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Background: Activation of the mTOR signaling pathway is ubiquitous in cancers and a
favourable therapeutic target. However, presently approved mTOR inhibitor
monotherapies have modest beneﬁts in labeled indications while poor outcomes have
been reported for mTOR inhibitor monotherapy when administered in a label-agnostic
setting based on univariate molecular indications. The present study aimed to determine
whether patient-speciﬁc combination regimens with mTOR inhibitors and other anticancer
agents selected based on multi-analyte molecular and functional tumor interrogation (ETA:
Encyclopedic Tumor Analysis) yields signiﬁcant treatment response and survival beneﬁts in
advanced or refractory solid organ cancers.
Methods: We evaluated treatment outcomes in 49 patients diagnosed with
unresectable or metastatic solid organ cancers, of whom 3 were therapy naïve and
46 were pre-treated in whom the cancer had progressed on 2 or more prior systemic
lines. All patients received mTOR inhibitor in combination with other targeted,
endocrine or cytotoxic agents as guided by ETA. Patients were followed-up to
determine Objective Response Rate (ORR), Progression Free Survival (PFS) and
Overall Survival (OS).
Results: The Objective Response Rate (ORR) was 57.1%, the disease Control rate (DCR)
was 91.8%, median Progression Free Survival (mPFS) was 4.9 months and median Overall
Survival (mOS) was 9.4 months. There were no Grade IV treatment related adverse events
(AEs) or any treatment related deaths.
Conclusion: Patient-speciﬁc combination regimens with mTOR inhibition and other
anti-neoplastic agents, when selected based on multi-analyte molecular and functional
proﬁling of the tumor can yield meaningful outcomes in advanced or refractory solid
organ cancers.
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Trial Registration: Details of all trials are available at WHO-ICTRP: https://apps.who.int/
trialsearch/. RESILIENT ID CTRI/2018/02/011808. ACTPRO ID CTRI/2018/05/014178.
LIQUID IMPACT ID CTRI/2019/02/017548.
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BACKGROUND

from Randomized Clinical Trials (RCT) or Standard of Care
(SoC) guidelines rather than via patient-speciﬁc evaluation of
drug resistance or sensitivity in respective tumors. The beneﬁts of
the latter approach lie not only in identifying relevant drugs with
higher antitumor activity (Jo et al., 2018) but also provide a
repertoire of drugs that can be used in a label-agnostic setting.
The clinical utility of patient-speciﬁc multi-analyte tumor
interrogation (called ETA for ‘Encyclopedic Tumor Analysis’)
for identifying vulnerabilities in advanced refractory cancers
(ARC) and their targeting with personalized de novo
combination treatment regimens has been previously
demonstrated (Nagarkar et al., 2019). Here, we report the
efﬁcacy of such personalized combination treatment regimens
which achieve efﬁcacious mTOR blockade as well as tandem
targeting of other tumor vulnerabilities to yield meaningful
outcomes in treatment of advanced refractory cancers.

Mammalian Target of Rapamycin (mTOR) is a protein kinase
which plays an important role in tumorigenesis by controlling
protein synthesis, cell growth and proliferation and metastasis
(Crespo et al., 2016). Since activation of the mTOR signaling
pathway is ubiquitous in cancers, therapeutic inhibition of mTOR
using analogs of Rapamycin (‘Rapalogs’) has been an attractive
strategy for systemic management of cancer, albeit with modest
beneﬁts (Kwitkowski et al., 2010; Yao et al., 2011; Buti et al., 2016;
Hua et al., 2019). Previous attempts to match alterations in
mTOR pathway genes with label-agnostic mTOR blockade via
monotherapy have reported inferior outcomes (Le Tourneau
et al., 2015; Tsimberidou et al., 2019). The low efﬁcacy of
mTOR inhibitors has been attributed to the largely cytostatic
rather than cytotoxic mechanisms of action (Meric-Bernstam and
Gonzalez-Angulo, 2009), their limited inhibitory capacity as well
as the activation of other resistance pathways (Faes et al., 2017).
There is growing evidence that mTOR inhibitors in multi-drug
combination regimens can overcome the largely cytostatic effect
of mTOR inhibitor monotherapies thus leading to improved
treatment outcomes especially in advanced cancers.
Illustratively, the combination of Everolimus and Exemestane
is superior to Everolimus alone in treatment of patients with nonsteroidal aromatase-inhibitor refractory ER+/HER2- metastatic
breast cancer (Jerusalem et al., 2018). Likewise, the combination
of Everolimus and lenvantinib has been approved for metastatic
RCC (Leonetti et al., 2017) owing to higher efﬁcacy over
Everolimus monotherapy. Similarly, though Alpelisib
monotherapy targeting mutant PIK3CA has shown limited
efﬁcacy (∼6% ORR) in solid organ cancers, the combination of
Alpelisib and Fulvestrant has yielded higher response rates
(∼26%) in ER+/HER2-metastatic breast cancers (Juric et al.,
2018; André et al., 2019).
It is accepted that tandem therapeutic targeting of multiple
signaling pathways can lead to improved outcomes in cancer
(O’Reilly, 2002). The mTOR pathway cross-talks with multiple
other signaling pathways such as MAKP/ERK (Mendoza et al.,
2011; Liu et al., 2018), AR (Mulders, 2009) and VEGF
(Crumbaker et al., 2017). Some crosstalk appears to be linked
to resistance mechanisms, while a subset may present
therapeutically relevant targets (Conciatori et al., 2018; Liu
et al., 2018). Likewise, several other signaling pathways that
are also known to be upregulated in cancers, offer additional
opportunities for tandem therapeutic targeting (O’Reilly, 2002).
Although the potential beneﬁts of Everolimus in combination
with chemotherapy agents have been hypothesized in various
cancers, the beneﬁts of such regimens in a refractory setting has
not yet been demonstrated. Further, selection of chemotherapy
agents for such combination regimens have been largely derived
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METHODS
Study Design
This manuscript reports data from a subset of patients from three
prospective interventional phase II/III trials, including
RESILIENT (CTRI/2018/02/011808), ACTPRO (CTRI/2018/
05/014178) and LIQUID IMPACT (CTRI/2019/02/017548)
who received mTOR inhibitor-based treatments. The primary
outcome data for the RESILIENT Trial has already been
published (Nagarkar et al., 2019). The outcome data for the
other two trials will be reported separately. The present
manuscript only reports ﬁndings in a subset of patients from
these trials where the therapy proﬁle is relevant to the theme of
this submission. Details of all trials are available at WHO-ICTRP.
All trials were approved by institutional review boards and ethics
committees of sponsor as well as clinical trial site. All trials were
conducted in accordance with all applicable ethical guidelines and
the Declaration of Helsinki. The present manuscript also
retrospectively reports data from a curated subset of patients
who availed of Encyclopedic Tumor Analysis (ETA) as a
commercial service offered by the study sponsor for
personalized treatments; outcomes are reported only for those
patients who received mTOR-inhibitor based treatments.

