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Abstract

This work investigates X-PACT (X-ray Psoralen Activated Cancer Therapy): a new
approach for the treatment of solid cancer. X-PACT utilizes psoralen, a potent anti-cancer
therapeutic with current application to proliferative disease and extracorporeal photopher-
esis (ECP) of cutaneous T Cell Lymphoma. An immunogenic role for light-activated psora-
len has been reported, contributing to long-term clinical responses. Psoralen therapies
have to-date been limited to superficial or extracorporeal scenarios due to the requirement
for psoralen activation by UVA light, which has limited penetration in tissue. X-PACT solves
this challenge by activating psoralen with UV light emitted from novel non-tethered phos-
phors (co-incubated with psoralen) that absorb x-rays and re-radiate (phosphoresce) at UV
wavelengths. The efficacy of X-PACT was evaluated in both in-vitro and in-vivo settings. In-
vitro studies utilized breast (4T1), glioma (CT2A) and sarcoma (KP-B) cell lines. Cells were
exposed to X-PACT treatments where the concentrations of drug (psoralen and phosphor)
and radiation parameters (energy, dose, and dose rate) were varied. Efficacy was evaluated
primarily using flow cell cytometry in combination with complimentary assays, and the in-
vivo mouse study. In an in-vitro study, we show that X-PACT induces significant tumor cell
apoptosis and cytotoxicity, unlike psoralen or phosphor alone (p<0.0001). We also show
that apoptosis increases as doses of phosphor, psoralen, or radiation increase. Finally, in
an in-vivo pilot study of BALBc mice with syngeneic 4T1 tumors, we show that the rate of
tumor growth is slower with X-PACT than with saline or AMT + X-ray (p<0.0001). Overall
these studies demonstrate a potential therapeutic effect for X-PACT, and provide a founda-
tion and rationale for future studies. In summary, X-PACT represents a novel treatment
approach in which well-tolerated low doses of x-ray radiation are delivered to a specific
tumor site to generate UVA light which in-turn unleashes both short- and potentially long-
term antitumor activity of photo-active therapeutics like psoralen.
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Introduction

Psoralens are naturally occurring compounds found in plants (furocoumarin family) with anti-
cancer [1-4] and immunogenic [5-8] properties. They freely penetrate the phospholipid cellu-
lar bilayer membranes and intercalate into DNA between nucleic acid pyrimidines, where they
are biologically inert (unless photo-activated) and ultimately excreted within 24 hours. How-
ever psoralens are photo-reactive, acquiring potent cytotoxicity after ‘activation’ by ultra-violet
(UVA) light [4]. When photo-activated, psoralens form mono-adducts and di-adducts with
DNA leading to marked tumor cytotoxicity and apoptosis [9-11]. Cell signaling events in
response to DNA damage include up-regulation of p21™*”“"? and p53 activation, with mito-
chondrial induced cytochrome c release and consequent cell death. Photo-activated psoralen
can also induce apoptosis by blocking oncogenic receptor tyrosine kinase signaling [12], and
can affect immunogenicity and photochemical modification of a range of cellular proteins in
treated cells [8].

Importantly, activation of psoralen can promote a strong long-term clinical response, as
observed in the treatment of cutaneous T Cell Lymphoma by extracorporeal photopheresis
(ECP). In ECP, malignant CTCL cells are irradiated with ultraviolet A (UVA) light in the pres-
ence of psoralen, and then re-administered to the patient. Remarkably, complete long-term
responses over many decades have been observed in a sub-set of patients, even though only a
small fraction of malignant cells were treated [11, 13-15]. In addition to ECP, psoralens have
also found wide clinical application through PUVA treatment of proliferative skin disorders
and cancer including psoriasis, vitiligo, mycosis fungoides, and melanoma [16-19]. These
results suggest the activation of a clinically efficacious long-lasting immune response.

The cytotoxic and immunogenic effects of light-activated psoralen are often attributed to
psoralen mediated photoadduct DNA damage [4]. A principle mechanism underlying the
long-term immunogenic clinical response likely derives from psoralen induced tumor cell cyto-
toxicity and uptake of the apoptotic cells by immature dendritic cells, in the presence of inflam-
matory cytokines [3, 6, 20, 21]. However photochemical modification of proteins and other
cellular components can also impact the antigenicity and potential immunogenicity of treated
cells [8]. The diversity and potency of psoralen application is further illustrated by recent suc-
cess using psoralen in the development of virus vaccines [5].

Despite positive clinical results, use of psoralen has to-date been restricted to superficial or
extra-corporeal applications because of the inability of UVA light to penetrate into tissue (max-
imum penetration depth <1mm). In this work we introduce a new approach, X-PACT (X-ray
Psoralen Activated Cancer Therapy), which has potential to extend psoralen therapy to a wide
range of solid tumors, at deep seated sites in the body. The key innovation in X-PACT is to
combine psoralen with novel phosphor particles that absorb and down-convert x-ray energy to
re-radiate as UVA light. Low x-ray doses (~1Gy) are sufficient to achieve photo-activation,
greatly reducing the risks of normal tissue damage from radiation.

The scope of this work is to investigate and demonstrate the feasibility of X-PACT for
achieving therapeutic cytotoxicity primarily in in-vitro studies, leading to and informing a
small in-vivo pilot study to demonstrate proof of concept. We explore a variety of dosimetri-
cally important parameters, including phosphor and psoralen concentration, x-ray energy, x-
ray dose and dose-rate. We also examined several different cell lines (in-vitro) to ascertain the
generalizability of the approach.

