m 1T OR inhibitors in renal cell carcinoma

The mammalian target of rapamycin (mTOR) is a downstream effector of the PI3-K/Akt/mTOR pathway.
Allosteric inhibitors of mTOR, everolimus and temsirolimus, have shown promising clinical activity in advanced
renal cell carcinoma but their effect is far from durable and only a subset of patients experience substantial
benefit from these agents. The PI3-K/Akt/mTOR pathway represents an intricate network of fine regulation
and feedback loops, and resistance to allosteric mTOR inhibitors may be embedded within this complexity.
In this article we highlight the molecular elements of the PI3-K/Akt/mTOR pathway, the clinical experience
with everolimus and temsirolimus in advanced renal cell carcinoma, and the future directions in terms of
sequential therapy, combinational therapy and development of novel therapeutic agents.
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In the last decade a greater understanding of
the molecular mechanisms involved in the
pathogenesis of renal cell carcinoma (RCC) has
identified specific targets for therapeutic inter-
vention. Inhibition of the VEGF pathway, by
blocking the binding of VEGF to its receptor
(i.e., bevacizumab) or by inhibiting the tyrosine
kinase activity of the intracellular domain of the
VEGEF receptor (VEGFR) with small molecules
(i.e., sunitinib, sorafenib and pazopanib), has
emerged as the primary therapeutic interven-
tion for most patients with advanced RCC. The
mammalian target of rapamycin (mTOR) is the
second molecular target for which small mol-
ecule inhibitors (i.e., temsirolimus and evero-
limus) have demonstrated a significant clinical
activity in patients with advanced RCC. In this
article, we describe the mTOR signaling path-
way, discuss potential mechanisms of action of
mTOR inhibitors, outline the clinical data of
these agents in RCC and speculate on future
developments in agents targeting this pathway.

The mTOR pathway in RCC

mTOR is a highly conserved serine/threonine
kinase that regulates cell growth and metabolism
in response to environmental factors. It is acti-
vated downstream of the PI3-K/AKT pathway
and executes its biologic functions as two distinct
complexes, mMTORCI and mTORC2. mTOR,
mLST8/GBL and the negative regulator Deptor
are shared by both complexes (1. mTORCI is
uniquely composed by the regulatory-associated
protein of mTOR (raptor) and the proline-rich
AKT substrate of 40 kDa (PRAS40), and is
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inhibited by rapamycin and the other rapa-
logs (everolimus and temsirolimus). mTORC2
includes rapamycin insensitive companion of
TOR (rictor) and, in contrast to mTORCI, is
largely resistant to inhibition by the rapalogs.
The mTOR pathway is most typically acti-
vated downstream of the PI3-K/Akt pathway
in response to growth factors signaling through
tyrosine kinase receptors (e.g., the binding of
IGF to its receptor) (Fieure 1). P13-K mediates the
generation of PIP3 from PIP2, an action which
is opposed by the tumor suppressor PTEN. PIP3
binds directly to the PH domain of Akt and
mediates its localization to the cell membrane
where it is then activated by phosphorylation at
two sites, threonine 308 and serine 473. One of
the many functions of activated Akt is to directly
phosphorylate tuberous sclerosis complex 2
(TSC2; tuberin) resulting in the inhibition of its
GAP activity towards the small GTPase Rheb.
Relief of this GAP activity enhances the GTP
loading of Rheb, promoting its activity. Rheb
has been shown to bind directly to the kinase
domain of mTOR and activate mTOR kinase
activity in a GTP-dependent manner [2].
mTORCI acts through its downstream effec-
tors, the S6K and the eukaryotic elongation fac-
tor 4E-BP, to regulate cell growth and prolifera-
tion in response to growth factors (i.e., IGF),
nutrients (amino acids in particular), energy
level and environmental stress (e.g., hypoxia,
DNA damage and reducing conditions) [2].
The activation of S6K by mTOR is critical
for ribosomal biogenesis [3], cell growth, anti-
apoptosis and translation of the structured 5’
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Figure 1. The mTOR signaling pathway.

