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The use of radiosensitizing nanoparticles with both imaging and therapeutic properties on the same nano-object
is regarded as a major and promising approach to improve the effectiveness of radiotherapy. Here, we report
the MRI findings of a phase 1 clinical trial with a single intravenous administration of Gd-based AGulX nano-
particles, conducted in 15 patients with four types of brain metastases (melanoma, lung, colon, and breast).
The nanoparticles were found to accumulate and to increase image contrast in all types of brain metastases
with MRI enhancements equivalent to that of a clinically used contrast agent. The presence of nanoparticles in
metastases was monitored and quantified with MRl and was noticed up to 1 week after their administration. To
take advantage of the radiosensitizing property of the nanoparticles, patients underwent radiotherapy sessions
following their administration. This protocol has been extended to a multicentric phase 2 clinical trial including

100 patients.

INTRODUCTION

Combined with surgery and/or chemotherapy, external radiotherapy
(RT) is one of the most frequently used therapeutic solutions for pa-
tients with solid tumors. In Western countries, approximately 40% of
cancer cures include the use of RT either as a single modality or com-
bined with other treatments (I). However, despite its indisputable
curative efficacy, RT is associated with deleterious side effects for the
patient, the main undesirable one being the destruction of normal
cells and healthy tissues in the vicinity of tumor areas or on the pas-
sage of high-dose radiation. Several strategies have been developed
over the years to limit this issue of nonspecific dose deposition. In
addition to major technological improvements such as intensity-
modulated RT, image-guide RT, hypofractionated therapy, and abla-
tive therapy, the use of radiosensitizers has been extensively studied,
developed, and applied as an effective approach to limit undesirable
side effects of RT (2). By definition, a radiosensitizer is an agent (mol-
ecule, drug, or nanoparticle) that sensitizes tumor cells preferentially to
RT and, thus, increases the therapeutic window, in which the radiation
dose allows the tumor to be eradicated while maintaining normal tissue
tolerance. Standard chemotherapeutic agents, often combined with
RT, are the most common agents used for increasing the efficacy of RT.
Among the nanoscale-size particles recognized as nanoenhancers,
those whose composition includes high-Z metals (gadolinium, hafnium,
gold, silver, etc.) may interact with x-rays through various mecha-
nisms of action, including the creation of photoelectric Compton and
Auger electrons, themselves at the origin of secondary electrons. The
high and local deposition of energy induced by these secondary elec-

'CHU Grenoble Alpes, Grenoble, France. 2NH TherAguix, Meylan, France. 3Université
Grenoble Alpes, Inserm, U1216, Grenoble Institut Neurosciences, Grenoble, France.
4IRMaGe, CNRS, INSERM, Université Grenoble Alpes, CHU Grenoble Alpes, Grenoble,
France. °Institut des Sciences Moléculaires, CNRS, Université de Bordeaux, Bordeaux,
France. SInstitut Lumiére Matiére, CNRS, Université de Lyon, Villeurbanne, France.
7NeuroSpin, CEA, Université Paris-Saclay, Gif-sur-Yvette, France.

*Corresponding author. Email: yannick.cremillieux@u-bordeaux.fr

Verry et al., Sci. Adv. 2020; 6 : eaay5279 15 July 2020

trons in the vicinity of the high-Z atoms results in synergistic effects
that potentiate the deleterious effects of x-rays on the cells (3-6).

Considering the local radiosensitizing effect induced by these
nanoenhancers, it seems all the more important to have access to
their static and dynamic biodistribution and, possibly, to their in vivo
concentration to make the most of the widening of the therapeutic
window allowed by their presence. The use of theranostic nanoparticles,
combining both diagnostic and radiosensitizing properties on the
same nano-object, is an elegant solution to achieve this objective (7).
This approach has recently been evaluated in a phase 2-3 clinical
trial in patients with soft-tissue sarcoma using intratumoral admin-
istration of hafnium oxide nanoparticles visualized using computed
tomography before preoperative external beam RT (8).

Similarly, the engineering of a new type of theranostic platform,
consisting of a polysiloxane core matrix covalently bound to gado-
linjum chelates (Gd-DOTA), was first reported less than 10 years ago
(9). Since then, the diagnostic and radiosensitizing properties of this
Gd-based nanoparticle (AGuIX, NH TherAguix, Meylan, France)
have been validated in numerous in vitro (10-13) and in vivo studies
(14-20) using intravenous administration of nanoparticle suspen-
sion to tumor-bearing (glioma, pancreas, lung, brain metastases, etc.)
animals followed by magnetic resonance imaging (MRI) sessions and
RT treatment.

