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ABSTRACT
◥

Purpose: To assess the efficacy and exploratory biomarkers of
continuing palbociclib plus endocrine therapy (ET) beyond pro-
gression on prior palbociclib-based regimen in patients with hor-
mone receptor–positive/HER2-negative (HRþ/HER2�) advanced
breast cancer (ABC).

Patients and Methods: The multicenter, open-label, phase II
BioPER trial included women who had experienced a progressive
disease (PD) after having achieved clinical benefit on the immedi-
ately priorpalbociclib plusETregimen. Palbociclib (125mg, 100mg,
or 75 mg daily orally for 3 weeks and 1 week off as per prior
palbociclib-based regimen) plus ET of physician’s choice were
administered in 4-week cycles until PD or unacceptable toxicity.
Coprimary endpoints were clinical benefit rate (CBR) and percent-
age of tumors with baseline loss of retinoblastoma (Rb) protein
expression. Additional endpoints included safety and biomarker
analysis.

Results: Among 33 patients enrolled, CBR was 34.4% [95%
confidence interval (CI), 18.6–53.2; P < 0.001] and 13.0% of
tumors (95% CI, 5.2–27.5) showed loss of Rb protein expression,
meeting both coprimary endpoints. Median progression-free
survival was 2.6 months (95% CI, 1.8–6.7). No new safety signals
were reported. A signature that included baseline mediators of
therapeutic resistance to palbociclib and ET (low Rb score, high
cyclin E1 score, ESR1 mutation) was independently associated
with shorter median progression-free survival (HR, 22.0; 95% CI,
1.71–282.9; P ¼ 0.018).

Conclusions:Maintaining palbociclib after progression on prior
palbociclib-based regimen seems to be a reasonable, investigational
approach for selected patients. A composite biomarker signature
predicts a subset of patients who may not derive a greater benefit
frompalbociclib rechallenge, warranting further validation in larger
randomized controlled trials.

Introduction
Endocrine therapy remains the backbone of treatment in patients

with hormone receptor–positive/HER2-negative (HRþ/HER2�)
advanced breast cancer (ABC; ref. 1).

Four phase III studies have shown that the addition of cyclin-
dependent kinases (CDK) 4 and 6 inhibitors palbociclib, ribociclib,
or abemaciclib, to a nonsteroidal aromatase inhibitor in patients with
endocrine-sensitive, HRþ/HER2�ABC, significantly improvesmedian
progression-free survival (PFS) and overall response rate (ORR)
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without a negative impact on global quality of life (2–5). Two of these
trialshavealsoshownan improvement inoverall survival (OS; refs. 6, 7).
On the basis of these results, the combination of CDK4/6 inhibitors
plus nonsteroidal aromatase inhibitor has become the preferred first-
line regimen for this patient population.Moreover, three phase III trials
have also confirmed the benefit of adding a CDK4/6 inhibitor to
fulvestrant among endocrine-pretreated patients in terms of PFS and
ORR (8–10). Two of these trials have also demonstrated significant OS
benefits (11, 12).

The optimal treatment after progression on a CDK4/6 inhibitor
remains unknown in women with HRþ/HER2� ABC. Preliminary
findings have revealed drivers of adaptive resistance more frequently
related to endocrine therapy than to CDK4/6 inhibitors in this patient
population (13). However the antitumor activity of classical endocrine
drugs as single agents is limited (14) and for this reason, the combi-
nation of endocrine therapy with a PI3K/ mTOR inhibitor, everolimus
(15–17), or alpelisib (18, 19) according to PIK3CAmutational status, or
even chemotherapy-containing regimens, are commonly used options
in this scenario. Accordingly, new therapeutic strategies are being
developed in this patient population such as novel endocrine agents,
mainly selective estrogen receptor degraders (14), or themaintenanceof
CDK4/6 inhibition beyond progression changing the endocrine ther-
apy and continuing the same CDK4/6 inhibitor, maintaining the same
endocrine therapy and switching to a different CDK4/6 inhibitor, or
changing both endocrine therapy and CDK4/6 inhibitor (20–25).

Here, we report the results of BioPER, an investigator-initiated
phase II proof-of-concept trial designed to explore the efficacy and
safety of continuing palbociclib in combination with a different
endocrine therapy agent beyond progression on prior palbociclib-
based regimen, and to identify patients who are most likely to benefit
from this clinical approach.

Patients and Methods
Patients

Eligible women were 18 years or older with any menopausal status
with locally confirmed HRþ/HER2� unresectable locally advanced

breast cancer not amenable to surgical resection or radiotherapy with
curative intent, or metastatic breast cancer. Patients must have had a
radiologic or objective evidence of progressive disease (PD) immedi-
ately prior to palbociclib plus endocrine therapy–based treatment after
having achieved clinical benefit to this regimen (response or stable
disease ≥24 weeks). Last dose of palbociclib must have been admin-
istered no later than 8 weeks and not earlier than 3 weeks from study
entry and patients must have been treated with a stable dose of
palbociclib (100 mg/day or 125 mg/day) during the last 4 weeks in
the previous palbociclib regimen. After a protocol amendment, the
enrollment of patients treated with the lowest dose of palbociclib
(75 mg/day) during at least 8 weeks and without any grade 3 or 4
adverse events related to palbociclib was permitted. Up to two prior
endocrine therapy lines and not more than one line of prior chemo-
therapy for ABC were allowed. Measurable disease as defined by
Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1
that was amenable to biopsy, Eastern Cooperative Oncology Group
(ECOG) performance status of 0 or 1, and adequate organ function
were also required. Key exclusion criteria were visceral crisis, the use of
a CDK4/6 inhibitor other than palbociclib, and the exhaustion of all
reasonable endocrine therapy options. Full eligibility criteria are
described in the Supplementary Table S1.

The study protocol and supporting documents were approved by
the institutional review board at each site. All patients providedwritten
informed consent prior to participation in any study-related activities.
This study was performed in accordance with ethical principles
consistent with the Declaration of Helsinki and International Council
of Harmonization/Good Clinical Practice as well as all applicable
regulatory requirements.

Study design and oversight
This was a multicenter, noncontrolled, open-label, phase II trial

(NCT03184090), conducted across 21 study sites in Spain and Italy
between July 2017 and April 2019, that assessed the antitumor activity,
safety, and clinical and molecular predictive biomarkers of palbociclib
rechallenge in patients withHRþ/HER2�ABC. Supplementary Tables
S2 and S3 includes the recruiting sites and study members.

All patients included were treated with palbociclib at the same dose
level received when completing the previous palbociclib-based regi-
men [125 mg, 100 mg, or 75 mg administered orally in 4-week cycles
(3 weeks of treatment followed by 1 week off)] in combination with
endocrine therapy (physician’s choice based on prior administered
agent including tamoxifen, exemestane, fulvestrant, anastrozole, or
letrozole at their corresponding approved dosages). Endocrine therapy
should be different from previous treatment line. In addition, pre- and
peri-menopausal women must receive gonadotropin-releasing hor-
mone agonist.

Treatment continued until PD, unacceptable toxicity, death, or
patient withdrawal for any reason. Dose interruptions and reduc-
tions were allowed for palbociclib as defined by prespecified guide-
lines in the protocol but were not applicable for endocrine therapy.
Patients were allowed to discontinue palbociclib and continue with
endocrine therapy alone.

Endpoints
Coprimary endpoints were the clinical benefit rate (CBR) according

to RECIST version 1.1 as assessed by investigator review (efficacy
coprimary endpoint), and the percentage of patients with loss of
retinoblastoma (Rb) protein expression in tumor cells at baseline after
progression on palbociclib and endocrine therapy (biological coprim-
ary endpoint). CBR was defined as best overall response of complete

Translational Relevance

Cyclin-dependent kinases (CDK) 4 and 6 inhibitors (CDK4/6i)
plus endocrine therapy (ET) improve outcomes of hormone
receptor–positive/HER2-negative (HRþ/HER2�) advanced breast
cancer (ABC). However, patients invariably experience disease
progression because of acquired resistance and the optimal treat-
ment after progression on a CDK4/6i remains unknown.

