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Summary

The aim of this study was to explore the synergistic anti-tumor effects of cytarabine hyaluronic acid-tyramine (Ara-HA-Tyr) hydrogel
conjugates and radiotherapy (RT) in the Lewis lung cancer (LLC) xenograft model, and the mechanisms involved. The radiotherapy
sensitization ratio (SER) of 0.5 pg cytarabine (Ara-C) was 1.619 in the LLC cells. Ara-HA-Tyr was prepared by encapsulating Ara-C
into hyaluronic acid-tyramine (HA-Tyr) conjugates. The hydrogels were formed through the oxidative coupling of tyramines by
hydrogen peroxide (H,O,) and horseradish peroxidase (HRP). Mice engrafted with the LLC cells were given intra-tumoral injections
of saline, Ara-C or Ara-HA-Tyr, with or without RT. The combination of Ara-HA-Tyr and RT increased survival compared to free
Ara-C and RT (p<0.05), and prolonged tumor growth delay (TGD). Furthermore, the RT + Ara-HA-Tyr combination therapy
significantly reduced '®*F-FDG uptake, induced cell cycle arrest at G2/M-phase, increased apoptosis and histone H2AX phosphor-
ylation (y-H2AX), and decreased the proliferation index (Ki67) in tumor cells compared to either monotherapy. Taken together, Ara-

C encapsulated with HA-Tyr effectively sensitized tumor xenografts to RT and showed significantly less systemic toxicity.
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Introduction

Radiotherapy (RT) has been the mainstay of non-surgical can-
cer therapy for over a century [1]. Although the equipment
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and techniques of RT have improved considerably, the local
control rate and overall patient survival rate remain unsatis-
factory. Several radio-sensitizing anti-cancer drugs have there-
fore been developed to optimize RT outcome [2]. Cytarabine,
or cytosine arabinoside (Ara-C), is a nucleoside analog and
the backbone of acute myeloid leukemia (AML) induction
and consolidation therapies [3], and has also shown good
therapeutic effect against pleural effusion caused by lung can-
cer [4]. However, Ara-C has a short half-life and is rapidly
inactivated by deoxycytidine deaminase (DCD) outside the
target cells, which restricts its use in solid tumors.
Furthermore, its lack of selective distribution in vivo results
in low intra-tumoral drug concentrations and toxicity to nor-
mal tissues. To overcome the short half-life and toxicity of
Ara-C, liposomal encapsulated forms were developed, which
showed better therapeutic effect compared to the free drug in
CNS leukemia/lymphoma [5, 6]. Since solid tumors are resis-
tant to Ara-C therapy in the recommended doses, it is of in-
terest to consider a higher-dose therapy in solid tumors [7].
Furthermore, changes in the route of administration may also
affect Ara-C metabolism in vivo. Taken together, the half-life
of Ara-C can be extended and its anti-tumor effect can be
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increased (without increasing toxicity of higher doses), by
incorporating a cancer cell-targeting feature and modifying
its delivery mode.

Hyaluronic acid (HA) is a linear muco-polysaccharide
consisting of multiple disaccharide units of glucuronic acid
and N-acetylglucosamine. It has good biocompatibility, bio-
degradability, high visco-elasticity and binds to specific cell
surface receptors. Currently, hyaluronates are used for treating
osteoarthritis, embryo implantation, wound healing etc. [8, 9].
In addition, studies show high efficacy of sodium hyaluronate
and hyaluronan nanoparticles in delivering functional genes
and chemotherapeutics [10, 11]. The advantage of hydrogel
technology is the in situ cross-linking between the gel precur-
sor and a bioactive agent, which obviates the shortcomings of
semi-solid hydrogels that cannot be injected [12, 13].
However, injectable hydrogel systems also have the disadvan-
tage of uncontrolled, rapid drug release. Since they typically
contain a higher concentration of drugs than that in bolus
injections, rapid drug release could lead to off-site accumula-
tion and potential overdose. This drawback not only limits the
therapeutic efficacy of the hydrogel systems but also make
them unsuitable for delivering drugs with a narrow therapeutic
index. Kurisawa et al. developed an injectable, biodegradable
and chemically crosslinked hydrogel delivery system made of
hyaluronic acid—tyramine conjugates (HA-Tyr) [14, 15],
which released the drug cargo in a sustained manner. In this
study, we encapsulated Ara-C in the HA-Tyr hydrogel for a
sustained and targeted release, and analyzed its radio-
sensitization capacity and toxicity in both in vitro and
in vivo models of lung cancer.

