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Abstract

Triple-negative breast cancer (TNBC) is a heterogeneous subgroup of cancers which
lacks the expression and/or amplification of targetable biomarkers (ie, estrogen recep-
tor, progestrogen receptor, and human epidermal growth factor receptor 2), and is often
associated with the worse disease-specific outcomes than other breast cancer sub-
types. Here, we report that high expression of the sortilin (SORT1) receptor correlates
with the decreased survival in TNBC patients, and more importantly in those bearing
lymph node metastases. By exploiting SORT1 function in ligand internalization, a new
anticancer treatment strategy was designed to target SORT1-positive TNBC-derived
cells both in vitro and in two in vivo tumor xenografts models. A peptide (TH19P01),
which requires SORT1 for internalization and to which many anticancer drugs could
be conjugated, was developed. In vitro, while the TH19P01 peptide itself did not exert
any antiproliferative or apoptotic effects, the docetaxel-TH19P01 conjugate (TH1902)
exerted potent antiproliferative and antimigratory activities when tested on TNBC-
derived MDA-MB-231 cells. TH1902 triggered faster and more potent apoptotic cell
death than did unconjugated docetaxel. The apoptotic and antimigratory effects of
TH1902 were both reversed by two SORT1 ligands, neurotensin and progranulin, and
on siRNA-mediated silencing of SORT1. TH1902 also altered microtubule polymeriza-
tion and triggered the downregulation of the anti-apoptotic Bcl-xL biomarker. In vivo,
both i.p. and i.v. administrations of TH1902 led to greater tumor regression in two
MDA-MB-231 and HCC-70 murine xenograft models than did docetaxel, without in-
ducing neutropenia. Altogether, the data demonstrates the high in vivo efficacy and
safety of TH1902 against TNBC through a SORT1 receptor-mediated mechanism. This
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1 | INTRODUCTION

Breast cancers are composed of several subtypes that share similar
clinicopathological features, but that also exhibit several different bi-
ological characteristics. The major breast cancer subtypes reported
from genomic studies include Luminal A and Luminal B cancer (both
expressing hormone receptor-related genes), HER2-positive cancer
associated with amplification of the human epidermal growth factor
receptor 2 (HER2/ErbB2/neu) gene, and TNBC, which lacks expres-
sion of ERs, PRs or HER2.2 Among breast cancers, 15%-20% express
HERZ2, a receptor tyrosine kinase that is involved in the regulation of
cellular growth.® In view of such tumor heterogeneity, it is unsurprising
to observe variable clinical responses to current therapy treatments.

TNBC constitutes about 10%-20% of all types of breast cancers
and is more common among young (<50 years old) black and Hispanic
women, and those of low socioeconomic status.*> Some other breast
cancer risk factors include breastfeeding patterns and parity.®”
Histologically, TNBC represents 80%-90% of infiltrating ductal car-
cinomas but it is less common among the other subtypes, including
medullary, metaplastic, secretory, adenoid cystic, and apocrine/his-
tiocytic carcinomas.® Initially, TNBC was classified into six subtypes
which, according to advances in sequencing technology, have been
refined to the four following main subtypes based on recurrent ge-
netic alterations, transcriptional patterns, and molecular features:
basal-like 1 (BL1), basal-like 2 (BL2), mesenchymal (M), and luminal an-
drogen receptor (LAR).!* This classification currently represents the
rationale for the emergence of new preclinical platforms, and prompts
for the development of more precise targeted anticancer therapies.?
Poor clinical prognosis is associated with TNBC characterized by its
aggressiveness and high recurrence risks, especially during the first
5 years postdiagnosis.’> ¢ It is further defined by its high likelihood to
develop distant metastases, particularly in the lungs and the central
nervous system.!” Standard treatments for TNBC include cytotoxic
chemotherapy based on the use of taxanes (paclitaxel, docetaxel, and
cabazitaxel), anthracyclines (doxorubicin and epirubicin), and plat-
inum derivatives (cisplatin and carboplatin).'®?! These treatments
can be combined with surgery and/or radiotherapy. However, de-
spite high initial sensitivity to chemotherapy, not all treated patients
demonstrate a favorable outcome, and only short progression-free
survival (PFS) and overall survival (OS) have been reported.}?2%22
Immunotherapy has gained unprecedented momentum with check-
point inhibitors that show significant efficacy and a favorable toxicity

profile for the treatment of solid tumors. However, TNBC is thought

property allows for selective treatment of SORT1-positive TNBC and makes TH1902 a
promising avenue for personalized therapy with the potential of improving the thera-

peutic window of cytotoxic anticancer drugs such as docetaxel.

docetaxel, peptide-drug conjugate, receptor-mediated chemotherapy, sortilin, triple-negative

to have a high frequency of genomic alteration and neoantigen forma-
tion. Pembrolizumab, which is a monoclonal anti-PD-1 antibody was
tested in a phase 1b trial of 32 patients with PD-L1-positive TNBC
and showed a modest response rate of 18.5%.%% Investigational strat-
egies, including the combination of different checkpoint inhibitors
and the development of antibody-drug conjugates, are ongoing.?* For
patients whose tumors are PD-L1 positive, Tecentriq (atezolizumab)
in combination with Abraxane (nab-paclitaxel) is available under ac-
celerated approval. Two PARP inhibitors (olaparib and talazoparib)
have also been approved for TNBC patients with germinal BRCA1/2
mutation.?> More recently, in 2020, Trodelvy, an antibody-drug conju-
gate that links the monoclonal antibody sacituzumab that targets the
Trop-2 protein found in more than 90% of TNBC to the topoisomerase
I inhibitor SN-38 chemotherapy, has also been approved for the treat-
ment of adult patients with metastatic TNBC.?® Nonetheless, TNBC,
which is molecularly, clinically, and histologically heterogeneous, dis-
plays extremely severe outcomes compared to all other subtypes of
breast cancers because of the lack of relevant drug targets and re-
mains an area of high unmet medical need.

SORT1, also known as neurotensin receptor-3, is a membrane-
bound receptor that belongs to the VPS10P family of receptors.?’ It
is composed of an N-terminal extracellular VPS10 domain containing
binding sites for different ligands, a transmembrane domain, and a
short cytoplasmic domain containing two lysosomal sorting motifs.
SORT1 plays different roles associated with intracellular trafficking
and sorting for various ligands, including neurotensin, progranulin,
and apolipoprotein 2931 Incidentally, SORT1 dysfunction is associ-
ated with many pathological diseases, including Alzheimer's disease,
cardiovascular disease and atherosclerosis, and type 2 diabetes mel-
litus.32%3 On the other hand, SORT1’s upregulation has also been
observed in many types of human cancers, such as breast, ovarian,
pancreas, and melanoma, and in pituitary adenomas.?”%4%8 |n partic-
ular, SORT1 has been reported to be expressed in 59% of TNBC.%*
Given the lack of specific targets for patients with TNBC, different
strategies were explored to specifically target and exploit SORT1
receptor functions in TNBC. Thus, a vectorization therapy platform
based on the use of a new peptide (TH19P01)-drug conjugate of
docetaxel (TH1902) was developed. This strategy was used to first
conjugate TH19PO1 to doxorubicin (TH1904) and demonstrated
high tolerability and efficacy in a human ovarian ES-2 tumor xeno-
graft mouse model.>’ Here, our data strongly suggest that conjuga-
tion of docetaxel with TH19PO01 leads to very efficient inhibition of
TNBC tumor growth. The data also indicate that TH1902 treatment
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should have a significant beneficial effect in patients suffering from
SORT1-positive TNBC, and that TH1902 could well be rapidly envi-

sioned as a new personalized therapy for this type of cancer.