On the basis of the positive results obtained in these preclinical
studies, a first-in-human phase 1 clinical trial with intravenous ad-
ministration of AGulX nanoparticles, filed in 2016 and inclusion
completed in 2018, was conducted in 15 patients with multiple brain
metastases from four types of primary tumors (melanoma, lung,
colon, and breast). In this paper, we compile the main MRI findings
obtained on the patients during this clinical trial. In particular, we
report, through comparison with a commercial clinical MRI con-
trast agent, the diagnostic value of AGulX nanoparticles for the de-
tection and the characterization of brain metastases. Last but not
least, we present quantitative measurements of theranostic nanoparticle
concentration in all four types of brain metastases obtained 2 hours
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after administration to patient—and incidentally 2 hours before the
first session of whole-brain RT—and up to 1 week after nanoparti-
cle administration.

RESULTS

All the patients were successfully injected with a single dose
of theranostic nanoparticles

No acute grade 3 (severe) or grade 4 (life threatening) adverse ef-
fects attributed to the AGulX nanoparticles were observed at each
escalation step of administered dose (N = 3 patients for 15, 30, 50,
75, and 100 mg/kg body weight), with the highest dose correspond-
ing to the dose retained for the multicentric phase 2 clinical trial.

Administered AGulX Gd-based nanoparticles induce MRI
signal enhancement in all four types of brain metastases

The patient recruitment resulted into the inclusion of four types of
brain metastases, namely, NSCLC (non-small cell lung carcinoma),
N = 6; breast, N = 2; melanoma, N = 6; and colon cancer, N = 1.

Two hours after AGuIX injection, MRI signal enhancements (SEs)
were observed for all measurable metastases (longest diameter greater
than 1 cm), regardless of the type of brain metastases, the patient,
and the dose administered. Tumor enhancements are exemplified in
Fig. 1 for each type of brain metastasis. Within the region of interest
drawn around each metastasis, MRI SEs were found to increase with
the administered dose of AGuIX nanoparticles (Fig. 2A). SEs, aver-
aged over all measurable metastases, were equal to 26.3 + 15.2%,
24.8 +16.3%, 56.7 £ 23.8%, 64.4 + 26.7%, and 120.5 + 68% for AGuIX
doses of 15, 30, 50, 75, and 100 mg/kg body weight, respectively. The
mean MRI SE was found to linearly correlate with the injected dose
(slope 1.08, R* = 0.90) as shown in Fig. 2A.

The dependence of the MRI SE on the primary tumor type is il-
lustrated in Fig. 2B. To take into account the difference in SE due to
the injected dose, the SE values were multiplied by a normalization
coefficient corresponding to the ratio of the highest injected dose,
100 mg/kg, to the actual injected dose in mg/kg. The mean MRI SEs
were equal to 115 + 81%, 107 + 62%, 124 + 52%, and 87 + 58% for
melanoma, NSCLC, breast, and colon primary cancer, respectively.
No statistical differences in SE values were observed between the
different types of primary tumor.

Similarly, the dependence of SE as a function of the metastasis
size for each primary tumor type is presented in Fig. 2C. The same
corrective coefficient was applied to take into account the effect of
the injected dose on the SE. No SE variation with size was found.
For example, the mean SE values were 114 + 70% and 117 + 70% for
metastases with the longest diameter between 10 and 20 mm and
between 20 and 50 mm, respectively.

Gd-based nanoparticles demonstrate MRI SE of brain
metastases equivalent to that of a clinically used
contrast agent
For each patient, the MRI SE was also measured at day 0, 15 min after
injection of a clinically approved Gd-based contrast agent (Dotarem,
Guerbet, Villepinte, France). Averaged over all measurable metastases
with longest diameter larger than 1 cm, the MRI SE was equal to
182.9 +116.2%.

The detection sensitivity of AGuIX nanoparticles, defined as their
ability to enhance MRI signal in measurable brain metastases, was
assessed for all administered doses and compared with the sensitivity

Verry et al., Sci. Adv. 2020; 6 : eaay5279 15 July 2020

of the clinically used contrast agent Dotarem. Expressed as a percent-
age of Dotarem sensitivity, the AGuIX nanoparticle sensitivity was
equal to 12.1, 19.5, 34.2, 31.8, and 61.6% for injected doses of 15, 30,
50, 75, and 100 mg/kg body weight, respectively.

