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Abstract: In the last decade, the inhibition of the mechanistic target of Rapamycin (mTOR)
in renal clear cell carcinoma (RCC) has disappointed the clinician’s expectations. Many
clinical trials highlighted the low efficacy and unmanageable safety profile of first-generation
mTOR inhibitors (Rapalogs), thus limiting their use in the clinical practice only to those
patients who already failed several therapy lines. In this review, we analyze the major
resistance mechanisms that undermine the efficacy of this class of drugs. Moreover, we
describe some of the possible strategies to overcome the mechanisms of resistance and their
clinical experimentation, with particular focus on novel mTOR inhibitors and the combina-
tions of mTOR inhibitors and other anti-cancer drugs.

Keywords: everolimus, temsirolimus, Rapa-Link, anti-angiogenics, autophagy

Introduction

The treatment of metastatic Renal Cell Carcinoma (mRCC) has improved drasti-
cally over the last two decades. In fact, from a scarcity of specific therapeutic
options, we assisted to the rise and the affirmation of a number of immune
checkpoint inhibitors (ICIs) and small molecule antiangiogenic targeted agents,
given either in combination or as a monotherapy, which dramatically changed the
natural history of this once orphan disease.

Among all the molecular targets identified and successfully drugged in recent
years, however, the mechanistic Target of Rapamycin (mTOR, previously mamma-
lian Target of Rapamycin), has a pretty unique story. mTOR pathway controls
several aspects of cell proliferation, migration, and metabolism, to an extent that
is still largely unknown. The first identified mTOR inhibitor was, obviously,
Rapamycin. This macrolide was first discovered in 1975 in a soil sample from
the Easter Island of the South Pacific, also known as Rapa Nui (hence the name).'

In the early ‘90s, the mechanistic action of Rapamycin was clarified, leading to
its application as an immunosuppressor and to the first in vitro studies on its anti-
cancer properties. Hence, the first generation of Rapamycin derivatives, with
reduced immunosuppressive effect, was developed. The two most promising mole-
cules of this class, Temsirolimus and Everolimus (the so-called Rapalogs), have

proven effective in several preclinical models. However, in clinical trials, they
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succeeded only in specific cancers, including mRCC.
Moreover, the extent of this success was much less than
expected. Rapalogs indeed showed a primarily cytostatic
action, suggesting that their role should be disease stabili-
zation rather than tumor regression. This has been attrib-
uted to the only partial inhibition of mTOR that fails to
block the feedback loop between mTOR and its client
kinase AKT, which arises as a mechanism of resistance.
In clinical trials involving mRCC, Rapalogs demon-
strated superiority when compared with old therapeutic
strategies, such as interferon-alpha. However, across the
last decade, Rapalogs were heavily outclassed by multi-
kinase inhibitors and immune checkpoint inhibitors.
Therefore, they now find an application only after the
failure of these drugs. On the other hand, more specific
and potent mTOR inhibitors are currently being developed
and tested, learning from the failures of the first genera-
tion. This review aims to analyze whether is it possible to
overcome the resistance to mTOR inhibitors and what
strategies should be preferred in the pursuit of this goal.

The Role of mMTOR in RCC

mTOR is an intracellular serine/threonine kinase that reg-
ulates several aspects of cell growth, proliferation, move-
ment, and survival> mTOR is able to react to many
diverse stimuli (such as growth factors, cell nutritional
status, and cellular stress) producing different responses.
Specifically, mTOR exists in two distinct complexes, rapa-
mycin-sensitive mTOR complex 1 (mTORCI1) and rapa-
mycin-sensitive mTOR complex 2 (mTORC?2), that exert
different effects, thus explaining the pleiotropy of this
molecule. mTORCI is formed by mTOR, regulatory-
associated protein of mTOR (Raptor), G-protein -
subunit-like protein/LST8 (GbL), and proline-rich AKT
substrate 40 kDa (PRAS40); by modulating specific tran-
scriptional factors, mMTORC1 modulates lipids, protein and
nucleotide biosynthesis, cell growth, autophagy, mitochon-
drial metabolism, and hypoxic response.***

On the other hand, mMTORC?2 is composed of GbL, the
protein rapamycin-insensitive companion of mTOR
(Rictor), and mammalian stress-activated protein kinase
(SAPK)-interacting protein (mSIN1); it plays a role in
metabolic rewiring and cytoskeletal organization, being
involved in cell movement.*

These intracellular serine/threonine kinases regulate
many important cellular mechanisms® and the inability to
regulate the mTOR pathway is emerging as a common
feature in several malignancies. The abnormal activation

of the mTOR signaling pathway results in an unbalance in
cell growth signals, leading to carcinogenesis. In most
cancer cells, uncontrolled mTOR signaling provides
a selective growth advantage.

