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In this review, we discuss biomarkers of response and resistance to PI3K inhibitors (PI3Ki) in estrogen receptor-positive breast
cancer, both in the early and advanced settings. We analyse data regarding PIK3CA mutations, PI3K pathway activation, PTEN
expression loss, Akt signalling, insulin levels, ' FDG-PET/CT imaging, FGFR1/2 amplification, KRAS and TP53 mutations. Most of
the discussed data comprise retrospective and exploratory studies, hence many results are not conclusive. Therefore, among all
of these biomarkers, only PIK3CA mutations have proved to have a predictive value for treatment with the a-selective PI3Ki
alpelisib (SOLAR-1 trial) and the B-sparing PI3Ki taselisib (SANDPIPER trial) in the advanced setting. Since the accuracy of current
individual biomarkers is not optimal, a composite biomarker, including DNA, RNA and protein expression data, to more precisely
assess the PI3K/AKT/mTOR pathway activation status, may arise as a promising approach. Finally, we describe the rational for
new combination therapies involving PI3Ki and anti-HER2 agents, chemotherapy, CDK4/6 inhibitors, mTOR inhibitors or new

endocrine treatments and discuss the ongoing trials in this field.
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Introduction

Since the landmark BOLERO-2 trial demonstrated the benefit of
targeting the PI3K/AKT/mTOR pathway in breast cancer (BC)
[1], there has been an enormous effort to find new agents and in-
novative combinations targeting this pathway. Yet, given the tox-
icities and costs associated with these agents, research has
focussed on ways to better identify which patients would benefit
the most from these treatments. In this review, we will discuss
biomarkers of response and resistance specifically to PI3K inhibi-
tors (PI3Ki) in estrogen receptor (ER)-positive BC. Furthermore,
we will describe the rationale for new combination therapies
involving PI3Ki and the ongoing trials evaluating these strategies.

Biomarkers of response and resistance

PI3K/AKT/mTOR pathway can be activated by multiple factors,
such as oncogenic genomic alterations in PIK3CA, PIK3RI,

PTEN, AKT, among others [2]. Some of these alterations have
been extensively studied as potential biomarkers of response and/
or resistance to PI3Ki. Although there is a large amount of pre-
clinical data on this topic, we will preferentially focus on bio-
markers that were tested in human BC samples and were
correlated with clinical end points, usually within trials.

Potential biomarkers to predict the benefit
from PI3Ki

PIK3CA gene mutations and PI3K pathway
activation status

Preclinical studies show that PIK3CA-mutated (PIK3CA-mut)
BC cells are more sensitive to PI3Ki [3, 4], yet clinical data assess-
ing its predictive value are contradictory (Table 1). In the
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neoadjuvant setting, a PIK3CA-mut has no predictive value for
treatment with the pan-PI3Ki pictilisib (OPPORTUNE trial) or
the a-selective PI3Ki alpelisib (NEO-ORB trial), but seems to
predict benefit from the B-sparing PI3Ki taselisib (LORELEI
trial) 5, 6, 12, 18].

In the advanced setting, results may be also difficult to inter-
pret. Some studies on pan-PI3Ki report that PIK3CA-mut has
predictive value when detected in the blood [7] or in the blood
and tissue [8], while others report no predictive value [9-11].
Nevertheless, it seems that a PIK3CA-mut may identify patients
who benefit the most from B-sparing PI3Ki (taselisib) and o-
selective PI3Ki (alpelisib), as patients with PIK3CA-wild-type
tumours did not benefit from these targeted drugs in clinical tri-
als [14, 15, 17, 19, 20, 22]. Furthermore, the two most frequently
mutated regions (exon 9—helical domain and exon 20—kinase
domain) of PIK3CA have been explored as biomarkers of re-
sponse. Analyses in the neoadjuvant setting suggested that muta-
tions in exon 9 conferred a higher sensitivity to pictilisib when
compared with mutations in exon 20 [5, 6]. Yet, the large
SOLAR-1 trial showed a benefit from alpelisib in PIK3CA-mut
patients, independently of the type of mutation found [22].