Materials and methods
Reagents and cell lines

Cytarabine (>99%), HA (>95%, Mw = 90K Da), Tyramine hy-
drochloride (Tyr-HCI), N-hydroxysuccinimide (NHS), 1-eth-
yl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride
(EDC-HCI), hydrogen peroxide (H,O,), horseradish peroxi-
dase (HRP, 100 U/mg) and bovine testicular hyaluronidase
were all purchased from MeiLun Co. Ltd. (Dalian, China).
Phosphate buffered saline (PBS) was purchased from
Sigma-Aldrich Inc. (St. Louis, MO). Dimethyl sulfoxide
(DMSO) and crystal violet were purchased from Kelong Co.
Ltd. (Chengdu, China). Polyclonal antibodies against Ki-67
and Histone H2AX (phospho-S139) were purchased from
Bioworld Technology Co. Ltd. (Nanjing, China).

Lewis lung cancer (LLC) cells were cultured in DMEM
(HyClone, Thermo Scientific, Waltham, MA) supplemented
with 10% fetal bovine serum (HyClone, Thermo Scientific,
Waltham, MA) at 37 °C in a 5% CO, incubator.

In vitro Ara-C and irradiation treatments

Different concentrations (0.25 pg/ml to 8 pg/ml) of Ara-C
were added to the LLC cells at the logarithmic phase, and
the medium was changed after 2 h to remove the drug. After
determining the concentration-dependent inhibition of colony
formation, the radio-sensitizing ability of a moderately toxic
concentration was analyzed. One hour after adding the Ara-C,
the cells were irradiated up to 10 Gy using a linear accelerator
(Varian) at the dose rate of 60 cGy/min.

Colony forming assay

To assess colony formation, the variously treated Lewis cells
were seeded into 6-well plates and cultured for 10-14 days.
The cells were then fixed with methanol, stained with 0.5%
crystal violet for 20 min, and visible colonies were counted
under a microscope (Leica TE2000-S microscope, Tokyo,
Japan). Colonies consisting of more than 50 cells were scored
as “survivors”. Plating efficiency (PE) was calculated as num-
ber of colonies divided by number of cells plated, and the
surviving fraction (SF) was determined by normalizing PE
of the treated cells to that of the control cells. The sensitivity
enhancement ratio (SER) was calculated by multi-target mod-
el fitting of the data using nonlinear regression.

Preparation of cytarabine hydrogel (Ara-HA-Tyr)

The HA-Tyr solution was prepared by dissolving HA
(1000 mg, 2.5 mM) in 100 ml distilled water with continuous
stirring at room temperature until the solution was clear. Tyr-
HCI (202 mg, 1.2 mM) was added to the above, and the
reaction was catalyzed by EDC-HCI (479 mg, 2.5 mM) and
NHS (290 mg, 2.5 mM), and the pH was adjusted to 7. The
ensuing HA-Tyr solution was dialyzed (molecular weight cut
off =3000), and then lyophilized. The dried HA-Tyr (50 mg)
and Ara (250 mg) were dissolved in 5 ml PBS (pH 7.4),
followed by the addition of different concentrations of freshly
prepared HRP and H,0,, and the vials were gently vibrated.

In vitro drug release

To measure Ara-C release from the hydrogel carrier, 1 ml Ara-
HA-Tyr (theoretical drug loading rate 5%) with 25 U/ml hy-
aluronidase and 1 ml 50 mg/ml free Ara-C solution were
placed in separate dialysis bags (MWCO: 3.5 kDa), and incu-
bated in 50 ml PBS (pH = 7.4) containing Tween 80 (0.5%, w/
v) at 37 °C with gentle shaking (100 rpm). At pre-determined
time points, 2 ml aliquots were taken from the dialysis bags,
and replaced with the same volume of fresh pre-warmed me-
dium. The supernatants were stored at —20 °C, and subse-
quently analyzed using high-performance liquid chromatog-
raphy (HPLC, Agilent, USA) with a reverse phase C18
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column (4.6 x 50 mm, 3.5 mm particle size). The samples
were dissolved in the mobile phase consisting of methanol/
PBS (5/95, v/v), and HPLC was performed at the flow rate of
1 ml/min, column temperature 35 °C and detection wave
length 250 nm.

