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Abstract: Antibody-directed enzyme prodrug therapy (ADEPT) delivers chemotherapeutic 

agents in high concentration to tumor tissue, while minimizing systemic drug exposure. ADEPT 

has been reported to be an attractive approach for improving the efficacy of cancer therapy. A pre-

viously reported β-lactamase was found to contain four cluster of differentiation (CD)4+ T cell 

epitopes; however, single amino acid changes in the enzyme resulted in significantly reduced 

proliferative responses, while retaining stability and activity of the enzyme. The β-lactamase 

variant with reduced immunogenicity is an attractive alternative for constructing the ADEPT 

fusion protein. In this study, we fused the peptide, RGD4C, known to target integrin α
v
β

3
, to 

the β-lactamase variant for use in ADEPT. Biological function studies revealed that RGD4C-

β-lactamase had a high hydrolytic effect on nitrocefin and cephalosporin–melphalan, and high 

plasma stability was observed. In addition, fusion of the RGD4C moiety to β-lactamase had 

little effect on immunogenicity compared with β-lactamase in the proliferation of peripheral 

blood mononuclear cells. The ability of this fusion protein to both target the central region of 

α
v
β

3
 and induce toxicity in the non-small-cell lung cancer cell NCI-H460 makes it a promising 

therapeutic approach in the treatment of cancer.

Keywords: ADEPT, immunogenicity, integrin α
v
β

3

Introduction
ADEPT (antibody-directed enzyme prodrug therapy) is a novel therapeutic approach 

that targets a tumor enzyme to convert a relatively nontoxic prodrug into an active 

 cytotoxic agent. This method has a number of advantages, including a reduction in sys-

temic toxicity; however, to date, it has not realized its full potential. A critical component 

of ADEPT is the choice of the monoclonal antibody used to target the enzyme in the 

tumor mass. Numerous fusion proteins have been designed, via molecular engineering, 

to combine the specific cell-binding characteristics of antibodies or growth factors 

with the cytotoxic or growth-modulatory effects of toxins, cytokines, or proapoptotic 

proteins.1 Of these strategies, antibodies have shown the greatest potential as delivery 

vehicles for various classes of therapeutic agents. However, a major limitation of 

antibody-based constructs is their inadequate uptake and poor distribution in tumors, 

due in part to the relatively large molecular mass of antibody molecules. One approach 

to remedy this limitation is to use considerably smaller, genetically engineered antibody 

fragments. For example, single-chain Fv fusion constructs can penetrate tumor tissue 

more easily and have improved pharmacokinetics and lower immunogenicity than do 

intact murine antibodies. To further improve the penetration of targeted molecules, we 
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and others have used small  peptides for tumor 

vasculature-specific delivery, to enhance tumor uptake of 

the enzyme.

RGD4C (ACDCRGDCFCG) is a high-affinity ligand of 

α
v
β

3
 integrin, which is highly expressed in tumor cells and 

angiogenic vessels, and is upregulated in tumor cells and 

tumor angiogenic vessels compared with normal  tissues. 

Thus, the integrin α
v
β

3
 can be used as a target for drug 

delivery.2 The RGD4C peptide has four cysteine residues 

close to each other, and it is a challenge to have all four 

cysteine forms arranged in the correct disulfide bonds for 

high integrin-binding affinity. In the peptide, RGD4C, two 

disulfide bonds are formed between C2-C10 and C4-C8 for 

optimized αvβ3 or αvβ5, and its affinity is 20-fold greater 

than that of similar peptides with a single disulfide bond and 

is 200-fold greater than that of linear peptides.3

In a previous study,4 we constructed and expressed a 

targeted enzyme as a fusion protein, which consisted of 

RGD4C as the targeting motif and a β-lactamase variant with 

mutations at K21A and S324A. The β-lactamase variant had 

two T-cell epitopes removed to reduce the immunogenicity 

of the wild-type enzyme. The results revealed that the fusion 

protein, RGD4C-β-lactamase (RGD4C-βL), retained the 

targeted effect of RGD4C when used in a targeted enzyme 

prodrug system. The engineered variant, RGD4C-βL, 

can be expressed in a soluble form at an acceptable yield 

in Escherichia coli. In this study, the antibody binding 

specificity and enzymatic activity of the fusion protein was 

analyzed and compared with that of the wild-type RGD4C 

and β-lactamase, respectively. We also investigated the 

activating capacity of the fusion protein in the presence of a 

cephalosporin–melphalan prodrug (C-Mel) in vitro.

