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Abstract

Background: Circulating tumor cells (CTCs) are prognostic in patients with advanced breast cancer (ABC). However,
no data exist about their use in patients treated with palbociclib. We analyzed the prognostic role of CTC counts in
patients enrolled in the cTREnd study, a pre-planned translational sub-study of TREnd (NCT02549430), that randomized
patients with ABC to palbociclib alone or palbociclib plus the endocrine therapy received in the prior line of treatment.
Moreover, we evaluated RB1 gene expression on CTCs and explored its prognostic role within the cTREnd subpopulation.

Methods: Forty-six patients with ER-positive, HER2-negative ABC were analyzed. Blood samples were collected before
starting palbociclib treatment (timepoint T0), after the first cycle of treatment (timepoint T1), and at disease progression
(timepoint T2). CTCs were isolated and counted by CellSearch® System using the CellSearch™Epithelial Cell kit.
Progression-free survival (PFS), clinical benefit (CB) during study treatment, and time to treatment failure (TTF) after study
treatment were correlated with CTC counts. Samples with ≥ 5 CTCs were sorted by DEPArray system® (DA). RB1 and
GAPDH gene expression levels were measured by ddPCR.
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Results: All 46 patients were suitable for CTCs analysis. CTC count at T0 did not show significant prognostic value in
terms of PFS and CB. Patients with at least one detectable CTC at T1 (n = 26) had a worse PFS than those with 0 CTCs
(n = 16) (p = 0.02). At T1, patients with an increase of at least three CTCs showed reduced PFS compared to those with no
increase (mPFS = 3 versus 9months, (p = 0.004). Finally, patients with ≥ 5 CTCs at T2 (n = 6/23) who received
chemotherapy as post-study treatment had a shorter TTF (p = 0.02). Gene expression data for RB1 were obtained from 19
patients. CTCs showed heterogeneous RB1 expression. Patients with detectable expression of RB1 at any timepoint
showed better, but not statistically significant, outcomes than those with undetectable levels.

Conclusions: CTC count seems to be a promising modality in monitoring palbociclib response. Moreover, CTC count at
the time of progression could predict clinical outcome post-palbociclib. RB1 expression analysis on CTCs is feasible and
may provide additional prognostic information. Results should be interpreted with caution given the small studied
sample size.
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Background
Molecular biomarkers are central to the personalization
of cancer treatment. However, a given marker may be
dynamic and has potential to change during tumor evo-
lution and metastasis [1]. Liquid biopsy is a minimally
invasive tool that allows monitoring of cancer evolution
in real time. Several circulating biomarkers, including
circulating tumor cells (CTCs), circulating tumor DNA
(ctDNA) and RNA, exosomes, proteins, or metabolites,
are being investigated as tools for monitoring disease
progression and treatment efficacy [2].
CTCs are cancer cells that detach from primary tumor,

and/or metastases, and enter in the bloodstream. Despite
challenges in CTC detection due to their low concentra-
tion in the blood, the prognostic role of CTCs has been
extensively demonstrated by several clinical studies [3–
5]. Moreover, CTCs can provide important information
about tumor formation and evolution [6]. CTCs can en-
compass the full spectrum of molecular changes in me-
tastases, with advancements in technology allowing the
characterization of the genomic, transcriptomic, and
even proteomic status of single CTCs [7–11]. This,
coupled with the option to collect CTCs in longitudinal
blood samples over time, suggests great potential for
CTCs as a pharmacodynamic marker for guiding real-
time drug selection during disease progression.
CDK4/6 inhibitors (CDK4/6i) plus endocrine therapy

are the mainstay of treatment for patients with estrogen
receptor (ER)-positive, human epidermal growth factor
receptor 2 (HER2)-negative advanced breast cancer
(ABC). However, not all patients respond to these
agents, and even patients with an initial disease response
will eventually develop acquired resistance [12, 13]. Des-
pite several efforts in identifying prognostic and predict-
ive biomarkers of resistance to CDK4/6i [14], to date no
biomarker (apart from endocrine receptor status) has
been approved to select patients before treatment, or to
monitor treatment efficacy. Additionally, therapeutic

options after disease progression to CDK4/6i are cur-
rently chosen based on empirical considerations. These
options generally consist of additional endocrine therapy
+/− a biologic agent, or chemotherapy. Currently there
is no biomarker to assist in stratifying patients based on
individual prognosis or to guide personalized treatment
selection in this setting.
cTREnd is a pre-planned translational substudy of the

