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A B S T R A C T

Purpose
Trastuzumab resistance has been linked to activation of the phosphoinositol 3-kinase (PI3K) pathway.
Phosphatase and tensin homolog (PTEN) is a dual phosphatase that counteracts the PI3K function; PTEN
loss leads to activation of the Akt cascade and the downstream mammalian target of rapamycin (mTOR).
Preclinical studies demonstrated that mTOR inhibition sensitized the response to trastuzumab in mice with
HER2 overexpressing and PTEN-deficient breast xenografts. Our trial evaluated the safety and efficacy of
the combination of everolimus and trastuzumab in women with HER2-overexpressing metastatic breast
cancer (MBC) that progressed on trastuzumab-based therapy.

Patients and Methods
This represents a pooled analysis (n � 47), stemming from two trials that occurred concurrently in The
University of Texas MD Anderson Cancer Center, Beth Israel Deaconess Medical Center, and Dana-Farber
Cancer Institute. Patients with HER2-overexpressing MBC who had progressed on trastuzumab-based
therapy received trastuzumab every 3 weeks in combination with daily everolimus.

Results
Among 47 patients, the combination of everolimus and trastuzumab provided partial responses in seven
patients (15%) and persistent stable disease (lasting 6 months or longer) in nine patients (19%), resulting
in a clinical benefit rate of 34%. The median progression-free survival (PFS) was 4.1 month. Fatigue,
infection, and mucositis were the predominant nonhematologic toxicities. Trastuzumab did not have
significant influence on the pharmacokinetic profile of everolimus. Patients with PTEN loss demonstrated
decreased overall survival (P � .048). However, PFS was not affected by PTEN loss.

Conclusion
Inhibition of mTOR results in clinical benefit and disease response in patients with trastuzumab-
resistant HER2-overexpressing MBC.

J Clin Oncol 29:3126-3132. © 2011 by American Society of Clinical Oncology

INTRODUCTION

HER2 overexpression or gene amplification,
which occurs in approximately 25% of all breast
cancers, is associated with decreased disease-free
survival and overall survival (OS).1 Trastuzumab
binds with high affinity to the extracellular do-
main of the HER2 receptor. Addition of trastu-
zumab to chemotherapy, in the first-line setting,
has resulted in a significantly increased objective
response, time to disease progression, and OS.2

However, 25% to 30% of patients do not respond to
trastuzumab-based therapy in the metastatic set-

ting.2 Among those who respond, the majority of
patients eventually develop progressive disease (PD)
while receiving trastuzumab-based regimens.3,3a

Trastuzumab resistance has been linked to
activation of the phosphoinositol 3-kinase (PI3K)
pathway.4,5 Phosphatase and tensin homolog
(PTEN) is a tumor suppressor gene that converts
PI(3,4,5)P3 to PIP2 and antagonizes the PI3K cas-
cade. PTEN deficiency occurs in 40% to 50% of
breast cancers.6 Loss of PTEN leads to constitutive
activation of Akt, resulting in activation of mamma-
lian target of rapamycin (mTOR). Preclinical studies
have demonstrated that mTOR inhibition reduces
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tumor formation/growth in mice with PTEN-deficient tumors and
sensitizes response to trastuzumab in mice bearing HER2-
overexpressing and PTEN-deficient breast tumor xenografts.7,8

Everolimus binds to FKB-12, and the resulting complex inhibits
mTOR.9 A phase I study demonstrated that the combination of
everolimus and paclitaxel resulted in stable disease (SD) in 11 of 16
patients with trastuzumab-resistant tumors.10 Pooled analysis of
two phase I/II studies, in which 138 patients received six cycles of
everolimus, trastuzumab, and either paclitaxel or vinorelbine, fol-
lowed by an extension phase in which the cytotoxic agent could be
discontinued, demonstrated that, among trastuzumab-resistant
and taxane-pretreated patients, five patients had a complete re-
sponse (CR), 10 patients had partial response (PR), and 16 patients
had SD.11

