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Abstract

Background: The presence of circulating tumor cells (CTCs) in patients with breast cancer correlates to a bad prognosis.
Yet, CTCs are detectable in only a minority of patients with progressive breast cancer, and factors that influence the
abundance of CTCs remain elusive.

Methods: We conducted CTC isolation and enumeration in a selected group of 73 consecutive patients characterized
by progressive invasive breast cancer, high tumor load and treatment discontinuation at the time of CTC isolation.
CTCs were quantified with the Parsortix microfluidic device. Clinicopathological variables, blood counts at the
time of CTC isolation and detailed treatment history prior to blood sampling were evaluated for each patient.

Results: Among 73 patients, we detected at least one CTC per 7.5 ml of blood in 34 (46%). Of these, 22 (65%)
had single CTCs only, whereas 12 (35%) featured both single CTCs and CTC clusters. Treatment with the monoclonal
antibody denosumab correlated with the absence of CTCs, both when considering all patients and when considering
only those with bone metastasis. We also found that low red blood cell count was associated with the presence of
CTCs, whereas high CA 15-3 tumor marker, high mean corpuscular volume, high white blood cell count and high
mean platelet volume associated specifically with CTC clusters.

Conclusions: In addition to blood count correlatives to single and clustered CTCs, we found that denosumab
treatment associates with most patients lacking CTCs from their peripheral circulation. Prospective studies will
be needed to validate the involvement of denosumab in the prevention of CTC generation.
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Background
Circulating tumor cells (CTCs) are derivatives of solid
tumor lesions that detach from the tumor and enter the
bloodstream [1]. In patients with breast cancer, CTCs
have been shown to be predictive of a shorter
disease-free survival and overall survival [2, 3], with a
worse prognosis in patients who present with a count of
at least five CTCs per 7.5 ml of blood [2, 3]. Generally,

high CTC counts have been associated with a poor prog-
nosis in multiple settings, including those patients that
are newly diagnosed with metastatic breast cancer and
about to start a therapy [3, 4]. At the morphological
level, breast CTCs occur in the blood of patients as sin-
gle CTCs or as CTC clusters, with the latter being asso-
ciated with a shorter metastasis-free survival than in
patients in whom only single CTCs are found [5].
Although the association between CTCs and bad prog-

nosis is well established in breast cancer, CTCs are de-
tectable only in a subset (~ 20–40%) of patients [2, 5].
To date, no parameters have been found that could ex-
plain CTC abundance in patients, leading to difficulties
in enabling patient stratification prior to CTC-related
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investigations [6, 7], as well as limiting our understanding
of those factors that may influence the spread of cancer.
In this study, we aimed to investigate a number of

clinicopathological variables, blood counts at the time of
CTC isolation and detailed treatment history prior to
blood sampling in a cohort of 73 consecutive patients
with invasive breast cancer characterized by progressive
disease, high tumor load and treatment discontinuation
(or without any pretreatment) at the time of CTC isola-
tion, before the next line of therapy. Additionally, we
not only investigated parameters that are associated with
the presence of CTCs but also specifically interrogated
our datasets to identify features that are associated with
CTC clusters. The rationale of our study was therefore
to identify, in an unbiased manner (i.e., not driven by
preexisting hypotheses), clinical parameters that correl-
ate with CTC presence in patients with progressive
breast cancer.

Methods
Patient selection
Seventy-three consecutive patients with invasive breast
cancer, progressive disease, high tumor load, treatment
discontinuation at the time of CTC isolation (before the
next line of therapy) and no preselection for breast can-
cer subtype or specific metastatic sites were enrolled in
the study. Eligible patients were > 18 years old with any
menopausal status and had an Eastern Cooperative On-
cology Group performance status of 0–3. Disease had to
be measurable by Response Evaluation Criteria in Solid
Tumors (RECIST) version 1.1 or nonmeasurable bone-
only disease. Tumor load was defined by either the size
of the primary tumor or the number and size of meta-
static lymph nodes or distant sites, and patients with
higher tumor load were prioritized. All subjects donated
7.5–15 ml of blood in ethylenediaminetetraacetic acid
(EDTA) vacutainers at least once, and each signed an in-
formed consent before joining the study. The study was
performed under the protocols EKNZ BASEC 2016-00067
and EK 321/10, which received ethical and institutional
review board approvals before study initiation (Ethics
Committee northwest/central Switzerland [EKNZ]). This
study was performed in compliance with the Declaration
of Helsinki.

CTC isolation and enumeration strategy
Patient-derived CTCs were captured on the microfluidic
Parsortix Cell Separation Cassette (GEN3D6.5; ANGLE,
Guildford, UK) within 1 h of blood draw, directly from un-
manipulated blood samples. Next, in-cassette staining was
performed with an antibody cocktail comprising antibodies
against epithelial cell adhesion molecule (EpCAM)-Alexa
Fluor 488 (AF488) (#CST5198; Cell Signaling Technology,
Danvers, MA, USA), human epidermal growth factor

receptor 2 (HER2)-AF488 (#324410; BioLegend, San Diego,
CA, USA), epidermal growth factor receptor (EGFR)-fluor-
escein isothiocyanate (FITC) (#GTX11400; GeneTex, Ir-
vine, CA, USA) and CD45-BV605 (#304042; BioLegend).
CTCs were characterized as AF488/FITC-positive and
BV605-negative and enumerated manually by two inde-
pendent operators under a fluorescence microscope at 20×
magnification.

