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ABSTRACT                                                                                                             

TNF-α genetically fused to the carboxy terminus of a single chain Fv (ScFv) antibody 

specific for the human HER2/neu (anti-HER2/neu ScFv-TNF-α) forms a homotrimeric structure 

that retains both TNF-α activity and the ability to bind HER2/neu. In contrast to anti- HER2/neu 

IgG3, anti-HER2/neu ScFv-TNF-α induces potent HER2/neu signaling, activating the 

downstream MAPK and Akt pathways in SKBR3 cells. Activation of MAPK and Akt by anti-

HER2/neu ScFv-TNF-α inhibited the apoptosis of SKBR3 cells induced by Actinomycin D. 

Remarkably, anti-HER2/neu ScFv-TNF-α facilitated the repair of injured epithelia. Accelerated 

wound healing required binding to HER2/neu but not TNF-α activity since anti-HER2/neu 

ScFv-TNF-α (S147Y), containing a mutant TNF-α with significantly decreased biological 

activity, demonstrated equivalent ability to facilitate wound healing and soluble HER2/neu 

inhibited the effect. These results suggest that trimeric anti-HER2/neu ScFv has the potential to 

facilitate wound healing. Additionally, fusion with TNF-α provides a novel approach to 

producing polymeric antibodies. 
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INTRODUCTION

The HER2/neu (c-erbB-2) proto-oncogene encodes a transmembrane protein tyrosine 

kinase growth factor receptor, p185HER2 (Akiyama et al., 1986) with extensive homology to the 

human epidermal growth factor (EGF) receptors (Coussens et al., 1985) . The intrinsic tyrosine 

kinase activity of HER2/neu has been shown to trigger a network of signaling pathways, 

culminating in responses including cell division, differentiation, and proliferation. Abundant 

evidence has supported the role of this proto-oncogene in tumorigenesis with overexpression 

correlated with poor prognosis in cancer patients (Slamon et al., 1987). In addition it has 

recently been demonstrated that HER2/neu plays an essential role in the repair of injured airway 

(Vermeer et al., 2003) and corneal (Xu et al., 2004) epithelia. HER2/neu is expressed on the 

basolateral surface of epithelial cells, and injury allows ligands of erbB receptors to bind erbB3 

or erbB4, which then forms a heterodimer with HER2/neu, and the downstream signaling 

promotes cell proliferation and repair of the epithelial layer.  

The effects induced by the tyrosine kinase activity of HER2/neu are mediated by an 

intricate downstream signaling cascade. Dimerization of erbB receptors activates 

phosphatidylinositol 3-kinase (PI3K) (Hu et al., 1992), generating PtdIns-3,4-P2, which in turn 

recruits and activates Akt (Zhou et al., 2000). Activated Akt phosphorylates specific targets such 

as pro-caspase-9 (Cardone et al., 1998) and Bad (del Peso et al., 1997), thereby promoting cell 

survival. In addition, activated HER2/neu associates with a SH2 domain-containing protein, 

SHC (Meyer et al., 1994), leading to the activation of mitogen-activated protein kinase (MAPK). 

Activated MAPK translocates to the nucleus and activates transcription factors thereby 

promoting cell growth and development (Lenormand et al., 1998). Thus the Akt and MAPK  
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signaling pathways play an essential role in the cell survival and proliferation induced by 

HER2/neu activation.  

Antibodies targeting HER2/neu have been used for therapy of HER2/neu overexpressing 

tumors. Herceptin is a human IgG1 recombinant antibody designed to block HER2/neu mediated 

cellular proliferation. Although Herceptin has been shown to exhibit a transient and modest 

agonistic effect in HER2/neu activation (Scott et al., 1991), it inhibits long term growth of 

HER2/neu overexpressing breast cancer cells in vitro (Hudziak et al., 1989), and, in combination 

with taxanes, improves the survival of patients with HER2-positive metastatic breast cancer 

(Leyland-Jones et al., 2001). Although the mechanism of the anti-proliferative effect of 

Herceptin remains unclear, preventing ligand binding to HER2/neu is believed to contribute to 

this effect.  

Tumor necrosis factor α (TNF-α), a pleiotropic cytokine secreted primarily by activated 

macrophages and monocytes, exhibits a wide spectrum of biological activities including 

promoting cytolysis of some tumor cell lines by activating apoptosis (Laster et al., 1988), 

enhancing the anti-tumor effect of dendritic cells (Candido et al., 2001) and activating host 

immunity against tumors (Hock et al., 1993). Although TNF-α should be an effective anti-

cancer therapeutic, its clinical use is hampered by its severe systemic toxicity. The use of a 

tumor specific antibody as a targeting vehicle to deliver higher doses of TNF-α to the tumor site 

is one approach for improving the therapeutic index of TNF-α. Since the trimeric structure of 

TNF-α is essential for its biological activity, it is unlikely that TNF-α fused to either the amino 

or carboxy terminus of the immunoglobulin heavy chain would be active. However, a single  
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chain Fv (ScFv) fusion with TNF-α maintained both antigen binding specificity and TNF-α 

activity (Cooke et al., 2002). 