A tumor-by-tumor comparison of the MRI SE 15 min after Dotarem
injection and 2 hours after nanoparticle injection is shown in Fig. 3A
for patients treated at 100 mg/kg body weight. This largest injected
dose of AGuIX nanoparticle represents the same quantity of injected
Gd** ions as for the Dotarem administration, i.e., 100 umol/kg body
weight of Gd>*. The MRI SEs were found to linearly correlate by pri-
mary tumor type (NSCLC, R” = 0.96; breast cancer, R = 0.93).

Concentration of AGulX nanoparticles can be quantified

in brain metastases

The multi-flip-angle three-dimensional (3D) FLASH acquisitions were
successfully used to compute pixelwise maps of T; values (fig. S1) and
to enable quantification of the longitudinal relaxation time over regions
of interest. The decrease in T; relaxation times in brain metastases, in-
duced by the uptake of AGulIX nanoparticles, is clearly shown in these
T\ maps. As expected, the decreases in T values are colocalized with the
contrast-enhanced brain metastases.

The concentrations of AGuIX nanoparticles in contrast-enhanced
metastases were computed on the basis of the changes in T; values
following their administration. The measurements of AGulX concen-
tration were performed in metastases with longest diameter larger
than 1 cm for the patients administered with a dose of 100 mg/kg
body weight. The mean AGuIX concentration in the brain metastases
was measured to be 57.5 + 14.3,20.3 + 6.8, and 29.5 + 12.5 mg/liter in
patient #13 (NSCLC metastases), #14 (NSCLC metastases), and #15
(breast cancer metastases), respectively.

The correlation between MRI SE and nanoparticle concentration
was assessed for the three patients with the highest (100 mg/kg) ad-
ministered dose. The relationship between the two MRI measure-
ments is illustrated in Fig. 3B for the three patients. The slopes and R*
values of the linear regression were 3.31 (R?* = 0.80), 1.69 (R* = 0.39),
and 3.95 (R” = 0.64) for patient #13, #14, and #15, respectively.

For each patient, the MRI SE and T values were assessed in brain
regions of interest free of visible metastases (three representative re-
gions of interest per patient, with a similar size for all patients). No
substantial MRI SE and no T variations were observed in any of
these healthy brain regions.

MRI SEs are observed 1 week after nanoparticle
administration

For patients administered with the largest dose (100 mg/kg body
weight), persistence of MRI SE was noticed in measurable metastases
(longest diameter greater than 1 cm) at day 8, 1 week after adminis-
tration of AGulX nanoparticles as shown in Fig. 4. The mean MRI
SEs in metastases were measured equal to 32.4 + 10.8%, 14 + 5.8%,
and 26.3 + 9.7% for patient #13, #14, and #15, respectively. As a point
of comparison, the mean MRI SEs at day 1 were equal to 175.8 +
45.2%, 58.3 £ 18.4%, and 154.1 £ 61.9% for patients #13, #14, and
#15, respectively. Because of small T; variations, the concentration
of AGuIX nanoparticles could not be computed. On the basis of the
observed correlation between MRI SE and nanoparticle concentra-
tion, an upper limit of 10 pM can be estimated for the AGuIX con-
centration at day 8 in brain metastases. No noticeable MRI SE was
observed in any patient at day 28, 4 weeks after the administration
of AGuIX nanoparticles.
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Fig. 1. Contrast-enhanced MRI and SE mapping. First and second row images are obtained pre/postadministration of Gd-based nanoparticles using three-dimensional
(3D) T1-weighted imaging sequence. The green arrows are pointing highlighted metastases. Third row images are corresponding SE maps with conspicuous local increase
of intensity (light blue to orange color) in all different types of brain metastases. The fourth row shows a 3D visualization of all metastases with SE.

DISCUSSION
The clinical evaluation of the diagnostic value of the AGuIX nano-
particles for brain metastases was one of the secondary objectives
of the clinical trial NanoRad, and the first and main purpose of this
paper is to present the MRI results obtained with these Gd-based,
MRI-visible, ultrasmall nanoparticles. In this clinical trial, the MRI
protocol included a large panel of MRI sequences giving access to
many imaging readouts and biomarkers (relaxation time, diffusion,
edema, hemorrhage, etc.). Despite its 40-min duration, the proto-
col was found to be compatible with the patients’ health status. How-
ever, if necessary, this protocol could easily be shortened in clinical
routine and restricted to the sole MRI sequences needed to assess
the volume and number of metastases and the concentration of
nanoparticles.

