Nanoscale

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Nanoscale

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&cnzmsﬂw

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/nanoscale


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 33 Nanoscale



Nanoscale Page 2 of 33

Ry .
!
w3
(Cys-Phe-Phe-Arg-Cys)-Ala-Arg Chemotherapeutic
Peptide R (PepR)

(e.g. doxorubicin)

. < " PEGylated liposomes conjugated with
PEGyiated.nposomas conljugaled with PEGylated liposomes (PL-DOX ) Peptide R and encapsulating
Peptide R (PL-Peptide R) doxorubicin (PL-Peptide R-DOX)

Figure 1

46x34mm (600 x 600 DPI)



Page 3 of 33 Nanoscale

>

5,0
S
20
@
23,0
o
2
20
b
S 1,0
s L
2 00 —-—
CEM HT29 A498 FB-1
B
Isotype control CXCR4
@ P ™
S| % CEM i /\
- &
o ® )
2| 3 - N
- Jv'm:‘—v-vw}-‘;' »‘.v-—.f. v ""7,:‘ v - .u-:' mn'—-’v—'.—;vvwn«‘ -
z Y - o
/’\ FB-1 z /\
: d A

wr29 - 129

W9
1\\
.: X
& =
{ ~N
©

§ PRI

o

»

Fluorescence intensity

Figure 2

67x52mm (300 x 300 DPI)



Nanoscale Page 4 of 33

D A498
* %
A * ok
3 T T
2,5
2
15
1
0,5
0 . . ; . .
3,5 -
3 HT-29
° > *
£ 259 %
c
2 2
j
@
s 1
o T T T T T
3,5
3 FB-1
2,5
2 «
15
1
05
0 . . . . —
o~ 2 NV 2 NV »
v_\Q’ d_(,‘» d.e' d‘(}} dg’ d.c'
< \ ) \ N 2
N> il ] 3
ol R &
v“‘ Q"’Q Q»'Q

Figure 2

47x45mm (600 x 600 DPI)



Page 5 of 33 Nanoscale

A
B16 B16 B16-CXCR4 B16-CXCR4

&] &
] I1gG isotype Anti-CXCR4 ] IgG isotype Anti-CXCR4
2] control b control
: 3]
& ]

2 & ]

[TR- 1

o 4

5

s W W e w0

z > CXCR4

PL-PeptideR/CXCL12

T PL/CXCL12

BSA/BSA BSA/CXCL12

Peptide R
E * %
25
x
@
e 2
= * %
S 15 -
g
&1 * %
=
05 -
0 - T T T T
BSA/BSA BSA/CXCL12 PeptideR/CXCL12 PL/CXCL12 PL-PeptideR/CXCL12

Figure 3

47x36mm (600 x 600 DPI)



Nanoscale Page 6 of 33

A =7 25 -
** p=0.005
L 20
Q
-]
5
2 15
§ * p=0.02
% 10
S
Q
=
5 |
PBS PL PL-PeptideR PeptideR
B
100
80
E_\' 50- [ PBS
L
§ 40 —— PL-PeptideR
20 =~ PepR
0 T T
20 25 30 35
Time (days)
Figure 4

47x35mm (600 x 600 DPI)



Page 7 of 33 Nanoscale

HT29 FB-1
A @ 3 — Ctrl
- e Free DOX
i " . PL-DOX
.5 § —— PL-PeptideR-DOX
i “w
o . > o
10° 10' 10° 10 10° 10° 10' 10° 10° 10°*
DOXO DOXO
B
- o
§, B16-CXCR4 T=4h =] B16-CXCR4 T=24h —Ctrl
— Free DOX
— PL-DOX

— PL-PeptideR-DOX

o 4 -
10° 10' 10 10° 10°* ©46° 10'  10% 10° 710°*
DOXO DOXO

Figure5

53x40mm (300 x 300 DPI)



Nanoscale Page 8 of 33

A
%
25
z ] -
2 20
3
£ 5
I+
g 10
2
o
s 5
3 l__l__l
=
PL-DOX PL-PeptideR-DOX
B C
35 2
©
w30 P=0,0249 = P=0,0433
7} 2 1,6
2 25 S
8 € E
7] 1,2
s 5T
2o § &
3 2z 08
S 10 £
z =) 0,4
5
0 0
PL-DOX PL-PeptideR-DOX PL-DOX PL-PeptideR-DOX
Figure 6

51x38mm (600 x 600 DPI)



Page 9 of 33 Nanoscale

CXCR4-antagonist Peptide R- liposomes for combined therapy against lung metastasis

Caterina Ieranbl, Luigi Portellal, Sara Lusaz, Giuseppina Salzan02’6, Crescenzo D’Alteriol, Maria
Napolitanol, Maria Buoncervello4, Daniele Macchia 4, Massimo Spada 4, Antonio BarbieriS,
#

Antonio Lucian03, Maria Vittoria Barone7, Lucia Gabriele4, Michele Caraglias, Claudio Arra3,

Giuseppe De Rosa” *Stefania Scala'

'Molecular Immunology and Immuneregulation, 3 Animal Facility,

Istituto Nazionale per lo Studio e la Cura dei Tumori, Fondazione “G. Pascale”-IRCCS-Italy.
2Departrnent of Pharmacy, University of Naples Federico II, Via D. Montesano 49, 80131, Naples,
Italy.

4Depau’tment of Hematology, Oncology and Molecular Medicine, Istituto Superiore di Sanita, Viale
Regina Elena 299, 00161,Rome, Italy.

