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Background: Renal cell carcinoma (RCC) is notorious for its resistance towards chemother-
apy and radiation therapy in general. Combination therapy is often helpful in alleviating the
resistance mechanisms by targeting multiple signaling pathways but is usually more toxic
than monotherapy. Co-encapsulation of multiple therapeutic agents in a tumor-targeted drug
delivery platform is a promising strategy to mitigate these limitations.

Methods: A tumor-targeted liposomal formulation was prepared using phospholipids, cho-
lesterol, DSPE-(PEG),00-OMe and a proprietary tumor-targeting-peptide (TTP)-conjugated
lipopeptide. An efficient method was optimized to encapsulate everolimus and vinorelbine in
this liposomal formulation. Single drug-loaded liposomes were also prepared for comparison.
Finally, the drug-loaded liposomes were tested in vitro and in vivo in two different RCC cell
lines.

Results: The tumor-targeted liposomal formulation demonstrated excellent tumor-specific
uptake. The dual drug-loaded liposomes exhibited significantly higher growth inhibition
in vitro compared to the single drug-loaded liposomes in two different RCC cell lines.
Similarly, the dual drug-loaded liposomes demonstrated significantly higher suppression of
tumor growth compared to the single drug-loaded liposomes in two different subcutaneous
RCC xenografts. In addition, the dual drug-loaded liposomes instigated significant reduction
in lung metastasis in those experiments.

Conclusion: Taken together, this study demonstrates that co-delivery of everolimus and
vinorelbine with a tumor-targeted liposomal formulation is an effective approach to achieve
improved therapeutic outcome in RCC.

Keywords: liposomes, combination therapy, everolimus, vinorelbine, renal cancer,

metastasis

Introduction

The prevalence of kidney cancer is continuing to rise steadily over the past few
decades. About 65,340 new diagnoses and 14,970 deaths due to kidney cancer are
projected in the United States in 2018." Renal cell carcinoma (RCC) accounts for
approximately 90% of all kidney cancers.” Among them, clear cell renal cell carcinoma
(ccRCC) is the most prevalent (75-80%) subtype of RCC.? Papillary RCC (10-16%)
and chromophobe RCC (5%) represent the most common remaining histologic
subtypes.” Traditional chemotherapy and radiation therapy are largely ineffective in
the treatment of all RCC subtypes.*> The bleak situation could not be improved
significantly even after the advent of immunotherapy since it was effective only in
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a minority of patients.®’ Although, tyrosine kinase inhibitors
(TKI) such as sunitinib, pazopanib and sorafenib; mTOR
inhibitors such as everolimus, temsirolimus; and anti-
VEGF-humanized antibody bevacizumab are now used as
standard first- and second-line therapy for RCC, enduring
treatment response is still without reach.*'°

Combination therapy is the most actively pursued
approach of present day antitumor therapy. Combinatorial
drug treatments typically exert their effect through the
inhibition of several signaling pathways or multiple
nodes in a single signaling cascade.'' The benefits of
combination therapy are well documented by a plethora
of clinical studies demonstrating synergistic effects greater
than the sum of the therapeutic outcomes of each drug.'*”
!> Unfortunately, not many combination therapies are suc-
cessful in RCC especially advanced metastatic RCC. The
combination of VEGF-targeted therapy and mTOR inhibi-

. . . . 16.1
tors, while effective in animal models,'®!”

produced unsa-
tisfactory results in randomized trials."®2° In fact, the
combination of sunitinib and mTOR inhibitors (everolimus
or temsirolimus) demonstrated significant toxicity in sepa-
rate Phase 1 trials.>'**> However, significant improvement
in progression-free survival and overall survival was
observed in a recent Phase II trial in second-line combina-
tion treatment with everolimus plus lenvatinib (a novel
TKI) compared to the everolimus monotherapy.23
Bevacizumab plus interferon-alfa in first-line setting®*
and lenvatinib plus everolimus as second-line treatment
are among the first approved combination therapies for
RCC. Recently, Food and Drug Administration and the
European Medicines Agency approved the combination
of two immune checkpoint inhibitors, nivolumab and ipi-
limumab, as the new standard of care treatment for inter-
mediate- and poor-risk patients, as the combination
demonstrated better efficacy than sunitinib.>> In addition,
two separate large Phase III trials demonstrated the super-
iority of avelumab (a programmed death ligand 1 inhibi-
tor) plus axitinib and pembrolizumab (a programmed
death 1 inhibitor) plus axitinib over sunitinib with respect
to progression-free survival and the objective response

26,27 showed an

rate. Pembrolizumab plus axitinib
improved overall survival as well. Both these combina-
tions are anticipated to become new standards of care
treatments for RCC. Nonetheless, the dosage of each indi-
vidual drug is often needed to be reduced in the combina-
tion regimen due to increased toxicity, which severely
benefits

approach.”® Undoubtedly, there is an unmet need for an

limits the otherwise achievable from this

ideal drug delivery platform capable of delivering multiple
drugs in a tumor-specific manner and reducing their sys-
temic toxicity.

