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ABSTRACT

Background: Breast cancer and its treatments are associated with a detrimental effect on bone health. Here we
report the results of an exploratory analysis assessing changes in levels of biomarkers of bone metabolism in
patients enrolled in the phase IIIb 4EVER study.

Methods: The 4EVER trial investigated everolimus in combination with exemestane in postmenopausal women
with hormone receptor-positive, human epidermal growth factor receptor 2-negative locally advanced or me-
tastatic breast cancer. In this prespecified exploratory analysis, changes in biomarkers of bone turnover were
assessed in patients from baseline to weeks 4, 12, and 24. The serum bone markers assessed were procollagen
type 1 N-terminal propeptide (P1NP), C-terminal cross-linking telopeptide of type 1 collagen (CTX), osteocalcin,
parathyroid hormone (PTH), and 25-hydroxyvitamin D (25-OH-vitamin D). On-treatment changes in bone
markers over time were described per subgroup of interest and efficacy outcomes.

Results: Bone marker data were available for 241 of 299 enrolled patients. At the final assessment, PINP,

Abbreviations: 25-OH-vitamin D, 25-hydroxyvitamin D; ART, antiresorptive therapy; BSAP, bone-specific alkaline phosphatase; CI, confidence interval; CTX, C-
terminal cross-linking telopeptide of type 1 collagen; HER2, human epidermal growth factor receptor 2; HR +, hormone receptor-positive; mTOR, mammalian target
of rapamycin; NSAIL non-steroidal aromatase inhibitor; OR, overall response; ORR, overall response rate; ORR24,, overall response rate within the first 24 weeks of
treatment; P1NP, procollagen type 1 N-terminal peptide; PFS, progression-free survival; PTH, parathyroid hormone; SD, standard deviation; SRE, skeletal-related

event
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osteocalcin, PTH, 25-OH-vitamin D (all P < 0.001), and CTX (P = 0.036) were significantly decreased from
baseline values per the Wilcoxon signed-rank test. At the last assessment (24 weeks or earlier), levels of serum
CTX and PTH were significantly lower (P = 0.009 and P = 0.034, respectively) among patients with vs. without
prior antiresorptive treatment (ART). Serum CTX levels were significantly lower (P < 0.001), and
25-OH-vitamin D concentrations significantly higher (P = 0.029), at the last postbaseline assessment in patients
receiving concomitant ART vs. those without ART. Changes from baseline in PTH and 25-OH-vitamin D con-
centrations to the final assessment were significantly smaller in patients with prior ART. Lower baseline serum
concentrations of osteocalcin and PTH were associated with clinical response (partial vs. non-response) at 24
weeks. High serum levels of CTX and PI1NP at baseline were risk factors for progression at 12 weeks.
Conclusions: These exploratory analyses support use of everolimus plus exemestane for the treatment of post-
menopausal women with hormone receptor-positive, human epidermal growth factor receptor 2-negative ad-
vanced breast cancer, and add to the body of evidence suggesting a potentially favorable impact of everolimus on
bone turnover.

Trial registration: NCT01626222. Registered 22 June 2012, https://clinicaltrials.gov/ct2/show/NCT01626222.

1. Introduction

The integrity of the skeleton can be negatively influenced by me-
tastatic involvement and cancer therapy-related adverse effects on bone
turnover [1]. In women with advanced breast cancer, poor bone health
can lead to skeletal-related events (SREs), such as pathological fracture,
spinal cord compression, hypercalcemia, and an increased need for
palliative radiotherapy or orthopedic surgery to bone, that may se-
verely compromise quality of life [2]. Preserving bone health while
maximizing treatment outcomes is therefore an important objective of
therapy for patients with advanced breast cancer [2,3].

