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Abstract

Background The prognostic value of circulating tumor cells (CTCs) in metastatic breast cancer (MBC) has been
extensively studied and verified by the CellSearch® system. Varieties of microfluidic systems have been developed
to improve capture efficiency with the lack of standardization and automation. This study systematically verified

the positive threshold for prognosis and its guidance value in anti-HER2 therapy based on a novel automated micro-
fluidic system OmiCell®.

Methods CTCs isolation, enumeration and labeling were performed using the OmiCell® system. CTCs identification
and reporting were performed using the DeepSight® scanning system.

Results The capture efficiency and specificity of OmiCell® system was 91.9% and 90%, respectively. Then, 65 MBC
patients with known HER2 status of their metastatic tumors were enrolled. In the cohort, we detected > 1 CTCs in 59
patients (90.8%, range: 1-55 CTCs, median=6),<8 CTCs in 45 (69.2%) and > 8 CTCs in 20 (30.8%) patients at base-
line. The patients with <8 CTCs had longer PFS than >8 CTCs (median, 7 vs. 44 months, p=0.028). CTC enumera-
tion was found to be an independent prognostic factor in our cohort. Moreover, we found a weak concordance
between tissue HER2 (tHER2) status and the corresponding CTCs (k=0.16, p=0.266). The patients with tHER2 positive
and cHER2 negative had better PFS compared with patients with both tHER2 and cHER2 positive (median, 8.2 vs.

3.3 months, p=0.022).

Conclusions This clinical study shows the prognosis value of a new threshold of CTC number and meanwhile
the guidance value of cHER2 status in anti-HER2 therapy.

Keywords Microfluidic device, Circulating tumor cells isolation, Human epidermal growth factor receptor 2,
Prognostic, Clinical verification

*Liye Wang, Ruoxi Hong and Simei Shi contributed equally to this work.

*Correspondence:

Chao Han

chao.han@afbio.cn

Mei Li

limei@sysucc.org.cn

FengYe

yefeng@sysucc.org.cn

Full list of author information is available at the end of the article

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12885-024-12818-1&domain=pdf

Wang et al. BMC Cancer ~ (2024) 24:1067

Introduction

Circulating Tumor Cells (CTCs) are tumor cells shedding
from primary or metastatic lesions which are responsi-
ble for tumor metastasis [1, 2]. CTCs represent the most
complete carrier of tumor properties, including genomes,
transcriptomes, proteins, phosphorylation patterns, etc.
As a non-invasive method, CTC-based liquid biopsy
exhibits important values for cancer diagnosis and future
precision medicine [3]. The prognostic values of CTC
detection by using CellSearch® platform have been docu-
mented as strong evidence in various cancers [4, 5]. How-
ever, the heterogeneity of CTCs, mainly manifested in
the loss of epithelial phenotype through Epithelial-Mes-
enchymal Transition (EMT), leads to incomplete capture
of CTCs by Cellsearch®, which is based on Epithelial Cell
Adhesion Molecule (EpCAM)-positive immunoselection
[6]. To overcome this limitation, different strategies have
been proposed. The combination of antibodies targeting
multiple antigens has been used to partially overcome the
lack of specificity of current tumor markers [7]. Another
approach is negative isolation by using a specific marker
CD45 to remove all the leukocytes [8]. On the other
hand, the label-free methods which are based on physi-
cal characteristics of CTCs such as size [9], deformability
[10], density [11], and dielectrophoresis [12], can detect
a larger spectrum of CTCs including those undergoing
EMT transitions [9, 13, 14]. Recent progress in combi-
nation with these strategies has shown the advantages of
using microfluidic techniques in CTCs detection due to
its high precision in flow control [15, 16]. However, this
technique is often limited in throughput, and pretreat-
ment of blood samples, including centrifugation, red
blood cell lysis, etc., is generally required before CTC
capture.

To improve the filtration efficiency, we previously
developed a new type of filter consisting of an array of
conical-shaped holes that facilitate the passage of blood
cells but the retention of captured CTCs under micro-
fluidic conditions [17]. A microfluidics-based automatic
enrichment system in clinical practice [18] has shown
rapid, reliable, and reproducible results, benefiting from
the automation. Also in order to increase the reliability
and repeatability of this new filter with conical shape
[17], we developed a system for automatic and multi-
sample analysis to reach a more reliable stage for clini-
cal and future applications. More specifically, this system
(including OmiCell® and DeepSight®) has been designed
for fully automatic and parallel processing, starting from
blood sample injection to multi-color immunostaining, of
up to 8 blood samples without any human intervention.
Accordingly, a dedicated imaging system has been devel-
oped for advanced CTC classification and protein expres-
sion status assessment. Together, the CTC platform is
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able to isolate more CTC phenotypes, including both
epithelial and mesenchymal CTCs as well as cancer stem
cells. This platform is also capable to identify different
types of cell clusters, including cancer associated fibro-
blast, CTC-neutrophils clusters, CTC-platelets, which
are all important for understanding the tumor metasta-
sis mechanism. Compared to affinity-based methods,
this platform should be more appropriate for analyses of
tumor heterogeneity, tumor drug resistance, etc. Com-
pared to other filtration-based systems, this platform has
been optimized in terms of filter design, microflow con-
trol, throughput, and fully automatic processing. Finally,
this platform is robust, easy to use, and compatible to
downstream analyses of the isolated CTCs.