A potential reason for PIK3CA mutational status contradictory
results may be due to its variable oncogenic potential, leading to dif-
ferent degrees of tumour cells’ addiction to PI3K/AKT/mTOR
pathway activation [24]. Indeed, Loi et al. have developed a
PI3KCA-mutant-related gene signature (PIK3CA-GS), which could
predict the occurrence of mutations in PIK3CA and AKT1, and was
correlated with a PTEN-loss gene signature [25]. Interestingly, the
authors showed that higher PIK3CA-GS scores (i.e. corresponding
to the mutant-like phenotype) were associated with low levels of
pathway activation. On the other hand, patients with lower
PIK3CA-GS scores (i.e. with higher pathway activation) had the
greater benefit from treatment with letrozole/everolimus [25, 26].
Moreover, Mertins et al. showed that some PIK3CA-mut breast
tumours do not present downstream pathway activation, further
demonstrating the variable oncogenic potential of the PIK3CA-mut
[27]. One possibility is that the tumour may require another hit for
full activation of the pathway and, indeed, it has recently been dem-
onstrated that the occurrence of double PIK3CA mutations in cis
leads to an increased PI3K pathway activity and downstream signal-
ling in breast tumours compared with single hotspot mutations
[28]. In addition, these double mutations rendered tumours more
sensitive to o-selective PI3Ki.

On the other hand, even in PIK3CA-mut tumours, resistance
to PI3Ki can be mediated by activation of alternative pathways
that drive cell proliferation (MAPK, ER, HER2, AXL, PIM-1,
FOXO transcription factors); by signalling via other PI3K iso-
forms when a specific subunit is blocked; by activation of down-
stream effectors in the PI3K pathway such as AKT and mTOR; by
loss of regulators of PI3K signalling such as PTEN; or by epige-
nomic crosstalk between PI3K and ER pathways, resulting in
upregulation of ER-dependent transcription upon PI3K inhib-
ition (Figure 1) [2, 29-32]. In order to overcome this classifica-
tion issue, studies in metastatic BC have also analysed the benefit
from PI3Ki according to a ‘PI3K pathway activation’ status bio-
marker. Its definition, however, varied between studies and usu-
ally combined DNA with protein expression assessment
(Table 1). Even so, none of these PI3Ki trials indicated a predict-
ive value of an ‘activated PI3K pathway’ biomarker [7, 9].
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Other explanation to these contradictory results may relate to
tumour heterogeneity—in some cases, PIK3CA mutations may
not be early clonal events, but subclonal drivers present only in a
part of the metastatic lesions and, thus, targeting this pathway
may be less efficacious. Yet, results from the AURORA program
show a high concordance rate of PIK3CA-mut between primary
tumours and matched metastasis, suggesting that, in most cases,
detected PIK3CA-mut are clonal [33]. On the other hand, its pre-
dictive value may change according to specific targeted agents—a
hint to this differential effect is given by the B-sparing and o-
selective PI3Ki studies [17, 22]: a predictive effect of PIK3CA-
mut was demonstrated in both trials, but not in all trials testing
pan-PI3Ki. PIK3CA mutations’ predictive value may also depend
on disease setting: its oncogenic potential may be less important
in the early when compared with the advanced setting [34], in
which it has a role on the development of resistance to endocrine
treatment [2]. Thus, its presence in endocrine treatment-
resistant tumours in the advanced setting may predict benefit
from targeted inhibition with PI3Ki, but not in ‘treatment-naive’
tumours, like the ones in the neoadjuvant setting.

'8FEDG-PET/CT imaging

In a phase Ib study testing the combination of buparlisib and
letrozole, patients with no early metabolic response (at 2 weeks)
by ""FDG-PET/CT scan presented rapid disease progression
[35]. Likewise, patients who presented an early metabolic re-
sponse had a higher chance of staying longer on treatment, sug-
gesting that a decrease in tumour metabolism predicts response
to PI3Ki. While interesting, these data need validation in larger
studies.

Other potential biomarkers of response

The OPPORTUNE trial suggested that patients with progester-
one receptor-negative or luminal B tumours may benefit more
from pictilisib due to the drug’s antiproliferative effect [5, 6], but
this was not demonstrated in the NEO-ORB trial [18].

