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Abstract: ABCG2 is a multidrug resistance efflux pump expressed in many diverse tumors. The overexpression of
ABCG2 is associated with resistance to a wide variety of anticancer agents, providing a noticeable setback to suc-
cessful cancer therapy. Therapies targeting ABCG2 may therefore be a promising candidate for reversal of chemore-
sistance. The anti-ABCG2 single-chain variable fragment (scFv) antibody was constructed by phage display peptide
library technology. Immunoblotting, ELISA and immunocytochemistry were used to evaluate the soluble expression
and immunoreactivity of the scFv. The effects of scFv on cell function and chemosensitization were confirmed by
colony formation, cell migration and CCK-8 assays. Flow cytometry was used to analyse the cell cycle and apopto-
sis. Radioimmunoimaging and nude mouse tumorigenicity assays were taken to determine the biodistribution and
antitumor capacity of the scFv antibody. We have successfully screened out the candidate scFv antibody with an
apparent molecular weight of 34 kDa. The scFv demonstrated favourable binding ability to lung adenocarcinoma
cells and ABCG2 antigen, and the radioactivity was specifically aggregated at the tumor location. Furthermore, the
internalized scFv resulted in antibody-mediated downregulation of ABCG2, proliferation inhibition, apoptosis and
cisplatin (DDP) sensitivity. The anti-ABCG2 scFv antibody possesses good tumoraffin and antitumor activity and
may therefore be an effective therapeutic agent for lung adenocarcinoma that is dependent on ABCG2 for drug
resistance and survival.
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Introduction

Lung cancer is the most commonly diagnosed
cancer globally and tops the list for cancer-
related mortality in both genders [1]. Lung ade-
nocarcinoma has now become the most pre-
dominant subtype, representing over 38.5% of
all lung cancer cases. Despite the development
of new diagnostic technologies, surgical te-
chniques and biologic therapies, the overall
5-year survival rate remains at a stagnant
~15% [2]. Refractoriness to chemotherapy
remains the main aspect of the metastasis and
relapse of primary tumor [3]. At present, none
of available resistance-modulating strategies
have been proven to be clinically useful in lung
adenocarcinoma [4].

ATP-binding cassette (ABC) transporters play a
crucial role in maintaining multidrug resistance

(MDR), and high expression of these proteins is
associated with tumor metastasis, recurrence
and resistance to conventional chemoradio-
therapy [5]. ABCG2, also known as breast can-
cer resistance protein (BCRP), is a new member
of the ABC family, and has also been regarded
as a potential biomarker of tumor-initiating cells
(TICs) [6]. Studies have suggested that the over-
expression of ABCG2 is responsible for therapy
failure and poor clinical outcome [7-10]. Thus,
ABCG2 may serve as an attractive candidate
molecular target to reverse drug resistance
and maximize the curative potential in cancer
intervention.

In recent years, the scFv antibody has gained
popularity in targeted therapy due to the small-
er size, fast penetration, tight binding to target
tissue, fast clearance from the body, and better
pharmacokinetic properties as well as its fully
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human origin [11, 12]. Phage display technolo-
gy is still one of the most commonly used for-
mats for generating recombinant antibody, as a
result of the robustness coupled with the flexi-
bility [13-15].

In this report, we attempted to construct a
phage displayed scFv antibody against ABCG2
of lung adenocarcinoma. Subsequently, we ra-
diolabeled the scFv antibody and investigated
its tumor uptake and biodistribution in mice
bearing ABCG2*A549 tumor xenografts to eval-
uate the tumor targeting capability. Finally, we
explored the underlying mechanisms of the
proliferation inhibition and chemosensitization
of this scFv. Our findings shed light on the anti-
cancer activity of scFv antibody against ABCG2
and may provide a novel promising approach
for molecular targeting therapy of lung adeno-
carcinoma.

Materials and methods
Reagents and cell culture

The filamentousphage display system was pur-
chased from Pharmacia, Co. (Stockholm, Swe-
den). ABCG2 recombinant protein was purch-
ased from Abnova Co. (Taibei, Taiwan). Mouse
monoclonal antibody against ABCG2 and M13-
HRP and rabbit polyclonal antibody against
E-tag were purchased from Abcam Inc. (Cam-
bridge, MA, USA). Rabbit monoclonal antibody
directed against MDR1, Bcl-2, Bcl-xL, Bax, B-
actin and HRP-conjugated anti-rabbit and anti-
mouse IgG secondary antibodies were pur-
chased from Cell Signalling Technology, Inc.
(Danvers, MA, USA). FITC-conjugated anti-mo-
use IgG antibody was purchased from Earth Ox,
LLC. (San Francisco, CA, USA). DDP was obta-
ined from Sigma-Aldrich Co. (St. Louis, MO,
USA). All other chemicals and solvents were of
the highest analytical grade available.

