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Abstract

Background: Triple-negative breast cancer (TNBC) treatment is currently restricted to chemotherapy.
Hence, tumor-specific molecular targets and/or alternative therapeutic strategies for TNBC are urgently
needed. Immunotherapy is emerging as an exciting treatment option for TNBC patients. The aspartic
protease cathepsin D (cath-D), a marker of poor prognosis in breast cancer (BC), is overproduced and
hypersecreted by human BC cells. This study explores whether cath-D is a tumor cell-associated
extracellular biomarker and a potent target for antibody-based therapy in TNBC.

Methods: Cath-D prognostic value and localization was evaluated by transcriptomics, proteomics and
immunohistochemistry in TNBC. First-in-class anti-cath-D human scFv fragments binding to both
human and mouse cath-D were generated using phage display and cloned in the human IgG1 A format
(F1 and E2). Anti-cath-D antibodies biodistribution, anti-tumor efficacy and in vivo underlying
mechanisms were investigated in TNBC MDA-MB-231 tumor xenografts in nude mice. Anti-tumor
effect was further assessed in TNBC patient-derived xenografts (PDXs).

Results: High CTSD mRNA levels correlated with shorter recurrence-free survival in TNBC, and
extracellular cath-D was detected in the tumor micro-environment, but not in matched normal breast
stroma. Anti-cath-D F1 and E2 antibodies accumulated in TNBC MDA-MB-231 tumor xenografts,
inhibited tumor growth and improved mice survival without apparent toxicity. The Fc function of F1,
the best antibody candidate, was essential for maximal tumor inhibition in the MDA-MB-231 model.
Mechanistically, F1 anti-tumor response was triggered through natural killer cell activation via IL15
upregulation, associated with granzyme B and perforin production, and the release of antitumor IFNy
cytokine. The F1 antibody also prevented the tumor recruitment of immunosuppressive tumor-
associated macrophages M2 and myeloid-derived suppressor cells, a specific effect associated with a
less immunosuppressive tumor microenvironment highlighted by TGFf decrease. Finally, the antibody
F1 inhibited tumor growth of two TNBC PDXs, isolated from patients resistant or not to neo-adjuvant

chemotherapy.



Conclusion: Cath-D is a tumor-specific extracellular target in TNBC suitable for antibody-based
therapy. Immunomodulatory antibody-based strategy against cath-D is a promising immunotherapy to

treat patients with TNBC.



Background

Breast cancer (BC) is one of the leading causes of death in women in developed countries. Triple-
negative breast cancer (TNBC), defined by the absence of estrogen receptor (ER), progesterone receptor
(PR) and human epidermal growth factor receptor 2 (HER-2) overexpression and/or amplification,
accounts for 15-20% of all BC cases (1). Chemotherapy is the primary systemic treatment, but resistance
to this treatment is common (1). Hence, tumor-specific molecular targets and/or alternative therapeutic
strategies for TNBC are urgently needed. With the discovery of antigens specifically expressed in TNBC
cells and the developing technology of monoclonal antibodies, immunotherapy is emerging as a novel
promising option for TNBC (2).

Human cathepsin D (cath-D) is a ubiquitous, lysosomal, aspartic endoproteinase that is
proteolytically active at low pH. Cath-D is overproduced and abundantly secreted by human epithelial
BC cells (3) with expression levels in BC correlating with poor prognosis (4, 5). Cath-D affects both
cancer and stromal cells in the breast tumor microenvironment by increasing BC cell proliferation (3, 6,
7), fibroblast outgrowth (8, 9), tumor angiogenesis (10, 11), tumor growth and metastasis (6). Human
cath-D is synthesized as a 52-kDa precursor that is converted into an active 48-kDa single-chain
intermediate in the endosomes, and then into a fully active mature form, composed of a 34-kDa heavy
chain and a 14-kDa light chain, in the lysosomes. Its catalytic site includes two critical aspartic residues,
residue 33 on the 14-kDa chain and residue 231 on the 34-kDa chain.

The over-production of cath-D by BC cells leads to hypersecretion of the 52-kDa pro-cath-D into the
extracellular environment (3). Purified 52-kDa pro-cath-D auto-activates in acidic conditions giving rise
to a catalytically active 51-kDa pseudo-cath-D that retains the 18 residues (27-44) of the pro-segment
(12). Extracellular cath-D displays oncogenic activities by proteolysis at acidic pH and via non-
proteolytic mechanisms through protein-protein interaction (13-15). Extracellular cath-D can modify
the local extracellular matrix by cleaving chemokines (16, 17), growth factors, collagens, fibronectin,
proteoglycans, protease inhibitors (e.g., cystatin C (18), PAI 1 (19)), or by activating enzyme precursors
(e.g., cathepsins B and L) (13). It can also promote BC cell proliferation by binding to an unknown
receptor via the residues 27-44 of its pro-peptide (20). It can trigger breast fibroblast outgrowth upon
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binding to the LRP1 receptor (9, 21), and induce endothelial cell proliferation and migration via the
ERK and AKT signaling pathways (11). Therefore, extracellular cath-D could represent a novel
molecular target in BC.

Cath-D deficiency in humans is associated with neuronal ceroid lipofuscinosis, one amongst the most
common pediatric neurodegenerative lysosomal storage diseases, indicating its non-redundant essential
role in protein catabolism and cellular homeostasis maintenance (22). Consequently concomitant
inhibition of intracellular and extracellular cath-D with cell-permeable chemical drugs (23) could be
toxic. Therefore, we hypothesized that human antibodies targeting extracellular cath-D, which is
massively secreted in BC, could circumvent this toxicity and be better therapeutic agents.

