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We have developed the 16F12 mouse monoclonal antibody (mAb),

which targets the Müllerian-inhibiting substance receptor, type II

(MISRII), expressed by ovarian tumors. Here, we assessed in

preclinical models the possibility of using radiolabeled 16F12 in a
theranostic approach for small-volume ovarian peritoneal carcino-

matosis, such as after cytoreductive surgery. Methods: DOTA-,

DTPA- or deferoxamine mesylate–conjugated 16F12 mAb was ra-

diolabeled with β-particle (177Lu) or α-particle (213Bi) emitters for
therapeutic use and with 89Zr for PET imaging. On the 13th post-

xenograft day, mice bearing intraperitoneal MISRII-positive AN3CA

endometrial carcinoma cell xenografts were treated by conventional
intraperitoneal radioimmunotherapy (IP-RIT) with 10 MBq of 177Lu-

16F12 or 12.9 MBq of 213Bi-16F12 or by brief intraperitoneal radio-

immunotherapy (BIP-RIT) using 50 MBq of 177Lu-16F12 or 37 MBq

of 213Bi-16F12. For BIP-RIT, 30 min after injection of the radiolabeled
mAbs, the peritoneal cavity was washed to remove the unbound

radioactivity. The biodistribution of 177Lu- and 213Bi-16F12 mAbs

was determined and then used for dose assessment. Hematologic

toxicity was also monitored. Results: The 16F12 mAb was satisfac-
torily radiolabeled for both therapy and imaging. IP-RIT with 177Lu-

16F12 was slightly more efficient in delaying tumor growth than

IP-RIT with 213Bi-16F12. Conversely, 213Bi-16F12 was more efficient

than 177Lu-16F12 in BIP-RIT. The biodistribution analysis showed
that the tumor-to-blood uptake ratio was significantly higher with

BIP-RIT than with IP-RIT for both 213Bi- and 177Lu-16F12. Hemato-

logic toxicity was more pronounced with 177Lu-16F12 than with
213Bi-16F12. SPECT/CT images (after BIP-RIT with 177Lu-16F12)

and PET/CT images (after injection of 89Zr-16F12 in the tail vein) showed

focal uptake at the tumor site. Conclusion: Radiolabeled 16F12 could

represent a new theranostic tool for small-volume ovarian peritoneal
carcinomatosis. Specifically, 213Bi-16F12–based BIP-RIT could be pro-

posed to selected patients as an alternative adjuvant treatment imme-

diately after cytoreductive surgery. An anti-MISRII mAb is currently

being used in a first-in-human study, thus making radiolabeled anti-
MISRII mAbs a realistic theranostic option for the clinic.
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Ovarian cancer is the most lethal gynecologic malignancy (1).
Most ovarian cancers (90%) are of epithelial origin, and sex cord/

stromal (including granulosa cell tumors) and germ cell tumors

account for the remaining 10%. Optimal treatment is usually based

on cytoreductive surgery to remove the macroscopic disease and on

systemic chemotherapy with paclitaxel and carboplatin. However,

the 5-y overall survival rate remains poor (46%) (2), partly because

ovarian cancer progresses without detectable symptoms or clinical

signs in most patients, leading to late-stage diagnosis (.70% at

stage III or IV) when the disease has spread to the peritoneal cavity

as peritoneal carcinomatosis. Treatment of peritoneal carcinomatosis

relies on cytoreductive surgery to remove the macroscopic disease,

followed by intraperitoneal adjuvant platinum-based chemotherapy,

which significantly increases overall and progression-free survival

compared with intravenous chemotherapy (3). Although many

women respond well to this therapeutic approach, disease recurs

in 70%–90% of responders but remains localized in the peritoneal

cavity. In the 1980s, Sugarbaker proposed the combination of cytor-

eductive surgery and hyperthermic intraperitoneal chemotherapy to

treat the residual disease in selected patients with peritoneal carci-

nomatosis (4). Hyperthermic intraperitoneal chemotherapy increases

survival in patients with primary recurrent disease and is today used

as first- or second-line therapy (5). However, because morbidity

has been one of the main drawbacks of hyperthermic intraperi-

toneal chemotherapy, it is not recommended outside clinical

trials (6).
Many studies have investigated the efficacy of radioimmuno-

therapy as an option for peritoneal carcinomatosis using b-particle
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(7–17), a-particle (18–23) (24), or Auger-particle (25–27) emitters
in preclinical and clinical models (28). Particularly, radioimmu-
notherapy at the surgery block could represent an advantage over
current treatments. In 2010, we proposed brief intraperitoneal
radioimmunotherapy (BIP-RIT) (25) for the treatment of colorec-
tal cancer peritoneal carcinomatosis in mice. BIP-RIT includes
intraperitoneal injection of high activities of radiolabeled mono-
clonal antibodies (mAbs) that are left in the peritoneal cavity for
less than 1 h, as is the case for hyperthermic intraperitoneal che-
motherapy. Then, the peritoneal cavity is extensively washed with
saline solution using a peristaltic pump to remove the unbound
radioactivity (Fig. 1).
To specifically target ovarian cancer, we developed the 16F12