2 | MATERIALS AND METHODS
2.1 | Animals

Animals were obtained from Charles River Laboratories, Inc. and
allowed to acclimate for 5 days before experiments. Female CD-1
nude mice (Crl:NU-Foxn1™, 20-25 g, 4-6 weeks old) were used for
xenograft tumor models, female athymic nude mice (Crl:NU(NCr)-
Foxn1™, 20-25 g, 4-6 weeks old) were used in hematotoxicology and
female Crl:CD-1 mice (25-30 g, 6-8 weeks old) were used for phar-
macokinetic evaluation. All mice were maintained in a pathogen-free
environment and handled in accordance with the Guidelines of the
Canadian Council on Animal Care. Animal protocols were approved
by the Institutional Animal Care and Use Committee of Université du
Québec a Montréal.

2.2 | Reagents and antibodies

Human TNBC-derived MDA-MB-231, HCC-70 cells, and murine 4T1
mammary carcinoma cells were purchased from the American Type
Culture Collection. MDA-MB-231/Luc cells were from Cell Biolabs,
murine ID8 ovarian cancer cells were from Millipore (SCC145), and
murine MC38 colon adenocarcinoma were from Kerafast. Cells
were cultured according to the providers’ instructions. For experi-
ments, cells from frozen aliquots were resuscitated and subcultured
for 5-10 passages. TH19PO1 peptide and neurotensin were synthe-
sized and purified in house with peptide purity >95%. Amino acids
and resin for the peptide synthesis were from Matrix Innovation
Inc. Progranulin was from Sigma-Aldrich. The Coomassie Plus
Protein assay reagent and micro BCA protein assay kit were from
Thermo Fischer Scientific. Antisortilin antibodies were from Abcam
(Western blot, 1 ug/mL) and EMD Millipore (immunohistochemistry),
anti-Bcl-xL (1:1000) was from Cell Signalling, and anti-GAPDH was
from Advanced Immunochemical. AnnexinV and Propidium lodide
were from BD Pharmingen, anti-a-tubulin (1:2000) was from Sigma-
Aldrich. Anti-mouse-Alexa*®® (1:1000), DAPI (2 ug/mL), and Prolong
Gold antifade were from Thermo Fisher Scientific. Anti-mouse and
anti-rabbit horseradish peroxidase-linked secondary antibodies
were from Jackson ImmunoResearch Laboratories. The enhanced

chemiluminescence reagent was from Denville Scientific Inc.

2.3 | Synthesis of docetaxel-TH19P01 peptide
conjugate (TH1902)

DIEA (0.21 mL, 1.2 mmol) was added dropwise to a suspension

of docetaxel (0.81 g, 1.0 mmol) and succinic anhydride (105 mg,
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1.05 mmol) in DMSO (5 mL) under stirring. The mixture was stirred
at room temperature and monitored by UPLC/MS. The reaction
was completed after 2 hours. The solvent was removed, and the re-
sulting residue was dissolved in dichloromethane and loaded on a
Biotage silica column for purification. DoceSuOH was obtained as
a white powder after lyophilization, and UPLC/MS analysis showed
purity >95%. DIEA (0.234 mmol) was added dropwise to a solution
of DoceSuOH (213 mg, 0.234 mmol) and TBTU (75 mg, 0.234 mmol)
in DMSO (3-4 mL) in order to preactivate the DoceSuOH. The com-
pletion of preactivation was monitored by UPLC/MS, then a solu-
tion of TH19P01 peptide (Ac-GVRAKAGVRN(NIe)FKSESY, 120 mg,
0.062 mmol) in DMSO (0.2 mL) was added. The mixture was stirred
at room temperature. The reaction was monitored by UPLC/MS
until completion. The reaction mixture was purified using a 30RPC
resin column and an AKTA purifier system (10%-80% ACN) to give
TH19P01-(SuDoce), or TH1902 as a white powder after lyophiliza-
tion. Purity of the conjugate was evaluated by UPLC/MS and was
>95% with a m/z mass of 3704 (1852.91, charge +2). The Bruker
micro time of flight (microTOF) used to perform TH1902 analysis is
paired with a Waters Acquity UPLC equipped with a diode array de-
tectors and binary pump, and offers sophisticated focus technology
to provide a combination of mass accuracy, resolution, and sensitiv-

ity with a mass range m/z 50-3000 Da.

2.4 | Tissue microarrays

SORT1 expression was evaluated using high-density TMAs (IMH-
364; Novus Biologicals) of human breast cancer and normal ad-
jacent tissues at the Institute for Research in Immunology and
Cancer (Montreal, QC). These TMAs included normal adjacent tis-
sues (h = 9 samples) and IDCs (n = 35 samples), and ILNCs (n = 10
samples). Furthermore, the TMAs included molecular subtype in-
formation allowing the assessment of SORT1 expression in TNBC
(n = 19 samples). Immunostaining was performed on 4 pm sections
of formalin-fixed paraffin-embedded tumor material. Briefly, slides
were deparaffined using proprietary dewax reagents in xylene and
then rehydrated with decreasing concentrations of ethanol followed
by an endogenous peroxidase block. SORT1 antigen retrieval was
performed by heat-induced epitope retrieval techniques with ER1
solution (Lecia) for 30 minutes at 100°C. Mouse anti-SORT1 (clone
F11) (EMD Millipore) primary antibody was incubated at 20 ug/mL
for 30 minutes at room temperature. Target antigen was detected
using the Bond Polymer Refine Detection (Leica) with diaminobenzi-
dine chromogen for visualization according to the manufacturer's in-
structions. Sections were then counterstained with Leica proprietary
hematoxylin and mounted for analysis. SORT1 labeling was scored by
the IHS method on a scale ranging from O to 3 as follows: O, negative
staining; 1, weak staining; 2, moderate staining; 3, strong staining.
The proportion of cells showing positive staining was recorded as fol-
lows: 1, none; 2, 10%-50%; 3, 50%-70%; 4, 70%-100%. The raw data
were converted to the IHS by multiplying the quantity and staining

intensity scores. Therefore, the IHS score ranged from O to 12.
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2.5 | Western blot analysis

MDA-MB-231 cells were homogenized in lysis buffer (150 mM Nacl,
10 mM Tris-HCI, pH 7.4, 1 mM EDTA, 1 mM ethyleneglycol-O,0'-
bis(2-aminoethyl)-N,N,N’,N'-tetraacetic acid, 0.5% [vol/vol] Nonidet
P-40 and 1% [vol/vol] Triton X-100) supplemented with a complete
protease inhibitor cocktail from Calbiochem. Cells were incubated
for 30 minutes at 4°C with vortex agitation every 5 minutes, soni-
cated and centrifuged at 15 000 g for 10 minutes at 4°C. Equal
amounts of protein (20 ug) were separated by SDS-polyacrylamide
gel electrophoresis. Proteins were then electrotransferred to a poly-
vinylidene fluoride membrane and blocked for 1 hour at room tem-
perature using 5% nonfat dry milk in Tris-buffered saline (150 mM
NaCl, 20 mM Tris-HCI, pH 7.5) containing 0.1% Tween-20 (TBST).
Membranes were washed in TBST and incubated overnight with
primary antibodies diluted in TBST containing 3% bovine serum
albumin and 0.05% NaN,. Membranes were washed in TBST
and incubated for 1 hour at room temperature with horseradish
peroxidase-conjugated anti-mouse or anti-rabbit IgG (1/5000 di-
lution) in TBST containing 5% nonfat dry milk. Membranes were
washed again in TBST and signals were detected using chemilumi-

nescence (Amersham Biosciences).

