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ARTICLE INFO ABSTRACT
Keywords: An antibody-cytokine fusion protein, composed of the murine single-chain cytokine interleukin-12 (IL-12) ge-
Heparin netically fused to a human IgG3 specific for the human tumor-associated antigen HER2/neu maintains antigen
Glycosaminoglycans binding, cytokine bioactivity, and IL-12 heparin-binding activity. This latter property is responsible for the
Cytokine

binding of the cytokine to glycosaminoglycans (GAGs) on the cell surface and the extracellular matrix and has
been implicated in modulating IL-12 bioactivity. Previous studies indicate that the p40 subunit of human and
murine IL-12 is responsible for the heparin-binding activity of this heterodimeric cytokine. In the present study
we used bioinformatic analysis and site-directed mutagenesis to develop a version of the antibody-(IL-12) fusion
protein without heparin-binding activity. This was accomplished by replacing the basic arginine (R) and lysine
(K) residues in the cluster of amino acids 254-260 (RKKEKMK) of the murine IL-12 p40 subunit by the neutral
non-polar amino acid alanine (A), generating an AAAEAMA mutant fusion protein. ELISA and flow cytometry
demonstrated that the antibody fusion protein lacks heparin-binding activity but retains antigen binding. A T-
cell proliferation assay showed IL-12 bioactivity in this construct. However, the IL-12 bioactivity is decreased
compared to its non-mutated counterpart, which is consistent with an ancillary role of the heparin-binding site of
IL-12 in modulating its activity. Thus, we have defined a cluster of amino acid residues with a crucial role in the
heparin-binding activity of murine IL-12 in the context of an antibody-cytokine fusion protein.

Interleukin-12
Antibody fusion protein
HER2/neu

1. Introduction 40 (p40) and 35 (p35) kDa [1-5]. Produced by antigen presenting cells,
such as macrophages and dendritic cells, IL-12 demonstrates pro-in-

Interleukin 12 (IL-12) is a glycoprotein with a heterodimeric flammatory and immunoregulatory properties [5], playing an im-
structure comprised of two disulfide linked subunits of approximately portant role in the elimination phase during cancer immunoediting [6].
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IL-12 also acts to link the innate and adaptive immune responses by
inducing the production of IFN-y and favoring the differentiation of Ty1
cells [5]. As a potentiator of immune effector functions, IL-12 enhances
the cytotoxicity of NK cells and CTL [7,8]. The resultant increase in the
production of IFN-y by T and NK cells up-regulates MHC class I ex-
pression [9,10], activates macrophages [11,12], and inhibits angio-
genesis by inducing the expression of MIG and IP-10 [13,14]. Due to the
aforementioned properties, the use of IL-12 has been considered an
attractive strategy for cancer immunotherapy [15-18]. In fact, systemic
injection of IL-12 has facilitated anti-tumor responses in patients with
metastatic renal cell cancer or melanoma; however, this strategy has
also been associated with severe toxicities that in some cases were fatal
[17-22]. Therefore, although IL-12 has great potential for the treatment
of cancer, its use has been greatly restricted by its toxicity profile.

Antibody-cytokine fusion proteins have been designed to overcome
the limitations associated with IL-12 toxicity by targeting IL-12 to the
tumor microenvironment via an antibody [23-25]. The rationale of this
approach is to target sufficient quantities of the cytokine to the tumor
site, thereby enhancing the anti-tumor activity of both the antibody and
the cytokine and eliciting a secondary tumor-specific immune response.
We have previously developed an antibody-cytokine fusion protein,
composed of the murine single-chain cytokine IL-12 genetically fused to
a human IgG3 specific for the human tumor-associated antigen HER2/
neu [24], which is overexpressed in a subset of breast and ovarian
cancers and is associated with poor prognosis [26,27]. We strategically
chose murine IL-12 as a fusion partner since it is biologically active on
both murine and human cells, while human IL-12 is not active on
murine cells [4,28]. This antibody fusion protein [anti-HER2/neu IgG3-
(IL-12)] binds its target antigen, retains cytokine bioactivity, and has
proven to be effective against tumors expressing HER2/neu, both as a
direct anti-tumor agent and as an adjuvant of HER2/neu protein vac-
cination in murine models [24,29-31]. The murine IL-12 moiety of the
antibody-cytokine fusion protein also retains its heparin-binding ac-
tivity that is responsible for the binding of the cytokine to GAGs [31].

