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Abstract. Background/Aim: Sequential treatment with
targeted agents is standard of care for patients with
metastatic renal cell carcinoma (mRCC). However, clinical
data directly comparing treatment outcomes with a
mammalian target of rapamycin inhibitor or a vascular
endothelial growth factor-targeted agent in the second-line
setting are lacking. We evaluated sequential treatment in a
syngeneic, orthotopic mouse model of mRCC. Materials and
Methods: BALB/c mice were orthotopically implanted with
murine RCC (RENCA) cells expressing luciferase and
randomized to vehicle, sunitinib, sunitinib followed by
sorafenib, or sunitinib followed by everolimus. Tumor
growth and metastases were assessed by in vivo (whole
body) and ex vivo (primary tumor, lung, liver) luciferase
activity and necropsies, performed on day 20 or 46 for
vehicle and treatment groups, respectively. Results: Sunitinib
followed by everolimus was associated with reduced
luciferase activity and primary tumor weight and volume
compared with sunitinib, and sunitinib followed by
sorafenib. Conclusion: Sequential therapy with sunitinib
followed by everolimus demonstrated significant antitumor
and anti-metastatic effects.
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Optimal sequencing of targeted therapies in patients with
metastatic renal cell carcinoma (mRCC) is a key clinical
issue. Currently approved agents target two distinct
molecular pathways, the vascular endothelial growth factor
receptor (VEGFR) and the mammalian target of rapamycin
(mTOR) pathways. Sunitinib is a VEGFR-tyrosine kinase
inhibitor (TKI) with a category 1 recommendation for use as
a first-line therapy in mRCC (1). Other recommended first-
line therapies include pazopanib, bevacizumab plus
interferon-alpha, and temsirolimus (for patients with poor
prognosis) (1). In the second-line setting, the VEGFR-TKIs
sorafenib, sunitinib, and pazopanib have a category 1
recommendation for the treatment of patients who have
received prior cytokine therapy (1). Everolimus is an mTOR
inhibitor with a category 1 recommendation for use as a
second-line treatment of mRCC after failure of initial
VEGFR-TKI therapy (1). This recommendation is based on
results of the phase III RECORD-1 study, which
demonstrated that everolimus significantly improved
progression-free survival (PFS) compared with placebo
[median PFS=4.9 months versus 1.9 months, respectively;
hazard ratio (HR)=0.33; p<0.001] in patients with mRCC
who had failed previous VEGFR-TKI therapy (2).

The direct combination of two targeted agents has shown
unacceptable toxicity in several trials of patients with mRCC
(3-5); thus, sequential treatment has emerged as the standard
of care in current clinical practice. Several options are
available for patients who fail initial VEGFR-TKI therapy,
including treatment with an mTOR inhibitor or treatment with
a second VEGFR-TKI. Efficacy observed in prospective
clinical studies in patients with VEGFR-TKI-refractory
disease suggests at least partial cross-resistance to second-line
VEGFR-TKI therapy (6, 7). For example, in the phase III
AXIS trial of axitinib versus sorafenib in patients who had
failed one previous anticancer therapy, median PFS with
axitinib was 12.1 months in patients previously treated with
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cytokines and 4.8 months in patients previously treated with
sunitinib (7). High incidences of certain class-effect toxicities
in patients treated with sequential VEGF-targeted therapies
have also been reported (6, 8). Additionally, recent preclinical
data suggest that although VEGFR-TKIs inhibit primary
tumor growth, they may also cause tumors to progress to
more metastatic and invasive phenotypes, leading to enhanced
levels of malignancy and reduced overall survival (9-11). This
potential for cross-resistance, cumulative toxicity, and
increased invasiveness suggests that switching to a second-
line treatment with a distinctly different mechanism of action,
such as mTOR inhibition, may be a beneficial strategy for
overcoming VEGFR-TKI resistance (12).

While sequential treatment with targeted agents has become
the standard of care in patients with mRCC, no head-to-head
clinical studies have been conducted to date that directly
compare the safety and efficacy of an mTOR inhibitor and a
VEGFR-TKI in patients who have failed initial VEGFR-TKI
therapy. The effectiveness of this strategy also has yet to be
evaluated in a preclinical setting. Thus, the aim of the present
study was to explore the outcomes of sequential VEGFR-TKI
followed by VEGFR-TKI (i.e. sunitinib followed by sorafenib)
and VEGFR-TKI followed by mTOR inhibitor (i.e. sunitinib
followed by everolimus) therapy in a syngeneic, orthotopically
implanted mouse model of mRCC, and, in particular, whether
these different therapeutic sequences led to distinct effects on
metastases or primary tumors.

