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Abstract

Background: This study aimed to investigate the role of circulating tumor cells (CTCs) and
circulating cancer stem-like cells (cCSCs) before and after one cycle of chemotherapy and
assessed the effects of early changes in CTCs and cCSCs on the outcomes of patients with

metastatic breast cancer.

Methods: Patients with stage IV invasive ductal carcinoma of the breast who received first-line
chemotherapy between April 2014 and January 2016 were enrolled. CTCs and cCSCs were
measured before the first cycle of chemotherapy (baseline) and on day 21, before the second
cycle of chemotherapy commenced; a negative selection strategy and flow cytometry protocol

were employed.

Results: CTC and cCSC counts declined in 68.8 and 45.5% of patients, respectively. Declines
in CTCs and cCSCs following the first chemotherapy cycle were associated with superior
chemotherapy responses, longer progression-free survival (PFS), and longer overall survival
(0S]. An early decline in cCSCs remained an independent prognostic indicator for 0S and PFS

in multivariate analysis.

Conclusions: A cCSC decline after one cycle of chemotherapy for metastatic breast cancer is
predictive of a superior chemotherapy response and longer PFS and 0S, implying that cCSC
dynamic monitoring may be helpful in early prediction of treatment response and prognosis.
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Introduction

Treatment for metastatic breast cancer has advanced
considerably, as exemplified by innovations in tar-
geted therapy, checkpoint inhibitors, hormone ther-
apy, and chemotherapy, as well as an overall drop in
mortality of approximately 40% from 1989 to
2015.1 The response rate to first-line treatment var-
ies from 50 to 80% of patients,? and some patients
still do not respond very well to the treatment. The
treatment goal is palliative because metastatic breast
cancer is primarily incurable. Individual therapy
responses in terms of toxicity should be closely
monitored in this setting, and ineffective therapy

should be avoided. In clinical practice, parameters
such as tumor markers and radiological responses
are widely used to evaluate individual response;
however, 2-3months are usually required to con-
duct such evaluations. Moreover, the availability of
reliable real-time disease monitoring tools is limited.
To minimize the use of inefficient therapy and
unnecessary treatment-related toxicity, identifying
biomarkers correlated with anti-cancer therapy
response and survival is crucial.

Circulating tumor cells (CTCs) constitute a valu-
able biomarker in cancer research for monitoring
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disease status and treatment response. CTC
measurement has been reported as a viable tech-
nique for tracking therapeutic response in patients
with metastatic breast cancer. Several researchers
have reported that the detection of CTCs in
peripheral blood before treatment is linked to poor
prognosis.3* During therapy, elevated CTC levels
may be predictive of poor treatment response.>
CTC analysis may be a more reliable and earlier
indicator of disease state than standard clinical
imaging procedures are. Knowledge regarding
cancer stem cells, however, has evolved, leading to
the creation of novel diagnostic tools. CTCs
obtained from patients with metastatic breast can-
cer frequently overexpress stem cell markers, sug-
gesting that a subgroup of CTCs that express the
cancer stem cell marker is responsible for metasta-
sis.” Tumor cells that undergo more aggressive
change following the epithelial-to-mesenchymal
transition (EMT) may promote cancer spread and
metastasis.® EMT in these cancer cells is poten-
tially linked to stem cell-like features,® thus
enhancing their differentiation and proliferation.
This contributes to the spread of metastatic dis-
ease.l0 Cancer stem cells may be crucial to disease
recurrence, disease progression, and drug resist-
ance in patients with cancer.!! A particular sub-
population of CTCs has been revealed to exhibit
stem cell markers (e.g. CD44!2 or CD13312) and
contain cells that have the characteristics of cancer
stem cell!®14; they can therefore be regarded as
circulating cancer stem-like cells (cCSCs).
Research on metastatic breast cancer has revealed
that CTCs undergoing the EMT and expressing
cancer stem cell markers are more likely to be dis-
covered in patients refractory to chemotherapy
than in patients responding to treatment.” Hsu ez
al.’> also reported CTCs and cCSCs (defined as
CD133 + CTC) before treatment are associated
with poor treatment outcome. Because CD133 is
the most commonly used marker for identifying
cCSCs,!® we used it to enhance our comparisons
and the validity of our results.