’Department of Biochemistry, Biophysics and General Pathology, Second University of Naples, Via
L. De Crecchio 7, 80138, Naples, Italy.

®Center for Pharmaceutical Biotechnology and Nanomedicine, Northeastern University, 360
Huntington Ave, Boston, MA, USA.

"Department of Translational Medical Science and European Laboratory for the Investigation of
Food Induced Disease (ELFID), University of Naples, Federico II, Via S. Pansini 5, 80131, Naples,
Italy.

# The two authors equally contributed

Keywords: CXCR4, Liposomes, Drug delivery, Cancer

Correspondence: Stefania Scala, M.D., Ph.D

Head Molecular Immunology and Immuneregulation, Functional Genomics



Nanoscale Page 10 of 33

Istituto Nazionale per lo Studio e la Cura dei Tumori, Fondazione “G. Pascale”-IRCCS-Italy.
Via Semmola, Naples

80131. ITALY

Tel +39-081-5903678; fax +39-081-5903820

Mobile +39-3803140318

s.scala@istitutotumori.na.it ; s.scala@gmail.com

Correspondence: Giuseppe De Rosa, Ph.D.
Department of Pharmacy,

University of Naples, Federico I,

Via D. Montesano 49, 80131, Naples, Italy.
Tel +39 0 81678666

gderosa@unina.it



Page 11 of 33 Nanoscale

Abstract

The chemokine CXCL12 activates CXCR4, initiating multiple pathways that controls immune cell
trafficking, angiogenesis and embryogenesis; CXCR4 is also overexpressed in multiple tumors
affecting metastatic dissemination. While there has been great enthusiasm for exploiting the
CXCR4-CXCL12 axis as a target in cancer therapy, to date the promise has yet to be fulfilled. A
new class of CXCR4-antagonist cyclic peptides was recently developed and the compound named
Peptide R was identified as the most active. With the intent to improve efficacy and biodistribution
of Peptide R, stealth liposomes decorated with Peptide R were developed (PL-Peptide R). In vitro
PL-Peptide R efficiently inhibited CXCR4-dependent migration and in vivo significantly reduced
lung metastases and increased overall survival in B16-CXCR4 injected C57BL/6 mice. To evaluate
if PL-Peptide R could also be a drug delivery system for CXCR4 expressing tumors, the PL-Peptide
R was loaded with doxorubicin (DOX) (PL-Peptide R-DOX). PL-Peptide R-DOX efficiently
delivered DOX to CXCR4 expressing cell lines with a consequent decrease in the DOX ICsg
efficient dose. In vivo, B16-CXCR4 injected C57BL/6 mice treated with PL-Peptide R-DOX
developed fewer lung metastases compared to PL-DOX treated mice. This work provides the proof-

of-concept to prevent metastasis by using combined nanomedicine.
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Introduction

The chemokine receptor CXCR4 is a seven transmembrane G protein coupled receptor (GPCR)
expressed on immune cells including monocytes, B cells and naive T cells in peripheral blood. Its
ligand, CXCLI12, is a pleiotropic chemokine widely expressed in multiple organs such as brain,
lung, colon, heart, kidney, liver and bone marrow, where it acts as a chemoattractant for immature
and mature hematopoietic cells. CXCR4 is also overexpressed on tumor cells, where, upon binding
to its ligand CXCL12, plays a critical role in the invasion and metastasis in solid and hematological

cancers . CXCLI2 promotes migration of CXCR4 overexpressing tumor cells and increases

metastasis rate’. Although CXCR4 is an amenable therapeutic target 10. 1

it is actively addressed
only in hematopoietic stem cells (HSC) where the Food and Drug Administration (FDA) approved
the CXCR4 antagonist Plerixafor (AMD3100) as mobilizing agent in Myeloma and Non-Hodgkin
Lymphoma (NHL) patients undergoing to autologous bone marrow transplantation 12,13 Although
Plerixafor shows anti-metastatic potential in preclinical studies, its toxicity profile limits a long-
term administration as required for cancer therapy 4 Several CXCR4 antagonists are in
development 17 but only a few are targeting solid tumors '8 A new family of CXCR4 antagonists
was developed. Based on a rational design, a three-aminoacids motif was identified in the CXCL12
ligand receptor-binding region (RFF) and, in the reverse orientation, a structural overlapping motif
(WHR) occurred in vMIP-II, an inhibitory chemokine herpes virus 8 (HHV8) secreted. The two
regions, in one orientation in activating CXCL12 and in the opposite orientation in the inhibitory
chemokine vMIPII inspired a small peptidic library focused on these two sequences19'20. The
CXCL12-mimetic Peptide R (Arg-Ala-[Cys-Arg-Phe-Phe-Cys]), was the most effective CXCR4
antagonist in in vivo models and thus further developed *°. Despite Peptide R treatment efficiently
reduced lung metastasis, peptides are generally rapidly degraded in biological fluids and display a

nonspecific distribution into the body that may cause long-term immune system side effects 2122
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To increase the peptides bioavailability, conjugation with polymer or encapsulation in nanocarrier
have been pursued 2326
In this study, stealth liposomes decorated with Peptide R with a combined function were developed:

27, 28

to increase specific anti-metastatic efficacy of Peptide R by tumor targeting and to achieve a

new drug delivery system targeted against CXCR4-overexpressing tumor cells.
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Material and methods

