
Cancer Immunol Immunother (2009) 58:531–546

DOI 10.1007/s00262-008-0575-5

ORIGINAL ARTICLE

Conversion of murine antibodies to human antibodies 
and their optimization for ovarian cancer therapy 
targeted to the folate receptor

Mariangela Figini · Franck Martin · Renata Ferri · Elena Luison · Elena Ripamonti · 
Alberto Zacchetti · Mimosa Mortarino · Vito Di Cioccio · Giovanni Maurizi · 
Marcello Allegretti · Silvana Canevari 

Received: 6 June 2008 / Accepted: 28 July 2008 / Published online: 15 August 2008
©  Springer-Verlag 2008

Abstract We previously developed murine and chimeric
antibodies against a speciWc epithelial ovarian carcinoma
(EOC) marker, named folate receptor (FR), and promising
results were obtained in phase II trials. More recently, we
successfully generated a completely human Fab fragment,
C4, by conversion of one of the murine anti-FR antibodies
to human antibody using phage display and guided selec-
tion. However, subsequent eVorts to obtain C4 in a dimer
format, which seems especially desirable for EOC locore-
gional treatment, resulted in a highly heterogeneous prod-
uct upon natural dimerization and in a very poor production
yield upon chemical dimerization by a non-hydrolyzable
linker to a di-Fab-maleimide (DFM). We therefore
designed, constructed and characterized a large Fab dual
combinatorial human antibody phage display library
obtained from EOC patients and potentially biased toward
an anti-tumor response in an eVort to obtain new anti-FR
human antibodies suitable for therapy. Using this library
and guiding the selection on FR-expressing cells with
murine/human antibody chains, we generated four new
human anti-FR antibody (AFRA) Fab fragments, one of
which was genetically and chemically manipulated to
obtain a chemical dimer, designated AFRA-DFM5.3, with

high yield production and the capability for puriWcation
scaled-up to clinical grade. Overall aYnity of AFRA-
DFM5.3 was in the 2-digit nanomolar range, and immuno-
histochemistry indicated that the reagent recognized the FR
expressed on EOC samples. 131I-AFRA-DFM5.3 showed
high immunoreactivity, in vitro stability and integrity, and
speciWcally accumulated only in FR-expressing tumors in
subcutaneous preclinical in vivo models. Overall, our stud-
ies demonstrate the successful conversion of murine to
completely human anti-FR antibodies through the com-
bined use of antibody phage display libraries biased toward
an anti-tumor response, guided selection and chain shuZ-
ing, and point to the suitability of AFRA5.3 for future clini-
cal application in ovarian cancer.
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Abbreviation
EOC Epithelial ovarian carcinoma
FR Folate receptor
DFM Di-Fab-maleimide
AFRA Anti-FR antibody
mAb(s) Monoclonal antibody/ies
PBMC Peripheral blood mononuclear cells
chi Chimeric
TCEP Tris (2-carboxyethyl) phosphine 

hydrochloride
BMOE Bismaleimidoethane
RP-HPLC Reverse phase-high performance 

liquid chromatography
SDS-PAGE Sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis
IC50 Concentration inhibiting 50% of binding
s.c. Subcutaneous
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i.v. Intravenous
%ID/g Percentage of the injected dose per unit 

mass of organ

Introduction

Targeted therapy is a major area of interest for many solid
tumors, and monoclonal antibodies (mAbs) are among the
most promising vehicles for targeting the cytotoxic eVects
of drugs or radionuclides to the tumor site. Targeted ther-
apy requires the identiWcation of suitable target molecules
that are suYciently overexpressed and tumor-speciWc. The
38–40 kDa GPI-anchored molecule [3], overexpressed on
ovarian cancer cells [29] and identiWed by screening of a
cDNA library as the alpha isoform of the folate receptor
(FR) [13], is one of the most promising targets for ovarian
carcinoma therapy. The FR, a member of the family of
homologous proteins that bind folic acid with high aYnity
[37] and overexpressed on 90% of epithelial ovarian carci-
nomas (EOC), can be blocked at the membrane level using
an intracellular antibody to partially revert the tumor phe-
notype [17]. This result, along with evidence that FR
expression is stable or even up-modulated during ovarian
cancer progression and acquisition of drug resistance [32,
38] and that the molecule is localized in membrane micro-
domains and not internalized under physiologic conditions
[8, 9, 27], clearly point to FR as an appropriate target for
immunotherapy with mAb-based reagents.

Monoclonal antibodies and their recombinant deriva-
tives have proven to be well-tolerated, disease-speciWc ther-
apeutic tools able to deliver clinical beneWt to patients with
diseases caused by infectious agents, autoimmunity and
cancer [34]. We previously developed a panel of anti-ovary
carcinoma murine mAbs subsequently shown to recognize
diVerent epitopes of the FR. Two of these mAbs, MOV18
(IgG1�) and MOV19 (IgG2a�), bound to ovarian tumor
cells with high aYnity (KA range of 108–109 M¡1 [29]) and
were further exploited for therapeutic approaches. Encour-
aging results were obtained in two clinical phase II studies
in which we used a murine anti-FR mAb, delivered intra-
peritoneally, to target 131I [15] or to recruit the cytotoxicity
of activated autologous T cells [6] to EOC.

A major limitation in clinical studies with murine
reagents is the resulting human anti-mouse antibody
response [30, 31, 33]. To overcome this problem, we ini-
tially generated mouse-human chimeras of these mAbs [12]
and more recently, produced completely human antibody
Fab fragments against FR using phage display and epitope
imprinting selection [18], to isolate antibody with the same
speciWcity as a preexisting antibody by guided selection.

Besides the immunogenicity of mAb, their structure, size
and aYnity also represent potential limitations to eYcacy in

treating solid tumors, since several factors including
physical (interstitial pressure) and molecular (tumor micro-
environment composition) barriers [21] have been demon-
strated to hinder the penetration of antibodies into tumors.
Indeed, molecular and chemical manipulations of antibody
size and aYnity have greatly enhanced tumor uptake of
mAbs [7].

The particular localization of EOC tumors has made
locoregional treatment with mAbs promising [6, 15, 28].
We speculated that a human antibody fragment in a dimer
format might be the reagent of choice for such treatment,
since the relatively small size of the fragment should favor
tumor penetration, the dimer format might stabilize binding
to the target antigen, and its human origin should limit the
immunogenic reactions. Our eVorts to improve the charac-
teristics of C4 Fab by dimerization, which as a monomer
exhibited good speciWcity and an estimated KaV of 200 nM
based on Scatchard analysis on entire EOC cells [19], have
been hampered by a very poor production yield, limiting its
exploitation in the clinical setting. Thus, we turned to the
use of a large “Fab dual combinatorial human antibody
phage display library” (DCL) obtained from patients with a
previous history of EOC, combined with epitope imprinting
selection methodology [18], to select a promising candidate
subsequently optimized in a dimer format by molecular and
chemical modiWcation.

