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AFRA-DMF5.3 is a human antibody fragment that, as a dimer,
specifically binds to the a-folate receptor (FR) on ovary cancer cells.
Pharmacokinetic and biodistribution parameters of 131I-AFRA-
DFM5.3 after intravenous administration in animal models support
its potential therapeutic use. We evaluated its preclinical specificity
and therapeutic efficacy in tumor models. Methods: A negative
control, AFRA-DFM6.1, was obtained by protein engineering. The
activity and specificity of 131I-AFRA-DFMs were evaluated by
systemic administration (intravenous) in subcutaneous tumor
xenograft–bearing nude mice. Pharmacokinetics, biodistribution,
and efficacy were assessed by intraperitoneal administration of
131I-AFRA-DFM5.3 in nude mice bearing 2 different intraperito-
neal ovarian carcinoma xenografts. Treatments were tested at
different doses and as single or double administrations 1 wk
apart. Results: In subcutaneous models, 131I-AFRA-DFM5.3,
but not the negative control, was found to reside on FR-positive
tumor masses and significantly reduced tumor growth. In intra-
peritoneal models, early accumulation on free-floating clumps of
ovarian cancer cells and solid peritoneal masses was evident
after 1 h, and tumor uptake was stable for up to 3 h. The high
tumor uptake determined the efficacy of 131I-AFRA-DFM5.3. The
best antitumor activity, with more than 50% of treated animals
cured, was achieved with 2 locoregional treatments of intraper-
itoneally growing tumors on days 2 and 9. Conclusion: These
results suggest that radioimmunotherapy with 131I-AFRA-DFM5.3
is feasible and leads to significantly prolonged survival. These
preclinical data provide the basis for the rationale design of ther-
apeutic treatments of ovarian cancer patients with a radiolabeled
anti-FR antibody fragment.
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Ovarian cancer is the leading cause of death for pa-
tients with gynecologic malignancies (1). A major prob-
lem in clinical management of ovarian cancer is the
unpredictable response to first-line treatment and the high
frequency of relapse after induction chemotherapy, asso-
ciated with broad cross-resistance to structurally dissim-
ilar drugs. This problem highlights the need for anticancer
treatments with mechanisms of cancer toxicity that are
different from those of currently available chemotherapeu-
tic agents.

Selective exploitation of molecules that are aberrant in
cancer using targeted anticancer treatment appears success-
ful in a variety of malignancies, such as breast, colon, lung,
and renal cancers. Numerous targeted therapeutic approaches
have also been explored in ovarian cancer using either small
inhibitors of tyrosine kinases or monoclonal antibodies
(mAbs) (2). Numerous ongoing randomized trials have
investigated a mAb as the targeted agent, but at present no
consensus therapy with this class of molecules has been
reached for ovarian cancer.

Antibody-based therapies are promising (3), and as
recently discussed (4), an interesting application is radio-
immunotherapy. In fact, radioimmunotherapy may be supe-
rior to antibody alone or to antibody conjugated with drugs
or toxins because of the cross-fire phenomenon (5,6) and
the relative independence from the homogeneous expres-
sion of the target within the tumor mass.

In recent years, radioimmunotherapy has become a
consolidated therapeutic option for hematologic malig-
nancies, whereas its application to solid tumors has been
progressing more slowly (7). The limited effects of radio-
immunotherapy in solid tumors, and, in general, of thera-
pies based on entire antibody molecules, can be attributed
to a low tumor-mass penetration, which depends on the
dimension and vascularization of the tumor as well as
intrinsic chemical–physical features of the antibody, such
as size, charge, and species of origin (8). Antibody frag-
ments obtained by protein engineering and the use of
locoregional treatments for some malignancies, such as
intrathecal injection in glioblastoma patients and intra-
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peritoneal delivery in ovarian cancer patients, hold prom-
ise for overcoming some of the limitations due to poor
tumor penetration.
In the case of ovarian cancer, even though heavily

debated, locoregional administration of treatment has a
strong biologic and pharmacologic rationale. In fact, intra-
peritoneal spread is the most characteristic feature of ovarian
cancer metastases, and residual tumor after standard aggres-
sive surgery is primarily confined to the peritoneal cavity.
Pharmacodynamic studies have shown that intraperitoneal
chemotherapy can achieve higher local concentrations and
prolonged drug exposure (9,10).
In the 1990s, encouraging results were obtained in phase I