In the present study, we constructed a fusion protein consisting of the anti-HER2/neu 

ScFv, C6MH3-B1, (Schier et al., 1996) and TNF-α (anti-HER2/neu ScFv-TNF-α), and 

investigated its effect on HER2/neu overexpressing cells. Unexpectedly, the trimeric anti-

HER2/neu ScFv-TNF-α exhibited robust activation of HER2/neu as well as the downstream 

MAPK and Akt pathways in HER2/neu overexpressing cells. In addition, it protects HER2/neu 

overexpressing cells against Actinomycin D induced apoptosis, and remarkably, facilitates the 

repair of injured epithelia. 
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METHODS  

Cell lines and culture condition—The Chinese hamster ovary (CHO) cell line Pro-5 (American 

Type Culture Collection [ATCC], Manassas, VA) and its derivatives expressing ScFV-TNF-α 

fusion proteins were cultured in IMDM (Iscove’s Modified Dulbecco’s Medium, Irvine 

Scientific, Irvine,CA) supplemented with 2 mM L-glutamine, 10 U/ml penicillin, 10 µg/ml 

streptomycin (GPS) (Sigma Chemical, St. Louis, MO) and 5% calf serum (Atlanta Biologicals, 

Norcross, GA). Murine myeloma cell lines Sp2/0 (ATCC), P3X63Ag8.653 (ATCC) and their 

derivatives and D2F2/E2 (kindly provided by Dr. Wei-Zen Wei, Wayne State University, 

Detroit, MI), a murine mammary cell line expressing human HER2/neu on the cell surface, were 

grown in IMDM supplemented with 10% calf serum and GPS. J-774 A.1, a murine macrophage 

cell line (ATCC), human breast cancer cell line SKBR3 (ATCC) and L929 fibroblasts (ATCC) 

were cultured in IMDM with 5% calf serum and GPS. The human colonic epithelial cell line 

Caco2 (ATCC) was maintained in high-glucose DMEM (Invitrogen, Carlsbad, CA) 

supplemented with 5% calf serum and GPS.  

Plasmid construction—Anti-HER2/neu IgG3 with the heavy and light chain variable regions of 

the humanized Ab 4D5-8 (rhuMab HER2, Herceptin, Genentech, San Francisco, CA) and the 

constant region of human IgG3 has been previously described (Dela Cruz et al., 2000). The 

heavy and light chain variable regions of C6MH3-B1, an anti-human HER2/neu ScFv kindly 

provided by Dr. James D. Marks (University of California, San Francisco, CA)  were inserted 

into the human γ3 heavy chain (pAH480) and κ light chain (pAG4622) expression vectors 

respectively (Coloma et al., 1992) and used to produce chimeric IgG3 of this specificity . The 

construction of the anti-human HER2/neu ScFv (C6MH3-B1)- TNF-α fusion protein is shown in  
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supplement 1A. Site directed mutagenesis of TNF-α was used to create the point mutation 

S147Y. The construction and characterization of an anti-dansyl ScFv antibody has been 

previously described (Coloma and Morrison, 1997). The construction of anti-dansyl ScFv-TNF-

α is shown in supplement 1B.  

Production and purification of different recombinant proteins—Plasmids encoding anti-

HER2/neu ScFv-TNF-α, anti-HER2/neu ScFv-TNF-α(S147Y), and anti-dansyl ScFv-TNF-α 

were transfected to Pro-5 using the lipofectamine plus reagent (Invitrogen). Stable transfectants 

were selected with 1 mM histidinol (Sigma) and the highest producers were identified using an 

ELISA plate coated with rat anti-mouse TNF-α (BD Biosciences, San Jose, CA) and detected by 

biotinylated rat anti-mouse TNF-α (BD Biosciences). Transfectants were expanded in 150 x 25 

mm tissue culture dishes (BD Biosciences) containing protein free CHO liquid soy medium 

(HyClone, Logan, UT), and the culture supernatants were concentrated with an Amicon stirred 

ultrafiltration cell (Amicon, Beverly, MA). Transfectants producing anti-HER2/neu (C6MH3-

B1)-IgG3 were selected and characterized as previously described (Dela Cruz et al., 2000). The 

anti-HER2/neu (C6MH3-B1) IgG3 antibody was purified from culture supernatants using 

protein G immobilized on Sepharose 4B fast flow (Sigma). Purity and integrity were assessed by 

Coomassie blue staining of proteins separated by SDS-PAGE. The production and purification 

of soluble HER2/neu has been previously described (Dela Cruz et al., 2003). 

Protein cross-linking—9 µl of PBS was mixed with 10 µl of 10 µM TNF-α fusion proteins and 1 

µl of a freshly made solution of 6.35 mM EGS [ethylene glycolbis (succinimidylsuccinate)] 

(Pierce, Rockford, IL). After 30 minutes incubation at room temperature, 1 µl of 1 M glycine  

was added and the solution was incubated for another 30 minutes. 5 µl of 5 X SDS sample  
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buffer and 1 µl of 2-mercaptoethanol (Fisher Scientific, Hampton, NH) were then added, 

samples boiled at 95℃ for 5 minutes, and 25 µl aliquots fractionated on a 12% SDS-PAGE. 

Proteins were visualized by western blot using biotinylated rat anti-mouse TNF-α.  

FPLC—Purified TNF-α fusion proteins and standard proteins were analyzed in a 0.5 M NaCl / 

20 mM phosphate solution, pH 6.5, using a Superose 6HR 10/30 column (Amersham Pharmacia 

Biotech, Piscataway, NJ.) at a flow rate of 0.25ml/min. The injection volume of 100 µl 

contained 40 µg of protein.  

Flowcytometry analysis—To detect the reactivity of various ScFv-TNF-α fusion proteins with 

D2F2/E2 cells, 1 x 106 cells were incubated at 4 ℃ for 1 hour with 10 pM of the fusion protein. 

Cells were then reacted with biotinylated rat anti-mouse TNF-α (BD Biosciences) diluted 1:35. 

The bound biotinylated Abs were detected with PE-labeled streptavidin (BD Biosciences) 

diluted 1:1500 and analyzed by flow cytometry using a FACScan (Becton Dickinson). 

TNF-α cytotoxicity activity—The L-929 fibroblast cell line sensitive to the cytotoxic effect of 

TNF-α was used to quantify the biological activity of TNF-α. L-929 cells were plated in a 96-

well tissue culture plate (Falcon, Lincoln Park,NJ) at a density of 4 x 104 cells/well and 

incubated overnight at 37℃ in a 5% CO2  atmosphere. Afterward, serial dilutions of different 

ScFv-TNF-α fusion proteins or recombinant murine TNF-α were added in the presence of 

Actinomycin D (8 µg/ml, A.G. Scientific, San Diego, CA), and the plate incubated for 24 hours. 

