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Background: Poly (ADP-ribose) polymerase (PARP) is a key enzyme in the repair process
of DNA strand breaks (DSBs). Olaparib (Ola) is a PARP inhibitor that is involved in arresting
PARP release from radiotherapy (RT)-induced damaged DNA to potentiate the effect of RT.
Although the underlying mechanisms for the radiosensitization effects of Ola are well understood
in vitro, the radiosensitization effects in vivo are still unclear. Moreover, poor water solubility
and severe toxicity are two major impediments for the clinical success of Ola.

Materials and methods: Here, we developed olaparib nanoparticles (Ola-NPs) and investi-
gated their radiosensitization mechanisms and toxicity using human non-small-cell lung cancer
xenograft models in mice.

Results: The prepared Ola-NPs showed a mean size of 31.96+1.54 nm and a lower polydis-
persity index of about 0.126+0.014. In addition, the sensitization enhancement ratio of Ola-
NPs (3.81) was much higher than that of free Ola (1.66). The combination of Ola-NPs and
RT (Ola-NPs + RT) significantly inhibited tumor growth and prolonged survival in mice. The
mechanism of enhanced antitumor efficacy might be related to the inhibition of DSB repair and the
promotion of cell apoptosis in vivo. No additional toxicity caused by Ola-NPs was observed.
Conclusion: This study demonstrated the principle of using Ola-NPs as a potent radiosensitizer
to improve the therapeutic effect of RT relative to free Ola (P<<0.05 in all cases).

Keywords: lung cancer, nanoparticles, olaparib, radiosensitization

Introduction

Lung cancer is a major disease that significantly endangers human life and health.!
Non-small-cell lung cancer (NSCLC) accounts for 80%—-85% of all lung cancers
worldwide.?* Radiotherapy (RT) is an effective treatment for local NSCLC. Indeed, RT
has shown to improve local tumor control and the survival rate in patients. Neverthe-
less, local tumor control is still suboptimal because of radio-resistance.* The repair of
damaged DNA is the main reason for radio-resistance. Inhibiting DNA damage repair
has represented an effective strategy to enhance the treatment effect of RT.’

DNA damage caused by RT mainly involves DNA strand breaks (DSBs). Poly
(ADP-ribose) polymerase (PARP) is a DNA damage-sensing protein, which is the key
enzyme in the repair of DSBs.® PARP inhibitor (PARP1) has been known as sensitizers,
which enhanced the therapeutic effect of chemotherapy or RT.> PARPi arrested PARP
release from damaged DNA.” As a result, DNA repair proteins were unable to access
the single-strand breaks (SSBs). Unrepaired SSBs then converted to DSBs, which cause
lethal damage to tumor cells, thereby enhancing radiotoxicity. Olaparib (Ola), which
specifically acted on the repair of SSBs of target cells, was the first PARPi approved by
the Food and Drug Administration. Clinically, Ola has been approved for the treatment
of advanced ovarian cancer in 2014.2 Nevertheless, the poor water solubility in gastric
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juice shortens the action time and decreases the bioavailability
and therapeutic activity. Furthermore, due to the widespread
distribution of Ola in normal tissues, treatment with Ola could
cause side effects, including anemia, nausea, fatigue, head-
ache, and diarrhea.’ Accordingly, it is of critical importance
to identify a novel Ola delivery system to potentiate its water
solubility and reduce biologic toxicity.

Novel nanoparticle delivery system brings a potential solu-
tion to the above-mentioned problems. In recent years, nano-
particles have been widely used as an antitumor drug delivery
system because of their passive targeting ability on tumor tissue
that has an enhanced permeation and retention effect (EPR).!%!!
Degradable polymer nanomaterials play an important role in
the transmission system of antitumor drugs.'>!* Among them,
two block polymers methoxy poly (ethylene glycol)—poly
(e-caprolactone) (MPEG-PCL) with a core-shell structure
has become a promising carrier of nanoscale drugs due to
its biodegradability and sustained drug release properties.'*
MPEG-PCL has a hydrophobic core (PCL) for connecting with
hydrophobic drugs, and the hydrophilic shell (PEG) contrib-
utes to the dissolution of the polymeric micelle. Accordingly,
MPEG-PCL polymeric micelles are suitable for encapsulating
hydrophobic drugs and stable drug release.'