and II trials with anti–folate receptor (FR) murine antibody
derivatives administered intraperitoneally in ovarian cancer
patients (11–13). The major limitation of these studies was
that the resulting human antimouse antibody response did
not allow for repeated injection. Genetic engineering, how-
ever, allowed the generation of chimeric (chi) antibodies
(murine-variable regions and human constant regions).
Chi-MOv18 (14) entered in preclinical and clinical studies
with particular attention to radioimmunotherapy applications
(15,16), including intraperitoneal administration (17,18). In
the case of chi antibodies, patients eventually tend to develop
levels of human antimouse antibody that are comparable to
those observed with mouse antibodies. Human antibodies
could be an ideal reagent for this purpose. In the past, we
have produced different human antibodies against FR using
phage display, starting either from a naı̈ve library (19) or
from a library from patients with a previous history of ovar-
ian cancer (4) using guided selection, which allows for iso-
lation of an antibody with the same specificity as the
preexisting murine antibody. In particular, several antibody
fragments have been isolated, one of which was genetically
and chemically manipulated to obtain a dimer, namely
AFRA-DFM5.3, with characteristics suitable for clinical
applications (4,20).
Another limitation of intraperitoneal immunotherapy

against FR was the relatively long half-life of 131I-anti-
FR murine (11) or chi (18) mAbs. In contrast, the pharma-
cokinetic parameters of the human antibody fragment
131I-AFRA-DFM5.3 observed in well-defined preclinical
animal models (4) support its potential therapeutic use,
not only as a single injection but also when administered
2 times 1 wk apart.

MATERIALS AND METHODS

Cell Lines and Antibodies
The following human tumor cell lines were used: ovarian

carcinoma IGROV-1 (a gift from Dr. Jean Bénard, Institute Gustave
Roussy), OVCAR3 (American Type Culture Collection), and A431-
FR and A431-MK (epidermoid carcinoma cells transfected with FR
or empty vector, respectively), isolated as previously described (21).
All cell lines were grown in RPMI 1640 medium supplemented
with 10% fetal calf serum and 2 mM glutamine; stably transfected
cells were grown with the addition of G418 at 800 mg/mL (Gibco).

The level of FR expression was assessed by Western blot analysis
and defined using an arbitrary scale: moderate for IGROV-1, high
for OVCAR3, and very high for A431FR (4).

For in vivo studies, the following antibodies were used: AFRA-
DFM5.3 (4), human anti-FR antibody Fab dimer (final concentra-
tion, 0.13 mM); AFRA-DFM6.1, human nonbinder antibody Fab
dimer (final concentration, 0.05 mM); and chi-MOv18 Fab92, pre-
pared using the ImmunoPure Fab92 Preparation Kit [Pierce]) (final
concentration, 0.07 mM), chosen on the basis of similarity in
format and already used under a preclinical analysis (15). Anti-
bodies were produced in clinical grade conditions and verified for
sterility and pyrogens below the level of detection (4). The binding
affinity of AFRA-DFM5.3, AFRA-DFM6.1, and chi-MOv18
Fab92 was determined using the Biacore system as previously
described (4).

A reference entire human mAb and its F(ab)2 fragment and an
anti–human fluorescein-labeled secondary antibody (goat; KPL)
were used for isoelectrofocusing and fluorescence-activated cell
sorting, respectively.

Generation of Nonbinder Reagent
To disrupt the binding ability of the AFRA5.3 Fab fragment, its

heavy chain was modified by site-directed mutagenesis of DNA
triplet codons to obtain a fragment termed AFRA6.1.

Radiolabeling and Quality Control
131I was from GE Healthcare; all other chemicals were of high

purity (Sigma). Radiolabeling with 131I was done using IODO-
GEN–precoated iodination tubes (Pierce) by the Chizzonite method,
as previously described (4,21). Radiopharmaceuticals were charac-
terized for radiochemical purity by instant thin layer chromatogra-
phy, integrity by sodium dodecyl sulfate polyacrylamide gel
electrophoresis, isoelectric point (pI) by isoelectrofocusing using
the Phast System (GE Healthcare), and immunoreactivity as previ-
ously described (4), using A431FR, IGROV-1, or OVCAR3 as pos-
itive target cells and A431MK as negative target cells.

