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Tailoring advanced breast cancer
treatment after cyclin-dependent
kinase 4/6 inhibitors progression
- real-world data analysis
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Konstanty Chomik1, Barbara Grandys1, Natalya Lisovska1,
Barbara Bobek-Billewicz2, Ewa Chmielik3 and Michał Jarząb1

1Breast Cancer Center, Maria Sklodowska-Curie National Research Institute of Oncology,
Gliwice, Poland, 2Radiology and Diagnostic Imaging Department, Maria Sklodowska-Curie National
Research Institute of Oncology, Gliwice, Poland, 3Tumor Pathology Department, Maria Sklodowska-
Curie National Research Institute of Oncology, Gliwice, Poland
Background: Cyclin-dependent kinase 4/6 inhibitors (CDK4/6i) represent the

gold standard of the hormone receptor positive human epidermal growth factor

receptor 2 (HER-2) negative advanced breast cancer. However, optimal

treatment after disease progression is a matter of debate. We aimed to assess

predictive and prognostic factors associated with the treatment outcome

following CDK4/6i progression.

Methods: We retrospectively analyzed patients who progressed on CDK4/6i

treatment between 2018 and 2024. Treatment based on molecular findings

(PIK3CA mutation), genetic findings (BRCA1/2 germline mutation), or adapted to

the change in the tumor phenotype in rebiopsy (anti-HER2 therapy in the

transformation to HER-2-positive disease) was grouped into tailored treatment

and compared to the endocrine-based therapy and chemotherapy alone.

Results: Five hundred twelve patients were treated with CDK4/6i. Two hundred

patients with disease progression were enrolled in the study. Duration of

response to CDK4/6i was not predictive of the response to subsequent

treatment, whereas the progression in the central nervous system was the

worst prognostic factor. Thirty patients were ineligible for subsequent

treatment. Survival after CDK4/6i progression was significantly longer in

patients eligible for tailored treatment. The median PFS in patients with tailored

treatment (n=19) was 13.5 months vs. 4.9 months in patients with non-tailored

therapy (n=151; p=0.045). 12-month PFS was 54.1% with tailored treatment [95%

CI 24.1–76.7%] compared to 18.5% with non-tailored therapy [95% CI 11.6–

26.6%]. The median OS for patients treated with a tailored approach was not

reached compared to 11.5 months with non-tailored treatment (p=0.016). The

24-month OS for patients treated with a tailored approach was 80.2% [95% CI

40.3–94.8%] compared to 21.1% [95% CI 12.2–31.7%] for patients with non-

tailored treatment.
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Conclusions: Tailoring of subsequent treatment strategy seems to be essential

for achieving long-term benefit. Further studies are required, as the prognosis

after CDK4/6i progression remains dismal, especially in cases affecting the

central nervous system.
KEYWORDS
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Introduction

Endocrine treatment in combination with cyclin-dependent

kinase 4/6 inhibitors (CDK4/6i) is the standard of care in first-

line and second-line treatment of advanced hormone-receptor

positive human epidermal growth factor receptor 2 (HER-2)

negative advanced breast cancer (1, 2).

Despite the benefits of such therapy, the development of

endocrine resistance results in subsequent disease progression (3).

Patients who experience a disease recurrence in the first two years of

adjuvant endocrine therapy or disease progression in the first six

months of endocrine therapy for metastatic breast cancer in the

first-line setting are considered to have primary endocrine

resistance (1). On the other hand, acquired (secondary) resistance

develops later, occurring up to 12 months after completing adjuvant

endocrine therapy or more than six months after initiating

endocrine therapy in the metastatic setting (1).

The optimal treatment strategy following disease progression

on CDK4/6i remains a topic of ongoing debate (4). Understanding

endocrine resistance is crucial for optimal management since the

response to subsequent therapy may vary significantly depending

on its mechanism leading to disease progression (3). The treatment

of choice may comprise endocrine therapy, including novel oral

selective degraders, such as elacestrant (5) and camizestrant (6),

chemotherapy, or new antibody-drug conjugates (7).

Elacestrant has demonstrated improvement in progression-

free survival over standard-of-care endocrine monotherapy in

CDK4/6i pretreated patients with estrogen receptor 1 (ESR1)

gene mutation (5). Nonetheless, despite advancements, more

than 40% of patients did not respond to any endocrine therapy

in this study.