Potential biomarkers of resistance to PI3Ki

PTEN expression loss

Preclinical data suggest that cells with PTEN expression loss are
more sensitive to AKT/PI3K inhibitors (PI3Ki) [4]. Juric et al.
reported the case of a patient who progressed while being treated
with alpelisib, in which all progressing metastatic lesions showed
a de novo loss of PTEN expression, by different but convergent
genetic alterations [36]. Then, the authors functionally analysed
PTEN-null xenografts derived from this patient, which were also
resistant to alpelisib. On the other hand, it is known that PTEN-
deficient tumours are dependent on PI3Kf signalling [37] and
this may explain why patients included in the OPPORTUNE trial
derived benefit from the pan-PI3Ki pictilisib (which also targets
PI3Kp), whether they had PTEN-positive or PTEN-negative
tumours [5, 6]. Nonetheless, assessment of ‘PTEN status’ can be
challenging, as its ‘loss’ has been determined by the allelic or com-
plete loss of the PTEN gene [19, 21], but also by the
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Figure 1. Mechanisms of resistance to PI3K inhibitors in estrogen receptor (ER)-positive breast cancer and current and future drug combination
strategies involving PI3K inhibitors. In PIK3CA-mutated breast tumours, resistance to PI3K inhibitors can be mediated by multiple mechanisms,
including activation of alternative pathways that drive cell proliferation (e.g. RAS/MEK/ERK pathway, ER pathway, or HER2 pathway); by signalling
via other PI3K isoforms when a specific subunit is blocked; by activation of downstream effectors in the PI3K pathway such as AKT and mTOR;
by loss of regulators of PI3K signalling such as PTEN; or by epigenomic crosstalk between PI3K and ER pathways, resulting in upregulation of
ER-dependent transcription. Ab, monoclonal antibody; AR, androgen receptor; CDK4/6i, CDK4/6 inhibitors; ER, estrogen receptor; HER2, human
epidermal growth factor receptor 2; HER3, human epidermal growth factor receptor 3; IGFR1, insulin growth factor receptor 1; mTOR, mTOR
inhibitors; PI3Ki, PI3K inhibitors; SERD, selective estrogen receptor degraders; T-DM1, ado-trastuzumab emtansine; TKI, tyrosine kinase inhibitor.
Dashed arrows, inhibitory function; bold arrows, activation function. Note: within each drug class, we have only included compounds that have
been or that are currently being tested in combination with PI3K inhibitors in clinical trials (see Tables 2 and 3 for more details).
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immunohistochemical expression of the PTEN protein or of
other downstream markers, like phosphorylated-Akt [5, 7, 9, 12,
13, 38]. Moreover, these studies have used different PTEN anti-
bodies and variable definitions of PTEN status, making compari-
sons difficult between them.

High insulin levels

It is well known that PI3K mediates cellular responses to insulin
and that its inhibition leads to hyperglycaemia [17, 22]. A recent
report has shown that PI3Ki-induced hyperglycaemia leads to an
increase in insulin release and that this is sufficient to re-activate
PI3K signalling in tumour models in mice, even in the presence

of PI3Ki, leading ultimately to treatment resistance [39]. The
authors have also demonstrated that this insulin feedback can be
prevented or attenuated using dietary (e.g. ketogenic diet) and
pharmacological measures (e.g. sodium-glucose cotransporter
inhibitors), which improve the efficacy of PI3Ki. On the other
hand, administration of exogenous insulin to control hypergly-
caemia could further activate PI3K signalling in tumour cells and
impair the efficacy of PI3Ki.

This hypothesis could partly explain why in the SANDPIPER trial
there were differences in taselisib efficacy according to the region of
the world: the hazard ratio (HR) was 0.38 [95% confidence interval
(CI) 0.19-0.75] in Asia, 0.57 (95% CI 0.41-0.79) in Western
Europe/USA/Canada/Australia, and 1.18 (95% CI 0.78-1.77) in
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Latin America/Eastern Europe [20]. Thus, differences in patients’
degree of insulin resistance, diet, and in management of hypergly-
caemia (e.g. insulin use) according to each region could justify
these discrepancies.

Although there is not yet clinical data to support this hypothesis,
this is being explored on the datasets from PI3Ki clinical trials.
Some PI3Ki trials already recommended the preferential use of oral
antidiabetic drugs for hyperglicaemia management [12, 22]. Yet, if
this hypothesis is proved, this would lead to further adaptions on
the design of clinical trials using PI3Ki and also on the selection
and follow-up of patients in daily clinical practice.

