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Abstract
The combination of the mTOR inhibitor everolimus with the aromatase inhibitor exemestane was
evaluated in the randomized Phase III BOLERO-2 trial. Research has indicated that aberrant
signaling through the mTOR pathway is associated with resistance to endocrine therapies. The
BOLERO-2 trial examined the effects on progression-free survival of the addition of everolimus
to exemestane in a patient population of postmenopausal, hormone receptor-positive, advanced
breast cancer. At the interim analysis, the median progression-free survival assessed by local
investigators was 6.9 months for everolimus plus exemestane versus 2.8 months for placebo plus
exemestane (hazard ratio: 0.43; p < 0.001), and by central assessment was 10.6 versus 4.1 months,
respectively (hazard ratio: 0.36; p < 0.001). The everolimus plus exemestane arm showed greater
number of grade 3 and 4 adverse events. This study suggests that the addition of everolimus to
exemestane is a potential viable treatment option for this patient population.
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Background
Approximately 60–70% of breast cancers express estrogen receptor (ER)-α. For patients
with these tumors, endocrine therapy is the foundation of treatment [1]. In postmenopausal
patients with advanced breast cancer, treatment guidelines recommend that the initial
endocrine therapy consists of an aromatase inhibitor (AI), either nonsteroidal (anastrozole or
letrozole) or steroidal (exemestane) [2–6]. Unfortunately, in up to 50% of breast cancer
patients who relapse with distant metastasis, this hormonal therapy is no longer effective (de
novo resistance), or if it is initially effective, resistance will still develop (acquired
resistance) [1]. Subsequent options after resistance include changing the class of AI or
changing to an ER antagonist such as fulvestrant or the selective ER modulator tamoxifen
[7, 8]. The PI3K–Akt–mTOR signaling pathway modulates growth through signaling
communicated by ER and the EGF receptor family of receptor tyrosine kinases [9–11].
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Activation of the PI3K–Akt–mTOR pathway has been implicated in resistance to endocrine
therapy in breast cancer [12–14]. Given the major clinical issue of endocrine resistance,
extensive preclinical research has been performed examining the molecular basis of
endocrine resistance and using inhibitors of this pathway to attempt to combat this resistance
[15–19]. Specifically, some researchers have focused their efforts on developing mTOR
inhibitors derived from rapamycin (the prototypical mTOR inhibitor).

Introduction to the trial
Everolimus (Af initor®, Novartis, Basel, Switzerland) is one such rapamycin analogthat is
orally active and has a more favorable pharmacological prof ile than its predecessors [20–
22]. Specifically, everolimus is an allosteric mTOR antagonist that acts through binding to
FKBP12, which then binds directly to the FKBP12–rapamycin binding domain of mTOR.
mTOR itself is the catalytic component of two distinct multimeric complexes, mTORC1 and
mTORC2, and both play key roles in the phosphorylation of downstream proteins that
mediate signaling pathways important for proliferation and cell growth. Importantly,
rapamycin and its analogs allosterically inhibit mTORC1 only (Figure 1). Previous studies
demonstrated that inhibition of mTORC1 blocks the phosphorylation of the activation
domain 1 of ER [17, 23]. Everolimus is a US FDA-approved drug for the treatment of renal
cell cancer [24]. In clinical studies in breast cancer, single-agent mTOR inhibitors such as
temsirolimus have shown approximately a 10% response rate [25]. In addition, preclinical
research has shown that, in combination, the addition of endocrine therapy to everolimus
results in an antiproliferative effect [17]. These positive results of everolimus in combination
with an antiestrogen have been recapitulated in clinical studies. A recent randomized Phase
II study examining neoadjuvant everolimus plus letrozole showed a higher response rate and
decreased cancer cell growth compared with letrozole alone [26]. In addition, unpublished
data from the TAMRAD trial, a randomized, Phase II study involving postmenopausal, ER-
positive, advanced breast cancer patients treated with everolimus and tamoxifen, has so far
demonstrated an improved progressionfree survival compared with tamoxifen alone, as well
as improved overall survival [27]. Owing to this potential for increased efficacy, the
BOLERO-2 trial attempted to define both the efficacy and safety of the addition of a mTOR
inhibitor to an AI [28]. This study compared a combination arm consisting of everolimus (at
10 mg/day orally) plus exemestane (at 25 mg/day orally) with a control arm of exemestane
plus placebo in postmenopausal, hormone-refractory advanced breast cancer patients [28].

