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Abstract

Background and Objective Gastric/gastrointestinal

cancers are associated with high mortality worldwide.

G-protein coupled receptor (GPCR) superfamily members

such as gastrin/cholecystokinin-B receptor (CCK-BR) are

involved in progression of gastric tumors, thus CCK-BR is

considered as a potential target for immunotherapy. How-

ever, production of functional monoclonal antibodies

(mAbs) against GPCR seems to be very challenging, in part

due to its integration in cell membranes and inaccessibility

for selection. To tackle this problem, we implemented

phage display technology and a solution-phase biopanning

(SPB) scheme for production of mAbs specific to the native

conformation of CCK-BR.

Methods To perform the SPB process, we utilized a

synthetic biotinylated peptide corresponding to the second

extracellular loop (ECL2) of CCK-BR and a semi-synthetic

phage antibody library. After enzyme-linked immunosor-

bent assay (ELISA) screening, the CCK-BR specificity of

the selected single-chain variable fragments (scFvs) were

further examined using immunoblotting, whole-cell

ELISA, and flow cytometry assays.

Results After performing four rounds of selection, we

identified nine antibody clones which showed positive

reactivity with the CCK-BR peptide in an ELISA assay. Of

these, eight clones were unique scFv antibodies and one was

a VL single domain antibody. Specificity analysis of the

selected scFvs revealed that five of the selected scFvs rec-

ognized a denatured form of CCK-BR, while the majority of

the selected scFvs were able to recognize the native con-

formation of CCK-BR on the surface of human gastric

adenocarcinoma cells and cervical carcinoma HeLa cells.

Conclusion For the first time, we report on the establish-

ment of a diverse panel of scFv antibody fragments that are

specific to the native conformation of CCK-BR. Based on

these results, we suggest the selected scFv antibody fragments

as potential agents for diagnosis, imaging, targeting, and/or

immunotherapy of cancers that overexpress CCK-BR.

1 Introduction

Gastric cancer is considered as a high prevalence malignancy

with a high rate of mortality [1, 2]. As the second most fre-

quent cause of cancer-related deaths, its mortality rate is over

a million/year [3, 4]. Many reports demonstrated that hy-

pergastrinemia subsequent to Helicobacter pylori infection

(the so-called endocrine loop) is the most frequent cause of

gastric cancers (i.e., adenocarcinoma, carcinoids) [5–8].
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Further, it has been shown that gastrin secreted by some

already established tumors (e.g., esophageal adenocarci-

noma, hepatocellular carcinoma, colorectal cancer, pan-

crease adenocarcinoma and ovarian stromal tumors) can

impose mitogenic effect(s) on aberrant cells through an

autocrine/paracrine loop [9–12]. The proliferative effect of

gastrin on tumor cells was shown to be mediated through

cholecystokinin-B receptor (CCK-BR), which belongs to the

G-protein coupled receptor (GPCR) superfamily. Thus,

enormous endeavors have been devoted to interrupting sig-

nal transduction mediated by the gastrin/CCK-BR pathway

using various approaches including gastrin-specific anti-

bodies [13], G17DT (Gastrimmune) as a cancer vaccine

[14, 15], and polyclonal antibodies directed against N-ter-

minal domain of CCK-BR, either in gastric cell lines [16] or

tumor-xenograft animals [17]. However, these treatment

modalities may be associated with inadvertent upregulation

of ligands [18], and a non-response to active immunization in

a small number of cases [19]. Although targeting of CCK-BR

by monoclonal antibodies (mAbs) may provide improved

clinical outcomes in immunotherapy of gastric/gastrointes-

tinal cancers, no fully human mAb against CCK-BR has thus

far been approved for clinical use.

