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Background: Although positive Circulating tumor cells (CTCs) status has been validated
as a prognostic marker in breast cancer, the interaction between immune cells and CTCs
during the progress of Epithelial-mesenchymal-transition (EMT), and the clinical
implications of CTC-associated white blood cell clusters (CTC-WBC clusters) for
metastatic breast cancer are largely uncharacterized.

Methods: We optimized a filter-based method combined with an RNA in situ
hybridization technique according to the epithelial- and mesenchymal-markers to
analyze EMT in CTC-WBC clusters. Serial peripheral blood samples from 135 patients
with Hormone receptor (HR)-positive/HER2-negative metastatic breast cancer receiving
first-line chemotherapy with docetaxel plus capecitabine were prospectively collected until
disease progression from Nov 2013 to March 2019. Follow-up data collection was
conducted until July 2020.

Results: A total of 452 blood samples at all time-points were collected and analyzed.
Median age of the cohort was 51.0 years (range, 27 to 73 years), and most of them
(76.3%) had visceral metastases. Median progression-free survival (PFS) was 10.6
months (95% CI, 8.8 to 12.3 months). The presence of EMT-like CTC-WBC clusters
was more frequently evident among patients with simultaneous bone and lymph node
metastases (87.5% vs 36.2%, P=0.006), whereas no associations were observed
between CTC-WBC clusters and other clinicopathologic characteristics before
chemotherapy. The patients with EMT-like CTC-WBC clusters tended to show a
significantly increased number of total CTC count (median,19.0 vs 5.0, P<0.001). The
patients with at least one detectable EMT-like CTC-WBC cluster at baseline were
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characterized by significantly worse PFS, when compared to the patients with no EMT-like
CTC-WBC clusters detected (7.0 vs 10.7 months, P=0.023), and those with five or more
epithelial-based CTCs detected per 5mL of peripheral blood (7.0 vs 12.7 months,
P=0.014). However, the total CTC-WBC clusters were not correlated with patients’
survival in the cohort (8.4 vs 10.6 months, P=0.561).

Conclusions: Our data provide evidence that the emergence of CTC-WBC clusters
underwent EMT before treatment is associated with significantly poorer PFS in HR-
positive/HER2-negative metastatic breast cancer patients receiving docetaxel plus
capecitabine, which may be used as a parameter to predict the clinical outcomes and
a potential target for individualized therapy.
Keywords: metastatic breast cancer, circulating tumor cells, white blood cell, epithelial-mesenchymal-
transition, prognosis
INTRODUCTION

Circulating tumor cells (CTCs), potentially involved in the
metastatic cascade (1), has been identified as a poor prognostic
clinical factor in breast, lung, colorectal, and prostate cancer,
which plays a key role in tumor cell dissemination for metastatic
formation (2–6). Owing to the independent prognostic value of
CTC count proved in multiple studies, the 8th edition of the
American Joint Committee on Cancer (AJCC) cancer staging
manual suggested CTCs as an adverse prognosis factor for
patients with primary and metastatic breast cancer (7).
However, carcinoma cells may undergo an epithelial-
mesenchymal-transition (EMT) process and result in decreased
expression of epithelial markers, which leads to false-negative
findings by traditional epithelial marker-based CTC capturing
methods (8).

The process of EMT is a key event in promoting stationary
tumor cells to invade and migrate during metastatic cascade (6),
which may also result in down-regulated expression of epithelial
markers and an increase in mesenchymal proteins in CTCs. CTCs
with the expression of mesenchymal markers, like TWIST1,
SNAIL1, or vimentin were more likely to be identified in patients
with advanced cancer compared to those with early-stage cancer,
suggesting the potential role in metastatic dissemination and
disease progression (8). Previous evidence in breast, lung, and
colorectal cancer showed the presence of CTCs undergoing EMT
was correlated with a higher risk of treatment failure and poor
prognosis (9–13). Whereas, traditional epithelial marker-based
CTC capturing methods, such as Cellsearch, may partially leak
the detection of CTCs underwent EMT, thus it is necessary to
optimize the enrichment and characterization system based on the
expression of both epithelial- markers and mesenchymal-markers.