The human lung adenocarcinoma cell lines
A549 and H1975, the nasopharyngeal cancer
cell line CNE2 and the colon cancer cell line
HCT116 were obtained from American Type
Culture Collection (ATCC, Rockville, MD). All cell
lines were cultured in RPMI-1640 (Gibco, Karl-
sruhe, Germany) supplemented with 10% foe-
tal bovine serum (FBS; Gibco) and 1% peni-
cillin/streptomycin under a humidified atmo-
sphere of 5% CO, at 37°C. Cells in the logarith-
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mic phase of growth were used for all ex-
periments.

Production and biopanning of the scFv anti-
body

A phage displayed library of scFv was devel-
oped as described previously [16]. Metasta-
tic lymph nodes of 10 lung adenocarcinoma
patients were collected for total RNA extraction
using TRIzol (Invitrogen, USA). IgG-specific vari-
able heavy (VH) and light (VL) chain gene frag-
ments were amplified by PCR and then used as
templates to extend a linker. ScFv gene was
synthesized by SOE-PCR, then linked to a pCAN-
TABSE phagemid vector and transformed into
electrocompetent E. coli TG1. The bacterium
solutions were scattered on SOBAG agar plates.
Plasmid PCR and Sfi | and Not | (New England
Biolabs, UK) double digestion reactions were
performed to identify the positive insert clones.

The primary library was phage-rescued using
the M13KO7 helper phage and the specific
scFv antibody was isolated by the biopanning
process according to the manual. After three
rounds of panning against A549 cells, three
other rounds were performed against ABCG2
antigen. The eluted phages were serially diluted
to infect the log phase E. coli TG1 to estimate
the titers. Phage ELISA was performed to inves-
tigate the affinity for ABCG2 purified antigen of
the desired scFv. Clones with high affinity were
selected for further evaluation.

Soluble expression of the scFv antibody

Strongly positive clone was selected to infect
log-phage E. coli HB2151. Expression of solu-
ble scFv was induced by adding isopropyl B-D-
thiogalactopyranoside (IPTG) to a final con-
centration of 1 mmol/L. Ice-cold TES (10 mM
Tris-HCI, 1 mM EDTA, 1 mM SDS) solution was
added to induce a mild osmotic shock, and the
mixture was then centrifuged at 12 000 r/min
for 10 min. The supernatant containing the sol-
uble antibodies from the periplasm, was puri-
fied and transferred to clean tubes and stored
at -20°C. The concentration of scFv was de-
termined. The proteins were separated on 12%
gels and visualized by Coomassie Brilliant Blue
staining. For Western blotting, the separated
proteins were transferred on to a polyvinylide-
ne difluoride (PVDF) membrane (Bio-Rad, CA,
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USA), incubated with a primary antibody again-
st E-tag. Antibody binding was visualized by
enhanced chemiluminescence (Bio-Rad).

ELISA and immunocytochemistry

Specificity of scFv antibody toward lung adeno-
carcinoma cells was evaluated by ELISA and
ICC. For ELISA, A549 cells, H1975 cells, CNE2
cells and HCT116 cells were seeded into
96-well ELISA plates (1 x 10* cells/well) and
cultured overnight. There was no significant dif-
ference in the ABCG2 expression level of these
cell lines (additional file 1: Table S1; file 2:
Figure S1 and S2). After being blocked with 1%
BSA/PBS, cells were washed thrice with 0.1%
TBST and 10 ug scFv per well were added to
incubate overnight at 4°C, and non-targeting
scFv antibody (primary scFv before biopanning)
was used as a control. The rabbit anti-E tag
antibody and HRP conjugated secondary anti-
body were successively added and incubated
for 1 h at 37°C. The presence of HRP was
detected with tetramethylbenzidine (TMB) as
substrate. Absorbance at 490 nm was mea-
sured using a microplate reader. For competi-
tive ELISA, we mixed the scFv (1 mg/ml) and
IgG (1 mg/ml) in different ratios as well as I1gG
alone added into each well and performed the
ELISA experiment as described above. Affinities
were determined as the inhibition rates repre-
sented by ELISA readings. For immunocyto-
chemistry (ICC), cells at the density of 1 x 10*
cells/well were seeded into 96-well plates and
incubated with scFv (10 ug/well) at 4°C over-
night, washed with PBS and incubated with the
HRP conjugated anti-E tag antibody. Binding
was detected using diaminobenzidine (DAB) as
the substrate.