Methods

X-PACT is a novel treatment based on photo-activation of a drug (psoralen) in-situ, using very
low doses of x-rays, and is not a radiation treatment that relies upon direct radiation cell kill. A
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principle mode of psoralen cell kill is apoptosis, prompting the use of flow-cell cytometry
assays. The flow-cytometry data was complemented with other assays (methylene blue, and
ATP luminescence) and importantly also with a controlled in-vivo study. Clonogenic assays
were not found to be a convenient and useful tool for x-pact investigations because of the diffi-
culty in exposing low density plated cells to phosphors (which tend to clump). This problem
does not arise in flow-cell cytometry data where adequate exposure to phosphor is achieved
through higher cell density.

Psoralen

In in-vitro studies, both commercially available UVADEX (formulated psoralen from Therakos
Inc, NDC 64067-216-01) and pure 8-MOP (8-methoxypsoralen from Sigma Aldrich, CAS#
298-81-7), prepared in DMSO, were investigated as alternative formulations of psoralen agents.
Prior work has shown that the number of DNA photo-adducts is a linear function of the prod-
uct of 8-MOP (psoralen) concentration and light-exposure [22]. Based on prior clinical experi-
ence in ECP therapy, we evaluated UVADEX and 8-MOP concentrations in the range 10-

60 puM. Drug stability in the presence of phosphors was investigated using standard UV-Vis
spectroscopy and HPLC-MS. In the in-vivo study, the AMT (4’- Aminomethyl-4,5',8-tri-
methylpsoralen hydrochloride) psoralen derivative was used (Sigma-Aldrich (A4330). The
hydrochloride salt was dissolved in sterile water for injection at a 10x stock concentration, ali-
quoted into amber glass vials and stored at -20C until use. Immediately prior to injection, an
individual aliquot of the stock AMT solution was thawed at room temperature and diluted 10x
(final 5uM) with sterile 1x PBS into a sterile glass vial containing the required amount of phos-
phors. Vials were gently vortexed at high speed for approximately 30 seconds to ensure ade-
quate mixing/dispersion of the materials. Aliquots (typically 50uL) intended for injection were
drawn up in single use, sterile ImL tuberculin syringes fitted with a 28 gauge needle. All sam-
ples were protected from light and used within 3-4hours post preparation.

Phosphors and x-ray stimulation of UV light. In X-PACT therapy, psoralen is activated
by light generated in-situ from phosphor particles undergoing x-ray stimulated phosphores-
cence. The emission profiles from the phosphor must therefore overlap the absorption/activa-
tion wavelengths of psoralen (~300-340 nm) [4]. In this study we utilize a novel combination
of phosphors which were developed in house (details provided in [23, 24]), and were brighter
(by a factor of ~16) than previously reported [25]. Illustrative characteristics of the phosphors
are shown in Fig 1. In addition, we investigated a variety of prospective phosphor coatings with
a focus on biological inertness and transparency in the UV range (maintaining the ability to
activate psoralen).

In-vitro X-PACT studies

Guava Annexin V flow cell cytometry was used to quantify cytotoxicity in 3 murine tumor cell
lines (mammary -4T1; 4T1-HER2, 4T1 stably transfected with the human HER2 oncogene; gli-
oma-CT2A; sarcoma KP-B). The mouse breast cancer cell line 4T1 was purchased from
ATCC. 4T1-HER2 was kindly provided by Dr. Michael Kershaw (Cancer Immunology Pro-
gram, Peter MacCallum Cancer Centre, Victoria, Australia) [26] and maintained in DMEM
with penicillin/streptomycin and 10% FBS The Sarcoma KP-B cell lines were derived from pri-
mary tumors LSL-Kras; p53 Flox/Flox mice [27, 28]. Tumors between 250 and 300 cm® were
digested using a mixture of collagenase/dispase/trypsin for 1 hour, passed through a 70-micron
filter, and cultured 5 to 8 passages before being used for experiments. Cells were cultured in
DMEM medium supplemented with 10% FBS and incubated at 37°C with 5% CO2 in a humid-
ified cell-culture incubator.
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Fig 1. Light output from X-PACT phosphors under x-ray stimulation. The new phosphors (red line) are
much brighter than previous versions evaluated in [25] (green line). The absorption spectrum of psoralen is
shown for comparison (blue line).

doi:10.1371/journal.pone.0162078.g001

In-vitro X-PACT studies were conducted on plated cells following standard procedures.
Cells were maintained in RPMI-1640 supplemented with 10% fetal bovine serum and L-gluta-
mine from GIBCO (Grand Island, NY) growing in a humidified atmosphere of 5% CO2. After
incubation, cells were trypsinized and plated evenly onto 12-well plates for 24 hours. About 20
minutes prior to X-PACT irradiation, the 12 wells of each plate were exposed to the following
combinations of additives: (1) control—cells only with no additives, (2) UVADEX only, (3)
phosphors only, (4) UVADEX + phosphors. Each plate had 12 wells with three wells for each
of the four treatment arms. Extra duplicate plates were prepared for un-irradiated controls.
The plates were then irradiated with x-rays by placing the plate at a known distance from the
x-ray source (50cm, see section 2.4). After irradiation the cells were incubated on the plate for
48 hours prior to performing flow cytometry. For compatibility with 96-well Guava Nexin™
assay, the remaining cells were again trypsinized (after the 48 hour incubation) and plated onto
the 96-well plate. Details on the Annexin V analysis are given below.

