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Abstract The monoclonal antibody (mAb) MOv18
binds the membrane alpha isoform of the folate receptor
(FR) which is overexpressed in human ovarian carci-
noma cells. Exploiting the targeting capacity of this
mAb, we developed and preclinically validated a pro-
tocol for the stable labeling of the mAb with 90Y, an
isotope which has shown promise in cancer radioim-
munotherapy. MOv18 was derivatized with the stable
macrocyclic ligand p-isothiocyanatobenzyl-1,4,7,10-tet-
raazacyclododecane-1,4,7,10- tetraacetic acid (Bz-
DOTA). MOv18-Bz-DOTA conjugates were labeled
with 90Y or 111In under metal-free and good laboratory
practice conditions. At the optimal Bz-DOTA/mAb
derivatization ratio of 4–5, conjugates maintained
binding activity up to 6 months, were efficiently labeled
with 90Y or 111In (mean labeling yield 85 and 64%,

associated to a final mean specific activity of 74 and
37 MBq/mg) and displayed a mean immunoreactivity of
60 and 58%, respectively. The radiolabeled preparations
were stable in human serum, with >97% radioactivity
associated to mAb at 48 h after labeling. The ability of
90Y- and 111In-MOv18 to localize FR on tumors in vivo
was analyzed in nude mice bearing tumors induced by
isogenic cell lines differing only in the presence or ab-
sence of the relevant antigen [A431FR (FR-positive) and
A431tMock (FR-negative)]. In vivo biodistribution in
organs other than tumor was comparable in non-tumor-,
A431tMock- and A431FR-bearing mice, whereas the
median tumor uptake of the radiolabeled reagents, ex-
pressed as area under the curve (AUC) and maximum
uptake (Umax), was significantly higher (sixfold to sev-
enfold) in A431FR than in A431tMock tumors
(P=0.0465 and P=0.0332, respectively). Mean maxi-
mum uptake (% ID/g) for 90Y-MOv18 was 53.7 and 7.4
in A431FR and A431tMock respectively; corresponding
values for 111In-Mov18 were 45.0 and 11.3. These data
demonstrate the feasibility of 90Y-labeling of MOv18
without compromising antibody binding ability and the
immunoreagent-specific localization in vivo on FR-
expressing tumors, suggesting the suitability of 90Y-
MOv18 for clinical studies.
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Introduction

Ovarian cancer remains a major health problem in the
United States and most Western European countries.
The standard therapeutic approach for ovarian carci-
noma consists of radical surgery followed by different
chemotherapy regimens. Despite the availability of sev-
eral effective chemotherapeutic agents for the treatment
of ovarian cancer, survival is still poor. Front-line che-
motherapy leads to complete responses in about 50–70%
of patients, but the rate of relapse is very high and sec-
ond-line chemotherapy is not always successful [22, 32].
This problem points to the need for anticancer drugs with
mechanisms of cancer toxicity different from those of the
currently available chemotherapy agents. Thus, new
treatment modalities have been developed, most of which
are based on the targeting ability of monoclonal anti-
bodies (mAb) that detect tumor-associated antigens.

The alpha isoform of the folate receptor (FR) is one
of the more promising targets for ovarian carcinoma.
This receptor, identified by mAbs MOv18 and MOv19
produced in our laboratory [28], is a 38–40 kDa glyco-
sylphosphatidylinositol-anchored molecule [9] in the
family of homologous proteins that bind folic acid with
high affinity. The receptor is homogeneously overex-
pressed in the majority of ovarian carcinomas and is
associated with signaling molecules in specific membrane
subregions [30]. Moreover, FR expression correlates
with progression of the disease [37]. FR gene transfec-
tion confers a proliferative advantage to cells [4] and
functional downregulation of the membrane expression
of FR in ovarian cancer cells is accompanied by a partial
reversion of the transformed phenotype [17].

The mAb MOv18 has been characterized in several
preclinical studies in vitro and in vivo [4, 9, 17, 19, 30,
28, 37]. In more than 100 patients evaluated by scintig-
raphy for diagnostic purposes, using mAb MOv18 la-
beled with 131I or a two-step procedure, lesions
expressing the target antigen were detected with high
specificity (97%) and good sensitivity (85%) [5, 10, 33].
A pilot study to evaluate the therapeutic potential of
131I-MOv18 also gave encouraging results, since a single
intraperitoneal administration of a total activity of
3.7 GBq (100 mCi) through this reagent [11] resulted in
complete long term remission in five of 16 treated pa-
tients. More recent studies with the chimeric variant of
MOv18 labeled with 131I further support the therapeutic
potential of the antibody [39, 40].

In recent years, radioimmunotherapy has gained a
role in cancer treatment because of its success in lym-
phoma patients and the recent approval of 90Y or131I

radiolabeled-anti CD20 mAb by the United States
Food and Drug Administration [3, 8]. However, a
broader application of this technology to carcinomas
awaits proof of safety and efficacy in a clinical setting.
The selection of a radionuclide that delivers sufficient
radiation energy to kill carcinomas, which present
limited radiosensitivity compared with hematologic
malignancies, is a major concern. Selection consider-
ations include the type of isotope and its associated
emission characteristics as well as the clinical context.
Although several radioisotopes have been considered
for radioimmunotherapy and the relative merits of beta
or alpha emitters have been extensively discussed [8, 20,

35], most attention has focused on the use of 131I (T1/2

=8.05 days, Ec=0.364 MeV, Ebmax=0.61 MeV, max
tissue penetration=2.4 mm) and 90Y (T1/2=2.67 days,
Ebmax=2.27 MeV, max tissue penetration=11.9 mm).
The energy and maximal tissue penetration of the beta
particles emitted by 90Y are considerably higher as
compared with 131I so that 90Y can deposits a greater
radiation dose over a much larger distance [8]. More-
over, since 90Y has no gamma component, both
shielding of hospital personnel and use of high patient
doses without prolonged or any hospital stay after
administration are easily managed.

In light of the favourable physical characteristics of
90Y with respect to potential cytotoxicity to evident tu-
mor masses, and because ovarian carcinoma is a disease,
mainly confined to the peritoneal cavity, but frequently
present as multiple solid deposits of variable dimensions
we focused on the development of a 90Y-MOv18 conju-
gate as a radioimmunotherapeutic reagent for eventual
clinical use. Furthermore, evidence of anti-tumor activity
of other intraperitoneally administered 90Y-radiolabeled
mAbs in ovarian cancer patients has been reported [1, 16].
Here we describe the optimization of procedures to ob-
tain functional 90Y-MOv18 suitable for clinical applica-
tion. Using an appropriate mathematical procedure and a
suitable preclinical model, we demonstrate the strong and
specific localization of this radiolabeled reagent.

