International Journal of Nanomedicine

Dove

ORIGINAL RESEARCH

Improving '*'l Radioiodine Therapy By Hybrid
Polymer-Grafted Gold Nanoparticles

Marine Le Goas(®'

Marie Paquetz_5
Aurélie Paquirissamy'
Julien Guglielmi®™
Cathy Compin®™
Juliette Thariat®
Georges Vassaux
Valérie Geertsen
Olivier Humbert
Jean-Philippe Renault
Géraldine Carrot'
Thierry Pourcher
Béatrice Cambien

2-4

2-5
|

'NIMBE, Commissariat a I'Energie
Atomique, Centre National Recherche
Scientifique UMR 3685, Université Paris-
Saclay, Gif-sur-Yvette, France;
2Laboratory Transporter in Imaging and
Radiotherapy in Oncology (TIRO),
Institut de Biosciences et Biotechnologies
d’Aix-Marseille (BIAM), Commissariat a
’Energie Atomique, Nice, France;
3Laboratory Transporter in Imaging and
Radiotherapy in Oncology (TIRO),
University Nice Sophia Antipolis, Nice,
France; “Laboratory Transporter in
Imaging and Radiotherapy in Oncology
(TIRO), University Cote d’Azur, Nice,
France; *Nuclear Medicine Department,
Centre Antoine Lacassagne, Nice,
France; *Department of Radiation
Oncology, Centre Frangois Baclesse,
Université de Normandie, Caen, France

Correspondence: Béatrice Cambien
Laboratory Transporter in Imaging and
Radiotherapy in Oncology (TIRO),
University Nice Sophia Antipolis, 28
Avenue Valombrose, Nice Cedex 2
06107, France

Tel +33 493 377 715

Email cambien@unice.fr

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

Background: Human trials combining external radiotherapy (RT) and metallic nanoparticles
are currently underway in cancer patients. For internal RT, in which a radioisotope such as
radioiodine is systemically administered into patients, there is also a need for enhancing
treatment efficacy, decreasing radiation-induced side effects and overcoming radio-resistance.
However, if strategies vectorising radioiodine through nanocarriers have been documented,
sensitizing the neoplasm through the use of nanotherapeutics easily translatable to the clinic in
combination with the standard systemic radioiodine treatment has not been assessed yet.
Method and materials: The present study explored the potential of hybrid poly
(methacrylic acid)-grafted gold nanoparticles to improve the performances of systemic
3'I-mediated RT on cancer cells and in tumor-bearing mice. Such nanoparticles were chosen
based on their ability previously described by our group to safely withstand irradiation doses
while exhibiting good biocompatibility and enhanced cellular uptake.

Results: In vitro clonogenic assays performed on melanoma and colorectal cancer cells showed
that poly(methacrylic acid)-grafted gold nanoparticles (PMAA-AuNPs) could efficiently lead to
a marked tumor cell mortality when combined to a low activity of radioiodine, which alone
appeared to be essentially ineffective on tumor cells. In vivo, tumor enrichment with PMAA-
AuNPs significantly enhanced the killing potential of a systemic radioiodine treatment.
Conclusion: This is the first report of a simple and reliable nanomedicine-based approach to
reduce the dose of radioiodine required to reach curability. In addition, these results open up
novel perspectives for using high-Z metallic NPs in additional molecular radiation therapy
demonstrating heterogeneous dose distributions.

Keywords: internal radioisotope therapy, radioiodine, polymer-grafted gold nanoparticles,

melanoma, colorectal cancer, radio-enhancement

Introduction

Radiotherapy (RT) has been widely used for cancer treatment. Apart from external
beam radiotherapy (EBRT) with radiation beams applied onto tumors externally,
internal radioisotope therapy (RIT) is another important modality of cancer therapy
carried out either by the in situ implantation of radioactive sources or by their systemic
administration to irradiate tumors from inside the body. However, there are numerous
situations in which dose delivery is limited by the tolerance of surrounding normal
tissues. Moreover, resistance often occurs during RT, especially for tumors after multi-
ple rounds of treatment, as well as tumors with high levels of hypoxia as oxygen is
required to enhance cell DNA damage caused by ionizing radiation in RT.'
Enhancement strategies have been proposed and include a combination of RT with
other therapeutic approaches such as chemotherapy,” oncolytic viruses® or
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radiosensitizing pharmacological agents which interfere
with DNA repair and increase cytotoxicity (such as ataxia-
telangiectasia mutated,® poly-(ADP-ribose)-polymerase’ or
DNA-dependent protein kinase (DNA-PK) inhibitors®).
Recently, with the advances in nanotechnology, a new strat-
egy involving metal-containing nanoparticles has been pro-
posed to enhance the sensitivity of tumors to EBRT through
the production by the metal of additional low-energy second-
ary electrons and of reactive oxygen species.” ' Following
convincing pre-clinical evidences, clinical trials combining
EBRT and metallic nanoparticles are currently underway to
assess the efficacy of the approach in patients affected with
different types of cancers.'> '