Animals and Tumor Models
All protocols were approved by the Ethics Committee for Animal

Experimentation of the Fondazione IRCCS Istituto Nazionale dei
Tumori and performed according to institutional and the new
Guidelines for the Welfare and Use of Animals in Cancer Research
(22). Female s.c.e CD1 nu/nu (athymic) mice were obtained at 6–7
wk of age from Charles River Laboratories and left untreated for at
least 1 wk of acclimatization. Subcutaneous models were chosen to
define the specificity of the radioimmunotherapy with easy quanti-
fication of tumor dimension. Toward this end, and because of the
poor subcutaneous tumor uptake of the ovarian cancer cell lines
implanted, 2 isogenic cell lines differing only in the presence or
absence of the antigen of interest (A431FR and A431MK) were
used; mice were injected subcutaneously in the flank region with
3.5 · 106 tumor cells in 0.1 mL of saline. For evaluation of efficacy,
intraperitoneal models of ovarian cancer cells, namely IGROV-1
and OVCAR3 cells adapted to grow intraperitoneally and main-
tained by serial intraperitoneal passages of ascitic cells (23,24),
were used; mice were injected intraperitoneally with 1 · 107 tumor
cells in 0.5 mL of saline. Hemorrhagic ascites with diffuse perito-
neal carcinomatosis developed in about 15 d in all mice of the
OVCAR3 model and around 50% of the mice of the IGROV-1
model; in all ascites-bearing animals, solid tumor masses were also
detected at necropsy in the peritoneal cavity and in IGROV-1–bear-
ing mice without ascites. A major intraperitoneal nodule located on
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the intestinal mesentery or on the peritoneal wall was recorded by
palpation or at necropsy. The following were humane endpoints: for
subcutaneous models, tumor volume greater than 750 mm3 or body
weight loss greater than 20%, and for intraperitoneal models, body
weight increase greater than 20% or intraperitoneal tumor mass with
an estimated volume greater than 500 mm3.

In Vivo Toxicity
The maximal AFRA-DFM–injected doses were selected accord-

ing to previous experience with 131I-labeled antibodies by us (20)

and others (23) and taking into consideration both operator exposure
and possible initial cross-irradiation between animals. Possible ani-
mal death due to irradiation (monitored in non–tumor-bearing mice)
and body weight were controlled on a regular basis.

Systemic Treatment
At day 6–7 after subcutaneous tumor injection, mice with

growing tumors (mean tumor volume 6 SD: A431FR, 32 6
18 mm3; A431MK, 35 6 15 mm3) were randomly divided into
groups (n 5 6–8) and injected in the lateral tail vein with 0.3 mL

FIGURE 1. Immunochemical characterization of AFRA-DFM5.3, compared with controls. (A) Schematic diagram of antibody fragments

used. (B) Binding profiles of AFRA-DFM5.3, AFRA-DFM6.1, and chi-MOv18 (Fab)2 to A431FR assessed by fluorescence-activated cell

sorting. (C) Isoelectric point determination of AFRA-DFM5.3, AFRA-DFM6.1, and chi-MOv18 (Fab)2 by isoelectrofocusing (3–9 pI) and silver
staining; reference human entire mAb and its F(ab)2 fragment and murine entire mAb MOv18 were used. (D) Analysis of purified AFRA-DFMs

and chi-MOv18 (Fab)2 before (left) and after (right) 131I-radiolabeling by sodium dodecyl sulfate polyacrylamide gel electrophoresis (12.5%)

in nonreducing conditions and detected by either staining with Coomassie blue or autoradiography. h 5 human; Ref. 5 reference.
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of 131I-AFRA-DFMs or 131I-chi-MOv18 (Fab)2 in saline or saline
alone as a control. Tumor growth was monitored with a caliper
every 2–3 d, and volume was calculated as V 5 4/3 p r3. Tumor
growth is reported as a logarithm of the mean relative tumor volume
(log10 of the ratio of tumor volume at each time point to tumor
volume at the day of radioconjugate injection) 6 SD (22).