4E-BP: 4E-binding protein; Akt: Protein kinase B; elF4E: Elongation initiation factor
4E; IRS: Insulin receptor substrate; mTOR: Mammalian target of rapamycin;

PI3-K: Phosphatidylinositol 3-kinase; Raptor: Regulatory associated protein of TOR;
Rheb: Ras homolog enriched in brain; Rictor: Rapamycin insensitive companion of
TOR; S6K: P70 S6 kinase; TSC: Tuberous sclerosis complex.

Reproduced with permission from [38].
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untranslated region (UTR) containing mRNA
species, while the phosphorylation (and inactiva-
tion) of 4E-BP1 promotes cap-dependent trans-
lation. Phosphorylated 4E-BP1 releases eIF4E,
a protein that binds the 5" m’G cap structure of
cellular mRNAs and facilitates translation by
enhancing the association of the mRNA with
the RNA helicase eIF4A and the ribosome-inter-
acting scaffolding protein eIF4G [4]. The extent
to which the translation of a particular tran-
script depends on mTORCI (and elF4E) activ-
ity is determined by the length and complexity
of the mRNA 5'UTR. Approximately 3% of
cellular mRNAs have 5’UTRs that extend to
greater than a third of the transcript length. The
5'UTRs of these mRNAs often have high GC
content and stem loop structures that preclude
translation, except when mTORCI is activated.
Many of these ‘weak’, otherwise untranslated
mRNAs, encode proteins essential for cell cycle
progression (e.g., cyclins, c-Myc and ornithine
decarboxylase), survival (e.g., the IAPs XIAP
and survivin), and angiogenesis (e.g., VEGF and
FGE-2) [5]. Not surprisingly, Dowling ez a/. have
recently shown that phosphorylation of 4E-BP1
(and resultant activation of eIF4E) is the criti-
cal determinant in driving cell proliferation in
response to TORCI activation [6]. Furthermore,
overexpression of elF4E has been shown to be
sufficient to drive malignant transformation in
some cells [7]. Thus, while the precise mechanism

of the therapeutic efficacy of mTOR inhibitors
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remains unknown, it is possible that attenua-
tion of the translation of critical gene products
driven by 4E-BP1 phosphorylation (and resul-
tant eIlF4E activation) by mTORCI1 may be an
important aspect of this effect.

The mTOR pathway may be of particular rel-
evance to RCC as it has been shown that HIF
protein expression is dependent on mTOR in
certain cellular contexts. Inappropriate accu-
mulation of HIF-1aw and HIF-2a as a result of
biallelic alterations in the von Hippel-Lindau
(VHL) gene observed in the majority of clear
cell RCC is believed to be a critical step in RCC
tumorigenesis as a result of increased expres-
sion of HIF-regulated gene products including
VEGF, PDGF and TGF-a.. Toschi et 2/. have
shown that mTOR activation, in conjunction
with the presence of phospholipase D, enhances
the expression of both HIF-1aw and HIF-2a in
RCC cells at a translational level rather than tran-
scriptional [8]. Furthermore, treatment of mice
bearing RCC xenograft models with temsiroli-
mus has been shown to result in impaired expres-
sion of HIF-1ot under both hypoxic and normoxic
conditions, presenting another potential mecha-
nism of action for the rapalogs in patient with

RCC p9].

Rapamycin & its analogs

Both US FDA-approved mTOR inhibitors,
temsirolimus and everolimus, are derivatives of
the natural compound rapamycin, present in
Streptomyces hygroscopius. Like rapamycin, tem-
sirolimus and everolimus bind the cytoplasmic
protein FK506 binding protein-12 (FKBP12)
and together they bind mTOR adjacent to its
kinase domain. The rapamycin-FKBP12 com-
plex only interacts with unbound mTOR or
mTOR in the MTORCI complex. Consequently,
the clinical activity of the rapalogs is believed
to be primarily mediated by the inhibition of
mTORCI. However, Sarbassov ez 2/. showed that
the prolonged exposure to rapamycin is able to
inhibit mMTORC2 in a tissue-specific manner
possibly due to binding with the free mTOR {10].
Recently, Toschi et al. have shown that phos-
phatidic acid (PA; the metabolic product of
phospholipase D) is required for the stable inter-
action of mT'OR with either Rictor or Raptor
and that the mechanism by which rapamycin
may inhibit mMTORC1 and mTORC2 activity
is by competing with the interaction of these
complexes with PA [11]. However, the levels of
rapamycin required to compete with the inter-
action of PA with mTORC2 were much higher
than that required to compete with that of PA
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and mTORCI. Therefore, the effect of the rap-
alogs on TORC2 activity may be significantly
more dose-dependent. However, the effect of
the rapalogs on mTORCI has been extensively
studied in multiple cell lines and a laboratory
model. It is well established that rapamycin
potently inhibits S6K1 activity in almost all cell
types. Conversely, the ability of the rapalogs to
inhibit the phosphorylation (and inactivation)
of 4E-BP1 appears to be less reliable and more
cell-dependent [12].