We hypothesized that, in patients with PTEN deficiency, mTOR
inhibition with everolimus should result in abrogation of trastuzumab
resistance. As levels of P-Akt and p70S6K-T389-P in breast cancers
reflect PI3K/Akt/mTOR kinase pathway activation, we postulated that
trastuzumab and everolimus treatment would reduce the levels of
P-Akt and p70S6K-T389-P in breast tumors.5 Thus, we determined
expression levels of total and phosphorylated mTOR and p70S6K-
T389-P as well as relevant downstream signaling components (eg, S6,
4E-BP1) in pre- and post-treatment tumor samples.

PATIENTS AND METHODS

Study Design

Two phase I/II trials were conducted under separate investigational new
drug applications (INDs) at MD Anderson Cancer Center (MDACC; IND
69277), Dana-Farber Cancer Institute (DFCI), and Beth Israel Deaconess
Medical Center (BIDMC; IND 76179). Results were combined in 2009, with
approval by the US Food and Drug Administration, in order to complete the
trial with adequate power. As results were pooled for analytic purposes, the
BIDMC/DFCI protocol was amended to match the MDACC protocol. Perti-
nent differences between the trials are discussed throughout this article.

This open-label phase I/II study was approved by the local institutional
review board at each institution. All participants provided written informed
consent. If a patient was on trastuzumab at time of registration, the loading
dose of trastuzumab was deferred, and she received the maintenance dose (6
mg/kg every 3 weeks). If the last trastuzumab dose was given � 1 week (for
patients receiving 2 mg/kg/wk), or � 3 weeks before registration (for patients
receiving 6 mg/kg every 3 weeks), the patient received a loading dose (8 mg/kg)
followed by the maintenance dose. Institution-specific study designs are spec-
ified as follows.

MDACC Study Design

The MDACC phase I dosing schema for everolimus is detailed below; the
10 mg dose was used in the phase II portion.

At study inception, the optimal dose of everolimus in combination
with trastuzumab was not known. Therefore, we performed a dose-finding
study to evaluate safety of two dose levels of daily everolimus (5 and 10
mg). At MDACC, the first patient was treated at 10 mg (dose level 1).
Patients underwent clinical evaluation every 3 weeks (one cycle) and
radiologic evaluations every 6 weeks. After the second cycle, patients un-
derwent a radiologic evaluation using the same imaging technique used at
initial evaluation (ie, computed tomography or magnetic resonance imag-
ing). If the patient exhibited PR or SD, radiologic evaluations occurred
every 6 weeks. Provided the tumor was stable or smaller, and the patient
had recovered to grade 1 or lower treatment-related toxicity, she began
another cycle. At MDACC, if the patient had treatment-related toxicity
higher than grade 1 at the time of clinical evaluation (3 weeks), treatment

was held for 1 week. If the toxicity had not resolved, treatment was held for
a second week. In instances in which weekly evaluation was needed, pa-
tients returned to MDACC weekly to be assessed. If treatment-related
toxicities recovered to grade 1 or lower after 2 weeks of withholding
therapy on cycle 1, the dose of everolimus remained unchanged. If toxici-
ties recovered to grade 1 or lower after 2 weeks of withholding therapy on
subsequent cycles, the everolimus dose was decreased to 5 mg, if the patient
was on dose level 1 (10 mg). If the patient was on dose level �1 (5 mg) and
the treatment-related toxicities recovered to grade 1 or lower after 2 weeks
of withholding therapy, the patient resumed treatment at the same dose.
The trastuzumab dose was not modified. If treatment-related toxicities
higher than grade 1 persisted after 2 weeks of withholding therapy, the
patient was taken off protocol. Treatment continued indefinitely as long as
there were no unacceptable toxicities and no tumor progression.