Recombinant antibody fragments and mAbs have been

shown to provide significant therapeutic effects in cancer

therapy. So far, 34 therapeutic mAbs have been commer-

cialized either in Europe or the US [20], and many others

are under pre-clinical investigations or various stages of

clinical trials [21]. Some of these therapeutic mAbs, which

are produced based on hybridoma technology (11 % mur-

ine, 21 % chimeric and 36 % humanized), contain different

amounts of mouse genetic material that may elicit immu-

nogenic reactions such as human anti-mouse antibody

response (HAMA) [22, 23]. To circumvent such immuno-

genic responses, mouse mAbs have been engineered as

chimeric, humanized, and fully human mAbs. Of these

approaches, combinatorial human antibody libraries in

different display platforms (e.g., phage display, ribosome

display, mRNA display, and cell displays such as Esche-

richia coli, yeast, and mammalian cell display) have been

employed as robust high throughput tools for producing

fully human therapeutic mAbs [24, 25]. Among these

display platforms, phage display technology (PDT) intro-

duced by Smith [26] appears to be the most widely used

approach [27, 28]. In PDT, genes encoding antibody

fragments mainly in single-chain variable fragments

(scFvs) [29] or Fab [28] formats are incorporated into

phage/phagemid vector [30–32] adjacent to one of the

genes encoding coat proteins of the filamentous bacterio-

phages (e.g., M13), mostly minor coat protein 3 (g3p). Of

these, the scFv antibody fragment is the most commonly

used format for construction of phage antibody libraries

[33]. It is a single recombinant molecule that possesses

solely antigen-binding domains constructed of the variable

regions of light and heavy chains [34, 35]. Because they

lack the Fc functional domain, scFv-based antibody frag-

ments (e.g., monobody, diabody, bi-specific antibody, tria-

body, and immunoconjugates) exert their anti-tumor effects

through mechanisms independent from Fc domain-medi-

ated effector functions. Their anti-tumor mechanisms

include (a) interruption of tumorigenesis pathways such as

neutralizing growth factors involved in angiogenesis or

tumor cell growth, blocking or inhibiting receptors medi-

ating proliferation signals, stimulating death receptors, and

accelerating receptor internalization [36, 37], (b) modula-

tion of immune responses such as redirecting effector

immune cells towards tumor cells via bispecific scFvs or

chimeric scFv-T-cell receptors, or blocking negative regu-

latory signals mediated by T cells [37, 38], and (c) delivery

of therapeutic agents such as drugs, enzymes, toxins,

radioisotopes, cytokines, gene constructs, and nanoparticles

to the target site [39]. In comparison to intact canonical

mAbs, scFvs have lower molecular weight (approximately

25 kDa), hence they show better tumor penetration,

homogenous distribution, and less toxicity [40–42]. Taken

all together, scFvs are deemed to be a suitable alternative to

intact mAbs regarding immunotherapy of solid tumors.

CCK-BR belongs to class-A/I (rhodopsin-like) GPCR

superfamily. It possesses an extracellular N-terminus, an

intracellular C-terminus, seven membrane-spanning a-helical

segments that are linked together consecutively through three

extracellular segments (E1, E2, E3), and three cytoplasmic

segments (C1, C2, C3) [43]. Despite the fact that the GPCR

superfamily is one of the most interesting drug targets for

the pharmaceutical and biotechnology industries, no FDA-

approved therapeutic mAb against GPCRs is available. This is

partially due to their low expression yield and difficult purifi-

cation, small extracellular domain for antibody binding,

receptor dimerization, conformational fluctuation, and exten-

sive glycosylation [44].

To circumvent these downsides, a combination of PDT

with an appropriate biopanning method has been exploited

using different antigen formats such as purified receptor

[45], synthetic peptides [46, 47], whole cell selection

[48, 49], and paramagnetic proteoliposomes [50]. Thus, in

the current study, we aimed to implement PDT through a

solution-phase biopanning (SPB) approach for the isolation

of fully human scFv antibody fragments specific to the

native conformation of CCK-BR.

2 Materials and Methods

2.1 Phage Antibody Library

Semi-synthetic human single-fold scFv libraries I ? J

(Tomlinson I ? J), KM13 helper phage, TG1 Tr E.coli for
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phage propagation and HB2151 E.coli for production of

soluble scFvs were purchased from Source BioScience

(Nottingham, UK). Diversity of the library was approxi-

mately 1.4 9 108 transformants. The phage antibody

library was constructed by side chain diversification of

complementarity-determining regions (CDRs) [i.e., CDR2

and CDR3 of a single framework from VH (V3-23/DP-47

and JH4b)] and VL (O12/O2/DPK9 and Jj1) while CDR1

was kept constant. The diversifications were incorporated

at 18 residues that are highly diverse in primary repertoire

and function as antigen binding sites. Sequences encoding

antibody fragments were cloned next to gene 3 protein in

phagemid vector, pIT2, with His and myc tags.

2.2 Cell Lines, Antibodies and Reagents

Human gastric adenocarcinoma (AGS), cervical carcinoma

(HeLa) and mouse embryo fibroblast (NIH 3T3) cell lines

were provided by the Iranian National Cell Bank (Cell

Bank Department, Pasture Institute, Teheran, Iran). All cell

lines were maintained in Roswell Park Memorial Institute

(RPMI) 1640 media supplemented with 10 % fetal bovine

serum at 37 �C in 5 % CO2.

A peptide (Biotin-mini-PEG-PVYTVVQPVGPRVL

QCVHRWPSARVRQTWS) corresponding to the ECL2 of

human CCK-BR (residues 190–219) was synthesized with

biotin and mini PEG as a linker at the N-terminus by Bi-

omatik (Cambridge, Ontario, Canada). Peptide purity

(96.48 %) and sequence were verified by high-performance

liquid chromatography and mass spectrometry.

2.3 Solution-Phase Biopanning

Phage displaying scFvs were rescued from the phage antibody

library I (1011 cfu/mL) according to the supplier’s protocol

and used for affinity selection as described previously [51, 52].

Briefly, the rescued phage and Dynabeads M-280 Streptavidin

(Invitrogen, Karlsruhe, Germany) were separately blocked

with blocking buffer (phosphate buffered saline (PBS) con-

taining 3 % bovine serum albumin (BSA) and 0.05 % Tween

20) at room temperature (RT) for 30 min. The blocked phages

were incubated at RT for 2 h with decreasing concentrations

of the biotinylated peptide (100 nM and 50 nM for selection

rounds 1–2 and 3–4, respectively). The phage-peptide mixture

was added to the blocked Dynabeads M-280 Streptavidin and

incubated at RT for 20 min while rotated on an over-head

rotator to capture peptide-bound phage-scFvs. The captured

peptide-bound phage-scFvs were recovered using a magnetic

particle concentrator, DynaMag-2 (Invitrogen, Karlsruhe,

Germany), washed (49) with PBST (PBS 0.1 % Tween 20)

and then with PBS (29). Washing steps were increased to 12

(for round 2) and 26 (for rounds 3 and 4) times. After 10 min

incubation at RT with 0.5 mL of bovine pancreas trypsin

(1 mg/mL) [Sigma-Aldrich Co., Taufkirchen, Germany], the

bound phages were eluted and the supernatant containing the

eluted phages was separated from the beads by DynaMag-2.

To amplify the separated phages, TG1 E.coli bacteria were

infected by the eluted phages at 37 �C for 30 min. The bac-

teria were cultured overnight (at 37 �C) and then infected with

KM13 helper phage (at 37 �C for 30 min) to rescue phage-

displayed scFv antibodies for the next rounds of selection.

