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Abstract: Recent progress in cancer research has demonstrated that circulating tumor cells (CTCs) can be used as
easily detectable biomarkers with high prognostic value allowing the early detection of metastasis in breast cancer
(BC). The aim of this study was to establish a new HER2* CTC detection assay that might provide a valuable refer-
ence for improving diagnosis and guiding treatment decisions. This assay involves the use of a bioluminescent
protein sequence from the sea pansy, Renilla reniformis, conjugated to a single chain variable fragment (scFv) of
the HER2 antibody. This chimeric anti-HER2-Renilla luciferase fusion protein (anti-HER2-RLuc) targets HER2 cell
surface antigens on CTCs and can be activated to emit light. Anti-HER2-RLuc was able to identify low numbers of
HER2* SK-BR-3 cells (fewer than 10) mixed with large numbers of MDA-MB 231 cells, and this method was also
successfully used to detect HER2* CTCs in blood samples from BC patients (n=59). A lower anti-HER2-RLuc signal,
which suggests a lower CTC level, could be detected in five BC patient blood samples after surgery compared to
preoperative patients. Similar results were also obtained with cell medium-derived exosomes. However, in vivo
optical imaging of tumor-bearing athymic mice failed to demonstrate specific targeting of anti-HER2-RLuc to HER2*
xenografts. We also used protein A/G-coated plates to successfully screen HER2* SK-BR-3 cells mixed with HER2
MDA-MB 231 cells, and immunofluorescence (IF) staining of HER2* cells further confirmed the results. The scFv-
luciferase-based detection assay has the potential to be a practical assay that can be used to facilitate targeted
treatment in HER2* breast cancer.
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Introduction and have predictive value in early disease

[6-10]. Over the past few years, researchers

Breast cancer (BC) is the most common malig-
nant cancer found in women [1]. The overex-
pression of the human epidermal growth factor
receptor 2 (HER2) is detected in 15-20% of
breast cancers patients [2-4] and, due to a
point mutation and augmented expression, is
associated with resistance to many types of
treatment and a poor prognosis [4, 5]. The cir-
culatory system provides a route for the trans-
mission of breast cancer cells to secondary
proliferating metastatic lesions, and high CTC
counts are associated with a poor prognosis

have found that CTCs in peripheral blood (PB)
express HER2 levels corresponding to those in
samples from primary and metastatic sites [11,
12]. In addition, other studies have demonstrat-
ed that due to heterogeneity and several poten-
tially relevant mutations related to BC, the
expression of HER2 on CTCs is often identified
in patients with HER2 primary tumors after
multiple courses of therapy [13-15]. Therefore,
better comprehensive characterization of CTCs
in real time might provide more precise treat-
ments for individual patients.
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New method for the enrichment of HER2 positive CTCs

In this study, we aimed to use a safe, cost-
effective, specific and highly sensitive novel
detection technique based on single-chain vari-
able fragment (scFv)-luciferase protein to eval-
uate the level of HER2 in CTCs. Here, we used
the bioluminescent protein sequence from
Renilla reniformis conjugated to a scFv of the
HER2 antibody. This scFv-luciferase fusion pro-
tein can target CTC-specific/exosome surface
antigens and transmit an amplified signal for
simple detection that can be performed on a
large scale.

Furthermore, we used another technology
involving protein A/G-coated plates to screen
HER2* cells from a large population of back-
ground cells. Gene fusion of the Fc-binding
domains of protein A and protein G produced a
structural and functional chimeric protein with
a broader binding capacity than either protein A
or protein G alone. Protein A/G can bind to
many human Ig subclasses and scFv frag-
ments. Based on this principle, we hypothe-
sized that HER2* CTCs will first bind to anti-
HER2-RLuc, and when added to protein A/G-
coated plates, anti-HER2-RLuc will bind to pro-
tein A/G. To test the feasibility of this method,
we used cell-based experiments and clinical
blood samples.

Exosomes are endosome-derived nanovesicles
have a specific physical structure and are small
in size. Exosomes secreted by cancer cells con-
tain specific antigens that are potentially useful
for immunodetection [16, 17]. In this study, we
also detected exosomes released by HER2-
overexpressing carcinoma cells and explor-
ed the possibility that anti-HER2-RLuc might
detect HER2* exosomes, which are nanove-
sicles.

To the best of our knowledge, this investigation
constitutes the first systematic study using this
new detection method that can effectively
detect HER2* CTCs and exosomes. These data
provide the basis for further investigation of the
detection capacity of scFv-luciferase fusion
proteins.