Study design
Patient characteristics

The BOLERO-2 trial is an ongoing, randomized, international, double-blinded Phase III
placebo-controlled study in postmenopausal women with ER-positive, HER2-nonamplified
advanced breast cancer whose disease was deemed refractory to nonsteroidal AIs (letrozole
or anastrozole). This endocrine resistance was defined as either disease recurrence during
adjuvant treatment or within 12 months of adjuvant therapy completion, progression during
the treatment of advanced disease or progression within 1 month of treatment completion.
One prior chemotherapy regimen for advanced disease was allowed, as was other hormonal
therapy (excluding exemestane). Patients were excluded if they had received prior
exemestane or mTOR inhibitors, or had an Eastern Cooperative Oncology Group (ECOG)
performance status of three or greater. Patients were required to have measurable disease;
although, in the absence of such, mainly lytic bone lesions were also allowed. The interim
analysis occurred after 359 progression-free survival events. A total of 724 women were
randomized in a 2:1 ratio to receive either exemestane (25 mg/day) plus everolimus (10 mg/
day; n = 485) or exemestane at the same dose plus placebo (n = 239). Patients receiving
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everolimus or matched placebo could have two possible dose reductions to 5 mg/day and
subsequently 5 mg every other day and still remain on the trial.

End points
The primary end point was investigator-determined progression-free survival as determined
by radiographic studies. The secondary end points consisted of overall survival, clinical
benefit rate, overall response rate, time to deterioration of ECOG performance status, safety
and quality of life (as assessed by standard questionnaires). Subgroup analysis of 80 patients
evaluated blood levels of everolimus, and levels of exemestane and estradiol.

Baseline characteristics
Patient and tumor characteristics between the two arms of the study were well matched with
no significant differences, including age (median: 62 years), race, visceral involvement
(56%), bone metastasis (76%) and ECOG performance status. In addition, prior therapies
were well balanced between the arms with all having received letrozole or anastrozole, 48%
having received tamoxifen, 16% fulvestrant and 68% chemotherapy. Prior sensitivity to
endocrine therapy (defined as ≥24 months of endocrine treatment prior to disease recurrence
in the adjuvant setting or response/stabilization of advanced disease for ≥24 weeks of
endocrine treatment) accounted for the majority of the patients (84%).

Data analysis
The efficacy analysis regarding the primary end point of progression-free survival was
stratified with respect to the presence of visceral metastasis and prior sensitivity to endocrine
therapy. An interim analysis was performed after the study reached approximately 60% of
the progression-free survival events (n = 359). The trial will run until the final analysis of
528 progression-free survival events. Progression was assessed every 6 weeks by imaging
studies (CT scan, MRI or bone scan). Adverse events were assessed based on grade
according to the National Cancer Institute (NCI) Common Terminology Criteria for Adverse
Events [29]. There was no crossover between arms.

Results
Efficacy

At the time of the interim analysis, 227 patients (47%) were still receiving exemestane and
everolimus, and 69 patients (29%) were still receiving placebo and exemestane. The trial
met its primary end point of progression-free survival. According to local investigators, the
median progression-free survival was 6.9 months for the combination everolimus plus
exemestane arm versus 2.8 months for the placebo plus exemestane arm (hazard ratio for
progression or death: 0.43; 95% CI: 0.35–0.54; p < 0.001). When the same data were
examined by a central assessment, the median progression-free survival was 10.6 months for
the combination arm and 4.1 months for the placebo arm (hazard ratio: 0.36; 95% CI: 0.27–
0.47; p < 0.001). It is speculated that the difference between local and central assessment is
secondary to subjectivity in interpretation of patients’ radiographic scans. Taking all
subgroups into account (including age, race, ECOG status, progesterone receptor positivity,
prior treatment type, sensitivity to prior treatments and number of prior treatments) these
progression-free survival data remained consistent. Plasma concentrations of estradiol were
found not to be statistically different between the study arms. When comparing objective
response rates between local and central assessments, the two were similar at 9.5 and 7%,
respectively, in the combination arm and 0.4% in the placebo arm. At the time of analysis
and publication, overall survival results were immature.
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Safety/toxicity
The median treatment exposure of everolimus was 14.6 weeks compared with 12 weeks of
placebo, and median exposure to exemestane was 17.4 weeks in the combination arm
compared with 12 weeks in the placebo arm. In the combination arm, 23% of patients had
serious adverse events, with approximately half of these events (11%) thought to be related
to the study treatment. There were seven deaths (two deaths from sepsis and one death from
each of the following: pneumonia, tumor hemorrhage, cerebrovascular incident, renal failure
and suicide). In the placebo arm, 12% of patients had serious adverse events, although only
a small fraction (1% of the overall patients) were attributed to treatment, and one death
occurred (from pneumonia). There was also an increased withdrawal of consent (5 vs 2%) in
the combination arm and a higher proportion of patients who discontinued everolimus
compared with placebo (19 vs 4%). In addition, a higher number of patients discontinued
exemestane from the combination arm compared with discontinuation of exemestane in the
placebo arm (7 vs 3%). The most common adverse events (grade 3 or 4) in the combination
arm as compared with the placebo arm were stomatitis (8 vs 1%), anemia (6 vs <1%),
fatigue (4 vs 1%) and pneumonitis (3 vs 0%). However, according to quality-of-life end
points and ECOG status, there was found to be no statistically significant difference between
the study groups.