The aim of this work is to study the performance of this
platform in CTC detection in metastatic breast cancer
(MBC). As a heterogeneous disease, several studies have
shown that substantial discrepancy of human epidermal
growth factor receptor-2 (HER2) status exists between
primary and recurrent/metastatic tumors in breast can-
cer [19, 20]. In addition to CTC enumeration, consider-
able research has been focused on the HER2 status of
CTCs, showing a [21, 22] large inconsistency of HER2
status between CTC and tumor tissue [21, 23-29]. The
clinical implication of this problem in anti-HER2 therapy
has been further studied, confirming the significance of
this inconsistency [25, 28, 30, 31]. Previously studies have
also shown that HER2-negative primary tumors were
capable to acquire HER2 amplification during disease
progression [28, 30]. It is therefore important to develop
a more systematic study on heterogeneity and correlation
between tissue and CTC HER2 status in MBC patients.

After presenting the new platform and the results of
assessment on sensitivity, specificity and limit of detec-
tion, blood samples taken from MBC patients were ana-
lyzed. We found that CTCs represent an independent
predictor of outcome in patients with MBC patients. By
analyzing the HER2 expression status in CTCs, we also
found that the consistency of the HER2 status between
tissue and CTCs was correlated with prognosis in MBC
patients. Further clinical trial including a larger cohort is
warranted to validate the clinical value of CTC analyses
using this platform.

Materials and methods

Study design and participants’ enrollment

MBC patients with known HER?2 status of their meta-
static tumors were enrolled. Previous systemic treat-
ment (s) for metastatic disease were allowed. For these
patients, baseline CTCs evaluations have been done at
the time point that an interval >2 weeks after the last
systemic treatment. For CTC enumeration, peripheral
blood samples (5 mL) were collected from all participants
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(patients and healthy donors) using an indwelling sheathe
syringe needle on the day before the system treatment
and collected in a collected into EDTA tube. All samples
were processed within 24 h.

All patients signed an informed consent to participate
in the study, which was approved by the Ethics Review
Committees (ERC) of Sun Yat-sen University Cancer
Center, Guangzhou, China. All the experimental pro-
tocols, including patient recruitment, blood collection,
CTC isolation, staining and imaging processing, and tis-
sue pathological tumor characterization were approved
by the local ethical board (B2021-062).

Cell lines and culture

Different cancer cell lines MCF-7, ZR-75-1, MDA-
MB-361 and SKBR3 were purchased from the Typical
China Academy Culture Collection Commission Cell
Library (Shanghai, China). The cell lines were cultured
in high glucose RPMI-1640 medium supplemented with
10% fetal bovine serum, 100 units/mL penicillin and
100 pg-mL-1 streptomycin (Invitrogen) in a cell culture
incubator at 5% CO2 and 37 °C ambient temperature.
Cells were cultured to 70-90% confluence then lifted
with 0.05% trypsin—-EDTA (Invitrogen) and spun down
once at ~100 rcf in preparation for different purpose
experiments.

Workflow of OmiCell® system for CTC detection

The OmiCell® system is a high precision and highly sensi-
tive CTC detection platform which is designed for whole
working flow automation and standardization from CTC
enumeration to labelling. DeepSight® scanning system is
an automatic highly sensitive and multi channels fluores-
cence characterization and analyzing platform developed
for CTC identification and reporting. Briefly, CTC iso-
lation, enumeration and labeling were performed using
the OmiCell® system, CTC identification and report-
ing were performed using the DeepSight® scanning sys-
tem. Regarding the preservation of blood samples, 5 ml
of peripheral blood was stored in ethylenediaminetet-
raacetic acid (EDTA) collection tubes, transported at
room temperature to the laboratory, and processed for
analysis within 6 h of collection.

For CTC isolation and labelling with OmiCell® system,
firstly, the microfluidic device with filter is inserted in
the chip holder of the machine, clamped by pressure and
connected with corresponding connectors prior working
flow begin. 5 ml blood samples was prepared by mixing
with manufacturer (Anfang Biotech, Guangzhou, China)
prepared buffer at a ratio of 1:1 and incubated at room
temperature for 10 min. After loading diluted blood sam-
ples in the reservoir on the chip and starting the system,
the CTC enumeration and immunofluorescence labelling
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process will be performed automatically in chip until the
whole working flow is finished. During CTC enumera-
tion, blood samples will be filtrated at optimized flow rate
by the system. After filtration, the membrane surface was
washed for multi times with PBS solution before immu-
nofluorescence steps. During the immunofluorescence
staining steps, cells on membrane was fixed, permeabi-
lized and blocked with corresponding reagents delivered
automatically by the dispenser through the reservoir.
Then, the antibodies cocktail was added and incubated
which include FITC labeled anti-Pan CK (FITC) (AE1/
AE3, Mouse monoclonal antibody, Thermo Fisher Scien-
tific, Cleveland, OH, USA), Cy7 labeled anti-CD45 (HI30,
Mouse monoclonal antibody, Thermo Fisher Scientific,
Cleveland, OH, USA) and DAPI for cell nuclear stain-
ing. Detected CTCs were defined as nucleated (DAPI+,
Thermo Fisher Scientific, Cleveland, OH, USA) intact
cells with positive CK and negative CD45. Additional
antibody such as PE labeled anti-HER2 (EPR19547-
12, Rabbit monoclonal antibody, Abcam, UK) could be
added to for HER2+ CTC characterization. Finally, the
chip and filter were taken out, the filter was mounted on
cover slide which is ready for later microscope scanning,
CTC identification and reporting. The whole working
flow schema is presented in Fig. 1.