Establishment of lung cancer model and treatment
protocol

Female C57BL/6J mice (4—6 weeks old) were provided by the
Chengdu Dashuo Experimental Animal Center (Chengdu,
China). The animals were housed in a specific pathogen free
(SPF) room, and provided sterile food pellets and water ad
libitum. All animal experiments were implemented in accor-
dance with the Institutional Animal Care and Use Guidelines,
and approved by the Institutional Animal Southwest Medical
Care and Use Committee (Luzhou, China). A lung cancer
model was established by subcutaneously injecting each
mouse with a 100 ul suspension of LLC cells (2 x 107 cells/
ml) in the dorsal aspect of the right foot. The cells were
allowed to grow for 10 days till the tumors volumes were
~100-200 mm®. The tumor-bearing mice were randomized
into the following six treatment groups (n = 12 each): control
(0.9% normal saline or NS), Ara-C, Ara-HA-Tyr, RT, RT +
Ara-C, RT + Ara-HA-Tyr. The Ara-C and Ara-HA-Tyr solu-
tions were injected intra-tumorally at 100 mg/ml or 500 mg/kg
in 100 pl once every 2 days for a total of 4 times, based on the
doses used in human clinical trials and previous reports [16].
The truncal region of the mice harboring the tumor xenograft
were irradiated before the third injection at the dose rate of
60 cGy/min and source—subject distance of 70 cm, to a total
dose of 10 Gy. The head and abdominal regions were
protected by 0.5 cm thick lead shielding. After treatment, half
of the animals in each group were randomly euthanized, and
the tumors were harvested for various analyses, along with the
eyeballs peripheral blood samples for WBC counts. The re-
maining mice were observed for tumor growth and survival
rate. Changes in body weight were recorded before and after
treatment, and the tumor size was measured by calipers
(length and width) every two days. The tumor volumes were
calculated with the formula V =a x b® x 71/6, where a is the
larger and b is the perpendicular shorter tumor axis. A tumor
growth curve was plotted based on tumor size against days
after treatment. The mice were observed until death, and the
survival time of each mouse was recorded. Tumor growth
delay (TGD) was calculated with (7i5-T5) as the time taken
for the treated tumors (7i5) and the control tumors (75) to
increase 5-fold relative to their initial volume.

Micro "®F-FDG PET/CT imaging

The metabolic status of the tumors in response to different
treatments were evaluated in terms of '®F-FDG uptake, by
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performing micro PET/CT scans one day after the treatment
using Inveon micro PET/CT (Siemens, Munich, Germany).
The mice were fasted for 12 h, anesthetized with 1% pento-
barbital at the dose of 5 ml/kg, and then injected with 100—
200 mCi FDG into their tail veins. One hour after '*F-FDG
administration, the mice were placed in a central PET ring
field and PET/CT images were acquired using the following
parameters: 80 kV, 500 mA, slice thickness 1.5 mm, 10 min
per bed position. The image plane with the largest tumor ap-
pearance was selected for analysis, and the ROIs were manu-
ally drawn across the entire tumor. Tracer uptake values of the
tumors were measured in attenuation-corrected lateral chro-
matographic sections by calculating standard uptake values
(SUVs) measured by ROL

Apoptosis and cell cycle analysis

Soy bean-sized tumors were harvested from the mice, cut into
pieces and immediately mixed with 200 pl of 0.25% trypsin/
EDTA (1:1, v/v). The tissues were digested at room tempera-
ture for 1 min with continuous stirring, and then filtered
through a 70-mm nylon mesh filter. The individual tumor cells
were harvested by centrifuging at 1500 rpm for 3 min at room
temperature, and washed thrice with saline. For the cell cycle
analysis, the cells were fixed overnight with 70% ethanol at
4 °C, washed thrice with PBS (0.01 M, pH 7.4), and re-
suspended in 50 ng/ml propidium iodide (PI) (Keygen,
Nanjing, China) solution containing 20 mg/ml RNaseA. The
cells were incubated for 30 min at room temperature, washed,
and analyzed by flow cytometry (BD FACSVerse, Piscatway,
NJ). For apoptosis analysis, the cells were stained with PI and
annexin V-FITC, and the apoptotic cells were detected by flow
cytometry (BD FACSVerse, Piscatway, NJ).

