Breast Cancer Research and Treatment (2023) 201:27-41
https://doi.org/10.1007/510549-023-06942-y

PRECLINICAL STUDY q

Check for
updates

Heterogeneous circulating tumor cells correlate with responses
to neoadjuvant chemotherapy and prognosis in patients with locally
advanced breast cancer

Ge Ma'? . Jingyi Wang? - Jingyue Fu' - Rui Chen' - Mengdi Liang' - Minghui Li' - Tiansong Xia'? - Xiaoan Liu -

Shui Wang'2

Received: 5 August 2022 / Accepted: 5 April 2023 / Published online: 13 June 2023
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2023

Abstract

Neoadjuvant chemotherapy (NCT) is the standard treatment for patients with locally advanced breast cancer (LABC). The
predictive value of heterogeneous circulating tumor cells (CTCs) in NCT response has not been determined. All patients were
staged as LABC, and blood samples were collected at the time of biopsy, and after the first and eighth NCT courses. Patients
were divided into High responders (High-R) and Low responders (Low-R) according to Miller—Payne system and changes
in Ki-67 levels after NCT treatment. A novel SE-i-FISH strategy was applied to detect CTCs. Heterogeneities were success-
fully analyzed in patients undergoing NCT. Total CTCs increased continuously and were higher in Low-R group, while in
High-R group, CTCs increased slightly during NCT before returning to baseline levels. Triploid and tetraploid chromosome
8 increased in Low-R but not High-R group. The number of small CTCs in Low-R group increased significantly until the
last sample, however, remained constant in High-R group. The patients with more CTCs had shorter PFS and OS than those
with less CTCs after the eighth course of NCT. Total CTCs following NCT could predict patients’ responses. More detailed
characterizations of CTC blood profiles may improve predictive capacity and treatments of LABC.
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Introduction

Breast cancer is the most common malignant tumor in
Ge Ma, Jingyi Wang and Jingyue Fu contributed equally to this women, and neoadjuvant chemotherapy (NCT) is the stand-
work. ard of care for patients with locally advanced breast can-
cer (LABC) [1]. However, a large number of patients with
breast cancer respond poorly to standard treatment, and only
a small number of patients achieve a complete or optimal
response. In addition, chemotherapy can induce a signifi-
cant, unexpected “opposite effect” that accelerates critical
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metastatic steps in malignancy, rather than inhibiting them
[2]. Tumor heterogeneity may account for different thera-
peutic effects and should be appropriately addressed in treat-
ment response evaluation. NCT should achieve two main
objectives: shrinkage of the primary tumor and eradication
of blood-borne tumor cell dissemination [3]. However, in
practice due to the lack of standard testing criteria, the sec-
ond objective is almost entirely overlooked by current NCT
assessments despite metastasis being the primary cause of
death in breast cancer patients [4].
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Circulating tumor cells (CTCs) are released from the pri-
mary tumor into the blood stream and are considered to be
the initiators of metastasis at distant organ sites [5]. In early
breast cancer, CTC detection rates are 8-56%, according
to different methods [6—8]. Numerous studies have demon-
strated that the presence of CTCs in breast cancer is a marker
of poor prognosis [9, 10]. In the case of LABC, the German
Breast Group demonstrated that detection of CTCs prior to
NCT is an independent prognostic factor of impaired clinical
outcome and is particularly effective when combined with
pCR [11]. Although sufficient evidence exists to recognize
the prognostic value of CTCs as an example of high-qual-
ity evidence-based medicine, complete elucidation of the
quantitative changes and molecular characterization of CTCs
during NCT have not been carried out, which may serve to
improve the unfavorable prognoses of patients.

CTC:s are present at very low concentrations in peripheral
blood, and therefore, highly sensitive assays are required.
Conventional detection strategies include two steps, enrich-
ment and detection (or characterization). The Cell Search
System is unable to effectively detect multi-functional
mesenchymal CTCs while real-time PCR (RT-PCR)-based
tumor cell detection methods cannot accurately meas-
ure CTC numbers by gene expression measurement [12].
Recently, a novel CTC detection strategy, subtraction enrich-
ment, and immunostaining fluorescence in situ hybridization
(SE-i-FISH) have been applied. This technique integrates
both steps and achieves much higher sensitivity; nega-
tive selection, which does not limit CTC isolation to those
expressing particular tumor markers, is used to enrich CTCs
using the leukocyte marker CD45 [13]. This system is an
innovative means to detect chromosome aneuploidy with
synchronous detection of the tumor biomarkers listed above.
Aneuploidy may result in genomic instability [14]. In fact,
several studies have described it as the most common fea-
ture of malignant tumor cells [15, 16]. Further, using SE-
i-FISH enables observation of CTC morphological features.
For instance, small CTCs (<5 pm) as well as circulating
tumor microemboli (CTM; a cluster of two or more CTCs)
can be distinguished from CTCs in the traditional sense. In
summary, benefits of SE-i-FISH include not only improved
enumeration of CTCs, but also more detailed characteriza-
tion and analytical opportunities that may be investigated
during NCT assessments.