Among the numerous platforms available for drug
delivery, liposomes offer great promise since they possess
quite a few unique characteristics. First, liposomes can
entrap both lipophilic and hydrophilic compounds which
allow the encapsulation of an assortment of drugs having
different solubility.”” The liposomes also help to protect
the encapsulated drugs from chemical inactivation, enzy-
matic degradation or immunological neutralization, and
thereby preserve the potency of drugs until they are deliv-
ered to the target tissues.’® The surface of the liposomes
can be grafted with polyethylene glycols in order to pro-
long the circulating half-lives of drugs, which, in turn,
results in significantly higher accumulation of liposomal
drugs in tumors compared to normal tissues via enhanced
permeability and retention (EPR) effect.’! Decorating the
liposome surface with a tumor-targeting ligand also
improves the tumor-specific accumulation, albeit in
a more active manner.’> Consequently, liposomal drug
formulations elicit considerably less drug-induced
toxicity.® In addition, liposomes demonstrate excellent
biocompatibility and minimal immune reactivity.>* All
these aspects contribute towards an improved therapeutic
index of a drug in the liposomal formulation. Quite a few
Doxil®,

DaunoXome®, Depocyt™, Myocet™, Mepact®, Margibo™

liposomal drug formulations including
and Onivyde® are currently being used in the clinics.*
However, to the best of our knowledge, no FDA-approved
liposomal formulation utilizes active targeting by means of
a targeting ligand.

Here we report the development of a liposomal formula-
tion decorated with a novel tumor-targeted peptide (TTP) and
its utilization for targeted delivery of everolimus and vinor-
elbine in RCC xenografts. We have selected this particular
combination based on our previous study where we had
shown that the therapeutic efficacy of vinorelbine in RCC
was enhanced in combination with antiangiogenic therapy
with a VEGF-neutralizing antibody.® Interestingly, in addi-
tion to its role in metabolism, everolimus demonstrates anti-
angiogenic properties as well.”® Consequently, we
hypothesized that the combination of everolimus and vinor-
elbine would work in a similar way to enhance the efficacy of
vinorelbine, and the metabolism-regulatory activity of ever-
olimus would be an added advantage compared to the pre-
vious study. In addition, the lipophilicity of everolimus and
hydrophilicity of vinorelbine would ensure their separate
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spatial distribution inside the liposomes resulting in
increased drug loading efficiency. Nonetheless, our results
demonstrate that the TTP-liposomes have excellent tumor-
targeting efficacy and are capable of encapsulating multiple
drugs. We further analyzed the efficacy of TTP-liposomes
loaded with everolimus and vinorelbine in inhibiting prolif-
eration in vitro and tumor growth and lung metastasis in vivo
in two different RCC cell lines. Taken together, this study
presents the synthesis, characterization and evaluation of
a dual drug-loaded tumor-targeted liposomal formulation in
RCC xenografts with the long-term goal of translating the
findings for the betterment of RCC patients.

Materials and methods

Reagents

DOPC was purchased from Avanti Polar Lipids. DSPE-
(PEG)000-OMe was purchased from Nanosoft Polymers.
Cholesterol was purchased from Sigma. Everolimus was pur-
chased from LC laboratories. Vinorelbine was purchased from
Fisher Scientific. Ki67 antibody was purchased from Abcam.

Cell culture
786-O and A498 cells were purchased from American
Type Culture Collection. No authentication of the cell
lines was done by the authors. Cells were maintained in
modified Eagle medium (DMEM; Life
Technologies) supplemented with 10%

Dulbecco’s
fetal bovine
serum (FBS; Fisher Scientific) and 1% penicillin—strepto-
mycin (Invitrogen) at 37°C in a humidified atmosphere
with 5% CO,. Cultures of 85-90% confluency were used
for all of the experiments.

Synthesis of TTP-conjugated lipopeptide
with
sequence)-conjugated lipopeptide was synthesized using

TTP (a tumor-targeting-peptide a proprietary
Fmoc-strategy-based solid phase peptide synthesis method.

Briefly, Wang resin preloaded with Fmoc-protected
C-terminal amino acid (in the proprietary sequence of TTP)
was swollen in DMF for 30 mins. Then, excess DMF was
drained and Fmoc deprotection was carried out by suspend-
ing the resin particles in 20% piperidine in DMF and agitat-
ing them for 15 mins by bubbling nitrogen gas through the
suspension. The resin was then sequentially washed with 3
changes of DMF, 2 changes of methanol and again 2 changes
of DMF. After final DMF wash, sequential coupling of the
amino acid residues (from C-terminal to N-terminal) was

performed using standard solid phase synthesis procedure.

