we found less DNA DSB per cGy in the higher LET ions, it is possible that
this is due to less visibility of the high-LET particle “streaks” within cell nuclei, essentially missing
the extent of the biological damage that may occur with exposure to high-LET ions.

In Chapter 3 of this dissertation, we demonstrated that curcumin nanolipoprotein particle discs
(cNLPs) display limited survival benefit in Cs-137 irradiated cell cultures over DMSO-solubilized
curcumin and robust survival benefit over empty NLP controls, particularly at higher doses. In this
chapter, we expanded upon these studies and illustrated potential transcriptomic responses at play
given cNLP radiation protection or radiomitigation treatments following a space relevant IR

exposure with direct comparison to gamma rays. Firstly, our findings suggest cNLPs administered
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as a radioprotection agent may partially protect against gamma ray exposures through regulating
oxidative damage responses, as cNLP radiation protection groups had ~8x more up-regulated
genes and ~1.4x more down-regulated genes than gamma IR alone as well as higher expression
levels of antioxidant response genes NFE2L2, NOO1, KEAPI, and HMOX]I over curDMSO or IR
alone controls (Figures 4.7 and 4.10). We also found less biological pathway modulations
following gamma+cNLP irradiation than gamma IR alone, suggesting that cNLPs may protect
against downstream biological perturbations (Table 4.7). In addition, in space relevant IR groups
(GCR), our findings suggest that curcumin NLP pre-treatment may similarly protect against IR
exposures through transcriptional up-regulation of antioxidant response genes NFE2L2, NQOI,
KEAPI, and HMOXI over IR alone controls (Figure 4.10, Appendix Figure A.4.3). Moreover, we
illustrate that ¢cNLP radiation protection treatment may alter additional biological pathways
independent of GCR irradiation which may be useful for combating downstream IR-induced
toxicities. For example, we have shown that GCR+cNLP radioprotection groups led to unique
biological pathway modulation involving ABC transporters, metabolism, immune regulation, and
microRNA regulation that were not significant in GCR alone groups (Table A.4.7). Comparing
our findings to other studies highlights that curcumin similarly modulates the activity of ABC
transporters, enabling reversal of drug resistance in breast cancer cells or in mouse models (26,
27). Moreover, curcumin has been shown to modulate a multitude of miRNAs as well as metabolic
processes in vitro and in vivo (28, 29). Furthermore, we also found that cell cycle and FoxO
signaling pathways had more differentially expressed genes associated with GCR+cNLP than
GCR alone, suggesting that cNLPs may be modulating mitotic arrest, apoptosis, or oxidative stress
responses in an independent manner outside of the effects of GCR irradiation, as has been

demonstrated previously (30-32) (Table 4.8) .
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We found that certain biological pathways impacted by curcumin radioprotection treatment
were consistent between GCR and proton IR exposures, including p53 signaling, mitotic and
meiotic arrests, as well as drug metabolism (Table 4.9). Within the qPCR validation studies, we
confirmed an elevated p53 response due to up-regulated CDKNIA, FDXR, and DDB2 mRNA
levels in cells treated with cNLP over IR alone controls, as well as slight modulation on apoptosis-
regulating transcripts (BAX, BCL2, BCL2LI) following cNLP radiation protection treatment
(Figure 4.10, Figure A.4.3). Interestingly, in our study, it appears as if apoptosis played less of a
role in the gene expression responses, as the fold changes for BAX, BCL2, and BCL2L1 were less
differentially regulated (~0.5-1 fold) compared to cell cycle arrest and DNA damage biomarkers
CDKNI1A, FDXR, and DDB2 (~2-3 fold). These findings suggest that the predominant p53
mechanisms at play with curcumin radiation protection treatment may be further initiating
prolonged cell cycle arrest or the persistence of sublethal DNA damage/DNA repair over cells
without curcumin pre-treatment. In essence, cNLP pre-treatment may be priming the p53 pathway
for activation. Our results align with previous reports that curcumin can initiate apoptosis (31) and
mitotic arrest (33, 34). However, our findings differ in that we see the cell cycle effects and
persistence in DNA damage predominate the p53-response over the initiation of apoptosis
following cNLP pre-treatment.