For RIT in which a radioisotope is systemically admi-
nistered into patients, the nanotherapeutics-based develop-
ment to enhance cancer therapy has not entered human
trials yet. In RIT, one of the frequently used radioisotopes
is 13'1, either administered alone into the bloodstream or
linked to antibodies targeting specific markers expressed at
the surface of cancer cells.'” The second option intends to
target and treat tumors that do not naturally uptake radio-
iodine. In contrast, the first option selectively targets the
cancer cells that express the Na/l symporter (NIS) either
endogenously such as differentiated thyroid carcinoma'®
or ectopically in the case of gene therapy-mediated RIT."”
For thyroid cancer, however, resistance to repetitive treat-
ment and radioiodine-refractory thyroid cancers are cur-
rently the major causes of deaths related to thyroid cancer
and do not have effective treatments.'® In addition, the
applicability of radioiodine to treat non-thyroidal neo-
plasms is still hampered by the reduced capacity of such
tumors to accumulate '*'I.'%?° Therefore, new strategies
are currently investigated by our group and others in order
to improve '*'I efficacy.>'*? In this context, sensitizing the
neoplasms through the use of nano-agents easily transla-
table to the clinic in combination with the standard sys-
temic radioiodine treatment may offer a new opportunity
to improve '*'I-based strategies and overcome radioiodine
refractoriness.

So far, only a few nanotherapeutics-based approaches have
been developed in combination with radioiodine. Their pur-
poses were either to enhance the targeting ability of radio-
iodine using non-metallic nanoparticles™ or to improve
radioiodine efficacy through combination with other
drugs.*** Besides radioiodine, metallic nano-particles conju-
gated to radioisotopes (*'' At, ™ Tc, Rhenium 188,7° %) shar-
ing with iodine the property to be strongly adsorbed on gold or
silver metal surface have demonstrated a successful radio-

enhancing potential. Although very innovative in formulation
design, such strategies may have the major inconvenient to
modify the properties of the radiopharmaceutical, in particular
its ability to be taken up by the thyroid. In addition, minimiz-
ing the complexity of nanotherapeutics for human use may
markedly improve their potential to be translated into a clini-
cally applicable therapeutic.’® As a consequence, radio-
labeled nanomaterials are not clinically translatable to treat
thyroid cancer.

Therefore, there is a need for therapeutically
enhanced strategies combining the action of clinically
translatable metallic nanoparticles to that of systemic
I treatment, given separately. While studies in cell
culture models have shown gold nanoparticles radiosen-
sitization in the context of brachytherapy using I-125
seeds,’’ no study has provided experimental in vivo
evidence of AuNP radio-enhancement potential during
systemic '*'I-based therapy such as routinely performed
in clinical practice.

o address this question, gold nanoparticles were cho-
sen based on their good safety profile, their ability to
strongly interact with incident radiation then to increase
the dose deposited close to the nano-object. Because
nanoparticles are usually difficult to handle, due to their
tendency to aggregate and even precipitate in biological
fluids and analogues,®” we synthesized polymer-grafted
nanoparticles, to ensure good dispersibility and long-term
stability in biological media. These polymer-grafted gold
nanoparticles were prepared in one step, via a direct
method using polymer ligands obtained by controlled
radical polymerization®® and previously proved to ensure
nanoparticle biocompatibility and enhanced -cellular
uptake.>* The behavior of the synthesized nano-objects
has been extensively characterized before and under
irradiation.”® It was particularly shown that PMAA-
AuNPs can safely withstand doses higher than 300 Gy,
which is the maximum dose achieved in radioiodine
treatment.>”

The present study assessed the use of PMAA-AuNPs for
the radio-enhancement of '*'I-mediated RIT both on tumor
cells and on murine tumors and provided the proof-of-con-
cept that combination therapy helps reduce the dose required
to reach curability. To the best of our knowledge, this is the
first report of a simple and reliable nanomedicine-based
approach to enhance the therapeutic efficacy of standard
radioiodine treatment using biocompatible PMAA-AuNPs

and showing substantial potential for clinical translation.
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Materials And Methods
Preparation Of PMAA-Grafted Gold
Nanoparticles (PMAA-AuNPs)

The synthesis was performed elsewhere.>® Briefly, poly
(tert-butyl methacrylate) (PMAtBu) ligands were first
obtained through an atom-transfer radical polymerization
with bis [2-(2-bromoisobutyryloxy)ethyl] disulfide and
Cu'Br/pentamethyldicthylenetriamine (PMDETA), respec-
tively acting as initiator and catalytic system. The Cu'Br/
PMDETA/initiator ratio was 2/2/1. The reaction was per-
formed during 5 hrs in DMF at 60°C, under argon atmo-
sphere. The polymer was subsequently precipitated and
filtrated. PMAtBu was then hydrolyzed into PMAA,
through the action of trifluoroacetic acid in chloroform.
Gold nanoparticles were obtained via the reduction of
HAuCl,; by NaBH, in methanol, in the presence of dis-
ulfide-PMAA, which acted as ligands (Figure 1A). The
resulting PMAA-AuNPs were collected by centrifugation,
washed and dried under nitrogen. The nano-objects are
composed of a gold core with a diameter of 3 nm, and a
10 nm-thick polymer corona, as measured from scattering
techniques (Table 1).*?