Each coupling of an amino acid residue involved addition of
the appropriate Fmoc-amino acid (two equivalents) pre-
activated with HBTU (two equivalents); HOBT (two equiva-
lents) and DIPEA (four equivalents) in DMF to the resin (one
equivalent) and agitation of resin particles by nitrogen bub-
bling for 3 hrs. Then, the resin was washed with two changes
of DMF and Fmoc deprotection was carried out as described
earlier. These steps were repeated until the TTP amino acid
sequence was completed. Then, the peptide was PEGylated
by conjugating Fmoc-(PEG),-CO,H in similar fashion.
Following Fmoc deprotection, the resin containing
PEGylated peptide was reacted with succinic anhydride (4
equivalents) and DMAP (4 equivalents) overnight. Excess
reagents were washed off with 2 changes of DMF and the
resin containing terminal succinic acid group was activated
with HBTU (2 equivalents), HOBT (2 equivalents) and
DIPEA (4 equivalents) in DMF for 30 min followed by
DMF washes and addition of the lipid moiety (N,N-di-
n-octadecyl-N-2-aminoethylamine) (2 equivalents). The
resin was allowed to agitate overnight. Finally, the resin
was sequentially washed with DMF, methanol and DCM (3
changes each). Peptide cleavage from the resin as well as
global deprotection was carried out by treating the resin on
ice with a solution consisting of TFA, water, thioanisole and
triisopropylsilane, in a volume ratio of 85:5:5:5 for 4 hrs. The
volatile components were removed with nitrogen flush and
under reduced pressure to obtain the crude solid lipopeptide
which was further purified by ether precipitation to remove
soluble impurities. The precipitated lipopeptide was col-
lected by centrifugation, dried and kept at —20°C until further
use.

Preparation of empty liposomes

Liposomes were prepared by a modified ethanol injection
method.*® An ethanolic solution of required amounts of
TTP-conjugated lipopeptide, phospholipids and choles-
terol was warmed in a 65°C water bath for 5 mins and
injected slowly into milli-Q water pre-heated to 65°C
under magnetic stirring. Spontaneous liposome formation
occurred as soon as ethanolic lipid solution was in contact
with the aqueous phase. Stirring was continued for 15
mins at room temperature. Then, ethanol and a part of
water were removed by rotary evaporation under reduced
pressure and volume was made up with milli-Q water.

Preparation of drug-loaded liposomes
Drug-loaded liposomes were prepared as described earlier.
A schematic representation has been displayed in Figure 1A.
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Figure | Synthesis and characterization of drug-loaded liposomes. (A) Schematic representation of the synthesis of drug-loaded liposomes. (B) Hydrodynamic diameter
histograms of respective liposomes obtained from DLS intensity measurements. (C) Representative TEM images of respective liposomes. Bar Length =100 nm.
Abbreviations: DOPC, |,2-dioleoyl-sn-glycero-3-phosphocholine; TTP, tumor targeting peptide; DSPE-PEG2000-OMe, |,2-distearoyl-sn-glycero-3-phosphoethanolamine-

N-[methoxy(polyethylene glycol)-2000] (ammonium salt).

The hydrophilic drug vinorelbine was added to the aqueous
phase, while the lipophilic drug everolimus was added to the
ethanolic solution of lipids. Both single drug and combined
drug-loaded liposomes were prepared. Unentrapped drugs
were removed by amicon ultra centrifugal filters with a cut
off size of 3 kD. The obtained liposome concentrates were

collected; volume was made up with milli-Q water and the
liposomes were stored at 4°C.

Liposome size and zeta potential analysis
Mean hydrodynamic diameter and zeta potential of empty
and drug-loaded liposomes were determined by dynamic
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light scattering (DLS) measurements using a Malvern
Zetasizer (Malvern, UK), after sample dilution in deionized
water. All measures were performed in triplicate at 25°C.

Analysis of drug loading and encapsulation

efficiency

Liposome-encapsulation efficiency was measured by
determining the amount of entrapped drugs. Briefly, the
drug-loaded liposome sample was centrifuged in an ami-
con ultra centrifugal filter with a cut off size of 3 kD in
order to separate the unentrapped drug. Total (T4rg) and
unentrapped drug (UEg.,) amounts were determined by
high-performance liquid chromatography (HPLC) mea-
surements and comparing with corresponding standard
curves. The encapsulated drug (Egy,) amount was calcu-
lated by subtracting the amount of unentrapped drugs
(UEgrug) from total drug (Tgye,e) amount. The drug encap-
sulation efficiency (EE) was expressed as the percentage
of the encapsulated amount (Eg4.,,) to the total amount
(Tdrug)- The drug loading efficiency (DLE) was calculated
as the percentage of the encapsulated amount (Egyg) to the
total lipid amount (Tyipiq).