Materials

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and [N-(Carbonyl-
methoxypolyethylenglycol-2000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine, sodium salt]
(DSPE-PEG2000) were purchased from Lipoid GmbH (Cam, Switzerland). 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[maleimide(polyethylene  glycol)-2000] (ammonium salt)
(DSPE-PEG2000-Mal) was obtained from Avanti Polar Lipids (Alabaster, Alabama, USA).
Doxorubicin hydrochloride (DOX), cholesterol (Chol), sodium chloride, [4-(2-Hydroxyethyl)
piperazine-1-ethanesulfonic acid, N-(2-Hydroxyethyl) piperazine-N'-(2-ethanesulfonic acid)]
Hepes, ethylenediaminetetraacetic acid (EDTA), sodium citrate, potassium chloride, 2-
iminothiolane hydrochloride (Traut’s), citric acid, Sepharose CL4B and Sephadex G-25 were
purchased from Sigma Chemical Co. (St. Louis, Mo, USA). Acetonitrile , methanol (HPLC degree)
and chloroform (ACS grade) were obtained from Carlo Erba (Milan, Italy).

Peptide R Synthesis and Purification

Peptide R, antagonist of CXCR4 (Arg-Ala-[Cys-Arg-Phe-Phe-Cys]) was synthesized on solid phase

by using Fmoc chemistry standard protocols 19. 20

. Briefly, the peptide cleavage from the solid
support and the deprotection of all amino acid residues were obtained upon treatment with high
percentage of trifluoroacetic acid, H20 and triisopropylsilane (TFA/H20/EDT 94:4:2). The
cyclisation reaction was performed by disulphide bridge formation between two cysteine residues.
In particular the oxidation reaction was performed dissolving the crude products in aqueous solution
(0.1 M) of NH4HCO3. The compound was obtained in good yield and with high purity grade
(>95%) after RP-HPLC purification. It was fully characterized for its identity by mass spectrometry.
Liposomes preparation

Liposomes composed of DPPC:Chol:DSPE-PEG2000 or DPPC:Chol:DSPE-PEG-Mal at a 65:30:5

molar ratio were prepared by hydration of thin lipid film followed by extrusion. Briefly, lipids were
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dissolved in chloroform/methanol (2:1 v/v) and placed in round-bottom flask under nitrogen
atmosphere; the solvent was removed under vacuum in a rotary evaporator (Laborota 4010 digital,
Heidolph, Schwabach, Germany). The resulting lipid film was rehydrated with citrate buffer at pH 4
(150 mM sodium citrate; 150mM citric acid), at 50°C for 2 h. The liposome suspension was then
extruded at 50°C, using a thermobarrel extruder system (Northern Lipids Inc., Vancouver, BC,
Canada). The liposomal suspension was repeatedly passed through polycarbonate membrane
(Nucleopore Track Membrane 25mm, Whatman, Brentford, United Kingdom) with 0.1 um pore
size. The external buffer was removed by ultracentrifugation (Optima Max E, Beckman Coulter,
USA; rotor TLA 120.2) at 80.000 rpm, at 4°C for 40 min, and the liposomes were re-suspended
with 1 ml of HBS buffer at pH 7.4 (140mM sodium chloride; 25mM of HEPES; 0.1mM of EDTA).

DOX was encapsulated into liposomes by remote loading as described previously . Briefly, the
liposome suspension was combined with the doxorubicin at a drug/lipid ratio of 0.2 (w/w), and then
incubated at 65°C for 1 h. Un-encapsulated DOX was removed by ultracentrifugation 80.000 rpm at
4°C for 30 min. Purified liposomes were re-suspended in HBS buffer. To prepare liposomes
conjugated with the anti-CXCR4 peptides, formulations containing DSPE-PEG-Mal were used.
Briefly, thiolated derivatives of Peptide R were obtained by reacting the peptide with 2-
iminothiolane at 1:10 molar ratio in HBS buffer at pH 8, with gentle magnetic agitation at room
temperature for 1 h. The thiolated peptides was purified by Sephadex G-25 (in HBS buffer pH 6.5).
The peptide (100 pM) was conjugated to liposomes containing DSPE-PEG-Mal at room
temperature, overnight. The resulting liposomes were than chromatographed on a Sepharose CL-4B
column in HBS buffer pH 7.4. For the in vivo experiments, liposomes encapsulating DOX were
prepared at the final concentration of about 0.29 mg/ml, and 0.05 mg/ml of DPPC and DOX,
respectively; in the case of Peptide R-modified liposomes encapsulating DOX, a formulation at the

final concentrations of about 0.29 mg/ml, 0.01 mg/ml and 0.05 mg/ml of DPPC, Peptide R and
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DOX, respectively, was prepared. All the formulations were opportunely diluted before use. All
liposome preparations were stored at 4°C. The formulations were prepared in triplicate.

Liposomes characterization

The mean diameter and size distribution of liposome, were measured by photon correlation
spectroscopy (PCS) (N5, Beckman Coulter, Miami, USA) at 20°C. Each sample was diluted in
deionizer/filtered (0.22um pore size, polycarbonate filters, MF-Millipore, Microglass Heim, Italy)
water and analyzed with detector at 90° angle. The particle size distribution was expressed as
polydispersity index (P.I.). For each batch, mean diameter and size distribution were the mean of
three measures. For each formulation, the mean diameter (reported in nm) and P.I. were calculated
as the mean of three different batches. The zeta-potential () of the liposomes surface was measured
following dilution in water by means of a ZetasizerNano Z (Malvern, UK). Data of { were collected
as the average of 20 measurements. DOX encapsulation into liposomes was determined by dosing
the un-encapsulated drug. Briefly, supernatants were carefully removed and DOX concentration
was determined by UV/Visible Spectrophotometer at 480 nm. The results have been expressed as
encapsulation efficiency, calculated as [(TSpox — ASpox)/ TSpox] x 100, where TSpox is the
theoretical DOX concentration in the supernatant before encapsulation and ASpox is the actual
DOX concentration found in the supernatant.