Rapamycin was initially developed as an
immunosuppressive drug used to prevent rejec-
tion in solid organ transplant recipient. However,
in the last few years, a very complex immu-
nomodulatory role of mTOR inhibitors has
been described. Araki er 4/. initially described
in 2009 13) that mTOR is a major regulator
of memory CD8 T cell and that the rapalogs
have immunostimulatory effects on the genera-
tion of memory CD8 T cells. Vy2V82 T cells
are a subset of peripheral ¥ T cells that exhibit
MHC-unrestricted lytic activity against human
tumors [14]. Rapamycin increases the proliferation
of antigen exposed Vy2V62 cells. Moreover, V52
T cells expanded with rapamycin show increased
expression of the IL2 receptor (CD25) and Bcl-2
as well as decreased expression of the chemokine
receptor CCR5, resulting in enhanced resistance
to apoptosis [15]. These observations suggest the
possible role of rapamycin and its derivatives as
adjuvants to cancer vaccines. In mice treated
with a heat shock protein cancer vaccine, CD8
T cells from mice concurrently treated with
temsirolimus showed greater interferon-y and
cytotoxic T-cell responses than those from mice
treated with vaccine alone. In addition, temsiro-
limus enhanced the formation of CD8 memory
cells after vaccine administration [16]. The role
that these immunomodulatory effects of rapalogs
may play in the clinical efficacy of these agents
in RCC remains unknown.

Clinical experience with mTOR
inhibitors in RCC
Temsirolimus

Temsirolimus was approved by the FDA for the
first-line treatment of advanced RCC in May
2007 on the basis of a Phase I1I trial that random-
ized 626 patients with poor-prognosis metastatic
RCC to receive temsirolimus (25 mg intravenous
weekly), IFN-o (3 million U subcutaneously
three-times weekly) or a combination of both
(temsirolimus 15 mg weekly and 6 million U
of IFN-a three-times weekly) (17]. The overall
survival of patients treated with temsirolimus
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alone was statistically longer than those treated
with IFN-a alone (0.73 hazard ratio [HR];
p = 0.0069). There was no statistical difference
between patients treated with IFN-a alone and
the combination of IFN-ot and temsirolimus. The
median overall survival time was 10.9 months in
the temsirolimus group, 8.4 months in the com-
bination group and 7.3 months in the interferon
group. Temsirolimus was well tolerated with the
most common adverse effects being asthenia,
rash, anemia, nausea, peripheral edema, hyper-
lipidemia and hyperglycemia. This study enrolled
only patients with metastatic RCC and at least
three of six well-described poor prognostic fea-
tures (Karnofsky performance status < 80, time
from diagnosis to randomization <12 months,
serum lactate dehydrogenase >1.5 upper limit of
normal, Hb < lower limit of normal, corrected
serum calcium >10 mg/dl and >1 metastatic site)
based on the retrospective analysis of the Phase I1
study that suggested potentially unique efficacy
in these populations [18]. Based on these results,
temsirolimus is considered a first-line therapeu-
tic option for patients with metastatic RCC who
have poor risk prognostic features.

