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A Hybrid Platform Based on a Bispecific Peptide-Antibody 
Complex for Targeted Cancer Therapy 

Byeongjun Yu[a], Dobeen Hwang[d], Hyungsu Jeon[a], Hyungjun Kim[a], Yonghyun Lee[a], Hyeongseop 

Keum[a], Jinjoo Kim[a], Dong Yun Lee[b], Yujin Kim[a], Junho Chung[d], and Sangyong Jon*,[a],[b],[c] 

Abstract: Peptide-based therapeutics have suffered from a short 

plasma half-life. On the other hand, antibodies suffer from poor 

penetration in solid tumors owing to their large size. Here, we present 

a new molecular form—a hybrid complex between a hapten-labeled 

bispecific peptide and an anti-hapten antibody, designated HyPEP-

body—that may be able to overcome the aforementioned limitation. A 

bispecific peptide containing a cotinine tag was synthesized by linking 

a peptide specific to fibronectin extra domain B (EDB) and a peptide 

able to bind and inhibit vascular endothelial growth factor (VEGF), 

yielding cot-biPEPEDB-VEGF. Simple mixing of cot-biPEPEDB-VEGF and 

anti-cotinine antibody (Abcot) yielded the hybrid complex, HyPEPEDB-

VEGF. The HyPEPEDB-VEGF retained the characteristics of the included 

peptides, and showed improved pharmacokinetic behavior. Moreover, 

The HyPEPEDB-VEGF showed tumor growth inhibition with excellent 

tumor accumulation and penetration. These findings suggest that the 

newly developed hybrid platform described here offers a solution for 

most peptide therapeutics that suffer from a short circulation half-life 

in blood. 

While antibody-based biologics have achieved great success in 

treating various diseases in the last two decades,[1] the broader use 

of peptide-based therapeutics has been limited by the short plasma 

half-life of these agents, reflecting their rapid proteolysis and renal 

clearance in vivo.[2] These limitations of peptide therapeutics have 

spawned recent efforts to develop alternatives based on the concept 

of hybrids between peptides and antibodies. Two representative 

approaches are ‘Peptibody’ and ‘CovX-body’. In the peptibody 

platform, therapeutic peptides are grafted to an Fc domain, not to an 

entire antibody, and expressed as a fusion protein. AMG-386, a 

peptibody that targets both angiopoietin 1 (ANGPT1) and ANGPT2, is 

now undergoing Phase III clinical trials as a combination therapy with 

chemotherapeutic agents.[3] The molecular format of CovX-body relies 

on site-specific covalent conjugation of therapeutic peptides to two 

antigen-binding sites (Fab arms) of an antibody. CVX-241, a CovX-

body that consists of bispecific peptide inhibitors against vascular 

endothelial growth factor (VEGF) and ANGPT2 linked chemically to 

an antibody, had entered clinical trials years ago, but unfortunately 

failed to show improvement in therapeutic index.[4] Although the two 

aforementioned platforms significantly extended the plasma half-life 

of the peptide therapeutics because of the presence of Fc, they still 

suffered the same limited tumor penetration that plagues conventional 

antibody therapeutics. Furthermore, significant technology-specific 

variability—the expression level of each individual peptibody for a 

particular disease target in the case of peptibody technology, and the 

conjugation yield of the peptides to an antibody for CovX-body 

technology—poses hurdles in the manufacturing process. Hence, a 

new molecular platform that can extend plasma half-life and also 

improve tumor penetration of peptide therapeutics is needed.  

Here, we present a new molecular platform based on a hybrid 

complex between a bispecific peptide and an antibody, designated 

HyPEP-body, consisting of two hapten-labeled bispecific peptides 

and an anti-hapten antibody. Cotinine, a major metabolite of nicotine, 

and anti-cotinine antibody (Abcot) were used in this study as a model 

hapten and hapten-specific antibody, respectively.[5] It has been 

shown that Abcot can extend the plasma half-life of a cotinine-labeled 

aptamer.[6] As depicted in Figure 1, a key difference in the molecular 

format of a HyPEP-body compared with a bispecific CovX-body is that 

the peptide pharmacophore in a HyPEP-body is bound to the antigen-

binding site of an antibody in a non-covalent manner, like avidin-biotin 

interactions. This molecular feature may prolong the plasma half-life 

of the bispecific peptide owing to the presence of an intact form of the 

antibody while allowing dissociation of the peptide from the HyPEP-

body, thereby enhancing tumor penetration. As a proof-of-concept 

study, we constructed a HyPEP-body using a cotinine (cot)-labeled 

bispecific peptide targeting EDB and VEGF (cot-biPEPEDB-VEGF) and 

Abcot, yielding the hybrid complex, HyPEPEDB-VEGF. EDB is specifically 

over-expressed in several types of malignant tumors,[7] and thus is 

considered a promising target for cancer imaging and therapy.[8] 