Cell Culture

A498, human renal cancer cell line, HT29, colon cancer cell line and FB-1 human anaplastic
thyroid cancer cell line, were grown at 37°C in 5% CO, in DMEM (Dulbecco's Modified Eagle
Medium) with 10% fetal bovine serum (FBS), 2 mM glutamine, 1 mM sodium pyruvate, 50 pg/mL
penicillin, 50 pg/mL streptomycin. B16-CXCR4 murine melanoma cell line transfected with
CXCR4 % was grown at 37°C in 5% CO; in IMDM (Iscove Modified Dulbecco’s Medium) with

10% FBS and 2mM glutamine, 50 pg/mL penicillin, 50 pg/mL streptomycin and 2 mg/mL G418.
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B16 cells were transfected with CXCR4 according to FuGENE 6 protocol (Roche Applied Science,
Indianapolis, IN). All the tested cell lines were morphologically identified monthly.

Cytotoxicity assay

Cells were plated in 96-well plates (1500 cells/well) and three-day cytotoxicity assays were
performed using the Sulphorhodamine B (SRB) assay. Cells fixed with 10% ice-cold trichloroacetic
acid at 4°C for 1 h were washed and dried at room temperature. The cellular proteins in each well
were stained with 100 pl of 0.4% SRB in 1% acetic acid at room temperature for 30 min and then
washed with 1% acetic acid four times and dried at room temperature. To dissolve the SRB bound
to cellular protein, 200 pl of 10 mM Tris were added to each well. SRB bound to protein was
measured by absorbance at a 540-nm wavelength.

Real Time PCR

Total RNA from cells were extracted using RNeasy Mini Kit quick spin columns (Qiagen),
according to the manufacturer’s instructions. DNase-treated RNA (200 ng) was reverse transcribed
by Superscript II RNase H-reverse transcriptase according to the manufacturer’s instructions
(Invitrogen-Life Technologies, Carlsbad, CA, USA). Real time-PCR was carried out using about 10
ng of cDNA in 25 pl final of SYBR Green reaction mixture. An ABI Prism 7000 (Applied
Biosystems) robocycler was used for the amplification. For CXCR4, cycling conditions of the PCR
were as follows: initial denaturation (10 min at 95°C) followed by 40 cycles of denaturation (15 s at
95°C), annealing (30 s at 60°C) synthesis (1 min at 72°C), followed by final extension (7 min at
72°C). The gene-specific primers used for the amplification were as follows: CXCR4: 5’-
TGAGAAGCATGACGGACAAG-3’ (forward); 5’~-AGGGAAGCGTGATGACAAAG-3’ (reverse);
GUSB: 5’-AGCCAGTTCCTCATCAATGG-3’ (forward); 5’-GGTAGTGGCTGGTACGGAAA-3’
(reverse). Subsequently, CXCR4 mRNA was quantified comparing its expression to GUSB mRNA
levels. Samples were run in triplicate.

Quantification of CXCR4 Surface Expression
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Cells (1x106) were harvested and rinsed twice, and 1% bovine serum albumin (BSA) in PBS
solution was used to block the cells for 30 min in an ice bath. Then cells were stained with anti-
CXCR4 PE-antibody (FAB170P, clone 12G5, R&D Systems, Minneapolis, MN, USA) for 1 h at
4°C. After antibody staining, cells were rinsed with 1% BSA in PBS three times, resuspended in
PBS, and evaluated by a FACS Canto II cytofluorometer (Becton Dickinson Immunocytometry
Systems, Mountain View, CA, USA).

CXCR4 Immunofluorescence

Cells (1 x 10*) were seeded on glass coverslips, after 24h were fixed with 4% paraformaldehyde (15
min, 4°C) and blocked with 1% BSA in PBS for 30 min in an ice bath. Resulting fixed cells were
stained with mouse anti-human CXCR4 primary antibody (clone 12G5 R&D) and Alexa Fluor goat
anti-mouse 488-conjugated secondary antibody, sequentially. DAPI was used to stain the cell
nucleus. Samples were examined under a fluorescent microscope (Carlo Zeiss, Axio Scope.Al).

In vitro cellular uptake study by FACS analysis

The inherent fluorescence of doxorubicin (DOX) (excitation 480 nm, emission 575 nm) was used to
evaluate the intracellular DOX concentration using flow cytometry. Cells were incubated in
growing media with free DOX, PL-PeptideR-DOX, PL-DOX for 4 or 24 hours at 37 °C and
immediately analyzed with FACS Canto II cytofluorometer (Becton Dickinson Immunocytometry
Systems, Mountain View, CA, USA). DOX molecular associated with cells was excited with an
argon laser (488 nm) and the emitted fluorescence detected through 575 nm band pass filter.
Migration assay

Migration was assayed in 24 Transwell chambers (Corning Inc., Corning, NY) using inserts with 8-
um pore membrane. A498, HT29, B16-CXCR4 and FB-1 cells were placed in the upper chamber (2
x 10°cells/well) in DMEM containing 0.5% BSA (migration media) in the presence of either
AMD3100, Peptide R, PL-Peptide R, PL. 100 ng/mL CXCL12 was added to the lower chamber.