The phase III BOLERO-2 trial demonstrated that addition of the
mammalian target of rapamycin (mTOR) inhibitor everolimus to en-
docrine therapy with exemestane significantly prolonged the response
period in postmenopausal women with hormone receptor-positive
(HR+), human epidermal growth factor receptor 2 (HER2)-negative
advanced breast cancer that had progressed on prior non-steroidal ar-
omatase inhibitor (NSAI) treatment [4,5]. Progression-free survival
(PFS) was extended in patients who received the combination vs. ex-
emestane alone (7.8 months vs. 3.2 months, hazard ratio = 0.45; 95%
confidence interval [CI]: 0.38-0.54; P < 0.0001) [4]. Regulatory ap-
proval was granted for this combination, based on the results of the
aforementioned study [4]. Exploratory analyses of BOLERO-2 indicated
that treatment with everolimus had beneficial effects on bone home-
ostasis, assessed by a decrease in bone turnover markers (bone-specific
alkaline phosphatase [BSAP], procollagen type 1 N-terminal propeptide
[PINP], and C-terminal cross-linking telopeptide of type 1 collagen
[CTX]) relative to baseline, and reduced progressive disease in bone vs.

exemestane alone [6].

The single-arm phase IIIb 4EVER trial (ClinicalTrials.gov identifier:
NCT01626222) investigated the combination of everolimus and ex-
emestane for the treatment of postmenopausal women with HR+,
HER2-negative locally advanced or metastatic breast cancer. Compared
with BOLERO-2, the inclusion criteria for the 4EVER trial did not re-
strict the number of prior chemotherapy lines, the time of recurrence
and progression after NSAI therapy, and allowed prior exemestane
treatment. The primary results of this trial have been presented pre-
viously [7]. Here, we report on a prespecified exploratory endpoint of
the 4EVER trial analyzing markers of bone turnover to assess the impact
of everolimus on bone.

2. Methods
2.1. Study design and patients

4EVER (ClinicalTrials.gov identifier: NCT01626222) was a multi-
center, open-label, single-arm, phase IIIb trial conducted in Germany.
The study design has been described previously [7].

Patients were postmenopausal women with HR +, HER2-negative
locally advanced or metastatic breast cancer that had progressed
following treatment with an NSAI (letrozole or anastrozole; Fig. 1).
Progression was defined as recurrence while on, or following comple-
tion of adjuvant treatment with an NSAIL or progression while on, or
following completion of NSAI therapy for locally advanced or
metastatic breast cancer. Other eligibility criteria have been described
previously [7].

Postmenopausal women

Serum biomarkers
of bone metabolism

with HR+, HER2- ABC
following NSAI

Time points (weeks)
Study assessments
Biomarker assessments t t

Everolimus 10 mg/d CTX
- + - Osteocalcin
Exemestane 25 mg/d P1NP
PTH
Vitamin D
Primary Final
Analysis Analysis

4
Treatment for 48 weeks or until progression, unacceptable
toxicity, death, or consent withdrawal

Fig. 1. Study design. Abbreviations: ABC, advanced breast cancer; CTX, C-terminal cross-linking telopeptide of type 1 collagen; d, day; HER2—, human epidermal
growth factor receptor 2-negative; HR +, hormone receptor-positive; NSAI, non-steroidal aromatase inhibitor; P1NP, procollagen type 1 N-terminal peptide; PTH,

parathyroid hormone.
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The protocol was reviewed and approved by the institutional review
board at each participating center, each of which provided ethical ap-
proval for the collection of the data described in this report. The study
was conducted in accordance with the ICH Harmonized Tripartite
Guidelines for Good Clinical Practice, with applicable local regulations,
and with the ethical principles laid down in the Declaration of Helsinki.
All patients provided written informed consent for inclusion in this
research.

2.2. Treatment and dose modifications

Patients received 10 mg/day everolimus and 25 mg/day exemestane
orally for 48 weeks, or until disease progression, unacceptable toxicity,
death, or discontinuation for any other reason. Dose adjustments were
performed as described previously [7].

2.3. Efficacy and safety assessments

The primary study endpoint was overall response rate (ORR), de-
fined as the proportion of patients with a best overall response of
complete response or partial response within the first 24 weeks of
treatment (ORRy4y,), and has been reported elsewhere [7].

2.4. Bone marker assessments

Assessment of percentage change in serum biomarkers of bone
turnover was a protocol-defined exploratory objective to evaluate the
potential protective effects of everolimus on bone. The bone markers
measured allowed for assessment of: bone formation (P1NP, osteo-
calcin); osteoclast activation and bone resorption (CTX); parathyroid
hormone [PTH]; and markers of overall bone health (25-hydro-
xyvitamin D [25-OH-vitamin D]).