In vitro cellular uptake of liposomes
Cellular uptake was investigated by using Rhodamine-PE-
labeled fluorescent liposomes by means of EVOS FL Auto
fluorescence microscope. Toward this aim, some liposome
suspensions were prepared by adding Rhodamine-PE
(Avani Polar Lipids) to the organic phase. 786-O and
A498 human clear cell renal cell carcinoma (ccRCC)
cells were grown on 96 well plates at a density of 1x10*
cells/well for 24 hrs at 37°C. Then, the cells were incu-
bated in the presence of fluorescent liposomes for 4 hrs.
A control liposome (CL) without any targeting peptide
was used to discern the targeting efficiency. Nuclei of the
cells were counterstained with Hoechst for the last 30
mins. After 4 hrs of incubation in the presence of the
fluorescent liposomes, the cells were rinsed with PBS
(pH 7.4) three times and then overlaid with 100 uL PBS.
The cells were immediately imaged with EVOS FL Auto
fluorescent microscope under bright field, blue, and red
channel.

In vivo biodistribution of liposomes

Six- to eight-week-old male SCID mice were obtained from
in house breeding and housed in the institutional animal
facilities. All animal work was performed following

Association for Assessment and Accreditation of
Laboratory Animal Care (AAALAC) guidelines under pro-
tocols approved by the Mayo Clinic Institutional Animal
Care and Use Committee. To establish tumor growth in
mice, 5x10° 786-O or A498 cells, resuspended in 100 pL
of 50% matrigel in PBS, were injected subcutaneously into
the right flank. Tumors were allowed to grow for 67 weeks
without treatment until the average size of tumors reached
300-500 mm”>. Then, either control (CL) or targeted (TL)
liposomes containing IR-780-Dye were administered via
intravenous route. Mice were imaged using IVIS imager
24 and 48 hrs after administration. Finally, mice were
sacrificed; tumors and major organs were collected and
imaged.

In vitro cytotoxicity assay

Approximately, 5x10° cells were seeded in 96-well plates.
After 24 hrs, cells were treated with increasing doses of
empty liposome or liposomes containing everolimus, vinor-
elbine and a combination thereof diluted in respective media
and incubated for further 72 hrs. At the end of the incubation,
cell viability was measured using Celltiter 96 Aqueous One
Solution Cell Proliferation Assay (Promega) as per the man-
ufacturer’s protocol. Briefly, the media containing the treat-
ments were aspirated from the plate and washed with PBS.
Then, 100 pL media containing 20 pLL. One Solution reagent
was added to each well. The plate was incubated at 37°C for
30 mins and absorbance at 492 nm was measured using
Spectramax i3x. Percentage viability is calculated as follows:

Viability (%) =100 x (ATreated - ABlank)/(AUntreated - ABlank)-

In vivo tumor regression experiment

A single mouse trial (SMT) was used to assess the in vivo
tumor regression efficacy of the drug-loaded liposomes in
786-O xenografts as described previously.***® Mice with
~300-500 mm® tumors were treated with empty liposome,
liposome containing everolimus, vinorelbine and
a combination of both three times a week via intravenous
route. The liposome amount among treatments was kept
constant in such a way that the E-Liposome and EV-
Liposome treated mouse gets 20 pug of Everolimus each.
Tumors were measured weekly and plotted to obtain a tumor
growth curve. After completion of experiment, all tumor-
bearing mice were euthanized with CO,; tumors were
removed, weighed and prepared for immunochemistry. The
single mouse trial with key treatment groups was repeated in

A498 xenografts. To validate the results obtained from the
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SMT, we repeated the experiment in cohorts of 5 mice per
group with the most effective treatment group and vehicle
control in 786-O tumor-bearing mice.

Immunohistochemistry

Tumors and organs were removed and fixed in neutral
buffered 10% formalin at room temperature for 24 hrs
before embedding in paraffin and sectioning. Sections were
deparaffinized and then subjected to hematoxylin and eosin
(H&E), and Ki67 immunochemistry according to the man-
ufacturer’s instructions (DAB 150; Millipore). Stable diami-
nobenzidine was used as a chromogen substrate, and the
sections were counterstained with a hematoxylin solution.
Photographs of the entire cross-section were digitized using
Aperio AT?2 slide scanner (Leica). Images were analyzed
using Imagescope software (Leica).

Statistical methods

The independent-samples -test was used to test the prob-
ability of significant differences between groups.
Statistical significance was defined as P<(.05; statistical
high significance was defined as P<0.01. Error bars are
given on the basis of calculated SD values.