Moreover, CTCs may have direct interactions with immune
cells during cancer dissemination, and correlate with the
inflammatory state in the target organ of metastatic
extravasation (14). Analyses of the interaction between CTCs
and immune cells may provide reference for real-time therapy
stratification and prognosis prediction. Although positive CTC
status has been validated as a prognostic marker for recurrence-
free survival, progression-free survival and overall survival in
2

breast cancer (2, 3, 15), the interaction between immune cells
and CTCs during the process of EMT, and the clinical
implications of CTC-associated white blood cell clusters (CTC-
WBC clusters) for metastatic breast cancer are largely
uncharacterized. To address the technical challenges in a
practical method and further investigate its clinical value, we
optimized a filter-based method combined with an RNA in situ
hybridization technique according to the epithelial- and
mesenchymal-markers to analyze EMT in CTC-WBC clusters,
and investigated the predictive value of different phenotypes of
CTC-WBC clusters as a prognostic biomarker in a prospective
study for Hormone receptor (HR)-positive/HER2-negative
metastatic breast cancer.
METHODS

Isolation and Classification of CTCs and
CTC-WBC Clusters
We optimized the CanPatrol® CTC enrichment technique for
the detection of CTC and CTC-WBC clusters (16, 17). CTCs
were isolated using a filter-based method combined with an RNA
in situ hybridization method based on the branched DNA signal
amplification technology according to the epithelial-markers
EpCAM and CK8/18/19, the mesenchymal-markers vimentin
and twist, and the leukocyte-marker CD45.

A total of 5 ml of patient peripheral blood sample was collected
in a K2-EDTA tube and transferred to a sample preservative tube
which contained lysing buffer via a tailored connection device.
Erythrocytes were lysed by the red blood cell lysis buffer in 30 min
at room temperature. The cell pellets were collected by
centrifugation at 600g for 5 min and then PBS containing 4%
formaldehyde was used to resuspend the remaining cells for 8 min.
At last, CTCs were isolated in a filtration system by a calibrated
membrane with 8mm pores filters which can separate small
leukocytes from the large epithelial cells.

A multiplex mRNA in situ hybridization (ISH) assay was used
to identify and classify CTCs. The assay was performed in a 24-
well plate at 40°C for 3 hours and a set of probes (EMT markers)
was utilized in situ hybridization. The epithelial-markers
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expressed on CTCs were detected by a multi-marker probe (such
as EpCAM, CK8, CK18 and CK19), and the mesenchymal-
markers expressed on CTC were detected by a multi-marker
probe (such as Twist1 and Vimentin). The CD45 probe was used
as the leukocyte-marker. Finally, the cells were stained with
DAPI for 10 min and analyzed with an automated imaging
fluorescence microscope. The red and green fluorescent signals
represent epithelial and mesenchymal markers expression,
respectively. A bright white fluorescent signal represents
CD45 expression. As Figure 2A depicted, CTC-WBC
cluster was defined as CTC karyotype connected to typical
WBC karyotype cells, on which CD45 fluorescence signal
points expressed.

Patient Cohort Selection
A total of 135 patients with HR-positive/HER2-negative
metastatic breast cancer receiving first-line chemotherapy with
docetaxel plus capecitabine were prospectively enrolled in the
observation cohort to investigate the clinical implications of
different phenotypes of CTC-WBC clusters. The patients were
recruited after an agreement from the local Ethical committee
between Nov 2013 to March 2019 from 32 clinical centers in
China. Key eligibility included (1) confirmed histologic/cytologic
diagnosis of HR-positive/HER2-negative metastatic breast
cancer, (2) previously untreated with first-line chemotherapy,
(3) age≥18, (4) Eastern Cooperative Oncology Group
performance status < 2, (5) with measurable lesions defined by
revised Response Evaluation Criteria in Solid Tumors guidelines
version 1.1 (RECIST 1.1), and (6) adequate hematologic, hepatic
and renal function.