Other biomarkers of resistance

Data suggest that in PI3Ki-resistant cell lines there is low-level
Akt signalling, and these can be resensitized by using the AKTi
MK-2206 [32]. Nonetheless, a phase I trial combining neoadju-
vant MK-2206 with anastrozole in patients with PIK3CA-mut
tumours showed incomplete target inhibition and lack of further
Ki67 suppression [40].

A small number of patients with FGFR1/2 amplification, KRAS or
TP53 mutations did not derive clinical benefit in a phase Ib trial of
letrozole/alpelisib [19], but this needs confirmation in larger studies.

Limitations of biomarker research

Despite intense research efforts to find predictive biomarkers of
response/resistance to PI3Ki, so far only PIK3CA mutations
(detected either in tissue or blood) have been approved by the US
Food and Drug Administration (FDA) as a predictive biomarker
for the use of alpelisib [41]. Moreover, PIK3CA mutations have
been recently classified in the tier of evidence IA of genomic alter-
ations in breast cancer (BC) of the ESMO Scale for Clinical
Actionability of molecular Targets (ESCAT), as predictors of
benefit from a-selective PI3Ki [42].

There are several reasons that may explain the lack of definitive
findings regarding the predictive value of PIK3CA-mut with
other PI3Ki or for the other biomarkers studied so far. The first is
that many of these analyses are retrospective, exploratory and
based on a small number of patients. As some of the tested genetic
alterations (e.g. mutations in PTEN) have a low frequency, statis-
tical challenges and the risk of overfitting exist. Only the more re-
cent trials have prospectively assessed PIK3CA-mut status or
PI3K pathway activation before patients inclusion [7, 9, 10, 16—
18, 22], but still the predictive value of PIK3CA-mut was only
proven in the B-sparing and a-selective PI3Ki trials. This may
partly be explained by the low tolerability of pan-PI3Ki when
compared with isoform-selective PI3Ki: exposure to pan-PI3Ki
was often reduced due to their toxicity, and this could have led to
inadequate pathway inhibition. Thus, it may have confounded
the interpretation of biomarker data, leading to contradictory
results in the pan-PI3Ki trials [5-11].

Furthermore, differences in methods (use of Sanger sequenc-
ing, PCR, next-generation sequencing, etc.) and types of muta-
tions assessed may have also influenced results. Lastly, these
biomarkers have been mostly evaluated at baseline only. Data
from CDK4/6i trials show that tumour genome may change
under selective therapeutic pressure [43], thus it would be

interesting to assess genetic alterations over time in patients
treated with PI3Ki as well. A convenient technique to perform
this would be through circulating tumour (ct)DNA [44].
Another issue relates to timing of assessment: most trials tested
biomarkers on archived tissue, usually the primary breast tu-
mour. Some of them assessed the concordance of PIK3CA-mut
status between (archived) tissue versus ctDNA and it varied be-
tween 70% and 83% [7, 8, 45]. Interestingly, in BELLE-2, 21%
patients with PIK3CA-wild-type tumour tissue had PIK3CA-mut
ctDNA, which suggests tumour evolution between initial diagno-
sis and the time at which patients started a PI3Ki [7]. Thus, bio-
markers like PIK3CA-mut should be assessed (either in blood or
in a recent tissue biopsy) at the time of PI3Ki treatment initiation
and not in archived tissue. Of note, in SOLAR-1, the number of
patients with a PIK3CA-mut in ctDNA was lower than in the
archival tissue (186 versus 341 patients, respectively), thus sug-
gesting that a proportion of patients with PIK3CA-mut tissue had
no identifiable PIK3CA-mut in ctDNA [23]. This is in line with
the preliminary findings from the AURORA program, in which
more than half of patients with a PIK3CA-mut identified in meta-
static tissue (taken just before inclusion) did not present an iden-
tifiable PIK3CA-mut on synchronous ctDNA [33], which may be
explained by many factors (e.g. low tumour burden, among
others). This is the reason why FDA recommends that patients
who have a negative ctDNA PIK3CA-mut test should undergo tu-
mour biopsy for PIK3CA-mut assessment [41]. Still, as in
SOLAR-1, patients with PIK3CA-wild-type ctDNA did not bene-
fit from the addition of alpelisib (HR 0.80; 95% CI 0.60-1.06), it
would be important to analyse the benefit of alpelisib in the sub-
group of ‘discordant’ patients, who have PIK3CA-mut tissue, but
a PIK3CA-wild-type ctDNA.