For CTC identification and reporting with DeepSight®
scanning system, firstly, the mounted filter on the cover
slide prepared was loaded on the stage. After initializa-
tion and setting, the system began to scan each area of
the filter. In each area, the scanning system will focus,
change optic filter and take images automatically. A 10X
magnification objective was used for screening here.
In addition, CTC identification process was performed
simultaneously during scanning by figuring out selected
CTC on the software interface. A deep learning network
“ResNet-18” [32] was developed to precise segment-
ing cell edge, to extract and quantified all necessary cell
features for identification such as size, shape, marker
intensity, Signal-Noise-Ratio (SNR), etc. Considering
quantified features and threshold, detected CTCs were
defined as nucleated (DAPI+) intact cells with a diam-
eter>5um which is labeled with Pan CK+and CD45-.
When anti-HER2 antibody was added, from the prelimi-
nary selected CTC according with the defined criteria,
HER2+CTC could also be classified which was defined
as DAPI+, PanCK+, CD45-, and HER2+cells (the
PanCK-/HER2+cells are not considered as CTC here).
Further accurate classification is further performed by a
deep learning network “ResNet-18” [32] with annotated
CTC dataset, more quantified CTC morphology and
fluorescent biomarker expression pattern characteristics
could be evaluated. Through deep learning algorithms,
typically no more than 300 candidate CTCs are ranked



Wang et al. BMC Cancer

(2024) 24:1067

Page 4 of 14

I o
1 o
i SN e

Fig. 1 Overview of the OmiCell®. a Image of a filter with conical shaped via holes. b Photograph of a filter integration microfluidic device.

¢ Schematic representation of pressure monitoring during aspiration of a blood sample from the outlet of the device (left). d Photograph

of the system. e Schematic representation of the multi-sample processing configuration. Staining reagents are transported from tubes (left)

to the sample reservoirs (right) with a tiny needle after filtration, all being processed automatically with optical parameters and minimal reagents

in order of confidence. The entire analysis time, includ-
ing image segmentation, screening, and deep learning
analysis, completed within 30 min. When confirming
CTCs, the physician can click on each candidate CTC
in the software. The high-precision motorized stage will
position the selected candidate CTC in the center of
the microscope field of view for the physician to review
under a microscope. Finally, the system will generate a
report with all CTC identified and classified. The whole
working flow schema is presented in Fig. 2.

Performance validation of OmiCell® system
In the following validation, SKBR3 cell lines were
digested, harvested and stained with the fluorescent
dyes-5 pg/ml of Hoechst 33,342 (Beyotime) and 5 um Dil
(Beyotime). Cells were counted with a manual counting
slide (Watson) and then diluted with PBS to ensure ~50
cells in 100 pL of PBS, then certain number of cells were
picked using a 10 uL pipette under an inverted micro-
scope (Leica) at the x 20 objective and spiked into 5 mL
blood collected from healthy donors. The spiked in cells
were processed by OmiCell® and DeepSight® system.
The degree of sensitivity of the instrument’s output to
changes in the input is referred to as sensitivity, while the
degree of linearity between the instrument’s output and
the input is referred to as linearity. Varying number of
Cells from 5 to 1000 in 6 grades were spiked in peripheral
blood from healthy donors. The sensitivity is taken the
linearity of recovery rate (=number of cells recovered/

number of cells spiked *100%.), where assay linearity was
evaluated by plotting the actual Cell number recovered
versus the spiked cell number for each of the concentra-
tions tested, the corresponding correlation coefficient r
was calculated.

Limit of detection (LOD) is the lowest concentration
of tumor cells detectable. 3, 2, and 1 cell were accurately
picked for test, the LOD is defined as the minimal spiked
Cell number when the detectable rate of CTC>80%
among 20 times repeated experience. The specificity is
defined as the percentage of negative samples among the
20 samples, 5 mL blood collected from 20 healthy donors
were processed by standard protocol (Sect. " Workflow of
OmiCell® system for CTC detection”, " Performance vali-
dation of OmiCell® system").

Repeatability was measured by calculating the percent
coeflicient of variation (%CV) of recovery rate (20 cells)
evaluated across 3 separate days by two operators using
paired blood samples, tests repeat for 5 time for each
operator and each day.

