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Purpose: The MONALEESA-2, -3, -7 trials demonstrated statis-
tically significant and clinically meaningful progression-free survival
and overall survival (OS) benefits with ribociclib plus endocrine
therapy (ET) versus ET alone in hormone receptor-positive, HER2-
negative (HR*/HER2 ") advanced breast cancer (ABC). Understand-
ing the association of intrinsic subtypes with survival outcomes could
potentially guide treatment decisions. Here, we evaluated the asso-
ciation of intrinsic subtypes with OS in MONALEESA-2, -3, -7.

Experimental Design: Tumor samples from MONALEESA-2, -3,
-7 underwent PAM50-based subtyping. The relationship between
subtypes and OS was assessed using univariable and multivariable
Cox proportional hazards models. Multivariable models were adjust-
ed for clinical prognostic factors.

Results: Overall, 990 tumors (among 2,066 patients) from
ribociclib (n = 580) and placebo (n = 410) arms were profiled.

Introduction

Hormone receptor-positive (HR™), HER2-negative (HER27)
advanced breast cancer (ABC) is a clinically and biologically
heterogeneous disease; one way that this heterogeneity can be
categorized is through known intrinsic subtypes, which differ in
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Subtype distribution was luminal A, 54.5%; luminal B, 28.0%;
HER2-enriched (HER2E) 14.6%; and basal-like, 2.8%; and was
consistent across treatment arms. The luminal A subtype had the
best OS outcomes in both arms, while basal-like had the worst.
Patients with HER2E (HR, 0.60; P = 0.018), luminal B (HR, 0.69;
P =0.023), and luminal A (HR, 0.75; P = 0.021) subtypes derived
OS benefit with ribociclib. Patients with basal-like subtype did
not derive benefit from ribociclib (HR, 1.92; P = 0.137); however,
patient numbers were small (n = 28).

Conclusions: The prognostic value of intrinsic subtypes for
OS was confirmed in this pooled analysis of the MONALEESA
trials (largest dataset in HR"/HER2™ ABC). While basal-like
subtype did not benefit, a consistent OS benefit was observed
with ribociclib added to ET across luminal and HER2E
subtypes.

prognosis, incidence, and response to treatment (1-3). The four
intrinsic subtypes of HR*/HER2 ™ breast cancer are the luminal A,
luminal B, HER2-enriched (HER2E), and basal-like subtypes. These
subtypes are defined by their gene expression profiles and are each
associated with different prognoses (1-3). Luminal A and B sub-
types are associated with more favorable outcomes compared with
the non-luminal (HER2E and basal-like) subtypes (4-7). The
HER2E subtype is associated with poor clinical outcomes and
endocrine therapy (ET) resistance (5, 6, 8, 9). Basal-like tumors,
which more closely resemble triple-negative breast cancer tumors,
typically have poorest outcomes (6). Luminal A, luminal B, HER2E,
and basal-like subtypes are also observed in HER2-positive
(HER2") breast cancer and triple-negative breast cancer, although
in different proportions than observed in HR'/HER2™ breast
cancer (3, 10, 11). Notably, intrinsic subtypes may change over
time, and subtype switching has been demonstrated to occur
between primary and metastatic tumors and with disease progres-
sion. In a prospective, longitudinal study of patients with
HR*/HER2™ metastatic breast cancer, switching to more aggressive
subtypes was frequent among tumor samples from patients who
progressed after treatment with palbociclib (12, 13).

The cyclin-dependent kinase 4 and 6 (CDK4/6) inhibitors riboci-
clib, abemaciclib, and palbociclib have demonstrated statistically
significant and clinically meaningful improvements in progression-
free survival (PFS) in patients with HR*/HER2~ ABC (14-21). Ribo-
ciclib has also demonstrated statistically significant and clinically
meaningful improvements in overall survival (OS) in patients with
HR'/HER2™ ABC across three phase ITI clinical trials, regardless of ET
partner, line of therapy, and menopausal status (MONALEESA-2, -3,
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Translational Relevance

Hormone receptor-positive (HR")/HER2-negative (HER2")
advanced breast cancer (ABC) is a heterogeneous disease that can
be classified into intrinsic subtypes (IS) with differing prognoses
and responses to treatment. Non-luminal subtypes [HER2-
enriched (HER2E)] are associated with poorer outcomes than
luminal subtypes (luminal A, luminal B). Here, we report the
findings of pooled analysis of the MONALEESA-2, -3, -7 trials
evaluating association of IS and overall survival (OS). The data
show that significant OS benefit with ribociclib plus endocrine
therapy was observed across luminal A, luminal B, and HER2E
subtypes. In addition, the findings, which are from the largest
dataset correlating OS and IS in HR*/HER2 ™~ ABC, confirmed the
prognostic value of PAM50-based IS. OS benefit with ribociclib was
not observed in patients with the basal-like subtype; however, the
sample size of this subgroup was small. The consistent OS benefit
with ribociclib in patients with the HER2E subtype, which is
characterized by relative endocrine resistance, warrants further
investigation.