DFCI/BIDMC Study Design

At DFCI/BIDMC, a 3�3 study design was utilized in the phase I
portion. Furthermore, if patients developed grade 3 or 4 neutropenia or
thrombocytopenia, therapy was delayed � 3 weeks until absolute neutro-
phil count � 1,500 and platelets � 100,000. If recovery occurred within 3
weeks after treatment was held, dose was reduced to 5 mg (if patient was
taking 10 mg). If the patient was taking 5 mg, she was withdrawn from the
study. If recovery did not occur within 3 weeks, the patient was withdrawn
from study. For all other nonhematologic grade 1 or 2 adverse events,
treatment was continued, but persistent and intolerable grade 2 toxicity
warranted dose delay/reduction or withdrawal from the study, at the
discretion of the treating physician.

Patient Eligibility

Eligible women were � 18 years of age with history of biopsy-proven
HER2-overexpressing breast cancer (determined by immunohistochemis-
try [score, 3�] or by fluorescence in situ hybridization [her-2/neu to
chromosome 17 ratio � 2]) and radiographic evidence of metastatic breast
cancer (MBC). Patients were required to have an Eastern Cooperative
Oncology Group performance status of � 2; � 1 measurable lesion ac-
cording to Response Evaluation Criteria in Solid Tumors, and could not
receive investigational agents within 15 days of enrollment. Eligible pa-
tients had adequate hematologic, renal, hepatic, and cardiac function.

Patients were required to have PD after � 1 trastuzumab-based
therapy for MBC. At MDACC, each patient could not have received more
than two prior trastuzumab-based regimens and one lapatinib-based reg-
imen for MBC. Patients who developed MBC within 12 months of adju-
vant or neoadjuvant trastuzumab were eligible. The DFCI/BIDMC trial
placed no limits on number of prior chemotherapy or trastuzumab-
containing regimens.

Study End Points

Objectives of the two parallel trials closely resembled each other. At
MDACC, the primary objectives were to: identify the optimal dose of
everolimus in combination with trastuzumab, and determine the efficacy
of everolimus plus trastuzumab in patients with HER2-expressing tumors
with resistance to trastuzumab-based therapy for MBC. Efficacy was mea-
sured by the clinical benefit response rate (CBR), defined as confirmed CR
plus PR at any time plus persistent SD (pSD). Confirmed CR was defined as
disappearance of all target lesions at the time of radiographic evaluation;
pSD was defined as SD lasting � 24 weeks.

Secondary objectives were to: determine pharmacokinetics of eve-
rolimus in combination with trastuzumab; determine nature and degree of
toxicity of everolimus in combination with trastuzumab; determine
whether PTEN, Akt, p70S6, Src protein expression, and PIK3CA muta-
tions in breast cancer tissue correlate with CBR from everolimus/trastu-
zumab therapy; and determine whether changes in fluorodeoxyglucose
uptake and changes in circulating tumor cells (CTCs) predict clinical
benefit in this population. Discussion of pharmacokinetic, CTCs, and
positron emission tomography/computed tomography studies is found in
the Data Supplement.

At DFCI/BIDMC, the primary objective was to assess safety and tolera-
bility of everolimus in combination with trastuzumab in HER2-positive MBC.
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The secondary objectives were to: evaluate the activity of everolimus plus
trastuzumab in patients with progression on a trastuzumab-containing regi-
men; evaluate changes in signaling molecules in response to trastuzumab and
everolimus in CTCs and tumor tissue; and to evaluate pharmacokinetics of
everolimus in combination with trastuzumab.

Safety Assessments

Left ventricular ejection function was assessed by echocardiogram or
multiple-gated acquisition scan at baseline, every 3 months while the patient

was on study, and at the time the patient was taken off study. Adverse events
assessments, graded according to the National Cancer Institute Common
Toxicity Criteria for Adverse Events, version 3.0, were performed at 3-week
intervals and at treatment completion. Highest grade of toxicity was recorded
for each patient.

