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Abstract Endocrine therapy (ET) with aromatase inhib-
itors (AIs) has become the standard of care for post-
menopausal women with hormone-receptor–positive
(HR+) advanced breast cancer (ABC); however, pro-
gression following initial treatment remains a major
clinical challenge given the large patient population,
many of whom develop progressive disease. There is
an unmet need for treatment strategies that can over-
come endocrine resistance. Growth factor-mediated sig-
naling pathways, such as the phosphatidylinositol-3-
kinase/protein kinase B/mammalian target of rapamycin
(PI3K/AKT/mTOR) pathway, contribute to estrogen-
independent growth that may lead to endocrine resis-
tance. Preclinical studies have demonstrated that the
use of mTOR inhibitors, such as everolimus and tem-
sirolimus, is a promising strategy to potentially en-
hance endocrine sensitivity in ABC. This review will
focus on the current ET options for women with HR+

ABC who have progressed on prior AI therapy, the
role of mTOR-mediated signaling in breast cancer,
and the clinical evidence supporting the use of mTOR
inhibitors.
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Introduction

Up to 75 % of invasive breast cancers (BCs) are classified as
hormone-receptor–positive (HR+; defined as estrogen-
receptor–positive and progesterone-receptor–positive [ER+/
PgR+]) [1]. Endocrine therapy (ET), particularly with aro-
matase inhibitors (AIs) such as anastrozole, letrozole, and
exemestane, has become the standard of care for patients
with HR+ advanced breast cancer (ABC); however, endo-
crine resistance remains a major clinical challenge. Up to
50 % of patients with HR+ ABC have primary resistance
and do not respond to initial ET [2]. In almost all women,
even those responding to initial therapy, acquired or second-
ary resistance will lead to disease progression despite ET.
Signaling through growth factor receptor pathways and
second messengers that can activate estrogen receptor
(ER)-mediated cellular processes are emerging as important
causes of endocrine resistance. This review will focus on the
current ET options for patients with HR+ ABC who have
progressed on prior AI therapy, the role of mammalian target
of rapamycin (mTOR)-mediated signaling in BC, and the
clinical evidence supporting the use of mTOR inhibitors
such as everolimus.

Current Treatment Options for HR+ ABC Following
Progression on AI Therapy

International guidelines state that women with HR+ ABC
progressing on initial ET may benefit from sequential use of
ET [3•, 4•]. Chemotherapy is only recommended after three
consecutive ET regimens with no clinical benefit, or in the
presence of visceral crisis [4•]. Several ET switching
approaches have been described [5]. Patients who have
progressed on nonsteroidal AIs (eg, anastrozole and letro-
zole) may be switched to the steroidal AI exemestane, or to
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an ER down-regulator such as fulvestrant. Regardless of the
sequence used, duration of benefit from second-line ET after
an AI tends to be short (approximately 3–5 months).

Clinical trials of ET for ABC have mostly evaluated
efficacy in patients pretreated with tamoxifen. Limited stud-
ies have evaluated ET for patients with ABC who have
progressed on prior AI therapy (Table 1) [6–8]. The EFECT
trial evaluated treatment with fulvestrant 250 mg/month (n0
351) versus exemestane 25 mg/day (n0342) in postmeno-
pausal women (PMW) with HR+ ABC who had progressed
on nonsteroidal AI therapy in the adjuvant or first-line
metastatic setting [6]. This trial failed to meet the primary
endpoint, superiority of fulvestrant versus exemestane to
extend time to progression (TTP); however, based on a
retrospective non-inferiority analysis at a median follow-
up of 13.0 months, TTP was 3.7 months in both arms (P0
0.653). Objective response rate (ORR) and clinical benefit
rate (CBR) were also similar between arms. In the CON-
FIRM trial, PMW with HR+ ABC who had progressed on
previous ET in the adjuvant or first-line metastatic setting
were randomized to high-dose (500 mg/month; n0362) or
low-dose (250 mg/month; n0374) fulvestrant [7]. For