and -7), and abemaciclib has shown a significant OS benefit in its
second-line phase III trial (MONARCH 2) to date (22-25). The first-
line MONARCH 3 study has yet to report final OS, although a trend
was seen in interim analyses (26). An improvement in median OS was
reported in patients with pretreated HR*/HER2™ ABC treated with
palbociclib in the phase III PALOMA-3 trial, although the difference
was not statistically significant, while no clinically meaningful or
statistically significant improvement in OS was observed with first-
line palbociclib plus letrozole in the phase IIl PALOMA-2 trial (12, 27).

A prior pooled analysis of the MONALEESA trials evaluating the
correlation of PAM50-based intrinsic subtype with PFS confirmed the
independent prognostic value of intrinsic subtype in patients treated
with ribociclib plus ET and ET alone (1). In this pooled intrinsic
subtype dataset, luminal A (47%) and luminal B (24%) were the most
prevalent subtypes, and HER2E (13%) and basal-like (3%) were the
least frequent (1). Differences in subtype distribution were observed
across the MONALEESA trials (P<0.001) and across the type of tumor
tissue (metastatic and primary; P = 0.005), which was expected and
consistent with prior published analyses (e.g., differences in subtype
distribution by menopausal status; primary vs. metastatic tumor;
refs. 13, 28). This pooled analysis demonstrated a significant PFS
benefit with ribociclib plus ET treatment in the luminal A (n = 540;
HR, 0.63; P = 0.0007), luminal B (n = 277; HR, 0.52; P < 0.0001), and
HER2E (n = 145; HR, 0.40; P < 0.0001) subtypes. Consistent with
previous findings, patients with the HER2E subtype had poor PFS
when treated with ET alone. Patients with basal-like (HR, 1.14; P =
0.78) subtype did not derive a PFS benefit with ribociclib plus ET
treatment, although the sample size in this subgroup was small (n =
28) and these results should be interpreted with caution.

At the time of the PFS analysis, OS data for the key first-line
MONALEESA-2 trial were not yet mature, and a pooled analysis of
intrinsic subtype and OS could not be performed. Recently, the
MONALEESA-2 trial demonstrated a statistically significant OS ben-
efit with first-line ribociclib plus letrozole compared with letrozole
alone in postmenopausal patients with HR*/HER2™ ABC, and an
analysis of intrinsic subtype and OS in the MONALEESA trials could
now be completed (25). In this retrospective exploratory analysis, we
evaluated the prognostic and predictive value of baseline intrinsic
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subtypes for OS using tumor samples pooled from the MONALEESA-
2, -3, and -7 trials. This OS analysis parallels the previously reported
PFS analysis except for the exclusion of the normal-like intrinsic
subtype; given the frequent contamination of the normal-like intrinsic
subtype with normal breast tissue, this subset was not analyzed for OS.

Materials and Methods

Study designs and patients

The phase III MONALEESA studies were randomized, double-
blind, placebo-controlled, multicenter studies. The MONALEESA-2
trial (NCT01958021) enrolled postmenopausal women with locally
determined HR"/HER2™ ABC who had not received previous sys-
temic therapy for ABC; patients could have received prior (neo)
adjuvant ET, but a treatment-free interval of >12 months from
completion of (neo)adjuvant treatment to randomization was required
for prior nonsteroidal aromatase inhibitors (14). A total of 668
postmenopausal women with HR'/HER2™ recurrent/metastatic
breast cancer underwent 1:1 randomization to receive either ribociclib
plus letrozole or placebo plus letrozole (14).

The MONALEESA-3 trial (NCT02422615) assessed ribociclib plus
fulvestrant in postmenopausal patients with locally determined
HR*/HER2™ ABC who were treatment naive or had received up to
one line of prior ET in the advanced setting (15). Overall, 726 patients
underwent 2:1 randomization to receive ribociclib plus fulvestrant or
placebo plus fulvestrant.

The MONALEESA-7 trial (NCT02278120) enrolled premenopaus-
al or perimenopausal patients with locally determined HR"/HER2 ™
ABC who were ET naive in the advanced setting but could have
received up to one prior line of chemotherapy for ABC (16). In total,
672 patients underwent 1:1 randomization to receive ribociclib or
matching placebo with either tamoxifen or a nonsteroidal aromatase
inhibitor (letrozole or anastrozole), all with goserelin. Patients in the
trial could have prior (neo)adjuvant ET if the treatment-free interval
was 212 months from completion of (neo)adjuvant treatment to
randomization; if the treatment-free interval was <12 months, the
choice of ET therapy partner depended on the patient’s previous (neo)
adjuvant therapy and investigator or patient preference.