2.6 | SORTI1 gene silencing

MDA-MB-231 cells were transiently transfected for 24 hours
with 200 nM of scrambled sequences (siCTL; AllStar Negative
Control siRNA, 1027281) or specific human siRNA against SORT1
(siSORT1; Hs_SORT_4 FlexiTube siRNA: SI00073640; Qiagen) using
Lipofectamine 2000 (ThermoFisher Scientific). The extent of protein
knockdown was assessed by Western blotting as described above.

2.7 | Fluorescent Alexa*®®-labeled TH19P01
peptide binding and uptake assays

MDA-MB-231 cells were grown in 12-well plates in complete media
for 24 hours. Cell surface binding of Alexa*®®-labeled TH19PO1
peptide was performed on cells detached with PBS-citrate and re-
suspended in HBSS. Cells were incubated for 5 minutes at 4°C with
increasing concentrations of Alexa*®®-labeled TH19PO1 peptide
(KD determination). For uptake experiments, siCTL- or siSORT1-
transfected cells were washed with PBS and incubated in HBSS for
2 hours at 37°C in the presence or absence of 200 nM Alexa*®8-
labeled TH19PO01 peptide. Alexa*®8-labeled TH19P01 peptide uptake
was also competed with or without an excess of unlabeled TH19P01
peptide (50 uM), neurotensin (10 uM) or progranulin (1.5 nM), or in
cells pre-incubated for 15 minutes with increasing concentrations of
the latter (Ki determination) and uptake performed for 30 minutes.
Fluorescence was evaluated in the FL1 channel using a Cé6 Accuri
flow cytometer (BD Biosciences). Cell surface binding was also con-

firmed and assessed by spectrofluorometry (ex 488/em 538, cut-off

530 nm) on adherent cells after 30 minutes of incubation at 4°C
followed by a 20 minutes lysis in 1% SDS, and using a SpectraMax
Gemini EM Microplate reader (Molecular Devices).

2.8 | Cell proliferation assay

To assess the effects of docetaxel and TH1902 on MDA-MB-231
and HCC-70 cell proliferation, cells (MDA-MB-231: 3000 cells/well,
HCC-70: 7000 cells/well) were first seeded in 96-well plates (Perkin
Elmer), then treated with various concentrations of drugs in com-
plete cell culture medium. After 72 hours of incubation, cell prolifer-
ation was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe
nyltetrazolium bromide (MTT) assay in accordance with the protocol
described by Mosmann with the following modifications.*® The cells
were incubated with MTT (0.5 mg/ml) at 37°C under a humidified
atmosphere containing 5% CO, for 4 hours. After incubation, 100 uL
of DMSO (solubilizing reagent) was added to each well and mixed
thoroughly to dissolve the dark blue crystals. The presence of viable
cells was visualized by the development of a purple color due to for-
mation of formazan crystals. The plates were read on a SpectraMax
Plus reader (Molecular Devices) using a test wavelength of 570 nm
and reference wavelength of 630 nm. Analyses were made in quad-

ruplicate for each condition.

2.9 | Cell cycle analysis

MDA-MB-231 cells were synchronised for 24 hours in serum-
deprived media and then treated with vehicle, 4 uM docetaxel or
2 uM TH1902 (equimolar amount of docetaxel) for 2 hours, washed
once, and further incubated with complete media for 22 hours. Cells
were then detached with trypsin, centrifuged, and washed twice
with PBS. One million cells were then resuspended in 0.3 mL of PBS,
added to ice-cold 70% ethanol and incubated overnight at 4°C. Cells
were pelleted, resuspended in Pl (40 pg/mL)-RNase (100 pg/mL) so-
lution for 30 minutes at 37°C, and analyzed for their DNA content in
the FL2 channel using a BD Accuri Cé flow cytometer.

2.10 | Cell apoptosis assay

AnnexinV/PI staining was performed using an Apoptosis Detection
Kit according to the manufacturer's instructions. Briefly, MDA-
MB-231 cells were seeded for 24 hours in 12-well plates. In one ex-
periment, cells were untreated or treated in serum-deprived media
for 5 hours with various concentrations of docetaxel or TH1902.
In another experiment, cells were incubated at 37°C in a serum-
free media in the presence or absence of 5 uM TH1902 which was
competed (or not) with an excess of unlabeled TH19P01 peptide
(50 uM), neurotensin (10 uM) or progranulin (1 nM). After treatment,
cells were harvested, resuspended at a density of 10° cells/mL in a

staining solution of 100 uL of 1X binding buffer containing 5 pL of
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AnnexinV-FITC and 5 pL of PI. Cells were incubated for 15 minutes
at room temperature in the dark before analysis by flow cytometry.
The numbers of apoptotic cells were measured using the BD Accuri

Cé6 software.

2.11 | Immunofluorescent staining

For a-tubulin staining, cells were plated for 24 hours on glass cov-
erslips and grown to 80% confluency. Cells were then treated for
24 hours with vehicle, 2 uM docetaxel or 1 uM TH1902 at 37°C,
washed in PBS, fixed for 15 minutes in 4% paraformaldehyde, per-
meabilized with 1% Triton X-100 in PBS for 5 minutes, and finally
washed in PBS. Cells were blocked in PBS containing 10% normal
host serum and 0.05% Triton, and incubated for 1 hour with an anti-
a-tubulin primary antibody. Cells were washed with PBS and incu-
bated for 1 hour with Alexa-Fluor*®-conjugated secondary antibody
(1/1000; Invitrogen), washed with PBS, stained with DAPI (2 ug/mL;
Invitrogen) for 4 minutes, washed again in PBS and mounted onto
slides using Prolong Gold antifade reagent. Cells were finally digital-
ized by confocal microscopy (Nikon A1) and analyzed using the NIH

ImageJ Version 1.4.21 software.

2.12 | Real-time cell migration assay

Cell migration experiments were carried out using a real-time cell
analyser dual-plate instrument, the xCELLigence system (Roche
Diagnostics). This system was used according to the instructions of
the manufacturer. Cells (25 000 cells/well) were seeded in serum-free
medium onto a CIM-Plates 16 (Roche Diagnostics). These plates are
similar to conventional Transwells (8-pum pore size) with gold electrode
arrays on the bottom side of the membrane, which provide a real-time
measurement of cell migration. Prior to cell seeding, the underside of
the wells from the upper chamber was coated with 25 pL of 0.15%
gelatin in PBS and incubated for 1 hour at 37°C. The lower cham-
ber was filled with serum-free medium. The upper chamber of each
well was filled with 100 pL of MDA-MB-231 cells (2.5 x 10° cells/mL)
previously transfected for 24 hours with siScrambled or siSORT1 and
pretreated for 2 hours with or without 1 uM TH1902 or 2 uM free
docetaxel (equimolar docetaxel concentration). After 30 minutes of
adhesion, cell migration was monitored every hour for 12 hours. The
impedance value was measured by the real-time cell analyser dual-
plate instrument and was expressed as an arbitrary unit termed the
“Cell Index” which reflects the number of actively migrating cells.