Materials and methods

Library construction and cloning

The procedures used for library construction and cloning
were essential as described [18]. Peripheral blood mononu-
clear cells (PBMC) from four women with a clinical history
of ovarian carcinoma and a disease-free status for several
years after Wrst-line treatment were the source of the vari-
able regions of these libraries. Three of the women had car-
cinoma of the serous histotype, diagnosed at stage III or IV
of disease; the fourth patient had ovarian carcinoma of the
endometrioid histotype, diagnosed at stage III. PBMC (2.0–
5.0 £ 107) were separated by Ficoll gradient and used for
library preparation.

All repertoires were generated by reverse transcription
and PCR ampliWcation of mRNA. Each chain family was
separately ampliWed by appropriate primer pairs to com-
pensate speciWc PCR bias introduced by diVerent primers
annealing temperature [18].

For display on the surface of phage fused with pIII, the
heavy chain repertoire (VH) was cloned in the phage vector
already containing the human CH1 (fdDOG-VH-C�1); the
light chain repertoire was cloned in the phagemid vector
pHEN1 (pHENCLLib [18]).
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Cell lines and antibodies

The following human tumor cell lines were used: ovarian
carcinomas IGROV1 (a gift from Dr. J. Bénard, Institute
Gustave Roussy, Villejuif, France), OVCAR3 and SKOV3
[from the American Type Culture Collection (ATCC)],
OAW42 (kindly provided by Dr. A. Ullrich, Max-Planck
Institute of Biochemistry, Martinsried, Germany), and
OVCA432 (kindly provided by Dr. R. Knapp, Dana Farber
Institute, Boston, MA); melanoma Mewo (kindly provided
by the late Dr. J. Fogh); epidermoid carcinoma A431 (from
ATCC) and A431FR and A431Mock epidermoid carcinoma
cells transfected with FR or with empty vector, respectively,
derived in our laboratory as described [11]. Cell lines were
grown in RPMI-1640 medium except for OAW42, which
was maintained in MEM. Both media were supplemented
with 10% FCS and 2 mM glutamine, and in the case of stably
transfected cells, with G418 at 800 �g/ml (Gibco). Cells
were maintained in a 5% CO2 humidiWed atmosphere at
37°C and routinely tested for mycoplasma contamination.
Only cell preparations consistently found negative were used.

Hybridomas\trasfectomas producing the murine mAbs
MOV18 (IgG1) and MOV19 (IgG2a) and the chimeric mAb
chiMOV19 (IgG1) directed to FR [13, 29], and murine mAb
9E10 (IgG1), directed to a myc sequence [18], were main-
tained in culture for antibody production and were aYnity-
puriWed from culture supernatants on proteinA/proteinG
(High Trap Pharmacia Biotech) according to isotype.
F(ab)2 from chiMOV19 were prepared using the Immuno-
Pure F(ab)2 preparation kit (Pierce).

Guided selection

Light chain gene cloning of murine mAb, preparation of
phage libraries displaying hybrid mouse/human Fab frag-
ments, selection of FR-binding clones, cloning of the
selected human VHCH1 into pHEN1-VLlib (an equimolar
mixture of pHEN1 containing a pre-cloned repertoire of
human kappa and lambda chain genes), and preparation of
phages are described in detail elsewhere [19].

Selection and screening

The Wrst screening was performed by phage-ELISA as pos-
itive binding on a monolayer of A431FR cells and as nega-
tive binding on A431Mock cells essentially as described
[19]. Subsequently phages were selected on OVCAR3 or
on A431FR cells.

Subcloning, expression and puriWcation

To facilitate puriWcation, the selected human Fab genes
were subcloned into the expression vector pUC119SWI/

NotIHismyc [18], which results in the addition of a hexa-
histidine tag at the C-terminal end of the Fab gene. A small
amount of puriWed Fabs was produced at laboratory scale
essentially as described [19].

Large scale expression and puriWcation

The genes coding for the heavy and light chains of selected
AFRA fragments were cloned in frame with leader
sequences in order to address the fragment synthesis to the
Escherichia coli periplasmic compartment; the expression
vector was transformed in E. coli and fed batch cultures
were run at high cell density (Chemap fermentor).

At the end of the fermentation the AFRA antibody frag-
ments were recovered from culture supernatant (100 mg/l)
and puriWed by three following chromatographic steps. The
fragments were obtained in high purity (>99.9%) by
reverse phase-high performance liquid chromatography
(RP-HPLC) analysis (VYDAC 219TP54 di-Phenyl column,
250 mm £ 4.6 mm), and the primary structure was con-
Wrmed by electrospray mass analysis (ThermoFinnigan
DECA XP Plus).

Genetic modiWcation of the N- and C-termini 
of C4-MOV19 mimicking heavy chain

To modify the DNA triplet codon of glutamine correspond-
ing to the N terminus of the C4 and AFRA 5 heavy chain a
site directed mutagenesis was performed. For this the Q1N
mutation has been inserted during PCR ampliWcation of the
Fab heavy chain. Mutation was conWrmed by sequencing
the whole expression cassette. The penta-peptide DKTSC,
corresponding to the natural hinge sequence of the gamma
1 human family, was added to the C-terminus of the C4 and
AFRA 5 heavy chain. Following these genetic modiWca-
tions the Wnal Fab fragments were named AFRA4 and
AFRA5.3, respectively.

AFRA antibody fragment dimerization

Natural dimerization

After monomer puriWcation and to reduce the heavy chain
carboxy terminal cysteine residue, naturally blocked by
glutathione during fermentation, AFRA 4 and AFRA 5.3
fragments were incubated with Tris (2-carboxyethyl) phos-
phine hydrochloride (TCEP) at a 70 TCEP/Fab� molar ratio
for 5 h at room temperature without mixing.

TCEP was removed by HiPrep Desalting chromatogra-
phy 26/10 (GE Healthcare) previously equilibrated in MES
40 mM pH 6.0 and pH was further adjusted to 8, condition
at which disulWde bond formation is known to be chemi-
cally favoured. Natural dimers were separated from the
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reaction mixture by gel Wltration chromatography on a
Sephacryl S-100 HR XK50/800 column (GE Healthcare)
where they were resolved as a unique peak.

Chemical dimerization

The chemical dimer DFM was prepared using the bifunc-
tional linker bismaleimidoethane (BMOE) according to a
described procedure [10]. BrieXy, the heavy chain C-termi-
nal cysteine residue was reduced as above described and
TCEP was removed by HiPrep Desalting chromatography
26/10 previously equilibrated in MES 40 mM, pH 6.0. Pro-
tein was concentrated to 8 mg/ml and incubated with gentle
stirring at room temperature for 2.5 h to allow the intramo-
lecular disulWde bond formation. The reaction kinetics was
monitored by RP-HPLC analysis (VYDAC Diphenyl
219TP54, 250 mm £ 4.6 mm). BMOE linker (Sigma) was
then added to the protein solution (1 mg/ml in DMSO) in a
molar ratio of 0.35 linker/protein and reaction mixture incu-
bated for 16 h at room temperature with gentle stirring. To
remove natural F(ab�)2, the reaction mixture was again
reduced at a TCEP/Fab� molar ratio of 70 for 3.5 h at room
temperature. DFM was puriWed on a HiPrep Sephacryl
S-100 HR column previously equilibrated with 40 mM MES,
pH 6.0.