TREnd trial (NCT02549430) [15], with the aim to iden-
tify circulating biomarkers of palbociclib resistance. In
this study, we evaluated the prognostic role of CTC
count and its potential in monitoring palbociclib treat-
ment and in predicting outcome to the line of therapy
received after disease progression on TREnd trial. Fur-
thermore, we set up a digital PCR assay to evaluate RB1
gene expression (GE) on pure CTCs sorted by DEPArray
and explore the clinical value of RB1 positive CTCs.

Methods
Patients and sample collection
The TREnd trial was a phase II, open-label, multicenter
study that randomized 115 patients with endocrine-
resistant ER-positive, HER2-negative ABC to receive ei-
ther oral palbociclib monotherapy, or palbociclib (at the
same dose and regimen) in combination with the same
endocrine therapy received in the prior line of treatment
[15]. A translational sub-study, cTREnd, was conducted
in parallel with TREnd, with the aim to identify potential
circulating biomarkers of palbociclib resistance. Both the
main study and translational sub-study gained prospect-
ive approval from the independent local ethics commit-
tees of each participating center. Patients joining the c-
TREnd sub-study signed a separate informed consent.
For CTC analysis, whole blood samples were collected
in CellSave preservative tubes (Menarini, Silicon Bio-
system, Bologna, Italy). Forty-six patients were enrolled
for CTC analysis. Forty-four samples were collected at
baseline, before starting trial treatment (timepoint T0);
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43 samples were collected after the first cycle of treat-
ment (T1) and 37 at the time of progression on trial or
before starting a new line of therapy (T2). Matched sam-
ples from all three timepoints were available for 34 pa-
tients, while nine patients had matched samples for two
timepoints, and another three had available samples
from one timepoint. Only patients with five or more
CTCs after CTC enrichment (n = 20) were sorted by
DEPArrayTM (DA) for RB1-GAPDH gene expression
(GE) quantification by droplet digital polymerase chain re-
action (ddPCR). Study flow chart and numbers of available
samples for each analysis are presented in Fig. 1.

CTC enrichment and sorting
CTC enrichment and enumeration were carried out by
CellSearch® System (CS) (Menarini Silicon Biosystems).
CTCs were isolated from 7.5 mL of whole blood with
CellSearch™Epithelial Cell kit. After enrichment, isolated
and stained cells were identified and counted in the Cell-
Tracks® Analyzer II. Cartridges from patient samples
with five or more CTCs were kept in the dark at 4 °C
before cell sorting by DEPAarray™ System (Menarini
Silicon Biosystems).
For DEPAarray sorting, stained cells in suspension

were recovered from CellSearch cartridges and, after a
volume reduction, were loaded into the DA A300K DS
V2.0 chip (Menarini Silicon Biosystems) and set into the
DA system, according to the manufacturer’s instructions.
After identification, cells were manipulated by dielectro-
phoresis cages and recovered as single CTCs or pools of
pure CTCs into 200 μL tubes. CTC samples were then
stored at − 20 °C for later RNA extraction, according to
the manufacturer’s protocol.

ddPCR
To quantify CTC mRNA, we used the highly sensitive
method QX200 ddPCR System (Bio-Rad, Hercules, CA).
We set up a duplex ddPCR protocol to simultaneously
evaluate RB1 as the gene of interest and GAPDH as a
reference gene for CTC presence.
The ddPCR assay was set up initially on three breast

cancer cell lines (T47D, MDAMB361, and BT474) sensi-
tive to palbociclib (PDS) and on their resistant deriva-
tives (PDR). These cell lines—both PDS and PDR—were
previously characterized for RB1 expression by gene ex-
pression profile and Western blot experiments [16].
Growth conditions of the cell lines have been previously
described [16].
RNA from cell lines was extracted by RNeasy Mini kit