Although numerous studies have reported the radiosen-
sitization effects of Ola,>'*!” no reports have been found
on the selection of optimum RT dose. Previous studies on
radiosensitization effects have shown that the similar drug
dosages combined with different doses of RT produced
different radiosensitization effects.!® The radiosensitization
effects of radiosensitizer combined with RT resulted in an
S-shaped curve. Once the optimum RT dose was achieved,
the radiosensitization effect no longer increased with the
RT dose.” Moreover, no studies have been performed that
demonstrated a radiosensitization effect or side effect of
MPEG-PCL/Ola. Therefore, the objective of this study was to
prepare olaparib nanoparticles (Ola-NPs) and investigate the
radiosensitization effect and toxicity of Ola-NPs combined
with RT on tumor-bearing BABL/c mice.

Materials and methods

Materials

Ola with 99.8% purity was purchased from Meilun Co.,
Ltd (Dalian, China). MPEG (Mn =2,000) was purchased
from Sigma-Aldrich (St Louis, MO, USA), e-caprolactone
from Alfa Aesar (Reston, VA, USA), and stannous octoate
(Sn(Oct),) purchased from Sigma-Aldrich. Dimethylsulfox-
ide (DMSO), anhydrous ethanol, and methanol (HPLC grade)
were purchased from KeLong Co., Ltd (Chengdu, China).

v-H2AX, CC3, Ki-67, and CD-31 polyclonal antibodies
were purchased from Bioworld Technology Co. Ltd.
(Nanjing, China).

Formulation and characterization of
Ola-NPs

Ola-NPs were formulated as follows: the polymerization
methods for the synthesis of MPEG-PCL (Mw =4,000)
included open-ring polymerization, which was published
previously.? MPEG-PCL and Ola at various dosages of
6, 8, or 10 wt% were used. Briefly, for 8 wt% of Ola as an
example, 92 mg MPEG-PCL and 8 mg Ola were co-dissolved
in 10 mL acetone. A rotary evaporator was used to evaporate
the mixed solution using a 37°C water bath with a revolving
speed of 1105 rpm until the organic solvent was totally
removed. Next, the resulting harvest was washed using
preheated (60°C) deionized water. Then, the solution was
filtered through a 0.22 um filter. The size and Zeta potential
of Ola-NPs were measured using dynamic light scattering
(NanoBrook 90Plus Zeta, Brookhaven, NY, USA) at 25°C.
Morphologic characteristics of Ola-NPs were determined
by transmission electron microscopy (TEM, Tecnai G2 F20,
USA). The filtered Ola-NPs solution was lyophilized and
redissolved in deionized water. HPLC was used to detect
the drug loading rate (DL) and entrapment efficiency (EE)
of Ola-NPs. The specific steps are as follows: the mobile
phase A was deionized water and mobile phase B was
methanol (40/60, v/v). The mobile phases were degassed
30 minutes before use, and then were applied at a flow rate
of 1.0 mL/min through a reversed-phase C18 alkyl silane
column (150 mm 4.6 mm, 5 um, Agilent Santa Clara, CA,
USA) at 25°C. The injection volume was 20 puL and the
detection wavelength was set at 276 nm. The peak value
appears around 2.8 minutes. The DL and EE were detected
by HPLC according to the following formula:

Drug

DL% = ——— x100%
Polymer + Drug

EE% = Actu—atlDL % 100%
Theoretical DL

In vitro release of Ola and Ola-NPs

For in vitro studies, the release behavior was explored as
follows: 1 mL (1 mg/mL) Ola or 1 mL Ola-NPs (the theo-
retical DL was 8%, equal to 1 mg of Ola) in distilled water
was separately dispersed in DMSO and deionized water,
then separately poured into dialysis bags (molecular weight
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cutoff, 3.5 kDa). The bags were incubated at 37°C in 30 mL
PBS (pH =7.4) containing Tween-80 (0.5%, w/w) with gently
shaking (100 rpm). The incubation medium was replaced
by the same volume of freshly preheated medium (2 mL) at
predetermined time points (0, 2, 4, 6, 8, 12, 24, 48 hours ...
until 8 days). Subsequently, the collected released drug was
centrifuged at 12,000 rpm for 15 min at 4°C. Supernatant was
collected and stored at —20°C for further analysis. Superna-
tant was analyzed by HPLC as described in the section “DL
and EE of Ola-NPs”, and experiments were performed at
least in triplicate. Data represented the mean of a triplicate
and expressed as the mean+SD.