Immunohistochemistry (IHC)

The harvested tumors were fixed with 10% neutral buffered
formalin, embedded in paraffin, and then cut into 4 pm thick
sections. The tissue sections were immuno-stained using anti-
bodies against phosphorylated histone H2AX (y-H2AX) and
Ki-67 according to the manufacturer’s instructions (Bioworld
Technology, Nanjing, China), and observed under an optical
microscope (Leica TE2000-S microscope, Tokyo, Japan).
Cells with moderate and strong brown-stained cytoplasm were
scored positive, and cells with weak or undetectable staining
of the cytoplasm as negative. The Ki-67 positive and total
numbers of cells were counted in 5 randomly selected regions
in each tumor section under 400x magnification, and the per-
centage of positive cells was calculated. The expression of y-
H2AX was quantified using the Image-Pro Plus 6.0 software
(Media Cybernetics, USA).
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Statistical analysis

All data are expressed as the mean =+ standard deviation (SD).
One-way analysis of variance (ANOVA) was used to compare
different groups, and survival curves were plotted according
to the Kaplan—Meier method. P values less than 0.05 and 0.01
were considered statistically significant. Data analysis was
performed using SPSS statistics 17.0 software (SPSS Inc.,
Chicago, IL).

Results
In vitro toxicity of Ara-C

LLC cells were treated with different concentrations of Ara-C,
and the toxicity was evaluated in terms of clonogenic inhibi-
tion. As shown in Fig. la and c, the surviving clones were
reduced to 70% and 10% respectively when treated with
0.5 pg/ml (2.06 nM) and 8 pg/ml (32.9 nM) Ara-C respec-
tively, with a clear survival threshold at 1 pug/ml (4.12 nM).
Ara-C doses below 0.5 pg/ml did not significantly affect the
survival rate of the LLC cells. Based on these results, the
radio-sensitization abilities of the moderately toxic
(0.5 pg/ml) and a lower dose (0.25 pg/ml) of Ara-C were
tested concomitant to irradiating the cells with 0, 2, 4, 6, 8
and 10Gy X-rays. Ara-C showed significant radio-sensitizing
effects at the indicated doses with SERs of 1.148 and 1.619,
which resulted in greater clonogenic inhibition compared to
cells treated with radiation alone (Fig. 1b and d). In addition,
the Dq, DO, and SF2 of the Ara-C and RT combination group
(Ara-C + R) were lower than that of the RT group (Table 1).

Fig. 1 Clonogenic survival of a
LLC cells after 2 h exposure to

different concentrations of Ara-C

(a, ¢). Colony formation capacity

of LLC cells exposed to different
radiation doses alone (square

symbols) or in combination with

2 h Ara-C treatment (round and
triangular symbols indicate

different Ara-C concentrations).
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Taken together, Ara-C sensitizes LLC cells to radiotoxicity,
resulting in a significant inhibition in colony formation
capacity.

Ara-HA-Tyr preparation and in vitro release

HA-Tyr conjugates were successfully crosslinked through the
enzyme-mediated coupling of tyramine moieties by H,O, and
HRP (Fig. 2). Peroxidase is frequently used as a catalyst for
oxidative coupling of phenol derivatives under mild reaction
conditions. The Ara-HA-Tyr hydrogel was transparent with a
semi-solid nature. Based on the preliminary results, 5% Ara-
HA-Tyr was selected for the subsequent in vivo experiments.
The in vitro release kinetics of Ara-C from HA-Tyr are shown
in Fig. 2¢, which clearly indicate that Ara-C was released in a
sustained manner. Taken together, HA-Tyr hydrogel-encapsu-
lation can minimize toxicity to healthy tissues and increase
drug accumulation in the target area.

