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Abstract

IMPORTANCE—Combination therapy with cyclin-dependent kinase 4 and 6 inhibitors 

(CDK4/6i: palbociclib, ribociclib, abemaciclib) and endocrine therapy (ET) has been a major 

advance for the treatment of hormone receptor–positive (HR+), ERBB2 (formerly HER2)–negative 

(ERBB2−) advanced or metastatic breast cancer.

OBSERVATIONS—Randomized phase 3 studies demonstrated that the addition of CDK4/6i 

reduced the hazard risk of disease progression by approximately half compared with hormonal 

monotherapy (an aromatase inhibitor, tamoxifen, or fulvestrant) in the first-line (1L) and/or 

second-line (2L) setting. Hence, the US Food and Drug Administration and European Medicines 

Agency approved 3 CDK4/6i, in both 1L and 2L settings. However, differences among the 

CDK4/6i regarding mechanisms of action, adverse effect profiles, and overall survival (OS) are 
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emerging. Both abemaciclib and ribociclib have demonstrated efficacy in high-risk HR+ early 

breast cancer. While ET with or without CDK4/6i is accepted as standard treatment for persons 

with advanced HR+ ERBB2− metastatic breast cancer, several key issues remain. First, why are 

there discordances in OS in the metastatic setting and efficacy differences in the adjuvant setting? 

Additionally, apart from HR status, there are few biomarkers predictive of response to CDK4/6i 

plus ET, and these are not used routinely. Despite the clear OS advantage noted in the 1L and 2L 

metastatic setting with some CDK4/6i, a subset of patients with highly endocrine-sensitive disease 

do well with ET alone. Therefore, an unanswered question is whether some patients can postpone 

CDK4/6i until the 2L setting, particularly if financial toxicity is a concern. Finally, given the 

lack of endocrine responsiveness following progression on some CDK4/6i, strategies to optimally 

sequence treatment are needed.

CONCLUSIONS AND RELEVANCE—Future research should focus on defining the role of 

each CDK4/6i in HR+ breast cancer and developing a biomarker-directed integration of these 

agents.

Breast cancer (BC) is the most prevalent malignant neoplasm worldwide,1 and estrogen 

receptor (ER)–positive (ER+) BC is the most common subtype (approximately 70%). 

As approximately 350 000 women die from hormone receptor–positive (HR+), human 

epidermal growth factor receptor 2 (ERBB2, formerly HER2)–negative (ERBB2−) 

metastatic breast cancer (MBC) annually worldwide,2 better treatments are needed. 

For approximately 50 years, treatment of HR+ BC focused on targeting ER signaling 

either directly (antiestrogens) or indirectly (aromatase inhibitors [AIs]). More recent 

efforts have focused on cotargeting ER and other cell signaling pathways, such as the 

phosphatidylinositol 3-kinase–Akt–mammalian target ofrapamycin (PI3K/Akt/mTOR) and 

cyclin-dependent kinase (CDK) 4 and 6.2,3

Cyclin-dependent kinase 4 and 6 are key mediators of cell growth and division, regulating 

the restriction point and transition through the G1 to S phase of the cell cycle (Figure). 

High cyclin D1 expression is a dominant feature of ER+ BC4 and is associated with a 

worse prognosis and endocrine resistance.5 Cyclin-dependent kinase 4 and 6 are critical 

regulators of ER+ BC cell proliferation. Initial clinical development of pan-CDK inhibitors 

was limited by myelosuppression, gastrointestinal, and hepatic toxic effects. However, 

palbociclib (Ibrance), ribociclib (Kisqali), and abemaciclib (Verzenio) exhibited favorable 

toxicity profiles in phase 1 trials. While palbociclib has comparable potency against cyclin 

D1/CDK4 and cyclin D2/CDK6,6 abemaciclib and ribociclib have greater potency against 