Patients
Between Jan 2018 and Jun 2019, 37 patients with advanced solid
organ cancers received treatments with mTOR inhibitors in
combination with other systemic anticancer agents as part of
various prospective interventional clinical trials conducted by the
study sponsor. All study participants were previously counseled
regarding study objectives, potential beneﬁts and potential risks
and provided signed written informed consent for participation
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in the trial and for publication of deidentiﬁed data. Between Jan
2018 and Dec 2018, 12 patients underwent ETA as a commercial
service to inform precision systemic therapy options for advanced
broadly refractory solid organ tumors and received treatments
with mTOR inhibitors in combination with other systemic
anticancer agents. Treatment outcomes were available in these
patients and were hence considered for analysis. All patients
consented for analysis and publication of deidentiﬁed data.
Outcome data for these patients are reported.

non-trial patients, schedule and duration were determined by the
treating clinician based on clinical assessment of patients’ health.

Response Evaluation
Treatment response was assessed in all patients based on a
baseline and follow-up radiological imaging (CT/PET-CT) as
per RECIST 1.1 criteria (Eisenhauer et al., 2009) to determine
Objective Response Rate (ORR), disease Control Rate (DCR),
Progression Free Survival (PFS) and Overall Survival (OS).
Patients in clinical trials underwent follow-up imaging scans
after every two cycles of treatment or after every 8–12 weeks,
whichever was longer. All radiological data were independently
evaluated by an external expert radiologist who was blinded to the
interpretation of the original radiologist. If the ﬁndings of the
external expert radiologist concurred with the gross ﬁndings of
the original radiologist, then the initially reported values were
retained. In case of divergent ﬁndings, this was conveyed to the
original radiologist for re-evaluation of the radiological scan data.

Encyclopedic Tumor Analysis
The process of ETA and generation of patient speciﬁc therapy
recommendations have been described previously (Nagarkar
et al., 2019) and is also provided as Supplementary Material.
Brieﬂy, ETA included molecular proﬁling of tumor tissue and
blood samples by NGS, immunohistochemistry (IHC) on tumor
tissue and in vitro chemoresponse proﬁling (CRP) of viable tumor
tissue derived cells (TDCs) or Circulating Tumor Associated Cells
(CTACs) from peripheral blood. Both cytotoxic anticancer agents
as well as mTOR inhibitors were evaluated by CRP where viable
TDCs/CTACs were treated in vitro with standardized
concentrations of anti tumor agents and the proportion of cell
death was measured. Next Generation Sequencing (NGS) analysis
of tumor tissue DNA or peripheral blood circulating tumor DNA
(ctDNA) using a targeted gene panel (452 or 411 genes) was
performed to identify molecular alterations in the mTOR
pathway genes that are known to be indicative for selection of
mTOR inhibitor as well as molecular alterations to select
appropriate targeted and endocrine agents. Finally,
Immunohistochemistry (IHC) proﬁling of tumor tissue was
used to determine expression of Estrogen Receptor (ER) and
Androgen Receptor (AR) for selection of Endocrine agents. ETA
ﬁndings were integrated to generate patient speciﬁc treatment
recommendations which were shared with the treating
oncologist.

Follow-Up
Patients were followed up until study termination or patient
exclusion (death/loss to follow-up/withdrawal of consent) or
until December 2020, to determine Progression Free Survival
(PFS) as well as Overall Survival (OS). Post completion of study,
patients were followed-up every 6 months for OS only. Patients
who were not part of the clinical trials underwent follow-up
imaging scans at intervals speciﬁed by the treating clinicians.

Safety and Adverse Events
Treatment related AEs were prospectively obtained for trial
patients during the trial. Treatment-related AEs for non-trial
patients were obtained from patients’ clinical records which were
provided by the treating clinician. All AEs were graded according
to NCI-CTCAE v5 (NCI, NIH, DHHS, 2017) and reported. For
patients in the clinical trials, as well as commercial patients AEs
were managed by standard procedures according to institutional
protocols.