Conclusion
The BOLERO-2 trial met its primary end point of progression-free survival at the interim
analysis. Results showed that the combination of everolimus with exemestane had increased
efficacy compared with exemestane plus placebo with respect to progression-free survival in
the range of 4–6 months in a patient population of postmenopausal, hormone receptor-
positive, advanced breast cancer patients. Taken with other clinical data indicating activity
of everolimus combined with other hormonal therapies, and the clinical difficulty of
hormone therapy resistance, the addition of everolimus to exemestane appears to be a viable
option [26, 27]. The progression-free survival benefit seen in the BOLERO-2 trial is similar
to or better than that of other approved hormonal therapies and chemotherapies given after
initial hormone resistance [8, 30]. However, given the increased toxicity profile of the
combination arm of exemestane and everolimus, the FDA and the prescribing oncologist
will need to consider the benefit of the combination against the added toxicity it brings.
Moreover, the omission of an everolimus-only arm precludes confidence that everolimus is
truly overcoming endocrine therapeutic resistance per se; rather, it is possible that mTOR
inhibition by itself may also be a potential effective therapy for hormone-refractory disease
in this patient population.

Future perspective
As previously hormone-sensitive breast cancer patients develop endocrine resistance,
decisions need to be weighed regarding switching within the endocrine therapies or moving
toward chemotherapy. The findings of the BOLERO-2 trial would indicate that the addition
of everolimus to exemestane in postmenopausal patients who have developed endocrine
resistance would be able to extend their chemotherapy-free period by a maximum of 10
months. For ease of oral dosing, doctor visits and flexibility of schedule, one might imagine
that everolimus would be much favored over conventional chemotherapy. The toxicity
profile of everolimus–exemestane will need to be weighed against the benefit of delaying
chemotherapy. The response rate seen in this trial, of approximately 10% for everolimus/
exemestane, is similar to that seen for single-agent temsirolimus in a similar patient
population, as well as some single-agent multitargeted tyrosine kinase inhibitors [25, 31].
Therefore, an unanswered question is what the response rate and progression-free survival of
everolimus alone might have been, had the trial incorporated such an arm. In addition, since
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the majority of patients in the BOLERO-2 trial had acquired hormonal resistance, it is
unclear if the results will be applicable to patients with de novo resistance. Regardless, there
is great anticipation as the results of BOLERO-2 mature, specifically analysis of the overall
survival data. If there is indeed a significant improvement in overall survival seen with the
combination arm, this would only strengthen the case for making everolimus combined with
exemestane a standard of care in this patient population.

There are a number of anticipated or ongoing clinical trials that will try to establish
additional options for the treatment of advanced endocrine-resistant breast cancer.
Specifically, ongoing studies in both the adjuvant and metastatic setting are evaluating the
efficacy of metformin, an approved drug for diabetes whose mechanism of action involves
indirect mTOR inhibition, which may show promise in this regard. In a similar vein, the
ENCORE study is evaluating the addition of etinostat, a benzamide histone deacetylase
inhibitor, to exemestane. In addition, an adjuvant everolimus study has been proposed by the
Southwest Oncology Group (SWOG) in hormone receptor-positive breast cancer patients,
based on their cancers’ recurrence scores by the Oncotype® DX assay (Genomic Health,
Inc., CA, USA), randomized to hormonal therapy with or without 1 year of everolimus.

It is clear that more work needs to be done in understanding the complex pathways that lead
toward the development of endocrine resistance. Combined inhibition of ER signaling with
PI3K–AKT–mTOR pathway inhibitors is logical from our current knowledge of these
pathways, which is further substantiated by emerging clinical observations that ER-positive
breast cancers that are PIK3CA mutation positive and/or HER2 positive do not respond as
favorably to hormone therapy. However, there is a great opportunity to advance our
knowledge of the molecular mechanisms leading to endocrine resistance and therefore
improve upon clinical outcomes. Therefore, it will be critical in the coming years to design
additional therapeutic strategies to combine key signal transduction inhibitors as well as
improve on currently available inhibitors. For example, while everolimus is an allosteric
inhibitor of mTORC1, it does not affect mTORC2 (which independently activates AKT)
and, in addition, has a documented effect of paradoxically increasing PI3K (and MAPK)
pathway activation proximally, owing to inhibition of a negative feedback loop [32–34].
Currently, there is much work being performed to develop dual mTORC1/2 kinase inhibitors
that also target PI3K [35].