Materials and methods
Materials
Arctic Express™(DE3) RP (GenScript USA Inc.,  Piscataway, 

NJ, USA), and plasmid pCold II were maintained in the 

laboratory; primers and sequence encoding RGD4C-βL were 

synthesized by GenScript USA Inc. Ni-NTA resin was obtained 

from Shanghai ShineGene Molecular  Biotechnology Co, Ltd, 

Shanghai, People’s  Republic of China. Nitrocefin was from 

Oxoid™ (Thermo Fisher Scientific Inc., Waltham, MA, USA). 

Human plasma and peripheral blood buffy coat samples were 

from the Tianjin Blood Center (Tianjin, People’s Republic 

of China). C57 mice were obtained from the Experimental 

Animal Center of the Academy of Military Medical Sciences 

(Beijing, People’s Republic of China). NCI-H460 cells were 

from the Cell Resource Center, IBMS, CAMS/PUMC (Beijing, 

People’s Republic of China) and were maintained in Dulbecco’s 

Modified Eagle’s Medium (DMEM)/high glucose contain-

ing 100 units/mL penicillin, and 100 µg/mL streptomycin, 

supplemented with 10% fetal bovine serum. C-Mel was syn-

thesized according to the  literature.5 RGD4C-βL was directly 

labeled with fluorescein isothiocyanate (FITC) as previously 

described.6 Endotoxin detection and removal kits, cell counting 

kits (CCK-8 kits), and X-vivo medium were from Shanghai 

Beyotime Institute of Biotechnology (Shanghai, People’s 

Republic of China) and used according to the manufacturer’s 

instructions. All materials were handled in accordance with 

the guidelines of the Ethics Committee of Chinese Academy 

of Medical Sciences.

Production and characterization  
of rgD4c-βl
The fusion gene was cloned into E. coli BL21 (DE3) in 600 mL 

Terrific Broth supplemented with 10 mg/L chloramphenicol 

at 30°C for 48 hours. When the absorbancy of A600 reached 

0.8, 1 mL culture was aseptically removed as the sample, and 

0.3 mM isopropyl-beta-D-thiogalactopyranoside (IPTG) was 

added to a final concentration of 1 mmol/L. Expression of 

RGD4C-βL was monitored after 0, 1, 3, and 5 hours at 25°C 

and 225 r/min. The supernatant was collected after centrifu-

gation at 4°C and 11,000×g for 5 minutes. The supernatant 

and the precipitate were collected for 12% sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Cell 

extracts were purified with the Ni-NTA purification system, 

using our previously reported method.4

catalytic activity assay  
and plasma stability
The catalytic activity of RGD4C-βL was monitored by 

 adding 90 µL nitrocefin solution at different concentra-

tions (in phosphate-buffered saline [PBS] containing 1% 

dimethyl sulfoxide [DMSO]) into 10 µL fusion protein 

 solution (in PBS); the absorbance at 490 nm was immedi-

ately recorded and then monitored every 12 seconds for 5 

minutes.  Hydrolysis of nitrocefin resulted in an increase in 

absorbance, and the kinetic constants of RGD4C-βL toward 

nitrocefin were determined by measuring nitrocefin hydro-

lysis in the range of 60 to 160 µg/mL with a fusion protein 

concentration of 1 µg/mL. Kinetic constants were calculated 

using Lineweaver–Burk plots. A plasma stability assay was 

carried out, and according to the activity measurement, 

the fusion protein was added to human plasma at 1 µg/mL 

and incubated at 37°C for 14 days. A sample was removed 

every 48 hours over that period, and the catalytic activity 
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was monitored as described above. Each experiment was 

repeated thrice, and the results were averaged.

in vitro immunogenicity assay
The immunogenicity of RGD4C-βL was determined 

using two types of immune cells, human peripheral blood 

mononuclear cells (PBMC) and mouse splenocytes, by 

proliferation methods. Endotoxin in the RGD4C-βL 

samples was detected and removed, using the endotoxin 

detection and removal kits, until the endotoxin content 

was ,0.1 EU/mL.