Materials and methods
Cell cultures

All cell lines were obtained from the Americ-
an Type Culture Collection (Manassas, VA) and
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were used for the CTC detection experiments.
The SK-BR-3 adenocarcinoma cells were cul-
tured in Dulbecco’s Modified Eagle’s Medium
(DMEM) (Gibco), and the MDA-MB-231 and
K562 cell lines were cultured in RPMI 1640
(Gibco). Both media were supplemented with
10% fetal calf serum (FCS) (Sigma) and 1% pen-
icillin/streptomycin (Gibco). The cells were
maintained under standard conditions at 37°C
in a humidified atmosphere of 5% CO,.

Construction of the anti-HER2-Renilla lucifer-
ase plasmid, transfection, and measurements
of RLuc activity: The anti-human HER2 single-
stranded antibody gene was synthesized by
Life Technology. The Renilla luciferase gene
was cut with restriction enzymes (Nhel/Xbal)
from the pRL-TK vector (Promega Corporation,
Madison, WI, USA) and then subcloned into a
pcDNA3 expression vector. The anti-HER2 gene
was then subcloned into the pRL-TK vector at
the N terminus of the RLuc gene (to maintain
the reading frame) using the Hindlll/Nhel sites.
The anti-HER2-Renilla luciferase plasmid was
transfected into 293FT cells in 10-cm cell cul-
ture dishes with Lipofectamine 2000 reagent
(Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’'s recommended protocol. After
48 h, the medium was discarded, and the cells
were gently washed twice with cold PBS. The
cells were lysed with 10 mL of passive lysis buf-
fer (PLB, Promega) for 30 min at room tempera-
ture, as recommended by the manufacturer.
Luminometry was performed in an LB942 lumi-
nometer (Berthold Detection Systems, Ger-
many). The light output was measured for 10
seconds and expressed as relative light units
(RLUs).

Cell experiments

Binding assay to MDA-MB-231 and SK-BR-3
cells: To verify the feasibility and binding cap-
acity of the anti-HER2-Renilla luciferase fusion
protein, we generated a gradient dilution (0, 10,
100, 1000 and 10,000 cells) of two human
breast carcinoma cell lines (HER2 MDA-
MB-231 and HER2* SK-BR-3), as detected by
western blotting. The cells were incubated with
anti-HER2-RLuc (1x108 RLU) for 3 h and were
then washed three times by centrifugation.
Finally, the cells were resuspended in 50 uL of
PBS and measured using an LB942 |umin-
ometer.
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Table 1. Characteristics and pathological
features of the patients

Characteristics n (%)
Age
Mean 54
Range 28-86
Sex Female

Histological type
Intraductal carcinoma 1 (
High grade intraductal carcinoma 3
Ductal carcinoma 52 (88.1%)
Lobules carcinoma 2 (
Clinging carcinoma 1(

IHC (HER2 score)

3+ 12 (20.4%)
2+ 16 (27.1%)
1+ 15 (25.4%)
0 16 (27.1%)
IHC (Hormone receptor)
ER+ PgR+ 23 (39%)
ER+ PgR- 11 (18.6%)
ER- PgR+ 1(1.7%)
ER- PgR- 24 (40.7%)
Metastatic lymph nodes
Negative 31 (52.5%)
Positive 28 (47.5%)
Distant metastasis 0

ER, estrogen receptor; PgR, progesterone receptor.

Specificity of the anti-HER2-Renilla luciferase
fusion protein: To identify the binding specifi-
city, 10,000 SK-BR-3 cells were incubated wi-
th a commercial anti-HER2 antibody at diff-
erent dilution concentrations (0, 1:100,000,
1:10,000, 1:1000, and 1:100) for 2-3 h and
then washed three times with PBS to remove
unbound antibody. The cells were then resus-
pended in 1 mL of PBS, and anti-HER2-RLuc
(108 RLU) was added to the cell suspension.
After incubation for another 3 h, the cells were
washed three times by repeated resuspension
in 1 ml of PBS. Luminometry was performed
using an LB942 luminometer.

Sensitivity of the anti-HER2-Renilla luciferase
fusion protein: Mixed cell experiments were
used to detect the sensitivity of anti-HER2-
RLuc. A gradient dilution (O, 30, 60, 125, 250,
500 and 1000) of individual cell lines was used
for the first two groups, whereas in the third
group, the same gradient dilution of SK-BR-3
cells was mixed with a fixed number (1x10%) of
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MDA-MB-231 cells. Anti-HER2-RLuc (1x108
RLU) was added, and luminometry was per-
formed as previously described.