CDK4 than CDK6. Abemaciclib also inhibits multiple other closely related kinases,7 

including CDK1, CDK2, and CDK5.8

PALOMA-1 (NCT00721409), a phase 1/2 study, evaluated palbociclib plus letrozole in the 

first-line (1L) treatment of postmenopausal ER+ ERBB2− MBC. The combination prolonged 

progression-free survival (PFS), resulting in accelerated US Food and Drug Administration 

(FDA) approval.3 Consequently, palbociclib, abemaciclib, and ribociclib in combination 

with endocrine therapy (ET) were studied in the 1L and second-line (2L) settings (Tables 

1 and 2), resulting in FDA approvals. Abemaciclib is also approved as monotherapy in 

pretreated patients with HR+ ERBB2− MBC9; phase 3 trials are ongoing in ERBB2+ BC.10

O’Sullivan et al. Page 2

JAMA Oncol. Author manuscript; available in PMC 2024 September 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://clinicaltrials.gov/ct2/show/NCT00721409


While OS was not a primary end point of the metastatic trials, no OS benefit has been 

reported with palbociclib either in the 1L (PALOMA-1 and PALOMA-2 [NCT01740427]) 

or 2L (PALOMA-3 [NCT01942135]) setting. In contrast, an OS benefit has been 

consistently reported for ribociclib (1L and 2L trials) and abemaciclib (2L). The OS 

advantage reported in MONALEESA-2 (NCT01958021) supports 1L therapy with a 

CDK4/6i plus ET. Although some patients with endocrine-sensitive disease may dowell 

on ET alone, it is unclear whether similar or greater benefit would result from addition of 

CDK4/6i at disease progression. However, this approach may be an option for patients with 

financial constraints who cannot afford CDK4/6i, for whom 1 or more of the following 

apply: (1) long treatment-free interval (TFI) between original BC diagnosis and metastatic 

relapse, (2) bony and/or oligometastatic disease, and (3) limited life expectancy (eg, due 

to comorbidities and/or inferior performance status). Determining optimal sequencing 

of CDK4/6i is critical, as recent data suggest loss of endocrine sensitivity following 

progression on CDK4/6i, with PFS of 2 to 3 months and response rates less than 5%.11–13 

Most patients received prior palbociclib, and preliminary data from the pooled 2L data from 

MONALEESA-2, MONALEESA-3, and MONALEESA-7 suggest this may not be the case 

with ribociclib.14 Given limited therapeutic options in the post-CDK4/6i setting, it is vital to 

address existing knowledge gaps. Currently, we know the following:

1. Palbociclib did not improve OS in either the 1L (PALOMA-1 and PALOMA-2) 

or 2L metastatic setting. A statistically significant difference in efficacy was not 

noted with adjuvant palbociclib plus ET compared with ET alone.

2. Abemaciclib improves OS in the 2L metastatic setting and invasive disease–free 

survival (IDFS) in the adjuvant setting. Final OS data from the 1L (MONARCH 

3 [NCT02246621]) are awaited.

3. Ribociclib improves OS in the 1L metastatic setting in pre- and postmenopausal 

patients (MONALEESA-7 and MONALEESA-2, respectively) and combined 1L 

and 2L settings (MONALEESA-3). The NATALEE trial (NCT03701334) testing 

ribociclib in the adjuvant setting recently met its primary end point, achieving 

a statistically significant improvement in IDFS in women and men with HR+, 

ERBB2− early breast cancer (EBC) when compared with ET alone.