Surviving adherent cells were stained with 50 µl of crystal violet (0.05% in 20% ethanol) for 10 

min. The plates were washed with water and the remaining dye solubilized by the addition of 

100 µl of 100% methanol. Plates were read on an ELISA reader at 595 nm.  
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MTS assay for the anti-apoptotic effect of anti-HER2/neu ScFv-TNF-α —SKBR3, a human 

breast cancer cell line which expresses high level of HER2/neu and has an intact HER2/neu 

signaling cascade was used to test the direct apoptotic or anti-apoptotic effect of different anti-

HER2/neu ScFv fusion proteins. SKBR3 cells were plated in a 96-well tissue culture plate at a 

density of 4 x 104 cells/well and incubated overnight at 37℃ in a 5% CO2 atmosphere. 

Afterward, serial dilutions of different ScFv alone or with the indicated competitive antibodies 

were added in the presence of Actinomycin D (4 µg/ml) and the plate incubated overnight. For 

some experiments, the fusion protein treated SKBR3 cells were incubated with U0126 

(Calbiochem, San Diego, CA) and/or LY294002 (Calbiochem) in the presence of Actinomycin 

D (4 µg/ml) overnight. Plates were then developed by addition of 20 µl of MTS solution 

(Promega, Madison, WI) and measured on an ELISA reader at 490 nm. 

Western blot analysis—SKBR3 cells were treated with different fusion proteins or antibodies for 

the indicated times, washed with ice-cold PBS, and lysed on ice for 10 min in lysis buffer 

(0.125% Nonidet P-40, 0.875 % Brij 97, 10 mM Tris-HCl, pH7.5, 2 mM EDTA, 0.15 M NaCl, 

0.4 mM Na3Vo4, 0.4 mM NaF, 1 mM PMSF, 2.5 µM leupeptin, 2.5 µM aprotinin). Cell lysates 

were clarified at 10,000 x g for 10 min at 4 ℃. Protein samples were then boiled in sample 

buffer before separation on 8% SDS-PAGE gels and transfer onto PVDF microporous 

membranes (Millipore, Billerica, MA). After blocking with 3% bovine serum albumin in 150 

mM NaCl, 50 mM Tris-HCl, pH 7.6 (TBS) for 1 hour at room temperature, blots were probed 

with the indicated primary antibodies overnight at 4 ℃. The blots were then washed 3 times at 

room temperature with 0.05% Tween 20 in TBS, incubated with the appropriate secondary  

antibodies conjugated with horseradish peroxidase (HRP), and detected by a peroxidase- 
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catalyzed enhanced chemiluminescence detection system (ECL; Pierce). In order to confirm 

equal loading of proteins, blots that had been probed for the phosphorylated proteins were 

stripped and reprobed with an antibody against an appropriate control protein. For this procedure, 

10 ml of stripping buffer, consisting of 2% (w/v) SDS, 62.5 mM Tris, pH 6.7 and 100 mM 2-

mercaptoethanol, was added to the membrane for 15 min with constant shaking at 60°C. The  

membrane was then washed (6 x 5 minutes in TBS), blocked and probed with the appropriate 

primary antibody. 

Antibodies for western blot analysis—Monoclonal anti-phosphotyrosine 4G10 was obtained 

from Upstate Biotechnology Inc. (UBI, Lake Placid, NY). Anti-HER2/neu antibody sc-284, a 

rabbit polyclonal antibody against the carboxy terminus of human HER2/neu, was obtained from 

Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Anti-Akt, anti-phosphoAkt (Ser473), anti-

p44/42 MAPK and anti-phosphop44/42 MAPK (E10) were obtained from Cell Signaling 

Technology Inc. (Beverly, MA). Polyclonal HRP-conjugated rabbit anti-mouse IgG was 

obtained from ICN Pharmaceuticals Inc. (Aurora, Ohio). Polyclonal HRP-conjugated donkey 

anti-rabbit IgG was obtained from Amersham Biosciences (Piscataway, NJ). 

Wounding and measurement of wound repair on polarized epithelia—The polarized human 

colonic epithelial cell line Caco2 was used to demonstrate the wound healing effect initiated by 

the anti-HER2/neu ScFv fusion proteins. Caco2 cells were plated in a 24-well tissue culture 

plate (Falcon) at a density of 2.5x105 cells/well and incubated 72 hour at 37℃ in a 5% CO2 

atmosphere for polarization. The bottom of a yellow tip (Fisher Scientific) was used to generate 

a consistent injury area on the polarized cell layer. The injured epithelium was treated with 100  

nM of fusion protein or antibodies for the indicated times, and the wound photographed at  
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different times using a Nikon Diaphot 300 inverted microscope (numerical aperture 0.30) and a 

3CCD camera (Toshiba, New York, NY). The images were acquired by Image Pro 4.1 software.  

The width of each wound was measured at 3 sites in each image, and the percentage of wound 

recovery was calculated by comparison with the wound width at time 0.  

Statistical analysis—Statistical analysis was made using a two-tailed Student′s t test. Results 

were regarded as significant if P values were ≤ 0.05.  
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RESULTS 

Production and characteriztion of anti-HER2/neu ScFv-TNF-α and anti-HER2/neu ScFv-

TNF-α(S147Y)—Since a trimeric structure is required for TNF-α activity, we elected to fuse the 

anti-HER2/neu ScFv C6MH3-B1 (Schier et al., 1996) to the amino terminus of mature murine 

TNF-α, using a flexible [(Gly4) Ser]3 linker and a NWSHPQFEK streptavidin tag to separate the 

two protein moieties (Fig.1A). An identical antibody lacking TNF-α activity was constructed 

using TNF-α with a point mutation at residue 147 (Ser→Tyr). TNF-α(S147Y) has been shown to 

exhibit a 100 fold decrease in TNF-α biological activity while still maintaining a trimeric 

structure (Zhang et al., 1992). In addition, we also expressed an anti-dansyl ScFv-TNF-α fusion 

protein and recombinant murine TNF-α (r TNF-α).  