Optical imaging of tumor-bearing mice

All animal handling was performed in accor-
dance with the National Institutes of Health
Guide for the Care and Use of Laboratory
Animals and was approved by the Laboratory
Animals Care and Use Committee of the Second
Hospital of Shandong University. After 10 days
of acclimatization, tumors (P1) were induced
using the SK-BR-3 and MDA-MB-231 cell lines
(1-2x106° cells) in 6- to 8-week-old female athy-
mic mice purchased from the Model Animal
Research Center of Nanjing University (n=8). At
time zero, the mice were injected via the tail
vein with 100 pL of anti-HER2-RLuc (1x108
RLU). After 2, 4, 6, and 8 h, the mice were anes-
thetized with isoflurane, which was injected via
the tail vein with 100 uL of coelenterazine (3
mg per 20 g of mouse weight), and immediately
imaged for bioluminescence (Perkin Elmer).
Tumor masses were allowed to develop for 60
days and reached 140-200 mg. The mice were
then euthanized by CO, administration, and the
tumors were removed, placed in ice-cold PBS
and then cut into small pieces. We subsequent-
ly anesthetized another eight athymic nude
female mice, and a small incision was made on
the right side of the axilla. After transplantation
of the tumors, the skin was closed with a
suture. The animals were monitored every three
days for primary tumor growth (P2 tumor vol-
ume). For tumor volume measurement, a verni-
er caliper was used to measure the longest and
shortest diameters of the tumor. At the end of
the experiment, the whole blood was collected
directly into 2 ml EDTA vacutainer tubes (Becton
Dickinson) by cardiac puncture using a 1 mL
needle.

Patients and clinical samples

59 breast cancer patients who had not received
any treatment and who presented with stage
I-lllinvasive breast cancer with locally advanced
or lymphatic metastatic disease were eligible
for this research. A separate control group was
comprised of 14 women with benign breast dis-
eases. The clinical and pathological features of
the primary tumors are provided in Table 1. All
the patients were given information regarding
the experimental design of the study and pro-
vided written informed consent prior to collec-
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Figure 1. Schematic diagram of the anti-HER2-RLuc fusion protein detec-
tion system. A. Schematic diagram of genes encoding the anti-Her2-RLuc
fusion protein. scFv is composed of the light and heavy chain variable re-
gions joined by an amino acid linker, and this sc-FV was joined to the Re-
nilla luciferase gene by the indicated ctggtggtgggageec amino acid linker.
B. Process of the detection of this new technique-scFv-luciferase protein.
HER2-positive breast cancer cells can be specifically identified with anti-
HER2-RLuc fusion proteins, which can simultaneously react with coelen-

terazine and emit light.

tion of blood for CTC analyses. This study was
approved by the Second Hospital of Shandong
University Ethics Committee and strictly fol-
lowed the principles listed in the Declaration of
Helsinki. Patients who had received previous
treatments or who had not been pathologically
examined after diagnosis were excluded from
this study.

5 mL samples of peripheral blood were collect-
ed into EDTA vacutainer tubes (Becton
Dickinson). The samples were maintained at
room temperature and processed within 4 h
from collection. In addition to the collection of
the fresh blood samples of breast cancer
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patients, we also collected cl-
inical carcinoma tissue speci-
mens following surgery. These
tissues were flash-frozen in lig-
uid nitrogen, and stored long-
term at-80°C.

Isolation of PBMCs with Ficoll
density gradient

Blood samples (from both pa-
tients and mice) were subject-
ed to enrichment and CTC de-
tection. Peripheral blood mon-
onuclear cells (PBMCs) were
isolated by Ficoll-Hypaque ac-
cording to the manufacturer’s

""""""" instructions.

Screening of CTCs

In addition to the CTC detec-
tion protocol mentioned abo-
ve, we conducted further CTC
screening. A fixed number
of MDA-MB-231 cells (1x10%)
were added to varying num-
bers of SK-BR-3 cells (0, 80,
400, 2000, 4000, 20000
and 40000 cells per 1 mL of
serum-free DMEM) and then
incubated with anti-HER2-RL-
uc (1x108® RLU). After 3 h of
incubation on a shaker at room
temperature, the cells were
washed three times with PBS.
The supernatant was removed,
and the cells were resuspend-
ed in 200 uL of serum-free
DMEM and then transferred to a protein A/G-
coated plate (Thermo Fisher). The plates were
then incubated for another 3 h and gently
washed four times with PBS, and after the cells
were resuspended in 50 uL of PBS in each well,
the light signal was detected using an LB942
luminometer.