Biomarker Studies

Paraffin-embedded tissue and/or fresh-frozen tissue from the origi-
nal tumors were collected. In consenting patients, we obtained biopsies of

A

B

C

D

Fig 1. Patterns of (A) phosphatase and tensin homolog, (B) P-Src, (C) P-Akt, and (D) P-P70S6 expression in breast tumors.
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metastatic tumors. Biomarker studies were performed in the laboratory of
Dihua Yu (MDACC) and Myriad Genetics (Salt Lake City, UT). We
evaluated expression and/or phosphorylation status of PTEN, mTOR, Akt,
and p70S6 kinase by immunohistochemistry. The phospho-P70S6
(P7056-P, Thr389 site) antibody was obtained from Millipore (Billerica,
MA; 04-392, 1:100 dilution). Antibodies to P-Akt-Ser473 (736E, #3787,
1:50 dilution), Src (36D10, #2109, 1:1,400 dilution), and P-Src-Tyr416
(#2101, 1:400 dilution) were received from Cell Signaling Technology
(Danvers, MA). Tissue samples were fixed in 4% buffered formalin and
embedded in paraffin. Antigen retrieval was performed in sodium citrate
buffer (pH 6.0) via pressure cooker. Immunostaining was performed using
the Dako Autostain plus System (Carpinteria, CA). Positive and negative
control slides (without primary antibody) were included within each batch
for staining.

For the immunohistochemistry analysis, the expression levels were
semiquantified using immunoreactive scores, which were calculated by
multiplying percentage of positive cells (scored 0 to 4) with staining inten-
sity (1 to 3). Score range was 0 to 12. A score of 0 to 3 was considered
negative. Positive scoring was evaluated as 1� (score of 4 to 6), 2� (score
of 7 to 9), or 3� (score of 10 to 12; Fig 1A).

Inconsentingpatients,weevaluatedprimary tumorsandmetastatic tumors
for alterations in expression and/or phosphorylation status of these biomark-
ers during progression of disease and/or by treatment (Figs 1B to 1D). Specif-
ically, levels of P-Akt and p70S6K-P in breast cancers reflected PI3K/Akt/
mTOR kinase pathway activation. P70S6 kinase expression was determined as
previously described.14 Finally, PIK3CA gene was sequenced to determine
whether PTEN mutations correlated with response to therapy.

Statistical Analysis

In the phase I portion of this trial, dose-finding was conducted using
a continuous reassessment model, which relies on a simple Bayesian one
parameter model of the dose-toxicity curve (DTC). After each patient was
treated and outcome observed (toxicity or no toxicity), distribution of the
parameter was updated and the next dose level was selected based on the
predicted toxicity. The target toxicity probability was 20%, with a planned
maximum of 16 patients to be accrued. The estimated DTC was updated
after each outcome was observed, so that each patient’s dose was based on
information about how previous patients tolerated the treatment. Using
the updated DTC, the best estimate of the optimal dose (dose most closely
associated with a toxicity rate of 0.20) was determined.

MDACC data were combined with data from BIDMC/DFCI for both
phase I and II components of the trial. Because no dose-limiting toxicity was
observed with everolimus 10 mg daily, this became the phase II dose. There-
fore, all patients treated at MDACC received everolimus 10 mg daily. At
DFCI/BIDMC, the first three patients were involved in the phase I portion, the
remainder were involved in the phase II trial. Best clinical response was dichot-
omized as PD (nonresponders) versus PR/SD (responders). Fisher’s exact test
was used to investigate the effect of dichotomous factors (eg, E542K mutation,
PTEN expression) on best clinical response. OS and progression-free survival
(PFS) distribution functions were estimated by Kaplan-Meier method. Sur-
vival distribution differences were evaluated by log-rank test. Analyses were
conducted using the SAS software release 9.2 (SAS Institute, Cary, NC); statis-
tical significance was defined as P � .05.