Everolimus
Everolimus is an orally administered rapalog,
approved by the FDA in March 2009 for the
treatment of patients with advanced RCC
who failed either sorafenib, sunitinib or both
based on the results of the Renal Cell Cancer
Treatment With Oral RADO001 Given Daily
(RECORD-1) [19]. In this Phase III, random-
ized, double-blind, placebo-controlled trial,
416 patients with advanced RCC (showing
at least a component of clear cell histology)
who had failed prior treatment with either
sorafenib or sunitinib (VEGF-targeted tyro-
sine kinase inhibitors), or both within the last
6 months were randomized in a 2:1 fashion to
receive either everolimus 10 mg PO once daily
(n = 277) or placebo with best supportive care
(n = 139) [20]. Primary end point was progres-
sion-free survival (PFS). Secondary end points
included safety, objective response rate and over-
all survival. The trial was halted at the second
interim analysis after 191 progression events had
been observed. By central radiology review the
median PFS for patients treated with everolimus
was 4.9 months as compared with 1.9 months
in the placebo group (HR: 0.33; 95% confi-
dence interval [CI]: 0.25-0.43; p < 0.01). In
the 124 patients previously treated with only
sorafenib, the median PFS was 5.9 months for
the everolimus group versus 2.8 months for the
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placebo group (HR: 0.25; 95% CI: 0.16-0.42).
In the 184 patients previously treated with suni-
tinib alone the median PES was 3.9 versus 1.8,
respectively (HR 0.34; CI 0.23-0.51). Five
patients (1.8%) in the everolimus group expe-
rienced partial responses versus 0% in the pla-
cebo group. Median overall survival was 14.8
in patients randomized to everolimus versus
14.4 months for the placebo arm (HR: 0.87;
95% CI: 0.65-1.15; p = 0.162). However, this
end point was felt to be possibly contaminated
by the allowance for patients exhibiting disease
progression on placebo to crossover to open label
everolimus. The side-effect profile was quite
favorable with most common adverse events
with everolimus being stomatitis (40%), rash
(25%), fatigue (20%), hypercholesterolemia
(76%), hypertriglyceridemia (71%) and hyper-
glycemia (50%). Pneumonitis was observed
in 22 patients (8%) compared with 0 in the
placebo group. Based on these results, evero-
limus is now considered a standard therapeutic
option for patients who have experienced dis-
ease progression on VEGF-targeted tyrosine
kinase inhibitors.

Ongoing clinical studies with mTOR
inhibitors in RCC

Although both temsirolimus and everolimus are
now approved by the FDA for the therapy of
patients with advanced RCC, the role of these
mTORCI inhibitors will continue to evolve as
many questions regarding their efficacy in spe-
cific therapeutic situations are addressed. Both
temsirolimus and everolimus are being studied
or considered in multiple other clinical scenarios
and therapeutic strategies including in combina-
tional regimens, sequential therapy with VEGF
pathway inhibitors, the adjuvant setting and in
patients with non-clear cell histology.

Combination therapy
Given the distinct molecular targets of VEGF
and mTOR pathway inhibitors, there has been
considerable interest in whether combinations
of these two classes of agents may lead to addi-
tional therapeutic efficacy. For example, the
combination of temsirolimus and bevacizumab
(monoclonal antibody directed against VEGF)
has shown encouraging efficacy in a Phase II
trial in patients with refractory RCC, who have
failed VEGEF-targeted TKI, with a clinical ben-
efit rates (partial response/stable disease) of 88%
(partial response = 16% ) [21]. The combina-
tion of temsirolimus with bevacizumab is also
investigated as one of the four arms of the BeST
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trial (a randomized Phase II study of VEGF,
RAF kinase, and mTOR combination targeted
therapy with bevacizumab, sorafenib and tem-
sirolimus in advanced RCC — ECOG 2084)
and in the open-label Phase I1Ib, Investigation
of Torisel and Avastin Combination Therapy
(INTORACT) trial, in which temsirolimus
plus bevacizumab is compared with bevaci-
zumab plus IFN-a for the first-line treatment
of patients with advanced RCC.