The phase II BioPER study explored the value of maintaining
palbociclib beyond progression but changing the ET in patients
with HRþ/HER2� ABC who experienced progression after having
achieved clinical benefit on the immediately prior palbociclib-
containing regimen.

The study achieved both clinical and biological coprimary
endpoints with a tolerable safety profile. A signature that included
baseline mediators of therapeutic resistance to CDK4/6is and ET
(low Rb score, high cyclin E1 score, ESR1 mutation) strongly
predicted worse outcome, representing a promising biomarker to
identify those patients who may not derive particular benefit from
this strategy. These encouraging findings support further investi-
gation in larger randomized controlled trials.
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response, partial response, or stable disease ≥24 weeks. The loss of Rb
protein expression was defined as <1% of tumor cells with positive
nuclear staining.

Secondary endpoints included PFS (time from initiation of therapy
until PDor death from any cause), ORR (best overall response of either
complete response or partial response), duration of response (time
from initial response to PD or death from any cause), OS (time from
initiation of therapy until death from any cause), and toxicity as
determined by the NCI Common Terminology Criteria for Adverse
Events (CTCAE) v.4.0.3.

Exploratory endpoints included the assessment of the association
between baseline clinical characteristics, molecular alterations in the
cyclin D–CDK4/6–Rb pathway, PAM50 intrinsic subtypes, genomic
alterations in circulating tumor DNA (ctDNA), and dynamic changes
of ctDNA with sensitivity to study treatment.

Assessments
Study visits occurred on day 1 of each 28-day cycle, with a follow-up

for 30 days after discontinuation of treatment, then every 6 months
until the end of study.

Tumor assessments were carried out by computed tomography or
magnetic resonance imaging according to RECIST version 1.1 at
baseline and every 8 weeks up to 6 months of study treatment start.
Thereafter, disease assessment was performed every 12weeks until PD,
initiation of a new anticancer therapy, or withdrawal from the study,
whichever came first. Bone scans were carried out at baseline and every
24 weeks until the end of the study for patients with bone lesions
identified at baseline, unless clinically or biochemically suspected bone
progression.

Laboratory tests were performed on days 1 and 14 of the first two
cycles and on day 1 of subsequent cycles. Vital signs, weight, and
ECOG performance status were assessed on day 1 of every cycle.

Safety was evaluated on day 1 of every cycle in all patients who
received at least one dose of study treatment by assessment of adverse
events, clinical laboratory tests, physical examinations, and vital signs.

Biomarker analysis
Representative formalin-fixed and paraffin-embedded (FFPE) tumor

tissue biopsies from relapsedmetastatic or locally advanced disease were
collected at baseline—after the documented PD to the prior palbociclib-
containing regimen—and the end of treatment (EOT) or PD in the
current regimen if applicable. Protocol-specified exploratory endpoints
on tumor tissue biopsies at EOT/PD are still being analyzed and are not
included in this report.

Sequential blood samples for ctDNA analysis were obtained at
baseline, day 15 of cycle 1 (C1D15), day 1 of cycle 4 (C4D1), and at
the EOT/PD.

IHC
Serial, adjacent, 3-micrometer–thick FFPE tissue sections of col-

lected samples were cut from the tumor block using a microtome and
mounted onto histologic glass slides before undergoing IHC. Sections
were first deparaffinized, then rehydrated and incubated in 0.3%
hydrogen peroxidase. Heat-induced epitope retrieval and incubation
with the primary antibodies (clones, dilutions, and conditions are
shown in Supplementary Table S4) was performed on-board an
automated platform (Autostainer Link 48, Dako). After incubation
with a polymer with peroxidase (EnVision FLEX, Dako), the reaction
was visualized using 3,3-diaminobenzidine tetrahydrochloride, then
hematoxylin as counterstain.Negative controls were used by excluding
the primary antibody. Whole slides were automatedly scanned at 20�

using the Aperio CS2 scanner (Aperio Inc.) and analyzed with QuPath
program version 0.2.0 (26). Scoring was based on the blinded inde-
pendent central review performed quantitatively by an expert pathol-
ogist (L. Comerma). Immunoreactivitywas considered evaluablewhen
a tumor core contained at least 10% tumor cells and graded quanti-
tatively according to the percentages of positive immunolabeled cells
over the total cells per section. For CDK6, phosphorylated Rb (pRb),
and Rb, high IHC score was defined as≥1% of tumor cells with positive
nuclear staining. For CDK4, cyclin D1, and cyclin E1, high IHC score
was defined as ≥10% of tumor cells with positive nuclear staining
(Supplementary Table S5).

PAM50 intrinsic subtyping
A 3-mm–thick FFPE breast tissue was stained with hematoxylin and

eosin to confirm the presence of invasive tumor cells and determine the
tumor area by an expert pathologist (L. Comerma). For RNA isolation
(RNeasy FFPE Kit, Qiagen), 1–6 ten-micron–thick FFPE slides were
used for each tumor specimen and, if needed, tumor area was
macrodissected to avoid contamination of normal breast tissue. After
sample quality control using the 2200 TapeStation Software (Agilent
Technologies), a minimum of approximately 150 ng of total RNA was
used tomeasure the expression of 50 breast cancer–related genes plus 5
housekeeping genes using the nCounter platform (NanoString Tech-
nologies; ref. 27). Data were log2 transformed and normalized using
the housekeeping genes. Intrinsic subtyping (luminal A, luminal B,
HER2-enriched, basal-like, and normal-like) was performed according
to the research-based PAM50 intrinsic subtype predictor (27).

Plasma samples and DNA isolation
Venous blood was extracted at each timepoint and collected in

STRECK Cell-Free DNA BCT tubes. Plasma was first separated from
the peripheral blood cells by centrifugation at 2,800 rpm for 10minutes
at 4�C, then aliquoted in a 1.5mL tube, and immediately stored in a
deep freezer at �80�C. Cell-free circulating DNA (cfcDNA)—that is
released into the peripheral blood due to apoptosis, necrosis, or active
release (28)—was extracted from plasma using the AVENIO cfDNA
isolation kit (Roche Sequencing) and quantified by Qubit fluorometer
(Thermo Fisher Scientific). Purity of cfcDNA was assessed by elec-
trophoresis (4200 TapeStation system, Agilent) to discard the presence
of genomic DNA contamination.

Libraries were prepared with approximately 20 to 50 ng of cfcDNA
extracted from plasma samples using a broad targeted next-generation
sequencing-based 77-gene panel (Avenio ctDNAExpandedKit, Roche
Sequencing), including coverage of the most prevalent tumor sup-
pressor genes in human cancers (Supplementary Table S6). Libraries
were sequenced in a NextSeq platform (Illumina) and the Avenio
Oncology Analysis Software version 2.0.0 was used for FASTQ trim-
ming, alignment to the reference genome, generation of variant calling
files, and variant annotation.

Statistical analysis
Clinical data were assessed in the efficacy analysis set, which

included all the patients who received at least one dose of study drug
and fulfilled all selection criteria. Safety data were evaluated in the
safety analysis set, which included all patients who received at least one
dose of study drug (Fig. 1A). Biomarker data were assessed in the
biomarker analysis set, which included all the patients who had
evaluable samples for exploratory analyses. Signature analyses
were conducted in all patients with evaluable samples for those
specific biomarkers included in the composite predictive signature
(Fig. 1B and C).
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Figure 1.