The addition of alpelisib, the PI3Ka (an alpha isoform of

phosphatidylinositol 3-kinase)-specific inhibitor, to fulvestrant has

shown progression-free survival (PFS) of 11.0 months in patients

with PIK3CA mutated advanced breast cancer who progressed on

previous endocrine treatment (8). However, in the phase III

SOLAR-1 study, only 5.9% of patients (n=20) with PIK3CA-

mutated disease had received CDK4/6i previously (8). In the
02
BYLieve phase 2 trial, comprising patients who progressed on

CDK4/6i plus aromatase inhibitor, the median progression-free

survival was 7.3 months (9).

A germline mutation in either BRCA1 or BRCA2 gene affects

about 5% of people who have breast cancer (10). In that population,

poly(adenosine diphosphate-ribose) polymerase (PARP) inhibitors,

such as olaparib (11) and talazoparib (12), provided a significant

benefit over standard therapy in progression-free survival. Despite

no data on the efficacy of PARP inhibitors after progression under

CDK4/6i, it is a potential subsequent treatment option.

The choice of systemic therapy mainly depends on the status of

estrogen receptor, progesterone receptor, and human epidermal

growth factor receptor 2 (HER-2) (2). The discordance of

phenotype between primary tumor and metastases and change in

phenotype during treatment is an important issue with clinical

implications (13). For HER2 status, the negativity of primary and

positivity of disease recurrence was observed in almost 14.9% of

patients (13). In another study, the rate of change from HER2–0 in

primary tumor to HER2-positive in relapse was found to be 1.4%,

while from HER2-low to HER2-positive, it was 2.1% (14).

Furthermore, HER2 status may change during the treatment of

metastatic breast cancer at disease progression; however, more often

as a transformation from HER2-positive to HER2-negative

disease (15).

Special circumstances need to be considered for proper disease

management. Visceral crisis, which is severe organ dysfunction,

occurs in around 10%-15% of patients with advanced breast cancer

in the first-line setting and requires the most rapidly efficacious

therapy (2). Such treatment is also recommended in impending

visceral crisis. The term ‘impending visceral crisis’ refers to a

precarious state where, although the full criteria for a visceral

crisis have not been met, there is a high likelihood of it occurring

without prompt and effective intervention (2).

The data regarding optimal treatment after developing

resistance to CDK4/6i are inconclusive, and management remains

challenging (4). Thus, we aimed to assess predictive and prognostic

factors associated with the treatment outcome following CDK4/

6i progression.
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Methods

Study population

We retrospectively analyzed patients who progressed under

CDK4/6i treatment between 2018 and 2024 in our cancer center.

We conducted a comprehensive evaluation to determine

patients’ survival outcomes following progression on CDK4/6

inhibitors, as well as to identify factors that significantly influence

survival rates. The study’s primary endpoint was progression-free

survival (PFS) for the treatment following CDK4/6 inhibitor

progression. The study’s secondary endpoints were the overall

survival (OS) and assessment of the predictive/prognostic value of

the duration of response to CDK4/6 inhibitors and progression site.

The Response Evaluation Criteria in Solid Tumours version 1.1

criteria (RECIST v. 1.1) were used to assess the response to treatment.

The evaluation classified responses into these categories: complete

response (CR), partial response (PR), progressive disease (PD), or

stable disease (SD) (16).

Progression-free survival (PFS) was calculated from the

beginning of treatment following progression to CDK4/6

inhibitors to the occurrence of disease progression (PD) or death.

PFS was calculated only for patients who were eligible for

subsequent treatment. Overall survival (OS) was calculated from

the beginning of treatment following the CDK4/6 inhibitor to either

the patient’s death or the last follow-up. For patients ineligible for

subsequent treatment, OS was measured from the date of

progression to CDK4/6 inhibitor to either the patient’s death or

the last follow-up.

Treatment based on molecular findings (PIK3CA mutation),

genetic findings (BRCA1/2 germline mutation), or adapted to the

change in the tumor phenotype in rebiopsy (anti-HER2 therapy in

the transformation to HER-2-positive disease) was grouped into

tailored treatment and compared to the endocrine-based therapy

and chemotherapy only.

We acknowledged the definitions of visceral crisis and

impending visceral crisis proposed by ABC5 recommendations

(2), where a visceral crisis can be described as a critical condition

of organ failure, characterized by acute symptoms, diagnostic lab

results, and accompanying fast disease progression, and impending

visceral crisis.
Statistical analysis

Categorical variables were presented as frequencies and

percentages, while median values were used to show continuous

data. The interquartile range (25% to 75%, IQR) measured the data

spread. The two groups were compared using either the Fisher exact

test or the Wilcoxon rank sum test, according to variable status.

