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PI3K pathway inhibitors for the treatment of brain metastases
with a focus on HER2+ breast cancer

Parvin F. Peddi and Sara A. Hurvitz*

Division of Hematology Oncology, University of California, Los Angeles, CA 90095

Abstract
The incidence of breast cancer brain metastases has increased in recent years, largely due to
improved control of systemic disease with human epidermal growth factor receptor 2 (HER2)-
targeted agents and the inability of most of these agents to efficiently cross the blood–blood
barrier (BBB) and control central nervous system disease. There is, therefore, an urgent unmet
need for treatments to prevent and treat HER2+ breast cancer brain metastases (BCBMs).
Aberrant activation of the phosphatidylinositol 3-kinase (PI3K)/AKT/mammalian target of
rapamycin (mTOR) signaling pathway is frequently observed in many cancers, including primary
breast tumors and BCBMs. Agents targeting key components of this pathway have demonstrated
antitumor activity in diverse cancers, and may represent a new treatment strategy for BCBMs. In
preclinical studies, several inhibitors of PI3K and mTOR have demonstrated an ability to penetrate
the BBB and down-regulate PI3K signaling, indicating that these agents may be potential
therapies for brain metastatic disease. The PI3K inhibitor buparlisib (BKM120) and the mTOR
inhibitor everolimus (RAD001) are currently under evaluation in combination with trastuzumab in
patients with HER2+ BCBMs.
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Phosphatidylinositol 3-kinase (PI3K); Mammalian target of rapamycin (mTOR); Breast cancer;
Brain metastases; Human epidermal growth factor receptor 2 (HER2)

Introduction
Roughly one-quarter of all breast cancers are driven by amplification of the human
epidermal growth factor receptor 2 (HER2) gene (HER2-positive [HER2+] breast cancers)
[1]. Since the introduction of the first anti-HER2 therapy, trastuzumab, in the 1990s,
multiple new targeted therapeutics have been developed. The regulatory approval of
lapatinib, an oral dual tyrosine kinase inhibitor of HER2 and epidermal growth factor
receptor (EGFR), was followed by pertuzumab, a monoclonal antibody directed against
HER2 that blocks heterodimerization, and most recently trastuzumab emtansine (T-DM1),
the first targeted chemotherapy in any solid malignancy [2–4]. As systemic therapy of
HER2+ breast cancer has progressed, however, the treatment of brain metastases is, for the
most part, unaddressed.
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HER2+ breast cancer is associated with a higher risk of brain metastases than HER2-
negative disease, with incidence ranging 30–53% [5–7] compared with approximately 10%
in other breast cancers [6]. Median time for patients with metastatic HER2+ breast cancer to
develop brain metastasis is 18 months [8] while the 1-year survival rate is only
approximately 20% after brain metastases are known to be present [9]. In one study, up to
50% of patients with metastatic HER2+ breast cancer eventually died of central nervous
system (CNS) progression [10]. The high rate of HER2+ breast cancer brain metastases
(BCBMs) is likely multifactorial in etiology, owing to improvements in the control of
systemic disease with patients living longer and therefore being more likely to develop brain
metastases, as well as a limited ability of systemic therapies to cross the blood – brain
barrier (BBB), making the brain a ‘sanctuary site’ for metastatic cells [9]. Furthermore, data
from animal models indicate that HER2+ breast cancer cells carry an innate predilection to
metastasize to visceral sites, including the brain [11]. There is therefore an urgent unmet
need to develop systemic treatments that can cross the BBB and prevent or treat HER2+
BCBMs. This review will summarize the current treatment landscape of HER2+ BCBMs,
the role of the phosphatidylinositol 3-kinase (PI3K)/AKT/mammalian target of rapamycin
(mTOR) pathway in BCBMs, and the potential for inhibitors of this pathway in this setting.