Moreover, the association of VEGF signaling with survival, migration, 

apoptosis and metastasis of tumor cells[9] has made this signaling axis 

a natural target for the development of inhibitors, several of which are 

used clinically for treatment of many kinds of cancers.[10] Thus, we 

hypothesized that HyPEPEDB-VEGF with enhanced blood circulation 

would specifically target EDB-overexpressing tumors and inhibit 

abnormal VEGF function within the tumor microenvironment (Figure 

1). We found that the binding specificity and activity of the two 

peptides towards their respective targets were preserved in 

HyPEPEDB-VEGF. The circulation time of the pharmacophore peptide in 

blood also increased dramatically upon complexation with Abcot in the 

form of a HyPEP-body. Moreover, the released cot-biPEPEDB-VEGF was 

distributed more widely and deeply in tumor tissue. Finally, HyPEPEDB-

VEGF effectively inhibited the growth of a human glioblastoma xenograft 

in mice. 
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Figure 1. Graphical abstract of the unique features of the HyPEP-body, and 

schematic depiction of the HyPEP-body prototype, HyPEPEDB-VEGF. 

A bispecific peptide targeting both EDB and VEGF was synthesized 

by conjugating the corresponding EDB- and VEGF-binding peptides 

using an appropriate linker, as illustrated in Scheme 1. An aptide—a 

novel class of high-affinity and -specificity peptides developed by our 

group—specific for EDB (APTEDB),[11] and a VEGF-binding high-affinity 

peptide (PEPVEGF)
[12] were chosen for synthesis of the desired cotinine 

tag-labeled bispecific peptide (cot-biPEPEDB-VEGF). First, the lysine 

residue of PEPVEGF was reacted with a hydrophilic heterobifunctional 

linker to yield maleimide-functionalized PEPVEGF. A hydrophilic linker 

containing both the cotinine tag and sulfhydryl group at one end was 

attached to the N-terminus of the EDB-binding aptide by solid phase 

peptide synthesis. Next, the two modified pepti des were covalently 

linked to each other by reacting the maleimide and sulfhydryl 

functionalities in each peptide, yielding the bispecific peptide with a 

cotinine tag, cot-biPEPEDB-VEGF. A non-relevant aptide with a 

scrambled sequence (APTSCR) was used to prepare a control 

bispecific peptide (cot-biPEPSCR-VEGF) that does not target EDB. 

Chemical structures and names of all peptides used in this study are 

shown in Figure S1. All modified peptides obtained in this study were 

purified by high performance liquid chromatography (HPLC; Figure 

S2) and their molecular masses were analyzed by matrix assisted 

laser desorption ionization-time of flight mass spectrometry (MALDI-

TOF MS; Figure S3). The purity of cot-biPEPEDB-VEGF and cot-

biPEPSCR-VEGF determined by HPLC was 98.5% and 98.6%, 

respectively (Figure S4). Finally, the hybrid complex between the 

bispecific peptide and Abcot (HyPEPEDB-VEGF) was formed by simply 

mixing the two components at a 2:1 molar ratio at ambient 

temperature in buffer solution.[6] 

 

 

 

 

 

Scheme 1. A schematic illustration for the synthesis of cot-biPEPEDB-VEGF and 

the preparation of HyPEPEDB-VEGF 

To determine whether HyPEPEDB-VEGF retained its target specificity, we 

performed ELISAs for each target. HyPEPEDB-VEGF showed 

concentration-dependent specific binding to human VEGF (hVEGF; 

Figure 2a) and EDB (Figure 2b). Although PEPVEGF was identified from 

screening against hVEGF,[13] we found that HyPEPEDB-VEGF was also 

able to bind mouse VEGF (mVEGF; Figure 2c) presumably due to the 

high homology (~90%) between hVEGF and mVEGF.[14] We further 

found that HyPEPEDB-VEGF was able to bind both targets 

simultaneously in ELISAs for immobilized EDB and soluble 

biotinylated hVEGF, respectively (Figure 2d). The affinities of 

HyPEPEDB-VEGF were measured by surface plasmon resonance (SPR) 

instrument. The dissociation constant (Kd) of HyPEPEDB-VEGF for 

hVEGF and mVEGF were ~4.4 nM and ~14 nM respectively (Figure 

S5a,b). The Kd of HyPEPEDB-VEGF for EDB was ~32 nM (Figure S5c), 

which is even lower than that of the unmodified original APTEDB (~65 

nM); this increased affinity might reflect a “bivalent” (dimer) effect of 

the peptide displayed on the HyPEP-body. These results clearly 

indicate that the target-binding specificity and affinity of the bispecific 

peptide (biPEPEDB-VEGF) are preserved, even after complex formation 

with Abcot.   