CTCs are linked to cancer progression and tumor
spread, whereas cCSCs are associated with drug
resistance. Several studies have reported baseline
CTCs are strongly related to the prognosis of
breast cancer and dynamic CTCs status and
change can serve as an indicator to monitor the
effectiveness of treatments.>%%17 Regarding
cCSC part, we have previously reported that the
higher baseline cCSCs (above median of the
cohort) is one of the prognostic factors in meta-
static breast cancer.!” However, few studies have

investigated the role of cCSC counts and their
changes throughout chemotherapy as a tool mon-
itoring therapeutic resistance in real time.
Therefore, the data of dynamic monitoring of
cCSCs during chemotherapy to demonstrate the
association of drug resistance is an unmet need.
Hence, we hypothesis that cCSCc decline after
chemotherapy immediately may be predictive of
therapeutic response and better outcome. Herein,
we conducted another prospective trial investigat-
ing the role of both CTCs and cCSCs before and
after one cycle of chemotherapy and examined
the association with early CTC and cCSC
changes on the progression-free survival (PFS),
overall survival (OS), and chemotherapy response
rate of patients with metastatic breast cancer.

Methods

Patient enrollment and cancer status

evaluation

We performed this prospective study at three
medical facilities: Chang Gung Memorial Hospital
(Linkou, TuCheng, and Keelung branches) in
Taiwan. CTC and cCSC analysis was conducted
in Circulating Tumour Cell Lab at Linkou Chang
Gung Memorial Hospital. The Institutional
Review Boards of Chang Gung Memorial Hospital
(approval ID: 103-5322B) approved of the study
protocols. Written informed consent was obtained
from patients for protocols that required ethical
approval. Patients with surgically unresectable or
metastatic invasive ductal carcinoma of the breast,
as confirmed through histology or cytopathology
[stage IV, per the American Joint Committee on
Cancer (AJCC) Staging Manual, Seventh Edition]
were eligible for this study. The other criteria for
enrollment were as follows: (a) age = 20years, (b)
capacity to comprehend the content of the con-
sent form and independently sign it, (c¢) kidney
and liver function and blood cell counts sufficient
for chemotherapy, and (d) previous failed endo-
crine therapy in those with positive hormone
receptor (HR) status. First-line chemotherapy
prescription without previous endocrine therapy
was allowed if the physician had provided a poten-
tial visceral crisis diagnosis. Patients with multiple
cancers and those with cancer in the 5-year period
preceding enrollment were excluded. All of the
patients underwent baseline examinations for
gathering demographic information, clinical histo-
ries, computed tomography (CT) results, patho-
logical features, and biochemical data. For disease
staging and management, existing treatment
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protocols compliant with institutional guidelines
were employed. The systemic anticancer therapies
prescribed by physicians were as follows: pertu-
zumab plus trastuzumab plus docetaxel, trastu-
zumab  plus docetaxel, doxorubicin plus
cyclophosphamide, and paclitaxel plus gemcit-
abine. All patients with human epidermal growth
factor receptor 2 (HER-2) positive tumor received
at least one HER-2 targeted agent. We assessed
tumor response through CT, positron emission
tomography, or both, in accordance with the
Response Evaluation Criteria in Solid Tumors
(RECIST) version 1.118; a multidisciplinary breast
tumor board subsequently determined the tumor
response. We calculated OS and PFS from the
date blood was drawn for CTC testing until death
or disease progression, respectively, after chemo-
therapy. We followed up all of the patients until
their deaths or until 31 December 2020.

Blood sample drawing during chemotherapy

In this prospective observational study, the clini-
cal significance of changes in CTCs and cCSCs
following first-line palliative chemotherapy was
assessed in patients with metastatic breast cancer.
Blood sample was drawn no more than 7days
prior to the start of the first chemotherapy cycle
(baseline) and on day 21, before the second cycle
started. The findings are reported in accordance
with the Reporting Recommendations for Tumor
Marker Prognostic Studies (REMARK) guide-
lines.!® All procedures complied in full with the
relevant guidelines.