The PIK3CA/AKT/mTOR pathway is one of the most
commonly activated pathways in human cancers.’
Mutations that trigger the pathologic activation of mTOR
have been found in several types of cancer, albeit this axis
is of uttermost importance in RCC,° a heterogeneous
group of cancers originating from the nephron. There are
several histotypes of kidney tumors, the most frequent
being clear cell (65%), followed by the papillary subtype
(20%) and the chromophobe subtype (5%).” Each histo-
type harbors its specific mutations, clinical characteristics,
and therapeutic responses.®

Many studies aimed at identifying the gene mutations
responsible for the development of RCC have been con-
ducted over the years. A major role in clear cell RCC
(ccRCC) genesis is played by the loss of function of the
von Hippel-Lindau (VHL) gene, a tumor suppressor whose
main role consists in inducing the degradation of the
Hypoxia Inducible Factor (HIF). The second most studied
mechanism involves the mutations affecting the PI3K/
AKT/mTOR signaling pathway. These mutations either
promote the overactivation of the PI3K/AKT/mTOR sig-
naling cascade’ or are responsible for the inhibition of the
PTEN, a tumor suppressor gene that plays an inhibitory
role on the aforementioned axis.'!® PTEN, PI3K, AKT, and
mTOR represent fundamental checkpoints of the signal
transduction pathway involved in the control of cell devel-
opment and proliferation, being heavily implied in RCC
pathogenesis and progression.'"'? In fact, aberrations in
the PI3K/AKT/mTOR pathway can be detected in 28% of
clear cell RCC cases.'” It’s worth noting that mTOR
mutation is particularly prevalent in highly vascularized
tumor areas since vascularization allows nutrients and
growth factors to activate the mTOR pathway.'*!”

Mutations of the mTOR axis are also described in
uncommon RCC subtypes, such as chromophobe RCC,'®
acquired cystic disease-associated RCC, eosinophilic solid
and cystic RCC, RCC with fibromyomatous stroma and
even in the low-grade oncocytic tumor.'® Although the
idea of a mTOR-driven RCC subclass is appealing, further
research is needed in order to understand whether this
mutations are to be considered driver or passenger
mutations.

Whether these mutations can impact the survival of
patients with RCC, is a debated topic. Fan et al
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demonstrated that the increased expression of mTOR and
its related proteins impacts positively on survival.?’ On the
other hand, Ocana et al concluded that mutations of the
mTOR axis, especially those implying the loss of PTEN,
correlate  with a significantly worse prognosis.?’
Regardless of its significance as a prognostic factor,
mTOR remains a pivotal regulator of cell growth and
proliferation, being thus considered a potential druggable
target.

Indeed, in the past decades, different specific mTOR

inhibitors were developed.

MTOR Inhibitors in Current Clinical

Practice
Since dysregulation of the PI3K/AKT/mTOR signaling
pathway is frequently encountered in patients with
RCC,>*> mTOR inhibitors were largely studied for the
treatment of locally advanced or metastatic RCC.'"*
Rapamycin was the first identified mTOR inhibitor. It
acts by forming a complex with the protein FKBPI12,
which acts as the effective inhibitor of mTORC1.** From
preclinic data, it’s known that Rapamycin can slow cell
growth and proliferation, or act synergistically with che-
motherapy to induce cell death. Moreover, suppressing the
mTOR pathway will slow down the consumption of exter-
nal resources, inducing autophagy. Paradoxically, even an
activator of the mTOR pathway could be therapeutically
beneficial, because it would push cells to run out of energy
and nutrients, and in the absence of stimuli, it could no
longer maintain essential life processes.”>® In addition,
Rapamycin was proven to inhibit metastasis of RCC in an
in-vivo model.?’

Although Rapamycin di per se was never extensively
studied, as a therapeutic agent, in mRCC patients, its
derivatives were largely used in this disease.

Everolimus
Amato et al*® first carried on a Phase I trial of Everolimus
in patients with mccRCC that received only 1 or no pre-
vious treatment lines. Everolimus reported an mPFS of
11.2 months, with an objective response rate (ORR) of
14% and a disease control rate (DCR) of 87%; this study
represented the proof of principle of Everolimus activity in
pre-treated mRCC patients.

In the RECORD-1 Phase III trial, Motzer et al*’ ran-
domized mccRCC patients progressing after one or more
previous lines of therapy (including at least a previous

TKI, mostly Sunitinib) to receive either Everolimus or
placebo. Everolimus yielded a significantly longer median
PFS (4.9 months vs 1.9 months, HR 0.33, p<0.00001),
with an acceptable safety profile. However, it should be
noted that in this study, the crossover between arms was
allowed, and was massive. As a consequence, no OS
benefit was observed.

Everolimus was tested also in naive mccRCC patients.
In the RECORD-2 randomized phase II trial,>® previously
untreated mccRCC patients were randomized to receive
either the combination of Everolimus + Bevacizumab (an
anti-VEGFR monoclonal
Bevacizumab. The median PFS was 9.3 vs 10 months
(HR = 0.90, 95% CI 0.71-1.15; P = 0.423).

More recently, the RECORD-3 phase II trial>' com-
pared the sequence of Everolimus followed by Sunitinib

antibody) or Interferon +

with the reverse sequence (ie Sunitinib followed by
mRCC patients
a subpopulation of non-clear cell RCC). Sunitinib upfront

Everolimus) in naive (including
resulted in a higher median PFS (10 months vs 8 months)
and ORR (27% vs 8%) when compared with Everolimus
upfront. In addition, the combined median PFS of the two
sequences was higher for that which started with Sunitinib
(25.8 months vs 21.1 months). From all these findings it
can be inferred that the place for Everolimus should be in
the second-line, after the failure of a first-line with TKI.
However, more recent trials furtherly scaled back the role
of this drug.