Similarly, everolimus has also been stud-
ied in combination with bevacizumab in a
Phase II study of 50 treatment-naive patients
and 30 patients previously treated with suni-
tinib and/or sorafenib. The combination of
everolimus and bevacizumab showed activity in
both groups with a median PFS of 9.1 months
in previously untreated patients and 7.1 in pre-
viously treated patients. A total of 30% of the
previously untreated group and 23% of the previ-
ously treated patients had objective response to
treatment [22]. These encouraging data have led to
the ongoing CALGB 90802 trial, which is a large
Phase I1I randomized trial comparing everolimus
plus placebo versus everolimus plus bevacizumab
for patients with advanced RCC progressing after
treatment with TKIs.

Sequential therapy
The currently available VEGF pathway and
mTOR inhibitors only extremely rarely pro-
duce complete or durable remissions that can
be maintained off therapy in patients with
advanced RCC. Prospective studies and retro-
spective analysis have suggested that there is no
absolute crossresistance amongst TKIs and this
appears to also be true between VEGF path-
way inhibitors and mTOR inhibitors as well.
Currently, sequential single-agent therapy with
targeted therapy has become the standard of
care for metastatic RCC. However, the optimal
sequence of agents that would result in maximal
disease control duration and minimal toxicity is
unknown and under active investigation. The
RECORD-3 is an ongoing randomized Phase I
trial investigating this very specific issue com-
paring the efficacy and safety of the sequence
of first-line everolimus (RADO001) followed by
second-line sunitinib versus the reverse sequence
of first-line sunitinib followed by second-line
everolimus in patients with metastatic clear-
cell RCC who have received no prior systemic
therapy for their disease [23]. Similarly the Torisel
404 study is a Phase I1II study investigating tem-
sirolimus versus sorafenib in patients who have
failed initial therapy with sunitinib. While these
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studies may identify more promising sequencing
regimens, they will not address the question of
whether sequential therapy is in fact superior to
upfront combinational therapy.

Adjuvant therapy

At present, no therapy has been shown to decrease
relapse rate and increase survival after surgical
management of early stage RCC and no approved
therapies are approved for use in the adjuvant
setting. A large Phase III trial (ECOG 2805)
randomizing patients with advanced RCC and
high risk of recurrence following nephrectomy to
receive sorafenib, sunitinib or placebo for 1 year
has finished accrual, but mature results will not be
available for several years. Given the demonstrated
efficacy of mMTOR inhibitors in the advanced dis-
ease setting, combined with the favorable toxicity
profile, these agents may be particularly attrac-
tive in the adjuvant setting. A large randomized,
placebo-controlled Phase I1I trial is being planned
within the US Intergroup mechanism to formally
assess the role of adjuvant everolimus in patients
with resected RCC at high risk of recurrence.

Nonclear cell RCC

Although the efficacy of mMTORCI inhibitors has
primarily been established in clear cell RCC, fur-
ther analysis of the pivotal Phase I11 trial leading
to the FDA approval of temsirolimus suggested
this mTORCI1 inhibitor may be even more effec-
tive compared with interferon in patients with
non-clear cell RCC than clear cell RCC [24]. The
median overall survival of temsirolimus versus
interferon was 11.6 versus 4.3 months in patients
with non-clear cell histology (75% of which were
of papillary subtype) compared with 10.7 versus
8.2 months in patients with clear cell RCC. The
possibility that mMTORCI inhibitors in general
may have unique efficacy in non-clear cell RCC
has prompted the initiation of a randomized
Phase 1II trial of temsirolimus versus sunitinib
in European patients with metastatic non-clear
cell RCC. Likewise, everolimus will also be stud-
ied in a Phase II trial in 60 European patients
with metastatic papillary RCC (RADO001 in
Advanced Papillary Tumor Program in Europe
[RAPTOR] trial). These two Phase II trials
should provide critical information regarding
the efficacy of mTORCI inhibitors in patients
with non-clear cell histology RCC.

Mechanisms of resistance to
mTOR inhibitors
Despite the established efficacy of mTORCI1

inhibitors in RCC, responses to these agents
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are generally not durable and all patients will
eventually experience disease progression while
on treatment. Identification of mechanisms of
resistance to mT'ORCI inhibitors in RCC will
be critical to improve clinical outcomes. While
the exact mechanisms for resistance have yet to
be elucidated, several possibilities have already
been proposed.