Cryo-TEM Observations

Three microliters of a 5 mg/mL nanoparticles solution was
applied to a Lacey carbon-coated copper grid. After 1-min
incubation, the excess of liquid was removed by blotting
with filter paper and the grid rapidly plunged into liquid
ethane. Analyses were carried out on a JEOL-1400 instru-
ment operated at 120 kV at cryogenic temperature.

Stability Of PMAA-AuNPs In Aqueous

Solutions

UV-visible spectroscopy was used to study the stability of
PMAA-AuNPs in four aqueous solutions: pure water,
Dulbecco’s Phosphate-Buffered Saline (DPBS), pure
DMEMand DMEM supplemented with 10% FCS (fetal
bovine serum). Solutions were prepared at 0.14 mg/mL
of NPs. Solutions in pure DMEM and supplemented
DMEM were measured again after a 7-day incubation.
All absorption spectra were recorded using a Shimadzu
UV-2450 double-beam UV—Vis spectrophotometer.

Cell Culture
The B16F10 melanoma cells (obtained from ATCC) and
the DHD/K12/TRb colorectal cancer cells (obtained from
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Figure | Synthesis and characterization of PMAA-AuNPs. (A) Scheme of the direct synthesis of PMAA-AuNPs. (B) Cryo-TEM image of the obtained NPs. (C) UV-vis
spectra of PMAA-AuNPs in various aqueous solvents (water, DPBS, DMEM, DMEM+10% FBS).
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Table | Summarized Characteristics Of PMAA-AuNPs

Characteristics PMAA-AuNPs
M, of polymer chains 4,600 g/mol
Gold core radius obtained by SAXS 1.5+£0.7 nm

J6we Organic content 71%

Nano-object radius obtained by SANS*? 12.0£0.3 nm
Grafted chains density 4.6+0.2 chains/NP
Zeta potential in phosphate buffer pH 7.5 — 40 mVt8 mV

Sigma) were cultured in DMEM (GIBCO, France) supple-
mented with 10% heat-inactivated fetal calf serum (FCS,
GIBCO) at 37°C under a humidified atmosphere contain-
ing 5% CO,. Cells were passaged by using 0.05% trypsin.
Both cell lines were transfected with pcDNA3.1-mNIS
(murine NIS)*® using the FuGENE 6 reagent (Roche)
according to the manufacturer’s instructions. Stable clones
were selected by addition of 1 mg/mL geneticin (G418) to
the medium 3 days after transfection. One clone with high
functional expression of NIS was selected for each cell
line.’

Immuno-Fluorescence Experiments
NIS-B16F10 cells plated in 24-well format were allowed
to grow 24 hrs at 37°C and 5 % CO, before being fixed
(2% PFA) and permeabilized (0.1% triton). After a block-
ade step (BSA 1%), immunofluorescence labelling was
performed according to®® using NIS Ab25, anti-mNIS is
an affinity purified rabbit polyclonal antibody as pre-
viously described.*

lodide Uptake

Todide uptake in whole cells was performed according to’®
with 30 pM Nal and '*°I. Measurements were made after 1
hr in the presence or the absence of 100 mM perchlorate, a
NIS inhibitor. The radioactivity was measured using a
gamma counter (Packard Cobra).

ICP-MS Analysis

PMAA-AuNPs cellular uptakes of both DHD-NIS and B16-
NIS were determined by inductively coupled plasma mass
spectrometry (ICP-MS). The samples were prepared as
follows: 350,000 cells were plated in a 6-well format.
After 24 hrs, the culture medium was replaced with 2 mL
of fresh medium containing 0, 0.02 or 0.2 mg/mL PMAA-
AuNPs and the cells were incubated during 24 hrs at 37°C.
Non-internalized NPs were removed by 3 successive wash-
ings with 1x DPBS (pH 7.4). Cells were trypsinized and

isolated by centrifugation. Cell pellets were sonicated dur-
ing 30 mins before an overnight digestion under stirring
with 100 pL aqua regia at 70°C to dissolve the nanoparti-
cles and mineralize the cells. After a second sonication for
30 mins, samples were diluted with 2% HCI and filtered
through a 0.45 pm PTFE membrane. The gold concentra-
tions were determined by ICP-MS (iCAP Q Thermo
Electron) after external calibration by dilutions of a certified
gold solution (SPEX,-CertiPrep). Measurements were
repeated three times before averaging. All dilutions (sam-
ples and standards) were prepared by weight.

Clonogenic Cell Survival Assay

The radio-enhancement potential of PMAA-AuNPs to
DHD-NIS and to B16-NIS cells was assessed using clono-
genic assays. Different number of cells (100, 300, 1000,
5000, 10,000) were plated in 12-well format. After 24 hrs,
the culture medium was replaced with 1 mL of fresh
medium or medium containing PMAA-AuNPs nanoparti-
cles at the indicated concentrations and incubated for 2 hrs
at 37°C. After 3 washes with 1x PBS (pH 7.4), the treated
cells were exposed for 4 hrs to 0, 0.04, 0.2, 0.7, 1.8, 5.5 or
11 MBq of "*'T (IBA, France) before being cultured for 9—
14 days. The colonies were fixed with methanol and
stained with 0.4% crystal violet. Finally, the plates were
inspected by microscopy and the number of the colonies
(at least 50 cells) was counted. Each assay was made in
triplicate.