murine mAb against the human Müllerian-inhibiting substance
receptor, type II (MISRII; also known as anti-Müllerian hormone
receptor, type II). The ligand for MISRII is anti-Müllerian hor-
mone, a 140-kDa dimeric glycoprotein, also called Müllerian-
inhibiting substance. This is a member of the transforming growth
factor-b family that regulates tissue growth and differentiation
(29). Human MISRII is a 66-kDa glycosylated single-transmem-
brane domain receptor that includes a 17-amino-acid signal pep-
tide, a 127-amino-acid extracellular region, a 26-amino-acid
transmembrane domain, and an intracellular region of 403 amino
acids bearing the serine/threonine kinase activity (30,31). MISRII
is detected in 100% of granulosa cell tumors (32), in almost 70%
of epithelial ovarian cancers, in 77% of ovarian dysgerminomas,
and in 75% of endometrial cancers (33), as well as in ascites cells
isolated from patients with ovarian cancer (34,35). Thus, MISRII

is highly expressed in many different gynecologic cancers, includ-
ing tumors that lack effective systemic therapies.
In this preclinical study, we compared the therapeutic efficacy

and hematologic toxicity of the 16F12 mAb radiolabeled with
b-particle (177Lu) or a-particle (213Bi) emitters administered by
conventional intraperitoneal radioimmunotherapy (IP-RIT) and by
BIP-RIT. We also assessed 89Zr-16F12 for PET imaging.

MATERIALS AND METHODS

Cell Line and Antibodies

The AN3CA human endometrial carcinoma cell line was from the
American Type Culture Collection. AN3CA cells were cultured in

minimal essential medium with 10% fetal calf serum, 1% penicillin,
0.1% streptomycin, 1% sodium pyruvate, and 1% nonessential amino

acids. MISRII expression in AN3CA cells was confirmed by flow
cytometry analysis when the cells were received and again before each

xenograft was implanted. The anti-MISRII 16F12 mAb was isolated
from mouse hybridoma ascites, as previously described (36).

Animals

Female athymic nude-Foxn1nu mice (6–8 wk old) (Envigo RMS

Laboratories) were kept in the animal facility for at least 1 wk before
use. They were housed at 22�C and 55% humidity, with a light–dark

cycle of 12 h and ad libitum food and water. Body weight was mon-
itored weekly, and the mice were examined throughout the study. They

were intraperitoneally or subcutaneously xenografted with 4.5 · 106

AN3CA cells in RPMI medium with Matrigel (ratio, 1:1) in a volume of

200 mL. All animal experiments were performed in compliance with the
French government guidelines and the INSERM standards for experi-

mental animal studies (agreement B34-172-27). The study was approved
by the ethics committees of the Institut de Recherche en Cancérologie

de Montpellier (IRCM/INSERM) and the Languedoc Roussillon region
(CEEA-LR-36) for animal experiments (reference number 1056).

Conjugation of 16F12 mAb with DOTA, DTPA, or

Deferoxamine Mesylate

16F12-DOTA. Before radiolabeling with 177Lu, 16F12 was conju-

gated with p-SCN-Bn-DOTA (Macrocyclics). Briefly, p-SCN-Bn-
DOTAwas dissolved in conjugation buffer (0.05 M NaHCO3-Na2CO3,

0.15 M NaCl, 5 mM ethylenediaminetetraacetic acid, pH 8.8), which
had been diluted (1/10) before use. Next, 16F12 was added at a 15-

fold molar excess and incubated with stirring at 25�C for 19 h. To

remove free chelator, the mixture was washed 3 times with conjuga-
tion buffer using Amicon Ultra-15 centrifugal filter units (Merck-

Millipore) and then 3 times with 5 mM ammonium acetate buffer
(pH 7.0). The average number of DOTA molecules per mAb was

assessed as previously described (37) and was between 5 and 7. All
steps were performed in metal-free conditions.

16F12-DTPA. Before radiolabeling with 213Bi, 16F12 was conju-
gated with 2-(p-SCN-benzyl)-cyclohexyl acid A-diethylenetriamine-

pentaacetic (SCN-CHX-A$-DTPA; Macrocyclics). A solution of 0.35
mg of SCN-CHX-A$-DTPA dissolved in 1 mL of conjugation buffer

(0.05 M NaHCO3-Na2CO3, 0.15 M NaCl, pH 8.5–8.9, containing
0.01 M ethylenediaminetetraacetic acid, pH 4.5) was diluted (1/10)

and mixed with 5 mg of 16F12 at a 15-fold molar excess. The mixture
was stirred at 25�C overnight. To remove unconjugated SCN-CHX-

A$-DTPA, the mixture was washed using Amicon Ultra-15 centrifu-
gal filter units 3 times with conjugation buffer and then 3 times with

1 mL of 0.15 M NaCl/0.05 M sodium acetate (pH 7.2). The number
of chelates per mAb was determined using the Pb(II)-Arsenazo

III method (37) and was generally between 5 and 7. All steps were
performed in metal-free conditions.