Clinical parameter assessment
Primary tumor samples were collected at the initial diag-
nosis, and IHC was performed for estrogen receptor
(ER), progesterone receptor (PR), HER2 and Ki-67. If the
patient had primary metastatic disease, a biopsy from
the metastatic site was obtained when possible, including
marker assessment: ER, PR and HER2. Histopathological
diagnosis was conducted by two independent patholo-
gists from the breast cancer unit at the University Hos-
pital Basel. All patients were treated at the Breast
Cancer Unit University Hospital Basel according to local
standard operating procedures and National Compre-
hensive Cancer Network and European Society for Med-
ical Oncology guidelines by senior breast oncologists. If
a patient had a progression within new distant sites, a
new biopsy from that site was taken, when possible, to
determine ER, PR and HER2. Patients under systemic
treatment had tumor assessment at least every 12 weeks
with computed tomographic scans or earlier if tumor
progression was anticipated. CTC collection was per-
formed at progression and prior to the next line of ther-
apy or before any treatment was conducted. The
patients’ data was retrieved by detailed retrospective
chart review. Data collection included demographics and
disease-specific and treatment-specific data including
age, gender, primary stage, histologic subtype, ER/PR/
HER2 status, grading, Ki-67, date of primary diagnosis
and relapse, type of relapse (localized, metastatic), site of
distant disease, bone-modifying agents (bisphosphonates,
denosumab), palliative irradiation, and type of systemic
treatment, including time on treatment and time to next
subsequent treatment. Data was correlated with CTC
counts.

Blood parameter assessment
Complete blood counts were measured with the ADVIA
120 Hematology Analyzer (Siemens Healthcare Diagnos-
tics, Tarrytown, NY, USA) using Multispecies version
5.9.0-MS software (Bayer Diagnostics, Tarrytown, NY,
USA). Blood samples were taken before each new therapy
cycle or at least every month, including cancer antigen 15-3
(CA 15-3), alkaline phosphatase, Ca2+, C-reactive protein,
lactate dehydrogenase, red blood cells (RBC), hemoglobin,
hematocrit, mean corpuscular volume (MCV), mean cor-
puscular hemoglobin concentration, white blood cells
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(WBC), neutrophils, lymphocytes, monocytes, eosinophils,
basophils, large unstained cells, platelets and mean platelet
volume (MPV). In the vast majority of cases, blood samples
were taken simultaneously with the CTC sample or within
7 days after CTCs were taken. Eight of 73 patients had only
partial data available, whereas no blood counts were re-
ported at the time of CTC detection for nine of 73 patients.

Statistical analysis
We first screened our data to exclude variables and pa-
tients with high content of missing information, as well as
observations with implausible values. Cancer therapies
were simplified into three main nonexclusive categories
(targeted therapy, chemotherapy and hormone therapy)
(Additional file 1: Table S1). Some patients had undergone
multiple lines of therapy. For this reason, we assessed the
effects of accumulated therapies and the therapy at CTC
evaluation separately.
We investigated the association between the different

variables of interest and the presence of CTCs using Fish-
er’s exact test for categorical variables, two-sided Wilcoxon
rank-sum test for continuous variables (e.g., complete
blood counts) and Kruskal-Wallis test for ordinal variables
with more than two levels (e.g., stage at diagnosis). A list of
the statistical tests used for each variable can be found in
Additional file 2: Table S2. For each test, we present the
nominal P value. An estimate and 95% CI are also provided
for continuous and two-level categorical variables. The es-
timate corresponds to the OR in Fisher’s exact test and to
the estimated median of the difference between samples
from both groups in the Wilcoxon rank-sum test. To ac-
count for potential confounding variables, logistic regres-
sion analysis was conducted, adjusting by age at primary
diagnosis, tumor stage at diagnosis, tumor grade and histo-
logic subtype. Adjusted P values were calculated following
the Benjamini-Hochberg method, combining all tests per-
formed in this work. Associations with an adjusted P value
≤ 0.05 are highlighted in the text. We conducted the data
wrangling and statistical analysis in R (version 3.4.0; R
Foundation for Statistical Computing, Vienna, Austria).

Results
Patient characteristics
Given previously reported correlations between number
of CTCs and tumor load [8], as well as the findings that
CTC counts predict poor prognosis in breast cancer [3,
4, 9], we focused on a group of 73 consecutive patients
with invasive breast cancer with the following character-
istics: high tumor load, detailed treatment history avail-
able, progressive disease associated with treatment
discontinuation at the time of CTC isolation (before the
next line of therapy), and availability of comprehensive
blood counts performed at CTC collection. Selected pa-
tients ranged from 36 to 85 years of age and carried

either invasive ductal, lobular or inflammatory carcin-
oma, with a broad expression range of ER, PR, HER2
and Ki-67 protein levels, as well as tumor grade varying
from 1 to 3. Detailed characteristics of patients, therap-
ies and statistical tests used for the analysis are listed in
Additional file 1: Table S1, Additional file 2: Table S2,
and Additional file 3: Table S3.

CTC isolation and enumeration
Blood samples were drawn in EDTA vacutainers and
processed directly with the Parsortix microfluidic device
[10], with a dedicated protocol enabling the isolation of
> 99% of breast CTCs from unlabeled blood samples
(Additional file 4: Figure S1A). Upon enrichment, CTCs
were stained with an antibody cocktail against EpCAM,
EGFR and HER2 and counterstained for the WBC
marker CD45 (Additional file 4: Figure S1A and B).
With this approach, we detected at least one CTC per
7.5 ml of peripheral blood in 34 (46.6%) patients. Among
these, we observed that 22 (64.7%) patients were charac-
terized by the presence of single CTCs and that 12
(35.3%) patients had both single CTCs and CTC clusters
(Additional file 4: Figure S1C).