Prior to rounds 1 and 2 of the selection process, the

blocked phages were pre-absorbed at RT for 1 h with 100 lL

of the previously blocked Dynabeads M-280 Streptavidin in

order to exclude non-specific phage binders to streptavidin.

2.4 Polyclonal Phage Enzyme-Linked Immunosorbent

Assay (ELISA)

Polystyrene 96-well plates were indirectly coated with

biotinylated peptide through immobilized biotinylated

BSA and streptavidin as described previously [44]. Positive

and negative control plates were coated at 4 �C overnight

with 100 lL/well of ImmunoPure biotinylated BSA

(29130, Thermo Scientific Pierce, Rockford, IL, USA) at a

final concentration of 2 lg/mL in PBS. After washing (39)

for 5 min with PBST, the plates were incubated at RT for

1 h with 100 lL/well of streptavidin (S888, Invitrogen,

Karlsruhe, Germany) at a final concentration of 1 mg/mL

in PBS containing 0.5 % gelatin while shaking gently. All

incubations were followed by washing steps (39) for 5 min

with PBST. The positive and negative control plates were

respectively incubated at RT for 1.5 h with 100 lL/well of

the biotinylated peptide (100 nM) and 2 % M-PBS (PBS

containing 2 % non-fat dried skimmed milk). After

blocking at RT for 2 h with 200 lL/well of 2 % M-PBS,

the PEG-precipitated polyclonal phages (10 lL) resulting

from each round of selection were combined with 2 %

M-PBS (100lL), added to both of the plates and incubated

at RT for 1 h. Detection of the peptide-bound phages

was performed through incubation at RT for 1 h with

100 lL/well of primary anti-M13 mAb (27-9420-01, GE

Healthcare, Amersham, UK) and secondary goat anti-

mouse IgG conjugated horseradish peroxidase (HRP)

(M30107, Invitrogen, Karlsruhe, Germany) at dilution of

1:3000 in 2 % M-PBS. Staining was developed by tetra-

methylbenzidine (TMB) peroxidase substrate solution and

stopped by adding 5 % H2SO4 (1 M).The optical density

(OD) was read at OD450–OD650 [53].

2.5 Soluble Antibody Fragment ELISA

Soluble mAb fragments were produced in 96-well cell

culture plates as described by Marks et al. [54] with some

modifications. Briefly, 1 mL of the non-suppressor strain

HB2151 in exponential growth phase (OD600 = 0.4) was
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infected with 10 lL of the phages (2.5 9 105cfu) eluted

from the fourth round of selection and incubated at 37 �C

for 45 min. After preparation of serial dilutions, the

infected HB2151 bacteria were grown on TYE-AG at

37 �C overnight to obtain single colonies. The single col-

onies were cultured in the cell culture plates (as master

plates) containing 100 lL/well of 29 yeast extract, tryp-

tone containing 100 lg/ml ampicillin and 1 % glucose

(29YT-AG) with 10 % (v/v) phosphate buffer (0.17 M

KH2PO4, 0.72 M K2HPO4) [55] and incubated on a sha-

ker at 37 �C overnight. A small aliquot (5 lL) from the

master plate was transferred to the second plate containing

200 lL phosphate-buffered 29YT-A (PBS-29YT) and

shaken at 37 �C until the OD600 reached 0.9 (approxi-

mately 3 h). Expression of antibody fragments in the cul-

ture supernatant was induced by adding 25 lL/well of

29YT-A containing 9 mM isopropyl b-D-thiogalactopy-

ranoside (IPTG) and 0.9 M sucrose at final concentrations

of 1 mM and 100 mM, respectively. After shaking at 30 �C

overnight, the cultured plates were incubated at 4 �C for

30 min with 39PE buffer (periplasmic extraction buffer:

60 % (w/v) sucrose, 150 mM Tris and 3 mM ethylene

diamine tetraacetic acid (EDTA), pH 8.0 [56], in order to

extract periplasmic scFvs into the culture supernatant. After

centrifugation at 2000 9g, 4 �C for 15 min, 80 lL/well of

the supernatant containing antibody fragments were added to

the antigen-coated plates that already contained 20 lL/well

of 12 % M-PBS and incubated at RT for 1.5 h. The antigen

coating and detection processes were carried out using the

same method mentioned for polyclonal phage ELISA,

except that HRP-Protein A (10-1023, Invitrogen, Karlsruhe,

Germany) was used at a dilution of 1:6000 for detection of

peptide-binding scFvs instead of anti-M13 mAb.

2.6 Sequence Analysis

Double-stranded phagemid DNA from each positive clone

in the soluble antibody fragment ELISA assay was

extracted and purified by QIAprep Spin Miniprep Kit

(27104, Qiagen, Zist Baran, Tehran, Iran). Sequencing was

performed by ABI3730XL DNA sequencer (Applied Bio-

systems, Darmstadt, Germany) using LMB3 primer. The

sequencing data were analyzed by Chromas 2.33

sequencing software (Technelysium Pty Ltd, Queensland,

Australia) and then amino acid sequences were aligned in a

VBASE2 database [57] to compare CDRs and identify

unique antibody fragment clones.