FIGURE 1. (A) Schematic representation of BIP-RIT approach, show-

ing mean activity per whole mouse body at different time points after

BIP-RIT (50 MBq) and IP-RIT (10 MBq) with 177Lu-16F12 (n 5 7 mice/

group). (B and C) Merged whole-body SPECT/CT images of mice bear-

ing AN3CA endometrial carcinoma cell tumor xenografts at 24 h after

BIP-RIT (B) or IP-RIT (C).
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16F12-Deferoxamine Mesylate. The protocol described by Vosjan
et al. was followed with slight modifications (38). Between 2 and 10 mg

of 16F12 mAb (13.2–66 nmol) dissolved in 1 mL of buffer (0.1 M
sodium carbonate) at pH 9.0 was incubated with 20 mL (2–10 mM) of

p-isothiocyanatobenzyl-deferoxamine B (Df-Bz-NCS; Macrocyclics) dis-
solved in DMSO and incubated for 30 min at 37�C using a thermomixer

at 550 rpm. The reaction mixture was purified on a PD-10 size-exclusion
column (GE Healthcare) equilibrated on (and eluted with) gentisic acid

(5 mg�mL21) in 0.25 M sodium acetate (pH 5.4–5.6).

Radiolabeling of Conjugated 16F12

Production of 177Lu-DOTA-16F12 (177Lu-16F12). For radiolabel-
ing, 3.7 mg of DOTA-16F12 was incubated with 740 MBq of 177LuCl3
(Perkin Elmer) at 37�C in 0.25 M sodium acetate (pH 5.5) for 45 min.
The reaction was quenched with 100 mL of 1 mM DTPA. Radiola-

beled mAbs were separated from free 177Lu through a PD-10 column
equilibrated with a 10 mg/mL solution of phosphate-buffered saline–

human serum albumin. The specific activity of the 177Lu-DOTA-
16F12 was between 150 and 200 MBq/mg.

Production of 213Bi-DTPA-16F12 (213Bi-16F12). 213Bi was eluted
from the 225Ac generator provided by the Institute for Transuranium

Elements using a mixture of 0.3 mL of 0.2 M HCl and 0.3 mL of
0.2 M NaI. The eluate was collected directly into 0.12 mL of 4 M

sodium acetate and 0.05 mL of 20% ascorbic acid. The mixture (pH
5.3–5.5) was incubated with DTPA-16F12 (37 MBq/mg) at room

temperature for 5 min. The reaction was quenched with 10 mL of a
1.5 mg/mL solution of DTPA.

Production of 89Zr-Deferoxamine Mesylate-16F12 (89Zr-16F12).

The radiolabeling of Df-Bz-NCS-16F12 was performed as fol-
lows: 50–61 MBq of 89Zr-oxalate, 31–33 mL of 1 M 4-(2-hydrox-

yethyl)-1-piperazineethanesulfonic acid, and 26–28 mL of 2 M NaOH
were combined with 200–500 mg of mAb, and the reaction mixture was

incubated for 1.5 h at room temperature. Reactions were then purified

using a NAP5 column equilibrated on 0.25 M sodium acetate, and

fractions were collected. Fractions with purity greater than 99% (sil-
ica-gel instant thin-layer liquid chromatography; Varian, 20 mM cit-

rate, pH 5.5) were combined and used for administration to animals
(100–120 MBq/mg). The immunoreactive fraction of the purified

product using the assay of Lindmo et al. in ANC3A cells was shown
to be 1 (39).

Radiochemical Purity and Immunoreactivity

Immediately after radiolabeling, 177Lu-16F12 and 213Bi-16F12 mAbs
were purified through PD-10 columns equilibrated with phosphate-

buffered saline–human serum albumin, 10 mg/mL. The radiochem-
ical purity was determined using silica-gel instant thin-layer liquid

chromatography (Varian) with 0.05 M sodium citrate, pH 5.5, as the
mobile phase. The conjugated mAb immunoreactivity was checked

using a Gallios Flow Cytometer (Beckman Coulter).