Here, we first validated the potential value of cath-D as a tumor-specific extracellular target in TNBC
and its suitability for antibody-based therapy. Then, we generated two human anti-cath-D scFv
fragments cloned in the human IgG1 A format (F1 and E2) that efficiently bind to human and mouse
cath-D, even at the acidic pH of the TNBC microenvironment. F1 and E2 accumulated in TNBC MDA -
MB-231 tumor xenografts, inhibited tumor growth and improved mice survival without apparent
toxicity. Using this xenograft model, we found that the Fc function of F1 was essential for maximal
tumor inhibition. Mechanistically, F1-based therapy triggered an anti-tumor response via natural killer
(NK) cell activation, and antitumor cytokine production. Furthermore, F1 treatment prevented the
recruitment of tumor-associated macrophages (TAMs) and myeloid-derived suppressor cells (MDSCs)
within the tumor, a specific effect associated with a less immunosuppressive tumor microenvironment.
Finally, F1 inhibited tumor growth of TNBC patient-derived xenografts (PDXs). This preclinical proof-
of-concept study validates the feasibility and efficacy of an anti-cath-D immunomodulatory antibody-

based strategy to treat patients with TNBC.



Methods

Reagents

The anti-human cath-D antibody against 52-, 48-, and 34-kDa forms was from Transduction
Laboratories (#610801BD). The anti-human cath-D antibody (ab75811) against 14-kDa form was from
Abcam. The anti-human cath-D antibody against 4-kDa pro-domain was kindly provided by Prof M.
Fusek (Oklahoma Medical Research Foundation). The anti-human cath-D antibodies M1G8, D7E3 and
M2ES8 were previously described (9, 24). The anti-human cath-D antibody (clone C-5) and CD11¢ (HL3)
were from Santa Cruz Biotechnology. The anti-human Fc antibody conjugated to HRP (A0170) was
from Sigma Aldrich. The anti-human CD20 chimeric IgG1 antibody (rituximab) was from Roche, and
the anti-mouse F4/80 antibody (clone BM8, MF48000) from Invitrogen. Matrigel (10 mg/ml) was
purchased from Corning. The fluorescent-conjugated antibodies against CD45 (30-F11), F4/80 (BMS),
CD11b (M1/70), and Grl (RB6-8C5) were from Thermo Fisher Scientific, and against CD49b (DX35),
and MHC-IT (M5/114.15.2) were from Abcam. Recombinant human pro-cath-D was purchased from

R&D Systems.

Cell lines, ELISA, immunoprecipitation and western blotting

The MDA-MB-231 cell line was previously described (6). Cells were cultured in DMEM with 10% fetal
calf serum (FCS, GibcoBRL). To produce conditioned medium, cells were grown to 90% confluence in
DMEM medium with 10% FCS, and conditioned medium was centrifuged at 800 x g for 10min. For
sandwich ELISA, 96-well plates were coated with M2E8 antibody in PBS (500 ng/well) at 4°C
overnight. After blocking non-specific sites with PBST/1% BSA, conditioned medium was added at 4°C
for 2h. After washes in PBST, serial dilutions of F1 or E2 were added at 4°C for 2h and interaction
revealed with an anti-human Fc¢ antibody conjugated to HRP (1/2000; 355ng/well). Cath-D was
quantified in TNBC cytosols by sandwich ELISA, as described above, after coating with the D7E3
antibody in PBS (200ng/well) and with the M1G8 antibody conjugated to HRP (1/80), and using
recombinant pro-cath-D (1.25-15ng/ml) for reference (6). TNBC cytosols were previously prepared and
frozen (25). GST-cath-D fusion proteins were produced in the E. coli B strain BL21 as described (9).
The resulting proteins were separated on 12% SDS-PAGE and analyzed by immunoblotting.
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Study approval

Mouse experiments were performed in compliance with the French regulations and ethical guidelines
for experimental animal studies in an accredited establishment (Agreement No. D3417227). The study
approval for PDXs was previously published (26). For TMA, TNBC samples were provided by the
biological resource center (Biobank number BB-0033-00059) after approval by the Montpellier Cancer
Institute Institutional Review Board, following the Ethics and Legal national French dispositions for the
patients’ information and consent. For BC cytosols, patient samples were processed according to the
French Public Health Code (law n°2004-800, articles L. 1243-4 and R. 1243-61), and the biological
resources center has been authorized (authorization number: AC-2008-700; Val d’Aurelle, ICM,
Montpellier) to deliver human samples for scientific research. All patients were informed before surgery

that their surgical specimens might be used for research purposes.

In vivo studies

MDA-MB-231 cells (2x 10% mixed 1:1 with Matrigel) were injected subcutaneously in 6-week-old
female athymic mice (Foxn1™, ENVIGO). When tumors reached a volume of about 50 mm?, tumor-
bearing mice were randomized and treated with F1 (15 mg/kg), E2 (15 mg/kg), rituximab (15 mg/kg),
or NaCl by intraperitoneal injection 3 times per week. Tumors were measured using a caliper and volume
was calculated using the formula V' = (tumor length x tumor width x tumor depth)/2, until the tumor
volume reached 2000 mm?. For PDX models, approximately 5 x 5 x 5 mm of B1995 and B3977 tumor
fragments were transplanted in the inter-scapular fat pads of in 6-week-old female Foxn1™ mice. When
tumor volume reached a volume of about 150 mm?, mice were randomized in two treatments groups:
F1 (15 mg/kg) or saline solution by intraperitoneal injection 3 times per week. Tumor volumes were

measured as described above.