One potential mechanism of resistance to
mTORCI inhibitors is the feedback activation of
critical upstream signaling pathways induced in
some cells following treatment with rapamycin
or its analogs. It is well known that mTORCI1
activation exerts a negative feedback on PI3-K
through S6K. Activated S6K represses, through
phosphorylation and subsequent proteasomal
degradation, insulin responsive substrate 1
(IRS-1), which is required for PI3-K activation.
In preclinical models, it has been shown that
tumors with activated PI3-K/Akt are very sensi-
tive to mTOR inhibitors, but in some cases the
biologic activity of these agents seems attenuated
by the fact that mTORCI inhibition releases this
negative feedback and results in the activation
of Akt upstream of mTOR [25]. It has also been
suggested that the immediate effect of mMTORC1
inhibition is to drive the formation of mMTORC2,
an effect which would be expected to increase
phosphorylation of Akt on its Ser473 site and
enhance its activity [26]. As the PI13-K/Akt path-
way controls numerous kinases, transcription
factors and other proteins associated with cell
growth and survival in addition to mTOR, the
activation of this pathway induced by mTORCI1
inhibition may undermine the clinical efficacy
of mTORCI inhibitors. Finally, an additional
mTORCI-MAPK feedback loop dependent
on S6K/PI3-K/Ras was recently described by
Carracedo et al. [27). Tumor specimens from
both patients and animal models treated with
everolimus showed evidence of increased activa-
tion of MAPK. The loss of these negative feed-
back loops may represent the basis of important
mechanisms of resistance to rapalogs.

Although it has been shown in some cases that
exposure of some cell lines to rapamycin can lead
to the suppression of mMTORC2 formation, this
effect appears to be a function of either dose or
chronicity of exposure [10,11]. Although rapamy-
cin is well known to have wide intrapatient phar-
macokinetic variability, the newer rapalogs such
as everolimus and temsirolimus appear to have
more predictable pharmacokinetic properties.
However, dose may remain an important fac-
tor given the aforementioned competitive inter-

action of the rapalogs and PA, and that RCC
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has been shown to overexpress phospholipase
D2 [28]. Whether the differential expression of
phospholipase D2 can predict for tumors that
are responsive to the rapalogs remains to be seen.

Regardless, as the suppression of mTORC2
activity requires significantly higher doses as
compared with that of mTORCI, the rapalogs
are, in general, thought to function primarily as
selective allosteric inhibitors of mMTORCI activ-
ity. This selective activity may be of particular
relevance to RCC given the recent assertion that
the expression of HIF-2a., argued by many to
be the more relevant HIF in RCC p29), is depen-
dent only on mTORC2 activity [30]. As it has
recently been shown that a substantial fraction of
VHL"- RCC express only HIF-2a [31], the inabil-
ity of selective mMTORCI1 inhibitors to suppress
HIF-20 expression may be another mechanism
for resistance to this class of agents.

Finally, it is also clear that the activity of the
primary executors of TORC1, S6K and 4E-BP1,
are not equally sensitive to the rapalogs. While
the phosphorylation S6K is extremely sensitive
to inhibition by rapamycin, Choo ez al. have
recently shown that the suppression of 4E-BP1
phosphorylation by rapamycin in some cells
is reversed within a few hours of drug expo-
sure (12]. Therefore, the efficacy of rapalogs in
patients with RCC may be dependent upon their
ability to effectively and continuously inhibit
4E-BP1 phosphorylation. Ideally, enhanced
knowledge of the mechanisms of resistance
to mTORCI inhibitors may be used to direct
combinational therapy with other molecularly
targeted agents as well as identify opportuni-
ties to improve on the first generation allosteric

inhibitors of mTORCI.