IP-RIT and BIP-RIT

At day 13 after xenograft implantation, when tumor size was about

80–100 mm3, the mice were divided into 6 groups (n 5 7). Two
groups were treated by IP-RIT with 500 mL of either 177Lu-16F12

(200 MBq/mg, 10 MBq) or 213Bi-16F12 (37 MBq/mg, 12.95 MBq).
Two groups were treated by BIP-RIT, with the peritoneal cavity being

washed with 20 mL of saline solution 30 min after intraperitoneal
injection of high activities (500 mL of either 177Lu-16F12 mAb

[200 MBq/mg, 50 MBq] or 213Bi-16F12 mAb [37 MBq/mg, 37
MBq]) (Fig. 1A). Previous experiments showed that a single injection

of nonradiolabeled 16F12 at the concentration used for IP-RIT or BIP-
RIT has no therapeutic efficacy. Control groups included mice that

received NaCl according to the IP-RIT and BIP-RIT methods.
Mouse weight was recorded throughout the study, and no clinical

signs of pain or distress were seen. The mice were killed at 10, 20, or
30 d after radioimmunotherapy to measure the tumor mass (i.e., sum

of the weight of all tumor nodules).

Biodistribution Analysis After IP-RIT or BIP-RIT

For the biodistribution studies, radiolabeled antibody doses were
supplemented with unlabeled 16F12 to administer a quantity of

antibodies similar to that during treatment. On the 13th postxenog-
raft day, 4 mice per group received an intraperitoneal injection of

500 mL of 177Lu-16F12 or 213Bi-16F12. For IP-RIT, 2 MBq of 177Lu-
16F12 (adjusted to 40 MBq/mg with cold antibody) or 5.9 MBq of
213Bi-16F12 (adjusted to 16.8 MBq/mg with cold antibody) was used.
For BIP-RIT, 10 MBq of 177Lu-16F12 (adjusted to 40 MBq/mg with

cold antibody) or 10.2 MBq of 213Bi-16F12 (adjusted to 10.2 MBq/mg
with cold antibody) was used, followed by a peritoneal cavity wash.

The mice were killed at 3, 24, 48, 72, or 168 h after injection of
177Lu-16F12 and at 1, 2, or 3 h after injection of 213Bi-16F12. Blood

and healthy organs were collected and weighed, and radioactivity was
measured using a g-well counter (Hewlett Packard). Because the tu-

mors were small, tumor mass was determined by measuring tumor
volume using ImageJ and assuming a tumor density of 1.05 g�cm23.

The total tumor mass per mouse was calculated as the sum of the mass

of all tumor nodules.
For IP-RIT, the percentage of injected activity per gram of tissue

(%IA/g) was calculated. For BIP-RIT, because of the peritoneal cavity
wash, the percentage of residual activity per gram of tissue (%RA/g)

was calculated. These calculations required measurement of the total
activity in the whole body at the time of dissection and were corrected

for radioactive decay.

Dosimetric Studies

Biodistribution data were used to evaluate the radioactivity uptake
per tissue mass (Bq/g) as a function of time. Time–activity curves for

FIGURE 2. Therapeutic efficacy of 177Lu-16F12 (A and B) and 213Bi-

16F12 (C and D) after IP-RIT (A and C) and BIP-RIT (B and D). Tumor

mass (mean ± SD) was calculated at days 10, 20, and 30 after treatment.

*P , 0.05 between therapeutic group and NaCl controls, between 213Bi-

16F12 and 177Lu-16F12, or between IP-RIT and BIP-RIT (n 5 7 mice per

group).
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each organ and for tumors were fitted by a monoexponential decay

function or the sum of 2 exponential functions using PRISM 7 soft-
ware (GraphPad Software, Inc.). The Akaike information criterion

was used to select the best-fitting function

(40). In general, the sum of 2 exponential
functions was used for IP-RITwith 177Lu (ex-

cept for tumors and muscle, for which the
monoexponential decay was preferred),

whereas for BIP-RIT with 177Lu and 213Bi
and for IP-RIT with 213Bi, a monoexponen-

tial-decay fitting curve was chosen (with the
exception of muscle for BIP-RIT with 213Bi).

The time-integrated activity for each organ
and for tumors was derived by calculating the

area under each fitted time–activity curve. The
absorbed dose was then calculated using

the MIRD formalism (41). The time–activity
curve for bone marrow was based on the blood

data, considering a red-marrow–to–blood activity
ratio of 0.4, because 16F12 is a full IgG that is not

known to bind specifically to bone marrow (42).
For 213Bi experiments, absorbed doses were

calculated assuming a local energy deposition

within all organs and tumors: time-integrated
activities, weighed by the tissue mass, were mul-

tiplied by the energy of the emitted a-particles
(8.32 MeV per decay, considering the contribu-

tion of 213Bi and 213Po with the appropriate
branching ratio, according to the MIRD radio-

nuclide data and decay schemes (43)). For 177Lu
experiments, cross-fire irradiation between

organs could contribute significantly to the
absorbed doses received by the different organs.

Therefore, the S values calculated for 177Lu in a
previously described 22 g-mouse model (44) were used. Self-dose S

values were scaled to the measured organ masses. For bone marrow,
the calculation was performed only for femoral bone marrow. Finally,

self-dose S values for tumors were calculated
using the Monte Carlo code GATE (45). Tu-

mors were modeled using a unit-density sphere
with a 1.1-mm radius.