The variability of curcumin to act as a radiation protective or radiation sensitization agent has
been previously reported and has been thought to be due to state of the cell cycle, with curcumin
addition on GO/G1 cultures leading to radioprotection and curcumin addition to actively dividing
cultures leading to radiosensitization (32). This coincides with the state of the cell cultures in our
experiments (confluent GO/G1 state rather than active mitotic state) prior to cNLP treatment and

the fact that we are utilizing a normal human fibroblast line instead of a cancer cell line (with faster
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cell metabolism). Although we see apoptosis effects to a lesser extent than would be seen in a
cancer cell line, our findings nonetheless align with previous reports displaying that curcumin
modulates the p53 pathway through cell cycle, DNA damage, and apoptosis mechanisms (33, 34).

Our findings also suggest that curcumin may serve as a radiation protector in normal human
cells through additional mechanisms outside of p53, namely through increased transcription of
antioxidant-response genes in the Nrf2 pathway (Figure 4.10, Figure A.4.3). In addition, we
showed that the up-regulation of antioxidant-response genes following curcumin radiation
protection treatment may transcend across a range of IR qualities and LETs (Figure 4.10, Figure
A.4.3). In this study, we displayed that NFE2L2, KEAP1, NOOI, and HMOX] transcripts were all
consistently up-regulated compared to groups that did not receive cNLP radioprotection treatment
in gamma, proton, Fe-56, and GCR IR groups (Figure A.4.3). We also demonstrated that even in
the absence of IR exposures, cNLP pre-treated cells had increased antioxidant responses over
curcumin dissolved in DMSO (Figure 4.10). These data suggest that cNLPs may similarly be
priming the Nrf2 pathway to increase transcription of antioxidant-response genes, even before IR
exposures (Figure 4.11). Taken together, our studies show that cNLPs may be priming both the
p53 as well as Nrf2 pathways to initiate a radioprotective effect against IR exposures (Figure 4.12).

Interestingly, we did not see a consistent decrease in DNA damage associated foci in the
irradiation groups pre-treated with ¢cNLPs (only gamma+cNLP and O-16+cNLP groups had
decreased foci at the 15-minute time point, although this was not consistent across all fixation time
points). Moreover, we see increased expression of DDB2, a biomarker of DNA damage, persist in
cells treated with cNLP as a radioprotectant. These findings suggest that curcumin’s role in

decreasing DNA repair efficiency and increasing antioxidant gene transcription through p53 and
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Nrf2 pathways may dominate over reducing DNA damage associated foci as it pertains to a

radiological protectant.
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Figure 4.11: Priming of Nrf2 pathway for activation may serve as a mechanism of cNLP-induced radiation

protection. Under basal conditions, Nrf2 is bound to a Keapl complex, poly-ubiquitinated via Cul3, and subsequently
degraded within the proteasome. Under stressful conditions, Nrf2 dissociates from the Keap1 complex and translocates
to the nucleus, where it dimerizes with small Maf family (sMaf) members and serves as a transcription factor for
antioxidant response element (ARE) genes. As a transcription factor, Nrf2 increases the expression of numerous
antioxidant response genes, such as HMOXI1 and NQO1. We suggest that our ctNLPs may be increasing the
dissociation of Nrf2 from its bound Keapl complex, thus increasing Nrf2 translocation to the nucleus and the
transcription of antioxidant genes. We hypothesize that cNLPs may be priming the Nrf2 pathway for activation as a

mechanism of radiation protection.
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Figure 4.12: ¢cNLP radiation protection treatment reveals relationships between p53 and Nrf2 pathways. Upon
cNLP pre-treatment, cells increase p53 activation which leads to increased cell cycle arrest and persistent DNA
damage. Similarly, upon cNLP pre-treatment, antioxidant response genes within the Nrf2 pathway increase. Taken
together, there may be a relationship between p53 and Nrf2 that is regulated by cNLP pre-treatment. This dichotomy

may be priming the cells for subsequent IR exposures and serve as a radiation protective effect.