In-vitro radiation activation technique

A range of x-ray activation protocols were investigated to determine X-PACT cytotoxic efficacy
in relation to x-ray energy (kVp), total dose, and dose-rate. kV beam energies ranging between
80-100kVp were investigated. kV beams were obtained from various x-ray generating equip-
ment, including orthovoltage units, standard diagnostic radiographic, fluoroscopic, and cone-
beam computed tomography (CBCT) systems. The primary kV x-ray source utilized in this
study (for all data presented, unless stated otherwise in the figure caption) was a Varian on-
board-imaging x-ray source commonly found on Varian medical linear accelerators. The x-ray
dose delivered for the in-vitro irradiations studied here ranged from 0.2-2Gy, with main
emphasis on lower doses of 0.5-1Gy.
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For x-ray irradiation, the well plates were positioned at a set distance (typically 50cm) from
the x-ray source on a solid water phantom and the position of the well plates within the x-ray
beam was verified by low dose kV imaging. Irradiations were typically delivered in a “radio-
graph” mode with kVp settings 80 and 100kVp with no added filtration in the beam (Half
Value Layer = 3.0 and 3.7mm Al, respectively).

In-vitro analysis: Quantification of Cytotoxicity and Apoptosis

Two primary flow cytometry analyses were used, both determined at 48 hours after X-PACT
treatment. Cells plated in 12-well plates, where individual wells in each plate received different
experimental conditions (e.g. psoralen concentration), but the same x-ray dose (i.e. all wells in a
given plate receive the same x-ray dose). The first analysis evaluated was metabolic cell viability
(herein referred to as cell viability) calculated from the number of whole cells per well as deter-
mined using forward scattering (FSC). For each well, cell viability was normalized to that in a
control well without psoralen or phosphors but which did receive radiation. (All wells on a
given plate receive the same dose.) The second assay is Annexin V positivity, which is the frac-
tion of viable cells that are Annexin V+ by flow cell cytometry. The Annexin V (+) signal was
corrected by subtracting the control signal from the no-psoralen/phosphor well on the same
plate. Correcting for the control on the same plate, minimizes any potential inter-plate system-
atic bias associated with plating constancy or Annexin V gating parameters. The majority of
plots in the results either use cell viability or Annexin V(+) staining as previously defined [29].

Other assays were used to provide independent complimentary information on cell viability,
e.g. Methylene blue staining and ATP-induced Luminescence imaging (Cell-Titer-Glo™ Lumi-
nescence Cell Viability Assay). The luminescence imaging enabled investigation of the cytotox-
icity of psoralen activated directly with a UV lamp, and in the absence of phosphors and x-ray
radiation.

In-vivo X-PACT experiments

A small trial was conducted for preliminary evaluation of X-PACT administered to syngeneic
4T1-HER2 tumors grown on BALB/c mice. The study was conducted in accordance with
IACUC approved procedures within Duke University. There were 4 arms of the trial: (1) saline
only (control), (2) phosphors alone with x-ray, (3) psoralen (AMT) alone with x-ray, and (4)
full X-PACT treatment including both phosphor and psoralen and x-ray irradiation. 0.5Million
4T1-HER2 cells were injected subcutaneously to the right thigh of each mouse, and tumors
were allowed to grow to approximately ~200 mm? in volume before the initiation of the treat-
ments. X-PACT treatments were given in 3 fractions per week, to a total of 6 fractions. In arms
2-3 a consistent x-ray irradiation technique was used (1.08Gy delivered at 75kVp by 30mA in
3 minutes) with 100ug of phosphor, and 5uM psoralen (AMT). Phosphors and/or psoralen
(AMT) in 100 pl vehicle were intratumorally injected, and within 30 min after injection, x-ray
irradiation was performed only to the tumor area. There were 6-8 mice per arm, and the study
was repeated a second time, yielding effective sample sizes of 12-16 per arm.

Statistical Analysis

Analysis of variance (ANOVA) was used to assess the effect of radiation (no x-ray / 1 Gy
80kVp), group (UVADEX, Phosphor, and Phosphor + UVADEX), and their interaction on
two outcomes: cell viability and Annexin V (+) fraction. Linear regression examined the rela-
tionship between UV radiation exposure and cell viability for each of 3 cell lines. Multivariable
linear regression was used to assess the joint effect of X-ray dose, 8-MOP psoralen dose, and
phosphor dose on cell viability, and to assess the effect of 8-MOP, phosphor, and their
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interaction on Annexin V fraction. A two-sample t-test was used to compare 80kVp and
100kVp with respect to Annexin V fraction. A generalized linear model that used an autore-
gressive correlation structure to account for correlations among measurements made on the
same mice was used to compare groups with respect to the rate of tumor group, as measured
by the interaction between time and group. Statistical analyses were conducted using SAS 9.3
(Statistical Analysis Systems, Cary, NC).

Results
Characterization of high light-output Phosphors

Emission under X-Ray excitation (Fig 1) shows the new improved phosphors are 16x brighter
than the tethered nano-particles (Y203) used in [25]. Phosphors can be customized so that out-
put wavelengths match the bio-therapeutic agent to be activated. Though the phosphors are
made from an inert lattice structure, they are further encapsulated by a bio compatible coating
to minimize any potential reactions at the surface.