In fact, the METEOR phase III trial*> compared
Cabozantinib and Everolimus in mccRCC patients pro-
gressing after one or more VEGFR tyrosine kinase inhibi-
tors. Cabozantinib reported a much better performance
both in terms of mPFS (7.4 months vs 3.9 months) and
ORR (17% vs 3%). In the same setting, Everolimus was
compared with the immune checkpoint inhibitor
Nivolumab.

Furthermore, the Checkmate-025 phase III trial*®
enrolled patients that received previous treatment with
one or two regimens of antiangiogenic therapy and rando-
mized them to receive either Nivolumab or Everolimus.
Although the two drugs performed similarly in terms of
median PFS (4.6 months vs 4.4 months), a significant
difference was observed in the ORR (25% vs 5%) and
median OS (25 months vs 19.6 months, HR = 0.73 (98.5%
CI, 0.57 to 0.93; P=0.002), probably due to the develop-
ment of long-lasting specific immune responses.
Therefore, these trials suggest that in the common clinical

practice, Everolimus should be administered to ccRCC
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patients after the failure of immunotherapy and at least one
line of TKI.

Everolimus was also tested in other RCC subtypes. The
RAPTOR phase 11
Everolimus as a first-line treatment in a cohort of 92

trial evaluates the efficacy of

patients with papillary RCC, reporting a median PFS of
4.1 months, which can be considered a clinical benefit
since the treatment options for this variant are scarce.*
Everolimus was also compared with Sunitinib in two
major studies enrolling patients with papillary, chromo-
phobe, or unclassified RCC: the ASPEN and the ESPN
trials.>>=® In both cases Sunitinib reported a better perfor-
mance in terms of median PFS.

Temsirolimus

Temsirolimus is the second most widely tested Rapalog.
Hudes et al’” tested this drug, within a randomized con-
trolled phase III trial, in treatment-naive mccRCC patients
having a poor prognosis (according to prespecified criteria),
who were randomized to receive Temsirolimus, Interferon of
a combination of the two agents. The Temsirolimus arm
performed better than the others, with a median OS of 10.9
months versus 7.3 months in the Interferon arm and 8.4
months in the combination arm; this indeed was the very
first (and for a long time, the only) randomized controlled
trial which yielded an OS benefit in mccRCC. On the other
hand, the ORR was modest (8.6%).

In a subsequent trial,*® Temsirolimus was compared
with Sorafenib, in patients that failed the first-line therapy
with Sunitinib. While median PFS did not statistically
differ between the two groups (4.3 vs 3.9 months), there
was an unexpected significant improvement in median OS
in the Sorafenib arm (12.3 vs 16.6 months, HR, 1.31; 95%
CI, 1.05 to 1.63; two-sided P = 0.01).

Although Temsirolimus was not as widely tested as
Everolimus, available data suggest that it could fit in
a similar place in the clinical management of mccRCC.

As for uncommon histologies, the CESAR trial com-
pared Sunitinib and Temsirolimus in patients with papil-
lary,
Sunitinib outperformed Temsirolimus in terms of mPFS
(13.6 vs 9.3 months, HR 1.75, 95% CI, 0.70-4.46).%

chromophobe, medullary or wunclassified RCC.

Critical Appraisal of mTOR Inhibitors in
mRCC

Upon a cursory glance, one of the weakest aspects of
Rapalogs seems to be their relatively low ORR. As

a matter of fact, patients that experience shrinkage of
lesions are less than 10% in all the aforementioned trials.

Interesting data derive from the analysis of those
patients. Indeed, Voss et al*’ performed an elegant transla-
tional study on the tumors of patients that had long-lasting
responses to Rapalogs (median duration: 28 months) and
found genomic alterations with activating effect on mTOR
signaling in the vast majority of them. Although it can fuel
the idea that mTOR mutations could have a predictive
role, this study has its limit in the low numerosity of the
population and in its retrospective design. More recently,
Roldan-Romero et al*' performed genomic and immuno-
histochemical analysis on a wider cohort of patients that
received Rapalogs. Their findings confirmed that mTOR
pathway mutations and PTEN loss were significant pre-
dictors of partial responses. This data was confirmed also
by Kwiatkowski et al** that studied a population of 79
mRCC patients treated with Rapalogs. Mutations in
mTOR and its client network resulted to be more frequent
among responders than non-responders. This evidence
corroborates the idea that a strict population of Rapalogs
responders exists among patients with mRCC, and that it
could be selected by finding the correct biomarker.
However, it should be noted that all these studies are
flawed by their retrospective design.

The only known prospective clinical trial evaluating
this aspect, was recently completed by Adib et al.* In
this histology-agnostic trial, a pan-cancer cohort of
treated with

Everolimus, obtaining a disappointing ORR of 7%.

patients with mTOR mutations was
Therefore, even if mTOR mutations could have a role in
the prediction of response to Everolimus, it is likely that
they are not the only factor in the equation.

Nevertheless, even if mTOR mutations were confirmed
to be the perfect biomarker, Rapalogs are still flawed by
their safety profile. Common adverse events include hema-
tological complications (thrombocytopenia, leukopenia,
neutropenia, lymphopenia, and anemia), nausea, mucositis,
diarrhea.** Beyond these adverse events, which are com-
mon across different anticancer agents, one of the most
feared complications associated with the use of mTOR
inhibitors is noninfectious pneumonitis, which can result
in acute respiratory distress. In a randomized trial*> com-
paring Everolimus vs placebo in patients with mccRCC,
16% developed grade 2 and 3.6% grade 3 noninfectious
pneumonitis in the Everolimus group.