4. The adverse effect profiles of the CDK4/6i are distinctly different.

Overall Survival

Until recently, clinicians have used CDK4/6i interchangeably. However, the final survival 

analysis of PALOMA-2 was recently reported.15,16 With a median follow-up of 90 months, 

median OS (mOS) was 53.9 months in the palbociclib arm and 51.2 months in the 

placebo arm (hazard ratio, 0.956; 95% CI, 0.777–1.177; 1-sided P = .34).15 In contrast, in 

MONALEESA-2, ribociclib plus letrozole improved OS vs placebo plus letrozole (median, 

63.9 vs 51.4 months; hazard ratio, 0.76; 95% CI, 0.63–0.93; P = .004).17 MONARCH 3 

reported second interim OS results in 2022, with a greater than 12-month nonsignificant 

improvement in OS (median, 67.1 vs 54.5 months; hazard ratio, 0.75; 95% CI, 0.58–0.97; P 
= .03). Final OS data are expected in 2023.
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There have been several attempts to reconcile the lack of an OS benefit in the PALOMA 

studies. One distinction is whether a greater number of patients with endocrine-resistant 

disease were enrolled onto PALOMA-2 vs MONALEESA-2. However, using the definition 

of “time from the end of (neo)adjuvant treatment to disease recurrence” (termed disease-free 
interval in PALOMA-2 and treatment-free interval in MONALEESA-2), no differences were 

seen comparing PALOMA-2 and MONALEESA-2. Furthermore, the extent of crossover 

was similar. A similar percentage of patients in both PALOMA-2 and MONALEESA-2 

were lost to follow-up, and post hoc sensitivity analysis did not change the overall 

conclusions (hazard ratio, 0.956; 95% CI, 0.777–1.177).4,18 Finally, median OS in the 

placebo arm of PALOMA-2 was comparable to that in MONALEESA-2 (51.2 months vs 

51.4 months), inferring that patient censoring from dropouts did not affect median OS. 

Thus, to date, ribociclib is the only CDK4/6i to report a significant OS benefit in the 1L 

setting in HR+ ERBB2− MBC, in both premenopausal (MONALEESA-7 [NCT02278120]) 

and postmenopausal women (MONALEESA-2 and MONALEESA-3 [NCT02422615]).17,19 

eTable 1 in the Supplement outlines postprogression treatments received across the seminal 

CDK4/6i trials.

Some 2L CDK4/6i trials in HR+ ERBB2− MBC demonstrated an OS benefit (Table 

2).9,10,19,20 In MONALEESA-3, compared with placebo plus fulvestrant, ribociclib plus 

fulvestrant improved PFS (20.5 vs 12.8 months; P < .001) and OS (mOS not reached 

vs 40.0 months; P = .005).19 The hazard ratio for death was similar for 1L (0.70; 95% 

CI, 0.48–1.02) and 2L (0.73; 95% CI, 0.53–1.00). In PALOMA-3 (NCT01942135), OS 

(prespecified secondary end point) was not significantly improved. Subgroup analysis 

of patients with sensitivity to prior ET showed an improvement in mOS from 29.7 

to 39.7 months (hazard ratio, 0.72; 95% CI, 0.55–0.94). Exploratory analyses in other 

subgroups prespecified for stratification, such as visceral disease, found no significant 

OS improvement. In MONARCH 2 (NCT02107703), compared with fulvestrant alone, 

fulvestrant plus abemaciclib increased mOS by 9.4 months (hazard ratio, 0.757; 95% CI, 

0.606–0.945; P = .01).20 In contrast to PALOMA-3, OS benefit was larger in MONARCH 

2 patients with visceral disease (hazard ratio, 0.675; 95% CI, 0.511–0.891) and those with 

primary ET resistance (hazard ratio, 0.686; 95% CI, 0.451–1.043). Differences in OS among 

MONARCH 3, MONALEESA-2, and PALOMA-2 and PALOMA-3 infer fundamental 

differences in the respective mechanism(s) of actions of CDK4/6i.20 The reported benefit 

of palbociclib in the endocrine-sensitive subset of PALOMA-3 or in the PALOMA-1 and 

PALOMA-2 patients with a disease-free interval greater than 12 months may be chance 

results; therefore, these findings are hypothesis generating.

In summary, ribociclib and abemaciclib (plus ET) improve OS in HR+ ERBB2− MBC, 

whereas an OS benefit was not demonstrated for palbociclib. A major question remains why 

a drug that consistently improves PFS in the metastatic setting does not improve OS nor 

IDFS in the adjuvant setting. While a limitation of IDFS is inclusion of second nonbreast 

malignant neoplasms, palbociclib did not significantly improve distant disease–free survival. 