Mice

Eight-week-old Balb/c female athymic (nude) mice were
obtained from Janvier (Le Genest Saint Isle, France).
Animal housing and procedures were conducted according
to French Agriculture Ministry guidelines and were
approved by the CIEPAL-Azur local ethics committee.

In Vivo microSPECT/CT Studies

SPECT/CT imaging analysis was performed as previously
described.”"** Briefly, *™Tc pertechnetate (°*™TcO,")
was obtained from a freshly eluted **Mo/**™Tc generator.
Animals were administered activities of 15 MBq **™TcO,
intraperitoneally (i.p.). Tracer uptake was measured at
different times using a dedicated microSPECT/CT scanner
(eXplore speCZT CT120, GE) under gas anesthesia (air
and 1-2% isoflurane) in an air-warmed imaging chamber
(Minerve, Esternay, France) to maintain body temperature
at 37°C. The SPECT scanner uses a stationary full ring of
CZT detectors and a rotating 7-pinhole (I mm opening)
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collimator. A total of 350 projections were acquired over
360° in 8 mins. Images were reconstructed using the
manufacturer’s 3D-OSEM algorithm (5 subsets and 11
iterations), which incorporates the system’s collimator—
detector response function and scatter correction.
Reconstructed images were analyzed and quantified using

AMIDE software.*!

Tumor Treatments

Briefly, each mouse was subcutaneously injected with
1x10° B16-NIS cells in the flank. An apparently visible
tumor mass was observed 4 days after injection. At day 6,
when the tumor size averaged 100 mm®, the mice were
randomly divided into four groups: control group (saline
only), PMAA-AuNPs group, "*'I group, and PMAA-
AuNPs/"*'T group. Five mice were included in each
group. Mice treated with nanoparticles received three intra-
tumoral injections of PMAA-AuNPs (I mg/mL [Au]) on
day 6 and mice of "*'I groups were injected i.p. with 22
MBq on day 7. Mice were monitored after drug treatments.
The longest (a) and shortest (b) tumor diameters (mm) were
recorded and formula for an ellipsoid sphere (0.52xaxb?)
was utilized to determine the volume of tumor. Tumors
were preserved in liquid nitrogen for future studies.

Histology/Immunohistochemistry

Formalin-fixed, paraffin-embedded tumor sections were
stained with hematoxylin/eosin for morphologic evalua-
tion. The sections were analyzed by a certified veterinary
pathologist. The numbers of necrotic cells were assessed
by three independent evaluations.

Statistical Analysis

Statistical analysis was performed using Prism (GraphPad
software). Dual comparisons were made using a Student’s
t-test and comparisons between multiple conditions were
analyzed using ANOVA. Statistical significance was set at
p<0.05.

Results
Synthesis And Characterization Of
PMAA-AuNPs Nanoparticles

The polymer-grafted gold nanoparticles used for the present
study were synthesized via a direct synthesis using polymer
ligands, as described in a previous paper.®® Briefly, gold
salts were reduced in the presence of previously prepared
disulfide-functional PMAA (polymethacrylic acid) which
acted as ligands (Figure 1A), resulting in the formation of

3 nm AuNPs with grafted polymer chains onto the surface.
The size of the AuNPs is controlled by the ratio ligands/
gold salts, as previously described.*? Detailed characteriza-
tion of the resulting nano-objects was performed using
various techniques® and main results are summarized in
Table 1. Due to the presence of the polymer corona, the
resulting nano-objects were non-aggregated in water, as
shown by cryoTEM picture (Figure 1B).

Their stability in various aqueous solutions was studied
through UV-visible spectroscopy. Indeed, the localization
of the plasmon peak of AuNPs is highly dependent on
their aggregation state.*> Four solutions with increasing
complexity were tested: pure water, DPBS, pure DMEM,
and DMEM supplemented with 10% serum. We did not
test 100% serum as our objects were not planned to be
intravenously injected. No plasmon shift was observed for
any solution (Figure 1C), proving the great stability of our
PMAA-AuNPs, even when exposed to high salt and pro-
teins concentrations. Small-angle X-ray scattering (SAXS)
experiments confirmed this result (Figure S1). Stability
was also preserved after extended periods of incubation

(Figure S1).

Expression Of mNIS In BI6FI0 And

DHD Cells And Ability To Uptake lodine
mNIS cDNA was stably transfected in B16F10 melanoma and
DHD colorectal cancer cells. The expression of NIS at the cell
surface was visualized by immunofluorescence on both cell
lines, B16-NIS are shown as an example (Figure 2A). The
functional activity of the NIS symporter in both cell lines was
analyzed by measuring iodide uptake. B16-NIS or DHD-NIS
cells were incubated with '>I in the presence of either saline
buffer or perchlorate (NaClOy,), a specific NIS inhibitor. After
1 hr, cells were washed and cellular '*°I content was deter-
mined. Both cell lines were able to accumulate '*1, in a NIS-
dependent manner as indicated by the inhibition with perchlo-
rate (Figure 2B).