Figure 2. Characterization of HyPEPEDB-VEGF at the protein level. Direct binding 

ELISA of HyPEPEDB-VEGF against a) hVEGF, b) EDB, and c) mVEGF. d) 
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HyPEPEDB-VEGF was allowed to bind to the immobilized EDB, followed by 

treatment with biotinylated hVEGF and detection with streptavidin-horseradish 

peroxidase. Representative results of two experiments are shown. 

We next examined the specificity of the HyPEP-body using EDB-

positive cancer cells. U87MG human glioblastoma cells and PC3 

human prostate cancer cells were used as EDB-positive and -

negative cancer cell lines, respectively.  The expression level of EDB 

in each cell line was measured by conventional reverse transcription-

polymerase chain reaction (RT-PCR) and quantitative RT-PCR, the 

latter of which revealed ~80-fold higher expression of EDB in U87MG 

cells than in PC3 cells (Supporting Information, Figure S6). To image 

specific cell binding, we first treated both cancer cell lines with 

HyPEPEDB-VEGF and then with a fluorescent dye-labeled secondary 

antibody for Abcot. A strong fluorescence signal was observed around 

the cell membrane of EDB-positive U87MG cells (Figure 3a), but little 

signal was detected in EDB-negative PC3 cells (Figure 3b). We next 

examined whether HyPEPEDB-VEGF was capable of inhibition VEGF 

function by performing proliferation and tube-formation assays with 

HUVECs. HyPEPEDB-VEGF effectively suppressed VEGF-induced cell 

proliferation (Figure 3c) and tube formation (Figure 3d and Figure S7). 

Taken together, these results clearly suggest that HyPEPEDB-VEGF 

retains target-binding specificity and biological activity. 

 Figure 3. Confirmation of HyPEPEDB-VEGF binding to EDB and inhibition of VEGF 

at the cell level. a,b) Confocal microscopy images of EDB-positive U87MG cells  

and EDB-negative PC3 cells after treatment with HyPEPEDB-VEGF, followed by 

incubation with a secondary antibody for Abcot. Scale bar: 50 μm. c,d) 

Quantitative analysis of VEGF-induced proliferation and tube formation in 

HUVECs after incubation with hVEGF or hVEGF plus HyPEPEDB-VEGF.  (n = 5; *, 

P <  0.05; **, P < 0.01; ***, P < 0.001) 

The stability of cot-biPEPEDB-VEGF and HyPEPEDB-VEGF in serum was 

assessed by incubation in mouse serum for varying lengths of time. 

An ELISA against hVEGF or EDB was used to determine the 

concentration of the active form of cot-biPEPEDB-VEGF remaining in 

samples. At 48 h post incubation, the remaining binding activity of cot-

biPEPEDB-VEGF and HyPEPEDB-VEGF was 34.5% versus 73.1% for VEGF 

and 19.9% versus 43.4% for EDB, respectively (Figure 4a; Figure 

S8a). These results suggest that complexation with Abcot protects the 

peptide from proteolytic degradation, resulting in increased stability in 

serum. In addition, the stability of HyPEPEDB-VEGF was also evaluated 

in human serum. The remaining binding activity of HyPEPEDB-VEGF at 

48 h post incubation was 58.7 % for VEGF and 50.4 % for EDB, 

indicating that HyPEPEDB-VEGF is also stable in human serum (Figure 

S8b). 

Next, we carried out a pharmacokinetics study of cot-biPEPEDB-VEGF 

and HyPEPEDB-VEGF after intraperitoneal (I.P.) injection. Blood was 

drawn via retro orbital puncture at predetermined time points, and the 

concentration of cot-biPEPEDB-VEGF in blood samples was determined 

by ELISA against hVEGF (Figure 4b). The key pharmacokinetic 

parameters are shown in Table 1. Using a non-compartment model, 

we calculated the clearance half-life (t1/2) of HyPEPEDB-VEGF in blood to 

be ~23.4 h, which was considerably greater than that of cot-biPEPEDB-

VEGF (~1.2 h). The area under the plasma concentration-time curve 

from time zero to infinity (AUC0-∞) of HyPEPEDB-VEGF was also 

significantly greater than that of cot-biPEPEDB-VEGF alone (~603 vs. 61). 