GAGs are linear, negatively charged polysaccharides present on the
surface of most animal cells and in the extracellular matrix. They can be
non-sulfated, as is hyaluronic acid, or sulfated as are chondroitin sulfate,
dermatan sulfate, keratan sulfate, heparan sulfate, and heparin [32-34]. A
variety of growth factors, cytokines, and chemokines bind GAGs. This
phenomenon is described in general as heparin-binding activity, which can
modulate its biological function in different ways depending on the cyto-
kine [32-34]. Binding to GAGs can promote cytokine activity, as has been
demonstrated for GM-CSF [35], IL-3 [35], IL-5 [36], and IL-8 [37], or can
inhibit cytokine activity, as with IL-7 [38], IFN-y [39], and IL-10 [40]. GAG
binding can also protect the cytokine from proteolytic degradation, as has
been shown for basic and acidic FGF [41], IL-6 [42], IL-7 [38], IFN-y [43];
and/or can facilitate the local accumulation of the cytokine as has been
described for IL-2 [44] and IL-6 [42]. The possibility that IL-12 has heparin-
binding activity was first proposed by Wolf et al. [3], and this activity was
found by Hasan et al. [45], reporting high affinity binding of IL-12 to he-
parin/heparan sulfate. This latter group and more recently, Jayanthi et al.
and Garnier et al. suggested that the heparin-binding activity of human and
mouse IL-12 involves a cluster of basic amino acids within the C-terminal
domain of the p40 subunit of human and mouse IL-12 [45-47].

In the present study we apply structural analysis and site-directed
mutagenesis to selectively mutate a cluster of charged residues in the
p40 subunit of a single-chain murine IL-12 fused to anti-HER2/neu
IgG3. This strategy resulted in the development of an antibody fusion
protein that lacks heparin-binding activity but binds antigen and ex-
hibits IL-12 bioactivity, although this activity is decreased.

2. Materials and methods
2.1. Identification of a GAG binding site on murine IL-12

To identify residues in murine IL-12 responsible for GAG binding,
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we performed a bioinformatic search using the consensus sequences
-XBBBXXBX- and -XBBXBX- reported by Cardin and Weintraub [48],
within the murine p40 subunit. Based on the structure of the p40
subunit of human IL-23 (PDB ID 3DUH), that is shared with IL-12 [49],
we used the SWISS-MODEL suite to generate a homology model of the
murine p40 subunit. Surface charges were assessed on the modelled
murine p40 subunit using local protein contact potential with vacuum
electrostatics as well as the Adaptive Poisson-Boltzmann Solver (APBS)
[50], which were in good agreement. Relative potentials on the solvent
accessible surface of each were rendered and displayed by the PyMol
viewer (Schrodinger, LLC, Portland, OR).

2.2. Cell lines

The murine myeloma cell lines Sp2/0-Agl4 (ATCC® CRL-1581™)
and P3X63Ag8.653 (ATCC® CRL-1580™) were purchased from ATCC
(Manassas, VA) and used to express the antibodies or antibody fusion
proteins described below. These cells were grown in IMDM (Life
Technologies, Carlsbad, CA) and 5% heat-inactivated calf serum
(Atlanta Biologicals, Norcross, GA). The mouse mammary tumor cell
lines D2F2 and D2F2/E2 expressing human HER2/neu [51], kindly
provided by Dr. Wei-Zen Wei (Wayne State University, Detroit, MI,
USA), were cultured in IMDM and 10% heat-inactivated FBS. The
murine colon carcinoma cell lines CT26 and CT26-HER2/neu expressing
human HER2/neu [31,52] were cultured in IMDM and 10% heat-in-
activated FBS. Both D2F2/E2 and CT26-HER2/neu were also cultured in
the presence of 1 mg/mL of G418 (Gemini Bio-Products, Sacramento,
CA). All cell lines were cultured in media supplemented with penicillin
and streptomycin (ThermoFisher Scientific, Canoga Park, CA) in 5%
CO, at 37 °C.

