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Abstract IL-12 is a cytokine which showed anti-tumor
eVects in clinical trials, but also produced serious
toxicity. We describe a fusion protein, huBC1-IL12,
designed to achieve an improved therapeutic index by
speciWcally targeting IL-12 to tumor and tumor vascu-
lature. huBC-1 is a humanized antibody that targets a
cryptic sequence of the human ED-B-containing Wbro-
nectin isoform, B-FN, present in the subendothelial
extracellular matrix of most aggressive tumors. B-FN is
oncofetal and angiogenesis-associated, and is undetect-
able in most normal adult tissues. The original murine
BC-1 antibody has been used successfully for immuno-
scintigraphy to image brain tumor mass in glioblastoma
patients. In huBC1-IL12, each of the IgG heavy chains
is genetically fused to the N-terminus of the IL-12 p35
subunit, which in turn is disulWde-bonded to the p40
subunit, resulting in a hexameric molecule of MW of
»300 kDa. Since human IL-12 has no biological activ-
ity in mice, we produced huBC1-muIL12 as a surrogate
molecule for animal tumor models. Despite the rela-
tively poor PK proWle of this molecule in mice and the
apparent drawbacks of xenogeneic models in SCID
mice, which lack T and B cells, one cycle of treatment
with huBC1-muIL12 was eYcacious in the PC3mm2,
A431, and HT29 subcutaneous tumor models and
PC3mm2 lung metastasis model. This molecule also

was found to have surprisingly low toxicity in immuno-
competent mice. A fusion protein that contains human
IL-12 (huBC1-huIL12), which is a suitable molecule
for investigation as a therapeutic, has also been
produced. This protein has been shown to have a
longer serum half-life than huBC1-muIL12 in mice,
and retains both antigen binding and IL-12 activity in
in vitro assays.
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Introduction

Interleukin-12 (IL-12) is a pleiotropic cytokine that
mediates both innate and adaptive immunity. It stimu-
lates the cellular cytotoxicity of NK cells and CTLs,
and induces the development of Th1 cells [35]. The
resultant increase in IFN� production by these cells in
turn activates macrophages and induces the expression
of Mig (monokine induced by interferon gamma) and
IP-10 (interferon-inducible protein 10), which are
chemokines with potent anti-angiogenic and anti-
tumor activities [34]. Since human IL-12 is not active in
mice [38], murine IL-12 had been tested in its place in
metastasis and skin tumor models and was shown to be
highly eYcacious [3]. Tumor responses have been
observed in clinical trials with IL-12 [13], although the
use of recombinant human IL-12 in the clinic has been
hampered by its severe toxicity [20, 26].

One approach to limit systemic toxicity is to deliver
IL-12 to the tumor site, such as by direct intratumoral
injection. However, in most clinical settings, espe-
cially when multiple tumors are involved, intravenous
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administration is more practical. The concept of using
tumor-speciWc antibodies to target cytokines to the
tumor microenvironment in order to enhance the
immune response has been validated in many mouse
models (reviewed in [7]). The same approach has
been applied successfully to deliver IL-12 to metasta-
ses in the prostate and colon by targeting the pan-
carcinoma antigen EpCAM, which is expressed at
high levels on virtually all epithelial cancers [11].
However, for large solid tumors, because of high
interstitial pressure, the ability of an antibody to
eVectively penetrate the tumor mass is always a chal-
lenge, and the task of delivering a more complex anti-
body-IL12 fusion protein is even more formidable. In
light of this, we used an alternative approach that
takes advantage of the proximity and accessibility of
the extracellular matrix (ECM) of the neovascula-
ture. We utilized a monoclonal antibody, BC-1, which
speciWcally recognizes a Wbronectin isoform, B-FN
[25]. This is an oncofetal antigen highly expressed in
fetal and tumor tissues, but with extremely restricted
distribution in normal adult tissues, e.g., endome-
trium. It is produced by tumor cells and deposited in
the subendothelial ECM in solid tumors [27], possibly
playing a role to promote angiogenesis to support
tumor growth [24]. Bone-marrow-derived circulating
endothelial progenitor cells are now known to con-
tribute signiWcantly to the neovasculature, especially
in the repair of the tumor endothelium after chemo-
therapy [1], and it has been suggested that ECM
components such as Wbronectin play a role in the
recruitment and diVerentiation of such cells [31].
There is also substantial evidence that integrin-medi-
ated attachment of tumor cells and bone-marrow-
derived hematopoietic progenitor cells to Wbronectin
is important for invasion and metastasis [18, 30].
Therefore, B-FN-speciWc delivery of IL-12, which has
potent immunostimulatory and anti-angiogenic activ-
ities, to the ECM of the neovasculature, is an attrac-
tive approach to inhibit both tumor growth and
metastatic spread, as well as angiogenesis.