Labeling the scFv antibody with radionuclide
and SPECT/CT imaging

The scFv was labelled with 31| using the chlora-
mine T method. Briefly, 50 pl of scFv antibodies
(1 mg/ml) were incubated with 35 pl of 3
(11.0 mCi/ml) for 3 min. Subsequently, 100 pl
of chloramine T (2 mg/ml) was added for a 40-s
reaction followed by a 1 min reaction with 100
ul of sodiumpyrosulfite (2 mg/ml), 100 pl of 1%
kalium iodidum (KI) was added to terminate the
labelling process. The **!l-labelled scFv was pu-
rified by gel-filtration on Sephadex G50 Colu-
mn (GE Healthcare, USA) and the non-target-
ing scFv labelled with 3!l was used as a control.
Tumor-bearing mice were used for the biodistri-
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bution study. ABCG2*A549 cells (2 x 10°) were
implanted subcutaneously into the right shoul-
der area. When tumors reached 500 mm3, mice
were injected via the tail vein with 200 ul of
purified *3%-labelled scFv (approximatelyl0
uCi/g). Three mice were sacrificed at 6, 12, 24,
and 48 h after injection, respectively. The tu-
mor, blood, muscle, brain and other major or-
gans of interest were removed, weighed, and
counted for radioactivity in a gamma counter.
The results are expressed as the percent inject-
ed dose per gram of tissue (% ID/g). Immu-
noreactivity of 3!-labelled antibody was anal-
ysed by dose-dependent cell binding assays.
The mixture of scFv and free 31| was used as a
control.

For radioimmunoimaging analysis, the tumor-
bearing mice were fed with water containing 1%
Kl for 3 days prior to imaging to block the thy-
roids and then injected with **I-labelled scFv
as above described. The primary scFv antibody
labelled with 31| was used as a control. Mice
were scanned at designated times (SPECT-CT
Symbia T2, Siemens, Germany). CT images
were acquired in 30 projections with a 1000
ms exposure time using a 45 kVP X-ray source
over 5 min. Whole-body radionuclide images
were reconstructed using the iterative ordered-
subset expectation maximization (OSEM) algo-
rithm, and fused with CT images.

Growth inhibition and cell viability assays

To directly link antibody effect with ABCG2,
ABCG2* and ABCG2 lung adenocarcinoma cells
were sorted by fluorescent activated cell sort-
ing (FACS). Cells were then seeded into 96-well
plates at 5 x 103 cells/well overnight and incu-
bated with purified scFv (at near IC,  concentra-
tion: 10 pg/well) at 37°C. The effect of scFv on
cell proliferation was measured according to
the protocol of CCK-8 (Dojindo, Japan). All
plates had control wells containing medium
without cells to obtain a value for background
spectrometric absorbance, which was subtract-
ed from the test sample readings.

For colony formation assay, cells were seeded
into six-well plates (1000 cells/well) with 2 ml
medium. ScFv (0, 10 and 20 ug) were added
next day, and the medium was changed every
3-4 days. After 14 days, cells fixed with metha-
nol and stained with 0.1% crystal violet. Visible
colonies (=100 cells per colony) were manually
counted and photographed. The cloning effi-
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Figure 1. Library construction. A. PCR amplification of the VH, VL (Vk/VA)
and scFv fragments. Lane M: DL2000 DNA ladder; lane 1, 3, 5: VH (360
bp), Vk/VA (340 bp); lane 2, 4, 6: VH-Linker- (410 bp), Linker+-Vk/VA (390
bp); lane 7 to 8: scFv (750 bp). B. Plasmid PCR. Lanel to 12: twelve colo-
nies chose randomly, lane M: DL5000 DNA ladder. C. Dual-enzyme diges-
tion. Lanel to 6: Six positive plasmids, lane M: DL5000 DNA ladder. The
scFv and pCANTAB 5E vector were approximately 750 bp and 4522 bp. D.
Phage ELISA. 12 of 16 (75%) independent clones were positive for binding

to ABCG2 antigen (*P/N > 4).

ciency (%) = (the number of clones/the number
of seed cells) x 100%.

Cell migration assays were performed using
24-well Transwell plates (8 um pore size;
Corning). Cells (1.0 x 10° cells/well) in serum-
free medium containing different concentra-
tions of scFv (0, 10 and 20 pg) and migration-
inducing medium (with 5% FBS) were added
separately to the upper and lower chambers.
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14 15 16

After 24 h, the top surface of the
chambers was scraped using a
cotton swab, and the cells on
the lower surface of the mem-
branes were fixed with metha-
nol, stained with Giemsa solu-
tion and counted using light

10 11 12 microscopy.