2.7 Expression of Periplasmic Single-Chain Variable

Fragments (scFv)

Expression of periplasmic scFv antibodies was accom-

plished as small scale using 100 mL of phosphate-buffered

29YT-AG [55, 58]. The individual HB2151 colonies

containing scFv genes were grown in a shaker incubator

(250 rpm) at 37 �C to reach an OD600 of 0.9. The bacteria

were centrifuged at 2800 9g for 10 min and then resus-

pended in phosphate-buffered 29YT-A containing 0.4 M

sucrose and 1 mM IPTG. After induction of scFv expres-

sion at 30 �C for 4 h, the bacteria were harvested by cen-

trifugation at 2800 9g, at 4 �C for 10 min. To extract the

periplasmic scFvs, the bacterial pellets were incubated in

1:20 volume of ice-cold 19PE buffer (i.e., periplasmic

extraction buffer: 20 % (w/v) sucrose, 50 mM Tris and

1 mM EDTA, pH 8) on ice for 30 min. The supernatants

containing periplasmic scFvs were obtained by centrifug-

ing at 20000 9g, at 4 �C for 15 min, followed by dialyzing

at 4 �C overnight against PBS using a dialysis tubing cel-

lulose membrane with 12400 Da cut-off (D9652, Sigma-

Aldrich Co., Taufkirchen, Germany).

2.8 Affinity Chromatography

The dialyzed samples were subjected to an affinity

chromatography procedure using Protein-A Sepharose 4B

conjugate (10-1041, Invitrogen, Karlsruhe, Germany)

according to the manufacturer’s instructions. Briefly,

1 mL of protein-A Sepharose suspension was placed into

a 2-mL liquid chromatography column and then equili-

brated with 10-column volumes of PBS, pH 7.2. The

dialyzed samples were passed through the column (39)

and the column was washed with PBS until its absor-

bance at 280 nm reverted to zero. The bound scFvs were

eluted with 0.2 M glycine-HCl (pH 3), collected as

0.5 mL aliquots and read at 280 nm. The eluted fractions

containing scFv antibody fragments were collected for

further analyses. The concentration of purified scFvs

were determined by dividing absorbance at 280 (A280) to

the molar extinction coefficient (e 1mg/mL), in which e
was calculated for each purified scFvs using online

ProtParam freeware (http://web.expasy.org/protparam/).

2.9 SDS-PAGE and Western Blotting

Expression and purification states were monitored by

both sodium dodecyl sulfate polyacrylamide gel electro-

phoresis (SDS-PAGE) and Western blotting. Total cell

lysates and time-point periplasmic extracts of the

selected scFv clones (both induced and un-induced

conditions) were run on two separate 12 % SDS-poly-

acrylamide gels under reducing condition using a Mini-

protean Tetra Cell system (Bio-Rad, Munich, Germany)

to explore the location and induction of scFv expression.

To this end, one of the parallel run gels was stained by

Coomassie Brilliant Blue G-250 and the other one was

used for immunoblotting by the semi-dry Trans-Blot
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system (Bio-Rad, Munich, Germany) as described pre-

viously by Schmiedl et al. [59]. All other procedures

were performed according to the manufacturer’s

instructions. Briefly, the membranes were quenched at

RT for 2 h with 5 % M-PBS, probed at RT for 1 h with

c-Myc (9E10) mAb (Sc-40, Santa Cruz Biotechnology,

Santa Cruz, CA, USA) at a dilution of 1:1000 in 2 %

M-PBS, and stained at RT for 1 h with goat anti-mouse

IgG conjugated HRP (1:5000). All incubations were

followed by washing with PBST (39) at RT for 10 min.

Visualization was carried out by enhanced chemilumi-

nescence Western blotting kit (2133,GE Healthcare,

Amersham, UK) and X-ray film. Meanwhile, the purifi-

cation states of the selected scFvs were also evaluated by

SDS-PAGE and immunoblotting.

2.10 Immunoblotting with Soluble scFvs

For specificity analysis of the soluble scFvs, the

recombinant CCK-BR protein (H000000887-P01, Novus

Biological, Cambridge, UK) was expressed in a cell-free

expression system run on (0.5 lg/lane) 10 % SDS-PAGE

under reducing conditions, and immunoblotting was

performed using polyvinylidene difluouride (PVDF)

membrane (10 V, 45 min). After blocking with 5 %

M-PBS overnight, the PVDF membranes were incubated

with the purified scFvs (30 lg/mL) at 4 �C and washed

(39) for 5 min with PBST. Detection and visualization

of the soluble scFvs were performed as mentioned

above, except that c-Myc (9E10) mAb was used at a

dilution of 1:500 instead of 1:1000.

2.11 Whole Cell ELISA

Specific binding of the purified soluble scFv antibody

fragments to CCK-BR antigen expressing cells were ver-

ified by cell-based ELISA [48]. Briefly, the cell lines (i.e.,

AGS, HeLa, and NIH 3T3) were cultured in T-75 cm2

flasks at 90 % confluence and, after washing, dissociated

in 10 mL of PBS – 2.5 mM EDTA solution at 37 �C for

10 min. The cell pellets were washed and resuspended in

2 % M-PBS, then 150 lL of the cell suspension (con-

taining about 3.3 9 105 cells) was placed in each well and

incubated under gentle shaking for a short period of time.

The cell suspension was spun at 500 9g for 4 min, and

then resuspended in 100 lL/well of the purified scFvs at a

final concentration of 10 lg/mL in 2 % M-PBS. After

incubation under gentle shaking for 1 h, the cell suspen-

sions were spun at 500 9g for 4 min, washed and sub-

jected for detection of bound scFvs by incubating with

100 lL/well of protein A-HRP (1/5000 in 2 % M-PBS).