Furthermore, we found that curcumin radiation mitigation treatment has a distinct
transcriptional response that is different than curcumin radiation protection treatment. First,
curcumin radiomitigation treatment alters many more biological pathways than radioprotection
treatment as shown in both gamma and GCR-irradiated groups (Table 4.11 and Table 4.12).
Moreover, we found that the cNLPs had a more consistent role in the affected biological pathways
following the radiomitigation treatment timeline than the radioprotection treatment timeline.
Namely, steroid biosynthesis, metabolism, antibiotic biosynthesis, focal adhesion, and ECM-
receptor interactions were consistently differentially regulated in all the cNLP radiomitigation
groups tested (SHAM, gamma, proton, Fe-56, and GCR) (Table 4.10). Our results coincide with
previous reports that curcumin modulates steroid biosynthesis and metabolic pathways (28, 35).

In addition, our findings suggest that despite various radiological qualities of exposure (or SHAM
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unirradiated controls), curcumin’s mechanism of action as a radiomitigator demonstrates similar
downstream biological pathway activity.

As has been previously shown, the impact of space radiation on human cells and tissues is
quite complex and varies across cells and organ systems (36). In particular, environmental changes
on mitochondrial activity predominate space flight risks and may lead to secondary problems such
as cell cycle, immune regulation, and lipid metabolism alterations (36). Due to the recent opening
of the NSRL’s simplified 5-ion GCR simulator or full 33-ion simulator GCR beams, there are
limited published studies to date regarding the RBE of GCR irradiation. However, one of the first
published records utilizing the NSRL beam indicated that GCR irradiation does not seem to alter
nutritional food content (including vitamin A, beta carotene, and folates) following 0.5 or 5 Gy
irradiation up to 1 year after IR exposures (37). Regarding in vivo data, it was also recently
published that cognitive deficits in mice were seen following irradiation with the full 33-ion
simulated GCR beam, including impaired social novelty characteristics up to 6 months after GCR-
sim exposures (38). Interestingly, however, this study found no differences in sociability,
locomotion, or anxiety-like behaviors in these GCR irradiated mice over SHAM controls, nor did
they find improved response rates on social novelty characteristics when mice were administered
a Nrf2-ARE activator, CDDO-ethyl amide, as a radiation protection agent either before, during, or
shortly after GCR-simulated exposures (38). It was also recently shown that the simplified 5-ion
GCR simulator beam can result in increased bone loss, osteoclast differentiation, mitochondrial
respiration alterations and metabolic reprogramming within a mouse model system (39). These
studies demonstrate the need for exploring pharmaceutical radiation countermeasures against GCR

cxposures.
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Our data demonstrates that curcumin NLPs may serve as an ideal pharmaceutical
countermeasure to protect against space radiation exposures. We show that our cNLPs may serve
as safe and effective radioprotective agents by up-regulating p53 and Nrf2 antioxidant-response
genes against GCR-simulated exposures in a normal human fibroblast model system. Limitations
of this study include that the lack of a comparative in vivo model system to date, where the
complexity of organs and organ systems may alter the metabolism of a curcumin NLP, its half-
life, as well as its overall impact as a transcriptional regulator on p53 and Nrf2-ARE pathways.
Another limitation involves the overall design of the NSRL beam, which irradiates biological
samples through a serial, “fractionated” total dose over several minutes. At NSRL, each unique
ion species is administered “in tandem”, rather than a combined “all-in-one” dose as would be
seen in space. Moreover, although the doses applied at NSRL accurately reflect total doses of
exposure an astronaut may experience in space, the rate at which this dose is administered is in a
matter of minutes versus a chronic, low-dose exposure over a matter of months or years while on
the spacecraft. This allows for potential confounders in DNA damage and DNA repair kinetics
and subsequent pathway activation based on the order of ion species seen in each sample as well
as the duration of exposure.