42.5 % of patients, the last ET before fulvestrant treatment
was an AI. Overall, progression-free survival (PFS) was
1 month longer in the 500-mg fulvestrant arm compared
with the 250-mg fulvestrant arm (6.5 versus 5.5 months,
respectively; P00.006). Subgroup analyses demonstrated
that patients who last received an AI derived less PFS
benefit from high-dose fulvestrant than patients who last
received antiestrogen therapy. Patients with visceral in-
volvement derived less benefit than patients without. High-
dose fulvestrant was not associated with an increase in ORR
or CBR compared with low-dose fulvestrant. The SoFEA
trial evaluated combination treatment with fulvestrant
250 mg/month plus anastrozole 1 mg/day versus fulvestrant
250 mg/month or exemestane 25 mg/day (n0250 for all) in
PMW with HR+ ABC who had progressed on previous
nonsteroidal AI therapy in the adjuvant or first-line meta-
static setting [8]. Median PFS was similar in the combina-
tion arm (4.4 months) compared with fulvestrant alone
(4.8 months; P00.98), and was also similar in the
fulvestrant-alone arm (4.8 months) compared with exemes-
tane alone (3.4 months; P00.56). Overall survival (OS) and
ORR were also similar between groups. These results

Table 1 Endocrine therapy options for HR+ advanced breast cancer after progression on prior AI therapy

Study Phase Design Patient Population N, Treatment Primary Endpoint Secondary Endpoints

EFECT [6] 3 Randomized,
double blind,
double-
dummy

PMW with HR+ ABC,
progression on NSAI
in adjuvant or 1st-line
metastatic setting
(100 %
had prior NSAI)

N0693 TTP ORR

• FUL (250 mg/mo):
n0351

• FUL vs. EXE: 3.7
vs. 3.7 mo; P00.653

• FUL vs. EXE: 7.4 % vs.
6.7 %; P00.736

• EXE (25 mg/d):
n0342

CBR

• FUL vs. EXE: 32.2 % vs.
31.5 %; P00.853

CONFIRM
[7]

3 Randomized,
double blind,
parallel-group

PWM with HR+ ABC,
progression on ET in
adjuvant or 1st-line
metastatic setting
(42.5 % had prior AI)

N0736 PFS ORR

• FUL (500 mg/mo):
n0362

• FUL 500 mg vs.
FUL 250 mg: 6.5 vs.
5.5 mo; P00.006

• FUL 500 mg vs. FUL
250 mg: 9.1 % vs. 10.2 %;
P00.795

• FUL (250 mg/mo):
n0374

CBR

• FUL 500 mg vs. FUL 250
mg: 45.6 % vs. 39.6 %;
P00.100

SoFEA [8] 3 Randomized,
partially
blinded

PMW with HR+ ABC,
progression on NSAI
in adjuvant or 1st-line
metastatic setting
(100 % had prior NSAI)

N0750 PFS OS

• FUL (250 mg/mo)
+ANA
(1 mg/d): n0250

• FUL+ANA vs. FUL:
4.4 vs. 4.8 mo; P00.98

• FUL+ANA vs. FUL:
20.2 vs. 19.4 mo; P00.61

• FUL (250 mg/mo):
n0250

• FUL vs. EXE: 4.8 vs.
3.4 mo; P00.56

• FUL vs. EXE: 19.4 vs.
21.6 mo; P00.68

• EXE (25 mg/d):
n0250

ORR

• FUL+ANA vs. FUL:
7.4 % vs. 6.9 %; P00.82

• FUL vs. EXE: 6.9 % vs.
3.6 %; P00.10

ABC, advanced breast cancer; AI, aromatase inhibitor; ANA, anastrozole; CBR, clinical benefit rate; ET, endocrine therapy; EXE, exemestane; FUL,
fulvestrant; HR+ , hormone receptor-positive; mo, month; NSAI, nonsteroidal aromatase inhibitor; ORR, objective response rate; OS, overall
survival; PFS, progression-free survival; PMW, postmenopausal women; TTP, time to progression; vs., versus
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demonstrate that treatment with fulvestrant or exemestane
provides between 3 and 5 months of clinical benefit in
patients with advanced disease, who have progressed on
prior AI therapy. There is no demonstrated benefit to adding
an AI to fulvestrant (ie, concomitant use of two agents that
target the same endocrine signaling pathway) in this setting.
Therefore, additional treatment strategies are needed for
women with HR+ ABC who have progressed on prior AI
therapy. Recent evidence suggests that dual inhibition of the
ER pathway and compensatory pathways involved in
estrogen-independent proliferation is a promising approach
[9, 10•].