For cytotoxicity assay, cells pre-
treated with different concen-
trations of scFv for 48 h were
then seeded into a 96-well plate
at a density of 5 x 10° cells/
well, and cultured in medium co-
ntaining increasing concentra-
tions of DDP for 24 h. At the end
of the drug exposure duration,
cell viability was measured by
CCK-8 assay. The half inhibitory
concentration (IC.) values we-
re calculated to evaluate the
degree of chemosensitization.

Apoptosis and cell cycle analy-
ses

For apoptosis analysis, briefly,
after 48 h of scFv treatment (O,
10 and 20 pg), cells were col-
lected and washed with ice-cold
PBS twice and subjected to
annexinV-FITC/PI (KEYGEN Bio-
tech, Nanjing, China) staining for
15 min in the dark at RT. The
cell fluorescence was measur-
ed by the FACS Calibur (BD
Biosciences, San Jose, CA). For
cell cycle analysis, cells were
harvested, and fixed with ice-
cold 70% ethanol overnight at
4°C after treatment with scFv.
Cells were then washed, resu-
spended and stained with Pl/
RNase staining buffer (BD Bio-
sciences) at 37°C for 30 min.
The cell cycle profiles were obtained by flow
cytometry at 488 nm, and the data were
analysed using Cell Quest Software (BD
Biosciences).

Immunoblotting

Cell lysates of ABCG2* and ABCG2 lung adeno-
carcinoma cells incubated with different con-
centrations of scFv were prepared according to
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Table 1. Biopanning scFv antibody library
Phage titer (cfu/ml)

Rounds of

biopanning I?hage Phage Yield (%)
input output
1 3.76 x 10*? 5.8x 10 1.54 x 10°
2 25x%x 102 6.2x10° 2.48 x 10°
3 3.54 x 10* 7.8x10° 2.2x10°
4 2.8 x 10" 8.85 x 10° 3.16 x 10°
5 2.0x10* 2.52x 10" 1.26 x 10*
6 1.8 x 10t 3.06 x 10" 1.7 x 10*

the method described by the protein extract kit
(KEYGEN Biotech). Protein concentrations were
determined using the BCA method. Cell lysates
were analysed for western blots using ABCG2,
MDR1, Bcl-2, Bel-xL, Bax and B-actin. Antibody
binding was visualized by enhanced chemilumi-
nescence (Bio-Rad). Densitometric analysis
was performed using Image Pro Plus software
and normalized to B-actin.

In vivo experiments

BALB/c nude mice (4-6 weeks old) were pro-
vided by the Experimental Animal Centre of
Chongqing Medical University, China. To gener-
ate xenograft models, freshly dissociated
ABCG2*A549 cells (2 x 10%/100 ul PBS) were
subcutaneously injected into the back of each
mouse. Tumor growth and volumes were moni-
tored every other day using a digital calliper
according to the formula V=1/2 x length x
width?. When the average tumor size reached
approximately 500 mm?3, mice were then divid-
ed randomly into four groups: (1) normal saline
(NS); (2) scFv alone; (3) DDP alone; and (4) pre-
treatment with scFv followed by DDP, with four
in each group, and subjected to the correspond-
ing treatment. The therapy used in this study
was scFv 10 mg/kg, i.p., d1-3 and DDP 2.5 mg/
kg, i.p., d 4, 7. There were no treatment-related
deaths until termination. All mice were sacri-
ficed by cervical dislocation. Tumors were then
removed, weighed, and prepared for immuno-
histochemistry (IHC) analysis. All the animal
studies were approved by the Animal Ethics
Committee of Chongqing Medical University.

Immunohistochemistry

Tumor tissues were fixed in 4% formaldehyde
solution and subsequently embedded in paraf-
fin. IHC studies were performed using the stan-
dard streptavidin-peroxidase method with the
Ultra Sensitive SP link Detection Kit (ZSGB-Bio,
Beijing, China) according to the manufacturer’s
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instructions. Tumor specimens were stained
using Ki-67 and cleaved caspase 3 antibody
(Cell Signaling Technology, Danvers, MA) for
cell proliferation and apoptosis. Immunostain-
ed slides were blindly evaluated by a trained
pathologist under a transmission light micro-
scope.

Statistical analysis

Data are graphically represented as the mean
+ standard error of the mean (SEM). All of the
experiments were performed at least in tripli-
cate and representative results are presented.
Student’s t-test and two-way ANOVA were per-
formed with GraphPad Prism 5.0 software (La
Jolla, CA, USA). A p value of less than 0.05 was
considered significant.