Materials and methods

Chemicals and reagents

Bz-DOTA was purchased from Macrocyclics (Dallas,
TX, USA). Human serum albumin (HSA) (25% w/v,
USP) was obtained from Kedrion (Castelvecchio Pas-
coli, Italy). Ascorbic acid as a sterile and apyrogenic
solution (200 mg/ml) was purchased from Bracco (Mi-
lan, Italy). All other chemicals were high-purity grade
(Sigma). 90Y and 111In were purchased from Perkin El-
mer Life and Analytical Sciences, Inc. (Boston, MA,
USA). All glassware was washed with 2 M HCl and
MilliQ water (Waters, Milford, MA, USA) (resistivity at
25�C 10–18 MeOhm/cm) to avoid metal contamination.
Buffers were aseptically filtered through 0.22-lm mem-

1201



branes and stored at room temperature in sterile con-
ditions. Disposable PD-10 desalting columns (Amer-
sham Pharmacia Biotech, Uppsala, Sweden) were
washed with 0.5 M NaOH for sanitization and with
0.5 M HCl to remove heavy metal cations.

Antibody

The mAb MOv18 (IgG1k) was generated against a hu-
man ovarian cancer specimen [28]. A master cell bank
was prepared by Sorebio (Martillac, France), starting
from a batch of hybridoma cells certified for identity,
sterility and viral absence by RBM SpA (Colleretto
Giacosa, Italy). Sorebio prepared and certified a batch of
purified MOv18 antibody in clinical grade condition at a
concentration of 10 mg/ml. Preliminary testing (see be-
low) indicated that the optimal concentration was higher
(>50 mg/ml). Thus, for use in a future clinical trial, the
10 mg/ml antibody batch was adequately concentrated
by Areta International S.r.l (Gerenzano, Italy), a facility
qualified in the production and certification of biological
products for clinical use. The final mAb preparation
(51 mg/ml, 0.34 mM) retained all binding activity and
specificity, as assayed by immunofluorescence, ELISA
and Western blotting, and presented <1% of aggregates
as determined by analytical HPLC gel filtration. Un-
modified antibody concentration was assessed by UV
absorbance at 280 nm, while Bz-DOTA-mAb concen-
tration was determined by BCA protein assay (Pierce
Biotechnology, Rockford, IL, USA).

Cell lines

The following mycoplasma-free human tumor cell lines
were used: ovarian carcinoma IGROV1 (gift from Dr. J.
Bénard, Institute Gustave Roussy, Villejuif, France);
epidermoid carcinoma A431 [provided by the American
Type Culture Collection (ATCC, Manassas, VA)]; and
melanoma MeWo [18]. A431 cells were used to generate
two isogenic lines differing only in the presence or ab-
sence of the relevant target antigen (FR) recognized by
mAb MOv18. Briefly, A431 cells (3·104) were seeded in
a 96-well plate and transfected with plasmid pRC/P10
containing the full-length FR cDNA [15] by Lipofectin
(Gibco BRL, Gattesburg, MA, USA) essentially as
suggested by the manufacturer. In parallel, A431tMock
cells were obtained by transfection with the empty vector
pRC/CMV (Invitrogen, San Diego, CA, USA). Stable
transfectants were selected using 800 lg/ml of G418
(Gibco BRL), and a high FR-expressing clone
(A431FR) was identified by immunofluorescence anal-
ysis using MOv18. The stable insertion of FR or of the
empty vector did not modify transfectant in vitro or in

vivo growth rates, which were superimposable on those
of the parental A431 cells.

Tumor cell lines were maintained in RPMI-1640
(Sigma, St. Louis, MO, USA) supplemented with 10%
(v/v) fetal calf serum (Sigma) and 2 mM L-glutamine
(Sigma) and, in the case of transfected cells, with 800 lg/
ml of G418. All cell lines were routinely tested for
mycoplasma contamination using a mycoplasma poly-
merase chain reaction-enzyme-linked immunoassay kit
(Roche, Basel, Switzerland).

Preparation of Bz-DOTA conjugates

Conjugates were derived essentially as described by
Kukis et al. [23] with appropriate modifications in molar
excess of Bz-DOTA to mAb used (5–25), mAb concen-
tration (10–75 mg/ml) and reaction buffer choice (so-
dium carbonate or tetramethylammonium phosphate).
In the optimized conditions, antibody (51 mg/ml,
0.34 mM) was incubated with a 6- to 12-fold molar ex-
cess of Bz-DOTA in 0.1 M sodium carbonate pH 9,
adjusting pH with Me4NOH (final concentration 80–
90 mM) for 45 min at 37�C. Bz-DOTA conjugates were
purified by gel filtration chromatography on disposable
PD-10 desalting columns and eluted with 0.5 M
AcONH4 at pH 7.5 or 5.5 depending on the subsequent
radiolabeling with 90Y or 111In. The final solution was
filtered through 0.22-lm membranes (Waters) and
stored under sterile conditions at 2–8�C. Conjugates
were examined by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) in homogeneous
7.5% polyacrylamide gels using a Phast System (Amer-
sham Pharmacia Biotech) to verify conjugate integrity.