Exosome detection

All cells were seeded at a density of 1x10°
cells/mL in fresh complete RPMI medium con-
taining FBS. After 24 h, exosome-containing
culture medium was collected. The medium
was centrifuged at 2,000 g for 30 min to

Int J Clin Exp Med 2018;11(9):9101-9114
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Figure 2. Specificity and sensitivity of anti-HER2-RLuc for detection of HER2* cells. A. Western blotting was used
to detect the HER2 expression of SK-BR-3 and MDA-MB-231cells. B. In order to text the feasibility of this method,
we incubated anti-HER2-RLuc with these two cell lines separately, and detected the light signal using an LB942
luminometer. C. We then used a commercial HER2 antibody as a competitive reagent to the fusion protein to dem-
onstrate the specificity of anti-HER2-RLuc. D. We mixed varing numbers of SK-BR-3 cells and MDA-MB-231 cells to
determine the sensitivity of anti-HER2-RLuc. The data presented are representative of three independent experi-

ments (P<0.05, n=3).

remove any whole cells or debris. Culture medi-
um (1 mL) from the indicated cell types was
incubated with 5 yL of HER2-Luc protein (1x108
RLU/uL) for 1 h at 4°C. The Invitrogen Total
Exosome Isolation reagent was then used to
isolate exosomes (from cell culture media)
according to the manufacturer’'s recommended
protocol with minor modifications. The exo-
some reagent (0.5 mL) was added to each sam-
ple and then centrifuged at 10,000 g for 10
min. The samples were washed 3 times by
removing the supernatant, resuspending the
exosome-containing pellet in 200 uL of PBS,
adding 100 uL of exosome reagent for a 30-min
incubation, and centrifuging at 10,000 g for 10
min. The washed pellet was then resuspended
in 50 L of PBS and mixed with luciferase sub-
strate, and the bioluminescence was measured
in an LB942 luminometer (Berthold Detection
Systems, Germany).
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To explore the existence of a positive correla-
tion between the light signal and the volume of
cell culture medium, the indicated volume of
culture medium was used for detection.

Western blotting

Monoclonal antibodies against HER2 and
GAPDH (Abcam) were used for western blotting.
Protein expression was determined through
enhanced chemiluminescence (ECL) (Millipore).

Immunofluorescence (IF) staining of HER2*
CTCs

Cells were first incubated with goat serum
blocking solution (ZSGB-BIO, ZLI-9056) for 1 h
and then incubated with an anti-HER2 antibody
(Abcam, ab13418) at a 1:300 dilution over-
night at 4°C. After washing, the cells were incu-
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Figure 3. Tumor grafts in mouse model experiments. A. The volume was measured every other day for two weeks.
The diagram shows the tumor growth curve of the eight mice at the indicated times after i.v. injection of the two
tumor cell lines. Points, means; bars, SDs. (n=4 per group). B. Images of the tumors on the right shoulders of the
athymic nude mice following i.v. injection of SK-BR-3 and MDA-MB-231 cell lines. C. Blood samples were harvested
from mice four weeks after tumor grafts. The anti-Her2-RLuc fusion protein was used to detect blood CTCs from

HER2* and HER2  inoculated mice (n=8).

bated with an Alexa Fluor 488-conjugated
secondary antibody (1 h, 22°C). The nuclei
were stained with 4,6-diamidino-2-phenylin-
dole (DAPI).

Statistical analysis

The statistical significance of the differences in
the light signal among multiple groups (human
blood samples) was analyzed by one-way
ANOVA method using SPSS 7.5 statistical soft-
ware. Data are presented as the means + SDs,
and P<0.05 was considered significant. Stat-
istical analyses comparing the results between
two groups (cell experiment, mouse experi-
ment, and protein A/G screen experiment) we-
re performed by one-way ANOVA followed by
Student’s t-test using Prism 5 (GraphPad So-
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ftware, Inc.). Moreover, *, ** and *** indicate
statistically significantly (P<0.05, P<0.01, and
P<0.001, respectively) compared with the
control. Each experiment was conducted in
triplicate.