SPECT/CT imaging
To generate ""Lu-labeled antibodies, F1 and E2 were conjugated with p-SCN-benzyl-DOTA. The
immunoreactivity of the DOTA-conjugated antibodies (5 and 7 DOTA/IgG for F1 and E2, respectively)
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was verified by ELISA. DOTA-conjugated F1 and E2 were then labeled with '”’Lu (Perkin Elmer) at
200 MBg/mg. Radiochemical purity was >97% and radionuclide purity >99.94%. For SPECT-CT
imaging, 5 mice were xenografted with MDA-MB-231 cells. When tumors reached a volume of about
150 mm?, mice received an intraperitoneal injection of 7 MBq of ""Lu-F1 or '7’Lu-E2 (3 mice for F1
and 2 for E2). At 24, 48, and 72h post-injection, whole-body SPECT/CT images were acquired using a
four-headed NanoSPECT imager (Bioscan Inc., Washington DC). Reconstructed data from SPECT and

CT images were visualized and co-registered using Invivoscope®.

Immunohistochemistry

For cath-D immunostaining, TNBC TMA and PDX primary tumor sections were incubated with anti-
cath-D mouse antibody (clone C-5) at 0.4 pg/ml for 20min after heat-induced antigen retrieval using the
PTLink pre-treatment (Dako) and the High pH Buffer (Dako) and endogenous peroxidase quenching
with Flex Peroxidase Block (Dako). After two rinses in EnVision™ Flex Wash buffer (Dako), sections
were incubated with a HRP-labeled polymer coupled to secondary anti-mouse antibody (Flex® system,
Dako) for 20min, followed by 3,3’-diaminobenzidine as chromogen. Sections were counterstained with
Flex Hematoxylin (Dako) and mounted after dehydration. Sections were analyzed independently by two
experienced pathologists, both blinded to the tumor characteristics and patient outcomes at the time of
scoring. In tumor and normal epithelial breast cells with peripheral membrane labeling, cath-D signal
was scored as absent (0%), low (<20%), moderate (20-50%), or high (>50%). Extracellular granulations
observed in the stroma were considered as extracellular cath-D staining. Extracellular stromal cath-D
signal was defined as: absent (0%), low (<20%), moderate (20-50%), or (high >50%). For IHC of MDA -
MB-231 xenografts, tumor samples were collected and fixed in 10% neutral buffered formalin for 24h,
dehydrated, and embedded in paraffin. For F4/80 immunostaining, xenograft sections (4-pum thick),
sections were incubated with an anti-F4/80 antibody for 30min, followed by a rabbit anti-rat antibody
(Thermo Scientific, 31218) before the Envision® system (Dako). Diaminobenzidine (Dako) as
described above. F4/80 staining images were digitalized with the NanoZoomer slide scanner

(Hamamatsu) and analyzed with the Aperio Imagescope software.



Homology modeling and docking

Homology models were built using Modeller (27). The heavy and light chain (VH and VL) were
modeled separately, using as template the closest homolog with the same CDR length. VH and VL
models were then reassembled based on the relative orientation in the template used for VH modeling.
Docking of each molecular model on cath-D was made using PRIOR (28). Figures were prepared using

the PyMOL Molecular Graphics System (Version 2.0 Schrodinger, LLC).

Gene expression data analysis

Recurrence-free survival with a 10-year follow-up was calculated using the on-line Kmplot tool
accessed on October 2 2017 with the 200766 at Affymetrix probe ((29), www. http://kmplot.com).
Analysis was restricted to the 255 patients with TNBC present in the database at this date and with the
best cut-off option. The cut-off value was 1919 with a probe range from 50 to 6518. The group with
high cath-D mRNA expression at the time 0 represented 38% of the population. Differences were

evaluated with the Log-rank test.

Quantitative RT-PCR

Reverse transcription of total RNA was performed at 37°C using the Moloney murine leukemia virus
reverse transcriptase (Invitrogen, Carlsbad, CA) and random hexanucleotide primers (Promega,
Madison, WI). Real-time quantitative PCR analyses were performed on a Light Cycler 480 SYBR Green
I master and a Light Cycler 480 apparatus (both from Roche Diagnostics, Indianapolis, IN). The PCR
product integrity was verified by melting curve analysis. Quantification data were normalized to the
amplification data for the reference gene encoding ribosomal protein S9 (RPSY). The sequences of the
primers for IL-15, GZMB, PRF1, IFNy, CD206, F4/80, TGFf3, and RPS9 are in Table S1 (additional file

9).

Isolation of tumor-infiltrating cells and FACs analysis



Tumors were digested with a mixture of collagenase IV (1 mg/ml) (Sigma) and DNase I (200 U/ml)
(Sigma) in Hank’s Balanced Salt Solution (HBSS) containing 2% FCS at 37°C for three incubations of
15min/each. The mixtures were then mechanically separated using the Gentle MACs procedure. After
digestion, tumor suspensions were passed through a 70um nylon cell strainer, centrifuged and
resuspended in FACS buffer (PBS pH 7.2, 1% FBS, 2mM EDTA and 0.02% sodium azide). Cells were
blocked with FACS buffer containing 1% (v/v) of Fc Block (Miltenyi) and, stained with fluorescent-
conjugated antibodies against the following cell surface markers: CD45, CD49b, F4/80, CD11c, CD11b,
Grl and MHC-II. MDSCs were defined as CD45P*°CD49b"¢CD11¢c™¢CD11bP*Gr1P*MHC-11"¢ cells.
Dendritic cells were defined as CD45P*CD49b™¢CD11cP*MHC-11"*¢ cells. Macrophages were defined
as CD45CD11bP*F4/80r* cells within the gate excluding MDSCs and dendritic cells. Sorted cells
were then washed in FACS buffer, and fixed with 1% PFA in PBS. Samples were analyzed by flow
cytometry using a Beckman and Coulter Cytoflex flow cytometer. Tumor cells were defined as CD45-
negative events in a scatter gate that included small and large cells. Events were analyzed with FlowJo

10.4.