Results
Encapsulation efficiency and drug loading

efficiency

The liposomes were prepared using a modified ethanol injec-
tion method as shown in schematics in Figure 1A. The lipid
and drug amounts along with drug loading efficiency (DLE)
and encapsulation efficiency (EE) values for all liposomes
including empty liposomes as well as both single drug-
loaded and dual drug-loaded liposomes are consolidated in
Table 1. For lipophilic drugs such as everolimus, the encapsu-
lation efficiency was 99.1%+0.17% since they are water inso-
luble and as such incorporated almost completely in the
liposome bilayer. For comparatively higher hydrophilic drug
vinorelbine, the encapsulation efficiency was 23.6%+1%. The
drug loading efficiency of everolimus in E-L and vinorelbine
in V-L was 7.2%+0.01% and 3.4%+0.14%, respectively.
Similarly, the EE of everolimus and vinorelbine in EV-L was
98.5%+1.2% and 24%+1.3%, respectively, while the DLE
values were 7.29% £0.1% and 3.5%+0.34%, respectively. Of
note, the values did not change significantly in case of dual
drug loading. Conceivably, everolimus and vinorelbine have
completely separate spatial distribution inside the liposome
and therefore do not compete for accommodation.

Table | Composition of liposomes, drug loading efficiency (DLE) and encapsulation efficiency (EE). Composition, drug loading efficiency and encapsulation efficiency of empty liposome

(L), liposomes containing Everolimus (E-L), Vinorelbine (V-L), and combination of and combination of Everolimus and Vinorelbine (EV-L)
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DSPE(PEG)2000-OMe (mg/mL)

0.140
0.140
0.140
0.140

Cholesterol
(mg/mL)

0.965
0.965
0.965
0.965

DOPC (mg/mL)

3.93
3.93
3.93
3.93

Liposome
L

E-L

V-L

EV-L

Abbreviations: DOPC, |,2-dioleoyl-sn-glycero-3-phosphocholine; DSPE-PEG2000-OMe, |,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (ammonium salt); TTP, tumor targeting peptide; E,

Everolimus; V, Vinorelbine; DLE, drug loading efficiency; EE, encapsulation efficiency.
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Characterization of liposomes

The physicochemical characteristics of empty liposome
(L) along with liposome containing Everolimus (E-L),
Vinorelbine (V-L) and a combination of both (EV-L)
were consolidated in Table 2. The entrapment of drugs
caused mostly minor changes in the size and PDI of the
liposomes except for encapsulation of Everolimus (E-L)
where the PDI of the liposomes increased significantly. On
the contrary, encapsulation of Vinorelbine (V-L) or
a combination of everolimus and vinorelbine (EV-L) did
not affect the PDI much. Everolimus is water insoluble, so
it is entrapped in the liposome bilayer. This results in
significant change in the bilayer properties causing higher
variability in liposome size distribution that is reflected by
an increased polydispersity index. In contrast, Vinorelbine,
being highly water soluble, is entrapped in the aqueous
core of the liposome, thereby not exerting any significant
effect on the liposome bilayer. The hydrodynamic size
distribution histograms and TEM images of the liposomes
are shown in Figure 1B and C, respectively. As expected,
the liposomes in the TEM images appeared slightly smal-
ler than DLS measurements, which is consistent with pre-
viously published literature.*” However, the zeta potentials
were significantly different among the liposomes. The
empty liposomes had a zeta potential of 23.1+0.26 mV.
Encapsulation of Everolimus decreased the zeta potential
to 12.5+0.79 mV, whereas encapsulation of Vinorelbine
increased it to 35.26+1.5 mV. The liposomes encapsulating
both the drugs had more or less similar zeta potential (26.6
+1.4 mV) compared to the empty liposomes.

In vitro cellular uptake of liposomes in
RCC cell lines

We then sought to analyze the in vitro cellular uptake of
Rhodamine-PE-labeled liposomes. As can be seen from

Table 2 Characterization of liposomal drug formulations.
Hydrodynamic size, polydispersity index (PDI) and zeta potential
of empty liposomes (L), or liposomes containing Everolimus
(E-L), Vinorelbine (V-L), and combination of Everolimus and
Vinorelbine (EV-L). All the measurements were performed in
deionized water at 25°C

Liposome Size (nm) PDI Zeta (mV)
L 72.73%1.13 0.178+0.01 23.1+0.26

E-L 70.16+0.48 0.244+0.005 12.5+£0.79
V-L 60.91+0.28 0.160+0.006 35.26%1.5
EV-L 65.95+0.63 0.198+0.013 26.6x1.4

Abbreviations: PDI, polydispersity index.

Figure 2, after 4 hrs treatment, cellular uptake of the TTP-
conjugated liposomes (TL) was considerably higher in both
786-0 and A498 RCC cell lines than that of control liposome
(CL) prepared using same ratio of lipids except TTP-
conjugated lipopeptide. This demonstrates the excellent tar-
geting efficiency of TTP-conjugated liposomal formulation.