Characterization of reagents

Biochemical characterization

PuriWed proteins were quantiWed by the Bradford method
and analyzed for purity and integrity by: (a) electrophoresis
in sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) in homogeneous 12.5% polyacrylamide
gels using a Mini-Protean II electrophoresis System (Bio-
Rad); (b) gel Wltration chromatography (Sephacryl S-100
HR XK50/800 column) in physiologic conditions; (c) RP-
HPLC analysis (VYDAC Diphenyl 219TP54 column,
250 mm £ 4.6 mm).

BIAcore analysis

Kinetic analysis was performed by surface plasmon reso-
nance with BIAcore equipment (Pharmacia). Soluble
recombinant human FR (produced in the baculovirus
expression system) was covalently bound to a CM5 sensor
chip using the amine coupling kit (GE Healthcare) at an
antigen concentration of 40 �g/ml in 10 mM sodium acetate,
pH 4.8, yielding a surface of 280 RU. Residual activated
groups were blocked by injection of 1.0 M ethanolamine,
pH 8.5. Several concentrations of human antibody frag-
ments were used to determine the binding kinetics, and the
respective aYnities were deduced from the binding curves.

The apparent kinetic dissociation rate constants (KD) were
calculated using the Wizard program under saturating
conditions of antibody fragment from 200 to 3,125 nM,
with a buVer Xow rate of 50 �l/min. Dissociation was
allowed to proceed for at least 30 min. Residual antibody
fragment bound to the sensor chip was detached using
100 mM glycine buVer, pH 2.7.

ELISA and FACS binding evaluation

The binding activity and speciWcity of puriWed antibody/
Fab/DFM was evaluated on Wxed and live cells by ELISA
and FACS, respectively, using techniques and reagents pre-
viously described [19].

Immunohistochemistry

Ovarian cancer samples were collected during surgical pro-
cedures from EOC patients undergoing debulking surgery
at Fondazione IRCCS Istituto Nazionale dei Tumori.
Tumor samples were obtained with Institutional Review
Board approval from patients at the Wrst diagnosis and not
previously treated with chemotherapeutic regimens. All
patients gave informed consent to use leftover biologic
material for investigational purposes. Frozen sections,
5 mm thick, were cut, dried and Wxed in cold acetone for
5 min. Excess acetone was removed by washing slides in
PBS (pH 7.4) and air-drying. AFRA-DFM5.3 and murine
MOV19 were biotinylated using the biotin N-Hydroxy-suc-
cinimide ester (10£ molar excess compared to the mAb).
After blocking endogenous biotin with avidin-biotin block-
ing solution (avidin solution + PBS + biotin solution, each
step for 15 min), slides were pre-incubated with normal
goat serum (Vector Laboratories, Burlingame, CA) at room
temperature for 15 min and further incubated with biotinyl-
ated antibodies overnight at 4°C in a humidiWed chamber
followed by endogenous peroxidase blocking at room tem-
perature for 30 min with 0.5% H2O2 in PBS. All slides were
incubated with avidin-biotin-complex (Vectastain ABC
Kit, Vector Laboratories) for an additional 30 min at room
temperature. After each incubation step, sections were
washed three times for 5 min each with PBS. Diam-
inobenzidine tablets (Sigma) appropriately diluted in PBS
and left to react for 5 min in the dark served as chromogen.
After counterstaining with hematoxylin, sections were
washed in tap water, dehydrated and mounted with cover-
slips.

Radiolabeling

AFRA-DFM5.3 was radiolabeled with 131I (GE Healthcare)
using Iodogen-precoated iodination tubes (Pierce) by the
Chizzonite method, essentially as described by the manu-
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facturer using pyrogen-free, clinical grade reagents. The
eYciency of radiolabeling was 86 § 1.5% (mean § SD,
four experiments), and the radiolabeled dimer was puriWed
by chromatography on disposable PD-10 desalting columns
equilibrated and eluted with 100 mM sodium phosphate,
pH 7.4, 150 mM NaCl and 2% HSA. Products were Wltered
through a sterile 0.22-�m membrane. Sterility and pyrogen
contamination were evaluated as described [11].

Immunoreactivity was assayed on 1 £ 107 A431FR or
OVCAR3 cells incubated with trace amounts of radiola-
beled dimer in 50 �l of 0.03% bovine serum albumin in
PBS for 3 h at room temperature with gentle rotation. Non-
speciWc binding was evaluated on Mewo or A431Mock
cells. Cells were washed three times with cold medium and
assessed for radioactivity in a gamma-counter. Radiola-
beled dimers were examined by SDS-PAGE in homogeneous
12.5% polyacrylamide gels in non-reducing conditions
using the Phast System (Amersham Pharmacia Biotech)
and visualized by autoradiography.

Radiolabeled dimers were used to evaluate the epitope
similarity by competition assay. BrieXy FR-expressing cells
(5 £ 104) were incubated for 3 h on ice with a Wxed amount
of 131I-AFRA-DFM5.3 (Wnal concentration 22 nM) mixed
with serial dilutions of puriWed AFRA-DFM5.3, chi-
MOV18, chiMOV19 and (Fab)2-chiMOV19 (starting from
3 �M) or buVer alone. After three washes with cold buVer,
cell-bound radioactivity was measured directly in a
gamma-counter. The concentration inhibiting 50% of 131I-
AFRA-DFM5.3 binding (IC50) was extrapolated from titra-
tion curves.

For evaluation of stability in serum, 131I-AFRA-DFM5.3
at 0.5-1 �M (Wnal concentration) was diluted in 500 �l
fresh human serum and incubated at 4 or 37°C for 24 h.
SDS-PAGE was used to control for any potential degrada-
tion, and direct binding on Wxed FR-expressing cells was
used to assess functionality.

Preclinical 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 institutional guidelines
[1]. Female CD1 nu/nu mice (athymic) were obtained at
5–6 weeks of age from Charles River Laboratories (Calco,
Italy). After 1 week of acclimatization, mice were used for
pharmacokinetics and/or biodistribution analyzes.