The B-FN isoform, as a result of alternate splicing in
oncofetal tissues, contains an extra domain B (ED-B),
a complete type III homology repeat composed of 91
amino acid residues, which are identical in mouse, rat,
rabbit, dog, monkey and human [28]. The epitope rec-
ognized by the murine monoclonal BC-1 is not in the
ED-B domain of the human B-FN, but in the proximal
region of the adjacent domain seven, the sequence of
which is diVerent in humans and mice. This epitope is
cryptic in normal Wbronectin, but the presence of ED-
B causes a conformational change that unmasks it [4].
The use of B-FN as a neoplastic vasculature marker

has been validated in preclinical and clinical studies
[28, 32]. Indeed it is the best available indicator to
diVerentiate between high- and low-grade astrocytoma
[5]. In this regard, the murine BC-1 antibody has been
used successfully for immunoscintigraphy to image
brain tumor mass in glioblastoma patients [25]. For
potential therapeutic application, the variable regions
of the antibody have been humanized by CDR graft-
ing. The resulting huBC-1 antibody, with human
gamma-1 and kappa constant regions, has increased
binding aYnity to B-FN of about seven-fold (unpub-
lished results).

Here we describe the high-level expression and
anti-tumor activity of a huBC-1 antibody-IL-12
(huBC1-IL12) fusion protein. IL-12 is a heterodimeric
molecule composed of a p35 and a p40 subunit linked
by a disulWde bond. In producing the huBC1-IL12
fusion protein, we took advantage of the fact that the
p35 subunit cannot be secreted independent of the
p40, and genetically fused the end of the Ig H chain to
the mature N-terminus of the p35 subunit [11]. Since
the H chain, analogous to the p35 subunit, also cannot
be secreted in the absence of the L chain, puriWcation
of the antibody-IL12 fusion protein by Protein A,
which binds to the Fc region of the Ig, ensures that
stoichiometric amounts of p40 and the L chain are
present in the hexameric product. For preclinical
eYcacy studies, we used several human tumor cell
lines in xenogeneic tumor models, because huBC-1
recognizes only the human B-FN and does not cross-
react with the murine B-FN. In addition, since human
IL-12 has no biological activity in mice, we produced
the fusion protein with both the human and murine
IL-12, i.e., huBC1-huIL12 as a clinical candidate, and
huBC1-murine IL-12 as a surrogate molecule for eval-
uation in murine models.

Materials and methods

Cell lines, reagents and animals

The mouse myeloma NS/0 cell line was obtained from
the European Collection of Animal Cell Cultures
(Salisbury, UK). The NK-92 human lymphoblast, A431
human epidermoid carcinoma, HT29 human colon
adenocarcinoma, and human astrocytoma U-87 MG
cell lines were obtained from American Type Culture
Collection (Manassas, VA). The PC3mm2 human pros-
tate adenocarcinoma cell line was a gift from Dr. Ralph
Reisfeld at Scripps Research Institute. All cell culture
media were purchased from Invitrogen (Carlsbad,
CA). All cytokines and antibodies, including the
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antibody pair (duoset) used for the human IFN� ELISA,
were purchased from R&D Systems (Minneapolis,
MN). Phytoagglutinin PHA-P was purchased from
Sigma (St. Louis, MO). The human IL-12 standard was
obtained from National Institute for Biological Stan-
dards and Control (NIBSC, Hertfordshire, UK). SCID
CB17 mice (male) and Balb/c (female) mice (8–9
weeks old) were purchased from Charles River Labs
(Wilmington, MA).