2.3. Generation of antibodies and antibody fusion proteins

The isotype control (anti-DNS IgG3) specific for the hapten dansyl
[DNS (5-dimethylamino naphthalene-1-sulfonyl chloride)] was re-
ported previously [24,53]. The construction and expression of anti-
HER2/neu 1gG3-(IL-12) (also described as mscIL-12.her2.IgG3) and the
parental antibody without IL-12 (anti-HER2/neu IgG3), have been
previously reported [24,29-31]. The anti-HER2/neu 1gG3-(IL-12) and
anti-HER2/neu IgG3 are composed of the heavy and light chain variable
regions of the humanized antibody 4D5-8 (also known as Herceptin® or
trastuzumab) specific for human HER2/neu, human « light chain, and
human v3 heavy chain constant regions. The anti-HER2/neu 1gG3-(IL-
12) has the murine single-chain IL-12 p40 and p35 subunits genetically
fused via a flexible linker at the N-terminus of the heavy chain (Fig. 1,
Panel A) [24]. The single-chain IL-12 was fused to the N-terminus of the
heavy chain in order to preserve the cytokine activity [24]. Murine IL-
12 was used because it has activity on both human and murine cells,
while human IL-12 has activity only on human cells [4,28]. Thus, the
use of murine IL-12 makes it possible not only to carry out assays using
human PBMCs to test biologic activity as described below, but also to
perform in vivo studies in mice.

To develop the mutant of anti-HER2/neu 1gG3-(IL-12), the heavy
chain expression vector of anti-HER2/neu 1gG3-(IL-12) was used for
site-directed mutagenesis (Retrogen, Inc., San Diego, CA) to generate a
mutant fusion protein anti-HER2/neu I1gG3-(mutIL-12) with modifica-
tions in the potential heparin-binding site of IL-12 (Fig. 1, Panel A). To
achieve this goal, the murine IL-12 DNA sequence 5- CGCAAGAAAG
AAAAGATGAAG - 3’ encoding the amino acids RKKEKMK was replaced
by the DNA sequence 5’- GCCGCGGCAGAAGCGATGGCG - 3’ encoding
the amino acids AAAEAMA. The mutated heavy chain expression vector
was transfected into murine myeloma cells together with the plasmid
encoding the anti-HER2/neu « light chain. The procedures of transfec-
tion, expression, and purification of the generated antibodies and an-
tibody fusion proteins have been previously described [24,29,54].
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Fig. 1. Schematic representation of anti-HER2/neu IgG3-(IL-12) and mutations in the cluster of basic amino acids in the p40 subunit of murine IL-12. Panel A. Single-
chain IL-12 in which p40 and p35 subunits joined together via a flexible linker is attached to the N-terminus an IgG3 heavy chain via another flexible linker. The
cluster of amino acids 254-260 (RKKEKMK), numbered according to the secreted polypeptide, of the murine IL-12 p40 subunit was modified by exchanging the basic
residues, arginines (R) and lysines (K) for the neutral non-polar amino acid alanine (A) resulting in the mutant sequence AAAEAMA. Panel B. Surface charges
displayed on solvent accessible surface renderings of the atomic structures of the p40 subunit of human IL-23 (left; PDB 3DUH), a homology model of the wild type
murine p40 subunit (middle), and the homology model of the generated AAAEAMA mutant murine p40 (right). Transparent ribbon model of the proteins overlaid
over the surface models are also shown for reference. Boxed regions highlight the location of a cluster of basic residues in the p40 subunit of the human and mouse
proteins, and the absence of basic charges at this site in the mutant protein. Relative electrostatic charge is displayed with negative shown in red and positive in blue.

2.4. Flow cytometry for antigen and GAG binding

One million D2F2/E2 or CT26-HER2/neu murine cancer cells ex-
pressing human HER2/neu or the parental cells not expressing the an-
tigen were incubated at 4 °C for 4 h in the presence or absence of 5.5 ug/
ml (approximately 1 USP units/ml) of heparin from porcine intestinal
mucosa Grade I-A (Sigma-Aldrich, St. Louis, MO) with 4 pug of anti-
HER2/neu 1gG3-(IL-12), anti-HER2/neu I1gG3-(mutlL-12), or the
equivalent molar amount of anti-HER2/neu IgG3 or anti-DNS IgG3
(isotype control), followed by a 1h of incubation with rabbit anti-
human « antibody conjugated to FITC or PE (BD Biosciences, San Jose,
CA). Ten thousand events were recorded for each sample using a
FACScan flow cytometer (BD Biosciences, San Jose, CA) in the UCLA
Jonsson Comprehensive Cancer Center and Center for AIDS Research
Flow Cytometry Core Facility. Histograms were created using the
WinMDI 2.8 software (The Scripps Research Institute, La Jolla, CA).