The cell suspensions were transferred to a fresh

plate which had been previously pre-incubated with

200 lL/well of 2 % M-PBS and washed, then staining was

developed by TMB (110 lL/well). Following incubation

in the dark at RT for approximately 5 min, the cell sus-

pensions were spun at 500 9g for 4 min, and 100 lL of

the supernatants were transferred to a fresh plate which

previously contained 50 lL/well of 5 % H2SO4. The

optical density was read at OD450–OD650. Washing for

each step was performed twice with 180 lL/well of PBS

and all incubations were performed at RT for 1 h, unless

otherwise stated.

2.12 Flow Cytometry

Specific binding of the selected scFvs was further studied

in AGS, HeLa and NIH 3T3 cells using fluorescent-acti-

vated cell sorting (FACS) flow cytometry. The pre-blocked

cells in FACS buffer (1 % BSA and 0.1 % Na3 N in PBS)

were incubated with 100 lL of the soluble scFvs for 1 h on

ice. After washing with 1 mL buffer, the cells were incu-

bated with 100 lL of 5 lg/mL mouse anti-Myc tag mAb

(9E10) in the FACS buffer. Following washing as above,

the cells were incubated with 100 lL of goat anti-mouse

IgG fluorescein isothiocyanate (FITC)-labeled antibody

(1 lg/mL) for 30 min on ice. The cells were washed twice

and resuspended in 500 lL of PBS containing 1 lg/mL of

propidium iodide (Sigma-Aldrich Co., Taufkirchen,

Germany) to exclude dead cells. To assess the fluorescence

intensity, 10,000 events were measured for each sample

using FACSCaliburTM and analyzed with CellQuestTM Pro

software (Becton Dickinson Biosciences, San Jose, CA,

USA).

3 Results

3.1 Monitoring the Biopanning Process

Polyclonal phage ELISA was performed to evaluate suc-

cessful accomplishment of the biopanning process. The

amplified phages after each round of selection were incu-

bated with the indirectly-coated biotinylated peptide

through biotin-BSA and streptavidin. As shown in Fig. 1,

the polyclonal phage ELISA indicated an initiation of

enrichment for peptide-bound phage antibodies after three

rounds of the selection without any notable background

signal standing for non-specific binding. After the first and

the second rounds of the selection process, no significant

positive signal was observed above background. The

enrichment of specific phage clones was improved up to

14.52-fold after four rounds of selection. The results of the

monoclonal phage ELISA further confirmed successful
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accomplishment of the biopanning process, in which the

percent of positive hits increased from 3.13 % in round 3 to

11.97 % in round 4.

3.2 ELISA Screening for the Cholecystokinin-B

Receptor Peptide-Specific Soluble Antibody

Fragments

For specific binding of the soluble antibody fragments to

the biotinylated peptide, ELISA was used to screen all

192 individual antibody clones obtained from selection

round 4. For this purpose, the polyclonal phages eluted

from selection round 4 were used to infect non-sup-

pressor HB2151 E.coli that possess the potential to

produce soluble antibody fragments without g3p.

Generally, soluble antibody ELISA screening gives rise

to a number of false-negative results, in part due to low

yield of soluble antibody fragments in high throughput

screening systems. Therefore, to increase scFv antibody

production in microtiter plates, we utilized a modified

media (PBS-29YT containing sucrose) and 39PE buffer

that favored the liberation of periplasmic antibody frag-

ments into media. The bacterial supernatants containing

soluble antibody fragments were incubated with both

positive- (i.e., coated peptide) and negative-background

(i.e., without peptide coating) ELISA plates. Antibody

clones were considered as positive hits if they showed a

signal at least 3-fold greater than the negative back-

ground. As shown in Fig. 2, nine antibody clones (i.e.,

A6-1, F6-1, E11-1, G3-1, C1-2, C4-2, D3-2, E9-2, and

E12-2) displayed a strong reaction with peptide, while a

very low signal was observed for BSA-streptavidin as a

negative control.

3.3 Integrity and Diversity Analysis of scFv Antibody

Sequences

To identify the presence of intact VH–VL genes in antibody

clones and also related diversity, sequencing was per-

formed for all the antibody clones selected from the

screening step by ELISA. Sequencing results showed that

eight antibody clones (i.e., A6-1, F6-1, E11-1, C1-2, C4-2,

D3-2, E9-2, and E12-2) harbored the full-length size of

scFv gene, and one clone (G3-1) carried only the VL gene.

Sequencing and multiple alignments of amino acid

sequences indicated a diverse panel for scFv isolates. All

eight full-length scFv antibodies showed a distinct

sequence with most diversity occurring in the VL-CDR3

region. Based on diversity dispersion in CDR regions, we

classified eight scFv antibody fragments into three groups

as follows: a) scFvs C1-2 and E9-2 with diversity in

VH-CDR2, VH-CDR3, VL-CDR2, and VL-CDR3 regions;

b) scFvs F6-1, E12-2, and A6-1with diversity in VL-CDR2

and VL-CDR3 regions; and c) scFvs C4-2, E11-1, and D3-2

with diversity in the VL-CDR3 region.

3.4 Expression and Purification of Soluble scFv

Antibodies

After identification of the individual scFv clones specific to

the CCK-BR peptide, we produced sufficient quantities of

scFv antibodies as reagents for downstream processes.

Thus, eight scFv antibody clones, which displayed ELISA-

positive reactions, were used for small scale production of

antibody fragments in the periplasmic fraction. After 4 h

induction, the bacterial cultures were subjected to extrac-

tion of the periplasmic scFv antibodies. SDS-PAGE and

Western blotting analyses (Fig. 3a and b, respectively)

showed a clear and consistent band (with molecular weight

of approximately 28 kDa) in both induced cell lysates and

time-point periplasmic extracted samples. Protein band

width and intensity gradually increased in a time-depen-

dent manner. Since the phage scFv library was constructed

from human VH3-gene family possessing affinity for pro-

tein A, so the extracted scFvs from the periplasmic fraction

were purified by protein-A Sepharose.