Treatments
All patients received individualized combination regimens with
mTOR inhibitors and other targeted, endocrine or cytotoxic
drugs which were informed by ETA ﬁndings. Among 39
patients where the combination regimen included ≥1 cytotoxic
agents, the choice of single or multiple cytotoxic agents was based
on reported safety information (AE proﬁles) of each individual
cytotoxic agent (labeled toxicity), as well as phase I trial data of
safety and toxicity of combinations. This safety information was
used to anticipate/predict patient-wize expected AEs which was
referred to while determining the appropriate starting dose as well
as dose escalation in each patient. In all patients, the treatment
agents were initially administered at lower (≤50%) doses, and
were escalated based on an individualized dose escalation
schedule. Other factors which guided patient-speciﬁc dosage
and schedule included institutional guidelines and protocols as
well as clinical assessment of the patients’ health. As per the
treatment plan in the trials, patients were to be administered
treatments until progression or death or dose limiting toxicity.
Patients who showed durable response were maintained with
suitable dose reduction as decided by the treating clinician. For
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RESULTS
Study Cohort
The present manuscript reports outcomes in 49 patients (23
males, 26 females, median age 49 years) who received mTOR
inhibitor-based treatment regimens informed by ETA (Table 1,
Supplementary Dataset). This cohort includes prospective data
of 37 cancer patients from clinical trials and retrospective data of
12 cancer patients who received ETA-guided treatment
recommendation commercially from the sponsor. Among the
49 patients, three were therapy naïve (at presentation) whilst 46
had refractory cancers which had progressed following failure of
multiple lines of prior systemic therapy.

Treatments
All patients were administered mTOR inhibitors as part of multidrug regimens where the combinations included either ≥1
cytotoxic agent (n  20), cytotoxic and other targeted/
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TABLE 1 | Patient Demographics. The Study population includes 49 patients who received ETA guided combination treatments with mTOR inhibitors. Patient data was
aggregated from three clinical trials conducted by the study sponsor as well as patients who availed of ETA as a commercial service from the sponsor.
Parameter
Gender
Male + female  total
Age (years)
Median (range)
Cancer type
Bile duct
Breast
Colorectum
Endometrium
Esophagus
Head and neck
Kidney
Liver
Lung
Melanoma
Ovary
Pancreas
Hair follicle
Prostate
Sarcoma
Testes
Yolk sac tumor

mTOR_C

mTOR_CT

mTOR_T

Overall

14 + 6  20

9 + 10  19

0 + 10  10

23 + 26  49

45 (27–71)

54 (8–68)

50 (36–61)

49 (8–71)

1
1
1
1
4
1
3
1
1
2
1
1
2
-

6
1
1
1
3
2
2
1
1
1

8
2
-

1
15
2
1
2
7
2
1
5
1
4
2
1
1
1
2
1

endocrine agents (n  19), or ≥1 targeted or endocrine agents
(n  10). In this cohort, seven patients were AR+, three patients
were ER+ and two patients were AR+, ER + by IHC. All
anticancer drugs in the combination treatments were approved
by the United States FDA for use as antineoplastic agents.
Selection of all treatment agents (including mTOR inhibitors)
was agnostic to the respective labeled indications. Patient-wize
drugs and regimens are provided in Supplementary Dataset.

present study and showed PR. Additional relevant or unique
cases are discussed in the Supplementary Material. Patient-wize
responses to treatment are provided in Supplementary Dataset.
Findings of the original radiologist and the external expert
radiologist were found to be concurrent with regards to
determining gross treatment response (PR, SD and PD) in all
cases and hence did not necessitate any re-evaluation.
Among 20 patients who received mTOR inhibitors in
combination with cytotoxic agents (mTOR_C), PR was
observed in 10 patients (50%). Among 29 patients, the
combination regimen included an additional targeted or
endocrine agent (mTOR_T, mTOR_CT) for tandem blockade
of other signaling pathways; 18 of these patients (62.1%) showed
PR. Within these 29 patients, PR was observed in 6/10 (60%)
patients where AR/ER was targeted in tandem with mTOR, 5/9
(55.5%) patients where the VEGF signaling pathway was a
tandem target and in 6/9 (66.7%) patients where the EGFR/
ERBB2 pathway was targeted along with mTOR.

Treatment Response
Among the 49 patients, 1 (2.0%) showed Complete Response (CR),
27 (55.1%) showed Partial Response (PR), 17 (34.7%) showed SD
and 4 (8.1%) patients showed PD. The Objective Response Rate
(ORR) in this sub-cohort was 57.1% and disease Control Rate
(DCR) was 91.8%. Patient outcomes are summarized in Table 2. In
three patients, failure of a prior line of Everolimus inhibitor
monotherapy had led to a previous instance of PD; all three
patients received ETA guided combination regimen in the

TABLE 2 | Gene variants indicative of mTOR activation. The table indicates the types of gene variants observed and the number of patients where the tumors harbored each
type of gene variants. Indications in italicized text are probable indications.
Gene
PIK3CA
PTEN
STK11
AKT1
AKT2
TSC2
MTOR
NF1
ARID1A

Frontiers in Pharmacology | www.frontiersin.org

Reported indications
p.E545 K (8), p.H1047 R (3), p.E542 K (3), p.M1043I (1), p.E1034G (1), p.E726 K (1), p.N345 K (1), p.C420 R (1), p.Y1021C
(1). CNV_ < 6 (3), c.*25T > C (1), p.Y343C (1), p.E110K (1), p.R693H (1)
p.D24 N (1), p.D92G (1), c.4932 A > G (1), p.R130* (1), p.V166 A (1), p.R159 S (1), p.R47G (1), p.D326G (1), p.Y68C (1),
CNV_1 (3). c.6354G > A (1)
CNV_1 (3), p.F354 L (1)
p.E17 K (2)
CNV_3 (1)
p.F1510del (2), p.F1510del (1), p.R1743Q (1). p.S174L (1)
p.M2327I (1), p.R1709H (1)
p.R1250Q (1), p.S340 F (1), p.Q1520* (1)
p.P1326_Q1327insQ (1), p.P1618 L (1), CNV_1 (1)
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TABLE 3 | Treatment Outcomes. Progression Free Survival and Overall Survival Data are censored at the last follow-up.