The target dose for the theranostic application of the AGuIX nano-
particles in patients corresponds to the largest administered dose to
the patients, and for this reason, the conclusions and perspectives of

Verry et al., Sci. Adv. 2020; 6 : eaay5279 15 July 2020

this study focus essentially on this dose. This largest dose (100 mg/kg
body weight or 100 umol/kg body weight Gd**) corresponds as well to
the amount of chelated Gd** ions injected in one dose of clinically
used MRI contrast agent such as Dotarem (100 umol/kg body weight
Gd**). It is therefore appropriate to compare the MRI SEs observed
in metastases with the largest AGuIX dose to a dose of Gd-based con-
trast agent used in clinical routine.

A dose escalation was included in the design of this first-in-human
clinical trial, and five increasing doses of AGuIX nanoparticles were
investigated. From the linear correlation observed between the SE
in metastases and the administered nanoparticle concentration, it can
be concluded that the dose of nanoparticles—in the range of inves-
tigated doses—is not a limiting factor for the passive targeting of
metastases. Despite the limited number of patients participating in
this first clinical study, the initial results show that uptake of nano-
particles and SE is present at similar levels in the four types of inves-
tigated metastases (NSCLC, melanoma, breast, and colon) regardless
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Fig. 2. MRI SE in observable brain metastases (longest diameter greater than 1 cm). (A) MRI SE as a function of the injected dose of AGulX nanoparticle. Each point
corresponds to an MRI SE value measured in a metastasis for all patients. Mean value and SD (error bar) are displayed. The solid line and the equation correspond to the
linear regression on the mean values. BW, body weight. (B) MRI SE by primary tumor type. Each point corresponds to an SE value, normalized to the administered AGulX dose,
measured in a metastasis for all patients. Mean value and SD (error bar) are displayed. NSCLC, non-small-cell lung carcinoma. (C) MRI SE as a function of the longest diameter
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concentration value measured in a metastasis of patients #13, #14, and #15 injected with a 100 mg/kg body weight AGulX dose. The solid lines correspond to the linear

regression applied to the series of points.

of the injected dose of nanoparticles. In addition, the uptake of
nanoparticles appears to be independent of the diameter of the me-
tastases in the 1- to 5-cm range.

In this study, there was a 2-hour delay between the nanoparticle
administration and the MRI acquisitions. As part of the safety pro-
tocol of this first-in-human trial, the patient was kept in bed under
medical monitoring by a dedicated nurse for 1 hour after the start of
the injection. An additional hour was necessary to transport and in-
stall the patient from the phase 1 unit, where the injection took place,
in the MRI scanner. Note that this safety delay is not applicable for

Verry et al., Sci. Adv. 2020; 6 : eaay5279 15 July 2020

the phase 2 clinical trial and that the injection can be performed with
the patient inside the MRI scanner.

With a mean nanoparticle plasma half-life of about 1 hour, this
2-hour delay results in an 86% decrease in the nanoparticle concen-
tration in the plasma. In contrast, there was only a 15-min delay be-
tween the Dotarem injection (plasma half-life of about 1.5 hours) and
the MRI acquisition. Despite this significant clearance of nanoparticles
and the decrease in concentration in the patient’s bloodstream, the
MRI SE at the highest nanoparticle dose is close to that observed with
the clinical contrast agent. It is also of great interest to note that, from
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Fig. 4. MRI SE 1 week after the administration of nanoparticles. 3D visualization
of patient’s brain superimposed with color-encoded SE in NSCLC metastases 2 hours
p.i. (postinjection) on the left and 7 days p.i. on the right. The patient was adminis-
tered with the largest dose of nanoparticles (100 mg/kg body weight).

the tumor-by-tumor comparison of SE after AGuIX and after Dotarem
administration, there is a notable correlation between the uptake of
nanoparticle and the uptake of clinical contrast agent for two differ-
ent types of primary tumors.

This remarkable diagnostic performance of AGuIX nanoparticles
to enhance the MRI signal in brain metastases can be attributed to
two independent factors. The first factor is related to the intrinsic
magnetic properties of nanoparticles. Their larger diameter and mo-
lecular weight, as compared with clinical Gd-based contrast agent, re-
sult in a higher longitudinal relaxation coefficient r;, equal to 8.9 and
35mM ' s! per Gd’" ion at a magnetic field of 3 T (21) for AGuIX
nanoparticles and Dotarem, respectively. This higher relaxivity of
nanoparticles results in a larger SE in tumors compared with that
obtained with Dotarem, as observed in preclinical studies when iden-
tical delays between injection and MRI acquisitions are used for both
Gd-based agents (15).