In vivo antitumor and radiosensitization

effect

A549 lung cancer cells used in our experiment were pur-
chased by the Experimental Research Center of the Affiliated
Hospital of Southwest Medical University (Luzhou, China)
from the Cell Bank of the Chinese Academy of Sciences.
A549 cells were maintained in RPMI-1640 medium (1640,
Gibco, USA) supplemented with 10% FBS and antibiotics
(penicillin 100 U/mL and streptomycin 100 pg/mL) and
incubated at 37°C in a humidified standard atmosphere
(95% air and 5% CO,). Cells in the logarithmic phase were
harvested and used in experiments.

BALB/c nude mice (female, 3 to 4 weeks old) were pur-
chased from Chongqing TengXin Biotechnology Co., Ltd
(Chongging, China). Animal experiments were performed
according to the animal care guidelines and were approved
by the Institutional Animal Care and Treatment Committee
of Southwest Medical University (Luzhou, China). In brief,
mice were subcutaneously injected in the right thigh with
0.1 mL A549 cell suspension at a density of 107/mL. Mouse
weights were monitored every other day and once palpable
tumors were formed their volumes were calculated every
other day using the following equation: volume = 1/2 X
length x width.? To select the optimal dose of RT, a total of
72 mice were randomly divided into 3 groups (n=24/group)
and when tumor measured 100150 mm?, subgroups were
made as follows: 1) RT (a single dose ranges from 0 to
18 Gy); 2) Ola+RT (50 mg/kg/d, 3 days, intravenous injec-
tion [IT], combined with RT); 3) Ola-NPs + RT (equivalent
to 50 mg/kg Ola). Each subgroup included six mice (n=6/
subgroup) that received irradiation of 0, 2, 6, 10, 14, and
18 Gy, respectively. RT was given 30 minutes after the first
time of using drug. The optimal dose of RT was calculated by
monitoring tumor growth delay (TGD). Tumor growth curves
were prepared in accordance with the Compertz model by

using the following equation: y=V *exp(k*(1-exp(-a*X))),
where y represented the TGD; V represented the original
tumor volume (100-150 mm?); a and k are coefficients, and
X indicated the RT dose.

After calculating the optimal RT dose, the radiosensi-
tization effect and toxicity of Ola-NPs drugs was further
studied. In this study, a xenograft model of A549 lung
cancer in nude mice was established. Tumor-bearing nude
mice were randomly divided into the following six groups
(n=12/group): 1) control (0.9% normal saline [NS]); 2) Ola;
3) Ola-NPs; 4) RT (a single dose of 10 Gy); 5) Ola + RT;
(6) Ola-NPs + RT.

Micro '8F-FDG PET/CT imaging

To explore Ola-NPs therapy response and the metabolism
of tumor tissue, micro *F-FDG PET/CT imaging scans
(Siemens, Munich, Germany) were performed. Briefly,
mice were starved from eating and drinking for at least
8 hours prior to the scan, anesthetized with 1% pentobarbital
sodium 5 mg/kg through intraperitoneal injection and intra-
venously injected with 150-250 uCi FDG (0.1-0.2 mL) for
at least 30 minutes before scanning. After that, mice were
placed in the center of the PET/CT imaging field and an
image was obtained. The parameters used were as follows:
80 kV, 500 uA, 1.5 mm slice collimation, at 10 minutes per
bed position.

Histopathology analysis

Tumor tissue was obtained 2448 hours after the first treat-
ment for immunohistochemical (IHC) detection of -H2AX.
Tumor tissue from mice in different groups was harvested
10 days after treatment for other indicators of IHC (CC3,
Ki-67, and CD-31). Specific steps included the following:
the tumor was fixed in neutral formaldehyde for at least
24 hours, then tumor tissue was embedded in paraffin.
Paraffin-embedded tissue was cut into 3—4 mm thick sections
and stained with H&E. Paraffin sections were incubated
with antihuman y-H2AX, CC3, Ki-67, and CD-31 primary
antibodies. And the secondary antibody was a biotinylated
goat anti-mouse antibody. Detailed operation procedure was
performed according to the manufacturer’s instruction (Bio-
world Technology, Nanjing, China). Sections were stained
with hematoxylin and observed using a microscope (Leica
TE2000-S Microscope, Tokyo, Japan). v-H2AX, Ki-67, and
CC3 expressions were calculated in five randomly selected
areas in each tumor sample at 400x magnification as the
number of positive cells/total cells. In each tumor section,
microvessel density (MVD) was calculated in five randomly
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selected areas (at 400x magnification) as the mean value of
CD31-positive microvessels.