Construction of the expression vectors for huBC1-IL12

The DNA construction and expression of antibody-
IL12 fusion proteins already have been described [11].
For the construction of the expression plasmid for
huBC1-p35, the DNA encoding the variable region
of the light chain (VL) of huBC1 in plasmid
RKA.pMMR010 was adapted by Polymerase Chain
Reaction (PCR) with the forward primer 5�-C TTA
AGC GAA ATT GTG TTG ACG CAG TC-3�, where
CTTAAG is an AXII restriction site and GAA is the N-
terminal amino acid residue of the mature VL, and the
reverse primer 5�- GGATCCACTTACG TTT GAT
CTC CAG CTT GG-3�, where the underlined
sequence hybridized to the 3� end of the sense strand of
the VL and GGATCC adds a BamHI restriction site
downstream of the VL splice donor site. The DNA
encoding the variable region of the heavy chain (VH)
of huBC-1 in plasmid RHA.pGamma1was adapted by
PCR using the forward primer 5�-C TTA AGC GAG
GTG CAG CTG GTG CAG TC-3�, where CTTAAG
is an AXII restriction site and GAG is the N-terminal
amino acid residue of the mature VH, and the reverse
primer 5�-AAGCTTACT TAC CTG AGG AGA
CGG AGA CC-3�, where the underlined sequence
hybridized to the 3� end of the sense strand of VH and
AAGCTT adds a HindIII restriction site downstream
of the VH splice donor site. The AXII site at the 5� end
of the VL and VH restriction fragments was used to
join the variable region to a genomic signal peptide
sequence from a mouse immunoglobulin (IgG) light
chain gene used for secretion [23]. The BamHI and the
HindIII sites at the 3� end of the VL and VH restriction
fragments, respectively, were used to join the variable
regions to the constant regions of either the L chain or
the H chain-p35 already present in the expression vec-
tor [11]. The DNA sequence encoding the huBC-1 H
chain-human p35 fusion junction LSLSPGKRNLPV
(where LSLSPGK is the C-terminus of the human
IgG1 H chain and RNLPV is the mature N-terminus of
the human IL-12 p35 subunit) was modiWed to ATA-
TPGAANLPV, in which the KR to AA substitutions
removed a potential proteolytic site and the LSLS to

ATAT substitutions removed a potential novel T cell
epitope identiWed in silico, using a process called deIm-
munization [17].

The huBC1-human IL-12 fusion protein (huBC1-
huIL12) was expressed by transfection of the huBC1-
human p35 subunit fusion construct into an NS/0
transfectant (selected for neomycin resistance) already
expressing high levels of the p40 subunit of human IL-
12, followed by selection in methotrexate-containing
medium [11]. Similarly, the huBC1-murine IL-12
fusion protein (huBC1-muIL12) was expressed by
transfection of the huBC1-murine p35 subunit fusion
construct into an NS/0 transfectant already expressing
high levels of the p40 subunit of murine IL-12.

IL-12 bioassays

Three bioassays were used to measure IL-12 bioactiv-
ity: proliferation of human PBMC, and induction of
IFN� from human PBMC or the human cell line NK-92
[29]. In the Wrst assay, PBMC were cultured with PHA-
P for 5 days, washed and then plated in 96-well plates
containing dilutions of IL-12 proteins. After incubation
for 48 h at 37°C and 5% CO2, proliferation was mea-
sured by pulsing with 3H–Thymidine in the last 16 h of
the assay [11]. In the second assay, PBMC were cul-
tured with PHA-P for 3 days and then 25 IU/ml of
human IL-2 was added for an additional 24 h. The cells
were washed and plated in 96-well plates containing
20 IU/ml of human IL-2 and dilutions of IL-12 pro-
teins. Twenty-four hours later, the concentration of
IFN� was measured by ELISA [19]. The third assay
was similar to the second assay, except that the cultur-
ing step with PHA-P for 3 days and human IL-2 for an
additional 24 h was not necessary for NK-92 cells.
Recombinant human IL-12 made in Chinese hamster
ovary cells from NIBSC, and human or mouse IL-12
made in baculovirus (R&D Systems), were used as
internal reference standards in every assay to attain the
maximum response used for ED50 calculations. The
ED50 concentration was determined using least squares
analysis (TREND analysis from Excel). Activities of
IL-12 and IL-12 fusion proteins were normalized to IL-
12 concentrations in ng/ml.

Pharmacokinetic analysis

Balb/c mice were injected with 25 �g of huBC1-huIL12
or huBC1-muIL12 in a volume of 0.2 ml in the tail vein
using a slow push. At various time points, small blood
samples were taken by retro-orbital bleeding and col-
lected in tubes coated with heparin to prevent clotting.
After centrifugation to remove the cells, the plasma
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was assayed by capture with anti-human IgG H&L
antisera and detection with an anti-human or anti-
murine IL12 antibody. Results were normalized and
plotted as percentages of the initial concentration in
the plasma of each mouse taken within 30 s after injec-
tion (t = 0).