The second factor may be related to the ability of the ultrasmall
AGuIX nanoparticles to passively accumulate in brain metastases.
This passive targeting phenomenon takes advantage of the so-called
enhanced permeability and retention effect, which postulates that
the accumulation of nano-objects in tumors is due to both defective
and leaky tumor vessels and to the absence of effective lymphatic
drainage (22). The passive targeting of tumors by AGuIX nano-
particles has been consistently observed in previous investigations
of animal models of cancer. In a mouse model of multiple brain
melanoma metastases, internalization of AGulX nanoparticles in
tumor cells was reported and the presence of nanoparticles in brain
metastases was still observed 24 hours after intravenous injection to
the animals (18). At the highest 100 mg/kg dose, all metastases with
a diameter larger than 1 cm were contrast enhanced up to 7 days
after the nanoparticles were administered. The persistence of MRI
SE in metastases 1 week after administration confirms this accumu-
lation and delayed clearance of nanoparticles from the metastases.
To the best of our knowledge, there is no report in the literature of
such late SE in metastases after administration of clinically used Gd-
based contrast agents.

Considering the radiosensitizing properties of AGuIX nano-
particles, it is key to evaluate and possibly quantify the local concen-
tration of nanoparticles accumulated in metastases. To that end, the
MRI protocol included a T; mapping imaging sequence from which
the nanoparticle concentration was derived. The concentration values
obtained in this clinical study can be put in perspective with those
obtained in preclinical studies in animal models of tumor. The com-
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puted concentration of AGuIX nanoparticles in the NSCLC and breast
cancer metastases of the three patients injected with the highest dose
varied between 8 and 63 mg/liter, corresponding to a concentration
range of Gd®" ions between 8 and 63 uM in brain metastases. Al-
though the experimental conditions differ in some respects (concen-
tration, dose, and administration modalities of the nanoparticles), the
concentration of nanoparticles obtained in animal models is very sim-
ilar to the concentration values observed in patients. In a rat model of
glioma, Verry et al. (19) reported a Gd** concentration in the order of
70 uM, 4 hours after the nanoparticle administration to the animals. Sim-
ilarly, in an experimental mouse model of lung cancer, Bianchi et al.
(23) reported a Gd** concentration close to 40 uM in tumor, 2 hours
following the nanoparticle administration.

The percentage of injected dose per gram of tissue (% ID/g) in
metastasis can be derived from the measured concentration of nano-
particle in the metastasis and from the total dose of nanoparticle
injected to the patients. For instance, approximating the tissue den-
sity to 1 kg/liter, the percentage of injected dose is equal to 0.001%
ID/g for a measured nanoparticle concentration of 60 mg/liter in a
60-kg patient administered with 100 mg/kg nanoparticles. As a point
of comparison (and bearing in mind the differences in protocols,
measurements, and administered nanoparticles), Harrington et al.
(24) reported values ranging between 0.005 and 0.05% ID/g in pas-
sively targeted solid tumors of patients injected with radiolabeled
pegylated liposomes. More recently, Phillips et al. (25) approximated
the percentage of injected dose to 0.01% ID/g in melanoma metastasis
of a patient injected with radiolabeled and pegylated nanoparticles
engineered for cRGD (cyclic arginine-glycine-aspartate) targeting.

In this study, we evaluated as well the relationship between the
nanoparticle concentration and the MRI SE obtained using a robust
T;-weighted 3D MRI sequence. In the range of measurable nano-
particle concentration in metastases, a linear relationship between
the MRI SE and the nanoparticle concentration is observed with the
acquisition protocol used in this study. Hence, with the specific pro-
tocol used in this study, the SE can be used as a robust and simple
index for assessing the concentration of AGuIX nanoparticles.

While metastasis targeting is beneficial for both diagnosis and
radiosensitization purposes, it is desirable to maintain nanoparticles
at low concentration in healthy surrounding tissues. In this respect,
no SE could be observed in the metastasis-free brain tissues 2 hours
after the highest dose of AGulIX nanoparticles was administered.
This lack of enhancement is consistent with the rapid clearance of
nanoparticles measured in patient’s plasma and is a positive indica-
tion of the innocuousness of the nanoparticles for the healthy brain.

The occurrence of brain metastases is a common event in the
history of cancer and negatively affects the life expectancy of pa-
tients. For patients with multiple brain metastases, despite advances
in stereotactic radiosurgery and new systemic treatments (immuno-
therapy and targeted therapy), the overall 2- and 5-year survival esti-
mates across all primary tumor types are 8.1 and 2.4%, respectively
(26). Consequently, new approaches need to be developed to improve
the treatment efficacy for these patients. The use of radiosensitizing
agents is thus of great interest. The in vivo theranostic properties
(radiosensitization and diagnosis by multimodal imaging) of AGuIX
nanoparticles were previously demonstrated in preclinical studies
performed on eight tumor models in rodents (20), and particularly
in brain tumors (14, 19).