In each of the MONALEESA trials, the primary endpoint was locally
assessed PFS. OS was a key secondary endpoint in each trial, and the
trials were designed to have adequate power to detect a difference in OS
between the study arms. Written informed consent was provided by all
patients. The MONALEESA trials were conducted in accordance with
the World Medical Association Declaration of Helsinki and the Good
Clinical Practice guidelines. Study protocols and any modifications
were approved by an independent ethics committee or an Institutional
Review Board at each site. Trial conduct was supervised by a steering
committee including participating international investigators and
Novartis representatives. An independent data monitoring committee
evaluated safety data.

Procedures

As described previously (1), for each MONALEESA trial, collection
of formalin-fixed paraffin-embedded (FFPE) tumor samples (i.e., a
tumor block or slides) was mandatory; metastatic samples were
preferred. Tumor samples were reviewed by a central laboratory to
confirm a minimum of 10% tumor content. Gene expression was
evaluated using a custom CodeSet gene panel (list available on request)
and the nCounter platform (both from NanoString Technologies),
including 36 of the 50 research-based PAMS50 genes (29). Gene
expression analyses were performed using input of 100 ng of total
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RNA extracted from primary or metastatic tumors. Positive control
and housekeeping gene normalization was performed on the Nano-
String raw counts; log, transformation was performed on the nor-
malized counts. Samples with fewer than 20 counts in >80% of genes
were excluded from this analysis.

Gene sets with fewer than 50 PAMS50 genes have poor accuracies in
subtype calling, particularly for luminal B and HER2E subtype
tumors (30). To mitigate this, and to robustly identify PAMS50 subtypes
in the MONALEESA tumor samples, 48 independent FFPE breast
tumor samples with a known PAMS50/Prosigna (NanoString Tech-
nologies) subtype [luminal A (HR'/HER2™), 10; luminal B
(HR'/HER2"™), 10; HER2E (HER2™), 10; basal-like (triple-negative),
9; true normal, 9] were characterized using the same protocol utilized
for the samples from the MONALEESA program. In total, 152 genes
were selected on the basis of their ability to identify the PAM50
subtypes in this 48-sample set and the original PAMS50 microarray
training dataset (29). PAMS50 subtyping of the MONALEESA tumors
was performed as described previously (31) using the 152 PAM50-
based genes. Genomic analyses were conducted blinded from clinical
data. Samples with less than 50% of housekeeping genes above the
background noise (defined at 26 counts) were excluded from the
analysis. Samples with normal-like subtype were excluded from the
analysis because the subtype has a high proportion of normal tissue.

Statistical analysis

For the analysis of OS, the data cut-off dates were June 10, 2021, for
MONALEESA-2, October 30, 2020, for MONALEESA-3, and June 29,
2020, for MONALEESA-7. The relationship between PAMS50-based
subtypes and OS was evaluated using univariable and multivariable
Cox proportional hazards models. Multivariable Cox proportional
hazards regression analyses were used to evaluate the association of the
intrinsic subtypes with OS. Multivariable models were adjusted for
known clinical prognostic factors, including age, prior chemotherapy,
prior ET, Eastern Cooperative Oncology Group performance status,
visceral disease (presence of liver/lung metastases), bone-only metas-
tases, histologic grade, number of metastatic sites, tumor type, and de
novo metastatic disease. Kaplan-Meier curves were generated, and
median OS [95% confidence interval (CI)] was estimated by subtype
and treatment arm. Statistical analyses were performed using the R
project software (32). The P values generated are descriptive and were
not adjusted for multiplicity or false discovery.

Data availability
Novartis is committed to sharing with qualified external research-
ers, access to patient-level data and supporting clinical documents
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from eligible studies. These requests are reviewed and approved by an
independent review panel on the basis of scientific merit. All data
provided are anonymized to respect the privacy of patients who have
participated in the trials in line with applicable laws and regulations.
All requests should be sent to the corresponding author.

Results

From the MONALEESA-2, -3, and -7 pooled patient population
(N = 2,066), the pooled dataset with available subtype data was n =
1,153. (33). After removing 163 (14.1%) normal-like tumor samples,
a total of 990 tumor samples from the ribociclib plus ET (n = 580)
and placebo plus ET (n = 410) arms were included in this analysis,
consisting of 318 samples from MONALEESA-2, 409 samples from
MONALEESA-3, and 263 samples from MONALEESA-7 (Supple-
mentary Fig. STA-SI1C). Of the samples that were profiled, 71%
were from primary tumors and 28% were from metastatic samples
(1% source unknown), similarly distributed across trials. Subtype
distribution was luminal A, 54.5% (n = 540); luminal B, 28.0% (n =
277); HER2E, 14.6% (n = 145); and basal-like, 2.8% (n = 28). The
distribution of subtypes was consistent across treatment arms
(Table 1). Representativeness of the study is listed in Supplemen-
tary Table S1. Generally, no significant differences in baseline
characteristics were observed across intrinsic subtypes, except for
prior chemotherapy and histologic grade (Supplementary Table S2).
However, it is unknown whether chemotherapy exposure was before
or after tumor biopsy collection. Median follow-up time for the
pooled cohort was 58.2 months. A consistent significant OS benefit
with ribociclib plus ET versus placebo plus ET was observed in
the intention-to-treat (N = 2,066; HR, 0.76; 95% CI, 0.67-0.86;
P < 0.0001) and biomarker (n = 990; HR, 0.75; 95% CI, 0.63-0.89;
P =0.0012) populations with a 12-month improvement in median
OS observed by adding ribociclib to ET in the biomarker population
(Fig. 1A and B).