The finding with palbociclib is reminiscent of the vascular endothelial growth factor receptor 

inhibitor, bevacizumab,21,22 wherein improvements in PFS did not result in OS (metastatic) 

or IDFS (adjuvant) benefit. These data suggest that oncologists should not prescribe 
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CDK4/6i interchangeably. Patients should be carefully counseled, and therapy individualized 

based on adverse effect profile and the consistent differences observed regarding OS.

Other CDK4/6i Under Evaluation: Dalpiciclib

Dalpiciclib is an orally administered, selective CDK4/6i given intermittently. Studies in 

both the 1L and 2L settings (DAWNA-1 and DAWNA-223,24) have demonstrated significant 

improvements in PFS in favor of the dalpiciclib arm (Tables 1 and 2). The PFS hazard 

ratios for both trials were similar to phase 3 trial findings for palbociclib, ribociclib, and 

abemaciclib. In both trials, the most common grade 3 or greater adverse events (AEs) in the 

dalpiciclib arm were neutropenia and leukopenia.

Endocrine Sensitivity After CDK4/6i

After progression on a CDK4/6i plus ET, there is no standard approach. Options include 

alpelisib (plus ET); exemestane plus the mTOR inhibitor, everolimus25; or chemotherapy.26 

Multiple studies have evaluated endocrine monotherapy in patients with HR+ ERBB2− MBC 

following progression on a CDK4/6i (mainly palbociclib) and confirmed an alarmingly short 

median PFS (mPFS) in the ET-alone arm (approximately 2 months) (Table 3). Many of the 

oral selective estrogen receptor degraders that exhibited strong preclinical antitumor activity 

have demonstrated limited clinical activity after treatment with CDK4/6i. The EMERALD 

trial28 showed that elacestrant provided a statistical improvement in PFS vs standard ET 

(mPFS, 3.78 vs 1.87 months; hazard ratio, 0.546; P = .001), with recent FDA approval 

for the drug in the ESR1-mutant subset. One explanation for rapid progression on 2L 

endocrine monotherapy after palbociclib progression is pantumor cell release from G1/S 

blockade increasing proliferation following discontinuation of the CDK4/6i. Of note, this 

phenomenon was not observed in a pooled analysis of postprogression treatments after 

1L ribociclib in the MONALEESA-2, MONALEESA-3, and MONALEESA-7 studies,14 

wherein the mPFS for single-agent ET following progression on ribociclib was 8 months.11–

13,27,29 In summary, these data suggest that improvements in PFS achieved while on 

palbociclib are not maintained during subsequent therapies, and this may contribute 

to the lack of an OS benefit. Such findings seemed to have been predicted in the 

neoadjuvant NeoPalAna study,30 wherein discontinuation of palbociclib plus ET prior to 

surgery resulted in marked Ki-67 activation. These data support completed and ongoing 

studies, such as MAINTAIN (NCT02632045), PACE (NCT03147287), and postMONARCH 

(NCT05169567), which are testing the role of continuing CDK4/6i in patients who 

experience disease progression on 1L CDK4/6i-based therapy.

New strategies to target de novo and acquired CDK4/6i resistance (eg, cyclin E and CDK2 

inhibitors) and drivers of ET resistance (ESR1 mutations, AKT, FGFR, AURKA) are under 

evaluation. A phase 2 study of the novel selective estrogen receptor modulator lasofoxifene 

plus abemaciclib following progression on CDK4/6i showed a response rate of 50% and 

an mPFS of 55.7 weeks, leading to an FDA registration trial comparing abemaciclib 

plus fulvestrant with abemaciclib plus lasofoxifene for patients with ESR1 mutations and 

progression on a CDK4/6i.31
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Resistance Mechanisms and Biomarkers

Intrinsic and acquired endocrine resistance remain a major challenge32 (Figure). Preclinical 

and clinical data suggest that CDK4/6i efficacy is restricted to luminal/Rb-proficient 

tumors, whereas cellular models with Rb loss exhibit de novo resistance to CDK4/6i. 