Overall, these findings illustrate the feasibility of ¢cNLPs to potentially perform as effective

radiological countermeasures against IR exposures throughout a future Mars mission.
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Figure A.4.1: DNA damage foci counts of Si-28 (50 cGy) and O-16 (50 cGy) when fixed 15 min-24 hours after

ionizing radiation exposures. Shown are the gamma H2AX/53BP1 overlapping foci/cell averages with standard

deviation. Analysis is One-way ANOVA with Dunnett's multiple comparisons test (all groups compared to SHAM).

Quantification of the foci counts in all IR groups can be found in the Appendix (Table A.4.1).
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Gamma (50 cGy)

15 min 2 hrs 6 hrs 24 hrs SHAM
Mean 8.987 7.07 4.781 3.734 3.07
Std. Deviation 7.247 4.569 3.619 3.02 3.013
Std. Error of Mean 0.415 0.2045 0.1573 0.1383 0.09048
Number of values 305 499 529 477 1109
Proton (50 cGy)
15 min 2 hrs 6 hrs 24 hrs SHAM
Mean 10.18 3.93 3.117 3.275 3.07
Std. Deviation 5.36 3.305 2.856 2.687 3.013
Std. Error of Mean 0.3951 0.2638 0.2129 0.2124 0.09048
Number of values 184 157 180 160 1109
Fe (50 cGy)
15 min 2 hrs 5 hrs 24 hrs SHAM
Mean 6.644 5.504 4.147 3.582 3.07
Std. Deviation 4.425 3.865 3.11 3.24 3.013
Std. Error of Mean 0.2389 0.2051 0.1704 0.1803 0.09048
Number of values 343 355 333 323 1109
GCR (75 cGy)
15 min 2 hrs 6 hrs 24 hrs SHAM
Mean 10.74 6.991 3.605 3114 3.07
Std. Deviation 6.904 5.082 3.179 2.67 3.013
Std. Error of Mean 0.2598 0.195 0.1968 0.1156 0.09048
Number of values 706 679 261 533 1109

Silicon (50 cGy)

15 min 2 hrs 6 hrs 24 hrs SHAM
Mean 7.218 7.058 4.187 3.639 3.07
Std. Deviation 5.075 4.196 3.329 3.192 3.013
Std. Error of Mean 0.2346 0.1917 0.2337 0.1445 0.09048
Number of values 468 479 203 488 1109

Oxygen (50 cGy)

15 min 2 hrs 6 hrs 24 hrs SHAM
Mean 8.518 6.222 4.322 3.435 3.07
Std. Deviation 5.378 4.646 2.976 3.043 3.013
Std. Error of Mean 0.2316 0.1992 0.1641 0.1338 0.09048
Number of values 539 544 329 517 1109

Table A.4.1: Raw average (mean) gamma H2AX/53BP1 overlapping foci/cell with SD in cells treated with IR

alone. Note: The number of values refers to number of cells counted at each fixation time point.
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IR Dose (cGy) | Time point | Average foci/cell |Induced foci/cell| Induced foci/cGy
Oxygen 50 15 min 8.5 5.4 0.109
Silicon 50 15 min 7.2 4.1 0.083
Table A.4.2: Induced DNA DSB foci kinetics on human MRC-5 fibroblasts treated with Oxygen or Silicon IR-
alone.
IR type [ Dose (¢cGy) | Up-regulated DEG | Down-regulated DEG | Total DEG
Oxygen 50 11 53 64
Silicon 50 32 71 103

Table A.4.3: Total numbers of differentially expressed genes in silicon and oxygen irradiated samples as

determined via RNA sequencing.
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Figure A.4.2: DNA damage foci counts of Si-28+cNLP (50 ¢Gy) and O-16+cNLP (50 c¢Gy) radioprotection

treatment when fixed 15 min-24 hours after ionizing radiation exposures. Shown are the gamma H2AX/53BP1

overlapping foci/cell averages with standard deviation. Analysis is One-way ANOVA with Dunnett's multiple

comparisons test (all groups compared to SHAM). Quantification of the foci counts in all IR groups+cNLP can be

found in the Appendix (Table A.4.4).
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Gamma (50 cGy)+cNLP