The clinicopathological characteristics, including age,
estrogen receptor (ER) status, progesterone receptor (PR)
status, disease free survival (DFS), position of metastatic sites,
and previous endocrinotherapy after confirmed tumor relapse
were collected before enrollment. Enrolled patients received first-
line chemotherapy of docetaxel plus capecitabine for a maximum
of 6 cycles or until disease progression, intolerable adverse
events, or patient withdrawal occurred, and those with stable
disease or a partial or complete response after initial
chemotherapy received the maintenance chemotherapy of
capecitabine. Blood samples were collected from the baseline
and dynamically tracked every 6 weeks during the treatment
until disease progression. Follow-up data collection was
conducted until July 2020.

Statistical Analyses
The associations between the distribution of different subtypes of
CTCs and the heterogeneity of CTC-WBC clusters were
analyzed by Mann-Whitney U test. c2 test or Fisher’s exact test
were used to compare the distribution of clinicopathological
characteristics between different groups and described in
percentages of categorical variables. Kaplan-Meier analysis was
performed to investigate the prognostic value of CTC-WBC
clusters and CTC-WBC clusters under EMT. Multivariate
hazard ratios for PFS were estimated with Cox proportional
hazards regression analysis. The statistical analyses were
performed using SPSS software, version 23.0 (SPSS Inc.,
Frontiers in Oncology | www.frontiersin.org 3
Chicago, IL, USA). All P values were 2-sided and considered to
be statistically significant when less than 0.05.
RESULTS

Clinicopathologic Characteristics of the
Enrolled Cohort
A total of 135 female patients with HR-positive/HER2-negative
metastatic breast cancer were recruited in the study for CTC
assessment. The median age of the cohort was 51.0 years (range,
27 to 73 years). Among them, 103 (76.3%) of the patients had
visceral metastasis. 20 (14.8%) of the patients were de novo
Stage IV breast cancer and 36 (26.7%) of them were found
relapsed or metastasis within 24 months. 32 (23.7%) of the
Luminal-like patients received endocrinotherapy after confirmed
tumor relapse.

In the study, disease progression was observed in totally 108
patients and the median follow-up was 36.0 months (95% CI,
27.8 to 44.3 months). Median progression-free survival of the
cohort was 10.6 months (95% CI, 8.8 to 12.3 months).

Association Between Different Subtypes
of CTCs and the Heterogeneity of
CTC-WBC Clusters
Serial peripheral blood samples from the enrolled 135 patients
were prospectively collected during the first-line chemotherapy
of docetaxel plus capecitabine, with the median of 3 serial
samples collected from each patient. A total of 452 blood
samples at all time-points were collected and analyzed
(Figure 1). In the whole cohort,381 (84.3%) of the blood
samples at all time-points were detected with more than one
CTCs and 42 (9.3%) were detected with CTC-WBC clusters. In
the study, totally 53 CTC-WBC clusters were captured, including
10 epithelial CTC-WBC clusters (with epithelial biomarkers
detected on CTCs), 39 biphenotypic epithelial/mesenchymal
CTC-WBC clusters (with both epithelial and mesenchymal
biomarkers detected on CTCs) and 4 mesenchymal CTC-WBC
clusters (with mesenchymal biomarkers detected on CTCs).

As Table 1 showed, the patients with CTC-WBC clusters
detected were simultaneously observed in significantly increased
enumeration of each subtypes of CTC count, especially in
E/M-CTCs and M-CTCs. Among the patients with more than
5 CTCs, the percentage of the emergency of CTC-WBC clusters
in the cohorts was eight times increased than those with CTC<5
(14.4% vs 1.6%, c2 = 21.1, P<0.001). Moreover, in the patients
with more than 20 CTCs, the presence of CTC-WBC clusters
was more than three times frequency than those CTC<20
(25.6% vs 5.9%, c2 = 29.9, P<0.001).

As for the patients detected with CTC-WBC clusters
underwent mesenchymal transformation (EMT-like CTC-WBC
clusters, including biphenotypic epithelial/mesenchymal CTC-
WBC clusters and mesenchymal CTC-WBC clusters), a
significantly increased number of total CTCs, E/M-CTCs and
M-CTCs were simultaneously observed when compared to those
without EMT-like CTC-WBC clusters detected (P<0.05,
Figure 2B and Table 1). Besides that, significantly increased
June 2021 | Volume 11 | Article 602222
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proportion of EMT-CTCs (CTCs underwent EMT, including
E/M-CTCs and M-CTCs) in total CTC count was observed in
the patients with EMT-like CTC-WBC clusters captured
(median, 94.7% vs 80.0%, P=0.006). Similarly, in patients with
more than 5 CTCs and those with more than 20 CTCs, the
frequency of presence of EMT-like CTC-WBC clusters was
significantly higher than those with low CTC counts (For
CTCs≥5 vs CTCs<5: 11.9% vs 1.6%, c2 = 15.8, P<0.001; For
CTCs≥20 vs CTCs <20: 21.8% vs 4.8%, c2 = 26.1, P<0.001).