Results
Library construction and panning

The presence of VH, VL and scFv gene frag-
ments was confirmed by electrophoresis, with
their sizes were approximately 360 bp, 340 bp
and 750 bp (Figure 1A). Plasmid PCR and dou-
ble digestion reactions (Figure 1B, 1C) reveal-
ed that the positive insert ratio was approxi-
mately 100% (12/12). Rescued by M13KO7
helper phage, the recombinant phage antibody
library (approximately 10'* cfu/ml) was con-
structed. After six rounds of biopanning, indi-
vidual phage-displayed scFv fragments were
tested for reactivity with ABCG2 antigen by
phage ELISA. Of the 16 screened clones, 12
were positive which means the positive recog-
nition rate can reach 75% (Figure 1D). The bio-
panning process resulted in a 110-fold enrich-
ment of affinity (Table 1).

Expression and purification of the soluble scFv
antibody

The scFv was stably expressed in E. coli HB-
2151 transfected with positive phage clone
and purified from the culture supernatant using
a HiTrap™ Anti-E Tag column (Pharmacia). The
expressed and purified scFv was loaded on
12% SDS-PAGE and analysed by Western blot.
This protein migrated with a molecular mass
approximately 34 kDa (Figure 2A).

Immunoreactivity of the scFv antibody

The immunoreactivity of scFv was determined
by ELISA and ICC. Results revealed that the
scFv antibody has relatively specificity that
could bind to A549 and H1975 cells compared
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Figure 2. Expression and immunoreactivity of the scFv
94 antibody. A. SDS-PAGE (lane 1 to 2) and Western blotting
g% - (lane 3 to 4) detect the soluble scFv antibody from peri-
a3 “ plasmic extracts, a 34-kDa band was visualized. Lane
M: Page Ruler™ Prestained Protein ladder; lanes 2 and
34 - 4 4. extract from the negative clone. B. ELISA. The scFv
26 antibody specifically combined with A549 and H1975
lung adenocarcinoma cells. *p < 0.05, **p < 0.01. C.
e Competition ELISA. D. ICC (original magnification, x100,
17 DAB staining). The scFv antibody stained the cytoplasm
of lung adenocarcinoma cells, while little staining was
observed in CNE2 and HCT116 cells.
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cells in vitro (Figure 3A), and the distribution
in vivo was also analysed. As shown in Table

with non-targeting scFv and other cancer cell
lines (Figure 2B, 2D). Competitive ELISA was

performed to confirm antibody affinity. The scFv
was tested at different concentrations (1:1,
1:10, 1:50, 1:100, 1:500 diluted). A high extra-
cellular scFv concentration (1:1 diluted) showed
a significant inhibitory effect in competition
with the IgG antibody (inhibition rate, 68.09% +
4.27%), while the inhibition rate of the low
extracellular concentration group (1:500 dilut-
ed) descended to 4.56% + 1.96% (Figure 2C).

Biodistribution of the scFv antibody and
SPECT/CT imaging

The **-labelled scFv antibody showed dose-
dependent binding to lung adenocarcinoma
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2, the *3!-labelled scFv exhibited rapid tumor
uptake at a relatively high level, with an activity
of 22.98% + 2.85% ID/g at 6 h. Thereafter, the
antibody retention in the tumor decreased over
time. As expected, the activity of the *3*|-labelled
scFv in blood and muscle was lower than that
in tumor xenografts. The tumor-to-blood and
tumor-to-muscle signal ratios at 6, 12, 24, and
48 h were 1.08 + 0.10, 1.61 + 0.44, 3.45 +
1.06, 1.61 + 0.30 and 3.09 + 0.54, 3.17 +
0.17, 4.51 + 0.89, 3.37 + 0.62. The peak ratio
was reached at 24 h. Moreover, the lowest
accumulation of the *3!-labelled scFv was de-
tected in the brain. The tumor-to-brain ratio
increased from 12.08 + 2.93 at 6 h to 23.65 +

Am J Cancer Res 2016;6(5):1026-1039
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Figure 3. Radioimmunoimaging of the scFv antibody. A. Immunoreactivity of 3!l-scFv antibody was analysed using
ABCG2*A549 cell binding assays. The same amount of free *3!| was used as a control. B. The SPECT and CT images
at 24 h were fused. The arrow indicates the tumor graft. C. After intravenous injection of the **!|-labelled scFv and
non-targeting scFv antibody, the tumor-bearing mice were scanned by SPECT at 6, 12, 24, and 48 h, respectively.

The circle area is the ROI.

3.00 at 24 h, which was approximately 4-5
times higher than the tumor-to-muscle ratio at
the same time point. Whole-body imaging by
SPECT/CT further confirmed the tumor-specific
internalization of the scFv antibody compared
with non-targeting scFv (Figure 3B, 3C). The
region of interest (ROI) signal in tumors was 4.5
times greater than that in muscle, indicating
that the antibody specifically accumulates in
the tumor location.