A, CONSORT diagram of the BioPER trial. B, Study schema of tumor and blood samples collection. C, Flowchart of tumor and blood samples used for biomarker
studies. BL, baseline; C1D15, day 15of cycle 1; C4D1, day 1 of cycle 4; CDK4, cyclin-dependent kinase4; CDK6, cyclin-dependent kinase 6; ctDNA, circulating tumorDNA;
EOT/PD, endof treatment or progressive disease; ET, endocrine therapy; pRb, phosphorylated retinoblastoma; Rb, retinoblastoma. #, One patientwas excluded from
the efficacy analysis because of lack of clinical benefit on prior palbociclib-based regimen. †, All patients who had evaluable Rb expression by IHC. x, All patients who
had contemporaneously evaluable Rb and cyclin E1 expression by IHC, and ESR1 mutation status on ctDNA.
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The total one-sided type I errorwas divided into 0.025 for each of the
two coprimary endpoints. The CBR and loss of Rb protein expression
were analyzed with one-sided exact binominal method and Wilson
score confidence intervals (CI), respectively. The two coprimary end-
points were sequentially analyzed: the CBR before and the loss of Rb
protein expression thereafter. It was predetermined that loss of Rb
protein expressionwould be analyzed at a nominala level of one-sided
0.025 if CBR was not met. Alternatively, if CBR was met, the loss of Rb
protein expression would be analyzed with a one-sided 0.05 nominala
level, corresponding to a 90% two-sided Wilson CI. The study was
designed to test the null hypotheses that the true CBR and loss of Rb
protein expression rate were ≤5%. The alternative hypotheses were
that the true rate for both primary endpoints in these patients was

≥20%. We estimated a sample size of 33 patients to attain an 80%
power at a nominal one-sided a level of 0.025.

For all secondary endpoints, we used two-sided P values with an a
≤0.05 level of significance and 95% CI. The associations with a P <0.1
have been described. Survival curves were plotted using the Kaplan–
Meier method.

Exploratory endpoints included correlation of CBR and PFS with
baseline clinical characteristics, expression of markers involved in the
cyclin D1-CDK4/6-Rb axis, PAM50 intrinsic subtypes, prevalence,
and dynamic changes of genomic alterations in ctDNA. Mean differ-
ences were compared with the t test. The OR between two prognostic
groups according to patients’ characteristics or biomarker status was
estimated using a logistic regression model. The analysis was based on
the Wald test. The HR between the two prognostic groups was
estimated using a Cox proportional hazards model, after assessment
of the proportionality of hazards using log–log plots. The analysis was
based on the Wald test and Breslow method for handling ties.

The predictivemarkers considered as clinically relevant or shown to
be significant in a univariate model were included in the multivariate
regression model. The subset with the lowest value of bias corrected
through the Akaike Information Criteria was selected.

Results from overall correlative analyses should be considered
descriptive because of the small number of samples and unadjusted
sequential testing.P values and 95%CIdonot represent a confirmatory
measure of clinical or statistical relevance, but a rough reference for
designing future, hypothesis-driven studies and informing investiga-
tors about the uncertainty of our exploratory data.

Data analysis was carried out using R statistical software version
4.0.2.

Data availability
Data collected within the BioPER study will be made available to

researchers upon revision and approval based on scientificmerit by the
trial management group (which includes a qualified statistician) of a
detailed proposal for their use. The data required for the approved,
specified purposes and the trial protocol will be provided after the
completion of a data-sharing agreement that will be set up by the study

Table 1. Baseline clinical and pathologic characteristics of trial
participants included in the efficacy population.

Characteristics

Efficacy
population
(n ¼ 32)

Age (years), median (range) 59.5 (42.0–80.0)
Menopausal status

Premenopausal or perimenopausal 0
Postmenopausal 32 (100)

ECOG performance status
0 14 (43.8)
1 18 (56.2)

Visceral involvement
Yes 25 (78.1)
No 7 (21.9)

Number of disease sites
<3 13 (40.6)
≥3 19 (59.4)

Previous regimens
(Neo)Adjuvant ET 15 (46.9)
(Neo)Adjuvant CT 15 (46.9)
CT for MBC 4 (12.5)

Lines of prior ET for MBCa

1 27 (84.4)
2 5 (15.6)

ET agent used in prior palbociclib-based regimen
Letrozole 15 (46.9)
Fulvestrant 14 (43.8)
Exemestane 3 (9.4)

PFS for the prior palbociclib-based regimen (months),
median (range) 13.8 (5.5–47.1)

Lines of previous systemic therapy for MBC, n median
(range)a 1 (1–4)
1 24 (75.0)
2 6 (18.8)
3 1 (3.1)
4 1 (3.1)

ET agent used in the current regimen
Fulvestrant 18 (56.3)
Letrozole 9 (28.1)
Others 5 (15.6)

Starting dose of palbociclib in the current regimen
125 mg 23 (71.9)
100 mg 6 (18.8)
75 mg 3 (9.4)

Note: Data are n (%), unless otherwise specified.
Abbreviations: CT, chemotherapy; ECOG, Eastern Cooperative Oncology Group;
ET, endocrine therapy; MBC, metastatic breast cancer.
aIncluding the prior palbociclib-based regimen.

Table 2. Tumor best response according to RECIST version 1.1 of
trial participants included in the efficacy population.

Efficacy population (n ¼ 32)
Characteristics N (%) 95% CI

CBR 11 (34.4) 18.6–53.2
Best response
CR 0 —

PR 2 (6.3) 0.1–20.8
SD ≥ 24 weeks 9 (28.1) 13.7–46.7
PD 20 (62.5) 43.7–78.9
NE 1 (3.1) 0.08–16.2
ORR 2 (6.3) 0.1–20.8
DoR, median (range) 22.9 (9.2–36.7) —

PFS, median (months) 2.6 1.8–6.7

Note: Clinical response was evaluated in patients with measurable disease at
baseline as per RECIST version 1.1 who received at least one cycle of study
treatment. Clinical responses were confirmed at the subsequent tumor assess-
ment as per RECIST version 1.1. Data are n (%), unless otherwise specified.
Abbreviations: CBR, clinical benefit rate; CR, complete response; DoR, duration
of response; NE, not evaluable; ORR, overall response rate; PD, progressive
disease; PFS, progression-free survival; PR, partial response; RECIST, Response
Evaluation Criteria in Solid Tumors; SD, stable disease.
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Figure 2.

Representative IHC staining (A) and quantification of baseline protein biomarkers involved in the cyclin D1-CDK4/6-retinoblastoma axis (B). Correlation of baseline
protein expression with clinical benefit (C) and progression-free survival (Continued on the following page.)
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Figure 2.

(Continued. ) (D). Intrinsic molecular subtypes by PAM50 (E) and their correlation with clinical benefit (F) and progression-free survival (G). (Continued on the
following page.)
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Figure 2.

(Continued. ) H, Distribution and number of gene mutations by patient in circulating tumor DNA. I, Prevalence of gene mutations and Venn diagram with the four
most frequent mutated genes observed in circulating tumor DNA at baseline. J, Correlation of baseline gene mutations with progression-free survival. BL, baseline;
C1D15, day 15 of cycle 1; C4D1, day 1 of cycle 4; CDK4, cyclin-dependent kinase 4; CDK6, cyclin-dependent kinase 6; ctDNA, circulating tumor DNA; EOT/PD, end of
treatment or progressive disease; ET, endocrine therapy; Ins/Del, insertions or deletions; NA, not achieved; PFS, progression-free survival; pRb, phosphorylated
retinoblastoma; Rb, retinoblastoma.
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sponsor. All data provided are anonymized to respect the privacy of
patients who have participated in the trial in line with applicable laws
and regulations.

Results
Patient characteristics

Between June 2017 and April 2019, 33 patients were included. One
patient who did not achieve clinical benefit on prior palbociclib-based
regimen was excluded from the efficacy analysis (n ¼ 32). All the
patients received at least one dose of study treatment and were
included in the safety analysis (n ¼ 33). Data cut off was October
20, 2020, 18 months after last patient’s first treatment in the
study. Fig. 1A shows patient disposition.