Each experiment was performed in duplicate wells.
2.13 | Invivo therapeutic efficacy assessment of
docetaxel and TH1902 in xenograft models

Tumor xenografts were established by subcutaneous inoculation of
5 x 10® MDA-MB-231-Luc cells resuspended in 100 pL of HBSS and
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injected in the right flank of CD-1 nude mice under light isoflurane
anaesthesia. When palpable tumors reached a volume of ~100 mm?®,
mice were treated weekly with vehicle, docetaxel (15 mg/kg, MTD;
i.p. five cycles, i.v. three cycles of treatments), or TH1902 (i.p. 50 mg/
kg for five cycles; i.v. 8.75, 17.5 mg/kg for three cycles, and 35 mg/
kg up to five cycles of treatments). Note that 35 mg/kg TH1902 and
15 mg/kg docetaxel contain equimolar amounts of docetaxel. For
the i.p. study, tumor growth was evaluated as average biolumines-
cence levels in the different groups after mouse anaesthesia with
isoflurane and 15 minutes following intraperitoneal D-luciferin in-
jection (180 mg/kg) using the Xtreme Near Infrared Imaging system
(Bruker Optics). Semiquantitative analysis was performed using Ml
Software version 5.0.5.29 (Bruker BioSpin). Identical illumination
settings (exposure time, f/stop, filters, field of view, and binning)
were used throughout image acquisition. All images were displayed
in the same scale of fluorescence intensity. Fluorescence intensi-
ties were quantified using region of interest settings of equivalent
sized areas. For the i.v. study, tumor growth was evaluated by two-
dimensional measurements taken with an electronic caliper and
tumor volume was calculated according to the following formula:
tumor volume (mm?®) = n/6 x length x width?. Data are expressed as

mean + SEM and were analysed using the GraphPad Prism Sofware.

2.14 | Hematotoxicity assay

Athymic nude mice were treated with docetaxel or TH1902 at a
docetaxel-equivalent i.v. dose (15 mg/kg). Blood samples were col-
lected in K3 EDTA micro tubes (Sarstedt) 4 days before the start
of treatment, 4 days after the first and third treatments at doc-
etaxel MTD, and 4 days after the first, third, and sixth treatments of
TH1902. Blood neutrophil counts were performed on the day they
were collected at the Diagnostic Laboratory of the Comparative

Medicine Animal Resources Centre at McGill University.

2.15 | Pharmacokinetic analysis

Plasma samples for pharmacokinetic characterization were collected
at 5, 15, and 30 minutes as well as at 1, 2, 4, and 6 hours following
i.v. bolus injection of TH1902 into normal CD-1 mice with lithium
heparin microvette tubes (Sarstedt). TH1902 and docetaxel concen-
trations were determined by UPLC/MS. Briefly, both TH1902 and
docetaxel were extracted from 50 uL of plasma using 4 volumes of
cold acetonitrile (87%):acetic acid (0.125%):water (12.875%) in micro
centrifuge tubes. After 5 minutes on ice, the suspensions were cen-
trifuged at 10 000 g for 5 minutes and supernatants (2-10 ul) were
injected into a Waters Acquity UPLC spectrometer coupled to a mi-
croTOF spectrometer from Bruker using electron spray ionization
(ESI-TOF). TH1902 and released docetaxel from the peptide were
quantified by peak area ratio at a wavelength of 220 nm. Standard
curves for TH1902 and docetaxel were performed in mouse plasma.

A linear regression was carried out to determine the concentration
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of TH1902 and docetaxel. The limit of quantitation for TH1902 and
for free docetaxel was around 8 pM.

2.16 | Statistical analysis

One-way ANOVA with Dunnet's post-test was used in all experiments
involving comparison between multiple groups. Student's unpaired t
test was used in experiments involving the comparison of control and
siSORT1 groups. P values <.05 were considered significant. All analy-

ses were performed using the GraphPad Prism software Version 5.0.

3 | RESULTS

3.1 | High SORT1 expression in breast cancers is
associated with poor patient prognosis

SORT1 expression was first analyzed by immunohistochemistry in
invasive IDCs, ILNCs, and TNBC samples, and compared to normal
adjacent breast tissues. Representative SORT1 immunolabeling of
samples from three different patients (Figure 1A) shows very low lev-
els of SORT1 in normal adjacent tissues, whereas high levels of SORT1
labeling were observed in IDC, ILNC, and TNBC samples (Figure 1B).

Furthermore, in silico analysis of SORT1 gene expression on the
survival of TNBC patients was performed using Kaplan-Meier plot-
ter software (http://kmplot.com/analysis/) for patients expressing
low or high SORT1 levels. Kaplan-Meier curves confirmed that high
SORT1 gene expression is associated with a poor prognosis for TNBC
patients in advanced 3 and 4 stages (Figure 2A). In addition, Kaplan-
Meier analysis of TNBC patients with LNM shows a drastic effect
of high SORT1 gene expression on patient survival (Figure 2B). This
further supports SORT1 as a potential target in TNBC.

3.2 | SORTI1 function is required for TH19P01
binding and uptake

SORT1-mediated cell surface binding and internalization of TH19P01
was first investigated in TNBC-derived MDA-MB-231 cells. Using
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siRNA-mediated approaches, silencing of SORT1 was confirmed at the
protein level by Western blotting (Figure 3A) and this was quantified by
densitometry (Figure 3B). The binding and uptake of Alexa*®®-labeled
TH19P01, at 4 and 37°C respectively, were also found to be signifi-
cantly reduced by 59% and 72% on SORT1 silencing (Figure 3C). This
demonstrates that functional SORT1 processes are required for both
cell surface recognition and internalization of TH19P0O1. Binding of

488_|abeled TH19PO1 was measured as a function of fluorescent

Alexa
peptide concentration and found saturable in MDA-MB-231 cells. The
cell surface binding constant (KD) of TH19P01 was calculated at 0.32
+ 0.08 uM (Figure 3D). Next, inhibition of Alexa*3®-labeled TH19PO1
uptake was performed with increasing concentrations of unlabeled
TH19PO01, TH1902, or NT (Figure 3E). Inhibition constants (Ki) were
0.84 + 0.35 uM, 0.55 + 0.06 uM, and 1.36 + 0.31 uM for TH19PO1,
TH1902, and NT respectively. These constants suggest that TH19P01

and TH1902 have affinities comparable to NT.

3.3 | Assessment of SORT1 expression requirement
for TH19PO1 peptide uptake in different cancer
cell models

SORT1 expression and function in TH19P0O1 uptake were next as-
sessed. Uptake of Alexa*®®-labeled TH19P01 was evaluated in human
TNBC cells (MDA-MB-231), human colon cancer cells (MC38), murine
ovarian cancer cells (ID8), and murine TNBC cells (4T1). Expression of
SORT1 was high in MDA-MB-231 and ID8 cancer cells, whereas very
low levels were found in MC38 and 4T1 cancer cells (Figure 4A,B,
inserts). For further proof of concept of functional SORT1 involve-
ment in TH19P01, excess concentrations of Sortilin's natural ligands
were required in our in vitro assay to compete for SORT1-mediated
Alexa*®®-labeled TH19PO1 uptake. Such uptake was found inhibited
in the presence of an excess of unlabeled TH19P01 and by the two
SORT1 ligands, neurotensin and progranulin®42 only in those SORT1
expressing MDA-MB-231 (Figure 4A) and ID8 cells (Figure 4B). Basal
TH19PO01 uptake was low in cells that expressed low levels of SORT1,
and excess SORT1 ligands were accordingly found inefficient to in-
hibit uptake (Figure 4A,B). Combined, these data confirm the in-
volvement of SORT1 expression and function in the internalization

process of TH19P01 within SORT1-positive cancer cell models.