RT combination therapy delayed tumor growth

We observed a tumor formation rate of 100% with the LLC
cells. To evaluate the anti-tumor efficacy of Ara-HA-Tyr and
RT combination, the tumor volumes were measured after
treatment (Fig. 3a), and the duration of survival was recorded
(Fig. 3b). Tumor growth was respectively delayed for 2 and
5 days in mice treated with Ara-HA-Tyr or RT alone, while the
combination of RT + Ara-HA-Tyr resulted in a TGD of
11 days. In addition, the median survival time of the RT +
Ara-HA-Tyr group was 60 days, which was significantly lon-
ger than the 24.5, 30, 31 and 37 days seen in the control, Ara-
HA-Tyr, Ara-C and RT groups respectively. In contrast, mice
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Table 1 The cell survival rate was measured by colony forming assay
in Lewis cell

DO Dq SF2 SER
RT 2.109 2322 0.771
RT +0.25ugAra 1.838 1.998 0.704 1.148
RT +0.5 pugAra 1.303 1.410 0.511 1.619

in the RT + Ara-C group died in the early stages of treatment,
with an average survival duration of only 16 days. Taken
together, RT and Ara-HA-Tyr synergistically increased tumor
growth inhibition compared to either monotherapy, and en-
capsulation of the Ara-C reduced its systemic toxicity.
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HA-Tyr encapsulation decreased Ara-C toxicity in vivo

Significant differences were seen in the body weights of mice
before and after treatment in all groups (Fig. 3c). While the
pre-treatment body weights were similar across the groups
(P>0.05), the mice in the control, Ara-HA-Tyr and RT
groups gained weight by 4.9%, 3.9% and 0.5% respectively
post-treatment. The body weight of the RT + Ara-HA-Tyr
group mice decreased by ~4.4%, while mice in the Ara-C
and RT + Ara-C groups lost 14.3% and 18.3% of their weight
respectively. This was consistent with a decrease in water
intake and body temperature in those groups.

To assess the safety of the different treatment regimens, the
WBC counts of the mice were analyzed (Fig. 3d). Tumor-

®
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HA-Tyr hydrogel
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PR TR I B U U P N )

0
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Fig. 2 Ara-HA-Tyr hydrogel preparation. a Formation of HA-Tyr
conjugates by enzyme-mediated oxidation. b Morphology of HA and
Tyr (ba), the HA-Tyr conjugate (bb) and the Ara-HA-Tyr hydrogel
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(be). ¢ In vitro drug release kinetics of free Ara and Ara-HA-Tyr. Data
are shown as mean +SD (n=3)
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Fig. 3 RT + Ara-HA-Tyr combination inhibited tumor growth in the
in vivo LLC model of lung cancer. a Suppression of subcutaneous
tumor growth by RT + Ara-HA-Tyr. b Survival curve of mice in each

bearing mice treated with high doses of Ara-C and RT + Ara-
C had significantly lower WBCs compared to the control
group (P <0.05), while the WBC counts in the Ara-HA-Tyr
and RT + Ara-HA-Tyr groups were similar to the control
levels. Therefore, the hydrogel encapsulated Ara-C was well
tolerated and safe, and not detrimental to the WBCs.

Ara-HA-Tyr and RT combination therapy reduced
8E_FDG uptake

Representative '*F-FDG PET/CT images and the maximal
standardized uptake value (SUVmax) of tumor-bearing mice
treated with various drug regimens are shown in Fig. 4.
Compared to the SUVmax value of the control group (5.73
+0.25), that of the Ara-HA-Tyr (3.50+0.26), RT (2.15+
0.27) and RT + Ara-HA-Tyr (1.05 £0.21) groups were signif-
icantly reduced (P<0.01). The lowest SUVmax value in
RT + Ara-HA-Tyr group indicates a superior anti-tumor

b
100 |-
~80F
R
g
© 60F
©
>
FR 013 —Control
3 — Ara-HA-Tyr
* — Ara
20 —RT
—— RT+Ara-HA-Tyi
ok T+Ara
0 10 20 60
Survival time (days)
d
20
18

group. ¢ Weight changes in mice before and after treatment. d WBC
counts in different groups. *P<0.05, ** p<0.01, Ara, RT + Ara, RT
and RT + Ara-HA-Tyr compared to control respectively

response of the combination therapy compared to either
monotherapies.

