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Ovarian cancer (OC) is the most lethal gynecologic malignancy (5-y
overall survival rate, 46%). OC is generally detected when it has
already spread to the peritoneal cavity (peritoneal carcinomatosis).
This study investigated whether gadolinium-based nanoparticles
(Gd-NPs) increase the efficacy of targeted radionuclide therapy using
[177Lu]Lu-DOTA-trastuzumab (an antibody against human epidermal
growth factor receptor 2). Gd-NPs have radiosensitizing effects in
conventional external-beam radiotherapy and have been tested in
clinical phase II trials. Methods: First, the optimal activity of
[177Lu]Lu-DOTA-trastuzumab (10, 5, or 2.5 MBq) combined or not
with 10mg of Gd-NPs (single injection) was investigated in athymic
mice bearing intraperitoneal OC cell (human epidermal growth factor
receptor 2–positive) tumor xenografts. Next, the therapeutic efficacy
and toxicity of 5 MBq of [177Lu]Lu-DOTA-trastuzumab with Gd-NPs
(3 administration regimens) were evaluated. NaCl, trastuzumab plus
Gd-NPs, and [177Lu]Lu-DOTA-trastuzumab alone were used as con-
trols. Biodistribution and dosimetry were determined, and Monte
Carlo simulation of energy deposits was performed. Lastly, Gd-NPs’
subcellular localization and uptake, and the cytotoxic effects of the
combination, were investigated in 3 cancer cell lines to obtain
insights into the involved mechanisms. Results: The optimal
[177Lu]Lu-DOTA-trastuzumab activity when combined with Gd-NPs
was 5 MBq. Moreover, compared with [177Lu]Lu-DOTA-trastuzumab
alone, the strongest therapeutic efficacy (tumor mass reduction) was
obtained with 2 injections of 5mg of Gd-NPs/d (separated by 6h) at
24 and 72h after injection of 5 MBq of [177Lu]Lu-DOTA-trastuzumab.
In vitro experiments showed that Gd-NPs colocalized with lysosomes
and that their radiosensitizing effect was mediated by oxidative stress
and inhibited by deferiprone, an iron chelator. Exposure of Gd-NPs to
177Lu increased the Auger electron yield but not the absorbed dose.
Conclusion: Targeted radionuclide therapy can be combined with
Gd-NPs to increase the therapeutic effect and reduce the injected
activities. As Gd-NPs are already used in the clinic, this combination
could be a new therapeutic approach for patients with ovarian perito-
neal carcinomatosis.
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Ovarian cancer (OC) is the most lethal gynecologic malig-
nancy, the fifth most common cancer type, and the fourth most
common cause of cancer-related death worldwide (1,2). Cytore-
ductive surgery and platinum-based chemotherapy are the standard
therapy for newly diagnosed advanced OC (2,3). However,
approximately 70% of patients will relapse in the next 3 y (2).
Recurrent OC can spread into the peritoneal cavity, known as peri-
toneal carcinomatosis (PC) (4). Bevacizumab (5,6) is used for
first-line chemotherapy and maintenance treatment of some of
these patients. Inhibitors of the DNA repair enzyme poly-(adeno-
sine diphosphate ribose) polymerase 1 (4,6) also are proposed for
maintenance treatment of patients with advanced OC with BRCA
mutations (7). New antibody-based strategies against immune
checkpoint inhibitors (NCT05188781), tumor-associated cancer
antigen 125 (NCT04498117), folate receptor a (NCT05200364),
mesothelin (NCT0537269), the sodium-dependent phosphate
transporter NaPi2b (NCT04907968), and M€ullerian hormone type
II receptor (NCT02978755) (8,9) are being investigated. Targeted
radionuclide therapy (TRT) (10,11), using monoclonal antibodies
or their fragments radiolabeled with b, a, or Auger emitters, has
been assessed in preclinical models (12–22) and clinical trials
(23–28). TRT is a particularly attractive alternative for the man-
agement of diffuse and small-volume tumor nodules, such as those
remaining after surgery of PC from OC (OC-PC), because it speci-
fically targets and irradiates tumor cells (29). Moreover, the use of
radionuclides emitting high linear energy transfer (LET) particles,
such as a or Auger electrons, could at least theoretically overcome
OC cell radioresistance, which is one of the limitation of b-TRT
for solid tumors. However, clinical TRT of OC-PC using high
LET particles is still being evaluated (NCT03732768) (30–33).
Here, we propose a new approach to improve TRT efficacy in