FIGURE 1 SORT1 expressionin
breast cancers. A, Immunohistochemistry
stainings were performed to assess
SORT1 expression in normal adjacent
tissue and in stage IlIC infiltrating duct
carcinoma (IDC) and involved lymph
node carcinoma (ILNC). B, SORT1
staining intensity was evaluated using
the immunohistostaining (IHS) method
on nine normal adjacent tissues, 35 IDC,
10 ILNC, and 19 TNBC tumors. Data are
represented as mean + SEM

IDC ILNC TNBC
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FIGURE 3 SORT1-mediated TH19P01 peptide uptake in MDA-MB-231 cells. Transient SORT1 gene silencing was performed as described
in the Methods section and confirmed by (A) Western blotting and (B) densitometric analysis of SORT1 protein expression. Experiment

was performed in triplicate and the densitometric data analyzed using a t-test. (C) The binding (left panel) or uptake (right panel) of 200 nM
Alexa*®8-labeled TH19P01 was performed in control (siScrambled) or SORT1-deficient (siSORT1) MDA-MB-231 cancer cells. The levels of
fluorescence in the two categories of cells were measured in triplicate (binding and uptake n = 3). Affinity constants were extrapolated for
(D) Alexa*®8-labeled TH19PO1 cell surface binding (KD), and inhibitory constants (Ki) for (E) uptake of 200 nM Alexa*®®-labeled TH19P0O1
performed in the presence of increasing TH1902, TH19P01, or Neurotensin as indicated. Data are represented as mean + SD and statistical
analysis was performed using Student's unpaired t test (*P < .05, **P < .01)

3.4 | Chemical synthesis strategy for TH1902 strategy, a cleavable ester linker was used for conjugation of the
conjugation docetaxel to the TH19P0O1. On the TH19PO01 peptide, the N-terminal

site was first blocked by acetylation and the two other conjugation
The strategy for the conjugation of docetaxel to TH19PO1 is de- sites were saturated with docetaxel (Figure 5A). This led to the gen-

scribed in the Methods section and schematized (Figure 5). In this eration of a peptide-drug conjugate with two molecules of docetaxel
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FIGURE 4 Assessment of SORT1 expression requirement for TH19P01 peptide uptake in different cancer cell models. The uptake

of 200 nM Alexa*®8-labeled TH19P01 was evaluated in (A) human TNBC cells (MDA-MB-231), human colon cancer cells (MC38), and (B)
murine ovarian cancer cells (ID8), and murine TNBC cells (4T1). This was performed in the absence (white bar) or presence (black bars) of
excess unlabeled TH19P01 (50 uM), Neurotensin (NT, 10 uM) or Progranulin (PGRN, 1.5 nM). Data are represented as mean + SD (ID8,
n=3;4T1, n=5; MDA-MB-231 and MC38, n = 2) and statistical analysis was performed using Dunnet's test (*P < .05, **P < .01). Inserts are
representative immunodetections of Sortilin in whole cell lysates from each of the cell models tested

per peptide molecule (TH1902). The conjugation product was ana-
lyzed by UPLC and by mass spectrometry (MALDI-TOF). UPLC/MS
analysis indicated that the purity of TH1902 (peak 1) was more than
95% (Figure 5B) and that the TH1902 conjugate had an estimated
m/z mass of 1852.91 (charge +2) or 1235.62 (charge +3) (Figure 5C),
corresponding to a molecular weight of 3704 g/mol for the TH1902
conjugate as compared to 807.9 g/mol for free docetaxel.

3.5 | Invitro anticancer properties of TH1902

To determine whether docetaxel or TH1902 inhibited TNBC cell
proliferation, MTT assays were performed in MDA-MB-231 and
HCC-70 cells exposed to various concentrations of TH19P01, doc-
etaxel or TH1902. Inhibition of MDA-MB-231 cell proliferation was
effectively triggered by both docetaxel and TH1902 compounds
in a concentration-dependent manner whereas TH19P01 had no
effect at the concentrations tested (Figure 6A). The IC,, value of
TH1902 was found to be comparable to that of docetaxel at low nM
concentrations in both MDA-MB-231 and HCC-70 cells (Figure 6B),
which supports the rationale that conjugated docetaxel can indeed
be released from TH1902 once internalized and exert its antiprolif-
erative effect inside the targeted cancer cells. The effect of TH1902
on MBA-MB-231 cell-cycle arrest was also tested (Figure 6C). The
results show that more than 70% of treated cells were arrested in
the G2/M phase of the cell cycle in comparison to vehicle-treated
control cells where ~14% of the cells remained in the G2/M phase
(Figure 6D). While TH19P01 appears to be an inert peptide with
no in vitro antiproliferative effects, these data confirm both the

growth inhibitory effect of TH1902 and, more importantly, that the

docetaxel anticancer potency was unaffected by its conjugation to
the TH19PO1 peptide.

3.6 | TH1902 triggers cell death in a TNBC-derived
MDA-MB-231 cell model

The impact of docetaxel and TH1902 on MDA-MB-231 cellular
morphology was evaluated and visualized by light microscopy. A
drastic change in cell shape was observed in both docetaxel- and
TH1902-treated cells when compared to control cells (Figure 7A).
As already reported for docetaxel-treated human renal clear cell
carcinoma,*® MDA-MB-231 cells treated with docetaxel appeared
more contracted than control cells. Interestingly, TH1902-treated
cell morphology appeared even smaller, less flattened, and pre-
sented greater inter-cell spacing in comparison to those treated
with free docetaxel (Figure 7A). This observation confirms the
enhanced cytotoxic effect of TH1902 when compared to doc-
etaxel. Docetaxel is further believed to exert its cytotoxic effects
through both cell cycle regulation and apoptosis induction.**
MDA-MB-231 cells were therefore treated for 5 or 24 hours with
various concentrations of either docetaxel or TH1902, followed
by AnnexinV/PI staining. TH1902 increased MDA-MB-231 cell ap-
optosis in a dose-dependent manner (Figure 7B, black bars) when
compared to docetaxel treatment (Figure 7B, white bars). Less
than 1% apoptotic cells were measured when cells were treated
with 50 uM TH19P01 for 24 hours (data not shown). Overall, this
suggests that, even within such a short time frame, receptor-
mediated events account for the increased effects of TH1902.
Finally, to confirm the role of SORT1 in TH1902 internalization
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FIGURE 5 Schematic representation of docetaxel conjugation to the TH19P01 peptide. (A) Synthesis of TH1902 was performed as
described in the Materials section. Briefly, DIEA was added dropwise to a solution of DoceSuOH and TBTU in DMSO in order to preactivate
the DoceSuOH. The completion of preactivation was monitored by UPLC/MS, then a solution of TH19P01-peptide in DMSO was added.

The mixture was stirred at room temperature and the reaction was again

monitored by UPLC/MS until completion. The reaction mixture

was purified using a 30RPC resin column and an AKTA purifier system (10%-80% ACN) to give TH19P01-(SuDoce), or TH1902 as a white

powder after lyophilization. (B) The purity (>95%) of the conjugate (peak
of 1852.91 (2+ charge)

and induced apoptosis, pharmacological inhibition of its apop-
totic activity was measured after incubating MDA-MB-231 breast
cancer cells with TH1902 in the presence or absence of the free
unlabeled TH19PO01 peptide or of one of the two different SORT1

ligands neurotensin or progranulin. The apoptosis assay showed

1) was evaluated by UPLC/MS, and (C) had an estimated m/z mass

that excess TH19P0O1 peptide, neurotensin or progranulin com-
petitively reduced TH1902-induced cell death by 68%, 53% and
87%, respectively (Figure 7C). This confirms the involvement of
SORT1 in the internalization process of TH1902 leading to cell
death in a TNBC cell model.