The purified proteins were analyzed by SDS-PAGE under reducing conditions (Fig.1B). 

rTNF-α migrated with an apparent molecular weight of 17 KDa, and all three ScFv-TNF-α 

fusion proteins migrated at an apparent molecular weight of 47 KDa, the expected size for the 

monomeric fusion protein. The double bands of the ScFv-TNF-α fusion proteins were due to 

variability in the N-linked glycosylation of murine TNF-α since the proteins secreted by 

tunicamycin treated transfectants showed only a single band on SDS-PAGE (data not shown). 

When anti-HER2/neu ScFv-TNF-α and anti-HER2/neu ScFv-TNF-α(S147Y) were treated with 

the crosslinking agent EGS [ethylene glycolbis (succinimidylsuccinate)], separated by SDS-

PAGE and visualized by western blot analysis, dimer and trimer forms were observed (Fig.1C). 

Similar resultes are seen following crosslinking of wild type TNF-α (Van Ostade et al., 1991). 

FPLC analysis confirmed the trimeric structure of the anti-HER2/neu ScFv-TNF-α and anti- 
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HER2/neu ScFv-TNF-α(S147Y) as both eluted in the fractions expected for the 141 kDa trimers. 

(Fig.1D).  

Antigen binding and cytotoxic activity of anti-HER2/neu ScFv-TNF-α—Both anti-

HER2/neu ScFv- TNF-α (2A, panel 1) and anti-HER2/neu ScFv-TNF-α(S147Y) (2A, panel 2) 

bound D2F2/E2 cells, which express high levels of human HER2/neu, while anti-dansyl ScFv- 

TNF-α did not, excluding the possibility that binding was through the TNF-α receptor (2A, panel 

3). rTNF-α, anti-HER2/neu ScFv-TNF-α and anti-dansyl ScFv- TNF-α all exhibited similar 

cytotoxicity against L-929 (Fig.2B) while, as predicted, anti-HER2/neu ScFv- TNF-α(S147Y) 

exhibited decreased cytotoxicity. The IC50 values were 2.5, 4 and 6 pM for rTNF-α, anti-dansyl 

ScFv- TNF-α and anti-HER2/neu ScFv-TNF-α respectively, and 300 pM for anti-HER2/neu 

ScFv-TNF-α(S147Y). Therefore, in the fusion proteins the ScFv moiety of anti-HER2/neu ScFv-

TNF-α and anti-HER2/neu ScFv- TNF-α(S147Y) retains its ability to bind human HER2/neu 

and TNF-α retained its biological activity although there was a slight reduction in specific 

activity.  

Anti-HER2/neu ScFv-TNF-α and anti-HER2/neu ScFv-TNF-α(S147Y) induce a potent 

anti-apoptotic effect in SKBR3 cells via HER2/neu binding—Although TNF-α has been shown 

to elicit a direct cytotoxic effect in some tumors (Laster et al., 1988), it has been demonstrated 

that HER2/neu activation can block the apoptosis induced by TNF-α by activating the Akt/NF-

κB pathway in HER2/neu overexpressing tumors including SKBR3 (Zhou et al., 2000). 

Treatment with Actinomycin D was cytotoxic to SKBR3 cells with O.D 490 values of 0.85 and 

2.0 following MTS addition for the Actinomycin D treated cells and control medium treated 

cells, respectively (data not shown). Unexpectedly, in the presence of Actinomycin D, anti-                           
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HER2/neu ScFv-TNF-α treated SKBR3 cells survived better than cells treated with medium 

alone (Fig.2C). Anti-HER2/neu ScFv-TNF-α(S147Y) exhibited similar activity indicating that it 

was HER2/neu binding and not the biological activity of TNF-α that was responsible for this 

protective effect. Consistent with this conclusion, no protection against the apoptotic effect of 

Actinomycin D was seen when SKBR3 cells were treated with rTNF-α (Fig. 2C). The protection 

against Actinomycin D induced apoptosis is only seen with the trimeric ScFv moiety, since an 

IgG3 antibody with the same variable region as the anti-HER2/neu ScFv-TNF-α, did not exhibit 

this effect (Fig. 2C). Additonally, increasing concentrations of anti-HER2/neu IgG3 but not anti-

dansyl IgG3 abolished the anti-apoptotic effect against Actinomycin D induced by anti-

HER2/neu ScFv-TNF-α and anti-HER2/neu ScFv-TNF-α(S147Y) (Fig. 2D). However, anti-

HER2/neu ScFv-TNF-α and anti-HER2/neu ScFv-TNF-α(S147Y) as well as rTNF-α and anti-

HER2/neu IgG3 did not demonstrate any cytotoxic or proliferative effect in SKBR3 cells 

without the incubation of Actinomycin D (supplement 2). These results suggest that trimeric 

anti-HER2/neu ScFv initiates a cellular resistance mechanism against the apoptotic effect of 

Actinomycin D by cross-linking HER2/neu on SKBR3 cells.  

Anti-HER2/neu ScFv-TNF-α and anti-HER2/neu ScFv-TNF-α(S147Y) induced HER2/neu 

signaling and robust activation of p44/42 MAPK (ERK1+2) and Akt—Addition of both anti-

HER2/neu ScFv-TNF-α and anti-HER2/neu ScFv-TNF-α(S147Y) at concentrations of 50 nM 

and 100 nM induced a strong increase in HER2/neu’s phosphotyrosine content compared to the 

control by 5 min while 100 nM rTNF-α had little effect (supplement 3).      