Role of mTOR in Endocrine Resistance

The majority of women with BC (up to 75 %) have ER+

disease, thereby underscoring the importance of managing

progressive ABC [1]. Signaling via ER is mediated by the
classic ligand-dependent pathway and by the more recently
appreciated ligand-independent pathways. Upregulation and
activation of receptor tyrosine kinase (RTK)-mediated path-
ways through ligand-independent activation of ER is one
mechanism of endocrine resistance (Fig. 1) [11]. Another
mechanism is enhanced downstream signaling via the
phosphatidylinositol-3-kinase/protein kinase B/mTOR
(PI3K/AKT/mTOR) pathway; mTOR is a serine/threonine
protein kinase that regulates cell proliferation, migration,
survival, metabolism, and apoptosis by controlling these
processes at the translational level [12]. One of the
main downstream substrates of mTOR is ribosomal
p70 S6 kinase (S6K1), which can phosphorylate ER to
induce ligand-independent activation. Although mTOR
is placed directly downstream of PI3K/AKT in a linear
pathway, AKT may also regulate mTOR through a more
complex signaling cascade.

Fig. 1 Role of PI3K/AKT/mTOR signaling in estrogen-independent
growth in breast cancer. In addition to ER-mediated signaling (right
side), other growth factor-mediated signaling pathways (left side) also
play a role in ABC. There is crosstalk between ER-mediated and other
growth factor-mediated signaling pathways, such as the PI3K/AKT/
mTOR pathway. Activation of the PI3K/AKT/mTOR pathway leads to
ligand-independent activation of ER. Therefore, combined targeting of
both ER and PI3K/AKT/mTOR pathways is a promising treatment
approach for HR+ ABC. In addition, crosstalk between the PI3K/

AKT/mTOR pathway and signaling through tyrosine kinases including
HER2 support a role for mTOR inhibition in enhancing trastuzumab
sensitivity and reversing resistance to anti-HER2 therapies in HER2+

BC. ABC, advanced breast cancer; AKT, protein kinase B; BC, breast
cancer; ER, estrogen receptor; HER2, human epidermal growth factor
receptor; HR+, hormone-receptor–positive; mTOR, mammalian target
of rapamycin; PI3K, phosphatidylinositol-3-kinase. Adapted from
Osborne CK, et al. [11]
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The PI3K/AKT signaling pathway is dysregulated in
many human cancers, including BC, leading to upregulation
of mTOR-mediated signaling [13]. Somatic mutations in the
gene for PI3K (PIK3CA) have been observed in approxi-
mately 20–25 % of primary breast tumors, and approximate-
ly 9 % of tumors also harbor a gain of PIK3CA gene copy
number [14, 15]. Moreover, 15–35 % of patients with BC
have reduced expression of phosphatase and tensin homolog
deleted on chromosome 10 (PTEN), which is an endoge-
nous inhibitor of the PI3K/AKT pathway [16].

Inhibition of mTOR has the potential to affect the pro-
gression of BC by modulating RTK-dependent and
estrogen-dependent, as well as estrogen-independent, path-
ways. Preclinical studies have demonstrated that estrogen-
dependent cells cultured long-term in estrogen-depleted me-
dium (mimics resistance to AI therapy) rely on mTOR
signaling for growth and are excessively sensitive to its
inhibition [17, 18]. Preclinical studies have shown that
mTOR inhibition can enhance sensitivity of endocrine-
resistant BC cells to ET [19–21].

Clinical Activity of mTOR Inhibitors in ABC

Temsirolimus

Temsirolimus (Torisel®, Wyeth Pharmaceuticals Inc, a sub-
sidiary of Pfizer Inc, Philadelphia, PA) is an intravenous
rapamycin derivative that inhibits mTOR [22]. In a Phase 2
study, heavily pretreated patients (N0109) with locally ad-
vanced or metastatic BC were randomized to temsirolimus
75 or 250 mg/week as a 30-minute intravenous infusion
[23]. Approximately 38 % of patients had HR+ tumors and
36 % had tumors of unknown receptor status. Ten patients
achieved a partial response (PR) with a median time to
response of 1.9 months. Objective response rate was 9.2 %
and median TTP was 12 weeks. Although efficacy was
similar between arms, toxicity was more common with the
higher dose of temsirolimus. The most frequent
temsirolimus-related adverse events (AEs) were mucositis
(70 %), maculopapular rash (51 %), and nausea (43 %).
These results suggest that temsirolimus has antitumor activ-
ity in heavily pretreated patients with ABC.