Changes in blood levels of bone metabolism biomarkers were as-
sessed from baseline to weeks 4, 12, and 24, or the last postbaseline
assessment (24 weeks or earlier); samples were to be optimally col-
lected in the morning following an overnight fast of at least 8 h, and
performed consistently during study visits. Samples were stored at
-80°C and shipped to the central laboratory at the Department of
Gynecological Endocrinology, Reproductive Medicine and Osteoporosis
at the Philipps University of Marburg, Germany. All analyses (P1NP,
osteocalcin, CTX, PTH, and 25-OH-vitamin D) were assessed using
commercially available ELISA kits (COBAS device, Roche Diagnostics
GmbH, Germany), in a single batch at the end of the study.

Subgroup analyses of bone marker changes over time were performed
considering the following variables: presence of bone metastasis; prior
antiresorptive therapy (ART; selected using the World Health Organization
Drug Dictionary, Anatomical Therapeutic Chemical index, MO5B classifi-
cation [drugs affecting bone structure and mineralization]); ART con-
comitant with study medication; prior radiation to bone; prior bone
fracture; and bone fracture while on study (yes/no for all).

2.5. Statistical analyses

Analysis of the primary endpoint of ORRa4, has been reported
elsewhere [7].

Differences in bone marker serum concentrations between baseline
time-point measurements and the first postbaseline value (4 weeks) or
the last postbaseline value (24 weeks or earlier) were evaluated using
the Wilcoxon signed-rank test. The Wilcoxon rank-sum test was used to
evaluate differences in bone marker serum concentrations according to
patient and treatment characteristics. P-values are two-sided, with P
less than 0.05 indicating statistical significance. The Kruskal-Wallis test
was used to determine any association between baseline bone marker
concentrations and best clinical response by weeks 24 and 48. Cox re-
gression analyses were used to evaluate the presence of any relationship
between PFS and baseline bone marker concentrations and any changes
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in bone marker concentrations at weeks 4 and 12. A logistic regression
model was used to analyze any relationship between bone marker
concentrations and disease progression after 12 weeks (yes/no) pre-
sented as odds ratio (OR) with associated Wald 95% CI.

3. Results

A total of 299 patients were enrolled in the 4EVER study from
25 June 2012 to 26 November 2013 at 82 study centers in Germany.
For the primary assessment, all 299 patients were included in the safety
analyses, and 281 patients were included in the full analysis set. Data
validity issues led to the exclusion of 18 patients, as described else-
where [7].

Data on bone markers were available for 241/281 (86%) patients.
Reasons for missing samples included samples not being collected or
analyzed per the protocol. Median treatment exposure for patients in-
cluded in the bone biomarker analysis was 3.8 months for everolimus
and 4.2 months for exemestane.

The median age of women in the bone marker analysis was 67 years
(35-85 years), most were Caucasian (99.2%), and the majority had an
Eastern Cooperative Oncology Group performance status of O at base-
line (60.8%; Table 1). All patients were postmenopausal, as required by
the protocol. The characteristics of patients in the bone marker popu-
lation were consistent with those included in the full population. A total
of 143 (59.3%) patients had bone metastases at baseline. Fifty-eight
patients (24.1%) had previous ART use for a median of 30 months
before starting everolimus, including zoledronic acid in 42 patients
(17.4%), ibandronic acid in 11 patients (4.6%), and disodium pami-
dronate in seven patients (2.9%); 152 patients (63.1%) were taking
ART concomitantly with study medication. Overall, 56 patients (23.2%)
had received prior radiation to bone; 11 patients (4.6%) had experi-
enced a bone fracture prior to study entry; and four patients (1.7%)
experienced a bone fracture while on study.

3.1. Efficacy

The primary objective of the study (ORRa4y) has been reported
previously (8.9% [95% CI: 5.8-12.9]) [7].