The median age was 59.5 years (range, 42–80) and all patients were
postmenopausal. A total of 25 (78.1%) patients had visceral disease
(72.0% of whom with liver metastases), 19 (59.4%) presented ≥3
metastatic sites, and 14 (43.8%) had ECOG performance status 0.
Overall, 24 (75.0%) patients received study therapy as second-line and
four (12.5%) were treated with a prior line of chemotherapy for ABC.

Of 32 patients, 15 (46.9%) received letrozole, 14 (43.8%) fulvestrant,
and 3 (9.4%) exemestane in the prior palbociclib-based regimen.
Median PFS for the prior palbociclib-based regimen was 13.8 months
(range, 5.5–47.1). Baseline characteristic of the efficacy population are
listed in Table 1. Representativeness of studied patients is shown in
Supplementary Table S7.

Efficacy
The median follow-up was 18.4 months (range, 1.8–40.2). Clinical

benefit was achieved by 34.4% of patients (11 of 32; 95% CI, 18.6–53.2;
P < 0.001; Table 2) and the percentage of tumors with loss of Rb
protein expressionwas 13.0% (3 of 23; 95%CI, 5.2–27.5), meeting both
study coprimary endpoints (Fig. 2).

The ORRwas 6.3% (2 of 32 patients; 95%CI, 0.1–20.8).Median PFS
was 2.6 months (95% CI, 1.8–6.7) with a 6-month PFS rate of 31.2%
(95% CI, 18.7–52.2; Supplementary Fig. S1). Median OS was
23.9 months (95% CI, 16.4–not estimable), with a total of 13 deaths
(40.6%) at the time of data cut off (Supplementary Fig. S1).

The analysis of clinical and pathologic characteristics revealed that
only patients with an ECOG performance status 0 at baseline were

Table 3. Trial participants included in the efficacy population according to endocrine therapy received, clinical benefit, PAM50 intrinsic
subtype, protein expressions of cyclin E1 and Rb, and ESR1 mutation.

N Patient ID ET agent
Clinical
benefita PAM50 subtype Cyclin E1 (%) Rb (%) ESR1b

1 101–002 AI No NE NE 0.5 Mutated
2 101–004 AI No NE NE NE Mutated
3 101–005 Fulvestrant No NE 0 70 Wild-type
4 103–002 AI No Luminal B 13 75 Mutated
5 201–001 Fulvestrant No Luminal B 1 21 Wild-type
6 201–002 AI No NE 16 40 Wild-type
7 201–003 Fulvestrant No Luminal B 14 97 Mutated
8 201–005 Fulvestrant No Luminal A 0 27 Mutated
9 201–007 AI No NE 42 57 Mutated
10 201–008 Fulvestrant No NE NE 1 Mutated
11 201–009 Fulvestrant No HER2-E 65 99 Wild-type
12 202–004 Fulvestrant No NE NE NE Wild-type
13 203–001 AI No NE 12 0.5 Mutated
14 208–001 AI No HER2-E 24 46 Wild-type
15 210–001 AI No NE NE NE Wild-type
16 210–002 Fulvestrant No NE 8 NE Mutated
17 211–002 AI No HER2-E 0 48 Mutated
18 211–003 Fulvestrant No Luminal B 10 90 Mutated
19 211–005 AI No Luminal B 6 42 Mutated
20 215–001 Fulvestrant No HER2-E 5 0.5 Wild-type
21 215–002 Fulvestrant No HER2-E 17 80 Wild-type
22 101–001 AI Yes NE NE NE Wild-type
23 201–006 AI Yes Luminal B 7 65 Wild-type
24 202–001 Fulvestrant Yes NE NE NE Wild-type
25 202–002 Fulvestrant Yes Luminal B 5 38 Wild-type
26 206–002 Fulvestrant Yes NE 3 70 Wild-type
27 206–004 Fulvestrant Yes HER2-E 5 37 Wild-type
28 207–001 AI Yes NE NE NE Wild-type
29 207–002 Fulvestrant Yes NE 4 90 Mutated
30 211–004 Fulvestrant Yes NE NE NE Wild-type
31 213–001 AI Yes Luminal B 3 80 Wild-type
32 213–002 Fulvestrant Yes Luminal A 2 38 Wild-type

Abbreviations: AI, aromatase inhibitor; ET, endocrine therapy; HER2-E, HER2-enriched molecular subtype; NE, not evaluable; Rb, retinoblastoma; RECIST, Response
Evaluation Criteria in Solid Tumors.
aClinical benefit was evaluated in patients with measurable disease at baseline as per RECIST version 1.1 who received at least one cycle of study treatment and
experienced complete or partial response, or stable disease lasting at least 24 weeks. Clinical responses were confirmed at the subsequent tumor assessment.
bESR1 mutation status evaluated on ctDNA.
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more likely to achieve clinical benefit (P ¼ 0.016). A nonsignificant
trend towards better clinical benefit was observed with higher palbo-
ciclib doses (P¼ 0.065; Supplementary Table S8).Nomajor differences
in median PFS were seen in efficacy population according to certain
clinical characteristics, such as number of metastatic sites, palbociclib
dose, or pattern of metastatic spread (data not shown).

Among 24 patients who received study treatment as second-line
regimen, CBR was 33.3% (95% CI, 15.6–55.3), median PFS was
3.2 months (95% CI, 1.8–7.5), and 6-month PFS rate was 33.3%
(95% CI, 18.7–58.7; data not shown).

Safety
Out of 33 patients included in the safety analysis, 3 (9.1%) were still

receiving study treatment at the date of cut-off analysis. The main
reason for treatment discontinuation was PD, which occurred in 29
patients (87.9%; Supplementary Table S9).

The median relative dose intensity was 100% [interquartile range
(IQR), 89.1–100] for endocrine therapy [99.4% (IQR, 96.9–100) for
letrozole, 100% (IQR, 89.1–100) for fulvestrant, and 100% (IQR, 98.2–
100) for exemestane] and 100% (IQR, 96.1–100) for palbociclib. The
dose of palbociclib was reduced according to the protocol in 1 of the 33
patients (3.0%; Supplementary Table S9).

Among all patients included in the safety analysis, the most
common adverse events of any grade reported were neutropenia
(57.2%), fatigue (30.3%), leukopenia (18.2%), anemia (18.2%), asthe-
nia (15.2%), and diarrhea (12.1%). Except for neutropenia [13 of 19
(39.4%) of grade 3; 1 of 19 (3.0%) of grade 4], most adverse events were
of grade 1 or 2 severity. No cases of febrile neutropenia were reported
(Supplementary Table S10). Nearly all the most frequent adverse
events were deemed possibly related to study treatment.

The incidence of grade 3–4 toxicities and serious adverse events was
51.5% and 6.1%, respectively. No discontinuations due to adverse
events, new safety signals, and treatment-related deaths were observed
(Supplementary Fig. S2). A treatment-related grade 3 pulmonary
embolism occurred in 1 patient (3.0%), who was continuing treatment
with low molecular weight heparin at the time of data cut off
(Supplementary Table S11).

Biomarkers
IHC

The protein expression of CDK4, CDK6, cyclin D1, cyclin E1, pRb,
and Rb was evaluated by IHC in tumor biopsies obtained at baseline
from metastatic lesions (Figs. 1B and C and 2A). Evaluable tissue
samples were available in 100% of patients included in the efficacy
analysis (32 of 32; Fig. 1C). However, some of them were too small or
lacking in sufficient preanalytic quality to analyze all biomarkers.
Therefore, 23 patients were included in the analysis of Rb protein
expression (Rb subset) and 17 patients with all biomarkers evaluated
were included in the signature analysis (signature subset; Fig. 1C).
Baseline characteristics (Supplementary Table S12) and best response
(Supplementary Table S13) were similar between participants includ-
ed in the Rb and signature subsets, and overall population.

Representative staining of each biomarker is showed in Fig. 2A.
Overall, 65.2%, 20.0%, 91.7%, 34.8%, 84.0%, and 87.0% of tumors
presented a high IHC score of CDK4, CDK6, cyclin D1, cyclin E1, pRb,
and Rb, respectively (Fig. 2B).