Association Between the Emergence
of CTC-WBC Clusters and
Clinicopathological Features
Before the start of first-line chemotherapy with docetaxel plus
capecitabine at baseline, 113 (83.7%) of the 135 patients had
more than one detectable CTCs with a median number of 6
CTCs per 5 ml of peripheral blood sample (range, 1 to 151 CTCs/
5mL). Meanwhile, CTC-WBC clusters were detectable in 10
patients at baseline, of whom 8 patients had EMT-like CTC-
WBC clusters.
Frontiers in Oncology | www.frontiersin.org 4
When comparing the clinicopathological characteristics
between the cohort with EMT-like CTC-WBC cluster detected
at baseline and those without, the presence of CTC-WBC clusters
had no association with age, menstrual status, ER status, PR
status, DFS, and previous endocrinotherapy after confirmed
relapse or metastasis (Table 2). Concerning the association
with different metastatic sites of the enrolled patients, the
presence of EMT-like CTC-WBC clusters at baseline was more
frequently evident among patients with simultaneous bone
metastases and lymph node metastases (87.5% vs 36.2%,
P=0.006, Figure 2C), whereas no significant correlation was
observed between the detection of EMT-like CTC-WBC
clusters and other metastatic sites (Table 2).

Association Between the Heterogeneity
of CTC-WBC Clusters and Progression-
Free Survival
In this relatively homogeneous HR-positive/HER2-negative
metastatic breast cancer cohort, no significant difference was
observed in the progression-free survival (PFS) between the
FIGURE 1 | Flow diagram of the study.
TABLE 1 | The correlation between different subtypes of CTCs and the presence of CTC-WBC clusters as well as EMT-like CTC-WBC clusters.

CTC-WBC clusters EMT-like CTC-WBC clusters

with without Z score P value with without Z score P value

Total CTCs† 19.0 (8.0,28.0) 5.0 (2.0,13.0) -5.975 <0.001 19.0 (8.0,28.0) 5.0 (2.0,13.0) -5.432 <0.001
E-CTCs† 2.0 (0,6.25) 0 (0,2.0) -3.099 0.002 1.0 (0,5.0) 1.0 (0,2.5) -1.649 0.099
E/M-CTCs† 8.0 (3.0,24.0) 2 (0,7.0) -5.658 <0.001 9.0 (4.0,24.0) 2.0 (0,6.5) -5.702 <0.001
M-CTCs† 2.0 (0,9.25) 1 (0,2.0) -3.299 0.001 3.0 (0,10.0) 1.0 (0,2.0) -3.387 0.001
EMT-CTCs† 13.5 (6.0,27.0) 4 (1.0,10.0) -5.553 <0.001 16.0 (6.0,28.0) 4.0 (1.0,10.0) -5.628 <0.001
Proportion of EMT-CTCs 90.8% 82.0% -1.904 0.057 94.7% 80.0% -2.773 0.006
June 2021 | Volu
me 11 | Article
†median (interquartile range, per 5mL).
E-CTCs, epithelial CTCs; E/M-CTCs, biphenotypic epithelial/mesenchymal CTCs; M-CTCs, mesenchymal CTCs; EMT-CTCs, CTCs underwent EMT, including E/M-CTCs and M-CTCs.
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patients with five or more CTCs and those with fewer than five
CTCs per 5 mL of peripheral blood at baseline before initiation of
first-line chemotherapy (9.5 months vs 11.2 months, P=0.387).
Nevertheless, the patients with at least one detectable EMT-like
CTC-WBC clusters at baseline were characterized by
significantly worse PFS, when compared to the patients with
no EMT-like CTC-WBC clusters detected (7.0 months vs 10.7
months, P=0.023; Figure 3A), as well as the patients with at least
one CTC detected per 5 ml of peripheral blood (7.0 months vs
11.2 months, P=0.019), and those with five or more epithelial-
based CTCs (including E-CTCs and E/M-CTCs, parallel to
isolation of CTCs by epithelial markers; 7.0 months vs 12.7
Frontiers in Oncology | www.frontiersin.org 5
months, P=0.014; Figure 3B). Moreover, multivariate analysis
showed the presence of EMT-like CTC-WBC clusters remained
the only significantly independently predictive factors associated
with PFS, with the adjusted HR of 2.415 (95% CI:1.046, 5.574,
P=0.039, detail data of other clinical indexes in the multivariate
analysis showed in Supplementary Table 1). However, the total
CTC-WBC clusters and epithelial-based CTC-WBC clusters
(including epithelial CTC-WBC clusters and biphenotypic
epithelial/mesenchymal CTC-WBC clusters) were not
correlated with patients’ survival in the cohort, respectively
(8.4 months vs 10.6 months, P=0.561, Figure 3C; 8.4 months
vs 10.7 months, P=0.511, Table 3).
A