In conclusion, in mRCC Rapalogs are drugs endowed
with a relative and unpredictable efficacy, and an often
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challenging safety profile. Given the premise of their
extraordinary in-vitro results, their clinical performance
was disappointing. The reasons behind this debacle have
to be researched in the rapid development of resistance,
a complex phenomenon, that arises from multiple fronts.

Mechanisms of Resistance to mTOR
Inhibitors

The main pathways and mechanisms implied in resistance
to mTOR inhibitors are displayed in Figure 1.

PISK/AKT
As stated before, Rapalogs bind FKBP12, leading to the
inactivation of pivotal proteins of the mTORC1 complex,
while mTORC2 remains unaffected.*® It has been demon-
strated that mTORCI inhibition leads to the reduction of
Rictor (mTORC2 functional repressor) phosphorylation.*’
This will cause disinhibition of mMTORC2, with an increase
in its activity and a consequential hyperactivation of AKT.*®
Moreover, the mTORCI signal is able to activate, in
a GSK3 (glycogen synthase kinase 3)-dependent way, the
adapter protein GRB10, which mediates the PI3K-AKT
negative feedback.*® It follows that mTOR inhibition
would lead to a loss of the PI3K-AKT negative feedback.

E-Cadherin

In addition, mTORCI1 is indirectly responsible for the
phosphorylation and subsequent degradation of IRS1 (insu-
lin receptor substrate 1), which has an important role in

facilitating insulin signaling,

which is implied in many
anabolic mechanisms. It’s therefore reasonable to hypothe-
size that the inhibition of mMTORCI caused by Rapalogs will
disrupt the PI3K-AKT negative feedback and it will amplify
the effects of insulin receptor signaling, thus leading to the
activation of the MAP kinases and increasing cell prolifera-
tion, angiogenesis, survival, and a metabolic rewiring direc-
ted toward anaerobic glycolysis. This could be one of the

reasons behind the poor performance of this drug class.

Hypoxia Inducible Factor

HIF is strongly related to RCC tumorigenesis.”’ Under
normal oxygen concentrations, the subunit HIF-lo and
HIF-20 are constantly degraded by a VHL-dependent
mechanism involving the proteasome.>” In many cases,
however, RCC is characterized by a loss of VHL, result-
ing in persistent activation of HIF. In this scenario, HIF-a
subunits will be able to enter the nucleus even if a normal
concentration of oxygen exists, and it will bind HIF-f,
thus promoting the expression of genes implied in cell
survival, apoptosis inhibition, and anaerobic metabolic
rewiring.54 However, it has been demonstrated that,

Insulin Receptor

Growth factors receptor

Metabolic
Rewiring

Figure | Main mechanisms involved in resistance to Rapalogs.
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while HIF-la can exert both pro-proliferative and anti-
proliferative effects, HIF-2a has only pro-proliferative
effects.”> Moreover, HIF-20. is always overexpressed in
VHL-defective tumors, while HIF-1a lacks in one-third
of them.>®

Interestingly, HIF-o subunits translation is stimulated
by the PI3K/ATK/mTOR pathway.*® In particular, while
HIF-1a expression depends on both mTORCI1 and
mTORC2, HIF-20. depends only on mTORC2.’’ This
data suggests that Rapalogs inhibition, which focuses on
mTORCI1, will not affect HIF-mediated RCC cells’ survi-
val improvement. Furthermore, it has been shown that
E-cadherin is a target of the mTORC2/HIF-2a axis. In
particular, E-Cadherin is down-regulated by mTORC2/
HIF-2a, leading to the loss of contact inhibition and pro-
moting cell migration and epithelial-to-mesenchymal
transition.”®

Bcl2/IAP and Apoptosis Evasion
The antiapoptotic protein Bel2 acts by regulating the per-
meability of the mitochondrial membrane and the cyto-
plasmatic release of cytochrome c. The role of Bcl2 in
inhibiting apoptosis induced by Rapalogs is well-known
and it has been extensively described.>

Another mechanism involves Survivin, a member of
the IAP family, that acts by directly inhibiting caspases.
There is indirect evidence that Survivin plays an important
role in the evasion Rapalogs mediated apoptosis. It has
been demonstrated that Rapalogs-mediated apoptosis can
be greatly enhanced by reducing Survivin levels.®

Mitogen-Activated Protein Kinases
(MAPK) Pathway

MAP kinases are a family of intracellular kinases involved
in proliferation, differentiation, mitosis, cell survival and
apoptosis. Among MAPK c-Jun N-terminal kinases
(JNKs) and p38 MAPKSs (p38s) are usually triggered by
cellular stresses and inflammatory cytokines signaling,
while extracellular signal-regulated kinases (ERKs) are
stimulated by growth factors.®!