Furthermore, 5% or greater tumors and/or circulating tumor DNA exhibit Rb1 alterations 

at progression on CDK4/6i.16 In preclinical models, CDK6 and cyclin E1 (CCNE1) 

overexpression contribute to CDK4/6i resistance.33,34 In PALOMA-3, increased tumor 

expression of CCNE1 was associated with inferior response to palbociclib.34 Activation of 

the PI3K/AKT/mTOR pathway may also confer resistance to CDK4/6i, but clinical studies 

of everolimus/PI3Ki plus CDK4/6i are not moving forward because of toxicity.35 Additional 

biomarkers of palbociclib response may include the tumor suppressor function of Hippo 

signaling, with FAT1 loss associated with CDK4/6i resistance.36 Wander et al37 sequenced 

CDK4/6i-exposed tumors and identified potential resistance mechanisms, although it is 

unclear whether all are predictive of CDK4/6i response and whether they differ depending 

on the type of CDK4/6i exposure. Further studies evaluating these biomarkers in patients 

treated with abemaciclib and ribociclib are needed.

Treatment with CDK4/6 inhibition can enhance antitumor immunity by promoting tumor 

antigen presentation and clearance of tumor cells regulated by T cells,38 increasing immune 

infiltration and triggering T-cell activation to promote antitumor immunity.39 Dysregulation 

of these immune pathways may contribute to CDK4/6i resistance.38 Interferon (IFN) 

signaling is associated with intrinsic resistance to CDK4/6i, and acquired resistance to 

palbociclib is associated with IFN pathway activation.40 Pandey et al41 used genomic 

and transcriptomic screening to identify genes associated with palbociclib resistance 

in preclinical BC models. Annotation of differentially expressed genes correlated with 

activation of the type I IFN and immune checkpoint inhibitory pathway, and suppression 

of the latter with palbociclib resistance. Additional mechanisms of resistance, including 

differentially altered DNA damage repair pathways, may also be potential therapeutic 

targets.42

Intrinsic Subtypes

Data are emerging regarding the prognostic and predictive value of BC intrinsic subtypes in 

patients with HR+ ERBB2− MBC on CDK4/6i plus ET. In PALOMA-2 and PALOMA-3,43 

messenger RNA profiling using the EdgeSeq Oncology Biomarker Panel showed that 

both luminal subtypes (A and B) benefited from addition of palbociclib to letrozole,44 

although the number of patients with nonluminal intrinsic subtypes was small. Prat et al45 

performed a retrospective biomarker analysis of the PAM50 intrinsic subtypes across the 

MONALEESA trials and identified differential response to ribociclib. The ERBB2-enriched 

subtype exhibited the worst prognosis with ET alone but had the greatest relative reduction 

in the risk of progression or death with ribociclib plus ET (hazard ratio, 0.39; P < .001): 

luminal A and B subtypes had a significant PFS advantage, with no benefit in the basal-

like subtype. These findings may be broadly clinically applicable; validation studies are 

planned.46
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Two caveats prevent a more personalized approach to prescribing CDK4/6i in HR+ MBC. 

First, there is an incomplete understanding of the biologic basis for both primary and 

secondary resistance. Second, accurate predictive biomarkers are lacking.47 Only ER 

expression and Rb mutations are predictive of CDK4/6i responsiveness.47 Despite the OS 

advantage seen in seminal trials of CDK4/6i plus ET in HR+ ERBB2− MBC, level 1 

evidence regarding when a patient should optimally receive a CDK4/6i is lacking. The phase 

3 SONIA study (NCT03425838) is comparing 1Lvs 2L CDK4/6i use in HR+ ERBB2− 

MBC, with a primary end point of PFS2 (PFS after 2 lines of treatment). As palbociclib 

will have been prescribed most frequently in this trial, PFS2 may not be the best end 

point, given that palbociclib-induced PFS gains do not translate into improvement in OS. 