Results

Expression and construction of scFv-RLuc fu-
sion proteins

A scFv antibody is a fusion protein composed of
variable regions of the light and heavy chains of
immunoglobulin and is used for antigen recog-
nition. The sequences of scFvs are directed
against specific CTC surface antigens such as
HER2 and can be cloned into CMV express-
ion vectors upstream of the Renilla luciferase

Int J Clin Exp Med 2018;11(9):9101-9114
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Table 2. HER2 status of BC and BF patients assessed by

an LB942 luminometer

Figure 2D, HER2* cells could be effec-
tively detected by anti-HER2-RLuc

HER2 score

among a large population of negative

IHC
3+ 2+ 1+ 0

BF background cells even when the

Mean 997964.6 686390.8 321045.8 480112.4 170800.6
SD 612057.6 573131.1 370443.6 395019.7 143556.6

N 12 16 15 16

HER2* cell number was less than 10.

In vivo bioluminescence imaging with

14 anti-HER2-luciferase fusion protein

The relationship of the luminescence results among the five groups
were analyzed by Analysis of Variance (ANOVA), P<0.05 were considered
statistically significant. HER2, human epidermal growth factor receptor 2;

IHC, immunohistochemistry.

sequence. The transfection and expansion of
cells can rapidly yield high quantities of scFv-
luciferase fusion proteins (Figure 1A). A short
linker peptide separates the scFv from the lucif-
erase reporter, rendering a functional protein
that can bind a specific antigen and emit a bio-
luminescent signal when activated. The ulti-
mate purpose is to develop a signal assay used
to identify the presence of a specific type of
breast cancer in the early stage of the disease,
as shown in the schematic diagram in Figure
1B.

In vitro validity, specificity, and sensitivity of
the anti-HER2-Renilla luciferase fusion protein
in cell experiments

To investigate whether anti-HER2-RLuc retained
both HER2-binding and enzymatic light signal-
producing activity, we first identified the HER2
protein expression level in two cell lines (Figure
2A). We then found a positive correlation
between the light signal intensity and the num-
ber of SK-BR-3 cells. In contrast, MDA-MB-231
cells maintained a steady background light sig-
nal due to the absence of binding (Figure 2B).
As anticipated, the bioluminescent signal of
the fusion protein was gradually decreased in
HER2-positive cells pretreated with a commer-
cial anti-HER2 antibody in a dose-dependent
manner (Figure 2C). Together, these data con-
firmed that anti-HER2-RLuc retains the epitope
specificity of the parental antibody and specifi-
cally identifies the HER2 epitope expressed on
cell membranes.

The detection and isolation of CTCs in breast
cancer and many other cancers present a sub-
stantial technical challenge because these
cells are rare. Therefore, the ability of this
method to effectively detect these “rare” tumor
cells is important. For this purpose, as shown in
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Our study evaluated the tumor-target-
ing properties of anti-HER2-RLuc in
athymic mice bearing subcutaneo-
us xenografts of SK-BR-3 and MDA-
MB-231 cells. In contrast to the results report-
ed by Venisnik et al., who detected a signal in
positive tumors as early as 2 h after injection of
the Db-18-RLuc8 fusion protein, in our experi-
ment, no signal was present at any time point
after injection of the fusion protein [18]. As
illustrated in Figure 3A, the mean tumor vol-
umes (P2) of the two groups showed a large
dynamic range, with a >2-fold increase in HER2*
cell-inoculated mice over that of the HER2 cell-
inoculated mice. In all four SK-BR-3-inoculated
mice and in only one MDA-MB-231-inoculated
mouse (P1), a visible neoplasm had formed by
the end of the experimental period (Figure 3B).
The HER2* CTC light signal in the HER2* cell-
inoculated mouse blood was more than two-
fold higher than that of the HER2 inoculated
mice (Figure 3C).

scFv-luciferase enrichment method in BC pa-
tient blood samples

To determine whether this method could effec-
tively detect HER2* CTCs in patient blood, we
investigated its use in 59 peripheral blood sam-
ples from breast cancer patients. Of these, 12
were HER2 3+, 16 were HER2 2+, and 15 were
HER2 1+ BC patients, whereas 16 and 14 were
HER2 and breast fiboroadenoma (BF) patients,
respectively. The luminometry detection data in
Table 2 are expressed as the means + SDs of
the five groups. The light signal was analyzed,
and differences with p values <0.05 were con-
sidered to show statistical significance between
the HER2 3+/2+ breast cancer patients and
the other three parallel groups. Each point in
the scatter diagram represents one patient.
Blood samples with HER2 3+ and 2+ scores by
IHC had a significantly higher bioluminescence
signal than the other three groups (Figure 4A).