Features of patients with CTCs
We investigated a number of clinicopathological vari-
ables to identify features associated with patients in
whom either single CTCs or CTC clusters were found,
compared with patients with no detectable CTCs. We
first observed that previous treatments with targeted
therapy (including but not limited to hormonal,
anti-HER2, anti-CDK4/6 treatments), chemotherapy or
radiotherapy did not correlate with the presence of
CTCs (Additional file 5: Table S4). Yet, we found that
treatment with the anti-bone resorption antibody deno-
sumab (received by 21 of 73 patients) was associated
with the absence of CTCs (OR, 0.25; 95% CI, 0.06–0.86;
P = 0.019). Namely, the prevalence of CTCs was 14.7%
(5 of 21) among patients treated with denosumab and
55.8% (29 of 52) among nontreated patients (Table 1).
Further, when considering only those patients in whom
CTCs were detected, the average CTC number was 9.8
for patients treated with denosumab (n = 5) versus 24.79
for nontreated patients (n = 29). Despite their role as
anti-bone resorption agents, the same association was
not seen for bisphosphonates (P = 0.784). Importantly,
anti-bone resorption treatment with either denosumab
or bisphosphonates was decided on the basis of treat-
ment initiation date (denosumab was approved in
Switzerland in December 2011 and given as the pre-
ferred treatment option to eligible patients after that
date), whereas patients who started receiving bispho-
sphonates (i.e., prior to December 2011) continued
receiving bisphosphonates unless major side effects
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Table 1 Clinical features of patients with circulating tumor cells

No CTC (n = 39) CTC (n = 34) P value Estimate (95% CI)

Age at primary diagnosis, years, mean (SD) 58.38 (11.85) 55.1 (11.04) 0.444 − 2.76 (− 8.49, 2.84)

Age at first CTC evaluation, years, mean (SD) 63.53 (11.69) 59.58 (10.7) 0.163 − 4.11 (− 9.27, 1.63)

Stage at diagnosis, n (%) 0.679 –

I 4 (10.53%) 5 (14.71%)

IA 1 (2.63%) 0 (0%)

II 5 (13.16%) 4 (11.76%)

IIA 1 (2.63%) 4 (11.76%)

III 11 (28.95%) 7 (20.59%)

IIIA 2 (5.26%) 0 (0%)

IIIC 0 (0%) 2 (5.88%)

IV 14 (36.84%) 11 (32.35%)

Lymphocyte node involvement, n (%) 0.881 –

N0 11 (31.43%) 8 (25.81%)

N1 11 (31.43%) 14 (45.16%)

N2 6 (17.14%) 0 (0%)

N3 6 (17.14%) 9 (29.03%)

Histologic subtype, n (%) 0.964 –

Invasive lobular 6 (15.38%) 4 (11.76%)

Invasive ductal 31 (79.49%) 29 (85.29%)

Inflammatory invasive lobular 1 (2.56%) 1 (2.94%)

Inflammatory 2 (5.13%) 2 (5.88%)

% of ER+ cells, mean (SD) 65.82 (42.48) 59.79 (40.93) 0.386 0 (− 10, 0)

% of PR+ cells, mean (SD) 38.97 (40.04) 26.35 (33.78) 0.171 − 4 (− 20, 0)

% of Ki-67+ cells, mean (SD) 27.08 (17.13) 31.59 (21.55) 0.514 5 (− 5, 10)

HER2+ 7 (17.95%) 7 (22.58%) 0.766 1.33 (0.35–5.11)

Triple-negative 4 (10.81%) 3 (9.68%) 1.000 0.89 (0.12–5.73)

Tumor grade 0.985 –

1 4 (10.53%) 4 (12.12%)

2 17 (44.74%) 14 (42.42%)

3 17 (44.74%) 15 (45.45%)

Bisphosphonates 9 (23.68%) 7 (20.59%) 0.784 0.84 (0.23–2.94)

Denosumab 16 (41.03%) 5 (14.71%) 0.019 0.25 (0.06–0.86)

Radiotherapy 22 (56.41%) 13 (38.24%) 0.160 0.48 (0.17–1.35)

Relapse

Any 31 (79.49%) 25 (73.53%) 0.589 0.72 (0.21–2.45)

Local 3 (7.69%) 4 (11.76%) 0.698 1.59 (0.25–11.72)

Metastasis 26 (66.67%) 19 (55.88%) 0.470 0.64 (0.22–1.82)

Days between primary diagnosis and relapse, mean (SD) 1954.08 (2042.25) 1893.48 (1853.86) 0.966 − 9.37 (− 1000, 756)

Established metastatic disease at CTC evaluation 35 (89.74%) 30 (88.24%) 1.000 0.86 (0.15–5.04)

Number of metastatic sites, mean (SD) 2.09 (1.01) 1.9 (0.94) 0.473 0 (− 1, 0)

Metastasis site, n (%)

Bone 27 (69.23%) 17 (51.52%) 0.150 0.45 (0.15–1.28)

Liver 10 (25.64%) 12 (36.36%) 0.447 1.57 (0.51–4.9)

Lymph node 9 (23.08%) 10 (30.3%) 0.599 1.38 (0.43–4.54)
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occurred (Additional file 6: Table S5). When we re-
stricted the analysis to the 44 patients with bone metas-
tasis, denosumab was administered to 20 of 44 of them,
and it also correlated with a reduction in CTC numbers
compared with the remaining 24 patients with bone me-
tastasis but no denosumab treatment (OR, 0.22; 95% CI,
0.04–0.96; P = 0.03) (Table 2). These results were con-
firmed using logistic regression adjusting by age at pri-
mary diagnosis, tumor stage at diagnosis, tumor grade
and histologic subtype (OR, 0.25; 95% CI, 0.06–0.82;
P = 0.03). When comparing clinicopathological variables
in patients who were treated or not with denosumab, as
expected, we observed a correlation with bone metasta-
sis (OR, 22.53; 95% CI, 3.14–995.64; P = 5.6e-05; ad-
justed P = 0.01) (Additional file 7: Table S6), but no
effect on progression-free survival was seen (Add-
itional file 8: Figure S2). Together, our data show that
denosumab treatment is associated with a marked re-
duction of CTC counts in patients with breast cancer.