DEMEULE et AL.

4326 H
SLBRWITSE Cancer Science

A 120

100F O

TH19P01 ;

80 |

60 -

40

Cell proliferation (% of Control)

20+

t

0.001 0.01 0.1 1 10 100
Concentration (nM)

B) ICgp (nM)

FIGURE 6 Invitro anticancer
properties of TH1902. A, A representative
plot of the in vitro antiproliferative
activities of TH19P01, docetaxel and
TH1902 was determined from MTT
assays in MDA-MB-231 as described

in the Methods section. B, IC, values
were calculated using a log[inhibitor] vs
response-constant slope equation with
GraphPad Prism software. IC values
are presented as mean + SD from human
TNBC-derived MDA-MB-231 and HCC-
70 cells. All assays were performed in

TH1902
Docetaxel

1000 quadruplicate (n = 3 experiments, except

for TH1902 n = 4). C, A representative
cell-cycle phase distribution of MDA-

TNBC cell lines Docetaxel TH1902

TH19P01

MB-231 cells was determined based on
cellular DNA content (propidium iodide

0.24 £0.28
1.00 £ 0.55

0.66 + 0.86
1.68£0.19

MDA-MB-231
HCC-70

> 1000
> 1000

staining) after a 2 h treatment with 4 uM
docetaxel or 2 uM TH1902 then followed

©) Control
600

Docetaxel

by a 22 h incubation in complete media

TH1902 alone. D, Quantification of MDA-MB-231

400 4 L g

Counts

200 g i

1000000 2000000 3000000 1000000 2000000 3000000

G2/M cell cycle arrest following docetaxel
or TH1902 treatment. Data represent
mean + SD (n = 4)

1000000 2000000 3000000

Pl staining (FL2-A)
D

—_
-~

25
2.0
15
1.0
0.5

G2/M cell cycle phase
(x-fold over control)

0
Vehicle Docetaxel TH1902

3.7 | Mechanism of TH1902-mediated
apoptosis and antimigratory effect

Taxanes, including paclitaxel and docetaxel, are microtubule-
stabilizing agents which alter microtubule dynamics and conse-
quently induce mitotic arrest in cancer cells.** To assess whether
TH1902 conserved this property, a tubulin immunofluorescent
staining assay was performed in control, docetaxel-, and TH1902-
treated MDA-MB-231 cells. Similar to docetaxel, TH1902 induced
a marked microtubule bundling (Figure 8A). The expression levels
of the anti-apoptotic Bcl-xL were next analyzed by Western blot-
ting in MDA-MB-231 cells to investigate the molecular mechanisms
by which TH1902 exerts its anticancer activity. The expression of
Bcl-xL was assessed by immunoblotting (Figure 8B) and was found to

be more reduced in TH1902-treated cells than in docetaxel-treated

cells (Figure 8C). This differential effect confirms that TH1902 acts
through a distinct mechanism of action than the unconjugated doc-
etaxel drug in apoptotic cell death-inducing events.

To further link the importance of microtubule perturbation
and to compare the impacts of docetaxel and TH1902 on MDA-
MB-231 breast cancer cell migration, transient silencing of SORT1
was performed, followed by a 2-hour treatment with docetaxel
(Figure 8D) or TH1902 (Figure 8E). The results show that both
docetaxel and TH1902 inhibit cell migration, but that this reduc-
tion was significantly prevented only in TH1902-treated cells
where SORT1 was repressed (red arrow in Figure 8E). These re-
sults emphasize distinct mechanisms of action for TH1902 and
docetaxel, and further support a SORT1 receptor-mediated inter-
nalization mechanism for TH1902 in contrast to that of passive

diffusion for docetaxel.
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FIGURE 7 Cell death induction by docetaxel and TH1902

in MDA-MB-231 cells. A, MDA-MB-231 cells were treated with
vehicle, 10 uM docetaxel or 5 uM TH1902 for 24 h and cellular
morphology was examined under a light microscope. B, MDA-
MB-231 cells were treated for 5 or 24 h with 10 uM docetaxel
(white bars), or with 5-10 uM TH1902 (black bars). Cells were
then harvested and the extent of apoptotic cell death determined
by flow cytometry following staining with AnnexinV-FITC and
propidium iodide. Data are represented as mean + SEM (n = 3,
except for the 5 uM data where n = 7). C, TH1902-mediated
apoptosis in MDA-MB-231 cells was competed by an excess

of free TH19P01 peptide (50 uM) or one of the SORT1 ligands
neurotensin (NT, 10 uM) or progranulin (PGRN, 1 nM). Following
5 h of incubation, cells were stained with AnnexinV-FITC/PI. All
data are represented as mean + SD (n = 3) and statistical analysis
was performed using one-way ANOVA with Dunnet's multiple
comparison test (B and C) (*P < .05, **P < .01)

3.8 | Intraperitoneal administration of TH1902
inhibits tumor growth in a TNBC xenograft model

The in vivo efficacy of TH1902 and docetaxel against a TNBC xeno-
graft model was next investigated in vivo. Thus, nude mice were im-
planted in the right flank with MDA-MB-231-luc cancer cells, and

Cancer Science NuIia e

luminescence was measured to monitor tumor growth. Mice were
treated with intraperitoneal injections of either docetaxel at the
MTD of 15 mg/kg/wk, or with TH1902 at the maximal injectable
dose of 50 mg/kg/wk, both for five cycles of treatment. Unlike the
vehicle-treated control group, where the average tumor lumines-
cence increased over time, a significant decline in luminescence in-
tensity was observed, starting at day 5 in the TH1902-treated group
(Figure 9A). The level of luminescence intensity was also significantly
lower in the free docetaxel-treated group, when compared to that
in the vehicle-treated control group, but remained higher than that
for the TH1902-treated group (Figure 9B). Interestingly, tumor re-
lapse was observed in the docetaxel-treated group beginning at
day 46, whereas a sustained decrease of tumor volume was main-
tained in the TH1902-treated group until day 74, at which time point
a complete disappearance of the tumor was achieved (Figure 9A).
Representative images of luminescence are shown for vehicle-, doc-
etaxel-, or TH1902-treated mice at day 14 (Figure 9B, upper panels)
when the control group reached the tumor volume endpoint and
at day 74 post-treatment at the end of the experiment (Figure 9B,
lower panels). Quantification of the residual tumor burden at days
14 and 74 after docetaxel or TH1902 treatment was performed, and
the analysis confirmed a much better in vivo TH1902 efficacy profile
than was seen with unconjugated docetaxel (Figure 9C). Given the
lack of apoptotic or antiproliferative effects of TH19P01, no ration-
ale supports its further assessment in vivo. As TH1902 is considered
a new chemical entity, its best control condition therefore is the un-
conjugated docetaxel molecule itself. Body weight of mice on intra-
peritoneal administration of either docetaxel or TH1902 remained

within endpoint limits (-20%, data not shown).