Hematologic Toxicity

Hematologic toxicity was assessed in
tumor-free athymic nude mice after IP-RIT

or BIP-RIT with 213Bi-16F12 and 177Lu-
16F12. After radioimmunotherapy, 12 mL

of blood were collected from the tail in vials
coated with ethylenediaminetetraacetic acid,

twice a week for 3 wk and then every week.
White blood cell number and hemoglobin

levels were quantified using the scil Vet
abc system (scil Animal Care Co.).

SPECT and PET Imaging Using 16F12
177Lu emits short-range b-particles and

also low-energy g-particles that are suitable

for g-imaging. Therefore, whole-body
SPECT/CT images were acquired at different

time points (24, 48, 72, and 96 h after radio-
immunotherapy), using a 4-head NanoSPECT

imager (Bioscan Inc.). The system was equip-
ped with a tungsten-based collimator with

nine 1-mm-diameter pinholes. The energy
window was centered at 210 keV with

620% width. Acquisition times were defined
to obtain 30,000 counts for each projection

FIGURE 4. Time–activity curves (not corrected for decay) for blood (A) and AN3CA endometrial

carcinoma cell tumor xenografts (B) measured with 177Lu-16F12 and for blood (C) and tumor (D)

measured with 213Bi-16F12. Fitting of distribution (with 95% confidence intervals) using mono- or

biexponential components is shown on A–C but, for sake of clarify, not on D.

FIGURE 3. Tissue distribution of 177Lu-16F12 (A and B) and 213Bi-16F12 (C and D). Data are

mean (±SD) %IA/g after IP-RIT (A and C) or %RA/g after BIP-RIT (B and D) (n 5 4 mice/group).

ANTI-MISRII RADIOLABELED ANTIBODY • Deshayes et al. 1237



(generally 60–120 s were required) with 24 projections. The total scan

time was 30–60 min. Small-animal CT whole-body images were ac-
quired simultaneously (55 kV, 500 ms, 240 projections). Recon-

structed data from SPECT and CT images were visualized and
coregistered using Invivoscope (Invicro, Inc.). Images and maxi-

mum-intensity projections were reconstructed using the dedicated
Invivoscope software.

For PET imaging, a 7-wk-old female Foxn1nu mouse with a subcu-
taneous xenograft in the left flank received 8 MBq of 89Zr-deferoxamine

mesylate-16F12 intravenously, and PET imaging was performed under
1.5% isoflurane/oxygen (1 L/min) anesthesia at 24, 48, 72, and 96 h

after injection. Images were acquired using an Inveon PET/CT scanner
(Siemens Preclinical Solutions) and the following CT parameters: 80-kV

tube voltage, 500-mA tube current, and 400-ms exposure time. Then, PET
images were acquired using a 350- to 650-keV energy window and

reconstructed to a 128 · 128 · 159 matrix with a voxel size of 0.776
· 0.776 · 0.796 mm using the 3-dimensional ordered-subset expectation

maximization reconstruction algorithm with CT attenuation and scatter
correction (2 iterations of 3-dimensional ordered-subset expectation

maximization, 18 maximum a priori iterations).

Statistical Analysis

Data were described using mean and SD or median and range.
Treatment groups were compared using the nonparametric Kruskal–

Wallis test. All statistical tests were bilateral, and the statistical sig-
nificance level was set at 5%. Statistical analyses were done using

STATA software (version 13.0; Stata Corp.).

RESULTS

Therapeutic Efficacy of BIP-RIT

and IP-RIT

First, the mean total activity was mon-
itored at different times after BIP-RIT and
IP-RIT in mice bearing intraperitoneal
AN3CA cell xenografts. For BIP-RIT
with 177Lu-16F12, the whole-body activ-
ity dropped from 50 to 3.8 MBq (7.6 %
IA) immediately after washing of the peri-
toneal cavity (Fig. 1B). This value was
quite close to the activity measured after
IP-RIT (3.4 MBq). However, SPECT/CT
images (Fig. 1C) showed that 177Lu-
16F12 was concentrated in tumors after
BIP-RIT but diffused also into healthy tis-
sues after IP-RIT.
In the NaCl-treated groups, tumors reached

a mass of 1 g in all mice by day 20 after
treatment (Fig. 2). IP-RIT with 10 MBq of
177Lu-16F12 strongly reduced tumor growth,
as indicated by the significantly smaller tumor
mass than in controls already at day 10 (1.36
1 · 1023 g vs. 6 6 4 · 1022 g) (P 5 0.017)
(Fig. 2A).
In mice treated by BIP-RIT with 50