Features of patients with CTC clusters
We further asked whether any clinicopathological vari-
ables might be associated specifically with the presence
of CTC clusters, compared with patients in whom CTC
clusters were not found (i.e., having either single CTCs
or no CTCs). We found that both younger age at pri-
mary diagnosis and younger age at first CTC evaluation
were associated with the presence of CTC clusters
(Table 3). Particularly, we observed average ages at pri-
mary diagnosis of 50.63 years (SD, 12.60) for patients
with CTC clusters and 58.08 years (SD, 10.99) for pa-
tients with no CTC clusters (P = 0.033), as well as aver-
age ages at first CTC evaluation of 54.87 years (SD,

12.14) for patients with CTC clusters and 63.03 years
(SD, 10.77) for patients with no CTC clusters (P =
0.025). We also observed that although HER2 was
expressed in 22% (13 of 61) of patients with no CTC
clusters (7 of 39) (i.e., 17.95% of patients with no CTCs
and 6 of 22 [30%] of patients with single CTCs only), it
was expressed in only 1 patient (9.09%) with CTC clus-
ters (OR, 0.36; 95% CI, 0.01–2.97; P = 0.44), even though
the relationship between HER2 negativity and CTC clus-
ters did not reach statistical significance (Table 3).
When considering only patients with CTCs and com-

paring those with CTC clusters versus those with single
CTCs, we found that also in this context younger age at
primary diagnosis (P = 0.044) and younger age at first
CTC evaluation (P = 0.058) were associated with the
presence of CTC clusters (Additional file 9: Table S7).

Blood parameters associated with CTCs
In addition to investigating the clinical parameters sum-
marized above, for each patient, we also evaluated com-
prehensive blood counts performed at CTC collection.
We first asked whether blood-related parameters were
associated with the presence of CTCs (either single or
clustered), compared with patients in whom CTCs were
not detected. We observed that patients with detectable
CTCs had a lower RBC count (OR, − 0.42; 95% CI, − 0.8
- -0.08; P = 0.019) than patients with no CTCs (Table 4).

Blood parameters associated with CTC clusters
We then asked whether specific blood-related parame-
ters could be associated with the presence of CTC clus-
ters, compared with patients with no CTC clusters (i.e.,
having either no CTCs or single CTCs only). In this

Table 1 Clinical features of patients with circulating tumor cells (Continued)

No CTC (n = 39) CTC (n = 34) P value Estimate (95% CI)

Pleural 7 (17.95%) 2 (6.06%) 0.162 0.29 (0.03–1.68)

Peritoneal 3 (7.69%) 4 (12.12%) 0.698 1.59 (0.25–11.72)

Lung 4 (10.26%) 4 (12.12%) 1.000 1.16 (0.2–6.83)

Skin 3 (7.69%) 0 (0%) 0.243 0 (0–2.74)

Brain 2 (5.13%) 2 (6.06%) 1.000 1.15 (0.08–16.76)

Uterus 1 (2.56%) 1 (3.03%) 1.000 1.15 (0.01–92.67)

Muscular 1 (2.56%) 2 (6.06%) 0.595 2.35 (0.12–143.61)

Abbreviations: ER Estrogen receptor, HER2 Human epidermal growth factor receptor 2, PR Progesterone receptor
The table shows clinical features of patients with and without circulating tumor cells (CTCs)

Table 2 Circulating tumor cells detection according to denosumab treatment and bone metastasis

Number of samples No CTCs CTCs P value Estimate (95% CI) P value Estimate (95% CI)

Reference 28 12 (43%) 16 (57%) Reference – –

Bone metastasis 24 11 (46%) 13 (54%) 1.000 0.89 (0.26–3.05) Reference

Bone metastasis and denosumab 20 16 (80%) 4 (20%) 0.017 0.19 (0.04–0.81) 0.030 0.22 (0.04–0.96)

The table shows the number of patients with and without circulating tumor cells (CTCs) among individuals with bone metastasis who were treated or not
with denosumab
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Table 3 Clinical features of patients with circulating tumor cell clusters

No CTC clusters (n = 61) CTC clusters (n = 12) P value Estimate (95% CI)

Age at primary diagnosis, years, mean (SD) 58.08 (10.99) 50.63 (12.6) 0.033 − 8.26 (− 15.3, − 0.44)

Age at first CTC evaluation, years, mean (SD) 63.03 (10.77) 54.87 (12.14) 0.025 − 8.3 (− 16.06, − 1.04)

Stage at diagnosis, n (%) 0.726 –

I 7 (11.67%) 2 (16.67%)

IA 1 (1.67%) 0 (0%)

II 7 (11.67%) 2 (16.67%)

IIA 4 (6.67%) 1 (8.33%)

III 16 (26.67%) 2 (16.67%)

IIIA 2 (3.33%) 0 (0%)

IIIC 1 (1.67%) 1 (8.33%)