15 min 2 hrs 6 hrs 24 hrs SHAM +cNLP
Mean 7.462 7.4 5.186 3.316 3.089
Std. Deviation 6.936 6.001 4.303 3.173 3.205
Std. Error of Mean 0.3024 0.2607 0.1915 0.1438 0.1029
Number of values 526 530 505 487 970
Proton (50 cGy)+cNLP
15 min 2 hrs 6 hrs 24 hrs SHAM +cNLP
Mean 9.689 3.193 3.216 3.519 3.089
Std. Deviation 6.033 3.047 3.137 3.901 3.205
Std. Error of Mean 04711 0.2488 0.2536 0.3065 0.1029
Number of values 164 150 153 162 970
Fe (50 cGy)+cNLP
15 min 2 hrs 5 hrs 24 hrs SHAM +cNLP
Mean 5.889 4.555 3.661 3.324 3.089
Std. Deviation 3.52 3.198 2.601 2.259 3.205
Std. Error of Mean 0.2502 0.2314 0.2007 0.1675 0.1029
Number of values 198 191 168 182 970
GCR (75 cGy)+cNLP
15 min 2 hrs 6 hrs 24 hrs SHAM +cNLP
Mean 11.5 8.018 6.99 6.101 3.089
Std. Deviation 10.46 7.885 6.215 4.156 3.205
Std. Error of Mean 0.9668 0.7385 0.6065 0.4676 0.1029
Number of values 117 114 105 79 970
Silicon (50 cGy)+cNLP
15 min 2 hrs 6 hrs 24 hrs SHAM +cNLP
Mean 7.726 5.369 4.935 4.039 3.089
Std. Deviation 6.226 4.02 4.014 3.639 3.205
Std. Error of Mean 0.5359 0.3178 0.3087 0.2932 0.1029
Number of values 135 160 169 154 970
Oxygen (50 cGy)+cNLP
15 min 2 hrs 6 hrs 24 hrs SHAM +cNLP
Mean 7.373 6.369 3.86 2.48 3.089
Std. Deviation 5.464 4.315 2.567 2.581 3.205
Std. Error of Mean 0.2985 0.23 0.2004 0.1166 0.1029
Number of values 335 352 164 490 970

Table A.4.4: Raw average (Mean) gamma H2AX/53BP1 overlapping foci/cell with SD in cells treated with IR

+cNLP radioprotective treatment.
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Treatment | Dose (cGy) | Time point [ Average foci/cell | Induced foci/cell | Induced foci/cGy
Oxygen 50 15 min 8.5 5.4 0.109
Oxygen+cNLP 50 15 min 7.4%* 4.3 0.086
Silicon 50 15 min 7.2 4.1 0.083
Silicon+cNLP 50 15 min 7.7 4.6 0.093

Table A.4.5: Comparison of induced DNA DSB foci kinetics on human MRC-5 fibroblasts treated with O-16
or Si-28 IR alone or IR+cNLP radiation protection treatment. Note: *Oxygen+cNLP foci counts were significantly
different than Oxygen IR alone at the 15-minute time point as determined by One-Way ANOVA with Turkey’s multiple

comparisons test (p<0.01).

Treatment | Dose (cGy) | Up-regulated DEG | Down-regulated DEG [ Total DEG
SHAM-+cNLP 0 252 516 768
Gamma+cNLP 100 69 161 230
Proton+cNLP 100 131 304 435

Fe+cNLP 50 343 826 1169

GCR+cNLP 75 429 478 907
Oxygen+cNLP 50 363 896 1259
Silicon+cNLP 50 683 612 1295

Table A.4.6: Total numbers of differentially expressed genes in all irradiated samples with cNLP

radioprotection treatment as determined via RNA sequencing.
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Biological pathway GCR+cNLP Differentially Expressed Genes

hsa04114:Oocyte meiosis v

hsa04914:Progesterone-
mediated oocyte maturation
hsa05410:Hypertrophic
cardiomyopathy (HCM)
hsa02010:ABC transporters
hsa00350:Tyrosine metabolism
hsa05214:Glioma

hsa05206:MicroRNASs in cancer

hsa04514:Cell adhesion
molecules (CAMs)

hsa05166:HTLV-I infection

hsa04930:Type 11 diabetes
mellitus

hsa04916:Melanogenesis
hsa00982:Drug metabolism -
cytochrome P450
hsa04650:Natural killer cell
mediated cytotoxicity
hsa05134:Legionellosis
hsa05218:Melanoma
hsa04960:Aldosterone-
regulated sodium reabsorption
hsa05033:Nicotine addiction