Statistical analysis.

A linear mixed regression model was used to determine the relationship between tumor growth and
number of days after xenograft. The variables included in the fixed part of the model were the number
of days post-graft and the treatment group; their interaction was also evaluated. Random intercepts and
random slopes were included to take into account the time effect. The model coefficients were estimated
by maximum likelihood. A survival analysis was conducted, and the event considered was a tumor
volume of 2000 mm?. Survival rates were estimated using the Kaplan-Meier method and survival curves
were compared with the Log-rank test. Statistical analysis was conducted with the STATA 13.0
software. The Student’s ¢ test was used to evaluate difference. Statistical significance was set at the 0.05

level.
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Results

Cath-D within the tumor microenvironment is eligible for antibody-mediated targeted therapy in
TNBC patients

First, we investigated the clinical significance of the expression of C7SD (the gene encoding cath-
D) in a cohort of 255 patients with TNBC using an online survival analysis (29). High CTSD mRNA
level was significantly associated with shorter recurrence-free survival (HR=1.65 [1.08-2.53]; p=0.019)
(Fig. 1A), suggesting that cath-D overexpression could be used as a predictive marker of poor TNBC
prognosis. Then, we assessed cath-D expression in cytosols of primary BC samples (HR"/HER2"; HR"
/HER2*; HR*/HER2", HR/HER") by cytosolic assay. Our results revealed a mean cath-D level of
43.5pmol/mg protein in the TNBC (HR/HER") subtype that was not significantly different from that of
the other BC subtypes (Additional file 1: Figure S1), and was in the range of the cut-off values reported
in clinical studies on all combined BC subtypes (4, 5). Next, to assess whether cath-D in TNBC was an
accessible molecular target for anti-cath-D antibodies, we re-analyzed cath-D status in previously
published datasets used for biotin-based affinity isolation and proteomic analysis of accessible protein
biomarkers in human BC tissues (30) and (Additional file 2: Figure S2). We found that extracellular
and/or membrane-associated cath-D could be detected only in the TNBC tumor sample and not in the
adjacent normal breast tissue (Fig. 1B). We validated these proteomic data by anti-cath-D
immunohistochemistry (IHC) analysis of a Tissue Micro-Array (TMA) that included 123 TNBC
samples (Additional file 3: Figure S3). We detected extracellular cath-D in the microenvironment of
98% of TNBC samples (Fig. 1C and D), and membrane-associated cath-D at the cancer cell surface of
85.7% of samples (Fig. 1E and F). Conversely, extracellular and membrane-associated cath-D was not
detectable in normal breast tissues (Fig. 1G and H). Together with the previously published data, our
results show that cath-D is a tumor cell-associated extracellular biomarker and strongly suggest that it

could be a good candidate for antibody-based therapy in TNBC.

Selection of novel anti-human cath-D scFv fragments by phage display
For future potential clinical application especially in patients with TNBC, we decided to engineer a
collection of novel, fully human, anti-cath-D antibodies. For this purpose, we probed the phage antibody
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expression library Husc I (31, 32) with recombinant human 34+14-kDa cath-D, and isolated polyclonal
human antibodies in scFv format showing specific binding to immobilized cath-D by ELISA. After
enrichment by four rounds of bio-panning (Additional file 4: Figure S4A), we selected five monoclonal
antibodies based on their binding to recombinant human 52-kDa pro-cath-D and 34+14-kDa mature
cath-D (Additional file 4: Figure S4B). We purified these five his-tagged scFv fragments by affinity
chromatography (Additional file 4: Figure S4C), and determined by ELISA that the purified antibodies
still bound to secreted human 52-kDa pro-cath-D and cellular cath-D (Additional file 4: Figure S4D)
from MDA-MB-231 cells (cell line derived from an invasive ductal cell carcinoma that represents one
of the most common TNBC models). These scFv fragments also recognized mouse cellular cath-D
(81.1% of identity with human cath-D) from MEF cells (Additional file 4: Figure S4E). We then used
the three scFv antibodies (F1, E2 and E12 scFv) with the highest binding to human and mouse cath-D

to produce fully human IgG1 A (F1, E2, E12).

Generation of anti-cath-D human antibodies

Sandwich ELISA using pro-cath-D secreted from MDA-MB-231 cells showed that F1 (Fig. 2A, left
panel) and E2 (Fig. 2A, right panel) retained good binding capacities (ECs5=0.2nM and 1.2nM,
respectively). Conversely, E12 in the IgG1 format lost its binding activity (data not shown). Moreover,
F1 and E2 binding to pro-cath-D was comparable at pH values from 7.5 to 5.5 (Fig. 2B), suggesting that
they are active also in the highly acidic tumor microenvironment. We also confirmed F1 and E2 good
selectivity towards pro-cath-D compared with other aspartic enzymes, such as pro-cathepsin E,
pepsinogen A and pepsinogen C (Additional file 5: Figure S5).

We next characterized the cath-D epitope recognized by F1 and E2. Molecular docking performed
on the three-dimensional structure of mature cath-D (PDB ID 1LY A) (33) strongly suggested that F1
and E2 scFv interact mainly with the 34-kDa cath-D chain (in red) (Fig. 2C, top panels). Moreover, the
third complementary determining region of the heavy chain (CDRH3) of both F1 and E2 scFv, which is
crucial for antibody specificity, might protrude into the proteinase active site (Fig. 2C, bottom panels).
By competitive ELISA, we confirmed that F1 and E2 epitopes overlapped (Fig. 2D). Finally, using GST-
cath-D fusion fragments, we showed that both F1 and E2 immunoprecipitated the 52-, 48- and 34-kDa
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forms of GST-cath-D, but not the 4-kDa GST-cath-D pro-fragment and the 14-kDa light chain GST-
cath-D (Fig. 2E, left panel). These results indicated that, the cath-D epitopes of F1 and E2 are located

mainly on the 34-kDa part of the protein (Fig. 2E, right panel).