Treatment of CNS metastatic HER2+ breast cancer
The current treatment paradigm for symptomatic brain metastases in patients with HER2+
breast cancer includes stereotactic radiosurgery, surgical resection, and/or whole-brain
radiation (WBRT) [7]. Although the BBB is probably impaired with development of
metastatic disease, many drugs that are effective systemically, do not appear to reach
therapeutic CNS levels, therefore, arguing that the BBB is still a major factor. Trastuzumab,
a humanized monoclonal antibody, for example, forms the backbone of systemic anti-HER2
therapy but has limited ability to cross the BBB [12]. Some benefit with the intrathecal use
of trastuzumab, first reported in 2001, has been demonstrated in case reports, but no clinical
trials have been performed and no commercial intrathecal formulation exists [13–16].
Pertuzumab and T-DM1 are similarly large molecules and are not expected to cross the BBB
significantly, though data is scarce; patients with CNS metastatic disease were excluded
from the phase III trial of pertuzumab [3], while patients with symptomatic or recently
treated CNS metastases were excluded from the EMILIA trial of T-DM1 [4].

Lapatinib, a small-molecule EGFR/HER2 inhibitor and the second anti-HER2 therapy
approved for use by the US Food and Drug Administration (FDA) after trastuzumab, is the
only directed HER2 therapy that has shown some ability to penetrate the BBB in preclinical
models [17, 18]. In a phase III study comparing lapatinib plus capecitabine with
capecitabine in 342 patients with metastatic HER2+ breast cancer refractory to trastuzumab,
four patients (2%) in the combination-therapy group were reported to have symptomatic
CNS progression as part of their first progression event versus 13 patients (6%) in the
monotherapy group (p = 0.045), suggesting that lapatinib may be able to delay or prevent
metastatic spread to the CNS [19]. In a phase II study of 242 patients with HER2+ CNS
metastases whose disease had progressed on trastuzumab and had been treated with cranial
radiation (reported by Lin et al.), a modest CNS response (defined as either a complete
response or ≥50% reduction in the volumetric sum of all measurable CNS lesions) of 6% for
single-agent lapatinib was reported [20]. Furthermore, in an extension to this study, in which
50 patients were treated with lapatinib in combination with capecitabine, a 20% objective
response rate and a ≥20% reduction in disease volume in 40% of patients was reported [20].
The clinical benefit of lapatinib plus capecitabine in patients with treatment-naïve, HER2+
BCBMs was examined in the LANDSCAPE study [21]. In this single-arm, phase II study of
45 patients with previously untreated HER2+ brain metastases, 66% achieved a partial
response (PR; defined as more than 50% volumetric reduction in brain metastatic lesions)
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following treatment with lapatinib plus capecitabine. Median time to progression was 5.5
months, and median time to WBRT was 8.3 months. Treatment in both this trial and the trial
reported by Lin et al. was associated with significant toxicity, with 49% of patients in the
LANDSCAPE trial having grade 3 or grade 4 treatment-related adverse events, of which the
most common were diarrhea and hand–foot syndrome [21].

Overall, despite the clinical benefits observed with lapatinib in patients with HER2+
BCBMs, progression-free survival is still poor, and combination with capecitabine is
required for maximal effect, increasing the risk of diarrhea as well as other chemotherapy-
related side effects.

The PI3K pathway in HER2+ breast cancer
The PI3K/AKT/mTOR pathway, which plays a key role in regulating cell survival, growth,
and proliferation, has also been shown to be involved in the development, progression, and
treatment resistance of multiple cancers, including HER2+ breast cancer, and has been the
subject of several recent thorough reviews [22–24]. PI3Ks are a family of lipid kinases
comprising three classes, with class I being the most studied. Class IA PI3Ks are activated
by receptor tyrosine kinases (such as EGFR and HER2), G protein-coupled receptors, and
some oncogenes (such as Ras), and comprise of a regulatory subunit (p85) and a catalytic
subunit (p110α, p110β, or p110δ). Upon activation, PI3K converts phosphatidylinositol 4,5-
bisphosphate (PIP2) to phosphatidylinositol 3,4,5-bisphosphate (PIP3), which in turn
activates a downstream signaling cascade involving the serine– threonine protein kinases
AKT and mTOR complex 1 (mTORC1; Fig. 1) [22].