The mitogen-activated protein kinase (MAPK) and PI3K pathways are the major 

signaling cascades downstream of activated ErbB receptors including HER2/neu  
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(Olayioye et al., 2000). Activation of these pathways has been shown to result in cellular 

proliferation and resistance to apoptosis in HER2/neu expressing tumor cells (Zhou et al., 2000; 

Leung et al., 2004). As shown in Fig.3A, both anti-HER2/neu ScFv-TNF-α and anti-HER2/neu 

ScFv-TNF-α(S147Y) initiated robust MAPK phosphorylation in SKBR3 cells. By 2 min MAPK 

phosphorylation showed an 8 fold increase which persisted for at least 10 min in SKBR3 cells 

treated with either anti-HER2/neu ScFv-TNF-α or anti-HER2/neu ScFv-TNF-α(S147Y). In 

contrast, IgG3 antibodies with the variable regions of C6MH3-B1 or Herceptin and anti-dansyl 

ScFv-TNF-α, induced weak and transient MAPK phosphorylation (Fig.3A). Anti-HER2/neu 

ScFv-TNF-α and anti-HER2/neu ScFv-TNF-α(S147Y) also induced significant phosphorylation 

of Akt within 30 sec (Fig.3B). By 10 min the Akt phosphorylation was 2.7 and 2.2 fold 

increased in SKBR3 cells treated with anti-HER2/neu ScFv-TNF-α and anti-HER2/neu ScFv-

TNF-α(S147Y), respectively. Akt phosphorylation persisted in anti-HER2/neu ScFv-TNF-α 

treated SKBR3 cells for over 60 min, while the increased Akt phosphorylation in anti-HER2/neu 

ScFv-TNF-α(S147Y) treated SKBR3 cells was barely detectable by 30 min. The Akt activation 

was slightly increased in the anti-HER2/neu IgG3 treated SKBR3 cells, and no increased Akt 

activation was observed in the anti-dansyl ScFv-TNF-α treated SKBR3 cells (Fig.3B). These 

results demonstrate that the trimeric anti-HER2/neu ScFv antibodies can initiate potent MAPK 

and Akt activation downstream of activated HER2/neu in SKBR3 cells.  

Activation of both MAPK and Akt contribute to the anti-apoptotic effect induced by anti-

HER2/neu ScFv-TNF-α and anti-HER2/neu ScFv-TNF-α(S147Y) —To further investigate 

whether MAPK and/or Akt activation induced by the trimeric anti-HER2/neu ScFv antibodies 

contributed to the resistance of SKBR3 cells to Actinomycin D induced death, Actinomycin D  
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treated SKBR3 cells were incubated with anti-HER2/neu ScFv-TNF-α or anti-HER2/neu ScFv-

TNF-α(S147Y) in the presence of the MAPK inhibitor, U0126, and/or the Akt inhibitor, 

LY294002 for 24 h (Fig.4). The activation of MAPK or Akt was significantly compromised in 

the presence of  the indicated concentration of U0126 or LY294002 , respectively (supplement 

4) .While anti-HER2/neu ScFv-TNF-α or anti-HER2/neu ScFv-TNF-α(S147Y) significantly 

protected SKBR3 cells against the apoptosis induced by Actinomycin D (lanes 1-3), treatment 

with LY294002, (lanes 4-6) or U0126 (lanes 7-9) reduced their protective effect. Importantly, 

the protection against Actinomycin D induced apoptosis mediated by anti-HER2/neu ScFv-TNF-

α or anti-HER2/neu ScFv-TNF-α(S147Y) was completely abolished when both LY294002 (40 

µM) and U0126 (10 µM) were present (lanes 10-12). Therefore, activation of MAPK and Akt 

contributes to the anti-apoptotic effect induced by the trimeric anti-HER2/neu ScFv antibodies in 

SKBR3 cells.  

Anti-HER2/neu ScFv-TNF-α and anti-HER2/neu ScFv-TNF-α(S147Y) facilitate the 

repair of mechanically injured epithelia—HER2/neu activation has been shown to participate in 

the repair of injured epithelia (Vermeer et al., 2003). Trimeric anti-HER2/neu ScFv also 

facilitates the repair of mechanical wounding in cultured human colonic epithelial cells (Fig.5A) 

with HER2/neu binding required for the effect (Fig.5B). By 29h the wound in anti-HER2/neu 

ScFv-TNF-α or anti-HER2/neu ScFv-TNF-α(S147Y) treated cells was almost completely healed 

while the wound of the control medium treated cells was still apparent (Fig.5A). Analysis of 6 

independent experiments demonstrated a statistically significant (*** P< .001) increase in the 

speed of wound healing in anti-HER2/neu ScFv-TNF-α and anti-HER2/neu ScFv-TNF-α(S147Y) 

treated cells (Table 1). In contrast, treatment with IgG3 antibodies with the variable regions of  
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C6MH3-B1 or Herceptin did not result in a significant increase in the rate of wound healing 

compared to treatment with PBS (Fig.5A, Table 1). The enhancement of wound healing required 

the binding of the trimeric fusion proteins to HER2/neu on the injured epithelial cells, as it was 

inhibited by the presence of soluble HER2/neu (Fig.5B). The wound in anti-HER2/neu ScFv-

TNF-α or anti-HER2/neu ScFv-TNF-α(S147Y) treated cells (5B-1 and 5B-3) was almost healed 

within 25 h; in contrast, the rate of wound healing was significantly decreased when an excess of 

soluble HER2/neu was present (5B-2 and 5B-4). These results suggest that the trimeric anti-

HER2/neu ScFv antibodies but not bivalent IgG3 antibodies facilitate wound repair through the 

binding of HER2/neu on the injured epithelial cells. 
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DISCUSSION 

We have constructed and characterized a novel fusion protein with TNF-α fused to an 

anti-HER2/neu ScFv containing the variable region of C6MH3-B1 (Schier et al., 1996). 