X-PACT: In-Vitro Studies

Fig 2 illustrates the efficacy of X-PACT treatment in-vitro in 4T1-HER2 cells, utilizing an x-
PACT regimen of 1/10-diluted UVADEX (with equivalent of 10uM 8-MOP), 50ug/mL phos-
phor 1Gy of 80kVp x-rays. Fig 2A presents the cell viability data for three treatment conditions:
UVADEX alone, phosphors alone, and the X-PACT combination of UVADEX and phosphors.
These data were compiled from experiments performed on 5 different days (within 1 month),
including 15 separate experimental and 10 control plate irradiations. Fig 2B presents the
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Fig 2. Anti-tumor effects of X-PACT and its individual components on 4T1-HER2 cells. A: cell viability
after X-PACT (10uM 8-MOP equivalent dilution of UVADEX, 50pg/mL phosphor, 1Gy of 80kVp radiation) as
determined by Guava flow cytometry. N is the number of independent measurements (different days), and
error bars indicate one standard deviation. Radiation had a significantly different effect on cell viability when
administered with X-PACT than with phosphor or UVADEX alone (p<0.0001 for interaction in two-way
ANOVA). With X-PACT, radiation resulted in a significant decrease in cell viability relative to no x-ray dose. B:
the Annexin V (+) fraction of viable cells shown in 3A. Radiation had a significantly different effect on Annexin
V when administered with X-PACT, as opposed to individual components (p<0.0001). C and D: Cell viability
illustrated by methyl blue staining for identical plates each receiving 1Gy of 80kVp x-rays. Each plate
contained wells including no additives (control), three concentrations of phosphor only (25, 50, & 100pg/mL
with DLC), UVADEX only (10uM 8-MOP equivalent dilution), and three combination X-PACT regimes.

doi:10.1371/journal.pone.0162078.g002
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Fig 3. A: UV light activated psoralen was observed to reduce viable cells in 3 cell lines (data from Cell-Titer-
Glo™ Luminescence Cell Viability Assay under UV light). N = 4 for each cell line at each UV light condition (0,
0.25, 0.5, 1.0 J/cm?). The psoralen concentration was 40 uM. Within each cell line, cell viability decreased as
radiation dose increased (p<0.001; linear regression). B: in CT2A cells, X-PACT cytotoxicity increases with
X-ray dose (0, 0.67 and 1.00 Gy respectively), concentration of 8-MOP psoralen (10, 20 and 40 uM
respectively), and phosphor (50 and 100 pg/ml) respectively. Multiple linear regression showed significant
reductions in cell viability with increasing radiation doses (p<0.001), increasing phosphor dose (p = 0.011),
and increasing psoralen dose (p<0.001).

doi:10.1371/journal.pone.0162078.g003

Annexin V (+) signal for the same 3 conditions as Fig 2A. Fig 2C and 2D show corresponding
images of viable cell populations revealed by methylene blue staining. Two results from two
separate plates are shown, each with identical preparations to investigate reproducibility.
X-PACT variants were tested corresponding to three concentrations of phosphor (25, 50, &
100pg/mL) with the UVADEX concentration fixed at 1/10 dilution (10uM 8-MOP).

In-vitro X-PACT and other cell lines

The relative effectiveness of UV activated psoralen on 3 independent cell lines is shown in Fig
3. Fig 3A shows sensitivity of CT2A (murine malignant glioma), 4T1 and KP-B (sarcoma) cell
lines to light-activated psoralen, which is the key therapeutic mechanism of X-PACT. Fig 3B
presents data on CT2A malignant glioma cells, for a range of X-PACT parameters including
variable x-ray dose (0, 0.67 and 1 Gy), phosphor concentration (50 or 100 pg) and psoralen
concentration (8-MOP) at 10, 20 and 40uM respectively.

In-vitro X-PACT: Psoralen and Phosphor Concentration

Fig 4A presents a multivariable linear regression analysis on 36 independent measurements
(wells) of Annexin V (+) as a function of three variables: psoralen concentration, phosphor
concentration and their interaction. Psoralen and phosphor concentrations ranged from

10 pM to 50 uM and 25 pg/mL to 200 pug/mL respectively. All of the 36 X-PACT wells were
irradiated with 1 Gy of x-ray radiation at 80 kVp. Data are graphically displayed in Fig 4B,
along with regression lines that describe the relationship between psoralen and annexin when
phosphor = 50 pg/mL (blue curve), and when phosphor = 100 pg/mL (red curve). The shaded
areas represent the 95% confidence limits.

In-vitro X-PACT: X-ray Energy and Total Dose

Fig 5 compares X-PACT at two different x-ray energies (80 and 100 kVp). These experiments
involved 4T1-HER?2 cells treated with 10 uM 8-MOP equivalent UVADEX, and 50 pg/mL
phosphors.
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Equation Coefficients cg;?:;igt t Ratio P-value
A (intercept) 3.7E-02 1.9E+00 0.071
B (8-MOP effects) -1.2E-03 -1.7E+00 0.096
C (phosphor effects) -5.4E-04 -2.0E+00 0.050
D (interaction effects) 5.8E-05 5.9E+00 <.0001
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Fig 4. A: A multivariable linear regression analysis on 36 independent measurements of Annexin V (+) in
4T1-Her2 cells as a function of psoralen and phosphor concentration. All samples received an x-ray dose of 1
Gy at 80 kVp. Psoralen and phosphor concentrations ranged from 10 uM to 50 uM and from 25 ug to 200 pg
respectively. The statistically significant interaction indicates that the effect of phosphor dose on Annexin
levels is not consistent across levels of MOP. B:. graphically displays the regression model provided in 4A.
The blue and red lines are the regression of psoralen on annexin when phosphor = 50 ug/mL, and 100 pg/mL
respectively. The shaded regions indicate the 95% confidence limits.