Patients whose tumors presented a loss of Rb protein expression at
baseline did not achieve clinical benefit and the median PFS was
2.3 months (95% CI, 1.6–not estimable).

High expression of cyclin E1 was statistically associated with lack of
clinical benefit (P¼ 0.029) and shorter PFS (P¼ 0.0084) than patients
with low expression. However, CDK4, CDK6, cyclin D1, pRb, and Rb
did not show statistically significant association with clinical
outcomes. Figure 2C andD shows the relationship of each biomarker
with clinical benefit and PFS.

PAM50 intrinsic subtyping
Out of 32 tumor samples, 16 (50.0%) had sufficient tissue for

PAM50 intrinsic subtyping because sufficient tissue for RNA analysis
after using the specimens for IHC was relatively uncommon in the
small metastatic biopsies (Fig. 1C). Only 12.5% of tumors had luminal
A subtype (Fig. 2E). Intrinsic subtypes were not statistically associated
with clinical benefit (P ¼ 0.73; Fig. 2F) nor PFS (P ¼ 0.41; Fig. 2G).
HER2-enriched subtype was numerically associated to absence of
clinical benefit (83.3% vs. 50.0% vs. 62.5% in HER2-enriched, luminal
A, and luminal B, respectively;Fig. 2F) and shorter PFS (2.7months vs.
5.2 vs. 3.0 months in HER2-enriched, luminal A, and luminal B,
respectively; Fig. 2G).

Liquid biopsy
Matched plasma samples collected at baseline, C1D15, C4D1, and

EOT/PD were available for 25, 13, 14, and 8 patients, respectively
(Fig. 1C). At baseline, cfcDNA (corresponding to mutant and wild-
type DNA copies) was detected in all 25 patients, whereas ctDNA
(corresponding to mutant DNA copies) was detected in 21 of 25
(84.0%) patients (Supplementary Fig. S3).

At C1D15, the median level of ctDNA copies presented a numerical
decrease compared with baseline. At the time of radiological progres-
sion, all patients had detectable ctDNA levels, that were statistically
significantlyhigher thanmediancopies at baseline (P¼ 0.016) andC4D1

(P¼ 0.028). Undetectable ctDNA at C1D15 was associated with a longer
PFS than detectable ctDNA [4.1 months [95% CI, 4.1–not achieved
(NA)] vs. 1.8months (95%CI, 1.6–2.3);P¼ 0.021]. However, detection
of ctDNA at C4D1was not associatedwith PFS (Supplementary Fig. S4).

Exploring 77 driver breast cancer genes by next-generation
sequencing, mutations in 25 genes were identified at baseline and the
6most frequent altered geneswereESR1, TP53, ERBB2,MET,PIK3CA,
and PTEN (Fig. 2I). Patients who experienced clinical benefit had a
statistically significant lower baseline number of mutations compared
with patients without clinical benefit (P ¼ 0.033; Supplementary
Table S14). Fifteen mutations were detected in C1D15 plasma samples
and 4 of them were not detected at baseline. (Fig. 2H).

ESR1 gene mutations were detected in the baseline plasma of 52.0%
of patients (13 of 25;Fig. 2H). Patientswith baselineESR1mutated had
lack of clinical benefit (P ¼ 0.015; Supplementary Table S14) and
shorter PFS than patients with wild-type ESR1 (1.8 vs. 5.4 months,
respectively; P¼ 0.0054; Fig. 2J) irrespective of the endocrine therapy
administered.

Among the 6 most frequent mutated genes in the baseline plasma,
ERBB2 gene mutations were detected in 12.0% of patients (3 of
25; Fig. 2H), who had shorter PFS than patients with wild-type ERBB2
(1.8 vs. 5.4 months, respectively; P ¼ 0.0054; Fig. 2J). PIK3CA

Figure 3.
Kaplan–Meier analyses of investigator-assessed progression-free survival according to ESR1-mutated gene (A), protein expression of cyclin E1 (B), Rb (C), and
composite signature of ESR1-mutated gene/high cyclin E1 score/low Rb score (any of three biomarkers versus none of them; D). E, Forest plot showing the
association of ESR1 gene, cyclin E1, Rb, and the composite signature (ESR1-mutated/high cyclin E1 score/low Rb score) with progression-free survival. AIC, Akaike
Information Criteria; PFS, progression-free survival; Rb, retinoblastoma.
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mutations [3 of 25 of patients (12.0%); Fig. 2H] were not associated
with clinical benefit (P¼ 0.83; Supplementary Table S14) or PFS (data
not shown).

Biomarker signature predictive of outcome
In an exploratory analysis of biomarkers related to therapeu-

tic resistance, almost all patients who did not experience clinical
benefit had at least one baseline biomarker of worsened outcome
(low Rb score, high cyclin E1 score, and ESR1 mutation;
Table 3).

Hypothesizing that a composite signature might be superior to each
biomarker alone in identifying potential predictors of prolonged
benefit to palbociclib rechallenge, we first performed a univariate
analysis of each of these biomarkers for clinical benefit (Supplementary
Table S14), followed by a multivariate analysis (Fig. 3). A signature
that included mediators of therapeutic resistance at baseline (low Rb
score, high cyclin E1 score, and ESR1 mutation) was independently
associated with shorter median PFS (HR, 11.7; 95% CI, 1.5–93.5; P ¼
0.020; Fig. 3). Median PFS was 1.9 months (95% CI, 1.7–3.6) in
patients who showed this composite biomarker signature compared
with 6.7 months (95% CI, 4.1–NA) in those in whom any of these
biomarkers were detected (P ¼ 0.020; Fig. 3).

Discussion
To our knowledge, BioPER is the first prospective published trial to

evaluate the antitumor activity, safety, and predictive biomarkers of
palbociclib rechallenge in patients with HRþ/HER2� ABC. Prior
retrospective studies had suggested a continued benefit from this
clinical approach, but they must be interpreted with caution due to
potential biases including patient selection, timing since prior CDK4/6
inhibitor–containing regimen, and the use of a different CDK4/6
inhibitor, mainly abemaciclib after PD on prior palbociclib/riboci-
clib-based regimens (21).

The randomized phase II MAINTAIN study has recently showed a
significant PFS benefit (5.29 vs. 2.76 months; HR, 0.57; P¼ 0.004) for
patients with HRþ/HER2� ABC to switch endocrine therapy and
receive ribociclib after progression onCDK 4/6 inhibitor. Of note, 84%
of the patients had previously received palbociclib, making it difficult
to extrapolate these results to other therapeutic strategies, such as
changing the endocrine therapy and continuing the same CDK4/6
inhibitor (25).

The BioPER study achieved the prespecified clinical and biological
endpoints among patients withHRþ/HER2�ABC.However, although
the CBR and 6-month PFS rate demonstrate good clinical efficacy,
median PFS was modest [2.6 months (95% CI, 1.8–6.7)] in the efficacy
analysis population despite the enrichment of the trial population by
selecting patients with confirmed PD after having achieved clinical
benefit (response or stable disease ≥24 weeks) on immediately prior
palbociclib plus endocrine therapy–based regimen. Interestingly, two
patients achieved a prolonged partial response that lasted 9.2 and
36.7 months. Among 24 patients who received study treatment as
second-line regimen, median PFS increased to 3.2 months with a
6-month PFS rate of 33.3%.

The safety profile was in line with that described in previous studies,
with no unexpected safety signals reported.