Temsirolimus was also evaluated in women with locally
advanced or metastatic BC in combination with letrozole in
a three-arm, Phase 2 study [24]. Patients (N092) were
randomized to one of three cohorts: (1) temsirolimus
10 mg/day plus letrozole 2.5 mg/day; (2) intermittent tem-
sirolimus 30 mg daily for 5 days every 2 weeks plus letro-
zole 2.5 mg/day; or (3) letrozole 2.5 mg/day alone. Patients
in cohort 2 had a longer median PFS (11.5, 13.2, and
11.6 months, respectively), and a higher estimated rate of
PFS at 16 months (39 %, 45 %, and 27 %, respectively). The

most common AEs were: peripheral edema (46 %), asthenia
(42 %), and diarrhea (36 %) in cohort 1; asthenia (60 %),
diarrhea (43 %), and mucositis (43 %) in cohort 2; and
asthenia (55 %), arthralgia (31 %), and nausea (31 %) in
cohort 3. These results suggest that intermittent dosing of
temsirolimus in combination with letrozole may be more
efficacious than letrozole alone [24].

A Phase 3, randomized, double-blind study assessing
temsirolimus in combination with letrozole was conducted
in PMW with locally advanced or metastatic BC [25].
Patients (N01,112) were randomized to intermittent temsir-
olimus 30 mg (daily for 5 days every 2 weeks) plus letrozole
2.5 mg/day, or placebo plus letrozole 2.5 mg/day. Patients
who had received prior ET for advanced or metastatic dis-
ease were excluded. Approximately 56 % of patients were
ET-naive overall, and the remaining patients had only re-
ceived ET in the adjuvant setting; therefore, patients were
not selected for acquired endocrine resistance. Based on
interim results, there were no differences in ORR (27 %
for both arms), CBR (45 % versus 46 %, respectively), or
median PFS (8.8 versus 8.9 months, respectively; hazard
ratio 0.89; P00.1803) for the temsirolimus plus letrozole
arm versus letrozole alone. The most common grade≥3 AEs
were hyperglycemia (4 %), dyspnea, neutropenia, and gam-
ma glutamyltransferase increase (3 % for each) in the com-
bination arm; and dyspnea (3 %), bone pain (2 %), gamma
glutamyltransferase increase, and asthenia (1 % for both) in
the letrozole alone arm. These results suggest that addition
of temsirolimus to letrozole provides no improvement in
clinical benefit compared with letrozole alone in PMW with
ABC who had not received prior ET.

Everolimus

Everolimus (Afinitor®, Novartis Pharmaceuticals Corpora-
tion, East Hanover, NJ) is an oral rapamycin derivative that
inhibits mTOR [26]. An initial Phase 1 study evaluating
everolimus 5 versus 10 mg/day demonstrated that 10 mg/
day was adequately tolerated with promising activity [27].
The National Cancer Institute of Canada conducted a mul-
ticenter, noncomparative, randomized, Phase 2 study evalu-
ating two dosing schedules of everolimus (10 mg/day [n0
33] versus 70 mg/week [n016]) in minimally pretreated
patients with metastatic BC [28]. Approximately 84 % of
patients had received prior chemotherapy, 78 % had prior
ET, and 59 % had ER+ tumors. Response rate at 8 weeks
with daily everolimus was 12 % (95 % confidence interval
[CI]: 3.4–28.2 %) versus 0 % (95 % CI: 0.0–20.6 %) for
weekly everolimus. More patients progressed on weekly
versus daily everolimus (33 % versus 69 %, respectively).
Clinical benefit with daily everolimus was greater in
patients with ER+ tumors (42 %) compared with ER-
negative tumors (15 %). Adverse events were generally
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more common with daily administration versus weekly; the
most frequent grade≥3 AEs included fatigue (5 % in both
groups), granulocytopenia and lymphopenia (4 % versus
1 % for both), pneumonitis (3 % versus 0 %), and infection
(2 % versus 1 %). These data demonstrate that continuous
inhibition of mTOR-mediated signaling with everolimus
10 mg daily provides clinical benefit compared with weekly
administration.