doi:10.1371/journal.pone.0162078.g004

In-vivo X-Pact Experiments

Tumor growth curves from the in-vivo X-PACT irradiation of syngeneic 4T1-HER2 tumors
are shown in Fig 6. Treatment for all 4 groups (saline, AMT + X-ray, Phosphor + X-ray, and
X-PACT) was initiated on day 11 after tumor cell implantation. A consistent x-ray irradiation
technique was used for all arms (except saline control) which was 1.08Gy delivered at 75kVp
by 30mA in 3 minutes. Mice tolerated well for the treatments, and no significant side effects
were observed (Fig 7). A comparison of the rate of tumor growth after initiation of treatment
within the 4 groups showed a significant difference (p<0.0001; interaction between day and
group). The rate of tumor growth within the phosphor + X-ray and X-PACT groups was signif-
icantly slower than that observed in the saline (p<0.0001 and p<0.0001, respectively) and
AMT + X-ray groups (p = 0.0073 and p = 0.0011, respectively).
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Fig 5. An X-PACT effect in 4T1-her2 is observed at both 80 and 100kVp, with suggestion that 80 kVp
may be slightly more effective than 100 kVp (p = 0.011). This data acquired from X-PACT treatment of
4T1-HER2 cells with constant phosphor concentration of 50 pg/mL and UVADEX diluted to 8-MOP
concentration of 10 uM (1:10 dilution). N is the number of independent measurements.

doi:10.1371/journal.pone.0162078.g005
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Fig 6. In-vivo investigation of X-PACT application to BALB/c mice with syngeneic 4T1-HER2 tumors.
Error bars are 1 standard error of the mean. A generalized linear model that used an autoregressive
correlation structure to account for within-mouse correlations showed the rate of tumor growth after initiation
of treatment to differ significantly among the 4 groups (p<0.0001; interaction between time and group). The
rate of tumor growth within the phosphor + X-ray and X-PACT groups was significantly slower than that
observed in the saline (p<0.0001 and p<0.0001, respectively) and AMT + X-ray groups (p = 0.0073 and
p=0.0011, respectively).

doi:10.1371/journal.pone.0162078.9g006
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Saline AMT + X-ray

Fig 7. a) Representative tumor size for each arm: day 25 after tumor cell implantation.

doi:10.1371/journal.pone.0162078.g007

Discussion

In X-PACT therapy, psoralen is activated by light generated in-situ from phosphor particles
undergoing x-ray stimulated phosphorescence. The emission profiles from the phosphor must
therefore overlap the absorption/activation wavelengths of psoralen. Previously, nano-scintil-
lating particles were developed which were tethered to psoralen [25]. This approach led to
reduced psoralen intercalation due to the presence of the tethered molecule. In this work we
simplified the system by eliminating the tethering process and replacing it by a co-incubation
of psoralen and phosphor particles. The free psoralen benefits from a high degree of mobility
and greater intercalation with DNA. Another key benefit to eliminating tethering is the oppor-
tunity to utilize novel bright phosphors of different particle size and distribution which can be
customized for specific absorption and emission spectra.

In the 4T1 in-vitro cell viability analysis (Fig 2A), we show that radiation has a significantly
different effect on cell viability when administered with X-PACT than with phosphor or UVA-
DEX alone (p<0.0001). With phosphor and psoralen present, the administration of x-ray
resulted in a decrease in viable cells from 70 to 20%. The effect of adding radiation to the con-
trol conditions (phosphor alone or psoralen alone) did not lead to a substantial reduction in
cell viability. The increased toxicity associated with the presence of both phosphors and x-rays
could be attributed to DNA damage arising by UV light from x-ray induced phosphorescence
from the phosphors. Substantial cytotoxicity (~80%) was only observed in the full X-PACT
arm demonstrating the synergistic therapeutic effect of the combination of phosphor, UVA-
DEX and radiation.

In the 4T1 in-vitro apoptotic analysis (Fig 2B), cells exposed to UVADEX alone (left bars)
exhibited negligible apoptotic activity either with or without x-ray (p values of 0.90 and 0.09
respectively). There was a slight increase in Annexin V staining when cells were exposed to
phosphor alone (middle bars) (~1%, p = 0.098) suggesting a slight toxicity of the phosphors.
However, it was only when both phosphor and UVADEX were combined (right bars) that a
statistically significant increase in Annexin V staining was observed (~8%, p<0.0001), indicat-
ing an increase in apoptosis. The anti-tumor effects of X-PACT were further illustrated in the
methyl blue staining in Fig 2C and 2D. In both the X-PACT 2 and 3 conditions, little effect was
observed for the individual components of UVADEX and phosphor. The methyl blue staining
results are consistent with the flow cytometry data, in that all X-PACT components are
required for high cytotoxicity. Less cytotoxicity is manifest in the first X-PACT condition
because of decreased phosphor concentration.

When X-PACT and components were evaluated (Fig 3A), a regression analysis shows that
an increase in radiation dose results in a significant decrease in cell viability (p<0.001) within
each cell line. This observation suggests that X-PACT may have applicability to a range of dif-
ferent tumor types. In CT2A malignant glioma cells, X-PACT cell cytotoxicity was observed
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(Fig 3B) to increase with the magnitude of X-ray dose (0, 0.66 and 1Gy respectively), concen-
tration of 8-MOP psoralen (10, 20 and 40 uM respectively), and phosphor (50 and 100 pg/ml
respectively). A linear model assessed the joint effect of psoralen dose, phosphor dose, and
radiation dose on cell viability and showed that significant reductions in cell viability occurred
with increasing radiation doses (p<0.001), increasing phosphor dose (p = 0.011), and increas-
ing psoralen dose (p<0.001).