Materials and Methods

Cells and culture conditions. The murine RENCA cell line,
originally obtained from a tumor that arose spontaneously in the
kidney of a BALB/c mouse, is a well-characterized model for
human RCC (13). RENCA cells were obtained from the ATCC®
(LGC Standards GmbH, Wesel, Germany) (CRL-2947™ ; of murine
origin as confirmed by genomic fingerprinting). Murine origin was
further confirmed via genotyping by the Leibniz Institute DSMZ-
German Collection of Microorganisms and Cell Cultures on August
18,2009. The cells were transduced using a retrovirus expressing a
luciferase-neomycin (LN) fusion protein (14). Stably transduced
RENCA-LN cell pools were selected using 1 mg/ml of G418-
sulphate (#P11-012, PAA Laboratories GmbH, Pasching, Austria).
RENCA-LN cells were grown as monolayers in DMEM and phenol
red supplemented with 10% fetal calf serum, 2 mM of L-glutamine,
100 units of penicillin/ml, and 100 pg of streptomycin/ml and then
cultured at 37°C in a humidified atmosphere (90% air, 10% carbon
dioxide). Cells were routinely split every three days at a ratio of 1:5
to 1:10 using trypsin/EDTA and were seeded at approximately 1 to
2x100 cells/80 cm? in 10-ml aliquots of medium.

In vivo experiments. Female BALB/c mice (Charles River GmbH,
Sulzfeld, Germany) approximately six weeks old and weighing
approximately 20 g were used for in vivo studies. All mice were
anesthetized on day 0 with 1.5 to 2.0 v/% isoflurane in combination
with an oxygen flow of 2 1/min and orthotopically implanted with
4x105 RENCA-LN cells in 25 pl phosphate-buffered saline (PBS)
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into the left kidney via subcapsular injection. Growth of the
resultant RENCA-LN tumors and metastases were monitored by in
vivo bioluminescence imaging. All procedures were approved by the
Ethics Committee for Animal Experimentation according to the
United Kingdom Coordinating Committee on Cancer Research
Guidelines (15).

Treatment groups. Tumor-bearing mice were randomized to one of
four treatment groups (groups A to D, 12 animals per group) according
to their luciferase signal on day 3. Group A received 10 ml/kg vehicle
(PBS) once daily on days 4 to 20; group B received 40 mg/kg sunitinib
on days 4 to 46; group C received 40 mg/kg sunitinib once daily on
days 4 to 34 followed by 30 mg/kg sorafenib once daily on days 35 to
46; and group D received 40 mg/kg sunitinib once daily on days 4 to
34 followed by 10 mg/kg everolimus on days 35 to 46. All treatments
were administered orally in volumes of 200 ul per 20 g body weight.
Doses of sunitinib, sorafenib, and everolimus were chosen based on
previous literature reports of efficacy in mouse models of RCC (16-
18), as well as internal data. The treatment was switched when the
average bioluminescence signal of animals in group C reached the half
maximum signal of the control group (group A).

Evaluation of tumors and metastases via bioluminescence imaging.
Tumor growth and the occurrence of metastases were monitored on
days 3, 6, 13, 20, 27, 34, 40, and 45 using in vivo bioluminescence
imaging. Mice were anesthetized and administered 2 mg D-luciferin
intraperitoneally as two 50-ul volumes. Light emission levels were
measured 10 min after injection and captured by a CCD camera for
1 to 5 min using the NightOWL LB 981 bioluminescence imaging
system (Berthold Technologies, Germany). Animals were killed by
cervical dislocation on day 20 due to ethical reasons (group A), or
day 46 (groups B, C, D) and necropsies were performed. Primary
tumor wet weight and volume, lung weight, and numbers of lung
metastases were determined. Primary tumor tissues were collected
and divided into two parts: one section of each tumor was snap-
frozen in liquid nitrogen and stored at —80°C and the other was
analyzed using an ex vivo bioluminescence luciferase assay (E1501,
Promega). The lung, liver, splenic, and ileal tissues were also
collected, homogenized, and analyzed for metastases according to
ex vivo luciferase activity. With the exception of the primary tumor,
protein concentrations determined by the Bradford assay were used
to normalize the luciferase activities (14). Blood samples were taken
from each animal via the retro-orbital vein plexus and directly
collected into EDTA tubes and centrifuged for 10 min at 5000x g
at 4°C. The supernatant (EDTA plasma) was stored at —20°C.