Determination of Bz-DOTA/mAb ratio

Bz-DOTA conjugates were characterized using matrix-
assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF-MS) (Voyager-DE Bio-
spectrometry Workstation, PerSeptive Biosystems, Fra-
mingham,MA, USA) with unmodified mAbMOv18 as a
reference. The MALDI-TOF-MS apparatus was equip-
ped with a pulsed nitrogen laser (330 nm) in the positive
ion detection mode. Samples of mAb and Bz-DOTA-
mAb were each mixed with a UV absorbing matrix pre-
pared by dissolving 3,5-dimethoxy-4-hydroxycinnamic
acid (sinapinic acid) (10 mg/ml) in a solvent of 50%
acetonitrile in water containing 0.2% of trifluoroacetic
acid. Mass spectra of unmodified mAb and Bz-DOTA-
mAb were obtained at threshold laser irradiance for 100
shots in the linear mode at 25 kV. The mono-protonated
(M+H)+ form of the molecules (M) was used to deter-
mine the ligand/protein ratio (L/P) of each conjugate as:

L=P ¼ ðBz - DOTA - mAb conjugate molecular weightÞ�ðmAb molecular weightÞ
Bz - Dota molecular weight
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Evaluation of Bz-DOTA-mAb binding

Titrated doses of unmodified or conjugated antibody
(from 10 lg/ml to 0.1 lg/ml) were added to 5·105 cells
expressing FR (IGROV1 or A431FR) or non-expressing
(MeWo or A431tMock) in 100 ll of PBS-0.03% bovine
serum albumin, and incubated for 30 min at 0�C.
Antibody binding was detected by a fluorescein-isothi-
ocyanate (FITC)-conjugated secondary antibody (KPL)
for 30 min at 0�C. For each sample, 5,000 cells were
analyzed with a FACS Excalibur using Lysys II Soft-
ware (Becton Dickinson) and mean fluorescence
intensity (MFI) recorded. The functionality of the
Bz-DOTA-mAb conjugates is given as % MFI relative
to that of the unmodified mAb.

Radiolabeling

In optimized 90Y radiolabeling, the desired radioactiv-
ity of yttrium in 0.05 M HCl was added to the Bz-
DOTA conjugate in 0.5 M AcONH4 at pH 7.5, at a
concentration of 7–10 mg/ml (50–70 lM) to achieve a
specific activity in the range of 37–111 MBq/mg. The
labeling mixture was incubated at 37�C for 30 min in
the presence of ascorbic acid at a final concentration of
10 mg/ml, brought to 1 mM final concentration of
DTPA by addition of a 20 mM diethylenetriamine-
pentaacetic acid (DTPA) solution at pH 7.5, and
incubated for 15 min at 37�C. 111In radiolabeling was
carried out similarly, except that the specific activity
was 18–74 MBq/mg, ethylenediaminetetraacetic acid
(EDTA) was used instead of DTPA, the reaction time
was 60 min and the pH was 5.5. 90Y-Bz-DOTA-mAb
was purified by gel filtration chromatography on dis-
posable PD-10 desalting columns equilibrated and
eluted with 100 mM sodium phosphate, pH 7.4,
150 mM NaCl, 10 mg/ml ascorbic acid and 2% HSA.
Ascorbic acid as a radioprotectant during 111In labeling
was not added because the 111In-emitted energy was
not radiolytic. Products were filtered through a sterile
0.22-lm membrane and activities were measured with
the dose calibrator ISOMED 2000 (Elimpex, Moedling,
Austria) and a COBRA II Auto-Gamma counter
(Packard, PerkinElmer, Boston, MA, USA). Radiola-
beled mAbs were examined by SDS-PAGE in homo-
geneous 7.5% polyacrylamide gels in non-reducing
conditions using the Phast System (Amersham Phar-
macia Biotech) and radiolabeled materials were visu-
alized by autoradiography.

Radioisotope incorporation into the Bz-DOTA-mAb
complex was assessed, before final gel filtration, by in-
stant thin-layer chromatography (ITLC) on silica gel-
impregnated glass fiber sheets (Pall Life Sciences) using a
solution containing equal volumes of 10% (w/v) aque-
ous ammonium acetate and methanol as the mobile
phase. In these conditions, protein-Bz-DOTA conju-
gates remain at the origin, whereas the radioisotopes
chelated by EDTA or DTPA migrate to Rf 0.4–0.8.

ITLC plates were exposed with a Cyclone Storage
Phosphor System and analyzed by Optiquant Image
Analysis Software (Packard).

Immunoreactivity of radiolabeled MOv18

Cells (duplicate samples in dilutions from 2·106 to
3.1·104) were incubated for 3 h at 0�C with trace
amounts of radiolabeled mAb in 50 ll of 0.03% bovine
serum albumin in PBS. Non-specific binding was eval-
uated in the presence of a large excess of unlabeled Bz-
DOTA-mAb (final concentration 500 lg/ml). Cells were
washed three times with cold medium and assessed for
radioactivity in a gamma counter using an appropriate
window set for 90Y and 111In (0–500 and 80–280 keV,
respectively). The immunoreactive fraction of antibodies
was calculated according to the method of Lindmo et al.
[25].

In vitro stability

Purified 90Y-Bz-DOTA-mAb or 111In-BZ-DOTA-mAb
at 1.5–2.5 lM were diluted in 500 ll fresh human serum
and incubated at 37�C for 48 h. SDS-PAGE was used to
control for any potential transchelation reaction with
serum proteins. The percent radioactivity associated
with the antibody was determined by ITLC analyses
after addition of DTPA or EDTA (1 mM final concen-
tration).

Apyrogenicity and sterility

Bz-DOTA-conjugates and the radiolabeled mAb con-
jugates were filtered on a 0.22-lm membrane. To dem-
onstrate the sterility of the filtration unit, the filter upon
usage was rinsed with a sterile 1% peptone solution,
pH 7.1, and the peptone filtrate was incubated at 37�C
for 48 h. Pyrogen contamination was evaluated by a
Quantitative Chromogen LAL test (Bio Whittaker),
which utilizes a modified Limulus Amebocyte Lysate
and a synthetic color-producing substrate to detect
endotoxin chromogenically. Endotoxin concentration
was calculated from a standard curve constructed using
an endotoxin standard solution.

In vivo experiments

All protocols were approved by the Ethics Committee
for Animal Experimentation of the National Cancer
Institute of Milan and carried out according to institu-
tional guidelines [38]. Female CD1 nu/nu mice (athymic)
were obtained at 5–6 weeks of age from Charles River
Laboratories (Calco, Italy). After 1 week of acclimati-
zation, mice were xenografted subcutaneously with
3.5·106 A431FR or A431tMock cells in 0.1 ml of 0.9%
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NaCl. Two to three weeks after tumor cell injection,
mice were randomly divided into groups and injected
intravenously in the lateral tail vein with the radiola-
beled antibody. Table 1 outlines design for each exper-
iment (number of animals per group, total dose with
specific activity injected, and interval times at which
tissue/organs were measured).