(Qiagen, Hilden, Germany) and retro-transcribed by
iScript advanced cDNA synthesis kit (Bio-Rad). To
evaluate assay sensitivity, we determined the linearity of
the RB1/GAPDH titrating down cell line cDNA from
250 to 15 pg/μL. ddPCR assay was set up in a reaction
mix containing PrimePCR™ ddPCR™ Expression Probe
RB1, FAM labeled (Bio-Rad), PrimePCR™ ddPCR™ Expres-
sion Probe GAPDH, HEX labeled (Bio-Rad), ddPCRSuper-
mix for Probes, no dUTP (Bio-Rad, Hercules). Droplet
emulsion was obtained mixing ddPCR reaction mix with
Droplet Generation Oil by QX200 Droplet Generator
(Bio-Rad). Every ddPCR plate contained a triplicate of
every dilution point and water as no template control.
Amplification was performed at 95 °C for 10min, followed
by 40 cycles at 94 °C for 30 s and 58 °C for 1min, with a
ramp rate of 2 °C/s by T100 Thermal cycler (Bio-Rad).
QX200 Droplet Reader was used to read amplified sam-
ples, and gene copy number was calculated by QuantaSoft

Fig. 1 c-TREnd study flowchart
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Analysis Pro software (Bio-Rad). RB1 and GAPDH expres-
sion were quantified as gene copy number/μL.

CTC RNA extraction, cDNA synthesis, and ddPCR
quantification
CTC RNA extraction and reverse-transcription were
performed using Cell Lysis Two-Step RT-qPCR Kit (Bio-
Rad, Hercules, CA, USA) directly into the 200 μL tubes
of the DA recovered CTCs.
The entire volume was used for the ddPCR assay.

Every ddPCR plate contained T47D PDS cDNA as posi-
tive control and water as no template control.
As a standard practice, no threshold was applied [17,

18], patients with ≥ 1 RB1 or GAPDH copies per micro-
liter were considered RB1 positive or GAPDH positive,
respectively. To analyze RB1 and GAPDH expression in
patients with multiple CTC samples we defined a mean
copy number (MCN) calculated as the ratio between
total number of gene copies and total number of CTCs.

Statistical analysis
Progression-free survival (PFS) was estimated as the time
from treatment initiation on trial to radiological disease
progression or death. Time to treatment failure (TTF)
was the time interval between initiation of a new therapy
and its discontinuation for any reason. The distributions
of PFS and TTF were estimated using the Kaplan–Meier
method. Hazard ratios (HRs) with 95% confidence inter-
vals (CIs) were calculated with the Cox proportional
hazards model.
CTC count was examined as a continuous variable

and as a univariate analysis using Cox proportional haz-
ards model and categorized by one or five cell cutoffs
and compared with the log-rank test. Clinical benefit
(CB) was defined as the percentage sum of complete re-
sponses (CR), partial responses (PR), and stable disease
(SD) for at least 24 weeks according to RECIST 1.1 cri-
teria. Odds ratios are defined as relative odds of the oc-
currence of CB, given the co-occurrence of the variable
of interest (CTC counts, CTC dynamic change). Wil-
coxon test was used to compare mean copy number of
GAPDH and RB1. Ordinary one-way ANOVA was used
to compare PDS and PDR RB1 and GADPH expression
to evaluate assay validity. Fisher test and Runs test were
used to evaluate linearity of RB1/GAPDH ratio. As ex-
ploratory analyses, the p-values and supportive analyses
should be considered descriptive only.