The major negative regulator of the pathway is the tumor suppressor phosphatase and tensin
homolog (PTEN), which converts PIP3 to PIP2 [22]. In addition, inositol polyphosphate-4-
phosphatase type II (INPP4B) also negatively regulates the pathway by converting PIP2 to
phosphatidylinositol 3-bisphosphate [25]. Another level of negative feedback is mediated
through the activation of S6 kinase (S6K) by mTORC1; S6K inhibits another mTOR
complex, mTORC2, whose activity is required for phosphorylation of AKT at S473 and full
activation of the kinase [26]. In addition, S6K negatively regulates the PI3K/AKT/mTOR
pathway through inhibition of insulin receptor substrate-1 (Fig. 1) [27].

Alterations that activate the PI3K/AKT/mTOR pathway have been linked to various
neoplasms, including HER2+ breast cancer [22, 28, 29]. PIK3CA, the gene encoding p110α
(a catalytic subunit of class IA PI3K), is one of the most commonly mutated genes found in
breast cancers [23, 29]. In a recent comprehensive genomic analysis of HER2-enriched
primary breast cancers, activating mutations of PIK3CA and PIK3R1 (a gene encoding the
regulatory subunit p85) were identified in 39% and 7% of tumors, respectively, while
PIK3CA was also amplified in 29% of tumors. In addition, homozygous or hemizygous
deletions of the tumor suppressors PTEN and INPP4B were observed in 16% and 29% of
tumors, respectively [29]. In another report, activation of the PI3K/AKT/mTOR pathway
(defined as PIK3CA alteration, PTEN loss, or AKT activation) was reported to be as high as
75% [28]. Activation of the pathway has been associated with poor prognosis in patients
with HER2+ breast cancer following trastuzumab treatment, and has been implicated in
resistance to HER2-targeted therapies, including trastuzumab and lapatinib [30, 31].
Furthermore, in one study of 52 BCBMs, the PI3K/AKT/mTOR pathway was found to be
active in approximately 70% of BCBMs [32]. In another study sequencing 110 primary
breast tumors and BCBMs, alterations in PTEN were found in a significantly larger fraction
of BCBM tumor tissues compared with samples from primary tumors with good prognosis,
bone relapse, or other distant metastases [33]. Activation of the pathway in BCBMs
validates it as a potential therapeutic target.
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PI3K/AKT/mTOR pathway inhibitors in HER2+ BCBMs
Various drugs targeting key components of the PI3K/AKT/mTOR pathway are currently in
development and include PI3K, mTORC1, dual mTORC1/2, AKT, and dual PI3K and
mTORC1/2 inhibitors. Here we will review the data for those drugs that have shown
preliminary efficacy in the treatment of cancer involving the CNS in clinical or preclinical
models (Table 1).

mTOR inhibitors
Everolimus (RAD001), a rapamycin analog, is an oral allosteric mTORC1 inhibitor. There is
evidence in animal studies that this lipophilic compound can cross the BBB [34]. In mouse
studies, everolimus uptake in the brain was modest but dose dependent and with a longer
half-life compared with that in the systemic circulation [34].

The clearest clinical evidence for activity of everolimus in the CNS in humans comes from
its use in the treatment of subependymal giant-cell astrocytomas associated with tuberous
sclerosis. In tuberous sclerosis, mTOR is constitutively expressed leading to various tumors.
A phase III trial, in which 117 patients with tuberous sclerosis complex and at least one
subependymal giant-cell astrocytoma lesion with a diameter of 1 cm or greater were
randomized to receive either everolimus or placebo, found that 35% of patients treated with
everolimus achieved at least a 50% reduction in the size of their subependymal giant-cell
astrocytomas compared with none in the placebo arm. Furthermore, the majority (78%) of
patients treated with everolimus had at least a 30% reduction in tumor volume [35].
Everolimus in now approved for this indication.