Response
CR / PR
SD
PD
Response Rates (%)
ORR
DCR
Survival (months)
mPFS*
mOS*
Survival Rates (%)
12-month PFS
12-month OS
24-month OS

mTOR_C

mTOR_CT

mTOR_T

Overall

10
8
2

11
6
2

7
3
-

28
17
4

50.0
90.0

57.9
89.5

70.0
100.0

57.1
91.8

5.2 (3.8–6.6)
7.2 (2.7–11.7)

4.9 (3.8–6.0)
9.4 (4.6–14.2)

4.9 (2.0–10.0)
12.1 (6.7–17.5)

4.9 (3.6–6.2)
9.4 (6.6–12.2)

40.0
55.0
40.0

85.0
70.0
35.0

65.0
75.0
20.0

60.0
55.0
35.0

CR, Complete Response; PR, Partial Response, SD, Stable Disease; PD, Progressive Disease; ORR, Objective Response Rate; DCR, Disease Control Rate; PFS, Progression Free
Survival; OS, Overall Survival; mPFS, median PFS, mOS: median OS. *values within parentheses indicate 95% Conﬁdence Interval.

Progression Free Survival and Overall
Survival

mTOR activation, in addition to known targetable variants. In
four patients, the tumor harbored no known targetable variants
and only probably indicative variants. The phenotypic
consequence of the variations appeared to be aligned with the
activity proﬁle of other known variants, and hence deemed as
probable indications for mTOR inhibitor selection. Finally, in 13
patients there were no known gene variants indicative of mTOR
activation.

The study patients (n  49) reported median PFS (mPFS) and
median OS (mOS) of 4.9 months (95% CI: 3.6–6.2) and
9.4 months (95% CI: 6.6–12.2) respectively. The PFS rate and
OS rate at 12 and 24 months were ∼60 and ∼35% respectively.
The mPFS, PFS rates, mOS and OS rates in the various regimen
subtypes are summarized in Table 3 along with the overall
values. Kaplan Meier Plots of PFS and OS (overall as well as
regimen subtypes are provided in Figure 1. In order to
benchmark the beneﬁts of ETA-guided therapy in the study
cohort, we compared (Figure 2) the observed PFS of each
patient on ETA-combination regimen (PFS2) against PFS on
patient’s last failed line of therapy (PFS1). PFS2 was delimited
due to demise in seven patients, due to disease progression in
four patients, due to censoring in 14 patients (6 withdrew
consent for further follow-up, eight defaulted). At the last
follow-up, among the 24 patients who remained Progression
Free, the ongoing Progression Free duration was reported as
interim PFS. Based on these cut-offs, the PFS2:PFS1 ratio was
≥2.5 in 20 patients, between 1.3–2.5 in 10 patients, and ∼1 in six
patients. The median PFS1 was 2.8 months, median PFS2 was
4.9 months and the overall PFS2:PFS1 ratio was 1.8, indicating
that the median improvement was a signiﬁcant extension of
PFS over the last treatment. Patient-wize PFS and OS are
provided in Supplementary Dataset.

Adverse Events
There were no grade IV treatment related Adverse Events (AEs)
or any treatment related deaths. Grade III treatment related AEs
were seen in 34 patients. The most common grade III treatment
related AEs were Fatigue (27%), Anorexia (11%) and Oral
Mucositis (8%) which were managed by administration of
standard treatment modalities Hyperglycemia which has been
previously reported in mTOR regimens was observed in one
patient. Patient-wize AEs are provided in Supplementary
Dataset.

DISCUSSION
The study outcomes support the hypotheses of the study that
ETA-guided combination regimens of mTOR inhibitors with
other anti-neoplastic agents can achieve meaningful response
in advanced refractory cancers especially when such
combinations include other targeted/endocrine agents for
tandem blockade of other tumor-associated signaling
pathways. While PFS rates were higher in combination
regimens that included another targeted agent (mTOR_T,
mTOR_CT), the OS rates were similar across all therapy
regimen subtypes indicating that mTOR inhibitors in
combination regimens offer OS beneﬁts while tandem
targeting of additional tumor pathways yields PFS beneﬁts as
well apart from to OS beneﬁts. It is generally accepted that
subsequent lines of anticancer treatments are associated with
decreasing probability of success. However. among patients who

Molecular Alterations in the Mammalian
Target of Rapamycin Pathway
The molecular landscape of mTOR pathway associated genes in
the study cohort as determined by NGS is depicted in Figure 3.
Variations in PIK3CA and PTEN were most common among all
genes related to the mTOR pathway. In 27 patients, the tumor
harbored gene variants which were previously reported to be
indicative for mTOR activation. In ﬁve patients, the tumors
harbored gene variants which were probably indicative for

Frontiers in Pharmacology | www.frontiersin.org

5

April 2021 | Volume 12 | Article 631135

Crook et al.

Patient Speciﬁc mTOR Inhibitor Drug Combinations

FIGURE 1 | Kaplan Meier Plots of Progression Free Survival and Overall Survival. Progression Free Survival (PFS, (A)) and Overall Survival (OS, (B)) were evaluated
for the entire cohort as well as subgroups which include mTOR inhibitors in combination with either Cytotoxic Agents (mTOR_C), other targeted agents (mTOR_T) or with
both cytotoxic and targeted agents (mTOR_CT).