The MRI results of this study show in humans, that the accumu-
lation of Gd-based nanoparticles is also present in tumors (brain
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metastases) and can therefore potentially be used to increase the
effectiveness of RT in patients.

Although Gd-based contrast agents used in clinical practice are
also known to enhance brain metastases, it is important to note that
radiosensitization requires the presence of nanoparticles and is not
observed in the case of Gd-based molecular agents such as Dotarem
(27). Tt is generally thought that it is the clustering of gadolinium
atoms on the nanoparticle that leads to the formation of an Auger
shower inducing a strong increase in the dose deposited in the vi-
cinity of the nanoparticle (6).

Another key property of nanoparticles is their prolonged reten-
tion in metastases. As a result, the radiosensitizer can be used under
optimal conditions with the elimination of nanoparticles in healthy
tissues and remanence in tumors. In addition, prolonged persistence
in metastases provides a wide therapeutic window that could bene-
fit to fractionated RT.

The expected benefits of radiosensitizers are to increase the ef-
fectiveness of the radiation dose administered in metastases to im-
prove the local response to RT and the overall survival of the patient,
without increasing the dose in the surrounding healthy tissues. Al-
ternatively, radiosensitizers can be used to obtain an equivalent lo-
cal response with a reduced radiation dose. In the particular case of
AGulIX theranostic nanoparticles, MRI visualization can be advan-
tageously used to achieve personalized and adaptive RT based on
the local uptake of the Gd-based radiosensitizers. In the future, the
use of Gd-based radiosensitizers will be particularly relevant to the
emerging MR-Linac technology combining an MRI scanner and a
linear accelerator on the same instrument (28).

There are some limitations to this study. First, because of the dose
escalation objective of this phase 1 clinical trial, the number of pa-
tients receiving the highest dose is relatively low and corresponds to
only two types of brain metastases. This limitation will be addressed
in a recently launched phase 2 clinical trial that includes 100 pa-
tients injected with an identical dose of 100 mg/kg body weight and
that covers similar types of brain metastases. The second limitation
concerns the quantification of T; relaxation values and nanoparticle
concentration. These quantifications require a sufficiently high signal-
to-noise ratio and are therefore carried out on regions of interest
corresponding to metastases greater than 1 cm in diameter. However,
we have shown in this study that the acquisition protocol yields a
quasi-linear correlation between the MRI SE and the nanoparticle
concentration. Therefore, the more reliable and sensitive measure-
ment of SE will probably be preferred in future clinical trials to more
accurately assess the nanoparticle uptake in smaller metastases. Last,
only metastases with a diameter greater than 1 cm were considered
in this study, in accordance with the response evaluation criteria in
solid tumors (RECIST) criteria. Although SEs do not show varia-
tion with tumor diameter between 1 and 5 cm, it remains important
to evaluate nanoparticle uptake in smaller metastases. In the phase
2 clinjcal trial, metastases with diameter down to 5 mm will be in-
cluded in the protocol. The analysis of these smaller metastases will
be facilitated by the largest administered dose (100 mg/kg body
weight) and by the shortened delay between nanoparticle injection
and MRI acquisitions.

In summary, the preliminary results of the clinical trial reported
in this paper demonstrate in patients that an intravenous injec-
tion of Gd-based nanoparticles is effective for enhancing different
types of brain metastases in patients. These first clinical findings—
pharmacokinetic, passive targeting, and concentration in metastases—

Verry et al., Sci. Adv. 2020; 6 : eaay5279 15 July 2020

are in line with the observations obtained in previous preclinical
studies in animal models of brain tumor and bode well for a suc-
cessful translation of this theranostic agent from the preclinical to
the clinical level. In addition to this, the preliminary results of the
NanoRad phase 1 clinical trial indicate good tolerance of intrave-
nous injection of AGuIX nanoparticle up to the 100 mg/kg dose
selected for this study. All these results and observations make it
possible to confidently start a phase 2 clinical trial on the same indi-
cation (NANORAD2, NCT03818386).