Everolimus has also been shown to have activity in estrogen receptor-positive breast cancer
and in 2012 was approved for use in combination with an aromatase inhibitor in post-
menopausal patients with hormone receptor-positive (HR+) advanced disease that has
progressed on or after a non-steroidal aromatase inhibitor as a result of the phase III
BOLERO-2 trial [36]. Early-phase clinical data also suggested activity in HER2+ advanced
breast cancer [37, 38], and more recently data from the BOLERO-3 trial assessing the triple
combination of vinorelbine, trastuzumab, and everolimus versus vinorelbine, trastuzumab,
and placebo in trastuzumab-resistant advanced HER2+ breast cancer demonstrated that the
addition of everolimus significantly prolonged progression-free survival, with a 22%
decreased risk of disease progression or death [39]. However, in most of these studies,
including the pivotal BOLERO-2 trial, patients with CNS metastases were either excluded
or CNS-specific responses were not reported. Despite this, a phase II study of everolimus,
trastuzumab, and vinorelbine is currently recruiting patients with HER2+ BCBMs
(NCT01305941).

Temsirolimus, another mTORC1 inhibitor, has also demonstrated ability to cross the BBB in
preclinical models, and in combination with the MEK inhibitor SL327 significantly reduced
brain metastases in a triple-negative breast cancer mouse-xenograft model [40]. In the clinic,
although it has not yet shown definitive efficacy in patients with breast cancer [41],
temsirolimus may have efficacy in patients with glioblastoma [42].

A potential limitation to the use of mTORC1 inhibitors is the loss of negative feedback
regulation. Dual inhibitors of mTORC1/2, therefore, have potential for improved pathway
inhibition, as they prevent mTORC2-dependent AKT activation, which may be upregulated
following treatment with mTORC1 inhibitors due to the loss of the inhibitory effect of S6K
on mTORC2 [27]. The dual mTORC1/2 inhibitor palomid 529, which is in the early stages
of development, has been shown to bypass the ATP-binding cassette (ABC) drug efflux
transporters ABCB1 (P-glycoprotein) and ABCG2 (breast cancer-resistant protein), and to
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effectively inhibit orthotopic glioblastoma cells in mice [43]. This drug has not yet been
tested in humans but represents the first mTOR inhibitor, which bypasses the major
transporter systems that constitute the BBB.

In addition to the potential for increased mTORC2-mediated AKT activation following
treatment with mTORC1 inhibitors, the loss of negative feedback regulation on receptor
tyrosine kinases via S6K inhibition of insulin receptor substrate 1 is another potential
limitation of mTOR inhibitors [27, 44, 45]. Co-targeting the pathway upstream (e.g. with
anti-HER2 therapy) or targeting the pathway higher up (e.g. with PI3K inhibitors) or at
several nodes (e.g. with dual PI3K/mTOR inhibitors) may therefore result in improved
pathway inhibition.

PI3K inhibitors
Buparlisib (BKM120) is a recently developed oral pan-PI3K inhibitor with enhanced
activity against tumors harboring PIK3CA mutations when tested in immunodeficient mice
bearing HER2+ breast cancer xenografts [46]. Preclinical studies in rodents have
demonstrated that buparlisib can penetrate the BBB, and inhibit the PI3K/AKT/mTOR
pathway, as evidenced by reduced phosphorylated AKT (pAKT) in the brains of mice
treated with buparlisib [47, 48]. Furthermore, in a mouse model recapitulating widely
metastatic HER2+ breast cancer, buparlisib effectively controlled metastatic growth in
multiple organs, including the brain [47, 48]. In fact, in the brains of mice treated with
buparlisib, >90% inhibition in the number of metastatic human cells was found [47]. In the
clinic, buparlisib has also been shown to penetrate the BBB in patients with glioblastoma, as
evidenced by reduced pAKT levels in biopsies taken before and after treatment [49]. It is
noteworthy that the ability to cross the BBB is not common to all PI3K inhibitors [47, 48].