PBMC from community donors were separated by density 

centrifugation and cultured at 106/mL in X-vivo medium, in 

96-well plates. Then, 10 µL fusion protein solution in PBS 

was added to 90 µL of the cell solution to a final  concentration 

of 10 µg/mL, and the cells were incubated at 37°C for 

48 hours. Following this, 10 µL CCK-8  working solution was 

added, and the absorbance at 450 nm was measured. Each 

PBMC culture was tested in replicates of at least six wells; 

control cultures contained no added protein, and lipopolysac-

charide (LPS), at the same concentration, was added to the 

positive control culture.

C57 mice (6–8 weeks of age) were sacrificed by  cervical 

dislocation. The spleen was extracted aseptically and ground 

to prepare a cell suspension in PBS. The suspension was 

then treated with erythrocyte lysis buffer, and cultured at 

2 × 106/mL in Roswell Park Memorial Institute (RPMI)-

1640 medium, in 96-well plates. Then, 10 µL fusion protein 

solution in PBS, at a concentration of 10 µg/mL, was added 

to 90 µL cell solution, and the cells were incubated at 37°C 

for 48 hours. Next, 10 µL Celltiter-Glo™ Luminescent 

Cell Viability Assay (Promega Corporation, Fitchburg, WI, 

USA) was added, and following incubation for 10 minutes, 

cell proliferation was monitored by bioluminescence. 

A positive response was observed when the proliferative 

response reached a stimulation index (average experimental 

cpm/average control cpm) of $2. A parametric, two-tailed 

 Student’s t-test was performed. Significance was determined 

at P,0.05.

Immunofluorescence staining
NCI-H460 cells (4×105) were cultured overnight in 24-well 

plates. The cells were washed with PBS and fixed with 10% 

alcohol for 10 minutes at room temperature. After washing 

three times with PBS, the cells were stained with 20 µg/mL 

RGD4C-βL for 80 minutes at 4°C. The cells were viewed 

under a phase contrast microscope and a digital fluorescence 

microscope.

in vitro cytotoxicity
The C-Mel prodrug was required to determine the in vitro 

cytotoxicity of RGD4C-βL. A monolayer of NCI-H460 cells 

was cultured in RPMI-1640 medium containing 10% fetal 

bovine serum. The cells were seeded into 96-well plates at 

5,000 cells/well and allowed to adhere for 24 hours at 37°C. 

RGD4C-βL was added at a final concentration of 2 µΜ, and 

following incubation for 60 minutes on ice, the cells were 

washed with fresh medium three times. C-Mel, at different 

concentrations ranging from 0.4–200 µM, was added, and fol-

lowing incubation for 4 hours, the cells were washed thrice and 

incubated for a further 12 hours. Then, 3-(4,5- dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent was 

added to each well, and survival was measured after 4 hours, 

based on absorbance at 490 nm. Each data point was measured 

in triplicate. RGD4C-βL, melphalan, and C-Mel, at several 

concentrations, were coincubated with cells for 4 hours, 

washed thrice, and incubated for a further 12 hours, and the 

MTT assay was performed to determine their cytotoxicity, 

respectively. The entire experiment was performed three times 

and similar results were obtained each time.

Results
characterization of rgD4c-βl
The expression of RGD4C-βL in E. coli was identified 

by SDS-PAGE (Figure 1A). RGD4C-βL was partially 

soluble, and the expression level of the protein was 

acceptable. RGD4C-βL was purified by stepwise affinity 

chromatography, followed by ion-exchange  chromatography. 

These  purification procedures resulted in a final yield of 

approximately 9 mg purified RGD4C-βL/L, and the purity 

was not less than 90%. The RGD4C-βL protein formed 

a homodimer under nonreducing conditions. Most of the 

dimer was reduced to a monomer, and a single band at 42 

kDa was shown on reduced SDS-PAGE after treatment with 

DTT (Figure 1B).

catalytic activity assay  
and plasma stability
To investigate the utility of RGD4C-βL, we studied its 

catalytic activity and stability in a simulated in vivo 

environment by measuring the hydrolysis kinetics of the 

chromogenic antibiotic nitrocefin. The kinetic param-

eters, maximal initial velocity (V
max

), Michaelis-Menten 

constant (K
m
) and turnover number (K

cat
) were 0.84 

mmol ⋅ L−1 ⋅ min−1, 0.65 mmol ⋅ L−1, and 5,887.18 per second 

respectively. These parameters had the same order of mag-

nitude as commercially available β-lactamase (data not 
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shown). Analysis of the plasma stability showed that the 

fusion protein was very stable in human plasma, with .60% 

of the activity remaining after 14 days incubation in human 

plasma at 37°C (Figure 2).

in vitro immunogenicity assay
To study the immunogenicity of RGD4C-βL, we used a 

PBMC proliferation assay and a mouse splenocyte prolifera-

tion assay. LPS was used as a positive control in both assays. 