Progression-free survival (PFS) and overall survival (OS) were

estimated using the Kaplan–Meier method. Survival distributions

were compared with a log-rank test. 95% confidence intervals (CIs)

were computed for the survival curves. Cox regression was used to

assess the effect of proposed factors on PFS and OS. Variables that

demonstrated statistical significance in the univariate regression
Frontiers in Oncology 03
analysis were subsequently included in a multivariate analysis. All

tests were two-sided. A p-value ≤ 0.05 showed statistical

significance. We performed all tests using Stata Statistical

software (version 18, StataCorp, College Station, TX, USA).
Results

Study population

Five hundred twelve patients were treated in our center between

January 2018 and March 2024. Two hundred six patients were

diagnosed with disease progression while on CDK4/6i. Among

them, two patients are currently under evaluation for subsequent

treatment (PIK3CA assessment), and four patients probably

switched to a different cancer center. The remaining 200 patients

were included in the analysis. Patients’ characteristics are presented

in Table 1.

At baseline, 83 patients had a HER2 immunohistochemistry

(IHC) score of 0, 69 patients had IHC 1+, and 41 patients had IHC

2+ with negative in situ hybridization. Thus, 110 patients represent

the population with HER2-low disease. BRCA1/2 status was

assessed in 99 patients (49.5%). Twelve patients (6%) had

germline BRCA mutation, including four patients with BRCA

mutation and eight with BRCA2 mutation. PIK3CA mutational

status was tested in 44 patients (22% of patients), and mutation was
TABLE 1 Patients characteristics.

Characteristics Patients
n=200 (%)

Age Median, range 64, 24–88

Metastatic disease
De novo 73 (37%)

Recurrent 127 (63%)

Disease Burden before CDK4/6i Tx

Liver Mets 54 (27%)

Lung/Pleural Mets 80 (40%)

Bone Mets w/o visc 79 (40%)

CDK4/6i Tx 1st Line 142 (71%)

CDK4/6i compound

Ribociclib 109 (54%)

Palbociclib 72 (36%)

Abemaciclib 19 (10%)

Endocrine compound
Aromatase Inhibitor 108 (54%)

Fulvestrant 92 (46%)

Site of PD

Liver 100 (50%)

Lung 41 (20%)

CNS 19 (10%)

Other* 40 (20%)

Visceral crisis/impending visceral crisis 34 (17%)
CDK4/6i, cyclin-dependent kinase 4/6 inhibitors; PD, disease progression according to
RECIST 1.1; Mets, metastases; w/o visc – without visceral involvement; CNS, central
nervous system; *other includes bones, breast, lymph nodes, peritoneum.
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found in 22 patients (50% of patients tested). Nine patients with

PIK3CA mutation were not qualified for alpelisib with fulvestrant

treatment, including three patients who received chemotherapy

due to visceral crisis and two patients ineligible for any

subsequent therapy.
Progression on cyclin-dependent kinase
4/6 inhibitors

The median overall survival (OS) after progression on CDK4/6i

in all patients (n=200) was 9.2 months, with a 12-month OS of

43.7% [95% CI 35.5 – 51.7%].
Patients ineligible for further treatment

The median age in that group was 69 years (IQR 60–74). The

median PFS for CDK4/6i treatment was 15.8 months. At the time of

the disease progression, twelve patients had metastases to the liver,

fifteen patients to the lung, and six patients experienced disease

progression within the central nervous system (CNS). Nine patients

had visceral crisis/impending visceral crisis. The significant

deterioration in performance status was the main reason for

patients’ ineligibility for further treatment. The median OS in

patients ineligible for subsequent treatment (n=30) was 2.4 months.
Patients eligible for further treatment

Among the rest of the patients who received subsequent

treatment (n=170), the median OS was 12.7 months, with a 12-

month OS of 52.0% [95% CI 42.7 – 60.5%]. Details of subsequent

treatments are presented in Table 2. Regarding the efficacy of

subsequent therapy, the median PFS was 5.4 months. The 6-

month PFS was 44.8% (95% CI 36.1 – 53.1%), whereas the 12-

month PFS2 was 21.1% (95% CI 14.0 – 29.3%).
Central nervous system progression during
CDK4/6 inhibitors

Nineteen patients had progression in CNS during CDK4/6i

treatment, and it was the worst prognostic factor. The median PFS

for subsequent treatment in that population was only 2.9 months,

while the 6-month PFS was 23.7% (95% CI 3.9 – 52.9%). The

median PFS for subsequent treatment in patients with progression

outside CNS was 5.6 months, and 6-month PFS was 46.3% (95% CI

37.2 – 54.9%, difference not significant, p = 0.056). Overall survival

for patients with CNS progression was significantly shorter than

that of patients with progression elsewhere (p=0.001). Results are

displayed in Figure 1. The median OS was 3.7 months compared to

10.2 months in patients with disease progression outside CNS. The

6-month OS in that population was 43.2% (95% CI 20.1 – 64.5%),

compared to 65.5% (95% CI 57.3 – 72.5%) in patients with

progression outside CNS. The 12-month OS in patients with PD
Frontiers in Oncology 04
in CNS was 21.6% (95% CI 5.6 – 44.3%), compared to 46.2% (37.3 –

54.6%) for patients with disease progression outside CNS.