The aim of this study was to evaluate the predictive power
of heterogeneous CTCs with respect to LABC patients
receiving NCT. Further, we explore the future prospects for
liquid biopsy and characterization of heterogeneous CTCs
in NCT.
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Materials and methods
Patients and sample collection

Written informed consent was obtained from all patients
prior to enrollment in the study. All procedures were
approved by Institutional Review Boards of the First Affili-
ated Hospital with Nanjing Medical University.

A total of 45 patients diagnosed with LABC were enrolled
at the First Affiliated Hospital of Nanjing Medical Univer-
sity from October 2016 to November 2017. Breast cancer in
all patients was confirmed by core biopsy. The pathologi-
cal report, including histological type, hormone receptors,
HER-2 status, and Ki-67 index were provided by the Pathol-
ogy Department of the First Affiliated Hospital of Nanjing
Medical University. All patients were staged as LABC and
received an EC x4-T x4 NCT regimen (epirubicin 90 mg/
m? iv dl1, cyclophosphamide 600 mg/m?iv d1 on a 21 days
cycle for four cycles, then docetaxel 80 mg/m? iv d1, on a
21 days cycle for four cycles). Blood samples (6 ml) were
collected for CTC detection pre-treatment (at time of biopsy)
and after the first and eighth courses of chemotherapy. Com-
plete blood counts (lymphocyte, neutrophils, and platelets)
referred to the blood cell analysis reported by the Clinical
Laboratory of the First Affiliated Hospital of Nanjing Medi-
cal University. All patients with LABC underwent surgery.
The Ki-67 values from the postoperative and preoperative
biopsy pathology reports were compared and used to evalu-
ate the NCT response. All patients were assigned to one
of two groups, those in the Low-Responder (Low-R) group
had a higher Ki-67 index following NCT, compared to the
66.67% basal Ki-67 value prior to NCT; alternatively, the
High-Responder (High-R) group had a lower Ki-67 index.
In addition, the Miller—Payne system was applied for NCT
response classification [17].

Immunofluorescence staining and SE-i-FISH

In this study, we applied the subtraction enrichment (SE)
and immunostaining-FISH (i-FISH®) platform for CTC
detection and characterization, which has been reported
previous [18-20]. Experiments were performed according
to the operation manual (Cytelligen, San Diego, CA, USA).
Briefly, peripheral blood was collected into Cytelligen tubes
containing ACD anti-coagulant (Becton Dickinson, Franklin
Lakes, NJ, USA) and centrifuged at 450 x g for 5 min. All
sedimented cells were subsequently loaded onto the top of
3 ml non-hematopoietic cell separation matrix for immediate
processing by density gradient centrifugation.
Supernatants above the red blood cell layer were
collected and incubated with a cocktail including
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anti-leukocyte antibody (CD45) immunomagnetic beads
at 23-25 °C for 15 min with gentle shaking. Subsequently,
the solution was subjected to magnetic separation. The
bead-free solution was spun at 500 X g for 2 min. Sedi-
mented cells were thoroughly mixed with cell fixative
and applied to coated CTC slides for subsequent i-FISH
analysis.

Air-dried samples on coated CTC slides were hybrid-
ized with centromere probe 8 (CEP8) (Abbott Laborato-
ries, abott Park, IL, USA) for 3 h, followed by antibody
staining by incubation with Alexa Fluor (AF) 594-anti-
CD45(clone: 9.4), Cy5S-anti-EpCAM (epithelial cell adhe-
sion marker) (clone: 9C4), Cy7-anti-vimentin (clone: 1D3),
and AF488-anti-CD31 (Cytelligen, San Diego, CA, USA)
(clone: WM59) at room temperature for 30 min.

Metafer-i-FISH® automated CTC 3D scanning
and image analysis

Image capture, as well as CTC identification and analy-
sis were performed using the automated Metafer-i-FISH®
—CTC 3D scanning and analyzing system (Carl Zeiss,
Oberkochen, Germany; MetaSystems, Altlussheim, Ger-
many; and Cytelligen, San Diego, CA, USA). Briefly, CTC
slides loaded onto a fluorescence microscope (AXIO Imager
72) stage were subjected to automated full X-Y plane scan-
ning with cross Z-sectioning of all cells performed ata 1 mm
step depth, with fluorescence signal acquisition of all color
channels. Automated image processing, classification, and
statistical analysis were performed to comprehensively
evaluate cell size, cell cluster, tumor biomarker expression,
and chromosome ploidy. A cell was judged to be CTC if it
matched either of the following criteria:

(1) DAPI*CD45-CD31 EpCAM3*vimentin*chromosome
8 (Chr8) aneuploidy or polyploidy

(2) DAPI*CD45-CD31 chr8 diploidy/ EpCAM® or/and
vimentin*

Statistical analysis

Results are expressed as the mean + SD. The number of
CTCs and different heterogeneities were analyzed by repeti-
tive measurement deviation analysis between the High-R
and Low-R groups. Multiple comparison analysis corrected
by Tukey’s test was used to analyze the differences within
groups. Chi-square analysis and multivariate analysis were
used to determine the chemotherapy responses in patients
with different clinicopathological features. To evaluate the
predictive value of CTC occurrence in distinguishing chem-
otherapy-resistant patients from sensitive ones, we plotted
receiver operating characteristic (ROC) curves and calcu-
lated the area under the curves (AUCs). The ROC curves

of total and heterogeneous CTC numbers were generated
at three time points. The A value, defined as the difference
between the two measurements, was also analyzed by ROC
curve. Correlation coefficients of two variables were calcu-
lated with Pearson analysis. Survival analysis was performed
using Log-rank test. All statistical analyses were performed
with SPSS version 21.0 (SPSS, IBM; Chicago, IL, USA),
and all p values were two-tailed with 5% significance levels.

Results

Establishment of SE-i-FISH for breast cancer CTCs
in situ phenotype and karyotype identification

SE-i-FISH was optimized to monitor breast cancer CTCs
expressing tumor biomarkers and Chr8 aneuploidy. Immu-
nofluorescence staining of CTCs with anti-EpCAM and
mesenchymal marker vimentin showed distinct intracellular
staining for both EpCAM and vimentin. (Fig. 1).

Analysis of CTCs detected by patient classification

The CTC-positive detection rate was 43/45 in LABC patients
(95.6%) before NCT, and 100% following the first course of
NCT and post-NCT.

Patients were divided into two groups according to
changes in Ki-67. The High-R group was composed of
22 patients (48.9%) and the Low-R group of 23 patients
(51.1%). According to the Miller-Payne system, 8/45
patients obtained >90% loss of tumor cells (grade 4-5),
while the other 37 patients were assigned to grade 1-3. All
eight grade 4-5 patients belonged to the High-R group when
sorted according to Ki-67 changes.

Chemotherapy responses were not associated with any of
the patients’ clinical and pathologic characteristics (Table 1,
Chi-square test was used to analyze the influence of differ-
ent factors on chemotherapy response). Patient clinicopatho-
logical features and their association with CTC detection
are also shown in Table 1. The CTC-positive rate was not
correlated with age, HER-2 status, or lymph node metastasis.
However, patients with more than two lymph node metasta-
ses exhibited significantly higher numbers of CTCs (repeti-
tive measurement deviation analysis, p =0.029). Further,
during NCT, CTC numbers increased in patients with more
than two metastatic lymph nodes (p <0.001 and 0.043 for
post-1st NCT and post-NCT, respectively, additional file 1,
Fig. S1A). Specifically, the number of CTC was high only
during NCT in High-R group yet was continuously elevated
in the Low-R group. Alternatively, for patients with two
or less metastatic lymph nodes, the CTC number showed
a downward trend following the initial rise in the High-R
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Fig. 1 Detection of CTCs by SE-iFISH. A A CTC with EpCAM™" vimentin~ > pentasomy 8. B A small CTC with EpCAM™ vimentin™ disomy 8.

C A CTM with EpCAM?* vimentin~ by SE-iFISH. (WBC: red arrow)

group; while in the Low-R group, the number was found to
steadily increase (Additional file 1, Fig. S1A and B).

CTC numbers analyzed by patient group: correlation
with NCT effect

A typical fluorescent photograph of a CTC is shown in
Fig. 2A. In general, the number of CTCs increased after the
first NCT cycle compared to pre-NCT levels (p <0.001).
This trend continued post-NCT (p=0.001, Fig. 2B). The
number of CTCs was higher in the Low-R group (repeti-
tive measurement deviation analysis, p=0.042). There were
no significant differences in CTC number between High-R
and Low-R groups before NCT or after the first course of
NCT (Fig. 2C). However, following the eighth NCT course,
the difference between the two groups was significant
(p=0.028). The CTC number increased slightly (»p =0.051),
then decreased to baseline in the High-R group, while in the
Low-R group, the number of CTCs continuously increased
continuously during NCT (Fig. 2D).

According to the Miller—Payne system, the CTC num-
ber of grade 1-3 patients increased significantly and con-
tinuously following all NCT courses compared to grade 4—5
patients (Fig. 2E and F).

Chromosome 8 karyotype changes
between patients with different NCT responses

The existence of heterogeneous polysomic Chr8 confirmed
the marked heterogeneity of breast cancer CTCs (Fig. 3A);
while the ratios of CTCs with different Chr8 ploidies
changed during treatment (Fig. 3B). The frequencies of
CTCs with triploid Chr8 copy numbers were 28, 34, and 45%

@ Springer

at the three successive time points, and the corresponding
tetraploid Chr8 numbers were 14, 27, and 24%, respectively.
Analysis of the occurrence of triploid, tetraploid, pentaploid,
or higher Chr8 copies in CTCs according to NCT response
showed that the number of CTCs containing Chr8 triploidy
and tetraploidy was higher in the Low-R group than in the
High-R group following NCT; however, this effect was not
observed pre- or post-initial NCT (p=0.017 and 0.009 for
triploidy and tetraploidy, respectively, Fig. 3C and G). Com-
pared to the CTC number before NCT, an increase in Chr8
triploidy and tetraploidy was observed in the Low-R group
post-first NCT (p =0.003 and 0.010, respectively) and post-
NCT (p=0.002 both in triploid and tetraploid Chr8), while
in the High-R group, Chr8 triploidy only increased post-
first NCT, after which it returned to baseline. No increase
in tetraploid Chr8 was observed in CTCs following NCT in
High-R group (Fig. 3D and H).