Anti-cath-D human antibodies localize and accumulate in MDA-MB-231 tumor xenografts

We then assessed F1 and E2 localization by SPECT/CT and their bio-distribution in nude mice
xenografted subcutaneously with MDA-MB-231 cells. When tumor cell xenografts reached about 150
mm?, mice received one single intraperitoneal injection of antibodies labeled with lutetium 177 (*’"Lu-
F1 and '"Lu-E2), a radionuclide emitting gamma particles that can be used for imaging and bio-
distribution purposes. Whole-body SPECT/CT images acquired 24, 48 and 72h post-injection showed
that ""Lu-F1 and '""Lu-E2 accumulated in the MDA-MB-231 tumor xenografts (asterisks in Fig. 3A).

The bio-distribution profiles confirmed that '"’Lu-F1 and '""Lu-E2 gradually accumulated in the
tumors from 24h and up to 96h (Additional file 6: Figure S6). The percentage (mean = SD) of injected
activity/g tissue detected in tumors (%IA/g) at 72h was 8.2%+4.3% for F1 and 8.1%=+2.2% for E2
(Additional file 6: Figure S6). Moreover, at 72h, 7’Lu-F1 and '""Lu-E2 were present also in blood
(6.4%=*2.1% and 11.3%=+6.1%, respectively), and liver (10.5%+5.2% and 10.7%=+4.7%, respectively).
However, their concentration in blood and liver decreased rapidly due to physiological elimination.

These results indicate that F1 and E2 localize and accumulate in TNBC MDA-MB-231 xenografts.

The anti-cath-D F1 and E2 antibodies inhibit TNBC MDA-MB-231 tumor growth and improve
survival

We used athymic Foxn1™ nude mice xenografted subcutaneously with MDA-MB-231 cells to study
the anti-tumor properties of the anti-cath-D antibodies F1 and E2. When MDA-MB-231 tumors reached
50 mm?, we treated mice with F1, E2 (15mg/kg), or saline solution (control) by intraperitoneal injection
3 times per week for 32 days (day 23-55 post-graft), and sacrificed them when tumor volume reached
2000 mm?®. Treatment with F1 or E2 significantly delayed tumor growth compared with control (Fig.
3B; P <0.001 for F1, P=0.002 for E2). At day 55, tumor volume was reduced by 58% in the F1
(P=0.0005) and by 49% (P=0.0026) in the E2 group compared with control (Fig. 3C). Moreover, the
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overall survival rate, reflected by a tumor volume superior to 2000 mm?®, was significantly longer in
mice treated with F1 or E2 than in controls, with a median survival of 72 and 64 days for the F1 and E2
groups respectively, compared with 57 days for control animals (Fig. 3D; Kaplan-Meier survival
analysis, P=0.0005 for F1, P=0.0016 for E2). These results show that anti-cath-D human antibodies as

monotherapy delay very efficiently tumor growth in nude mice xenografted with MDA-MD-231 cells.

Anti-cath-D antibody-based therapy prevents macrophage recruitment within MDA-MB-231
tumor xenografts

To further investigate the in vivo mechanisms underlying the antitumor effect of F1 and E2, we
treated nude mice xenografted with MDA-MB-231 cells with F1, E2 or the anti-human CD20 IgG1
rituximab, as negative isotype control (same schedule as before), and then sacrificed all mice at the
treatment end. F1 and E2 led to a significant inhibition of tumor growth compared with rituximab
(P=0.001 for F1, P=0.002 for E2) (Fig. 4A). At the end of the experiment (day 44), tumor volume was
reduced by 76% in the F1 group (£ =0.0001) and by 63% (P = 0.0012) in the E2 group, compared with
the rituximab group (Fig. 4B). Moreover, although F1 and E2 cross-react with mouse cath-D, mice
treated with the anti-cath-D antibodies gained weight and displayed normal activities (Additional file 7:
Figure S7), suggesting minimal off-target effects for these human antibodies.

Then, we investigated the effect of F1 and E2 monotherapy on tumor cell proliferation, apoptosis,
and angiogenesis by IHC. Ki67, a marker of proliferating cells (Additional file 8: Figure S8A and B),
activated caspase 3, a marker of apoptosis (Additional file 8: Figure S8C and D), and the angiogenesis
marker CD31 (Additional file 8: Figure S8E and F) were similarly expressed in tumors from the three
groups of mice. As antibody-based immunotherapy is often associated with immune modulation of the
tumor microenvironment (34), we assessed the impact of anti-cath-D antibodies on tumor-infiltrating
immune cells, particularly on myeloid cells that are present in Foxn1™ nude mice. Staining with the anti-
macrophage F4/80 antibody revealed that macrophage infiltration in the tumor core was reduced by
64.8% in the F1 and by 41% in the E2 group, compared with the rituximab group (Fig. 4C and D;
P<0.0001 for F1, P=0.0063 for E2). Moreover, the percentage of F4/80" cells was positively associated
with tumor volume by linear regression analysis (Fig. 4E; P=0.0464). Our findings show that anti-cath-
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D antibody treatment inhibits macrophage infiltration in MDA-MD-231 tumor xenografts, suggesting

that this antibody-based therapy may impact the tumor immune microenvironment.

The anti-cath-D antibody F1 prevents M2-like macrophages and MDSC recruitment, leading to a
less immunosuppressive tumor microenvironment in MDA-MB-231 xenografts

As the immunomodulatory effect of antibody-based therapy could depend on Fc-mediated
mechanisms (35), we engineered an aglycosylated Fc-silent version of the F1 antibody (F1Fc) in which
the mutation N297A prevents binding to FcyRs (36).