Flow cytometry

Flow cytometry (BD FACSVerse, San Diego, CA, USA)
was used to explore the cell-cycle phase and apoptosis.
In brief, tumor tissue was cut into small pieces and incu-
bated at 37°C in the presence of 2 mL trypsinization buffer
for 40 minutes when gently shaking. After 40 minutes of
digestion, medium containing serum was added to terminate
the digestion. Then, the mixture was filtered using a nylon
gauze to remove undigested tumor tissue. The harvested cell
suspension was washed twice with NS and centrifuged at
1,000 rpm for 2 minutes. Then, a total of 5 UL of fluorescein
isothiocyanate and 5 pUL of propidium iodide were added
to each tube. Cells were incubated for 15 minutes at room
temperature in the dark, then 400 puL of ice-cold 1x binding
buffer was added and cells were gently mixed. Next, cell
suspensions were analyzed using flow cytometry. Cell-cycle
phage was also analyzed by flow cytometry using a BD cycle
test plus DNA kit.

Evaluation of the in vivo toxicity of
Ola-NPs

Mice were killed and the liver, heart, spleen, lungs, and kidneys
of each mice were prepared for H&E staining. To assess the
toxicity of different treatments and to evaluate the degree of
damage of the different treatments to normal tissues, histo-
logic changes of different organs were determined.

Statistical analysis

Statistical analysis was performed by SPSS 17.0 software
using Student’s test for two-group comparison or one-
way ANOVA for multiple-group comparisons. Data were
expressed as the mean+SD. P<<0.05 was considered statisti-
cally significant.

Results
The physicochemical characterization and

release behavior of Ola-NPs
In our study, Ola-NPs containing different Ola concentrations
(6%, 8%, and 10% wt/wt) were successfully established.

Table | Characteristics of olaparib nanoparticles

Table 1 shows that an 8% theoretical DL in Ola-NPs resulted
in a higher EE (almost 99.17%) and a smaller mean size
(31.96+1.54 nm). As aresult, we selected Ola-NPs containing
8% Ola for further studies. As shown in Figure 1A, Ola-NPs
aqueous solution appeared as a faint blue color. In addition,
Ola-NPs presented as spherical or approximately spherical
with a smooth surface using TEM analysis (Figure 1B).
Ola-NPs had a negative surface charge of —22.53+1.96 mV
(Figure 1C). Ola-NPs showed a mean size of 31.96+1.54 nm
(Figure 1D) and a lower polydispersity index of about
0.12610.014. As presented in Figure 1E, free Ola dem-
onstrated a rapid release, and more than 90% of Ola was
released into the medium within 3 days. In addition, 75% of
Ola was slowly released from Ola-NPs within § days.

In vivo radiosensitization testing

To assess the efficacy of Ola-NPs + RT on A549 xenograft
mice, tumor volumes (Figure 2A—C) were calculated and
expressed by TGD (Table 2). Dose—effect curves were prepared
for RT, Ola+ RT, and Ola-NPs + RT (Figure 2D). The curves
were nearly linear when TGDs were between 8 and 12 days.
Therefore, a TGD of 10 days was taken as a biologic end-
point. To achieve a TGD of 10 days, 7.28, 4.39, and 1.91 Gy
were required for RT, Ola + RT, and Ola-NPs + RT groups,
respectively. Sensitization enhancement ratio (SER) was 1.66
(7.28/4.39) for the Ola + RT group and 3.81 (7.28/1.91) for
Ola-NPs + RT group. As shown in Figure 2D, by increasing
the RT dose, tumor growth slowed down and the TGD was
gradually extended in the RT, Ola + RT, and Ola-NPs + RT
groups. Moreover, drug plus RT prolonged the TGD and was
more pronounced for Ola-NPs + RT. The TGD reached a
maximum at 10 Gy and then decreased. To explore the radio-
sensitization effect of Ola-NPs, a single dose of 10 Gy was
selected as the optimum dose and was given to mice in the
corresponding groups. The time needed for the tumor volume
to reach 4 times of the initial volume (T4V,) was 6.3 days
(Control), 9.8 days (Ola), 15.7 days (Ola-NPs), 19.9 days
(RT), 26.2 days (Ola + RT), and 33.5 days (Ola-NPs + RT),
respectively (Figure 3C). These data demonstrated that Ola-
NPs + RT possessed a more powerful effect on delaying
tumor growth (P<<0.05 in all cases). At the same time, a
similar effect was observed from the median survival time