3.2. Bone marker assessments

For the overall population of patients with bone marker assess-
ments, serum bone marker concentrations and changes from baseline to
week 4 and the last postbaseline visit (last assessment at week 24 or
earlier) are shown in Table 2. At baseline, mean serum concentrations
of key bone markers were within relevant reference ranges [8], in-
cluding PINP (mean: 84.09ng/ml [standard deviation; SD: 91.63];
reference range: 16-96ng/ml), osteocalcin (mean: 10.71ng/ml
[SD: 9.04]; reference range: 9-42ng/ml), CTX (mean: 0.15ng/ml
[SD: 0.34]; reference range: 0.10-1.01 ng/ml), PTH (mean: 42.99 pg/ml
[SD: 204.36]; reference range: 15-65 pg/ml), and 25-OH-vitamin D
(mean: 24.62 ng/ml [SD: 13.76]; reference range: 20-50 ng/ml; Table 2).

At the first postbaseline assessment (4 weeks), significant decreases
from baseline were observed for serum levels of PINP (mean [SD]
change: -22.16ng/ml [62.18]; P < 0.001) and 25-OH-vitamin D
(mean [SD] change: -1.29ng/ml [3.83]; P < 0.001), while a sig-
nificant increase from baseline was observed for PTH (mean [SD]
change: 1.55 pg/ml [82.67]; P = 0.008; Table 2). At the last post-
baseline assessment, significant reductions from baseline were reported
for all of these bone markers: PINP (mean [SD] change: -24.29
[78.68] ng/ml; P < 0.001); osteocalcin (mean [SD] change: -1.45
[7.05] ng/ml; P < 0.001); PTH (mean [SD] change: -3.18
[220.51] pg/ml; P < 0.001), 25-OH-vitamin D (mean [SD] change:
-1.96 [5.81] ng/ml; P < 0.001); and CTX (mean [SD] change: —0.01
[0.36] ng/ml; P = 0.036; Table 2). All mean values remained within
relevant reference ranges.
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bone irradiation, or prior fracture (Table 3).

On-treatment changes from baseline in bone biomarker values were
also evaluated according to the same patient disease and treatment
characteristics at the last postbaseline assessment time-point. Patients
receiving prior ART before starting study treatment experienced smaller
changes from baseline in serum PTH (P = 0.026) and 25-OH-vitamin D
(P = 0.039) than those without prior ART. No differences in absolute
change from baseline were observed for any other bone biomarker re-
ported here, by patient or treatment characteristic.

Baseline bone biomarkers were evaluated according to best overall
response within the first 24 weeks of treatment. Baseline serum con-
centrations of osteocalcin (P = 0.048) and PTH (P = 0.032) were sig-
nificantly lower in patients with better clinical responses (partial
response vs. non-responders [unknown, progressive disease, stable
disease]) after 24 weeks of treatment with everolimus plus exemestane
(Fig. 2). Baseline serum concentrations of CTX (P = 0.020) and osteo-
calcin (P = 0.012) were significantly lower in patients with better
clinical responses vs. non-responders, as assessed after 48 weeks of
study treatment (Fig. 3). Of note, 73 (30.3%) and 59 (24.5%) patients
had an unknown response status at 24 weeks and 48 weeks, respec-
tively, due to early discontinuation of study treatment, missing
Response Evaluation Criteria In Solid Tumors data at week 24 or 48, or
loss to follow-up; these patients were regarded as non-responders.

The correlation between PFS and baseline bone markers, change in
bone markers at 4 weeks, and change in bone markers at 12 weeks was
assessed. Multiple logistic regression analysis did not show any statis-
tically relevant influences of baseline bone marker levels on progression
status at week 12 (the analysis used progression status [yes/no] at
week 12, rather than PFS, as a dependent variable). A logistic regres-
sion model for progression suggested that high values for CTX and
PINP at baseline tended to be higher risk factors for progression at
12 weeks (OR: 1.534 [1.042-2.258] for CTX and 1.072 [1.019-1.127]
for PINP), while high values for PTH and osteocalcin tended to be
lower risk factors for progression at 12 weeks (OR: 0.928 [0.873-0.988]
for PTH and 0.268 [0.120-0.598] for osteocalcin).
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3.3. Safety

The safety profile of everolimus plus exemestane in the 4EVER study
has been reported previously [7]. In the full safety population
(N = 299), the most frequent all-grade adverse events were stomatitis,
fatigue, diarrhea, nausea, decreased appetite, and dyspnea, which are
consistent with the known safety profile of everolimus plus exemestane
in this setting. Adverse events affecting the skeleton included: fracture
(eight patients; 2.7%), osteonecrosis of the jaw (two patients; 0.7%),
and osteoporosis (one patient; 0.3%).