Imaging

Six tumor-bearing mice (three with A431FR and three
with A431tMock) from the 1�111In experiment were
anesthetized using a combination of pentobarbital and
medetomidine (35 and 10 mg/kg intraperitoneally,
respectively). Time-dependent localization of the radio-
labeled mAb was determined by scintigraphy (Picker
Prism 1000 gamma camera, with a MEGP collimator -
6/8 inch crystal) at 3, 24, 48, 120 h after injection and
static images were acquired in 15 min.

Biodistribution and localization

Four experiments were carried out with 90Y- and a single
experiment with 111In-labeled mAb; in the 4�90Y
experiment, non-tumor bearing mice were also analyzed.
Biodistribution studies were carried out at multiple time
points following injection (see Table 1). After dissection,
tumors and other tissue/organs (spleen, kidney, liver,
sternum, lungs, heart and muscle) were collected and
wet-weighted. Radioactivity associated with each tissue
was assessed with a gamma counter with internal stan-
dards (5 and 10 ll of the injected solution). Measure-
ments were expressed as percentage of the injected dose
per unit mass of organ (% ID/g) and as tissue/organ:-
blood ratio.

Mathematical model

The antibody kinetics in vivo was described by a two-
compartment non-recycling model in which blood and
tumor are the two compartments. The flow between
compartments was assumed to follow first-order kinetics
and is defined by the transfer rate constants k1, k2 and
k3, representing the flow from blood to a generic body
pool, from blood to the tumor, and from tumor to body
pool, respectively. According to this model, the amount
of radiolabeled antibody in the tumor is given by the
function:

f ðtÞ ¼ Umaxðk1 þ k2Þ
k3 � ðk1 þ k2Þ

e�ðk1þk2Þt � e�k3t
� �

;

where Umax indicates the antibody uptake in the tumor.
If data are expressed as % ID/g, then

Umax ¼
100

M
k2

k1 þ k2
½%ID=g�;

where M is the tumor mass (g) and k2=ðk1 þ k2Þ is the
ratio of injected activity flowing into the tumor.

The values of Umax and flow rate constants for the
antibody were estimated using least-squares techniques
by fitting the model function to the decay-corrected
activity measurements in the tumors based on the
regression algorithms of SigmaPlot software.

The cumulative activity of the 90Y-labeled molecule
per unit mass of the tumor was calculated as the integral
of the time activity curve (AUC, area under the curve):

AUC ¼ 100

M
k2

k3ðk1 þ k2Þ
½%IDh=g�;

in which the model parameters were estimated from the
tumor data without correction for radioactive decay.

Table 1 Description of in vivo experiments

Treatment Experiment code

1�111In 1�90Y 2�90Y 3�90Y 4�90Y

Non-tumor
No. animals ND ND ND ND 21
No. animals per time point 3
A431 tMock
No. animals 16 ND 18 24 21
Mean tumor weight ± SE (g) 0.574 ± 0.101 0.327 ± 0.072 0.296 ± 0.022 0.400 ± 0.078
No. animals per time point 4 3 4 3
A431 FR
No. animals 16 15 18 24 35
Mean tumor weight ± SE (g) 0.386 ± 0.046 0.125 ± 0.044 0.362 ± 0.051 0.255 ± 0.036 0.510 ± 0.052
No. animals per time point 4 3 3 4 5
Injected dose
Administered activity (kBq) 800 450 450 1,100 600
Specific activity (kBq/lg) 50 50 90 90 70
Interval times (h) 3/24/48/120 1/3/24/48/120 1/3/24/48/72/144 3/15/24/48/72/144 1/3/15/24/48/72/144
Organ assesseda Blood, tumor, spleen, liver, kidneys, sternum, lungs, heart and muscles

aIn all but the 3�90Y experiment in which liver, chest and lung were not measured; the analysis of blood clearance was performed in
A431FR- and A431tMock-bearing mice using data from 90Y experiments 2, 3 and 4
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Finally, the blood pharmacokinetics of 90Y-mAb was
described using the bi-exponential function: y(t)=ae�a

t+be�b t to fit the non-corrected activity measurements
in blood and was used to derive the blood terminal half-
life (t1/2 b).

The values in mice bearing A431FR or A431tMock
were compared using a two-sided Student’s t-test, pair-
ing the experiments performed in parallel with the same
radiolabeled preparation. Differences were considered
significant at P<0.05. Statistical analyses were per-
formed using GraphPad software (GraphPad Software
Inc, San Diego, CA, USA).

Results

All procedures and experiments were conducted under
good laboratory practice (GLP) conditions on the pre-
mise of future clinical application of the 90Y- and 111In-
mAb. In optimizing procedures to obtain functional
radiolabeled mAb, the following parameters were con-
sidered: initial mAb concentration, L/P ratio, pH (5–7.5
range), incubation time (30–60 min), temperature (37–
45�C), radioactive quantity (50–200 MBq/mg), use of
ascorbic acid as a radioprotectant, and the effect of trace
metal contaminants.

mAb derivatization with Bz-DOTA

Optimal initial mAb concentrations were essential to
achieve efficient binding of the chelating agent Bz-
DOTA to the reactive amino groups. We first used a
mAb preparation at 10 mg/ml, but neither increased
incubation time, temperature nor Bz-DOTA excess
gave a substitution ratio sufficient for further labeling.

The mAb concentration was brought to 75 mg/ml and
in the range 40–75 mg/ml a linear increase in L/P ratio
was achieved. However at the highest mAb concentra-
tion, binding activity following derivatization was
compromised (data not shown). All subsequent studies
were performed using a single preparation of certified
mAb at 51 mg/ml. Bz-DOTA-MOv18 conjugates were
prepared using different molar excesses which yielded
different substitution ratios. The reaction buffer did not
directly affect the L/P, but was important for the sta-
bility of the concentrated mAb during the reaction.
SDS-PAGE confirmed an intact antibody with no
aggregation. MALDI-TOF-MS was used for the
quantitative assessment of Bz-DOTA/mAb ratios of
these conjugates and demonstrated a high resolution in
molecular mass determination. The MALDI-TOF-MS
spectra were successfully recorded for each of the
conjugates and mAb. Each spectrum contained one
peak representing the mono-protonated molecule
(M+H)+. Due to the resolution of the MALDI-TOF-
MS instrument, broad peaks were observed; the
molecular mass of each conjugate or unmodified mAb
was calculated from the peak centroid. Based on these
results, L/P ratios as low as 0.5 and a proportional
increase in the mass with increased L/P ratios were
determined (Fig. 1). A 20-fold molar excess of Bz-
DOTA gave a substitution ratio of up 7 (L/P mean
6.5), while a sixfold molar excess gave a mean L/P of
2.5 (range 1–4). The effect of L/P on functionality was
assessed by immunofluorescence analysis on FR-posi-
tive IGROV1 cells. Overall, a Bz-DOTA substitution
lower than four to five was well tolerated, since Bz-
DOTA-mAb conjugates retained a binding activity
essentially comparable to that of native mAb (Fig. 1).
Binding assay on the FR-negative MeWo cells indi-
cated the absence of non-specific binding (data not