Intraperitoneal Biodistribution
At day 10–14 after intraperitoneal tumor injection, groups of

3–4 animals for each time point were intraperitoneally injected
with 0.3 mL of 131I-AFRA-DFMs (1.1 MBq). For pharmacoki-
netic and biodistribution studies, at 10 and 30 min and at 1, 3, 6,
and 15 h, blood samples, selected tissues or organs, ascitic fluid,
and intraperitoneal tumor masses were harvested, weighed, and
counted in a g-counter to calculate the percentage of the injected
dose per gram of tissue (%ID/g).

Locoregional Treatment
At day 2 or 4 after intraperitoneal tumor injection, animals were

randomly divided into groups (n 5 4–8) and intraperitoneally
injected with 0.3 mL of 131I-AFRA-DFM5.3 in saline or with
saline alone as a control. Animals were monitored for body
weight, ascites development, and intraperitoneal tumor masses
every 2–3 d. At the end of the experiments, surviving animals
were euthanized, and necropsy was performed to evaluate tumor
dissemination in the peritoneal cavity.

Statistical Analysis
Prism (version 5.02; GraphPad Software) was used for statistical

analysis. In subcutaneous tumor models, the activity and specificity
of systemic treatment were assessed by comparing the mean tumor
volume and weight at the end of the experiment with an unpaired
2-tailed Student t test. In the intraperitoneal tumor models, the
efficacy of the locoregional treatment was assessed by comparing
the overall survival by log-rank assay using the Kaplan–Meier
product-limit method. The Cox univariate model was used to esti-
mate the hazard ratio. A P value of less than 0.05 was considered
statistically significant.

RESULTS

In Vitro Selection and Characterization of Negative
and Positive Antibody Controls

To obtain an appropriate negative control, we engineered
an antibody-based reagent with the same chemical–physical
characteristics as AFRA5.3 but unable to bind FR. Four
changes in the amino acid sequence of CDR3 of the heavy
variable chain of AFRA5.3 and 2 changes, for cloning rea-
sons, in the framework 4 region were sufficient to obtain
AFRA6.1. By fluorescence-activated cell sorting analysis
(Fig. 1A), AFRA-DFM5.3 and chi-MOv18 Fab92 exhibited
a binding profile consistent with their specific recognition of
FR, whereas no binding activity to FR-expressing A431FR
was detectable for AFRA-DFM6.1. Neither antibody reagent
bound to A431MK cells not expressing FR (data not shown).
BIAcore analysis confirmed that AFRA-DFM6.1 does not
bind to recombinant purified FR (data not shown).

Both the human AFRA-DFMs, similar to the human
reference entire antibody and human fragment, had a pI
higher than 9, whereas the chi-MOv18-F(ab)2 and the murine
antibody MOv18 showed a pI of around 8.5 and 6.8, respec-
tively (Fig. 1B).

AFRA-DFMs and chi-MOv18 (Fab)2 were radiolabeled
with 131I using similar experimental conditions without alter-
ation of molecular integrity (Fig. 1C). Analysis of immunor-
eactivity indicated that greater than 70% and 55% of the
radiolabeled anti-FR reagents AFRA-DFM5.3 and chi-
MOv18 (Fab)2 bound to cells overexpressing FR, whereas
no binding over background was observed with radiolabeled
AFRA-DFM6.1 (mean immunoreactivity , 1%).

In Vivo Characterization of 131I-AFRA-DFMs

The blood terminal half-life of 131I-AFRA-DFM6.1 after
intravenous administration in non–tumor-bearing mice and

TABLE 1
Antitumor Activity of 131I-Labeled Anti-FR Antibodies After Systemic Administration in Subcutaneous Tumor Models

Antitumor activity over untreated animals

Experiment
no.

Radiolabelled
reagent

Total dose
(MBq)

Days of
treatment Tumor

Antigen
expression

Percentage tumor
volume* P

Percentage
tumor weight* P

1 AFRA-DFM5.3

(Fig. 2A)

37 +6 A431FR Positive 38 <0.0001 49 0.0303

37 +6 A431MK Negative 93 0.3461 82 0.1354
2 AFRA-DFM6.1 37 +6 A431FR Positive 90 0.6422 81 0. 3455

3 AFRA-DFM5.3

(Fig. 2B)

74 +7 and +13 A431FR Positive 37 <0.0001 44 0.0015

74 +7 and +13 A431MK Negative 76 0.2391 70 0.0637
4 AFRA-DFM6.1 74 +7 and +13 A431FR Positive 81 0.3186 72 0.1381