After 18 hours of incubation, cells on the upper surface of the filter were removed using a cotton

10
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wool swab; the cells that had migrated onto the lower surface of the membrane were stained with
DAPI, photographed and visually counted in 10 random fields. Migration index is the ratio between
number of migrated cells / number of migrating cells toward CXCL12 free media.

In vivo Metastases Assay

Twenty 6-8-week-old female C57BL/6 mice (Harlan) were inoculated into the tail vein with 5 x 10°
B16-CXCR4 cells. The following day mice (5/group) were divided into four groups according to
the following treatments: PBS, Peptide R (0.1mg/Kg), PL-Peptide R (0.1 mg/Kg) where the dose
in mg/kg is referred to Peptide R, PL; an amount of liposomes equivalent to that of PL-Peptide R
was used. Mice were treated twice/ week intravenously for 2 weeks.

Histological evidence of metastases was obtained with a computer-assisted image measurement
program by a microscope (BX51 microscope and DP-1 microscope digital camera; Olympus
Japan). Lungs were harvested 21 days post-cell injection. The tissues were stained as follow: Mice
derived lungs were fixed in 10% buffered formalin, paraffin-embedded and subsequently sectioned
into 3-pum slices. The sections were stained with haematoxylin/eosin to evaluate metastasis [(one-
way ANOVA) followed by Bonferroni’s post test was performed using SPSS version 13 (IBM SPSS
Statistics)]. The Istituto Nazionale per lo Studio e la Cura dei Tumori, Fondazione Giovanni Pascale
Independent Ethical Comettee approved the study and experiments were performed in accordance
with the Institutional Animal Care and Use Committee guidelines. Kaplan-Meier analysis was
conducted for 8 mice/group.

The delivery of DOX by PL-Peptide R-DOX versus PL-DOX was evaluated. B16-CXCR4 cells (5
x 10°) were injected into the tail vein of fifteen C57BL/6 female mice. The following day mice
(8/group) were divided in groups as follows: PBS; PL-DOX 0.5 mg/kg where the dose in mg/kg is
referred to Doxorubicin; and PL-Peptide R 0.1mg/Kg- DOX 0.5 mg/kg where the dose in mg/kg is
referred respectively to Peptide R(0.1mg/Kg) and Doxorubicin 0.5 mg/kg (200 pl of PL-DOX or

PL-Peptide R-DOX iv twice/week for two weeks). Lungs were harvested 21 days post-cell injection

11
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and fixed in formalin for H&E staining. Frozen sections were cryo-sectioned using a Cryotome
Cryostat, mounted on superfrost plus slides, treated with DAPI for 15 min, washed and and
observed by confocal microscope (LSM 510 Zeiss). Approximately 50 cells per microscopic field
were observed in each sample and at least 3 field for each sample were analyzed. Fluorescence
intensity was calculated by LSM 510 Zeiss softwere, averaging the fluorescence intensity of each
pixel in the miscroscopic field.

Statistical Analysis.

The values given are means + standard deviation. Student’s t-test was used for comparing the means

and differences with a P value of < 0.05 were considered significant.

12



Page 21 of 33 Nanoscale

Results

Characterization of Liposomes and Peptide R.

Peptide R is a 7 amino acids - cyclic —peptidem with migration ICsy of 51 £ 6 nM in human renal
cancer cells (Supplementary Figure 1). Peptide R was conjugated with the PEG chain on the surface
of preformed liposomes (PL-Peptide R). The characteristics of the PL-Peptide R are summarized in
Table 1. Liposomes with a mean diameter ranging from about 130 to 140 nm were prepared.
Conjugation with the peptide did not significantly affect the mean diameter of the liposomes (Table
1). The formulation was characterized by a narrow size distribution with a PI always below a value
of 0.2. Blank PEGylated liposomes (PL) were characterized by a slightly negative zeta potential,
which significantly decreased following conjugation with the peptide. PEGylated liposomes
encapsulating DOX (PL-DOX) and Peptide R-conjugated PEGylated liposomes encapsulating DOX
(PL-Peptide R-DOX) were also prepared. In both cases, DOX was loaded at a drug/lipid ratio of
about 0.184 (w/w), corresponding to a DOX encapsulation efficiency of about 92% (Figure 1).
PL-Peptide R inhibited CXCL12-induced migration in CXCR4 expressing human cancer
cells.

CXCR4 expression was characterized in HT29, human colon cancer and A498, human renal cancer
cells. As shown in Figure 2A-C, HT29 and A498 cells expressed CXCR4 at the RNA and protein
level while FB-1, human anaplastic thyroid cancer cells, expressed very low level of CXCR4 30,
The Peptide R was previously shown to inhibit CXCR4-dependent migration, ligand binding, P-
ERK1/2-induction and calcium efflux. Moreover Peptides R drastically reduced the number of
K7M2 osteosarcoma and B16-CXCR4-derived lung metastases and the growth of a renal cells
xenograftzo. To evaluate the effect of PL-Peptide R on cell migration, CXCR4 expressing cells
(A498 and HT29) were incubated in the presence of PL-Peptide R or Peptide R and allowed to
migrate toward CXCL12-containing media. As previously demonstrated®’ Peptide R significantly

inhibited CXCR4 positive cells migration. PL-Peptide R inhibited CXCL12-induced migration in

13
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vitro in CXCR4 expressing cells more efficiently than Peptide R alone (PL-Peptide R versus
Peptide R exhibited 2.3 vs 1.6 migration fold reduction). FB-1 cells, expressing low level of
CXCR4, did not migrate toward CXCL12.