B

C

FIGURE 2 | Association of the detection of EMT-like CTC-WBC clusters with
different subtypes of CTCs and the clinicopathological characteristics.
(A) Representative images of CTC-WBC clusters classified by categorical
markers. (B) The distribution of different CTC subtypes in the patients with
EMT-like CTC-WBC clusters and those patients without. (C) Association
between the detection of EMT-like CTC-WBC clusters and metastatic sites.
TABLE 2 | The association between the presence of EMT-like CTC-WBC
clusters and the clinicopathological characteristics of 135 enrolled patients with
HR-positive/HER2-negative metastatic breast cancer undergoing docetaxel plus
capecitabine as first-line chemotherapy.

Without EMT-like
CTC-WBC clusters at

baseline

With EMT-like CTC-
WBC clusters at

baseline

P
value

Age 0.353
<60 101 (79.5%) 8 (100.0%)
≥60 26 (20.5%) 0
Menstrual status 0.138
Premenopausal 54 (42.5%) 6 (75.0%)
Menopause 73 (57.5%) 2 (25.0%)
ER status 0.267
Positive 123 (96.9%) 7 (87.5%)
Negative 4 (3.1%) 1 (12.5%)
PR status 1.000
Positive 116 (91.3%) 8(100.0%)
Negative 11 (8.7%) 0
Disease-free survival 0.439
<24 months 33 (26.0%) 3 (37.5%)
≥24 months 94 (74.0%) 5 (62.5%)
Position of metastatic
site

0.090

Non-visceral 28 (22.0%) 4 (50.0%)
Visceral 99 (78.0%) 4 (50.0%)
Liver metastases 0.726
Without 68 (53.5%) 5 (62.5%)
With 59 (46.5%) 3 (37.5%)
Lung metastases 0.154
Without 59 (46.5%) 6 (75.0%)
With 68 (53.5%) 2 (25.0%)
Bone metastases 0.144
Without 53 (41.7%) 1 (12.5%)
With 74 (58.3%) 7 (87.5%)
Lymph node
metastases

0.268

Without 44 (34.6%) 1 (12.5%)
With 83 (65.4%) 7 (87.5%)
Simultaneous bone
and lymph node
metastases

0.006

Without 81 (63.8%) 1 (12.5%)
With 46 (36.2%) 7 (87.5%)
Previous
endocrinotherapy (after
confirmed relapse)

0.849

None 97 (76.4%) 6 (75.0%)
1st-line 26 (20.5%) 2 (25.0%)
2nd-line or more 4 (3.1%) 0
June 2021
 | Volume 11 | Article 6
02222

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Guan et al. CTC-WBC Clusters in Breast Cancer
As for patients detected with EMT-like CTC-WBC clusters
within 6 weeks after the initiation of chemotherapy (within the
first follow-up visit), statistically significantly shorter PFS was
observed when compared with the patients without (9.1 months
vs 11.0 months, P=0.032, Figure 3D). However, no parallel
results can be summarized from the patients with EMT-like
CTC-WBC clusters detected after 6 weeks during the first-
line treatment.
DISCUSSIONS