Tumor models

Experimental lung metastases were induced by tail
vein injection of 2 £ 106 viable single PC3mm2 cells in
0.2 ml PBS into SCID CB17 mice on day 0. On Day 11,
the mice were treated by i.v. injection of huBC1-
muIL12 (5 daily doses of 8 or 16 �g) or control PBS
(n = 8). On day 28, when the control mice started to get
sick, all mice were sacriWced. Lungs were removed,
weighed and Wxed in Bouin’s solution. Metastases in
the lungs were counted and scored, and organ weights
were measured as previously described [11]. For the
skin tumor models, SCID mice were injected subcuta-
neous dorsa with 1 £ 106 A431 or HT29 cells, or
2 £ 106 PC3mm2 cells. When the tumor size reached
about 100 mm3, the mice were sorted into four groups
(n = 8), and received seven daily intravenous injections
of PBS control, huBC1-muIL12 fusion protein (20 �g),
murine IL12 (1.5 �g), or a combination of huBC-1 anti-
body (10 �g) and murine IL-12 (1.5 �g).

Tumor volumes were determined at diVerent time
points using the formula width2 £ length £ 0.5236.
Anti-tumor eYcacy was reported as a T/C ratio, where
T and C are the average tumor volumes of the fusion
protein-treated and PBS control-treated mice, respec-
tively.

Immunohistochemistry with huBC-1

Selected frozen tissues were cut with a cryotome into
2–4 �m thin sections, mounted on silanized glass slides
(Sigma), air-dried and Wxed in ¡ 20°C cold acetone for
10 min, and washed in distilled water. Sections were
incubated in PBS for 5 min at room temperature (RT).
Endogenous peroxidases were blocked by incubation
in a freshly prepared solution of 0.3% H2O2 in metha-
nol for 15 min at RT followed by washing in distilled
water and in PBS for 5 min each.

Prior to application of antibody huBC-1 to the sec-
tion, the antibody was biotinylated (working dilution
1:450, 24 mg/ml). Biotinylation of huBC-1 was done
using biotinylated anti-human Fab fragments (Jackson
Immuno Research, West Grove, PA). Equal amounts
of antibody [1:450 in antibody dilution solution
(DAKO, Santa Barbara, CA)] and Fab fragments were
mixed in a test tube and incubated for 15 min at RT.

Then normal human serum (Jackson Immuno Research)
was added (10% of total volume) and the mixture was
incubated for 5 min at RT. The biotinylated antibody
was then ready to use.

Calculations were done with help of the ARKulator
programme from DAKO. Sections were immediately
incubated with this biotinylated huBC-1 antibody for
1 h in a humidiWed chamber at RT. After three washes
in TBS, the sections were incubated with Streptavidin/
HRP (DAKO, 1:150 dilution) for 30 min at RT. After
washing as before the sections were incubated with
DAB solution (DAKO; 1:50 dilution in substrate
buVer) for 10 min at RT. Finally the slides were rinsed
in water, counterstained with Harris’ hematoxylin, cov-
ered with a glass slide and read.

Results

Expression of huBC1-IL12 fusion proteins

In huBC1-IL12, each of the IgG heavy chains is geneti-
cally fused to the N-terminus of the IL-12 p35 subunit,
which in turn is disulWde-bonded to the p40 subunit. To
express the protein, a stable NS/0 clone expressing a
high level of the p40 subunit was Wrst obtained using
G418 for selection. This was followed by a second
transfection with an expression plasmid containing sep-
arate transcription units for the IgG light chain and the
heavy chain-p35 subunit, using methotrexate for selec-
tion [11]. The resulting hexameric molecule, consisting
of two of each of the IgG light chains, the IgG heavy
chain-p35, and the p40, has a MW of approximately
300 kDa (Fig. 1). The multiple bands between the light
and heavy chains have previously been shown to react
with anti-p40 antibody by Western blotting analysis
and are presumably glycosylation variants [11], with
the human p40 (MW of 34.7 kDa for the polypeptide
backbone and four potential N-glycosylation sites) sig-
niWcantly smaller than the murine p40 (MW of
35.8 kDa for the polypeptide backbone and Wve poten-
tial N-glycosylation sites). Both fusion proteins were
expressed at high levels and secreted eYciently into the
culture medium. For the stable clones producing
huBC1-huIL12, a titer of 300 mg/L was attained in con-
ditioned medium.