In the most comprehensive in-vitro 4T1 analysis (Fig 4A) a model was generated that
explained 72% of the variability associated with the Annexin outcome as a function of 8-MOP
dose, phosphor dose, or their interaction. The statistically significant interaction (p<0.0001) is
an indicator of an enhanced effect when phosphor and psoralen were present. The magnitude
of effects are graphically displayed in Fig 4B. A general observation from this data, acquired
with constant x-ray dose, is that apoptotic fraction induced by X-PACT increases with either
increasing phosphor or psoralen concentration.

The final in-vitro study investigated whether changing x-ray energy had much effect on
X-PACT efficacy (Fig 5). Phosphor design considerations indicated that ~80kVp would be
optimal, but a higher energy would have an advantage from treatment delivery perspective
(greater penetration in tissue). For this reason 100kVp beam energy was investigated. An
increase in apoptotic signal (over the control) was observed for X-PACT treatments at both
energies. The data suggests the possibility of a slightly greater effect at 80 kVp.

X-PACT therapy seeks to engage the anti-tumor properties of psoralens activated in-situ, in
solid tumors, with the potential for engaging a long-term response [4]. The data presented in Fig
6, show the first in-vivo application. The first X-PACT treatment was delivered to the syngeneic
4T1-HER2 tumors, on day 10 after implantation. Over the next two weeks a growth delay was
observed in the X-PACT treatment arm. The statistical analysis showed 1) The rate of tumor
growth in the saline and AMT + X-ray group are not significantly different. 2) The rate of tumor
growth in the Phosphor + X-ray group is significantly slower than the growth in the saline or
AMT + X-ray group. 3) The rate of tumor growth in the X-PACT group is significantly slower
than the growth in the saline and AMT + X-ray groups. 4) The rate of tumor growth in the Phos-
phor + X-ray group and the X-PACT group were suggestive, but not significantly different.

Taken together, the in-vitro and in-vivo data presented here demonstrate basic efficacy for
X-PACT, and present a foundation and rationale for future studies to investigate in further
detail. Future studies are required to further optimize all aspects of the technique, including
phosphor efficiency (both to x-ray activation energy and UV light output), psoralen dosing
and x-ray irradiation technique. Future studies will also evaluate host response, including
potential for stimulation of immune response.

Conclusions

Medical applications of ionizing radiation have traditionally involved diagnostic imaging and
radiation therapy. Diagnostic imaging (planar x-rays and x-ray-CT) utilizes low energy x-rays,
in order to obtain better soft-tissue—bone contrast, and lower dose exposure to the patient. In
radiation therapy, higher energy MV radiation (6MV and higher) is typically used to achieve
skin sparing. The X-PACT therapeutic paradigm departs from these conventions by utilizing
low energy radiation (and low doses) to initiate phosphorescence of UV light in-situ, in poten-
tially deep seated lesions, for the purpose of activating a potent anti-tumor photo-bio-thera-
peutic (psoralen). This work presents in-vitro investigations that demonstrate the basic
viability of this approach, confirming x-ray activation of psoralen. A novel finding is the dem-
onstration of the ability to obtain a measurable anti-tumor response without the need for com-
plicated tethering of the psoralen and phosphor particle. This simplification enables utilization
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of specially designed super-bright particles (Fig 1) and may facilitate migration to clinical
application. Further work will investigate the potential for treatment optimization and efficacy
through a compassionate use clinical study in canine patients (spontaneous tumors). The lon-
ger term potential is the possibility of precise local activation of psoralen in-situ at any depth,
and stimulation of an anti-tumor immune response.

Acknowledgments

Funding support was received from P50 CA190991—Duke SPORE in Brain Cancer. We are
very grateful to Dr Kathleen Ashcraft and Dr Kelly Lee for discussions and technical assistance
arising from related work to that presented here.

Author Contributions

Conceived and designed the experiments: MO PY ZF WB JA DA TO DK HKL MD PF HW NS.
Performed the experiments: MO PY ZF WB JA LL DA WX BM TO CL XY RD HW NS.
Analyzed the data: MO PY JA ZF WB TO HW NS JEH.

Contributed reagents/materials/analysis tools: MO JA ZF WB RD DK HKL PF MD HW N&.
Wrote the paper: MO PY JA ZF WB JA TO RD DK MD PF HW NS JEH.

References

1. Steinmetz KA, Potter JD. Vegetables, fruit, and cancer prevention: a review. Journal of the American
Dietetic Association. 1996; 96(10):1027-39. doi: 10.1016/S0002-8223(96)00273-8 PMID: 8841165.

2. Wang, Hong C, Zhou C, Xu D, Qu HB. Screening Antitumor Compounds Psoralen and Isopsoralen
from Psoralea corylifolia L. Seeds. Evidence-based complementary and alternative medicine: eCAM.
2011;2011:363052. doi: 10.1093/ecam/nen087 PMID: 19131395; PubMed Central PMCID:
PMC3135392.

3. Panno ML, Giordano F. Effects of psoralens as anti-tumoral agents in breast cancer cells. World journal
of clinical oncology. 2014; 5(3):348-58. doi: 10.5306/wjco.v5.i3.348 PMID: 25114850; PubMed Central
PMCID: PMC4127606.

4. BetheaD, Fullmer B, Syed S, Seltzer G, Tiano J, Rischko C, et al. Psoralen photobiology and photo-
chemotherapy: 50 years of science and medicine. Journal of dermatological science. 1999; 19(2):78—
88. PMID: 10098699.

5. Maves RC, Ore RM, Porter KR, Kochel TJ. Immunogenicity and protective efficacy of a psoralen-inacti-
vated dengue-1 virus vaccine candidate in Aotus nancymaae monkeys. Vaccine. 2011; 29(15):2691-6.
doi: 10.1016/j.vaccine.2011.01.077 PMID: 21303709.