Despite the prognostic value of CTCs has been discussed in
many attempts, the clinical significance of the interaction
between immune cells and CTCs during the process of
Epithelial-mesenchymal-transition are largely uncharacterized.
We optimized a filter-based method combined with an RNA in
situ hybridization technique according to both the epithelial- and
mesenchymal-markers, and investigated the predictive value of
different phenotypes of CTC-WBC clusters as a prognostic
biomarker. Our study revealed the prognostic value of CTC-
WBC cluster underwent mesenchymal transformation in a
prospective cohort composed of relatively homogeneous
participants who were all HR-positive/HER2-negative
metastatic breast cancer underwent first-line chemotherapy of
docetaxel plus capecitabine, on which epithelial-to-mesenchymal
transition was correlated with drug resistance (18, 19).
Frontiers in Oncology | www.frontiersin.org 6
Several studies illuminated CTC clusters were more likely to
be present in patients with high enumeration of CTCs (20, 21).
Similar association was found between CTC-WBC clusters and
single CTCs in our present study, that is, the frequency of
presence of CTC-WBC clusters increased in patients with high
enumeration of CTC count, especially in those with high
numbers of M-CTCs and E/M-CTCs. Owing to the fact bone
marrow was a common homing organ for metastatic tumor cells
(22), the detection of EMT-like CTC-WBC clusters at baseline
was associated with simultaneous bone metastases and lymph
node metastases in the present study, suggesting the correlation
between tumor cells and immune cells during tumor
dissemination. Increased metastatic propensity of CTC clusters
in mouse models and adverse prognosis in breast cancer patients
with abundant CTC clusters, suggested the role of CTC clusters
as critical mediators of cancer metastasis (23). However, the
correlation between CTC clusters and immune cells during
cancer dissemination was unclear.

CTCs in the peripheral blood left the immunosuppressive
microenvironment of the primary tumor and might be vulnerable
to immune surveillance, which required immune−escape
mechanisms if they were to form metastases, including alterations
in the expression of MHC molecules, NK-cell ligands, FAS, FAS
ligand, and immune-checkpoint molecules, such as CD47 and
programmed cell death 1 ligand 1 (PD−L1) (14). Analyses of the
interaction between CTCs and immune cells may provide reference
for real-time therapy stratification and prognosis prediction. In a
A B

DC

FIGURE 3 | The prognostic value of different subtypes of CTC-WBC clusters. (A) Kaplan-Meier analysis-based estimation of PFS probabilities of comparing the
patients with at least one EMT-like CTC-WBC clusters to those without. (B) Kaplan-Meier analysis-based estimation of PFS probabilities of comparing the patients
with at least one EMT-like CTC-WBC clusters to those to five or more epithelial-based CTCs. (C) Kaplan-Meier analysis-based estimation of PFS probabilities of
comparing the patients with at least one CTC-WBC clusters to those without. (D) Kaplan-Meier analysis-based estimation of PFS probabilities of comparing the
patients with at least one EMT-like CTC-WBC clusters within 6 weeks after the start of chemotherapy to those without.
June 2021 | Volume 11 | Article 602222
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cohort of 106 patients with advanced non-small-cell lung cancer
receiving first-line cisplatin-based chemotherapy, Ilié M et al. (24)
found a trend for longer PFS andOS was observed in those with PD-
L1 expression in CTCs or circulating WBCs. A recent study
investigated the association between WBCs and CTCs during
blood-borne dissemination by single-cell RNA sequencing and
revealed that neutrophils directly interact with CTCs which drives
cell cycle progression in circulation and accelerates the metastatic
potential of CTCs (25). Szczerba BM et al. (25) observed that the
patients of invasive breast cancer in whom at least one CTC-
neutrophil cluster were detected per 7.5 ml of peripheral blood were
correlatedwith significantlyworse PFS compared to patientswithfive
or more CTCs in 7.5 ml of peripheral blood. However, the study of
Szczerba BM et al. (25) focused on the mechanism of interaction
between CTCs and WBCs in breast cancer patients and mouse
models, while the human samples involved in the study were very
heterogeneous because of the recruitment from merely 34 patients
with detectable CTCs of different tumor subtypes, TNM stage and
diverse treatment. Thus, the statistical power of heterogenous group
may be influenced by confounding factors. Moreover, the study did
not disclose the clinical implications ofCTC-WBCclusters during the
progress of epithelial-mesenchymal transition.

