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Abstract Osteopontin (OPN) has been implicated as an
important mediator of breast cancer progression and metas-
tasis and has been investigated for use as a potential thera-
peutic target in the treatment of breast cancer. However, the
in vivo antitumor effect of anti-OPN antibodies on breast
cancer has not been reported. In this study, a mouse anti-
human OPN antibody (1A12) was humanized by comple-
mentarity-determining region grafting method based on
computer-assisted molecular modeling. A humanized ver-
sion of 1A12, denoted as hulA12, was shown to possess
affinity comparable to that of its parental antibody. The
ability of hul A12 to inhibit cell migration, adhesion, inva-
sion and colony formation was assessed in a highly meta-
static human breast cancer cell line MDA-MB-435S. The
results indicated that hul A12 was effective in inhibiting the
cell adhesion, migration, invasion and colony formation of
MDA-MB-435S cells in vitro. hul A12 also showed signifi-
cant efficacy in suppressing primary tumor growth and
spontaneous metastasis in a mouse lung metastasis model
of human breast cancer. The specific epitope recognized by
hulA12 was identified to be 2'2NAPSD?'®, adjacent to the
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calcium binding domain of OPN. Our data strongly support
that OPN is a potential target for the antibody-based thera-
pies of breast cancer. The humanized anti-OPN antibody
hul A12 may be a promising therapeutic agent for the treat-
ment of human breast cancer.
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Immunogenicity - Metastasis - Osteopontin

Introduction

Osteopontin (OPN) is a secreted glycophosphoprotein that
has been implicated in both physiologic and pathologic pro-
cesses [1]. Cell types which express OPN include osteo-
clasts, osteoblasts, epithelial cells of the breast, kidney,
skin, nerve cells, vascular smooth muscle cells, endothelial
cells and activated immune cells [2, 3]. A high level of
OPN expression is one of the features often associated with
highly metastatic cancer cells [4-6]. The metastatic activity
of various cancer cells can be significantly inhibited by
downregulating OPN expression [7-10]. For example,
silencing of OPN expression by siRNA suppressed CT26
murine colon adenocarcinoma metastasis both in vitro and
in vivo [11]. On the other hand, an increase in OPN expres-
sion levels has been shown to correlate with the enhanced
malignancy [2, 12, 13].

Breast cancer is one of the leading causes of death from
cancer among women. The majority of these breast cancer
deaths are due to the propensity of primary breast tumors to
metastasize to regional and distant sites such as lymph
node, lung, liver, brain and bone [13, 14]. Current surgical
and medical treatments have only limited success in reduc-
ing the breast cancer recurrence rate [15, 16]. Thus, there
is an urgent need to develop new therapeutics for the
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treatment of breast cancer. Previous studies have indicated
that OPN levels are elevated in the blood and primary
tumors of breast cancer patients, and in some cases this has
been correlated with poor prognosis [17-20]. The highly
metastatic human breast cancer cell line expresses signifi-
cantly higher levels of OPN than does the low metastatic one
[21]. OPN knockdown by shRNA suppresses tumorigenicity
of human metastatic breast carcinoma MDA-MB-435 [22].
Silencing of OPN by its specific siRNA was demonstrated
to effectively attenuate breast cancer progression in mice
[7]. Previous studies also indicated that downregulation
of OPN by OPN-specific sShRNA effectively inhibited the
metastasis of human metastatic breast cancer cell line in
severe combined immunodeficient mice [23].

Owing to its role in stimulating breast cancer growth and
metastasis, OPN may become a candidate target for the
antibody-based therapies of human breast cancer. A mouse
anti-human OPN antibody has been demonstrated to be
able to inhibit the adhesion of human breast cancer cells
[24]. However, the in vivo antitumor effect of anti-OPN
antibodies on breast cancer has not yet been reported. In
this study, a humanized anti-OPN antibody was generated
by complementarity-determining region (CDR) grafting
method based on computer-assisted molecular modeling,
and its antitumor activity in vitro and in vivo was investi-
gated on a highly metastatic human breast cancer cell line,
MDA-MB-435S. The humanized antibody was shown to be
able to effectively inhibit the cell adhesion, migration, inva-
sion and colony formation of MDA-MB-435S cells. Thera-
peutic studies further demonstrated that this humanized
anti-OPN antibody was effective in suppressing primary
tumor growth and spontaneous metastasis in a mouse lung
metastasis model of human breast cancer, suggesting that it
might be a promising therapeutic agent for the treatment of
human breast cancer.

Materials and methods
Materials

MDA-MB-435S cell line, which expresses high levels of
OPN and is known to be tumorigenic and highly metastatic,
was obtained from the American Type Culture Collection
(ATCC). The recombinant human OPN protein was
expressed in yeast cells and purified. The 1A12 hybridoma
cell line secreting mouse monoclonal antibody (mAb)
against human OPN was generated by the standard hybrid-
oma technique in our laboratory. The mouse mAb 1A12
(IgG1, x) was purified by Protein A affinity chromatograph
from 1A12 hybridoma cell culture supernatant. Peptides
used in this study were synthesized by Yeli Bio-Scientific
Inc. (Shanghai, China). Six-week-old female BALB/c mice

@ Springer

and athymic nude mice were obtained from Shanghai
Experimental Animal Center of Chinese Academy of Sci-
ences. All animals in this study were housed under patho-
gen-free conditions and were treated in accordance with
guideline of the Committee on Animals of the Second Mili-
tary Medical University.