Finally, given the emerging benefit of continuation of some CDK4/6i in the 2L setting, 

results from completed and ongoing studies such as MAINTAIN (NCT02632045), PACE 

(NCT03147287), and postMONARCH (NCT05169567) will be necessary to interpret results 

from the SONIA trial.

Regarding ET sequencing in the setting of CDK4/6, the phase 2 PARSIFAL trial48 sought 

to determine the optimal ET to combine with palbociclib in this setting. No PFS advantage 

was observed for fulvestrant over letrozole (27.9 vs 32.8 months; hazard ratio, 1.13; P = 

.32). In contrast, in the phase 3 PADA-1 trial,49 at ESR1 mutation detection, PFS doubled 

for patients who switched from palbociclib plus AI to palbociclib plus fulvestrant (11.9 

vs 5.7 months; stratified hazard ratio, 0.61; P = .005). Randomized trials are under way 

testing whether oral selective estrogen receptor degraders and selective estrogen receptor 

modulators should be combined with CDK4/6i either up front or on emergence of AI 

resistance (eg, ESR1 mutations) as measured by minimal residual disease or radiographic/

clinical resistance.

Finally, disease biology and/or sites of metastatic disease may assist with determining 

the incremental benefit of a CDK4/6i added to ET. For ET monotherapy, meta-analysis 

demonstrated that postmenopausal patients with HR+ ERBB2− MBC with visceral disease 

had significantly worse outcomes in the setting of liver vs nonliver metastases.50 An 

exploratory combined analysis of MONARCH 2 and 3 showed a larger benefit for the 

addition of abemaciclib to ET for subsets of patients with aggressive clinical and biological 

features, such as liver metastases.51 In contrast, in MONALEESA-2, patients with de novo 

HR+ MBC derived a greater OS benefit from ribociclib plus letrozole (hazard ratio, 0.52) vs 

other participants (hazard ratio, 0.91). Final OS data from the phase 3 trials will be critical 

to understanding whether these biological characteristics alter the survival benefit of either 

ribociclib or abemaciclib (Table 4).

Toxic Effects

While combination therapy with CDK4/6i plus ET may increase toxicity vs ET alone, global 

quality-of-life reductions have not been observed.19,20,52,53 With palbociclib and ribociclib, 

the most common grade 3 and 4 AEs are neutropenia and leukopenia (approximately 

50%−60%).16 Ribociclib can cause QTcF interval prolongation (approximately 16% in 

patients receiving ribociclib plus tamoxifen vs 7% in patients receiving ribociclib plus 

an nonsteroidal AI54) and elevated serum transaminases, a common reason for therapy 
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interruption.9,19,54,55 Abemaciclib has a different pharmacologic and toxicity profile from 

palbociclib and ribociclib,56 ie, less neutropenia but more diarrhea, nausea, and, less 

commonly, venous thromboembolic events (5%).9 The diarrhea is generally low grade and 

infrequently leads to dose reductions or hospitalizations. However, approximately 81% of 

patients reported diarrhea (grade 3/4 in 9.5%) in MONARCH 3; grade 1 and 2 AEs can 

adversely affect quality of life.57 Despite the high incidence of neutropenia with CDK4/6i, 

febrile neutropenia is rare, and dose modifications for grade 3 to 4 neutropenia have not 

negatively affected PFS.58,59 Other uncommon but severe adverse effects include interstitial 

lung disease/pneumonitis (1.6%60) and venous thromboembolic events (0.6%−5%61).

Adjuvant Trials

Prospective trials evaluating adjuvant CDK4/6i in HR+ EBC have shown conflicting results. 