Threshold determination of HER2-positive CTC

HER2 positive threshold of CTCs was calibrated
through peripheral blood spiking experiments with dif-
ferent HER2 expression level cell lines. As proposed by
other studies [25], MCF-7, ZR-75—1, MDA-MB-361 and
SKBR3 cell lines were prepared as models whose HER2
status were classified as 0, 1+, 2+, 3+, respectively. For
HER?2 intensity determination, 5 ml of peripheral blood
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Step2: Original Images/Preprocess

CTC/CTM NCTC

Step6: Manual Review Step5: Cell Classification(CTC/NCTC)

Fig. 2 Overview of the DeepSight®. a Photograph of the system, including an optical microscope with autofocusing and multi-sample scan
stage. b Schematic representation of the imaging sub-unit. ¢ The merge image of multiple fluorescence in one image field. d Contour extraction
for all cell under each fluorescence channel. e Extract features (Area, Intensity, Texture, Area and Shape etc.) within the contours of each nucleus
and cytoplasm separately. f Use a trained deep learning network “ResNet-18"to classify CTC and nCTC and (g) the final result was confirmed

by pathologists

from a healthy donor were spiked with approximately 500
cells from these cell lines and then processed with Omi-
Cell® system and DeepSight® system by using the same
protocol described above. The average mean intensity of
each cell line has been characterized.

The cut-oftf of HER2 positive was according to the
expression of BC cell lines. Among them, MCF-7 was
HER2 negative, the mean intensity was 1.9, ZR-75-1 was
HER2 1+, the mean intensity was 2.8. Considering that

HER?2 Intensity =

Intensity

Texture

Intensity

Texture

NR
Step4: Feature Extraction

Classifier

the protein expression of CTCs is typically lower than
that of established cell lines, we have opted to use a ratio
of 2.5 as a more appropriate threshold for determining
HER2 positivity, consistent with the standards utilized
in the literature [23]. Therefore, HER2-positive CTCs
were defined as CTCs with HER2 immunofluorescence
intensity that was at least 2.5 times greater than the back-
ground in tests using BC cell lines [33]. Its formula for
assessing HER2 intensity on CTC was:

Foreground Intensity (Cell HER? staining) /Surface Area

Background Intensity /Surface Area
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Table 1 Description of characteristics in analytical validation
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Performance Characteristics Spike-In CTCs

Assessment Parameter Result

Capture rate 5~1000 CTCs spiked in peripheral blood
from healthy donors

Linearity

Limit of detection (LOD) 1-3 CTCs spiked in peripheral blood

from healthy donors, repeat for 20 times
Peripheral blood from 20 healthy donors

20 CTCs Spiked in peripheral blood
from healthy donors with processed by 2
operators in 3 days, repeat for 5 times

Specificity
Repeatability

Linearity of recovery rate of detected cell
numbers

91.9% (R*=0.99)

Linear Regression of detected CTCs

Lowest measurable CTC count with >80% 2CTC/5 ml
successful rate

False-positive detection rate 90%
Intra-assay and inter assay variability calcu- 6.3% for Opera-
lated by coefficient of variation (%CV) tor A and 6.8%

for Operator B

Briefly, HER2-positive CTCs could also be classified
which was defined as DAPI+, PanCK+, CD45-, and
HER2 + cells (the PanCK-/HER2 + cells are not consid-
ered as CTC here).

Statistical analysis
The demographic data and clinicopathologic features
were collected retrospectively. Progression-free survival
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(PFS) was calculated from the date of baseline CTC
assessment to the date of definite diagnosis of disease
progression, death, or date of last follow-up. We used
X-tile software (V.3.6.1; Yale University, New Haven,
Connecticut, USA) to calculate the optimal cut-off value
for CTCs when PFS was defined as status variable. The
associations between the CTCs and clinicopathological
variables were analyzed using the x> test or Fisher’s exact
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Fig. 3 Performance of the platform. a Recovery rate as a function of flow rate for SKBR3 cells spiked in blood. b Average recovery rate for SKBR3

cells spiked in blood with cell number in the range of 5 to 1000. c Linear regression of average recovery rate with spiked cell number, (d) Average
recovery rate by two operators during 3 days

Day 3
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test. Cohen’s Kappa and 95% confidence intervals (CI)
was used to assess agreement on HER2 status between
metastatic tumor and CTCs. The Kaplan—Meier method
was used to estimate PFS, and differences were compared
using the log-rank test. Hazard ratios (HRs) were cal-
culated using univariate Cox regression analysis. Multi-
variate Cox regression analysis was performed to test the
independent significance of different factors. Significant
variables (p<0.05) in univariate analysis were subjected
to the multivariate analysis. Data were analyzed by using
SPSS 26.0 software, and the graphs were profiled by using
GraphPad Prism 8.4.0. All statistical tests were two sided
and considered significant when the p value <0.05.

Results

Analytical performance of OmiCell® system

The capture rate, linearity, LOD, specificity and repeat-
ability of OmiCell® system revealed by spiking tests were
shown in Table 1.