5 chi-MOv18 Fab2

(Fig. 2C)

37 +7 A431FR Positive 11 0.0005 18 0.0002

37 +7 A431MK Negative 81 0.5090 81 0.2960

*Ratio of tumor volume or weight in treated vs. control mice · 100 measured at experiment end; analyzed with unpaired Student t test.
Number of animals: treated, 6–7; controls, 6–8. Some intra- and interassay variability was observed in tumor volume and weight in control

mice at 20–23 d after tumor injection: A431FR, 280–630 mm3 and 0.5–1.5 g; A431MK: 310–700 mm3 and 0.3–1.5 g.
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in A431FR and A431MK tumor–bearing mice was similar to
that previously reported for 131I-AFRA-DFM5.3 (4) and
ranged between 3.3 and 3.7 h. Similar results were obtained
by intraperitoneal administration; in fact, the blood terminal
half-life of the two 131I-AFRA-DFMs was comparable (3.2
vs. 3.3 h) in mice not bearing tumors. Blood terminal half-
life of 131I-chi-MOv18 (Fab)2 after intravenous administra-
tion in tumor-bearing mice ranged between 8.6 and 9.1 h.

No major toxic effects of radiation were recorded in
treated animals after systemic or locoregional administra-
tion of either 55 MBq as a single injection or 74 MBq
injected in 2 doses 1 wk apart.

Systemic Treatment

For evaluation of radioimmunotherapy activity and
specificity, the 2 AFRA-DFM human fragments were tested
after systemic administration in the subcutaneous model
system previously used to evaluate the efficacy of the anti-
FR 131I-MOv18 antibody (20). Details of the experiments
are reported in Table 1, and representative curves are shown
in Figure 2.

When 131I-AFRA-DFM5.3 was administered once (Fig.
2A) in A431FR-bearing animals, a significant delay in
tumor growth was observed, and final tumor volume and
weight were significantly lower than in control animals;
however, 2 doses (Fig. 2B) did not suggest that the thera-
peutic effect was better than that achieved by a single injec-
tion (final tumor volume and weights: 37% vs. 38% and
44% vs. 49% of controls, respectively). Moreover, no
decrease or only a minor decrease in tumor growth and
weight were recorded in FR-nonexpressing A431MK-bear-
ing animals after a single (Fig. 2A) or repeated administra-
tion (Fig. 2B).

Radioimmunotherapy with the nonbinding antibody
fragment 131I-AFRA-DFM6.1 administered once or twice
exerted only a marginal delay in tumor growth (final tumor
volume and weight that was 71%–90% of control values).

131I-chi-MOv18 (Fab)2 (Fig. 2C) radioimmunotherapy
resulted in a reduction of final tumor volume and weight
of A431FR and A431MK tumor xenografts that, probably
as a consequence of its slower clearance, was higher than
that achievable with 131I-AFRA-DFM5.3.

Intraperitoneal Biodistribution and
Tumor Localization

When ascites or intraperitoneal nodules were evident,
the 131I-AFRA-DFM fragments were administered intra-
peritoneally. The blood terminal half-life of 131I-AFRA-
DFM5.3 was longer than that of 131I-AFRA-DFM6.1 (4.4
6 0.6 vs. 3.3 6 0.2 h, respectively). Accumulation of 131I-
AFRA-DFM5.3 on tumor cells present in ascites was rapid
and maximal at 1 h after intraperitoneal injection, whereas
the maximal accumulation on solid intraperitoneal tumor

FIGURE 2. Efficacy and specificity of 131I-AFRA-DFM radioim-
munotherapy administered by systemic injection in animals bear-

ing subcutaneous A431FR or A431MK. (A) Single treatment with

37 MBq of 131I-AFRA-DFM5.3. (B) Double treatment, 1 wk apart,

with 37 MBq of 131I-AFRA-DFM5.3. (C) Single treatment with 37
MBq of 131I-chi-MOv18 (Fab)2. Table 1 provides details and stat-