Inhibition of mTOR was demonstrated to induce an
activation of the MAP-kinase ERK via a PI3K-dependent
feedback loop. In particular, strong activation of the
MAPK signaling was observed in vitro, after the adminis-
tration of Everolimus. In the same study, the inhibition of
the MAP-kinase MEK led to the increased anticancer
activity of mTOR inhibition both in vitro and in vivo.**

Reactive Oxygen Species (ROYS)

ROS plays a major role in steps  of
tumorigenesis.> In VHL-defective RCC, ROS production
is enhanced because of the impairment of phosphorylative
oxidation.®* It has been demonstrated that PI3K and AKT
show increased activity when ROS concentration rises.
This
conditions.

several

response cell survival in stressful

65

ensures

Another mechanism involves protein kinase C (PKC)
family members, which are mTORC2 downstream
effectors.®® The effects of PKC include cell proliferation
and epithelial-to-mesenchymal transition by modulation of
integrin expression.’” ROS are able to activate different
members of the PKC family. In particular, PKC9 is acti-
vated by ROS in an Src-dependent mechanism that leads
to the activation of Jun MAPK.®°

Finally, it was shown that in RCC, a high concentration
of ROS can reduce the degradation of HIF-10,%® thus
activating the aforementioned mechanisms that lead to
Rapalogs resistance and cell survival. It appears clear
that ROS represent an important mechanism to bypass
mTOR inhibition since they can activate directly down-
stream effectors of the mTOR pathway.

AutophagymTOR is considered the principal regula-
tor of the process known as autophagy. Autophagy con-
sists of a mechanism that cells use to recycle damaged
organelles in order to recover nutrients and sustain
energy production in stressful conditions. It has been
demonstrated that mTOR acts as a nutrient sensor, that
stimulates cell proliferation, and shuts down autophagy
in a ULKI-dependent fashion.®” Therefore, mTOR
blockade acts as a stimulus for autophagy, that causes
an increase in nutrients availability to sustain energy
production, thus increasing the survival capability of
cancer cells.”” As a counter-proof, available data sug-
gested that the inhibition of the autophagic machinery
key component Atg7 can enhance the anti-cancer activity
of Rapalogs.”' From a mechanistic point of view, this
process is explained by the impairment in phosphoryla-
tive oxidation caused by mTOR inhibition, which leads
to an increase in ROS concentration and mitochondrial
damage. Damaged mitochondria are usually destroyed
via autophagy, but if Atg7 is inhibited, they continue to
produce ROS up to the point at which oxidative stress
causes cell death. Interestingly, this form of death is not
caspase-dependent, being not apoptosis, but rather a form
of necroptosis.”’
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Immune Response Impairment
Rapalogs are primarily considered to be immunosuppres-
sive drugs. Treatment with mTOR inhibitors induces the
development of T regulatory cells and makes them more
resistant to apoptosis.”> RCC is an immunologically “hot”
tumor and the growing role of immunotherapy in its treat-
ment can be considered proof of the importance of an
active immune system in the management of this
disease.”” Data show that in patients treated with
Everolimus, the worst prognosis has been demonstrated
when the neutrophil to lymphocyte ratio is higher than 3.7*
This is an intrinsic flaw of Rapalogs since their immuno-
suppressive effect cannot be dissociated from their antic-
ancer effect. However, the relative strength of immune
suppression could theoretically be related to the dose
used; indeed, the dose commonly administered to trans-
planted patients for immunosuppressive purposes is com-
pletely different from that used in the oncological setting.
On the other hand, mTOR inhibitors could be a suitable
option for mRCC in kidney transplant patients, since they
could exert both the immunosuppressive and the anti-
cancer effect.”

Overcoming the Resistance to
mMmTOR Inhibitors

The principal clinical trials exploiting strategies to over-
come resistance to mTOR inhibitors are summarized in
Table 1.

Second and Third-Generation mTOR

Inhibitors
The most immediate strategy to overcome the aforemen-
tioned resistance mechanism is the development of more
potent mTOR inhibitors. Second-generation mTOR inhi-
bitors, TOR Kinase Inhibitors (TOR-KI), are able to block
mTOR in its catalytic domain, by competing with ATP.
TOR-KIs do not need FKBP to exert their action since
they are developed to bypass this step. The key feature of
TOR-KIs, is their ability to block both mTORCI1 and
mTORC2, thus overcoming some of the aforementioned
described mechanisms of resistance. In fact, TOR-KIs
were proven to be effective in Rapamycin-insensitive cell
lines.”® However, resistance remains a major concern,
since they are not so effective at preventing the feedback
activation of PI3K that implies GSK3 and IRS-1.”’
Vistusertib (AZD2014) was the first molecule of this
class to reach clinical experimentation. A phase II clinical

trial compared Vistusertib with Everolimus in patients
with mccRCC beyond the first line of treatment.”® The
trial was stopped before the completion of the enrollment
because of the lack of efficacy observed in Vistusertib’s
arm. PFS greatly favored Everolimus (1.6 vs 4.8 months,
p<0.01). The only true advantage offered by Vistusertib
was a slightly more manageable safety profile.

Another TOR-KIs that reached human testing is
Sapanisertib (TAK-228).”” A Phase I dose-finding study
demonstrated a good safety profile for this drug and an
ORR of 22% was observed in one of the cohorts. More
clinical trials are needed to point out a possible clinical
role for this class of molecules.