Cloning of anti-OPN mAb heavy and light chain variable
region genes

Total RNA was isolated from 1A12 hybridoma cells with
TRIzol Reagent (Invitrogen, Carlsbad, CA). The heavy and
light variable region cDNAs of 1A12 mAb were cloned
using 5’RACE system (Invitrogen, Carlsbad, CA) by the
method described previously [25]. The final PCR products
were cloned into pPGEM-T vector (Promega, Madison, WI)
for sequence determination.

Molecular modeling of variable fragment (Fv)
of the 1A12 mAb

The Protein Data Bank (PDB) was searched for antibody
sequences that had high sequence identity with the 1A12
Fv. Two separate BLASTP searches were performed for
light chain variable region (V;) and heavy chain variable
region (Vy) of 1A12. To construct the three-dimensional
structure of the 1A12 Fv by homology modeling (INSIGHT
IT 2003, Accelrys, San Diego, CA), the sequences of Vi
and Vi of 1A12 and their templates were aligned, respec-
tively. The coordinates for the structurally conserved
regions were assigned from the template and the loop
regions were generated by Homology program. The newly
built structure was subjected to molecular dynamics simu-
lations and then energy minimized by 1,000 steps of the
steepest descent method and followed by conjugate gradi-
ent method using Discover program. Finally, the refined
model was assessed by Profile-3D program.

Humanization of anti-OPN mAb 1A12

V. and Vy of 1AI2 were subjected separately to a
BLASTP search against the entire non-redundant Genbank
database (PDB, SwissProt, SPupdate, PIR). Human anti-
body variable regions that were the most homologous in
sequence to 1A12 variable regions were chosen as the
human framework (FR) for the humanized version of 1A12.
The CDRs in the humanized antibody were chosen to be
identical to those in the murine antibody 1A12. The transfer
of CDRs alone often results in a significant loss of antigen
binding because certain murine FR residues are critical for
preserving the CDR conformations or are directly involved
in antigen binding. Therefore, these key FR residues of
mouse antibodies must be substituted into the human
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acceptor framework to restore affinity [26-28]. The molec-
ular model of the 1A12 Fv showed that some FR residues
were close enough to the CDRs to either influence their
conformations or interact directly with antigen. When these
FR residues differed between 1A12 and the human antibody
template, the residue in the humanized antibody was chosen
to be the murine 1A12 residue rather than the human anti-
body residue. The light and heavy chain variable region
genes of humanized versions of 1A12 were synthesized by
overlapping PCR method.

Construction and expression of recombinant antibodies

The light and heavy chain expression vectors for chimeric
and humanized antibodies were constructed using the same
method as described previously [25]. Appropriate light and
heavy expression vectors for recombinant antibodies were
co-transfected into COS-7 cells using Lipofectamine 2000
reagent (Invitrogen, San Diego, CA) according to the man-
ufacturer’s instruction. After 48 h incubation, the superna-
tants were collected and analyzed by enzyme-linked
immunosorbent assay (ELISA) for quantitation of antibod-
ies. The ELISA assay used goat anti-human IgG Fc (KPL,
Gaithersburg, MD) as capture antibody and goat anti-
human kappa horseradish peroxidase (HRP) (Southern
Biotechnology Associates, Birmingham, AL) as detecting
antibody.

OPN binding assays

For measuring the OPN binding activity of anti-OPN chi-
meric and humanized antibodies, ELISA plates were coated
with human OPN. After washing and blockade of free pro-
tein-binding sites, different concentrations of recombinant
mAbs were added to each well and incubated for 1 h. After
washing, HRP-conjugated goat anti-mouse IgG (KPL) was
added and the plates were further incubated for 1 h. Finally,
3,3',5,5'-tetramethylbenzidine (TMB) was added as a sub-
strate and the absorbance was measured at 450 nm.

Stable expression and purification of recombinant
antibodies

Appropriate light and heavy expression vectors were co-
transfected into Chinese hamster ovary (CHO)-K1 cells
using Lipofectamine 2000 reagent. Stable transfectants
were isolated using the same method as described previ-
ously [25]. The clones producing the highest amount of
recombinant antibodies were selected and grown in serum-
free medium. Finally, recombinant antibodies were purified
by Protein A affinity chromatography from the serum-free
culture supernatant.

Biacore analysis

The kinetic parameters of anti-OPN antibodies for OPN
were determined using the Biacore T100 instrument (Bia-
core AB, Uppsala, Sweden) according to the manufac-
turer’s instructions. Briefly, covalent immobilization of
purified recombinant human OPN onto a Series S CMS5
sensor chip (Biacore) was performed using an amine cou-
pling kit (Biacore). Twofold serial dilutions of anti-OPN
antibodies were injected over the sensor chip surface at a
flow rate of 50 pl/min. Irrelevant antibodies were used as
controls. The association (K,) and dissociation (K,) rate
constants of anti-OPN antibodies were determined using
the Biacore T100 Evaluation software version 2.0 (Bia-
core).

Scratch-wound healing assay

MDA-MB-435S cells were cultured to subconfluence in
12-well plates. Streaks were made on the monolayer culture
with 10 pl pipette tips. After washing away suspended
cells, the cells were refed with medium containing OPN in
the presence or absence of the humanized anti-OPN anti-
body (25 pg/ml). The progress of migration was photo-
graphed immediately or 18 h after wounding.