PTEN gene function via SNV or CNA (n  9, 18%).
Deleterious SNV/CNA in multiple mTOR pathway genes
were also observed in some patients (n  10, 20.4%). The
present study does not aim to establish the predictive
efﬁcacy of these mTOR pathway variations for mTOR
inhibitor selection or treatment response; the proﬁle of
(detected and undetectable) molecular variants in the known
mTOR pathway genes suggests the role of additional hitherto
unidentiﬁed genes and gene-variants linked to resistance or
response toward mTOR inhibitors. Molecular alterations (SNV
and CNV) of unknown signiﬁcance in mTOR pathway genes
were detected in 9 cases. These variations are speculated to be
probable indications, which may be conﬁrmed based on future
insight into the phenotypic consequence (gain/loss of function)
of these variations.
Prior attempts to identify potentially synergistic and safe
anticancer drug combinations (Wang and Sorger, 2017;
Sidorov et al., 2019; Zagidullin et al., 2019) as well as to
predict drug efﬁcacy via in vitro CRP of cell lines or primary
tumor cellsy (Hurvitz et al., 2015; Mercatali et al., 2016; Kuo et al.,
2019) reﬂect a consensus in favor of personalized combination
regimens based on molecular and functional evidence.
However, these prior reports do not have any correlation with
clinical outcome data. In this regard, ours is the ﬁrst report that
provides clinical evidence demonstrating the utility and
efﬁcacy of a comprehensive, integrational multi-analyte-based
approach (ETA) for informing personalized combination
regimens. In ETA, targeted agents were selected based on NGS
ﬁndings (SNV, CNA and Differential Gene Expression, DGE),
endocrine agents were selected on the basis of hormone receptor
(ER/AR) expression as determined by immunohistochemistry
(IHC) on tumor tissue. mTOR inhibitors and cytotoxic agents

received ETA-guided combination regimens, there was an almost
doubling of the PFS (PFS2:PFS1 ratio) indicating signiﬁcant
therapeutic beneﬁt to patients. The authors acknowledge that
the instances of censored PFS may underrepresent the actual
extent of beneﬁt. However, the recorded data indicate a
signiﬁcant median advantage despite censored observations;
since therapy was ongoing in several patients, eventual
improvements to these ratios are anticipated. We hence
conclude that ETA guided combination regimens can provide
signiﬁcant PFS improvements even in heavily pre-treated
populations. The response and survival beneﬁts indicate the
ability of ETA guided combination treatments to exploit
known targetable vulnerabilities as well as to overcome known
resistance variants. The present outcomes are remarkable in
context of the PFS and ORR reported for the mTOR arm in
the SHIVA trial (Le Tourneau et al., 2015), as well as outcomes in
the NCI Match arms where modest beneﬁts were observed such
as 23% ORR for Capivasertib (Kalinsky et al., 2018), 0% ORR and
27% 6-months PFS rate for Taselisib (Krop et al., 2018) and 4%
ORR and 1.8 months median PFS for GSK2636771 (Janku et al.,
2018).
Presently, apart from Alpelisib, selection of other mTOR
inhibitors is not based on molecular indications. Prior attempts
to match variations in mTOR pathway genes with labelagnostic mTOR blockade (such as the trials mentioned
above) have reported largely discouraging outcomes. Several
variations are associated with mTOR activation such as
alterations in the AKT (1/2/3), PIK3CA and PTEN genes
besides the mTOR gene itself (Grabiner et al., 2014). Among
the 32 patients with known and probable mTOR activation, the
most common gene variants associated with the mTOR
pathway were SNVs in PIK3CA (n  24, 48.9%), loss of
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FIGURE 2 | Improvements in Progression Free Survival. The image depicts each patients PFS in months on the last line of treatment (PFS1, left) and the PFS in
months observed on ETA guided mTOR combination therapy regimen (PFS, right). In this cohort, three patients were therapy naïve and three patients had undergone
prior surgery or radiation only. □: censored. C: demise; C: progression; →: ongoing PFS.

were selected on the basis of in vitro CRP of viable TDCs or
CTACs. It is pertinent to note that the observed drug efﬁcacies
by in vitro CRP is a summation of all known and latent
resistance mechanisms including tumor-speciﬁc pathways as
well as transiently dysregulated pathways. Since mTOR
activation is associated with resistance to chemotherapy
agents, in vitro CRP identiﬁed efﬁcacious cytotoxic anticancer

Frontiers in Pharmacology | www.frontiersin.org

agents to which the tumor had not acquired resistance despite
mTOR activation. Since the primary indication for mTOR
inhibitor selection was in vitro CRP rather than molecular
variations, ETA thus identiﬁed several patients (n  13) with
in vitro and largely in vivo response to mTOR inhibition, but
where the tumor harbored no known alterations indicative of
mTOR activation.
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FIGURE 3 | Molecular Landscape of Study Cohort. Molecular alterations observed in genes in the mTOR pathway genes as determined by Next Generation
Sequencing (NGS) analysis of tumor tissue DNA or cell free tumor DNA (ctDNA) are depicted. Five-digit numbers at the bottom of each column indicate individual patients
in the study cohort. Cancer types (topmost row) and gender (second row from top) are color coded. SNV and CNV (gain or loss) are color coded. The Study Cohort
consisted of 49 patients divided into various sub-groups:Group A (n  31, known ± probable mTOR activating variants), Group B (n  5, probable mTOR activating
variants) and Group C (n  13, no known mTOR activating variants).