These results clearly indicate that complexation of cot-biPEPEDB-VEGF 

with Abcot (HyPEPEDB-VEGF) results in a dramatic extension of the 

plasma half-life of the peptide therapeutic. In addition, the time to 

reach maximum plasma concentration (tmax) also increased, 

suggesting that complexation with Abcot delayed absorption of the I.P. 

injected peptide from the systemic circulation. 

Figure 4. Pharmacokinetics and distribution of HyPEPEDB-VEGF in tumor tissues. 

a) Stability of cot-biPEPEDB-VEGF and HyPEPEDB-VEGF in mouse serum was 

evaluated via ELISA against hVEGF (n = 2). b) Determination of the cot-

biPEPEDB-VEGF concentration in collected serum samples at different time points 

after I.P. injection of cot-biPEPEDB-VEGF or HyPEPEDB-VEGF (n = 5). c) Confocal 

microscopy images of tumor tissues after I.P. injection of HyPEPEDB-VEGF. Abcot 

only was detected by staining tumor sections with anti-CD31 antibody and 

human IgG isotype control antibody, followed by incubation with fluorescence-

conjugated secondary antibodies for anti-CD31 antibody and Abcot. Both 

released cotinine-labeled peptide and Abcot were detected by adding Abcot 

instead of human IgG isotype control antibody. Scale bar: 200 μm. 
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Table 1. Pharmacokinetic parameters of cot-biPEPEDB-VEGF in BALB/c nude 
mice after I.P. injection of cot-biPEPEDB-VEGF or HyPEPEDB-VEGF (n = 5). 

Parameter cot-biPEPEDB-VEGF HyPEPEDB-VEGF 

t1/2 (h) 1.18 23.4 

tmax (h) 0.50 2.00 

Cmax (μg mL-1) 17.1 19.1 

AUC0-∞ (μg·h mL-1) 61.0 602.9 

t1/2, clearance half-life; tmax, time to reach maximum plasma concentration; 
Cmax, maximum plasm drug concentration; AUC0-∞, area under the plasma 
concentration-time curve from time zero to infinity. 

 

Accumulation and distribution of HyPEPEDB-VEGF in tumor tissue were 

examined by immunohistochemistry. Staining for HyPEPEDB-VEGF using 

FITC-2nd Ab showed strong fluorescence around perivascular regions 

of the tumor, whereas staining for both HyPEPEDB-VEGF and the 

released cot-biPEPEDB-VEGF showed a much more uniform distribution 

in the tumor section (Figure 4c). This result suggests that cot-

biPEPEDB-VEGF was released from Abcot and subsequently penetrated 

deeper into the tumor. In contrast, I.P. injection of Abcot alone or 

HyPEPSCR-VEGF lacking EDB-targeting ability showed much lower 

accumulation in the tumor (Figure S9). Next, the tissue distribution of 

HyPEPEDB-VEGF was determined by measuring the amount of bispecific 

peptide in each tissue extract using ELISA. The amount of the peptide 

accumulated in the tumor was approximately two fold higher than that 

of normal tissues; however, HyPEPSCR-VEGF showed little preferential 

accumulation in the tumor compared to normal tissues (Figure S10). 