In the coming decade, as we strive to improve outcomes, it will also be critical to develop
biomarkers that predict the response to mTOR inhibition and other therapies for breast
cancer. These biomarkers will probably come from preclinical data that lead to a better
understanding of the complex signaling pathways and crosstalk involved in endocrine
resistance, as well as better-designed clinical trials with more in-depth subgroup analyses.
Examples of such work in relation to everolimus and mTOR inhibition have shown that
increased Ki67 or HER2 positivity can predict the response [36]. Also, existing research has
analyzed the response outcomes to everolimus in patients with PIK3CA mutations; however,
results have been somewhat conflicting and further study is required [22, 26]. In the Phase II
TAMRAD study, clinical benefit seemed to be improved for the subgroup of patients in
whom estrogen resistance was acquired [27]. Specific biomarkers such as pS6K and 4EBP1
were analyzed in this study, and the combination arm of everolimus– tamoxifen showed a
correlation between these biomarkers of mTOR activation and efficacy in preliminary data.
It will be interesting to see additional in-depth biomarker analyses in large randomized trials
to define a particular patient population in which the response to therapies is robust. In
addition to the discovery of additional targets that modulate hormone resistance, future
preclinical and clinical studies will be able to better define appropriate patient
subpopulations that will respond to given therapies, thereby drastically improving on current
predictors of ‘good’ response.
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Executive summary

Background

▪ Given the clinical issue of endocrine resistance in breast cancer, researchers
have examined the pathways that lead to endocrine resistance in the hope of
identifying targets for drug development.

▪ Aberrant signaling through the mTOR pathway is implicated in endocrine
resistance.

▪ Everolimus is a mTOR inhibitor that has shown efficacy in a Phase II trial in
combination with letrozole, as well as in the ongoing Phase II TAMRAD trial
where it is combined with tamoxifen.

Methods

▪ The BOLERO-2 trial is an ongoing randomized, international, Phase III trial
examining the addition of daily oral 10 mg of everolimus to daily oral 25 mg
of exemestane compared with 25 mg of exemestane plus placebo.

▪ Hormone receptor-positive, postmenopausal, advanced breast cancer patients
were stratified according to visceral metastasis and prior response to
endocrine therapy.

▪ The primary end point was progression-free survival, with secondary end
points of response rate, clinical benefit rate, time to deterioration of Eastern
Cooperative Oncology Group (ECOG) status, safety, quality of life and
overall survival.

Results

▪ At the interim analysis the trial met its primary end point of progression-free
survival.

▪ According to local investigators, the median progression-free survival was
6.9 months for the combination everolimus–exemestane arm versus 2.8
months for the placebo–exemestane arm (hazard ratio for progression or
death: 0.43; 95% CI: 0.35–0.54; p < 0.001).

▪ According to the central assessment, the median progression-free survival
was 10.6 months for the combination everolimus–exemestane arm and 4.1
months for the placebo–exemestane arm (hazard ratio: 0.36; 95% CI: 0.27–
0.47; p < 0.001).

▪ Overall response rates were calculated as being more similar between local
and central assessment with 9.5 and 7% response rate, respectively, in the
everolimus–exemestane arm and 0.4% for both assessments in the placebo–
exemestane arm.

▪ Serious adverse events were more common in the everolimus–exemestane
arm (23%) compared with the placebo–exemestane arm (12%).

▪ Adverse events leading to discontinuation of drug were more common in the
everolimus–exemestane arm (19%) versus the placebo–exemestane arm
(4%).

▪ The most common adverse events (grade 3 or 4) in the everolimus–
exemestane arm compared with the placebo–exemestane arm were stomatitis
(8 vs 1%), anemia (6 vs <1%), fatigue (4 vs 1%) and pneumonitis (3 vs 0%).
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Conclusion

▪ The combination of exemestane and everolimus has increased efficacy
compared with exemestane alone with respect to progression-free survival in
a patient population of postmenopausal, hormone receptor-positive, advanced
breast cancer patients.

▪ Everolimus has significantly greater toxicity compared with placebo.

▪ The role for combination therapy in hormone-refractory breast cancer is
evolving and may include everolimus.
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Figure 1. PI3K–AKT–mTOR pathway
mTORC: mTOR complex.
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