At the time of writing, 3 adjuvant trials had reported efficacy data. The PALLAS trial 

(n = 4600) assessed whether addition of 2 years of palbociclib to ET improved IDFS in 

stage2 and3 ER+ ERBB2− EBC. At the second interim analysis, the study was stopped 

for futility.62 Specifically, 3-year IDFS was 88.2% (95% CI, 85.2%−90.6%) for palbociclib 

plus ET and 88.5% (85.8%−90.7%) for ET alone (hazard ratio, 0.93 [95% CI, 0.76–1.15]; 

log-rank P = .51). PENELOPE-B (n = 1250) was a double-blind, placebo-controlled, phase 

3 study that evaluated the benefit of 1 year of palbociclib plus ET for women with high-risk 

HR+ ERBB2− EBC without a pathological complete response after neoadjuvant systemic 

therapy.63 Like PALLAS, palbociclib did not improve IDFS vs placebo plus ET (hazard 

ratio, 0.93; 95% CI, 0.74–1.17; P = .52).

The monarchE (n = 5637) trial was a phase 3 study randomizing high-risk patients with HR+ 

ERBB2− EBC64 to ET with or without abemaciclib for 2 years. At a preplanned efficacy 

interim analysis, abemaciclib plus ET improved IDFS vs ET alone (hazard ratio, 0.713; 

95% CI, 0.583–0.871; P = .001), with 2-year IDFS rates of 92.3% vs 89.3%. Since then, 

there have been 2 published updates, at 27 and 42 months. At the 42-month follow-up, 

all patients had discontinued abemaciclib, and the IDFS benefit increased: hazard ratio, 

0.664 (95% CI, 0.578–0.762). At 4 years, the absolute difference in IDFS increased to 6.4% 

(79.4% vs 85.8%) compared with 2- and 3-year IDFS (2.8% and 4.8%, respectively).65 

While Ki-67 was prognostic, abemaciclib benefit was observed regardless. While the FDA 

approved abemaciclib plus ET in node-positive HR+ ERBB2− EBC with a Ki-67 of 20% 

or greater, American Society of Clinical Oncology and National Comprehensive Cancer 

Network guidelines recommend dosing based on the intent-to-treat population.66,67 Results 

from the phase 3 NATALEE trial (NCT03701334) that randomized participants with HR+ 

ERBB2− EBC to ET plus 3 years of ribociclib vs ET alone showed a statistically significant 

IDFS advantage favoring the ribociclib arm. Full results will be presented in June 2023.

Pharmacogenomics and Ethnicity

Inhibitors of CDK4/6 exhibit distinct differences in their pharmacology, kinase targets, 

central nervous system penetration, and clinical activity as monotherapy.7 Further, variances 

in drug metabolism, genetic, nutritional, and clinicopathologic features between Asian 

patients and White patients may affect CDK4/6i responsiveness.68,69 In the landmark 
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CDK4/6i trials, approximately 8%, 30%, and 30%, respectively, of participants were 

Asian.16,54,57 The 1L randomized CDK4/6i trials reported a significant difference in the 

pooled PFS hazard ratio for Asian and non-Asian patients (0.39 vs 0.62; P = .002) (eTable 2 

in the Supplement). While toxicity data by ethnic subgroup were only available from 2 trials, 

Asian patients had a significantly higher prevalence of selected AEs. Analysis of Asian 

PALOMA-3 participants noted that palbociclib plus fulvestrant was safe and effective, but 

the incidence of grade 3 and 4 neutropenia was higher.70 PALOMA-4 (n = 340) confirmed 

efficacy and safety of palbociclib plus letrozole as 1L therapy in postmenopausal Asian 

women with HR+ ERBB2− MBC vs placebo plus letrozole (mPFS, 21.5 vs 13.9 months; 

hazard ratio, 0.68; 95% CI, 0.53–0.87; P = .001). The most common grade 3 and 4 AE with 

palbociclib plus letrozole was neutropenia.71

Conclusions

Treatment with CDK4/6i plus ET is standard of care for patients with HR+ ERBB2− MBC in 

the 1L and 2L settings, with seminal trials reflecting improved PFS, OS, and preserved 

quality of life. However, a consistent lack of improvement in OS (metastatic setting) 

and IDFS (adjuvant) with palbociclib suggests that CDK4/6i should not be prescribed 

interchangeably. Continued efforts to identify patients with HR+ EBC and MBC most likely 

to benefit from CDK4/6i, and to optimally sequence treatment, should afford greater insights 

into the discordant results from the metastatic and adjuvant CDK4/6i trials. Treatment with 