Theoretical (%) Drug loading (%)

Encapsulation efficiency (%)

Particle size (nm) Polydispersity index

6 4.24+0.46 70.61+0.46
8 7.93+0.05 99.17+0.01
10 9.66+0.08 96.5710.01

21.41+0.52 0.21+0.03
31.96+1.54 0.16+0.02
38.79+1.64 0.21+0.03

Note: Data were represented as mean + SD (n=3).
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Figure | The physicochemical properties and drug release study of Ola-NPs in vitro.

Notes: The physicochemical properties of Ola-NPs (A-D) and drug release study in vitro (E). (A) Deionized water (left) and prepared Ola-NPs aqueous solution (right),
Ola-NPs aqueous solution appeared a faint blue. (B) Transmission electron microscopy image of Ola-NPs (the scale is 50 nm). (C) Ola-NPs Zeta potential, Ola-NPs shown a
negative surface charge of —22.53+1.96 mV. (D) Particle size distribution of Ola-NPs, presented a mean size of 31.96+1.54 nm. (E) Drug release study of Ola-NPs and Ola.

Abbreviations: Ola, free olaparib; Ola-NPs, olaparib nanoparticles.

of mice (Figure 3E). The median survival time of mice in
the Ola-NPs + RT group (69.5£11.8 days) was significantly
longer when compared to that of mice treated with Ola + RT
(53.548.0 days), RT (51.83£7.3 days), Ola-NPs (42.8+8.3 days),
Ola (40.5t7.2 days), and Controls (31.816.7 days) (P<<0.05).
Body weight was recorded every 2 days but no significant dif-
ferences were observed between groups throughout the entire
study (Figure 3D, P>0.05 in all cases).

Micro '8F-FDG PET/CT imaging

PET/CT imaging results of mice in each group are shown in
Figure 3B, the mean SUVmax of the tumor in each group are
as follows: 2.240.15 (control), 1.7£0.08 (Ola), 1.3£0.15 (Ola-
NPs), 1.240.04 (RT), 0.93+0.05 (Ola + RT), and 0.82+0.07
(Ola-NPs+RT). When compared with other groups, mice in
the Ola-NPs + RT group had the lowest SUVmax, suggesting
a lower metabolism and thereby implying a more powerful
antitumor effect of Ola-NPs + RT (P<0.05), which were
consisted with the general view of tumor xenograft models
(Figure 3A).

IHC analysis
THC results are depicted in Figure 4A. An increased number
of v-H2AX-positive cells was observed in the Ola-NPs + RT

group (81.47%14.65%) when compared to other groups
(Figure 4B-a). The quantification of y-H2AX-positive cells
of other groups was as follows: Control (5.27%%3.35%),
Ola (21.23%=*3.85%), Ola-NPs (41.77%%4.31%),
RT (47.47%%4.10%), and Ola + RT (51.4%%3.34%)
(P<0.01).

CC3 is acellular marker of apoptosis, which participates in
programmed cell death.?! As shown in Figure 4B-b, Ola-NPs +
RT significantly increased apoptosis (71.03%15.91%) when
compared to control (7.63%=%3.81%), RT (41.57%=%5.03%),
Ola-NPs (43.75%14.14%), and other groups (P<<0.01).
These data indicated that Ola-NPs dramatically enhanced
radiation-induced cellular killing when combined with RT.

The proliferation of tumor cell was accessed by Ki-67
assay. As shown in Figure 4B-d, the percentage of Ki-67-
positive cells was 87.1%%3.48% in the control group and
39.27%12.97% in the RT group. Moreover, in the Ola+ RT
(23.8%12.33%) and Ola-NPs + RT (13.8%%2.35%) treatment
groups, a significant decrease in Ki-67-positive cells was
observed when compared to the control group (P<<0.05).

The expression of CD-31 was used to evaluate MVD of
tumor tissues. The MVD in each group ranged as follows:
control > Ola > RT > Ola+RT > Ola-NPs > Ola-NPs+RT
(Figure 4B-e). A dramatically lower MVD (0.65+0.27) was
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Figure 2 Tumor growth curves presented the progress of selecting optimum RT dose.