Fig. 1 A MALDI-TOF profile
of representative derivatizations
with Bz-DOTA and values of
molecular mass of conjugates
calculated from the peak
centroid of the the mono-
protonated molecule (M+H)+.
B Molar excess of Bz-DOTA
and effect of L/P ratio on
residual binding activity of Bz-
DOTA-MOv18 conjugates as
assessed by
immunofluorescence analysis
on live IGROV1 cells
overexpressing the FR antigen.
The functionality of the Bz-
DOTA-mAb conjugates is
given as % mean fluorescence
intensity relative to that of the
unmodified mAb
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shown). Binding activity of Bz-DOTA-MOv18 stored
at 4�C remained unchanged up to 6 months.

90Y and 111In radiolabeling and in vitro evaluation

Labeling yield was highest when Bz-DOTA-mAb con-
centrations were 7–10 mg/ml, with more diluted prepa-
rations resulting in very low incorporation yield (data
not shown). Moreover, incorporation of 90Y into Bz-
DOTA-mAb conjugates was heavily affected by trace
metal contaminants, so that treatment of all glassware
and use of water with high resistivity for buffer prepa-
rations were required. At pH 7.5 and 37�C, the incor-
poration rate of 90Y was considerably faster than in a
more acid environment and at room temperature, and in
these conditions, a high mean labeling yield as deter-
mined by ITLC before gel filtration (mean ± SE
85±4%) was obtained in a short time. The use of a high
ionic strength (0.5 M) prevented the formation of yt-
trium hydroxide colloids [23]. To further minimize
radiolytic effects, ascorbic acid and HSA were added as
radioprotectants during 90Y labeling; accordingly, SDS-
PAGE revealed intact mAb with no aggregates. When
this procedure was omitted, integrity of the molecule
was affected (data not shown). Minor modifications
were necessary to achieve satisfactory labeling with
111In, but even in optimized conditions, the labeling
yield (mean ± SE 64±3%) was lower than that for 90Y.
After desalting chromatography, radiolabeled mAb was
at least 98% pure as indicated by ITLC; the remainder
was present as a complex of EDTA or DTPA. When
isotope:Bz-DOTA-mAb ratios of 100 and 50 MBq/mg
were applied for 90Y and 111In, respectively, final mean
specific activities of 74 and 37 MBq/mg were obtained.
Analysis of immunoreactivity indicated that about 60%
of 90Y- or 111In-MOv18 bound to cells overexpressing
FR (mean ± SE in 16 experiments: 59.6±3.9 and
58.1±3.2% immunoreactivity for 90Y-MOv18 and
111In-MOv18, respectively). With all radiolabeled prep-
arations, the curves presented a significant regression
with P values <0.001 and no binding over background
was observed on FR-negative Mewo and A431tMock
cells (data not shown), further indicating that binding
specificity was maintained after labeling.

No bacterial contamination appeared after incuba-
tion of the peptone solution, indicating that the filtration
unit and the filtrate solution of radiolabeled mAb were
sterile. Pyrogen contamination based on the LAL assay
was <0.1 U/ml. Radiolabeled preparations incubated in
human serum for 48 h lost 2.5 and 2.2% 90Y and 111In,
respectively, and SDS-PAGE revealed no other labeled
serum proteins, indicating absence of trans-chelation.

In vivo evaluation of radiolabeled MOv18 preparations

Three pairs of mice bearing A431FR or A431tMock
tumors of comparable size in the left flank region were

imaged with 111In-MOv18. Figure 2 shows the scinti-
graphic images of a representative pair. Localization of
111In-MOv18 in the A431FR tumor increased until
120 h (panel E), with evidence of early localization
(panel B, thin arrow). By contrast, the blood pool
localization (hypogastric region—thick arrow) de-
creased over time, and the A431tMock tumor was barely
or not detectable at all time points examined. In parallel
to scintigraphy, other tumor-bearing mice were sacri-
ficed at the same time points (see Table 1). Data ob-
tained from all dissected tumors are reported in Table 2
and used to generate Fig. 3, which represents the
experimental accumulation of 111In-Mov18 (% ID/g) in
the xenografted tumors with time. In agreement with
imaging results, maximal tumor uptake was higher in
A431FR than in A431tMock tumors (Umax±SE 45±5
vs. 11.3±1.6, respectively).

Figure 4 shows the biodistribution of 90Y-MOv18 in
tissue/organs of non-tumor and tumor-bearing mice
from experiment 4�90Y as % ID/g ± SE to illustrate
the intra-assay variability; whereas the analytical data
from the time interval common to all the experiments
are given in Table 2 as % ID/g and tissue/organs:blood
ratio to enable evaluation of inter-assay variability. The
organ biodistribution in non-tumor bearing mice was
comparable to that in A431tMock- and A431FR-bear-
ing mice. In all experiments, MOv18 accumulation in
sternum (bone), heart, lungs and kidney increased
sharply until 3 h, slowly decreasing thereafter. In spleen,
liver and muscle, the uptake was more stable over time.
In the A431tMock-tumor tissue, maximum uptake was
at 24–48 h (range 5–9% ID/g) followed by a very slow
decrease. Despite inter-assay variability, localization in
A431FR tumors was several-fold higher than in
A431tMock tumors at all time intervals.

To evaluate the experimental accumulation of 90Y-
MOv18 (% ID/g) in the xenografted tumors over time,
the mean tumor uptake was calculated according to the
mathematical model described in Materials and Meth-
ods. As shown in Table 3, the values were about sev-
enfold higher in A431FR tumors (53.7 vs. 7.4% ID/g for
A431FR and A431tMock, respectively) and significantly
different (P=0.0332). To enable comparison of effective
total radiation to tumor mass, the raw data (not cor-
rected for the physical decay) were used to calculate
accumulated 90Y activity in the tumor (AUC) for the
A431FR and A431tMock groups; accumulation of 90Y-
MOv18 was sixfold higher (P=0.0465) than in
A431tMock (Table 3).