CDK4/6i is a fundamental part of the HR+ ERBB2− MBC therapy paradigm; the onus is on 

researchers to discover the optimal regimens for clinical utility, while prescribing in the most 

evidence-based manner.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Questions

1. Although all CDK4/6i improve PFS, a survival (metastatic) and IDFS 

(adjuvant) benefit was not observed with palbociclib. What explains these 

discrepancies?

2. Can we personalize therapy by selecting different CDK4/6i for different 

patient populations and clinical scenarios? Are there biomarkers to identify 

when 1L CDK4/6i should always be used (eg, anticipated primary endocrine 

resistance) vs after progression on 1L ET (highly endocrine-sensitive MBC)?

3. Do tumors that progress on CDK4/6i retain endocrine sensitivity? Are there 

differences among CDK4/6i?

4. What are the mechanisms of resistance to each CDK4/6i, and how do they 

differ?

5. How does the tumor microenvironment affect response to CDK4/6i, and are 

there differences?

6. Can endocrine sensitivity be restored, and if so, how?
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Figure. Mechanism of Action of CDK4/6 Inhibitors (CDK4/6i)
Activation of cyclin-dependent kinases (CDKs) promotes cell cycle progression, a 

fundamental step in oncogenesis. The main drivers of cell cycle proliferation are regulated 

by CDK4/6. Cross talk between cyclin D, CDK4/6, retinoblastoma-associated protein 

1 (Rb1), and the estrogen receptor (ER) is a dynamic process, which can lead to 

cellular proliferation. Estrogen receptor signaling also induces cyclin D messenger RNA 

upregulation and protein expression. Further, cyclin D can activate both CDK4 and CDK6, 

which leads to Rb phosphorylation and release of E2F, a transcription factor, which in 

turn triggers cell cycle progression from G1 to S phase, and subsequently DNA replication. 

Release of E2F initiates a positive feedback loop, inducing transcription of E-cyclins, which 

triggers activation of CDK2 and other proteins, as well as Rb phosphorylation, which also 

promotes DNA synthesis. The cyclin D–CDK4/6 axis is regulated by other protein families, 

ie, CDK inhibitors. An INK4 protein, p16, may be activated by tumor growth factor-β 
(TGFβ) signaling and can bind to CDK4 and CDK6, inhibiting G1 to S phase progression 

and suppressing tumor growth by opposing CDK4/6i and ER signaling pathways. The 

Rb-independent mechanisms of CDK4/6i include promotion of antitumor immunity, effects 

on epithelial-mesenchymal transition (EMT), and metastases prevention. Preclinical data 

suggest that CDK4/6i may promote antitumor immune responses by helping T cells survive 

longer and function better, while also facilitating antigen presentation by tumor cells, so that 

CDK4/6i may exert proimmune effects that cancel out anti-immune effects. In keeping with 

these preclinical observations, data from clinical studies infer that CDK4/6i may upregulate 

genes typically implicated in promoting antitumor immune responses. E2F indicates E2F 

transcription factor 1; FGFR, fibroblast growth factor receptor; G1, G1 phase; G2, G2 

phase; M, mitosis; MAPK, mitogen-activated protein kinase; NF-κB, nuclear factor kappa-

light-chain-enhancer of activated B cells; P, phosphorylated; PI3K/Akt, phosphatidylinositol 

3-kinase; S, S phase; STATs, signal transducer and activation of transcription protein family.
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