RESULTS

Patient Characteristics

Between May 2006 and May 2009, 50 patients were recruited
from both institutions. Three patients were ineligible (n � 2 for left
ventricular ejection fraction�50%; n�1 for brain metastases). Table
1 lists the baseline characteristics of the 47 eligible patients. Most
patients (83%) had visceral disease. Six patients (13%) had never
received previous chemotherapy for MBC, whereas nineteen patients
(40%) had received two or more regimens of chemotherapy for MBC.

Clinical Outcomes

The combination of everolimus and trastuzumab provided
PRs in seven patients (15%) and pSD in nine patients (19%),
resulting in a CBR of 34%. Among the 16 patients who demon-
strated evidence of clinical benefit, nine patients (56%) had re-
lapsed within 1 year of adjuvant trastuzumab therapy, six patients
(38%) had received two or more lines of chemotherapy for MBC,
and two patients (13%) had received prior lapatinib therapy. Me-
dian PFS was 4.1 months.

Toxicity

Forty-seven patients were evaluable for toxicity. Common toxic-
ities, grade 2 or higher, are listed in Table 2. Fatigue, infection, and
mucositis were the predominant nonhematologic toxicities. Grade 2
hematologic toxicity was common, accounting for 13% to 17% of
patients. No significant cardiovascular toxicity was noted. There were
no treatment related deaths.

Dose reductions/delays occurred in 25 patients (53%). The
most common causes for alterations in dosing schedule were (in
order of frequency): mucositis, rash, and infection. Among the
patients who required dose delays, 10 (40%) required � 2 dose
delays while being treated on the trial; average length of dose delay
was 9 days. One patient discontinued therapy due to persistent
grade 3 stomatitis.

Biomarker Analysis

Twenty-six pretreatment specimens (from tissue samples of
original tumors) and one pretreatment biopsy specimen (obtained

Table 1. Demographic and Baseline Clinical Characteristics

Characteristic

Patients (N � 47)

No. %

Age, years
Median 50
Range 28-66

Hormone receptor status
ER or PR positive 28 60
ER and PR negative 19 40

Histology
Ductal 42 89
Lobular 1 2
Other 4 9
Visceral disease 39 83

Prior lines of chemotherapy for MBC
0 7 15
1 23 49
2 15 32
3 1 2
� 3 1 2

Prior lapatinib therapy 9 19
Prior lines of trastuzumab-containing

chemotherapy for MBC
0 10 21
1 29 62
2 8 17

Relapsed within 1 year of adjuvant
trastuzumab 20 42

Abbreviations: ER, estrogen receptor; PR, progesterone receptor; MBC,
metastatic breast cancer.
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before treatment) were evaluated. Post-treatment specimens, rep-
resenting biopsies from metastatic sites of eight patients, were
evaluated. Metastatic sites included: liver, chest wall, lung, dura,
peritoneum, and lymph nodes. Of the eight patients in whom both
pre- and post-treatment samples were available, only one patient
demonstrated a change in biomarker status after treatment. Analysis

for four predominant mutations in the PIK3CA pathway (E542K,
E545K, H1047R, and H1047L) demonstrated that E542K mutations
occurred in 3% of samples, E545K mutations occurred in 11.8% of
samples, and H1047R or H1047L mutations occurred in 20.5% of
samples. However, presence of these mutations, when analyzed indi-
vidually as well as collectively, did not correlate with response or lack
of response (P � not significant).

Furthermore, we evaluated the expression and effect of PTEN
loss and/or PIK3CA mutations on OS and PFS. When compared
with patients without PTEN deficiency, patients with PTEN loss
demonstrated a statistically decreased OS (P � .048; Fig 2A).
However, PFS was not significantly affected by PTEN loss (Fig 2B).
PFS and OS were not significantly affected by mutations in
PIK3CA. Patients with either PTEN loss or PIK3CA mutation
demonstrated no statistically significant decline in OS or PFS (Fig
3A and 3B).