Blood terminal half-life (t1/2b) in non-tumor mice
(mean ± SE 51±7 h) was similar to that calculated in
the A431tMock-bearing mice (mean ± SE 66±3 h),
whereas the t1/2b in A431FR-bearing mice (mean ± SE
35±3 h) was significantly shorter (A431FR vs.
A431tMock: P=0.0339). Consistent with the shorter
t1/2b, the % ID/g was lower in all tissue/organs except
tumors of mice bearing A431FR tumors at the last
time point examined (144 h). The blood t1/2b was in
the range expected for whole murine radiolabeled
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mAbs, except in mice bearing FR-positive tumors,
where t1/2b was shorter. This finding might rest in the
sponge effect of tumors that highly overexpress FR,

efficiently accreting the radiolabeled mAb and sub-
tracting it from blood.

Discussion

For radioimmunotherapeutic applications, 90Y must be
linked as a metal complex to mAb via a suitable
bifunctional chelating agent that has sufficient thermo-
dynamic and kinetic stability to minimize release of the
isotope and, in turn, in vivo toxicity. In the past, labeling
chemistry with radiometals was limited until suitable
chelating agents were developed, evolving from DTPA
cyclic anhydride to backbone-substituted bifunctional
DTPAs (Bz-DTPA, MX-DTPA and cyclohexyl-DTPA)
and to bifunctional chelating agents based on the
macrocyclic structure DOTA [31]. Derivatives of p-
isothiocyanatobenzyl-1,4,7,10-tetraazacyclododecane-1,
4,7,10- tetraacetic acid (Bz-DOTA) conjugated to mAbs
have been shown to form highly stable complexes with
yttrium and the lanthanide metal radionuclides for in
vivo applications [7, 26, 34]. However, the routine use of
Bz-DOTA-mAb conjugates has been frequently ham-
pered by required lengthy synthesis of Bz-DOTA
bifunctional chelates and by subsequent difficulties in
90Y radiolabeling of these conjugates. Using MOv18 as
entire murine mAb molecule, which could be concen-
trated up to 50 mg/ml without loss of functionality, we
developed a simple procedure for both chelation and
labeling that requires relatively short incubation time
and mild conditions. This procedure preserved mAb
functionality, as demonstrated in the in vivo preclinical
model, and can be performed at the clinical site.

We used MALDI-TOF-MS, which allows accurate
determination of average molecular mass and estimates
molecular mass differences as low as 300 D, for the
characterization of Bz-DOTA number on entire mAb
conjugates [24]. The technique provided direct evidence
of Bz-DOTA-mAb conjugation and, based on the
molecular mass of Bz-DOTA and unmodified mAb,
enabled estimates of L/P ratios or Bz-DOTA densities of
the synthesized immunoreagent. This method represents
a valid alternative to those currently in use to determine
the average number of chelate per antibody molecule
[12, 21, 27]. Complete functionality was preserved up to
an L/P of 4–5; further increases in the L/P ratio resulted
in a proportional loss of activity, probably due to
interference of excessive numbers of chelator molecules
with the antibody binding sites. The selected mean L/P
substitution ratio, besides preserving tumor targeting
properties, provided the best opportunity for 90Y
incorporation under optimized labeling conditions. The

Fig. 2 Localization of 111In-MOv18 in two representative mice
bearing A431FR (final weight 0.58 g) or A431tMock (final weight
0.50 g) subcutaneously in the left flank region. Light image at 3 h
(A) and immunoscintigraphic images at 3 (B), 24 (C), 48 (D) and
120 (E) h after injection. The same animals were used for all
images. Thin arrow A431FR tumors; thick arrow blood pool

b
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chelation can be performed at the clinical site or, alter-
natively, might be carried out in bulk by a specialized
center in light of the apparent long-term stability of the
Bz-DOTA-mAb conjugates.

Efficient 90Y incorporation also depended on avoiding
trace metal contamination of glassware and buffers, in
agreement with previous reports indicating that 90Y
incorporation into the free macrocyclic and acyclic che-
lators is most sensitive to the presence of trace levels of
zinc and, to a lesser extent, ferrous and calcium ions [36].
However incorporation never exceeded 90%. This sug-
gests the presence of minor amounts of unconjugated Bz-
DOTA incompletely removed by initial gel filtration.
Since our study was aimed at developing an in-house
procedure for labeling under GLP conditions, we tried to
avoid introducing procedures, such as dialysis, which are
extremely difficult to perform under GLP conditions.
Thus, we chose to perform a final gel filtration after ra-
diolabeling to simultaneously enable removal of isotope,

Fig. 3 Fitting curve used to calculate tumor uptake (Umax) of the
mAb in A431FR- and A431tMock-bearing mice injected with
111In-MOv18 (four animals for each time point)

Table 2 Biodistribution and tumor uptake of radiolabeled-MOV18, expressed as % ID/g and tissue/organ:blood ratio (T/B), following
intravenous administration in athymic mice

Tissue/organ uptake at Experiment code

1�111In 1�90Y 2�90Y 3�90Y 4�90Y

% ID/g T/B % ID/g T/B % ID/g T/B % ID/g T/B % ID/g T/B

Three (h) Non tumor
Blood – – – – – – – – 20.09 1
Tumor – – – – – – – – – –
Spleen – – – – – – – – 5.72 0.28
Kidneys – – – – – – – – 4.18 0.21
Liver – – – – – – – – 8.08 0.40
Sternum – – – – – – – – 2.33 0.12
Three (h) A431 tMock
Blood 29.28 1 – – 26.68 1 26.46 1 12.76 1
Tumor 6.86 0.23 – – 8.12 0.30 6.96 0.26 3.17 0.25
Spleen 4.97 0.17 – – 6.02 0.22 5.49 0.21 5.49 0.43
Kidneys 6.39 0.22 – – 6.26 0.23 5.91 0.22 4.79 0.38
Liver 7.85 0.27 – – 10.11 0.38 7.98 0.30 10.24 0.80
Sternum 3.22 0.11 – – 2.98 0.11 – – 2.40 0.19
Three (h) A431 FR
Blood 30.12 1 23.33 1 25.37 1 27.54 1 22.63 1
Tumor 9.71 0.32 9.07 0.40 11.39 0.45 20.00 0.73 6.66 0.29
Spleen 5.42 0.18 4.42 0.19 3.92 0.15 6.00 0.22 6.83 0.30
Kidneys 8.35 0.28 6.27 0.27 4.68 0.18 5.65 0.21 5.21 0.23
Liver 9.35 0.31 10.35 0.44 8.98 0.35 7.48 0.27 10.25 0.45
Sternum 2.93 0.10 2.96 0.13 2.31 0.09 – – 3.06 0.14