2.5. ELISA for heparin and hyaluronic acid binding

Heparin sodium salt from porcine intestinal mucosa Grade [-A
(Sigma-Aldrich) or hyaluronic acid sodium salt from bovine vitreous
humor (Sigma-Aldrich) were diluted in PBS and added at a con-
centration of 25 pg/ml on BD heparin-binding plates (BD Biosciences,
San Jose, CA) and incubated overnight at room temperature [55].
Plates coated with heparin or hyaluronic acid were washed with PBS
and blocked with 3% BSA in PBS blocking solution for 1h at 37 °C,
followed by washing with PBS. The antibody-cytokine fusion proteins
or equivalent molar amount of control IgG3 were incubated in triplicate
using serial four-fold dilutions ranging from 0.06 pug/mL to 4 ug/mL for
2h at 37 °C. For the competition study, wild type IgG3-(IL-12) was also
incubated in triplicates in the presence of 5.5ug/ml of heparin or
equivalent molar amount of hyaluronic acid. The plates were then
washed and incubated with a goat anti-human k AP-conjugated anti-
body (Sigma-Aldrich) 1:30,000 in 1% BSA in PBS for 1 h at 37 °C. After
washing, 1 mg/ml of AP substrate (p-nitrophenyl phosphate disodium,
Sigma-Aldrich) dissolved in diethanolamine buffer [9.6% diethanola-
mine (v/v), 0.24 mM MgCl,, in water (pH 9.8)] was added and in-
cubated for 60 min at room temperature before measuring the absorp-
tion at 405nm using a FilterMax F5 multi-mode microplate reader
(Molecular Devices, Sunnyvale, CA).
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2.6. IL-12 bioactivity assay

The bioactivity of IL-12 was determined by an activated T-cell
proliferation assay using human PBMCs as previously described [29]
with slight modifications. Briefly, human PBMCs from healthy donors
(obtained from the UCLA CFAR Virology Core Lab) were incubated with
25 ug/mL of PHA-P (Sigma-Aldrich) and 10 units/ml of recombinant
human IL-2 (Sigma-Aldrich) and cultured in RPMI 1640 (Life Tech-
nologies) and 10% heat-inactivated FBS (Atlanta Biologicals) for 3 days.
After washing with RPMI 1640, cells were incubated in 96-well plates
(10° cells/well) for 2 days at 37°C, 5% CO, in the presence of an
equivalent molar amount of anti-HER2/neu 1gG3, anti-HER2/neu IgG3-
(IL-12), or anti-HER2/neu 1gG3-(mutlIL-12) serially diluted 4-fold over a
range from 0.0625 ng/mL to 16 ng/mL. Proliferation was measured by
[3H]—thymidine (MP Biomedicals, Solon, OH) incorporation assay after
12 h incubation at 37 °C in 5% CO,. All measurements were conducted
in quintuplicate. Two-way ANOVA statistical analysis was used to de-
termine significant (p < 0.05) differences.