When patients were classified by the Miller—Payne sys-
tem, the trends observed in CTC Chr8 triploidy, tetraploidy,
and multiploid variations were similar to the ki-67 group
mode (Fig. 3E, F, 1, J).

Correlation of the number of small-size CTCs
with NCT response

A vimentin* small-size CTC is depicted in Fig. 4A (left).
The number of small CTCs (<5 pm) increased after the
first NCT cycle (p <0.001), after which it remained elevated
post-NCT (p=0.001), consistent with the overall changes
observed in CTCs (Fig. 4B). Further, the number of small
CTCs in Low-R patients was significantly higher during the
final time point after the eighth course of NCT (p=0.038;
Fig. 4C). This difference, however, reflected growth in the
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Fig.2 CTC levels in patients during NCT. A A typical fluores-
cent photograph of a CTC. B Trend in total CTCs during treatment.
Measurements after the eighth course of treatment revealed more
CTCs in patients receiving NCT. C The difference in CTC numbers
between the two response groups at three time points (Ki-67 index
mode). There was no significant difference in number of CTCs until
the first course of NCT. Low-R patients had higher levels of CTC
than High-R patients before surgery. D The CTC number increased
slightly (p=0.051) but then returned to baseline in the High-R group;
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in contrast, the number increased continuously during NCT in the
Low-R group (Ki-67 index mode). E The difference in CTC numbers
between Miller—Payne grades 1-3, and 4-5 at 3 time points. There
was no significant difference in CTC number until the first course
NCT. Miller-Payne grade 1-3 patients had higher levels of CTCs
than Miller—Payne grade 4-5 patients before surgery. F No significant
changes in CTC number were detected in the Miller—Payne 4-5 group
during NCT; in contrast, the CTC number increased continuously
during NCT in the grade 1-3 group
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between the two response groups (Ki-67 index mode). No signifi-
cant differences were observed between High-R and Low-R patients
at the first two time points. The trisomy 8 CTC number increased in
the Low-R group after the eighth course. D Comparison of trisomy
8 heterogeneous CTCs over the course of NCT (Ki-67 index mode).
Compared to the CTC number before NCT, the triploid chromosome
8 CTCs increased in the Low-R group post-first NCT and post-NCT.
Triploid chromosome 8 increased post-first NCT and returned to
baseline level in the High-R group post-eighth NCT. E Comparison
of trisomy 8 CTCs between the two response groups. No significant
differences were observed between Miller—Payne grade 4-5 and
1-3 patients at the first two time points. The trisomy 8 CTC num-
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post-first NCT and post-NCT. G Comparison of tetrasomy 8 CTCs
between the two response groups (Ki-67 index mode). The tetras-
omy 8 CTC number was higher in the Low-R group than the High-R
group after the eighth course. There was no difference between these
two groups previously. H Comparison of tetrasomy 8 heterogene-
ous CTCs over the course of NCT (Ki-67 index mode). No increase
of tetraploid chromosome 8 was observed in CTCs over the course
of NCT in High-R patients. The number of CTCs with tetrasomy 8
increased significantly until the last detection in Low-R patients. I
Comparison of tetrasomy 8 CTCs between the two groups. The tetra-
somy 8 CTC number was higher in the Miller—Payne grade 1-3 group
than the Miller—Payne grade 4-5 group after the eighth NCT course.
There was no difference between these two groups previously. J No
increase in tetraploid chromosome 8 was observed in CTCs over the
course of NCT in Miller—Payne grade 4-5 patients. The number of
CTCs with tetrasomy 8 increased significantly until the last detection
in the Miller-Payne grade 1-3 group
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«Fig. 4 Correlation of small-size CTCs, CTM, and chemotherapeutic
effect. A Left, photograph of a small-size CTC; Right, image of a
two CTC cluster microembolus. B Quantitative comparison of small
CTCs. The number of small-size CTCs continued to increase dur-
ing NCT. C Compared to the High-R group (Ki-67 index mode), the
number of small CTCs in the Low-R group increased significantly
after the eighth course of NCT. D The number of small CTCs in
Low-R patients rose after the first course of NCT and then remained
constant at a comparatively high level. The CTC level of High-R
patients remained approximately constant during NCT (Ki-67 index
mode). E Compared to the Miller—Payne grade 4-5 group, the num-
ber of small CTCs in the Miller—Payne grade 1-3 group increased
significantly after the eighth course of NCT. F The number of small
CTCs in Miller-Payne grade 1-3 patients rose after the first course of
NCT, then remained constant at a comparatively high level. G Overall
proportion changes and changes within response groups. The propor-
tion of small CTCs increased during NCT. The proportion of small
CTC in High-R patients rose from 30.5% to 35.9%, the change in the
Low-R was from 14.5 to 46.7%. H No significant change in CTM
numbers was found for the different patient groups following NCT. I
Post-first course samples showed significantly higher CTM numbers
in Low-R patients compared to pre-NCT samples. CTM numbers in
the High-R group remained approximately constant during NCT