CONCLUSION

Having established the utility of ETA for selection of efﬁcacious
combination treatments with mTOR inhibitors and other
antineoplastic agents, it is pertinent to review the safety of
such de novo drug combinations. The safety proﬁle of multidrug anticancer regimens especially those with combinations of
targeted and cytotoxic agents has been discussed at length in
prior meta analyses (Liu et al., 2016; Nikanjam et al., 2016;
Nikanjam et al., 2017). These studies observe that it is been
possible to safely administer de novo (targeted and cytotoxic)
drug combinations in most patients with manageable proﬁles of
adverse events (AEs). It is generally agreed that although the
actual proﬁle of Adverse Events (AEs) in any given patient
cannot be accurately predicted, the commonly occurring AEs
associated with each drug or combinations can be anticipated.
The proﬁle of AEs shows that even though this heavily
pretreated cohort was at an inherently higher risk of AEs due
to cumulative toxicities from prior treatments, ETA guided
therapies were generally well tolerated with a manageable
toxicity proﬁle (Li et al., 2015; Wilks, 2015).
The present study was largely based on a heavily pretreated
cohort with minimal representation of therapy naïve patients.
Hence, we are unable to demonstrate the beneﬁts of ETA guided
combination regimens as initial line therapy in treatment naïve
patients at presentation.
To conclude, the present study is the ﬁrst to demonstrate that
ETA-guided combination regimens with mTOR inhibitor and
other anticancer agents yield superior response rates and
survival beneﬁts as compared to mTOR inhibitor as
monotherapy or in physician’s choice of combination
regimens, in a (mostly) heavily pretreated cohort of patients
with acceptable toxicity proﬁle.
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We demonstrate that patient-speciﬁc combination regimens
which achieve mTOR blockade and tandem targeting of other
tumor vulnerabilities not only lead to favourable outcomes in
advanced refractory cancers but also had manageable toxicity
proﬁles. While prior attempts to expand the scope of mTOR
inhibitor monotherapy in an organ agnostic setting based on
univariate molecular proﬁling have been largely successful,
we show that personalized combination regimens based on
multi-analyte tumor proﬁling can yield signiﬁcant and
meaningful treatment beneﬁts in various solid organ
cancers. This is a viable pan-cancer treatment strategy
since it overcomes the limited efﬁcacy of mTOR inhibitors
as well as the drug-resistance associated with activation
of mTOR.

DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT
The studies involving human participants were reviewed and approved
by Institutional Ethics Committees of the Study Sponsor and the Study
Site(s). The patients/participants provided their written informed
consent to participate in this study. Written informed consent was

8

April 2021 | Volume 12 | Article 631135

Crook et al.

Patient Speciﬁc mTOR Inhibitor Drug Combinations

ACKNOWLEDGMENTS

obtained from the individual(s) for the publication of any potentially
identiﬁable images or data included in this article.

The authors are grateful toward all study participants and
their caregivers. The contributions of HCG Manavata Cancer
Center, Avinash Cancer Center, and Datar Cancer Genetics
toward managing various clinical, operational and
laboratory aspects of the study are acknowledged with
gratitude.

AUTHOR CONTRIBUTIONS
DP and DA: Study Design, Supervision, Data Review, advised on
results interpretation, Manuscript Writing; TC, AG, NP, SL and
RP: Study Design, Manuscript Review; AR, AB: Study Design.

SUPPLEMENTARY MATERIAL

FUNDING

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.631135/
full#supplementary-material.

No external funding was obtained for this study. The entire study
was funded by the Study Sponsor (DCG).