However, when carcinoma cells are undergoing EMT process,
reduced expression of epithelial markers and upregulated
expression of mesenchymal markers on CTCs may result in
false-negative findings in the cell surface epithelial marker-based
Frontiers in Oncology | www.frontiersin.org 7
CTC capturing methods (8). Therefore, the identification of
additional upregulated mesenchymal markers on CTCs during
EMT may lessen the leak detection of CTCs. Previous studies by
Yu M et al. (11) and our research group (26) suggested that in
patients with metastatic breast cancer, the fluctuation of
proportion of CTCs underwent mesenchymal transformation
may be more appropriate for predicting prognosis and evaluating
therapeutic resistance compared to total CTC enumeration.
Whereas, the clinical implications of EMT marker composition
in CTC-WBC clusters were uncharacterized before.

In the present study, the patients with at least one EMT-like
CTC-WBC clusters before treatment showed significantly
shorter PFS compared to those with five or more epithelial-
based CTCs. However, epithelial-based CTC-WBC clusters,
including epithelial CTC-WBC clusters and biphenotypic
epithelial/mesenchymal CTC-WBC clusters, did not reach the
statistical power to predict the disease outcome in our study,
owing to the lack of mesenchymal composition detected. In this
prospective cohort composed of relatively homogeneous
participants who were all HR-positive/HER2-negative breast
cancer patients receiving first-line chemotherapy of docetaxel
plus capecitabine, epithelial-to-mesenchymal transition was
positively correlated with drug resistance (18, 19), which may
lead to the failure in the prognostic prediction of simple total
CTC count and epithelial-based CTC-WBC clusters. Even
though the occurrence of EMT-like CTC-WBC clusters seemed
to be lower than CTCs, it may be a more accurate marker to
differentiate the special population who were more likely
resistant to the current treatment, for whom the combination
of targeting residual EMT-driven cancer cells in addition to
conventional therapy may decrease metastasis formation and
drug resistance (27). Meanwhile, blocking the process of
epithelial-to-mesenchymal transition and reducing EMT-like
CTC-WBC clusters may provide a therapeutic target to control
metastatic spread and increase the efficacy of anticancer
treatments. To our knowledge, the study is the first attempt to
characterize the prognostic value of EMT-like CTC-WBC
clusters in a homogeneous cohort, which provide evidence for
clinical transformation. However, limited sample size influenced
the statistical power to draw firm conclusions, and further large-
scale external validation containing data of overall survival is
warranted. Besides that, the expression of some EMT-related
genes, such as ESRP1 and RBFOX2 (28), which correlated with
cancer progression, may also be explored in the EMT-like CTC-
WBC clusters in further study to enrich the prognostic model.

In summary, our investigation suggested that the presence of
EMT-like CTC-WBC clusters before treatment was associated with
significantly poorer PFS in HR-positive/HER2-negative metastatic
breast cancer patients receiving first-line chemotherapy of
docetaxel plus capecitabine, raising a concern on the optimized
choice of first-line treatment for these patients. The results
suggested that taking both the cancer cells and immune cells
into consideration in the liquid-microenvironment biopsy,
EMT-like CTC-WBC clusters may serve as a potential
biomarker for prognosis prediction and a rationale target for
individualized therapy in HR-positive/HER2-negative metastatic
breast cancer patients.
TABLE 3 | Detail description of Kaplan-Meier analysis-based estimation of
Progression-free survival for different subtypes of CTCs and CTC-WBC clusters
at baseline.

different subtypes
of CTCs and CTC-
WBC clusters at

baseline

No. of
patients

No. of
patients

progressed

Median
Progression-
free survival
(months)