3.9 | Intravenous administration of TH1902 inhibits
tumor growth in a TNBC xenograft model

The use of intravenous administration of TH1902 was next inves-
tigated in the TNBC-derived MDA-MB-231 xenograft model. Mice
subjected to docetaxel treatment were administered with three in-
travenous injections at 15 mg/kg/wk (MTD), whereas those treated
with TH1902 received five injections of an equivalent dose of doc-
etaxel at 35 mg/kg/wk. Similar to what was seen with the intraperito-
neal administration protocol, a sustained decrease in tumor size was
observed following intravenous administration of TH1902 until day
70, whereas a restart of tumor growth was observed at day 50 for the
docetaxel-treated mice (Figure 10A). When lower doses, equivalent
to the quarter of the MTD, were used of docetaxel (3.75 mg/kg) and
TH1902 (8.75 mg/kg) (Figure 10B), tumor growth as assessed by lu-
minescence intensity was unaffected by intravenous administration
of docetaxel, whereas it was significantly inhibited in the TH1902-
treated group (Figure 10C). This was further confirmed through the
measurement of the tumor burden luminescence where TH1902 re-
duced it significantly in comparison to vehicle- or docetaxel-treated
groups (Figure 10D). Interestingly, body weight changes remained

within endpoint limits in mice on intravenous administration of
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FIGURE 8 Effect of TH1902 on MDA-MB-231 microtubules and cell migration. A, MDA-MB-231 cells were treated with vehicle (DMSO),
2 uM docetaxel or 1 pM TH1902 for 24 h, fixed and immunostained with anti-a-tubulin antibody, DNA stained with DAPI, and then imaged
using confocal fluorescence microscopy. Representative pictures from each condition are displayed. (B) Representative immunoblot showing
the protein expression level of Bcl-xL in MDA-MB-231 cells after treatment with docetaxel (100 nM) or TH1902 (50 nM) for 48 h. GAPDH

was used as a loading control. Data are representative of three independent experiments. (C) Quantification of Bcl-xL was performed by
scanning densitometry. Data represent mean + SD of arbitrary units and statistical analysis was performed using one-way ANOVA with
Dunnet's test compared to control, (*P < .05, n = 3). The impact of (D) docetaxel and (E) TH1902 on MDA-MB-231 cell migration was
evaluated with and without siRNA-mediated silencing of SORT1. Transfected cells were pretreated for 2 h with TH1902 (1 uM) or docetaxel
(2 uM). Cells were harvested and their migratory potential assessed in real time as described in the Methods section. Data of normalized
arbitrary units are represented as mean + SD of two experiments performed in duplicate. Statistical analysis of data at 10 h was performed
using one-way ANOVA with Dunnet's multiple comparisons test (**P < .01)

either docetaxel or TH1902 (data not shown). Similar conclusions
were reached on testing another TNBC-derived HCC-70 xenograft
model (Figure 11). In fact, administration of TH1902 at 8.75 mg/kg/
wk led to a 93% inhibition of HCC-70 tumor growth as compared to
24% for docetaxel alone at an equivalent dose.

3.10 | Absence of hematotoxicity of TH1902 in mice

Potential hematotoxicity on intravenous administrations of doc-
etaxel and TH1902 to immunodeficient mice was next assessed.
Interestingly, the neutrophil count decreased significantly in
docetaxel-treated mice at MTD after three cycles of treatment,
whereas neutrophil levels remained within normal limits in TH1902-

treated mice at an equivalent dose of docetaxel (Figure 12A), and

this remained even after six TH1902 injections. This crucial observa-
tion suggests that TH1902 would have a better hematological toxic-
ity profile than the native docetaxel molecule. Body weight was also
monitored during these treatments. The results show that admin-
istration of docetaxel induced significant body weight loss (>10%)
in some mice after only three treatments (Figure 12B). In contrast,
animal body weight was unaffected by the administration of up to six
TH1902 treatments.

3.11 | Preliminary pharmacokinetics of TH1902
in mice

Preliminary pharmacokinetics for TH1902 was also evaluated in nor-

mal CD-1 mice. TH1902 plasma concentrations were measured by
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FIGURE 9 Comparative efficacy of docetaxel and TH1902 on MDA-MB-231 xenograft tumor growth. A, Nude mice were
subcutaneously implanted with MDA-MB-231-Luc cells and then treated with vehicle, docetaxel or TH1902 as described in the Methods
section. Intraperitoneal (i.p.) treatments are indicated by red arrows. B, Representative bioluminescence images were taken at 14 and 74
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burden was expressed as net luminescence intensity at days 14 and 74 post-treatment. Data are represented as mean + SEM (six mice/
group). At day 74, all control mice were already sacrificed. Therefore, NA in this panel indicates that bioluminescence is not available (NA) for
this group, whereas the bioluminescence in TH1902-treated mice was below detectable levels (BDL)

UPLC/MS after a single i.v. bolus injection at 50 mg/kg (Figure 13, 4 | DISCUSSION
closed circles). The distribution and elimination half-life (t, ,) were

estimated at 0.46 and 1.44 hours, respectively. Plasma concentra- Numerous studies have revealed the complex molecular signature
tions of released docetaxel (Figure 13, black squares) suggest that characterizing TNBC, clearly establishing their intra- and inter-tumor
most docetaxel remained associated with the peptide over the time heterogeneity.*> Consequently, these cancers were redefined into
course analyzed. Pharmacokinetic measures of docetaxel exposure phenotypic subtypes which remain among the most difficult to treat,
(Cax @nd AUC) showed that free docetaxel exposure was approxi- relying on a standard of care chemotherapy using cytotoxic agents.
mately 37-fold lower than that of TH1902-associated docetaxel in Unfortunately, chemotherapy is also known for its limited tumor
plasma (AUC = 569 pmol/L h for TH1902 versus 15.5 pmol/L h for selectivity and, consequently, is responsible for several adverse
free docetaxel, and Cmax = 388 pmol/L for TH1902 versus 7 pmol/L treatment side effects and for the development of a drug resistance
for free docetaxel). Low levels of free docetaxel in mouse plasma phenotype. Several attempts at designing targeted strategies such
may in part explain the absence of neutropenia in mice and account as using the EGFR monoclonal antibody, failed to provide an ap-

for the higher safety of TH1902. propriately improved outcome.*®*” The design of novel anticancer
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FIGURE 10 Intravenous
administration of TH1902 inhibits
tumor growth in a MDA-MB-231
TNBC xenograft model. A, Nude mice
were subcutaneously implanted with
TNBC-derived MDA-MB-231 cells
and then treated with vehicle or with
either docetaxel (15 mg/kg, three
cycles) or TH1902 (35 mg/kg, five
cycles) as described in the Methods
section. Intravenous (i.v.) treatments
are indicated by red arrows. B, Tumor
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drugs and more efficient targeted therapies are therefore required
to increase the therapeutic outcome of TNBC patients.*®%

In this study, a new docetaxel-TH19P01 peptide drug conjugate
(TH1902) was created. Its in vitro receptor-mediated internalization
mechanism was characterized using a well-documented TNBC cell
model, whereas TH1902 in vivo anticancer efficacy was studied in
two TNBC xenograft models. This peptide-drug conjugation plat-
form therefore allows for increased breast cancer cell targeting and
enhanced penetration of docetaxel in SORT1-positive TNBC. The
molecular rationale for our anticancer therapy further relies on the
numerous benefits our conjugation platform offers over current
conjugates that involve antibodies or proteins. Advantages include
smaller size conjugates, which allows for greater plasma membrane
penetration with better tissue specificity and cell selectivity, leading
to increased intracellular cytotoxic activity and resulting in better
safety.’® Additionally, the efficient use of therapeutic peptides, as

specific receptor targeting ligands, benefits from their inexpensive,

volume progression measured as above
for vehicle, docetaxel (3.75 mg/kg), or
TH1902 (8.75 mg/kg) treatments. C,
Representative bioluminescence images
were taken at day 27 post-implantation of
MDA-MB-231-Luc cells into the mice. In
the color bar, violet and red indicate the
highest and lowest intensity of exposure,
respectively. D, Tumor burden was
expressed as net luminescence intensity
at day 27. Data are represented as

mean + SEM and statistical analysis was
performed using one-way ANOVA with
Dunnet's test compared to control (A,

n =5 mice/group; B-D, n = 6 mice/group,
**P <.001)

TH1902
(8.75 mg/kg)

* %ok

Vehicle Docetaxel TH1902

rapid synthesis, easier modification, and increased affinity compared
to what is seen with antibodies.’*>*

TH1902 pharmacological anticancer properties in mechanisms
involving cell apoptosis, proliferation, migration, peptide internaliza-
tion, and impact on cytoskeleton dynamics were further revealed
in this study. TH1902 was able to induce apoptotic cell death faster
than free docetaxel. TH1902 also blocked cell cycle progression in
the G2/M phase confirming that, once internalized, docetaxel is ef-
fectively released from the conjugate.’®>® The rapid cytotoxic ef-
fect of TH1902 (<5 hours) also further supports the concept of a
significant ligand internalization process regulated by SORT1.