OC-PC. The rationale is to combine TRT with gadolinium-based
nanoparticles (Gd-NPs) (NH TherAguix). Gd-NPs are smaller
than 5 nm and made of a polysiloxane matrix on which gadolinium
chelates are covalently grafted. Once in the bloodstream, Gd-NPs
diffuse into tumors according to the enhanced permeability and
retention effect, as demonstrated in many preclinical models (34).
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Besides their contrast agent properties for MRI, Gd-NPs are one of
the few nanodrugs that have been translated into the clinic for thera-
nostic applications (34–36). Gd-NPs showed an enhanced therapeutic
effect in vivo after conventional external beam radiotherapy (EBRT)
in different tumor models, including radioresistant cancers (34). Sev-
eral hypotheses have been proposed to explain this effect. First,
Gd-NPs increase the probability of interactions with photons (or
b-particles) as Gd-NPs introduce a high atomic number material in
tumors, leading to a local increase in absorbed dose. Second, Auger
electron cascades are generated when gadolinium electronic shells
reorganize after 1 electron is ejected on irradiation. These Auger elec-
tron cascades are responsible for the high localized energy deposition
that drastically damages cells if near a subcellular radiosensitive tar-
get. The aim of this proof-of-concept study was to demonstrate that
TRT using [177Lu]Lu-DOTA-trastuzumab combined with Gd-NPs is
a new therapeutic avenue for patients with OC-PC.

MATERIALS AND METHODS

The human SK-OV-3 and OVCAR-3 (high-grade serous OC) and
A-431 (vulvar epidermal carcinoma) cell lines were from the Ameri-
can Type Culture Collection. The monoclonal antibody trastuzumab
was chosen because it targets human epidermal growth factor receptor
2 expressed by these cell lines (37).

More information on the cell lines is available in the supplemental
materials (available at http://jnm.snmjournals.org), which also describe
establishment of an OC-PC model in athymic female Swiss nude mice,
calibration of the bioluminescence signal intensity as a function of
tumor mass, radiolabeling of trastuzumab and Gd-NPs (38–41), the
mouse treatments, SPECT/CT imaging of [111In]In-Gd-NPs, the biodis-
tribution of [111In]In-DTPA-trastuzumab and Gd-NPs, cell localization
and uptake of Gd-NPs, clonogenic cell survival (42–45), assessment of
the role of oxidative stress and of deferiprone in the radiosensitizing
effects of Gd-NPs, the Monte Carlo simulations and dosimetry (46–48),
and the statistical analysis.

RESULTS

Calibration of Bioluminescence Signal and Determination
of Experimental Endpoint
First, the calibration curve for the bioluminescence signal as a func-

tion of the tumor mass was established to monitor tumor growth (Sup-
plemental Fig. 1A), determine the time at which treatment should

start, and determine the time at which mice bearing SK-OV-3-luc cell
xenografts should be euthanized (OC-PC model). The total tumor
mass was about 15.0mg per mouse (divided into 4–8 nodules) at
treatment initiation (day 15 after xenograft). In the following experi-
ments, all mice were euthanized when the bioluminescence signal
reached 4 3 1010 photons/s. which corresponded to a total tumor
mass of about 2,000mg (Supplemental Fig. 1A).