Animals were xenografted subcutaneously (s.c.) with
3.5 £ 106 A431FR or A431Mock cells in 0.1 ml of 0.9%
NaCl. An initial experiment was performed in which mice
were injected with unlabeled AFRA-DFM5.3 (200 �g/
mouse) 3 weeks after cell injection and tumors were har-
vested 12 or 24 h following dimer injection (three mice per
group). In subsequent experiments, mice were injected with

tumor cells and after about 2 weeks, when average tumor
volume reached 0.4–0.5 cm3, randomly divided into groups
and injected intravenously (i.v.) in the lateral tail vein
with 0.3 ml of 0.9% NaCl in the presence or absence of
131I-AFRA-DFM5.3 fragments (1–1.5 MBq/mouse). Three
independent experiments (four mice per group) were per-
formed. Blood was collected for pharmacokinetics analysis
at the following time points: 10 and 30 min, 1, 3, 6, 15, 24,
48 h. The blood pharmacokinetics of 131I-AFRA-DFM5.3
was calculated using a mono-exponential function: y(t) =
Cmax £ e¡�t, where Cmax is the blood concentration at t = 0,
to Wt the decay-corrected activity measurements in blood and
used to derive the blood global half-life (t½). Except for the
Wrst two time points, mice were sacriWced for biodistribution
and tumor localization assessment. After dissection, tumors
and other tissue/organs (spleen, kidney, liver, heart, lungs,
sternum, muscle and bladder with urine) were collected and
wet-weighed. Radioactivity associated with each tissue was
assessed in a gamma-counter with internal standards (5
and 10 �l of the injected solution). Measurements were
expressed as percentage of the injected dose per unit mass of
organ (%ID/g) and were corrected for radioactivity decay,
allowing the direct comparison of organs or animals.

Results

C4 dimer generation

C4, a previously selected human antibody fragment, mim-
icking the speciWcity of MOV19 and characterized by a
human lambda light chain, was selected as a potential can-
didate for further clinical exploitation on the basis of its
binding kinetics and the molecule was engineered to a
dimer format by genetic and chemical modiWcation of the
molecule. The N-terminal residue of heavy chains was a
glutamine, which we converted to an asparagine to avoid
the intramolecular cyclization reaction typically underwent
by N-terminal glutamine residues [2]. Further, the addition
of the penta-peptide DKTSC to the C-terminus of the heavy
chain gave rise to a fragment with an extra free C-terminal
cysteine residue corresponding to the Wrst cysteine of the
natural full-length antibody hinge region. After these modi-
Wcations, C4 was renamed AFRA4.

The oxidation of the free cysteine residue enabled the
formation of an F(ab�)2 natural dimer; SDS-PAGE analysis
however revealed that the natural F(ab�)2 dimeric prepara-
tion was not homogeneous.

Several unexpected species were detectable by SDS-
PAGE analysis, the most abundant one with an apparent
molecular weight of 75 kDa (Fig. 1a). This species was
found to result from the formation of a disulWde bridge
between the C-terminal cysteine from one monomer and
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the C-terminal cysteine of the light chain of a second Fab
molecule. The resulting molecule was therefore composed
by a monomer covalently linked to an extra light chain
(L2H) which is hydrophobically associated to a free heavy
chain to form second Fab molecule. L2H species repre-
sented 43% of the total protein.

Due to the heterogeneity in the natural dimer forma-
tion, this approach resulted not practicable; then, chemi-
cal dimerization was attempted using the linker BMOE
that should generate a di-Fab-maleimide, DFM, by the
formation of a thioether bond between the maleimide
group of the linker and the unique free cysteine at the C-
terminus of the AFRA4 heavy chain (Fig. 1b). However,
extremely poor yields of AFRA-DFM 4 were obtained by
chemical dimerization and, after complete reduction of
the “natural” dimer, only 4% of DFM was recovered. Despite
repeated attempts and optimization of the protocol, it was
not possible to gain signiWcant improvement in the reaction
yield.

Generation of new human anti-FR antibody (AFRA) 
fragments

To obtain new antibody fragments directed against FR, we
constructed human antibody libraries starting from the pool
of RNA extracted from the PBMC of four selected EOC
patients (EOC pts’ Libraries). Using a wide panel of prim-
ers to rescue the maximum variability (see V-base website
for sequences), we ampliWed 4 diVerent libraries: VHCH1
from IgM, VHCH1 from IgG, V�C� and V�C� (size
7.5 £ 106, 7.6 £ 106, 2 £ 106 and 1.6 £ 106, respectively).
Sequencing of 50 randomly selected clones to assess the
variability of each library revealed no identical sequences
(data not shown).

To search for human antibody fragments sharing the
same speciWcity for FR as our murine mAbs we used a
guided selection procedure based essentially on three diVer-
ent steps: (1) selection of a human VHCH1 guided by the
murine light chain; (2) cloning of the selected human

Fig. 1 Natural and chemical 
AFRA4 dimerization. a The 
AFRA4 antibody fragment was 
mildly reduced and gently 
oxidized to obtain natural dimer. 
Reaction products were ana-
lyzed by SDS-PAGE (12.5%) in 
non-reducing conditions and the 
relative densitometric results are 
shown at the left of the slab. The 
species were identiWed based on 
the relative molecular weight as 
dimer, L2H and free H chain. 
The potential anomalous disul-
Wde bond formation leading to 
generation of L2H is schema-
tized in the right panel. 
b Scheme of the chemical 
dimer DFM obtained using the 
non-hydrolyzable linker bis 
(maleimido) ethane (BMOE)
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VHCH1 into a vector containing the human light chain
libraries; and (3) selection of the human light chain guided
by the previously isolated human VHCH1.

To generate human antibodies mimicking the speciWcity
of MOV18 and MOV19, which are directed against two
non-overlapping epitopes of the FR, we used: the light
chain of MOV18 as a guiding template to select the human
VHCH1 from the EOC pts’ VHCH1 Library (pool of
VHCH1 from IgM and from IgG); the human VHCH1 of
C4 to select an antibody from the EOC pts’ V�C� Library
in the attempt to obtain an antibody with more desirable
characteristics than C4/AFRA4 concerning dimerization.
Figure 2 shows the Xow chart of the selection procedure.

The V�C� of MOV18 was cloned (Fig. 2a), sequenced
and used to guide the selection. The guided pairing was
positively selected on A431FR cells instead of the OVCAR
3 cells used in selecting C4 [19], and negatively selected on
the isogenic A431Mock cell line (Fig. 2b). After three
rounds of selection, analysis by phage-ELISA identiWed
eight VHCH1 able to bind A431FR but not A431Mock
when paired with the MOV18 light chain. The binding
speciWcity of the hybrid antibody was evaluated by immu-
noXuorescence and/or ELISA on A431FR versus A431Mock
cells. Sequencing revealed an identical sequence in all
clones (data not shown).

The “MOV18 mimicking” huVHCH1 was paired with
the EOC pts’ lambda and kappa light chain libraries and

panned on A431FR cells, while the “MOV19 mimicking”
huVHCH1 of the C4 antibody was paired with the EOC
pts’ kappa light chain library and panned on OVCAR3 cells
(Fig. 2c). After four and three rounds of panning for
“MOV18 mimicking” and “MOV19 mimicking” human
light chain selections, respectively, several phages were
picked up randomly. Screening by monoclonal ELISA
identiWed 21 clones that bound diVerentially to A431FR
versus A431Mock cells. Sequencing of light chains of
clones showing the highest binding identiWed three diVerent
light chains paired with the “MOV18 mimicking”
huVHCH1 and one with the human “C4-MOV19 mimick-
ing” huVHCH1. These fully human Fab fragments were
respectively named AFRA1, -2 and -3 and AFRA5.