Third-generation mTOR inhibitors are currently in
their preclinical phase. They were obtained by connecting
a first-generation mTOR inhibitor and a second-generation
TOR Kinase Inhibitor through a linker.*® RapaLink-1 is
the first compound of this new class, and it is composed of
Rapamycin linked to the TOR-KI MLNO0128. It was
recently compared with Temsirolimus in RCC cell lines,
showing a greater anti-tumor efficacy both in Sunitinib-
resistant and Sunitinib-sensitive cell lines.®’

The development of these novel inhibitors could
improve the performances observed from the experience
with Rapalogs. However, many of the resistance mechan-
isms described do not depend on the potency of inhibitors
per se, but rather on a complex interplay between mTOR
and other pathways. Hence the consideration that drugging
more than just one molecular target could offer sensible
improvements.

Combination of VEGFR Inhibitors and

mTOR Inhibitors

The idea of combining mTOR inhibitors and VEGFR-
inhibitors arose soon after the first results of trials with
antiangiogenics. Blocking both the angiogenesis and
mTOR pathway could deliver enough metabolic damage
to RCC cells to improve clinical outcomes and delay the
onset of resistance. The first phase I study exploiting this
combination was a dose-finding study evaluating the
safety of Sunitinib and Everolimus in pretreated
mccRCC patients.® Acute and chronic grade 3 and 4
toxicities were reported among all the cohorts, and the
combination resulted to be tolerated only at attenuated
doses. The unmanageable safety profile of this combina-
tion was confirmed also by a subsequent phase Ib trial that
reported similar results.™
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Table | Main Clinical Trials Featuring Strategies to Overcome mTOR Inhibition

Strategy Exploited Study Population Study Design Outcome Reference
Second-generation 49 mRCC patients that Phase Il trial Everolimus achieved better mPFS (1.8 vs 4.6 months, HR 2.8, Powles
mTOR inhibitors failed a first-line treatment AZD2014 (2nd p=0.01) etal’®
with anti-angiogenic generation mTOR
inhibitor) vs Everolimus
82 pretreated patients with Phase | trial ORR 12%, mRCC patients achieved the best responses Voss et al.”?
mRCC, endometrial or Dose escalation of
bladder cancer Sapanisertib (2nd
generation mTOR
inhibitor)
Combination of 20 patients with treatment- Phase | trial The combination was tolerated, and reported a 25% ORR Molina
VEGFR inhibitors and naive renal cancer Dose escalation of et al®
mTOR inhibitors Everolimus + Sunitinib
30 mRCC with | ore no Phase | trial The combination was not tolerated Kanesvaran
previous treatments Dose escalation of et al®
Everolimus + Sunitinib
153 mRCC patients that Phase Il trial The combination performed better than Everolimus and Motzer
failed a first-line treatment Lenvatinib vs Everolimus Lenvatinib in terms of mPFS (14.6 vs 5.5 vs 7.4 months, p1=0.005, et al®*
with anti-angiogenic vs Lenvatinib + p2=0.12)
Everolimus
1069 treatment-naive Phase lII trial Lenvatinib + Everolimus performed better than Sunitinib in terms Motzer
mRCC patients Lenvatinib + Everolimus of mPFS (14.7 vs 9.2 months, p<0.001) and it was slightly inferior et al®®
vs Lenvatinib + to Lenvatinib + Pembrolizumab
Pembrolizumab vs
Sunitinib
20 mRCC pretreated Phase | trial The combination was tolerated, and reported a 29% ORR Bitting
patients Safety evaluation of etal®
Vatalanib + Everolimus
70 patients with advanced Phase | trial The combination was tolerated, and reported a 12.9% ORR and | Zhu et al.®®
cancer, regardless of the Dose escalation of a 58.6% DCR.
histology Vatalanib + Everolimus
22 mRCC pretreated Phase | trial The combination was tolerated, and reported a 32% ORR and Sheng
patients Dose escalation of a 100% DCR. etal®
Vorolanib + Everolimus
18 patients with advanced Phase | trial The combination was tolerated, and reported a 20% ORR and Pedersen
cancer, regardless of the Dose escalation of a 53% DCR. etal”®
histology Vorolanib + Everolimus
Alternation of VEGFR | 55 treatment-naive mRCC Phase Il trial The alternating schedule reported a mPFS of 8 months Davis
inhibitors and mTOR patients Alternating Sunitinib and etal”
inhibitors Everolimus
101 treatment-naive mRCC Phase Il trial Pazopanib reported a higher mPFS (9.4 vs 7.4 months, p=0.37) Cirkel
patients Alternating Pazopanib etal”?
and Everolimus vs
continuous Pazopanib
41 mRCC with | ore no Phase Il trial Standard sequential therapy reported an higher |-year PFS (84.6% | Rodriguez-
previous treatments Alternating Sunitinib and vs 36%) Vida et al.”
Everolimus vs standard
sequential therapy
(Continued)
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Table | (Continued).