ScFv antibody inhibits cell viability and increas-
es DDP sensitivity

As shown in Figure 4A and additional file 3:
Figure S3, we observed that scFv antibody
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dose- and time-dependently inhibited the prolif-
eration of lung adenocarcinoma cells. Moreover,
in both the colony formation and migration
assays, scFv antibody significantly reduced the
number of ABCG2* cells that could establish a
clone or migrate through the insert membrane
compared with the ABCG2 fraction (Figure 4B,
4C).

To clarify whether the decreased cell viability
was due to the induction of cell apoptosis, flow
cytometry was further performed. Significantly
increased apoptosis was found when cells were
treated with 20 pg scFv antibody (47.95% *
5.43% vs. 8.80% + 2.51%, P < 0.01), which may
partly contribute to the decreased cell prolifer-
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Table 2. Tissue distribution of ***I-labelled scFv antibody in tumor- ScFv antibody modulates
bearing mice (n=3) ABCG2 expression and mito-
Tissue 6h 12h 24 h 48 h chondrial pathway
Tumor 22.98+2.85 10.74 +0.98 6.39+0.54 1.41+0.15 )
Blood 21.28+1.63 737+1.35 224+0.64 0.90+0.08 Since .MDRi/P—gp was also
extensively reported to be
Heart 13.41+1.38 6.02+1.26 1.67+0.19 0.61+0.15 involved in multi-drug resis-
Liver 20.67 +2.18 11.03+1.08 5.68 +0.34 1.35+0.19 tance [18, 19], the expres-
Spleen 18.81£2.71 920+190 425:049 092+019  &on of ABCG2 and MDR1
Lung 17.41+2.60 9.01+1.39 3.35+0.56 0.89 +0.04 was detected by Western bl-
Kidney 21.38+ 1.59 14.02 +1.45 7.86+0.42 1.77 +0.33 otting. As depicted in Figure
Brain 216+0.60 0.74+0.11 0.27+£0.02 0.07 £0.01 5, ABCG2 and MDR1 were
Intestine 18.58 +1.15 1319+ 1.04 6.20+0.14 1.33+0.29 found to be down-regulated
Bone 12.22+1.39 575+1.00 215+0.16 0.690.15 by the scFv antibody in AB-
Muscle 772+1.05 3.40+0.34 1.49+0.20 0.43+0.05 CG2* lung adenocarcinoma
Ratio cells than their ABCG2 coun-
Tumor/brain 12.08 + 2.93 14.92 + 1.91 23.65+3.00 21.65+ 4.95 terparts. To further confirm

Tumor/muscle 3.09 +0.54 3.17+0.17 4.51+0.89 3.37+0.62

Tumor/blood 1.08+0.10 1.61+0.44 3.45+1.06 1.61+0.30

the induction of apoptosis of
scFv antibody, the Bcl-2 fam-

Note: Tissue uptakes are expressed as percent injected dose per gram (% ID/g +

SEM).

ation and growth delay (Figure 4D). It is well
known that there is a close relationship be-
tween cell cycle arrest and the inhibition of cell
proliferation [17]. Subsequently, cell cycle anal-
ysis was performed. Compared with the control
and ABCG2 group, an evident increase of G1
phase cells was observed in the 20 pg scFv-
treated group (70.84% + 1.93% vs.52.44% +
2.72%, P < 0.01), accompanied by a decrease
in the number of cells in S and G2 phases

(Figure 4E).

Further, to investigate the effect of chemosen-
sitization of the scFv antibody, ABCG2* and
ABCGZ2 cells were treated with scFv antibody in
combination with different concentrations of
DDP. As shown in Figure 4F, combined treat-
ment markedly decreased DDP concentration
to achieve 50% growth inhibition when com-
pared with DDP as a single treatment in the
ABCG2* cells (5.73 + 0.18 pg/ml vs. 1.09 *
0.23 pg/ml, P < 0.01), and it also demonstrat-
ed a negative correlation between the IC
value of DDP and scFv concentration. In ABCG2
cells, we did not observe this chemosensitiza-
tion (5.60 £ 0.58 pg/mlvs. 5.12 + 0.36 yg/ml,
P > 0.05), which suggested that the scFv anti-
body might induce DDP sensitivity through the
inhibition of ABCG2 activity.
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ily of proteins was detected.
Data showed that the expres-
sion of Bcl-2 and Bcl-xL was
visibly decreased, while the
expression of Bax was steadily increased in a
concentration-dependent manner. These res-
ults suggest that the mitochondrial pathway is
involved in apoptosis of ABCG2* lung adenocar-
cinoma cells induced by the scFv antibody.