Results
Patient characteristics
Forty-six patients were enrolled in the cTREnd study, 20
from the single-agent palbociclib arm and 26 from the
combination arm. Baseline characteristics were well-
balanced between the two treatment arms. In keeping

with the characteristics of the patients in the overall
TREnd cohort (Additional Table 1), at enrollment, most
patients in the cTREnd cohort had an Eastern Coopera-
tive Oncology Group (ECOG) performance status of 0,
had evidence of visceral metastases, and had completed
only one prior line of endocrine therapy in the advanced
setting. Prior to entering the study, the majority of pa-
tients was on the most recent endocrine therapy for
more than 180 days and had received no prior chemo-
therapy for metastatic disease. Similar to the TREnd
trial, in the cTREnd cohort, we did not observe differ-
ences in patient’s outcome between the two treatment
arms in terms of CB (Additional Table 2) and PFS (HR
0.72; 0.4–1.32 95% CI; p = 0.29 for palbociclib + endo-
crine therapy versus palbociclib alone). Median CTC
count at T0 and at T1 were not significantly different
between treatment arms. Given the small number of pa-
tients in cTREnd, all the analyses were performed on the
entire cohort irrespectively of the treatment arm.

CTC enrichment, enumeration by CellSearch, and clinical
characteristics
Additional Table 3 illustrates the number of isolated
CTCs per patient and timepoint. At least one blood
sample per timepoint was analyzed for all enrolled pa-
tients. Overall CS enrichments were carried out for 43/
44 T0 samples, 42/43 T1 samples, and 34/37 T2 sam-
ples. Median CTC count was 1 CTC/7.5 mL (range 0–
331) at T0, 1 CTC/7.5 mL (range 0–294) at T1, and 2
CTCs/7.5 mL (range 0–317) at T2. Twenty patients had
five or more CTCs. Overall, we analyzed 13/43 samples
at T0 (30%), 13/42 samples at T1 (31%), and 11/34 sam-
ples at T2 (32%). Patient characteristics according to the
number of CTCs at baseline are presented in Add-
itional Table 4. Patients with less than 5 CTCs were
more frequently found to have an ECOG performance
status of 0 while the group of patients with baseline
CTC > 0 was significantly enriched for patients who had
been treated for > 6months in the prior line of ET be-
fore the study entry (p = 0.04).

CTCs count and PFS
We first analyzed the association between median
progression-free survival (mPFS) and baseline (T0) CTC
counts, both as a continuous variable and with cut-offs
of > 0 cells/7.5 mL or ≥ 5 cells/7.5 mL. No prognostic
value was found for CTC count at baseline for any of
the cut-offs analyzed (p = 0.27, p = 0.78, p = 0.19 for the
continuous variable, 0 and 5 CTC cutoffs, respectively).
We next analyzed whether a count performed at the

end of the first cycle of palbociclib (T1) could predict
PFS. We found that patients with 1 or more CTCs at T1
(n = 26) had a significantly worse outcome compared to
those with 0 CTCs (n = 16) (mPFS 5 vs 9months, p =
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0.02). Results remained significant when utilizing 5
CTCs as a cut-off. Patients with ≥5 CTCs (n = 13)
showed a mPFS of 3.0 versus 8.5 months for patients
with < 5 CTCs (n = 29, p = 0.04) (Fig. 2a, b). Concordant
results were obtained when CTC count was employed as
a continuous variable (p = 0.0002).
Finally, we assessed the dynamics of CTC counts be-

tween timepoints T0 and T1. Matched CTC counts at
T0 and T1 were available for 39 patients. Changes in
counts between the two timepoints were categorized as
an “increase” when the difference between T1 and T0 ≥
3 (n = 7), and “no increase” when the difference was < 3
(n = 32). Patients with a CTC “increase” had a mPFS of
3 months, compared to 9 months for those with “no in-
crease” (p = 0.004) (Fig. 3). Significant differences (p =
0.01) were also observed when patients were categorized
into three groups: CTC “drop” when T0–T1 ≤ 3 (n = 13),
“increase” when T1–T0 ≥ 3 (n = 7), and “no change”
when the difference between the two timepoints was 0
(n = 19). The mPFS of patients in the “increase” group
was 3.0 months, compared to 8.5 and 9.0 months in the
“no change” and “drop” groups, respectively.