6. Berger CL, Hanlon D, Kanada D, Girardi M, Edelson RL. Transimmunization, a novel approach for tumor
immunotherapy. Transfusion and apheresis science: official journal of the World Apheresis Association:
official journal of the European Society for Haemapheresis. 2002; 26(3):205-16. PMID: 12126207.

7. Gasparro FP, Felli A, Schmitt IM. Psoralen photobiology: the relationship between DNA damage, chro-
matin structure, transcription, and immunogenic effects. Recent results in cancer research Fortschritte
der Krebsforschung Progres dans les recherches sur le cancer. 1997; 143:101-27. PMID: 8912415.

8. Schmitt IM, Chimenti S, Gasparro FP. Psoralen-protein photochemistry—a forgotten field. Journal of
photochemistry and photobiology B, Biology. 1995; 27(2):101-7. PMID: 7714670.

9. El-Domyati M, Moftah NH, Nasif GA, Abdel-Wahab HM, Barakat MT, Abdel-Aziz RT. Evaluation of apo-
ptosis regulatory proteins in response to PUVA therapy for psoriasis. Photodermatology, photoimmu-
nology & photomedicine. 2013; 29(1):18-26. doi: 10.1111/phpp.12012 PMID: 23281693.

10. Holtick U, Wang XN, Marshall SR, Scheid C, von Bergwelt-Baildon M, Dickinson AM. In vitro PUVA
treatment preferentially induces apoptosis in alloactivated T cells. Transplantation. 2012; 94(5):e31—4.
doi: 10.1097/TP.0b013e31825f4454 PMID: 22955171.

11. Girardi M, Berger CL, Wilson LD, Christensen IR, Thompson KR, Glusac EJ, et al. Transimmunization
for cutaneous T cell lymphoma: a Phase | study. Leukemia & lymphoma. 2006; 47(8):1495-503. doi:
10.1080/10428190600581419 PMID: 16966259.

PLOS ONE | DOI:10.1371/journal.pone.0162078 September 1,2016 12/183


http://dx.doi.org/10.1016/S0002-8223(96)00273-8
http://www.ncbi.nlm.nih.gov/pubmed/8841165
http://dx.doi.org/10.1093/ecam/nen087
http://www.ncbi.nlm.nih.gov/pubmed/19131395
http://dx.doi.org/10.5306/wjco.v5.i3.348
http://www.ncbi.nlm.nih.gov/pubmed/25114850
http://www.ncbi.nlm.nih.gov/pubmed/10098699
http://dx.doi.org/10.1016/j.vaccine.2011.01.077
http://www.ncbi.nlm.nih.gov/pubmed/21303709
http://www.ncbi.nlm.nih.gov/pubmed/12126207
http://www.ncbi.nlm.nih.gov/pubmed/8912415
http://www.ncbi.nlm.nih.gov/pubmed/7714670
http://dx.doi.org/10.1111/phpp.12012
http://www.ncbi.nlm.nih.gov/pubmed/23281693
http://dx.doi.org/10.1097/TP.0b013e31825f4454
http://www.ncbi.nlm.nih.gov/pubmed/22955171
http://dx.doi.org/10.1080/10428190600581419
http://www.ncbi.nlm.nih.gov/pubmed/16966259

@’PLOS ‘ ONE

X-Ray Psoralen Activated Cancer Therapy (X-PACT)

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Xia W, Gooden D, Liu L, Zhao S, Soderblom EJ, Toone EJ, et al. Photo-activated psoralen binds the
ErbB2 catalytic kinase domain, blocking ErbB2 signaling and triggering tumor cell apoptosis. PloS one.
2014; 9(2):88983. doi: 10.1371/journal.pone.0088983 PMID: 24551203; PubMed Central PMCID:
PMC3925176.

Edelson R, Berger C, Gasparro F, Jegasothy B, Heald P, Wintroub B, et al. Treatment of cutaneous T-
cell lymphoma by extracorporeal photochemotherapy. Preliminary results. The New England journal of
medicine. 1987; 316(6):297-303. doi: 10.1056/NEJM198702053160603 PMID: 3543674.

Girardi M, Schechner J, Glusac E, Berger C, Edelson R. Transimmunization and the evolution of extra-
corporeal photochemotherapy. Transfusion and apheresis science: official journal of the World Aphere-
sis Association: official journal of the European Society for Haemapheresis. 2002; 26(3):181-90. PMID:
12126204.

Knobler R, Duvic M, Querfeld C, Straus D, Horwitz S, Zain J, et al. Long-term follow-up and survival of
cutaneous T-cell lymphoma patients treated with extracorporeal photopheresis. Photodermatology,
photoimmunology & photomedicine. 2012; 28(5):250-7. doi: 10.1111/j.1600-0781.2012.00689.x
PMID: 22971190.

Shenoi SD, Prabhu S. Photochemotherapy (PUVA) in psoriasis and vitiligo. Indian journal of dermatol-
ogy, venereology and leprology. 2014; 80(6):497-504. doi: 10.4103/0378-6323.144143 PMID:
25382505.

Valbuena MC, Hernandez O, Rey M, Sanchez G, de Quintana LP. Twice- vs. thrice-weekly MPD PUVA
in psoriasis: a randomized-controlled efficacy study. Photodermatology, photoimmunology & photome-
dicine. 2007; 23(4):126-9. doi: 10.1111/j.1600-0781.2007.00294.x PMID: 17598865.