Seven patients received stereotactic radiation therapy. This

included six patients who received treatment for the metastatic

lesions in CNS, and one patient was irradiated for tumor bed

following the surgical resection of a metastatic brain lesion. Nine

patients received whole-brain radiotherapy. Three patients were

ineligible for local treatment due to a rapid deterioration of

performance status. In four patients, CNS progression was

accompanied by progression in the liver, two in the lungs, and

three in both the lungs and liver. When considering systemic

treatment, six patients were deemed ineligible. Two patients

received alpelisib in combination with fulvestrant, eight patients

chemotherapy (five patients received capecitabine, one paclitaxel,

one doxorubicin, and one cisplatin), whereas three patients received

endocrine therapy with fulvestrant.
CDK4/6 inhibitors early progression vs.
long response

We compared patients with early progression on CDK4/6i

(defined as progression during the first six months of CDK4/6i

treatment, n=41) with patients experiencing extended response to

CDK4/6i (defined as a response to CDK4/6i for at least 24 months,

n=48). Those two groups had no significant differences in response

to subsequent treatment (p = 0.416).
TABLE 2 Treatment after progression on CDK4/6 inhibitors.

Treatment Schedule Pts [%]

Endocrine-based Tx
(non-tailored) N=57
No pts with VC

Fulvestrant 27 [15.9]

Fulvestrant + Cyclophosphamide
(oral, metronomic)

8 [4.7]

Exemestane + Everolimus 1 [0.6]

Fulvestrant +
Capecitabine (metronomic)

17 [10.0]

Other (e.g., letrozole, tamoxifen) 4 [2.4]

Chemotherapy only
N=94
25 pts with VC

Capecitabine 40 [23.5]

Paclitaxel 25 [14.7]

Doxorubicin (Non-pegylated
Liposomal) + Cyclophosphamide

16 [9.4]

Cisplatin/Carboplatin 10 [5.9]

Other
(Pegylated Liposomal Doxorubicin,
CMF, Docetaxel)

3 [1.8]

Tailored Tx
N=19
No pts with VC

Alpelisib + Fulvestrant 13 [7.6]

Talazoparib 2 [1.2]

Trastuzumab + Pertuzumab
+ Docetaxel

3 [1.8]

Trastuzumab + Carboplatin 1 [0.6]
Tx, treatment; pts, patients; VC, visceral crisis/impending visceral crisis.
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Personalized approach to
subsequent treatment

The median PFS in patients treated with endocrine-based

therapy (57 patients) was 5.7 months, while in patients treated

with chemotherapy only (94 patients), it was 4.3 months (p =

0.440). The median OS in patients treated with endocrine-based

therapy was 14.9 months, while in patients treated with

chemotherapy only, it was 9.8 months (p = 0.096). Those

treatments were grouped as non-tailored therapy.

Treatment based on molecular findings (PIK3CA mutation),

genetic findings (BRCA1/2 germline mutation), or adapted to the

change in the tumor phenotype in rebiopsy (anti-HER2 therapy in

the transformation to HER-2-positive disease) was grouped into

tailored treatment. In four patients, transformation to HER2-

positive disease in rebiopsy after progression under CDK4/6i was

found (from HER2 IHC 0 in 1 patient, from HER2 IHC 1+ in two

patients, and fromHER2 IHC 2+ and FISH negative in one patient).

Survival after CDK4/6i progression was significantly longer in

patients eligible for tailored treatment. The median PFS in patients

with tailored treatment was 13.5 months vs. 4.9 months in patients

with non-tailored therapy (p = 0.045). 12-month PFS was 54.1% with

tailored treatment [95% CI 24.1 – 76.7%] compared to 18.5% with

standard treatment [95% CI 11.6 – 26.6%]. Results are displayed in

Figure 2. The median follow-up was 6.9 months. In the tailored

group, four patients achieved PFS exceeding ten months. Two

patients were treated with a combination of docetaxel, trastuzumab,

and pertuzumab, while the other two patients were treated with

alpelisib plus fulvestrant. Furthermore, a significant majority,

accounting for 57.9% (11 patients) within this group, still

continued treatment.