Prognosis by intrinsic subtype

Intrinsic subtype was prognostic for OS in both the ribociclib plus
ET (P<0.0001) and placebo plus ET (P <0.0001) arms (Fig. 2A and B).
In both treatment arms, the median OS differed across intrinsic
subtypes, with patients with luminal A subtype exhibiting the longest
median OS and patients with basal-like subtype having the shortest
median OS: median OS with ribociclib plus ET versus placebo plus ET
was 68.0 versus 54.6 months for luminal A, 58.8 versus 44.9 months for
luminal B, 40.3 versus 29.4 months for HER2E, and 19.0 versus
21.2 months for basal-like, respectively (Fig. 2A and B; Table 1).

Table 1. Predictive value of intrinsic subtype on OS by treatment arm.

Treatment Distribution, Events, Median OS Median OS HR P

Subtype arm n (%) n (%)? estimate 95% CI estimate HR 95% CI value

Luminal A PBO 221 (54) 122 (55) 54.6 48.3-66.2 0.75 0.58-0.96 0.021
RIB 319 (55) 135 (42) 68.0 61.5-NA

Luminal B PBO 124 (30) 79 (64) 449 35.5-52.6 0.69 0.50-0.95 0.023
RIB 153 (26) 75 (49) 58.8 48.3-79.2

HER2E PBO 51 (12) 39 (76) 29.4 23.9-42.0 0.60 0.40-0.92 0.018
RIB 94 (16) 59 (63) 40.3 33.4-49.0

Basal-like PBO 14 (3) 1 (79 212 12.8-NA 1.92 0.81-4.53 0.137
RIB 14 (2) 14 (100) 19.0 10.7-33.2

Abbreviations: HER2E, human epidermal growth factor receptor 2-enriched; HR, hazard ratio; NA, not achieved; PBO, placebo; RIB, ribociclib.
@Percentage of patients within each row experiencing an event.
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With luminal A as the reference group in the OS model, the luminal
B (difference not statistically significant), HER2E, and basal-like
subtypes showed increased risk of death in both treatment arms
(Table 2). Intrinsic subtype remained prognostic for OS in the
ribociclib plus ET (P < 0.0001) and placebo plus ET (P < 0.0001)
arms, after adjusting for clinicopathological variables (Tables 2
and 3). In both the placebo and ribociclib arms, a higher risk of
death was observed for the luminal B, HER2E, and basal-like
subtypes versus the luminal A subtype [1.2 (P = 0.32), 1.8 (P =
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A was significant for all subtypes except for luminal B in the
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Treatment benefit based on intrinsic subtype
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Table 2. OS HR by subtype relative to luminal A in the combined
MONALEESA dataset.

Ribociclib Arm Placebo Arm

HR? (95% CI) Pvalue  HR® (95% CI) P value
Univariate analysis
Luminal A®  1.00 (-) - 1.00 (=) -
Luminal B 1.22 (0.92-1.62) 0.17 1.41 (1.06-1.87) 0.018
HER2E 1.94 (1.42-2.65) <0.0001 2.62 (1.81-3.79) <0.0001
Basal-like 7.84 (4.43-13.88) <0.0001 2.56 (1.37-4.76) 0.0031
Multivariable Cox analyses of prognostic variables®
Luminal A 1.00 (-) - 1.00 (-) -
Luminal B 1.16 (0.86-1.57) 0.32 1.47 (1.08-2.00) 0.014
HER2E 1.83 (1.33-2.52) 0.00022 2.87 (1.93-4.26) <0.0001
Basal-like 7.22 (3.81-13.70)  <0.0001 2.35 (1.20-4.57) 0.012

Abbreviation: HER2E, human epidermal growth factor receptor 2-enriched.
@Adjusted HR for multivariate analyses.

PLuminal A is used as the reference group in this analysis; thus, 95% Cls and P
values could not be calculated for the luminal A subgroup here.

“Adjusted HRs obtained from multivariable Cox model including age, prior
chemotherapy, prior endocrine therapy, Eastern Cooperative Oncology Group
performance status, visceral disease (presence of liver/lung metastases), bone-
only metastases, histologic grade, number of metastatic sites, tumor type, and
de novo metastatic disease.