PL-Peptide R reduced lung metastases and increased survival in B16-CXCR4 C57BL/6 mice.

B16-CXCR4 melanoma cells derived lung metastasis were previously reported to be inhibited by
Peptide R 2 In Figure 3A it is shown that B16-CXCR4 expressed higher CXCR4 compared to B16
cells. In Figure 3B, B16-CXCR4 cells migration toward CXCL12, in the presence of PL or Peptide
R or PL- Peptide R, was shown; a lower number of B16-CXCR4 cells migrated toward CXCL12
when treated with PL-Peptide R compared to Peptide R alone (3.7 versus 1.7 fold by PL- Peptide R
versus Peptide R). For the in vivo experiment, 5x10° murine melanoma B16-CXCR4 cells were
injected into the tail vein of C57BL/6 mice. Mice were treated twice/week for two weeks
intravenously with Peptide R (0.1 mg/Kg), PL-Peptide R (0.1 mg/Kg) or PL-liposome. In Figure
4A, treatment with PL-Peptide R significantly reduced B16-CXCR4 lung metastases compared to
treatment with Peptide R (P = 0.02). Interestingly, this efficient reduction in metastases
development was observed with 0.Img/kg of Peptide R, 1/20 dose previously evaluated to be
efficient (2 mg/kg) intraperitoneally for 10 days in the same experimental setting 20 Moreover PL-
Peptide R treated mice exhibited prolonged survival compared to mice treated with Peptide R alone
(Figure 4B). No signs of toxicity were observed.

Targeting of CXCR4 by PL Peptide R loaded with doxorubicin.

To demonstrate that targeting CXCR4 expressing cells through PL-Peptide R represents also a
modality to deliver agents to CXCR4 expressing cells, the PL-Peptide R was loaded with
doxorubicin (DOX) (Table 1). Since exposure to its ligands 31 and/or exposure to selective
antagonists 2 results in rapid CXCR4 receptor internalization, PL-Peptide R could favor the

33,34

delivery of doxorubicin into the target cells . To evaluate the improvement in CXCR4 targeting

specificity induced by Peptide R, cellular uptake of PL-Peptide R-DOX was compared to PL-DOX

14
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and free DOX in HT29 and FB-1 cells (Figure 5A). As shown in Figure 5A, intracellular
doxorubicin was significantly higher in HT29 cells exposed to PL-Peptide R-DOX compared to PL-
DOX while the intracellular doxorubicin was comparable in FB-1 cells exposed to either PL-
Peptide R-DOX or PL-DOX, suggesting that the specific CXCR4 targeting increased doxorubicin
accumulation in CXCR4 expressing cells. As an effect of drug delivery increased doxorubicin
cytotoxicity was registered. In Table 2, PL-Peptide R-DOX treatment compared to PL-DOX
lowered doxorubicin ICso in HT29 and in A498 cells.

Higher doxorubicin was detected in pulmonary metastasis of B16-CXCR4-PL-Peptide R-DOX-
treated mice compared to PL-DOX (Figure 6A). PL-Peptide R-DOX treatment efficiently reduced

lung metastasis number and dimension compared to PL-DOX treatment (Figure 6 B-C).
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Discussion
While targeting solid tumors with nanomedicine is a consolidated approach, the use of anti-

. .. . .. . 35-37
metastasis nanomedicines is gaining attention

. Liposomes offer multiple advantages including
the modulation of the outside surface of liposome with targeting molecules to improve the
antimetastatic efficacy 37 CXCR4-CXCL12 signaling favors metastasis in diverse experimental
settings '8 and recently, a novel class of CXCR4-antagonist cyclic peptides was developed 20,
Unfortunately, the therapeutic use of peptides is questionable due to short in vivo half-life as well as
aspecific distribution into the body and plasmatic protein binding % To improve efficacy of Peptide
R, PEGylated liposomes conjugated to Peptide R were designed and tested in vitro and in vivo. As
previously found for other peptides and proteins **, the chemical modification with PEG, reasonably
on the N-terminal of the peptide (although the reaction with other primary amino groups of lateral
chains of arginine and alanine cannot be excluded), did not affect Peptide R activity.

PL-Peptide R inhibited CXCL12-induced migration in vitro in CXCR4 expressing cells more
efficiently than Peptide R alone. The increased activity of PL-Peptide R compared to peptide alone
could be explained with the multivalency of targeted liposomes. Conjugation of multiple copies of a
ligand to the surface of a nanoparticle will impart multivalent binding with a more potent
interaction of the ligand for its target, as previously reported 4041 Furthermore, PL-Peptide R
impaired CXCR4 function in vivo more efficiently than Peptide R by reducing B16-CXCR4 lung
metastasis and increasing life span in immunocompetent mice. In contrast with the previous in vivo
experiments conducted in the same setting, in which Peptide R was administered intraperitoneally at
the dose of 2 mg/kg for 10 days *°, PL-Peptide R was administered intravenously at the dose of 0.1
mg/kg twice a week for two weeks. Thus, PL-Peptide R decreased B16-CXCR4 lung metastases
even with a 1/20 of the dose of Peptide R previously used *, while in the same conditions the free
Peptide R was not active. To justify this observation we assume that the conjugation of Peptide R