Int J Clin Exp Med 2018;11(9):9101-9114
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Figure 4. Application of the anti-HER2-luciferase fusion protein enrichment
method in BC patient blood samples. A. The bioluminescence signal ex-
press detected in 59 BC patient samples with different HER2 scores by IHC.

Her2

pared with the intensity in the
preoperative samples (Figure
4B). We found a similar de-
crease in the HER2 2+ group
and no clear difference bet-
ween the preoperative and
postoperative samples of the
HER2 1+ and O groups (not
shown).

Additionally, we performed we-
stern blotting analysis to fur-
ther evaluate the HER2 sc-
ore (0, 1+, 2+, or 3+4) in the
primary tumors tissues of BC
patients (n=4 groups). As ex-
pected, we obtained the same
results in all but one sample
(1/4), and this tumor tissue,
which was graded as HER2 3+,
did not express HER2 protein
(Figure 4C).

Screening CTCs by using pro-
tein A/G-coated plates

In this experiment, a similar
increase in light signal intensi-
ty was found as an increasing
number of SK-BR-3 cells was
mixed with MDA-MB-231 cells
(1x10% compared with MDA-
MB-231 cells alone, in agree-
ment with the results of previ-
ous experiments (Figure 5A).
Immunofluorescence was used
to confirm that our screened
cells were HER2* (Figure 5B).

B. We selected five pairs of HER2 3+ patient blood specimens before and

after surgery to exmie CTC HER2 levels. C. Western blot analysis was used
to examine HER2 expression in the four different HER2 IHC phenotypes us-

ing patient tumor tissue specimens (n=4 groups).

Notably, we also found that three HER2 1+/- BC
patients who were clinically diagnosed by IHC
had high positive test results; we believe that
this phenomenon is due, in large part, to the
heterogeneity of cancer.

Five pairs of HER2 3+ preoperative and postop-
erative (one week after surgery) blood samples
from breast cancer patients were also collect-
ed and evaluated in our study. As expected, the
light signal intensity in all five groups exhibited
varying degrees of decline after surgery com-
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To determine whether the pro-
tein A/G-coated plate screen-
ing method could effectively
detect CTCs from breast can-
cer patients, we investigated its use in four
pairs of peripheral blood samples, including
three groups with different HER2 phenotypes
and one HER2 group (Figure 5C). The results
showed higher light signal intensity in the HER2
3+/2+ patients than in other groups of patients.

Detection of HER2* exosomes from SK-BR-3
culture medium

Because exosomes are shed from nearly all cell
types and often have similar membrane pro-

Int J Clin Exp Med 2018;11(9):9101-9114
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signal of the screened cells. To test the feasibility of this screening method, we incubated anti-HER2-RLuc (108 RLU)
with MDA-MB-231 cells or with different numbers of SK-BR-3 cells mixed with a fixed number of MDA-MB-231 cells
(10% and then transferred the cells to protein A/G-coated plates. After washing, the light signal was detected using
an LB942 luminometer. B. Patient blood specimens were subjected to the same detection procedure (n=8). C. Im-

munofluorescence (IF) staining of screened HER2* CTCs.

teins as parental cells, we determined whether
exosomes shed from SK-BR-3 cells in culture
could be detected using the scFv-luciferase
method. The K562 cell line, B cells, and com-
plete RPMI 1640 culture medium were used as
negative controls (note that unless removed,
FBS will contain a variety of bovine-derived exo-
somes). Using the HER2 scFv-luciferase meth-
od, we detected a bioluminescent signal inten-
sity that was 3-7-fold greater in the SK-BR-3
cells than in the control groups (Figure 6A).
These results indicated that the HER2* exo-
somes shed by breast cancer cells might be a
useful additional biomarker. To further eluci-
date the relationship between the volume of
culture medium and the bioluminescent signal
intensity, the indicated volume of culture media
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was used for detection. However, no clear dis-
tinction was observed among the different vol-
umes of culture medium, independent of the
HER2* or HER2 status (Figure 6B).