Cell adhesion assay

The 96-well microtitre plates were coated with OPN
(10 pg/ml), followed by treatment with 1% BSA for 1 h at
37°C. 5 x 10* MDA-MB-435S cells were added to each
well in the presence or absence of the humanized anti-OPN
antibody (25 pg/ml). After 2 h incubation at 37°C, the
medium was removed and washed twice with PBS gently.
The adherent cells were fixed in 1% methanol, stained with
0.5% crystal violet and lysed with 2% Triton X-100. The
absorbance was measured at 595 nm.

Invasion assay

Cell invasion was measured using a 24-well Transwell sys-
tem with a polycarbonate filter membrane of 8 pm pore size
(Corning, Cambridge, MA). The upper side of the filter was
coated with Matrigel (BD Bioscience, Bedford, MA).
5 x 10> MDA-MB-435S cells with or without the human-
ized anti-OPN antibody (25 pg/ml) were added to the top
chamber and 600 pl medium containing OPN (5 M) was
added to the bottom chamber. After 24 h, the non-migrating
cells on the upper side of the filter were scraped and
washed. The migrating cells on the reverse side of the filter
were stained with crystal violet and counted. All assays
were performed in triplicate.
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Colony formation in soft agar

MDA-MB-435S cells (1 x 10°ml™") suspended in 0.3%
agar solution were plated onto a layer of 0.5% agar solution
in 24-well culture plates. Every other day, 0.2 ml per well
of medium containing the humanized anti-OPN antibody
(25 pg/ml) or control human IgG was added. After 10 days,
the colonies containing at least 50 cells were counted. All
assays were performed in triplicate.

Proliferation and apoptosis assays

The MDA-MB-435S were seeded at 2 x 10 cells per well
in 96-well plates and allowed to adhere overnight before
experimentation. The cells were serum-starved, and OPN
(5 uM) with or without anti-OPN antibodies (20 pg/ml)
was added and incubated for 24 h. For proliferation assay,
1 uCi per well [3H]thymidine was added and incubated for
an additional 6 h at 37°C. Cells were washed, fixed with
10% trichloroacetic acid, and counted. For apoptosis assay,
the apoptosis of MDA-MB-435S was determined by
nuclear fragmentation of 4'-6-diamidino-2-phenylindole
(DAPI)-stained cells. All assays were performed in tripli-
cates and repeated three times.

Western blot analysis

Total protein was isolated from MDA-MB-435S receiving
different treatments. SDS-PAGE (12%) gels were run and
subsequently transferred to nitrocellulose membranes. The
membranes were then blocked in 10% milk in PBS overnight
at 4°C. Primary antibodies (Bcl-2, Bax, and f-actin) were
added for 1 h at room temperature followed by the addition
of appropriate HRP-conjugated secondary antibody. Mem-
branes were exposed to chemiluminescence reagents for
1 min, and bands were detected by exposing to an X-ray film.

Electrophoretic mobility shift assay (EMSA)

The DNA activity of nuclear factor kB (NF-xB) was deter-
mined by EMSA. A double-stranded oligonucleotide contain-
ing the DNA-binding site for the NF-xB proteins (forward,
5'-AGTTGAGGGGACTTTCCCAGGC-3'; reverse, 5'-GC
CTGGGAAAGTCCCCTCAACT-3") was end-labeled using
biotin. The MD-MB-4358S cells were treated with OPN
(5 pM) with or without anti-OPN antibodies (20 pg/ml)
for 6 h. Nuclear proteins were extracted with NE-PER
nuclear and cytoplasmic extraction reagents (Pierce,
Rockford, IL). The nuclear extracts (3 pg) were incubated
with 20 fmol of biotin-labeled double-stranded NF-xB
oligonucleotide in binding buffer. The DNA-binding com-
plex was resolved on a native polyacrylamide gel and was
analyzed.
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Animal study

Groups of 20 female nude mice were anesthetized and a
small incision (0.5 mm) was made in the skin over the right
lateral thorax. The mammary fat pads (mfps) were exposed
and 5 x 10° MDA-MB-435S cells were orthotopically
injected into the mfps at day 0. Then the mice were injected
i.p. with the humanized 1A12 antibody or control human
IgG (5 mg/kg body weight) twice per week for 4 weeks.
For each group, ten animals were used to determine pri-
mary tumor growth rate and killed at day 70; the other ten
were killed at day 50 and lungs, brain, heart, bone, liver and
lymph nodes were collected to examine spontaneous
remote metastases. Tumor volume was estimated using the
formula: tumor volume (mm?®) = length x (width)?/2.

Lung tissue sections were analyzed by H&E staining and
lung metastatic foci were counted as described previously
[29]. Briefly, a total of 100 serial sections were made for
every half of the lung tissue blocks, and the first of every
decade of sections were analyzed under the microscope for
the presence of the tumor cell clusters by two pathologists.
The grades of metastatic foci were defined as follows:
grade I, <20 cells/foci; grade II, 20 < cells < 50/foci; grade
IIL, 50 < cells < 100 cells/foci, grade IV, >100 cells/foci.

Epitope mapping of the humanized 1A 12 antibody

The Ph.D.-12 Phage Display Peptide Library (New
England Biolabs, Beverly, MA) were used for biopanning.
Biopanning was performed as described in our previous
report [30]. After three rounds of panning, positive phage
clones were subjected to DNA sequence analysis.