We first confirmed that F1Fc binding to cath-D was comparable to that of F1 (Additional file 9:
Figure S9). We then treated mice harboring MDA-MD-231 tumor cell xenografts with F1Fc, F1 or
rituximab (CTRL) as before. F1 treatment significantly reduced tumor growth compared with rituximab
(Fig. 5A; P<0.001). Conversely, F1Fc effect on tumor growth was reduced compared with F1 (Fig. 5A).
At the end of the experiment (day 54), tumor volume was reduced by 63.1% (P=0.01) in the F1 group
and only by 32.9% (not significant) in the F1Fc group compared with the rituximab group (Fig. 5B).
Thus, the Fc effector functions of F1 are essential for maximal tumor inhibition, corroborating the
participation of immune cells in the anti-tumor response induced by anti-cath-D antibody therapy.

We next analyzed tumor immune infiltrates at day 54 by FACS analysis with a specific focus
on TAMs and MDSCs, associated with tumor progression and relapse in BC (37, 38). In agreement with
the previous THC results (Fig. 4C and D), the percentage of F4/80° CD11b" macrophages within the
immune CD45" cell population was significantly decreased by 67% in Fl-treated animals (P=0.044
compared with the rituximab group) and only by 33% in the F1Fc-treated group (not significant) (Fig.
5C). Moreover, linear regression analysis showed that the percentage of macrophages was significantly
correlated with tumor volume in all animals (three treatment groups together) (R?=0.5425, P<0.0001)
(Fig. 5D), suggesting that in this model, tumor progression was associated with macrophage enrichment
and that the F1 antibody prevented their infiltration. In many tumors including BC, TAMs are M2
polarized, which is associated with pro-tumorigenic functions (37, 39). At day 54, the expression of
CD206 mRNA, a M2-associated marker (40), was significantly downregulated by 56.6% (P=0.05) and
62.9% (P=0.04) in MDA-MB-231 tumor xenograft RNA samples from the F1- and F1Fc-treated group,
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respectively, compared with control (rituximab) (Fig. 5E). This suggests that anti-cath-D antibody
monotherapy prevented tumor infiltration by M2 macrophages and that this could have contributed to
limit tumor growth.

In addition, the percentage of Gr1* CD11b" MDSCs within the immune CD45" cell population also
was significantly decreased by 53.4% (P=0.008) in F1-treated mice and by 29.6% in F1Fc-treated mice
(not significant) compared with control (rituximab) (Fig. 5F). The percentage of tumor-infiltrating
MDSCs was positively correlated with tumor volume in the whole population (three groups together)
(Fig. 5G; P=0.0125). Because of the changes of TAMs and MDSCs, F1 treatment may alter
immunosuppressive factors in the tumor microenvironment. Indeed, mRNA expression of the inhibitory
cytokine transforming growth factor  (7GF /) was reduced by 51% in tumors from F1-treated mice
(P=0.0099 compared with the rituximab control) and by 30.6% in the F1Fc group (not significant) (Fig.
5H). This strengthened the effect of anti-cath-D antibody therapy on immunosuppressive M2
macrophages and MDSCs. Our data highlight the strong impact of anti-cath-D antibody therapy on the
tumor immune microenvironment, leading to a less immunosuppressive microenvironment in MDA -

MB-231 xenografts.

The anti-cath-D antibody F1 anti-tumor response is triggered via NK cell activation

NK cells are needed for the efficacy of antibody-based immunotherapies by triggering antibody-
dependent cell-mediated cytotoxicity (41). To determine the potential implication of NK cells in anti-
cath-D antibody therapy, we quantified by FACS analysis the CD49b" CD11b" NK cell population in
tumors at the end of treatment (day 54) and found that it was comparable in the F1-, F1Fc- and rituximab-
treated groups (Fig. 5I). RT-qPCR analysis of the expression of /L-15, a cytokine associated with NK
cell activation (42), showed that it was upregulated (up to 209%, P=0.0013 compared with rituximab)
in the F1 group, but not in the F1Fc-treated group (P=0.0127 compared with F1) (Fig. 5J). This suggests
a causal relationship between the F1 antitumor response and NK cell activation. In agreement, /L-15
mRNA level was inversely correlated with tumor volume in the entire population (three groups together)
by linear regression analysis (Fig. 5K; P=0.0013). We then quantified granzyme B (GZMB) and perforin
1 (PRFI) mRNA levels, as a read-out of NK cell activity. GZMB was strongly upregulated (up to 220%)
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in the F1 group (P=0.0002 compared with rituximab). Although significant, the up-regulation remained
modest in the F1Fc group compared with the control group and was significantly reduced compared
with the F1-treated group (Fig. SL; P = 0.0076). Similarly, PRFI expression was increased by 500% in
the F1 group compared with control (P=0.033) and slightly less in the F1Fc group (Fig. 5M). Finally,
the mRNA expression of the antitumor cytokine /FNy was upregulated by 494.8% in the F1 group
compared with control (Fig. SN; P<0.0001). This upregulation was significantly reduced in the F1Fc-
treated group compared with the F1 group (Fig. 5N; P=0.0078). Altogether, our results strongly suggest
that the anti-tumor response of the anti-cath-D antibody F1 in MDA-MB-231 xenografts is in part
triggered by Fc-dependent mechanisms via NK cell activation through IL15 upregulation, associated

with granzyme B and perforin production and the release of /FNy.