Radiosensitivity Of BI16-NIS And DHD-
NIS To Radioiodine

We next evaluated the radiosensitivity of each cell line to
3! in clonogenic cell survival assays. B16-NIS and DHD-
NIS were exposed for 4 hrs to various activities of '*'I
(ranging from 0 to 11 MBq), in the presence or the
absence of perchlorate before being cultured for 9-14
days. The 50% lethal dose was reached with 0.45 MBq
for DHD-NIS cells (Figure 2C) and with 0.66 MBq for
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Figure 2 Sensitivity of NIS-expressing-Bl16 melanoma and -DHD colorectal carcinoma cells to radioiodine. (A) Immunofluorescence analysis of NIS expression in stably
transfected B16-NIS cells. The expression of NIS at the cell surface was evaluated by using a specific anti-mouse NIS polyclonal antibody (right panel) or rabbit IgG (left
panel). (B) Cellular iodine uptake by the DHD-NIS and the B16-NIS tumor cells. DHD-NIS or B16-NIS cells were incubated for | hr with 1250 in the presence or the absence
of sodium perchlorate, a specific NIS inhibitor before being washed and lysed. Aliquots of lysates were counted in a ¥ counter. The data presented are the meantstandard
error of the mean (SEM) of triplicates and are representative of three independent experiments. Radiation cell survival curves for DHD-NIS cells (C) and for B16-NIS cells
(D). Clonogenic assays were performed on DHD-NIS or BI6-NIS cells after treatment with '>'l alone (0 to || MBq for 4 hrs) or with a combination of sodium perchlorate

and '3'|. ##p<0.001.

B16-NIS cells (Figure 2D), both being protected from
radiation in the presence of perchlorate.

In Vitro Cytotoxicity And Cellular Uptake
Of PMAA-Grafted Gold Nanoparticles

(PMAA-AuNPs)
Studies were carried out with B16-NIS and DHD-NIS to
determine the cytotoxicity of PMAA-AuNPs in clonogenic
assays. Figure 3A and B shows the fraction of the viable
cells after exposure for 2 hrs to several doses of nano-
objects followed by cell culture for 9 to 14 days. A
significant reduction in cell viability was observed when
both cell types were incubated with nanoparticle concen-
trations reaching 250 pg/mL [Au]. In contrast, no signifi-
cant cytotoxic effect of PMAA-AuNPs on the cell survival
fraction was measured with concentrations in the range of
2.5 to 25 ug/mL [Au].

For quantification of nanoparticles taken up by DHD-NIS
and B16-NIS cells, cells were collected after 24-hr incubations
with non-toxic concentrations of PMAA-AuNPs (Figure 3C).

Concentrations of Au in cell lysates were determined by ICP-
MS and corresponding numbers of internalized AuNPs per
cell were then estimated considering the size of the gold cores
previously determined by SAXS (3 nm). Detectable levels of
Au were measured in both cell types after exposure to low
concentrations of PMAA-AuNPs (2.5 pg/mL [Au]). In addi-
tion, a ten-fold increase in the concentration of PMAA-AuNPs
treatment led to a 2.3 and a 2.1-fold increase in the cellular
uptake by the B16-NIS and the DHD-NIS, respectively, sug-
gesting that the internalization process does not vary in pro-
portion to the nanoparticle concentration. Upon exposure to
2.5 pg/mL as well as to 25 pg/mL [Au], higher masses of gold
were detected in DHD-NIS cells compared to B16-NIS
(320,000 vs 180,000, p<0.05, respectively).

Radiosensitizing Potential Of PMAA-AuNPs
To '*'I On B16-NIS And DHD-NIS Cells

In order to determine whether PMAA-AuNPs could enhance
the sensitivity of melanoma and colorectal cancer cells to

radioiodine, the low B3I activities of 0.1 and 0.2 MBq were,
respectively, chosen for DHD-NIS and B16-NIS.
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Figure 3 In vitro cytotoxicity and cellular uptake of PMAA-AuNPs nano-objects. Clonogenic assays were performed on DHD-NIS (A) or B16-NIS (B) cells treated for 2 hrs
with PMAA-AuNPs nanoparticles at the indicated concentrations, before being washed and cultured for 9 to 14 days, respectively. The data presented are the mean+SEM of

triplicates and are representative of three independent experiments. *p<0.05, **p<0.01,

###p<0.001. (C) Analysis of Au content per cell was conducted using a quadrupole

ICP mass spectrometer, operated in standard mode. (¥) indicates a significant difference observed in the Au uptake between the two cell types following exposure to the

indicated concentrations of PMAA-AuUNPs as determined by Student’s t test.

The effect of different concentrations of PMAA-
AuNPs in combination with "*'I was tested.

Figure 4A and B shows that the sensitization enhance-
ment factor of PMAA-AuNPs increases with their concen-
tration (2.5; 25 and 250 pg/mL [Au]). This effect is only
detectable when radioiodine is taken up by the tumor cells,
but not upon perchlorate treatment that prevents *'I entry
into the cells. Although detectable on both cell lines, no
significant sensitizing effect at the lowest concentration of
2.5 pg/mL [Au] was measured. In contrast, 25 pg/mL [Au]
could reduce the cell survival fraction from 82% to 48%

for the DHD-NIS cells (Figure 4A) and from 90% to 57%
for the B16-NIS cells (Figure 4B).