A double-blind, Phase 2 study in the neoadjuvant setting
evaluated the combination of everolimus and letrozole in
PMW with ER+ BC [29]. In this study, 270 patients were
randomized to everolimus 10 mg/day plus letrozole 2.5 mg/
day or placebo plus letrozole 2.5 mg/day. Response rates by
both palpation (68.1 % versus 59.1 %; P00.062) and ultra-
sound (58.0 % versus 47.0 %; P00.035) were higher with
combination treatment versus letrozole alone, suggesting
that concomitant mTOR inhibition can enhance endocrine
sensitivity in HR+ BC. Anti-proliferative response, as mea-
sured by the proportion of patients with Ki67-positive tumor
cells<1 at Day 15, was significantly higher in the ever-
olimus plus letrozole arm (57 %) compared with letrozole
alone (30 %; P<0.01). The safety profile was consistent
with the everolimus monotherapy trial described above.
This study laid the groundwork for investigating everolimus
in ABC.

The TAMRAD study evaluated everolimus in combina-
tion with tamoxifen in PMW with HR+ human epidermal
growth factor receptor (HER2)-negative (HER2−) metastatic
BC whose disease had progressed on previous AI therapy in
the adjuvant or metastatic setting [30•] (Table 2) [30•, 31••].

In this open-label, Phase 2 study, patients were randomized
to everolimus 10 mg/day plus tamoxifen 20 mg/day (n054)
or placebo plus tamoxifen 20 mg/day (n057). Crossover
was not permitted. Approximately 41 % of patients received
prior AI treatment in the adjuvant setting and 67 % in the
first-line metastatic setting. The 6-month CBR was 61 %
(95 % CI: 47–74 % ) with tamoxifen plus everolimus and
42 % (95 % CI: 29–56 %) with tamoxifen alone (explorato-
ry P00.045). With a 2-year median follow-up, TTP in-
creased from 4.5 months in the tamoxifen alone arm to
8.6 months in the everolimus plus tamoxifen arm,
corresponding to a 46 % reduction in risk of progression
with the combination treatment (hazard ratio 0.54; 95 % CI:
0.36–0.81; exploratory P00.002). Risk of death was also
reduced by 55 % with combination treatment (hazard ratio
0.45; 95 % CI: 0.24–0.81). Exploratory subgroup analyses
demonstrated that patients with secondary hormone resis-
tance benefited more from combination therapy than those
with primary resistance, suggesting that patients who previ-
ously responded to AI therapy and then become resistant
may derive more benefit from everolimus plus tamoxifen.
Similar results were also recently reported in a Phase 1/2
study evaluating the combination of sirolimus plus tamoxi-
fen compared with tamoxifen alone [32]. Although results
favor treatment of patients with secondary resistance, no
convincing evidence to date suggests that patients with
primary resistance should be excluded from mTOR inhibitor
treatment [33]. In the TAMRAD study, the main AEs in the
combination arm versus tamoxifen alone were fatigue (72 %
versus 53 %), stomatitis (56 % versus 7 %), rash (44 %

Table 2 mTOR inhibitor treatment options for HR+ advanced breast cancer after progression on prior AI therapy

Study Phase Design Patient Population N, Treatment Primary Endpoint Secondary Endpoints

TAMRAD [30•] 2 Randomized,
open-label

PMW with HR+ HER2−

ABC, progression on
AI in adjuvant (41 %)
or metastatic (67 %)
setting

N0111 CBR TTP

• EVE (10 mg/d)+TAM
(20 mg/d): n054

• EVE+TAM vs. TAM:
61 % vs. 42 % ;
P00.045a

• EVE+TAM vs. TAM:
8.6 vs. 4.5 mo;
P00.002a

• TAM (20 mg/d): n057 OS

• EVE+TAM vs. TAM:
NR vs. 32.9 mo;
P00.007a

BOLERO-2 [31••] 3 Randomized,
double blind

PMW with HR+ HER2−

ABC, progression on
NSAI in adjuvant or
metastatic setting
(100 % had prior
NSAI)

N0724 PFSb ORRb

• EVE (10 mg/d)+EXE
(25 mg/d): n0485

• EVE+EXE vs. EXE:
7.4 vs. 3.2 mo;
P<1×10−16

• EVE+EXE vs. EXE:
12.0 % vs. 1.3 %

• EXE (25 mg/d): n0239 CBRb

• EVE+EXE vs. EXE:
50.5 % vs. 25.5 %

a Exploratory analysis
b Based on local assessment

ABC, advanced breast cancer; AI, aromatase inhibitor; CBR, clinical benefit rate; EVE, everolimus; EXE, exemestane; HER2− , human epidermal
growth factor receptor-negative; HR+ , hormone receptor-positive; NR, not reached at time of analysis; NSAI, nonsteroidal aromatase inhibitor;
ORR, objective response rate; OS, overall survival; PFS, progression-free survival; PMW, postmenopausal women; TAM, tamoxifen; TTP, time to
progression; vs., versus
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versus 7 %), anorexia (43 % versus 18 %), and diarrhea
(39 % versus 11 %) [30•].