As the best response to the treatment, 27 patients achieved

partial response, and 62 patients had stable disease. In 70 patients

disease progression was found during the first response assessment.

Eight patients did not have response evaluation due to a global

deterioration of health status requiring treatment discontinuation.
Frontiers in Oncology 05
Additionally, two patients were before the first response assessment,

and one patient was lost to follow-up.

The median OS for patients treated with a tailored approach

was not reached vs. 11.5 months with non-tailored treatment (p =

0.016). The 24-month OS for patients treated with a tailored

approach was 80.2% [95% CI 40.3 – 94.8%] compared to 21.1%

[95% CI 12.2 – 31.7%] for patients with standard treatment. Results

are displayed in Figure 3.
Discussion

The prognosis of patients experiencing disease progression on

CDK4/6 inhibitors was unfavorable, particularly regarding the

progression in the central nervous system. However, a subset of

eligible patients who derived significantly longer survival could be

identified when treated with a tailored approach.

Cyclin-dependent kinase 4/6 inhibitors (CDK4/6i) combined

with endocrine treatment represent the standard of care for

advanced hormone receptor (HR) positive human epidermal

growth factor receptor 2 (HER2) negative breast cancer (1).

However, there is no consensus on the best treatment option for

patients who experienced disease progression while on cyclin-

dependent kinase 4/6 inhibitors (CDK4/6i). Randomized clinical

trials often comprised only a subset of patients (5, 8). Thus,

retrospective analyses that provide real-life data are essential.

In a multicenter, retrospective study, no differences in PFS

between endocrine therapy and chemotherapy following

progression under CDK4/6i were observed (17). After progression

under CDK4/6i in the first line, the median PFS for chemotherapy

was 5.3 months and 9.5 months for endocrine treatment, whereas it

was 5.7 months and 6.7 months, respectively, after progression

under CDK4/6i in the second line (17). Similarly, our study did not

find significant differences between these two modalities, with a

median PFS of 4.3 months for chemotherapy-only and 5.7 months

for endocrine-based treatment. In our study, 25 patients received
FIGURE 1

Kaplan-Meier for overall survival for patients with disease progression during CDK4/6 inhibitors in the central nervous system compared to disease
progression outside the central nervous system. CNS, central nervous system; PD, disease progression; outCNS, outside the central nervous system.
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fulvestrant with metronomic chemotherapy. Such combination

have proved some efficacy after CDK4/6i failure (18). Real-world

data suggested a survival benefit for continuing a CDK4/6i beyond

frontline progression (19). However, in these studies, all patients

(20), or at least the vast majority (88.2%) (19), were treated with

palbociclib. These findings may not apply to other CDK4/6

inhibitors (21).

The results of rebiopsy after progression under CDK4/6i largely

affected treatment decisions in four patients who were diagnosed

with transformation to HER2-positive disease and received anti-

HER2 therapy. This highlights the fact that rebiopsy should be

considered not only when the disease relapses after primary

treatment, but also when the disease progresses in the metastatic

setting. Nonetheless, proper timing remains crucial, especially in the

context of progressive disease. Some biomarker testing to guide

treatment selection could be performed during CDK4/6i, such as

BRCA1, BRCA2, and PIK3CA mutation assessment, while others

rather at disease progression (such as rebiopsy or ESR1 evaluation
Frontiers in Oncology 06
in ctDNA (5). We recognize, however, that rebiopsy is not suitable

for every patient and that not everyone would gain from its findings.

A meta-analysis of eight randomized studies (specifically

PALOMA-1, -2, and -3, MONALEESA-2, -3, and -7, and

MONARCH-2, and -3) confirmed the results from exploratory

analyses that showed that CDK4/6i did not compromise the second

progression-free survival (22). Nevertheless, even for patients

treated in the pivotal trials, the median PFS for the subsequent

treatment was only 6.4 months after the CDK4/6i progression in the

first line and 3.8 months after CDK4/6i in the second line (23).

The duration of prior CDK4/6i treatment was found to be

positively correlated with response to elacestrant but not to

standard-of-care endocrine therapy (24). In our study, we did not

observe a significant association between prior CDK4/6i duration

and response to subsequent treatment.

Among patients diagnosed with luminal-like breast cancer who

developed distant metastases, the frequency of brain metastases

is estimated to be approximately 10% (25), similar to our
FIGURE 3

Kaplan-Meier for overall survival in patients with standard compared to tailored treatment.
FIGURE 2

Kaplan-Meier for progression-free survival in patients with standard compared to tailored treatment.
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observations. Whether improvements in systemic treatment will

result in higher numbers of patients with brain metastases is

currently unclear.