In vivo antitumor activity of the scFv antibody

A549 xenograft model was employed to vali-
date the antitumor potential and increased
DDP sensitivity of the scFv antibody in vivo. As
shown in Figure 6A, smaller tumor volumes
were observed in the combined group com-
pared with that in single drug group and control
group. Significantly decreased proliferation (Ki-
67 staining) and increased apoptosis (cleaved
caspase 3 staining) were detected in the tumor
specimens of combined group (Figure 6B and
additional file 4: Figure S4). These results are
consistent with our findings in vitro, showing
that the scFv antibody increased DDP sensitiv-
ity and significantly inhibited lung adenocarci-
noma development.

Discussion

Drug resistance is a vast research field and
the tolerance to chemotherapy is still the major
cause of cancer lethality [20, 21]. Evidence
is mounting that many cancers that express

Am J Cancer Res 2016;6(5):1026-1039
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ABCG2 exploit the property of the efflux pump
to survive chemotherapy [22-24]. Two recent
studies showed that when SCLC and advanced
NSCLC patients received platinum-based com-
bination chemotherapy, ABCG2 expression was
significantly associated with a lower response
rate to chemotherapy and shorter progression-
free survival (PFS) and overall survival (0OS) [8,
10].

Since lung cancer therapy focuses more on
molecularly targeted therapy [25, 26]. Here, we
managed to generate a bispecific scFv antibo-
dy of lung adenocarcinoma against ABCG2
through phage-displayed peptide library tech-
nology. We optimized the biopanning process
with the combination of two panning strategies.
First, screening directly on the surface of lung
adenocarcinoma cells would maximize the di-
versity of the antibody library and conforma-
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cell growth curve. B. Representative colony
formation assay and quantitative analysis.
The number of colonies in controls was set
to 100%. C. The transwell migration assay.
Random fields were scanned (four fields per
filter) for the presence of cells on the lower
side of the membrane. D. Cell apoptosis
analysis by flow cytometry. Numbers inside
dot plots indicate the percentages of apop-
totic A549 cells. E. Cell cycle analysis by
flow cytometry. DNA content was analysed.
Results were presented as percentages of
the cell population in GO-G1, S, and G2-M
phases of the cell cycle. The upper panel
shows the results of A549 cells. F. DDP
chemosensitization of scFv antibody. All the
experiments were performed thrice in tripli-
cate. *p < 0.05, **p < 0.01.

tional epitopes. Second, the solid phase pan-
ning on purified ABCG2 antigen might enhance
the specificity of the antibody. Eventually, we
produced a high-capacity phage antibody lib-
rary and selected out desired scFv antibody
with favourable specificity and affinity.

Receptor-mediated endocytosis and antibody-
dependent cell cytotoxicity are crucial to the
antitumor activity of antibody [27, 28]. ELISA
and ICC indicated the specific binding capacity
of the scFv antibody to lung adenocarcinoma
cells, which laid the foundation for its subse-
quent functions. As expected, the scFv anti-
body as an immunoactive ligand together with
its cytotoxic effects significantly inhibited cell
proliferation, clonality and motility, and induced
apoptosis and cell cycle arrest. It is likely that
the scFv antibody utilized its cytotoxicity or acti-
vated cytosolic adhesion molecules and down-
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Figure 5. ScFv antibody regulates the ABCG2 expression and activates the Bcl-2 pathway. The expression of ABCG2,
MDR1, Bcl-2, Bel-xL and Bax was evaluated by immunoblotting. B-actin was used as an internal loading control. The
blots shown were representative of six independent experiments. *p < 0.05, **p < 0.01.

stream signalling pathways to exert its effica-
¢y in cancer immunotherapy. Among apopto-
tic regulatory proteins, the Bcl-2 family, which
include both anti- and pro-apoptotic members,
is key regulator [29]. The expression levels of
Bcl-2, Bcl-xL and Bax further validated the
potential mechanism of scFv antibody-induced
apoptosis.

Our in vitro experiments with DDP treatment
showed that the scFv antibody significantly
increased the chemosensitivity to DDP. It was
reported that DDP-induced cell apoptosis in-
volved the activation of the Fas death receptor
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pathway independent of Fas ligand [30]. Since
DDP is not known to be an ABCG2 substrate
[31, 32], it is possible that the scFv antibo-
dy combining with ABCG2 epitope might acti-
vate the Fas receptor and facilitate DDP bind-
ing to the Fas-associated death domain prote-
in (FADD) and thereby result in massive amplifi-
cation of cytotoxicity and apoptosis. Downre-
gulation of ABCG2 could potentially make Fas/
DDP/FADD interactions more stable and dura-
ble. Additionally, the inhibition the process of
recruitment of MDR1 to the active site by block-
ing the ABCG2 epitope may strengthen this
chemosensitization.