Strategy Exploited Study Population Study Design Outcome Reference
PI3K/mTOR dual 10 mRCC pretreated Phase | trial Study closed due to dose-limiting toxicities. Carlo
inhibitors patients Dose escalation of etal’™
BEZ235 (PI3K/mTOR
dual inhibitor)
85 mRCC patients that Phase |l trial Everolimus achieved better mPFS (3.4 vs 6.1 months, HR 2.1, Powles
failed a first-line treatment Apitolisib (PI3K/mTOR p<0.01) and ORR (I1.6% vs 7.1%) etal”
with anti-angiogenic dual inhibitor) vs
Everolimus
Combination of 13 pretreated patients with Phase | trial The combination is safe. 2 patients achieved long-lasting disease Zibelman
mTOR inhibitors and mRCC Dose escalation of stabilization etal”’
HDAC inhibitors Ridaforolimus +
Vorinostat (HDAC
inhibitor)
2| pretreated patients with Phase | trial The combination is safe. mPFS 4.1 months Wood
mRCC Everolimus + etal’”®
Panobinostat (HDAC
inhibitor)
Combination of 38 patients with mRCC Phase /1l trial The combination is safe. ORR 6%, DCR 67%, PFS>6 months 45% Haas
autophagy inhibitors who received 1-3 previous Everolimus + etal.'®
and mTOR inhibitors lines of therapy Hydroxychloroquine
(autophagy inhibitor)

Abbreviations: mRCC, metastatic renal clear-cell carcinoma; mPFS, median progression-free survival; ORR, objective response rate; DCR, disease control rate.

Another combination explored was Lenvatinib and
Everolimus. In a phase II trial,** 153 mccRCC patients
that failed previous antiangiogenic therapy, were rando-
mized to receive either Lenvatinib, Everolimus, or both in
combination. The combination arm reported a longer
mPFS than both the monotherapy arms (14.6 months vs
5.5 months for Everolimus and 7.4 months of Lenvatinib
alone), although the data were statistically significant only
in the comparison with the Everolimus arm (HR 0.40, 95%
CI 0.24-0.68; p=0.0005). Moreover, the combination arm
reported more grade 3 and 4 adverse events, but in the end,
the combination therapy showed an acceptable safety
profile.

This combination was also evaluated in a phase III trial
involving naive mccRCC patients that were randomized to
receive Pembrolizumab plus Lenvatinib, Everolimus plus
Lenvatinib or Sunitinib.* The Pembrolizumab-Lenvatinib
arm performed much better than Sunitinib in terms of
mPFS (23.9 months vs 9.2 months; p<0.001), but also
the Everolimus-Lenvatinib arm reported a good outcome
(14.7 months of mPFS). Both the combination arms
showed a slightly higher frequency of adverse events, but
they had an overall manageable safety profile. The results

reported in these studies led to the design of a clinical trial
exploiting Lenvatinib plus Everolimus as a neoadjuvant
treatment aimed at making unresectable RCC resectable
This trial is currently ongoing (NCT03324373).

The combination of Lenvatinib and Everolimus was
tested also in a phase II trial enrolling a cohort of 31 patients
with uncommon RCC subtypes reporting a ORR of 25.8%
and a DCR of 61.3%, with a mPFS of 9.2 months.* This is
an important milestone for the treatment of RCC variants
that often lack of valuable therapeutic options.

Some better results come from a phase Ib trial of the
VEGFR-inhibitor with
Everolimus.®” Even though adverse events were observed,

Vatalanib in  combination
long-term tolerability was demonstrated in a significant
portion of patients. Moreover, an mOS of 16.3 months
was reported with an ORR of 29.2%. Interestingly, the
mOS was much longer for treatment-naive patients (25.1
months). These data suggest that the combination of
Valatanib and Everolimus could be more effective than
the sequential schedule at obtaining long-lasting
responses. More recently, another phase I trial analyzed
this combination in a cohort of metastatic solid tumors,

and the data were confirmed in the mccRCC subgroup.®®
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Similar results were reported by a phase I trial investigat-
ing the combination of the VEGFR-inhibitor Vorolanib (X-82,
CMO082) and Everolimus in mccRCC pretreated patients.®
Along with the good tolerability of the treatment, a good
efficacy emerged from this study, with an ORR of 32% and
a DCR of 100%. These data are confirmed also by another
phase I trial exploiting this combination in solid tumors: the
mccRCC cohort was the one with the best ORR.”

In the end, the combination of VEGFR inhibitors and
mTOR inhibitors resulted to be difficult to manage in
some cases but reported an efficacy profile good enough
to prompt further investigation.

Alternating VEGFR Inhibitors and mTOR
Inhibitors

A theoretically simple strategy to avoid the toxicities of
the combination, while reducing the resistance phenom-
ena, could be the sequential alternation of VEGFR inhibi-
tion and mTOR inhibition. The rationale of this therapeutic
schedule resides in the hypothesis that VEGFR-inhibitors
would select a clone of RCC cells that are sensitive to
mTOR inhibition, and vice-versa. The EVERSUN phase II
trial tested an alternating schedule of Sunitinib and
Everolimus in 55 naive mccRCC patients, obtaining
a median PFS of 8 months and a median OS of 17
months.”’ These results did not meet the pre-specified
values to warrant further research.

In the ROPETAR trial, 101 naive mccRCC patients
were randomized to receive either an alternating schedule
of Pazopanib and Everolimus or continuous Pazopanib.””
The Pazopanib arm performed better in terms of median
PFS (9.4 vs 7.4 months) and no significant differences
were observed in the safety profile, thus suggesting that
the rotating schedule gives no advantages at all.