Since huBC1-huIL12 is intended for clinical devel-
opment, additional genetic modiWcations were made to
enhance its biological properties. The C-terminal resi-
due of the CH3 domain is lysine and the N-terminal
residue of the mature p35 is arginine. A direct fusion
will bring these two basic residues together, forming a
potential proteolytic site. Therefore, both residues
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were mutagenized to alanine to minimize proteolysis at
the fusion junction, which, in the case of IL-2 immuno-
cytokine, has been shown to extend serum half-life
[12]. Furthermore, the peptide sequence at the junc-
tion, LSLSPGAANLPV, where AA are the two alanine
substitutions, is novel and potentially immunogenic.
Indeed, in silico analysis showed that this sequence
binds to a number of MHC Class II alleles on T helper
cells. Therefore we tried to minimize the potential
immunogenicity of huBC1-huIL12 by mutating the
LSLS to ATAT, which removed the potential T-cell
epitope.

Bioactivity of huBC1-IL12

The bioactivity for huBC1-IL12 was determined by
three diVerent cell-based assays. The Wrst two mea-
sured proliferation and induction of IFN� using human
PBMC, whereas, the third measured induction of IFN�
from the human lymphoblast cell line NK-92 [29]. All
three assays can be used to measure the activity of both
human and mouse IL-12. In the human PBMC prolif-
eration assay, huBC1-huIL12 and huBC1-muIL12
showed about 10-fold and 5-fold less activity, respec-
tively, than the free IL-12 standards (Fig. 2a, b).

It is well known that IL-12 has a critical role in the
development of CD4+ T helper cells into Th1 cells
through the induction of IFN� [37]. Using activated
human PBMC in this assay, huBC1-huIL12 and

huBC1-muIL12 showed about 3–9 fold and 7–14 fold
less induction of IFN�, respectively, than the free IL-12
standards (Fig. 2c, d).

Since the activity of human PBMC can vary from
donor to donor, and the activation of NK cells may
be important for anti-tumor activity, we developed a
bioassay using the human lymphoblast cell line NK-
92, which is an IL-2 dependent NK cell line that
secretes newly synthesized IFN� in response to IL-12
[29, 36]. In this assay, huBC1-huIL12 had 17% activ-
ity compared to the human IL-12 standards (Fig. 2e).
Since the murine IL-12 standard has 10-fold less
activity than human IL-12 (data not shown), the
activity of the huBC1-muIL12 was not determined in
this assay.

Immunohistochemistry

Fifteen fresh-frozen samples of renal cell carcinoma
samples [6 cases were clear cell tumors, 4 cases were
clear cell compact tumors, 4 were tumors of chromo-
phil type and one oncocytoma of the kidney (benign
non-metastatic tumor)] were stained with the huBC-1
antibody and respective control according to the
described protocol for fresh-frozen tissue and eval-
uated by a pathologist (Klinikum Kassel GmbH,
Germany). The staining looked clear and speciWc. We
observed staining of tumor blood vessels and tumor
cells (Fig. 3).

Fig. 1 Size exclusion chromatography and SDS-PAGE analysis
of huBC1-IL12. The chromatogram depicts the analytical SEC
behavior of huBC1-huIL12, which runs primarily as a monomeric
species. The inset SDS-PAGE gel compares the electrophoretic

mobility of 1 huBC1-huIL12 and 2 huBC1-muIL12. The heavy
chain-p35 (HC-p35), light chain (LC) and p40 subunits are indi-
cated. The diVerent sets of bands for the human and murine p40
are due to the multiple glycosylation patterns of the subunits
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In vivo pharmacokinetic studies

We used a two-compartment model to determine the
pharmacokinetic behavior of huBC1-muIL12 and
huBC1-huIL12 in mice. The plasma level-time curve
shows a biexponential curve of two Wrst-order processes
(Fig. 4). At t = 0, the injected protein had distributed
instantaneously throughout the blood compartment.

In the Wrst 30 min, there was a steep decline in plasma
level as the fusion protein distributed rapidly from the
blood compartment into the tissue compartment, with
a half-life (t½ �) of 0.12 h for huBC1-muIL12 and 0.18 h
for huBC1-huIL12. After the steep � phase, both mole-
cules had a fairly long circulating half-life (t½ �) of
about 19 h. One reason for the long circulating half-life
may be because, as is the case with most small-

Fig. 2 Relative bioactivity of huBC1-IL12 and huBC1-muIL12
compared to free IL-12 reference standards. (a, b) Proliferation
responses from human PBMC PHA blasts. (c, d) Induction of
IFN� from human PBMC PHA blasts. (e) Induction of IFN�
from the human NK cell line NK-92. In a, c and e, recombinant
human IL-12 made in Chinese hamster ovary cells from NIBSC
(Wlled squares) and made in baculovirus (solid circles) were used

as reference standards for huBC1-IL12 (open circles). In b and d,
recombinant murine IL-12 made in baculovirus (solid circles) was
used as a reference standard for huBC1-muIL12 (open triangles).
Data presented are typical of at least three experiments and all
concentrations were in terms of IL-12. Error bars indicate stan-
dard errors
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molecule drugs, some of the fusion protein initially
distributed into the tissue was being returned into
circulation, e.g., via the FcRn [10].