(BYL719) in PIK3CA-altered solid tumors: results from the ﬁrst-in-human
study. J. Clin. Oncol. 36 (13), 1291–1299. doi:10.1200/jco.2017.72.7107
Kalinsky, K., Hong, F., McCourt, C., Sachdev, J., Mitchell, E., Zwiebel, J., et al.
(2018). AZD5363 in patients (pts) with tumors with AKT mutations: NCImatch subprotocol EAY131-Y, A trial of the ECOG-ACRIN cancer Research
group (EAY131-Y). EORTC-NCI-AACR, Dublin, Ireland, November 13-16,
2018.
Krop, I. E., Jegede, O., Grilley-Olson, J. E., Lauring, J. D., Hamilton, S. R., Zwiebel,
J. A., et al. (2018). Results from molecular analysis for therapy choice (MATCH)
arm I: Taselisib for PIK3CA-mutated tumors. Jco 36 (15_Suppl. l), 101. doi:10.
1200/jco.2018.36.15_suppl.101
Kuo, C. T., Chen, C. L., and Li, C. C. (2019). Immunoﬂuorescence can assess the
efﬁcacy of mTOR pathway therapeutic agent Everolimus in breast cancer
models. Sci. Rep. 9 (1), 10898. doi:10.1038/s41598-019-45319-4
Kwitkowski, V. E., Prowell, T. M., Ibrahim, A., Farrell, A. T., Justice, R., Mitchell, S.
S., et al. (2010). FDA approval summary: temsirolimus as treatment for
advanced renal cell carcinoma. The Oncologist 15 (4), 428–435. doi:10.1634/
theoncologist.2009-0178
Le Tourneau, C., Delord, J.-P., Gonçalves, A., Gavoille, C., Dubot, C., Isambert, N.,
et al. (2015). Molecularly targeted therapy based on tumour molecular proﬁling
versus conventional therapy for advanced cancer (SHIVA): a multicentre,
open-label, proof-of-concept, randomised, controlled phase 2 trial. Lancet
Oncol. 16 (13), 1324–1334. doi:10.1016/s1470-2045(15)00188-6
Leonetti, A., Leonardi, F., Bersanelli, M., and Buti, S. (2017). Clinical use of
lenvatinib in combination with everolimus for the treatment of advanced renal
cell carcinoma. Tcrm 13, 799–806. doi:10.2147/tcrm.s126910
Li, J. Y., Daniels, G., Wang, J., and Zhang, X. (2015). TBL1XR1 in physiological and
pathological states. Am. J. Clin. Exp. Urol. 3 (1), 13–23.
Liu, F., Yang, X., Geng, M., and Huang, M. (2018). Targeting ERK, an Achilles’ Heel
of the MAPK pathway, in cancer therapy. Acta Pharmaceutica Sinica B 8 (4),
552–562. doi:10.1016/j.apsb.2018.01.008
Liu, S., Nikanjam, M., and Kurzrock, R. (2016). Dosing de novo combinations of
two targeted drugs: towards a customized precision medicine approach to
advanced cancers. Oncotarget 7, 11310–11320. doi:10.18632/oncotarget.7023
Mendoza, M. C., Er, E. E., and Blenis, J. (2011). The Ras-ERK and PI3K-mTOR
pathways: cross-talk and compensation. Trends Biochem. Sci. 36 (6), 320–328.
doi:10.1016/j.tibs.2011.03.006
Mercatali, L., Spadazzi, C., Miserocchi, G., Liverani, C., De Vita, A., Bongiovanni,
A., et al. (2016). The effect of everolimus in an in vitro model of triple negative
breast cancer and osteoclasts. Ijms 17 (11), 1827. doi:10.3390/ijms17111827
Meric-Bernstam, F., and Gonzalez-Angulo, A. M. (2009). Targeting the mTOR
signaling network for cancer therapy. Jco 27 (13), 2278–2287. doi:10.1200/jco.
2008.20.0766
Mulders, P. (2009). Vascular endothelial growth factor and mTOR pathways in
renal cell carcinoma: differences and synergies of two targeted mechanisms.
BJU Int. 104 (11), 1585–1589. doi:10.1111/j.1464-410x.2009.08987.x
Nagarkar, R., Patil, D., Crook, T., Datta, V., Bhalerao, S., Dhande, S., et al. (2019).
Encyclopedic tumor analysis for guiding treatment of advanced, broadly

REFERENCES
André, F., Ciruelos, E., Rubovszky, G., Campone, M., Loibl, S., Rugo, H. S., et al.
(2019). Alpelisib for PIK3CA-mutated, hormone receptor-positive advanced
breast cancer. N. Engl. J. Med. 380 (20), 1929–1940. doi:10.1056/nejmoa1813904
Buti, S., Leonetti, A., Dallatomasina, A., and Bersanelli, M. (2016). Everolimus in
the management of metastatic renal cell carcinoma: an evidence-based review
of its place in therapy. Core Evid. 11, 23–36. doi:10.2147/ce.s98687
Conciatori, F., Ciuffreda, L., Bazzichetto, C., Falcone, I., Pilotto, S., Bria, E., et al.
(2018).mTOR cross-talk in cancer and potential for combination therapy,
Cancers (Basel) 10, 23. doi:10.3390/cancers10010023
Crespo, S., Kind, M., and Arcaro, A. (2016). The role of the PI3K/AKT/mTOR pathway
in brain tumor metastasis. Jcmt 2, 80–89. doi:10.20517/2394-4722.2015.72
Crumbaker, M., Khoja, L., and Joshua, A. M. (2017). AR signaling and the PI3K
pathway in prostate cancer. Cancers (Basel) 9 (4), 34. doi:10.3390/
cancers9040034
Eisenhauer, E. A., Therasse, P., Bogaerts, J., Schwartz, L. H., Sargent, D., Ford, R., et al.
(2009). New response evaluation criteria in solid tumours: revised RECIST guideline
(version 1.1). Eur. J. Cancer 45 (2), 228–247. doi:10.1016/j.ejca.2008.10.026
Faes, S., Demartines, N., and Dormond, O. (2017). Resistance to mTORC1
inhibitors in cancer therapy: from kinase mutations to intratumoral
heterogeneity of kinase activity. Oxid Med. Cel Longev 2017, 1726078.
doi:10.1155/2017/1726078
Grabiner, B. C., Nardi, V., Birsoy, K., Possemato, R., Shen, K., Sinha, S., et al.
(2014). A diverse array of cancer-associated MTOR mutations are
hyperactivating and can predict rapamycin sensitivity. Cancer Discov. 4 (5),
554–563. doi:10.1158/2159-8290.cd-13-0929
Hua, H., Kong, Q., Zhang, H., Luo, T., and Jiang, Y. (2019). Targeting mTOR for
cancer therapy. J. Hematol. Oncol. 12 (1), 71. doi:10.1186/s13045-019-0754-1
Hurvitz, S. A., Kalous, O., Conklin, D., Desai, A. J., Dering, J., Anderson, L., et al.
(2015). In vitro activity of the mTOR inhibitor everolimus, in a large panel of
breast cancer cell lines and analysis for predictors of response. Breast Cancer
Res. Treat. 149 (3), 669. doi:10.1007/s10549-015-3282-x
Janku, F., Jegede, O., and Puhalla, S. L. (2018). NCI-MATCH arms N & P: phase II
study of PI3K beta inhibitor GSK2636771 in patients with cancers with PTEN
mutation/deletion or PTEN protein loss. Ann. Oncol. 29 (Suppl. l_8),
viii133–viii148. doi:10.1093/annonc/mdy279.406
Jerusalem, G., de Boer, R. H., Hurvitz, S., Yardley, D. A., Kovalenko, E., Ejlertsen,
B., et al. (2018). Everolimus plus Exemestane vs everolimus or capecitabine
monotherapy for estrogen receptor-positive, HER2-negative advanced breast
cancer. JAMA Oncol. 4 (10), 1367. doi:10.1001/jamaoncol.2018.2262
Jo, Y., Choi, N., Kim, K., Koo, H.-J., Choi, J., and Kim, H. N. (2018).
Chemoresistance of cancer cells: requirements of tumor microenvironmentmimicking in vitro models in anti-cancer drug development. Theranostics 8
(19), 5259. doi:10.7150/thno.29098
Juric, D., Rodon, J., Tabernero, J., Janku, F., Burris, H. A., Schellens, J. H. M., et al.
(2018). Phosphatidylinositol 3-kinase α-selective inhibition with Alpelisib