Discussion

In the absence of clinically detectable overt
metastases, CTC can provide unique and
important information regarding the molecul-
ar characteristics of distant metastasis as a
surrogate marker of minimal residual disease
(MRD) [19]. Currently, various tumor markers
such as CEA and CA15-3 are used to assess a
patient’s therapeutic response [20]. In recent
years, however, CTC detection has demonstrat-
ed great potential as a prognostic and predic-
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Figure 6. Exosome isolation and detection from culture media. All cells were cultured under standard conditions in
RPMI 1640. A. One milliliter of culture media was collected and incubated with 5 uL of anti-HER2-RLuc for 1 hour
at 4°C. Invitrogen exosome reagent was added (0.5 mL), and the mixture was incubated for 1 hour at 4°C and
then centrifuged at 10,000 g for 10 min. The samples were washed three times, and the bioluminescence was
then measured. B. The indicated volume of culture media was collected and subjected to the same procedure. The

experiment was performed in triplicate.

tive tool through the expression of biological
markers (such as HER2) in early-stage breast
cancer [12, 21]; moreover, CTCs are likely supe-
rior to serum tumor markers [22]. HER2, which
is encoded by the proto-oncogene ErbB2, is a
member of the epidermal growth factor recep-
tor family. This family contains tyrosine kinase
activity receptors, which are mainly found on
the cell surface of tumor cells as tumor-associ-
ated antigens [12, 23], and is involved in the
regulation of cellular signaling during cellular
growth and development [10, 18, 19]. Addi-
tionally, HER2 is recognized as an important
predictive and prognostic marker and is a clini-
cally relevant treatment target [23-25]. Con-
sidering the wide range of sensitivity (0.7-176
CTCs per mL of blood) and yields (14-100%) of
CTC detection in patients with metastatic
breast cancer, our aims in this study were as
follows: (a) to determine whether scFv-lucifer-
ase-based technology can effectively detect
HER2-positive CTCs in breast cancer with high
sensitivity, and (b) to examine whether small
populations of CTCs can be screened and dis-
tinguished from large populations of non-CTC
cells.

In our study, we performed several experiments
to assess whether this scFv-luciferase-based
technology is able to detect CTCs in a large pop-
ulation of background cells. First, we conduct-
ed a series of in vitro cell experiments and con-
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firmed the feasibility, specificity, and sensitivity
of this detection method using two human
breast cancer cell lines. The CTC detection
method reported can easily detect HER2*
SK-BR-3 cells (Figure 2B). The HER2 expres-
sion level is an essential positive selection
criterion in many CTC detection methods.
Moreover, the anti-HER2-RLuc method exhibit-
ed high specificity and sensitivity and simulta-
neously recognized HER2* antigens and gener-
ated a bioluminescent signal. Importantly, the
anti-HER2-RLuc-mediated light signal of the
SK-BR-3 cell line was significantly reduced
when the cells were pretreated with different
concentrations of HER2 antibody (Figure 2C),
which illustrates the high specificity of the anti-
HER2-Rluc fusion protein. In mixed-cell model
experiments, we found a high detection sensi-
tivity for SK-BR-3 tumor cells that were mixed
with MDA-MB-231 cells. We designed three
parallel groups to verify the sensitivity of this
method, and anti-HER2-Rluc effectively distin-
guished HER2* cells from HER2 cells, even if
the number of positive cells in the reaction sys-
tem was less than 10 (Figure 2D).

To ascertain the physical localization, tumors
were induced in eight female athymic mice
using the SK-BR-3 or MDA-MB-231 human
breast cancer cell lines. Mouse tumor models
were successfully established using these two
primary tumor cell lines, which resulted in a
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success rate of 62.5% (all four SK-BR-3 cell-
inoculated mice but only one MDA-MB-231 cell-
inoculated mouse formed a visible neoplasm).
To a large extent, the success rate might be
due to the degree of malignancy. The faster
growth rate of HER2* tumors compared with
that of the HER2 tumors is shown in Figure 3A.
This result might indirectly indicate that HER2*
breast cancer has a higher degree of malignan-
cy. Following the bioluminescent imaging of
tumor-bearing mice, we were surprised that
anti-HER2-RLuc was unable to specifically tar-
get HER2* tumors and that no bioluminescent
signal was detected in the living animals.
However, Venisnik et al. demonstrated that
light signals can be detected in CEA+ tumor-
inoculated mice as early as 2 h after injection
of fusion protein [18]. We suspect that the
major cause of this phenomenon is associated
with the instability of the fusion protein in vivo
at 37°C (body temperature). Therefore, further
studies are needed to evaluate the stability of
the bioluminescence activity of the fusion pro-
tein in a 37°C environment. Nonetheless, we
demonstrated the capability of anti-HER2-RLuc
to localize preferentially to HER2-expressing
tumors in vitro. Finally, whole blood was col-
lected by heart puncture, assayed, and lumi-
nometry was performed. A significant differ-
ence was observed between these two types of
tumors. As shown in Figure 3B, the light signal
emitted by HER2* tumor-inoculated mice was
more than two-fold higher greater compared
with that emitted by HER2 tumor-inoculated
mice.