Measurement of peripheral CTCs and cCSCs

We employed positive detection and negative
selection strategies to identify CTCs; these
approaches had been validated in our previous
studies.1720-23 Specifically, a negative selection
protocol with a CD45 depletion kit was employed
to deplete leukocytes after standard red blood cell
lysis; subsequently, flow cytometry was employed
to quantitatively identify and count CTCs (EpCA
M+*Hoechst"CD45") and c¢CSCs (CD133*
EpCAM ™Hoechst*CD457). The CTC tests were
carried out using 4mL samples of peripheral
blood after discarding of the original 4mL of
blood to avoid epithelial contamination. Red blood
cells were lysed within 72h, and the EasySep
Human CD45 Depletion Cocktail (25L/mL;
STEMCELL Technologies, Vancouver, BC,
Canada) and EasySep Magnetic Nanoparticles
(50L/mL; STEMCELL) were used for further

negative selection. Thereafter, we spiked the
immunomagnetically enriched samples with
OECMI1/HCT116 cells labeled with an Alexa
Fluor 488-conjugated monoclonal antibody to
EpCAM (1:400; Cell Signaling Technology,
Danvers, MA, USA) and an Alexa Fluor 647-con-
jugated monoclonal antibody to CD133 (1:200;
Novus Biologicals, Littleton, CO, USA), and we
stained the samples with Hoechst 33342 (20 mM;
Thermo Fisher Scientific, Waltham, MA, USA),
a blue fluorescent stain specific to DNA. As the
internal control, we employed an isotype control
antibody as well as 4-mL peripheral blood sam-
ples from healthy individuals that were spiked
and not spiked with 1000 OECMI1/HCT-166
cells acquired from Taiwan’s Food Industry
Research and Development Institute. Perfor-
mance recovery was defined as the proportion of
OECMI1/HCT-116 cells detected by flow cytom-
etry (BD FACSCalibur; BD Biosciences, San
Jose, CA, USA) to the number of spiked OECM1/
HCT-116 cells; a related study reported a stable
coefficient of variation (CV) value calculation.?*
Briefly, the platform could achieve a recovery rate
of 44.6 £9.1% and a CV of 20.4%. The earlier
platformreportedin2015detected 13.1 * 0.9 cells/
mL in healthy individuals (z=20),%* a confusing
result that may be attributable to a background
signal (i.e. a false positive). With the use of an
isotype control for each sample in the revised
platform, 0.0-3.0cells/mL. was observed in
healthy individuals in a study cohort of 20.17 In
the present study, we defined CTCs as cells those
positive for Hoechst 33342 and EpCAM. Cells
expressing CD133, EpCAM, and Hoechst were
identified as cCSCs (Figure 1). All human cell
lines have been authenticated using short tandem
repeat (STR) profiling within the last 3 year.

Statistical analysis

We present patient demographic data as medians
(ranges) and numbers (%) and for continuous and
categorical variables, respectively. We conducted
both univariate and multivariate analyses, and in
the multivariate analysis, we examined all factors
used in the univariate analysis, but only statistically
significant factors were reported. Moreover, we
used a multivariate Cox proportional hazards
regression using a forward stepwise approach to
determine how factors were correlated with PFS
and OS. The Kaplan—Meier method was used for
survival analysis, and the log-rank test was used to
test for differences. The Pearson chi-squared or
Fisher exact test was used to calculate the
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Figure 1. Demonstration of CD133 expression in circulating tumor cells (CTCs). The experimental control
using HCT-116 [a human colon cancer cell line, CD133*EpCAM*Hoechst*, (a)] and OECM-1 [a head and neck
cancer cell line, CD133-EpCAM*Hoechst*, (b]] by immunofluorescence staining. We further demonstrate a
real breast cancer patient in the study cohort with CD133+ CTCs (c) and CD133- CTC (d).

correlations of CTCs or ¢cCSCs with treatment
response. Statistical analyses were performed using
SPSS for Windows (version 21; IBM, Armonk,
NY, USA). We performed all statistical analyses in
SPSS for Windows (version 21; IBM, Armonk,
NY, USA), and all analyses were two sided, with a
p value of <0.05 indicating significance.