with liposomes could prolong the blood residence of the active peptide in the plasma. Preliminary
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evidences showed that PL-Peptide R displayed a higher stability in plasma compared to
unconjugated Peptide R (Supplementary Figure 2). Based on that, these nanocarriers were also
evaluated for deliver specificity. Doxorubicin was taken into account as model chemotherapeutic
and encapsulated into the PL-Peptide R by remote loading . The DOX encapsulation into the
liposomes lead to a slight increase of the mean size, reasonably attributed to the remote loading
method that produce DOX precipitates into the vesicles. An increase of the PI was detected in the
formulation PL-Peptide R, upon the encapsulation of DOX possibly due to a PL-Peptide R
additional preparation and purification step (including the heating at 65°C) that could slightly affect
the liposome size distribution. In vitro studies demonstrated that PL-Peptide R-DOX specifically
accumulated in CXCR4 expressing cells through CXCR4 receptor binding and internalization, as
reported for the endogenous ligand or/and the CXCR4 inhibitor, AMD3100 *" **. CXCR4 surface
density predicted enhanced binding and cytotoxicity; in accordance with this, higher amount of
doxorubicin penetrated in B16-CXCR4 and HT29 treated with PL-Peptide R-DOX decreasing the
doxorubicin ICsq.

Another peptide belonging to the Peptide R family, Peptide S, was recently. co-administered with
DOX-encapsulating liposomes . the authors demonstrate that fibroblast derived-CXCLI12 is
antagonized by Peptide S that, disrupting adhesion between B16F10 cells and stromal cells, release
the B16F10 cells from the stromal anchorage. In this modality the cells are more prone to
chemotherapeutics effect demonstrating another effect of CXCR4 antagonism  Lietal developed
an AMD3100-based polycations with dual-function: prevent cancer cell invasion by inhibiting
CXCL12-stimulated CXCR4 activation, and efficiently and safely deliver plasmid DNA into cancer
cells. This interesting study represents for us a proof of principle for combined therapy on a CXCR4
targeting nanocarrier . Our study proposes a nanocarrier to optimize the biopharmaceutical profile
of the new developed CXCR4-targeting Peptide R, a not toxic and efficient CXCR4 antagonist in

clinical development. In addition, the CXCR4-targeting peptide liposomes (PL-Peptide R) could

17



Nanoscale Page 26 of 33

favor the delivery of encapsulated agents, e.g. a chemotherapeutic such as doxorubicin (DOX), into
the CXCR4 expressing target cells. In the present study, we combined the use of the CXCR4-
antagonist peptide and the DOX-encapsulating liposomes in the same product and demonstrated the
in vivo targeting of CXCR4 expressing lung metastasis. In addition, since PL-peptide R efficiently
deliver DOX in CXCR4-rich melanoma lung metastasis, this system can be successfully used as
CXCR4-targeted delivery systems, providing the proof-of-concept for a combination therapy.
Similarly, liposomes were proposed to deliver combination therapies based on timing and sequence
of drug release such as naturally hydrophobic (erlotinib, afatinib, gefitinib, and lapatinib) or

hydrophilic (doxorubicin and cisplatin) drugs *°

. However, in this study, one of the two active
entities also works as ligand for targeted drug delivery of drugs. This approach allows to reduce the
preparation steps of the final product, as well as the number of chemical entities to achieve a
combined therapy together with a targeted delivery of the chemotherapeutics.

Conclusions

In conclusion liposomes conjugated-Peptide R potentiate Peptide R efficacy and allow specific
distribution into CXCR4 overexpressing tumours. PL-Peptide R-DOX, beyond its antagonistic
CXCR4 activity, efficiently deliver doxorubicin in melanoma lung metastasis. This nanocarrier is
providing combined functions: antimetastatic active agent, as CXCR4 antagonism reduces
metastases formation, and drug delivery system, as CXCR4 antagonist-expressing liposomes
specifically deliver doxorubicin to CXCR4 expressing tumor providing the proof-of-concept for a
combination therapy 40,
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Figure Legends

Figure 1. Characterization of PL-Peptide R. Schematic illustration of the different

formulations/treatments tested in this study.

Figure 2. PL-Peptide R inhibited CXCL12-induced cell migration in CXCR4 expressing
human cancer cells. (A) CXCR4 gene expression by gqRT-PCR. CXCR4 fold change is relative to
GAPDH. CCRF-CEM, a human T-lymphoblast cell line, was used as CXCR4 positive control. (B)
CXCR4 surface expression in HT29, A498 and FB-1 cells via flow cytometry. Histograms show the
mean fluorescence intensities (MFI) of cells stained with PE-conjugated-IgG as controls (left panel)
and PE-conjugated anti-CXCR4 antibody (right panel). (C) Representative fluorescence microscope
images of CXCR4 in HT29, A498 and FB-1 cells. DAPI was used to stain the cell nuclei; mouse
anti-human CXCR4 antibody (primary) and Alexa Fluor 488-conjugated goat anti-mouse antibody
(secondary) were used to assess CXCR4 expression. A498shCXCR4 cells, A498 stably silenced
with short harpin RNA antiCXCR4, were used as the CXCR4 negative control. (D) CXCL12
dependent-cell migration was examined in A498, HT-29 and FB-1 in 24-well plates. Cells migrated
toward CXCL12 (100ng/ml) for 18 hours. The cells were counted in ten different consecutive high
power fields (magnification 200X). The results are expressed as the migration index respect to
migration in presence of CXCL12 alone. Each column represents the mean + S.D. (n=3). Statistical
significances were calculated by Student’s t-test. * p<0.05, ** p<0.01 CXCL12 vs BSA; PL-Peptide
R vs CXCLI12.