Gd-NP and [177Lu]Lu-DOTA-Trastuzumab Biodistribution in Mice
The biodistribution study on mice with SK-OV-3-luc cell xeno-

grafts indicated that uptake of [111In]In-DTPA-trastuzumab in tumors
maximized between 24 and 72h after injection and peaked at 48h
(71.5% 6 7.7% injected activity/g) (Fig. 1, left). In blood, uptake
peaked at 24h (17.9% 6 2.4% injected activity/g) and decreased
progressively to reach 17.9% 6 2.4% injected activity/g at 168h
after injection. Conversely, uptake of Gd-NPs in tumors maximized
at 30min after injection (4,267680mmol/g) and decreased to
8046321mmol/g at 6 h (Fig. 1, middle). Gd-NPs strongly accumu-
lated in the kidneys (5,1386317mmol/g) at 6 h after injection, sug-
gesting its renal elimination. SPECT/CT imaging of mice after
intraperitoneal injection of [111In]In-Gd-NPs confirmed the tumor
uptake and renal excretion (Supplemental Fig. 1B). Moreover, ex
vivo dual-isotope SPECT/CT imaging confirmed [177Lu]Lu-Gd-NPs
and [125I]I-trastuzumab colocalization in tumor nodules collected
from mice (Fig. 1, right). Therefore, for testing the combination, ani-
mals received 1 injection of [177Lu]Lu-DOTA-trastuzumab followed
48h later by Gd-NPs.

Optimal [177Lu]Lu-DOTA-Trastuzumab Activity for Combination
with Gd-NPs
In this first set of experiments to evaluate the combination

of [177Lu]Lu-DOTA-trastuzumab plus Gd-NPs (optimal activity study,
Supplemental Table 1), mice were euthanized at week 4 after treatment.
This time point was when the first mouse in the NaCl-treated group
reached the tumormass limit. Tumors were collected and their sizemea-
sured andweight calculated to assess the treatment efficacy.
Tumor mass was significantly reduced in mice treated with 50mg of

trastuzumab plus 10mg of Gd-NPs compared with the NaCl-treated
group (P5 0.0150) (Fig. 2A). This might be explained by the trastu-
zumab effect. In mice treated with [177Lu]Lu-DOTA-trastuzumab at
the maximum tolerated activity (10 MBq, previously determined by

FIGURE 1. (Left) Biodistribution of [111In]In-DTPA-trastuzumab determined by ex vivo g-counting of tumor nodules and organs collected at various
times (4 per time point) after intraperitoneal injection. (Middle) Biodistribution of Gd-NPs by inductively coupled plasma mass spectrometry in tumor
nodules and organs collected at various times after intraperitoneal injection (3 per time point). Results are mean6 SEM. (Right) Ex vivo SPECT/CT dual-
isotope imaging of SK-OV-3-luc cell tumors collected from mice after intraperitoneal injection of [125I]I-trastuzumab and [177Lu]Lu-CuPRiX (NH TherAguix
S.A. and Institut Lumi�ere Mati�ere) Gd-NPs. Merged images confirmed colocalization of trastuzumab and CuPRiX NPs. % IA5 percentage injected activ-
ity; DTPA5 diethylenetriaminepentaacetic acid; ICP-MS5 inductively coupled plasma mass spectrometry; trastu5 trastuzumab.
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FIGURE 2. Determination of therapeutic efficacy of [177Lu]Lu-DOTA-trastuzumab combined with Gd-NPs. (A and B) Tumor mass was determined in mice
treated with maximum tolerated activity (10 MBq) of [177Lu]Lu-DOTA-trastuzumab followed or not (48h later) by 10mg of Gd-NPs (A) and low (2.5 MBq) or inter-
mediate (5 MBq) activity of [177Lu]Lu-DOTA-trastuzumab followed or not (48h later) by 10mg of Gd-NPs (B). (C) Tumor mass in mice treated with 5 MBq of
[177Lu]Lu-DOTA-trastuzumab regimen 1 (1 injection of 4mg of Gd-NPs/d for 5 d starting 48h after [177Lu]Lu-DOTA-trastuzumab injection), regimen 2 (2 injec-
tions of 2mg of Gd-NPs/d for 5 d starting 48h after [177Lu]Lu-DOTA-trastuzumab), or regimen 3 (2 injections of 5mg of Gd-NPs per day at 24 and 72h after
[177Lu]Lu-DOTA-trastuzumab). (D) Relative tumor volume at treatment end. Results are mean 6 SD. *P , 0.05. **P , 0.01. ***P , 0.001. ns 5 not significant
(Mann–Whitney t test).