95% CI, 0.40-0.92; P = 0.018), luminal B (HR, 0.69; 95% CI, 0.50-0.95;
P =0.023), and luminal A (HR, 0.75; 95% CI, 0.58-0.96; P = 0.021)
subtypes all derived substantial benefit from ribociclib (Fig. 3A-D;
Table 1). The absolute median OS benefit from ribociclib was
10.9 months in the HER2E, 13.9 months in the luminal B, and
13.4 months in the luminal A subtypes. After adjusting for known
clinical prognostic factors, a consistent OS benefit was observed with
ribociclib in patients with luminal A (adjusted HR, 0.77; 95% CI, 0.60-
0.99), luminal B (adjusted HR, 0.63; 95% CI, 0.46-0.88), and HER2E
(adjusted HR, 0.53; 95% CI, 0.35-0.80) subtypes (Supplementary
Table S3). Patients with the basal-like subtype (1 = 28) did not derive
benefit from ribociclib (unadjusted HR, 1.92; 95% CI, 0.81-4.53; P =
0.137), although these results should be interpreted with caution due to
the small sample size in this subgroup (2%-3% in each arm). The
interaction test between PAM50 subtype and treatment arm was
statistically significant (P = 0.014). PAMS50 subtype remained pre-
dictive of OS after adjusting for clinical covariates in a multivariable
model (Pipteraction = 0.0057; Supplementary Table S3). Upon removal
of the basal-like subtype from the analysis, the interaction test was no
longer statistically significant [P = 0.48 (unadjusted); P = 0.33
(adjusted for clinical covariates)].

Discussion

To our knowledge, this analysis of the MONALEESA-2, -3, and -7
trials is the largest evaluating the correlation of intrinsic subtype with
OS in patients with HR*/HER2~ ABC treated with ET alone or in
combination with a CDK4/6 inhibitor. The results demonstrate the
prognostic value of PAM50-based intrinsic subtype for OS in patients
treated with ribociclib plus ET and those treated with ET alone. These
results are also remarkably consistent with a prior analysis of PFS using
the pooled MONALEESA dataset, which showed the value of intrinsic
subtype for predicting outcomes on ET for HR*/HER2™ ABC (1).

A retrospective exploratory analysis of the EGF30008 trial, which
evaluated letrozole with or without lapatinib in patients with HR™
invasive breast cancer, also showed that intrinsic subtypes were

AACRJournals.org

OS by Intrinsic Subtype in the MONALEESA Trials

associated with differences in PFS and OS (5). Among patients in
that study who were HR/HER2™, patients with PAM50-luminal A
disease had the longest median OS, whereas the PAM50-HER2E and
PAM50-basal-like subtypes had the shortest median OS (5). In
addition, in the BOLERO-2 study that tested the mTOR inhibitor
everolimus plus ET in ABC, non-luminal subtypes were independently
associated with worse PFS and OS outcomes than luminal subtypes (6).
Furthermore, an exploratory real-world analysis of 141 patients with
HR"/HER2™ ABC showed that the median OS was shorter in patients
with PAM50-HER2E disease [30.9 months; 95% CI, 13.2-not reached
(NR)] compared with patients with non-PAM50-HER2E disease (NR;
95% CI, 47.2-NR; ref. 34). Taken together, these studies along with the
current analysis support the prognostic value of intrinsic subtype for
PFS and OS in patients with HR*/HER2™ metastatic breast cancer.

The consistent PFS benefit with ribociclib plus ET by PAM50
subtype is replicated consistently in the pattern of OS benefit in
luminal A (PFS HR, 0.63; OS HR, 0.75), luminal B (PFS HR, 0.52;
OS HR, 0.69), and HER2E (PFS HR, 0.40; OS HR, 0.60); thus, the
impact of ribociclib on PFS was carried through to OS as well (1).

The limited activity of ribociclib in the basal-like subgroup with
respect to PFS and OS may be explained by the observation that the
basal-like subtype is clinically and biologically similar to triple-
negative breast cancer; thus, this subtype is not responsive to ET
(1, 11). However, it is important to note that the number of patients in
this subgroup is small (n = 28); therefore, these results should be
interpreted with caution. The interaction test between PAM50 subtype
and treatment arm was statistically significant when all subtypes were
included, but when the basal-like subtype was excluded, the test was
not significant; this observation suggests that differences in OS benefit
among subtypes were driven by the basal-like subtype. Similarly, the
lack of significance in the interaction test when only the PAMS50-
luminal A, PAM50-luminal B, and PAM50-HER2E subtypes were
included supports the consistent OS benefit of ribociclib across these
subtypes.