IV 21 (35%) 4 (33.33%)

Lymphocyte node involvement, n (%) 0.855 –

N0 15 (27.27%) 4 (36.36%)

N1 22 (40%) 3 (27.27%)

N2 6 (10.91%) 0 (0%)

N3 11 (20%) 4 (36.36%)

Histologic subtype, n (%) 0.679 –

Invasive lobular 9 (14.75%) 1 (8.33%)

Invasive ductal 49 (80.33%) 11 (91.67%)

Inflammatory invasive lobular 1 (1.64%) 1 (8.33%)

Inflammatory 3 (4.92%) 1 (8.33%)

% of ER+ cells, mean (SD) 62.34 (41.8) 66.42 (42.1) 0.675 0 (− 10, 20)

% of PR+ cells, mean (SD) 32.71 (37.79) 34 (37.3) 0.888 0 (− 10, 20)

% of Ki-67+ cells, mean (SD) 30 (19.65) 23 (16.43) 0.384 − 5 (− 20, − 10)

HER2+, n (%) 13 (22.03%) 1 (9.09%) 0.442 0.36 (0.01–2.97)

Triple-negative, n (%) 7 (12.28%) 0 (0%) 0.588 0 (0–3.7)

Tumor grade, n (%) 0.093 –

1 5 (8.33%) 3 (27.27%)

2 26 (43.33%) 5 (45.45%)

3 29 (48.33%) 3 (27.27%)

Bisphosphonates, n (%) 14 (23.33%) 2 (16.67%) 1.000 0.66 (0.06–3.68)

Denosumab, n (%) 19 (31.15%) 2 (16.67%) 0.489 0.45 (0.04–2.41)

Radiotherapy, n (%) 30 (49.18%) 5 (41.67%) 0.756 0.74 (0.17–3.06)

Relapse, n (%)

Any 47 (77.05%) 9 (75%) 1.000 0.9 (0.19–5.83)

Local 4 (6.56%) 3 (25%) 0.082 4.61 (0.58–32.62)

Metastasis 40 (65.57%) 5 (41.67%) 0.193 0.38 (0.08–1.59)

Days between primary diagnosis and relapse, mean (SD) 1969.49 (2003.96) 1636.67 (1538.48) 0.633 − 236.86 (− 1643, 1203)

Established metastatic disease at CTC evaluation, n (%) 54 (88.52%) 11 (91.67%) 1.000 1.42 (0.15–70.01)

Number of metastatic sites, mean (SD) 1.96 (0.98) 2.18 (0.98) 0.452 0 (0–1)

Metastasis site, n (%)

Bone 37 (61.67%) 7 (58.33%) 1.000 0.91 (0.22–4.08)

Liver 19 (31.67%) 3 (25%) 1.000 0.74 (0.12–3.42)

Lymph node 15 (25%) 4 (33.33%) 0.497 1.52 (0.29–6.74)
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case, we found that patients with CTC clusters have
14-fold higher levels of the CA 15-3 tumor marker (P =
0.021), higher MCV (P = 0.033), higher WBC (P = 0.03)
and higher MPV (P = 0.032) than patients in whom CTC
clusters were not found (Table 5). We also restricted this
analysis to patients with CTCs and compared patients
with CTC clusters with patients with only single CTCs.
In this setting, we further confirmed that patients with
CTC clusters have 38-fold higher CA 15-3 tumor anti-
gen (P = 0.0089), as well as nearly twofold higher total

WBC counts (P = 0.0045) and higher neutrophil counts
(P = 0.03) (Additional file 10: Table S8).

Discussion
In a selected cohort of 73 patients with progressive inva-
sive breast cancer, we provide a detailed description of a
number of clinicopathological parameters and blood
counts at the time of CTC isolation that correlate with
the presence of single CTCs and CTC clusters. Interest-
ingly, we observed that treatment with the monoclonal

Table 3 Clinical features of patients with circulating tumor cell clusters (Continued)

No CTC clusters (n = 61) CTC clusters (n = 12) P value Estimate (95% CI)

Pleural 9 (15%) 0 (0%) 0.339 0 (0–2.57)

Peritoneal 5 (8.33%) 2 (16.67%) 0.323 2.21 (0.19–16.05)

Lung 7 (11.67%) 1 (8.33%) 1.000 0.7 (0.01–6.47)

Skin 3 (5%) 0 (0%) 1.000 0 (0–12.81)

Brain 3 (5%) 1 (8.33%) 0.521 1.74 (0.03–24.14)

Uterus 1 (1.67%) 1 (8.33%) 0.304 5.27 (0.06–433.34)

Muscular 2 (3.33%) 1 (8.33%) 0.421 2.63 (0.04–54.78)

Abbreviations: ER Estrogen receptor, HER2 Human epidermal growth factor receptor 2, PR Progesterone receptor
The table shows clinical features of patients with and without circulating tumor cell clusters (CTC clusters)

Table 4 Complete blood counts in patients with circulating tumor cells

No CTC (n = 39) CTC (n = 34) P value Estimate (95% CI)

CA 15-3, mean (SD) 223.71 (384.68) 1084.15 (4136.87) 0.658 6.7 (− 19.2, 87.6)

Alkaline phosphatase, mean (SD) 105.47 (103.98) 198.15 (365.58) 0.401 6 (− 12, 27)

Calcium (korr), mean (SD) 2.34 (0.15) 2.32 (0.25) 0.145 − 0.06 (− 0.13, 0.02)

CRP, mean (SD) 31.92 (47.56) 26.87 (47.69) 0.982 0 (− 8.8, 3.8)