The detection results from all patient blood
samples revealed that 28 patients, 16 with a
HER2 score of 2+ and 12 with a HER2 score of
3+, had a higher light signal than patients in
the other three groups (Figure 4A). However,
because tumors show biological heterogeneity,
we found that some patients presented lower
signal in these two groups, and three patients
presented higher light signal in other three
groups. Several studies have shown a high
degree of discordance between the primary
tumor and metastatic sites or CTCs with respect
to hormone receptor and HER2 expression.
Pestrin et al. demonstrated that some HER2
primary tumors might shed HER2* CTCs after
multiple courses of therapy or during disease
progression [13, 15]. These considerations
suggest that the present results should be fur-
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ther considered, and evaluation of HER2-
targeted therapy in patients with HER2 primary
tumors and HER2* CTCs is certainly important.

Based on the results of this study, we consid-
ered whether the expression level of HER2 on
CTCs in peripheral blood showed differences
before and after surgery in individual patients.
In all the tested samples, the luminometry
results showed varying degrees of decline after
surgery (Figure 4B). These data further support
the conclusions that the scFv-luciferase fusion
protein method can effectively detect HER2-
positive CTCs in breast cancer.

Immunohistochemistry (IHC), however, remains
the most common method used for routine
diagnostic evaluation of tumor tissues in clini-
cal practice [26]. However, a drawback of IHC is
its varied interpretations because it is a semi-
quantitative test by nature and requires the
subjective judgment of observers (Molecular
Diagnosis of Breast Cancer). Therefore, it is of
considerable interest to assess whether IHC
can be used as a reliable reference standard in
our research study. In accordance with the
western blotting results, we found that both
methods produced highly consistent results,
although we only evaluated them in four differ-
ent groups due to the tissue specimen limita-
tions (Figure 4C).

In recent years, researchers have developed
many technologies for CTC screening, including
flow cytometry [27], CellSearch [28], CTC chip
[29], and the CAM-capture method [30]. Based
on these studies, we used protein A/G-coated
plates to capture HER2* tumor cells. The light
signal of the protein A/G-initiated CTC screen-
ing method reported here exhibited an effec-
tive ability to capture HER2* cells (Figure 5A).
Specifically, the protein A/G-enriched SK-BR-3
tumor cells mixed with MDA-MB-231 cells were
readily detected by the immunofluorescence
(IF) assay (Figure 5B). In this case, we attempt-
ed to screen CTCs in four pairs of blood sam-
ples from breast cancer patients (3+, 2+, 1+
and 0). Similarly, as shown in Figure 5C, HER2
3+ BC patients exhibit an observably higher
light sighal compared with the other groups.

In addition to the successful detection of HER2*
CTCs, to better characterize the effect of this
detection method, we attempted to apply this
strategy to the detection of HER2" exosomes.
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Ciravolo et al. provided evidence that HER2*
exosomes released either in vitro or in the
serum of HER2-overexpressing breast cancer
patients contain significant levels of activated
HER2 [31]. These findings suggest that patients
with advanced disease and high levels of circu-
lating HER2* exosomes might be considered
ideal candidates for HER2 detection using the
anti-HER2-RLuc-based method. A 3- to 7-fold
increase in the bioluminescent signal intensity
was found in the HER2* BC cell-derived exo-
somes compared with the HER2 cell-derived
exosomes.

A comparison of all the described in vivo and in
vitro studies indicates that the advantages of
our method over the current screening strate-
gies are that it is simple, safe, rapid, inexpen-
sive, quantitative, specific, and sensitive. The
main limitations of our research study are as
follows: (1) a lack of comparisons with healthy
individuals, which implies the potential for con-
founding factors; (2) the limited number of
patient blood and tissue specimens; and (3)
the relatively higher level of fluorescence back-
ground, possibly due to a large quantity of leu-
kocytes that were not removed from the blood.
Future in-depth analyses of CTCs are needed to
identify disease progression in patients with
early-stage cancer.
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