In vivo eYcacy studies

Designing a relevant model for testing the clinical can-
didate huBC1-huL12 presented a few problems. Since
human IL-12 is highly species speciWc and does not
have any biological activity in mice, we Wrst produced
huBC1-muIL12 as a surrogate molecule for animal
tumor models. In addition, the model has to be xenoge-
neic since the huBC-1 recognizes only the human B-FN
secreted by human tumor cells and does not cross-react
with the murine B-FN.

Lung metastasis model in SCID mice

The Wrst model tested was a human prostate carcinoma
PC3mm2 lung metastasis model in SCID mice. Treat-
ment began 11 days after intravenous injection of tumor
cells, allowing ample time for metastases to establish.
Despite the lack of functional T and B cells in the
SCID mice, Wve daily i.v. injections of huBC1-muIL12
at 16 �g almost completely eradicated the established
metastases in all the mice and prevented their out-
growth, as measured by the lung surface covered by
metastasis and tumor burden (Fig. 5a). Even the 8 �g
dosage was very eVective, reducing the lung metastases
by about 85%, relative to the PBS control.

Subcutaneous human tumor xenograft in SCID mice

We next used three diVerent human tumor cell lines, the
PC3mm2, A431 epidermoid carcinoma, and HT29 colon

Fig. 3 Immunohistochemistry of renal tumors with huBC-1. Fig-
ure shows photomicrographs of 2–4 �m thin sections of fresh-
frozen renal tumors. All samples showed staining of tumor blood
vessels (represented by a 10£ huBC-1 oncocytoma, b 10£ huBC-
1 chromophil type tumor and c 10£ huBC-1 clear cell tumor), and
there was also evidence of staining of tumor cells (represented by
a 10£ huBC-1 oncocytoma)

Fig. 4 Pharmacokinetic analysis of huBC1-IL12 in Balb/c mice
after intravenous bolus dose administration. The concentrations
of huBC1-muIL12 (open triangles) and huBC1-huIL12 (open cir-
cles) present in the plasma at diVerent time points were assayed
by an ELISA that detected only the intact fusion protein. The
protein concentrations shown in the plasma level-time curve were
normalized as percent of the initial concentration in the blood
compartment of each mouse taken immediately after injection
(t = 0). Error bars indicate standard errors
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carcinoma to form skin tumors in SCID mice. When the
tumor size reached about 100 mm3, the mice received a
single-cycle of seven daily consecutive intravenous
injections of PBS control, huBC1-muIL12 fusion pro-
tein (20 �g), murine IL-12 (1.5 �g), or a combination of
huBC-1 antibody (10 �g) and murine IL-12 (1.5 �g).
Based on in vitro IFN� induction assays, the 1.5 �g of
free murine IL-12 (20 pmoles of IL-12) and the 20 �g of
the huBC1-muIL12 fusion protein (containing 133 pmo-
les of IL-12) have about equivalent IL-12 activity.

The single-cycle treatment with huBC1-muIL12 was
eVective against the PC3mm2 prostate tumors, achiev-
ing a T/C ratio of 0.33 on day 21 (P < 0.001) (Fig. 5b).
The free muIL-12 and the combination free antibody
and mu IL-12 were less eVective, with T/C ratios of 0.63
and 0.60, respectively (P < 0.001 versus the control
group, for both), suggesting that the physical linkage of
the antibody to the cytokine is important to confer
anti-tumor eYcacy (P < 0.001 versus the fusion protein
group, for both). Similar results were obtained against

the HT29 and A431 skin tumors. In the HT29 tumor
model, the T/C ratios of 0.48, 0.72 and 0.71 on day 19
for the groups receiving the fusion protein, free muIL-
12, and the combination, respectively, were all sta-
tistically signiWcant (P < 0.001) (Fig. 5c). The fusion
protein was again signiWcantly better than the free
muIL-12 and the combination groups (P = 0.001). In
the A431 tumor model, the T/C ratios of 0.44, 0.61 and
0.60 on day 18 for the groups receiving the fusion pro-
tein, free muIL-12, and the combination, respectively,
were all statistically signiWcant (P < 0.02) (Fig. 5d).
However, the fusion protein was not signiWcantly bet-
ter than the free muIL-12 and the combination groups
in this model (P = 0.2).