In vivo biodistribution of liposomes in

RCC xenograft-bearing mice

We also analyzed the in vivo biodistribution of the liposomes
in RCC tumor-bearing mice. For this experiment, we devel-
oped subcutaneous 786-O or A498 tumors in male SCID
mice and injected IR-780-dye labeled liposomes via intrave-
nous route. We used IR-780-dye in this experiment since it
absorbs and emits in IR region of the spectrum that is less
absorbed by living tissue. There is no autofluorescence inter-
fering with the signal intensity from mice fur in this region as
well. As demonstrated in Figure 3A-B, TL showed higher
tumor-specific signal compared to CL in both 786-O and
A498 xenografts at 24 hrs and 48 hrs after administration.
The ex vivo imaging of the tumors and major organs corro-
borate with in vivo imaging (Figure 3C and D). Interestingly,
lungs from mice treated with CL showed stronger signal
compared to the lungs of TL treated mice. This suggests
that the addition of TTP helped to reduce nonspecific accu-
mulation of the liposomes in the lungs.

In vitro efficacy of drug-loaded liposomes
in RCC

Since TL showed significantly higher in vitro cellular uptake
and in vivo tumor targeting compared to CL, we used TL for
all further efficacy studies. We tested the drug-loaded lipo-
somal formulations for their efficacy in reducing in vitro cell
viability in 786-O and A498 cells. The results are consoli-
dated in Figure 4. The dual drug-loaded liposomes had better
efficacy in both 786-O (Figure 4A) and A498 (Figure 4B)
cell line. However, the difference was not so prominent
between V-L and EV-L in both the cell lines. Nonetheless,
the above experiments demonstrated that dual drug-loaded
liposomes were efficient in decreasing cell viability.

In vivo efficacy of drug-loaded liposomes
in RCC xenografts

We then utilized a recently popular concept of single mouse
trial to analyze the efficacy of the drug-loaded liposomes. This
approach has been well accepted for PDX models by various

research groups as well as Charles River Laboratories.**
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Figure 2 In vitro cellular uptake of Rhodamine-PE-labeled liposomes in RCC cell lines. 786-O and A498 cells were treated with Rhodamine-PE-labeled control liposomes
(CL) or TTP-conjugated Liposomes (TL) for 4 hrs. Nuclei of the cells were counterstained with Hoechst for the last 30 mins. Finally, cells were washed three times with PBS
and images were captured using EVOS fluorescence microscope under bright field, blue and red channel. TL treated cells showed significantly higher uptake of Rhodamine

dye compared to CL-treated cells in all cell lines. Bar length =200 pym.
Abbreviations: CL, control liposome; TL, tumor targeting peptide-conjugated liposome.
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Figure 3 In vivo biodistribution of IR-780-dye-labeled liposomes in RCC xenografts. VIS imaging showing higher tumor accumulation of IR-780 dye-labeled TTP-conjugated
liposomes (TL) compared to control liposomes (CL) at 24 hrs (upper panel) and 48 hrs (lower panel) after IV administration into mice bearing subcutaneous 786-O (A) and A498
tumors (B) One untreated mouse (UT) was used for background correction. Ex vivo imaging of 786-O (C) and A498 (D) tumors and major organs, respectively, harvested at 48 hrs

demonstrated significant higher tumor uptake of TL compared to CL. Interestingly, significantly higher lung accumulation of CL was observed compared to TL.
Abbreviations: UT, untreated; CL, control liposome; TL, tumor targeting peptide-conjugated liposome.
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Figure 4 In vitro and in vivo efficacy of drug-loaded liposomes in RCC cell lines. 786-O (A) and A498 (B) cells were treated with various drug-loaded TTP-conjugated
Liposomes for 72 hrs. Then, cell viability was determined with MTS assay. Dual drug-loaded liposomes showed higher reduction in cell viability compared to single drug-
loaded liposomes in all cell lines. (C) 5%10° 786-O cells were subcutaneously injected into the right flanks of 8 weeks old male SCID mice. Tumors were allowed to grow
until the average tumor size is ~400-500 mm>. Then, mice were treated with drug-loaded liposomes (one mouse per treatment group) 3x/wk for 3 weeks. Tumors were
measured weekly and tumor volume is plotted to obtain the respective growth curves. In both cases, dual-drug-loaded liposomes demonstrated significant inhibition
compared to single drug-loaded liposomes. Some of the mice were sacrificed before the completion of experiment due to ulceration of tumors. (D) Similar results were

obtained in A498 xenografts.