Statistical analysis. The data were expressed as the means+=SEM
and statistical analyses of efficacy data were performed using the
Mann-Whitney test. p-Values of the unpaired #-test were additionally
determined when required.

Results

In order to evaluate the effects of sequential therapy in a
preclinical model of RCC, a total of 48 female BALB/c mice
were
RENCA cells, and randomized to four groups according to
whole-body bioluminescence imaging. Group A served as an
untreated control, whereas groups B-D received sunitinib at
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a daily dose of 40 mg/kg. Treatment effects on tumor and
metastatic burden were monitored once weekly using
bioluminescence imaging. Animals from the untreated control
group were sacrificed after 20 days for ethical reasons.
Animals from groups B to D were treated with sunitinib until
the mean tumor size in each group reached 50% that of the
control group at day 20, according to bioluminescence
measurements. This was observed at day 34 for all groups.
Group B then continued to receive sunitinib, whereas groups
C and D received sorafenib (30 mg/kg qd) or everolimus (10
mg/kg qd), respectively. After two weeks, all animals in
groups B to D were killed, and tumor size as well as
metastasis burden in potential target organs were measured.

Treatment-induced toxicity. Two animals from group B and
two animals from group C were killed early (day 31). One
animal from group D was found dead on day 38. Overall
body weights remained stable across all treatment groups
during the course of the study. Mice in the vehicle control
arm (group A) demonstrated a slight decrease in body weight
(5.8%) between days 7 and 14 that stabilized thereafter.

In vivo luciferase activity. The in vivo bioluminescence signal
determined by whole-body imaging (both primary tumors
and metastases) was assessed weekly during the study.
Animals in group A (vehicle control) showed a sustained
increase in luciferase activity, and by implication tumor
volume, from days 4 to 20 before they were killed on day 20
(Figure 1). The mean in vivo bioluminescence signal for
animals in groups B, C, and D, which were treated with
sunitinib between days 4 and 34, increased over time but at
a lower rate than that of the vehicle-treated group. In animals
that continued treatment with sunitinib (group B) or switched
from sunitinib to sorafenib (group C), mean in vivo luciferase
activity stabilized from days 35 to 46. In animals that were
switched to everolimus treatment (group D), a notable
decrease in mean in vivo luciferase signaling was observed,
suggesting a reduction in tumor volume. The reduction in the
mean in vivo luciferase activity in animals in group D was
significantly greater compared with both groups B
(p=0.0022) and C (p=0.0054) according to the Mann-
Whitney method.

Primary tumors: necropsy findings and ex vivo luciferase
activity. Animals of group A (vehicle control) were killed on
day 20, with all other groups terminated on day 46. Primary
tumor volumes and wet weights (mean+SEM) were
determined during necropsy for each group. Primary tumor
volumes were 2.59 (+0.33), 1.86 (x0.26), 2.87 (+0.51), and
0.77 (£0.11) cm? in groups A to D, respectively (Figure 2A).
Treatment of animals with a sunitinib to everolimus sequence
(group D) resulted in a significantly lower primary tumor
volume compared with animals that remained on sunitinib

(group B) or were switched to sorafenib (group C) (p<0.001
for both comparisons). Evaluation of primary tumor wet
weights showed a similar pattern to the tumor volume
measurements and were 2.56 (+0.28), 1.63 (+0.20), 2.31
(£0.21), and 0.66 (£0.09) g in groups A to D, respectively
(Figure 2B). The tumor wet weights in animals treated with
everolimus were significantly lower than those of the other
treatment groups (Mann-Whitney test: p<0.001).

Luciferase activity in the primary tumor, which is a
function of the number of live tumor cells, was measured
using an ex vivo luciferase assay. The results correlated well
with the tumor size and weight measurements, confirming
that treatment with sunitinib followed by everolimus (group
D) resulted in a significant reduction of the number of viable
tumor cells when compared with sunitinib followed by
sorafenib (group C; p=0.0001) or sunitinib alone (group B;
p=0.0001) (Figure 2C).