LDH, mean (SD) 281.61 (118.18) 300.15 (228.57) 0.772 − 5 (− 36, 23)

RBC, 1012/L, mean (SD) 4.37 (0.56) 3.85 (0.77) 0.019 − 0.42 (− 0.8, − 0.08)

HGB, g/L, mean (SD) 130.14 (19.85) 118.15 (24.11) 0.051 − 11 (− 21, 0)

HCT, L/L, mean (SD) 0.38 (0.06) 0.35 (0.06) 0.053 − 0.03 (− 0.06, 0)

MCV, fl, mean (SD) 87.46 (5.68) 89.73 (5.26) 0.227 2 (− 1, 4)

MCH, pg, mean (SD) 29.62 (2.52) 30.66 (1.96) 0.157 0.8 (− 0.3, 1.8)

MCHC, g/L, mean (SD) 339.03 (13.98) 341.19 (12.79) 0.667 2 (− 6, 8)

WBC, 109/L, mean (SD) 7.35 (2.13) 7.24 (3.53) 0.334 − 0.6 (− 1.88, 0.81)

Neutrophils, 109/L, mean (SD) 5.33 (1.87) 5.12 (2.87) 0.239 − 0.63 (− 1.65, 0.56)

Lymphocytes, 109/L, mean (SD) 1.37 (0.67) 1.41 (0.85) 0.941 − 0.02 (− 0.38, 0.38)

Monocytes, 109/L, mean (SD) 0.42 (0.12) 0.44 (0.2) 0.843 − 0.01 (− 0.08, 0.07)

Eosinophils, 109/L, mean (SD) 0.16 (0.18) 0.17 (0.12) 0.423 0.02 (− 0.03, 0.09)

Basophils, 109/L, mean (SD) 0.04 (0.07) 0.04 (0.03) 0.256 0.01 (− 0.01, 0.02)

LUC, 109/L, mean (SD) 0.15 (0.22) 0.12 (0.08) 0.912 0 (− 0.03, 0.02)

PLT, 109/L, mean (SD) 289.92 (139.86) 249.93 (91.52) 0.277 − 30 (− 84, 24)

MPV, fl, mean (SD) 8.2 (1.51) 8.68 (1.52) 0.109 0 (0–1)

Abbreviations: CA 15-3 Cancer antigen 15-3, CRP C-reactive protein, HCT Hematocrit, HGB Hemoglobin, LDH Lactate dehydrogenase, LUC Large unstained cells, MCH
Mean corpuscular hemoglobin, MCHC Mean corpuscular hemoglobin concentration, MCV Mean corpuscular volume, MPV Mean platelet volume, PLT Platelets, RBC
Red blood cells, WBC White blood cells
The table shows complete blood counts in patients with and without circulating tumor cells (CTCs).
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antibody denosumab in patients with bone metastasis
strongly correlated with the absence of CTCs from their
peripheral circulation, suggesting a scenario in which the
treatment itself might influence CTC spread from the
bone tissue. Importantly, this correlation is not seen re-
garding treatment with the anti-bone resorption drug
bisphosphonate, possibly because of different adminis-
tration routes or dosing schedules [11] or, alternatively,
potential off-target binding of denosumab to proteins
other than receptor activator of nuclear factor κB ligand
(RANKL).
Although its focus was on clinical parameters, our

study did not provide molecular insights into the mech-
anism of action of denosumab in the context of its role
in inhibiting CTC generation. Yet, considering that most
denosumab-treated patients are characterized by bone
metastatic disease but no primary breast tumor (which
has been surgically removed prior to denosumab treat-
ment), CTCs represent derivatives of their bone meta-
static lesions. In this setting, we speculate that the effect
of denosumab in suppressing CTC generation could be
a result of RANKL inhibition within the bone, prevent-
ing the maturation of preosteoclasts into osteoclasts [12]
and protecting the bone from degradation, leading to a

lower likelihood of a bone metastatic lesion to shed CTCs.
However, we cannot exclude an action of denosumab on
breast cancer cells themselves, which have previously been
shown to express high receptor activator of nuclear factor
κB (RANK) levels [13, 14] and may be susceptible to its
inhibition. Prospective studies and molecular assays will
be needed to specifically dissect the role and mechanism
of action of denosumab in CTC generation.
Recently, a phase 3 clinical trial designed to determine

the long-term effects of denosumab treatment (D-CARE;
ClinicalTrials.gov, NCT01077154) showed no benefits in
metastasis-free survival and overall survival of patients
with breast cancer. Importantly, individuals within this
study were mainly patients with early breast cancer (i.e.,
stage IIB to IIIC), while our patient cohort was largely
dominated by patients with stage IV disease. Although
we are not aware of CTC enumeration data being evalu-
ated within the D-CARE study, it is possible that deno-
sumab might play a different role in the intravasation of
bone metastasis-derived CTCs (as seen in our study) as
opposed to primary tumor-derived CTCs (D-CARE).
Among other correlations, we observed an intriguing

association between the absence of HER2 expression in
the primary tumor and the presence of CTC clusters.