CTC count and clinical benefit
The association between CB and CTC count is shown in
Additional Table 5. No significant associations between
CB and CTCs count were observed at any timepoint. At
baseline (T0), 74% of patients who achieved CB had a
CTC count < 5 (OR 0.58, 95% CI 0.15–2.25, P = 0.424).

After 1 month of treatment (T1), 80% of patients
achieving CB had < 5 CTCs, (OR 0.28; 95% CI, 0.07 to
1.07; P = 0.063). Finally, considering CTC change be-
tween T0 and T1, 8% of patients in the “increase” group
achieved CB, versus 92% of patients in the “no increase”
group (OR 5.5; 95% CI, 1 to 43.38; P = 0.085). A spider
plot describing the dynamic changes from baseline CTC
absolute count for patients with complete samples’ set is
presented as additional figure 1.

CTC count at disease progression and post-TREnd
outcome
We correlated CTC counts with TTF for treatments re-
ceived after exiting the TREnd trial for progressive dis-
ease. CTC counts at T2 were available for 34 patients,
and for 33 of these patients, post-TREnd treatment clin-
ical data were also available. When patients were ana-
lyzed, irrespective of the type of treatment received, we
observed no differences in the median TTF (mTTF) ac-
cording to CTC counts using the 5 CTCs cut-off or
CTCs as a continuous variable (mTTF 4.6 months in pa-
tients with < 5 CTCs versus 3.0 months in those with ≥ 5
CTCs; p = 0.34, p = 0.52 for the continuous variable).
The same analysis was performed in those patients who
received chemotherapy as immediate post-TREnd ther-
apy (n = 23). In this subset of patients, those with ≥ 5
CTCs showed significantly lower mTTF than patients
with < 5 CTCs (2.5 months versus 5.1 months, respect-
ively, p = 0.021) (Fig. 4). Results were consistent when
considering CTC counts as a continuous variable

Fig. 2 PFS according to the number of CTCs at T1 timepoint. 2: a CTCs categorized by 1 or more CTCs and = 0 CTCs cut off; b categorized by < 5
and≥ 5 CTCs cut off
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Fig. 3 PFS according to T1-T0 change. “increase” category when nCTCs T1 – nCTCsT0 > 3, “no increase” category when nCTCs T1 – nCTCs T0 < 3

Fig. 4 Post-palbociclib TTF by CTC number in patients treated with chemotherapy. CTCs categorized by < 5 and≥ 5 CTCs cutoff

Galardi et al. Breast Cancer Research           (2021) 23:38 Page 6 of 12



(p = 0.028). Similar results, although not statistically
significant, were seen when using one or more CTCs
as a cut-off, both in the entire population, and when
considering only patients who received chemotherapy
(mTTF 7.4 months in = 0 CTC versus 3.3 months in
one or more CTCs p = 0.79; mTTF 5.1 months in = 0
CTC versus 3.4 months in one or more CTCs, p =
0.87, respectively). mTTF in the subset of patients
treated with endocrine therapy as immediate post-
TREnd therapy was not analyzed due to the small
sample size (n = 10). Of note, TTF did not show a
significant difference according to treatment type (HR
0.83; 95% CI 0.42, 1.65; p = 0.6).

CTC isolation
Patients with ≥ 5 CTCs after CS enrichment were ana-
lyzed for RB1 expression on CTC. Additional Table 6
shows the number of CTCs sorted by DA. Twenty pa-
tients had at least one sample per timepoint with ≥ 5
CTCs corresponding to 37 CS cartridges; 34/37 car-
tridges were successfully sorted by DA. For 5/20 pa-
tients, samples were recovered for all three timepoints,
for 7/20 we had samples from two timepoints, and 8/20
patients had a sample from one timepoint only. Overall,
109 samples for downstream analysis were recovered: 50
single CTCs and 59 pools. Whenever possible, we col-
lected both single CTCs and pools at the same timepoint
per patient.