Herrmann JJ, Roenigk HH Jr, Hurria A, Kuzel TM, Samuelson E, Rademaker AW, et al. Treatment of
mycosis fungoides with photochemotherapy (PUVA): long-term follow-up. Journal of the American
Academy of Dermatology. 1995; 33(2 Pt 1):234-42. PMID: 7622650.

Thornes RD, Daly L, Lynch G, Breslin B, Browne H, Browne HY, et al. Treatment with coumarin to pre-
vent or delay recurrence of malignant melanoma. Journal of cancer research and clinical oncology.
1994; 120 Suppl:S32—4. PMID: 8132701.

Girardi M, Knobler R, Edelson R. Selective immmunotherapy through extracorporeal photochemother-
apy: yesterday, today, and tomorrow. Hematology/oncology clinics of North America. 2003; 17
(6):1391-403. PMID: 14710891.

Gonzalez AL, Berger CL, Remington J, Girardi M, Tigelaar RE, Edelson RL. Integrin-driven monocyte
to dendritic cell conversion in modified extracorporeal photochemotherapy. Clinical and experimental
immunology. 2014; 175(3):449-57. doi: 10.1111/cei.12231 PMID: 24188174; PubMed Central PMCID:
PMC3927905.

Edelson RL. Mechanistic insights into extracorporeal photochemotherapy: efficient induction of mono-
cyte-to-dendritic cell maturation. Transfusion and apheresis science: official journal of the World Aphe-
resis Association: official journal of the European Society for Haemapheresis. 2014; 50(3):322-9. doi:
10.1016/j.transci.2013.07.031 PMID: 23978554; PubMed Central PMCID: PMC4075109.

Bourke FA, Walder H, Fathi Z, Therien MJ, Dewhirst MW, STANTON IN, et al. Phosphors and scintilla-
tors for light stimulation within a medium. US Patent Number: US20140323946 A1; 2014.

Bourke FA, Fathi Z, Walder H, Beyer WF. Interior energy-activation of photo-reactive species inside a
medium or body. US Patent Number: US20140272030 A1; 2014.

Scaffidi JP, Gregas MK, Lauly B, Zhang Y, Vo-Dinh T. Activity of psoralen-functionalized nanoscintilla-
tors against cancer cells upon X-ray excitation. ACS nano. 2011; 5(6):4679-87. doi: 10.1021/
nn200511m PMID: 21553850.

Morse MA, Wei J, Hartman Z, Xia W, Ren XR, Lei G, et al. Synergism from combined immunologic and
pharmacologic inhibition of HER2 in vivo. International journal of cancer Journal international du can-
cer. 2010; 126(12):2893-903. doi: 10.1002/ijc.24995 PMID: 19856307; PubMed Central PMCID:
PMC2856803.

Kirsch DG, Dinulescu DM, Miller JB, Grimm J, Santiago PM, Young NP, et al. A spatially and temporally
restricted mouse model of soft tissue sarcoma. Nature medicine. 2007; 13(8):992-7. doi: 10.1038/
nm1602 PMID: 17676052.

Sachdeva M, Mito JK, Lee CL, Zhang M, Li Z, Dodd RD, et al. MicroRNA-182 drives metastasis of pri-
mary sarcomas by targeting multiple genes. The Journal of clinical investigation. 2014; 124(10):4305—
19. doi: 10.1172/JCI177116 PMID: 25180607; PubMed Central PMCID: PMC4191039.

Krysko DV, Vanden Berghe T, D'Herde K, Vandenabeele P. Apoptosis and necrosis: detection, dis-
crimination and phagocytosis. Methods. 2008; 44(3):205—21. doi: 10.1016/j.ymeth.2007.12.001 PMID:
18314051.

PLOS ONE | DOI:10.1371/journal.pone.0162078 September 1,2016 13/13


http://dx.doi.org/10.1371/journal.pone.0088983
http://www.ncbi.nlm.nih.gov/pubmed/24551203
http://dx.doi.org/10.1056/NEJM198702053160603
http://www.ncbi.nlm.nih.gov/pubmed/3543674
http://www.ncbi.nlm.nih.gov/pubmed/12126204
http://dx.doi.org/10.1111/j.1600-0781.2012.00689.x
http://www.ncbi.nlm.nih.gov/pubmed/22971190
http://dx.doi.org/10.4103/0378-6323.144143
http://www.ncbi.nlm.nih.gov/pubmed/25382505
http://dx.doi.org/10.1111/j.1600-0781.2007.00294.x
http://www.ncbi.nlm.nih.gov/pubmed/17598865
http://www.ncbi.nlm.nih.gov/pubmed/7622650
http://www.ncbi.nlm.nih.gov/pubmed/8132701
http://www.ncbi.nlm.nih.gov/pubmed/14710891
http://dx.doi.org/10.1111/cei.12231
http://www.ncbi.nlm.nih.gov/pubmed/24188174
http://dx.doi.org/10.1016/j.transci.2013.07.031
http://www.ncbi.nlm.nih.gov/pubmed/23978554
http://dx.doi.org/10.1021/nn200511m
http://dx.doi.org/10.1021/nn200511m
http://www.ncbi.nlm.nih.gov/pubmed/21553850
http://dx.doi.org/10.1002/ijc.24995
http://www.ncbi.nlm.nih.gov/pubmed/19856307
http://dx.doi.org/10.1038/nm1602
http://dx.doi.org/10.1038/nm1602
http://www.ncbi.nlm.nih.gov/pubmed/17676052
http://dx.doi.org/10.1172/JCI77116
http://www.ncbi.nlm.nih.gov/pubmed/25180607
http://dx.doi.org/10.1016/j.ymeth.2007.12.001
http://www.ncbi.nlm.nih.gov/pubmed/18314051