This approach employs a single mouse per treatment arm, thus
reducing the cost of animal experiments. By measuring long-
itudinal growth of the tumors, the most effective treatment can
be reliably identified in a cost-effective manner. We also
started the treatment when the tumors became 300-500 mm®
which is significantly higher than 50-100 mm® volumes
described in majority of published literature. As can be seen
from Figure 4C, not only EV-L was better than the single drug-
loaded liposomes, but also are capable of actually decreasing
the tumor volume from the starting volume in 786-O xeno-
grafts. Similar experiments in A498 xenografts also identified
EV-L as the most potent formulation among the treatment
groups (Figure 4D). The H&E and Ki67 staining of the
tumor sections obtained from 786-O and A498 xenografts
(Figure 5A—C) demonstrates the significantly higher antipro-
liferative activity of EV-L in both tumor tissues. Major organs
such as liver, kidney and spleen are not adversely affected by
the drug-loaded liposome treatment as evident from no sig-
nificant change in gross morphology (Figures S1 and S2).

In order to confirm whether these observations are repro-
ducible, we selected the formulation EV-L for further valida-
tion studies in cohorts of 5 mice (Figure 6A-D). We obtained
more or less similar results with the single mouse trials. This
demonstrates the usefulness of the single mouse trial in iden-
tifying the best treatment strategy of combating cancer.

Inhibition of lung metastases

RCC tumors are well known for their high levels of lung
metastases.*® We sought to determine whether our drug-
loaded liposomal formulations are capable of reducing the
lung metastases. The H&E staining of the lung sections from
the experimental mice showed a large number of metastatic
nodules in the untreated mouse or mice treated with liposome
only (L) or liposomes loaded with everolimus (E-L) or vinor-
elbine (V-L). In contrast, EV-L showed only a few nodules
(Figure 7). Similar result was observed in the validation study
as well (data not shown). These results demonstrated that EV-

L was capable of reducing the lung metastases of RCC tumors.
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Figure 5 H&E and Kié7 staining of tumor sections obtained from the single mouse trial. (A) Representative images of the H&E and Ki67-stained tumor sections from
different treatment groups displayed comparatively higher anti-proliferative activity of EV-L. Bar length =200 ym. (B & C) Quantification of Kié7 positive nuclei in 786-O and
A498 tumor sections, respectively. ¥ and *** denotes p<0.05 and p<0.001 compared to control, respectively.

Abbreviation: H & E, hematoxylin and eosin.

Discussion

RCC is the most prevalent form of kidney cancer and is
accountable for about 90% of all kidney cancer incidences.”
Although early stage RCC patients are likely to have a better
prognosis, advanced RCC is a lethal disease with a 5 years
survival rate of 11.7% only.** Metastatic progression along
with acquired resistance towards chemotherapy and radiother-
apy are responsible for this dismal 5 years survival rate.
Metastatic progression is detected at clinical presentation in
about one-third of RCC patients while development of distant
metastases after resection of primary tumor was seen in up to
50% patients.”® Therefore, novel treatment strategies that can
impede the primary tumor growth as well as the metastatic
progression represent an unmet clinical need.

Everolimus (RAD-001, Afinitor™) is an orally bioavail-
able inhibitor of the mammalian target of rapamycin
(mTOR), a protein kinase and key regulator of metabolic
homeostasis, that is implicated in a number of diseases
including RCC.>' Treatment with everolimus led to the
inhibition of cell growth, migration and invasion in var-
ious RCC cell lines in vitro.”>> Everolimus has been
shown to possess anti-angiogenic properties as well,
though its mode of action is different from other vascular
endothelial growth factor receptor (VEGFR)-tyrosin
kinase inhibitors.*® Several studies demonstrated that ever-
olimus inhibits the expression of VEGF in tumor cells.’*>*
Everolimus is now approved for second- and third-line
therapy in patients with advanced RCC, but it did not
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Figure 6 Validation of the result obtained from single mouse trial in cohorts of 5 mice. (A) 5% 10° 786-O cells were subcutaneously injected into the right flanks of 8 weeks
old male SCID mice. Tumors were allowed to grow until the average tumor size is ~300 mm?>. Then, mice were treated with vehicle or EV-L (five mice per treatment group)
3x/wk for 3 weeks. Tumors were measured weekly and tumor volume is plotted to obtain the respective growth curves. EV-L demonstrated significant inhibition compared
to the vehicle group. (B) Images of the harvested tumors at the end of the experiment. (C) Representative images of H&E and Kié7 staining of the tumor tissue sections. Bar
length =200 um. (D) Quantification of Ki67 positive nuclei. *** denotes p<0.00| compared to control.
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Figure 7 Inhibition of lung metastasis in 786-O xenografted mice. The dual drug-loaded liposomes significantly inhibited lung metastasis in mice bearing 786-O subcutaneous
tumors compared to untreated, liposome only of single drug-loaded liposomes. Metastatic nodules were indicated by black arrows. The lower panel demonstrates magnified
portions from the upper panel.
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offer any significant clinical benefit in first-line setting
even in combination with bevacizumab.’> A recent Phase
I study demonstrated a significant increase in progression-
free survival and overall survival in second-line combina-
tion treatment with everolimus plus lenvatinib (a novel
TKI) compared to the single-agent everolimus.”® The
safety profile of everolimus is deemed as favorable and
no substantial impact on the quality of life of everolimus-
treated patients has been observed. Even so, most common
side effects of everolimus include nausea, anorexia, diar-
rhea, stomatitis, pneumonitis and rash.>®