Immunochemical assay

The reactivity of the humanized 1A12 antibody with synthetic
peptides was determined by ELISA assay. Briefly, 96-well
plates were coated with KLH peptide. Following washing and
blockade of free protein-binding sites, different concentrations
of the humanized 1A12 antibody were added to each well.
After 4 h incubation, the antibody binding to peptide was
detected by sequential addition of an appropriate dilution of
HRP-conjugated goat anti-human IgG (Zymed, San Fran-
cisco, CA). After the addition of TMB and stop solution,
absorbance was read at 450 nm by an immunoreader.

The ability of synthetic peptides to block the interaction
between the humanized 1A12 antibody and OPN was also
investigated. Briefly, mAb was incubated with different
concentrations of synthetic peptides for an hour. Then the
mixture was respectively added to 96-well plates pre-
coated with OPN. After 2 h incubation, the wells were
washed and the antibody binding to OPN was detected with
an appropriate dilution of HRP-conjugated goat anti-human
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IgG. After the addition of TMB and stop solution, absor-
bance was read at 450 nm by an immunoreader.

Statistical analysis

Statistical analysis was performed by Student’s unpaired ¢ test
to identify significant differences unless otherwise indicated.
Differences were considered significant at a P value of <0.05.

Results
Molecular modeling of 1A12 Fv

The nucleotide sequences of Vy and V; of 1A12 were
determined and deposited in GenBank under the accession
numbers EU926488 and EU926489, respectively. The
deduced amino acid sequences of V; and V| were shown in
Fig. 1. We searched PDB for antibody sequences with high
sequence identity with the 1A 12 antibody variable regions.

Fig. 1 Amino acid sequences of

A 1

The V; and Vy of the murine monoclonal antibody
mAb735 (PDB no. 1PLG) specific for o-(2— 8)-linked
polysialic acid, respectively, show 92 and 72% identity
with the V| and Vy; of 1A12. The crystallographic resolu-
tion of murine monoclonal antibody mAb735 is 2.8 A and
we selected it as the template of 1A12. Then the molecular
model of the 1A12 Fv was obtained by Insight IT molecular
modeling software (Fig. 2).

Humanization of 1A12 mAb

The Vi and V. of 1A12 were respectively subjected to
BLASTP searches against the entire non-redundant Gen-
bank database. The Vy of the human antibody CAA79298
(GenBank no. CAA79298) was 67% identical to the 1A12
heavy chain variable region and the V| of human antibody
BACO01734 (GenBank no. BAC01734) was 81% identical
to the 1A12 light chain variable region. We selected the
variable regions of these two human antibodies as frame-
works for the Vi; and V| of humanized 1A12 antibody,

10 20 30 40 50

humanized 1A12 antibody

heavy (a) and light (b) chain CAA79298 QVQLVQSGAEVKKPGASVKVSCKAS [GYTFTGYYMH] WVRQAPGQGLEWMG [W
variable regions. 1A12VH and hulAl2VHa —=———=m————mm e mmm e [----- R [ [y
1A12VL indicate heavy and hulAl2VHG ————m——mmmmmm e S-[----- T-V--]--K-—--————- I-[Y
light chain variable regions of a 60 20 50 ab e 9
m‘;.rénz IA12 m‘?‘“llon%ll 1A12VH INPYNDGSKYNEKFKG] KATLTSDKSSNTAYMELSSLTSEDSAVYYCAS [HY
;“ 100 {1 respec ll‘)’f’ y. 1he " CAA79298 INPNSGGTNYAQKFQG]RVTITRDTSASTAYMELSSLRSEDTAVYYCAR [DF
heavy ¢ at‘,’t’) Vg“éAngg;ggo hulA12VHa —=-YND=SK—NE--K-]====-=-mmmmmmmmmmmmmmm [HY
uman antibody was hulAl2VHe ---YND-SK-NE--K-]----- S=K=mmmmmmmmmmmmmm e S [HY
chosen as framework for the
humanized heavy chain and the 100 110
L‘ght Cha‘rt‘,;afilagzrggi‘;gff 1A12VH GGSPAY]WGQGTLVTVSA
umanantibody BALLE /9% was CAA79298 FLSGYLDY]WGQGTLVTVSS
chosen for the humanized light
hain. hul A 12VH q hulAl2VHa G-SPA-]-=--===-—-=—~
chain. uLALSY Ha and hulAl2VHe G-SPA-]-----------
hulA12VHc indicate different
versions of humanized heavy
chain variable regions. B 1 10 20 3 abcde 40
hulA12VLa and hulA12VLf 1A12VL DIIMTQTPLSLPVSLGDQASISC [RSSQSLVHSNGNTYLH ] WYLQKPGQSP
indicate different versions of BAC01734  DVVMTQSPLSLPVTLGQPASISC [RSSQSLVHSDGNTYLN]WFQQRPGQSP
humanized light chain variable
regions. The dashes represent hulAl2VLa -—=-=----=--=--=--------- [-====-=-- N----- L
amino acids that are the same as hulAl2VLf --L--------cmmmmm o [ N----- H]--=-===---
the corresponding residues in
human antibodies CAA79298 or 50 0 70 80 %0
BACO1734. The CDRs are 1A12VL KLLIY [KVSNRFS ] GVPDRFSGSGSGTDFTLKISRVEAEDLGVYFC [ SQSTHV
enclosed with brackets. Amino
acids (in one-letter notation) BAC01734 RRLIY [KVSNRDS] GVPDRFSGSGSGTDFTLKISRVEAEDVGVYYC [MQGTHW
are numbered according hulAl2VLa  --———-— [====- T [Ty [S-S--V
to Kabat et al. [31] hulAl2VLE  KL---[----- 0 [S-S--V
100
1A12VL PWT] FGGGTKLEIKR
BAC01734 PLT] FGGGTKVEIKR
hulAl2VLa -W-]----——————-
hulAl2VLE -W-1--—---------