3. Results

3.1. The p40 subunit of murine IL-12 contains a putative heparin-binding
site

The heparin-binding properties of murine and human IL-12 were
originally reported by Hasan et al. [45] who observed that the p40
subunit presented indistinguishable heparin-binding properties com-
pared to the full p70 IL-12, suggesting that the heparin-binding site is
located in the p40 subunit. The authors also suggested that the IL-12
heparin-binding site was located close to the C-terminus of the p40
subunit because this region contains a cluster of 6 basic amino acid
residues in human and murine IL-12 sequences. Groups of basic re-
sidues are found to be at least partially responsible for the heparin-
binding properties of IFN-y [56], IL-8 [37], and other CXC chemokine
family members [57]. Probing of the interaction between heparin and
IL-8 by NMR has revealed complex interactions between free heparin
and several basic residues on IL-8 [58]. Given these observations, we
focused on the murine IL-12 p40 subunit and identified amino acid
residues potentially involved in this activity in the C-terminal domain
(Fig. 1, Panel A). Our predictions were based on 2 criteria: first,
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sequence conservation using the consensus sequences reported by
Cardin and Weintraub (XBBBXXBX and XBBXBX, where B represents
basic residues) [48], which have been previously used for the identi-
fication of GAG-binding sites even in the absence of a 3D protein
structure; second, the distribution of surface charge on the human/
murine p40 subunit, which is shared between IL-12 and IL-23, and
whose structure has been determined crystallographically [59]. The
region encoding amino acids 250-262 (VRIQRKKEKMKET) described
by Hassan et al. [45] contains a cluster of 4 basic amino acid residues:
RKKEKM, which is consistent with the consensus site XBBXBX. In ad-
dition, this positively charged cluster represents a basic patch on the
solvent accessible surface on an exposed loop between beta-strands of
the c-terminal domain of the p40 subunit of murine IL-12 (Fig. 1, Panel
B). For the above reasons, we identified the residues R254, K255, K256,
K258, K260 as members of a cluster of basic amino acids potentially
contributing to binding to GAGs exhibited by the p40 subunit of murine
IL-12.

3.2. Anti-HER2/neu IgG3-(mutlL-12) retains antigen-binding but did not
show heparin-binding activity

To assess the role of the cluster of basic residues in the murine p40
subunit, we evaluated the binding of the wild type or the mutant of
anti-HER2/neu IgG3-(IL-12) to cell surface GAGs. We carried out site-
directed mutagenesis of the p40 subunit of anti-HER2/neu 1gG3-(IL-12)
to replace basic amino acid residues in the cluster spanning residues
254 to 260, substituting each basic residue in this region with the
neutral, non-polar amino acid alanine (A) (Fig. 1, Panel A). This
strategy has been used successfully to identify charged amino acid re-
sidues responsible for heparin-binding activity of IL-8 [60] and PF4
[61]. The new antibody fusion protein named anti-HER2/neu IgG3-
(mutlIL-12), expressed in murine myeloma cells, is properly assembled
and secreted and exhibits the expected molecular weight (data not
shown).

We evaluated the ability of anti-HER2/neu IgG3-(mutIL-12) to bind
human HER2/neu expressed on the surface of the murine mammary
tumor cell line expressing human HER2/neu (D2F2/E2) by flow cyto-
metry compared to the parental D2F2 cell line that does not express the
antigen (Fig. 2). As expected, the anti-HER2/neu IgG3-(IL-12) shows
superior binding to D2F2/E2 cells compared to D2F2 parental cells not
expressing the antigen. The parental antibody without IL-12 (anti-
HER2/neu IgG3), does not bind D2F2 cells since they do not express the
antigen. Thus, the binding of the antibody fusion protein to these cells,
detected under these experimental conditions, is through the IL-12
moiety and is consistent with its heparin-binding activity. In fact, this
binding is prevented in the presence of free heparin, matching the basal
binding level observed with anti-HER2/neu IgG3 and suggesting that
the wild type antibody fusion protein binds to cells not expressing
HER2/neu through cell-surface GAGs due to the heparin-binding ac-
tivity of the IL-12. The binding of anti-HER2/neu IgG3-(mutIL-12) to
D2F2/E2 cells is less than that of the fusion protein bearing the wild
type murine p40 sequence (Fig. 2), which can be explained by its lack of
heparin-binding activity. In fact, anti-HER2/neu 1gG3-(mutIL-12) does
not bind to D2F2 cells and showed D2F2/E2 binding equivalent to that
of anti-HER2/neu IgG3. These results were replicated in another murine
carcinoma cell line, CT26-HER2/neu, expressing human HER2/neu and
its parental cell line CT26 (Supplementary Fig. 1). Taken together, these
results confirm that anti-HER2/neu IgG3-(mutIL-12) retains antigen
binding and indicate disruption of its heparin-binding activity.