Antitumor activity of classical endocrine drugs as single agents is
limited after progression on a CDK4/6 inhibitor. In the phase III
EMERALD trial, elacestrant significantly improved PFS compared
with standard endocrine therapy (HR, 0.697; 95% CI, 0.55–0.88;
P ¼ 0.0018) among CDK4/6 inhibitor–pretreated patients with

HR-positive/HER2-negative ABC in the second- and third-line set-
tings. The 6-month PFS rates were 34.3% and 20.4% for elacestrant and
control arm, respectively. Despite the clinically meaningful magnitude
of the benefit, there was only a 1-month absolute benefit in PFS with
elacestrant (2.79 vs. 1.97 months; ref. 14). Consequently, PFS from the
BioPER trial appears similar to that achieved in the elacestrant and
fulvestrant arms of the EMERALD study among unselected
patients (14), but inferior to PFS reported in studies investigating the
combination of endocrine therapy with alpelisib or everolimus beyond
CDK4/6 inhibition (16–18, 20).

The BioPER study confirms that palbociclib rechallenge does not
work in all patients, so exploring predictors of response to CDK4/6
inhibitors is critical to identify those patients that are more likely to
benefit from this strategy. The chronic loss of Rb has been specifically
associated with evolution to a CDK4/6-independent state and, ulti-
mately, resistance to palbociclib in breast cancer cell lines (29).
Moreover, in the PALOMA-3 trial, high CCNE1 mRNA expression
was also associated with relative resistance to palbociclib (median PFS
in patients with high versus low CCNE1 mRNA was 7.6 vs.
14.1 months, respectively; ref. 30). Finally, ESR1 gene mutations and
the HER2-enriched subtype have been correlated with endocrine
resistance (31–33). In BioPER, the analysis of biomarkers as mediators
of therapeutic resistance at baseline revealed that low Rb score, high
cyclin E1 score, and ESR1 mutations were associated with worse
outcome to palbociclib rechallenge, findings that are consistent with
those observed in prior studies (33). Compared with patients with
HRþ/HER2� early ABC, the rate of HER2-enriched intrinsic subtype
significantly increases in the advanced scenario (34). In this way, the
HER2-enriched subtype represented 37.5%of all tumors in theBioPER
study. Unfortunately, although HER2-enriched subtype was numer-
ically associated to less clinical benefit and shorter PFS to palbociclib
rechallenge, the small number of evaluable samples does not allow to
draw definitive conclusions. Finally, undetected ctDNA at C1D15

seems to be associated with better PFS. However, this finding is also
limited for the low number of matched samples available.

A signature that included mediators of therapeutic resistance at
baseline (lowRb score, high cyclin E1 score, andESR1mutation) seems
to predict worse outcome. This approach of combining different
biomarkers of resistance to predict efficacy of CDK4/6 inhibitor
rechallenge has been also recently described by others (35). Of note,
in the subset of patients in whom any of these biomarkers were
detected the median PFS was superior to 7 months. Despite the
encouraging results, BioPER is still far from data obtained in the
PADA-1 trial in which patients who presented rising ESR1 in ctDNA,
without evidence of PD following treatment with palbociclib plus an
aromatase inhibitor, were randomly assigned to continue with the
same treatment or to switch to fulvestrant plus palbociclib. Median
PFS was 11.9 months in the fulvestrant arm and 5.7 months in the
standard therapy arm (HR, 0.61; 95%CI, 0.43–0.86; P¼ 0.007; ref. 35).
Although these data reflect a higher efficacy of an early treatment
change before radiographic disease progression, they could also sug-
gest that resistance mechanisms to endocrine therapy could precede
palbociclib resistance.

Main limitations of this study are the small sample size, a hetero-
geneous population including patients with different number of prior
lines of therapy and endocrine partners, and descriptive nature of the
molecular correlative associations. To overcome these limitations, the
randomized, open-label, phase II PALMIRA trial (NCT03809988) is
currently testing the value of continuing palbociclib in combination
with second-line endocrine therapy in 198 patients with HRþ/HER2�

ABC who have achieved clinical benefit during first-line palbociclib-
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based treatment. Patients are randomly assigned (ratio 2:1) to receive
endocrine therapy alone (letrozole or fulvestrant) or in combination
with palbociclib (36). It is worth noting that PALMIRA has important
design strengths that help mitigate limitations of the MAINTAIN
study (25), such as continuing palbociclib after progression on the
same CDK4/6 inhibitor, excluding patients who received systemic
treatment in the metastatic setting and did not achieve clinical benefit
to the palbociclib-based endocrine regimen, and randomizing a larger
number of subjects (198 vs. 120 patients, respectively).

In conclusion, BioPER achieved the prespecified clinical and bio-
logical endpoints among patients with HRþ/HER2� ABC. Although
the single-arm study design of BioPER does not allow a definitive
understanding of whether continuing CDK4/6 blockade might be a
reasonable approach for these patients, the preliminary efficacy along
with the favorable safety profile provide a support for further inves-
tigation. In addition, ancillary biomarker-driven studies are needed to
confirm these preliminary findings. Larger randomized controlled
trials will elucidate the antitumor activity of prolonging CDK4/6
blockade beyond progression on prior CDK4/6 inhibitor–based treat-
ment and further confirm the role of our biomarker signature to
identify patients that may not derive particular benefit from this
strategy.

Authors’ Disclosures
J. Albanell reports grants, personal fees, and non-financial support from Pfizer

during the conduct of the study. J. Albanell also reports grants, personal fees, and non-
financial support fromRoche, Seattle Genetics, andNovartis; grants and personal fees
from Daichii-Sankyo-AZ, Seagen, and Lilly; and personal fees from Amgen outside
the submitted work. J.M. P�erez-García reports personal fees and other support from
Roche, as well as personal fees from Lilly, Eisai, AstraZeneca, Daichii Sankyo, Seattle
Genetics, and Gilead outside the submitted work. M. Gil-Gil reports personal fees
from Pfizer, Novartis, Gilead, AstraZeneca, and Roche, as well as personal fees
and non-financial support from Daiichi-Sankyo outside the submitted work.
G. Curigliano reports other support from Roche, Daichii Sankyo, AstraZeneca, Lilly,
Novartis, Pfizer, Celcuity, Exact Sciences, Ellipsis, BMS, Gilead, Seagen, Merck, and
Menarini outside the submitted work. L. Comerma reports personal fees from Roche
andDiaceutics outside the submittedwork.M.Bellet reports personal fees fromPfizer,
Novartis, and Lilly outside the submitted work. B. Bermejo reports grants from Pfizer,
Daichii, Palex, and Lilly outside the submitted work. E. Espinosa reports grants from
Roche during the conduct of the study, as well as personal fees fromMSD, BMS, Pierre
Fabre, and Novartis outside the submitted work. A.M. Minisini reports personal fees
from Seagen, Gilead, Novartis, and Lilly outside the submitted work. A. Santaballa
Bertran reports personal fees and non-financial support from Pfizer and Lilly and
personal fees from Novartis outside the submitted work. L. Mina reports other
support from Pfizer during the conduct of the study, as well as other support from
Pfizer outside the submitted work. B. Bellosillo reports personal fees from Amgen,
AstraZeneca, Biocartis, Guardant-Health, Janssen, Merck-Serono, Novartis, Qiagen,
Pfizer, and Bristol Myers Squibb, as well as grants and personal fees from
F. Hoffmann-La Roche and Thermo Fisher during the conduct of the study; in
addition, B. Bellosillo has a patent for EGFR-ECD mutations licensed to Biocartis.
F. Rojo reports personal fees from Roche, AstraZeneca, BMS, MSD, Novartis, Lilly,
GSK, Pfizer, and Pierre Fabre outside the submitted work. M. Sampayo-Cordero
reports grants from Medica Scientia Innovation Research (MEDSIR) during the
conduct of the study, as well as grants from Ability Pharma, MD Anderson Madrid,
Syntax for Science, Optimapharm, and Medica Scientia Innovation Research
(MEDSIR) outside the submitted work. C. Popa reports employment with Medica
Scientia Innovation Research SL. A. Malfettone reports personal fees from MEDSIR
during the conduct of the study, as well as personal fees from MEDSIR outside the
submitted work. J. Cort�es reports grants from Pfizer, as well as personal fees from