istical analysis. Data are reported as log10 of mean relative tumor
volume 6 SD; arrows indicate day of treatment.
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masses and other tissues was observed after 3 and 6 h (Fig. 3A).
In Figure 3B, the results obtained 3 h after intraperitoneal
injection of 131I-AFRA-DFM fragments in the IGROV-1
intraperitoneal tumor model are shown, permitting precise
evaluation of specificity in animals with or without ascitic
fluid formation. Differences in solid tumor accumulation
were observed between mice that developed only solid tumor
masses or also ascites; however, although the difference was
highly significant for AFRA-DFM5.3 (P , 0.001), only a
trend toward higher accumulation was noted for AFRA-
DFM6.1 (P5 0.0881). Furthermore, in animals with ascites,
free-floating tumor cells presented a high uptake of the spe-
cific AFRA-DFM5.3 binder, compared with negligible accu-
mulation of the nonbinder AFRA-DFM6.1 (mean %ID/g 6
SD, 25.116 6.94 and 0.236 0.05, respectively). Despite the
longer terminal half-life of 131I-AFRA-DFM5.3, the %ID/g
in normal tissue or organs (data shown only for blood and
kidneys) was similar to that seen for 131I-AFRA-DFM6.1.

Locoregional Treatment

The efficacy of locoregional radioimmunotherapy in
controlling intraperitoneal IGROV-1 or OVCAR3 growth
was analyzed by administration of 131I-AFRA-DFM5.3 2

or 4 d after tumor injections, when cells were already im-
planted in the peritoneal cavity but ascitic fluid formation
was not yet detectable (Table 2). Representative survival
curves are shown in Figure 4. In all experiments, the differ-
ences in survival of treated animals, compared with con-
trols, were statistically significant.

Similar results were obtained after a single treatment
with131I-AFRA-DFM5.3 independent of the dose used (37
or 55 MBq). At necropsy, untreated animals presented both
ascites and solid tumor masses, whereas the 131I-AFRA-
DFM5.3–treated animals had only solid masses. A double
treatment, 1 wk apart (Fig. 4 and Table 2), was able to cure
around 50% of animals and prevent tumor development
until the end of monitoring (3 mo). At necropsy, all animals
that survived were macroscopically free of tumor.

DISCUSSION

In this preclinical study, we tested the hypothesis that an
antibody fragment in a dimer format might be the reagent
of choice for intraperitoneal radioimmunotherapy of ovar-
ian cancer because of its relatively small size, which should
favor tumor penetration and fast clearance. Furthermore, a

FIGURE 3. Biodistribution and tumor lo-

calization after locoregional injection of
131I-AFRA-DFMs in intraperitoneal IGROV-
1–bearing animals. (A) Time course of local-

ization of 131I-AFRA-DFM5.3 as mean %ID/

g ± SD in blood, ascitic cells, solid tumor

mass, and representative normal organs
after intraperitoneal administration; animals

per time point = 3–4. Representative experi-

ment (n = 3) is shown. (B) 131I-AFRA-DFM5.3

and 131I-AFRA-DFM6.1 localization in
selected tissue or organs of intraperitoneal

IGROV-1–bearing animals 3 h after injection

(mean of 2 experiments). Tumor ascites–
bearing animals (mean volume ± SD: total

ascites, 5.3 ± 2.5 mL; cell pellet, 0.7 ± 0.4

mL) were injected with 131I-AFRA-DFM5.3

(n = 6) or 131I-AFRA-DFM6.1 (n = 3). Tumor-
bearing animals without ascites were

injected with 131I-AFRA-DFM5.3 (n = 3) or
131I-AFRA-DFM6.1 (n = 3). Major intraper-

itoneal solid mass was weighed (mean ±
SD, 186 ± 82 mg). ip = intraperitoneal.
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dimer format might stabilize binding as soon as the
antigen–antibody complex is formed on the target tumor.
The systemic administration of the 131I-labeled human

antibody fragment AFRA-DFM5.3 in animals bearing sub-
cutaneous tumors, and comparison of its tumor uptake and
therapeutic activity with those of the 131I-labeled nonbinding
derivative AFRA-DFM6.1, allowed the definition of its
therapeutic potential against FR-expressing tumors. Sub-
sequent evaluation of 131I-AFRA-DFM5.3 in intraperito-
neal tumor models of ovarian cancer mimicking a clinical
situation demonstrated a strong efficacy against ovarian
carcinoma.
In a mouse setting, an antibody fragment of human origin,