Surprisingly this fusion protein, anti-HER2/neu ScFv-TNF-α, exhibited a potent agonistic effect, 

activating HER2/neu and the downstream MAPK and PI3K signaling cascades. Remarkably this 

fusion protein also facilitated the repair of injured epithelial cell monolayers. These unique 

effects did not require the biological activity of TNF-α since anti-HER2/neu ScFv fused to TNF-

α (S147Y) exhibited similar activities. The trimeric structure of anti-HER2/neu ScFv appears 

essential for initiating HER2/neu signaling and facilitating the repair of injured epithelia, since 

an IgG3 antibody with the same variable region as C6MH3-B1 did not show similar effects.  

Anti-HER2/neuScFvc-TNF-α offers some advantages over recombinant epidermal 

growth factor (rEGF), the current FDA approved treatment for wound healing (Brown et al., 

1989). EGF drives homo-dimerization of the receptor erbB1 but does not elicit a hetero-dimer 

between erbB1 and erbB2 (Ferguson et al., 2000), indicating that it facilitates wound healing 

only through erbB1 signaling. Since erbB2 signaling has been shown to play a critical role in 

wound healing in human epithelial cells (Bindels et al., 2002; Vermeer et al., 2003; Xu et al., 

2004), it is likely that anti-HER2/neuScFv-TNF-α will either be effective in treating wounds 

which are resistant to rEGF treatment, or will synergize with EGF in facilitating wound healing 

by activating potent erbB2 signaling. Additionally, in contrast to the erbB1 receptor which is 

rapidly internalized and degraded upon ligand binding thereby attenuating its signaling (Baulida 

et al., 1996), the erbB2 receptor is an internalization-resistant receptor even when bound by 

Herceptin (Hommelgaard et al., 2004). Therefore, anti-HER2/neuScFv-TNF-α may be more  
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effective than rEGF in promoting wound healing because it induces more potent and prolonged 

signaling. The fact that anti-HER2/neuScFv-TNF-α is a trimer with three erbB2 binding sites 

may also contribute to more potent downstream signaling than is seen with the homo-

dimerization of erbB1 induced by rEGF. 

The anti- HER2/neu ScFv- TNF-α described in the present study appears to differ in its 

functional properties from TNF-α fused with a different anti-HER2/neu variable region 

(sFv23/TNF) (Rosenblum et al., 2000). sFv23/TNF exhibited modest cytotoxicity against 

SKBR3 cells in the absence of Actinomycin D while anti- HER2/neu ScFv- TNF-α did not 

exhibit any significant cytotoxic effect on SKBR3 cells in the absence of Actinomycin D. Since 

antibodies recognizing different epitopes on the same antigen may exhibit different effects, 

activation of HER2/neu signaling and the facilitation of wound repair induced by anti-HER2/neu 

ScFv-TNF-α and anti-HER2/neu ScFv-TNF-α(S147Y) may require both their unique anti-

HER2/neu variable region, C6MH3-B1, and a trimeric structure.  

The ERK signaling pathway, also known as the p44/42 MAP kinase pathway, is a major 

determinant in the control of cell growth and migration, and aberrantly active ERK signaling has 

been identified in many types of human tumors (Hoshino et al., 1999; Pola et al., 2003). ERK 

activation is essential for cell survival following oxidant injury (Guyton et al., 1996) and 

NIH3T3 cells expressing constitutively active MEK (the immediate upstream regulator of ERK) 

were more resistant to oxidant toxicity (Guyton et al., 1996). In addition, the migratory and 

invasive activity of human neuroblastoma cells was inhibited by the ERK inhibitor, PD98059 

(Pola et al., 2003). In the present study, the trimeric anti-HER2/neu ScFv antibodies were found 

to induce robust and persistent ERK activation in HER2/neu expressing cells even when the  
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activity of the attached TNF-α was greatly compromised. ERK activation was initiated within 

30 sec and, remarkably, was maintained for at least 90 min (Fig.3A). Although ERK activation 

was observed in the anti-dansyl ScFv-TNF-α treated SKBR3 cells, the intensity was 

significantly lower than that seen in cells treated with the trimeric anti-HER2/neu ScFv (Fig. 

3A), indicating that the TNF-α moiety of the anti-HER2/neu ScFv- TNF-α was not solely 

responsible for the greatly enhanced ERK activation. Therefore, proliferation and migration 

induced by ERK activation undoubtedly makes a major contribution to the enhancement of 

wound repair induced by the trimeric anti-HER2/neu ScFv antibodies. 

Activated ERK and Akt both contribute to the anti-apoptotic effect induced by the 

trimeric anti-HER2/neu ScFv antibodies. The presence of inhibitors of either ERK or Akt 

decreased the anti-apoptotic effect of the trimeric fusion proteins but this effect was completely 

abolished only in the presence of both ERK and Akt inhibitors (Fig. 4). Although TNF-α has 

been shown to induce the phosphorylation of Akt in a variety of cells (Osawa et al., 2001; 

Sandra et al., 2002), we did not observe significant enhancement of Akt activation in SKBR3 

cells treated with the anti-dansyl ScFv-TNF-α fusion protein (Fig.3B). The antiHER2/neu IgG3 

antibodies (C6MH3-B1 variable regions and Herceptin variable regions) only induced transient 

and weak Akt activation compared to the trimeric anti-HER2/neu ScFv antibodies; the 

maximum Akt activation was 1.5 fold and nearly 3 fold for the IgG3 antibody and the trimeric 

anti-HER2/neu ScFv antibodies, respectively (Fig. 3B). Anti-HER2/neu ScFv-TNF-α but not 

anti-HER2/neu ScFv-TNF-α(S147Y) also induced prolonged phosphorylation of Akt. The 

HER2/neu signaling induced by trimeric anti-HER2/neu ScFv may sensitize SKBR3 cells to 

TNF-α stimulation, thus resulting in the prolonged phosphorylation of Akt observed. While anti- 
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HER2/neu ScFv-TNF-α induced prolonged activation of Akt compared with anti-HER2/neu 

ScFv-TNF-α(S147Y), both exhibited a similar anti-apoptotic effect against Actinomycin D and 

facilitated the repair of injured epithelia with the same potency, indicating that the prolonged 

activation of Akt was not responsible for these effects. 