MATERIALS AND METHODS

Study design

This study is part of a prospective dose escalation phase I-b clinical
trial to evaluate the tolerance of the intravenous administration of
radiosensitizing AGuIX nanoparticles in combination with whole-
brain RT for the treatment of brain metastases. This investigator-
driven trial was sponsored by the Department of Clinical Research
and Innovation of Grenoble Alpes University Hospital and per-
formed in the Department of Radiotherapy of Grenoble Alpes Uni-
versity Hospital. Its Data and Safety Monitoring Board is composed
of physicians who specialized in RT, oncology, and pharmacology.
Approval was obtained from the Agence nationale de sécurité du
médicament et des produits de santé (ANSM) (French National
Agency for the Safety of Medicines and Health Products; EudraCT
number 2015-004259-30) in May 2016. The NanoRad trial (Radio-
sensitization of Multiple Brain Metastases Using AGuIX Gadolinium
Based Nanoparticles) was registered as NCT02820454. The study
began in June 2016 and was completed in February 2019. Here, we
report the findings of the MRI protocol applied to the 15 recruited
patients. The objectives assigned to this MRI ancillary study were (i)
to assess the distribution of AGuIX nanoparticles in brain metastases
and surrounding healthy tissues and (ii) to measure the T}-weighted
contrast enhancement and nanoparticle concentration in brain me-
tastases and surrounding healthy tissues after intravenous administra-
tion of AGuIX nanoparticles. Detailed information on the NanoRad
trial is available in the paper from Verry et al. (29).

Patient selection

Patients with multiple brain metastases ineligible for local treatment
by surgery or stereotactic radiation were recruited. Inclusion criteria
included (i) minimum age of 18 years, (ii) secondary brain metastases
from a histologically confirmed solid tumor, (iii) no prior brain ir-
radiation, (iv) no renal insufficiency (glomerular filtration rate, >60 ml/min
per 1.73 m?), and (v) normal liver function (bilirubin, <30 uM; alkaline
phosphatase, <400 Ul/liter; aspartate aminotransferase, < 75 Ul/liter;
alanine aminotransferase, < 175 Ul/liter). All patients provided written
informed consent in accordance with institutional guidelines.

Gd-based AGulX nanoparticles

AGulX product was provided by NH TherAguix. It is a sterile pow-
der for solution containing gadolinium-chelated polysiloxane-based
nanoparticles. AGuIX product was manufactured, controlled, and
released according to Current Good Manufacturing Practice (cGMP)
standards. This theranostic agent is composed of a polysiloxane
network surrounded by gadolinium cyclic ligands, derivatives of
DOTA (1,4,7,10-tetraazacyclododecane acid-1,4,7,10-tetraacetic acid),
covalently grafted to the polysiloxane matrix (Fig. 5). Its hydrody-
namic diameter is 4 + 2 nm, its mass is about 10 kDa, and it is described
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by the average chemical formula (GdSis_7Cs4-30N5-§015-25H40-60, 5 t0
10 H,0),. On average, each nanoparticle presents on its surface
10 DOTA ligands that chelate core gadolinium ions. The longitudinal
relaxivity r; at 3 T is equal to 8.9 mM ™' s* per Gd*" ion, resulting in
a total r; of 89 mM ' s ! per AGulX nanoparticle.

Trial design

The timeline of the trial is summarized in Fig. 6. The main steps of
the trial protocol were as follows. At day 0, patients underwent a first
imaging session (see MRI protocol in next paragraph) 15 min after
the intravenous bolus injection of Dotarem (gadoterate meglumine)
at a dose of 0.2 ml/kg (0.1 mmol/kg) body weight. One to 21 days
after the first imaging session (depending on patient availability and
radiation therapy planning), the patients received a single intrave-
nous administration of AGuIX nanoparticle suspension at doses of

15, 30, 50, 75, or 100 mg/kg body weight. The date of AGuIX nano-
particle administration is referred as day 1. The same MRI session,
without injection of gadoterate meglumine, was performed 2 hours
after administration of the nanoparticles. All the patients underwent
a whole-brain radiation therapy (30 Gy delivered in 10 sessions of
3 Gy) starting 4 hours after administration of the nanoparticles.
Seven days (day 8, no Dotarem injection), 4 weeks (day 28, Dotarem
injection), and then every 3 months during 1 year after the AGuIX
nanoparticles were administered, a similar MRI session was per-
formed for each patient.