Fig. 3c and d shows the purification process of the

selected scFvs through SDS-PAGE and immunoblotting,

respectively. We purified a protein band corresponding to

the predicted molecular weight of the scFv, however, a

small amount of the extracted scFvs was lost in flow-

through and washing steps, probably due to low binding

affinity of protein-A Sepharose. Based on maximum opti-

cal density at 280 nm, we categorized the purified scFvs

into three groups as follows: a) scFvs with OD less than

0.05 (D3-2, A6-1); b) scFvs with OD less than 0.1 (C4-2,

E9-2, F6-1); and c) scFvs with OD more than 0.1 (C1-2,

Fig. 1 Polyclonal phage enzyme-linked immunosorbent assay

(ELISA). Amplified and PEG-precipitated phages displaying single-

chain variable fragments were used for enrichment analysis of

biopanning. OD optical density

60 M. R. Tohidkia et al.



E12-2, E11-1). The expression yields of the scFv clones

A6-1, E11-1, F6-1, C1-2, C4-2, D3-2, E9-2, and E12-2

were 0.22, 0.63, 0.3, 0.6, 0.2, 0.16, 0.54, and 0.75 mg/L of

culture, respectively.

3.5 Binding Specificity of Soluble scFv Antibody

Fragments

The binding potential of the purified scFv antibody frag-

ments to the recombinant CCK-BR antigen and native

conformation of CCK-BR were respectively verified by

Western blotting and whole-cell ELISA. As shown in

Fig. 4, Western blot specificity analysis revealed five scFvs

(E11-1, C1-2, C4-2, D3-2, and E9-2) recognized a defined

protein band of 80 kDa corresponding to the expected

molecular weight of recombinant CCK-BR.

Whole-cell ELISA was used to clarify whether the

purified scFv antibody fragments were able to bind to the

conformational structure of CCK-BR. Two CCK-BR-posi-

tive cell lines (AGS and HeLa) and one CCK-BR-negative

cell line (NIH 3T3) were incubated with 10 lg/mL of the

purified scFvs. Fig. 5 represents the scFv clones C1-2, D3-

2, E9-2, and E12-2 that produced potent signals with both

AGS and HeLa cell lines but not with NIH 3T3 cell line. On

the other hand, the scFvs clones E11-1, F6-1, and C4-2 were

positive with AGS without significant signal with HeLa and

NIH 3T3 cell lines. ScFv clone A6-1 showed significant

binding activity with both AGS and NIH 3T3 cell lines, but

not with HeLa cell line. Whole-cell ELISA assays indicated

that seven out of eight scFvs with positive reactivity to the

biotinylated peptide were able to specifically recognize the

CCK-BR antigen on the surface of the CCK-BR-positive

cell lines.

3.6 Flow Cytometry Analysis

We also implemented flow cytometry analysis to revalidate

the specific binding of the selected scFvs to the CCK-BR-

positive cells (Fig. 6). We found significant binding

activity of the selected scFvs in the CCK-BR positive cells

(Fig. 6d–f), but not in the CCK-BR negative cells

(Fig. 6a–c). Of the selected scFvs, D3-2, E9-2, E12-2, and

A6-1 produced the highest binding potential against both

AGS and HeLa cell lines, in which the responsiveness of

the AGS cells to the scFvs were greater than HeLa cells

(data not shown).

4 Discussion

The GPCR superfamily is a major drug target for the

pharmaceutical industry. Accordingly, up until now, more

than 400 small molecule drugs have been approved to

target over 60 different GPCR proteins, which constitute

just a small proportion of the GPCR superfamily (with over

367 members) [60]. Most of the approved small molecule

drugs used for targeting GPCR proteins show poor phar-

macokinetic properties, lower selectivity, and higher side

effects; therefore, developing therapeutic mAbs against

GPCRs seems to be a promising alternative strategy [60].

As yet, however, no GPCR-targeting immunotherapy has

been approved, even though the GPCR superfamily plays

pivotal roles in various diseases such as cancer, inflam-

mation, and metabolic disorders. Selection of mAbs against

GPCRs (e.g., CCK-BR) appears to be somewhat prob-

lematic. In fact, low expression and instability of purified

GPCRs resulting from their structurally tight integration

Fig. 2 Enzyme-linked

immunosorbent assay (ELISA)

screening for soluble antibody

clones. Individual soluble

antibody clones from round 4

were screened for positive

binding to the biotinylated

peptide. Bacterial supernatants

containing soluble single-chain

variable fragment (scFv)

antibody fragments were

incubated with the target plates

squentially coated with biotin-

bovine serum albumin (BSA),

streptavidin and the biotinylated

peptide, and with the negative-

background plates coated with

biotin-BSA and streptavidin.

OD optical density
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with plasma membrane bio-elements make them very dif-

ficult target antigens for development of biologically

functional mAbs. Another dilemma related to the devel-

opment of GPCR-targeting mAbs seems to be less acces-

sibility of immunogenic epitopes for antibody binding

because of the small extent of N-terminal and extracellular

domains as well as masking protein core by post-transla-

tional modifications such as N-glycosylation [61].

To date, many researchers have recruited various tech-

nologies to overcome problems regarding production of

mAbs against GPCRs. In this respect, some leading com-

panies involved in the production of mAbs have capitalized

on PDT along with different selection platforms. They have

exploited selection processes such as whole cell panning,

solution or solid-phase selection, and paramagnetic

proteoliposomes for developing mAbs against a few

GPCRs such as C3aR,C5aR, CCR4,CCR5, and CXCR4

(well reviewed by Hutchings et al. [60]). Although pro-

duction of mAbs against some specified GPCRs appeared

to be somewhat successful, a generic reproducible selection

platform applicable to different GPCR members has not

been achieved yet. It seems that the intrinsic properties of

GPCR proteins are the major obstacle for successful

selection.