Activation of the PI3K pathway is induced by the trimeric anti-HER2/neu ScFv 

antibodies as shown by the induction of phosphorylated Akt (Fig. 3B). Rac, a member of the 

Rho GTPases, has been shown to stimulate the migration of different type of cells (Pola et al., 

2003; Weiss-Haljiti et al., 2004), with PI3K activity necessary and sufficient for Rac activation 

(Hawkins et al., 1995). Therefore, it is likely that Rac induced cell migration contributed to the 

enhancement of wound repair. 

Genetic fusion of antibody with a protein capable of forming noncovalent oligomers, for 

example avidin, has been shown to be an effective method for producing a polymeric antibody 

(Ng et al., 2002). However, the immunogenicity of foreign proteins hampers the clinical use of 

these antibodies in humans. Use of a human TNF-α with a point mutation at residue 87 

(Tyr→Ser) and lacking biological activity but maintaining its trimeric struture (Zhang et al., 

1992) provides a novel strategy to construct a polymeric antibody with minimal immunogenicity.  

Herceptin, a human IgG1 antibody binding to the extracellular domain of HER2/neu, has 

been shown to transiently induce a modest activation of HER2/neu signaling in vitro (Scott et al., 

1991). In the present study, we have shown that both Herceptin and the human IgG3 antibody 

with the C6MH3-B1 variable region induced a similar transient and weak activation of ERK and 

Akt; however, the trimeric anti-HER2/neu ScFv antibodies with C6MH3-B1 variable region 

initiated a potent and persistent HER2/neu signaling and exhibited an anti-apoptotic effect in  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 15, 2005 as DOI: 10.1124/jpet.105.095513

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


23 

JPET#95513 

SKBR3 cells. Therefore, it is likely that cross-linking of multiple HER2/neu receptors is one of 

the critical determinants for these effects. 

In summary, we have constructed and characterized a novel anti-HER2/neu ScFv fusion 

protein in which the ScFvs are trimerized by TNF-α or TNF-α(S147Y). These fusion proteins                       

initiate robust HER2/neu signaling and, remarkably, facilitate the repair of the injured cultured 

epithelial cell monolayers. Unfortunately there appears to be no animal model available for 

evaluating the wound healing effect of anti-HER2/neu ScFv- TNF-α and anti-HER2/neu ScFv- 

TNF-α(S147Y) in vivo. Although human HER2/neu transgenic mice are available, it is not clear 

if the human HER2/neu is appropriately expressed on the epithelial cells. For use in humans the 

murine TNF-α present in the fusion proteins would need to be replaced by human TNF-α. 

Analysis of human TNF-α has shown that a point mutation at residue 87 (Tyr→Ser) exhibits 

undetectable TNF-α biological activity while still maintaining a trimeric structure (Zhang et al., 

1992). Therefore an approach to making an effective therapeutic for human use could be to fuse 

human TNF-α(Y87S) with the anti-HER2/neu ScFv. Additionally, the mutant human TNF-α 

may be used to construct more effective polymeric antibodies for clinical use.  
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FIGURE LEGENDS 

 

Fig. 1. Production and characteriztion of anti-HER2/neu ScFv-TNF-α and anti-HER2/neu ScFv- 

TNF-α(S147Y). A, Schematic representation of the anti-HER2/neu ScFv-TNF-α . TNF-α (white 

circle) was fused to the carboxy terminus of the ScFv (C6MH3-B1) antibody by a 

NWSHPQFEK streptavidin tag (rectangle) and (Gly4Ser)3 linker (dark circles). A trimeric 

structure was formed when three monomers interact through the TNF-α moieties. B, SDS-PAGE 

analysis under reducing conditions of purified recombinant TNF-α and ScFv-TNF-α fusion 

protein visualized by Coomassie blue staining. Lane 1: recombinant murine TNF-α( rTNF-α), 

Lane 2: TNF-α fused to the anti-HER2/neu ScFv (anti-HER2/neu ScFv-TNF-α), Lane 3: TNF-

α(S147Y) fused to the anti-HER2/neu ScFv (anti-HER2/neu ScFv-TNF-αS147Y), Lane 4: TNF-

α fused to an anti-dansyl ScFv (anti-dansyl ScFv-TNF-α). C, Cross-linking assay of ScFv-TNF-

α fusion proteins. Anti-HER2/neu ScFv-TNF-α untreated (lane 1) or treated with the crosslinker 

EGS (ethylene glycolbis) (lane 2) and anti-HER2/neu ScFv-TNF-α(S147Y) untreated (lane 3) or 

treated with EGS (lane 4) were subjected to SDS-PAGE followed by western blot with 

biotinylated anti-TNF-α and horseradish peroxidase-conjugated strepavidin. D, FPLC analysis 

under non-denaturing conditions. Anti-HER2/neu ScFv-TNF-α and anti-HER2/neu ScFv-TNF-

α(S147Y) were analyzed by FPLC. For comparison BSA (67kDa) and Miles IgG (150kDa) 

separated under identical conditions are shown. Fraction size is 1ml. 