Everolimus in combination with exemestane was evalu-
ated in the BOLERO-2 (Breast Cancer Trials of Oral Ever-
olimus) international, multicenter, randomized, Phase 3
study [31••, 34••, 35] (Table 2) [30•, 31••]. Postmenopausal
women (N0724) with HR+ HER2− ABC who had recur-
rence or progression following prior therapy with letrozole
or anastrozole were randomized in a 2:1 ratio to receive
everolimus (10 mg/day) or matching placebo in combina-
tion with open-label exemestane (25 mg/day) [34••]. There
was no crossover after disease progression. The majority of
patients (77 %) had bone metastases, 56 % had visceral
involvement, and 69 % had measurable disease. Approxi-
mately 19 % of patients had adjuvant therapy and 26 % had
chemotherapy in the advanced setting. The primary end-
point was PFS based on investigator (local radiology)
assessment.

At the protocol-defined interim analysis, median PFS
was more than doubled in the everolimus plus exemestane
arm (6.9 months) compared with exemestane alone
(2.8 months; hazard ratio 0.43; P<0.001) [34••]. At the time
of additional PFS analysis (12.5 months’ median follow-
up), median PFS by investigator assessment was 7.4 months
for the everolimus plus exemestane arm versus 3.2 months
for exemestane alone (hazard ratio 0.44; P<1×10−16)
[31••]. Based on central assessment, PFS was 11.0 months
for the everolimus plus exemestane arm versus 4.1 months
for exemestane alone (hazard ratio 0.36; P<1×10−16). Both
ORR and CBR were also significantly greater in the com-
bination arm (12.0 % versus 1.3 % and 50.5 % versus
25.5 %, respectively). At 12.5 months’ median follow-up,
OS data were immature, with a total of 138 deaths—17.3 %
in the combination arm versus 22.6 % in the exemestane
alone arm. Additionally, exploratory analyses suggest that
everolimus has beneficial effects on bone turnover and
cancer progression in bone compared with exemestane
alone [36•]. The most common grade 3/4 AEs were stoma-
titis (8 % versus 1 %), anemia (7 % versus 1 %), hypergly-
cemia (5 % versus<1 %), dyspnea (4 % versus 1 %), fatigue
(4 % versus 1 %), and pneumonitis (3 % versus 0 %) for
combination treatment compared with exemestane alone
[31••]. Results from the protocol-defined final PFS analysis
were consistent [35].

Safety Profile of mTOR Inhibitors in HR+ ABC

Clinically notable AEs that may be class effects of mTOR
inhibitors include stomatitis, noninfectious pneumonitis,
infections, and metabolic abnormalities. Temsirolimus and
everolimus have been approved for the treatment of ad-
vanced renal cell carcinoma (RCC) since 2007 and 2009,

respectively; therefore, most experience in the management
of these AEs comes from the RCC setting [37, 38]. An
expert group recently published guidance on the manage-
ment of select AEs associated with everolimus treatment in
RCC [39•]. The AE profile of sirolimus is similar to that
seen with other mTOR inhibitors in ABC [32]. As use of
everolimus expands into the BC setting, it is important that
physicians understand its safety profile and apply AE man-
agement recommendations in their practice.

Stomatitis

Stomatitis is one of the most frequent and potentially dose-
limiting mTOR-inhibitor–associated AEs. Grade 3/4 stoma-
titis was reported in 8 % of patients in BOLERO-2 [40]. The
clinical presentation of mTOR-inhibitor–associated stomati-
tis is distinct from chemotherapy-induced stomatitis, and
presents as aphthous-like ulcers characterized by discrete,
ovoid, superficial, well-demarcated ulcerations with a
grayish-white pseudomembrane [41]. There is no evidence
for increased risk of stomatitis with ongoing everolimus
treatment. Ulcers typically develop acutely in the first cycle
of therapy, and the severity usually peaks within the first
few weeks of treatment [42].