TABLE 1
Number of Mice with Objective Response, Stable Disease, and Progressive Disease at Week 4 After Treatment

Outcome
[177Lu]Lu-DOTA-trastuzumab

(10 MBq) (n 5 9)
[177Lu]Lu-DOTA-trastuzumab

(5 MBq) (n 5 8)
[177Lu]Lu-DOTA-trastuzumab
(5 MBq) 1 regimen 3 (n 5 8)

Objective response 5 1 5

Stable disease 1 4 3

Progressive disease 3 3 0
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our group [unpublished data, October 2022]), tumor mass was signifi-
cantly decreased at week 4 after injection compared with the NaCl-
treated group (P 5 0.0014). Tumor mass in the group receiving
[177Lu]Lu-DOTA-trastuzumab plus 10mg of Gd-NPs was significantly
decreased compared with the group receiving trastuzumab plus Gd-NPs
(P5 0.0030) (Fig. 2A). This result highlighted the additional therapeu-
tic effect of 177Lu irradiation. However, addition of Gd-NPs did not sig-
nificantly increase [177Lu]Lu-DOTA-trastuzumab efficacy (P 5
0.3788) (Fig. 2A). On the basis of these results, 10 MBq of [177Lu]Lu-
DOTA-trastuzumab was considered too efficient to observe any
additional benefit of the combination of Gd-NPs plus [177Lu]Lu-
DOTA-trastuzumab. Therefore, in a second experiment (Fig. 2B),
[177Lu]Lu-DOTA-trastuzumab activitywas decreased to 5MBq. Tumor
mass was significantly lower in the [177Lu]Lu-trastuzumab group than
in the trastuzumab plus Gd-NPs group (343 vs. 648mg, P 5 0.0189),
indicating that 5 MBq was still a therapeutic activity (Fig. 2B). Tumor
mass was even lower in the trastuzumab plus Gd-NPs group (34 vs.
648mg, P 5 0.0012). However, the difference between [177Lu]Lu-

DOTA-trastuzumab and [177Lu]Lu-trastuzu-
mab plus Gd-NPs was not significant (P 5
0.3141) (Fig. 2B). Therefore, [177Lu]Lu-
DOTA-trastuzumab activity was decreased
to 2.5 MBq. In this case, tumor mass did
not differ among the groups receiving
[177Lu]Lu-DOTA-trastuzumab, [177Lu]Lu-
DOTA-trastuzumab plus Gd-NPs, and trastu-
zumab plus Gd-NP (470 vs. 723mg, P 5
0.1989) (Fig. 2B). This finding indicated that
2.5 MBq was too low to observe any addi-
tional therapeutic effect of 177Lu irradiation.
In addition, the mean tumor mass in the
group receiving 2.5 MBq of [177Lu]Lu-
DOTA-trastuzumab plus Gd-NPs was higher
than in the group receiving 5 MBq
of [177Lu]Lu-DOTA-trastuzumab plus Gd-
NPs (P5 0.0040).
Therefore, 5 MBq was selected as the

optimal injected activity because it showed
a good compromise between efficacy and
a possible Gd-NP–mediated radiosensitiz-
ing effect.

Improvement of TRT Efficacy Through
Gd-NP Fractionated Administration
The next step (fractionation regimen study,

Supplemental Table 1) was to investigate
whether Gd-NPs fractionated administration
could improve therapeutic efficacy. As previ-
ously performed, mice were euthanized at
week 4 after xenograft, tumors were col-
lected, and tumor mass was determined.
Fractionation allowed increasing the Gd-NP
injected mass to 20mg, which is the maxi-
mum tolerated dose in mice (31). [177Lu]Lu-
DOTA-trastuzumab (5 MBq) was combined
with Gd-NPs administered according to the 3
different regimens described in the Materials
and Methods. Regimen 3 (5 MBq [177Lu]Lu-
DOTA-trastuzumab1 Gd-NPs, 23 5mg per
day, 24 and 72h after TRT) showed the stron-
gest effect on tumor mass (P 5 0.0320)

FIGURE 3. Kaplan–Meier survival analysis of mice bearing intraperito-
neal SK-OV-3-luc tumor cell xenografts. Mice received single intraperito-
neal injection of NaCl, 25mg of trastuzumab plus Gd-NPs (23 5mg per
day, 24 and 72h after trastuzumab), 5 MBq of [177Lu]Lu-DOTA-trastuzu-
mab, or 5 MBq of [177Lu]Lu-DOTA-trastuzumab plus Gd-NPs (23 5mg
per day, 24 and 72h after TRT). R35 regimen 3.