We confirmed the lack of heparin-binding activity of anti-HER2/neu
IgG3-(mutlIL-12) by ELISA. Fig. 3A shows that while anti-HER2/neu
IgG3-(IL-12) binds to heparin immobilized on a solid surface in a dose-
dependent manner, no binding is detected using anti-HER2/neu I1gG3-
(mutIL-12). We also found that the incubation of anti-HER2/neu 1gG3-
(IL-12) in the presence of free heparin abrogates its ability to bind to
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heparin coated plates (Fig. 3A), which is consistent with our observa-
tions using flow cytometry (Fig. 2). We also found that neither anti-
HER2/neu 1gG3-(IL-12) or anti-HER2/neu IgG3-(mutIL-12) bind to
hyaluronic acid coated plates (data not shown). Furthermore, free
hyaluronic acid does not block the binding of anti-HER2/neu 1gG3-(IL-
12) to heparin coated plates (Fig. 3B). This observation is consistent
with the reported lack of binding of human IL-12 to hyaluronic acid
[62]. Taken together, these results demonstrate that the cluster of basic
amino acid residues 254-260 (RKKEKMK) at the terminal end of
murine p40 is crucial for the heparin binding of anti-HER2/neu IgG3-
(IL-12).

3.3. Anti-HER2/neu IgG3-(mutIL-12) shows decreased IL-12 bioactivity

We assessed the effect of mutating a basic amino acid cluster in
murine p40 subunit on the biological activity of the antibody-cytokine
fusion protein by evaluating its ability to stimulate the proliferation of
activated human T-cells in PBMCs (Fig. 4). This study is possible be-
cause murine IL-12 is active in human cells [4,28]. Anti-HER2/neu
IgG3-(mutIL-12) exhibits significant IL-12 bioactivity in a dose depen-
dent manner (Fig. 4), although this activity is decreased compared to
that of wild type anti-HER2/neu 1gG3-(IL-12).

4. Discussion

The interaction between cytokines and GAGs has been documented
to modulate their biological activity with physiological importance
[33,34]. It has been postulated that the GAG-binding properties of IL-12
retain this cytokine at sites of secretion establishing local high con-
centrations, favoring its paracrine role [45], as has been described for
IL-2 [44] and IL-6 [42]. However, the amino acid residues involved in
the binding of IL-12 to GAGs have not been yet elucidated. We mod-
elled the structure of the p40 subunit of murine IL-12, relying on the
known structure of human p40 and performed site-directed mutagen-
esis of a single chain IL-12 construct genetically fused to an anti-HER2/
neu IgG3. We replaced the basic arginine (R) and lysine (K) residues in
the cluster of amino acids 254-260 (RKKEKMK) of the murine IL-12
p40 subunit by the neutral non-polar amino acid alanine (A), gen-
erating an AAAEAMA mutant fusion protein.

Given the strongly acidic nature of GAGs, such as heparan sulfate
and heparin, the basic amino acids arginine (R) and lysine (K) are ex-
pected to be major determinants in the heparin-binding activity of cy-
tokines such as IL-12. A homology model generated from the human
p40 subunit predicts that the cluster of basic amino acid residues that
we mutated is solvent exposed and generates a basic patch on the
surface of both mouse and human p40. This cluster exposes pre-
dominantly basic residues on the surface of both human and murine
p40. Our selective replacement of lysine (K) and arginine (R) in this
cluster with the neutral non-polar residue alanine (A) in murine p40
then changes the overall charge of the cluster. Such a charge change has
profound effects: the cytokine fusion protein bearing 5 alanine (A)
mutations in p40 (AAAEAMA) shows complete disruption of heparin-
binding activity compared to its wild type counterpart. Our finding is
consistent with previous studies suggesting that the heparin-binding
activity of human and mouse IL-12 involves a cluster of basic amino
acids within the C-terminal domain of the p40 subunit of human and
mouse IL-12 [45-47]. Importantly, binding to GAGs exhibited by the
wild type antibody-(IL-12) fusion protein detected by flow cytometry
and ELISA was confirmed by the lack of signal in the presence of free
heparin as a competitor. These results are consistent with previous
studies in which soluble heparin inhibited binding of IL-12 to an im-
mobilized heparin-BSA complex by ELISA [45]. However, both mutated
and wild type antibody-(IL-12) fusion proteins show similar binding to
antigen (HER2/neu) on the cell surface as demonstrated by flow cyto-
metry. Therefore, the conformational change induced by the mutations
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Fig. 2. Heparin and antigen binding prop-
erties of anti-HER2/neu 1gG3-(IL-12) and
anti-HER2/neu 1gG3-(mutIL-12) assessed by
flow cytometry. D2F2/E2 murine mammary
cancer cells expressing human HER2/neu
and the parental D2F2 not expressing the
antigen were incubated with anti-DNS IgG3
isotype control (filled histogram) or with the
human HER2/neu specific 1gG3, 1gG3-(IL-
12) or IgG3-(mutlL-12) (open histograms) in
the presence (dotted line) or absence (solid