Table 5 Complete blood counts in patients with circulating tumor cell clusters

No CTC clusters (n = 61) CTC clusters (n = 12) P value Estimate (95% CI)

CA 15-3, mean (SD) 172.5 (324.45) 2554.6 (6387.64) 0.021 204.16 (9.7–515)

Alkaline phosphatase, mean (SD) 106.4 (104.27) 310.25 (525.57) 0.301 10 (− 12, 74.58)

Calcium (korr), mean (SD) 2.33 (0.14) 2.36 (0.35) 0.698 − 0.02 (− 0.16, 0.14)

CRP, mean (SD) 27.76 (44.47) 37.25 (58.6) 0.279 2.9 (− 4, 21.4)

LDH, mean (SD) 271 (102.59) 363.33 (329.24) 0.463 17 (− 26, 76)

RBC, 1012/L, mean (SD) 4.26 (0.6) 3.66 (0.93) 0.078 − 0.51 (− 1.16, 0.06)

HGB, g/L, mean (SD) 127.52 (20.18) 114.18 (29.19) 0.183 − 12 (− 30, 6)

HCT, L/L, mean (SD) 0.38 (0.05) 0.34 (0.08) 0.159 − 0.03 (− 0.09, 0.01)

MCV, fl, mean (SD) 87.7 (5.58) 91.73 (4.41) 0.033 4 (0–7)

MCH, pg, mean (SD) 29.8 (2.42) 31.24 (1.51) 0.064 1.1 (0–2.3)

MCHC, g/L, mean (SD) 339.8 (13.38) 340.64 (14.25) 0.646 2 (− 10, 10)

WBC, 109/L, mean (SD) 6.87 (2.25) 9.38 (3.99) 0.030 2.54 (0.26–4.68)

Neutrophils, 109/L, mean (SD) 4.94 (1.87) 6.65 (3.6) 0.177 1.22 (− 0.52, 3.68)

Lymphocytes, 109/L, mean (SD) 1.38 (0.69) 1.42 (1) 0.756 − 0.11 (− 0.62, 0.6)

Monocytes, 109/L, mean (SD) 0.41 (0.13) 0.5 (0.24) 0.336 0.06 (− 0.08, 0.26)

Eosinophils, 109/L, mean (SD) 0.16 (0.16) 0.17 (0.14) 0.974 0 (− 0.07, 0.1)

Basophils, 109/L, mean (SD) 0.04 (0.06) 0.04 (0.04) 0.983 0 (− 0.02, 0.02)

LUC, 109/L, mean (SD) 0.14 (0.19) 0.12 (0.11) 0.471 − 0.01 (− 0.05, 0.02)

PLT, 109/L, mean (SD) 278.02 (125.8) 251.5 (109.99) 0.667 − 15.84 (− 94, 47)

MPV, fl, mean (SD) 8.32 (1.62) 8.82 (0.87) 0.032 1 (0–1)

Abbreviations: CA 15-3 Cancer antigen 15-3, CRP C-reactive protein, HCT Hematocrit, HGB Hemoglobin, LDH Lactate dehydrogenase, LUC Large unstained cells, MCH
Mean corpuscular hemoglobin, MCHC Mean corpuscular hemoglobin concentration, MCV Mean corpuscular volume, MPV Mean platelet volume, PLT Platelets, RBC
Red blood cells, WBC White blood cells
The table shows complete blood counts in patients with and without circulating tumor cell clusters (CTC clusters)
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Although this result did not reach statistical significance,
our observation regarding HER2 does not seem to be in-
fluenced by the metastatic tropism of HER2-positive
breast cancers, and it might reveal important insights into
the signaling networks involving CTC cluster formation,
also considering HER2 expression fluctuations in CTCs
and breast cancer metastasis [15, 16]. In other words, we
speculate that HER2 signaling might influence cancer cells
to intravasate as single CTCs, whereas its absence might
point them toward collective invasion into the blood-
stream. This hypothesis will require experimental testing.
We also found that CTC clusters, but not CTCs in

general, are more prevalent in younger patients. Both
CTC clusters and younger age have been associated with
worse prognosis and reduced survival rates [2, 5, 17–20].
In this case, it is unlikely that younger age represents an
independent risk factor for CTC cluster formation, but
rather it may reflect an association with tumor aggres-
siveness [21].
Last, blood counts at the time of CTC collection pro-

vide evidence for applying well-established, cost-effective
and widespread blood-testing strategies to stratify pa-
tients with higher likelihood to present with detectable
CTCs. For instance, we find that lower RBC count has
good correlation with the presence of CTCs. Addition-
ally, CA 15-3 tumor antigen is highly increased in pa-
tients with CTC clusters, possibly reflecting a higher
tumor load but also tumors that are characterized by an
elevated shedding of mucin 1 (MUC-1)-containing cells
into the bloodstream [22]. A functional relationship be-
tween MUC-1 and CTC clusters remains to be investi-
gated. We also observed that higher MCV, higher MPV
and higher WBC counts correlate with the presence of
CTC clusters. We envision these parameters to be used
to stratify patient populations to conduct CTC-related
studies in the setting of advanced breast cancer.
Altogether, our study is meant as an exploratory ana-

lysis to evaluate the association of multiple clinical pre-
dictors with the presence of CTCs. Given the high
number of hypotheses tested and the relatively low num-
ber of patient samples in the study (n = 73), none of the
associations reported show a P value less than 0.05 after
adjustment for multiple comparisons, with the exception
of the correlation between denosumab treatment and
the presence of bone metastasis (adjusted P = 0.01). For
this reason, subsequent prospective and experimental
studies should be conducted to validate the associations
that are presented in this work, including the role of
denosumab in CTC shedding.

Conclusions
Our data provide evidence of the association between
treatment with the monoclonal antibody denosumab and
the absence of CTCs from the peripheral circulation of

patients with breast cancer. This finding suggests that
denosumab treatment may be beneficial to reduce cancer
spread in patients who are diagnosed with bone metastasis.
Although factors such as limited blood volume and

diverse CTC isolation technologies may influence CTC
detection rate in patients with cancer, the identification
of a set of clinical correlatives to CTCs in breast cancer
is likely to facilitate the identification of those patients
who would benefit the most from CTC analysis, including
genetic profile assessment for patient stratification [6, 23]
and testing of drug susceptibility [7]. As an added benefit
to this analysis, the identification of denosumab treatment
as a strategy to reduce CTC intravasation warrants further
investigation.