Similar findings were reported by the SUNRISE study,
a phase II trial comparing alternating cycles of Sunitinib
and Everolimus versus standard sequential treatment of
Sunitinib followed by Everolimus upon progression, in
42 naive mccRCC patients.”® The 1-year PFS rate was
49.7% in the alternating arm and 84.62% in the sequential
arm, with no major differences in mOS. From this data, it
can be inferred that the alternating strategy fails to
improve the clinical outcomes in mccRCC. The almost
contemporary exposure to both drugs likely favors the
development of resistance mechanisms allowing
mccRCC cells to acquire resistance to both VEGFR-
inhibition and mTOR-inhibition.

PI3K/mTOR Dual Inhibitors

Among all the resistance mechanisms analyzed, the PI3K
feedback is surely one of the most common, and its onset
cannot be delayed by simply increasing the potency of
mTOR blockade. Hence the idea of developing molecules
that can block both mTOR and PI3K.

One of the first clinical studies involving this new class
of drugs was a phase Ib trial of BEZ235 previously treated
patients with mccRCC.’* Even though BEZ235 was exten-
sively tested in the preclinical setting, the trial was inter-
rupted due to the high incidence of dose-limiting toxicities
including fatigue, rash, nausea and vomiting, diarrhea,
mucositis, anorexia, and dysgeusia. Therefore, the devel-
opment of the drug was stopped.

Another drug of this class, Apitolisib (GDC-0980) was
compared with Everolimus in a phase II clinical trial
enrolling mccRCC patients that progressed on after the
with ~ VEGFR-inhibitors.”
Surprisingly, the Everolimus arm had a longer median
PFS (6.1 vs 3.7 months) and median OS (22.8 vs 16.5
months), and a higher ORR (11.6% vs 7.1%). The authors
explained these results with the higher frequency of
Apitolisib
A possible explication for the unexpected bad perfor-
mance of PI3K/mTOR dual inhibitors could be that the
resistance mechanisms implying PI3K, although frequent,

first-line treatment

adverse events observed in the arm.

are not pivotal for cell survival. Moreover, the unfavorable
safety profile of these drugs makes it difficult to evaluate
objectively their results. Finally, it should be pointed out
that the design of this trial could have been improved. In
fact, Apitolisib could have been administered to patients
progressed beyond a first line therapy with anti-
angiogenics and a second line therapy with Everolimus.
In this setting, Apitolisib should have been compared with
best supportive care or clinician choice, thus demonstrat-
ing if it is effectively capable of overcoming the resistance
built by Everolimus through its innovative mechanism of
action.

Combination of mTOR Inhibitors and
Histone Deacetylase (HDAC) Inhibitors

The inhibition of HDAC exerts its anticancer effect by
modulating DNA coiling and thus, genes expression.
Preclinical data showed that AKT phosphorylation is
negatively affected by HDAC inhibition, although the
precise mechanism of the phenomenon remains unclear.”®
Hence the rationale for combination therapy.
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A recent phase I clinical trial tested the rapalog
Ridaforolimus with the HDAC inhibitor Vorinostat in
mccRCC pretreated patients.”” Although it was only
a dose-finding study, some of the patients experimented
a long-lasting disease stabilization, and no safety concerns
were observed. Similar results were observed in another
phase I trial with the combination of Everolimus and the
HDAC inhibitor Panobinostat.”® Moreover, this combina-
tion reported a 4.1 months median PFS, although more
standardized studies involving larger populations are
needed to clarify the possible role of this combination in
mRCC therapy.

Combination of Autophagy Inhibitors and

mTOR Inhibitors

As discussed before, mTOR blockade promotes autophagy
processes that cancer cells use to recycle damaged orga-
nelles and produce energy. The drug Hydroxychloroquine
is known for its ability to inhibit autophagy, by limiting
the fusion of lysosomes and autophagosomes.’® Haas et al
studied the
Hydroxychloroquine and Everolimus in a cohort of 33

efficacy and safety of combining
patients that had already failed previous therapy lines.
Disease control was achieved in 66% of patients, with an
ORR of 6%. No dose-limiting toxicity was reported.
Interestingly, this phase I/II trial met its primary endpoint,
with a 6-months-PFS higher than 40%.'%° The data shown
here confirm the importance of autophagy in the onset of
resistance to rapalogs, but further investigation is neces-
sary to understand exactly the extent of the improvement

offered by autophagy inhibitors.

Conclusion

Despite the rational of targeting mTOR in mRCC, and its
pivotal role in RCC tumorigenesis, the inhibition of
mTOR through Rapalogs did not meet the expectations.
Objective responses were scarce and, more importantly,
disease control was brief.

These results are principally attributable to the com-
plex interplay between the mTOR pathway and many
other cell growth and proliferation pathways, that allows
the onset of resistance phenomena. At the state of the art,
some solutions to overcome the resistance are under
development. On the one hand, more potent and innova-
tive mTOR inhibitors are being created, to obtain an
improved blockade of both mTORC1 and mTORC2.
On the other hand, combinatorial strategies aim at

countering some of the known resistance mechanisms.
In the near future, more combinations of mTOR inhibi-
tors and VEGFR inhibitors could reach clinical practice.
More studies are needed for combinations including
autophagy blockers and HDAC inhibitors, both of
which showed promising preliminary results.””-*%1%°
Finally, completely unexplored remains the combination
of mTOR inhibitors and immune checkpoint inhibitors.

Even if it may appear counterintuitive (potentially
immune suppressive agents combined with an immune
stimulating one?), this synergy could improve the effec-
tiveness of immune therapy, which has already shown
excellent results in mRCC.
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