The anti-cath-D antibody F1 inhibits growth of patient-derived xenografts of TNBC

Finally, we tested F1 effect in mice harboring PDXs of TNBC (26). First, quantification by sandwich
ELISA in whole cytosolic extracts of five representative TNBC PDXs showed that cath-D concentration
varied from 18 to 77 pmol/mg of total protein (Fig. 6A). These values were in the same range as those
detected in whole cytosolic extracts prepared from MDA-MB-231 tumor xenografts (Fig. 6A), and from
40 TNBC samples (Fig. 6B). Immunostaining of the B1995 and B3977 primary tumors with an anti-
cath-D antibody confirmed that cath-D was detected in tumor cells and microenvironment (Fig. 6C), as
previously observed with the TNBC TMA (Fig. 1C and F). These results indicate these PDX models are
representative of the disease, at least concerning cath-D expression. We then engrafted athymic nude
mice with PDX B1995 or PDX B3977, the two PDXs showing the fastest growth in nude mice (average
passage duration for the first three passages: 46 days for B1995 and 42 days for B3977) (Fig. 6D).
Tumor volume increase was significantly slowed down in mice treated with F1 compared with control

(Fig. 6E).
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Discussion

Here we described the discovery, characterization, and preclinical development of F1, a fully human
anti-cath-D IgG1 antibody isolated from a human scFv phage display library. Our study indicates the
anti-cath-D human antibody F1 is a candidate drug that could be translated into the clinic for the
treatment of patients with TNBC. Our findings demonstrated F1 therapeutic efficacy in three different
TNBC models (MDA-MB-231 cell xenografts and two TNBC PDXs). Moreover, they also confirmed
that tumor-specific extracellular non-receptor oncoproteins are reliable molecular targets for antibody-
based cancer therapy. Indeed, although monoclonal antibodies have a remarkable efficacy as anti-cancer
therapeutics (34), only a limited number of soluble targets have been explored so far, and antibody
therapy is mainly focused on receptor antigens on cancer cells as “druggable” targets. In BC, the most
relevant example is trastuzumab (Herceptin®) to treat HER2" tumors.

Our data show that cath-D is a pertinent target for antibody-based therapy in TNBC. A recent
study reported that cath-D is overexpressed in 71.5% of the 504 TNBC analyzed and proposed a
prognostic model for TNBC outcome based on node status, cath-D expression and Ki67 index (43).
Here, we found that high CTSD mRNA expression was significantly associated with shorter recurrence-
free survival in a cohort of 255 TNBC samples (29). Our re-analysis of previously published proteomic
data (30) allowed describing the extracellular and cell-surface expression of cath-D in TNBC. Moreover,
in the TNBC TMA, we detected extracellular cath-D in the tumor microenvironment in 98.4% of
samples and at the surface of cancer cells in 85.4% of samples. Conversely, in normal breast, we
observed cath-D expression only inside luminal breast cells. Altogether, our data strongly suggest that
extracellular cath-D could be considered as a therapeutic target and a biomarker in TNBC.

To engineer anti-cath-D antibodies, we used the antibody phage display technology, an efficient
methodology for the isolation of human monoclonal antibodies for therapeutic applications (34).
Importantly, the human scFv antibody format is suitable for incorporation of the binding specificity into
therapeutic proteins and can be reformatted into intact [gG1, as shown here. Anti-human cath-D mouse
monoclonal antibodies have been produced also using the hybridoma strategy (24). However, their

therapeutic effect was not investigated. Vetvicka’s group also developed mouse monoclonal antibodies
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against the amino acid stretch (aa 27-44) within the human cath-D pro-peptide. These antibodies inhibit
human BC cell xenograft growth in nude mice (44).

Here, we validated the concept of targeting extracellular cath-D in the TNBC microenvironment
using anti-cath-D human antibodies in the IgG1 format that allows future clinical applications. In vivo,
F1 and E2 inhibited tumor growth and improved the overall survival without apparent toxicity.
Moreover, F1, our most potent antibody, inhibited growth also of two TNBC PDXs (B1995, and B3977).
PDX B1995 was isolated from a patient with TBNC after neo-adjuvant therapy, whereas PDX B3977
was isolated from a patient with TNBC resistant to neo-adjuvant chemotherapy. Thus, our findings
strongly suggest that F1 may represent a new therapeutic strategy to treat patient with TNBC resistant
to chemotherapy.

Monoclonal antibodies mediate tumor cell inhibition through multiple mechanisms of action,
including direct target inhibition through antigen-binding (Fab) fragment engagement and immune cell
modulation through their constant region Fc. Using the F1Fc mutant we showed that F1 Fc function is
essential for maximal tumor growth inhibition in athymic nude mice xenografted with TNBC MDA -
MB-231 cells. The IgG1 Fc portion can recruit and activate components of the complement system and
innate immune effector cells, resulting in destruction of antibody-targeted cancer cells through
complement-dependent cytotoxicity, antibody-dependent cellular phagocytosis, or antibody-dependent
cellular cytotoxicity (ADCC) (34). Evidence from multiple in vivo models suggests that antibody
binding to cellular FcyRs is the major pathway for ADCC, which is classically mediated by NK cells
(45). Here, we demonstrated that F1 leads to NK cell activation via IL-15 upregulation, associated with
increased granzyme B and perforin production to eliminate tumor cells, as well as higher levels of the
antitumor IFNy cytokine. Conspicuously, these effects were limited when using the aglycosylated F1Fc
antibody in which the mutation N297A prevents binding to FcyRs. Aglycosylated antibodies retain
antigen binding, as observed for F1Fc, but show defects in binding to FcyRs, and ADCC induction (36).
Altogether these results indicate that NK cells are implicated in F1 antitumor response, suggesting
ADCC occurrence in vivo. ADCC is one of the immunotherapeutic strategies currently under

investigation to awake the innate anti-cancer response. Recent studies and clinical trials have highlighted
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that manipulation of NK cell activation can be used as an immunotherapy in cancer, particularly against
tumor metastases (41). As Fc dependence of antibodies is a sine qua non requirement for their use in the
clinic to ensure effectiveness, NK cell activation following F1 Ab treatment is a key finding.