Patient selection strategies

Aswith other targeted therapies there is great inter-
est in developing patient selection strategies for
mTOR inhibitors so as to direct the most appro-
priate patient towards therapy with these agents.
Similar to that observed with other molecularly
targeted agents, not all patients with advanced
RCC experience clinical benefit from treatment
mTOR inhibitors and at present there are no
clinically validated clinicopathologic or molecu-
lar biomarkers predictive of benefit from therapy.
Studies have suggested that the pretreatement
activation status of the PI3-K/Akt/mTOR sig-
naling pathway may be one such predictor for the
likelihood of clinical benefit from mTOR inhibi-
tors. For example, 77 vitro, multiple myeloma
cells that had lost PTEN expression showed an

enhanced antiproliferative response to treatment
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with rapamycin [32]. The analysis of tumor sam-
ples from a subset of patients within a random-
ized Phase II trial of temsirolimus in patients with
RCC suggested that pretreatment phospho-S6
and phospho-Akt expression may be predictive
biomarkers of response to temsirolimus (33]. This
retrospective observation is currently under pro-
spective investigation in a Phase II study in which
biopsies of metastases of RCC will be obtained
from 40 patients, before initiating therapy with
everolimus. The status of the PI3-K/Ake signal-
ing pathway will be analyzed and correlated with
the clinical response to treatment to the mTOR
inhibitor in order to validate its role as a reliable
predictor of clinical benefit.

One of the expected pharmacodynamic
effects of mTOR inhibitors is the downmodu-
lation of glucose import. In fact, changes in
glucose uptake as measured by 18-fluoro-deoxy-
glucose positron emission tomography (FDG-
PET) imaging have been used to optimize
everolimus dosing in vivo [34]. To address the
possibility that changes in FDG-PET scanning
may serve as an early predictor of response or
resistance to everolimus treatment, a Phase II
trial has been completed in which 60 patients
with metastatic RCC underwent FDG-PET
imaging before and after initiating therapy
with everolimus. The primary objective of this
study is to determine if high basal FDG-avidity
is predictive of greater likelihood of response
to everolimus as determined by changes in
RECIST-based tumor measurements after
8 weeks of therapy. The study will also investi-
gate whether changes in FDG-avidity as a result
of therapy are associated with clinical responses.
The results of this Phase II trial will be reported
at the 2011 ASCO annual meeting and will
hopefully shed light on whether this imaging
modality can be used to either identify which
patients « priori should be treated with mTOR
inhibitors or as a pharmacodynamic predictor
of response or resistance following the initiation

of therapy.

Conclusion

The PI3-K/Akt/mTOR pathway has a cen-
tral role in cell proliferation and homeostasis
in response to environmental conditions. The
upregulation of this pathway has been described
to be a common hallmark of many tumors.
Allosteric inhibitors of mTOR have demon-
strated promising activity in the treatment of
advanced RCC, and two such agents, temsiro-
limus and everolimus, are now approved in the
first- and second-line settings for the treatment
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of metastatic RCC. Despite these developments,
it is clear that only a subset of patients experi-
ence substantial benefit. The investigation of
the PI3-K/Akt/mTOR intricate network and
its regulation has suggested multiple mecha-
nisms of resistance to the mTORCI inhibitors
and offered the basis for development of novel
agents (i.e., direct mTOR kinase inhibitors or
dual PI3-K/mTOR inhibitors) and novel com-
bination strategies that may result in greater
clinical efficacy. Given the crowded therapeu-
tic landscape in RCC, efforts must continue to
identify predictive biomarkers of response to
both currently available mTORCI inhibitors
and similarly targeted novel agents.

Future perspective

It is likely that in the next several years, the role
of mTOR inhibitors in RCC will continue to
evolve. Efforts to improve patient selection may
allow the identification of a subset of patients
who would most benefit from agents target-
ing this pathway. At the same time, insights
into mechanisms of resistance to mTOR
inhibitors will likely inform combinational
regimens that enhance the efficacy of mTOR
inhibitors in RCC. Although the confirma-
tory studies are pending, it appears likely that
mTOR inhibitors will have a role in non-clear
cell RCC for which few therapies have estab-
lished efficacy. Finally, the agents targeting the

Executive summary

Introduction

= The development of agents targeting VEGF signaling has been a major breakthrough in renal cell carcinoma (RCC) therapy.

= mTOR is the second kinase towards which molecularly targeted inhibitors have shown significant clinical efficacy in RCC.

The mTOR pathway in RCC

= Activated downstream of PI3-K/Akt, mTOR is a highly conserved serine/threonine kinase that regulates cell growth and metabolism in
response to environmental factors.