Discussion

Despite the complexity of the hexameric molecule, we
achieved a production level of 300 mg/L in stationary

Fig. 5 EYcacy in human tumor models in SCID mice. a PC3
metastasis model. Upper panel, percent lung surface covered by
metastases; lower panel, percent lung weight normalized to body
weight (lung weight/initial body weight £ 100%). Normal lungs
weigh about 0.18–0.2 g, which is approximately 1% of the body
weight of a mouse (line across in lower panel). b PC3 skin tumor

model. c HT29 skin tumor model. d A431 skin tumor model. In b,
c and d, tumor-bearing mice were treated with seven daily i.v.
injections of PBS (Wlled triangles), 20 �g of huBC1-muIL12 (Wlled
diamonds), a combination of 10 �g of huBC-1 antibody and 1.5 �g
of muIL12 (open diamonds), or 1.5 �g of muIL12 (crosses). Error
bars indicate standard errors
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culture for our clinical candidate huBC1-huIL12. Our
strategy also ensures that no excess p40, which can be
secreted in the form of a disulWde-linked homodimer, is
present in the puriWed product. Both human and
murine IL-12 p40 homodimers had been shown to be
able to block the function of the heterodimer in vitro
and in vivo [8, 22], and in order to minimize the homod-
imer formation, Ha et al. [14] took a diVerent approach
by mutagenizing an N-glycosylation site in p40 to
decrease its secretion. Another consideration in our
molecular design is to have a free p40 amino terminus,
because studies on single-chain human and murine IL-
12 showed that in order to maintain biological activity,
the p40 had to be at the N-terminus in both cases [21].

Using human PBMC PHA-blast and the NK-92 cell
line, the human IL-12 moiety in BC1-huIL12 was
found to have several-fold lower activity than the free
human IL-12 in both the proliferation and the IFN�
induction assays. The murine counterpart was also
found to have several-fold lower activity than the free
murine IL-12 in the assays with human PBMC PHA-
blasts. It is interesting to note that while both human
and murine IL-12 have similar ED50 with human
PBMC PHA-blasts, which are mostly activated T cells,
the latter had 10-fold less activity than the former with
the human NK cell line NK-92. This diVerence may be
explained by diVerential binding of murine IL-12 to
human IL-12 receptor subunits [9]. Overall, the BC1-
IL12 fusion proteins have similar bioactivity as other
Ab-IL12 fusion proteins, previously reported, and the
reduced activity was likely a result of steric hindrance
due to the large MW of this cytokine [11]. Given the
highly toxic nature of IL-12, this may be an advantage
because lower activity would allow for the administra-
tion of a higher dosage. This may be clinically relevant
because in addition to the potent immunostimulatory
activities of IL-12, the IgG1 isotype of the antibody
fusion protein also has potent eVector functions such as
ADCC, which has been shown to play an important
role in the mechanism of action for Rituxan and Her-
ceptin [6]. While the activity of IL-12 is dose-limiting,
eVector functions should increase with a higher dosage.

Since the clinical candidate huBC1-huIL12 cannot
be evaluated in murine tumor models due to the spe-
cies-speciWcity of human IL-12, we produced the surro-
gate molecule huBC1-muIL12. Nevertheless, the
models are limited to xenogeneic tumors in SCID
mice, because BC-1 recognizes only human B-FN.
Inspite of the fact that these mice lacked functional T
and B cells, huBC1-muIL12 was eYcacious in various
metastasis and subcutaneous tumor models. A single-
cycle treatment of 5–7 daily i.v. injections of huBC1-
muIL12 almost completely eradicated established