Encouraged by the favorable features of HyPEPEDB-VEGF, including 

prolonged circulation in the blood and deep penetration in tumors, we 

examined the antitumor efficacy of HyPEPEDB-VEGF in a U87MG mouse 

xenograft model. This tumor model was selected because U87MG 

cells express high levels of EDB and are highly sensitivity to anti-

VEGF agents.[15] When tumor volumes reached approximately 100 

mm3, mice received each experimental agent via I.P. injection every 

other day for 14 d. Tumor growth and changes in body weight were 

monitored every 2 days. As shown in Figure 5a and Figure S11a, 

tumor growth was substantially inhibited by HyPEPEDB-VEGF (75.9% 

relative to PBS-treated control group). In contrast, tumor growth 

inhibition was not significantly different between cot-biPEPEDB-VEGF and 

PBS control groups, despite a trend toward greater inhibition in the 

cot-biPEPEDB-VEGF group. We speculate that the greatly enhanced 

antitumor efficacy of HyPEPEDB-VEGF compared with the peptide alone 

may be attributable to the prolonged plasma half-life and increase 

resistance proteolysis, and thus greater accumulation and distribution 

in the tumor. Next, to investigate the EDB-targeting effect of 

HyPEPEDB-VEGF, we replaced the EDB-binding aptide with a scrambled 

aptide, yielding HyPEPSCR-VEGF, which is unable to recognize EDB. We 

also prepared a HyPEP-body lacking the VEGF-binding peptide, 

designated HyPEPEDB, as an additional control to investigate the 

biological effects of the EDB-binding aptide. Treatment with HyPEPEDB 

had little effect on tumor growth, whereas HyPEPSCR-VEGF lacking EDB-

targeting ability showed appreciable tumor growth inhibition (43.4% 

relative to PBS-treated group); however, EDB-targeted HyPEPEDB-VEGF 

showed much greater antitumor efficacy than HyPEPSCR-VEGF (52.7% 

relative to HyPEPSCR-VEGF; Figure 5b; Figure S11b). These results 

suggest that both the EDB-binding aptide and Abcot have little 

anticancer activity in their own right, and that the resulting antitumor 

efficacy observed for both HyPEPSCR-VEGF and HyPEPEDB-VEGF is mainly 

attributable to the VEGF-binding peptide. The appreciable antitumor 

efficacy of HyPEPSCR-VEGF may reflect passive accumulation of the 

HyPEP-body in the tumor by virtue of a greater enhanced permeability 

and retention (EPR) effect due to pro-longed circulation in the 

bloodstream. Because of its EDB-targeting ability, however, 

HyPEPEDB-VEGF exhibits significantly increased antitumor efficacy by 

more efficiently delivering the VEGF antagonist peptide into the tumor. 

None of the HyPEP-bodies tested in this study induced weight loss 

(Figure S12a,b), suggesting little apparent toxicity of the peptide-

antibody hybrid system. To examine the mode of action of HyPEPEDB-

VEGF in inhibiting tumor growth, we extracted tumors at the end of 

treatments and performed a vascularization analysis on tumor 

sections immunostained with an anti-CD31 antibody (Figure 5c,d). 

Treatment with HyPEPEDB-VEGF substantially reduced vessel density in 

tumors. For example, compared with PBS and HyPEPSCR-VEGF groups, 

HyPEPEDB-VEGF reduced vessel density by 50.8% and 26.3%, 

respectively, which was in good agreement with the results of tumor 

growth inhibition. These results suggest that HyPEPEDB-VEGF exhibits 

antitumor efficacy by inhibiting VEGF-induced tumor angiogenesis.   

Figure 5. The antitumor activity of each therapeutic regimen in a U87MG mouse 

xenograft model. a) Changes of tumor size in U87MG tumor-bearing mice 

treated by I.P. injection of PBS, cot-biPEPEDB-VEGF, or HyPEPEDB-VEGF. b) 

Changes of tumor size in U87MG tumor-bearing mice treated by I.P. injection 

of PBS, Abcot, HyPEPEDB, HyPEPSCR-VEGF, or HyPEPEDB-VEGF (n = 5; *, P < 0.05). 

Red arrows indicate the injection start date. c) Slides of tumor sections obtained 

at the end of treatment with each regimen were immunostained with an anti-

CD31 antibody, and counterstained with Hoechst dye to stain nuclei. Scale bar: 

200 μm. d) Quantification of microvessel density in tumor sections (n = 15, 5 

fields per section from 3 tumors per group; **, P < 0.01; ***, P < 0.001). 

In summary, we developed a new type of hybrid molecular platform 

joining a peptide and an antibody that is designed to overcome a key 

shortcoming of peptide therapeutics—their short circulation half-life. 

Unlike previously developed hybrid platforms, the peptide-antibody 

hybrid developed herein, designated HyPEP-body, was formed 
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through non-covalent interactions between hapten-labeled bispecific 

peptides and the anti-hapten antibody. A model HyPEP-body that 

simultaneously binds to EDB and VEGF (HyPEPEDB-VEGF) could extend 

the plasma half-life and significantly improve the tumor accumulation 

and distribution of peptide therapeutics. Importantly, the HyPEP-body 

significantly inhibited tumor growth in a U87MG mouse xenograft 

model. Taken together, our results suggest that the new peptide-

antibody hybrid platform described here represents a solution to the 

problem of short duration of action that is characteristic of most 

peptide therapeutics. 
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Synergy in hybrid-A new hybrid platform is developed based on a hapten-labeled bispecific peptide 

and an anti-hapten antibody to overcome the short plasma half-life of most peptide therapeutics. 
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