Results
Fifty patients with metastatic breast cancer were
prospectively enrolled between April 2014 and

January 2016 before they received first-line pallia-
tive chemotherapy. Two patients withdrew from
the study early; thus, we were unable to obtain
second blood test results for CTCs or cCSCs or
imaging studies for response assessment. The
basic attributes of the recruited patients are listed
in Table 1. The enrolled patients were all women
and had a median age of 52 (range: 28-81) years.
Most participants (86.0%) exhibited an Eastern
Cooperative Oncology Group performance status
between 0 and 1, and all patients had stage IV
disease (based on the seventh edition of the AJCC
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criteria). In total, 36 patients (72.0%) tested posi-
tive for estrogen receptor and progesterone recep-
tor, and 24 (48.0%) tested positive for HER-2.
Among the participants, 8 (16.0%) had triple-
negative breast cancer and 33 (66.0%) had =2
metastatic sites. The most common metastatic
site was the bones (72.0%), followed by the liver
(36.0%), distant lymph nodes (34.0%), lungs
(32.0%), brain (14.0%), and pleura (12.0%).
Visceral metastases were found in 36 patients
(72%). CTCs were identified in all enrolled
patients and cCSCs were isolated in 98% of them.
The baseline CTC and c¢cCSC number
(mean = SD) of all the enrolled patients was
75.1+108.0 [95% confidence interval (CI):
42.8-103.2] cells/mL and 18.9 =37.5 (95% CI:
8.0-29.9) %, respectively. After one cycle of
chemotherapy, we observed a significant reduc-
tion in CTCs and cCSCs to 60.1 £93.4 (95%
CI: 33.0-87.2)cells/mL and 16.6 £35.5 (95%
CI: 5.8-27.5) %, respectively (p<<0.001). After a
median follow-up of 36.2 months, 43 (86%) had
exhibited disease progression, and 25 (50%) had
died. The median PFS and OS were 11.1 and
42.3 (95% CI: 5.4-16.8 and 14.0-70.7) months,
respectively.

We investigated potential associations of chemo-
therapy response rate, OS, and PFS with changes
in CTCs and cCSCs after one cycle of chemo-
therapy. CTC decline and cCSC decline were
defined as a 30% decline from baseline. Overall,
CTC and cCSC counts declined in 33 (66%) and
22 (44%) patients, respectively. In subgroup
analysis, the delince in CTC count (61.5% versus
79.2%, p=0.212) and cCSC count (38.1% wversus
52.2%, p=0.383) were not significantly between
the HER-2 positive and HER-2 negative patients.

As displayed in Figures 2 to 4, the decline in CTC
count was correlated with an increased tumor
response rate [80.0% wversus 30.3%, p=0.001;
Figure 2(a)] as well as longer PFS [median, 20.2%
versus 3.7%, p<0.001; Figure 3(a)] and OS [58.5%
versus 25.0%, p=0.014; Figure 4(a)] relative to
those of patients without a CTC decline. A decline
in cCSC count was associated with a higher tumor
response rate [80.0% wversus 33.3%, p=0.002;
Figure 2(b)] as well as longer PFS [median, 20.2
versus 6.0months, p=0.001; Figure 3(b)] and OS
[median, not reached versus 25.5 months, p=0.002;
Figure 4(b)] relative to patients without a cCSC
decline. Multivariate analysis revealed that a decline
in CTC count and a decline in cCSC count were
independent prognostic indicators for PFS when

Table 1. Basic characteristics of enrolled patients.

N %

Age, median, years (range) 52 (28-81)
Sex

Female 50 100.0
Staging (AJCC Seventh Edition)

Stage IV 50 100.0
Performance status (ECOG)

0-1 43 86.0

) 7 14.0
Receptor status

ER and/or PR positive 36 72.0

HER-2/neu positive 24 48.0

Triple-negative (ER/PR/HER-2) 8 16.0
Number of metastases

Single metastasis 17 34.0

=2 metastases 33 66.0
Site of distant metastasis at study enrollment

Visceral metastasis® 36 72.0

Nonvisceral metastasis 14 28.0

Visceral sites include the lungs, liver, brain, adrenal glands, and pleura (with or
without effusion). Nonvisceral sites were defined as the breast, lymph nodes, chest

wall, bones, and skin.