D2F2/E2

Cell Number

line) of heparin. Antibody binding was de-
tected using FITC-conjugated rabbit anti-
human «x antibody and flow cytometry.
Results are representative of four
dependent experiments.

in-

D2F2

10°

10°

10*

Relative Fluorescence

of IL-12, fused to the N-terminus of the antibody heavy chain, did not
result in steric hindrance that affected antigen binding.

The bioactivity assay shows that anti-HER2/neu IgG3-(mutlIL-12) is
capable of inducing T-cell proliferation despite its lack of heparin-
binding activity. These results are consistent with previous studies
postulating that the p35 subunit of mouse or human IL-12 is principally
responsible for IL-12 receptor binding and signaling [4,63,64] and that
its heparin-binding region, located on its p40 subunit, does not play a
major role in mediating the interaction between IL-12 and its receptor
[45]. Nonetheless, studies conducted by Garnier et al. have shown that
the GAG chondroitin sulfate B is important for the activity of murine IL-
12 [65]. However, the role of chondroitin sulfate B may be accessory in
facilitating IL-12 signaling since its removal from the cell surface does
not completely block the activity of IL-12 [65]. Our results support the
possibility that binding of IL-12 to GAGs plays an ancillary role in the
cytokine bioactivity since blocking the heparin-binding activity of the
IL-12 moiety reduced, but does not completely block its ability to sti-
mulate T-cell proliferation. Further studies are needed to better define

N
)
)

N
o0
.

N
)

0.D. [405 nm]

o
(&)}
L

0.0 -

19G3 19G3-(IL-12) 1gG3-(mutlL-12) IgG3-(IL-12)

and heparin

the properties of the mutated murine IL-12 in the context of the anti-
body fusion protein.

5. Conclusions

In the present study we selectively mutated a cluster of amino acid
residues in the p40 subunit of a single chain murine IL-12 fused to an
anti-HER2/neu IgG3 antibody, which resulted in a new antibody fusion
protein without heparin-binding activity that retains antigen binding
and cytokine bioactivity, although the latter is reduced. These studies
identified key amino acid residues responsible for the heparin binding
activity of murine IL-12 and are consistent with an ancillary role of
GAG binding in the cytokine bioactivity.
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different concentrations of human HER2/neu specific IgG3-(mutIL-12), IgG3-(IL-12), IgG3-(IL-12) with free heparin, or the equivalent molar amount of human
HER2/neu specific IgG3 (Panel A) or human HER2/neu specific 1gG3-(IL-12), IgG3-(IL-12) with free hyaluronic acid, or the equivalent molar amount of human
HER2/neu specific IgG3 (Panel B). Binding was detected using a goat anti-human « antibody conjugated to AP. The absorbance was measured at 1 h of incubation
with substrate. Error bars are mean + SD of triplicate measurements. Results in Panel A are representative of four independent experiments.
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Fig. 4. IL-12 bioactivity of anti-HER2/neu IgG3-(IL-12) and anti-HER2/neu
1gG3-(mutlL-12) assessed in a T-cell proliferation assay. Activated PBMCs were
incubated for 2 days in the presence of human HER2/neu specific IgG3-(IL-12),
1gG3-(mutlL-12), or IgG3. Proliferation was measured by [*H]-thymidine in-
corporation assay. The equivalent IL-12 concentration (ng/mL) of the human
HER2/neu specific 1gG3-(IL-12) and IgG3-(mutIL-12) is shown in a logarithmic
scale. Since the human HER2/neu specific IgG3 does not contain IL-12, the
molar amount of this antibody equivalent to that of the antibody fusion proteins
was used. Error bars are mean *+ SD of quintuplicate measurements.
*p < 0.05. Results are representative of four independent experiments.
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