We observed the capture efficiency exhibit a peak when
the flow rate is around 500ul/min, then it decreases with
the flow rate increasing, which is shown in Fig. 3(a).
The capture efficiency (when the spiked cell number is
20) under each flow rate are shown in Supplementary
Table 1. Considering the long filtration time may cause
the problem of blood coagulation and cell morphology
change, we set the flow rate as 500ul/min.

The sensitivity of the system is 91.9% with a correla-
tion coefficient R2=0.99, taken as the linear regression
of average recovery rate (Fig. 3(b) (c) and Supplemen-
tary Table 2). The results of the LOD evaluation test were
summarized in Supplementary Table 3, indicating that
the LOD is 2 CTC /5 ml blood sample. For specificity test,
the results manifested that the system specificity is 90%.
We detected CTC in 2/20 healthy donor samples (N3 and
N15), indicating a low false positive rate of our system
(shown in Supplementary Table 4). To better characterize
the repeatability of the platform, the coefficient of varia-
tion (% CV) of the recovery rate was evaluated across 3
separate days (n=3) by two operators (n=2) using paired
blood samples. The results of these intra- and inter-assays
showed high repeatability with the calculated % CVs were
6.3% for Operator A and 6.8% for Operator B (Fig. 3(d)
and Supplementary Table 5).

Patient characteristics and blood samples

We enrolled 65 patients with MBC from September 2020
to March 2021. Patients were followed up to August 2021.
The median follow-up time was 5.9 months. At the end
of follow-up, 44 (67.7%) patients had disease progression
and no patients died from MBC. Characteristics of the 65
MBC patients enrolled in the study were summarized in
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Table 2. The mean age of all these patients was 45.4 years
(range 29 to 69 years). 44 patients (67.7%) were premeno-
pausal at diagnosis, and 32.3% of them were postmeno-
pausal. By assessing immunohistochemistry of metastatic

Table 2 Patient characteristics

Variable Result n=65 (n%)
Median age, years (range) 41.5 (29-69)
Menopausal status

Pre-menopausal 44 (67.7)

Post-menopausal 21(32.3)
ER status®

Negative 21(32.3)

Positive 44 (67.7)
PR status®

Negative 22 (33.8)

Positive 43 (66.2)
HER2 status®

Negative 45 (69.2)

Positive 20(30.8)
Subtype? (based on receptor status)

Luminal A 3(4.6)

Luminal B 46 (70.8)

HER2-positive 4(6.2)

Triple-negative 12 (18.5)
Metastatic site

Bone 34 (52.3)

Visceral 36 (554)

Both 19(29.2)
Number of metastatic sites

One site 11(16.9)

Multiple sites 54 (83.1)
Therapeutic setting

First line 43 (66.2)

Second line 9(13.8)
>Third line 13 (20.0)
Sample taken at

Initial diagnosis 16 (24.6)

Progression from previous palliative therapy 37(56.9)

During treatment 12(18.5)
Treatments

Chemotherapy 57 (87.7)

Endocrine therapy 12(18.5)

Targeted therapy 22(33.8)

Immune checkpoint inhibitor 14 (21.5)

Unknow 2(3.1)
CTC positivity?

<8 cells 45 (69.2)

>8 cells 20 (30.8)

2 ER, PR, HER2 status and subtype of the metastatic tumor; °CTC at baseline. ER,
estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth
factor receptor 2; CTC, circulating tumor cell
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tumor, there were 44 (67.7%) ER-positive patients, 43
(66.2%) PR-positive and 20 (30.8%) HER2-positive,
respectively (Supplementary Table 6). In the 65 patients,
3 (4.6%) were Luminal-A subtype, 46 (70.8%) were
Luminal-B subtype, 4 (6.2%) were HER2-positive and 12
(18.5%) were triple-negative subtype, as indicated by IHC
results of metastatic lesions (Supplementary Table 6).
Among them, 34 patients (52.3%) had bone metasta-
sis, 36 (55.4%) had visceral metastasis such as pulmo-
nary or hepatic metastasis (Supplementary Table 7). For
all enrolled MBC patients, blood samples were taken at
baseline and as longitudinal follow-up samples in 40
cases. The baseline samples were taken at initial diagnosis
(n=16, 24.6%), after disease progression from previous
palliative therapies and before the start of a new treat-
ment regimen (n=37, 56.9%) and during therapy (n=12,
18.5%).

CTCs enumeration in MBC and its prognosis value

We detected>1 CTCs in 59 out of 65 samples at base-
line (90.8%, range: 1-55 CTCs, median=6) (Fig. 4a). 2 to
4 months after baseline, we detected>1 CTCs in 34 out
of 40 samples (85%, range: 1-58 CTCs, median=6). By
using the X-tile software, we found that the optimal cut-
off value of baseline CTC count that correlated with PFS
was 8. In our cohort, 45 (69.2%) patients had <8 CTCs
and 20 (30.8%) had>8 CTCs at baseline. The associa-
tion between baseline CTC count and clinicopathologi-
cal variables was demonstrated in Table 3. No significant
difference was found between the group of CTC>8
or<8. Survival analysis was performed on 61 patients
(4 patients were lost to follow-up). We found that 27
patients (64.3%) in<8 CTCs group and 17 patients
(89.5%) in>8 CTCs group had progressive disease (PD).