Ara-HA-Tyr and RT combination therapy caused
G2/M-phase arrest and triggered apoptosis in tumor
cells

To elucidate the mechanisms associated with Ara-HA-Tyr-
mediated enhanced radio-sensitization, the cell cycle distribu-
tion and apoptosis rates in tumor cells were assessed. As
shown in Fig. 5a, no significant differences were seen in the
relative proportion of cells in the G1 phase among the treat-
ment groups (P> 0.05). However, the percentage of S-phase
cells were significantly decreased in the RT + Ara-HA-Tyr
group (36.34+4.38%) compared to the control (47.63 £
3.07%), Ara-HA-Tyr (49.13+£5.27%), Ara-C (51.21 =
3.06%) and RT (44.38 £4.12%) groups (all P<0.05). RT
alone and in combination with Ara-HA-Tyr increased the per-
centage of cells in the G2/M-phase compared to the other
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Control

SUVmaxValues

Fig.4 Representative '*F-FDG PET/CT images of the mice after the last treatment. ** p < 0.01, Ara, Ara-HA-Tyr, RT and RT + Ara-HA-Tyr compared

to control

groups, with significant differences between these two groups
(8.53£3.11% vs 16.28 £1.99%; P <0.01) (Fig. Sca). In ad-
dition, RT + Ara-HA-Tyr group had the highest percentage of
apoptotic cells (39.36£1.07%), followed by RT (23.78 =

1.52%), Ara-HA-Tyr (13.10+0.24%), Ara-C (13.99 +

1.75%) and control (4.44 = 0.68%) groups (Fig. 5cb), indicat-
ing only a slight impact of Ara-C on apoptosis. Figure 5b
shows the late apoptotic and dead cells, live cells and early
apoptotic cells in the UR, LL and LR corners respectively. The
total cell death rate (UR +LR) was significantly higher fol-
lowing RT + Ara-HA-Tyr therapy compared to either mono-
therapies (p < 0.01). Taken together, RT + Ara-HA-Tyr signif-
icantly increased the number of cells in the G2/M-phase and
decreased that in the S-phase, along with increasing total cell
death rate due to apoptosis.

@ Springer

Ara-HA-Tyr and RT combination therapy decreased
tumor cell proliferation index and increased DNA
damage foci

The effect of the Ara-HA-Tyr and RT combination therapy on
tumor cell proliferation and DNA damage was assessed re-
spectively by the expression of Ki-67 (Fig. 6a) and y-H2AX
(Fig. 7a) in tumor tissues. The relative proportion of Ki-67
positive cells was significantly lower in the RT + Ara-HA-
Tyr group (27.64 +6.95%) compared to the RT (55.87 +
3.38%), Ara-C (59.89+5.11%), Ara-HA-Tyr (61.99 +
4.98%) and control (68.31+3.73%) groups (all
p<0.01). The control group tumors showed significantly
higher proliferation index compared to the RT (P <0.05)
and RT + Ara-HA-Tyr (P<0.01) groups (Fig. 6b). In
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addition, a higher number of y-H2AX positive cells were
observed in the tumor tissues of the RT + Ara-HA-Tyr
group, followed by the RT, Ara-C, Ara-HA-Tyr and con-
trol groups in decreasing order (Fig. 7b; p<0.01), indi-
cating a significant increase in DNA double-strand dam-
age in the RT + Ara-HA-Tyr group.

Discussion
Concurrent radio-chemotherapy (RCT) is a potent therapeutic

strategy used for various advanced tumors, including lung
cancer [17]. The underlying mechanism is the radio-

sensitizing effect of the chemotherapeutic drugs which in-
crease tumor cell death and clearance [18]. Cytarabine (Ara-
C) is a deoxycytidine analog belonging to a family of anti-
metabolites. It is phosphorylated by an endogenous kinase and
subsequently incorporated into the DNA during polymerase-
mediated strand extension, which stalls the replication fork
and inhibits DNA synthesis [19, 20]. The toxic effects of nu-
cleoside analogs on tumor cells, such as inhibition of DNA
synthesis and repair, apoptosis, cell cycle skewing, interfer-
ence with nucleotide metabolism and alterations in the intra-
cellular nucleotide pools, are associated with their radio-
sensitizing abilities [21, 22]. Due to its short half-life and rapid
inactivation by DCD outside the target cells, Ara-C is
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Fig. 6 Ki-67 expression in transplanted tumors from different groups. a
Representative IHC images showing Ki-67 expression in tumor tissues.
Original magnification, x400. b Histogram showing percentage of Ki-67

traditionally administered via continuous intravenous infusion
or as high-dose infusions over 1-3 h [23].