The management of brain metastases is still a significant hurdle,

even with the advances in systemic treatments for HR-positive

HER2-negative metastatic breast cancer (26). We observed that the

prognosis of patients who experienced disease progression in the

central nervous system under CDK4/6i was dismal. The median

overall survival of just 3.7 months highlights a significant unmet

clinical need in that population.

Studies regarding the management of patients experiencing

disease progression under CDK4/6i often focus only on patients

receiving subsequent treatment (17, 19, 20). However, a significant

number of patients do not receive any subsequent therapy after

CDK4/6i discontinuation. In the MONALEESA-3 trial, among the

patients treated with ribociclib in the first-line setting, 36 out of 198

(18.2%) did not receive subsequent treatment. In our study, a

comparable proportion of patients were not eligible for further

treatment, indicating another subset with an unaddressed

medical need.

We acknowledge that our study has several limitations, mostly

due to its retrospective nature. Only a small subset of patients in our

study received tailored treatment. Furthermore, ESR1 gene mutation

has not been assessed in our studied population. Nevertheless, the

study provides a rationale for adequate biomarker testing in the

population of patients with advanced HR-positive HER2-negative

breast cancer and highlights the potential clinical benefits associated

with adequate therapy selection.

The median follow-up was just six months. However, given the

limited treatment efficacy following CDK4/6i, most patients

experienced disease progression within this period.

We acknowledge that baseline factors, including instances of

visceral crisis, may bias the observed differences in PFS between the

tailored and non-tailored groups. Specifically, after CDK4/6i

progression, a visceral crisis or an impending visceral crisis

progression was observed in 34 patients, which constitutes 17% of

our study population. Within this subset, nine patients were deemed

ineligible for further treatment. The remaining 25 patients received

chemotherapy. Currently, data on targeted therapy in patients with

visceral crisis after CDK4/6i progression are lacking, and such

patients were excluded from clinical trials (8, 11, 12).

A BRCA mutation assessment was performed in half of the

patients in our study. The percentage of patients with BRCA1/2

germline mutation matched previous studies (10). Two patients

were treated with PARP inhibitors after disease progression on

CDK4/6i. However, this treatment can be used in later lines. Only

22% had a PIK3CA mutational status assessment, and not all

patients with PIK3CA mutation were eligible for targeted

treatment. In our study, more than half of our study population

had HER2-low status. This is a significant finding since the advent

of new anti-HER2 antibody-drug conjugates has broadened the

horizon of potential treatments (7).

Trials with novel agents designed to overcome CDK4/6i-

resistance are urgently needed (27). However, the population of

patients with disease progression under CDK4/6i significantly
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exceeds the population eligible for most clinical trials (5, 8, 11,

12). Therefore, real-world studies might help improve decision-

making for a large number of patients with advanced HR-positive

HER2-negative breast cancer experiencing disease progression

under CDK4/6i.

The disease’s progression might result from resistance to CDK4/6i

(28), endocrine resistance, or a combination of both (3). Mechanisms

of resistance to CDK4/6i include loss of Retinoblastoma function (29),

upregulation of CDK2 signaling (30), c-MET mutations (31), CDK6

overexpression (32), and activation of PI3K/AKT/mTOR signaling

pathway (33). The latter pathway may also contribute to endocrine

resistance. Additionally, acquired mutations in ESR1 (34) and NF1

(33) are associated with endocrine resistance.

Despite significant progress, many questions about this

complex pathway remain unanswered. Further studies, including

patient-derived xenograft (PDX) models (35), evaluation of

acquired resistance mechanisms in circulating tumor cells (36),

and assessment of genetic alterations in circulating tumor DNA (37,

38), can enhance our understanding and help identify potential

novel treatments to overcome resistance.
Conclusions

Tailoring of subsequent treatment strategy seems to be essential

for achieving long-term benefit. Further studies are required, as the

prognosis after CDK4/6i progression remains dismal, especially in

cases affecting the central nervous system.
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et al. Efficacy of subsequent treatments in patients with hormone-positive advanced
breast cancer who had disease progression under CDK 4/6 inhibitor therapy. BMC
Cancer. (2023) 23:1–10. doi: 10.1186/s12885-023-10662-3

18. Buda-Nowak A, Kwinta Ł, Potocki P, Michałowska-Kaczmarczyk A, Słowik A,
Konopka K, et al. Metronomic chemo-endocrine therapy (FulVEC) as a salvage treatment
for patients with advanced, treatment-refractory ER+/HER2-breast cancer—A
retrospective analysis of consecutive patients data. J Clin Med. (2023) 12:1350.
doi: 10.3390/jcm12041350