Use of specific topical corticosteroids and mouthwashes for
the treatment of chemotherapy-induced stomatitis has been
reviewed extensively and may also be appropriate for patients
with mTOR-inhibitor–associated stomatitis [43, 44].
Evidence-based guidelines recommend good oral hygiene,
treatment of anticipated infections, and avoidance of alcohol-
containing or peroxide-containing products [39•, 45]. Addi-
tionally, patients should be evaluated for herpes and fungal
infections, and antiviral and antifungal agents should be pre-
scribed as appropriate [39•]. Everolimus dose modifications
may be necessary for grade 2 and 3 stomatitis, and treatment
should be discontinued in the event of grade 4 stomatitis [39•].

Noninfectious Pneumonitis

Noninfectious pneumonitis is a class effect of rapamycin
derivatives [46, 47]. Approximately 4 % of patients in
BOLERO-2 had grade 3/4 pneumonitis [40]. Common ra-
diographic changes seen with mTOR-inhibitor–associated
pneumonitis are ground-glass opacities and focal consolida-
tion, mainly in the lower lobes [46]. Patients may be asymp-
tomatic or have nonspecific respiratory signs and symptoms,
including cough, dyspnea, hypoxia, and, rarely, pleural ef-
fusion [39•]. Fever may also be present, making differential
diagnosis even more challenging. Symptomatic cases are
usually mild to moderate in severity and are reversible;
however, some cases may be severe [48].

In patients with baseline respiratory symptoms or in those
with multiple lung metastases, a computed tomography
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scan, lung function tests, and arterial oxygen saturation are
recommended before everolimus treatment [39•]. Tempo-
rary everolimus dose interruption and corticosteroids may
be necessary for moderate to severe symptoms; however,
following resolution of symptoms, everolimus may be rein-
itiated at a reduced dose. For grade 4, life-threatening non-
infectious pneumonitis, everolimus should be permanently
discontinued.

Infections

Inhibitors of mTOR have immunosuppressive properties and,
therefore, may predispose patients to opportunistic infections
and reactivation of previous infections [39•]. Pneumonia and
other bacterial infections and invasive fungal infections have
been reported in patients treated with everolimus; however,
grade 3/4 infections were rare in both temsirolimus and ever-
olimus trials [25, 34••]. A complete medical history should be
obtained before starting everolimus, to identify patients at
greater risk of developing an infection [39•]. Because of the
potential risk for reactivation, patients with an active fungal
infection should be comprehensively treated before initiation
of everolimus therapy. Importantly, patients with an invasive
systemic fungal infection should not be treated with ever-
olimus. If a diagnosis of invasive systemic fungal infection
is suspected, everolimus should be promptly and permanently
discontinued, and appropriate antifungal treatment initiated.
Patients with hepatitis B virus (HBV) infection should be
monitored for HBV DNA levels and treated with high-
potency and high-genetic–barrier drugs such as entecavir or
tenofovir, if necessary.

Metabolic Abnormalities

Mammalian target of rapamycin is an important downstream
effector of insulin signaling and subsequent gluconeogenesis,
glycogen synthesis, and lipogenesis [49]. Therefore, mTOR
inhibition can disrupt these physiologic processes, resulting in
metabolic abnormalities such as hyperglycemia and hyperlip-
idemia. Grade 3/4 hyperglycemia was reported in 4 % and 5 %
of patients in the Phase 3 temsirolimus trial and in the
BOLERO-2 trial, respectively [25, 40]. It is recommended that
fasting serum glucose and lipid levels are monitored and he-
patic function tests performed before initiating everolimus and
periodically thereafter [39•]. When possible, optimal glycemic
and lipid control should be achieved before starting everolimus.
Patients with underlying diabetes require careful monitoring
and potential modifications to their antihyperglycemic regimen.
Mild elevations in glucose and lipid levels can be managed per
standard guidelines and do not require treatment interruption
[39•, 50]. However, grade 3 metabolic abnormalities may re-
quire everolimus dose interruption, and patients with grade 4
metabolic abnormalities should discontinue treatment [39•].