Future research

Genomic, transcriptomic and proteomic information assessed in
breast tumour samples from clinical trials testing PI3Ki should be
publically available. This would allow the combination of all this
information, in order to better understand the predictive and
prognostic role of PIK3CA-mut and other genetic alterations in
advanced BC. Furthermore, future trials should prospectively as-
sess these biomarkers, not only at baseline but throughout treat-
ment and at disease progression. As an example, there is an
ongoing prospective trial (CICLADES, NCT03318263), longitu-
dinally assessing ctDNA for ESR1, PIK3CA and AKTI mutations
during first-line endocrine treatment with/without targeted ther-
apy, in order to assess their predictive value.

As immunotherapy is emerging as a possible treatment of BC
patients, we should also assess the effects of the different PI3Ki on
tumour microenvironment and how it can predict response to
these treatments. Finally, as new combination therapies involving
PI3Ki are being developed, biomarkers to predict which patients
will benefit from them should also be sought.

Combination therapies involving PI3Ki

Antitumour activity of PI3Ki in preclinical studies is encourag-
ing, and B-sparing and a-selective PI3Ki have demonstrated to be
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effective in metastatic BC patients with PIK3CA-mut tumours
[17, 22]. Nonetheless, disease progression invariably occurs dur-
ing PI3Ki treatment, and therefore strategies to overcome resist-
ance and improve patients’ outcomes are necessary. Given the
resistance mechanisms previously described, combination of
PI3Ki with targeted therapies that suppress alternative pathways,
or blockade of PI3K pathway at downstream levels are potential
strategies to overcome resistance (Figure 1; Tables 2 and 3).

With anti-HER2 agents

In preclinical models of HER2-positive BC cells, PI3K pathway
activation induces resistance, while treatment with PI3Ki restores
sensitivity to anti-HER2 therapies, and the combination of anti-
HER?2 with PI3Ki has synergic antitumour activity [61]. Likewise,
in HER2-positive BC patients, presence of a PIK3CA-mut is asso-
ciated with worse response rates to neoadjuvant treatment [62].
Phase I/1I studies demonstrated the overall feasibility of combin-
ing anti-HER?2 treatments with PI3Ki (Table 2) [46, 50-59, 63]. A
phase II study including HER2-positive, trastuzumab-resistant
metastatic BC patients treated with buparlisib and trastuzumab
showed an overall response rate of 10%, but grade > 3 toxicities
were observed in 70% of patients [52]. The NeoPHOEBE trial
randomized HER2-positive BC patients to neoadjuvant trastuzu-
mab/paclitaxel with/without buparlisib. This trial was inter-
rupted after enrolment of only 50 patients due to an increased
incidence of severe liver toxicity. Pathological complete response
rates did not differ between buparlisib and placebo, yet a signifi-
cant decrease in Ki67 was observed with buparlisib (75%) versus
placebo (26.7%), suggesting that PI3Ki may be active in HER2-
positive BC [63]. Despite this promising activity, the high fre-
quency of severe toxicities was concerning. As isoform-selective
PI3Ki might have a more favourable toxicity profile, ongoing
studies are evaluating their combination with anti-HER2 treat-
ments in HER2-positive BC patients (Table 3) [46].

With chemotherapy

PI3K pathway activation induces resistance to chemotherapy in
BC cells [64]. In most clinical studies evaluating PIK3CA-mut as a
predictor of chemotherapy response in BC, inferior response rates
were observed in patients with PIK3CA-mut tumours when com-
pared with patients with PIK3CA-wild-type tumours [62, 65].
Therefore, the combination of PI3Ki and chemotherapy is being
investigated as an attempt to overcome treatment resistance, but
no promising results have been observed so far (Table 2) [9, 11,
21, 49, 59]. Ongoing trials are evaluating the association of PI3Ki
with chemotherapy in HER2-negative BC (Table 3).

With CDK4/6 inhibitors

Cyclin-dependent kinases (CDK) are involved in cell cycle regula-
tion, and the dysregulated activation of these proteins is a mech-
anism of resistance to endocrine treatment [66]. Preclinical
studies demonstrated an interaction between the CDK4/6 and
PI3K pathways in ER-positive BC cells: the antitumour effect of
CDK4/6 inhibitors (CDK4/61) was impaired with PI3K/AKT/

Annals of Oncology

mTOR pathway activation, while in BC cells harbouring a
PI3KCA-mut, co-treatment with CDK4/6i and PI3Ki was more
effective than a PI3Ki alone. This suggested that PI3K activation
is a potential mechanism of resistance to CDK4/6i [32]. Early
phase trials have already shown the combination of CDK4/6i and
PI3Ki may be active in BC (Table 2) [16, 47, 48]. To further ex-
plore their potential synergistic effect, ongoing studies are cur-
rently evaluating their combination (Table 3).

With new endocrine agents

Survival and proliferation of ER-positive BC cells is highly de-
pendent on ER signalling [67]. ER pathway can remain active,
even in the presence of endocrine treatment, through mutations
in ESRI gene, or via the activation of downstream effectors by al-
ternative kinases such as PI3K, HER2 and MAPK [68]. The select-
ive ER modulators/degraders (SERMs/SERDs) are agents
designed to bind to the ER, block its signalling and/or increase its
degradation. There are new SERDs/SERMs with the potential to
bind to the mutated ER and thereby restore the effective blockade
of the ER pathway in ESRI-mutated BC cells. Since ESRI-muta-
tion and PIK3CA-mut are both involved in endocrine resistance
in ER-positive BC, an ongoing study is evaluating the combin-
ation of a new SERD (LSZ102) with alpelisib in endocrine-
resistant BC patients (Table 3).

Multiple targeting of the PI3K/AKT/mTOR
pathway

Although PI3Ki effectively block PI3K and down-regulate its
stimuli to cell proliferation, BC cells are able to reactivate PI3K/
AKT/mTOR pathway signalling through the activation of down-
stream effectors such as AKT and mTOR, and thereby develop re-
sistance to PI3Ki [29]. A potential strategy to overcome this
resistance mechanism is the concomitant inhibition of multiple
targets on the PI3K/AKT/mTOR pathway, which can be achieved
by the combination of different inhibitors, or by agents that block
multiple kinases [2, 60]. Thus, ongoing studies are evaluating the
blockade of PI3K/AKT/mTOR signalling at multiple sites as a
way to overcome treatment resistance in BC (Table 3).

With antiandrogens

PIK3CA-mut can be found in up to 40% of BC patients whose
tumours express androgen receptors (AR), and the expression of
AR is higher in BC that harbour mutations in the PI3K kinase do-
main than in PIK3CA wild-type BC [69, 70]. In preclinical mod-
els of luminal and triple-negative BC cells, there is a significant
cross-talk between the PI3K and the AR pathways, with the acti-
vation of the AR inducing PTEN expression and rendering BC
cells more sensitive to PI3K inhibition [71]. In cell lines and
xenograft models of triple-negative BC cells that express AR, a
synergy between the combination of PI3Ki and AR inhibitors has
been demonstrated, with the combination exerting a more robust
antitumoural effect than each agent alone [69]. Based on this pre-
clinical data, the combination of the a-selective PI3Ki alpelisib
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with enzalutamide (an AR antagonist) is currently being eval-
uated in a phase I study in HER2-negative metastatic BC patients
whose tumours express both AR and PTEN by immunohisto-
chemistry (Table 3).

Conclusion

Despite intense research efforts, so far, only PIK3CA mutations
have proved to have a predictive value for treatment with o-se-
lective and B-sparing PI3Ki in the advanced setting. Thus, its as-
sessment has recently entered clinical practice. Even so, a
composite biomarker, which could more accurately assess PI3K/
AKT/mTOR pathway activation, would be the preferred ap-
proach. This question is even more pressing as new drug combi-
nations with PI3Ki are being developed and may enter clinical
practice in the future, making better treatment tailoring an ur-
gent need.
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