Unfractionated PBMC from eight donors were incubated 

with RGD4C-βL for 48 hours. Based on the CCK-8 assay, the 

experimental group showed no significant difference compared 

with the blank control, while the positive control showed sig-

nificant differences among the eight donors (Figure 3A). In 

the mouse splenocyte proliferation assay, the stimulation index 

(SI) values of the fusion protein in five tests were less than 2, 

while that of LPS was significantly higher, indicating the low 

immunogenicity of RGD4C-βL (Figure 3B).

Immunofluorescence staining
To examine the binding effect of RGD4C-βL, the fusion 

protein was directly labeled with FITC. The results showed 

that RGD4C-βL retained the ability to bind with the integrin-

positive cells (NCI-H460) (Figure 4).

in vitro cytotoxicity
The sensitivity of cells to melphalan and the prodrug was 

determined using an MTT assay. In our studies, the prodrug 

was shown to be far less active than melphalan against the 

NCI-H460 cell line (Figure 5). However, the fusion protein 

was able to restore prodrug activity close to that of melphalan. 

The half maximal inhibitory concentration (IC
50

) for the 

combination of prodrug and 2 nM fusion protein was 18 µM. 

Another study has also reported the reversal of prodrug IC
50

 to 
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Figure 1 Purification and characterization of RGD4C-βl.
Notes: (A) Purification of RGD4C-βL by ion-exchange column chromatography. Lane 1: load sample; lanes 2–5: “flow through;” lanes 6–8: elution. (B) sDs-PAge analysis of 
the final product. RGD4C-βl appeared as a single monomer band under reducing conditions (lane 1), and as a monomer and dimer under nonreducing sDs-PAge (lane 2).
Abbreviations: rgD4c-βl, rgD4c-β-lactamase fusion protein; sDs-PAge, sodium dodecyl sulfate polyacrylamide gel electrophoresis; WM, weight marker.
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Figure 2 stability of rgD4c-βl in human plasma at 37°c.
Notes: The activity was monitored for 14 days. rgD4c-βl showed more than 
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Abbreviation: rgD4c-βl, rgD4c-β-lactamase fusion protein.
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that of the original drug.4 This showed that the fusion protein 

was able to activate the prodrug in vitro.

Discussion
ADEPT systems are based on targeted delivery of catalytic 

enzymes that can hydrolyze a nontoxic prodrug to its active 

form. This site-specific activation of the prodrug results in 

a high local concentration of the chemotherapeutic agent 

in tumor tissues, while minimizing exposure of healthy 

tissues. ADEPT systems have been described based on a 

variety of different enzymes.7,8 The results of three clini-

cal trials of ADEPT have been published.9,10 Encouraging 
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Figure 3 (A) human PBMc proliferation assay. in eight tests, the rgD4c-βL groups showed no significant differences compared with the vehicle control groups (P.0.05), 
and the lPs groups were significantly higher than the control groups (P,0.05), with the exception of two donors (no 3 and no 7). (B) Mouse splenocyte proliferation assay. 
In five tests, the SI of the RGD4C-βL groups was lower than 2, and of the LPS groups was significantly higher (.2). A positive response was observed if the proliferative 
response reached an si (average experimental cpm/average control cpm) of $1.99.
Abbreviations: lPs, lipopolysaccharide; PMBc, human peripheral blood mononuclear cells; rgD4c-βl, rgD4c-β-lactamase fusion protein; si, stimulation index.
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Figure 4 Fluorescence imaging of nci-h460 cells binding to FiTc-rgD4c-βl.
Abbreviations: DAPi, 4′,6-diamidino-2-phenylindole; FITC, fluorescein isothiocyanate; RGD4C-βl, rgD4c-β-lactamase fusion protein.
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tumor responses were observed in the first two trials, 

although accompanied by significant systemic toxicity. 