Figure 3. PL-Peptide R inhibited CXCL12-induced cell migration in B16-CXCR4 murine
melanoma cells. (A) Cell surface expression of CXCR4 was determined by flow cytometry on
transfected B16 murine melanoma cells (B16-CXCR4). (B) Cells were plated on a membrane in a
medium containing PL, Peptide R, PL- Peptide R toward a CXCL12 medium as source of
chemoattractant. After 18 hours of incubation, the cells that had migrated onto the lower surface of

the membrane were stained with DAPI and visually counted in 10 random fields (upper panel).
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Representative images of B16-CXCR4 cells migration after treatment with Peptide R, PL and PL-
Peptide R (upper panel). The effects of Peptide R, PL and PL-Peptide R on migration of B16-
CXCR4 cells (lower panel). Each column represents the mean + S.D. (n=3). Statistical significances
were calculated by Student’s t-test. **p<0.01 CXCL12 vs BSA; Peptide R vs CXCL12; PL-Peptide
R vs CXCLI12.

Figure 4. PL-Peptide R reduced B16-CXCR4 lung metastases development and increased
survival. (A) Mice lungs treated with PBS, liposome unconjugated (PL), Peptide R [0.1mg/Kg]
(Peptide R) and PL-Peptide R [0.Img of peptide/Kg] (PL-Peptide R) (left panel). Graphical
representation of lung metastases number in treated mice. Double tailed T-Test was used for
statistical analyses. Differences were considered significant at P<0.05 compared to control (right
panel). (B) Kaplan-Meier survival curves of C57BL/6 mice that were treated as above.

Figure 5. PL-Peptide R increased doxorubicin internalization in CXCR4 positive cell lines. (A)
Cellular uptake of PL-DOX and PL-Peptide R-DOX in HT29 and FB-1 cells by flow cytometry.
Black curve represents negative control; Red curve represents the fluorescence of cells incubated
with DOX; Blue curve represents the fluorescence of cells incubated with PL-Peptide R-DOX;
Green curve represents the fluorescence of cells incubated with PL —-DOX. In HT29 the MFI (mean
fluorescence intensity) of PL-Peptide R-DOX vs PL-DOX was 4+0.2 vs 2.1+0.1; P < 0.05. (B)
Representative histograms of B16-CXCR4 cells incubated with DOX, PL-DOX and PL-Peptide R-
DOX (doxorubicin dose 0.5ug/ml for 4 and 24 hours). Black curve represents negative control; Red
curve represents the fluorescence of cells incubated with DOX; Blue curve represents the
fluorescence of cells incubated with PL-Peptide R-DOX; Green curve represents the fluorescence of
cells incubated with PL —DOX. The amount of doxorubicin (MFI) was 1.7 £ 0.1 and 2.9 + 0.3 at 4
hours and 2.6 + 0.5 and 22 + 0.90 at 24 hours of treatment with PL-DOX and PL-Peptide R-DOX,

respectively.
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Figure 6. PL-Peptide R specifically delivered doxorubicin to CXCR4 expressing cells in vitro
and in vivo. (A) Left panel. In vivo doxorubicin delivery of PL-Peptide R-DOX versus PL-DOX.
Lung metastases were analyzed by confocal laser scanning microscopy after treatment with PL-Dox
(0.5 mg DOX/kg) M3 and PL-Peptide R-Dox (0.5 mg DOX/kg) M6. Right panel. Mean
fluorescence intensity by Image J software. The doxorubicin signal was tracked in the red channel
(Ex/Em.548/595 nm). Data shown are mean + SEM of n = 5 mice per group analyzed in two
independent experiments. The significance of difference between the mean was analyzed by
Student’s t-test. (B) Graphical representation of the number of lung metastases in PL-DOX and PL-
Peptide R-DOX treated mice. (C) Graphical representation of the pulmonary metastatic tumor

dimensions in treated mice. Double tailed T-Test was used for statistical analyses.
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Tablel. Characteristics of blank liposomes (BL), liposomes conjugated with Peptide R (PL-
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Peptide R)*
Diameter
Formulation Conjugated peptide P.I. £ S.D. € (mV) £S.D.
(nm £ S.D.)
BL - 138.9+10.1 | 0.100 =0.05 -6.2+1.5

PL-Peptide R Peptide R 129.5+£13.9 | 0.103 £0.03 -23.8+19

PL -DOX - 154.7+£29 | 0.052+£0.02 -2436+1.2

PL-Peptide R-DOX Peptide R 1459 +4.7 | 0.286 £0.22 -28.88 £8.9

*Values are representative of three batches.

Table2. ICs values (ug/ml) after 72h treatment with Dox, PL-DOX and PL-DOX-Pep R*

Formulation A498 HT29 FB-1 B16-CXCR4
PL-DOX 40 £0.02 20.7 £0.025 10.3 £0.01 0.46 £0.001

PL-Peptide R-DOX 17.9£0.03 6.55 £0.04 10.5£0.01 0.2 +£0.003
DOX 6.01 £0.04 1.66 £0.03 8.2+0.03 0.31 £0.004

*Values are representative of three experiments.
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