metastases and inhibited tumor growth by 67, 52 and
56%, respectively, in the PC3, HT29, and A431 estab-
lished skin tumor models. Previously we demonstrated
that the anti-EpCAM antibody-huIL12 was superior to
an irrelevant antibody-huIL12 control with the same
IL-12 activity and pharmacokinetic properties, in a
SCID mouse xenograft model reconstituted with
human PBMCs [11]. Due to the lack of a non-targeting
antibody-muIL12 control in the current study, we can-
not rule out the possibility that the improved eYcacy of
huBC1-muIL12, relative to huBC1 antibody plus free
murine IL-12, was a result of prolonging the serum
half-life of IL-12. However, the relationship between
serum half-life and anti-tumor eYcacy is complicated
by the fact that IL-12 (both murine and human) binds
to heparin and heparan sulphate, which are abundant
in the ECM [16]. This binding can partly explain the
very steep � phase of huBC1-muIL12 observed in mice.
Presumably the fusion protein may be deposited in the
ECM of the tissue compartment, and a slow release
mechanism that may involve FcRn contributes to the
long �-half life. In this respect, the �-half life of 19 h for
huBC1-mIL12 is signiWcantly longer than that of
another B-FN targeting fusion protein, mIL12-L19,
comprising a single-chain murine IL12 fused with
scFv(L19) [15], which does not have the beneWt of the
protective eVect of the Fc-FcRn interaction [10].
Although the �-half life of the latter was not reported,
a similar molecule, L19 mTNF�, had a �-half life of
only 3.9 h, as compared to 106.7 h for the L19 IgG [2].

Another possible explanation for the better eYcacy
of huBC1-muIL12 is that the systemically administered
fusion protein can undergo proteolysis to yield a more
active free form of IL-12, especially at the tumor site
where proteinase activities are very high. Evidence for
such cleavage in vivo was provided in our pharmacoki-
netic analyses, in which ELISA showed that the amount
of intact fusion protein detected in the serum samples
was less than that of the human antibody component
(representing both intact and cleaved species) [11]. This
was supported by a western blot analysis, probed with
anti-human Fc, which showed the presence of a degra-
dation product with an apparent molecular weight of
the human IgG H chain (data not shown).

It is interesting to note that all the antibody-muIL12
fusion proteins we have tested (such as with antibody
targeting human EpCAM, GD2 or histone/DNA com-
plex), distributed into the tissue compartment to a
much greater extent than the huIL12 counterparts
(data not shown). It is tempting to suggest that this is a
result of binding of the muIL-12 moiety to IL-12 recep-
tors on mouse cells, to which the huIL-12 does not
bind. However, it is not expected that many cells in a
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naive mouse express enough IL-12 receptors to
account for this large diVerence in the distribution
phase.

Although the observation that human B-FN was
present in the vasculature of the human tumor implants
in mice led to the conclusion that B-FN is produced by
the tumor cells, this Wnding in itself does not preclude
the possibility that murine B-FN is also produced by
murine endothelial or accessory cells in the tumor vas-
culature. If this is indeed the case, targeting by huBC-1
in a xenograft model will not be as eYcient and com-
plete as L19, which recognizes the conserved ED-B
domain and hence binds both human and murine B-FN.

Preliminary toxicity experiments in mice showed
that the huBC1-muIL12 had surprisingly low toxicity in
mice. Balb/c and C57 mice survived Wve daily doses of
1 and 0.3 mg, respectively. The detected serum IFN�
levels of about 1 ng/ml for Balb/c and 4 ng/ml for C57
mice shortly after the last dose (data not shown) were
in the same range as the 2 ng/ml observed with Balb/c
mice treated with 2.5 �g of IL12-L19 [15]. Given that
the eYcacious dose for huBC1-muIL12 is about 20 �g,
this translates into a very favorable therapeutic index.
We expect huBC1-huIL12, with a longer serum half-
life, to show even better eYcacy in the clinic, where
patients during or post-chemotherapy still have a
somewhat functional immune system that would ben-
eWt from multiple-cycles of treatment. This may be par-
ticularly relevant for huBC1-IL12 because anti-tumor
activity is critically dependent on CD8, macrophage,
and NK cell-mediated cytotoxicity, all of which are
potently stimulated by the IL12-induced Th1 response.
Indeed tumor masses in mice treated with IL12-L19
have been shown to be inWltrated with these cell types
and have elevated levels of the Th1 cytokine IFN� [15].
Furthermore, CD4+, CD8+ and NK cells are all neces-
sary to mediate the full anti-angiogenic eVect of IL-12,
which was shown to be dependent on cross-talk
between lymphocytes and endothelial cells [33]. Induc-
tion of immune responses to human tumors by IL-12
has been shown clinically to be a viable therapeutic
approach. By targeting both tumor and tumor vessel
ED-B, huBC1-IL12 has the potential to provide
enhanced IL-12 eVects at the tumor site. Clinical trials
of huBC1-IL12 will determine whether this translates
into additional therapeutic beneWt. These are expected
to start during 2007.
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