Vinorelbine is one of the vinca alkaloids that are being
used as anticancer agents in various combination che-
motherapy regimens. Vinca alkaloids induce metaphase
arrest via disrupting the microtubules of the mitotic spin-
dle apparatus.’” Among them, vinblastine, vincristine, vin-
desine and vinflunine have been tested in several clinical
trials including patients with advanced RCC, either as
a monotherapy or in combination with other drugs.”’>’
In the United States, vinorelbine has been approved as
a first-line therapy for patients with advanced non-small
cell lung cancer (NSCLC).®° Additionally, it was effective
in impeding metastasis in advanced stage breast cancer
patients.®” A combination of vinorelbine and trastuzumab
was shown to be significantly more effective for the treat-
ment of metastatic breast cancer compared to the
monotherapy.®’ Nonetheless, vinorelbine has been shown
to have some side effects including neutropenia, peripheral
neuropathy and gastrointestinal (GI) complications.®’

Despite its effectiveness in several cancers, there are
not many studies analyzing the efficacy of vinorelbine in
RCC. A previous study from our group demonstrated that
vinorelbine in combination with anti-angiogenic therapy
strongly inhibits primary RCC tumor growth in vivo.*®
This study, combined with the fact that everolimus is
known for its anti-angiogenic activity, inspired us to test
the efficacy of a liposomal combination of everolimus and
vinorelbine in RCC xenografts. Towards this end, we
developed a tumor-targeted PEGylated liposomal formula-
tion (TL) by decorating its surface with a proprietary
tumor-targeting peptide (TTP). We observed significantly
higher tumor-targeting efficacy of TL compared to the
non-targeting control (CL) in two different RCC xeno-
grafts. Consequently, we selected TL for drug loading
and efficacy experiments.

Notably, the average hydrodynamic diameters of the
empty liposomes as well as all the drug-loaded liposomes
were below 100 nm potentiating better penetration through

the blood-tumor barriers and tumor microenvironment.®*
Similarly, the zeta potentials for all the liposomes were
positive suggesting stronger interactions with negatively
charged cell membranes.® Zeta potential is also a measure
of the electrostatic repulsion or attraction between parti-
cles in a colloidal suspension and usually predicts the
stability of the suspension.®®> A higher value of zeta poten-
tial, whether positive or negative, typically indicates better
stability. L, V-L and EV-L had zeta potential values of 23.1
+0.26 mV, 35.26+1.5 mV and 26.6+1.4 mV, respectively,
suggesting stable formulations. Only E-L had a lower zeta
potential of 12.5+0.79 mV, indicating somewhat lower
stability of E-L. Interestingly, V-L and EV-L had higher
zeta potential values than L and E-L, respectively. We
believe that this increase is presumably caused by the
attachment of some vinorelbine molecules to the liposome
surface through electrostatic interaction even if most of the
vinorelbine was encapsulated in the aqueous core of the
liposomes for its hydrophilic nature.

Nonetheless, we hypothesized that our tumor-targeted
liposomal formulation will enable us to use lower doses of
everolimus and vinorelbine and still be effective. This will
also be helpful in reducing the side effects of those drugs.
Therefore, in our study, we have used nominal doses of
everolimus (1 mg/kg, 3x/week) and vinorelbine (0.475 mg/
kg, 3x/week) for the treatment of mice with RCC. Notably,
we achieved remarkable tumor inhibition while using lower
doses of these drugs than are usually administered. For
instance, everolimus is typically administered daily via oral
route at 1-5 mg/kg/day.** Similarly the usual dose of vinor-
elbine is 4.8-5 mg/kg/week via intravenous or intraperitoneal
route.>*%> We also started the treatment with a larger initial
tumor size than are reported in a majority of reported animal
studies and still observed significant inhibition in tumor
growth. Most importantly, we were able to inhibit the meta-
static progression which is primarily responsible for the poor
survival in patients with advanced RCC.

Conclusion

To summarize, we have developed a novel tumor-targeted
liposomal formulation and demonstrated its targeting effi-
cacy in two different RCC xenografts. We further demon-
strated that the same formulation, when loaded with
everolimus and vinorelbine, was successful in inhibiting
proliferation in vitro and tumor growth and lung metastasis
in vivo in those two RCC cell lines. Taken together, our
work demonstrates that a tumor-targeted liposomal formu-
lation encapsulating everolimus and vinorelbine could be
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a promising approach for the treatment of metastatic RCC
where there is a clear unmet need for effective therapies.
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