MBq of 177Lu-16F12, the tumor mass
tended to be smaller than in controls at
day 10. However, tumors progressively
grew, and by day 30 all were larger than
1 g (Fig. 2B). In mice treated by IP-RITwith
12.95 MBq of 213Bi-16F12, tumor growth
was strongly reduced (P 5 0.0102), with a
mean tumor mass of 3.3 6 0.9 · 1022 g at
day 30 (.1 g in controls) (Fig. 2C). This

effect was even more marked (P 5 0.0047) after BIP-RIT with 37
MBq of 213Bi-16F12 (mean tumor size, 1.2 · 1022 6 8 · 1023 g at
day 30) (Fig. 2D). Overall, BIP-RIT with 213Bi-16F12 was more
efficient in delaying tumor growth than IP-RIT with 213Bi-16F12
(P 5 0.0339).

16F12 Concentration in Tumors after BIP-RIT

For 177Lu-16F12, biodistribution analysis (corrected for decay)
showed that the maximal tumor uptake and blood uptake were
8.96 3.1 %IA/g (at 3 h) and 15.96 1.04 %IA/g (at 24 h), respectively,
after IP-RIT (Fig. 3A) and 18.36 6.8 %RA/g (at 3 h) and 14.36 11.9
%RA/g (at 24 h), respectively, after BIP-RIT (Fig. 3B).
For 213Bi-16F12, biodistribution analysis (corrected for decay)

showed that the maximal tumor uptake and blood uptake were 3.06
1.7%IA/g (at 1 h) and 5.0 6 1.2%IA/g (at 3 h), respectively, after
IP-RIT (Fig. 3C) and 90.2 6 19.3 %RA/g (at 1 h) and 15.05 6
8.1 %RA/g (at 2 h), respectively, after BIP-RIT (Fig. 3D).

Incorporated Activity and Absorbed Doses

For IP-RIT with 177Lu-16F12 (Fig. 4A), the activity concentra-
tion in blood (not corrected for decay) increased between 3 and 24 h
after radioimmunotherapy and then progressively decreased.
For BIP-RIT, the activity concentration in blood was much lower
and decreased after 3 h. Conversely, the tumor time–activity
curves (Fig. 4B) were comparable for both radioimmunotherapy
modalities with 177Lu-16F12 (i.e., the activity concentration

FIGURE 5. Incorporated therapeutic 177Lu-16F12 activity over time for tumors (A), blood (B),

liver (C), and kidneys (D) after IP-RIT or BIP-RIT, with mean absorbed dose shown in key.
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decreased after 3 h), but the activity concentration was much
higher for IP-RIT than for BIP-RIT. For IP-RIT and BIP-RIT with
213Bi-16F12, time–activity curves for blood (Fig. 4C) and for
tumors (Fig. 4D) could be fitted with a monoexponential function.
The blood activity concentration was much lower for BIP-RIT
than for IP-RIT, whereas the activity concentrations within the
tumors were similar for BIP-RIT and IP-RIT.
At therapeutic activities, absorbed dose calculations for 177Lu-

16F12 or 213Bi-16F12 after IP-RIT or BIP-RIT in tumors, blood,
liver, and kidneys (Figs. 5 and 6; Tables 1 and 2) showed that they
were always higher in healthy tissues after IP-RIT than after BIP-
RIT, irrespective of the radioimmunoconjugate used. In tumors,
the absorbed dose of 177Lu-16F12 was higher after IP-RIT than after
BIP-RIT, whereas that of 213Bi-16F12 was higher after BIP-RIT. The
mean absorbed dose (Tables 1 and 2) in tumors was then 5.6 6 2.1
Gy after IP-RIT with 10 MBq of 177Lu-16F12, and 2.5 6 1 Gy after
BIP-RIT with 50 MBq of 177Lu-16F12. Conversely, it was higher
after BIP-RIT with 37 MBq of 213Bi-16F12 than after IP-RIT with
12.95 MBq of 213Bi-16F12) (3 6 2.98 Gy vs. 2.2 6 2.9 Gy). More-
over, the absorbed doses in healthy organs were higher after IP-RIT
than after BIP-RITwith 177Lu-16F12 and also, to a lesser extent, with
213Bi-16F12 (Tables 1 and 2).

Hematologic Toxicity and Weight Loss

Hematologic toxicity was assessed by quantifying white blood cell
count and hemoglobin level. Compared with controls, white blood cell

count was significantly reduced by 70% at day
10 after IP-RIT with 177Lu-16F12 but was
back to normal within 30 d. Conversely, white
blood cell count was not negatively affected
after BIP-RIT with 177Lu-16F12 or after BIP-
RIT or IP-RITwith 213Bi-16F12 (Fig. 7A). IP-
RITwith 177Lu-16F12 also transiently affected
hemoglobin levels (decrease by 30% compared
with control at day 10) (Fig. 7B) and led to
significant weight loss. Conversely, weight
continued to increase in the other 3 radio-
immunotherapy groups (Fig. 7C).