Am J Cancer Res 2016;6(5):1026-1039
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However, in vitro experiments may not perfectly
reflect what is observed in primary cancer cells,
whereas in vivo models are more conducive to
the assessment of treatment responses. In
xenograft models, we observed that the scFv
treatment especially when combined with DDP
resulted in remarkable suppression of tumor
growth with smaller tumor volumes and in-
creased numbers of apoptosis cells in the
residual tumors. As is known that ABCG2 also
plays an important role in the maintenance of
the side population (SP) phenotype of cancer
stem-like cells (CSCs), which are hypothesized
to be the primary force driving tumor initiation,
resistance to chemoradiotherapy and recur-
rence [33]. What is noteworthy is that if the
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Figure 6. Antitumor capacity of the scFv
antibody in vivo. A. Tumor volumes were
measured in each group. B. Ki-67 and
cleaved caspase 3 stainings were evalu-
ated by IHC (original magnification, x400).
The number of stained and unstained cells
was counted to generate the percentage
of positive cells. *p < 0.05, **p < 0.01.
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ABCG2* subpopulation has CSC features, con-
ventional observations of curative efficacy (tu-
mor volume) might only suggest how the bulk
tumor responds to treatment, failing to provide
extra support for everlasting tumor eradicating
potential. Seen in this light, other endpoints
(such as tumor regrowth or relapse) should be
added to evaluate therapeutic responses.

In mice bearing tumor xenografts, intravenous-
ly injected *%!-labelled scFv antibody rapidly
accumulated in tumors at a high level within 6
h. In addition, the activity of the 3!l-scFv anti-
body in the blood, kidney and liver decreased
from 20% at 6 h to 1-2% at 48 h after injection,
indicating the rapid kinetics of the antibody.
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The relative satisfactory radioimmunoimaging
effect and affinity to target tissues demon-
strates its potential in lung adenocarcinoma
immunotherapy as a delivery vehicle. However,
the disassociation and degradation of *3!| from
antibody would increase the active signal in the
blood and result in a low ratio of tumor to blood.
Therefore, other radioactive materials should
be explored in future research. Simultaneously,
scFv was localized to the spleen at a slightly
high level that might produce antibody-depen-
dent cell cytotoxicity. However, the potential
interaction between this scFv antibody and
splenocytes might also set the stage for tran-
sient toxicity of spleen and safety concerns. To
decrease unintended side effects, several fac-
tors and parameters for biopanning could be
optimized to lower retention times in non-target
tissue and accelerate clearance from the body.
In addition, developing higher affinity mutants
of scFv through site-directed mutagenesis
could also be considered in the future.

Taken together, a phage-displayed scFv anti-
body of lung adenocarcinoma against ABCG2
antigen was successfully prepared. The fully
humanized scFv antibody exerted favourable
effects in rapidly and specifically binding to
lung adenocarcinoma cells and enhanced DDP
cytotoxicity by targeting ABCG2. Our findings
strongly suggest that the scFv antibody might
be applied as a meaningful supplement for
lung adenocarcinoma chemoresistance rever-
sal and antibody targeted therapy.
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Table S1. Primers for real-time PCR. Sequences of primers (5’-3’) used for real-time PCR including the
length of the PCR product and annealing temperature

Gene Primer sequence (5’-3’) Product size (bp)  Annealing temperature (°C)
ABCG2 F CACAAGGAAACACCAATGGCT

ABCG2 R ACAGCTCCTTCAGTAAATGCCTTC 69 55

GAPDH F GAAGGTGAAGGTCGGAGTC

GAPDH R GAAGATGGTGATGGGATTTC 225 55

bp, base pair; F, Forward; R, Reverse.

b S

GAPDH (225bp) ABCG2 (69bp)

Figure S1. PCR and Western blot analyze the expression of the ABCG2 in different cell lines. The difference was not
statistically significant.
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Figure S2. PCR and Western blot analyze the expression of the ABCG2 in different cell lines. The difference was not
statistically significant.
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Figure S3. ScFv antibody concentration for achieving 50% growth inhibition of lung adenocarcinoma cells was de-
termined by CCK-8 assay.
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Figure S4. Haematoxylin and eosin (H&E) staining confirmed that the histological origin of the xenograft tumors
were lung adenocarcinoma. Representative photomicrographs were provided (original magnification, x 40, x 100,
x 400).