number of small CTCs after the first course (p =0.010),
which then plateaued at a comparatively high level
(»=0.003). Unlike the Low-R group, the CTC level of the
High-R group remained approximately constant throughout
the NCT process (Fig. 4D). The percentage of small CTCs
in the High-R group were 30.5%, 30.4%, and 35.9%, respec-
tively, at the three timepoints (Fig. 4G). The corresponding
data for the Low-R group were 14.5%, 32.3%, and 46.7%.
Additionally, the patients designated as Miller—Payne grade
1-3 exhibited the same trend in variation as that observed
in the Low-R group, while grade 4-5 was observed to be the
same as the High-R group (Fig. 4E, F).

CTM of LABC patients during NCT

A vimentin® CTM is depicted in Fig. 4A (right). No sig-
nificant changes were observed in CTM numbers following
the eighth course of NCT (repetitive measurement deviation
analysis). However, the results in Low-R patients following
the first course of treatment showed apparently higher num-
bers of CTM compared to those before NCT (Fig. 4I). No
significant differences were observed between High-R and
Low-R groups at the other timepoints; the CTM increase
in the Low-R group only slightly exceeded the significance
level (p <0.05) at the second time point, post-first course
(p=0.067) (Fig. 4H).

CTC, mesenchymal phenotypes, and NCT sensitivity

Next, CTCs were grouped according to the presence or
absence of the mesenchymal marker vimentin (Fig. S5A). The
number of total and small vimentin~ CTCs increased during
NCTL. Further, the vimentint CTCs increased after the first

NCT course, and decreased after the last course, whereas
small vimentint CTCs increased after the first course, then
remained approximately constant. Patients in the Low-R
group displayed higher numbers of vimentin~ CTCs and
small CTCs after NCT (p =0.060 and 0.038 for CTCs and
small CTCs, respectively, Fig. 5G and I). Conversely, no
difference was found in vimentint CTCs, while an increased
number of vimentin* small CTCs was detected in the High-
R group following the first course of NCT (Fig. 5C and
E). Further, vimentin™ CTCs remained constant over the
course of NCT treatment in the High-R group and increased
in the Low-R group at which level it remained relatively
constant until surgery (p =0.002 and 0.008 for the first and
eighth courses of NCT, respectively, Fig. SH). In contrast,
vimentin® CTCs showed no significant changes during NCT
(Fig. 5D). In terms of vimentin* small CTCs, no significant
changes in number were detected in the Low-R group dur-
ing NCT. In contrast, vimentin 4+ small CTCs increased post-
first NCT course after which they returned to baseline in the
High-R group (Fig. 5F). Vimentin- small CTCs showed no
significant change in the High-R group, but in the Low-R
group an obvious increase was observed after the first course
of NCT, then levels remained high (Fig. 5J).

Cumulatively, these data indicate a possible cor-
relation between low response to NCT and increased
vimentin~ CTCs with no reduction in vimentin* CTC num-
bers. The proportion of total vimentin~ CTCs confirmed this
conclusion. In the Low-R group, the percentage of vimen-
tin- small CTCs rose from 10% before NCT to 46% after
completion (Fig. 5B).

Correlation between CTCs and non-cancer cells
(lymphocyte, neutrophils, and platelets), CTCs
and cancer biomarkers during NCT

The relationships between aneuploid CTCs and non-cancer
cells (lymphocyte, neutrophils and platelets) were shown
in Fig. S2 (Additional file 2). The number of CTCs was
positively correlated with neutrophils (p =005, r=0.416)
and platelets (p =0.421, r=0.004) before treatment, how-
ever, these correlations were not apparent following the
first course of NCT. Moreover, no correlation was observed
between CTCs and the lymphocyte, tumor markers CEA,
CA12-5, and CA15-3 (Additional files 2 and 3, Figs. S2
and S3).