In the current study, we aimed to verify the potential of

PDT for production of fully human scFv antibody frag-

ments against native conformation of CCK-BR using a

semi-synthetic phage scFv antibody library and a versatile

SPB approach. In this respect, ECL2 domain has been

introduced as the most diverse and accessible loop in the

Fig. 3 Sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE) and Western blot analyses of the selected single-chain

variable fragment (scFv) antibody fragments. Expression analysis of

scFvs by (a) Coomassi Brilliant Blue staining and (b) Western

blotting. Purification analysis of scFvs by (c) SDS-PAGE and

(d) Western blotting. Arrowheads illustrate the scFv antibody

fragments. 1 h–4 h samples of periplasmic fractions after 1–4 hours

of induction, E eluted fraction, F flow-through fraction, IN induced

samples of total cell lysate after 4 hours culture, MM molecular mass

marker (kDa), P periplasmic fraction, UN uninduced samples of total

cell lysate after 4 hours culture, UNP uninduced periplasmic fraction

after 4 hours culture, W washed fraction
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class A GPCRs, and is deemed to be involved in activation

of the class A GPCR receptors via ligand recognition,

ligand binding, and signaling pathways [43]. Having con-

sidered this fact, we assumed that the ECL2 domain of

CCK-BR can be an appropriate selection target to develop

biologically functional mAbs. Hence, to select mAbs

specific to CCK-BR, we used ‘human single-fold scFv

library I’ for biopanning in a solution-phase scheme against

a biotinylated synthetic peptide encompassing the ECL2

domain of CCK-BR. We then validated the specificity of

the isolated clones using Western blot, whole-cell ELISA,

and flow cytometry assays.

After the fourth round of the selection steps, we

achieved a high enrichment of specific phage-scFv binders

with a hit rate of 11.97 % (Fig. 1) under highly stringent

conditions such as increasing number of washing steps

(from 6 to 26 times for rounds 1–4) and decreasing the

peptide concentration during successive rounds of selec-

tion. To obtain high affinity scFv antibodies, we designed a

SPB scheme in which the peptide concentration was

decreased in successive rounds of selection (i.e., 100 nM in

rounds 1 and 2; 50 nM in rounds 3 and 4). We have also

successfully carried on the selection process to the fifth

round with the peptide concentration at about 10 nM (data

not shown). Having used this approach, we speculate that

the selected scFvs may have affinities less than 50 nM.

Likewise, it has previously been shown that reducing

concentration of target to a nanomolar level during sub-

sequent rounds of selection provides selection of ligands

with sub-nanomolar affinities [62].

The screening results confirmed strong binding of nine

soluble antibody fragments (Fig. 2). Despite exploiting

some modifications to improve production of soluble scFv

antibodies on a microplate platform and thereby to increase

the efficiency of the soluble antibody ELISA assay [63], the

resulting positive hit rate (4.68 %) was lower than that of

the monoclonal phage ELISA (11.97 %). We speculate that

different reasons may attribute to such an outcome during

the high-throughput screening process. First, monoclonal

phage ELISA may be associated with many false-positive

signals [64, 65]. Second, a soluble scFv ELISA assay is

often coupled with false-negative signals due to either low

yield of soluble scFvs produced on microtitre plates or

lower sensitivity of soluble scFv ELISA assay [63, 66].

Further, the presence of extra amber (TAG) stop codon in

CDRs of scFv antibodies isolated from semi-synthetic

phage antibody libraries (e.g., Tomlinson I ? J) seems to be

a major obstacle for production of soluble scFv in

HB2151(a non-suppressor strain), and thereby for soluble

scFv ELISA screening assay [32, 67, 68].

Sequencing analyses revealed nine selected antibody

fragments as eight unique scFvs and one VL single domain

Fig. 4 Immunoblot of recombinant cholecystokinin-B receptor

(CCK-BR) antigen by soluble single-chain variable fragment (scFv)

antibody fragments. a Purified scFvs. b Unrelated scFv as a negative

control. c A goat anti-CCK-BR polyclonal antibody as a positive

control

Fig. 5 Whole-cell enzyme-

linked immunosorbent assay

(ELISA) of the selected single-

chain variable fragment (scFv)

antibody fragments. Human

gastric adenocarcinoma (AGS)

and cervical carcinoma (HeLa)

(cholecystokinin-B receptor

[CCK-BR]-positive) and NIH

3T3 (CCK-BR-negative) cells

were stained by the selected

scFv antibody fragments

(10 lg/mL), and then by protein

A-horseradish peroxidase

(HRP). OD optical density

CCK-BR as a Target Antigen in Gastric Cancer 63



antibody. This diverse panel of full-length scFv antibody

fragments implies that they may recognize distinct epitopes

and/or bind to the same epitopes, probably with different

affinities.