Our protocol using the C4 heavy chain as a guiding tem-
plate resulted in the same heavy chain in both C4 and
AFRA5. Thus the same N-terminal and C-terminal molecu-
lar modiWcation were applied to AFRA5 that was then
named AFRA5.3.

Characterization of AFRA fragment binding activity

The his-tag inserted in the sequence of the human Fabs
allowed their puriWcation at laboratory scale and, in turn,
FACS analysis of their binding activity. Since AFRA5.3
was obtained by light chain reshuZing starting from the
C4/AFRA4 binding speciWcity, the latter antibody fragment
was included in the analysis to enable a more precise com-
parison. Table 1 summarizes the results obtained on a panel
of ovarian carcinoma cell lines naturally expressing diVer-
ent FR levels and on the pair of isogenic lines diVering only
in the ectopic expression (A431FR) or absence of expres-
sion (A431Mock) of FR. All the reagents were speciWc
since their binding to the non-FR-expressing cell lines
A431Mock (see Table 1) and Mewo (data not shown) was
at background level (<20 £ 103 total immunoXuorescence).
Among the cell lines with higher FR overexpression, and
consistent with the total binding of the guiding original
reagent (data not shown), reactivity of AFRA1, -2 and -3,
“potentially mimicking MOV18”, with A431FR cells was
greater than that with OVCAR3 cells, while AFRA4 and
AFRA5.3 “potentially mimicking MOV19” equally bound
these lines. Only human Fabs AFRA1 and AFRA5.3 recog-
nized FR when it was expressed at low levels in OAW42,
OVCA432 and SKOV3 ovarian cancer cells. AFRA5.3, as
the highest binder, was selected for further characterization
with respect to its potential application upon dimerization.

AFRA5.3 dimer generation

AFRA5.3 was puriWed to homogeneity and its binding
kinetics was initially compared to that of AFRA4 by sur-
face plasmon resonance. The respective binding aYnities

Fig. 2 Flow chart of the strategy used to select the new human anti-
FR Fab AFRA. m murine; hu human; EOC pts’ L epithelial ovarian
cancer patients’ antibody libraries

mVLCL cloning

h EOC pts’ phage library
(VHCH1)

hVHCH1 selection

hVLCL  selection

Human anti-FR FAb:
“MOV18 mimicking”: AFRA1, AFRA2, AFRA3 

“MOV19 mimicking”: AFRA5

A

B

C
h EOC pts’ phage libraries

(V Ck+ V C )

Mouse anti-FR Ab: 
MOV18 and MOV19

Hybrid anti-FR Ab

mVLCL
+

hVHCH1
+
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deduced from the binding curves (Fig. 3a) showed that
while both Fab fragments bound the immobilized antigen,
AFRA5.3 had a higher association rate but also a faster dis-
sociation. The calculated KD (43.9 nM) of AFRA 5.3 was
more than threefold lower than that of AFRA 4 (168 nM).

AFRA5.3 dimerization, expected to slow its dissociation
rate and to further increase its avidity, was then attempted.
The oxidation of the free cysteine residue of the AFRA5.3
heavy chain enabled the formation of a natural AFRA-
F(ab�)2 5.3; in this case, at variance from AFRA4, SDS-
PAGE analysis revealed a higher degree of homogeneity.
Indeed, L2H species accounted for less than 16% of the
total protein in preparations of AFRA-F(ab�)2 5.3 (data not
shown). Again at variance from AFRA4, chemical dimer-
ization was successfully performed starting from AFRA5.3
and the overall percent of DFM obtained at the end of the
reaction was at least 10-fold higher for AFRA-DFM5.3
(45%) than for AFRA-DFM4 (4%).

AFRA-DFM5.3 can be obtained at >90% purity, as
assessed by SDS-PAGE analysis in reducing conditions
(Fig. 4a) and by RP-HPLC (Fig. 4b), and the L2H impurity
accounted for <10% of the total protein. AFRA-DFM5.3,
due to the strong hydrophobic association between L2H and
a free H chain, was resolved as a unique peak by gel Wltra-
tion in physiologic conditions (data not shown). AFRA-
DFM5.3 production and puriWcation were scaled-up and
produced in clinical grade conditions in the perspective of
its future in vivo use.

AFRA-DFM5.3 binding activity in vitro and in situ

ELISA analysis of the AFRA-DFM5.3 dimer for reactivity
with cell lines naturally or ectopically expressing FR
showed that the dimer compared to the monomeric
AFRA5.3 exhibited not only a higher binding but also the

typical binding curve of a bivalent molecule which reaches
the plateau when the antibody is used in excess compared
to the antigen. Figure 3b shows representative examples of
the titration binding curves with IGROV1 cells, which nat-
urally express FR at intermediate levels, and to A431FR
cells, which ectopically express high levels of FR. BIAcore
analysis conWrmed the improvement of overall aYnity in
the dimer format and revealed that the improved binding
capacity was due to slowing of the dissociation rate
(Fig. 3c).

Immunohistochemical analysis of AFRA-DFM5.3 for its
ability to recognize in situ the FR expressed on tumor surgi-
cal specimens showed that the dimer, as compared to
murine MOV19 used to guide its selection, reacted only
with the tumor areas and did not stain any surrounding
healthy tissue (Fig. 5 shows a representative example of the
four analyzed), conWrming the speciWcity of AFRA-
DFM5.3 in an in vivo context.

AFRA-DFM5.3 radiolabeling

To formally prove that AFRA-DFM5.3 mimics MOV19
binding, we conducted a competition assay using 131I-
AFRA-DFM5.3 in which this reagent speciWcally competed
in both naturally and ectopically FR-expressing cell lines
with the chimeric version of the anti-FR mAb used to guide
its selection as entire molecule, chiMOV19, and as (Fab�)2

(Fig. 6a). Based on the slopes of the competition curves and
the IC50 values, AFRA-DFM5.3 and chiMOV19 clearly
recognize the same or overlapping epitopes. Furthermore,
in agreement with previous data [9], AFRA-DFM5.3,
as MOV19, induce an evident increment of chiMOV18
binding.