ddPCR assay setup and validation
We set up a duplex ddPCR protocol in order to simul-
taneously evaluate RB1 and GAPDH using both PDS and
PDR cell lines (Additional figure 2). This protocol
allowed accurate measurement of palbociclib-induced
down-regulation of RB1 expression in all PDR models
compared to parental PDS (T47D PDR versus PDS, p <
0.001; MDAMB361 PDR versus PDS, p < 0.001 and
BT474 PDR versus PDS, p = 0.008) (Additional figure 3A).
Sensitivity of the assay was evaluated by performing ser-
ial dilutions of the cDNA template. Positive and reliable
signals were obtained down to 15 pg of cDNA. The ratio
RB1/GAPDH was maintained across all dilutions (non-
significant deviation from zero and from linearity after
Fisher test and Runs test) (Additional figure 3B).

RB1 and GAPDH CTC evaluation by ddPCR and survival
analysis
RB1 and GAPDH were successfully evaluated on 10/12
patients at T0, 11/12 patients at T1 and 8/10 patients at
T2. Samples with detectable expression of GAPDH or
RB1 were considered as CTC-positive, while samples
with undetectable expression of both genes (n = 34) were
considered CTC-negative and discarded. We were able
to evaluate 75 samples corresponding to 19/20 patients.

Additional Figure 4 shows an example of a CTC
enriched by CellSearch, sorted by DEPArray and found
to be RB1-GAPDH positive by ddPCR. Additional Table 7
reports RB1 and GAPDH copy numbers and the num-
bers of CTCs per patient, per timepoint.
We found high heterogeneity in the distribution of

RB1 and GAPDH expression on single CTCs (Add-
itional Figure 5A). The heterogeneity of both genes is
also highlighted by the absence of a linear correlation
between CTC number and gene expression levels (r =
0.08 p = 0.51 for GAPDH, r = 0.05, p = 0.69 for RB1).
We found a significantly lower mean copy number
(MCN) of RB1 compared to GAPDH (p = 0.001) (Add-
itional Figure 5B), suggesting low levels of RB1 expres-
sion in most of the cells. No significant modulation of
MCN for RB1 or GAPDH was observed across the differ-
ent timepoints (Additional Figure 6). Figure 5 shows the
dynamics of GAPDH and RB1 across timepoints accord-
ing to CB. Patients with detectable expression of RB1
in at least one timepoint (n = 13) had a longer mPFS
compared to those with undetectable levels of RB1 (n =
6) (mPFS 7.6 vs 4.8 months), however, these results were
not statistically significant (p = 0.49). Additional Table 8
shows the correlation between RB1 expression and PFS.

Discussion
The primary aim of this study was to test the use of
CTCs as a biomarker of resistance to palbociclib treat-
ment received as a part of the TREnd study. Several
meta-analyses have confirmed the presence of CTCs as
an independent prognostic factor in numerous meta-
static cancer types [4, 19, 20], with patients with a pre-
treatment CTC count of 5 per 7.5 mL of whole blood
exhibiting a worse PFS and overall survival (OS) [3, 21,
22]. The cutoff of one CTC has been also previously
evaluated. A study involving 98 patients with advanced
or metastatic breast cancer showed that those with at
least one CTC had worse survival compared to those
with no CTCs, providing prognostic information in
addition to serum tumor markers (CEA and CA 15.3)
[23]. Therefore, in this study, we tested both cutoffs (one
or more CTCs/7.5 mL of blood and ≥ 5 CTCs/7.5 mL of
blood).
In the cTREnd cohort, baseline CTC count was not