Metastases in select target organs: necropsy findings and ex
vivo luciferase activity. The quantities and weights of lung
metastases were also assessed in all animals. The mean
numbers of lung metastases were 65.75 (+£62.22), 46.80
(£13.16), 66.00 (£18.68), and 23.64 (+3.54) in groups A to
D, respectively (Figure 3A). The quantification of metastases
in animals with a high metastatic burden in the lung is likely
to be underestimated as metastatic growth adopted a state of
confluency which indicated collation of multiple metastases.
Lung wet weights were also evaluated and were 0.14
(£0.01), 0.23 (+0.06), 0.50 (+0.12), and 0.17 (0.01) g in
groups A to D, respectively (Figure 3B). According to the
Mann-Whitney test, treatment with sunitinib alone (group B)
significantly increased total lung weight compared with
vehicle (group A; p=0.0053), while the sequential addition
of sorafenib (group C; p=0.0440) appeared to further
potentiate this increase. The mean lung weights were
significantly lower in the sunitinib followed by everolimus-
treated group (group D) compared with the sunitinib
followed by sorafenib-treated group (group C) (p=0.044).

Luciferase activity, which served as a means of
quantifying the number of tumor cells spread into other
organs, was determined from extracts derived from lung,
liver, spleen, and ileum as potential target organs (Figure 4).
Treatment of animals with sequential sunitinib and
everolimus also yielded significantly lower ex vivo luciferase
activity in lung and liver (p<0.005), and spleen and ileum
(p<0.05) compared with sequential sunitinib and sorafenib.
Lung and liver ex vivo luciferase activity was also
significantly lower in animals receiving sunitinib followed
by everolimus compared with those receiving sunitinib alone
(p<0.05), while the observed differences in splenic and ileal
luciferase activity between these groups failed to achieve
statistical significance because of the small number of
metastases in all groups.
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Discussion

The results of this study suggest that sequential administration
of sunitinib followed by everolimus is associated with significant
in vivo antitumor and anti-metastatic activity. Switching therapy
from sunitinib to everolimus reduced both primary tumor and
metastatic burden, with almost complete clearance of tumor
cells, in this clinically relevant, orthotopic syngeneic mouse
model of RCC. RENCA is a robust and well-established model
of RCC, offering the advantage of rapid and extensive tumor
growth within the primary tissue of origin and creating an organ-
specific environment for the development of early metastases
(13, 19). Furthermore, the use of immunologically intact mice
enables consideration of effects on the antitumor immune
response and, thus affords a more realistic tumor micro-
environment than alternative, orthotopic models of RCC (19).
Nevertheless, our experiments were conducted in a single RCC
cell line and results remain to be confirmed in additional models.

In the overall assessment of tumor burden in vivo by
bioluminescence, sequential treatment with sunitinib followed
by everolimus showed a significant reduction in luciferase
activity at day 46 compared with continuous sunitinib and
sequential sunitinib followed by sorafenib. Continuation of the
study and collection of further data points were not possible
because of an ethical requirement to kill sorafenib-treated
mice at the time their tumors reached a prescribed limit.
However, this single bioluminescence data point was indeed
further corroborated by both necropsy and ex vivo data.

Quantification by ex vivo luciferase activity demonstrated
everolimus-treated mice to have reduced activity and, by
implication, fewer metastases, in lung, liver, splenic, and ileal
tissues. This is compared with the regimens of continuous
sunitinib and sequential sunitinib followed by sorafenib, which
in this model afforded significantly larger primary tumor
weights and volumes with increased metastatic burden. Given
the difficulties of accurately quantifying metastases in mice
with high tumor burden due to confluency, these ex vivo
luciferase assays provided a means of corroborating results
obtained by necropsy, with consistencies being observed
between the necropsy and ex vivo results in lung. While direct
comparisons between the control arm and the three treatment
arms cannot be made because of the differences in necropsy
time points (untreated mice had only 20 days to develop
metastases, while treated animals had 46 days), comparisons
between treatment arms are possible, with significantly greater
lung, liver, splenic, and ileal metastatic burden observed in
mice administered sequential sunitinib followed by sorafenib
compared with sunitinib followed by everolimus, as assessed
by necropsy and ex vivo luciferase activity.