a b
~. 100
9
Number of values | 65 -
= 75
£ .0 Minimum 0.0 2
] - =
] 25% Percentile 3.0 e
8 Median 6.0 s 50
'é 75% Percentile 9.5 s
5 Maximum 55 g 25
3] Range 55 7
L 20
2 Mean 7.6 0
Std. Deviation 8.2
Std. Error of Mean | 1.0
o4
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We further evaluated the prognostic value of CTC enu-
meration in our cohort. As shown in Fig. 4b, the patients
with<8 CTCs had longer PFS than patients with>8
CTCs (median, 7 vs. 4.4 months, 95% CI 0.87 -2.92;
p=0.028, hazard ratio (HR): 1.93, 95% CI 0.97—3.84). In
the cox multi-variate analysis of the correlation between
clinicopathological characteristics and PFS, CTC>8
or<8 was also found to be independently predictive of
PFS (Table 4).

cHER2 statues in MBC and its dynamics

during the treatment

In the current study, a CTC-HER2 (cHER2) positive case
was defined by>50% of CTCs detected in 5 ml blood
over-expressing HER2. A tumor HER2 (tHER2) posi-
tive case was defined as HER2 (3 +) assessed by IHC or
FISH in metastatic tumor tissue, in accordance with the
ASCO/CAP guideline for HER2 testing [34]. At base-
line, out of the 65 MBC patients, the proportion of HER2
positive CTCs ranges from 0 to 100%. Among them, 29
patients were defined as cHER2 positive. After treatment,
32 patients participated in the CTC test, and 22 patients
were defined as cHER?2 positive, the proportion of cHER2
positive patients increased significantly after treatment.
Meanwhile, 20 of 22 patients’ cHER2 status changed
before and after treatment, demonstrating the high fre-
quency of dynamic changes of cHER2, as shown in Fig. 5.

Discordance of HER2 status between CTCs and tumor
tissue

From the 65 patients with MBC, in 48 cases a tis-
sue sample from the metastatic lesion was available.
Among tHER2-positive patients, 57.1% (8/14) were
determined to be cHER2-negative. Among 34 tHER2

CTC<38
CTC 28
log-rank p=0.028 i i
0 3 6 9 12
Number at risk Follow-up time (month)
42 32 23 12 0
19 13 6 3 0

Fig. 4 Statistics of CTC counts ad probability of survival of cancer patients. a Distribution of CTCs detected at baseline. b Progression-free survival

(PFS) according to baseline circulating tumor cells (CTCs)
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Table 3 Association of CTC (>8 versus < 8) with
clinicopathological variables

Variable CTC<8 CTC>8 p Value
N=45(%) N=20(%)

Age at diagnosed (years) 0.15
<50 34 (75.6) 11 (55.0)
>50 11 (24.4) 9(45.0)

Menopausal status 0.16
Pre-menopausal 33(73.3) 11 (55.0)
Post-menopausal 12 (26.7) 9 (45.0)

ER status 1.00
Negative 15(33.3) 6 (30.0)
Positive 30 (66.7) 14 (70.0)

PR status 1.00
Negative 15(33.3) 7 (35.0)
Positive 30 (66.7) 13 (65.0)

HER?2 status 0.26
Negative 29 (64.4) 16 (80.0)
Positive 16 (35.6) 4(20.0)

Kie7 0.58
<40 21 (46.7) 11 (55.0)
>40 24 (53.3) 9(45.0)

Subtype (based on receptor status) 048
Luminal A 3(6.7) 0
Luminal B 30 (66.7) 16 (80.0)
Triple-negative 8(17.8) 4(20.0)
HER2-positive 4(8.9) 0

Metastatic site 0.93
Bone 10 (29.4) 5(27.8)
Visceral 11(324) 7 (38.9)
Both 13(38.2) 6(333)

Number of metastatic sites 0.74
One site 9(20.0) 3(15.0)
Multiple sites 36 (80.0) 17 (85.0)

Therapeutic setting 0.60
First line 29 (64.4) 15(75.0)
Second line 7(15.6) 1(5.0)
>Third line 9(20.0) 4(20.0)

negative patients, 26.5% (n=9) were determined as
cHER?2 positive. In our cohort, only a weak concordance
was found between tHER2 status and the corresponding
CTCs (k=0.16, p=0.266, 95% CI: -0.13 to 0.45).

cHER2 statute as a tool for predicting anti-HER2 therapy
efficacy

The prognostic role of HER2 status discordance was
explored in both tHER2 positive and negative groups.
As shown in Fig. 6a, patients with tHER2 positive and
cHER2 negative had better PFS compared with patients
with both tHER2 and cHER2 positive (median, 8.2 vs.
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3.3 months, 95% CI: (0.72 to 8.58); p=0.022, HR: 3.60,
95% CI: 0.80 to 16.19). Whereas in tHER2-negative
patients, cHER2 status did not correlate with PFS
(Fig. 6b). Survival analysis for the whole group stratified
by tHER2 and cHER2 status indicated that patients with
both tHER2 and cHER2 positive status had the most dis-
mal prognosis (Fig. 6¢).

