
The PI3K–AKT–mTOR signalling pathway is one of 
the most frequently dysregulated pathways in human 
cancers1–6. This pathway controls key cellular processes, 
such as metabolism, motility, growth, and proliferation, 
that support the survival, expansion and dissemination 
of cancer cells7; the pathway can be aberrantly activated 
in these cells through multiple mechanisms, including 
diverse genomic alterations involving PIK3CA, PIK3R1, 
PTEN, AKT, TSC1, TSC2, LKB1 (also known as STK11), 
MTOR, and other oncogenes or tumour suppressor 
genes8–18 (FIG. 1). These alterations are frequently detected 
in a range of tumour types (TABLE 1) and offer opportuni
ties for therapeutic targeting of the PI3K–AKT–mTOR 
pathway. In addition, the results of preclinical and early 
clinical experiments have supported the potential effi
cacy of such approaches8,9,19–24. Investigations involving 
therapeutic targeting of the PI3K–AKT–mTOR path
way have resulted in the development of several distinct 
classes of drugs, including PI3K and AKT inhibitors, 
as well as allosteric mTOR and catalytic mTOR kinase 
inhibitors1, Indeed, >40 different inhibitors of these 
proteins have reached various stages of clinical develop
ment, but only a few — the mTOR inhibitors temsiro
limus and everolimus and the PI3K inhibitors idelalisib 
and copanlisib — have been approved by the FDA for 

clinical use in the treatment of patients with cancer25–29 
(TABLE 2). Many questions relating to the use of PI3K–
AKT–mTOR pathway inhibitors remain unanswered, 
including which drugs or classes of drugs should be used 
in specific cancer contexts and whether the development 
of rational combination strategies will provide improved 
clinical benefit and lead to further regulatory approval 
of such compounds. Notably, novel inhibitors with 
increased specificity for individual isoforms of aberrant 
proteins, particularly PI3K, seem to have better thera
peutic efficacy and improved toxicity profiles compared 
with nonisoformselective agents30. Furthermore, the 
optimization of dosing schedules remains challenging, 
and robust predictive biomarkers of therapeutic activity 
or resistance have not been identified1. In this Review, 
we describe the key discoveries and challenges in the 
clinical development of antitumour therapies targeting 
the PI3K–AKT–mTOR pathway and discuss potential 
strategies to improve the clinical translation of such 
treatments in the future.

mTOR inhibitors
mTOR is a serine and threonine protein kinase that is the 
catalytic subunit of two multiprotein complexes, mTOR 
complex 1 (mTORC1) and mTORC2, that function as 
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Abstract | The PI3K–AKT–mTOR pathway is one of the most frequently dysregulated pathways in 
cancer and, consequently, more than 40 compounds that target key components of this signalling 
network have been tested in clinical trials involving patients with a range of different cancers.  
The clinical development of many of these agents, however, has not advanced to late-phase 
randomized trials, and the antitumour activity of those that have been evaluated in comparative 
prospective studies has typically been limited, or toxicities were found to be prohibitive. 
Nevertheless, the mTOR inhibitors temsirolimus and everolimus and the PI3K inhibitors idelalisib 
and copanlisib have been approved by the FDA for clinical use in the treatment of a number of 
different cancers. Novel compounds with greater potency and selectivity, as well as improved 
therapeutic indices owing to reduced risks of toxicity, are clearly required. In addition, biomarkers 
that are predictive of a response, such as PIK3CA mutations for inhibitors of the PI3K catalytic 
subunit α isoform, must be identified and analytically and clinically validated. Finally, considering 
that oncogenic activation of the PI3K–AKT–mTOR pathway often occurs alongside 
pro-tumorigenic aberrations in other signalling networks, rational combinations are also needed 
to optimize the effectiveness of treatment. Herein, we review the current experience with 
anticancer therapies that target the PI3K–AKT–mTOR pathway.
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nutrient, energy, and redox sensors involved in con
trolling cellular metabolism and growth31. Activation 
of mTORC1 downstream of PI3K and AKT increases 
the production of proteins, lipids, and nucleotides while 
downregulating autophagy, which supports cell survival, 
growth, and proliferation; mTORC2 also increases cel
lular proliferation and survival through the regulation 
of protein kinases, including AKT, which collectively 
provides the rationale for therapeutic targeting of 
mTOR complexes in cancer32,33 (FIG. 2). Indeed, mTOR  
inhibitors were the first compounds that target the  
PI3K–AKT–mTOR pathway to advance to the clinic25,26.

Allosteric mTOR inhibitors
Temsirolimus is an intravenously administered pro
drug form of the allosteric mTORC1 inhibitor rapa
mycin (sirolimus), which forms a complex with the 
peptidylprolyl cistrans isomerase FKBP1A that is 
incorporated into mTORC1, but not mTORC2, and 
inhibits mTOR. In 2007, this drug was approved by the 
FDA for the treatment of patients with advancedstage 
renal cell carcinoma (RCC) based on the results of the 
phase III Global ARCC trial25. In this trial, temsiro limus 
monotherapy was associated with prolonged overall 
survival versus that observed with IFNα in treatment 
naive patients with metastatic RCC (10.9 months ver
sus 7.3 months; HR 0.73, 95% CI 0.58–0.92; P = 0.008); 
however, only 8.6% of patients had an objective response 
according to the Response Evaluation Criteria in Solid 
Tumours (RECIST) criteria25.

Everolimus, another derivative of rapamycin that is 
administered orally, is currently approved by the FDA for 
the treatment of numerous cancers, including advanced
stage RCC; hormone receptorpositive, HER2negative 
breast cancer in postmenopausal women; pancreatic 
neuro endrocrine tumours (NETs) and other selected 
NETs; adult renal angiomyolipoma associated with 
tuberous sclerosis complex; and paediatric or adult sub
ependymal giant cell astrocytoma (SEGA) with tuberous 

sclerosis complex14,26,27,34–36. In the phase III RECORD1 
trial26, everolimus monotherapy for previously treated 
patients with advancedstage RCC was associated  
with prolonged progressionfree survival (PFS) com
pared with that observed with placebo (median PFS 
4.0 months versus 1.9 months; HR 0.30, 95% CI 0.22–
0.40; P < 0.0001). This prolonged PFS did not, however, 
translate into a statistically significant improvement in 
overall survival, probably owing to patient crossover 
from the placebo arm to receive everolimus upon disease 
progression26. Notably, the reported overall response rates 
(ORRs) with everolimus in patients with RCC are consist
ently very low, ranging from 1% to 5%26,37,38. Everolimus 
has also been demonstrated to prolong the PFS of patients 
with advancedstage pancreatic NETs in the randomized, 
phase III RADIANT3 trial34 (median PFS 11.0 months 
versus 4.6 months; HR 0.35, 95% CI 0.27–0.45; P < 0.001), 
but the ORR among patients in the everolimus arm 
did not exceed 5%. In addition, results of the phase III 
RADIANT4 trial39 in patients with progressive, well 
differentiated, nonfunctional gastro intestinal or lung 
NETs demonstrated prolonged PFS in those treated with 
everolimus compared with in those treated with pla
cebo (11.0 months versus 3.9 months; HR 0.48, 95% CI 
0.35–0.67; P < 0.00001). In another randomized trial 
(BOLERO2) enrolling patients with advancedstage 
hormone receptorpositive, HER2negative breast can
cer previously treated with the aromatase inhibitors (AIs) 
letrozole or anastrozole27, everolimus plus the AI exemes
tane was associated with a significantly higher ORR (9.5% 
versus 0.5%; P < 0.001) and a longer median PFS duration 
(6.9 months versus 2.8 months; HR 0.43, 95% CI 0.35–
0.54; P < 0.001) than placebo plus exemestane, according 
to investigators’ assessments. The findings of BOLERO2 
validated the hypothesis that activation of PI3K–AKT–
mTOR signalling contributes to the development of  
resistance to hormone therapy.

In the phase  III SUCCEED trial40, ridaforoli
mus — another orally administered analogue of rapa
mycin — prolonged PFS compared with that observed 
using placebo in patients with previously treated meta
static softtissue sarcomas (median PFS 17.7 weeks ver
sus 14.6 weeks; HR 0.72, 95% CI 0.61–0.85; P = 0.001). 
Objective responses were infrequent, however, with 
a mean decrease in target lesion size of only 1.3%. 
Moreover, median overall survival was not signifi
cantly improved with ridaforolimus (90.6 weeks ver
sus 85.3 weeks; HR 0.93, 95% CI 0.78–1.12; P = 0.46)40. 
Further development of this compound for the treat
ment of cancer has not been pursued owing to a lack of 
therapeutic activity.

Finally, intravenously administered nanoparticle 
albuminbound (nab)rapamycin (ABI009), which 
has improved bioavailability compared with oral rapa
mycin, was tested in 26 patients with advancedstage 
non haematological malignancies in a doseescalation 
study41. Grade 3 or 4 adverse events (AEs) were infre
quent and were mostly laboratory findings, such as anae
mia (8%), hypophosphataemia (8%), thrombocytopenia 
(12%), and transaminitis (8%). A partial response (PR) 
was observed in a patient with RCC, and a patient with 

Key points

• The PI3K–AKT–mTOR signalling pathway, which controls multiple cellular processes 
including metabolism, motility, proliferation, growth, and survival, is one of the most 
frequently dysregulated pathways in human cancers.

• The PI3K–AKT–mTOR pathway can be aberrantly activated by multiple factors, 
including diverse oncogenic genomic alterations in PIK3CA, PIK3R1, PTEN, AKT, TSC1, 
TSC2, LKB1, MTOR, and other critical genes, which can serve as targets for anticancer 
therapy.

• More than 40 inhibitors of the PI3K–AKT–mTOR signalling pathway have reached 
different stages of clinical development, but few — temsirolimus, everolimus, 
idelalisib, and copanlisib — have been approved for clinical use.

• Limited single-agent activity, problematic levels of toxicity, and a lack of predictive 
biomarkers for treatment selection have all been major barriers to the clinical 
translation of agents that target components of the PI3K–AKT–mTOR pathway.

• Novel compounds and dosing schedules that have fewer off-target effects need to be 
developed; efforts to identify biomarkers associated with clinical activity also need to 
be expanded beyond PIK3CA or PTEN alterations.

• Finally, as demonstrated in patients with metastatic hormone-receptor-positive 
breast cancer, combination strategies might open viable paths to advancing PI3K–
AKT–mTOR inhibitors from clinical studies to new standard-of-care treatments.
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mesothelioma and another with NET remained on study 
for 238 days and 365 days, respectively. Nabrapamycin 
is currently being evaluated in phase II studies (TABLE 2).

mTOR kinase inhibitors
Competitive (nonallosteric) inhibitors of mTOR kinase 
are effective against both mTORC1 and mTORC2 (FIG. 2). 
These agents have the potential to prevent the feedback
loopbased activation of AKT caused by inhibition of 
mTORC1 but not mTORC2 (REFS 33,42–44) (FIG. 1). 
Thus, mTOR kinase inhibitors might result in a greater 
level of inhibition of PI3K–AKT–mTOR signalling than 
mTORC1selective allosteric mTOR inhibitors, resulting 
in improved anticancer activity.

The mTORC1 and mTORC2 (mTORC1/2) inhibi
tor vistusertib (AZD2014) has been tested in patients 
with advancedstage cancers in a phase I study; fatigue 
and mucositis were doselimiting toxicities (DLTs), 
consistent with the expected safety profile of mTOR 
inhibitors, and one patient with pancreatic acinar cell 
carcinoma had a PR45. In the phase II MANTA study46, 
333 postmenopausal women with advancedstage hor
mone receptorpositive, HER2negative breast cancer 
were randomized to receive the selective oestrogen 
receptor degrader fulvestrant plus either daily vistu
sertib, intermittent vistusertib, everolimus, or fulves
trant alone; the median PFS durations were 7.6 months, 
8.0 months, 12.3 months, and 5.4 months, respectively. 
A comparison of the fulvestrant plus daily vistusertib 
and the fulvestrant only groups demonstrated a hazard  
ratio of 0.88 (95% CI 0.63–1.24; P = 0.42), and a com
parison of the fulvestrant plus everolimus and fulves
trant plus daily vistusertib arms demonstrated a hazard 
ratio of 0.63 (95% CI 0.45–0.90; P = 0.01)46. The results 
with vistusertib are disappointing, although this agent is 
under continued investigation in multiple phase I and II 
trials involving patients with glioblastoma, meningioma, 
prostate cancer, or tumours harbouring RICTOR ampli
fication or TSC mutations (TABLES 2,3), which result in 
hyperactivation of mTORC1 and/or mTORC2 and are, 
therefore, hypothesized to increase sensitivity to the 
drug13,15. Vistusertib is also being clinically evaluated in 
rationally designed combinations with other therapies, 
such as paclitaxel, olaparib, palbociclib, and selumetinib, 
in order to overcome intrinsic and acquired resistance 
mechanisms and improve patient outcomes.

AZD8055, another mTORC1/2 inhibitor, has been 
evaluated in 49 patients with advancedstage solid can
cer or lymphoma47; no responses were reported. The 
most frequent grade 3 or 4 AE was transaminitis, and 
this toxicity, as well as a lack of clinical activity, impeded 
the advancement of AZD8055 to phase II trials; no  
clinical studies are currently investigating this drug.

In two independent phase I doseescalation stud
ies48,49, the safety and efficacy of sapanisertib was exam
ined in 115 patients with advancedstage solid tumours 
and in 39 patients with refractory multiple myeloma, 
nonHodgkin lymphoma (NHL), or Waldenström 
macroglobulinaemia. In the latter study, the results of 
which have been reported in a full publication48, grade 3 
or 4 drugrelated AEs were reported in 31% of patients 
treated on continuous dosing schedules and in 77% 
of patients receiving treatment on intermittent dosing 
schedules and were mostly consistent with those of other 
drugs in this class. Objective responses were infrequent 
(two PRs in the solid tumour study49 and one PR in the 
haematological malignancies study48). Nevertheless, 
sapanisertib has been advanced to further clinical testing 
across a diverse range of tumour types and in multiple 
combinations. In addition, owing to previous reports of 
the increased efficacy of mTOR inhibitors based on the 
presence of certain PI3K–AKT–mTORpathway aberra
tions11, sapanisertib is currently being tested in patients 
with tumours harbouring TSC1 or TSC2 mutations as 
part of the National Cancer Institute (NCI) MATCH 
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Figure 1 | Intracellular signalling via the PI3K–AKT–mTOR pathway. The PI3K–AKT–
mTOR pathway is triggered by the activation of various growth factor receptor 
tyrosine kinases or G protein-coupled receptors (not shown). The class I PI3K proteins 
are recruited to the plasma membrane by adaptor proteins, such as insulin receptor 
substrate (IRS) family members, that interact with these activated cell-surface 
receptors, leading to phosphorylation of phosphatidylinositol 4,5-bisphosphate (PIP2) 
to generate phosphatidylinositol 3,4,5-trisphosphate (PIP3). PIP3 is a second messenger 
that activates the AKT kinases, which are able to phosphorylate tuberous sclerosis 
protein 1 (TSC1) and TSC2, and thereby dissociate the TSC1–TSC2 complex. The 
TSC1–TSC2 complex negatively regulates the activity of the kinase mTOR; therefore, 
AKT results in the activation of mTOR complex 1 (mTORC1) and ultimately in increased 
protein and lipid synthesis and decreased autophagy, which supports cell growth and 
proliferation. Notably, mTORC1 is involved in a negative feedback loop that serves to 
prevent the overactivation of AKT (dashed red lines). The PI3K–AKT–mTOR pathway 
can be upregulated by activating molecular alterations in the PI3K subunits (such as 
PI3K catalytic subunit α isoform, encoded by PIK3CA), AKT, and mTOR (depicted by 
green circles) or by loss-of-function alterations in the PI3K regulatory subunits (such as 
PI3K regulatory subunit-α, encoded by PIK3R1), PTEN, TSC1, TSC2, and LKB1 (also 
known as STK11) (depicted by orange circles). In parallel, activation of the growth 
factor receptor tyrosine kinases and G protein-coupled receptors induces KRAS–RAF–
MEK–ERK signalling, and ERK activation can further contribute to mTORC1 activation 
through dissociation of the TSC1–TSC2 complex. KRAS can also reinforce the 
activation of PI3K. Notably, the KRAS–RAF–MEK–ERK pathway can also be activated 
constitutively by gain-of-function alterations in the component kinases or cell-surface 
receptors (green circles).
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Table 1 | Potential directly and indirectly druggable alterations in the PI3K–AKT–mTOR pathway

Gene Type of alteration Expected consequence Cancer type Frequency of mutationa (%)

PIK3CA Mutation Gain of function Endometrial 35–53

Breast 26–41

Squamous cervical 27

Bladder 20–23

Squamous head and neck 18–21

Colorectal 15–21

Gastric 2–17

Squamous lung 15–16

Ampullary 13

Glioblastoma 9–11

Oesophageal 10

Amplification Gain of function Squamous lung 38–47

Ovarian 18–29

Oesophageal 23

Neuroendocrine prostate 22

Squamous head and neck 21

Squamous cervical 20

PIK3CB Amplification Gain of function Neuroendocrine prostate 22

Squamous lung 9–16

Ovarian 4–11

Squamous cervical 10

Squamous head and neck 10

Oesophageal 10

PIK3R1 Mutation Loss of function Endometrial 33

Glioblastoma 11

Low-grade glioma 5

PTEN Mutation or deletion Loss of function Endometrial 65

Glioblastoma 31–41

Prostate 7–39

Squamous lung 11–18

Neuroendocrine prostate 17

Melanoma 12–13

Gastric 12

Breast 5–10

AKT Mutation Gain of function Breast 2–6

Oesophageal 3

Bladder 2

Amplification Gain of function Neuroendocrine prostate 21

Pancreatic 10

Ovarian 5

TSC1 Mutation Loss of function Bladder 6–9

Gastric 6

Oesophageal 5

TSC2 Mutation Loss of function Gastric 6

Colorectal 5

Melanoma 5
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trial, in which groups of patients with advanced
stage cancers carrying specific genetic aberrations are 
matched with various targeted therapies, according to 
the precision medicine paradigm (TABLE 3).

A different mTORC1/2 inhibitor, CC223, has been 
investigated in a doseescalation study involving 28 
patients with advancedstage solid tumours or multiple 
myeloma50. One patient with breast cancer had a PR, 
equating to a disappointing ORR of 4%50. Accordingly, 
plans to further develop CC223 seem to be limited.

Finally, OSI027 has been tested in a dose escalation, 
doseexpansion study involving 128 patients with var
ious advancedstage solid tumours or lymphomas51. 
The investigators examined intermittent (3 days on 
then 4 days off), weekly, and daily dosing schedules. 
The intermittent and weekly schedules were tested in 
doseexpansion cohorts, and the daily schedule was 
associated with the highest number of treatment dis
continuations owing to drugrelated AEs, with 17% 
of patients experiencing grade 3 or 4 AEs including 
fatigue and diarrhoea51. No patients had an objective 
response; however, six patients had stable disease for 
>6 months51. Notably, correlative studies revealed that 
the dose required for proper target engagement was 
above the tolerable limit51. To our knowledge, this drug 
has not been advanced to testing in other clinical trials, 
except for one phase I/II study investigating multiple 
combinations of the drug with chemotherapy or biologic 
agents in patients with advancedstage head and neck  
squamous cell carcinoma (HNSCC).

In summary, although mTOR inhibitors are gener
ally well tolerated, they have only modest clinical activity 
when used as single agents. The inhibitors of mTORC1, 
temsirolimus and everolimus, are currently approved 
for clinical use as single agents for indications in which 
therapeutic options were lacking at the time of approval 
(RCC, pancreatic NET, nonfunctional lung or gastro
intestinal NET, and SEGA) or in combination with 
hormone therapy to overcome endocrine resistance in 
women with hormone receptorpositive, HER2negative 
breast cancer14,25–27,34–36,39. Whether or not catalytic mTOR 
kinase (mTORC1/2) inhibitors offer any clinically relevant 
advantage over allosteric mTORC1 inhibitors remains 
unclear, and drugs of both classes continue to be tested 

in phase I and II studies, including — perhaps impor
tantly — trials involving rationally designed combinations 
and studies that include biomarkerbased patient selection 
strategies (TABLE 3).

Pan‑PI3K inhibitors
PanPI3K inhibitors inhibit, to some degree, the cata
lytic activity of all four PI3K class I isoforms: PI3Kα 
(encoded by PIK3CA), PI3Kβ (encoded by PIK3CB), 
PI3Kγ (encoded by PIK3CG), and PI3Kδ (encoded by 
PIK3CG). Theoretically, therefore, these agents should 
be effective against cancers with elevated production of 
phosphatidylinositol 3,4,5trisphosphate (PIP3) irrespec
tive of the type of PI3K or PTEN alterations involved. 
These inhibitors offer a potentially broader spectrum of 
activity by encompassing a wide range of molecular tar
gets (FIG. 3), although with an increased risk of on target 
and offtarget effects and toxicities3. With the excep
tion of copanlisib, no panPI3K inhibitors have been 
approved for clinical use outside of trials owing to either 
a lack of activity or to safety concerns, as outlined below.

Buparlisib is one of the most extensively tested 
panPI3K inhibitors to date, with data available from 
three randomized trials52–54. In the phase III BELLE2 
trial52, 1,147 patients with advancedstage hormone 
receptorpositive breast cancer who had disease pro
gression on AI therapy were randomly assigned to 
receive fulvestrant with either placebo or buparlisib. 
The primary end point of the study was met, with the 
addition of buparlisib prolonging PFS compared with 
placebo, albeit by a modest amount of time (median PFS 
6.9 months versus 5.0 months; HR 0.78, 95% CI 0.67–
0.89; P = 0.00021)52. Of note, patients with PIK3CA muta
tions detected in plasmaderived cellfree DNA had a 
longer median PFS duration with buparlisib therapy 
than with placebo (7.0 months versus 3.2 months)52. 
Up to 25% of patients treated with buparlisib had severe 
(grade ≥3) AEs, such as ontarget hyperglycaemia and 
liver toxicities52. In BELLE3 (REF. 53), another phase III 
trial, 432 postmenopausal women who had previously 
received AIs and mTOR inhibitors were randomly 
assigned to receive treatment with fulvestrant plus either 
buparlisib or placebo. In comparison with the patients 
who received placebo, those who received buparlisib 

Table 1 (cont.) | Potential directly and indirectly druggable alterations in the PI3K–AKT–mTOR pathway

Gene Type of alteration Expected consequence Cancer type Frequency of mutationa (%)

LKB1 Mutation Loss of function Adenocarcinoma lung 15–17

Pancreatic 2–3

Oesophageal 3

MTOR Mutation Gain of function Endometrial 11

Colorectal 8

Melanoma 7

RICTOR Amplification Gain of function Neuroendocrine prostate 18

Squamous lung 8–16

Lung adenocarcinoma 10
aAs reported in cBioPortal on 18 November 2017; data sets with ≥100 patients and cancer types with a frequency of alteration ≥10% or the three cancer types with 
the highest prevalence of alteration are included in this table.
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Table 2 | Selected PI3K–AKT–mTOR inhibitors that are approved for clinical use or are under clinical development

Drug class Drug Stage of clinical development

mTORC1 
inhibitors

Temsirolimusa Approved for the treatment of advanced-stage renal cancer

Everolimus Approved for the treatment of advanced-stage renal cancer, advanced-stage HR+ breast cancer in postmenopausal 
women in combination with exemestane, well-differentiated neuroendocrine tumours, renal angiomyolipoma and 
tuberous sclerosis complex, and subependymal giant cell astrocytoma and tuberous sclerosis complex

Ridaforolimus Phase III trial in patients with advanced-stage soft-tissue sarcoma completed; no further development

Nab-rapamycina Phase II studies ongoing in patients with MTOR-mutated advanced-stage cancers, perivascular epithelioid cell 
tumours, and other sarcomas

mTORC1 
and mTORC2 
inhibitors

Vistusertib Phase II studies ongoing in patients with RICTOR-amplified tumours and in those with a variety of 
advanced-stage cancers

AZD8055 Phase I study in patients with advanced-stage solid tumours and lymphoma completed; no further development

Sapanisertib Phase II studies ongoing in patients with advanced-stage cancers; also evaluated in the NCI-MATCH trial

CC-223 Phase II study ongoing in patients with lymphoma

OSI-027 Phase II study ongoing in patients with HNSCC in combination with chemotherapy or biologic agents

Pan-PI3K 
inhibitors

Buparlisib Phase III studies completed in patients with advanced-stage breast cancer

Pictilisib Randomized phase II studies completed in patients with breast cancer; no further development

Pilaralisib Phase II studies completed in patients with breast or endometrial cancers; no further development

Copanlisiba Approved for the treatment of relapsed follicular lymphoma

PX-866 Phase II studies completed in patients with solid tumours; no further development

CH5132799 Phase I study completed in patients with advanced-stage solid tumours; no further development

ZSTK474 Phase I studies completed in patients with solid tumours; no further development

SF1126a Phase II study in patients with HNSCC harbouring a PI3K alteration

Dual pan-PI3K 
and mTORC1–
mTORC2 
inhibitors

BGT226 Phase I studies completed in patients with advanced-stage cancers; no further development

Dactolisib Phase II studies completed in renal cell carcinoma and prostate cancer; no further development

Apitolisib Randomized phase II study completed in patients with renal cell carcinoma; no further development

Gedatolisiba Phase I/II studies ongoing in patients with advanced-stage NSCLC or breast cancer

PF-04691502 Phase I study completed in patients with solid tumours; no further development

LY3023414 Phase II studies ongoing in patients with diverse cancers

PQR309 Studies ongoing in patients with lymphoma or breast cancer in combination with chemotherapy

PI3Kα 
inhibitors

Alpelisib Phase I and phase II studies ongoing in patients with diverse cancers

Taselisib Phase III trials ongoing in patients with breast cancer or NSCLC

TAK-117 Phase II studies ongoing in patients with breast cancer or renal cancer

ASN003 Phase I study ongoing in patients with solid tumours

PI3Kβ 
inhibitors

GSK2636771 Phase II studies ongoing in patients with diverse cancers

AZD8186 Phase I study ongoing in patients with solid tumours

SAR260301 Phase I study completed in patients with solid tumours; no further development

PI3Kγ inhibitor IPI-549 Phase I study ongoing in patients with carcinoma or melanoma

PI3Kδ 
inhibitors

Idelalisib Approved for the treatment of CLL, follicular lymphoma, and SLL

Duvelisib Phase III trial ongoing in patients with CLL or SLL

AMG319 Phase II study ongoing in patients with HNSCC

AKT inhibitors MK-2206 Biomarker-driven randomized phase II studies ongoing in patients with NSCLC or breast cancer

BAY 1125976 Phase I study ongoing in patients with solid tumours

Uprosertib Phase I/II studies ongoing in patients with solid tumours

Ipatasertib Phase II and phase III studies ongoing in patients with breast or prostate cancer

AZD5363 Phase II studies ongoing in patients with a diverse range of cancers

Miransertib Phase I studies ongoing in patients with solid tumours

ARQ 751 Phase I study ongoing in patients with solid tumours

MSC2363318A Phase I study ongoing in patients with solid tumours

TAS-117 Phase I study ongoing in patients with solid tumours

CLL, chronic lymphocytic leukaemia; HNSCC, head and neck squamous cell carcinoma; HR, hormone receptor; mTORC, mTOR complex; NCI, US National Cancer 
Institute; NSCLC, non-small-cell lung cancer; SLL, small lymphocytic leukaemia. aAdministered intravenously; all other agents are administered orally.
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had a longer median PFS duration (3.9 months versus 
1.8 months; HR 0.67, 95% CI 0.53–0.84; P < 0.0001)53. A 
total of 349 patients had a known PIK3CA mutation on 
the basis of ana lysis of plasma cellfree DNA in liquid 
biopsy samples; buparlisib was associated with a greater 
prolongation of median PFS among the 147 (42%) 
patients with PIK3CA mutations (4.7 months versus 
1.6 months with placebo; HR 0.50, 95% CI 0.33–0.76) 
than in patients without PIK3CA mutations (3.7 months 
versus 2.7 months with placebo; HR 0.73, 95% CI 0.52–
1.01)53. Unfortunately, >20% of patients had grade 3 or 
4 transaminitis, and several patients had severe anxiety 
and depression leading to suicide attempts53. These mood 
alterations might reflect the effects of broad PI3K inhibi
tion in the brain because buparlisib is expected to cross 
the blood–brain barrier (BBB) and shrinkage of brain 
metastasis has been observed in patients treated with 
this drug55. Finally, in the randomized phase II BELLE4 
study54, 416 patients with advancedstage HER2negative 
breast cancer were assigned to receive either buparlisib or 
placebo in combination with paclitaxel. The result of an 
interim analysis after ≥125 PFS events had occurred did 
not demonstrate a statistically significant difference in 
PFS between the two treatments in the intentiontotreat 
population (median PFS 8.0 months versus 9.2 months, 
HR  1.18), nor in the subgroup of patients with 
PI3Kpathway activation owing to PIK3CA mutations or 
PTEN loss (median PFS 9.1 months versus 9.2 months, 
HR 1.17). Notably, a phase I study56,57 has revealed the 
promising activity of a combination comprising bupar
lisib and the MEK inhibitor trametinib — designed to 

target the PI3K and MAPK pathways in order to combat 
adaptive and innate resistance — in patients with low
grade serous ovarian cancer with RAS or RAF mutations 
refractory to standard therapies, as reflected by an ORR 
of 29%. This response rate compares favourably with an 
ORR of 15% observed in a phase II study involving MEK 
inhibitor monotherapy with selumetinib in unselected 
patients with recurrent lowgrade serous ovarian can
cer56,57. However, 65% of patients had grade 3 or 4 AEs, 
including stomatitis, transaminitis, creatinine kinase ele
vation, and rash, which might impede the future clinical 
development of this combination therapy56,57.

Pictilisib is another panPI3K inhibitor that has 
been evaluated in randomized clinical trials58,59. In the 
twopart, phase II FERGI study58, 229 post menopausal 
women with advancedstage, AIresistant, hormone 
receptorpositive, HER2negative breast cancer were 
randomly assigned to receive either pictilisib or pla
cebo in combination with fulvestrant. The first part 
of this study involved 168 patients with or without 
PIK3CA mutations, among whom the median PFS 
durations were not significantly different between 
the pictilisib and placebo arms (6.6 months versus 
5.1 months; HR 0.74, 95% CI 0.52–1.06; P = 0.096), 
even after stratification of data by PIK3CA status58. A 
similar result was reported for the second part of the 
study, which involved a separate group of 61 patients 
with PIK3CA mutations (median PFS 5.4 months with 
pictilisib versus 10 months with placebo; HR 1.07, 
95% CI 0.53–2.18; P = 0.87)58. Notably, the pictilisib 
dose was reduced owing to toxicities in up to 24% of 
patients, and an additional 22–24% of patients in the 
pictilisib arm discontinued treatment owing to AEs58. 
Similarly, in the PEGGY study59, investigators randomly 
assigned 183 patients with hormone receptorpositive, 
HER2negative metastatic breast cancer to receive pic
tilisib or placebo in combination with paclitaxel. The 
primary end point of the study was not met: irrespective 
of PIK3CA mutation status, the median PFS durations 
of patients who received pictilisib (8.2 months) and 
those who received placebo (7.8 months) did not dif
fer significantly (HR 0.95, 95% CI 0.62–1.46; P = 0.83), 
which might be at least partially attributable to more 
frequent dose modifications in the pictilisib arm59.

The panPI3K inhibitor pilaralisib has been evalu
ated in 69 patients with advancedstage solid tumours 
in a phase I doseescalation study60. The most frequent 
AEs included rash, diarrhoea, nausea, and anorexia. One 
patient with nonsmallcell lung cancer (NSCLC) had a 
PR (ORR 1.4%), although eight patients (11.6%) were 
progressionfree at 6 months60. Similarly, in a subsequent 
phase II study61, pilaralisib had only modest levels of 
clinical activity in 67 patients with previously treated 
advancedstage endometrial carcinoma, with 2 patients 
having an objective response (ORR 6%) and a 6month 
PFS rate of 11.9%. Of note, no significant association 
between the presence of specific molecular alterations 
and clinical activity was detected61. Pilaralisib has also 
been tested in combination with other agents, including 
carboplatin and paclitaxel in patients with advanced
stage solid tumours, letrozole in patients with hormone 
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Figure 2 | Summary of pharmacological agents that target various components of 
the PI3K–AKT–mTOR pathway. Inhibitors of mTOR complex 1 (mTORC1) and/or 
mTORC2 can interfere with the tumour-promoting cellular functions regulated by PI3K–
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Table 3 | Ongoing clinical trials of PI3K–AKT–mTOR inhibitors with biomarker-based selection of patients

Class Drug Biomarker Disease setting Study 
phase

ClinicalTrials.
gov 
registration

mTORC1 
inhibitor

Everolimus Mutations in the genes encoding 
proteins in the PI3K–AKT–mTOR 
pathway

Neuroendocrine tumours II NCT02315625

Everolimus TSC1 or TSC2 mutation Advanced-stage cancers II NCT02201212

Sirolimus PIK3CA mutation and/or 
amplification

Advanced-stage solid cancers II NCT02449564

mTORC1 
and mTORC2 
inhibitor

Vistusertib RICTOR amplification Advanced-stage non-small-cell 
lung cancer

II NCT03106155

Vistusertib and selumetinib 
(MEK inhibitor)

KRAS mutation Advanced-stage cancers I/II NCT02583542

Sapanisertib TSC1 or TSC2 mutation Advanced-stage bladder 
cancer

II NCT03047213

Sapanisertib TSC1 or TSC2 mutation Advanced-stage solid cancers, 
lymphoma, or myeloma 
(NCI-MATCH)

II NCT02465060

Pan-PI3K 
inhibitors

Copanlisib PIK3CA mutation or 
amplification and/or PTEN loss

Advanced-stage squamous head 
and neck cancer

I/II NCT02822482

Dual 
pan-PI3K and 
mTORC1–
mTORC2 
inhibitors

LY3023414 Mutations in the genes encoding 
proteins in the PI3K–AKT–mTOR 
pathway

Advanced-stage solid tumours, 
non-Hodgkin lymphoma, or 
histiocytic disorders (Pediatric 
MATCH)

II NCT03213678

PQR309 RICTOR amplification Advanced-stage cancers I NCT02483858

PI3Kα 
inhibitors

Alpelisib and fulvestrant 
(anti-oestrogen) or placebo

PIK3CA mutation (present or 
absent)

Advanced-stage HR+HER2– breast 
cancer

III NCT02437318

Alpelisib and fulvestrant or 
letrozole (aromatase inhibitor)

PIK3CA mutation Advanced-stage HR+HER2– breast 
cancer

II NCT03056755

Taselisib PIK3CA mutation Advanced-stage squamous cell 
lung cancer (Lung-MAP)

II NCT02154490

Dual PI3Kα 
and BRAF 
inhibitor

ASN003 PIK3CA and/or BRAF mutations Advanced-stage solid cancers I NC02961283

PI3Kβ 
inhibitors

GSK2636771 and 
enzalutamide (anti-androgen)

PTEN loss CRPC I NCT02215096

GSK2636771 and 
pembrolizumab (anti-PD-1 
antibody)

PTEN loss Advanced-stage melanoma I/II NCT03131908

GSK2636771 PTEN loss, mutation, or deletion Advanced-stage solid cancers, 
lymphoma, or myeloma 
(NCI-MATCH)

II NCT02465060

GSK2636771 and paclitaxel 
(chemotherapy)

PTEN loss or mutation, or 
alterations in PIK3CB or PIK3R1

Advanced-stage gastric 
carcinoma

I/II NCT02615730

AZD8186 (± the 
anti-androgen abiraterone 
for metastatic CRPC or 
vistusertib for TNBC)

PTEN loss or mutation, or PIK3CB 
mutation

Selected advanced-stage cancers I NCT01884285

AKT 
inhibitors

MK-2206 PIK3CA, AKT, or PTEN mutation Advanced-stage lung and thymus 
cancers

II NCT01306045

Ipatasertib and paclitaxel or 
placebo

PIK3CA, AKT, or PTEN alteration Advanced-stage breast cancer III NCT03337724

AZD5363 AKT mutation Advanced-stage solid cancers, 
lymphoma, or myeloma 
(NCI-MATCH)

II NCT02465060

AZD5363 (plus enzalutamide 
for prostate cancer or 
fulvestrant for HR+ breast 
cancer)

AKT mutation Advanced-stage solid tumours I NCT03310541
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receptorpositive advancedstage breast cancer, and 
trastuzumab with or without paclitaxel in patients with 
HER2positive metastatic breast cancer62–66. However, 
none of these efforts ultimately supported subsequent 
clinical development, and pilaralisib is not currently 
being actively studied.

Unlike the aforementioned panPI3K inhibitors, 
copanlisib is administered intravenously. This agent has 
been evaluated in a doseescalation study involving 57 
patients with advancedstage cancers67. Hyperglycaemia 
and nausea were the most frequent AEs67. The study 
revealed encouraging levels of clinical activity: one 
patient with endometrial cancer harbouring PIK3CA 
and PTEN mutations and another patient with NHL had 
complete responses (CRs), and two patients with breast 
cancer and six patients with NHL had PRs67. In the sub
sequent phase II CHRONOS1 trial68, 142 patients with 
relapsed and/or refractory indolent B cell NHL or lym
phoplasmocytoid or Waldenström macroglobulinaemia 
were treated with copanlisib, resulting in an ORR of 59% 
(CR rate 12%; PR rate 47%) and a median PFS duration 
of 11.2 months. In September 2017, copanlisib received 
accelerated approval from the FDA for the treatment of 
refractory follicular lymphoma on the basis of data from 
this phase II study68. Copanlisib is now being compared 
with placebo in patients with rituximabrefractory indo
lent B cell NHL or lymphoplasmocytoid or Waldenström 
macroglobulinaemia in multiple randomized phase III 
trials and in trials of rational combinations with chemo
therapy, hormone therapy, targeted agents, or immuno
therapies in patients with various advancedstage solid 
tumours and lymphomas, including a biomarkerbased 
phase  I/II study in patients with recurrent and/or  
metastatic head and neck cancer (TABLE 3).

PX866 is an orally administered irreversible 
panPI3K inhibitor that has been tested in an unselected 

population of 84 patients with advancedstage solid 
tumours in a firstinhuman doseescalation study69. 
The main treatmentrelated toxicities were pre
dominantly gastrointestinal AEs, such as diarrhoea; 
no patient had an objective response69. Subsequently, 
PX866 was combined with docetaxel in a dose 
escalation study involving 43 patients with advanced
stage solid tumours70. Two patients had PRs, with no 
association detected between PIK3CAmutant and 
KRASwildtype status versus PIK3CAwildtype  
and KRASwildtype status and treatment outcomes70. In 
addition, PX866 was combined with the BRAF inhib
itor vemurafenib in a doseescalation study involving 
22 patients with BRAFmutant melanoma and two 
patients with BRAFmutant gastrointestinal stromal 
tumours71. The ORR was 29% in all patients (29% among 
14 patients naive to BRAF–MEKtargeted therapy and 
30% among 10 patients previously treated with BRAF–
MEKtargeted therapy)71, which is substantially lower 
than the rate reported for singleagent vemurafenib in 
the frontline setting in melanoma72. PX866 has also 
been evaluated in several other phase I and II studies73–78; 
however, development of this agent was ultimately  
terminated owing to modest antitumour activity.

CH5132799 is another oral panPI3K inhibitor that 
has been tested in 38 unselected patients with metastatic 
solid tumours in a phase I study79. The most common 
toxicities were transaminitis, diarrhoea, nausea, and 
stomatitis79. One patient with PIK3CAmutant ovar
ian cancer had an antitumour response on the basis 
of changes in serum CA125 levels79. Nevertheless, this 
compound has not been advanced to later stages of 
drug development. Likewise, gastrointestinal toxicities 
were common among 24 patients with advancedstage 
solid tumours treated with the oral panPI3K inhib
itor ZSTK474 in a phase I study80; no patient had an 

Table 3 (cont.) | Ongoing clinical trials of PI3K–AKT–mTOR inhibitors with biomarker-based selection of patients

Class Drug Biomarker Disease setting Study 
phase

ClinicalTrials.
gov 
registration

AKT 
inhibitors 
(cont.)

AZD5363 and paclitaxel 
(chemotherapy)

PIK3CA mutation or 
amplification

Advanced-stage gastric cancer II NCT02451956

Miransertib plus carboplatin 
and/or paclitaxel 
chemotherapy (or with 
the aromatase inhibitor 
anastrozole for ovarian or 
endometrial cancer)

PIK3CA or AKT mutation Selected advanced-stage solid 
cancers

I NCT02476955

ARQ 751 PI3K mutations, PTEN mutations, 
or PTEN loss

Advanced-stage solid tumours I NCT02761694

TAS-117 PI3K and AKT alterations Advanced-stage solid tumours I NCT03017521

BAY 1125976 AKT mutation Advanced-stage solid tumours I NCT01915576

Dual AKT 
and S6K1 
inhibitors

MSC2363318A (plus 
the anti-HER2 antibody 
trastuzumab for HER2+ breast 
cancer or the anti-oestrogen 
tamoxifen for HR+HER2– 
breast cancer)

PI3K pathway alterations Advanced-stage cancers I NCT01971515

CRPC, castration-resistant prostate cancer; HR, hormone receptor; Lung-MAP, Lung Cancer Master Protocol study; mTORC, mTOR complex; NCI, US National Cancer 
Institute; PD-1, programmed cell death protein 1; TNBC, triple-negative breast cancer.
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objective response, and the compound is not currently 
being tested in further clinical studies.

Finally, the clinical activity of the intravenous 
panPI3K inhibitor SF1126 has been examined in 44 
patients with various advancedstage solid tumours or 
B cell malignancies, none of whom had an objective 
response81; gastrointestinal toxicities were the most 
frequent AEs. SF1126 is now being tested in phase I 
and II studies in patients with relapsed neuroblastoma 
(NCT02337309) or advancedstage hepatocellular  
carcinoma (NCT03059147).

Overall, the clinical development of most panPI3K 
inhibitors has been discontinued owing to insufficient 
efficacy, problematic toxicities, and the absence of bio
markers that are reliably associated with clinical activity 
(TABLE 2). The notable exception is the intravenous inhib
itor copanlisib, which is currently approved for clini
cal use in selected patients with lymphoma. Plausibly, 
weekly pulsatile administration, as opposed to daily dos
ing, could lead to more ontarget and fewer offtarget 
effects, which might contribute to the generally favour
able therapeutic index of copanlisib82. The development 
of buparlisib, which was proved to be efficacious in two 

phase III studies52,53, has been complicated by the emer
gence of psychiatric AEs, including suicide attempts, that 
might be related to the penetration of the drug through 
the BBB.

Dual pan‑PI3K and mTOR inhibitors
Dual panPI3K and mTOR inhibitors are active against 
either all or most of the four PI3K isoforms and mTORC1 
and mTORC2, resulting in inhibition of the three most 
critical nodes in the PI3K–AKT–mTOR pathway (FIG. 4). 
These drugs have a toxicity profile similar to that of the 
panPI3K inhibitors, and perhaps accordingly, none of 
these dual inhibitors have yet been approved for clinical 
use (TABLE 2).

BGT226 is a dual panPI3K and mTOR inhibitor that 
has been tested in a phase I study involving 57 unselected 
patients with advancedstage cancer83. Unsurprisingly, 
gastrointestinal toxicities were the most frequent AEs. 
The compound elicited no objective responses, and 
overall pharmacodynamic effects on the PI3K path
way in biopsy samples were inconsistent83. Thus, this  
compound has not advanced beyond phase I trials.

Dactolisib is another such agent that has been investi
gated both as a single agent or as part of a combination in 
multiple phase I and II studies84–86. Overall, dactolisib as 
a monotherapy was found to have limited levels of clin
ical activity and inconsistent pharmacokinetic charac
teristics86; therefore, the clinical development of this 
compound has been discontinued.

The safety and efficacy of apitolisib, another oral 
agent of this class, was tested in 120 unselected patients 
with advancedstage solid tumours who were enrolled 
in a phase I study87. Grade 3 or 4 AEs included hyper
glycaemia, rash, liver dysfunction, diarrhoea, and 
pneumo nitis. Notably, apitolisib inhibited the PI3K 
pathway by ≥90%, as indicted by measurements of AKT 
activity in plateletrich plasma, and 10 patients with 
mesothelioma or PIK3CAmutant head and neck cancer 
had PRs87. Apitolisib has also been tested both as a single 
agent and in combinations in multiple clinical studies88,89. 
The most important of these studies was a randomized 
phase II study with results demonstrating that patients 
receiving apitolisib had a shorter median PFS duration 
than those receiving everolimus (3.7 months versus 
6.1 months; P < 0.01), which might be explained by poor 
tolerance of apitolisib, resulting in high levels of treat
ment discontinuation owing to AEs in the apitolisib arm 
(31% versus 12%)89. Currently, no studies involving apito
lisib are ongoing, suggesting that further development of 
this compound will not be pursued.

Gedatolisib is an intravenous dual panPI3K and 
mTOR inhibitor. In a firstinhuman study, this agent 
was tested in 78 patients with various advanced
stage solid tumours90. The most frequent grade 3 AEs 
included stomatitis and transaminitis; no grade 4 or 
5 AEs were observed, and severe hyperglycaemia was 
infrequent, although the overall frequency of this tox
icity was 26%90. Two patients, one with PTENdeficient 
NSCLC and another with PTENdeficient granulosa 
cell tumours of the ovary, had PRs90. Additionally, a 
third patient with endometrial cancer and low levels 
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Figure 3 | Pan-PI3K inhibitors. Pan-PI3K inhibitors inhibit all 
four major isoforms of PI3K: PI3Kα, PI3Kβ, PI3Kγ, and PI3Kδ. 
These agents can suppress PI3K signalling across diverse 
cancers, irrespective of the predominant PI3K isoform, but 
with important consequences for a range of nonmalignant 
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angiogenesis, PI3Kβ and PI3Kγ mediate inflammation, and 
PI3Kδ regulates the adaptive immune response. DEPTOR, DEP 
domain-containing mTOR-interacting protein;  
MLST8, mammalian lethal with SEC13 protein 8; mTORC1, 
mTOR complex 1; PIP2, phosphatidylinositol 4,5-bisphosphate; 
PIP3, phosphatidylinositol 3,4,5-trisphosphate; PRAS40, 
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of PTEN protein expression had an unconfirmed PR90. 
Furthermore, 8 patients had stable disease for at least 
6 months90. At present, gedatolisib is currently under 
investigation in combination with chemotherapies 
and other targeted therapies, such as CDK4 and CDK6 
(CDK4/6) inhibitors, predominantly in patients with 
NSCLC (NCT02920450, NCT03065062) or breast can
cer (NCT01920061, NCT02626507, NCT02684032, 
NCT03243331).

Daily dosing of the oral  PI3K–mTOR inhibi
tor PF04691502 has been tested in 37 patients with 
advancedstage solid tumours91. DLTs included grade 3 
fatigue, intolerable grade 2 fatigue, and grade 3 rash. No 
objective responses were noted91; therefore, the clinical 
development of this compound has been discontinued.

Treatment with LY3023414 using oncedaily or 
twicedaily schedules has been investigated in 47 
patients with advancedstage tumours92. Grade 3 or 4 
AEs were recorded in >25% patients and included nau
sea, fatigue, mucositis, and thrombocytopenia92. One 
patient with endometrial cancer and PIK3R1 and PTEN 
mutations had a PR92. This compound is currently being 
tested in phase I and II studies as a monotherapy for 
patients with endometrial cancer (NCT02549989) and in 
combination with chemotherapy or hormone therapies 
in patients with other cancers, including breast cancer 
(NCT02057133), NSCLC (NCT02079636), and prostate 
cancer (NCT02407054). LY3023414 is also being investi
gated in paediatric patients with TSC mutations or other 
PI3K–AKT–mTOR pathway aberrations in the Pediatric 
MATCH trial (TABLE 3).

Another oral panPI3K and mTORC1/2 inhibi
tor, PQR309, was initially tested in 28 patients with 

advancedstage solid tumours using a daily adminis
tration schedule93. As with similar agents, grade 3 or 4 
hyperglycaemia, rash, and fatigue were the most frequent 
AEs93. Preliminary signals of anticancer activity included 
a PR in one patient with thymic carcinoma and RICTOR 
amplification and tumour shrinkage of 24% in a patient 
with PIK3CAmutated sinonasal undifferentiated carci
noma93. In addition, studies involving preclinical models 
suggest that the compound has activity in HNSCC with 
inactivating NOTCH1 mutations94. Owing to its ability 
to cross the BBB, PQR309 has also been advanced to 
multiple phase II studies in patients with central nervous 
system lymphomas; this agent has also been investigated 
in patients with refractory lymphomas and in combi
nation with eribulin in patients with metastatic breast 
cancer (TABLE 2). In addition, PQR309 is being assessed 
in a separate phase I study using alternative intermittent 
dosing schedules (NCT02483858).

Dual inhibitors of PI3K and mTOR kinases continue 
to be actively investigated in early phase clinical trials, 
either as single agents in studies with or without bio
marker selection or in combination with other thera
pies. Data regarding the role of alterations in PIK3CA 
and PTEN remain conflicting, and some novel biomark
ers, such as alterations in TSC and RICTOR, are being  
investigated (TABLE 3).

Isoform‑specific PI3K inhibitors
Isoformspecific inhibitors have been developed to 
target cancers that are addicted to one of the PI3K iso
forms. These compounds are expected to have a wider 
therapeutic index and fewer offtarget AEs owing to 
the restricted expression of the different PI3K isoforms 
in nonmalignant cells. Whereas PI3Kα and PI3Kβ are 
expressed ubiquitously, PI3Kγ and PI3Kδ are mostly 
restricted to leukocytes2,95.

PI3Kα inhibitors
PI3Kα inhibitors selectively inhibit the class I PI3K cata
lytic subunit α isoform, which is often activated owing 
to molecular alterations in PIK3CA, the gene encoding 
this protein (FIG. 5). However, molecular alterations in 
other downstream components of the PI3K pathway can 
negate the requirement for PI3K activity (FIG. 1) and lead 
to the emergence of resistance to these inhibitors7,30,96. 
A number of oral PI3Kαspecific inhibitors have been 
investigated in clinical trials.

In an initial phase I study of alpelisib97, 134 patients 
with advancedstage solid tumours harbouring PIK3CA 
alterations were treated using oncedaily and twice
daily schedules. Grade 3 or 4 AEs occurred in ~42% 
of patients; twicedaily dosing seemed to be less toler
able97. As expected, hyperglycaemia, which is an on 
target AE of PI3Kα inhibitors, accounted for more than 
half of the grade 3 or 4 treatmentrelated toxicities97. 
Nevertheless, alpelisib had promising clinical activity, with  
one patient with endometrial cancer having a CR and seven  
patients with cervical, breast, endometrial, or colorectal 
cancers having PRs97. Given the emergence of increasing 
evidence of synergy between agents targeting oestrogen 
receptors and the PI3K–AKT–mTOR pathway27,98–100, the 
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study was amended to include a doseescalation cohort 
comprising 87 patients with hormone receptorpositive 
metastatic breast cancer with or without PIK3CA altera
tions who received a combination of alpelisib and the oes
trogen receptor downregulator fulvestrant98. As observed 
in the monotherapy cohort, grade 3 or 4 hyperglycaemia 
was the most frequent toxicity associated with the combi
nation therapy98. Notably, the ORR among patients with  
PIK3CA alterations was 26.5%, whereas no patient 
without PIK3CA alterations had a response. In addi
tion, the median PFS duration of patients with 
PIK3CAaltered tumours was longer than that of patients 
with PIK3CAwildtype tumours (6.1 months versus 
4.7 months)98. In a separate phase I study24, alpelisib was 
tested in combination with the AI letrozole in 26 patients 

with hormone receptorpositive, HER2negative meta
static breast cancer. Except for maculopapular rash, which 
tended to appear early in the course of therapy, grade 3 
or 4 AEs associated with alpelisib (predominantly hyper
glycaemia and gastrointestinal disturbances) were uncom
mon and generally cumulative24. Among all patients 
receiving alpelisib and letrozole, the ORR was 19%24. 
Interestingly, four of five (80%) patients with tumours 
harbouring the PIK3CAH1047R mutation had a PR or sta
ble disease lasting ≥6 months, whereas only two of seven 
(28%) patients with tumours harbouring PIK3CA exon 
9 mutations had durable PRs or stable disease lasting 
>6 months24. Two patients with primary tumours har
bouring both a PIK3CA alteration and a known activating 
ESR1 mutation (Y537S or D538G) had stable disease or a 
PR. Notably, among the patients evaluable for response, all 
those with cancers harbouring FGFR1 or FGFR2 amplifi
cations and/or KRAS and TP53 mutations had progressive 
disease on treatment.

On the basis of preclinical data indicating that 
activation of EGFR and PI3K contributes to resist
ance to BRAF inhibitors in BRAFmutated colo
rectal cancer101–103, alpelisib has also been evaluated 
in combination with the BRAF inhibitor encorafenib 
and the antiEGFR monoclonal antibody cetuximab 
in a phase I study involving 28 patients with this dis
ease101. Most patients (79%) had grade 3 or 4 toxicities, 
most frequently hyperglycaemia (11%); however, the  
ORR was 18%, which compares favourably with an ORR 
of 4% observed with another BRAF inhibitor, vemu
rafenib, in combination with cetuximab in a separate 
trial involving a similar patient population104. Alpelisib 
is undergoing continued testing in combination with 
a range of targeted therapies and chemotherapies in 
multiple phase I and phase II studies involving patients 
with a diverse range of cancers, including cohorts with 
or without stratification according to PIK3CA mutation 
status (TABLES 2,3).

The firstinhuman study of taselisib involved 34 
patients with various advancedstage cancers105. The 
types of AEs seen were consistent with those observed 
with other PI3K inhibitors, including hyperglycaemia, 
diarrhoea, rash, and stomatitis; the most frequent grade 
3 or 4 AEs were hyperglycaemia (15%) and rash (12%)105. 
The ORRs were 36% for patients with PIK3CAmutant 
tumours and 0% for those without known activating 
PIK3CA mutations105. Taselisib has since been advanced 
to testing in a phase III clinical trial involving post
menopausal patients with PIK3CAmutated, hormone 
receptorpositive metastatic breast cancer in combina
tion with either fulvestrant or placebo (SANDPIPER 
study106). As of February 2017, >300 of the 600 planned 
patients had been enrolled106. In addition, neoadjuvant 
treatment with taselisib in combination with letrozole 
has been compared with letrozole plus placebo in a 
randomized phase II study involving 334 patients with 
hormone receptorpositive, HER2negative early stage 
breast cancer107. The addition of taselisib to AI therapy 
was found to increase the ORR in all patients (50% ver
sus 39%, P = 0.049) and even more so in 152 patients 
with PIK3CA mutations (56% versus 38%; P = 0.033)107. 
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Figure 5 | Isoform-specific PI3K inhibitors. Multiple agents 
with selective activity against or a high degree of specificity 
for either PI3Kα, PI3Kβ, PI3Kγ, or PI3Kδ have been 
developed. PI3Kα inhibitors selectively inhibit the class I PI3K 
catalytic subunit α isoform, which is often activated owing to 
molecular alterations in PIK3CA. However, alterations in 
other downstream components of the PI3K pathway can 
negate the requirement for PI3K activity and lead to 
resistance to PI3Kα inhibitors. PI3Kβ inhibitors selectively 
inhibit the class I PI3K catalytic subunit β isoform, which is 
often activated owing to loss of inhibitory function of PTEN. 
PI3Kγ inhibitors selectively inhibit the class I PI3K catalytic 
subunit γ isoform, which is expressed in leukocytes and has 
key roles in chemokine-dependent leukocyte chemotaxis 
and mast cell activation114,115. PI3Kγ is highly expressed in 
tumour-associated macrophages and can contribute to 
resistance to immune-checkpoint inhibitors116. PI3Kδ is an 
important mediator of B cell receptor signalling, which has 
crucial roles in the pathogenesis of haematological 
malignancies such as chronic lymphocytic leukaemia114. 
DEPTOR, DEP domain- containing mTOR-interacting 
protein; MLST8, mammalian lethal with SEC13 protein 8; 
mTORC1, mTOR complex 1; PIP2, phosphatidylinositol 
4,5-bisphosphate; PIP3, phosphatidylinositol 
3,4,5-trisphosphate; PRAS40, proline-rich AKT1 substrate 1; 
RAPTOR, regulatory-associated protein of mTOR.
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Taselisib is also being investigated as a secondline treat
ment of advancedstage squamous cell lung cancer in 
the biomarkerdriven S1400 LungMAP study (TABLE 3).

TAK117 (also known as MLN1117 or INK1117) 
is another oral PI3Kα inhibitor. In the firstin human 
study of this agent82, 71 patients with advanced
stage solid tumours were treated using either a daily  
dosing schedule or one of two different intermittent dos
ing schedules (Monday–Wednesday–Friday or Monday–
Tuesday–Wednesday); patients on the daily dosing 
schedule had a higher rate of grade 3 or 4 offtarget 
toxicities, such as transaminitis, than patients receiving 
treatment on either of the intermittent schedules (21% 
versus 15% and 5%, respectively) but had a lower rate of 
grade 3 or 4 ontarget toxicities, such as hyper glycaemia 
(0% versus 7% and 15%, respectively). Perhaps cor
respondingly, both intermittent schedules resulted 
in higher total weekly areas under the curve than the 
daily schedule did (470,000 ng/h/ml versus 105,000  
ng/h/ml)82. Among 61 patients evaluated for response, 
53 patients had tumours with PIK3CA mutations and 4 
patients (3 with breast cancer and 1 with gastric cancer) 
had PRs; notably, all these patients had PIK3CAmutant 
disease82. TAK117 is now being tested in combination 
with targeted therapies or chemotherapy in patients with 
diverse advancedstage solid cancers.

PI3Kα inhibitors have progressed to the advanced 
stages of clinical testing after demonstrating encourag
ing efficacy, mostly in patients with PIK3CA mutations, 
and favourable toxicity profiles, with fewer offtarget 
effects than panPI3K inhibitors. The results of ongoing 
randomized phase III studies have determined the utility 
of adding these agents to existing standardofcare hor
mone treatments in patients with metastatic breast can
cer (TABLE 3). Interestingly, a dual PI3Kα and BRAFV600E/K 
inhibitor, ASN003, entered clinical testing in patients 
with advancedstage solid tumours, and data from 
doseescalation studies are expected in 2018 (REF. 108).

PI3Kβ inhibitors
PI3Kβ inhibitors selectively inhibit the class I PI3K cata
lytic subunit β isoform (FIG. 5), which is often activated 
owing to loss of the inhibitory function of PTEN96,109,110. 
One such agent, GSK2636771, has been tested in 
65 patients with advancedstage solid tumours with 
PTEN deficiency as determined using immunohisto
chemistry (Hscore ≤30, with a maximum of 30% of cells 
at a 1+ staining intensity)111. Grade 3 or 4 treatment 
related AEs were reported in 23% of patients, including 
hypophosphataemia (7%), rash (5%), fatigue (3%), and 
hypocalcaemia (3%)111. One patient with castration 
resistant prostate cancer (CRPC) had a durable PR111. 
A total of 10 other patients, including two with CRPC, 
five with colorectal cancer, one with endometrial cancer, 
one with gastric cancer, and one with NSCLC, remained 
on therapy for at least 24 weeks111. Two of seven patients 
with PIK3CB aberrations (29%) derived clinical ben
efit from GSK2636771, including the patient with 
CRPC who had a PR and another patient with CRPC 
who had prolonged stable disease111. GSK2636771 is 
now being tested as a monotherapy in patients with 

advancedstage cancers with PTEN loss or mutations as 
part of the NCIMATCH precision medicine study, as 
well as in combination with pembrolizumab in patients 
with PTENdeficient melanoma, with enzalutamide in 
patients with PTENdeficient CRPC, and with pacli
taxel in patients with gastric cancers harbouring PTEN, 
PIK3CB, or PIK3R1 aberrations (TABLES 2,3).

AZD8186 is another  PI3Kβselective inhibitor, 
which also has some activity against PI3Kδ. This com
pound is currently being tested using continuous and 
intermittent dosing schedules in a firstinhuman 
doseescalation study in patients with advancedstage 
prostate cancer, squamous cell lung cancer, triple 
negative breast cancer (TNBC), or other solid malignan
cies with known PTEN or PIK3CB aberrations (TABLE 3). 
Preliminary safety and efficacy data for AZD8186 
obtained from 87 patients have been presented112; DLTs 
included grade 3 rash and grade ≥2 fever and/or chills, 
and one patient with colorectal cancer had a PR. The 
ongoing study has been expanded to test AZD8186 in 
combination with the mTORC1 and mTORC2 inhibitor 
vistusertib in patients with TNBC harbouring PTEN or 
PI3KCB aberrations or with the cytochrome P450 17A1 
(CYP17; also known as CYP17A1) inhibitor abiraterone 
in patients with metastatic CRPC harbouring PTEN or 
PI3KCB aberrations.

Findings from the firstinhuman study of a differ
ent PI3Kβselective inhibitor, SAR260301, have also 
been presented113. Among 21 patients with various 
advancedstage solid tumours, the most worrisome 
grade 3 toxicity was pneumonitis, which also constituted 
a DLT113. No patient had an objective response; however, 
only three patients with PTENdeficient tumours were 
included in this study113. Pharmacokinetics data suggest 
that the rapid clearance of SAR260301 precludes the pos
sibility of sustained pathway inhibition113, and therefore, 
the development of this compound has not advanced 
further towards the clinic.

Overall, PI3Kβ inhibitors seem to be well tolerated 
and continue to be investigated in early stage clinical 
trials. Importantly, biomarkerdriven patient selection, 
typically based on PTEN status and an absence of acti
vating alterations in the PI3Kα catalytic subunit, is being 
incorporated into many of these trials (TABLE 3).

PI3Kγ inhibitors
PI3Kγ inhibitors selectively inhibit the class I PI3K 
cata lytic subunit γ isoform (FIG. 5), which is expressed  
in leukocytes and has key roles in chemokine dependent 
leukocyte chemotaxis and mast cell activation114,115. 
Preclinical studies have demonstrated that PI3Kγ is 
highly expressed in tumourassociated macrophages 
and can contribute to resistance to immunecheckpoint 
inhibitors116. Notably, blockade of PI3Kγ signalling 
causes reprogramming of macrophages in the tumour 
microenvironment from an M2like, protumour pheno
type to an M1like, antitumour phenotype, resulting in 
increased production of proinflammatory cytokines 
and greater numbers and activity levels of antitumour 
T cells, thereby restoring the sensitivity of tumours to 
immunecheckpoint inhibition116.
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IPI549 is an orally administered selective inhibi
tor of PI3Kγ that is being tested as a monotherapy and 
in combination with immunecheckpoint inhibitor 
nivolumab in a doseescalation study in patients with 
various advancedstage carcinomas or melanoma117. 
Preliminary data have been presented in abstract form 
and encompass 15 evaluable patients treated with 
IPI549 as a monotherapy (6 of whom remained on 
study for at least 24 weeks) and 6 evaluable patients who 
received IPI549 in combination with nivolumab117. In 
both arms, treatment seemed to be well tolerated, and 
patient enrolment continues.

PI3Kδ inhibitors
Compounds that selectively inhibit the PI3K cata
lytic subunit δ isoform have also been developed 
(FIG. 5; TABLE 2). PI3Kδ is an important mediator of 
B cell receptor signalling, which has crucial roles in 
the pathogenesis of certain haematological malignan
cies such as chronic lymphocytic leukaemia (CLL)114. 
Indeed, the  PI3Kδselective inhibitor idelalisib is 
approved, in combination with rituximab, for the 
treatment of patients with CLL and was, in fact, the 
first PI3K inhibitor approved for clinical use outside of 
clinical trials. The FDA approved idelalisib on the basis 
of the results of a phase III trial involving 220 patients 
with relapsed CLL28, which demonstrated that the 
addition of idelalisib to rituximab increased the ORR  
(81% versus 13% with rituximab plus placebo; 
P < 0.001), improved PFS at 24 weeks (93% versus  
46%; P < 0.001), and, importantly, improved 1year over
all survival (92% versus 80%; P = 0.02). Nevertheless, 
grade 3 or 4 AEs were reported in 56% of patients  
in the idelalisib arm, compared with in 48% of patients in  
the placebo arm28. In the idelalisib arm, four patients 
had grade 3 or 4 diarrhoea, and two patients had grade 
3 or 4 rash28. In addition, idelalisib has been shown 
to confer a risk of serious immunemediated hepa
totoxicity, pneumonitis, infection, and intestinal per
foration, which are now reflected on the FDA drug 
label118,119. Idelalisib has also been approved as a mono
therapy for patients with relapsed follicular B cell NHL 
or relapsed small lymphocytic leukaemia (SLL) who 
have received at least two prior systemic therapies120. 
This approval was based on the results of a multicentre, 
singlearm trial29, in which 125 patients with relapsed 
indolent NHL received idelalisib orally twice daily. The 
ORR among patients with follicular lymphoma was 54% 
and was 58% in patients with SLL29. Approximately 50% 
of patients had serious AEs that included pneumonia, 
pyrexia, sepsis, febrile neutropenia, diarrhoea, and 
pneumonitis. Other common AEs included abdomi
nal pain, nausea, fatigue, cough, dyspnoea, rash, and 
treatmentemergent laboratorydetected abnormalities, 
such as elevations in the activity of liver enzymes, abso
lute lymphocyte counts, and serum triglyceride levels. 
More recently, idelalisib has been tested in combina
tion with bendamustine and rituximab in 416 patients 
with relapsed or refractory CLL, and compared with 
the addition of placebo to the bendamustine and ritux
imab regimen, increased the ORR (70% versus 45%; 

P < 0.0001) and prolonged the median PFS (20.8 months 
versus 11.1 months; P < 0.0001) and overall survival 
durations (not reached versus 31.6 months; P = 0.031)121. 
In March 2016, the FDA issued an alert122 that patient 
enrolment into six clinical trials of idelalisib in combi
nation with other cancer agents had been halted owing 
to safety concerns, including an increased risk of death 
from respiratory infections.

Duvelisib, a potent and selective inhibitor of 
both PI3Kδ and PI3Kγ, has mainly been tested in clini
cal trials involving patients with haematological malig
nancies, such as CLL, B cell NHL, cutaneous T cell 
lymphoma, and peripheral T cell lymphoma, although 
only limited data from these studies are in the public 
domain123–127 (TABLE 2). Currently, duvelisib is being com
pared with ofatumumab for the treatment of patients 
with CLL or SLL in a phase III trial (NCT02004522), 
the results of which are expected to be reported soon.

AMG319 is another PI3Kδselective inhibitor. The 
drug was first tested clinically in patients with relapsed 
lymphoid malignancies128. Early safety data from 28 
patients have been presented; the most frequent grade 
3 or 4 treatmentrelated AEs were colitis and anaemia, 
each of which occurred in 3 patients128. Some prelim
inary evidence of therapeutic activity in patients with 
CLL was noted128. Outside of haematological malignan
cies, a randomized phase II study designed to compare 
neoadjuvant AMG319 with placebo in patients with 
HNSCC is currently ongoing (NCT02540928).

AKT inhibitors
Multiple drugs can selectively inhibit AKT proteins, pre
venting activation of mTORC1 and thereby modulating 
the downstream effects of PI3K–AKT–mTOR signalling 
(FIG. 6). Targeting of AKT prevents aberrant activation of 
the PI3K–AKT–mTOR pathway by AKT itself and other 
sources such as PI3K, PTEN, and mTORC2.

MK2206 is an allosteric inhibitor with activ
ity against AKT1, AKT2, and, to a lesser extent, 
AKT3. In the initial dosefinding study of this agent, 
which involved 33 patients with advancedstage 
solid tumours, no patient had an objective response, 
although one patient with pancreatic cancer that 
lacked PTEN expression had tumour shrinkage 
of 23.3% and a reduction in the serum level of the 
tumour marker CA19.9 of approximately 60%129. 
Subsequently, MK2206 has been tested either as a 
monotherapy or in combination with other anti
cancer agents in ~50 phase I or II studies. For exam
ple, MK2206 has been tested in the adaptive phase II 
ISPY 2 trial, a neoadjuvant precision medicine trial 
designed to evaluate the efficacy of novel poten
tial therapies for patients with stage II or III breast 
cancer130–132. In this study, MK2206 was found to 
improve the pathological CR rate of patients with sub
types of breast cancer characterized by three different 
MammaPrint geneexpression signatures, which were 
mostly associated with hormone receptor positive 
and HER2negative tumours. MK2206 has also been 
tested in combination with the EGFR inhibitor erlo
tinib or the MEK inhibitor selumetinib in patients 
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with advancedstage NSCLC previously treated with 
platinumbased chemotherapy in a phase II study 
with adaptive randomization using biomarkerbased 
assessments, which included mutation testing and 
geneexpression analyses133. The primary end point 
was the disease control rate at 8 weeks, which did 
not differ between the adaptively randomized treat
ment arms. In general, preclinical and early clinical 
data suggest that MK2206 has increased efficacy 
in patients with tumours harbouring PIK3CA and 
PTEN alterations, but the predictive value of these 
alterations as biomarkers has not been confirmed in  
subsequent clinical trials134–136.

Miransertib is another allosteric panAKT inhibitor, 
which has been tested using continuous and intermit
tent dose schedules in patients with advancedstage solid 
tumours, including lymphomas137. The most frequent 
AEs included hyperglycaemia, rash, nausea, and diar
rhoea137. One patient with endometrial cancer and one 
patient with lymphoma, both with activating PIK3CA 
mutations, had PRs137. Miransertib is now being tested 
in combination with chemotherapy or hormone ther
apy in a biomarkerdriven phase I trial in patients with 
advancedstage solid tumours (TABLE 3).

ARQ 751 is a nextgeneration allosteric panAKT 
inhibitor with properties that are distinct from those 
of miransertib138, and is now being tested in a dose 
escalation study involving patients with advancedstage 
solid tumours harbouring AKT, PI3K, and/or PTEN 
aberrations (TABLE 3). Preclinical evidence of the sensi
tivity of cancer cells with PIK3CA, PIK3R1, AKT1E17K, 
or PTEN mutations to both miransertib and ARQ 751 
supports the use of this biomarkerdriven approach138.

TAS117, another nonATPcompetitive inhibitor of 
AKT, is being tested in a phase I study in Japan involv
ing patients with advancedstage solid tumours with 
genetic aberrations affecting PI3K and AKT (TABLE 3). 
Finally, BAY 1125976 is a selective allosteric inhibi
tor of AKT1 and AKT2 that has shown activity in a 
diverse range of preclinical cancer models, including 
PIK3CAH1074Rmutant breast cancer and AKTE17Kmutant 
prostate cancer xenografts139. This agent has been tested 
clinically in an initial doseescalation study in patients 
with advancedstage solid tumours, with a planned 
doseescalation cohort consisting of patients with meta
static breast cancer (irrespective of mutation status) or 
with AKT1E17Kmutant tumours (TABLE 3), although 
results have not yet been presented.

Uprosertib is an ATPcompetitive AKT inhibitor 
that has been evaluated in a phase I study involving 
patients with various advancedstage solid tumours140. 
Preliminary safety and efficacy data from 66 patients 
have been published in abstract form140; the most 
frequent grade 3 or 4 drugrelated AEs were hyper
glycaemia (11%) and rash (3%), and a PR was reported 
in one patient with anal cancer. Subsequently, multiple 
early phase clinical trials of uprosertib have been initi
ated, including studies of this drug in combination with 
other targeted therapies, such as BRAF or MEK inhibi
tors; however, none of these studies is active at the time 
of this Review.

Ipatasertib is another ATPcompetitive AKT inhib
itor. The firstinhuman study of this agent included 
a doseescalation cohort and two doseexpansion 
cohorts141, comprising a total of 52 patients with 
advancedstage solid tumours. The most frequent treat
mentrelated AEs of grade 2 or higher were nausea, 
diarrhoea, asthenia, and hyperglycaemia141. The best 
clinical response was stable disease in 16 patients, last
ing >6 months in 6 of them141. Interestingly, none of the 
7 patients with tumours harbouring a KRAS mutation 
had stable disease, suggesting — in agreement with pre
clinical and early clinical data9,19–21,23 — a mechanism of 
therapy resistance. More recently, ipatasertib in combi
nation with paclitaxel was compared with placebo plus 
paclitaxel in a randomized phase II study involving 
124 patients with previously untreated advancedstage 
TNBC142. The results demonstrated a longer median PFS 
duration in the ipatasertib arm than in the placebo arm 
(6.2 months versus 4.9 months; P = 0.037)142. Ipatasertib 
is currently being investigated further in phase II and III 
studies involving patients with breast or prostate cancer 
(TABLES 2,3).

A different panAKT inhibitor, AZD5363, was ini
tially examined in a phase I study using one contin
uous and two intermittent dosing schedules143. In a 
cohort of patients with various advancedstage solid 
tumours, the major grade 3 or 4 toxicities were diar
rhoea and rash in the continuousschedule arm and 
hyperglycaemia in the intermittentschedule arms144. 
The study included five doseexpansion cohorts — in 
which patients received AZD5363 at the recommended 
phase II dose on a 4dayson and 3daysoff sched
ule — comprising patients with either PIK3CAmutant 
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breast cancer, PIK3CAmutant gynaecological cancer, 
AKTmutant breast cancer, AKTmutant gynaeco logical 
cancer, or other AKTmutant solid tumours. In the 
PIK3CAmutant breast cancer cohort, 1 of 28 patients 
(4%) had confirmed PRs, and in the PIK3CAmutant 
gynaecological cancer cohort, 2 of 26 patients (8%) 
had confirmed PRs143. Among the 58 patients with 
AKTmutant disease, 52 had AKTE17K mutations10, 7 of 
whom had PRs to AZD5363, including patients with 
breast cancer, endometrial cancer, cervical cancer, or 
lung adenocarcinoma144.

MSC2363318A is a novel inhibitor of both S6K1 and 
AKT that was designed to achieve a greater degree of 
pathway inhibition by targeting these two important 
nodes in the PI3K–AKT–mTOR signalling cascade. 
This compound has been evaluated in a phase I study 
incorporating biomarker selection (TABLE 3), with data 
from 15 patients currently available; grade 3 lipase ele
vation was the only DLT, but no patient had an objec
tive response145. Patients continue to be enrolled into 
doseexpansion cohorts of this study, including one 
comprising patients with hormone receptor positive 
breast cancer who will receive the drug in combi
nation with tamoxifen and one comprising patients 
with HER2positive breast cancer who will receive 
MSC2363318A and trastuzumab.

In general, AKT inhibitors are well tolerated 
and continue to be investigated in early phase clin
ical trials. Encouraging levels of activity have been  
reported in patients with cancers harbouring AKTE17K 
mutations in particular, which supports the use of 
biomarker driven strategies in the future clinical  
development of these agents (TABLE 3).

Future directions
Despite the considerable amount of effort invested in 
the preclinical and clinical development of compounds 
targeting the PI3K–AKT–mTOR pathway, only a hand
ful of agents have been approved for clinical use. Several 
possible reasons exist for this lack of progress.

First, most inhibitors of the oncogenically acti
vated PI3K–AKT–mTOR pathway, including FDA
approved allosteric mTORC1 inhibitors, are associated 
with low ORRs when used as monotherapies25,26. The 
modest activity of singleagent mTORC1 inhibitors 
is often explained by disruption of the mTORC1–
S6K1mediated negative feedback loop, which para
doxically results in activation of AKT1 through PI3K 
and mTORC2 signalling33,42–44,146 (FIG. 1). Early clinical 
data suggest that combinations of inhibitors targeting 
the PI3K–AKT–mTOR pathway are more effective than 
monotherapy with such agents, plausibly owing to the 
inhibition of compensatory mechanisms involved in 
intrinsic and adaptive resistance9,23. Moreover, in addi
tion to the few PI3K or mTOR inhibitors approved 
as monotherapies, rational combinations — such as 
everolimus and exemestane, which is an approved 
combination treatment for hormone receptorpositive 
breast cancer — have demonstrated the greatest poten
tial for translation into routine clinical practice27. For 
example, two randomized trials provided promising 

results with the panPI3K inhibitor buparlisib in 
combination with fulvestrant; however, a problematic 
safety profile halted further testing of this combination 
therapy52,53.

Second, as emphasized by the example of bupar
lisib, PI3K–AKT–mTOR pathway inhibitors often have 
common ontarget and offtarget toxicities that are dose 
limiting, leading to the establishment of subtherapeutic 
maximumtolerated doses, which often result in inad
equate pathway inhibition. The safety profiles of these 
compounds, as well as the depth and duration of target 
inhibition, could potentially be improved through the 
use of alternative intermittent dosing schedules, which 
often facilitate better durations of drug exposure with 
more ontarget, but fewer offtarget, toxicities than con
tinuous dosing strategies82. Isoformspecific PI3K inhib
itors might also lead to more effective target inhibition, 
with fewer offtarget AEs.

Third, a biomarker that enables the reliable predic
tion of sensitivity to PI3K–AKT–mTOR inhibitors has 
not been identified to date. Anecdotal and early clini
cal data suggest that oncogenic mutations in PIK3CA 
are predictive of a response and/or a prolonged PFS 
duration in patients treated with selected PI3K–AKT–
mTOR pathway inhibitors, but these findings are in 
conflict with those other studies8,22,27,52,53. In general, 
PI3Kαspecific inhibitors seem to elicit higher ORRs 
and longer PFS durations in patients with PIK3CA 
mutations than in those without such aberrations, 
but even patients with PIK3CA mutations can have 
short response durations97,98. The duration and depth 
of patients’ responses can potentially be limited by 
other molecular alterations in related signalling path
ways, such as mutations in KRAS for PI3K–AKT–
mTORpathway inhibitors in general, or aberrations in 
PTEN for PI3Kαspecific inhibitors9,96. In addition, even 
among patients with similar PIK3CAmutation profiles, 
outcomes associated with therapeutic targeting of the 
PI3K–AKT–mTOR pathway are dismal in patients with 
certain cancers (such as colorectal cancer), but prom
ising in patients with other cancers (gynaeco logical or 
breast malignancies, for example)22,147,148. These obser
vations suggest that the level of addiction to PI3K–
AKT–mTOR activation varies in different cancers and 
that the presence or absence of additional simultane
ous molecular or other alterations needs to be further 
defined. Furthermore, studies of tumour heterogeneity 
in breast, lung, and other cancers suggest that PIK3CA 
mutations are subclonal driver mutations, at least in 
some tumours149–151, which might limit the therapeutic 
effectiveness of PI3K pathway inhibitors, especially if 
they are used as single agents. The AKTE17K mutation 
is one promising biomarker, with early clinical data 
suggesting an association between the presence of this 
aberration and a response to the ATPcompetitive AKT 
inhibitor AZD5363 (REF. 10). Furthermore, responses to 
PI3K–AKT–mTORpathway inhibitors in patients with 
RICTOR amplifications have been reported anecdotally, 
and preclinical evidence indicates that such inhibitors 
have activity in patients with inactivating mutations in 
NOTCH1 (REFS 15,93,94).
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Conclusions
In summary, aberrant PI3K–AKT–mTOR signalling 
contributes to development of the vast majority of can
cers and a multitude of available drugs inhibit this path
way. Unfortunately, however, limited progress has been 
made to date in targeting the PI3K–AKT–mTOR path
way for anticancer therapy — with notable exceptions 
in certain malignancies. An improved understanding 
of the complexities of this signalling pathway and the 
interconnecting cascades has led to the development of 
novel agents with greater target specificity, which might 
result in an improved therapeutic index and facilitate 

their clinical translation. In order to bring new PI3K–
AKT–mTOR inhibitors to the clinic, we also need to 
develop new dosing schedules that are more effective 
and better tolerated, assess new rational combinations 
that overcome redundancies in the PI3K–AKT–mTOR 
pathway itself and/or other simultaneously activated 
signalling pathways, and identify predictive biomarkers  
of clinical activity. We must also understand the effects 
of the various pathway inhibitors on the tumour micro
environment, which might provide supporting evidence 
for the use of specific combinations, in particular, with 
immunotherapies.
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