FIGURE 4. Gd-NP uptake and subcellular localization. (A) Cellular uptake was measured in SK-OV-
3-luc cells by inductively coupled plasma mass spectrometry after 18h of incubation with Gd-NPs,
10mg/mL. Results are mean 6 SD of 3 independent experiments performed in triplicate. (B) Cyto-
plasmic localization of Gd-NP Alexa Fluor 488 (Life Technologies Corp.) (left) and trastuzumab (right)
by immunofluorescence analysis. (C) Colocalization of Gd-NP Alexa Fluor 488 with lysosomes (Lyso-
tracker red DND-99; Molecular Probes, Inc.) but not with mitochondria (Mitotracker red CMXRos;
Molecular Probes, Inc.). ICP-MS5 inductively coupled plasma mass spectrometry.
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compared with [177Lu]Lu-DOTA-trastuzumab alone (Fig. 2C). Accord-
ing to the relative tumor volume criteria (Supplemental Fig. 2; Table 1),
in the [177Lu]Lu-DOTA-trastuzumab plus regimen 3 group (8 mice),
5 mice had an objective response and nomouse showed progressive dis-
ease. In the [177Lu]Lu-DOTA-trastuzumab group (8mice), only 1mouse
showed an objective response, 3mice had progressive disease, and 4 had
stable disease. Although efficacy was good in the 10-MBq treatment
group (9mice; optimal activity study, Supplemental Table 1), 3mice still
had progressive disease and only 5 objective responses were observed.
In addition, no difference in bone marrow toxicity or weight loss was
observed between the group receiving 5 MBq of [177Lu]Lu-DOTA-
trastuzumab and the group receiving 5 MBq of [177Lu]Lu-DOTA-
trastuzumab plus regimen 3 (Supplemental Figs. 3–4).
Kaplan–Meyer survival curves were established (survival study,

Supplemental Table 1) and confirmed that regimen 3 led to the stron-
gest improvement in median survival (Fig. 3A). Specifically,
[177Lu]Lu-DOTA-trastuzumab plus regimen 3 led to a significant
increase in survival (median survival, 97 d, with 2/11 mice cured)
compared with NaCl (median survival, 30 d; P , 0.0001), trastuzu-
mab plus Gd-NPs (median survival, 33 d; P , 0.0001), and 5 MBq
of [177Lu]Lu-DOTA-trastuzumab alone (median survival, 69 d;
P 5 0.016). The relative tumor volume data as a function of time are
shown in Supplemental Fig. 4.

Mean Organ- and Tumor-Absorbed Doses
Themean tumor-absorbed dose on injection of 5MBq of [177Lu]Lu-

DOTA-trastuzumab was 1.9960.21Gy, whereas it was less than
0.5Gy for normal tissues, except for blood (0.57060.002Gy) (Sup-
plemental Fig. 5). These data were used to assess whether Gd-NPs con-
tributed to the absorbed dose enhancement.

Gd-NPs Radiosensitization of Tumor Cells to
[177Lu]Lu-DOTA-Trastuzumab In Vitro
To understand the in vivo Gd-NP–mediated radiosensitizing

effect, Gd-NP (10mg/mL) cellular uptake was monitored in

SK-OV-3-luc cells at different time points after incubation (from 2
to 144 h) (Fig. 4A; Table 2). Uptake plateaued from 6 to 18 h
(0.0476 0.003 pg/cell) before decreasing slowly when culture
medium with Gd-NPs was removed and cells were washed. Both
Gd-NPs (Fig. 4B, left) and trastuzumab (Fig. 4B, right) were
detected in the cytoplasm but not in the cell nucleus. Gd-NPs colo-
calized with lysosomes but not with mitochondria (Fig. 4C).
In addition, [177Lu]Lu-DOTA-trastuzumab uptake peaked at