1A12VH

QVQLEQSGPELVKPGASVKMSCKSS [GYTFTTYVMH ] WWKQKPGQGLEWIG[Y
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Fig. 2 Molecular model of the 1A12 variable regions. The 1A12 var-
iable regions are shown by a solid ribbon representation. The FRs are
shown in light gray (green in color picture) and the CDRs are shown
in dark gray (red in color picture). Nine FR residues, L3, L45, L46,
H24, H38, H48, H71, H73 and H94, which are within about 5 A of the
CDRs and are of potential importance to the antigen binding, are
shown in white

respectively. First, the three CDRs from 1A12 light chain
or heavy chain were directly grafted into human antibody
light chain or heavy chain frameworks to generate human-
ized antibody genes. The humanized V, and Vj were
cloned into expression vectors, respectively, and were
coexpressed in COS-7 cells, yielding humanized version
(hulA12Ha/hulA12La). The amino acid sequence of the
humanized antibody was shown in Fig. 1. Our results indi-
cated that this humanized antibody lost its binding activity
(Fig. 3a), suggesting that some FR residues in this human-
ized version must be back-mutated to reconstitute the full
binding activity. With the help of graphic manipulation,
nine mouse FR residues, which differed between 1A12 and
the human antibody template, were observed to be within
5 A of the CDRs and to probably affect the structure of the
CDRs (Fig. 2). A number of humanized light and heavy
chain versions were constructed to evaluate the contribu-
tion of each of the nine FR residues to antigen binding.
Finally, a humanized version (hulAl12Hc/hulA12Lf)
showing the similar antigen-binding activity as the chime-
ric 1A12 antibody (c1A12) was obtained (Fig. 3a). This
humanized antibody was designated as hulAl2 and its
amino acid sequences were shown in Fig. 1.

Measurement of kinetic binding constants of anti-OPN
antibodies

Kinetic binding constants of c1A12 and hulA12 for OPN
were determined using Biacore T100 instrument. Results of
the kinetic analysis were shown in Fig. 3b and c. Although
the on-rate (K,) of hul A12 was slightly slower than that of
c1A12, the off-rate (K,;) of hulA12 was also slower. Thus,
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hulA12 was shown to possess similar affinity (KD) as its
chimeric counterpart (Fig. 3c).

hulA12 inhibits MDA-MB-435S cell migration, adhesion,
invasion and colony formation

To investigate the in vitro antitumor activity of the human-
ized anti-OPN antibody hulA12, we performed cell migra-
tion, adhesion, invasion and colony formation assays. The
ability of hulA12 to suppress MDA-MB-435S cell migra-
tion was evaluated by scratch-wound healing assays. The
results shown in Fig. 4a indicated that hul A12 significantly
inhibited breast cancer cell motility compared with the con-
trol human IgG. The cell adhesion assay results also dem-
onstrated that hul A12 was effective in inhibiting the cell
adhesion of MDA-MB-435S cells to human OPN (Fig. 4b).

Matrigel invasion assay was performed to study the
effect of hul A12 on the invasion ability of MDA-MB-435S
cells. As shown in Fig. 4c, hul A12 significantly inhibited
cell invasion through Matrigel-coated filters as compared to
the control human IgG. We next examined the efficacy of
hulA12 in inhibiting the tumor cell anchorage-independent
growth (soft agar colony formation). The anchorage-inde-
pendent growth ability of cancer cells correlates closely
with their in vivo tumorigenicity. The results shown in
Fig. 4d demonstrated that hul A12-treated MDA-MB-435S
cells formed significantly less colonies in soft agar than
control human IgG-treated cells, suggesting that hulA12
could effectively suppress the anchorage-independent
growth ability of breast cancer cells.