even if suitable to limit immunogenic reactions in a future
clinic situation, might result in suboptimal efficacy due to
accelerated pharmacokinetics. In fact, the chemical–physical
characteristics of antibodies are species-specific, and there is
growing evidence that these parameters can contribute to
their stability in circulation and alter the pharmacokinetic
characteristics (24). Both AFRA-DFMs, in agreement with
their human origin, exhibited a basic pI, and this parameter,
together with the dimension of the AFRA-DFMs, could
account for their short in vivo half-lives.
In animals not bearing tumors, similar pharmacokinetics

were observed between AFRA-DFM5.3 and the nonbinder
AFRA-DFM6.1, suggesting that the 2 AFRA-DFM human
fragments are potentially able to discriminate between
targeted and nontargeted effects of radioimmunotherapy.
This aspect was examined using a well-defined subcuta-
neous tumor model system (21). In this in vivo system,
despite a rapid elimination, only 131I-AFRA-DFM5.3—that
is, the radiolabeled dimer specifically recognizing FR on
tumor cells—localized to FR-positive tumor masses in an
amount sufficient to significantly slow tumor growth. Even
after a second treatment, the intravenous administration of
131I-AFRA-DFM5.3 was unable to completely eradicate

subcutaneous tumor masses. In our previous report, when
tumor uptake of 131I-AFRA-DFM5.3 was measured in
tumors at levels 10-fold higher than those in the present
study, we observed specific but less intense tumor accumu-
lation (4). In agreement with the experiments of Golden-
berg’s group (25) demonstrating that tumor dimension is
important for success of radioimmunotherapy and our pre-
liminary observations (data not shown), we would expect a
higher uptake in the experimental conditions tested (very
small tumor dimensions), although this was not the case.
We suggest that the rapid blood clearance more than poor
tumor penetration limits the potential of systemically
administered 131I-radiolabeled human fragment to control
solid subcutaneous tumor masses in the mouse model.

Thus, having obtained proof of specificity of 131I targeting
by AFRA-DFM5.3 in the subcutaneous model system, we
decided to confirm the specificity by locoregional adminis-
tration exploiting 2 different intraperitoneal human carci-
noma models and to evaluate radioimmunotherapy efficacy.

After intraperitoneal administration in tumor-bearing
animals, the pharmacokinetics of 131I-AFRA-DFM5.3 were
longer than those of the same reagent after intravenous
delivery and of 131I-AFRA-DFM6.1 intravenously or intra-
peritoneally injected, whereas biodistribution in normal tis-
sues of both AFRA-DFMs was similar to that observed
after systemic administration for 131I-AFRA-DFM5.3 (4).
A slower release of the antibody fragment specifically
bound to the intraperitoneal tumor or ascitic cells might
explain the longer blood terminal half-life of intraperito-
neally administered 131I-AFRA-DFM5.3. As expected,
when both ascitic tumor cells and a solid mass were
present, significantly higher uptake was observed on free-
floating cells because of their easier accessibility; however,
when only the solid mass was present, the %ID/g was sim-
ilar to the higher one. The difference in FR levels between
OVCAR3 and IGROV-1 did not lead to a difference in

TABLE 2
Antitumor Activity of Anti-FR 131I-Labeled AFRA-DFM5.3 After Locoregional Administration in Intraperitoneal Tumor Models

Antitumor activity over untreated animals

Experiment
no.

Total

dose
(MBq)

Days of
treatment

Treated
Tumor

No. of
mice

Median

survival
in days*

Hazard
ratio

95%

Confidence
limits

Survival
curve P†

1 37 +2 IGROV-1 6 33/17 (235) 0.31 0.04–0.45 0.0014

2 37 +4 IGROV-1 8 15/10 (150) 0.37 0.03–0.62 0.0105

3 37 +2 OVCAR3 8 34/14 (239) 0.23 0.01–0.16 <0.0001
37 +4 8 31/14 (221) 0.23 0.01–0.16 <0.0001

4 37 +2 OVCAR3 6 30/22 (140) 0.23 0.01–0.26 0.0006

55 +2 4 35/22 (160) 0.36 0.03–0.88 0.0347

5 74 +2 and +9 OVCAR3 6 >90/19
(not reached)

0.13 0.00–0.24 0.0008

*By 2-sided log-rank test over control mice.
†Ratio of median survival time in treated over control mice · 100.