18 h (0.0456 0.007 Bq/cell) before progressively decreasing
(Fig. 5A). Analysis of clonogenic survival of SK-OV-3-luc,
A-431, and OVCAR-3 cells exposed to [177Lu]Lu-DOTA-tras-
tuzumab (at different test activities) with or without Gd-NPs,
10mg/mL (Fig. 5B; Supplemental Fig. 6; Table 3), showed the
radiosensitizing effect of Gd-NPs. In the presence of Gd-NPs,
the same cytotoxic effect was obtained with half the tested volume
activity (MBq/mL). For example, in all 3 cell lines, the combina-
tion of [177Lu]Lu-DOTA-trastuzumab, 1 MBq/mL, plus Gd-NPs
was as cytotoxic as [177Lu]Lu-DOTA-trastuzumab, 2 MBq/mL,
alone. Gd-NPs alone did not induce any significant cytotoxic effect
in the 3 cell lines (survival fraction . 87%) (Supplemental Fig. 7).
The Bliss independence mathematic model confirmed the synergis-
tic effect between Gd-NPs and [177Lu]Lu-DOTA-trastuzumab.
The predicted and observed survival fractions used in the Bliss
model are listed in Table 3. In addition, radiosensitizing effect
values of more than 1 indicate the radiosensitizing effect of
Gd-NPs (Table 3).
The role of oxidative stress in Gd-NPs in radiosensitizing

effect was demonstrated using N-acetyl-L-cysteine, catalase, and
dimethyl sulfoxide (Fig. 6A). Indeed, when SK-OV-3-luc cells
were coincubated with Gd-NPs and each of these antioxidants,
clonogenic survival was increased. These results were confirmed
using deferiprone, an iron chelator that prevents reactive oxygen
species formation (Fig. 6B).

TABLE 2
Gd-NP Number in Lysosomes as Function of Time, According to Cellular Uptake Measurements

Gd-NP 2h 6h 18h 48 h 72 h 144 h

Number 258.007 369.983 370.171 132.129 49.465 11.573

FIGURE 5. [177Lu]Lu-DOTA-trastuzumab uptake and cytotoxic effects when combined with Gd-NPs. (A) [177Lu]Lu-DOTA-trastuzumab uptake in SK-
OV-3-luc cells incubated with radiolabeled antibody, 1 MBq/mL, for 18h. (B and C) Clonogenic survival of SK-OV-3-luc (B) and A-431 (C) cells incubated
with [177Lu]Lu-DOTA-trastuzumab (0–4 MBq/mL) with or without Gd-NPs, 10mg/mL, for 18h. Results are mean 6 SD of 3 independent experiments
performed in triplicate. Role of oxidative stress in Gd-NP radiosensitizing effect was demonstrated usingN-acetyl-L-cysteine, catalase, and dimethyl sulf-
oxide (Fig. 6A). Indeed, when SK-OV-3-luc cells were coincubated with Gd-NPs and each of these antioxidants, clonogenic survival increased. These
results were confirmed using deferiprone, an iron chelator that prevents reactive oxygen species formation (Fig. 6B). *P, 0.05. **P, 0.01. ***P, 0.001.
****P, 0.0001. inc5 incubation time (18h); ns5 not significant (Mann–Whitney t test).
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Generation of Auger Electrons Through Gd-NP Exposure
to [177Lu]Lu-DOTA-Trastuzumab
Monte Carlo simulations were used to investigate the interac-

tions between 177Lu atoms and lysosomes in the presence and
absence of Gd-NPs. The simulations included 2 steps (Supplemen-
tal Fig. 8). In the first step, 177Lu atoms were distributed within
a cell (i.e., postincubation scenario) or in the 1-mm-diameter
medium surrounding the cell (i.e., incubation scenario in the pres-
ence of extracellular medium). 177Lu atoms underwent radioactive
decay, and particles that reached a lysosome were stored in a
phase space file. In the second step, particles from the phase space
were simulated in lysosomes with a variable number of Gd-NPs
distributed uniformly, according to the results of the Gd-NP
uptake assay. Supplemental Fig. 8B shows the continuous energy
spectrum (0–498 keV) of electrons emitted by 177Lu that reached
the lysosomes in the incubation scenario after the first simulation
step. A peak at around 100 keV that corresponded to conversion
electrons was also observed. Figure 7 displays the dose rates and
accumulated doses in lysosomes at various time points in the incu-
bation (18 h) and postincubation scenarios. The dose rates were
calculated for each time point, and the accumulated doses were
calculated as a trapezoidal integral of the obtained curves. The
incubation scenario took into account radioactive decay at each
time point, whereas the postincubation scenario used the activity
measured in the [177Lu]Lu-DOTA-trastuzumab uptake assays.
Results were similar in the presence and absence of Gd-NPs, indi-
cating that Gd-NPs did not increase the absorbed dose. Moreover,
the contribution of photoelectrons was extremely low (about 1024