The consistent PES and OS benefit seen with ribociclib plus ET in
the HER2E population is of particular interest given that the HER2E
subtype is associated with not only poor prognosis compared with
luminal subtypes but also poor response to ET alone (5, 6, 8,9). HER2E
HR*/HER2™ tumors have been shown to express higher levels of Ki-67
and lower levels of estrogen receptor/progesterone receptor compared
with luminal subtypes (35). Several retrospective analyses of large
clinical trials that included patients with HR*/HER2 ™ treated with ET
support the poor outcomes in patients with HER2E compared with
luminal subtypes (5, 8). It has been shown that the HER2E subtype of
HR*/HER2™ breast cancer has high proliferation rates and dampened
dependency on the HR pathway, but despite these observations,
ribociclib plus ET demonstrated a remarkable PFS and OS benefit in
this particular subtype.

Data with other CDK4/6 inhibitors are lacking (in the case of
abemaciclib) or less compelling (in the case of palbociclib). Explor-
atory analyses of the PALOMA-2 and PALOMA-3 trials evaluating the
association of intrinsic subtype (as determined by AIMS methodology)
with PFS in patients with HR*/HER2~ ABC treated with palbociclib
plus ET have shown a PFS benefit in the AIMS-luminal A and AIMS-
luminal B subtypes only, with little to no PFS benefit observed in the
non-luminal subtypes (AIMS-HER2E and AIMS-basal-like; refs. 4, 36).
A reanalysis of PALOMA-2 using the research use Prosigna-PAM50
methodology showed increased PFS benefit for palbociclib in the
HER2E subtype; however, both arms of the analysis had low patient
numbers (palbociclib arm, #n = 12; placebo arm, n = 8; ref. 37). In the
PATRICIA trial, which evaluated patients with HR*/HER2" ABC
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Table 3. Multivariable Cox analysis in the combined MONALEESA dataset.

Cohort Variable Adjusted HR? (95% CI) P value
Ribociclib Age 1.01 (1.00-1.02) 0.24
Race
Asian 1.00 (=) -
White 0.98 (0.66-1.45) 0.93
Other 1.35 (0.71-2.57) 0.35
Unknown 1.07 (0.56-2.07) 0.84
CT yes vs. no 1.15 (0.84-1.59) 0.39
Subtype
Luminal A 1.00 (-) -
Luminal B 1.16 (0.86-1.57) 0.32
HER2E 1.83 (1.33-2.52) 0.00022
Basal-like 7.22 (3.81-13.70) <0.0001
ECOG PS1vs. O 1.73 (1.33-2.24) <0.0001
De novo disease vs. not 0.55 (0.34-0.87) 0.01
Visceral disease vs. not 1.27 (0.93-1.74) 0.14
Bone only vs. not 1.03 (0.69-1.54) 0.88
Histologic grade
Poorly differentiated/undifferentiated histologic grade 1.41 (1.05-1.89) 0.022
Unknown histologic grade 1.35 (0.97-1.89) 0.073
Well-differentiated histologic grade 0.87 (0.52-1.45) 0.59
No. of metastatic sites >3 vs. fewer 1.1 (0.84-1.47) 0.44
Tumor type (metastatic vs. primary) 1.11 (0.84-1.48) 0.46
ETSIP 0.76 (0.48-1.20) 0.24
ETS2¢ 1.28 (0.85-1.91) 0.24
ETS3? 1.24 (0.72-212) 0.44
Placebo Age 1.01 (1.00-1.02) 0.21
Race
Asian 1.00 (-) -
White 0.98 (0.67-1.42) 0.90
Other 118 (0.56-2.51) 0.66
Unknown 0.55 (0.27-1.14) o.n
CT yes vs. no 1.55 (1.09-2.21) 0.016
Subtype
Luminal A 1.00 (=) -
Luminal B 1.47 (1.08-2.00) 0.014
HER2E 2.87 (1.93-4.26) <0.0001
Basal-like 2.35 (1.20-4.57) 0.012
ECOG1vs. 0 1.32 (1.00-1.74) 0.052
De novo disease vs. not 1.09 (0.64-1.83) 0.75
Visceral disease vs. not 1.26 (0.89-1.79) 0.20
Bone only vs. not 1.25 (0.82-1.90) 0.29
Histologic grade
Poorly differentiated/undifferentiated histologic grade 1.11 (0.81-1.52) 0.53
Unknown histologic grade 1.16 (0.80-1.68) 0.43
Well-differentiated histologic grade 0.84 (0.52-1.36) 0.49
No. of metastatic sites >3 vs. fewer 1.16 (0.85-1.58) 0.35
Tumor type (metastatic vs. primary) 1.16 (0.84-1.61) 0.36
ETSI 0.82 (0.51-1.33) 0.42
ETS2¢ 1.65 (1.04-2.63) 0.034
ETS3¢ 1.43 (0.70-2.89) 0.33
All patients Age 1.01 (0.998-1.02) 0.10
Race
Asian 1.00 (-) -
White 0.97 (0.74-1.26) 0.79
Other 1.27 (0.79-2.05) 0.33
Unknown 0.79 (0.49-1.28) 0.34
CT yes vs. no 1.32 (1.04-1.67) 0.021
Subtype
Luminal A 1.00 (-) -
Luminal B 1.42 (1.06-1.91) 0.019
HER2E 2.66 (1.82-3.88) <0.0001
Basal-like 2.26 (119-4.28) 0.013