To elucidate the radio-sensitizing abilities of Ara-C on
Lewis lung cancer (LLC) cells, a moderately toxic concentra-
tion was combined with different radiation doses. The combi-
nation of Ara-C and RT resulted in significantly greater
clonogenic inhibition and fewer surviving colonies compared
to either therapy alone (Fig. 1). In addition, Ara-C increased
radio-sensitivity of the LLC cells in a dose-dependent manner,
measured in terms of higher SER and lower Do and Dq
(Table 1). The underlying mechanism of Ara-C-induced
radio-sensitization can be explained by another study, which

Control

é\_ra-HA-Tyr

Fig. 7 y-H2AX expression in transplanted tumors from different groups.
a Representative IHC images showing y-H2AX expression in tumor
tissues. Original magnification, x400. b Histogram showing percentage
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showed that the toxicity of gemcitabine against radiation-
resistant S-phase cells was mediated by increased apoptosis
and DNA repair block [24].

We encapsulated Ara-C in the HA-Tyr hydrogel (Ara-HA-
Tyr) to increase its intra-tumoral retention, and maintain an
effective in situ drug concentration by slowing its release.
The crosslinked polymeric network of the hydrogel acts as a
drug depot (Fig. 2a, b), which not only releases Ara-C in a
sustained manner, but also protects it from the potentially
harsh environment in the vicinity of the release site, such as
the presence of deoxycytidine deaminase (DCD), which can
rapidly de-aminate Ara-C into an inactive metabolite or Ara-U
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[20]. Since free Ara-C was rapidly released from the dialysis
bag, we can conclude that the dialysis membrane had no
retarding effect on drug release from HA-Tyr. The bound
drug showed an initial abrupt release from the surface
layer of HA-Tyr, followed by sustained release (Fig. 2c)
in the presence of hyaluronidase due to degradation of the
hydrogel network [25], and the overall drug release rate
after 48 h was 94.77+1.76%. Taken together, the
hydrogel-encapsulated Ara-C was released in a highly
controlled manner compared to the free Ara-C.

We also tested the radio-sensitization effects of Ara-C
in vivo by administering the drug intra-tumorally, since direct
injection into the tumor mass can maximize targeted delivery
to the tumor cells and minimize systemic toxicity. HA and its
derivatives act as sustained-release carriers which delay drug
release and prolong drug action in vivo. They have been used
to deliver various bio-active substances such as proteins,
nucleic acids and anti-neoplastic drugs [26-29]. In addition,
HA is well-tolerated and has no serious side effects since it is
degraded into water and oxygen by peroxidase/catalase [30].
The basis of the increased targeting and lower side effects of
HA-Tyr encapsulated drugs is the high expression of CD44,
the receptor for hyaluronic acid, on the surface of tumor cells
[31-33]. Although free Ara-C showed slightly higher tumor
inhibition compared to Ara-HA-Tyr, due to massive killing of
tumor cells by its sudden release, it caused a significant de-
crease in body weight of the mice (Fig. 3c). Combining RT
with free Ara-C resulted in drastic weight loss at the beginning
of treatment and a significant decrease in WBCs, along with
shorter survival time (Fig. 3c, d). In contrast, the RT + Ara-
HA-Tyr group had only slight weight loss and a high survival
rate, with the most significant tumor growth delay (Fig. 3a, b).
These findings are consistent with previous studies showing
improved targeting and lower toxicity of the hyaluronan forms
of paclitaxel, doxorubicin etc. [33-36].