Predictive value of CTC numbers

ROC curve analyses indicated that the CTC total, as well
as the individual heterogeneities, effectively predicted the
NCT response after the eighth course of NCT. The AUCs
for heterogeneous CTCs after the eighth course of NCT were
0.770 (95% confidence interval (CI) 0.630-0.909), 0.776
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Fig.5 CTCs with different mesenchymal phenotype exhibited dif-
ferent sensitivities to NCT. A Images of CTCs and small-size cell
CTCs with vimentin+. Number of total CTCs and small CTCs with
vimentin- increased during NCT. Total vimentin+CTCs increased
after the first course and decreased after the last course. Small
vimentin+ CTCs increased after the -first course and then remained
constant. C and E No differences were found in vimentin+ total
CTC occurrence between the two response groups. However, more
vimentin+small CTCs were detected in the High-R group after the
first course of NCT. D The number of total vimentin+ CTCs did not
change during NCT. F The vimentin+CTC number increased post-
first NCT and returned to baseline level in the High-R group. No sig-
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nificant changes in number were detected in the Low-R group during
NCT. G and I Patients in the Low-R group displayed higher numbers
of vimentin CTCs and small CTCs after NCT than the High-R group.
H Vimentin- CTCs remained constant in the High-R group, but in the
Low-R group, increased after the first course of NCT and remained
at the same high level until surgery. J Small vimentin- CTCs showed
no change in the High-R group but increased after the first course of
NCT and remained at the same high level in Low-R group. B The
proportion of small CTCs with different mesenchymal phenotypes. In
the Low-R group, the percentage of vimentin- small CTCs rose from
10% before NCT to 47% after all courses
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(95% CI1 0.642-0.910), 0.777 (95% CI 0.640-0.913), 0.784
(95% CI 0.649-0.918), 0.772 (95% CI 0.632-0.911) and
0.792 (95% CI 0.663-0.922) for overall CTCs, small CTCs,
trisomy 8 CTCs, tetrasomy 8 CTCs, vimentin~ CTCs, and
vimentin~ small CTCs, respectively (all p values <0.05,
Fig. 6A). Similarly, the Avalue2 (difference between the
third and the first measurements) was an effective predictor
of outcome. The AUCs for this measurement were 0.797
(95% CI 0.670-0.925), 0.822 (95% C1 0.702-0.942), 0.776
(95% CI1 0.641-0.910), 0.804 (95% CI 0.676-0.933), 0.794
(95% CI 0.666—0.923), and 0.845 (95% CI 0.732-0.958),
respectively (all p values <0.05, Fig. 6B). Considering
the samples after only the first course of treatment, only
the Avaluel (difference between the second and the first
measurements) of small vimentin~ CTCs exhibited signifi-
cant diagnostic value (AUC 0.566; 95% CI 0.396-0.737,;
Fig. 6C). However, a lower degree of diagnostic efficiency
was achieved when the Miller—Payne system was adopted,

which may be related to the unbalanced sample size (Addi-
tional file 4, Fig. S4).

A three-year follow-up of LABC patients was conducted
to evaluate the curative effects of NCT and the rationality
of the surrogate endpoints including Ki-67 changes. We
set the media value of CTC numbers as a threshold, and
divided subjects into a CTC-High and CTC-Low group. The
comparison of progression-free survival (PFS) and overall
survival (OS) between the two groups was performed using
Log-rank test. Results show that patients with higher CTC
numbers exhibited a significantly shorter PFS and OS com-
pared to those in the CTC-Low group after the 8th NCT
course (Fig. 6D and E). In addition, we evaluated the sur-
vival of patients with High-R and Low-R (according to the
Ki-67 index) and found patients in the High-R group had
significantly higher PFS and OS than patients in the Low-R
group (Additional file 5, Fig. S5), which confirms the high
reliability of the grouping methods.
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Fig.6 Receiver operating characteristic (ROC) curves for CTC num-
bers with different heterogeneities for discriminating low response
from high-response and prognostic value of the CTC numbers for
LABC patients. AUC: area under the curve. A Number of CTCs and
heterogeneities of CTC after the eighth course of NCT. B Avalue2

OS time (months)

OS time (months)

(difference between the third and the first timepoints) of CTCs and
CTC heterogeneities. C The Avaluel (difference between the second
and the first timepoints) of vimentin+ small-size CTCs. D Progres-
sion-free survival analysis for LABC patients receiving NCT. E Over-
all survival analysis for LABC patients receiving NCT
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Discussion

Liquid biopsy is the focus of precision oncology as it is
noninvasive and can be repeated at multiple time points,
facilitating the monitoring of disease courses and therapy
selection [21]. Recent study demonstrated that the prog-
nostic effect of CTC status before and after therapy var-
ies through time, and indicated CTC detection pre- and
post-adjuvant chemotherapy can predict early relapse,
supporting investigations for novel adjuvant therapeutic
approaches [22]. However, the predictive value of CTCs
for NCT response remains controversial. CTC detection
clinical trials based on the CellSearch® system suggested
EpCAM-positive CTC counts were not correlated to pCR
in NCT [23, 24]. Our previous study demonstrated that
systemic adjuvant chemotherapy had a significant impact
on CTCs, as assessed via RT-PCR, and this effect was
observed after three cycles of chemotherapy [7]. The data
also indicated the decline of CTC-positive rates in NCT,
which emboldened the rationale for use of CTCs as a bio-
marker in NCT response monitoring [25]. These incon-
sistent results may be due to the use of different detection
platforms. Mego and colleagues measured CTC by Cell-
Search® or AdnaTest™ and their results demonstrated that
epithelial-mesenchymal transition (EMT) phenotype CTCs
may occur in the peripheral circulation of patients, and
NCT is unable to eliminate CTCs undergoing EMT [26].