HulA12 inhibits OPN-mediated anti-apoptotic
and prosurvival functions

We investigated the effect of OPN on proliferation and
apoptosis of MDA-MB-435S. The results showed that the
addition of OPN to the serum-deprived MDA-MB-435S
cells reduced the amount of cell death. In the presence of
OPN, [3H]thymidine uptake increased 3.08 &£ 0.64-fold in
MDA-MB-435S cells (Fig. 5a). However, this incorpora-
tion uptake decreased 2.76 £ 0.35-fold when hulA12 was
added. Our results showed that OPN may support cell sur-
vival under conditions of serum withdrawal. In the presence
of hul A12, the prosurvival function of OPN was inhibited
significantly. Induction of apoptosis was analyzed with the
help of DAPI, which caused a regular staining in intact
nuclei, but an irregular staining in apoptotic cells. As
shown in Fig. 5b, ~30% of MDA-MB-435S lost membrane
integrity after treatment with serum deprivation for 24 h,
compared with ~10% of cells in control cultures treated
with the normal serum culture condition. The MDA-MB-
435S treated with OPN showed less DAPI-stained cells
compared with non-treated ones.
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Fig. 3 OPN-binding activity of A —#— clAl2
humanized anti-OPN antibodies 16 1 I :“IAIZHZ/ hulAl2La
. ulA12Hc/hulA12Lf —
(a) ELISA assays. Serial log g 141 —a
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HRP-conjugated goat anti- 1 10 100
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bars SD. b Surface plasmon res-
onance sensorgrams for binding B 140 clA12
of anti-OPN antibodies to immo- 120
bilized OPN. Biacore analysis 5 100 53.33nM
was performed as described in & 3o 26.67nM
“Materials and methods”. § 60 13.33nM
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The expressions of apoptosis-related proteins (Bcl-2 and
Bax) were analyzed by Western blot analysis. As shown in
Fig. 5c, pro-apoptotic Bax expression was upregulated
when hulA12 was added compared with OPN alone. Con-
versely, anti-apoptotic Bcl-2 expression was downregu-
lated. The nuclear extracts were prepared and used for
EMSA using biotin-labeled NF-xB oligonucleotides. The
results shown in Fig. 5d indicated that in OPN-treated
MDA-MB-435S, the NF-xB pathway was activated, which
provided a protective function to the cells. The DNA—pro-
tein complex was specific, as unlabeled NF-«xB oligomer
inhibited the signal, whereas unrelated oligomer had no
effect. In contrast, cells pretreated with hulA12 did not
exhibit NF-kB activity, and the control antibody had no
effect inhibiting protective function of OPN.

HulA12 inhibits MDA-MB-435S tumor growth
and spontaneous lung metastasis in nude mice

The in vivo antitumor effect of the humanized anti-OPN
antibody hulAl12 was evaluated in a MDA-MB-435S
tumor xenograft mouse model. After MDA-MB-435S cells

Time (s)

were implanted in the mfps of female nude mice, all of the
mice developed primary tumors. However, hul A12-treated
group had a longer latency period, which took about
50 days to reach a mean tumor volume of ~250 mm?, while
PBS- and control human IgG-treated groups only took
about 27 days. Overall, primary tumors in hul A12-treated
mice grew at a slow rate relative to those in control human
IgG-treated mice, producing significantly smaller tumor
volumes from week 3 to week 12 (Fig. 6a).

The efficacy of hulA12 in inhibiting tumor metastasis
was also investigated. As shown in Table 1, 80-90% of
mice treated with PBS or control human IgG developed
metastases primarily in the lymph nodes and lungs. Metas-
tases were rarely found in other tissues. The hul A12-treated
mice produced significantly fewer metastases compared
to mice injected with PBS or the human IgG control. More-
over, the number of lung metastatic foci in mice from
different treatment groups was also compared. The results
shown in Fig. 6b clearly indicated that the number of meta-
static foci was markedly reduced by treatment with hul A12
in comparison with either the PBS- or human IgG control-
treated group.
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Fig. 4 The inhibition effects of hulA12 on MDA-MB-435S cell
migration, adhesion, invasion and colony formation in soft agar. a Cell
migration was inhibited by hulA12. After wounding, MDA-MB-435S
monolayer cells were cultured in medium containing OPN in the pres-
ence of 25 pg/ml of hul A12 or control human IgG. Photographs were
taken immediately or 18 h after wounding under a Carl Zeiss Axiovert
135 microscope (x40). The data represent one of three experiments
with similar results. b hul A12 inhibits cell adhesion to OPN. MDA-
MB-435S cells with 25 pg/ml of hul A12 or control human IgG were
added to 96-well plates pre-coated with OPN. After 2 h incubation,
unattached cells were washed off and the adherent cells were fixed in
1% methanol, stained with 0.5% crystal violet and lysed with 2% Tri-
ton X-100. The absorbance was measured at 595 nm. Columns mean
(n =3), bars SD; *P < 0.05 versus control human IgG. ¢ Cell invasion

Mapping of hul A12-specific epitope on OPN

After the third round of panning, all 35 positive phage
clones were sequenced. Alignment of the deduced amino
acid sequences of the inserts from these clones resulted
in the motif NxXNNAPSD and this could be aligned with
the 22NAPSD?' of OPN (Table2). The peptide
“AQDLNAPSDWDS” containing *>NAPSD?!® motif in
the hOPN was synthesized and denoted as 51P. The
ELISA assay results showed that the binding of hulA12
to 5IP-KLH was specific since hulA12 bound to 51P-
KLH but not to control peptide-KLH and 51P-KLH did
not react with the irrelevant control mAb (data not
shown). To further investigate whether 51P resembled the
epitope of hOPN, the capability of 51P to block the bind-
ing of hulAl12 to OPN was determined. The results
revealed that peptide 51P effectively inhibited the binding
of hulA12 to hOPN. In contrast, irrelevant control pep-
tide did not produce noteworthy inhibition on their inter-
action (data not shown).
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was inhibited by hul A12. Cell invasion assay was performed using a
24-well Transwell system as described in “Materials and methods”.
Finally, the cells invading through Matrigel were stained with crystal
violet and counted. Columns mean (n = 3), bars SD; *P < 0.05 versus
control human IgG. d HulA12 inhibits the ability of MDA-MB-435S
cell to form colonies in soft agar. MDA-MB-435S cells suspended in
0.3% agar solution were plated onto a layer of 0.5% agar solution in
24-well culture plates, followed by the addition of medium containing
25 pg/ml of hul A12 or control human IgG every other day. Ten days
later, the colonies containing at least 50 cells were counted. Columns
mean (n = 3), bars SD; *P < 0.05 versus control human IgG. 2H8, a
mouse anti-OPN monoclonal antibody specific for RGD domain of
OPN, was used as positive control for wound migration, invasion,
adhesion, colony formation assays