 

Fig. 2. Characterization of the biological activities of anti-HER2/neu ScFv-TNF-α fusion 

proteins. A, Anti-HER2/neu ScFv-TNF-α and anti-HER2/neu ScFv-TNF-α(S147Y) bind  
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HER2/neu. D2F2/E2, a murine mammary cell line expressing high levels of human HER2/neu, 

was reacted with (1) anti-HER2/neu ScFv-TNF-α, (2) anti-HER2/neu ScFv-TNF-α(S147Y), or 

(3) anti-dansyl ScFv- TNF-α followed by biotinylated rat ani-mouse TNF-α and PE-labeled 

streptavidin. Dashed lines represent signal from cells without addition of recombinant protein. B, 

The cytotoxic activity of recombinant TNF-α and different ScFv-TNF-α fusion proteins against 

the murine L929 fibroblast cell line in the presence of Actinomycin D. After incubation for 24 h 

with increasing doses of different proteins, viable cells were stained with crystal violet dye as 

described. C, The anti-apoptotic activity of anti-HER2/neu ScFv-TNF-α and anti-HER2/neu 

ScFv-TNF-α(S147Y) was determined using the human SKBR3 breast cancer cell line. After 

incubation for 24h with increasing doses of the different proteins in the presence of 4 µg/ml of 

Actinomycin D, viable cells were measured using the MTS assay. D, The anti-apoptotic effect of 

anti-HER2/neu ScFv-TNF-α and anti-HER2/neu ScFv-TNF-α(S147Y) requires HER2/neu 

binding. SKBR3 cells were incubated with 25 nM of either anti-HER2/neu ScFv-TNF-α or anti-

HER2/neu ScFv-TNF-α(S147Y) and increasing concentrations of anti-HER2 IgG3 or anti-

dansyl IgG3 in the presence of 4 µg/ml of Actinomycin D and viable cells measured using MTS. 

These experiments were performed three times in triplicate; error bars indicate the SD of the 

measurements. 

 

Fig. 3. Anti-HER2/neu ScFv-TNF-α and anti-HER2/neu ScFv-TNF-α(S147Y) induced robust 

activation of p44/42 MAPK (ERK1+2) and Akt. 1.2 x 106 SKBR3 cells were treated with 50 nM 

of the different anti-HER2/neu proteins or anti-dansyl-TNF-α for the indicated times. The cell 

lysates were separated by SDS-PAGE and analyzed by western blot using a monoclonal mouse  
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anti-phosphop44/42 MAPK (A) or anti-phosphoAkt (B). To confirm equal loading of protein 

samples, blots that had been probed for the phosphorylated proteins were stripped and reprobed 

with a rabbit polyclonal antibody against MAPK (A) or Akt (B). The intensity of anti-

phosphop44/42 MAPK or anti-phosphoAkt was normalized with the intensity of anti-MAPK or 

anti-Akt for each indicated time point, and the values obtained were divided by the value at time 

0 to obtain the fold activation for p44/42 MAPK or Akt. 

 

Fig. 4. Activation of both MAPK and Akt contribute to the anti-apoptotic effect induced by anti-

HER2/neu ScFv-TNF-α and anti-HER2/neu ScFv-TNF-α(S147-Y). 5 x 104 SKBR3 cells were 

treated with 100 nM of either anti-HER2/neu ScFv-TNF-α or anti-HER2/neu ScFv-TNF-

α(S147Y) alone or with the indicated concentration of the MAPK inhibitor, U0126, and/or the 

Akt inhibitor, LY294002, in the presence of 4 µg/ml of Actinomycin D (ACD) for 24 hour and 

viable cells measured using MTS. These experiments were performed three times in triplicate; 

error bars correspond to the SD of the measurement. Asterisks * indicate  P< 0.05; NS denoted 

no significant difference. 

 

Fig. 5. Anti-HER2/neu ScFv-TNF-α and anti-HER2/neu ScFv-TNF-α(S147Y) facilitate the 

repair of mechanically injured epithelia via HER2/neu binding. A, Mechanically injured Caco2 

colonic epithelial cells were treated with either CHO medium (line 1), 100 nM anti-HER2/neu 

ScFv-TNF-α (line 2), 100 nM anti-HER2/neu ScFv-TNF-α(S147Y) (line 3), PBS (line 4), 100 

nM anti-HER2/neu IgG3 with the C6MH3-B1 variable region (line 5) or 100 nM anti-HER2/neu 

IgG3 with the Herceptin variable region (line 6). B, Mechanically injured Caco2 colonic  
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epithelial cells were treated with either 100 nM anti-HER2/neu ScFv-TNF-α (line 1), 100 nM 

anti-HER2/neu ScFv-TNF-α + 200 nM soluble HER2/neu (line 2), 100 nM anti-HER2/neu 

ScFv-TNF-α(S147Y) (line 3), or 100 nM anti-HER2/neu ScFv-TNF-α(S147Y) + 200 nM 

soluble HER2/neu (line 4). The injured epithelial monolayers were photographed using phase 

contrast microscopy at the indicated times; wound edges are highlighted for clarity. These 

images are representative of three independent experiments for each treatment.    
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Table 1.Anti-HER2/neu Antibodies and Repair of Mechanical Wounding 

   CHO medium anti-HER2/neu 

ScFv-TNF-α 

anti-HER2/neu ScFv-

TNF-α(S147Y) 

PBS 

 

anti-HER2 IgG3  

(C6MH3-B1 )  

anti-HER2 IgG3  

(Herceptin ) 

0 h 0%             0%                 0%             0%            0%            0%              

21h 40.6% (6.8)      *** 66.3% (8.7)      *** 61.7% (6.7)     41.8% (6.6)     46.0% (6.7)       43.5% (1.7) 

29h 62.7% (8.8)      *** 97.0% (3.7)      *** 94.6% (3.1)     68.4% (6.2)     70.3% (6.9)       69.2% (3.1) 

 

Injured epithelial cells were treated with 100 nM of anti-HER2/neu antibodies for the indicated times. The injured epithelial 

monolayers were photographed using a phase contrast inverted microscope with a 3CCD camera. The width of each wound 

was measured at 3 sites in each image, and the percentage of wound recovery was calculated by comparison with the initial 

wound width. The percentage shown in the column was the mean of the wound recovery from 6 independent images for each 

treatment at each time point. The numbers in the parenthesis correspond to the SD of the measurement. Asterisks ***  

indicate  P< 0.001 (n = 6) compared to the control of CHO medium or PBS.  
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