 Immunogenicity seemed to be a key obstacle as all patients 

generated antibodies against the protein components of the 

treatment. Immune responses could not be prevented by 

cyclosporine administration and therefore limited the number 

of treatment cycles per patient. It is not known whether car-

boxypeptidase G2 contains T-cell epitopes.11 However, several 

other factors could have contributed to the immunogenicity 

observed in these ADEPT trials.12

The β-lactamase from Enterobacter cloacae was found to 

contain four cluster of differentiation (CD)4+ T-cell epitopes, 

as determined by a human cell-based proliferation assay. 

Two of the four epitopes were modified with single amino 

acid substitutions, which were selected based on reduced 

proliferative responses and acceptable functional activity 

and expression. Therefore, we hypothesized that the RGD4C/

enzyme conjugate would be an effective option for ADEPT, 

due to the localization and reduced  immunogenicity. In a 

previous study,6 we constructed a fusion protein that had 

a cyclic RGD4C peptide moiety at the NH
2
 terminus of 

β-lactamase, through a glycine-serine linker, and the results 

showed that the fusion protein, RGD4C-βL, had similar 

integrin α
v
β

3
-binding affinity to that of the RGD4C peptide. 

In pursuing our goal of significantly reducing the risk that 

the fusion protein would generate an immune reaction in 

patients, a series of assays were employed to estimate the 

utility of RGD4C-βL.

Enzymatic activation of the prodrug, C-Mel, by the 

fusion protein was shown to occur at the same rate as that for 

β-lactamase. The fusion protein, when specifically bound to 

NCI-H460 cells, completely activated the nontoxic  prodrug, 

and growth inhibition was similar to that obtained with mel-

phalan. Fusion of RGD4C to β-lactamase had a reduced effect 

on the overall immunogenicity of the β-lactamase variant 

when tested using human PBMC and mouse splenocytes. 

Considering that the in vitro immune response to RGD4C-βL 

has already approached the limit of detection of available 

assays, further applications in therapy may not justify the 

risk of immune responses.13

We recognize several potential limitations of our study. 

First, our study only used an integrin-expressing NCI-H460 

human lung cancer cell line to assess the tumor-inhibitory 

effect of RGD4C-βL combined with C-Mel. An integrin-

positive tumor model, such as U87MG, is required to 

test the same fusion protein in future studies as U87MG 

tumors express higher levels of integrin than do NCI-H460 

cells.  Second, there was a lack of direct evidence to prove 

tumor uptake of the fusion protein, and biodistribution of 

RGD4C-βL in the tumor model is a critical factor contribut-

ing to cancer therapy.13,14 We labeled the fusion protein with 

the radionuclide 125I, and in future studies, single-photon 

emission computed tomography (SPECT) imaging could be 

carried out in an in vivo test.

In summary, we describe here the in vitro character-

ization of a RGD4C-βL fusion protein. Incorporation of 

cyclic RGD4C peptide to the NH
2
 terminus of β-lactamase 

had little or no effect on the catalytic effect of the enzyme. 

 Immunogenicity, as assessed by immune cell proliferation, 

showed that RGD4C-βL did not cause significant human 

PBMC and mouse splenocyte proliferation compared 

with the LPS control group. The antitumor effect of 

120

100

80

60

40

20

0
0 50 100 150 200 250−50

S
u

rv
iv

al
 f

ac
to

r 
%

Dosage (µM)

RGD4C-βL

RGD4C-βL+C-Me1
C-Me1

Melphalan

Figure 5 in vitro activation of cephalosporin–melphalan by rgD4c-βl.
Notes: The final concentration of RGD4C-βL was 2 nM (diamonds 0 and 2 nM), and there was no significant decrease in cell viability. The concentrations of cephalosporin–
melphalan and melphalan were 0, 0.4, 1.6, 6.4, 25.6, 102.4, and 200 µM; cephalosporin–melphalan had no significant cytotoxicity when used in combination with RGD4C-βl, 
and its cytotoxic effect on tumor cells was equal to equimolar amounts of melphalan. This demonstrated activation of cephalosporin–melphalan by rgD4c-βl.
Abbreviations: c-Mel, cephalosporin–melphalan; rgD4c-βl, rgD4c-β-lactamase fusion protein.
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RGD4C-βL combined with the C-Mel prodrug was similar 

to that of  melphalan in integrin-positive cells. Furthermore, 

RGD4C-βL can be produced in acceptable yield as a soluble 

protein in E. coli and can be effectively recovered by affinity 

chromatography. An evaluation of the antitumor-effect and 

in vivo biodistribution of the fusion protein is currently in 

progress.
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