prognostic, independent of the analyzed cutoff. Interest-
ingly, higher CTC counts were associated with a worse
performance status, but despite this, patients with a
positive CTC count at baseline did not show worse sur-
vival. We cannot exclude that these negative results may
be attributable to the small sample size of the present
cohort. However, we have previously demonstrated in an
equally small cohort of patients treated with endocrine
therapy (n = 29), that CTC positivity is a strong negative
prognostic factor [24]. Therefore, a possible hypothesis
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could be that palbociclib treatment is able to ameliorate
the negative prognostic impact of CTCs in patients with
ABC. However, larger studies are needed to validate our
results. As CTCs have been used to monitor the efficacy
of systemic therapy [1], we collected blood samples after
1 month from the beginning of palbociclib treatment
and found that the presence of at least one CTC/7.5 mL
of blood identified patients with a significantly worse
prognosis. In breast cancer, it has been previously dem-
onstrated a shorter PFS in patients with five or more
CTCs detectable at 3 to 5 weeks or at 7 to 9 weeks after
the start of chemotherapy or endocrine therapy, respect-
ively [25]. Here, we show that evaluation of CTCs during
treatment may also be helpful in patients receiving pal-
bociclib. Based on the hypothesis that the dynamics of
CTCs during palbociclib treatment may be useful in
monitoring response to therapy, we assessed whether
changes in CTC counts were associated with survival.
Indeed, we found that patients with an increase of at
least three CTCs had a worse PFS compared to patients
with no increase. Previous studies have highlighted CTC
changes as an early indicator of response to therapy
[26–28]. However, none of these studies focused on pa-
tients with ER-positive, HER2-negative ABC treated with
palbociclib. Overall, our data suggest that patients who
are less likely to derive benefit from palbociclib may be
identified by the presence of at least one CTC or an

increase in CTC count in the blood after the first cycle
of treatment, rather than the presence of CTCs prior to
commencing treatment.
A major unanswered clinical question regards the best

treatment after progression on CDK4/6i [29]. This study
investigated the potential role of CTC count in predict-
ing outcome on the next line of therapy received after
exiting the TREnd trial. We did not detect any difference
in terms of TTF in the whole cohort, comprising pa-
tients treated with different treatment modalities. Con-
versely, when considering a more homogenous group of
patients who received chemotherapy after palbociclib
progression, we observed that those with five or more
CTCs showed a statistically significant worse TTF than
patient with < 5 CTCs. We could not analyze patients
that received other types of treatment (i.e. endocrine
therapies), due to the limited sample size. Therefore, we
could not test if the poor prognosis associated with the
elevated post-treatment CTC count is specific to chemo-
therapy or if it relates also to other groups.
Several clinical trials are currently evaluating strategies

of incorporating CTC analysis in informing clinical
therapeutic choices [30]. To date, results are available
from the phase III randomized STIC-CTC trial for pa-
tients with metastatic ER-positive, HER2-negative breast
cancer, which showed the validity of CTC analysis to
guide clinical decision-making [31]. Our results may

Fig. 5 Spaghetti plot of RB1 and GAPDH dynamics. GAPDH and RB1 mean copies number per cell across timepoints according to CB

Galardi et al. Breast Cancer Research           (2021) 23:38 Page 8 of 12



Additional file 4: Figure S4. Images of a patient sample CTCs. Images
of CTCs identified by A) Cell Search system, B) DEP array. C) 2-D plot RB1-
droplets positive for Rb1 expression, GAPDH- droplets positive for GAPDH;
RB1+ GAPDH- droplets positive for both RB1 and GAPDH.

Additional file 5: Figure S5. RB1 and GAPDH gene expression analysis.
A) distribution of GAPDH and RB1 copies number in single CTCs, B)
distribution of mean number of copies of GAPDH and RB1 (tot n copies/n
cells).

Additional file 6: Figure S6. Mean number of copies of GAPDH and
RB1 broken into timepoint.

Additional file 7: Table S1. Comparison between baseline patient
characteristics of the c-TREnd subpopulation and overall TREnd
population.

Additional file 8: Table S2. Patients characteristics of c-TREnd cohort,
according to treatment arms.

Additional file 9: Table S3. Patients’ number of CTCs isolated by
CellSearch.

Additional file 10: Table S4. Patients characteristics according to
baseline CTCs number count.

Additional file 11: Table S5. Associations between clinical benefit and
CTCs number count.

Additional file 12: Table S6. Number of CTCs sorted by DEPArray
system.

Additional file 13: Table S7. RB1 and GAPDH copy number per patient
per timepoint.

Additional file 14: Table S8. PFS of patients with RB1 positive CTC.
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