Discussion

The clinical use of murine monoclonal antibodies has been
severely limited because repeated doses of foreign immu-
noglobulin elicit an immune response, referred to as human
anti-mouse antibody response (HAMA), which causes
rapid clearance of injected antibodies and reduced their
efficiency [32, 33]. An early attempt to reduce the immuno-
genicity is to generate chimeric antibodies which consist of
murine antigen binding variable regions fused genetically
to human antibody constant regions [34, 35]. To further
reduce the immunogenicity of chimeric antibodies, human-
ized antibodies have been generated by grafting the CDRs
of a murine antibody into the corresponding regions of a
human antibody [36, 37]. Currently, the humanized anti-
bodies have shown their significant potential as therapeutic
agents clinically. In this paper, we have described the
humanization of 1A12, a mouse anti-OPN mAb. The initial
version of humanized antibody (hulAl12Ha/hulAl12La)
was constructed by simply grafting CDRs from 1A12 light
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Fig. 5 Effect of anti-OPN antibodies on serum deprivation-induced
apoptosis in MDA-MB-435S cells. a [*H]thymidine incorporation
uptake in MDA-MB-435S. The MDA-MB-435S were maintained in
Medium 200 supplemented with low serum growth supplement and were
incubated for 24 h. Then the cells were extensively washed with PBS,
and the medium was changed to serum-free Medium 200 containing
OPN with or without anti-OPN antibodies and incubated for 24 h. Cell
proliferation was assayed 24 h after serum deprivation. [*H]thymidine
incorporation uptake was examined to present DNA synthesis.
Data were expressed as mean + SD of three experiments, *P < 0.05.
b DAPI staining of apoptotic cells. Nuclear morphology was examined
by DAPI staining as described in “Materials and methods”. Note the

and heavy chain to human antibody light and heavy chain.
The OPN binding activity assay indicated that this human-
ized version had almost totally lost its antigen-binding
activity. It is not surprising, because, in most cases, the
transfer of mouse CDR residues alone into human frame-
works may alter the structure of the CDRs, resulting in a
loss of antigen-binding activity. Consequently, the success-
ful design of humanized antibodies requires that key
murine FR residues, which probably affect the structure of
the CDRs, are substituted into the human acceptor frame-
work to preserve the CDR conformations [38, 39]. In this
study, a reliable three-dimensional model of the variable
regions of 1A12 has been built using computer-aided
homology modeling. Nine framework amino acids within
about 5 A of the CDRs were identified as key FR residues,
which intimately interacted with CDR residues and might
affect the structure of the antigen-binding site. Then, a
humanized version of 1A12 (hulAl12) was generated by
transferring these mouse key framework residues onto the

iy < Probe

nuclear condensation and fragmentation in the serum deprivation
group, which was indicative of apoptosis. ¢ Bcl-2 family proteins were
analyzed by Western blot analysis. The MDA-MB-435S cells were
cultured in the presence or absence of OPN (with or without anti-OPN
antibodies) for 24 h. After cultivation, we assessed the expression of
Bcl-2 and Bax in MDA-MB-4358S cells using Western blot analysis.
d Electrophoretic mobility shift assay was performed to determine the
NF-xB activity of OPN- and anti-OPN antibody-treated MDA-MB-
435S cells. Compared with untreated MDA-MB-435S, OPN treatment
activated NF-«B activity, and anti-OPN antibody treatment abrogated
this function. 2H8 is a mouse anti-OPN monoclonal antibody specific
for RGD domain of OPN

human antibody template that was selected based on
homology to 1A12 together with the mouse CDR residues.
Biacore assays showed that the affinity equilibrium con-
stant of hul A12 was similar to that of c1A12, suggesting
that this humanized antibody possessed antigen-binding
affinity comparable to that of its parental counterpart.
Clinical studies have demonstrated that OPN correlates
with disease outcome and survival in patients with meta-
static breast cancer and in patients with lymph node-nega-
tive breast cancer [17, 18, 40]. OPN has been shown to
affecting the behavior of breast cancer cells in a number of
ways. Previous studies support the idea that OPN can con-
tribute to the malignancy of breast cancer by influencing
pathways involved in the control of cell adhesion, migra-
tion, and invasion [41-43]. In the present study, the human-
ized anti-OPN antibody hulA12 was demonstrated to be
effective in inhibiting the cell adhesion, migration, invasion
and colony formation of a highly metastatic human breast
cancer cell line, MDA-MB-435S. Previous studies have
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Fig. 6 hulA12 effectively suppresses MDA-MB-435S tumor growth
and spontaneous lung metastasis in nude mice. 5 x 10° MDA-MB-
435S cells were orthotopically injected into the mfps of groups of 20
female nude mice. Then, the mice were treated with hul A12 or control
human IgG (5 mg/kg body weight, i.p.) twice per week for 4 weeks.
For each group, ten animals were used to determine primary tumor
growth rate and the other ten were used examine the extent of sponta-
neous lung metastases. a Efficacy of hulA12 in inhibiting primary
breast cancer growth. Points mean, bars SD; *P < 0.05 versus control
human IgG. b The average number of lung metastatic foci for each
group. Columns mean, bars SD; *P < 0.05 versus control human IgG
(Mann—Whitney test)