Future Perspectives—The Evolving Role of mTOR
Inhibition

There is an unmet need for treatment strategies than can help
women with HR+ ABC who have progressed on prior ET
(especially AIs). Based on preclinical evidence, the use of
mTOR inhibitors is a rational choice to potentially enhance
endocrine sensitivity. Results from the Phase 3 BOLERO-2
study demonstrate that everolimus significantly enhances
the efficacy of exemestane in patients with HR+ ABC who
have progressed after initial AI treatment [31••, 34••, 35].
The benefit seen in BOLERO-2 was clinically meaningful
and the safety profile was manageable and consistent with
previous experience in other oncology indications.

Yet not all attempts at using mTOR inhibitors for the treat-
ment of HR+ ABC have been successful. Results from the
Phase 3 temsirolimus trial suggest that addition of temsirolimus
to letrozole provides no improvement in clinical benefit, com-
pared with letrozole alone in PMW with ABC [25]. The dis-
parity between results from the everolimus and temsirolimus
Phase 3 trials is not well understood. One potential reason may
be the different patient populations evaluated in the two studies.
BOLERO-2 enrolled patients who were refractory to AI thera-
py for ABC, whereas the temsirolimus Phase 3 study included
only ET-naive patients. Another potential reason may be the
different dosing schedules used in the two studies. BOLERO-2
used daily dosing, whereas the temsirolimus trial used intermit-
tent dosing. Based on insights from pharmacodynamic studies
of everolimus in patients with solid tumors, daily administra-
tion of everolimus 10 mg completely and continuously inhibits
mTOR-dependent downstream signaling [51]. Similar data for
intermittent dosing of temsirolimus are not available; however,
a recent report suggests that up to 75 mg/day might be needed
to elicit tumor responses if administered at an intermittent
schedule of 5 days every 2 weeks [52].

Given the importance of PI3K/AKT/mTOR-mediated sig-
naling, inhibition of mTOR may also be effective against BC
in general. For example, there is an unmet need for treatment
strategies than can overcome resistance to trastuzumab in
women with HER2-positive (HER2+) ABC. Up to 30 % of
primary breast tumors overexpress HER2 [53]. Despite the
survival benefit provided by trastuzumab, almost all patients
with HER2+ disease who initially respond to trastuzumab
become unresponsive [54]. Recent advances in the manage-
ment of HER2+ disease (eg, pertuzumab) remain, nonetheless,
dependent on continued overexpression of intact HER2
[34••]. Additional strategies are thus needed to address trastu-
zumab resistance, potentially by targeting other signaling
pathways that interact with and may compensate for HER2
(Fig. 1). Preclinical evidence suggests that activation of
mTOR caused by loss of PTEN or overexpression of PI3K
is associated with trastuzumab resistance [55, 56]. Early phase
studies have demonstrated promising activity of everolimus in
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combination with trastuzumab and chemotherapy in women
with HER2+ ABCwho have progressed on prior trastuzumab-
based therapy [57, 58, 59•]. Two large, Phase 3 studies of
everolimus in the HER2+ setting, BOLERO-1 and BOLERO-
3, are fully accrued and results are awaited. BOLERO-1 is
evaluating the combination of everolimus plus trastuzumab
plus paclitaxel versus trastuzumab plus paclitaxel as first-line
treatment for women (N0719) with HER2+ locally advanced
or metastatic disease [60]. In the BOLERO-3 study, 572
women with HER2+ locally advanced or metastatic disease
who have had prior taxane therapy and are resistant to trastu-
zumab will be treated with everolimus plus trastuzumab plus
vinorelbine versus trastuzumab plus vinorelbine [61]. The
primary endpoint of both studies is PFS; secondary endpoints
include OS, ORR, and CBR. Interim efficacy and safety
results from these trials are expected in the near future.

While data on the expanded use of everolimus in patients
with HER2+ disease from the BOLERO-1 and BOLERO-3
studies are eagerly anticipated, currently available data in
HR+ ABC are very promising. Based on the BOLERO-2
study and other supportive results, addition of everolimus to
ET should be considered a paradigm shift for the treatment
of women with HR+ ABC who have progressed on prior ET
[9, 10•]. Everolimus, in combination with exemestane, was
recently approved by the United States Food and Drug
Administration and the European Committee for Medicinal
Products for Human Use for the treatment of PMW with
HR+, HER2− ABC after failure of treatment with letrozole
or anastrozole [26, 62]. This represents a significant mile-
stone in the clinical management of this patient population.
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