photoelectric events) (Supplemental Fig. 8C). On the other hand,
the Auger electron production rate and cumulative number in lyso-
somes in the same conditions and scenarios were increased in the
presence of Gd-NPs (Fig. 7).

DISCUSSION

In this study, we assessed a novel therapeutic combination
([177Lu]Lu-DOTA-trastuzumab and Gd-NPs) for OC-PC. The
combination of EBRT plus Gd-NPs is being evaluated in phase II
clinical trials to treat brain metastases by whole-brain irradiation
(NCT03818386) and stereotactic irradiation (NCT04899908), in
phase I/II clinical trials to treat glioblastoma in combination with
temozolomide and radiotherapy (NCT04881032), and in phase I/II
trials to treat pancreatic and lung tumors by MRI-LINAC
(NCT04789486). Gd-NPs are intravenously injected at an optimized
time before EBRT. Therefore, we first identified the optimized condi-
tions for TRT ([177Lu]Lu-DOTA-trastuzumab activity) with Gd-NPs
(dose and fractionation regimen) in a mouse model of OC-PC. We
found that 1 injection of 5mg of Gd-NPs twice per day 24 and 72h
after 5 MBq of [177Lu]Lu-DOTA-trastuzumab (Supplemental Table
1) was required to maximize the combination effect. Tumor mass was
significantly different after injection of 5 MBq of [177Lu]Lu-DOTA-
trastuzumab with and without Gd-NPs (P5 0.032).
The more restrictive P value (i.e., P 5 0.01, compared with

0.05 used in this study) required for pairwise comparisons would
result in a loss of statistical significance. However, these results at
day 30 were confirmed by the survival experiments, since the lat-
ter showed that tumors treated with the combination were always
smaller, over the 130-d period considered, than were tumors trea-
ted with [177Lu]Lu-DOTA-trastuzumab alone. For example, tumor
volume on day 36 (P 5 0.0078) and day 42 (P 5 0.0078), which
are comparable time points, was statistically different.
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Moreover, using the relative tumor volume criteria, 5 of 8 mice
in the group receiving 5 MBq of [177Lu]Lu-DOTA-trastuzumab
plus Gd-NP had an objective response (vs. 1/8 for 5 MBq of
[177Lu]Lu-DOTA-trastuzumab), 3 of 8 had stable disease (vs. 4/
8), and 0 of 8 had progressive disease (vs. 3/8). In mice that
received 10 MBq of [177Lu]Lu-DOTA-trastuzumab (optimal
activity study, Supplemental Table 1), 5 of 9 showed an objective
response, 1 of 9 stable disease, and 3 of 9 progressive disease.

These results highlight that besides improving efficacy, Gd-NPs
allow TRT injected activities to be reduced.
Regimen 3 corresponded to the highest mass of Gd-NPs per

injection and per day, suggesting that the synergistic effect with
irradiation is proportional to the injected mass. This is also
observed with EBRT in patients receiving large Gd-NPs masses
(100mg/kg 3 times) (NCT03818386). Moreover, in regimen 3,
Gd-NPs were already injected at 24 h after the radiolabeled

FIGURE 6. Oxidative stress is involved in radiosensitizing effects of Gd-NPs. (A) SK-OV-3-luc cells were incubated with [177Lu]Lu-DOTA-trastuzumab,
1 MBq/mL, for 18h with or without Gd-NPs, 10mg/mL, with or without N-acetyl-L-cysteine (NAC), catalase, or dimethyl sulfoxide. Then, clonogenic sur-
vival was measured. (B) Clonogenic survival of SK-OV-3-luc, A-431, and OVCAR-3cells incubated with [177Lu]Lu-DOTA-trastuzumab (0–4 MBq/mL) with
or without Gd-NPs, 10mg/mL, for 18h in presence or not of DFP. Results are mean 6 SD of 3 independent experiments performed in triplicate. *P ,