Use of the Chizzonite method of radiolabeling preserved
the integrity and functionality of AFRA-DFM5.3, with the

Table 1 Binding activity in FACS analysis of selected anti-FR Fab fragments on cell lines naturally or ectopically expressing diVerent levels of FR

a The reported values are the mean total immunoXuorescence binding £10¡3 obtained in 2–6 independent experiments; the binding values were
also ranked in an arbitrary gray scale shadin:  
b The level of FR expression, as assessed by Western Blot analysis with a mixture of murine MOV18 and MOV19 antibodies, is reported in brack-
ets in an arbitrary scale

Binding activity on a

EOC cell lines naturally expressing FR Isogenic lines differing in FR Antibody
fragments

OVCAR3 (3+)b IGROV1 (2+) OAW42 (1+) OVCA432 (1+) SKOv3 (1+) A431FR (4+) A431Mock (neg)

AFRA1 245 38 19 17 31 334 14

AFRA2 105 37 37 38 58 152 12

AFRA3 76 19 8 11 13 204 11

AFRA4 271 66 14 28 13 153 15

AFRA5.3 230 84 27 47 42 268 12

0-20 20-40 40-80 80-200 >200
123



Cancer Immunol Immunother (2009) 58:531–546 539
Wnal radiolabeled product at a speciWc activity of
196.1 § 25.9 MBq/mg (mean § SD, four experiments) and
showing 68 § 5.2% immunoreactivity (mean § SD, four
experiments). Analysis of 131I-AFRA-DFM5.3 in vitro sta-
bility revealed no diVerence in functionality when kept for
24 h at 37 or 4°C in buVer or human serum, as evaluated by

direct binding on Wxed cells (Fig. 6b, right panel), or in
integrity, as assessed by SDS-PAGE (Fig. 6b, left panel).
Furthermore, 131I-AFRA-DFM5.3 injected into mice as a
radiotracer maintained functionality (Fig. 6c, right panel)
and integrity (Fig. 6c, left panel) in mouse sera until 3 h
after the injection, as assessed by ELISA and SDS-PAGE,

Fig. 3 BIAcore analysis. a Determination of human Fab binding
parameters by surface plasmon resonance with BIAcore. Several con-
centrations of Fab monomer (3–200 nM) were applied on the sensor
chip cell precoated with FR (280 RU). Binding was registered for
30 min and washes were monitored for another 20 min. Left panel
AFRA5.3 binding curves (KD = 43.9 nM, �2 = 1.85); Right panel
AFRA4 binding curves (KD = 168 nM, �2 = 2.19). b Titration binding

activity of AFRA-DFM5.3 (dimer, red lines) as compared to AFRA5.3
(monomer, green lines) as evaluated by ELISA. c Comparison of bind-
ing and dissociation of AFRA-DFM5.3 (dimer, red line) and AFRA5.3
(monomer, green line) as evaluate by BIAcore analysis obtained at an
injected concentration of 100 nM. To better appreciate the binding and
dissociation of the monomer, the curve is ampliWed in the inset
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respectively, showing a pattern of results comparable to
that of the 131I-AFRA-DFM5.3 before in vivo injection.

Preclinical in vivo characterization

A preliminary localization experiment was carried out in mice
injected s.c. with A431FR or the FR-non-expressing isogenic
A431Mock cells followed by injection of AFRA-DFM5.3.
Tumors were collected 12 or 24 h later for immunohisto-
chemical processing. The presence of AFRA-DFM5.3 in the
tumor masses, as detected by direct incubation of the

tumor cryosections with an anti-human Fab peroxidase, was
evident at 24 h after injection only in FR-expressing tumors
(representative examples in Fig. 7a). Consistent with
localization data obtained with unlabeled AFRA-DFM5.3,
131I-AFRA-DFM5.3 showed diVerent elimination curves
for blood and for tumors (Fig. 7b shows data from a rep-
resentative experiment of three performed). Blood clear-
ance and blood terminal half-life (t½�) were similar in
the A431FR- and A431Mock-bearing mice (mean § SD:
3.72 § 0.09 and 3.64 § 0.15, respectively), and shorter
than those in the tumors, where 131I-AFRA-DFM5.3

Fig. 4 AFRA-DFM5.3 purity. a SDS-PAGE (12.5%) analysis in non-
reducing conditions; the relative densitometric results are reported at
the left of the slab. b RP-HPLC analysis. In both analyzes the molecu-

lar species were identiWed based on the relative molecular weight as
dimer, L2H and free H chain

L2H

Dimer

heavy chain

minutes

m
V

A SDS-PAGE and 
densitometry B RP-HPLC

Fig. 5 AFRA-DFM5.3 in situ 
binding activity. Immunohisto-
chemistry on serial cryostat 
sections from a serous ovarian 
carcinoma with AFRA-DFM5.3 
and murine MOV19

40x 40x

20x20x

AFRA-DFM 5.3 MOV19
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Fig. 6 Characterization of the 131I-labeled AFRA-DFM5.3. a Compe-
tition of 131I-AFRA-DFM5.3 binding on FR-expressing cells. IC50
extrapolated from titration curves were: on A431FR cells, AFRA-
DFM5.3 = 15.3 nM, chiMOV18 = not applicable, chiMOV19 = 20.2 nM
and (Fab)2-chiMOV19 = 13.8 nM; on OVCAR3 cells, AFRA-
DFM5.3 = 11.6 nM, chiMOV18 = not applicable, chiMOV19 = 4.1 nM
and (Fab)2-chiMOV19 = 21.2 nM. b Left panel direct binding activity
of 131I-AFRA-DFM5.3 following incubation for 24 h at 37°C in buVer
or serum as compared to that of the labeled reagent incubated in buVer
at 4°C, as evaluated on FR-expressing (A431FR) or non-expressing
(A431Mock) cells. Right panel analysis of 131I-AFRA-DFM5.3 integ-

rity by autoradiography of samples run in SDS-PAGE (12.5%) in
non-reducing conditions. Lane 1 = 131I-AFRA-DFM5.3 24 h at 4°C in
buVer; lanes 2 and 3 = 131I-AFRA-DFM5.3 24 h at 37°C in buVer or
human serum, respectively. c Left panel direct binding activity of
mouse sera collected 10 min, 1 h and 3 h after 131I-AFRA-DFM5.3
i.v. injection. Right panel analysis of 131I-AFRA-DFM5.3 integrity
by autoradiography of samples run in SDS-PAGE (12.5%) in non-
reducing conditions. Lane 1 = 131I-AFRA-DFM5.3 in buVer; lanes 2 and
3 = sera of mice 30 min and 1 h, respectively, after 131I-AFRA-DFM5.3
i.v. injection. Longer exposure of the gel revealed similar band patterns
in sera at 3 h after injection (data not shown)
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concentrations at 3 h post-injection in A431FR tumors
began to exceed those measured in blood. At 3 h in the
three experiments, the mean %ID/g was 6.29 § 0.16 and
2.84 § 1.04 and tumor/blood ratio 1.23 and 0.83 in
A431FR and A431Mock tumors, respectively. Despite
rapid blood clearance, 131I-AFRA-DFM5.3 remained for a
longer time in FR-expressing tumors than in control tumors
(tumor/blood ratio at 24 h: 9.09 and 1.41, respectively).
The biodistribution of 131-AFRA-DFM5.3 in tissues/
organs other than the tumor was comparable in A431FR-
and A431Mock-bearing mice, and elevated values corre-
sponding to bladder and urine correlated well with the

expected dimer excretion through a functional detoxiWca-
tion pathway. To enable evaluation of inter-assay variabil-
ity, Table 2 gives the results of 131I-AFRA-DFM5.3
biodistribution as %ID/g and tissue/organs:blood ratio as a
mean of the three experiments performed.