19. Martin JM, Handorf EA, Montero AJ, Goldstein LJ. Systemic therapies following
progression on first-line CDK4/6-inhibitor treatment: analysis of real-world data.
Oncologist. (2022) 27:441–6. doi: 10.1093/oncolo/oyac075

20. Sawaki M, Muramatsu Y, Togo K, Iwata H. Real-world treatment patterns of
subsequent therapy after palbociclib in patients with advanced breast cancer in Japan.
Breast. (2023) 70:1–7. doi: 10.1016/j.breast.2023.05.006

21. Grinshpun A, Tolaney SM, Burstein HJ, Jeselsohn R, Mayer EL. The dilemma of
selecting a first line CDK4/6 inhibitor for hormone receptor-positive/HER2-negative
metastatic breast cancer. NPJ Breast Cancer. (2023) 9:1–4. doi: 10.1038/s41523-023-00520-7

22. Munzone E, Pagan E, Bagnardi V, Montagna E, Cancello G, Dellapasqua S, et al.
Systematic review and meta-analysis of post-progression outcomes in ER+/HER2-
metastatic breast cancer after CDK4/6 inhibitors within randomized clinical trials.
ESMO Open. (2021) 6:100332. doi: 10.1016/j.esmoop.2021.100332

23. Masuda N, Mukai H, Inoue K, Rai Y, Ohno S, Ohtani S, et al. Analysis of
subsequent therapy in Japanese patients with hormone receptor−positive/human
epidermal growth factor receptor 2−negative advanced breast cancer who received
Frontiers in Oncology 09
palbociclib plus endocrine therapy in PALOMA-2 and -3. Breast Cancer. (2021)
28:335–45. doi: 10.1007/s12282–020–01162–4

24. Bardia A, Bidard F-C, Neven P, Streich G, Montero AJ, Forget F, et al. Abstract
GS3–01: GS3–01 EMERALD phase 3 trial of elacestrant versus standard of care
endocrine therapy in patients with ER+/HER2- metastatic breast cancer: Updated
results by duration of prior CDK4/6i in metastatic setting. Cancer Res. (2023) 83:GS3–
01. doi: 10.1158/1538-7445.SABCS22-GS3-01

25. Kennecke H, Yerushalmi R, Woods R, Cheang MCU, Voduc D, Speers CH, et al.
Metastatic behavior of breast cancer subtypes. J Clin Oncol. (2010) 28:3271–7.
doi: 10.1200/JCO.2009.25.9820

26. Jusino S, Fadul CE, Dillon P. Systematic review of the management of brain
metastases from hormone receptor positive breast cancer. J Neurooncol. (2023) 162:45–
57. doi: 10.1007/s11060–023–04276–9

27. Ashai N, Swain SM. Post-CDK 4/6 inhibitor therapy: current agents and novel
targets. Cancers (Basel). (2023) 15. doi: 10.3390/cancers15061855

28. Gomatou G, Trontzas I, Ioannou S, Drizou M, Syrigos N, Kotteas E. Mechanisms
of resistance to cyclin-dependent kinase 4/6 inhibitors.Mol Biol Rep. (2021) 48:915–25.
doi: 10.1007/s11033-020-06100-3

29. Condorelli R, Spring L, O'Shaughnessy J, Lacroix L, Bailleux C, Scott V, et al.
Polyclonal RB1 mutations and acquired resistance to CDK 4/6 inhibitors in patients
with metastatic breast cancer. Ann Oncol. (2018) 29:640–5. doi: 10.1093/annonc/
mdx784

30. Taylor-Harding B, Aspuria PJ, Agadjanian H, Cheon DJ, Mizuno T, Greenberg
D, et al. Cyclin E1 and RTK/RAS signaling drive CDK inhibitor resistance via activation
of E2F and ETS. Oncotarget. (2015) 6:696–714. doi: 10.18632/oncotarget.v6i2

31. Zhang C, Stockwell SR, Elbanna M, Ketteler R, Freeman J, Al-Lazikani B, et al.
Signalling involving MET and FAK supports cell division independent of the activity of
the cell cycle-regulating CDK4/6 kinases. Oncogene. (2019) 38:5905–20. doi: 10.1038/
s41388-019-0850-2

32. Iida M, Nakamura M, Tokuda E, Toyosawa D, Niwa T, Ohuchi N, et al. The p21
levels have the potential to be a monitoring marker for ribociclib in breast cancer.
Oncotarget. (2019) 10:4907–18. doi: 10.18632/oncotarget.v10i47