PET Imaging

PET/CT images acquired at different
time points after tail-vein injection of
89Zr-16F12 showed focal uptake at the site
of the subcutaneous AN3CA cell tumor
xenograft (Fig. 7B).

DISCUSSION

In this study, we assessed whether the
new murine 16F12 mAb against human
MISRII can be used as a theranostic tool in
small-volume ovarian peritoneal carcino-
matosis. For therapy, the 16F12 mAb was
radiolabeled with 177Lu or with 213Bi, and
two routes of administration were compared:
conventional IP-RIT and the BIP-RIT devel-
oped by our team (25). The feasibility of
BIP-RIT immediately after cytoreductive
surgery, considering both radiation protec-
tion and technical constraints, has already
been validated at the Montpellier Cancer
Institute.

As shown by SPECT/CT imaging and biodistribution/dosimetry
studies, the main advantage of BIP-RIT over IP-RIT is the higher
tumor-to-blood uptake ratio. For example, using the mean
absorbed dose values from Tables 1 and 2, the tumor-to-blood
absorbed dose ratios for the 213Bi-16F12 mAb are 1.4 and 6 after
IP-RIT and BIP-RIT, respectively. This finding confirms our pre-
vious results obtained with an anti–carcinoembryonic antigen
mAb radiolabeled with 125I (25). Moreover, we found that the
tumor-to-blood absorbed dose ratio was higher with 213Bi than
with 177Lu (0.4 and 0.6 for IP-RIT and BIP-RIT, respectively, with
177Lu-16F12). This observation can be explained by the fact that
the 213Bi short physical half-life corresponds roughly to the in-
cubation time of the radioactive solution in the peritoneal cavity
(because of removal of unbound radioactivity, decays occur
mainly in the peritoneal cavity before systemic diffusion of the
antibody in other healthy organs).
IP-RIT was slightly more efficient with 177Lu-16F12 than with

213Bi-16F12 (mean tumor mass, 0.016 0.003 g and 0.03 6 0.01 g,
respectively, at day 30; P 5 0.0339). The mean tumor-absorbed
doses calculated for 177Lu and 213Bi were 5.6 and 2.2 Gy, respec-
tively, in agreement with the observed therapeutic effect. At day 30,
an approximate relative biological effectiveness of 2.5 (i.e., 5.6/2.2)
could be calculated by assuming that tumor masses were quite
similar (relative to the control tumor size limit of 1 g). This relative
biological effectiveness value is slightly lower than that reported in
the literature (between 4 and 5) (46,47). The difference could be

FIGURE 6. Incorporated therapeutic 213Bi-16F12 activity over time for tumors (A), blood (B), liver

(C), and kidneys (D) after IP-RIT or BIP-RIT, with mean absorbed dose shown in key.
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explained by the uncertainties associated with relative biological
effectiveness calculations in this case (in particular, only a single
biologic endpoint considered). Also, strict relative biological effec-
tiveness calculations refer to low–linear-energy-transfer 225-kV
x-rays and not to b-particles.
Although 177Lu-16F12 was the most efficient after IP-RIT, he-

matologic toxicity was much lower with 213Bi-16F12, in agreement

with the mean absorbed doses for 177Lu-16F12 and 213Bi-16F12 in
blood (13.5 and 1.6 Gy, respectively) and bone marrow (4.6 and
0.65 Gy, respectively) after IP-RIT. BIP-RITwith 177Lu-16F12 did
not have any therapeutic effect on tumor growth. Conversely, BIP-
RIT with 213Bi-16F12 efficiently reduced tumor growth (mean
tumor mass, 0.012 6 0.008 g at day 30). This difference could
be partly explained by the mean tumor-absorbed doses: 2.5 Gy for

TABLE 1
Absorbed Doses After 177Lu-16F12 IP-RIT or BIP-RIT

IP-RIT BIP-RIT

Site

Absorbed dose

(Gy/MBq)*

Absorbed dose,

therapy (Gy)

Absorbed dose

(Gy/MBq)*

Absorbed dose,

therapy (Gy)