Discussion

Although a number of technologies, such as phage display
and ribosome display, are presently available for generation
of completely human antibodies [7], some relevant limita-
tions in raising new human antibodies have been identiWed.
In particular, antibodies isolated from nonimmune libraries
often exhibit binding aYnities not adequate for in vivo use,
and phage selection, while very eVective with puriWed anti-
gen, is more diYcult with complex mixtures of antigens,
such as cell surface antigens which diVer widely in type and
expression levels. Phage antibodies have been derived by
selection on cells [24], such as hematopoietic [26] and mel-
anoma cells [16] and have been used successfully. Unfortu-
nately, the method utilized for cell-based panning typically
yield a panel of single-chain Fv (scFv) molecules that are
speciWc for dominant or abundant surface antigens, often
obscuring the desired clones. Guided selection method
enables the humanization of murine antibody and gives the
possibility to raise antibody against a speciWc epitope
remarkably reducing the selection of unwanted phages.
Using this method, we had a successful tumor cell-based
selection of the human anti-FR fragment C4 [19] of poten-
tial clinical utility.

To exploit the speciWcity and aYnity of C4 reagent, we
attempted to generate natural and chemical dimers by its
genetic and chemical modiWcations, respectively. After N-
terminal site directed mutagenesis and adding the natural
hinge sequence of the gamma 1 human family to the C-ter-
minus of the heavy chain, natural dimers were easily
obtained with AFRA4, but AFRA4-F(ab�)2 preparations
presented an unexpectedly high amount of aberrant L2H
species that in physiologic condition associated with free H
chain. Even non-covalently bound, this anomalous Fab2

form was found to be very stable, as demonstrated by reso-
lution in a single peak in gel Wltration, in agreement with
literature data [20, 35]. The unusual reactivity of AFRA4 in
the natural dimerization process was even more pro-
nounced in the chemical dimerization; less than 5% of the
AFRA4 molecules reacted with the linker, and step-by-step
monitoring of DFM formation using mass spectrometry
revealed no further reactivity with further excess of the
maleimido reactant. C4/AFRA4 antibody fragment, iso-
lated from naïve dual combinatorial libraries, is character-
ized by a lambda light chain. Although V� genes encode
30–40% of light chains in the Ig repertoire of healthy

Fig. 7 AFRA-DFM5.3 in vivo preclinical activity. a Ex vivo localiza-
tion of AFRA-DFM5.3 in s.c.-growing A431FR and A431Mock
tumors. The i.v. administration of DFM-AFRA5.3 (200 �g/mouse)
was followed by tumor explant after 12 h or 24 h. Cryosections were
directly immunoreacted with anti-hu Fab peroxidase. b In vivo locali-
zation of 131I-AFRA-DFM5.3 (1–1.5 MBq/mouse) following i.v
administration. The pharmacokinetics was evaluated in the blood and
tumor of mice injected s.c. with A431FR or A431Mock cells. Values
are expressed as mean % injected dose/g § SE in groups of 3–4 mice
for each time point in a representative experiment of three performed
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A431Mock A431FR

12 hours after  injection
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B
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Table 2 Biodistribution and 
tumor uptake of 131I-AFRA-
DFM5.3, expressed as %ID/g 
and tissue/organ: blood ratio 
(T/B), following i.v. administra-
tion in athymic mice

Tissue/organ A431FR-bearing mice A431Mock-bearing mice

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

Mean SD Mean SD

1 h after injection

Blood 12.37 3.17 1.00 7.27 1.88 1.00

Tumor 5.35 2.07 0.43 3.77 0.75 0.52

Spleen 4.99 1.25 0.40 4.01 0.37 0.55

Kidney 30.95 4.68 2.50 30.67 4.94 4.22

Liver 6.31 2.64 0.51 3.43 0.71 0.47

Heart 4.56 1.34 0.37 3.04 0.36 0.42

Lungs 4.95 0.83 0.40 3.99 0.13 0.55

Sternum 1.81 0.23 0.15 1.33 0.09 0.18

Muscle 1.08 0.12 0.09 1.03 0.11 0.14

Urine + bladder 56.87 27.11 4.60 87.45 20.86 12.03

3 h after injection

Blood 5.11 1.53 1.00 3.41 1.42 1.00

Tumor 6.29 0.16 1.23 2.84 1.04 0.83

Spleen 2.89 1.01 0.57 1.90 0.76 0.56

Kidney 12.69 9.85 2.48 4.01 1.01 1.18

Liver 3.07 1.76 0.60 1.44 0.64 0.42

Heart 2.00 0.75 0.39 1.42 0.47 0.42

Lungs 6.98 6.13 1.36 2.57 1.10 0.75

Sternum 1.19 0.21 0.23 0.84 0.28 0.25

Muscle 0.93 0.17 0.18 0.69 0.37 0.20

Urine + bladder 151.51 84.38 29.65 99.73 11.87 29.24

6 h after injection

Blood 2.10 0.50 1.00 1.53 0.02 1.00

Tumor 4.56 0.01 2.17 1.89 0.64 1.23

Spleen 1.67 1.18 0.80 1.34 0.68 0.88

Kidney 3.54 1.77 1.69 2.18 0.35 1.43

Liver 1.13 0.57 0.54 0.72 0.12 0.47

Heart 0.84 0.38 0.40 0.69 0.15 0.45

Lungs 1.68 0.64 0.80 1.41 0.13 0.92

Sternum 0.63 0.40 0.30 0.40 0.06 0.26

Muscle 0.39 0.03 0.19 0.36 0.08 0.23

Urine + bladder 94.55 76.63 45.03 72.72 41.07 47.53

24 h after injection

Blood 0.20 0.13 1.00 0.13 0.02 1.00

Tumor 1.77 0.47 9.09 0.18 0.05 1.41

Spleen 0.23 0.17 1.16 0.14 0.02 1.14

Kidney 0.46 0.30 2.36 0.32 0.01 2.53

Liver 0.23 0.19 1.20 0.13 0.01 1.05

Heart 0.10 0.06 0.49 0.06 0.01 0.44

Lungs 0.29 0.10 1.49 0.13 0.04 1.05

Sternum 0.10 0.10 0.51 0.03 0.00 0.23

Muscle 0.05 0.01 0.26 0.04 0.03 0.32

Urine + bladder 14.42 8.63 73.95 1.08 0.38 8.61
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subjects, a very limited number of anti-cancer human reagents
with lambda pairing have been reported. We have also
observed that this particular lambda chain has a high ten-
dency to form homodimers that could aVect the microor-
ganism metabolism and Wnal process yield. Further studies
are needed to determine whether conformational character-
istics of the AFRA4 lambda light chain play a role in the
unusual chemical dimer formation.