SO KU I SO I SO U (SO G I SO I SO E U U O

Table A.4.7: Biological pathways hits impacted by differentially expressed genes in GCR+cNLP

radioprotection treatment group that were not found in GCR alone groups.

Treatment Dose (cGy) | Up-regulated DEG | Down-regulated DEG | Total DEG
SHAM-+cNLP RM 0 1158 1384 2542
Gamma+cNLP RM 100 313 320 633
Proton+cNLP RM 100 274 282 556

Fe+cNLP RM 50 567 823 1390
GCR+cNLP RM 75 444 405 849
Oxygen+cNLP RM 50 344 515 859
Silicon+cNLP RM 50 502 248 750

Table A.4.8: Total numbers of differentially expressed genes in all irradiated samples with ¢cNLP mitigation

treatment as determined via RNA sequencing.
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Figure A.4.3: Transcriptional analysis on DNA damage and antioxidant response genes following IR exposures
(with and without curcumin treatment). All groups with DMSO were normalized to SHAM (DMSO) treatment.

All groups without DMSO were normalized to SHAM (no DMSO) treatment. GAPDH was used as the normalizer

gene across all samples.
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Chapter 5: Summary
5.1 Conclusions

This dissertation describes the biological effects following various qualities of ionizing
radiation as seen through the lens of the human transcriptome. Throughout this work, we tested
the gene expression fluctuations induced through various qualities of ionizing radiation exposures
(low and high-LET components), validated targeted gene expression within the p53 and Nrf2-ARE
pathways, and identified DNA damage and DNA repair alterations based on the presence or
absence of curcumin NLPs as radiation medical countermeasures.

In Chapter 2, exposures to !T in children undergoing radiation therapy for high-risk
neuroblastoma resulted in gene expression fluctuations that can be seen in the peripheral blood out
to 15 days post-treatment. This chapter expanded upon our previously published biodosimetry
panel of transcripts (Edmondson et al., 2016) and identified novel peripheral blood biomarkers
responding to 3'I treatment up to 2 weeks after a single radionuclide injection. This data validated
that patients serve as a unique model system of *'T exposures and also that previously studied
biomarkers of external IR exposures can be applied to internal exposures of '*!'T between 3 and 15
days after treatment. Moreover, our radiation-responsive biomarker panel can differentiate
between ~2 Gy exposures and unexposed individuals out to 15 days which may be useful for
biodosimetry purposes and medical triage after an unwarranted nuclear incident, such as a dirty
bomb. Clinically, it also may identify biomarkers corresponding to patient outcome, in this case
children with high-risk neuroblastoma, following his or her IR therapy regimen.

In Chapter 3, we explored curcumin, a natural anti-inflammatory and antioxidant polyphenol,
as an additive nutripharmaceutical solubilized within a nanodisc environment and showed that

curcumin NLPs (cNLPs) improved curcumin bioavailability within a human fibroblast cell line
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model system. We then explored the novel application of using these cNLPs as a radiological
protectant in vitro. We found that although the range of protection enhancement varied by dose,
importantly, the cNLPs demonstrated radioprotection over empty NLP discs and curcumin
dissolved in DMSO following up to 6 Gy gamma IR exposures. This chapter serves to showcase
the feasibility and ease by which a new antioxidant-loaded NLP can be made along with revealing
a new application for curcumin NLPs to be used as radiation countermeasure agents. These
findings may serve as models for exploring additional antioxidant-loaded NLPs against radiation
exposures in vitro or against various tissue targets of interest in vivo.