In a phase I dose-escalation study of buparlisib in advanced solid tumors, the maximum
tolerated dose was determined to be 100 mg/day [50]. Of 31 evaluable patients, there was
one PR (triple-negative breast cancer) and 16 patients (52%) had stable disease, including
five patients with breast cancer. Of note, a 28% reduction in a CNS lesion was observed in
one patient with metastatic breast cancer [50]. In another phase Ib/II study of buparlisib plus
trastuzumab in patients with locally advanced or metastatic HER2+ breast cancer resistant to
trastuzumab, two out of four patients with measurable CNS disease had stable disease at the
time of study withdrawal [51]. An expansion arm of this study is investigating buparlisib
plus trastuzumab, specifically in patients with HER2+ BCBMs (NCT01132664).

Common adverse events reported with buparlisib include rash, hyperglycemia (due to
inhibition of PI3K-dependent insulin signaling), diarrhea, anorexia, and nausea. Also of
note, altered mood and anxiety were reported in 20% and 17% of patients, respectively [50].
Mood alterations may be due to PI3K inhibition in the CNS, as decreased PI3K activity has
been shown to be associated with decreased serotonin in the amygdala and psychiatric
disturbances such as anxiety and depression in mice [52, 53]. Importantly, changes in mood
were reversible upon buparlisib discontinuation and were responsive to treatment with
selective serotonin reuptake inhibitors [50].

Other PI3K inhibitors in development with evidence of brain penetration include PX-866
and SAR245408 (XL147). PX-866 is an oral irreversible PI3K inhibitor that was found to
have antitumor activity in xenograft models of glioblastoma, where it inhibited
subcutaneous tumor growth and increased the median survival time of animals with
intracranial tumors [54]. A phase I study has found it to be safe in 84 patients with advanced
tumors, including three patients with breast cancer [55]. A phase II study in patients with
recurrent glioblastoma is ongoing (NCT01259869). SAR245408 has also been tested in a
phase I trial in patients with advanced solid tumors, where it demonstrated robust
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pharmacodynamic activity across diverse tumors, and preliminary efficacy [56]. In patients
with glioblastoma, SAR245408 was taken up into CNS tumors (mean tumor:plasma ratio =
0.27), and resulted in a reduction in S6K, indicative of an inhibitory effect on PI3K
signaling [57].

Dual PI3K/mTOR inhibitors
The catalytic domains of mTORC1/2 and the p110 subunit of PI3K are similar and therefore
present a unique opportunity for development of drugs that target both molecules [24], and
several dual PI3K and mTORC1/2 inhibitors are currently in development. BEZ235 is one
such inhibitor and it has shown promise in preclinical models of gliomas [58]. In a recently
reported phase I/Ib study in patients with metastatic HER2+ breast cancer with PIK3CA or
PTEN alterations, oral BEZ235 was given in combination with trastuzumab [59]. Of the 15
patients evaluated at various doses, one patient with lung and brain metastases had a PR in
brain lesions, indicating some BBB penetration, and four patients had disease stabilization
for at least four cycles (16 weeks). Several studies examining the potential of BEZ235 in
patients with breast cancer are ongoing, though none are focusing on brain metastases at this
time (NCT01495247, NCT01300962).

Another dual PI3K and mTOR inhibitor SAR245409 (XL765), which had previously
demonstrated antitumor activity in patients with metastatic or unresectable solid tumors, is
currently being evaluated in patients with glioblastoma [60]. In a phase I study, oral
SAR245409 was shown to effectively cross the BBB, with mean tumor:plasma ratios of 0.38
and 0.40 with once-daily and twice-daily dosing regimens, respectively [57]. Furthermore,
inhibition of the PI3K/AKT/mTOR pathway, as evidenced through reductions in pS6K,
were also observed [57].