Assessment Of Radiosensitizing Potential
Of PMAA-AuNPs To "*'l In Vivo

Our in vitro data led us to investigate the radiosensitizing
potential of PMAA-AuNPs on NIS-expressing melanoma
tumors. B16-NIS tumors were generated on the flank of
Balb/c mice and their uptake ability was assessed by in vivo
MicroSPECT/CT imaging using pertechnetate **™TcOQ,, the
iodine substitute as a radiotracer (Figure 5). As expected, in
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Figure 4 Radiosensitizing potential of PMAA-AuNPs to '*'I on BI6-NIS and DHD-NIS cells. Clonogenic assays were performed on DHD-NIS (A) or B16-NIS (B) cells
treated for 2 hrs with PMAA-AuNPs nanoparticles at the indicated concentrations, before being washed and exposed to '*'I alone (grey bars) (0.1 MBq for DHD-NIS cells,
0.2 MBq for B16-NIS cells) or to '*'l in association with sodium perchlorate (black bars). The data presented are the mean+SEM of triplicates and are representative of three

independent experiments. *p<0.05.

control mice, significant radiotracer uptake was observed in
tissues which express endogenous NIS, including the thyroid
and stomach, and also the urinary bladder due to renal elim-
ination (Figure 5A). In tumor-bearing mice (Figure 5B and C),
comparable high levels of pertechnetate activity in the B16-
NIS tumors were measured from day 4 after implantation, thus
confirming the ability of the tumors to uptake the analog of
radioiodine. Upon observation at the cellular level, immuno-
histochemistry on tissue sections of the B16-NIS tumors using
anti-NIS antibodies indicated high heterogeneity in the NIS
staining (Figure 5E) within the highly proliferating tumor cells
(Figure 5D).

Therapy combining gold nanoparticles and radioiodine
was then assessed. Established tumors were defined as reach-
ing a volume averaging 100 mm?, at which point, animals
were randomly assigned to one of 4 treatment groups: saline
(control), PMAA-AuNPs, "*'I, and PMAA-AuNPs/"*'I. The
nanoparticles were delivered by 3 intratumoral injections at
day 6 after tumor implantation and '*'I treatment was injected

i.p. (22 MBq) on day 7. Tumor progression was then measured
over time and compared between the four groups (Figure 6A).

Figure 6A shows that control and PMAA-AuNPs tumors
grew up to approximately 500 mm® within 12 days after
implantation. Histologic analysis of the tumors shows highly
proliferative cancer cells in the control tumors (Figure 7).
Despite PMAA-AuNPs cytotoxicity observed in vitro, treat-
ment alone at 1 mg/mL had a minimal impact on tumor
growth and the nanoparticle-injected burdens fail to show
any remarkable change/feature compared to that of the
untreated group. The systemic treatment with 22 MBq "I
by day 7 significantly impaired tumor progression resulting
in a 15% reduction in the tumor volume by day 12 (439 mm?>
in the "*'I group vs 515 mm®, in the control group, p<0.05).
The smaller lesions observed in the radioiodine-treated mice
featured few necrotic tumor cells throughout the lesions (25
necrotic cells/field in the "*'I group vs 11 in the control
groups, p<0.05, Figure 7A—C). In agreement with the radio-

sensitizing effects observed in vitro, the combination of

submit your manuscript

7940

Dove

International Journal of Nanomedicine 2019:14


http://www.dovepress.com
http://www.dovepress.com

Dove

Le Goas et al

Figure 5 Assessment of radioiodine uptake by the NIS-expressing xenografts using microSPECT-CT imaging. (A) Radiotracer uptake was observed in tissues which express
endogenous NIS in a control Balb/c female athymic mouse injected with an intraperitoneal administration of 15 MBq **™TcO,- and imaged with a microSPECT-CT camera
(eXplore speCZT, General Electric): thyroid (Th), salivary glands (SG), stomach (S), and urinary bladder (B). Representative SPECT/CT sagittal (B) and transverse (C)
sections of three-dimensional images of a BI16-NIS-bearing mouse 10 days after subcutaneous injection of the tumour cells. (T) BI6-NIS tumor. (D) Hematoxylin-stained
sections of BI6-NIS tumors show highly proliferating cells. (E) Representative NIS staining of tumor sections shows heterogeneity in NIS expression levels within lesions.

hybrid nanoparticles and "*'I attenuated tumor growth by
43% (291 mm® in the PMAA-AuNPs/"*'I group vs 515
mm® in the control group, p<0.001) (Figure 6A) and
by approximately 30% over radioiodine treatment alone
(291 mm® in the PMAA-AuNPs/"*'T group vs 439 mm” in
the "*'I group, p< 0.001). Such reduction in tumor size was
also reflected in the lighter weight of the burdens isolated
from the mice treated with the combination therapy
(Figure 6B and C). The most remarkable observation on the
lesions treated with PMAA-AuNPs/">'T was the presence of
much larger areas of necrosis that extended deep into the
core of the lesions (Figure 7D). The number of necrotic cells
per field exhibited a 4-fold increase in the PMAA-
AuNPs/"*'I-treated lesions compared to radioiodine alone
(p<0.01, Figure 7D).