Frontiers in Pharmacology | www.frontiersin.org

9

April 2021 | Volume 12 | Article 631135

Crook et al.

Patient Speciﬁc mTOR Inhibitor Drug Combinations

Wilks, S. T. (2015). Potential of overcoming resistance to HER2-targeted therapies
through the PI3K/Akt/mTOR pathway. Breast 24 (5), 548. doi:10.1016/j.breast.
2015.06.002
Yao, J. C., Shah, M. H., Ito, T., Bohas, C. L., Wolin, E. M., Van Cutsem, E., et al.
(2011). Everolimus for advanced pancreatic neuroendocrine tumors. N. Engl.
J. Med. 364 (6), 514–523. doi:10.1056/NEJMoa1009290
Zagidullin, B., Aldahdooh, J., Zheng, S., Wang, W., Wang, Y., Saad, J., et al. (2019).
DrugComb: an integrative cancer drug combination data portal. Nucleic Acids
Res. 47 (W1), W43–W51. doi:10.1093/nar/gkz337

refractory cancers: results from the RESILIENT trial. Oncotarget 10 (54),
5605–5621. doi:10.18632/oncotarget.27188
NCI, NIH, DHHS (2017). Common terminology criteria for adverse events v5.0.
Washington, D.C.: U.S. Department of Health and Human Services.
Nikanjam, M., Liu, S., and Kurzrock, R. (2016). Dosing targeted and cytotoxic
two-drug combinations: lessons learned from analysis of 24,326 patients
reported 2010 through 2013. Int. J. Cancer 139 (9), 2135–2141. doi:10.1002/
ijc.30262
Nikanjam, M., Liu, S., Yang, J., and Kurzrock, R. (2017). Dosing three-drug
combinations that include targeted anti-cancer agents: analysis of 37,763
patients. Oncologist 22 (5), 576–584. doi:10.1634/theoncologist.20160357
O’Reilly, M. S. (2002). Targeting multiple biological pathways as a strategy to
improve the treatment of cancer. Clin. Cancer Res. 8 (11), 3309.
Sidorov, P., Naulaerts, S., Ariey-Bonnet, J., Pasquier, E., and Ballester, P. J. (2019).
Predicting synergism of cancer drug combinations using NCI-almanac data.
Front. Chem. 7, 509. doi:10.3389/fchem.2019.00509
Tsimberidou, A. M., Hong, D. S., and Wheler, J. J. (2019). Long-term overall
survival and prognostic score predicting survival: the IMPACT study in
precision medicine. J. Hematol. Oncol. 12 (1), 145. doi:10.1186/s13045-0190835-1
Wang, A. C., and Sorger, P. K. (2017). Combination cancer therapy can confer
beneﬁt via patient-to-patient variability without drug additivity or synergy. Cell
171 (7), 1678–1691. doi:10.1016/j.cell.2017.11.009

Frontiers in Pharmacology | www.frontiersin.org

Conﬂict of Interest: DP and DA are in full time employment of the Study
Sponsor (DCG).
All remaining authors declare that the research was conducted in the absence of
any commercial or ﬁnancial relationships that could be construed as a potential
conﬂict of interest..
Copyright © 2021 Crook, Patil, Gaya, Plowman, Limaye, Ranade, Bhatt, Page and
Akolkar. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

10

April 2021 | Volume 12 | Article 631135

Crook et al.

Patient Speciﬁc mTOR Inhibitor Drug Combinations

PR partial response

GLOSSARY

SD stable disease

mTOR mammalian target of rapamycin

PD progressive disease (disease progression)

ETA encyclopedic tumor analysis

EGFR epidermal growth factor receptor

ORR objective response rate
DCR disease control rate

ERBB2 synonym of HER2
PFS progression free survival

mPFS, median progression free survival
mOS median overall survival

OS overall survival
AE adverse event

ER estrogen receptor
HER2 human epidermal growth factor receptor 2

CRC colorectal cancer

MAKP mitogen activated protein kinase

ctDNA circulating (cell-free) tumor DNA
SNV single nucleotide variations

ERK extracellular signal-regulated kinase
AR androgen receptor

CNV copy number variations
CRP chemoresponse proﬁling

VEGF vascular endothelial growth factor
RCT randomized clinical trial

NGS next generation sequencing

SoC standard of care

DGE differential gene expression
TDCs tumor tissue derived cells

ARC advanced refractory cancers
IHC immunohistochemistry

C-TACs circulating tumor associated cells
RECIST response evaluation criteria in solid tumors

USFDA united states food and drug administration
CR complete response
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CTCAE common terminology criteria for adverse events
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