Notes: (A) Tumor growth curves of mice treated with different single RT dose. (B) Ola plus different RT dose (Ola + RT). (C) Ola-NPs plus different RT dose (Ola-NPs +
RT [N + RT]). (D) Dose—effect curves based on TGD. Sensitization enhancement ratio was |.66 (7.28/4.39) for Ola + RT group and 3.81 (7.28/1.91) for Ola-NPs + RT

(N +RT) group.

Abbreviations: Ola, free olaparib; Ola-NPs, olaparib nanoparticles; RT, radiotherapy; TGD, tumor growth delay.

Table 2 TGD in lung cancer after different treatments

Group T4V, TGD
0 Gy 58 0
Ola + 0 Gy 9.5 3.7
Ola-NPs + 0 Gy 15.2 9.4
2 Gy 7.6 1.8
Ola +2 Gy 13.1 7.3
Ola-NPs + 2 Gy 18.7 12.7
6 Gy 14.2 8.4
Ola + 6 Gy 20 14.2
Ola-NPs + 6 Gy 30.8 25
10 Gy 19.3 13.5
Ola + 10 Gy 25.8 20
Ola-NPs + 10 Gy 33.1 27.3
14 Gy 19.6 13.8
Ola + 14 Gy 30.7 24.9
Ola-NPs + 14 Gy 35.6 29.8
18 Gy 21 15.2
Ola + 18 Gy 33 27.2
Ola-NPs + 18 Gy 41.2 354

Abbreviations: Ola, free olaparib; Ola-NPs, olaparib nanoparticles; T4V,
represents the days when the volume of the tumor grows 4 times as long as initial
tumor volume; TGD, tumor growth delay, which was defined as the different days
needed to T4V, compared with control groups.

observed in Ola-NPs + RT-treated mice when compared to
those of mice in the Ola + RT (2.05+0.71), RT (2.55%0.35),
and other groups (P<<0.01).

Flow cytometry

Flow cytometry was used to analyze the cell cycle phase
(Figure 4C-d) as well as apoptosis (Figure 4C-a). As shown
in Figure 4B-c, mice in the Ola-NPs + RT group showed an
increased apoptotic rate (47.28%15.67%) when compared to
Ola + RT (35.88%3.3%), RT (27.56%%2.12%), and other
treatment groups (P<<0.05 in all cases). The differences
in cell-cycle phase between groups were mainly reflected
in the percentage of cells in the G2/M phase. As shown in
Figure 4B-f, mice in the Ola-NPs + RT group showed a
significant increase in the percentage of cells in the G2/M
phase (50.12%%7.52%), when compared to the Ola + RT
(42.03%=%3.21%), RT (40.93%+£3.14%), and other groups
(P<<0.05). No significant differences were observed in the
S phase (P>0.05 in all cases).
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Figure 3 Evaluation of antitumor efficiency in vivo.
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curves of diverse groups of formal experiment. (D) Body weight changes of mice during the period of the experiment. (E) The survival rate of each group.

Abbreviations: Ola, free olaparib; Ola-NPs, olaparib nanoparticles; RT, radiotherapy.

Evaluation the side effects of Ola-NPs

in vivo

In this study, we investigated the side effect of Ola-NPs on
changes in body weight and toxicity in organs. Throughout
the entire study, no significant differences were observed
in body weight between groups (Figure 3D, P>0.05 in all
cases). After mice were euthanized, heart, liver, spleen, lungs,
and kidneys were dissected and prepared for H&E staining
to determine the toxic effect of Ola-NPs in organs. As shown
in Figure 5, the primary pathologic changes involved the
balloon degeneration in the liver of mice that were treated
with Ola but not Ola-NPs. No obvious pathologic changes
were observed in other organs.