AJCC, American Joint Committee on Cancer; ECOG, Eastern Cooperative Oncology
Group; Cl: confidence interval; ER, estrogen receptor; HER-2, human epidermal
growth factor receptor 2; 0S: overall survival; PFS: progression-free survival;

PR, progesterone receptor; SD: standard deviation.

combined with other clinical parameters. Regarding
OS, CTC level at baseline and a decline in cCSCs
were identified as independent prognostic factors
(Table 2).

Discussion

We have previously reported that the higher base-
line cCSCs (defined as above the median of the
cohort) is one of the prognostic factors in meta-
static breast cancer.!” However, the impact of
dynamic change of cCSCs association with chem-
otherapy response and survival was not well
understood at that time. Therefore, we conducted
this prospective study later to collect samples
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Figure 2. Chemotherapy response rate stratified by (a) circulating tumor cells (CTCs) and (b) circulating
cancer stem-Llike cells (cCSCs) decline and non-decline.
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Figure 3. (a) Comparison of progression-free survival ([PFS; months) between patients with circulating tumor
cell (CTC) counts decline and non-decline. (b) Comparison of PFS (months) between patients with circulating
cancer stem-Llike cell (cCSC) counts decline and cCSCs non-decline.

before and after one cycle of chemotherapy from
the different cohort to establish a predictive model
of early change CTCs and cCSC in patients with
metastatic breast cancer receiving first-line chem-
otherapy. To the best of our knowledge, it is the
first research to report the predictive value of
early cCSC decline. In this study, we discovered
numerous elementary but important findings
regarding the clinical value of dynamic CTC and
cCSC monitoring during first-line chemotherapy
in metastatic breast cancer. Decreases in CTC
and cCSC counts after one cycle (3weeks) of
chemotherapy can predict treatment response,

PFS, and OS. In multivariate analysis, decreases
in CTC and cCSC counts were independent pre-
dictors of PFS. Furthermore, CTC level at base-
line and a decrease in cCSC level were
independent predictors of OS.

Chemotherapy has been thought to kill both cancer
cells and cancer stem cells; however, early resist-
ance to chemotherapy has been observed in those
with higher percentages or counts of CSCs.25-28 We
observed a similar phenomenon in our previous
report, which concluded that the higher baseline
cCSC counts predict chemotherapy response in

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam

P-H Chang, C-H Lee et al.

o
[
p—

1o L_IL P=0.014

o

0~

“7l. CTC decline

.

044

Survival Probability

02
CTC non-decline

0o

8-
-
8
&
-4
8
4
8
8

Overall survival (months)

(b)

MR

o8 "_.
-

¢CSC decline
06~

Survival Probability

¢CSC non-decline

00

T T T T
200 w000 @oo 0w

8+

Overall survival (months)

Figure 4. (a) Comparison of overall survival (0S; months) between patients with circulating tumor cell (CTC)
counts decline and non-decline. (b) Comparison of 0S (months) between patients with circulating cancer
stem-like cell (cCSC) counts decline and cCSCs non-decline.

Table 2. Univariate and multivariate analyses for PFSand 0S.

Parameters PFS 0S
Univariate Multivariate Univariate Multivariate
HR (95% CI) P HR (95% CI) p HR (95% CI) P HR (95% CI) P
Age>65y 0.995 (0.996-1.024) 0.718 1.016 (0.979-1.054) 0.398
Triple- 0.531(0.217-1.299) <0.166 0.470 (0.172-1.290) 0.172
negative
Visceral 1.939 (0.833-4.512) 0.124 2.130(0.791-5.736) 0.135
metastasis’
Baseline CTC  1.003 (1.000-1.006) 0.063 1.006 (1.003-1.009) <0.001 1.017(1.004-1.030) 0.008
Baseline 1.004 (0.994-1.014) 0.480 1.012 (1.002-1.021) 0.015
cCSCs
CTC decline 8.209 (3.313-20.339)  <p.001 3.631(1.187-11.110) 0.024  2.776 (1.187-6.445) 0.018
cCSC decline  3.207 (1.516-6.784) 0.002 3.096(1.002-9.569)  0.050 8.236(2.269-29.894)  0.001 6.921(1.770-27.054)  0.005