4. Discussion

In this exploratory analysis of the phase IIIb single-arm 4EVER
study, we studied the effect of everolimus plus exemestane on levels of
bone metabolism biomarkers in a population of patients with advanced
HR+, HER2-negative breast cancer. Patients included in this trial had
no restrictions on the number of previous chemotherapy lines for ad-
vanced disease, time of recurrence or progression after NSAI therapy, or
previous exemestane therapy. Over the course of the study, statistically
significant changes relative to baseline were observed in mean levels of
certain biomarkers indicative of bone turnover: decreases were ob-
served in levels of bone formation biomarkers (P1NP and osteocalcin),
bone resorption biomarkers (CTX and PTH), and 25-OH-vitamin D (an
important regulator of bone turnover involved in mineralization and
responsible for bone formation and resorption). The absence of a
comparator arm limits the interpretation of the analyses. Nevertheless,
these exploratory analyses support use of everolimus plus exemestane
for the treatment of postmenopausal women with HR +, HER2-negative
advanced breast cancer, and add to the body of evidence suggesting a
potentially favorable impact of everolimus on bone turnover.

The findings presented here align with the pattern of bone bio-
marker changes observed in the experimental arm (everolimus plus
exemestane) of the pivotal phase III BOLERO-2 study. In BOLERO-2,
mean P1NP, CTX, and BSAP levels decreased over the course of the
study in the everolimus plus exemestane arm, while they increased in
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Fig. 2. Median baseline bone biomarker levels according to best overall response after 24 weeks of treatment. Statistical significance was accepted when P < 0.05.
P-values for difference in baseline biomarker values based on overall response were established using the Kruskal-Wallis test. Patients were classified with an
unknown response status at 24 weeks due to early discontinuation of study treatment, missing Response Evaluation Criteria In Solid Tumors data at week 24, or loss
to follow-up. Abbreviations: CTX, C-terminal cross-linking telopeptide of type 1 collagen; P1NP, procollagen type 1 N-terminal peptide; PTH, parathyroid hormone.
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Fig. 3. Median baseline bone biomarker levels according to best overall response after 48 weeks of treatment. Statistical significance was accepted when P < 0.05.
P-values for difference in baseline biomarker values based on overall response were established using the Kruskal-Wallis test. Patients were classified with an
unknown response status at 48 weeks due to early discontinuation of study treatment, missing Response Evaluation Criteria In Solid Tumors data at week 48, or loss
to follow-up. Abbreviations: CTX, C-terminal cross-linking telopeptide of type 1 collagen; P1NP, procollagen type 1 N-terminal peptide; PTH, parathyroid hormone.

the exemestane plus placebo arm [6]. The authors of that study pro-
posed that these findings suggest a bone protective effect with ever-
olimus that counters the well-documented negative effect of ex-
emestane on skeletal integrity [6,9,10]. The additional bone biomarkers
measured in the 4EVER study (PTH, osteocalcin, and 25-OH-vitamin D)
relative to BOLERO-2 provide further information on the effect of
everolimus plus exemestane on bone turnover. In particular, the ob-
served decrease in PTH with everolimus plus exemestane may indicate
lower levels of osteoclast activation.