AstraZeneca during the conduct of the study. J. Cort�es also reports personal fees from
Roche, Celgene, Cellestia, AstraZeneca, Seattle Genetics, Daiichi Sankyo, Erytech,
Athenex, Polyphor, Lilly, Merck Sharp & Dohme, GSK, Leuko, Bioasis, Clovis
Oncology, Boehringer Ingelheim, Ellipses, Hibercell, BioInvent, Gemoab, Gilead,
Menarini, Zymeworks, Pfizer, Novartis, Eisai, and Reveal Genomics, as well as grants
fromRoche,AriadPharmaceuticals, AstraZeneca, BaxaltaGMH/ServierAffaires, Bayer
Healthcare, Eisai, F. Hoffman-La Roche, Guardant Health, Merck Sharp & Dohme,
Pfizer, Piqur Therapeutics, Puma C, and Queen Mary University of London outside the
submittedwork; in addition, J. Cort�es has a patent for “Pharmaceutical Combinations of a
PI3KInhibitor and aMicrotubuleDestabilizingAgent” (WO2014/199294A) issued anda
patent for “HER2 as a Predictor of Response to Dual HER2 Blockade in the Absence of
Cytotoxic Therapy”. A. Llombart-Cussac reports other support from Eisai, Celgene, Lilly,
Pfizer, Roche, Novartis, andMSD,MEDSIR and Initia-Research, Pierre-Fabre, Genomic
Health, GSK, AstraZeneca, FoundationMedicine, and Agendia during the conduct of the
study. No disclosures were reported by the other authors.

Authors’ Contributions
J. Albanell: Conceptualization, supervision, validation, investigation, writing–

review and editing. J.M. P�erez-García: Conceptualization, validation, writing–
original draft, writing–review and editing. M. Gil-Gil: Validation, investigation,
writing–review and editing. G. Curigliano: Validation, investigation, writing–
review and editing. M. Ruíz-Borrego: Validation, investigation, writing–review and
editing. L. Comerma: Formal analysis, validation, writing–review and editing.
J. Gibert: Formal analysis, validation, writing–review and editing. M. Bellet:
Validation, investigation, writing–review and editing. B. Bermejo: Validation, inves-
tigation, writing–review and editing. L. Calvo: Validation, investigation, writing–
review and editing. J. de la Haba: Validation, investigation, writing–review
and editing. E. Espinosa: Validation, investigation, writing–review and editing.
A.M. Minisini: Validation, investigation, writing–review and editing. V. Quiroga:
Validation, investigation, writing–review and editing. A. Santaballa Bertran:
Validation, investigation, writing–review and editing. L. Mina: Supervision, visual-
ization, project administration, writing–review and editing. B. Bellosillo: Formal
analysis, validation, writing–review and editing. F. Rojo: Formal analysis, validation,
writing–review and editing. S.Men�endez: Formal analysis, validation, writing–review
and editing. M. Sampayo-Cordero: Formal analysis, validation, visualization, writ-
ing–review and editing. C. Popa: Data curation, validation, writing–review and
editing. A. Malfettone:Data curation, supervision, validation, writing–original draft,
writing–review and editing. J. Cort�es:Conceptualization, supervision, funding acqui-
sition, validation, writing–review and editing. A. Llombart-Cussac: Conceptualiza-
tion, supervision, funding acquisition, validation, writing–review and editing.

Acknowledgments
This work was supported by Pfizer. The authors would like to thank the patients,

their caregivers, and their families for participating in this study and all investigators
and site personnel. The BioPER study was conceived and designed byMedica Scientia
Innovation Research (MEDSIR) in collaboration with Pfizer Inc., which funded the
study and provided palbociclib. J. Albanell acknowledges CIBERONC CB16/12/
00241, PI21/00002, funded by Instituto de Salud Carlos III (ISCIII) and co-funded by
the European Union, Generalitat de Catalunya (2017 SGR 507).

The publication costs of this article were defrayed in part by the payment of
publication fees. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 USC section 1734.

Note
Supplementary data for this article are available at Clinical Cancer Research Online
(http://clincancerres.aacrjournals.org/).

Received April 21, 2022; revised June 27, 2022; accepted September 21, 2022;
published first September 27, 2022.

References
1. Cardoso F, Costa A, Senkus E, Aapro M, Andr�e F, Barrios CH, et al. 3rd ESO–

ESMO international consensus guidelines for advanced breast cancer (ABC 3).
Ann Oncol 2017;28:16–33.

2. Finn RS, Crown JP, Ettl J, Schmidt M, Bondarenko IM, Lang I, et al. Efficacy and
safety of palbociclib in combination with letrozole as first-line treatment of ER-
positive, HER2-negative, advanced breast cancer: expanded analyses of

AACRJournals.org Clin Cancer Res; 29(1) January 1, 2023 79

Palbociclib Rechallenge in HRþ/HER2� Advanced Breast Cancer



subgroups from the randomized pivotal trial PALOMA-1/TRIO-18.
Breast Cancer Res 2016;18:67.

3. Hortobagyi GN, Stemmer SM, Burris HA, Yap Y-S, Sonke GS, Paluch-Shimon S,
et al. Ribociclib as first-line therapy for HR-positive, advanced breast cancer.
N Engl J Med 2016;375:1738–48.

4. Goetz MP, Toi M, Campone M, Sohn J, Paluch-Shimon S, Huober J, et al.
MONARCH 3: abemaciclib as initial therapy for advanced breast cancer. J Clin
Oncol 2017;35:3638–46.

5. Tripathy D, Im S-A, Colleoni M, Franke F, Bardia A, Harbeck N, et al. Ribociclib
plus endocrine therapy for premenopausal women with hormone-receptor-
positive, advanced breast cancer (MONALEESA-7): a randomised phase 3 trial.
Lancet Oncol 2018;19:904–15.

6. Lu Y-S, Im S-A, ColleoniM, Franke F, Bardia A, Cardoso F, et al. Updated overall
survival of ribociclib plus endocrine therapy versus endocrine therapy alone in
pre- and perimenopausal patients with HRþ/HER2- advanced breast cancer in
MONALEESA-7: a phase III randomized clinical trial. Clin Cancer Res 2022;28:
851–9.

7. Hortobagyi GN, Stemmer SM, Burris HA, Yap Y-S, Sonke GS, Hart L, et al.
Overall survival with ribociclib plus letrozole in advanced breast cancer. N Engl J
Med 2022;386:942–50.

8. Cristofanilli M, Turner NC, Bondarenko I, Ro J, Im S-A, Masuda N, et al.
Fulvestrant plus palbociclib versus fulvestrant plus placebo for treatment of
hormone-receptor-positive, HER2-negative metastatic breast cancer that pro-
gressed on previous endocrine therapy (PALOMA-3): final analysis of the
multicentre, double-blind, phase 3 randomised controlled trial. Lancet Oncol
2016;17:425–39.

9. Slamon DJ, Neven P, Chia S, Fasching PA, De Laurentiis M, Im S-A, et al. Phase
III randomized study of ribociclib and fulvestrant in hormone receptor-positive,
human epidermal growth factor receptor 2-negative advanced breast cancer:
MONALEESA-3. J Clin Oncol 2018;36:2465–72.

10. Sledge GW, Toi M, Neven P, Sohn J, Inoue K, Pivot X, et al. MONARCH 2:
abemaciclib in combination with fulvestrant in women with HRþ/HER2-
advanced breast cancer who had progressed while receiving endocrine therapy.
J Clin Oncol 2017;35:2875–84.

11. Sledge GW, Toi M, Neven P, Sohn J, Inoue K, Pivot X, et al. The effect of
abemaciclib plus fulvestrant on overall survival in hormone receptor-positive,
ERBB2-negative breast cancer that progressed on endocrine therapy-
MONARCH 2: a randomized clinical trial. JAMA Oncol 2020;6:116–24.

12. SlamonDJ, Neven P, Chia S, Fasching PA, De LaurentiisM, Im S-A, et al. Overall
survival with ribociclib plus fulvestrant in advanced breast cancer. N Engl J Med
2020;382:514–24.