33. Wander SA, Cohen O, Gong X, Johnson GN, Buendia-Buendia JE, Lloyd MR,
et al. The genomic landscape of intrinsic and acquired resistance to cyclin-dependent
kinase 4/6 inhibitors in patients with hormone receptor-positive metastatic breast
cancer. Cancer Discovery. (2020) 10:1174–93. doi: 10.1158/2159-8290.CD-19-1390

34. Jeselsohn R, Yelensky R, Buchwalter G, Frampton G, Meric-Bernstam F,
Gonzalez-Angulo AM, et al. Emergence of constitutively active estrogen receptor-a
mutations in pretreated advanced estrogen receptor-positive breast cancer. Clin Cancer
Res. (2014) 20:1757–67. doi: 10.1158/1078-0432.CCR-13-2332

35. Cheng GJ, Leung EY, Singleton DC. In vitro breast cancer models for studying
mechanisms of resistance to endocrine therapy. Explor Target Anti-tumor Ther. (2024)
3:297. doi: 10.37349/etat

36. Roßwag S, Cotarelo CL, Pantel K, Riethdorf S, Sleeman JP, Schmidt M, et al.
Functional characterization of circulating tumor cells (CTCs) from metastatic ER
+/HER2- breast cancer reveals dependence on HER2 and FOXM1 for endocrine
therapy resistance and tumor cell survival: implications for treatment of ER+/HER2-
breast cancer. Cancers (Basel). (2021) 13. doi: 10.3390/cancers13081810

37. Tang Y, Li J, Liu B, Ran J, Hu ZY, Ouyang Q. Circulating tumor DNA profile and
its clinical significance in patients with hormone receptor-positive and HER2-negative
mBC. Front Endocrinol (Lausanne). (2022) 13. doi: 10.3389/fendo.2022.1075830

38. Amato O, Giannopoulou N, Ignatiadis M. Circulating tumor DNA validity and
potential uses in metastatic breast cancer. NPJ Breast Cancer. (2024) 10:1–7.
doi: 10.1038/s41523-024-00626-6
frontiersin.org

https://doi.org/10.1056/nejmoa1813904
https://doi.org/10.1016/S1470-2045(21)00034-6
https://doi.org/10.1158/0008-5472.CAN-06-0503
https://doi.org/10.1056/nejmoa1706450
https://doi.org/10.1056/nejmoa1802905
https://doi.org/10.1159/000512416
https://doi.org/10.1038/s41416-023-02287-x
https://doi.org/10.1016/j.currproblcancer.2018.12.001
https://doi.org/10.1016/j.ejca.2008.10.026
https://doi.org/10.1186/s12885-023-10662-3
https://doi.org/10.3390/jcm12041350
https://doi.org/10.1093/oncolo/oyac075
https://doi.org/10.1016/j.breast.2023.05.006
https://doi.org/10.1038/s41523-023-00520-7
https://doi.org/10.1016/j.esmoop.2021.100332
https://doi.org/10.1007/s12282&ndash;020&ndash;01162&ndash;4
https://doi.org/10.1158/1538-7445.SABCS22-GS3-01
https://doi.org/10.1200/JCO.2009.25.9820
https://doi.org/10.1007/s11060&ndash;023&ndash;04276&ndash;9
https://doi.org/10.3390/cancers15061855
https://doi.org/10.1007/s11033-020-06100-3
https://doi.org/10.1093/annonc/mdx784
https://doi.org/10.1093/annonc/mdx784
https://doi.org/10.18632/oncotarget.v6i2
https://doi.org/10.1038/s41388-019-0850-2
https://doi.org/10.1038/s41388-019-0850-2
https://doi.org/10.18632/oncotarget.v10i47
https://doi.org/10.1158/2159-8290.CD-19-1390
https://doi.org/10.1158/1078-0432.CCR-13-2332
https://doi.org/10.37349/etat
https://doi.org/10.3390/cancers13081810
https://doi.org/10.3389/fendo.2022.1075830
https://doi.org/10.1038/s41523-024-00626-6
https://doi.org/10.3389/fonc.2024.1408664
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Tailoring advanced breast cancer treatment after cyclin-dependent kinase 4/6 inhibitors progression - real-world data analysis
	Introduction
	Methods
	Study population
	Statistical analysis

	Results
	Study population
	Progression on cyclin-dependent kinase 4/6 inhibitors
	Patients ineligible for further treatment
	Patients eligible for further treatment
	Central nervous system progression during CDK4/6 inhibitors
	CDK4/6 inhibitors early progression vs. long response
	Personalized approach to subsequent treatment

	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



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

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