= mTOR executes its biologic functions as a part of two functionally distinct complexes, mMTORC1 (including mTOR and Raptor) and
mTORC2 (including mTOR and Rictor).

= mTORC1 plays a central role in regulating the cap-dependent translation of mRNA of genes critical to malignant transformation
and progression.

= Both mTORC1 and mTORC2 also regulate the expression of the HIFs.

Rapamycin & its analogs

= Both temsirolimus and everolimus are derivatives of rapamycin (i.e., rapalogs) and are primarily allosteric inhibitors of mTORC1 function.

= Although the rapalogs were originally developed as immunosuppressive agents, it is now becoming apparent they these agents have
other immunomodulatory effects which in some circumstances can enhance cellular immune responses.

Clinical experience with mTOR inhibitors in RCC

= Temsirolimus was approved by the US FDA after showing a survival advantage compared with interferon in a large randomized Phase I
trial in patients with advanced RCC and poor prognostic factors.

= Everolimus was approved by the FDA for therapy following the failure of VEGF-targeted tyrosine kinase inhibitors after demonstrating
superior efficacy to placebo in a large randomized placebo-controlled Phase il trial in patients with advanced RCC who had failed prior
treatment with sorafenib, sunitinib or both.

Ongoing clinical studies with mTOR inhibitors in RCC

= Everolimus and temsirolimus are currently being investigated given sequentially with VEGF-targeted tyrosine kinase inhibitors.

= The mTOR inhibitors are also actively being investigated in combinational regimens with other molecularly targeted and anti-angiogenic
agents in RCC.

= Everolimus will be evaluated in the adjuvant setting in a large intergroup trial.

= Both everolimus and temsirolimus will be investigated in non-clear cell RCC as well.

Mechanisms of resistance to mTOR inhibitors

= Preclinical studies have shown that inhibition of mMTORC1 can result in the upstream activation of PI3-K, Akt and MAP-kinase.

= As the expression of HIF-2a., believed to be the more relevant HIF in RCC, is dependent primarily upon mTORC2 activity, allosteric
inhibitors of mMTORC1 such as the rapalogs may have minimal activity against HIF-2a.

Patient selection strategies

= As patients benefiting from mTOR inhibitors may not necessarily be the same patients benefiting from VEGF inhibitors, efforts are
underway to identify predictive biomarkers of response to these agents.

= In particular, the pretreatment activation of the PI3-K/Akt/mTOR pathway may serve as a promising predictor of response.

Conclusion

= Allosteric inhibitors of mTOR have clear activity in RCC.

= The place in these agents in the crowded therapeutic landscape of RCC will continue to evolve as more is learned regarding predictive
models and the efficacy of these agents in combinational and sequential regimens.

= A new generation of agents targeting mTOR and upstream at PI3-K and Akt is emerging and will be investigated actively in RCC.
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PI13-K/Akt/mTOR pathway are likely to change
as well and improve upon the first generation
mTOR inhibitors.

Several agents that directly inhibit the kinase
function of mTOR regardless of whether it is
complexed with mTORC1 or mTORC2 are in
clinical development. These active site inhibi-
tors of mMTOR appear to infer additional benefit
to allosteric inhibitors of mTOR by decreasing
AKT phosphorylation and ultimately potenti-
ating mTORCI inhibition. At the same, agents
directly inhibiting kinases upstream of mTOR,
such as Akt and PI3-K, are also in active clini-
cal development. These agents would have the
advantage of not being susceptible to the feedback
activation of upstream pathways which may limit
mTORCI inhibitors. Furthermore, the catalytic
domain of mTOR and p110a subunit of PI3-K
are structurally related, a characteristic that has
been exploited to develop compounds with dual

activity against PI13-K and mTOR. These drugs
have shown potent anticancer activity in preclini-
cal studies [35] and have now entered Phase I-II
clinical trials alone or in combination [36,37] and
trials in RCC are planned. Whether these novel
agents will prove to have superior clinical activity
to the rapalogs in patients with advanced RCC
will be an area of active and exciting investigation
in RCC in the years to come.
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