(Continued on the following page)
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Table 3. Multivariable Cox analysis in the combined MONALEESA dataset. (Cont'd)

Cohort Variable Adjusted HR? (95% CI) P value
ECOGPS1vs. 0 1.52 (1.26-1.83) <0.0001
De novo disease vs. not 0.72 (0.51-1.01) 0.060
Visceral disease vs. not 1.26 (1.01-1.59) 0.045
Bone only vs. not 1.11 (0.83-1.47) 0.48
Histologic grade

Poorly differentiated/undifferentiated histologic grade 1.28 (1.04-1.59) 0.021

Unknown histologic grade 1.31 (1.03-1.68) 0.028

Well-differentiated histologic grade 0.89 (0.63-1.25) 0.49
No. of metastatic sites >3 vs. fewer 1.14 (0.93-1.39) 0.22
Tumor type (metastatic vs. primary) 1.15 (0.94-1.42) 0.17
ETSI® 0.76 (0.55-1.05) 0.093
ETS2¢ 1.40 (1.04-1.89) 0.026
ETS3 1.33 (0.87-2.01) 0.19
Treatment (ribociclib vs. placebo) 0.77 (0.60-0.99) 0.039
Treatment*luminal B 0.83 (0.55-1.25) 0.36
Treatment*HER2E 0.69 (0.42-1.12) 0.13
Treatment*basal-like 3.62 (1.51-8.69) 0.004

Abbreviations: CT, chemotherapy; ECOG PS, Eastern Cooperative Oncology Group performance status; ET, endocrine therapy; ETS, ET sensitive; HER2E, human
epidermal growth factor receptor 2-enriched.

2Obtained from multivariable Cox model including age, race, prior chemotherapy, ECOG PS, presence of visceral disease (liver/lung metastases), presence of bone-
only metastases, histological grade, number of metastatic sites, prior ET, presence of de novo metastatic disease, and tumor type (primary or metastatic) as

covariates.

PETST includes patients considered ET sensitive who exhibited progression >12 months after end of ET.
“ETS2 includes patients considered ET sensitive who exhibited progression at or within 12 months of end of ET.

9ETS3 includes patients who received second-line ET.

treated with palbociclib and an anti-HER2 regimen, a trend of low PFS
benefit with palbociclib in patients with non-luminal subtypes (defined
by PAM50) compared with luminal subtypes was also observed (38).
These findings from PATRICIA are relevant given that the HER2E
subtype is biologically similar regardless of the context of HR"/HER2"
or HR*/HER2™ disease as defined by IHC or ISH (39).

In contrast to the findings reported with palbociclib, ribociclib has
now demonstrated a consistent PFS and OS benefit in luminal
(PAM50-luminal A and B) and PAM50-HER2E subtypes in HR"/
HER2™ ABC clinical trials. However, cross-trial comparisons cannot
be made in the absence of well-controlled, head-to-head studies. The
different intrinsic subtype methodologies mostly used in the ribociclib
(PAMS50) and palbociclib (AIMS) studies (reported concordance rate,
~77%), as well as the different proportion of primary or metastatic
samples, should also be noted (1, 40). Interestingly, despite small

numbers, an exploratory real-world analysis of 141 patients with
HR*/HER2~ ABC (from two centers in Spain) also showed a numer-
ically greater PFS benefit in the PAM50-HER2E subgroup with
ribociclib (n = 7) compared with patients treated with palbociclib or
abemaciclib (n = 12; HR, 0.44; ref. 34). However, it should be noted
that given the OS benefit observed with ribociclib in ABC (MON-
ALEESA-2,-3, -7) and the significant invasive disease-free survival
(iDFS) benefit observed with ribociclib in early breast cancer (NATA-
LEE) contrasted with the lack of OS benefit with palbociclib in the
advanced setting (PALOMA-2, -3) and lack of iDFS benefit in the early
setting (PALLAS, PENELOPE-B), the differences in efficacy observed
between ribociclib and palbociclib may not be limited to just the
HER2E subtype alone (12, 22, 23, 25, 27, 41-43). These differences
between ribociclib and palbociclib likely extend to the other subtypes
as well. Indeed, while ribociclib has demonstrated OS benefit in the
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Figure 3.