Therefore, we decided to use guided selection and chain
shuZing to generate new and diverse repertoires of human
antibody fragments directed against FR, a target antigen of
proven clinical utility for EOC treatment. Our initial step in
the generation of new anti-FR human antibodies was the
design, construction and characterization of a large Fab
dual combinatorial human antibody phage display library
derived from the rearranged V-genes of lymphocytes from
patients with a previous history of EOC. Accumulating evi-
dence indicates the presence of antibodies against several
tumor-associated antigens (TAAs) in cancer sera and the
association between these antibody levels and better prog-
nosis and longer survival [5, 14, 36]. Although we did not
speciWcally analyze and select the EOC donors of PBMC,
used for library generation, for the presence of an antibody
response against our target of interest, i.e. FR, elevated lev-
els of anti-FR antibodies coupled with the presence of both
CD4 and CD8 T-cell immunity have been reported in ovary
and breast cancer patients, indicating that FR can elicit a
coordinated immune response in cancer patients [22]. Thus,
our choice of EOC patients (patients with a previous history
of advanced-stage disease but tumor-free for more than
1 year at the time of blood withdrawal) argues for an in
vivo-matured antibody repertoire potentially containing
anti-TAAs and anti-FR antibodies. Furthermore, the wide
array of primers used for primary ampliWcation of human
antibody variable domains [19] and the size of the heavy
and light chain libraries (»7.5 £ 106 VHCH1 from IgM,
7.6 £ 106 VHCH1 from IgG, 2 £ 106 V�C� and 1.6 £ 106

VKCK) could give raise to a large combinatorial library
(potentially 1012 diverse combinations), suggesting the
adequacy of these EOC libraries for our aim and their
future usefulness for generation of other anti-TAA anti-
bodies.

As a second step, we combined these “immune” libraries
with epitope imprinting selection [18], a method that per-
mits isolation of an antibody with the same speciWcity as a
preexisting antibody by guided selection. Because the
selection of antibodies against proteins expressed in their
native conformation on the surface of tumor cells is fre-
quently hampered by the relatively low abundance of the
target antigen of interest as compared to the vast variety of
other cell surface proteins, the guided pairing against FR
was initially selected on the FR-ectopically expressing

A431FR cells instead of the FR-naturally expressing
OVCAR3 cells used to select C4 [19]. The potential advan-
tages of A431FR cells are the extremely high overexpres-
sion of the target antigen and the possibility of negative
selection on the isogenic A431Mock cells [11]. In parallel,
we proceeded with light chain reshuZing to combine the
human heavy chain of C4 with the EOC pts’ kappa light
chain library, and with panning on OVCAR3 cells. These
approaches enabled the generation of four new and com-
pletely human anti-FR reagents.

Selection of the best candidate for subsequent clinical
application among the four new available anti-FR human
Fab fragments was initially based on Xow cytometry analy-
sis of a panel of cell lines expressing FR at diVerent levels.
This analysis revealed that all the new reagents, regardless
of the origin of the cells used for panning, exhibited a clear
binding to cells naturally expressing the target antigen at
high levels; however, a preferential recognition of the cells
guiding selection was also observed. Although further stud-
ies on the Wne speciWcity of each selected Fab are needed to
draw clear conclusions, these data suggest that cell-based
selection approaches should also consider the cellular con-
text in which the antigen is expressed since this might aVect
antigen molecular conformation and ultimately the anti-
gen–antibody interaction. The initial Xow cytometric
screening of all selected Fab fragments suggested that they
exhibited a binding aYnity in the two-digit nanomolar
range, supporting our hypothesis that our libraries are
potentially biased toward an anti-tumor and anti-FR
response.

Recognition of antigen in its native state implies a greater
likelihood that the antibody will retain reactivity during in
vivo applications. Accordingly, we selected the new AFRA5
human Fab as the best candidate for further characterization
studies and its sequence was optimized upon genetic modiW-
cation at N- and C-termini as previously performed starting
from the original Fab fragment C4.

BIAcore evaluation of AFRA5.3 conWrmed a binding
aYnity (KD = 44 nM) in the nanomolar range and indicated
a higher association but also a faster dissociation rate for
AFRA5.3 as compared to AFRA4. This latter binding
kinetics might be disadvantageous for an antibody used in
vivo for therapeutic application such as radioimmunother-
apy, since once the antibody binds to the tumor, continued
occupation of the binding site is essential for eYcient radia-
tion delivery.

Dimerization could overcome this limitation and, unlike
the very low yield of AFRA-DFM 4 formation, AFRA-
DFM5.3 was obtained at high yield and at a Wnal purity
compatible with clinical development. BIAcore analysis
conWrmed that the overall aYnity of AFRA-DFM5.3 in the
chemical dimer format was improved and that a slower
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dissociation rate accounts for the improved binding capac-
ity. AFRA-DFM5.3 exhibited an overall binding aYnity
very similar to that of the anti-FR antibody MOV18 (data
not shown) already entered in the clinics, further supporting
its suitability for in vivo localization of ovarian cancer
cells.

The AFRA-DFM molecule does not require glycosyla-
tion for binding activity as moiety targeting radioisotopes
and is therefore compatible with microorganism production
and the associated advantages for clinical production at
high yield. Shifting the Fab to the chemical dimer format
conferred the further advantage of increased overall bind-
ing strength, and the optimized AFRA-DFM5.3 reagent
was validated for competition ability, recognition of the tar-
get antigen in clinical specimens, and in vitro and in vivo
stability after radiolabeling. Preliminary evaluation of 131I-
AFRA-DFM5.3 at radiotracer doses in a well-deWned pre-
clinical animal model [11] indicated that the blood clear-
ance and the tumor retention were in the range of those
obtained with similar molecules in diVerent experimental
systems [4]. The observed pharmacokinetic parameters
were compatible with the size and the human origin of the
molecule, and the adequate and speciWc tumor localization
supports a potential therapeutic use. Evaluation of the abil-
ity of 131I-AFRA-DFM5.3 to control tumor growth when
delivered at therapeutic doses is ongoing. Due to its binding
speciWcity and short half-life, AFRA-DFM5.3, following
radiolabelling with suitable radioisotopes as 99Tc or 111In,
might be also used for diagnostic localization of EOC meta-
static deposits.

Finally, because phage antibody can be routinely
converted into various forms, including full-length IgG
molecule, without loss of pre-selected speciWcity and
functionality [23], other applications can also be envis-
aged for our anti-FR Fabs. In particular, the availability
of antibody speciWcities directed to diVerent non-overlap-
ping epitopes of FR, such as those of AFRA1 and
AFRA5.3, might serve to generate, in a mammalian
expression system, properly glycosylated full-length IgG
molecules suited for a strategy of treatment depending on
entirely human anti-FR IgG antibodies for complement
activation. In fact, our recent study using chimeric ver-
sions of MOV18 and MOV19 showed that eVective com-
plement activation was possible only when two spatially
close epitopes of FR were simultaneously engaged by the
mixture of the two antibodies in the presence of anti-
mCRP reagents [25].

Overall, our studies demonstrate that the new antibody
phage display libraries enables the selection of completely
human Fabs directed against ovary carcinoma and that one
of these Fabs, AFRA5.3, upon genetic and chemical
manipulation, is suited for future clinical application in
ovarian cancer.
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