Discussion

Clinical trials are ongoing following convincing experi-
mental evidence of the radio-enhancing potential of metal-
lic nanoparticles in conventional RT where radiation
beams are delivered to cancer cells from outside the
body. Gold, platinum, and gadolinium are amongst the
most investigated elements.** In contrast, the development

of nanomedicine-based therapies to enhance the efficacy
of internal RT, where the source of radiation comes from
the radioisotope systemically injected into a patient, is far
less advanced. B-particles emitters, among which "'T is
one of the most common radioisotopes, are the most
widely used for cancer therapy.*’ However, radioiodine
refractoriness hampers the therapy and nanoparticle-
based radio-enhancing strategies easily translatable to the
clinic are not available yet. The present study aimed at
assessing the ability of radiosensitizing the neoplasm
through the use of simple and reliable nanotherapeutics
to be administered in combination with the standard sys-
temic radioiodine therapy, with a perspective on clinical
translation.

Gold nanoparticles (AuNPs) were chosen based on
their ability to strongly interact with incident radiation
and to increase the dose deposited close to the nano-
object.*® According to the recently described direct influ-
ence of the core size on the radiosensitizing properties of
nano-objects,*” we set up a protocol ensuring reproduci-
bility of the gold core size. To improve their stability,
cellular internalization and biocompatibility for in vivo

application, PMAA chains have been grafted onto the
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Figure 6 Assessment of radiosensitizing potential of PMAA-AuNPs to 'l in vivo. (A) Tumor development was monitored over time in mice untreated (filled circles) or
treated with either PMAA-AuNPs alone (open circles), or with an intraperitoneal injection of 22 MBq 131 | (filled triangles), or with a combination of Au-PMAA/'?' | (filled
squares). (B) Tumor weight was evaluated at necropsy. (C) Representative photographs of tumor xenografts from mice treated with PMAA-AuNPs, with radioiodine, or

with PMAA-AuNPs/radioiodine. (n=5 mice/condition). *p<0.05; *¥p<0.001.

metallic core according to a direct method using polymer
ligands obtained by controlled radical polymerization.*?
Among the key properties previously described by our
group, such hybrid PMAA-AuNPs nanoparticles proved
to safely withstand irradiation doses higher than 300 Gy,
which is the maximum dose achieved in radioiodine
treatment.>

Our in vitro data demonstrated the ability of PMAA-
AuNPs to greatly increase the killing efficacy of iodine-
131 on two types of tumor cells genetically modified in
order to express the NIS symporter and to uptake iodine.
Interestingly, this effect was obtained at a rather low radio-
activity dose, at which free '*'I appeared to be essentially
ineffective on NIS-expressing tumor cells. Comparatively,
a stronger radiosensitizing effect was observed in the
colorectal cancer DHD-NIS cells compared to the mela-
noma B16-NIS cells. Consistent with such effect, quanti-
tative analyses indicated that, at the concentration of 25
ng/mL of PMAA-AuNPs, 27% more Au was detected in
the DHD-NIS cells compared to the B16-NIS cells. In

addition, both tumor cell types exhibited distinct intrinsic
cellular radio-sensitivities, as the 50% lethal dose was
reached with 32% less iodine-131 for DHD-NIS cells
than for B16-NIS cells.

Encouraged by the in vitro performance of PMAA-
AuNPs/"'I, we further explored the potential of the
nano-objects to potentiate the efficacy of radioiodine sys-
temically administered into B16-NIS-bearing mice. As a
monotherapy administered on day 7 after tumor implanta-
tion into mice, iodine-131 was able to reduce tumor
growth by 15%, indicating the tumor-inhibiting efficacy
of radiation. Comparatively, the enrichment of tumors with
PMAA-AuNPs prior to '*'T therapy led to a much more
effective tumor growth inhibition. Nanoparticles-treated
lesions were reduced by 50% in volume compared to
control tumors and had significant lighter weight (reduced
by 42%) after a single administration of 131-I. This boost
in the killing efficacy of iodine-mediated radiations by
PMAA-AuNPs was further evidenced by the much larger
areas of necrotic cells observed in the treated tumors.
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Figure 7 Histology of BI16-NIS tumors after treatment with radioiodine combined or not with PMAA-AuNPs nanoparticles. Tumor histology was compared on sections
(10x and 20% magnification) of lesions from B16-NIS challenged mice either untreated (A), or treated with PMAA-AuNPs (B), or with 20 MBq 131 (C), or with PMAA-
AuNPs/radioiodine (D). Arrows indicate the presence of pyknotic cells within lesions. (E) Numeration of the dying cells within lesions indicates a significantly increased
mortality of the tumour cells in the PMAA-AuNPs/'3'| treated-lesions compared to all other groups of treatments. *p<0.001, **p<0.0001.

Three different phenomenon may account for the overall
radio-enhancement effect observed on tumor models. The
first mechanism of dose enhancement by PMAA-AuNPs
results from the ability of gold atoms to absorb the
gamma-radiation from '*'T uptaken by the NIS-expressing
tumor cells and to generate secondary electrons enhancing
cellular damage.*® This mechanism is similar to that
reported when high-Z element agents are used to sensitize
EBRT by absorbing X-rays, or when such nanomaterials are
directly labeled with radioisotopes in internal radioisotope
RT. In the latter case, nanoparticles and radioisotopes are
co-localized within tissues thus enabling a self-sensitization
mechanism. In contrast, our study explored the possibility
of applying the iodide-therapy and the nanoparticle sepa-
rately. Once administered through the vasculature, radio-
iodine will reach the tumor cells and accumulate in the
cytosol of the NIS-expressing tumor cells. For the cells
that have internalized nanoparticles, the spatio-temporal
co-localization with radiations will produce directly or
indirectly high reactive species responsible for cellular
damages directly lethal for the cells.