13. O’Leary B, Cutts RJ, Liu Y, Hrebien S, Huang X, Fenwick K, et al. The
genetic landscape and clonal evolution of breast cancer resistance to
palbociclib plus fulvestrant in the PALOMA-3 trial. Cancer Discov
2018;8:1390–403.

14. Bardia A, Neven P, Streich G, Montero AJ, Forget F, Mouret-Reynier M-A, et al.
GS2–02. Elacestrant, an oral selective estrogen receptor degrader (SERD), vs
investigator’s choice of endocrine monotherapy for ERþ/HER2- advanced/
metastatic breast cancer (mBC) following progression on prior endocrine and
CDK4/6 inhibitor therapy: results of EMERALD phase 3 trial. Presented at
SABCS 2021; December 7–10, 2021; San Antonio, TX. AbstractGS2–02.

15. Bardia A, Hurvitz SA, DeMichele A, Clark AS, Zelnak A, Yardley DA, et al. Phase
I/II trial of triplet therapy (exemestane, ribociclib, and everolimus) after pro-
gression on a CDK4/6 inhibitor in HRþ/HER2– advanced breast cancer
(TRINITI-1). Clin Cancer Res 2021;27:4177–85.

16. Baselga J, Campone M, Piccart M, Burris HA, Rugo HS, Sahmoud T, et al.
Everolimus in postmenopausal hormone-receptor–positive advanced breast
cancer. N Engl J Med 2012;366:520–9.

17. Yardley DA, Noguchi S, Pritchard KI, Burris HA, Baselga J, Gnant M, et al.
Everolimus plus exemestane in postmenopausal patients with HRþ breast cancer:
BOLERO-2 final progression-free survival analysis. Adv Ther 2013;30:870–84.

18. Andr�e F, Ciruelos E, RubovszkyG, CamponeM, Loibl S, RugoHS, et al. Alpelisib
for PIK3CA-mutated, hormone receptor–positive advanced breast cancer.
N Engl J Med 2019;380:1929–40.

19. Rugo HS, Lerebours F, Ciruelos E, Drullinsky P, Ruiz-Borrego M, Neven P, et al.
Alpelisib plus fulvestrant in PIK3CA-mutated, hormone receptor-positive
advanced breast cancer after a CDK4/6 inhibitor (BYLieve): one cohort of a phase
2, multicentre, open-label, non-comparative study. Lancet Oncol 2021;22:489–98.

20. Nichetti F, Marra A, Giorgi CA, Randon G, Scagnoli S, Angelis CD, et al. 337P -
Efficacy of everolimus plus exemestane in CDK 4/6 inhibitors-pretreated or
na€�ve HR-positive/HER2-negative breast cancer patients: A secondary analysis
of the EVERMET study. Ann Oncol 2020;31:(suppl_4):S348–95.

21. Wander SA, Zangardi M, Niemierko A, Kambadakone A, Kim LS, Xi J, et al. A
multicenter analysis of abemaciclib after progression on palbociclib in patients
(pts) with hormone receptor-positive (HRþ)/HER2- metastatic breast cancer
(MBC). JCO 2019;37:1057.

22. Mayer EL,Wander SA, ReganMM, DeMichele A, Forero-Torres A, RimawiMF,
et al. Palbociclib after CDK and endocrine therapy (PACE): A randomized phase
II study of fulvestrant, palbociclib, and avelumab for endocrine pre-treated ERþ/
HER2- metastatic breast cancer. JCO 2018;36:TPS1104.

23. Cussac AL, Medioni J, Colleoni MA, Ettl J, Schmid P, Macpherson I, et al.
Palbociclib rechallenge in hormone receptor (HR)[þ]/HER2[-] advanced breast
cancer (ABC). PALMIRA trial. Ann Oncol 2019;30:v141.

24. KalinskyK,MundiP,ChiuzanC,AccordinoM,TrivediM,Sparano J, et al.Abstract
OT3–05–09: A randomized phase II trial of fulvestrant with or without ribociclib
after progression on aromatase inhibition plus cyclin-dependent kinase 4/6
inhibition in patients with unresectable or metastatic hormone receptor positive,
HER2 negative breast cancer (MAINTAIN trial). Cancer Res 2018;78:OT3–05–9.

25. Kalinsky K, Accordino MK, Chiuzan C, Mundi PS, Trivedi MS, Novik Y, et al. A
randomized, phase II trial of fulvestrant or exemestane with or without ribociclib
after progression on anti-estrogen therapy plus cyclin-dependent kinase 4/6
inhibition (CDK 4/6i) in patients (pts) with unresectable or hormone receptor–
positive (HRþ), HER2-negative metastatic breast cancer (MBC): MAINTAIN
trial. JCO 2022;40:LBA1004.

26. Bankhead P, Loughrey MB, Fern�andez JA, Dombrowski Y, McArt DG, Dunne
PD, et al. QuPath: Open source software for digital pathology image analysis.
Sci Rep 2017;7:16878.

27. Parker JS, Mullins M, Cheang MCU, Leung S, Voduc D, Vickery T, et al.
Supervised risk predictor of breast cancer based on intrinsic subtypes. J Clin
Oncol 2009;27:1160–7.

28. Schwarzenbach H, Hoon DSB, Pantel K. Cell-free nucleic acids as biomarkers in
cancer patients. Nat Rev Cancer 2011;11:426–37.

29. Fry DW, Harvey PJ, Keller PR, Elliott WL, Meade M, Trachet E, et al. Specific
inhibition of cyclin-dependent kinase 4/6 byPD0332991 and associated antitumor
activity in human tumor xenografts. Mol Cancer Ther 2004;3:1427–38.

30. Turner NC, Liu Y, Zhu Z, Loi S, Colleoni M, Loibl S, et al. Cyclin E1 expression
and palbociclib efficacy in previously treated hormone receptor-positive met-
astatic breast cancer. J Clin Oncol 2019;37:1169–78.

31. Finn RS, Liu Y, Martin M, Rugo HS, Dieras V, Im S-A, et al. Abstract P2–09–10:
Comprehensive gene expression biomarker analysis of CDK 4/6 and endocrine
pathways from the PALOMA-2 study. Cancer Res 2018;78:P2–P2–09–10.

32. Prat A, Chaudhury A, Solovieff N, Par�e L, Martinez D, Chic N, et al. Correlative
biomarker analysis of intrinsic subtypes and efficacy across the MONALEESA
phase III studies. J Clin Oncol 2021;39:1458–67.

33. Fribbens C, O’Leary B, Kilburn L, Hrebien S, Garcia-Murillas I, Beaney M, et al.
Plasma ESR1 mutations and the treatment of estrogen receptor–positive
advanced breast cancer. JCO 2016;34:2961–8.

34. Cejalvo JM,Martínez de Due~nas E, Galv�an P, García-Recio S, Burgu�es Gasi�onO,
Par�e L, et al. Intrinsic subtypes and gene expression profiles in primary and
metastatic breast cancer. Cancer Res 2017;77:2213–21.

35. Bidard F-C, Hardy-Bessard A-C, Bachelot T, Pierga J-Y, Canon J-L, Clatot F,
et al. Abstract GS3–05: Fulvestrant-palbociclib vs continuing aromatase inhib-
itor-palbociclib upon detection of circulating ESR1 mutation in HRþ HER2-
metastatic breast cancer patients: results of PADA-1, a UCBG-GINECO ran-
domized phase 3 trial. Cancer Res 2022;82:GS3–05.

36. Llombart-Cussac A, Medioni J, Colleoni MA, Ettl J, Schmid P, Macpherson I,
et al. Palbociclib rechallenge in hormone receptor (HR)[þ]/HER2[-] advanced
breast cancer (ABC). PALMIRA trial. Ann Oncol 2019;30:v141.

Clin Cancer Res; 29(1) January 1, 2023 CLINICAL CANCER RESEARCH80

Albanell et al.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice


