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• Monotherapy with PI3K/AKT/mTOR inhibitors resulted in a pooled CBR of 32% and ORR of 3% in ovarian cancer patients.
• Exclusion of stable disease for a period below 6 months as a beneficial outcome measure reduced the pooled CBR to 7%.
• Drug-related grade 3 and 4 toxicities occurred in 36% (range 0–80%) of the patients.
• Current PI3K/AKT/mTOR biomarkers insufficiently predict therapy response indicating the need for improved biomarker assays.
• Combined treatments regimes targeting two signaling pathways may provide favorable outcomes over single agent therapy.
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Objective. To determine the clinical benefit of monotherapy with PI3K/AKT/mTOR inhibitors in patients diag-
nosed with advanced or recurrent ovarian cancer and to investigate the predictive value of current PI3K/AKT/
mTOR biomarkers on therapy response.

Methods. A systematic search was conducted in PubMed, Embase and the Cochrane Library for articles
reporting on treatment with PI3K/AKT/mTOR inhibitors in ovarian cancer. The primary endpoint was defined
as the clinical benefit rate (CBR), including the proportion of patients with complete (CR) and partial response
(PR) and stable disease (SD). Secondary endpoints included the overall response rate (ORR, including CR and
PR) and drug-related grade 3 and 4 adverse events.

Results. We included 233 patients from 19 studies and observed a pooled CBR of 32% (95% CI 20–44%) and
ORR of 3% (95% CI 0–6%) in advanced or recurrent ovarian cancer patients treated with PI3K/AKT/mTOR inhibi-
tors. Subgroup analysis tended to favor the studies who selected patients based on current PI3K/AKT/mTOR bio-
marker criteria (e.g. genomic alterations or loss of PTEN protein expression), but the difference in CBR was not
statistically significant from studies with unselected populations (respectively, CBR of 42% (95% CI 23–62%)
and 27% (95% CI 14–42%), P=0.217). To better reflect true patient benefit, we excluded SD<6months as a ben-
eficial outcome which resulted in a pooled CBR of 7% (95% CI 2–13%). The overall proportion of patients with
drug-related grade 3 and 4 adverse events was 36%.

Conclusions. The efficacy ofmonotherapywith PI3K/AKT/mTOR inhibitors in advanced recurrent ovarian can-
cer patients is limited to a small subgroup and selection of patients with the use of current biomarkers did not
improved the CBR significantly. Given the toxicity profile, we suggest that current treatment with PI3K/AKT/
mTOR inhibitors should not be initiated unless in clinical trials. Furthermore, improved biomarkers to measure
functional PI3K/AKT/mTOR pathway activity are needed to optimize patient selection.

© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Ovarian cancer is the most lethal gynecological malignancy and re-
flects a heterogenous disease [1]. Histologically ovarian cancer can be
categorized in five subtypes, namely high-grade serous, low-grade se-
rous, endometrioid, mucinous and clear cell carcinoma [2]. First-line
treatment consists predominantly of platinum-based chemotherapy
and debulking surgery [1]. Despite complete remission after initial
treatment, 70–80% of the patients will develop relapse of disease,
which eventually becomes platinum-resistant [3]. As a result, numerous
trials have been conducted to identify alternative treatment strategies.
One such strategy involves inhibition of the phosphatidylinositol-3-ki-
nase (PI3K)/AKT/mammalian target of rapamycin (mTOR) growth fac-
tor signaling pathway, as this pathway is frequently activated in
ovarian cancer by gain-of-function mutations and amplifications or by
loss-of-function of tumor suppressor genes [4].
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The PI3K/AKT/mTOR pathway is a complex signaling networkwhich
plays an essential role in survival mechanisms of the cell [5]. The path-
way has many loops and branches, starting with the activation of PI3K
enzymes via extracellular growth factors (Fig. 1). PI3Ks are lipid kinases
including three subclasses, of which particularly class IA PI3Ks are of
therapeutic importance due to frequent alterations [6]. Class IA PI3Ks
consist of a regulatory (p85) and catalytic (p110) subunit [7]. The regu-
latory (p85) subunit of PI3K can bind and stabilize the catalytic (p110)
subunit, and therefore, is functioning as an endogenous inhibitor of
the pathway [4]. Isoforms of both subunits have been reported, of
which the p110 isoforms result in the expression of three different
genes, namely PIK3CA, PIK3CB, and PIK3CD [4,5]. A gain-of-function am-
plification or mutation in the PIK3CA gene, resulting in the p110α-
isoform, is found in 2–20% of the high-grade serous carcinoma and
20–46% of the endometrioid, mucinous and clear cell carcinoma [4,5].

Following activation, PI3K phosphorylates phosphatidylinositol
(4, 5)-bisphosphate (PIP2) to generate the second messenger phos-
phatidylinositol (3, 4, 5)-triphosphate (PIP3) (Fig. 1) [7]. Phosphatases
and tensin homolog (PTEN) is able to dephosphorylate PIP3 and is
therefore another endogenous inhibitor of the PI3K/AKT/mTOR path-
way [7]. Loss-of-function mutations, deletions or silencing of the PTEN
gene are found in 7% of the high-grade serous carcinoma and 21–45%
in endometrioid and clear cell carcinoma [4,7–9]. Subsequently, PIP3
may activate AKT by specific phosphorylation to initiate several down-
stream effects, e.g. inhibition of apoptosis, protein synthesis, and cell
growth and survival [10]. Eventually, activated AKTmay directly and in-
directly activatemTOR, which controls, among others, cell proliferation,
metabolism, autophagy and angiogenesis [5].

Many preclinical and clinical studies have been conducted to inhibit
PI3K/AKT/mTOR pathway activity with the use of targeted agents,
which are classified in four categories: PI3K inhibitors, AKT inhibitors,
mTOR inhibitors and dual PI3K/mTOR inhibitors (Fig. 1). Others have
summarized response rates to PI3K/AKT/mTOR pathway inhibitors, ei-
ther as monotherapy or in combination with other therapeutics, in ad-
vanced solid tumors [8,11–13]. However, no meta-analysis has been
conducted focusing on treatment efficacy in solely ovarian cancer pa-
tients. In addition, study results have been inconclusive on the predic-
tive value of PI3K/AKT/mTOR alterations, either defined by mutations,



Fig. 1. Schematic overview of the major components of the PI3K/AKT/mTOR signaling pathway with different strategies for inhibition (this figure is created with BioRender.com).
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amplifications or deletions by sequencing analysis or by loss of PTEN
protein expression by immunohistochemistry [8,11,12]. Therefore, in
this meta-analysis, we will focus on the effects of monotherapy with
PI3K/AKT/mTOR inhibitors and aim to determine the clinical benefit
rate, defined as complete and partial response and stable disease, in pa-
tients diagnosed with advanced or recurrent ovarian cancer. Further-
more, we aim to investigate the predictive value of current PI3K/AKT/
mTOR biomarkers on therapy response by subgroup analysis of clinical
benefit in studies selecting patients based on PI3K/AKT/mTOR bio-
marker criteria and studies with unselected populations.

2. Methods

2.1. Protocol and registration

This meta-analysis was performed according to the Preferred
Reporting Items for Systematic Reviews and Meta-analysis (PRISMA)
statement [14]. A study protocol was published at Prospero Interna-
tional prospective register of systematic reviews (CRD42020164469)
[15].

2.2. Eligibility criteria

Studies were eligible for inclusion when reporting on treatment
with monotherapy of PI3K/AKT/mTOR inhibitors in women with ad-
vanced or recurrent ovarian cancer. We focused on the use of drugs di-
rectly targeting the PI3K/AKT/mTOR components and excluded the use
of human epidermal growth receptor (HER2) inhibitors. Phase I, II and
III clinical trials, randomised controlled trials, prospective and retro-
spective cohort studies and case series were eligible for inclusion. To
be included in the meta-analysis, study populations should at least
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consist of five ovarian cancer patients. Systematic reviews and meta-
analysis were carefully screened for additional inclusions of individual
studies. A language restriction for English was applied.

2.3. Literature search

Studies were retrieved by a literature search in the electronic data-
bases; PubMed, Embase via Ovid and the Cochrane Library. The search
consisted of free terms (several synonyms) andMesh terms for “ovarian
cancer” and “PI3K/AKT/mTOR inhibitors” and “PI3K/AKT/mTOR pro-
teins”. An example of the full search strategy is provided in Supplemen-
tary material 1. We restricted the literature search to studies published
during the last 10 years (from 2010 to present). The databases were
searched on January 10, 2020 and the last searchwas conducted on Jan-
uary 6, 2021.

2.4. Study selection

Titles and abstracts were independently screened by two reviewers
(AU and PvdP) based on pre-defined exclusion criteria. Next, both re-
viewers (AU and PvdP) conducted eligibility assessment of the full-
text articles. In case of disagreement, a third author was consulted
(JMJP). Reasons for exclusion were documented. Authors were
contacted to obtain additional data if clinical response data was not pre-
sented separately for ovarian cancer patients (for example if multiple
types of cancers were included in the study).

2.5. Data extraction

For the included studies, study characteristics and outcome data
were extracted according to a pre-defined data extraction template

http://BioRender.com
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(Supplementary materials 2). The primary outcome of this meta-
analysis was clinical benefit rate (CBR) defined as the proportion of pa-
tients with best overall response of complete response (CR), partial re-
sponse (PR) or stable disease (SD), as defined by RECIST 1.1 or GCIG
criteria [16]. We selected this primary outcome measure over
progression-free survival to allow for the inclusion of phase I clinical tri-
als, in which antitumor activity is often defined by response rates rather
than progression-free survival. Additional outcomes were overall re-
sponse rate (ORR) defined as the proportion of patients with CR or PR
defined by RECIST 1.1 or GCIG criteria and the proportion of patients
experiencing drug-related grade 4 and 5 adverse event according to
the Common Terminology Criteria for Adverse Events (CTCAE) [17].

2.6. Bias screening

The risk of bias was assessed independently by two reviewers (AU
and PvdP) via the ROBINS-I tool (Risk Of Bias in Non-randomised Stud-
ies of Interventions) [18]. Any disagreements were resolved by consult-
ing a third reviewer (JMJP). Risk of bias was judged as low, high or
unclear risk for seven predefined domains of bias: confounding, selec-
tion of participants, description of intervention, deviation from inter-
vention, missing data, measurements of outcome and selective
reporting. The ROBINS-I tool requires the establishment of a ‘hypothet-
ical target trial’, which we defined as a phase II or III clinical trial inves-
tigating PI3K/AKT/mTORmonotherapy in ovarian cancer patients either
with or without evidence of PI3K/AKT/mTOR pathway dysregulation.
The trial should meet the following requirements: 1. baseline informa-
tion should include number of prior lines of treatment and histological
subtype, 2. a detailed description of the selection process and the inter-
vention, 3. deviations from intended intervention and missing data
should concern ≤25% of the population and 4. therapy response should
be measured by RECIST 1.1 or GCIG criteria at standardized time points.
Finally, the overall risk of bias of the seven domains was considered low
if none of the domainswas judged as high risk of bias,moderate if one or
two domains were judged as high risk of bias and high if three or more
domains were judged as high risk of bias.

2.7. Statistical analysis

Meta-analysis and subgroup analysis were performed using a
random-effect model with the DerSimonian-Laird estimator for be-
tween study variance τ2 to estimate the pooled proportion of patients
with clinical benefit with 95% confidence intervals (CI). To assess for
heterogeneity across the included studies I2 values of 25%, 50% and
75% were considered to indicate, respectively, low, moderate and high
heterogeneity. The Freeman-Tukey Double arcsine transformation was
applied to stabilize the variance of the proportions of individual studies.
Confidence intervals of individual studies were estimated using the
Clopper-Pearson method and Jackson method was used for the confi-
dence intervals of τ2. Funnel plots with Egger's tests for asymmetry
were created to assess for publication bias. Additionally, a leave-one-
out sensitivity analysis was conducted to investigate the influence of
outliers. Statistical analysis was conducted using the ‘metaprop’ com-
mand of the ‘meta’ package in R, version 3.5.2. (Rstudio Inc.) [19].

3. Results

3.1. Study selection

We identified 2538 records through database and reference
searching, of which 164 duplicates were removed (Fig. 2). Subsequent
title and abstract screening resulted in the exclusion of 2117 records.
After full-text screening of the remaining 257 records, we excluded an
additional 238 records based on: the use of combination therapy with
other targeted agents or chemotherapy (131 records); the inclusion of
less than five ovarian cancer patients (58 records); the publication
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of a conference abstract without availability of a full-text article (17 re-
cords); the publication of a conference abstract of which the full-text ar-
ticle already was included (14 records); an ongoing clinical trial (four
records); an unknown number of ovarian cancer patients treated with
a PI3K/AKT/mTOR inhibitor (four records); the inclusion of an unknown
number of ovarian cancer patients (two records); absence of the pri-
mary outcome measure (two records) and population without ovarian
cancer patients (two records). In total, 23 studies complied with the in-
clusion criteria. However, several of the included studies did not specify
therapy response for ovarian cancer patients, for which we contacted
the authors to retrieve additional data. Eventually, we were unable to
obtain sufficient response data of the ovarian cancer patients of four
studies [20–23], resulting in the inclusion of 19 studies to conduct the
meta-analysis [24–42].

3.2. Study characteristics

The included studies involved a total of 233 ovarian cancer patients.
The sample size of individual studies ranged fromfive to 54 ovarian can-
cer patients treated with PI3K/AKT/mTOR inhibitors (Table 1) [24–42].
Nine phase I and six phase II studies were included, as well as one
phase I/IIA study. In addition, one case report on six clear cell carcinoma
patients [37] and two studies aiming to implement molecular profiling
were included [30,38]. Four studies assessed the effect of PI3K inhibitors
in a total of 40 patients [28,29,33,34], whereas five studies assessed the
response to AKT inhibitors in a total of 61 patients [26,27,31,41,42]. The
response to mTOR inhibitors was investigated in five studies including
100 patients [24,25,30,37,39], four studies assessed the effect of PI3K/
mTOR inhibitors in a total of 24 patients [32,35,36,40], and one study in-
cluding 8 patients assessed both AKT and mTOR inhibitors based on
their molecular profile [38]. Almost all studies assessed a different
type of PI3K/AKT/mTOR inhibitor, with the exception of the mTOR in-
hibitors temsirolimus (used in three studies) and everolimus (used in
two studies) and the AKT inhibitors MK-2206 and uprosertib (both
used in two studies).

3.3. Risk of bias assessment

Studies were subjected to a comprehensive quality assessment for
the risk of bias on seven predefined domains. In case studies included
populations consisting of different advanced solid malignancies, bias
domains were applied to the study as a whole. A detailed description
of the reviewers' judgements of each bias domain can be found in Sup-
plementary material 3 and data is summarized in Table S1. The com-
bined risk of bias assessment of the seven predefined domains is
reported in Table 1.

3.4. Effectiveness of PI3K/AKT/mTOR inhibitors in ovarian cancer

Ourmeta-analysis revealed that treatmentwith PI3K/AKT/mTOR in-
hibitors was associated with a pooled CBR of 32% (95% CI 20–44%) in
ovarian cancer patients, with moderate to high between-study hetero-
geneity (I2 = 64%) (Fig. 3). Consistently low response rates were ob-
served across all studies. Although several patients achieved a PR,
none of the included studies reported on complete tumor regression
in ovarian cancer patients. With regard to the ORR to PI3K/AKT/mTOR
inhibitors, our meta-analysis revealed a pooled ORR of 3% (95% CI
0–6%), with low between-study heterogeneity (I2 = 0%) (Fig. 4).

Subgroup analysis by type of inhibitor showed that treatment with
PI3K inhibitors was associated with the highest pooled CBR of 48%
(95% CI 22–75%, I2 = 61%), but this was not statistically significant
from the results of other subgroups (P = 0.331) (Fig. 3). For mTOR in-
hibitors we observed a pooled CBR of 42% (95% CI 32–52%, I2 = 0%),
and treatment with dual PI3K/mTOR inhibitors resulted in a pooled
CBR of 30% (95% CI 1–72%, I2 = 72%). Treatmentwith AKT inhibitors re-
sulted in the lowest pooled CBR of 18% (95% CI 3–41%, I2 = 69%).



Fig. 2. PRISMA flow chart of the identified studies and the selection procedure of the included studies.
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Analysis of ORR per type of inhibitor favoredmTOR inhibitors with a
pooled ORR of 5% (95% CI 1–11%, I2 = 0%), but this not statistically sig-
nificant from the ORR of other subgroups (P = 0.381) (Fig. 4). For the
other types of inhibitors consistent pooledORRswere observed, namely
1% for PI3K inhibitors (95% CI 0–9%, I2 = 0%), 1% for AKT inhibitors
(95% CI 0–7%, I2 = 0%) and 1% for PI3K/mTOR inhibitors (95% CI
0–14%, I2 = 0%). The study of Varnier et al. assessed both AKT and
mTOR inhibitors and observed two PRs (one for both type of inhibitor)
resulting in an ORR of 25% (95% CI 3–65%).

Additionally, we assessed whether small studies with small re-
sponse rates were missing in our analysis. Evaluation of funnel plots
for the CBR and ORR meta-analysis and analysis with Egger's tests for
asymmetry did not indicate obvious publication bias (Fig. S1). Finally,
we performed a sensitivity analysis based on the leave-one-out method
to detect if one of the studies distorted the pooled effect. The analysis in-
dicated two studies with high contribution to the overall heterogeneity
in the CBRmeta-analysis; Juric et al. and Yap et al. [29,41]. Recalculating
the pooled CBR by omitting these studies resulted in a minimal pooled
CBR of 28% (95% CI 18–40%, I2 = 56%) by removing Juric et al. and a
maximal pooled CBR of 35% (95% CI 25–46%, I2 = 51%) by removing
Yap et al. (Fig. S2) [29,41]. The leave-one-out method resulted in mini-
mal change in pooled ORR (minimal 2%, maximal 3%).

Ourmeta-analysis showed that best overall responsewasmost often
defined as SD. Therefore, in terms of the CBR, the effectiveness of PI3K/
AKT/mTOR inhibitors can almost completely be attributed to disease
stabilization. Although SD is a valuable outcome in the advanced and re-
current disease setting, the duration of disease stabilization is of partic-
ular importance to assess meaningful clinical benefit. Therefore, we
categorized SD based on the duration of <6 months or ≥6 months.
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Within the group of patients with a best overall response evaluation
of SD (n = 71), progression of disease primarily occurred within
6 months after the start of therapy. To assess a better reflection of true
patient benefit, we revised the pooled CBR with a longer-termmeasure
of SD. Therefore, we excluded SD for <6 months as outcome measure
from the CBR, resulting in the inclusion of PR and SD for ≥6 months.
The revised analysis demonstrated a pooled CBR of 7% (95% CI 2–13%,
I2 = 21%) (Fig. S3).

3.5. Effectiveness of patient selection based on current PI3K/AKT/mTOR bio-
marker criteria

In seven of the 19 included studies, patients were selected based on
evidence of dysregulation of the PI3K/AKT/mTOR pathway (n = 60)
[29–31,33,34,36,38]. In these studies, enrollment depended on
biomarker criteria of activating genomic PI3K/AKT/mTOR alterations
(e.g. mutations, amplifications or deletions) and/or loss of PTEN expres-
sion by immunohistochemistry. In addition, six studies did not apply
biomarker criteria for patient selection but did performed the above-
mentioned PI3K/AKT/mTORmolecular assessment during the study pe-
riod, resulting in mixed populations with (n = 20) and without (n =
44) evidence of dysregulation of the PI3K/AKT/mTOR pathway
[26–28,35,40,42]. Of the remaining six studies who did not apply bio-
marker criteria, four studies (n=82) conducted immunohistochemical
biomarker analysis of other downstream PI3K/AKT/mTOR proteins for
instance phosphorylated-AKT [24,32,39,41], and two studies (n = 27)
did not conduct any PI3K/AKT/mTOR molecular assessments [25,37].
Overall, studies allowed the use of both archived tumor tissue and re-
cently taken biopsies for PI3K/AKT/mTOR molecular assessments. An
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overview of the number of patients with evidence of dysregulation of
the PI3K/AKT/mTOR pathway and the type of analysis used for molecu-
lar assessment is provided in Table S2.

We performed subgroup analysis to assess the predictive value of
current PI3K/AKT/mTOR biomarkers (e.g. mutations, amplifications or
loss of PTEN function by immunohistochemistry) on the effectiveness
of PI3K/AKT/mTOR inhibitors.We stratified the studies into two groups;
A. studies selecting patients based on PI3K/AKT/mTOR biomarker
criteria and therefore including solely patients with evidence of dysreg-
ulation of the PI3K/AKT/mTOR pathway (n = 60), and B. studies who
did not select patients based on biomarker criteria, resulting in mixed
populations with and without dysregulated PI3K/AKT/mTOR pathway
activity (n = 173). We observed a trend towards a better pooled CBR
Fig. 3. Forest plot of the association between treatment with PI3K/AKT/mTOR inhibitors and
patients with best overall response of complete or partial response or stable disease (both <6
interval (CI) of individual studies. The pooled CBR with 95% CI by type of inhibitor is represen
of all studies. PI3K, phosphatidylinositol-3-kinase; mTOR, mammalian target of rapamycin.
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in studies selecting patients based on PI3K/AKT/mTOR biomarker
criteria (CBR of 42%, 95% CI 23–62%, I2 = 51%) compared to studies
who did not apply biomarker criteria for patient selection (CBR of 27%,
95% CI 14–42%, I2 = 69%), however, this difference was not significant
(P = 0.217) (Fig. 5). For pooled ORR, there was no difference between
the two groups (Fig. S4).

3.6. Grade 3 and 4 adverse events according to the Common Terminology
Criteria for Adverse Events (CTCAE)

Unless otherwise stated, the proportion of patients with drug-
related grade 3 and 4 adverse events is reported in Table 1. Most of
the included studies reported on treatment with PI3K/AKT/mTOR
clinical benefit rate (CBR) in ovarian cancer patients. CBR is defined as the proportion of
and ≥6 months). The blue squares and black bars represent the CBR with 95% confidence
ted by the blue diamonds. The final blue diamond indicates the pooled CBR with 95% CI



Fig. 4. Forest plot of the association between treatment with PI3K/AKT/mTOR inhibitors and overall response rate (ORR) in ovarian cancer patients. ORR is defined as the proportion of
patients with best overall response of complete or partial response. The blue squares and black bars represent the ORR with 95% confidence interval (CI) of individual studies. The
pooled ORR with 95% CI by type of inhibitor is represented by the blue diamonds. The final blue diamond indicates the pooled ORR with 95% CI of all studies. PI3K,
phosphatidylinositol-3-kinase; mTOR, mammalian target of rapamycin.
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inhibitors in populations including different advanced solid malignan-
cies and did not specify incidence rates of adverse events per tumor
type. Therefore, we reported the proportion of the total study popula-
tion in Table 1. For several studies we reported the number of grade 3
or 4 adverse events counted as studies lacked information on the total
proportion. In total, drug-related grade 3 or 4 adverse events occurred
in 36% of the treated patients (229 of 641 patients (range 0–80%), ex-
cluding the studies reporting on all-cause adverse events and counted
events). Whereby the case series of Takano et al. reported no grade 3
and 4 adverse events in their ovarian cancer population [37]. It must
be noted that, due the retrospective nature of the case series, reporting
bias may have distorted the documentation of adverse events. Table S3
provides additional information on the proportion of patients with all
cause grade 3 and 4 adverse events, as well as the most frequently
440
reported grade 3 and 4 adverse events, number of dose-interruptions
and -reductions and number of patients with treatment discontinuation
due to adverse events. Most common grade 3 and 4 adverse events in-
cluded hyperglycemia, elevated liver enzymes and gastro-intestinal
complaints (e.g. diarrhea, nausea, vomiting and stomatitis). The high in-
cidence of adverse events may have resulted in suboptimal dosing in a
substantial proportion of the patients. Dose-interruptions and
-reductions were required in 2–62% of the patients and in 2–25% ad-
verse events lead to early discontinuation of treatment.

4. Discussion

Our meta-analysis includes 233 patients from 19 studies and indi-
cates that targeted therapy with PI3K/AKT/mTOR inhibitors is



Fig. 5. Forest plot of the association between PI3K/AKT/mTOR inhibitors and clinical benefit rate (CBR) bydysregulation of PI3K/AKT/mTORpathway activity in ovarian cancer patients. CBR
is defined as the proportion of patients with best overall response of complete or partial response or stable disease. The blue squares and black bars represent the CBRwith 95% confidence
interval (CI) of individual studies. The pooledCBRwith 95% CI per group is represented by the blue diamonds. A. Populations selected by PI3K/AKT/mTOR biomarker criteria. B. Populations
not selected by PI3K/AKT/mTOR biomarker criteria. PI3K, phosphatidylinositol-3-kinase; mTOR, mammalian target of rapamycin.
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associated with a pooled CBR of 32% (95% CI 20–44%) and a pooled ORR
of 3% (95% CI 0–6%) in advanced or recurrent ovarian cancer patients.
Dysregulation of the PI3K/AKT/mTOR pathway is considered to be one
of the hallmarks of cancer development and alterations in genes associ-
ated with this pathway are commonly found in ovarian cancer. Alter-
ations are assumed to mediate hyperactivation of the PI3K/AKT/mTOR
pathway, supporting the hypothesis that targeting this signaling path-
way might represent a useful treatment strategy. As a result, several
PI3K/AKT/mTOR inhibitors have been developed for the treatment of
cancer over the past years. To the best of our knowledge, this is the
first meta-analysis investigating the effectiveness of these inhibitors
solely in ovarian cancer patients.

The CBR may be criticized as outcome measure due to the inclusion
of SD without any consideration of the duration of response. In order to
better reflect patient benefit, we revised the pooled CBR by the exclu-
sion of SD for <6 months as a beneficial outcome. This resulted in a
pooled CBR of 7% (95% CI 2–13%, I2 = 21%). Furthermore, in 36% of the
patients (range 0–80%), treatment with PI3K/AKT/mTOR inhibitors
was associated with drug-related grade 3 and 4 adverse events, includ-
ing hyperglycemia, gastro-intestinal complaints and elevated liver
441
enzymes. The incidence of severe toxicities further contributes to unsat-
isfactory results, which in combination with the limited clinical benefit
suggests that current treatment with PI3K/AKT/mTOR inhibitors should
not be initiated unless in clinical trials aimed to identify those patients
who benefit from this treatment.

Overall, we observed a wide variety in efficacy among the different
types of inhibitors. Our subgroup analysis tended to favor the effective-
ness of PI3K and mTOR inhibitors over AKT and dual PI3K/mTOR
inhibitors, but this difference was not statistically significant. Within
the mTOR subgroup, a substantial proportion of the effectiveness
could be attributed to temsirolimus, as the inhibitor was investigated
in three individual studies. Although the intravenous administration of
temsirolimus could have improved bioavailability, the highest CBR
was observed in the pooled group of orally administrated PI3K inhibi-
tors. The PI3K component of the signaling pathway is most frequently
altered, which might explain the slightly improved CBR as compared
to the other types of inhibitors [5,10]. In comparison, limited clinical
benefit was achieved with AKT inhibitors, the component in whichmu-
tations are rare [5,10]. Potentially, dual PI3K/mTOR inhibitors could
exert more inhibitory effects over single PI3K or mTOR inhibitors [43].
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In case tumors harbor both PI3K and mTOR alterations, dual inhibitors
have the opportunity to suppress pathway activity at both levels. In ad-
dition, simultaneous inhibition ofmTORmay overcome potential mech-
anisms of adaptive resistance to PI3K inhibitors [44,45]. However, our
results do not confirm this hypothesis as dual PI3K/mTOR inhibitors
were not found to have superior efficacy over the other types of
inhibitors.

Furthermore, we assessed the potential role of patient selection by
current PI3K/AKT/mTOR biomarkers based on sequencing or immuno-
histochemical analysis (e.g. mutations, amplifications or loss of PTEN
function) as a marker for sensitivity to PI3K/AKT/mTOR inhibitors. Sub-
group analysis showed a trend towards an improved CBR in studies in-
cluding patients solely with evidence of PI3K/AKT/mTOR pathway
dysregulation compared to studieswhodid not apply biomarker criteria
for patient selection, but this difference was not significant (respec-
tively, pooled CBR of 42% and 27%, p = 0.217). The lack of support re-
garding the predictive value of current PI3K/AKT/mTOR biomarkers
(most frequently PIK3CA, PIK3R1 and AKT2 genes and PTEN protein ex-
pression) to select responding patients might be explained by the het-
erogeneity of analysis techniques used, including next-generation
sequencing and immunohistochemistry. A recent study by Sieuwerts
et al. measured functional activity of the PI3K pathway based on
mRNA expression levels of pathway-specific target genes, in addition
to genomic mutation analysis, in ER positive breast cancer samples
using a novel assay technology [46]. In contrast to genomic mutations,
functional PI3K pathway activity was associated with shorter
progression-free survival in metastatic patients treated with tamoxifen.
In addition, their findings demonstrated that functional PI3K pathway
activity did not correlate to PIK3CA mutation status, indicating that the
activation state of a signaling pathway cannot simply be inferred from
genomic alterations [46]. Moreover, in addition to genomic alterations,
the functional phenotype of tumor cells is affected by epigenetic modi-
fications and influenced by the tumor microenvironment. This is a pos-
sible explanation for the lack of support for a relation between genomic
alterations or loss of protein expression and activity of the correspond-
ing pathway and the limited predictive value of current biomarkers on
the efficacy of pathway inhibitors. In the search for an alternative bio-
marker, the focus on transcriptional activation of the PI3K/AKT/mTOR
pathway may provide useful information to guide patient selection for
targeted therapy. Furthermore,most studies used archived tumor tissue
of the primary tumor or a previous recurrence for biomarker analysis
rather than recently taken biopsies of the recurrent tumor. Treatment
with PI3K/AKT/mTOR inhibitors was often preceded by prior treatment
regimens for multiple recurrences. The use of archived material from
the primary tumor or a previous recurrencemay have precluded the de-
tection of alterations that have emerged during tumor evolution. Both
platinum-based chemotherapeutics and changes in the tumor associ-
ated with recurrence have been shown to increase genetic heterogene-
ity in ovarian cancer [47,48]. In addition, previous research in breast
cancer patients revealed substantial discordance in PTEN protein ex-
pression and PIK3CAmutations between primary disease and metasta-
ses [49]. Therefore, assessment of alteration status in recently taken
tumor tissue might provide more useful information for therapy
selection.

The PI3K/AKT/mTOR signaling pathway does not exert its function
independently, as crosstalk with other signaling pathways, such as the
poly (ADP-ribose) polymerase (PARP) and mitogen-activated protein
kinase (MAPK) pathways, has been described [12,50]. Preclinical work
has shown that PI3K-inhibitors can sensitize tumors to PARP-
inhibitors via downregulation of BRCA 1/2 genes, abrogation of intrinsic
or acquired homologous recombination repair (HRR) proficiency and
DNAdamage [51]. In addition, previous clinical studies indicated poten-
tial mechanistic synergy of combined therapy. Konstantinopoulos et al.
performed a phase IB trial in which PARP-inhibitor olaparib was com-
bined with p110α-isoform-specific PI3K inhibitor alpelisib in 30 pa-
tients with epithelial ovarian cancer [51]. Their preliminary results are
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promising, with 10 patients (36%) having a RECIST 1.1 PR and 14
(50%) SD, of which eight patients had SD lasting ≥6months. The toxicity
profile was acceptable and further follow-up of patients who completed
treatment is still ongoing. Furthermore, a recent study by Bardia et al.
combined MEK-inhibitor binimetinib with pan-PI3K inhibitor
buparlisib in a phase IB trial [52]. The expansion phase included differ-
ent types of tumors, including 18patientswithRAS- or BRAF-mutant ad-
vanced ovarian cancer. The best responses were observed in this
subgroupwith a CBR of 61% (95% CI 36–83%), with six patients showing
a PR. However, continuous dosing beyond the dose-limiting toxicity pe-
riod with buparlisib was not feasible due to unacceptable toxicity. Sim-
ilarly, a trial by Matulonis et al. in which olaparib and buparlisib were
administered to recurrent ovarian and breast cancer patients, could
not achieve meaningful dose-escalation of buparlisib due to unaccept-
able central nervous system toxicity and grade 3 transaminase elevation
[53]. This indicates that treatment with p110α-isoform-specific inhibi-
tors such as alpelisib with a favorable toxicity profile might be prefera-
ble in combination strategies over pan-PI3K inhibitors such as
buparlisib. On the other hand, combination regimens may benefit
from lower or intermittent dosing schedules to improve long-term tol-
erability on the premise that optimal pathway inhibition is sustained. In
the near future, new drugs targeting the PI3K/AKT/mTOR signaling
pathway might be developed by using bioinformatic analysis using
tools such as String database [54].

The strength of this meta-analysis is the comprehensive review of
the existing evidence on the effectiveness of PI3K/AKT/mTOR inhibitors
in advanced or recurrent ovarian cancer, including subpopulations of
larger studies with different advanced solid tumors. However, this re-
sulted in a relatively small number of included ovarian cancer patients,
which could have caused selection bias. Our meta-analysis is further
limited by large heterogeneity in study designs. In comparison to the
fixed drug dosage in phase II studies, phase I dose-escalation studies
used a variety of dosages and schedules to obtain the maximum-
tolerated dose, resulting inwithin-study bias. In addition, heterogeneity
in histological subtype could have distorted therapy efficacy as genomic
alterations are more common in endometrioid and clear cell carcinoma
as compared to high-grade serous carcinoma [8].

Taken together, our findings demonstrate limited to no efficacy of
monotherapy with PI3K/AKT/mTOR inhibitors in advanced or recurrent
ovarian cancer patients. Best overall response was often defined by dis-
ease stabilization lasting for a short period of time (<6 months). Al-
though SD is a valuable outcome in this highly pretreated population,
the short duration of response may be insufficient to qualify as true pa-
tient benefit. Moreover, clinical evidence that current biomarkers are
properly predicting response to pathway inhibitors is lacking. Given
the overall toxicity rate of 36% grade 3 or 4 adverse events, we suggest
that PI3K/AKT/mTOR inhibitors should only be used within clinical
studies, preferably in combinationwith other targeted drugs, in a highly
selected population based on reliable biomarkers that measure func-
tional activity of the PI3K/AKT/mTOR pathway.
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