The 4EVER study more closely represented a ‘real-world’ population
of postmenopausal patients with HR 4+, HER2-negative advanced breast
cancer compared with the selected group of patients included in the
BOLERO-2 trial. Patients in the 4EVER study had more advanced dis-
ease and were more heavily pretreated than those in BOLERO-2 [4,5].
For example, a larger proportion of patients recruited into the 4EVER
study had received multiple lines of endocrine treatment vs. BOLERO-2,
which may have adversely impacted bone health prior to study entry.
Furthermore, over 50% of patients in the 4EVER study had already been
exposed to palliative chemotherapy. Previous studies in patients re-
ceiving chemotherapy for early breast cancer in the neoadjuvant or
adjuvant settings unequivocally show that modern regimens including
alkylating agents as well as anthracyclines and taxanes are likely to
exhibit detrimental effects on bone metabolism, which may be best
classified as a direct inhibition of osteoblast function [11,12]. Never-
theless, the effect of chemotherapy for advanced breast cancer on bone
metabolism still needs to be clarified. A limitation of the present study
was that no information on the prior use of anti-angiogenic agents, such
as bevacizumab, was available for the bone marker population, as these
compounds are likely to negatively impact bone metabolism.

A bone protective effect with everolimus is supported by the results of
preclinical studies. Everolimus was shown to impair osteoclastogenesis in
vitro, but has little or no effect on osteoblastogenesis [13]. A further in
vitro study showed that downregulation of mTOR reduced bone resorp-
tion, decreased osteoclast maturation, and increased osteoclast apoptosis
[14]. Cell line models have indicated that this bone protective effect may

be driven through upregulation of osteoprotegerin [15], a decoy receptor
for receptor activator of nuclear factor kappa-B ligand (RANKL), which is
required for osteoclastogenesis and osteoclast activation (Fig. 4) [16]. In
vivo, in addition to preventing tumor growth, everolimus restored ovar-
iectomized-induced bone loss in rat/murine models through reduced os-
teoclast-mediated bone resorption [13,17]. Further assessment by bone
histomorphometry confirmed that the positive effects of everolimus on
skeletal integrity were achieved through inhibition of osteoclast-mediated
bone resorption [13].

In the present study, it was expected that levels of bone metabolism
biomarkers would change from baseline when bone metastasis were pre-
sent to reflect the increase in osteoclast activity, especially in those pa-
tients not receiving ART; however, no interaction between bone metastasis
and differences in bone biomarker serum levels was detected. Levels of
CTX, a marker of bone resorption, were higher in patients without prior
ART vs. patients with prior ART. Furthermore, patients who received
concomitant ART had lower levels of CTX, and higher 25-OH-vitamin D.
These effects are consistent with the expected impact of an antiresorptive
therapy on osteoclast activity and improved overall bone health. A lim-
itation of the present study was that no information on concomitant
vitamin D supplementation was collected. Patients receiving ART are more
likely to be taking supplemental vitamin D, and this in turn may affect the
levels of bone biomarkers measured. Nevertheless, the possible influence
of 25-OH-vitamin D on cancer-specific outcomes is irrespective of its origin
(exogenous vs. endogenous).

When the association between bone biomarkers and patient clinical
outcome was examined, lower baseline serum concentrations of CTX
were observed in patients with better clinical response at 48 weeks; this
was consistent with the finding using a logistic regression model
identifying high CTX levels as a high-risk factor for progression at
12 weeks. Although high P1NP levels were found to be another high-
risk factor for progression at 12 weeks by the logistic regression model,
changes in PINP were not associated with any of the variables tested.
Although these findings are promising, the results should be interpreted
carefully due to the small sample size of responders.
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sclerosis complex.

5. Conclusions

Endocrine therapy for breast cancer, particularly aromatase in-
hibitors, reduces bone mass by promoting osteoclastic bone resorption.
In patients with advanced cancer, the consequent SREs can severely
compromise quality of life. Preserving bone health while maximizing
treatment outcomes is therefore an important objective of breast cancer
therapy. Overall, the exploratory findings from the 4EVER trial support
use of everolimus plus exemestane for the treatment of postmenopausal
women with HR +, HER2-negative advanced breast cancer; they add to
the body of preclinical and clinical evidence showing that everolimus
may have an impact on bone mineral density, and thereby may prevent
the SREs that can impact quality of life. Importantly, we provide

supplementary clinical evidence to support our conclusions by pre-
senting additional bone biomarkers not previously measured in
BOLERO-2.
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