OS based on treatment within each intrinsic subtype in the combined MONALEESA dataset: within luminal A (A); within luminal B (B); within HER2E (C); within
basal-like (D). HER2E, human epidermal growth factor receptor 2-enriched; HR, hazard ratio; PBO, placebo; RIB, ribociclib.
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luminal A, luminal B, and HER2E subtypes, it remains unknown
which subtypes, if any, may be associated with palbociclib OS benefit,
given the lack of OS benefit in the PALOMA-2 and PALOMA-3 overall
populations. To date, OS analysis by intrinsic subtype has not yet been
published for any palbociclib trial.

Subtype switching is also an important concept to consider.
Results from the AURORA program, which evaluated the genomic
and transcriptomic profiles of matched primary and metastatic
samples from 381 patients with breast cancer, demonstrated that
tumors can switch to more aggressive intrinsic subtypes at disease
progression (44). In AURORA, 14.3% of PAM50-luminal A or B
tumors converted to PAM50-HER2E in the metastatic setting (44).
Conversion was also observed in a prospective, longitudinal mul-
tiomics study of palbociclib plus ET, in which frequent switching
from luminal A to luminal B (45%) and HER2E (36%) was observed
at disease progression (45).

Observations from the neoadjuvant setting can provide valuable
insights into differential treatment effects by intrinsic subtypes and the
impact of treatment on tumor biology because tumor tissue can be
obtained longitudinally during the course of treatment and at surgery
as applicable (46). In an analysis of samples from the neoadjuvant
phase II PAMELA trial as well as from breast cancer cell lines, dual
HER?2 blockade in PAM50-HER2E tumors induced switching to a
PAM50-luminal A subtype with a lower proliferative phenotype (47).
In the CORALLEEN study, after 6 months of neoadjuvant treatment
with ribociclib, 88% of patients with PAM50-luminal B subtype
switched to PAM50-luminal A at surgery, suggesting that ribociclib
can change tumor biology by inducing reversion to a less aggressive
subtype (48). Similarly, preclinical analyses evaluating gene expression
in patient-derived HER2E xenografts showed that ribociclib treatment
induced switching to a luminal phenotype (49). However, it should be
noted that the stability of these subtype changes is unknown.

Pooling the MONALEESA-2, -3, and -7 trials allowed for the
inclusion of patients treated in the first- or second-line setting for
ABC, patients of premenopausal, perimenopausal, and postmeno-
pausal status, and patients receiving different ET partners. While the
large sample size in this analysis is a major strength, this analysis has
several limitations. In the pooled MONALEESA dataset, data from
only 36 of 50 PAM50 genes were available. Because use of fewer genes
reduces accuracy in subtype prediction, a 152-gene set was derived
from an independent set of tumor samples with known intrinsic
subtype, and this custom CodeSet was used to identify the PAMS50
intrinsic subtypes in this analysis (1, 30). Furthermore, a large pro-
portion of the samples included in this analysis was from primary
tumors; thus, it is possible that subtype switching could have occurred
and could not be accounted for. Finally, results were not adjusted for
false discovery or multiplicity.

Evaluating the treatment effect of different CDK4/6 inhibitors on
tumor biology in the metastatic setting and how subtype switching
occurs during treatment and at progression could be valuable in
understanding differences in long-term efficacy outcomes, including
OS, with these agents. Ribociclib exhibits higher CDK4 versus CDK6
inhibition and has higher free drug concentrations compared with
palbociclib at clinically relevant doses; these features might be more or
less important to treat tumors that are often ET resistant, such as the
HER2E subtype (50-53). In support of the potential importance of
these features, a recent preclinical report demonstrated that a
significant decrease of the HER2E signature in breast cancer cell lines
was only observed with higher doses of ribociclib or palbociclib (54). In
addition, analysis of data from patients in the CORALLEEN and
NEOPALANA trials suggested that in the neoadjuvant setting, the
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reduction of the HER2E signature was better maintained with
ribociclib than with palbociclib after both drugs were stopped for
> 8 days (54).

The phase III HARMONIA trial (NCT05207709) will evaluate the
activity of ribociclib plus ET compared with palbociclib plus ET in the
HER2E population. Whether ribociclib may be unique in sensitizing
HER2E tumors to endocrine-based therapy, leading to improved long-
term efficacy outcomes, will be determined. It is important to note that
while HARMONIA focuses on the HER2E subtype for comparison of
ribociclib versus palbociclib, it is unlikely that the differences in OS
benefit observed with ribociclib and palbociclib over multiple clinical
trials in ABC are driven solely by this single subtype. In addition, it is
becoming increasingly important to further understand the value of
intrinsic subtype in early breast cancer, where CDK4/6 inhibitors are
beginning to have a role in the treatment paradigm.

Future trials in breast cancer should take into consideration patient
selection based on tumor biology to develop more personalized and
biomarker-guided treatment strategies that aim to improve patient
survival outcomes.
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