Inhibitors of the mTOR and VEGF signaling pathways
represent the two mechanistic classes of targeted therapies
currently approved for the treatment of mRCC. The mTOR
pathway is essential for protein synthesis and cell cycle
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Figure 1. In vivo luciferase activity of primary tumors and metastases.
po: Per os.

progression, and blockade of mTOR signaling with an
mTOR inhibitor has been shown to directly impede tumor
cell growth (20), whereas VEGFR-TKIs block VEGF
pathway signaling by inhibiting phosphorylation of VEGFR,
thereby inhibiting angiogenesis (21). The anti-VEGF
antibody bevacizumab sequesters VEGF ligand and prevents
downstream signaling to the VEGFR (22). However, the
effect of these agents on angiogenesis has been
demonstrated to be incomplete and impermanent, with
cessation leading to the persistence of the basement
membrane and pericytes, allowing for rapid recovery of the
vasculature (23). Preclinical experiments have also shown
that VEGFR-TKI treatment can cause tumors to progress to
a more metastatic and invasive phenotype due to localized
hypoxia, leading to greater levels of malignancy and
reduced overall survival (9, 10). Data from the current study
appear to support this observation, with both continuous
sunitinib and sequential sunitinib followed by sorafenib
leading to increased metastatic burden compared with
sunitinib followed by everolimus.

Recent mechanistic studies assessing the overlapping
effects of mMTOR and VEGEF inhibition on endothelial cell
biology and angiogenic processes have suggested that the
mTOR pathway may play an integral role in VEGFR-
modulated proliferative pathways (24, 25). The VEGFR-TKI
sunitinib has been shown to act primarily on tumor
endothelium rather than tumors cells (26), whereas
everolimus has been shown to have increased activity against
more mature vasculature of tumors (24). Preclinical data
suggest that combining both mechanisms of action leads to
more complete inhibition of tumor vascularization, both
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directly (endothelial and smooth muscle cells and pericytes)
and indirectly (via VEGF) (24). In a xenograft model of
gastric cancer, mTOR inhibition by everolimus was shown
to counteract VEGF induction by sunitinib, leading to a
significant reduction in tumor burden with long-lasting tumor
growth control (25). The antitumor activity of sunitinib in
combination with everolimus was also shown to be superior
to that of either agent alone (25). In our preclinical model of
RCC, the complementary anticancer effects of sunitinib and
everolimus, when dosed in sequence, were superior to those
of sunitinib alone and sunitinib followed by sorafenib, with
respect to both primary tumor growth and metastases.
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The activity of sequential sunitinib followed by everolimus
observed in this preclinical study may be reflective of clinical
benefit observed with everolimus in sunitinib-refractory
patients with mRCC (2, 27, 28). While direct combination of
sunitinib and everolimus in patients with mRCC has shown
unacceptable toxicity in a phase I trial (3), sequential
administration of sunitinib and everolimus is an effective
treatment strategy with acceptable safety (2, 27, 28).
Everolimus is the recommended standard of care for patients
with mRCC who have failed initial VEGFR-TKI therapy (1).
Switching the mechanism of action to an mTOR inhibitor
following VEGFR-TKI failure may reduce the risk of
cumulative class-effect toxicities that have been associated
with consecutive VEGFr-TKI therapy (6, 8), and the distinct
roles of the VEGF and mTOR pathways in driving tumor
growth may lead to synergy when a VEGFR-TKI and an
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mTOR inhibitor are administered in combination (25), or in
sequence. While the dosages of sunitinib, sorafenib, and
everolimus employed in our study were carefully selected
based on literature precedent and previous experience, it
should be noted that the relevance of these to the approved
clinical dosages in humans is difficult to ascertain.
Nevertheless, our results highlight important potential benefits
that may be derived from sequential VEGFR-TKI followed
by mTOR inhibitor therapy in patients with mRCC.

In conclusion, sequential treatment with sunitinib followed
by everolimus in an orthotopic, syngeneic mouse model of
RCC led to significant reductions in both primary tumor and
metastatic burden; these effects were not observed with
sunitinib alone or sequential therapy of sunitinib followed by
sorafenib. These results support the use of everolimus as an
integral part of therapy sequencing in mRCC.
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