Discussion
Lung cancer is one of the most prevalent malignant tumors
that threatens human health and life. RT is a frequently used

treatment regimen for lung cancer as it not only improves
tumor control but also the survival rate.”? Nevertheless, the
radio-resistance caused by the repair of damaged DNA of the
tumor tissue remains a daunting challenge.’ Inhibiting dam-
aged DNA repair has been considered an effective strategy
to enhance the treatment outcomes of RT.?*2

Ola is a DNA damage repair inhibitor, which can act as
a radiosensitizer when combined with RT. Previous studies
have shown that Ola + RT significantly enhanced antitumor
effects.!®!” Unfortunately, no reports are available that focus
on the radiosensitization effect or side effect of Ola-NPs.
Ola presents with a series of physicochemical properties,
such as poor solubility, low bioavailability, and an exten-
sive range of tissue toxicity that largely offset the use and
therapeutic benefits of Ola. In our previous study, we dem-
onstrated that MPEG-PCL nanoparticles were outstanding
carriers for hydrophobic drugs in virtue of the hydrophilic
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PEG segment being introduced into PCL backbones.>2
Therefore, in our study, MPEG-PCL was used as a carrier
to prepare Ola-NPs.

The main purpose of this study was to prepare Ola-NPs
and confirm the radiosensitization of Ola-NPs. First, we
use a rotary evaporation method to successfully prepare
injectable Ola-NPs using an MPEG-PCL copolymer.?*!
These nanoparticles had stable particle size with a higher
DL when compared with other methods reported in recent
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Figure 4 (Continued)

studies.”>**% The lyophilized nanoparticles were relatively
narrowly distributed and could be stably dissolved in water
to achieve the requirements for intravenous injection. Recent
studies have shown that the importance of nanoparticle size
will greatly affect the metabolism of nanoparticles: <200 nm
of nanoparticles will result in a longer blood circulation time,
favorable stability, lower cytotoxicity, and greater absorptive
capacity due to EPR effect.!***35 In addition, the sustained
slow drug release as shown by Ola-NPs could be attributed to
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Figure 4 IHC and flow cytometry.

Notes: (A) Representative images of IHC of diverse group for the evaluation of y-H2AX, Ki-67, CD-31, and CC3 (magnification x400). (B) Quantitative analysis of y-H2AX (a), CC3
(b), apoptosis (c), Ki-67 (d), CD-31 (e), and cell cycle (f) in transplantable tumors from mice in each groups. Ola-NPs + RT group resulted in a significantly increase in the expression
of »-H2AX and CC3, while a decrease in Ki-67 and CD-31. (C) Apoptosis in Ola-NPs+RT group was mainly presented as advanced apoptosis. (a) Apoptosis of tumor cells; (b) cell
cycle distribution of tumor cells. Ola-NPs + RT group showed a significant increase in the percentage of cells in the G2 phase (P<<0.05 in all cases). ¥*P<<0.05; **P<<0.01.
Abbreviations: IHC, immunohistochemistry; Ola, free olaparib; Ola-NPs, olaparib nanoparticles; RT, radiotherapy.

the stable structure of MPEG-PCL polymeric micelles, which
might be due to the drug diffusion in the PCL core, thereby
indicating that Ola-NPs had an excellent DL and EE.

Free Ola released rapidly indicating that the membrane
did not hinder drug release, and suggested that the mechanism

Control Ola-NPs

of Ola-NPs drug release involved diffusion, swelling, and
degradation of polymeric micelles. Previous studies have
shown that the cumulative drug release of NPs is 30%—40%
within 1 month, which was too slow to achieve the therapeutic
needs.’**” Therefore, the Ola-NPs prepared in our study had

Ola + RT Ola-NPs + RT

Figure 5 Evaluation of side effects: H&E staining of heart, liver, spleen, lung, and kidney of each group (magnification, x200).

Abbreviations: Ola, free olaparib; Ola-NPs, olaparib nanoparticles; RT, radiotherapy.
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better advantages regarding drug release. Such advantages
allowed for a strong synergistic effect of Ola-NPs + RT,
which turned out to be of outstanding therapeutic efficacy.

Subsequently, we set up a lung cancer xenograft model
in nude mice to explore the radiosensitization of Ola-NPs.
A general linear model was used to assess the effect of
drugs with different doses of RT, as previously reported.'®°
The data suggested that Ola-NPs possessed greater tumor
growth inhibition and better radiosensitization effects
when compared to Ola (SER of 3.81 vs 1.66). This might
be attributed to the fact that Ola-NPs slowly release Ola.
In vivo studies demonstrated that treatment with Ola-NPs +
RT (10 Gy) showed the most significant radiosensitization
when compared to other groups. Another reason for choos-
ing 10 Gy was that when increasing RT doses, severe side
effects appeared gradually, including emaciation, diarrhea,
and radiodermatitis. During the study, a series of observations
were used to assess the therapeutic effects of RT combined
with Ola-NPs. Mice treated with Ola-NPs + RT showed
the best therapeutic effects among other treatment groups
whether in TGD or survival rate. This further indicated that
Ola encapsulated in Ola-NPs was more effective than free
Ola in a lung cancer xenograft model.