In the present study, the SE-i-FISH® platform was used
for CTC detection and characterization. Recently, this
method has been validated for detection of various rare
tumor cells including CTCs [27-33]. Based on the existing
evidence on the effectiveness of this method, the present
study did not choose another method to repeat the verifica-
tion of CTCs. SE-i-FISH® effectively isolates CTCs with-
out hypotonic damage and detects different heterogeneous
CTCs regardless of size variation and epithelial or mesen-
chymal phenotypes. In this study, the positive CTC rate is
similar to the results presented by Camara and colleague
[34], yet higher than those reported by other researchers
[35, 36]. Several factors may account for this discrepancy.
First, our results proved Fisher’s theory that hematogenous
metastasis could be found in early phase breast cancer, as
it is a systematic disease [37, 38]. The patients enrolled in
this study were diagnosed at the locally advanced stage,
making the presence of CTCs extremely likely. Patients
with more than two lymph node metastases did have more
CTCs. Secondly, the SE-i-FISH® platform detected CTCs
by various tumor markers and chromosome karyotype,
which should improve the overall detection rate. The high
sensitivity of this technique has been verified in other
malignancies including cancers of the liver, lung, colo-
rectum, and kidneys [27, 29].
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One of the most remarkable results of our study was
an observed obvious increase in CTC numbers (both total
and heterogeneous) after the first course of NCT that was
maintained at a high level until surgery. A similar elevation
following the first course of NCT has been reported in a
previous study, although different CTC capture rates existed
due to the different testing methods; researchers found that
CTC numbers increased concomitantly with taxane-induced
tumor size-reduction [34]. More focus is placed on the
changes between the baseline and post-NCT CTC numbers.
A meta-analysis suggested that CTC counts decreased after
NCT compared to the baseline [4]. However, this study used
the CellSearch® System as the only detection method, and
chemotherapy may have a substantial impact on epithelial
and mesenchymal phenotypes. Hence, there were consider-
able differences between our SE-i-FISH® platform-based
results and previous studies.

Changes in proliferation are a prerequisite for changes
in tumor growth rate and a decrease in the Ki-67 prolifera-
tion index during NCT is predictive of long-term benefits
[39, 40]. A large reduction in Ki-67 indicates that NCT may
be effective. Alternatively, a small reduction, unchanged,
or increased Ki-67 indicate that NCT may be ineffective.
Some researchers have argued that although a tumor may
exhibit a large initial decrease in the Ki-67 index, if it
remains high after NCT there remains a high risk of recur-
rence [41]. Unlike the prognostic model in our earlier study,
the chemotherapy response prediction model was applied in
the present study. Ki-67 index fluctuation is the best group
standard test to distinguish different tumor cell sensitivities
to chemotherapy.

The Miller—Payne system was constructed in 2003, [17]
and was generally accepted by oncologists. It was applied
to patient groupings in this study to analyze the correlation
between CTCs and clinical response. Herein, eight patients
were classified as Miller—Payne grade 4 or 5 after NCT, all
of whom had a high Ki-67 index reduction. By this standard,
the trend in variation was the same as the Ki-67 grouping
(data presented in supplementary material). However, due
to the extremely uneven sample numbers (8 vs 37), further
assessment is required with a larger survey sample.

The comparison of CTC numbers at different time
points based on chemotherapy response grouping is of
high clinical value. As treatment progresses, the differ-
ence between CTC levels in High-R and Low-R groups
increased. The continuous rise of CTC numbers in the
Low-R group was the most notable trend. The general
upward trend of CTC numbers with time may be attributed
to the increase in the Low-R group in this study. Tumor
response to chemotherapy may be related to the increase
of CTC after the first treatment. At later stages of NCT,
apoptotic CTCs were eliminated, which would explain the
CTC decrease in the final measurement. But in Low-R
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patients, the increase in CTC number after NCT cannot be
completely attributed to apoptotic cells. In Low-R patients,
the primary tumors exhibited chemotherapy resistance.
The corollary of this phenomenon is that CTCs possess
proliferative capacity. The CTC elevation in this group
may be unrelated to apoptosis, and active CTCs may be
predominant. It is necessary to detect the proliferative
capacity of CTC in future studies.

Spontaneous chromosome mis-segregation events in ane-
uploid cells promote chromosomal instability (CIN) that
can give rise to intrinsic multidrug resistance compared to
CIN- cell lines [42]. Several studies have demonstrated a
correlation between Chr8 ploidy in CTCs and chemother-
apy resistance in different tumors [28, 43—45]. In advanced
gastric cancer, triploid Chr8 CTCs exhibited intrinsic drug
resistance, whereas tetra- and multiploid CTCs may develop
acquired resistance following chemotherapy [43]. The drug
resistance character of triploid Chr8 CTCs was also observed
in nasopharyngeal carcinoma [28] and locally advanced rec-
tal cancer. To our knowledge, this study analyzed the quan-
tity and proportion of Chr8 aneuploidy in NCT at differ-
ent time points grouped by chemotherapy response for the
first time in patients with LABC. During NCT, the number
of triploid and tetraploid Chr8 CTCs increased only in the
Low-R group. More importantly, an increasing proportion
with time was found in the Low-R group.