0.05. **P, 0.01. ***P, 0.001. ****P, 0.0001. DFP5 deferiprone; DMSO5 dimethyl sulfoxide; NAC5 N-acetyl-L-cysteine; ns5 not significant (Mann–
Whitney t test) compared with cells treated with [177Lu]Lu-DOTA-trastuzumab.

FIGURE 7. Physical aspects of TRT combinedwith Gd-NPs. Dose rate and accumulated dose in lysosomes at various time points for incubation and post-
incubation scenarios (left). Auger electron production rate and cumulative number in lysosomes under same conditions as described for left panel (right).
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antibody. The TRT enhancement potential of Gd-NPs might be
further increased by conjugating the antibody to Gd-NPs. This
approach could be interesting only if enough Gd-NPs can be deliv-
ered into tumors without loss of immunoreactivity. This would
also require scaling up the synthesis of Gd-NPs-antibody conju-
gates in view of clinical translation. Moreover, it is interesting that
the mean absorbed doses in tumor and normal tissues due to
[177Lu]Lu-trastuzumab (5 MBq) confirmed that irradiation of
blood was at least 4 times lower than that of tumors
(1.996 0.21Gy). The mean absorbed doses in other healthy tissues
were even lower. Therefore, the radiosensitizing effect of Gd-NPs
in healthy tissues should be limited.
Because Gd-NPs colocalized with lysosomes, Monte Carlo

simulations were used to investigate the interaction between the
decay spectra of 177Lu and Gd-NPs in this subcellular compart-
ment. The results indicated that Gd-NPs did not increase the
cumulated 177Lu dose delivered to lysosomes, thus excluding any
dose enhancement effect. Moreover, the contribution of photo-
electrons was extremely low, whereas the main difference con-
cerned Auger electron production (113% in the presence of
Gd-NPs compared with 177Lu alone). So far, only this increase
(although rather modest from a quantitative point of view) could
explain the radiosensitizing effect of Gd-NPs. However, in the
absence of NPs, Auger electrons are generated homogeneously
across the lysosome after the ionization of water molecules.
Conversely, in the presence of Gd-NPs, Auger electrons are gen-
erated mostly at gadolinium atoms, leading to a very localized
energy deposit around the NPs. These spurs of Auger electrons
could have a different biologic significance and seem to cause
lysosome disruption and production of iron-mediated reactive oxy-
gen species leading to cell death (unpublished data, October 2023).
These mechanisms and the qualitative nature of these Auger electrons
are being investigated.

CONCLUSION

For the first time, to our knowledge, we demonstrated that com-
bining TRT with Gd-NPs leads to radiosensitization and enhanced
therapeutic efficacy while reducing the total injected activity. These
findings could have a major impact on patients by reducing potential
radiation-induced toxicities. This therapeutic combination repre-
sents an attractive solution for adjuvant TRT in the operating
room to eliminate residual microscopic disease after cytoreductive
surgery. Because Gd-NPs are already combined with EBRT in the
clinic, the present study opens perspectives for the clinical transla-
tion of their combination with TRT. In this context, it would be
interesting to consider also intravenous injection because indwell-
ing catheters used for intraperitoneal administration can become
infected, leading to peritonitis, a cause of multicycle chemora-
diotherapy arrest in clinical trials on peritoneal metastases.
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KEY POINTS

QUESTION: Can Gd-NPs potentiate the effect of targeted TRT?

PERTINENT FINDINGS: Gd-NPs allow reducing the injected
activity and improving the TRT therapeutic index through Auger
electron emission.

IMPLICATIONS FOR PATIENT CARE: The Gd-NP–and–TRT
combination is an attractive new therapeutic approach for patients
with diffuse cancer disease, such as ovarian PC, to be used
directly in the operating room after cytoreductive surgery.
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