Visceral sites include the lungs, liver, brain, adrenal glands, and pleura (with or without effusion).
cCSC: circulating cancer stem-Llike cells, which were defined as CD133* CTCs in this study; CTCs: circulating tumor cells; ER, estrogen receptor;
HER2, human epidermal growth factor receptor 2; HR: hazard ratio; 0OS: overall survival; PFS: progression-free survival; PR, progesterone receptor.

metastatic breast cancer.!” The current study also
found that CTC and cCSC count changes from
the first chemotherapy date to the second blood
drawing at the third week after the first dose of
chemotherapy would also predict the response to
systemic chemotherapy 3—4months later (Figure
1). These results indicated that serial follow-up lig-
uid biopsies during anti-cancer therapy could pro-
vide additional value in predicting tumor response

to a specific anti-cancer therapy in breast cancer;
this finding is consistent with those of studies in
various types of cancer.29-33 However, few of these
studies provided survival impacts from the early
response of CTCs or cCSCs, which was supported
in the present study (Figures 2 and 3).

Multiple clinicopathologic factors, including the
age of onset, hormone status, tumor
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grade, general performance status, anti-cancer
therapies, and supportive care, all contribute to
the OS of patients with breast cancer.3436
Furthermore, CTCs have been suggested to rep-
resent a predictive factor in individuals with met-
astatic breast cancer undergoing systemic
therapy.? Some specific markers in CTCs, such as
insulin growth factor-1 receptor,3” EMT,3® and
CD133,12:3941 were found to be prognostic for
survival. These characteristics support CTCs and
demonstrate heterogeneity in breast cancer to
help identify potential metastatic seeds.*?
Identifying metastasis-initiating CTCs is essential
for developing therapeutic strategies against met-
astatic breast cancer.*? Our study further pre-
sented an interesting phenomenon: the changes
in cCSC (CD133* CTC) counts after anti-can-
cer therapy might be more effective predictor of
PFS than are CTC or cCSC counts alone (Table
2). After a long-term follow-up (36.2 months in
this study), baseline CTC remained an independ-
ent factor for OS. Notably, an early decline in
cCSC counts can also serve as a prognostic factor
for long-term OS (Table 2). We believe that these
results highlight the importance of a strategy for
reducing CTCs and rapidly and effectively sup-
pressing cCSC counts at the beginning of sys-
temic therapy. Therefore, anti-CD133 drugs
might be a potential target for combination with
current anti-cancer therapy in the future.

This study has several limitations. First, although
this proof-of-concept prospective trial examined
the prognostic significance of CTCs and cCSCs
over a long-median follow-up period, the number
of cases included was small. More large-scale
research is needed. Second, four different chemo-
therapy regimens were prescribed in this study.
Although the CTC and CSCs response rate were
not affected by therapies in our cohort, it is still
worthwhile to analysis the response between
HER-2 positive and negative subgroup. In addi-
tion, HER-2 positive CTC detection is another
important issue correlated with prognosis and
deserve us for further exam in the future. Finally,
cCSCs were defined as CD133+* CTCs in this
study, which may not be a comprehensive defini-
tion. CD133 represents only one marker with
stem-like characteristics.43%* However, among all
the surface markers in the literature, CD133 in
breast tumors, particularly in the triple-negative
phenotype,*5:46 can directly regulate the expres-
sion of proteins implicated in cancer metastasis
and drug resistance.¥>*® More experimental

strategies have been identified to restrain levels of
CD133, which could be used to reduce malig-
nancy and halt the progression of breast cancers.4!
As a result, although CD133 is not a perfect
marker, it is nevertheless useful in predicting can-
cer behavior and may be a future target of meta-
static cancer therapy.

Conclusion

We discovered that declines in CTCs and cCSCs
during the first 3 weeks after chemotherapy initia-
tion could independently predict PFS, whereas
CTCs at baseline and an early decline in cCSCs
could independently predict long-term OS. We
propose close monitoring of tumor signals in
peripheral blood through liquid biopsy to ensure
prompt and personalized treatment.
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