P
value

Index 1 Total CTC counts≥5 84 71 11.2 0.387
Total CTC counts<5 51 37 9.5

Index 2 epithelial-based
CTCs≥5

68 57 11.8 0.362

epithelial-based
CTCs<5

67 51 9.6

Index 3 EMT-like CTC-WBC
clusters

8 7 7.0 0.023

no EMT-like CTC-
WBC clusters

127 101 10.7

Index 4 EMT-like CTC-WBC
clusters

8 7 7.0 0.019

Total CTC counts≥1 105 87 11.2
Index 5 EMT-like CTC-WBC

clusters
8 7 7.0 0.013

Total CTC counts≥5 77 65 12.3
Index 6 EMT-like CTC-WBC

clusters
8 7 7.0 0.014

epithelial-based
CTCs≥5

61 51 12.7

Index 7 CTC-WBC clusters 10 8 8.4 0.561
no CTC-WBC
clusters

125 100 10.6

Index 8 epithelial-based CTC-
WBC clusters

9 7 8.4 0.511

no epithelial-based
CTC-WBC clusters

126 101 10.7
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24. Ilié M, Szafer-Glusman E, Hofman V, Chamorey E, Lalvée S, Selva E, et al.
Detection of PD-L1 in Circulating Tumor Cells and White Blood Cells From
Patients With Advanced Non-Small-Cell Lung Cancer. Ann Oncol (2018)
29:193–9. doi: 10.1093/annonc/mdx636

25. Szczerba BM, Castro-Giner F, Vetter M, Krol I, Gkountela S, Landin J, et al.
Neutrophils Escort Circulating Tumour Cells to Enable Cell Cycle
Progression. Nature (2019) 566:553–7. doi: 10.1038/s41586-019-0915-y

26. Guan X, Ma F, Li C, Wu S, Hu S, Huang J, et al. The Prognostic and
Therapeutic Implications of Circulating Tumor Cell Phenotype Detection
Frontiers in Oncology | www.frontiersin.org 9
Based on Epithelial-Mesenchymal Transition Markers in the First-Line
Chemotherapy of HER2-Negative Metastatic Breast Cancer. Cancer
Commun (2019) 39(1):1. doi: 10.1186/s40880-018-0346-4

27. Yeung KT, Yang J. Epithelial-Mesenchymal Transition in Tumor Metastasis.
Mol Oncol (2017) 11:28–39. doi: 10.1002/1878-0261.12017

28. Fici P, Gallerani G, Morel AP, Mercatali L, Ibrahim T, Scarpi E, et al. Splicing
Factor Ratio as an Index of Epithelial-Mesenchymal Transition and Tumor
Aggressiveness in Breast Cancer. Oncotarget (2017) 8(2):2423–36. doi:
10.18632/oncotarget.13682

Conflict of Interest: JX was employed by SurExam Bio-Tech.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2021 Guan, Li, Li,Wang, Yi, Liu, Chen, Xu, Qian, Xu andMa. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
June 2021 | Volume 11 | Article 602222

https://doi.org/10.1158/1078-0432.CCR-19-0208
https://doi.org/10.1186/s13058-018-0976-0
https://doi.org/10.1158/1078-0432.CCR-07-5125
https://doi.org/10.1158/1078-0432.CCR-07-5125
https://doi.org/10.1016/j.cell.2014.07.013
https://doi.org/10.1016/j.cell.2014.07.013
https://doi.org/10.1093/annonc/mdx636
https://doi.org/10.1038/s41586-019-0915-y
https://doi.org/10.1186/s40880-018-0346-4
https://doi.org/10.1002/1878-0261.12017
https://doi.org/10.18632/oncotarget.13682
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Epithelial-Mesenchymal-Transition-Like Circulating Tumor Cell-Associated White Blood Cell Clusters as a Prognostic Biomarker in HR-Positive/HER2-Negative Metastatic Breast Cancer
	Introduction
	Methods
	Isolation and Classification of CTCs and CTC-WBC Clusters
	Patient Cohort Selection
	Statistical Analyses

	Results
	Clinicopathologic Characteristics of the Enrolled Cohort
	Association Between Different Subtypes of CTCs and the Heterogeneity of CTC-WBC Clusters
	Association Between the Emergence of CTC-WBC Clusters and Clinicopathological Features
	Association Between the Heterogeneity of CTC-WBC Clusters and Progression-Free Survival

	Discussions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