Studies on breast cancer cells demonstrate the association of
their intrinsic or acquired resistance phenotype with dysfunctional
apoptosis signalling.’”® Overexpression of Bcl-2 and Bcl-xL has
been observed in several solid cancers, including colorectal, prostate,
and breast cancer.®*%® Downregulation of Bcl-xL protein expres-

sion by antisense oligodeoxynucleotides in various tumor cell lines
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FIGURE 11 Intravenous
administration of TH1902 inhibits tumor
growth in a HCC-70 TNBC xenograft
model. A, Nude mice were subcutaneously
implanted with TNBC-derived HCC-70
cells and then treated with vehicle or with
either docetaxel (3.75 mg/kg, % MTD)

or TH1902 (8.75 mg/kg) as described

in the Methods section. Intravenous
treatments are indicated by red arrows.

B, Tumor volume progression measured

as above for vehicle, docetaxel (3.75 mg/
kg), or TH1902 (8.75 mg/kg) treatments.
Data are represented as mean + SEM 0
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and statistical analysis was performed
using one-way ANOVA with Dunnet's *
test compared to control (vehicle, n = 7;

docetaxel and TH1902, n = 6 mice/group;

**P <.01)

FIGURE 12 Absence of
hematotoxicity of TH1902 in mice. A,
Athymic nude mice were treated with
docetaxel at MTD (15 mg/kg/wk, three
cycles) or with an equivalent dose of
TH1902 (up to six cycles). Blood was
collected 4 days before the initiation of
treatments and 4 days after the first, third
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statistical analysis was performed using
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treatments. The number of mice with (B)
variations in body weight (>5% and 10%)

Vehicle

TH1902

Docetaxel

Docetaxel TH1902

after three or six treatments is presented
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resulted in activation of apoptosis, as well as decreased cellular pro-
liferation and increased sensitivity to cytotoxic chemotherapeutic

agents.‘/""65 Data from this study support the rapid and preferential

receptor-mediated induction of apoptosis by TH1902 through, in
part, the reduction of the anti-apoptotic Bcl-xL expression. This

is of considerable importance, as increased expression levels or
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FIGURE 13 Preliminary pharmacokinetics of TH1902 in

mice. Normal CD-1 mice were injected i.v. with TH1902 (50 mg/
kg). Plasma samples for pharmacokinetic characterization were
collected at the indicated times after i.v. bolus injection of TH1902.
TH1902 and docetaxel concentrations were determined by UPLC/
MS as described in the Methods section. Both TH1902 and free
docetaxel plasmatic concentrations were plotted as a function of
time. C ... termination half-life and AUC were estimated using the
PK solution software. Data are represented as mean + SEM (n = 3
to 6 mice per time point)

post-translational modifications of Bcl-2 family members, including
Bcl-xL, have been associated with resistance to taxanes.®¢” This is
an interesting finding since TNBC-derived MDA-MB-231 cells are
known to be resistant to docetaxel-induced apoptosis in part due
to high Bcl-xL levels,®®7% and further establishes that TH1902-
mediated apoptotic cell death occurs through its SORT1-mediated
internalization. Overall, TH1902 treatment therefore appears to cir-
cumvent the anti-apoptotic functions believed, in part, to be associ-
ated with chemoresistance in TNBC cells.

Impairment of mitotic progression coupled to inhibition of cell
proliferation and of signaling pathways are critical cellular pro-
cesses known to be targeted by docetaxel and which are partly ex-
plained by its intracellular action on microtubule dynamics.”* Given
the observed tubulin perturbation, this study confirms that, even
on TH19P01 peptide conjugation, docetaxel, once released from
TH1902, retained a similar intracellular mechanism of action as that
of free docetaxel by interfering with the dynamics of microtubules.
Interestingly, evidence suggests that the TH19P01 peptide required
cell surface clathrin-coated vesicles to be internalized and to reach
the lysosomal compartment where docetaxel could be released from
TH1902 by esterases and the peptide cleaved by proteases.®? This
again supports TH1902 as a new entity requiring an internalization
mechanism distinct from that of free docetaxel.

The molecular rationale supporting SORT1 as a therapeutic tar-
get is strengthened by its highly expressed levels on the cell surface
of multiple tumor types including ovarian cancer, prostate cancer,
skin cancer, and breast cancer.>¥% In this study, high expression

levels of SORT1 were observed in tumor biopsies and in ILNC. In

addition, in silico predictive analysis of TNBC patients using Kaplan-
Meier software confirmed that patients with high SORT1 gene ex-
pression had a poorer prognosis than patients with low SORT1 gene
expression, particularly in TNBC patients with lymph node metasta-
ses. This observation is further reinforced by a study conducted on
318 breast cancer patients where SORT1 was upregulated in 79%
of IDC and 59% of the TNBC subtypes.34 Recently, anti-PD-L1 anti-
bodies have demonstrated some promising clinical efficacy against
diverse tumor types where early findings revealed a durable clini-
cal response in only a small (10%-13%) fraction of metastatic TNBC
patients treated with antagonists for the PD-1/PD-L1 pathway.”?”®
When compared to PD-L1, which was found to be upregulated in
only 19% of this breast cancer subtype,”* SORT1 expression was
threefold higher in TNBC, which provides an additional advan-
tage in exploiting SORT1 receptor-mediated chemotherapy for
this difficult-to-treat disease. Accordingly, our results indicate that
SORT1-mediated chemotherapy may be envisioned as a novel, per-
sonalized, targeted approach for the treatment of patients with
SORT1-positive TNBC. Finally, the present in vivo data demonstrate
that both intraperitoneal and intravenous TH1902 administrations
are well tolerated and lead to better tumor growth inhibition and
an absence of tumor relapse after repeated treatments in the two
xenograft models of mice tested.

Taken together, TH1902, by targeting SORT1, showed a better
efficacy when administered at the equivalent MTD for docetaxel
and even at a quarter of this dose. Importantly, and within the treat-
ment modalities used, neither neutropenia nor body weight loss,
two of the major adverse toxic effects associated with docetaxel,
were observed after TH1902 treatments. The efficacy data and the
absence of major adverse effects indicate that TH1902 could have
a higher therapeutic window than docetaxel. This study therefore
demonstrates that efficient SORT1 receptor-mediated chemother-
apy could be developed through this versatile anticancer drug con-
jugation platform to TH19P01 peptide. Such a platform flexibility
allows personalized medicine to be envisioned by targeting TNBC

patients with SORT1-positive primary or metastatic tumors.
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