Number of animals in controls ranged from 6 to 8. Data in parentheses are percentages.
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tumor uptake (data not shown). Furthermore, in both intra-
peritoneal models, a significant difference in tumor uptake
was observed between the specific targeting of 131I-AFRA-

DFM5.3 and the nonspecific accumulation of 131I-AFRA-
DFM6.1. However, in the absence of ascitic fluid, possibly
because of a slow fluid recirculation in the peritoneal cav-
ity, the nonspecific uptake was quite relevant, suggesting
that, in these experimental conditions, a nontargeted effect
could also be recorded. For this reason, radioimmunother-
apy experiments were performed only with the specific
binding dimer—that is, 131I-AFRA-DFM5.3.

It should be stressed that the efficacy seen in preclinical
models must be extremely promising if the agent is to be
considered clinically. In fact, the clinical effects are generally
less impressive than preclinical data. Thus, it is important
to perform accurate pharmacokinetics and biodistribution
analyses. Our data after intraperitoneal administration high-
light the relevance of early and facile access to tumor cells
in determining the success of radioimmunotherapy with
131I-AFRA-DFM5.3 and, accordingly, the optimal antitumor
activity, with more than 50% of animals cured of intraperito-
neal tumors—that is, tumor-free at necropsy—was achieved
after 2 locoregional administrations. On the basis of biodis-
tribution data, it cannot be excluded that nontargeted effects
may contribute to the therapeutic efficacy of targeted intra-
peritoneal treatment, confirming that nonspecific tumor
irradiation (cross-fire effect) could by useful for tumor
eradication.

The encouraging results obtained with double adminis-
tration of intraperitoneal treatment suggest that additional
schedules of delivery should be explored. In fact, dose frac-
tionation has been proposed to improve the therapeutic effects
of radioimmunotherapy (26,27). Furthermore, because radio-
immunotherapy is able to modify vascular permeability and
tumor hypoxia, favoring the following pharmacologic therapy
treatment (28–30), combined treatments could be envisioned.

Furthermore, the favorable biologic characteristics of FR
make it an attractive target for ovarian cancer radioimmu-
notherapy. FR is overexpressed on 90% of ovarian carci-
noma (31), whereas it is largely absent in normal tissues. FR
expression, on normal epithelial cells such as in kidney prox-
imal tubules, breast, and choroid plexus (32), is restricted to
the apical (luminal) surface of polarized cells, on which it is
not exposed to the bloodstream and not accessible to anti-
body (33). Moreover, expression of FR is associated with
tumor progression in ovarian carcinoma (34); and, impor-
tantly, on the basis of published (35) and unpublished data,
the expression of the FR is stable or even upmodulated dur-
ing acquisition of drug resistance. In support of the men-
tioned preclinical and clinical data, the humanized anti-FR
mAb farletuzumab is now in phase II and III clinical trials in
combination with chemotherapy (36).

Overall, the present results reinforce previous preclinical
in vitro evaluations, further supporting the good affinity and
specificity of AFRA-DFM5.3 for the FR overexpressed in
ovarian cancer and demonstrating the suitability of 2
locoregional administrations of radiolabeled antibody frag-
ments in eradicating ovarian cancer cells and significantly
prolonging survival of tumor-bearing mice.

FIGURE 4. Efficacy of 131I-AFRA-DFM5.3 radioimmunotherapy
administered by locoregional injection in intraperitoneal IGROV-1– or

OVCAR3–bearing animals. (A) Single treatment with 37 MBq adminis-

tered on day 2 in intraperitoneal IGROV-1–bearing animals. (B) Single

treatment with 37 MBq administered on day 2 or day 4 in intraperito-
neal OVCAR3–bearing animals. (C) Double treatment 1 wk apart, with

a total of 74 MBq in intraperitoneal OVCAR3–bearing animals; Table 2

provides details and statistical analysis. Survival curves are shown; P
values were calculated with 2-sided log-rank test over control mice.
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CONCLUSION

The human origin of AFRA-DFM5.3 and its efficacy
when delivered locoregionally as an 131I reagent, together
with evidence of the feasibility and acceptable toxicity pro-
file of ovarian cancer treatment with anti-FR mAbs, could
provide the basis for rational design of new therapeutic
modalities. 131I-AFRA-DFM5.3, because it acts with a
mechanism that is different from current treatments, may
be a good therapeutic alternative for patients with ovarian
cancer, to eradicate minimal residual disease by locore-
gional adjuvant administration.
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