Discussion

Nowadays, CTCs have been widely studied in both fun-
damental researches to investigate its role in cancer
metastasis and clinical validity to discovery its potential
for cancer diagnosis and treatment. However, up to date,
the clinical research data of CTC analyses that can be uti-
lized to directly guide therapeutic decisions is still limit-
ing. From the technology point of view, current methods
for CTC enumeration cannot fully satisfy to capture and
identify all CTC subtypes. For instant, the CellSearch
system is the FDA approved technology which meet both
requirements, but it is based on epithelial markers only,
which fails to reflect all the potential subtypes of CTCs.
Some automatic systems have been realized, but most
efforts are concentrated only on CTC isolation. The Par-
sortix® PC1 system is a semi-automated, epitope-inde-
pendent microfluidic device that captures rare cells based
on size and deformability, offers reproducibly high cap-
ture efficiency [35]. CTC detection flow is complex which
involves not only CTC enrichment but also staining,
identification and reporting. In order to make the pro-
cess stable, reproducible and with high throughput, each
step is expected to be standardized because of the rarity
of CTC. A whole process automatic and robust system is
required to ensure the clinic practice.

Among the current CTC filtration technologies, the
size-based method is perhaps the simplest, which relies
mainly on the size and deformability differences between
CTCs and blood cells. Considering different aspects of
CTC detection including isolation, staining, identifica-
tion, reporting and facility of downstream analyzing,
we developed a whole working flow system OmiCell®.
CTC capture and staining could be realized by using a
microfluidic device with an integrated filter with conical-
shaped micro-holes. The OmiCell® multi-channel system
have been designed with the microfluidic device allowing
automatic processing 8 samples parallel in one cycle with
high precision flow rate and trans-filter pressure control.
Once the blood sample is loaded, the system will process
the sample until cell staining finished. Then, we devel-
oped the DeepSight® multi-channel scanning system
which is composed with automatic scanning microscope
and accurate image analyzing software powered with
accurate algorithms considering multiple CTC features
(such as size, marker expressions intensity, etc.). With
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Table 4 Cox regression analysis of the relationship between clinicopathological characteristics and progression-free survival

Univariate Multivariate
HR 95% Cl p Value HR 95% Cl p Value
Age at diagnosed (years)
<50 1.00
>50 1.33 (0.71-2.49) 037
Menopausal status
Pre-menopausal 1.00
Post-menopausal 0.98 (0.52-1.83) 0.95
ER status
Negative 1.00
Positive 0.65 (0.35-1.22) 0.18
PR status
Negative 1.00
Positive 0.62 (0.33-1.16) 0.13
HER2 status
Negative 1.00
Positive 1.03 (0.55-1.95) 093
Kie7
<40 1.00 1.00
>40 241 (1.27-4.57) 0.01 3.02 (1.52-5.99) 0.002
Subtype (based on receptor status)
Luminal A 1.00
Luminal B 1.15 (0.27-4.83) 0.85
Triple-negative 1.99 (043-9.24) 038
HER2-positive 1.28 (0.21-7.68) 0.79
Metastatic site
Bone 1.00
Visceral 244 (1.00-5.94) 0.05
Both 1.58 (0.65-3.86) 032
Number of metastatic sites
One site 1.00
Multiple sites 149 (0.93-2.38) 0.10
Therapeutic setting
First line 1.00
Second line 1.68 (0.73-3.87) 0.22
>Third line 1.62 (0.76-3.44) 0.21
CTC positivity?
<8cells 1.00 1.00
>8cells 1.95 (1.06-3.61) 0.03 213 (1.04-4.38) 0.04

ER status, PR status, HER2 status, and Luminal A, Luminal B, Triple-negative molecular subtypes was performed based on the metastatic tumor profile

this system, we are able to scanning 8 filters one by one
with automatic focusing, filter changing, capturing and
reporting without any personal assisting. Our system can
detect different CTC subtypes by the following scheme:
1) the OmiCell® platform can provide custom antibody
loading area and program settings; 2) the DeepSight®
platform will scan all the cell nucleus and then pro-
vide corresponding custom criteria for identification of

subtypes of CTCs. The performance of the two systems
have been demonstrated by using a filter with conical-
hole of small diameter 6.5 um, a flow rate of 0.5 mL/min,
and spiked tumor cell lines for in vitro studies, a capture
efficiency as high as 91.9% could be reached. In addition,
90% specificity was obtained with healthy donor’s blood.
Remarkably, the sensitivity threshold could be down
to a single cell. It is also highly desirable to collect the
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Fig. 5 Comparison of CTC count and CTC-HER2 status changed before and after treatment

captured cells for downstream studies such as single-cell
RNA-seq and genotypic analyses.