MRI protocol

The MRI acquisitions were performed on a 3 T Philips scanner. The
32-channel Philips head coil was used. Patients underwent identi-
cal imaging protocol including the following MRI sequences: (i) 3D

(GdSiy.7C24.30N5801525Ha0.60, 5-10 H,0),

Mean hydrodynamic diameter ~4 nm
Dispersibility in water >500 g/liter (25°C)
Complexation constant (log B,4,) for Gd: 24.78
Isoelectric point ~7.0

Relaxivity r; ¥8.9 mM-1s1 (3 T MHz)

Freeze-dried long-term stability >36 months at 5°C

Population (%)
S @
Zeta potential (mV)

o

0+

0.1 1 10 100
Hvdrodvnamic diameter (nm)

2

3 4 5 6 7 8 9

pH

Fig. 5. AGulX theranostic nanoparticle. (A) Schematic representation of AGulX nanoparticles. DOTA(Gd) species are grafted to the polysiloxane core (Si, pearl gray;
O, red; C, gray; N, blue; Gd, metallic blue; and H, white). (B) Main properties of AGulX nanoparticle. (C) Hydrodynamic diameter distribution of AGulX nanoparticles as
obtained by dynamic light scattering. (D) Zeta potential of AGuIX nanoparticle as a function of the pH.

AGulX

IV injection

¢ First RT 4 hours after AGulX

RT and MRI Radiotheraphy:
an
WBRT (30 Gy/10 fractions)
I I I I T T T T
MRI MRI MRI Follow-up visits
DO 2 hours after AGulX D8

4y @ 5 ®

AL o A

v
ok S 0.,

MRI at D28, M3, M6, M9, & M12

Fig. 6. Timeline of the NanoRad clinical trial. At day 0 (D0), the patients underwent an MRI session with injection of Dotarem. At D1, the patients received a single in-
travenous (IV) injection of AGulX nanoparticles. Two hours later, the patients underwent an MRI session. After 2 more hours, the patients received their first session of
whole-body radiation therapy (WBRT; 30 Gy split in 10 fractions). Further MRI sessions were performed at D8 (no Dotarem injection), D28 (Dotarem injection), month 3

(M3), and then every 3 months for 12 months (Dotarem injection).
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T, -weighted gradient echo sequence, (ii) 3D FLASH sequence with mul-
tiple flip angles, (iii) susceptibility-weighted imaging (SWI) sequence,
(iv) fluid attenuated inversion recovery (FLAIR) sequence, and (v)
diffusion-weighted imaging (DWI) sequence. Some of these imaging
sequences are recommended when following the RECIST and RANO
(response assessment in neuro-oncology) criteria for assessing brain
metastases response after RT (30, 31). The 3D T)-weighted imaging
sequence provides high-resolution contrast-enhanced images of healthy
tissue and brain metastases following MRI contrast agent adminis-
tration. The 3D FLASH sequence is repeated several times with a dif-
ferent flip angle for computing T; relaxation times and contrast agent
concentration. The SWI sequence is used for detecting the presence
of hemorrhages. The FLAIR sequence is applied for monitoring the
presence of inflammation or edema. Last, the DWI sequence can be
applied for detecting abnormal water diffusion in tissue or brain me-
tastases. The total acquisition time ranged between 30 and 40 min
depending on patient-adjusted imaging parameters. The key features
and the main acquisition parameters of these imaging sequences are
detailed in the Supplementary Materials.

Image processing and quantification pipeline

MRI analyses were performed using an in-house computer program
called MP? (https://github.com/nifm-gin/MP3) developed by the
GIN Laboratory (Grenoble, France) and running under MATLAB
software. Image analyses include counting and measurements of
metastases, quantification of contrast enhancement, relaxation times,
and concentration of nanoparticles. Following RECIST and RANO
criteria, solely metastases with longest diameter above 1 cm were con-
sidered as measureable and were retained in subsequent analyses. The
MRI SE, expressed in percentage, was defined as the ratio of the differ-
ence between the amplitude of the MRI signal after the administration
of the contrast agent and before the administration of the contrast
agent over the amplitude of the MRI signal before the administration
of the contrast agent, the MRI signal amplitude being measured in the
3D T;-weighted image dataset. The T relaxation times were derived
from the 3D FLASH images obtained at four different flip angles. The
concentration of nanoparticles in brain metastases was derived from
the variations of T; relaxation times before and after contrast agent
administration and from the known relaxivity of the nanoparticles.
The details about the acquisition and the procedure for computing
the T; values and the concentration are given in the Supplementary
Materials.

A 3D image rendering was performed using the BrainVISA/
Anatomist software (http://brainvisa.info) developed at NeuroSpin
(CEA, Saclay, France). To better visualize the location of the dif-
ferent metastases, the Morphologist pipeline of BrainVISA was
used to generate the meshes of both the brain and the head of each
patient.

Statistical analysis

All analyses were performed using GraphPad Prism (GraphPad Soft-
ware Inc.). Significance was fixed at a 5% probability level. All of the
data are presented as means + SD.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/29/eaay5279/DC1

View/request a protocol for this paper from Bio-protocol.
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