A second phenomenon may target the NIS-negative
tumor cells that do not uptake radioiodine, but only nano-
particles. As shown by immunohistochemistry, B16-NIS
tumors exhibited a marked heterogeneity in NIS expres-
sion. However, through the so-called “cross-fire” effect of

radioiodine,*® some electrons are emitted upon disintegra-
tion of '*'T within a few millimeters range and can there-
fore impact surrounding nanoparticle-enriched cells/
tissues. This aspect is of high relevance for tumors exhi-
biting a high heterogeneity in radioisotope uptake. For
patients with differentiated thyroid cancer (DTC), the effi-
cacy of radio-iodide treatment is limited by the fact that
metastases often display pronounced spatial non-
uniformity.**>® Over time, patients develop progressive
radioactive iodine-refractory DTC associated with a poor
prognosis.”’>? In this context, sensitizing the metastases
with nanomedicine may help achieve more uniform cover-
age and overcome such resistance.

A third mechanism of radio-enhancement may stem
from the interaction of gold and iodine atoms.’>->*
Indeed, a number of studies have reported the high reac-
tivity of Au bulk surfaces and nanoparticles towards both
iodine (I,) and iodide (I) molecular ions. This chemisorp-
tion occurs spontaneously and increases the probability for
one AuNP to be in the close vicinity to '*'I atoms, leading
to an overall improvement of the radiosensitizing effect.

Beside thyroid cancer, radioiodide-based therapy has
been explored in clinical trials for extra-thyroidal tumors
after induction of NIS expression.” In this setting, the
efficacy of the treatment is strictly dependent on the bio-

logical half-life of the radio-iodide in the body and on its
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uptake by the target tumors, given that non-thyroidal can-
cer cells are not capable of prolonged iodide retention.
Although major improvement of NIS gene-based therapy
strategy has come from the use of vectors, replication-
19:56-59 the applicability
of this approach to treat non-thyroidal neoplasms is still

deficient, and oncolytic viruses,

hampered by the reduced capacity of such tumors to accu-
mulate '*'1.'%2° Various strategies have been tested so far
to improve this approach, with limited efficacy. Sensitizing
the neoplasms through the use of metal-hybrid nano-
agents may therefore offer a new opportunity to improve
the strategy.

Beyond '*'I based-treatment, these results open up
novel perspectives for using high-Z metallic NPs in mole-
cular radiation therapy demonstrating heterogeneous dose
distributions, including yttrium-90 treatment for liver
tumors®® or 153Sm-EDTMP in bone cancer.®’

Finally, by those combined effects, nano-material-
based radio-internal therapies may also help reducing the
delivered dose and thus the radiotoxicity of the radiophar-
maceutical to sound tissues and to the critical organs. As
an example, off-target accumulation of radioiodine in cells
of the salivary glands, or so-called sialoadenitis, is a com-
mon complication of "' therapy.®? Moreover, the occur-
rence of leukaemia has been correlated with higher
radioactive iodine doses.®> Thus, it is tempting to spec-
ulate that protection of normal tissues against the cellular
toxicity induced by beta particles via the use of radio-
sensitizing nanomaterial may mitigate side effects. This
proof of concept paves the way to promising investigations
using systemic administration of the particles in combina-
tion with '3'I therapy to address this point. In some
patients, beta-particle therapy using '*'I is inadequate
and another strategy is needed using more effective radio-
nuclide targeting the sodium/iodide symporter (NIS).
Astatine (*''At) is receiving increasing attention as an

radionuclide 64-66

alpha-emitter for targeted therapy.
Astatine is a halogen element with similar chemical prop-
erties to iodine. Alpha particles emitted from *''At with a
branching ratio of 41.8% (5.98MeV) has higher linear
energy transfer as compared to beta particles from "'
(0.97MeV) and exert a better therapeutic effect by indu-
cing DNA double-strand breaks

formation.®” Future work will have to investigate this

and free radical
interesting possibility.

Given that such nano-objects are amenable to subse-
quent grafting on their carboxylic acid moieties, future
perspectives can also expand towards motifs providing

additional targeting ability (for thyroid tissues or other
cancer markers). Additional applications of emerging
“advanced materials” such as grafting chemotherapeutic
drugs, photothermal effects, immunotherapy, etc. can also
be envisaged for enhanced cancer treatment.

Conclusion

This work is the first to show the efficacy of a clinically
relevant approach combining hybrid polymer-grafted
nano-objects (PMAA-AuNPs) to systemic radioiodine
therapy. This proof of principle expands the use of func-
tionalized nanoparticles as radio-sensitizers to the field of
internal radioisotope RT. These results open up novel
perspectives for using high-Z metallic NPs in molecular
radiation therapy, not only in '*'I-based treatment, but in
additional radiopharmaceutical therapies demonstrating
heterogeneous dose distributions.
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