Blood 1.347 ± 0.305 13.5 ± 3.0 0.086 ± 0.042 4.3 ± 2.1

Tumor 0.560 ± 0.190 5.6 ± 2.1 0.050 ± 0.016 2.5 ± 1.0

Liver 0.973 ± 0.244 9.7 ± 2.4 0.054 ± 0.030 2.7 ± 1.5

Kidneys 0.717 ± 0.171 7.2 ± 1.7 0.066 ± 0.027 3.3 ± 1.3

Lungs 0.461 ± 0.158 4.6 ± 1.6 0.031 ± 0.021 1.5 ± 1.1

Spleen 0.899 ± 0.359 9.0 ± 3.6 0.045 ± 0.031 2.2 ± 1.5

Heart 0.388 ± 0.108 3.9 ± 1.1 0.024 ± 0.018 1.2 ± 0.9

Bones 0.183 ± 0.063 1.8 ± 0.6 0.014 ± 0.008 0.7 ± 0.4

Stomach 0.170 ± 0.021 1.7 ± 0.2 0.011 ± 0.004 0.6 ± 0.2

Small intestine 0.178 ± 0.045 1.8 ± 0.4 0.008 ± 0.003 0.4 ± 0.1

Large intestine 0.056 ± 0.015 0.6 ± 0.1 0.004 ± 0.003 0.2 ± 0.1

Carcass 0.248 ± 0.094 2.5 ± 0.9 0.016 ± 0.007 0.8 ± 0.3

Bone marrow 0.456 ± 0.122 4.6 ± 1.2 0.029 ± 0.017 1.5 ± 0.8

*Corresponds to absorbed dose per unit of injected activity (MBq) during therapy.

Data are mean ± SD.

TABLE 2
Absorbed Doses After 213Bi-16F12 IP-RIT or BIP-RIT

IP-RIT BIP-RIT

Site

Absorbed dose

(Gy/MBq)*

Absorbed dose,

therapy (Gy)

Absorbed dose

(Gy/MBq)*

Absorbed dose,

therapy (Gy)

Blood 0.126 ± 0.029 1.63 ± 0.37 0.013 ± 0.010 0.49 ± 0.37

Tumor 0.169 ± 0.227 2.18 ± 2.95 0.081 ± 0.081 3.00 ± 2.98

Liver 0.042 ± 0.011 0.55 ± 0.15 0.004 ± 0.003 0.17 ± 0.10

Kidneys 0.106 ± 0.015 1.37 ± 0.20 0.010 ± 0.013 0.38 ± 0.47

Lungs 0.043 ± 0.017 0.55 ± 0.22 0.004 ± 0.002 0.16 ± 0.09

Spleen 0.046 ± 0.023 0.60 ± 0.30 0.008 ± 0.010 0.30 ± 0.36

Heart 0.038 ± 0.019 0.49 ± 0.25 0.003 ± 0.002 0.12 ± 0.07

Bones 0.013 ± 0.008 0.17 ± 0.10 0.002 ± 0.003 0.08 ± 0.10

Stomach 0.047 ± 0.029 0.61 ± 0.37 0.006 ± 0.007 0.24 ± 0.24

Small intestine 0.045 ± 0.009 0.59 ± 0.11 0.004 ± 0.003 0.15 ± 0.10

Large intestine 0.028 ± 0.015 0.37 ± 0.19 0.003 ± 0.003 0.10 ± 0.11

Carcass 0.033 ± 0.031 0.42 ± 0.40 0.005 ± 0.009 0.20 ± 0.33

Bone marrow 0.050 ± 0.012 0.65 ± 0.15 0.005 ± 0.004 0.20 ± 0.15

*Corresponds to absorbed dose per unit of injected activity (MBq) during therapy.

Data are mean ± SD.
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177Lu-16F12 and 3 Gy for 213Bi-16F12. No hematologic toxicity
was observed after BIP-RIT using 50 MBq of 177Lu-16F12, possi-
bly because of the lower transfer of radioactivity from the peritoneal
cavity to blood (,10% in 30 min) during BIP-RIT than during
IP-RIT (activity in blood 30 min after injection/injected activity
ratio, ;3). This finding suggests that the 177Lu-16F12 injected ac-
tivity could be increased to improve the therapeutic efficacy.
The advantage of using BIP-RIT with 213Bi-mAbs is clear, be-

cause compared with IP-RIT, this modality is associated with
higher therapeutic efficacy and lower mean absorbed doses in
healthy tissues. Typically, BIP-RIT allowed the blood-absorbed
dose to be decreased from 4.3 to 0.5 Gy, which could be a crucial
advantage in chemotherapeutic drug combinations.

CONCLUSION

Our findings indicate that BIP-RITwith 213Bi-16F12 could be an
attractive solution for adjuvant radioimmunotherapy at the surgery
block immediately after cytoreduction to eliminate residual micro-
scopic disease. Like hyperthermic intraperitoneal chemotherapy,
this approach should be proposed to selected patients. Moreover,
a first-in-human study using the anti-MISRII GM102 mAb in ovar-
ian cancers is currently ongoing (NCT02978755). Compared with
unlabeled antibodies, a radiolabeled anti-MISRII mAb could pro-
vide a diagnostic (when labeled with 89Zr) and therapeutic (when
labeled with 177Lu or 213Bi) advantage. Specifically, the radiolabel-
ed antibodies can kill, through cross-fire irradiation and bystander

effects, tumor cells that cannot be directly
reached by the naked antibody. It is likely that
the use of 177Lu-16F12 would be most advan-
tageous when administered systemically to
patients already treated by BIP-RIT.
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