indicated that OPN induces nuclear factor kB (NF-kB)-
mediated promatrix metalloproteinase-2 activation through
IkBa/IKK signaling pathways [44]. OPN enhances the cell
motility and induces NF-xB-mediated uPA secretion
through PI3-kinase/Akt/IKK-mediated signaling pathways
[45]. As a survival factor, OPN regulates the activities of
some of the Bcl-2 family of proteins. OPN maintains nor-
mal levels of anti-apoptotic molecules, Bcl-2 and Bcl-x;,
and decreases the amount of pro-apoptotic BAX in various
other cell types [46, 47]. Therefore, the anti-apoptotic func-
tion of OPN might explain the metastatic potential of tumor
cells that highly expressed OPN. The present study showed
that hul A12 could significantly inhibit OPN-mediated anti-
apoptotic and prosurvival functions. Further data indicated
that hul A12 treatment could upregulate pro-apoptotic Bax

@ Springer

Table 1 Metastasis incidence in PBS-, control IgG and hul A12 treat-
ment groups

Treatment Lung Lymph nodes Other tissues
PBS 9/10 10/10 Brain 1/10
Control IgG 8/10 10/10 0/10
hulA12 2/10 3/10 0/10

Table 2 Characterization of the epitope recognized by hul A12

Amino acid sequence Frequency
of clone
Selected sequences DTENNNNGPSDX (14/35)
NAVNTNNAPTDY (11/35)
NALNHNNARSDY (6/35)
TTNPNNAPSSYA (4/35)
Consensus motif NAPSD
Corresponding (210)DLNAPSDWD(218)

segment of human OPN

Phage clones were isolated by panning the Ph.D.-12 Phage Display
Peptide Library with hulA12. Deduced amino acid sequences of
inserts from selected phage clones were aligned for the consensus
motif, which is indicated by underlined letters

expression and downregulate anti-apoptotic Bcl-2 expres-
sion in MDA-MB-435S cells. In OPN-treated MDA-MB-
435S, the NF-xB pathway was activated, which provided a
protective function to the cells. In contrast, cells pretreated
with anti-OPN antibodies did not exhibit NF-xB activity.
These results suggested that treatment with hul A12 inhib-
ited the anti-apoptotic function of OPN possibly through
upregulating Bax, downregulating Bcl-2, and blocking the
activation of NF-xB. In the in vivo study, hul A12 showed
significant efficacy in suppressing primary human breast
tumor growth and spontaneous lung metastasis in nude
mice, suggesting that it might have the potential to be a new
therapeutic agent for the treatment of human breast cancer.
To our knowledge, this is the first study reporting the in
vivo antitumor effect of anti-OPN antibodies on breast
cancer.

OPN contains several important functional domains
including the integrin- and CD44-binding sites. OPN is
thought to exert its pro-metastatic effects by mediating
cell-matrix interactions and cellular signaling through
binding with various integrins and CD44 receptors [2, 48].
For example, the "*GRGDS'®? sequence in human OPN
contains a functional Arginine—Glycine—Asparate binding
motif that ligates cell-surface avf3, avf1, avf5, and 51
integrins [2, 49, 50]. In this study, through screening of a
phage display peptide library, the specific epitope recog-
nized by the anti-OPN antibody 1A12 was identified to be
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22NAPSD?!S, adjacent to the calcium-binding domain
(amino acids 216-228) of OPN. Up to now, the function of
the NAPSD motif has not yet been reported. In this study,
we constructed five OPN single-point mutants: CM1 (212N
to 212G), CM2 (213A to 213G), CM3 (214P to 214G),
CM4 (215S to 215G) and CMS5 (216D to 216G). Our data
showed that all of the mutants had similar CD44- and avf3
integrin-binding activity to wild type (data not shown),
which suggested that the hul A12 epitope NAPSD was not
a critical domain for OPN binding to these receptors.
Therefore, we speculate that hul A12 inhibits OPN’s func-
tion (OPN-induced cell migration, invasion, adhesion and
colony formation) possibly by changing the conformation
of OPN or by blocking the binding of OPN to OPN recep-
tors via steric hindrance.

OPN is expressed by cells in a variety of tissues, includ-
ing bone, dentin, cementum, hypertrophic cartilage, kidney,
brain, vascular tissues and in distal renal tubules and in the
gut, as well as in activated macrophages and lymphocytes.
It is a multifunctional protein involved in various inflam-
matory processes, cell migration, and tissue remodeling. So
blocking OPN signaling by treating with anti-OPN anti-
body may cause some extent of toxicity in humans, which
may prevent anti-OPN antibody from being successful in
the clinic. However, the previous study reported by
Yamamoto et al. has demonstrated that cynomolgus mon-
keys well tolerated weakly injection of a chimeric anti-
OPN antibody at a dose of 50 mg/kg four times. In their
study, no obvious adverse effect and abnormal behavior of
monkeys were observed [51]. Therefore, the anti-OPN anti-
body may have the potential to be well tolerated in humans.
Currently, an evaluation of the preclinical toxicity of our
humanized anti-OPN antibody in the cynomolgus monkey
is under way.

In summary, the present data strongly support that
OPN may be a target for the antibody-based therapies of
breast cancer. Hul A12, the humanized antibody specific
for a new epitope of human OPN, has been demonstrated
to be a potent antitumor agent in a mouse lung metastasis
model of human breast cancer. Due to the expected low
immunogenicity, hulA12 is predicted to be more effica-
cious than the parental mouse antibody when used in
humans.
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