BF-FDG PET/CT was used to detect the therapy response
in our experiment. Several studies have shown that *F-FDG
PET/CT recognized a very early decrease of glucose metabo-
lism that is associated with progression-free survival and
overall survival in many cancers.'**** A higher "*F-FDG
uptake may indicate a worse therapeutic response, while a
lower uptake in tumors may suggest a better outcome. In this
study, "®F-FDG uptake in mice in the Ola-NPs + RT group
was the lowest compared to that in other groups, suggest-
ing that Ola-NPs were more effective in inhibiting tumor
metabolism.

Tumor tissue was used for IHC analysis, using anti-
bodies directed against y-H2AX, CC3, Ki-67, and CD-31.
v-H2AX is a biomarker of DSBs. It has been reported that
radiosensitization by PARP1 is more effective in the repair-
defective DNA DSBs of tumor cells than repairable DNA.*
In our study, mice in the Ola-NPs + RT group presented a
significantly higher expression of v-H2AX compared to mice
in other groups. These results were the synergistic effects
of Ola-NPs combined with RT, which was consistent with
previously published findings.’ The expression of CC3, which
participated in programmed cell death, was investigated as
a biomarker.?' Mice in the Ola-NPs + RT group showed the
highest expression of CC3 among all groups, suggesting that
Ola-NPs + RT played a significant role in the induction of

apoptosis of tumor cells. It is the inhibition caused by Ola-
NPs on the repair of damaged DNA that causes apoptosis
of tumor cells. As previously reported, a lower MVD is
usually related to slower tumor growth and better biologic
and clinical behavior.** Mice in the Ola-NPs group showed
the lowest expression of CD-31 and Ki-67 when compared
to mice in other groups. The results might indicate that Ola-
NPs + RT inhibited the growth of tumor cells by inhibiting
tumor angiogenesis and proliferation.

Flow cytometry was used to investigate the cell cycle and
apoptosis of tumor tissue.

Previous studies have shown that cells in the G2/M phase
presented the greatest sensitivity to PARPi + RT.>*4 The
susceptibility of tumor cells to apoptosis may be increased
by downregulating anti-apoptosis proteins.***’ Qur results
also showed that Ola-NPs might increase the number of cells
in the G2/M phase, thereby further accelerating apoptosis
of tumor cells, which was consistent with the expression of
CC3 in the tumor tissue.

The toxicity of Ola-NPs in vivo was also investigated.
As shown in our study, the primary pathologic changes were
caused by free Ola. Due to the lack of targeting of Ola, Ola
was not only distributed in tumor tissues but also other normal
tissues such as the liver, to increase toxicity. Nevertheless,
Ola-NPs were well tolerated and no obviously toxic effects
were observed. The findings might be attributed to the EPR
effects of Ola-NPs. The stable structure of MPEG-PCL poly-
meric micelles contributed to the sustained slow drug release,
so that Ola-NPs could be passively targeted and distributed
in tumor tissues as needed, thereby reducing toxicity.

These results generally indicated the outstanding radio-
sensitization effect of Ola-NPs in an NSCLC xenograft
model. Although the data are promising, we are aware of the
limitations of our study. Therefore, a more detailed in vivo
study on Ola-NPs including blood drug concentration will
be further explored soon. Also, further studies containing
additional cell lines are currently underway.

Conclusion

In this study, we have successfully prepared injectable
Ola-NPs. Data presented that Ola-NPs indicated outstanding
radiosensitization effects and were well tolerated in human
xenograft tumor models. Ola-NPs + RT possessed powerful
effects on delaying the growth of tumor cells and prolong-
ing the median survival time in mice. Moreover, we have
explored the mechanism of the radiosensitization and found
that Ola-NPs inhibited DSBs repair and increased tumor
cell apoptosis. Ola-NPs also enhanced the number of cells
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in G2/M phase and reduced angiogenesis of tumor tissue.
In summary, Ola-NP is an excellent radiosensitization drug
without extra toxicity for NSCLC.
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