GNE-317 is a dual PI3K/mTORC1/2 inhibitor that was specifically designed to cross the
BBB by bypassing the two main transporters that constitute the BBB, ABCB1, and ABCG2
[61]. In preclinical studies, GNE-317 achieved potent suppression of the PI3K/AKT/mTOR
pathway in the brains of mice with an intact BBB. pAKT, p4EBP1, and pS6, downstream
targets of PI3K, were suppressed by 80%, 84%, and 92% respectively, following treatment
with a single oral dose of GNE-317 (50 mg/kg). In the same study, GNE-317 also
demonstrated efficacy in three distinct orthotopic mouse models of glioblastoma, where it
reduced tumor volumes by 50–90%. A similar dual mTOR/PI3K inhibitor with reported
ability to cross the BBB, GDC-0084, is being evaluated in a phase I trial of patients with
glioblastoma (NCT01547546). It remains to be seen whether either drug has benefit in
breast cancer cell lines or patients.

Summary
Activation of the PI3K/AKT/mTOR pathway occurs in approximately 75% of HER2+ breast
cancers and a similar rate of HER2+ BCBMs [28, 32]. In patients with refractory HR+
breast cancer, inhibition of this pathway has already proved beneficial, resulting in FDA
approval of everolimus in combination with an aromatase inhibitor. In HER2+ breast cancer,
especially with brain metastatic disease, the targeting of this pathway represents an exciting
new potential route of therapy. Several PI3K/AKT/mTOR pathway inhibitors have
demonstrated an ability to cross the BBB and to inhibit PI3K/AKT/mTOR signaling, and
combinations of PI3K/AKT/mTOR inhibitors with agents that target HER2 are currently in
various stages of clinical development in patients with HER2+ BCBMs.
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Fig. 1. The PI3K pathway in HER2+ breast cancer
4EBP1, eukaryotic initiation factor 4E-binding protein 1; EGF, epidermal growth factor;
EGFR, EGF receptor; ERK, extracellular signal-related kinase; HER2, human epidermal
growth factor receptor; INPP4B, inositol polyphosphate-4-phosphatase; IRS-1, insulin
receptor substrate 1; MEK, mitogen-activated protein/ERK kinase; mTORC, mammalian
target of rapamycin complex; PI3K, phosphatidylinositol 3-kinase; PIP, phosphatidylinositol
3-bisphosphate; PIP2, phosphatidylinositol 4,5-bisphosphate; PIP3, phosphatidylinositol
3,4,5-bisphosphate; PTEN, phosphatase and tensin homolog; S6K, ribosomal protein S6
kinase.
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Table 1

Inhibitors of the PI3K/AKT/mTOR pathway with preclinical or clinical evidence of activity in the central
nervous system

Inhibitor
References

Ongoing clinical trials in HER2+ BCBMs
Preclinical Clinical

mTOR inhibitors

Everolimus [34] [35] Ph II study of everolimus in combination with trastuzumab and vinorelbine in HER2+
BCBMs (NCT01305941)

Temsirolimus [40] [42]

Dual mTORC1/2 inhibitors

Palomid 529 [43]

PI3K inhibitors

Buparlisib (BKM120) [46–48] [49–51] Ph I/II study in combination with trastuzumab in patients with trastuzumab-resistant
HER2+ BCBMs (expansion cohort; NCT01132664)

PX-886 [54]

SAR245408 [57]

Dual PI3K/mTOR inhibitors

BEZ235 [58] [59]

SAR245409 [57]

GNE-317 [61]

BCBM, breast cancer brain metastasis; HER2, human epidermal growth factor receptor 2; mTORC, mammalian target of rapamycin complex;
PI3K, phosphatidylinositol 3-kinase.
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