Traditional methods marked by the CellSearch® System
and RT-PCR are incapable of identifying CTC size. Comple-
mentary techniques such as ISET (isolation by size of epi-
thelial tumor cells), based on a direct size selection method
for epithelial cell enrichment to further filter small CTCs
may be applied to generate additional information. Research
has shown the number of small CTCs is increased follow-
ing chemotherapy and is accompanied by the increased
ratio of drug-resistant to drug-sensitive CTCs [46]. CTMs,
derived from oligoclonal groups of cells from the primary
tumor, have a 23- to 50-fold increased metastatic potential
compared to single CTCs [47]. In the present study, both
small-size CTCs and CTMs were detected; an increase in
small CTCs over the course of chemotherapy was found. We
attribute the overall increase of small CTC number to the
increase seen in the Low-R patients. In contrast, no signifi-
cant changes in CTM number occurred during NCT, indicat-
ing that CTM may have a closer relationship with metastasis
than drug resistance. Although primary understanding of the
small CTCs and CTM associated with drug resistance has
been ascertained through SE-iFISH system in this study, the
research on these two types of CTCs was still at an initial
stage. It would be necessary to know if the small CTC are
from apoptotic/necrotic/dying cells to be stained with cell
death markers. But the number of fluorescent channels is
limited. We can only arrange the limited fluorescence chan-
nels properly, and there is no redundancy. Questions like

cytoactive of CTCs was inevitably set to play an increasingly
important role for researchers.

Some studies have indicated that CTCs with an EMT phe-
notype may occur in the peripheral circulation of patients
with breast cancer [26]. Patients with vimentin® CTCs
had worse survival rates than those with CK+ CTCs [48].
In this study, results show the close relationship between
vimentin~ CTC numbers (large and small CTCs) and low
therapy response. The proportion of vimentin™ CTCs and
small CTCs increased throughout the Low-R group. Nota-
bly, an increase then decrease of mesenchymal CTCs was
found during NCT, especially in large CTCs of the High-R
group. There is no clear explanation for this phenomenon
to date. Chemotherapy could promote the EMT of primary
tumor cells by multiple pathways [49] resulting in the initial
increase. A study has provided evidence that EMT tumor
cells modulate NK cell ligands and are vulnerable to NK-
mediated cytotoxicity [50]; activation of the innate immune
system may result in decreasing numbers over time.

Positive correlations between CTCs and blood cells
(neutrophils and platelets) were also observed before NCT.
During the metastatic process, cancer cells encounter many
other circulating cells. Several studies have shown that cir-
culating platelets and neutrophils contribute to the binding
of cancer cells to the endothelium and to their extravasation
across the endothelial barrier [51-53]. However, throughout
the course of NCT, this correlation disappeared due to the
myelosuppression caused by chemotherapy.

The diagnostic efficacy of CTCs in distinguishing dif-
ferent chemotherapeutic responses was tested in this study.
Effective performance correlations were demonstrated
for almost all indicators described based upon determina-
tions made before surgery. However, if predicting the NCT
response based only on the CTC number post-first course,
the only relatively accurate indicator was the Avaluel of
vimentin- small-size CTCs. The well-known SWOG S0500
clinical trial demonstrated that for patients with persistently
increased CTCs after 21 days of first-line chemotherapy,
early switching to an alternative cytotoxic therapy was inef-
fective in prolonging overall survival [54]. Our study also
found low diagnostic performance after one course of chem-
otherapy. However, it is expected that testing over a longer
timeframe will result in higher forecasting performance with
this new CTC detection platform.

Although surrogate endpoints including the Ki-67 and
Miller-Payne system are commonly accepted, it is widely
accepted that these methods carry with them a certain level
of inherent risk. Therefore, in the present study, our follow-
up outcome was used to evaluate the grouping methods and
to overcome the skepticism. Kim and colleagues reported
elimination of CTCs could prevent metastasis and extend sur-
vival [55]. In our study, patients with High-R showed lower
recurrence than those in the Low-R. More importantly, we
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observed specific significant differences between PFS and OS
and patients with different levels of CTCs. Cumulatively, these
results confirm that CTC numbers could be used as an evalu-
ation index for the prognosis of LABC.

As an observational study, we basically achieved our
research objectives. Randomized controlled studies with larger
sample sizes will help change clinical decision making in the
future.

Conclusions

During a typical NCT course-specific CTCs in peripheral
blood may allow for rapid evaluation of NCT response.
Detection at additional time points may increase the predic-
tive capacity of CTCs to improve unfavorable outcome rates
in LABC patients.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10549-023-06942-y.
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