Tracking '*F-FDG uptake by PET/CT is widely used for
tumor detection, as well as for monitoring therapy. Normal
cells and cancer cells differ in glucose metabolism status, a
phenomenon known as the Warburg effect, which can be used
to distinguish tumors from healthy tissues [37]. A higher FDG
uptake in a given tumor indicates higher glucose metabolism,
suggesting poor response and poor prognosis, while tumors
with lower FDG uptake may have a better response to treat-
ment. Based on this index, RT + Ara-HA-Tyr was most effec-
tive in inhibiting tumor metabolism and growth (Fig. 4).
Taken together, the sustained release and targeted delivery of
Ara-HA-Tyr was responsible for its high anti-tumor efficacy
and low systemic toxicity.

The anti-tumor effects of RT + Ara-HA-Tyr can be the re-
sult of several cellular and molecular mechanisms, including
apoptosis, cell cycle arrest, inhibition of proliferation and
DNA damage. Apoptosis is a form of programmed cell death
that forms the basis of RT and several chemotherapeutic drugs.

The combination of RT and Ara-HA-Tyr synergistically in-
creased apoptosis in the LLC cells, which inhibited tumor
growth (Fig. 5b, ¢). This is consistent with studies showing
that gemcitabine depletes dATP pools in the S phase, leading
to misincorporation and misrepair of bases which, if not cor-
rectly repaired before irradiation, augments the cytotoxic ef-
fects of ionizing radiation [19, 38]. In addition, nucleoside
analogs including Ara-C primarily target the S-phase and
block cell division [39]. Consistent with this, tumors treated
with Ara-C or Ara-HA-Tyr had a higher percentage of cells in
the S-phase compared to the control group, indicating arrest or
delay of cell cycle progression during S phase. The combina-
tion of Ara-HA-Tyr and RT decreased the number of cells in
the S-phase (36.34+4.38%) by RT-induced apoptosis, and
increased that in the G2/M-phase (16.28 +1.99%), the most
radiosensitive phase of the cell cycle [2], via cell cycle arrest
compared to the control group (S: 47.63 +£3.07%, G2/M: 3.57
+1.90%, P <0.01) (Fig. 5a, c¢). Furthermore, Ara-C can in-
hibit the repair of radiation-induced sublethal DNA damage.
In higher eukaryotes, the preferred donor sequence for recom-
bination is a sister chromatid that limits the homologous re-
combination repair (HRR) in the S and G2 phases of the cell
cycle [40]. The arabinoside—nucleoside analogs inhibit HHR
mostly in the S and G2 phases [41], which is consistent with
the selective targeting of this pathway by gemcitabine [38,
39]. This could be an additional mechanism of the increased
radio-sensitivity of LLCs during RCT.

The synergistic effect of Ara-HA-Tyr and RT on tumor cell
proliferation and DNA damage was also analyzed by respec-
tively detecting the expression levels of Ki67 and y-H2AX.
Ki67 is a nuclear antigen associated with proliferation, and
RT + Ara-HA-Tyr caused a significant reduction in the per-
centage of Ki67 positive cells in the tumor xenografts
(Fig. 6). This could be the result of Ara-C-mediated inhibition
of DNA synthesis at the S phase, along with RT-mediated
mitotic inhibition. DNA damage leads to phosphorylation of
H2AX on the y-site of serinel139 resulting in y-H2AX foci in
the nuclei [42]. Furthermore, DNA is the primary target of
ionizing radiation, which causes base damage, sugar damage,
SSBs (single-strand breaks) and DSBs (double-strand breaks),
with the latter even triggering cell death [43]. Tumor cells
treated with Ara-HA-Tyr and RT showed increased y-H2AX
foci, indicating enhanced DSBs in the LLC cells (Fig. 7).
Based on our findings, we hypothesize that Ara-C inhibits
radiation-induced SSB and DSB repair by inhibiting DNA
polymerase and ribonucleotide reductase, and interfering with
nucleotide incorporation during DNA synthesis.

Conclusions

Ara-C was successfully incorporated into the injectable HA-
Tyr hydrogel, and the combination of Ara-HA-Tyr and
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radiotherapy significantly inhibited lung tumor growth and
prolonged the survival of tumor-bearing mice. Ara-HA-Tyr
is a potent radiosensitizing agent that enhances apoptosis,
G2/M phase arrest and DNA damage in tumor cells.
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