Increased phosphorylation of P70S6 kinase occurred in 17 (53%)
of 32 samples and did not correlate with response (P � .27). Elevated
expression of P-Akt occurred in half of samples; differences in the level
of P-Akt were not predictive of response (P � .7). Overexpression of
Src and P-Src occurred in 83% of samples, but these levels did not
correlate with response (P � 1.0).

DISCUSSION

This study demonstrated that the combination of everolimus and
trastuzumab is a feasible and biologically active regimen in
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Fig 2. Effect of phosphatase and tensin homolog (PTEN) loss on (A) overall
survival and (B) progression-free survival.
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Fig 3. Effect of the presence of phosphatase and tensin homolog (PTEN) loss
or PIK3CA mutation (A) on overall survival and (B) progression-free survival.

Table 2. Grade 2 or Higher Adverse Events

Toxicity

Toxicity by Grade (% patients)

2 3 4

Hematologic
Anemia 17 4 0
Lymphopenia 13 13 0
Neutropenia 13 9 0
Thrombocytopenia 6 4 0

Nonhematologic
Diarrhea 2 9 0
Fatigue 23 9 0
Hyperglycemia 9 11 2
Hypokalemia 6 6 0
Hyperlipidemia 9 4 0
Infection 19 4 0
Mucositis 25 9 0
Rash 9 0 0
Transaminitis 9 2 0
Thrombosis/embolism 2 0 2
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patients with HER2-overexpressing MBC that progressed on prior
trastuzumab-based therapy, in the adjuvant and/or metastatic setting.
The CBR of 34% is clinically important in this population because
many patients demonstrated a high burden of visceral disease and had
received � 2 chemotherapy regimens for MBC.

In addition, this study supports the findings of two recent
randomized trials that examined the benefit of continuation of
trastuzumab beyond progression. Blackwell et al17 noted that,
when patients with HER2-positive MBC who had demonstrated
progression on prior trastuzumab-based therapy were randomly
assigned to lapatinib alone versus lapatinib in combination with
trastuzumab, the combination arm demonstrated improvement in
PFS. In addition, interim analysis of the Trastuzumab Beyond
Progression study demonstrated a trend toward improvement in
time to progression in the trastuzumab-containing arm.18

The overall safety profile of this regimen was acceptable, in
this pretreated population. Incidence of stomatitis, infection, and
hematologic toxicity was significantly higher with the addition of
everolimus to trastuzumab. However, the majority of the adverse
events were grade 1 or 2, and most events resolved without need for
dose modification.

Biomarker analysis of the available tumors demonstrated that
PTEN loss was associated with poorer OS, confirming PTEN loss
enables activation of downstream cascades that promotes tumori-
genesis and progression. However, the finding that PFS was not
significantly affected by PTEN loss and/or PIK3CA mutation sug-
gests that the addition of everolimus may mitigate tumor progres-
sion through inhibition of mTOR. This clinical result supports
preclinical data that demonstrated that human cell lines with mu-
tations in PIK3CA (H1047R or E545K) had increased sensitivity
to everolimus.19,20

Our trial demonstrated a novel approach involving utilization
of the combination of everolimus and trastuzumab, two targeted
therapies that inhibit different functional domains in cancer cells,
to overcome trastuzumab resistance in patients with HER2-
positive MBC, in the absence of cytotoxic therapy. This regimen
offers a targeted, nonchemotherapy option for patients with
trastuzumab-resistant MBC. While it has potential toxicities,
these are balanced by the ability to offer pretreated patients a
chemotherapy-free, biologically active regimen. These results support
the known preclinical activity of everolimus in combination with
trastuzumab, and they help to validate the ability of everolimus to

overcome PTEN-mediated trastuzumab resistance through inhibi-
tion of the mTOR pathway. This hypothesis is being tested in ongoing
randomized studies evaluating the role of combining everolimus with
trastuzumab and chemotherapy in the first- and second-line treat-
ment of MBC.
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