The prognostic role of CTC enumeration has the
highest level of evidence in the clinical application of
CTC analyses. Previous studies have established>5
CTCs per 7.5 ml of peripheral blood by CellSearch sys-
tem as the threshold for poor prognosis in MBC [36].
While in the current study, we found a higher prognos-
tic threshold of CTCs, which is>8 CTCs/5 ml blood as
tested by our platform. This difference might be due to
the higher numbers of CTC detected in our platform.
The standardized conical hole integrated device, auto-
mated processing system and improved identification
system could avoid CTC loss. These may contribute to
the increase in the threshold of prognostic significance.
The sensitivity of this system needs further verification
through a larger cohort of study and longer follow-up
time.

Previous studies have demonstrated that there are
inconsistencies in HER2 expression between primary
tumors and their metastases [37]. Alternatively, CTCs
are shed from both primary site and metastases site,

which represent a global status and real-time pheno-
types patients’ tumors. Recent reports also indicate that
there is a discordance of HER2 expressing between tis-
sue and CTCs [21, 24, 26], which is in consistent with our
research. Considering the HER2 status of CTCs maybe
used as guidance for target therapy, it attracted a lot of
research interests which could be summarized from two
aspects. First, can tissue HER2 positive patients continue
to benefit from anti-HER2 therapy if CTC HER2 status
turned negative? Secondly, considering that some potent
anti-HER2 drugs have come to the clinic [28, 38—40],
whether tissue HER2 negative patients could benefit from
anti-HER2 therapy when positive HER2 status in CTC
was acquired? Several clinical trials have been conducted
to address these questions, such as TREAT-CTC, CirCe
T-DM, etc. [25, 30]. In our research cohort, the CTC
number is in the range of 0-55 per 5 ml blood (Aver-
age=7.55, Medium =6, IQR: 3 ~9.6), which represents a
significant improvement over studies based on Cellsearch
platform (medium=3) [41]. Although it is not based
on the same patient’s control, combined with cell line
experiments results, we assume our system is expected
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to improve the accuracy of CTC-HER2 characterization
based on the enhancement of CTC capture efficiency and
accuracy of image analysis algorithm.

In this study, we also investigated the HER2 status dis-
cordance between metastatic tumor and its correspond-
ing CTCs and its correlation to clinical prognosis. We
found that patients with positive HER2 status in both
tissue and CTC had worse prognosis than that with pos-
itive tHER2 but negative cHER2 status. This observation
suggests that cHER2 positive status may reflect resist-
ance to anti-HER?2 therapy in patients with tHER2 posi-
tive, resulting in the failure of eliminating HER?2 positive
tumor cells. A similar study reported by Jordan NV
et al. has found that CTCs from HER2 negative MBC
patients can exhibit HER2 positive status, these HER2
positive CTCs are more proliferative but not addicted to
HER?2, consistent with activation of multiple signaling
pathways [22]. Patients with HER2-positive metastatic
tumors in this study were treated with anti-HER?2 ther-
apy, and it is possible that activation of multiple signal-
ing pathways may have occurred in HER2-positive CTC
patients, resulting in insensitivity to anti-HER2 therapy.
Conversely, in our cohort, the cHER2 status did not cor-
related with PFS in patients with negative tHER2. The
DETECT III Clinical Trial showed that phenotyping

of CTCs might have clinical utility for stratification of
MBC cancer patients to HER2-targeting therapies [42].
In this setting, CTC-HER?2 status might have the poten-
tial to serve as a biomarker that predictive of patients
benefiting from these novel antibody-drug conjugate
(ADC) drugs with both HER2-low tumors or HER2
positive tumors that are resistant to other anti-HER2
therapies.

There were several limitations which should be consid-
ered while interpreting the study findings. First, the key
limitations of the present study concern its single-center
nature and a small sample size, which restricted our
analysis for the subgroup based on CTCs and HER2 sta-
tus. Second, longer follow-up will be required to confirm
the results that associated with long-term survival. Fur-
thermore, the various treatment regimens of MBC may
affect PFS. Different blood sample collection times were
another issue. Finally, a possible limitation of our study
is that HER2-positivity was not scored quantitatively,
the cut-off for a CTC-HER?2 positive patient was defined
by >50% of CTCs detected in 5 ml blood over-expressing
HER2. Moreover, the assessment of the optimum cut-off
value to define an MBC patient as CTC-HER2 positive or
CTC-HER2 negative is still a debated issue. Hence, ran-
domized multicenter clinical trials with larger cohorts
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and a standardized protocol are warranted to validate the
finding of this research.

Conclusion

In conclusion, the OmiCell® system, benefiting from a
special type of filter and filter integration device, is a
highly sensitive platform for automatic CTC detection
of multi samples. Together with the DeepSight® sys-
tem, the whole process of filtration-based CTC analy-
ses become robust and standardized, thereby holding
a high potential in clinical research and future appli-
cations. Our results on CTC enumeration and subse-
quent evaluation of HER2 status provided significant
information in MBC, suggesting a higher prognostic
value than that suggested with the CellSearch system.
In addition, we found that the HER2 expression in
CTCs was not always correlated to the HER2 expres-
sion in tumor tissues, in agreement with the previously
reports. Finally, the clinical value of CTC HER2 status
is worth for further investigation in order to achieve a
clinical significance.
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