% ID/g T/B % ID/g T/B % ID/g T/B % ID/g T/B % ID/g T/B
24 (h) Non tumor
Blood – – – – – – – – 12.76 1
Tumor – – – – – – – – – –
Spleen – – – – – – – – 5.90 0.46
Kidneys – – – – – – – – 3.77 0.30
Liver – – – – – – – – 9.70 0.76
Sternum – – – – – – – – 2.10 0.16
24 (h) A431 tMock
Blood 13.26 1 – – 8.92 1 16.97 1 12.47 1
Tumor 8.06 0.61 – – 4.96 0.56 8.92 0.53 6.58 0.53
Spleen 5.20 0.39 – – 3.92 0.44 6.18 0.36 5.43 0.44
Kidneys 7.82 0.59 – – 3.45 0.39 4.71 0.28 3.90 0.31
Liver 7.91 0.60 – – 9.67 1.08 6.17 0.36 9.59 0.77
Sternum 2.50 0.19 – – 2.24 0.25 – – 2.07 0.17
24 (h) A431 FR
Blood 13.65 1 16.47 1 7.49 1 13.24 1 11.76 1
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free or chelated by unbound Bz-DOTA, and addition of
ascorbic acid and HSA as radioprotectants [6].

The experimental demonstration of optimal labeling
conditions rests in the maintenance of binding activity as
determined by comparative ELISA at the same molar
concentrations of 90Y-radiolabeled and unmodified
antibodies. In these experimental conditions, the
immunoreactivity was always >80% (data not shown).
Parallel assay of the same radiolabeled preparation by
ELISA and the more widely used Lindmo assay [25]
revealed an apparent decrease in immunoreactivity to

about 60% in the second assay. This apparent lower
value is likely due to an underestimation of the immu-
noreactive fraction when the specific activity of the ra-
diolabeled reagents is <74 MBq/mg. As a result,
extrapolation of the cell-bound antibody fraction to
infinite antigen excess could cause an underestimation of
the immunoreactive fraction. Immunoreactivity was
comparable on live cells expressing FR either naturally
(IGROV1 ovarian carcinoma cells) or ectopically
(A431FR cells). Furthermore, in contrast to a recent
report [2], we observed no significant difference in

Table 2 (Contd.)

Tissue/organ uptake at Experiment code

1�111In 1�90Y 2�90Y 3�90Y 4�90Y

% ID/g T/B % ID/g T/B % ID/g T/B % ID/g T/B % ID/g T/B

Tumor 26.20 1.92 63.44 3.85 31.73 4.23 37.21 2.81 21.42 1.82
Spleen 6.16 0.45 7.09 0.43 4.57 0.61 5.21 0.39 6.82 0.58
Kidneys 6.16 0.45 4.62 0.28 2.70 0.36 3.58 0.27 3.99 0.34
Liver 11.15 0.82 10.86 0.66 9.34 1.25 5.94 0.45 9.65 0.82
Sternum 2.27 0.17 3.03 0.18 1.60 0.21 – – 2.24 0.19

% ID/g T/B % ID/g T/B % ID/g T/B % ID/g T/B % ID/g T/B
48 (h) Non tumor
Blood – – – – – – – – 13.24 1
Tumor – – – – – – – – – –
Spleen – – – – – – – – 7.01 0.53
Kidneys – – – – – – – – 4.03 0.30
Liver – – – – – – – – 9.28 0.70
Sternum – – – – – – – – 2.08 0.16
48 (h) A431 tMock
Blood 11.10 1 – – 9.94 1 13.47 1 8.57 1
Tumor 9.11 0.82 – – 4.83 0.49 8.23 0.61 5.71 0.67
Spleen 5.69 0.51 – – 10.62 1.07 6.22 0.46 5.75 0.67
Kidneys 7.01 0.63 – – 3.22 0.32 3.49 0.26 2.81 0.33
Liver 8.96 0.81 – – 9.13 0.92 5.74 0.43 12.02 1.40
Sternum 2.60 0.23 – – 2.52 0.25 – – 2.02 0.24
48 (h) A431 FR
Blood 10.91 1 15.92 1 3.45 1 9.54 1 8.58 1
Tumor 37.20 3.41 65.89 6.87 19.13 5.55 55.14 5.78 29.13 3.39
Spleen 6.53 0.60 7.90 0.55 4.40 1.27 7.83 0.77 6.92 0.81
Kidneys 5.97 0.55 3.86 0.24 2.23 0.65 3.29 0.34 3.04 0.35
Liver 12.25 1.12 9.07 0.91 12.75 3.70 5.95 0.62 9.84 1.15
Sternum 1.68 0.15 2.38 0.20 0.89 0.26 – – 1.82 0.21

% ID/g T/B % ID/g T/B % ID/g T/B % ID/g T/B % ID/g T/B
120/144 (h) Non tumor
Blood – – – – – – – – 10.03 1
Tumor – – – – – – – – – –
Spleen – – – – – – – – 8.41 0.84
Kidneys – – – – – – – – 3.50 0.35
Liver – – – – – – – – 8.23 0.82
Sternum – – – – – – – – 1.97 020
120/144 (h) A431 tMock
Blood 8.68 1 – – 4.82 1 10.40 1 10.54 1
Tumor 6.79 0.78 – – 3.09 0.64 6.31 0.61 8.34 0.79
Spleen 4.27 0.49 – – 5.73 1.19 6.82 0.66 7.27 0.69
Kidneys 5.09 0.59 – – 2.40 0.50 2.48 024 3.00 0.28
Liver 7.41 0.85 – – 6.78 1.41 4.46 0.43 8.18 0.78
Sternum 1.34 0.15 – – 1.77 0.35 – – 1.64 0.16
120/144 (h) A431 FR
Blood 5.90 1 6.39 1 0.49 1 3.04 1 4.16 1
Tumor 34.45 5.84 67.58 10.59 9.70 19.96 44.39 14.62 38.77 9.32
Spleen 6.30 1.07 4.45 0.70 2.98 6.13 4.14 1.36 4.97 1.19
Kidneys 4.27 0.72 2.39 0.38 0.81 1.66 1.41 0.46 1.66 0.40
Liver 7.43 1.26 5.42 0.87 3.74 7.70 2.63 0.86 5.05 1.21
Sternum 1.09 0.19 1.29 0.20 0.78 1.61 – – 1.03 0.25
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immunoreactivity when fixed instead of live cells were
used. These data, together with biochemical analyses of
numerous in vitro and in vivo samples from ovarian
carcinoma (our unpublished data), suggest that the re-
lease of soluble FR in conditioned medium or in bio-
logical samples is negligible, if present at all, and not
sufficient to interfere with MOv18 binding to its relevant
target on the tumor cell surface.