Additional files

Additional file 1: Table S1. Drug classification. The table shows the drug
classification used for the analysis, grouping drugs into targeted therapy,
chemotherapy, hormone therapy and immunotherapy. Abbreviations: cbx6
Chromobox 6, CDK4 Cyclin-dependent kinase 4, CDK6 Cyclin-dependent
kinase 6, EGFR Epidermal growth factor receptor, Her2 Human epidermal
growth factor receptor 2, mTOR Mechanistic target of rapamycin, PD-L1
Programmed cell death 1 ligand 1, VEGF Vascular endothelial growth factor.
(XLSX 10 kb)

Additional file 2: Table S2. Variable classification and statistical test
applied. The table shows the type of variable and statistical test used for
the analysis of individual clinicopathological parameters. Abbreviations: ER,
Estrogen receptor, HER2, Human epidermal growth factor receptor 2, PR
Progesterone receptor. (XLSX 10 kb)

Additional file 3: Table S3. Patient characteristics. The table shows the
characteristics of the 73 patients included in the study. Abbreviations: ER
Estrogen receptor, HER2 Human epidermal growth factor receptor 2, ID
Invasive ductal, IL Invasive lobular, NA Not available, PR Progesterone
receptor, ECOG Eastern Cooperative Oncology Group (as defined by Oken
et al. [24]). (XLSX 14 kb)

Additional file 4: Figure S1. Circulating tumor cell (CTC) capture strategy.
(a) Schematic drawing showing the size-based capturing principle of the
Parsortix microfluidic device (left). Plot showing the capture efficiency of the
Parsortix microfluidic device for MCF7 cells spiked in healthy blood samples
(right). Representative images of a captured MCF7 single cell, a cell cluster
(green) and a contaminant white blood cell (WBC; red) in the Parsortix
microfluidic cassette (bottom). (b) Representative images of a captured
single CTC, a CTC cluster (green) and a contaminant WBC (red) from a
breast cancer patient sample. (c) Bar graph showing the number of patients
in whom no CTCs, single CTCs or CTC clusters were found. (PDF 245 kb)

Additional file 5: Table S4. Therapy evaluation in patients with circulating
tumor cells. The table shows the types of therapy that patients with and
without circulating tumor cells (CTCs) underwent. (XLSX 9 kb)

Additional file 6: Table S5. Bisphosphonates or denosumab treatment.
The table shows whether bisphosphonates or denosumab was
administered to each of the patients included in the study. (XLSX 10 kb)

Additional file 7: Table S6. Clinical features of patients who were
treated or not with denosumab. The table shows clinical features of
patients who were treated or not with denosumab. Abbreviations: ER
Estrogen receptor, HER2 Human epidermal growth factor receptor 2, PR
Progesterone receptor. (XLSX 11 kb)

Additional file 8: Figure S2. Progression-free survival of patients who
were treated or not with denosumab. Kaplan-Meier curve showing the
progression-free survival probability of patients who were treated (red) or
not (green) with denosumab (top). P = 0.95 by pairwise log-rank test. The
table shows the number of patients at each time point (bottom).
(PDF 188 kb)
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Additional file 9: Table S7. Clinical features of patients with single
circulating tumor cell and circulating tumor cell clusters. The table shows
clinical features of patients in whom only single circulating tumor cells
(CTC single cell) or also clustered circulating tumor cells (CTC clusters)
were found. Abbreviations: ER Estrogen receptor, HER2 Human epidermal
growth factor receptor 2, PR Progesterone receptor. (XLSX 11 kb)

Additional file 10: Table S8. Complete blood counts in patients with
single circulating tumor cells and circulating tumor cell clusters. The table
shows complete blood counts in patients in whom only single circulating
tumor cells (single CTC) or also clustered circulating tumor cells (CTC
clusters) were found. Abbreviations: CA 15-3 Cancer antigen 15-3, CRP
C-reactive protein, HCT Hematocrit, HGB Hemoglobin, LDH Lactate
dehydrogenase, LUC Large unstained cells, MCH Mean corpuscular
hemoglobin, MCHC Mean corpuscular hemoglobin concentration, MCV
Mean corpuscular volume, MPV Mean platelet volume, PLT Platelets, RBC
Red blood cells, WBC White blood cells. (XLSX 10 kb)

Abbreviations
AF488: Alexa Fluor 488; CA 15-3: Cancer antigen 15-3; CRP: C-reactive
protein; CTC: Circulating tumor cell; EDTA: Ethylenediaminetetraacetic acid;
EGFR: Epidermal growth factor receptor; EpCAM: Epithelial cell adhesion
molecule; ER: Estrogen receptor; FITC: Fluorescein isothiocyanate;
HCT: Hematocrit; HER2: Human epidermal growth factor receptor 2;
HGB: Hemoglobin; LDH: Lactate dehydrogenase; LUC: Large unstained cells;
MCH: Mean corpuscular hemoglobin; MCHC: Mean corpuscular hemoglobin
concentration; MCV: Mean corpuscular volume; MPV: Mean platelet volume;
MUC-1: Mucin 1; PLT: Platelets; PR: Progesterone receptor; RANK: Receptor
activator of nuclear factor κB; RANKL: Receptor activator of nuclear factor κB
ligand; RBC: Red blood cells; WBC: White blood cells
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