The selected scFv antibody fragments were produced

in small scale. After purification, they were verified in

terms of binding to whole CCK-BR antigen. Periplasmic

expression yield of the selected scFvs using phagemid

vector, pIT2, was approximately 0.16–0.75 mg/L of

culture. Western blot analysis (Fig. 4) confirmed that five

out of the eight ECL2-reactive scFvs (i.e., E11-1, C1-2,

C4-2, D3-2, E9-2) were able to specifically recognize the

recombinant CCK-BR antigen. For potential binding of

the selected ECL2-reactive scFvs to intact conformation

of CCK-BR antigen, we conducted the cell-based ELISA

assay using live and unfixed cells according to Hoo-

genboom et al. [48]. ScFv clone A6-1 was considered as

a cross-reactive binder as shown in both AGS and NIH

3T3 cells (Fig. 5). Four of the selected scFvs (i.e., C1-2,

D3-2, E9-2, and E12-2) displayed excellent binding

capability to both CCK-BR-positive cell lines (i.e., AGS

and HeLa cells) without any reactivity with CCK-BR-

negative cell lines (i.e., NIH 3T3 cells), while three of

them (i.e., E11-1, F6-1, and C4-2) were capable of

binding to AGS cells (Fig. 5). Low binding activity of

the latter three scFvs toward HeLa cells could be due to:

a) low binding affinity of the given scFvs; b) lower

expression of CCK-BR on HeLa cells; c) inability of the

given scFvs to detect specific conformational epitope of

CCK-BR expressed on solely HeLa cells; or d) inac-

cessibility of such conformational epitope of CCK-BR to

E11-1, F6-1, and C4-2 scFvs. It is also likely that the

post-translational modifications (e.g., N-glycosylation)

mask some epitopes of CCK-BR differently in these two

cell lines. Flow cytometry analysis further indicated that

the major selected scFvs can specifically detect the

CCK-BR antigen in both CCK-BR-positive AGS and

HeLa cells, but not in the CCK-BR-negative NIH 3T3

cells. Of the selected scFvs, E9-2 showed the highest

binding affinity to AGS cells (Fig. 6). It should be

Fig. 6 Fluorescent-activated cell sorting (FACS) flow cytometry

analysis of the selected single-chain variable fragment (scFv)

antibody fragments. Data represent the binding activity of the

selected scFvs (E9-2, E12-2, and D3-2) to the cholecystokinin-B

receptor (CCK-BR)-negative NIH 3T3 cells (a–c) and CC-KBR-

positive human gastric adenocarcinoma (AGS) cells (d–f). The region

2 (R2) shows the scFv-bound cells. Binding of the selected scFvs was

detected by 9E10 monoclonal antibody (mAb) followed by fluores-

cein isothiocyanate (FITC)-labeled anti mouse antibody
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highlighted that we used a low amount of scFv, therefore

we expect to see much greater detection with higher

concentration of scFvs.

In this study, a small number of the selected scFvs

showed different binding profiles in various assays used.

The scFvs E12-2 and F6-1 bound to the CCK-BR-positive

AGS and HeLa cells in a cell-based assay, but not to the

recombinant CCK-BR in a Western blot assay. Presum-

ably, these scFvs can detect a native conformation of the

CCK-BR receptor on the cell surface without any reaction

with the denatured form of the protein in Western blot

analysis – such phenomenon has previously been reported

[69–71]. Lebesgue et al. [69] showed the second extra-

cellular loop of GPCR proteins, which possesses an a-helix

structure in the native form of the receptor, may be dis-

played as dissimilar epitopes in Western blotting (i.e.,

denatured form) and whole-cell ELISA (i.e., native con-

formation). Besides, based on the nature of the assays used,

a designated antigen may differently expose a defined

epitope.

In view of the cell-binding assay results, we found

specific binding of seven scFv antibody fragments to the

native conformation of CCK-BR on the cell surface. This

clearly confirms the robustness of the SPB method for

isolation of conformation-specific scFvs, in comparison

with the other selection platforms. For instance, solid-

phase selection with immobilized antigens or peptides on

solid supports may lead to either frequent isolation of

antibodies that are unable to recognize native protein in a

physiological context or the enriched antibodies may be

specific to the substances of the solid support [51, 72–76].

In fact, direct immobilization of a designated antigen/

peptide may lead to masking/disturbing of some antigenic

epitopes or displaying a new subset of epitopes. Further-

more, contrary to solid-phase methodology which often

fails to enrich antibody fragments with higher biding

affinity, the SPB technique permits selection of rare binders

with high affinity or binders with desired binding kinetic, in

part due to circumventing avidity effects and controlling

antigen concentration during each round of selection [46,

52].

For the first time, we report production of fully human

scFv antibodies against native conformation of CCK-BR.

We envision that these mAb fragments may provide many

prospective translatable clinical applications as well as

research uses. It can be inferred that the produced scFv

antibodies have the potential to be used in structure-func-

tion and receptor-ligand interaction studies. Further, they

can be used in diagnosis, imaging, targeting, and/or

immunotherapy of tumors overexpressing CCK-BR such as

gastric adenocarcinoma, carcinoid cancer, colorectal can-

cers, pancreatic carcinoma, hepatocellular carcinoma, and

stromal ovarian cancer.

5 Conclusion

Production of mAbs against plasma membrane integrated

proteins such as CCK-BR is considered as a challenging

issue, partly because of their inaccessibility/lower accessi-

bility for antibody selection. To generate an appropriate

mAb against CCK-BR, we have successfully used PDT

through a SPB technique and isolated several scFv antibody

fragments with high specificity to CCK-BR. To the best of

our knowledge, no immunotherapy modality is available to

target the CCK-BR receptor and this work is the first study

reporting successful selection of a diverse panel of fully

human scFvs with potentially specific binding toward native

conformation of CCK-BR on the cell surface. While pro-

posing the SPB strategy as a hallmark step in production of

fully human scFv antibody fragments for hardly accessible

antigen targets like CCK-BR, we suggest the selected scFvs

could be used as targeting and/or therapeutic agents toward

preclinical and clinical applications.
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