The exceptional kinetic inertness of Bz-DOTA-type
chelates has been documented [26, 36] and we calculated

that less than 3% of 90Y and 111In were present as free
metals after 48 h incubation of radiolabeled MOv18

with human serum. To indirectly evaluate the in vivo
stability of radiolabeled MOv18, we examined the
data obtained from the sternum since bone is a primary
organ of accretion of lanthanide-like compounds such
as yttrium [35]; in all of the in vivo experiments, the
sternum:blood ratios were relatively constant for the
time of observation (Table 2), indicating that the
radioactivity in the bones derives from the plasma
compartment and that the dissociation of 90Y from
mAb-chelate conjugates is negligible. Such stability is
encouraging in the context of radioimmunotherapeutic
applications.

Fig. 4 Biodistribution of
90Y-MOv18 in tissue/organs
collected at different time points
from non-tumor- (A),
A431tMock- (B) and A431FR-
(C) bearing mice. Values are
expressed as mean % injected
dose/g ±SE in groups of three
to five animals for each time
point
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The described mild and short procedures for labeling
with radiometals can be applied to other mAb, provided
that they remain stable in solution at relatively high
molar concentrations; accordingly, we have obtained
promising results (high radiometal incorporation,
>50% immunoreactive fraction by Lindmo method and
in vitro stability in human serum) with other anti-FR
antibody-based reagents (unpublished observations).

The xenograft tumor model used for our in vivo pre-
clinical evaluation enabled us to determine the specific
antibody retention due to antigen recognition and,
simultaneously, to exclude the non-specific uptake due to
tumor growth characteristics. To this aim, we generated a
pair of isogenic cell lines by transfecting A431 cells,
known for a good take in athymic mice, with the target
antigen (FR) or the empty vector. In the case of A431FR
cells, we selected a subclone overexpressing FR at levels
similar to those detected in in vivo human samples
(twofold to fivefold higher than the mean expression
value in cell lines). To better analyze the localization of
90Y-MOv18 in the in vivo model and eventually to
determine the dosimetry, tumor cells were grown as solid
subcutaneous nodules. Uptake and adsorbed radiation
dose in the tumor were assessed by a mathematical pro-
cedure that allows determination of tumor uptake (Umax)
and AUC, parameters which are more appropriate than
tumor/blood ratios or % ID/g at single time points to
measure the localization and the effective total radiation
dose to the tumor mass over time. Maximum uptake of
90Y-MOv18 in A431FR tumors was sevenfold higher
than in the FR-negative tumors (P=0.0332); the tumor
AUC of 90Y-MOv18 was nearly sixfold higher
(P=0.0465). By contrast, the uptake by other tissues/
organs was lower and decreased over time. Our FR-
overexpressing preclinical model combined with the
mathematical procedure used might serve as a basis of
direct comparison with future MOv18 derivatives and
anti-FR human reagents now being developed, inde-
pendent of their blood clearance. Furthermore, use of the
reported mathematical procedure might ultimately serve
in estimating the therapeutic index of radiolabeled re-
agents and in designing more appropriate preclinical
models, such as intraperitoneally growing ovarian car-
cinomas, to test their therapeutic efficacy.

Murine mAb are known to induce a human anti-
mouse immunoglobulin antibody response, particularly
evident in solid tumor patients and after multiple
administrations [13, 29]. However, the remarkable re-
sponse rate achievable with a single injection of radio-
labeled mouse mAb suggests the promise of other
murine mAbs that, like mAb MOv18, have a high tar-
geting ability. Together these data indicate that the anti-
ovarian carcinoma 90Y- or 111In-labeled MOv18,
obtainable in GLP conditions at the clinic site, is directly
amenable to clinical use. A phase I study to assess
dosimetry and toxicity in advanced ovarian cancer pa-
tients is ongoing.

Further optimization of the three components of the
radioimmunoconjugate is expected. For example, the
b-emitting lanthanide 177Lu (T1/2=6.7 days, Ec=0.208
MeV, Ebmax=0.497 MeV, max tissue penetration=
2.0 mm) might be considered for radioimmunotherapy
due to its beta energy emission for cell killing, a physical
half-life that better matches mAb pharmacokinetics, and
the possibility of contemporaneous external imaging of
tumor lesions (for dosimetry and treatment monitoring).
The recent pharmaceutical availability of this radionu-
clide and the possibility of exploiting the same radiola-
beling chemistry as with 90Y should enable the preclinical
evaluation of localization and therapeutic efficacy of
177Lu-MOv18. Furthermore, we are developing com-
pletely human anti-FR antibody reagents to allow
repeated treatment without inducing a human anti-
mouse antibody response. Finally, the use of tissue-
specific degradable peptide linkers [14] as a means to
reducing radiation to normal tissues awaits further
evaluation.

The present study with 90Y-MOv18, together with

previous encouraging clinical results with 131I-MOv18,
point to the promise of a radioimmunotherapeutic ap-
proach in the management of ovarian cancer. The
selection of the isotope will be driven by the clinical
setting, with the 90Y-reagent, here described, finding
potential use in consolidation therapy following subop-

timal surgery (residual disease >1 cm), and with 131I-
MOv18 or 177Lu-MOv18 more suited in adjuvant
therapy of minimal residual disease.

Acknowledgements The authors thank Gloria Bosco for manu-
script preparation. This work was partially supported by AIRC-
FIRC and a MIUR grant to Dompé.
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