Throughout the final data-rich chapter of my dissertation (Chapter 4), I described how
environmental radiation exposures in space are comprised of complex mixtures of IR species and
may prove detrimental to human health throughout a long-term Mars mission. Within Chapter 4,
I outlined differences in the transcriptomic responses of normal human fibroblasts following
simulated galactic cosmic radiation (GCR) exposures with and without curcumin NLP radiation
protection or radiation mitigation treatments. Furthermore, I also compared the transcriptomic
responses following GCR exposures to additional IR qualities relevant to deep space flight,
including HZE Fe-56 particles as well as low-LET proton ions and standard-of-care gamma rays.
Within this chapter, I demonstrated that curcumin NLPs show promise as radiological
countermeasures which may act through mechanisms involving oxidative stress response, cell
cycle arrest, and apoptosis. This study is unique in that it appears to be the first study reporting
transcriptomic alterations in normal human fibroblasts following NSRL’s simulated 5-ion GCR
simulator beam along with direct comparison to additional high and low-LET ion species.
Moreover, this is the first study demonstrating that cNLPs may serve as effective biological

countermeasures against space relevant IR exposures.

159



5.2 Impact of this work

This dissertation describes the gene expression fluctuations following a range of ionizing
radiation exposures in humans and human cell lines as it pertains to radiation therapy treatment or
environmental exposures throughout deep space. Moreover, we have demonstrated a safe and
effective curcumin-loaded NLP which may, in theory, serve as a safe and effective countermeasure
against these IR-induced toxicities in humans.

In principle, this data may serve as a model that can also be applied to other DNA damaging
agents other than radiation, as well as epigenetic alterations that may ultimately impact the human
transcriptome and result in biological damage over time. Taken together, this data supports the
idea that humans may benefit from deriving additional natural product-based therapies to protect
against other stressors of interest (environmental toxins, drug side effects, inflammation, and
aging) that currently impact humans worldwide. Moreover, natural products provide health
benefits that can be used for youth and adults alike, and these benefits may also transcend beyond

Earth’s atmosphere for use during human space travel.

5.3 Next Steps

Utilizing gene expression methodology is a robust and high-throughput technique that can be
informative for biodosimetry estimation, biological pathway perturbation, or identifying
downstream mechanisms at play following ionizing radiation exposures. Within the context of the
clinical neuroblastoma patient project, the next steps include combining our gene expression
findings within the context of the entire patient clinical dataset. This data may inform biomarkers
associated with outcome and potentially improve the standard-of-care for future high-risk

neuroblastoma patient cohorts.
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Regarding the cNLP studies, the solubility and characterization techniques applied in the
context of curcumin NLPs can be optimized for additional antioxidant molecules of interest which
may prove useful in decreasing disease burden within the context of radiation protection or
mitigation. Future directions may also include performing proteomic analyses on curcumin NLP
exposed samples in >2 normal human cell lines to validate Nrf2-ARE pathways, anti-inflammatory
responses, and p53 pathway modulation with respect to radiation protection or radiation mitigation
treatments. Moreover, examining various routes of exposure of curcumin NLPs in the context of
animal model systems in vivo, including parenteral or oral administration, may provide insight to
curcumin metabolic processes, cell targeting, or radioprotective abilities within various tissues of
interest.

Importantly, the methods of utilizing antioxidant-loaded nanodiscs as countermeasures to IR
exposures may also be studied against additional biological stressors of interest, such as
environmental toxins or endogenous stressors, that result in DNA damage or unwanted side effects
in humans. In theory, the methods used for solubilizing antioxidant-rich curcumin within an NLP
can be optimized for multiple antioxidant compounds of interest. These antioxidant-loaded NLPs
may also serve as protection agents against excess oxidative stress induced throughout daily life,
such as environmental triggers or hyperactive immune responses and inflammatory reactions, as
is seen in humans with autoimmune diseases. Although my studies did not address the impact of
curcumin NLPs on inflammation specifically, it would be interesting to test the impact of cNLPs
on endogenous stressors, such as autoimmune diseases, chronic inflammation, and aging, as a

corollary dataset to our findings following exogenous exposures to ionizing radiation.
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