We also found that F1 has a remarkable effect on the tumor immune microenvironment. First, it
prevented the infiltration of M2-like macrophages in MDA-MB-231 tumors. Earlier studies suggested
that TAMs participate in antitumor responses; however, recent evidences indicate that they support
tumor progression by blocking the anti-tumor immunity and by secreting factors that promote
angiogenesis and re-activation of the epithelial-to-mesenchymal transition, which enhance metastasis
formation (39). In BC, TAMs are the most abundant inflammatory cells and are typically M2-polarized
with suppressive capacity (39) that stems from their enzymatic activities and production of anti-
inflammatory cytokines, such as TGFf (46). In our TNBC mouse model, M2-polarized macrophages
and TGFP expression were decreased after F1 treatment. High TAM levels have been associated with
poorer BC outcomes (37). Therefore, several strategies are currently under investigation, such as the
suppression of TAM recruitment, their depletion, or the switch from the pro-tumor M2 to the anti-tumor
M1 phenotype in patients with TNBC (47). Our findings showing reduced macrophage infiltration and
decreased M2-like macrophages in response to F1 treatment are in line with the ongoing therapeutic
strategies.

MDSCs are immature myeloid cells that promote the immunosuppressive tumor microenvironment
through multiple mechanisms, including expression of immunosuppressive cytokines, such as
TGFp (48). Treatment with F1 limited MDSC infiltration in MDA-MB-231 xenografts, and
downregulated TGFp expression. MDSC expansion in tumors is a major mechanism of tumor immune
escape (38), and are considered as a potential cancer biomarker and therapeutic target (48). Accordingly,
disruption of MDSC function can improve the anti-tumor immune responses and impair tumor growth
in mice (38). Collectively, our data indicate that F1 treatment can specifically modulate myeloid cells
in the tumor microenvironment, leading to a less immunosuppressive tumor microenvironment. As
TAMs and MDSCs can suppress NK responses, it is possible that their depletion upon F1 therapy favors

NK activation and cytotoxic activity, particularly through TGFf downregulation. Consequently, we
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suggest that treatment with the anti-cath-D F1 antibody could normalize the tumor microenvironment,
by boosting the host anti-tumor immune response, as illustrated here by NK cell activation. Our data
show that F1 Fc effector function has an impact on its antitumor effect through NK cell dependent-
pathways. However, we do not know how F1 limits TAM and MDSC infiltration in tumors. As in vitro
cath-D can cleave chemokines that are implicated in the immune responses and the recruitment of
myeloid cells and lymphocytes (16, 17), the Fab part of F1 could affect TAM and MDSC recruitment
by modulating chemokine homeostasis.

In this study, to generate clinically relevant TNBC mouse models (MDA-MB-231 cell xenografts
and PDXs), we used immunodeficient Foxn1™ nude mice, instead of severely immunocompromised
mice strains with little or no endogenous immune system, such as NOD/SCID, BAL-B/c-RAG2™!, or
their derivatives (49). The use of the more clinically relevant Foxn1™ mouse model that harbors NK and
myeloid cell populations allowed the discovery of F1 immunomodulatory activity. However, this model
did not permit to assess F1 effect on lymphocyte populations. Thus, our future studies will focus on
humanized mouse models.

Conclusion: This study demonstrates for the first time that cath-D is a tumor-specific extracellular target
in TNBC and its suitability for antibody-based therapy. Furthermore, our preclinical proof-of-concept
study validates the feasibility and efficacy of an immunomodulatory antibody-based strategy against

cath-D to treat patients with TNBC.

21



List of abbreviations

ADCC: antibody-dependent cellular cytotoxicity; BC: breast cancer; cath-D: cathepsin D; ER: estrogen
receptor; FACS: Fluorescence Activated Cell Sorting; Fc: fragment crystallizable; FCS: fetal calf serum
HBSS: Hank’s Balanced Salt Solution; HER-2: human epidermal growth factor receptor 2; HR: hazard
ratio; HRP: horseradish peroxidase; IHC: immunohistochemistry; MDSCs: myeloid-derived suppressor
cells ; PDXs: patient-derived xenografts; PR: progesterone receptor; RT-qPCR: Quantitative reverse
transcription PCR; scFv: single-chain variable fragment; SPECT/CT: Single Photon Emission
Computed Tomography; TAMs: tumor-associated macrophages; TMA: Tissue Micro-Array; TNBC:

Triple-negative breast cancer

22



Declarations
Ethics approval and consent to participate
Mouse experiments were performed in compliance with the French regulations and ethical guidelines
for experimental animal studies in an accredited establishment (Agreement No. D3417227). The study
approval for PDXs was previously published (26). For TMA, TNBC samples were provided by the
biological resource center (Biobank number BB-0033-00059) after approval by the Montpellier Cancer
Institute Institutional Review Board, following the Ethics and Legal national French dispositions for the
patients’ information and consent. For TNBC cytosols, patient samples were processed according to the
French Public Health Code (law n°2004-800, articles L. 1243-4 and R. 1243-61), and the biological
resources center has been authorized (authorization number: AC-2008-700; Val d’Aurelle, ICM,
Montpellier) to deliver human samples for scientific research. All patients were informed before surgery
that their surgical specimens might be used for research purposes.
Consent for publication
“Not applicable”
Availability of data and material
Recurrence-free survival with a 10-year follow-up was calculated using the on-line Kmplot tool
accessed on October 2 2017 with the 200766 _at Affymetrix probe ((29), www. http://kmplot.com).
Competing interests
Y Ashraf, T Chardes, P Martineau and E Liaudet-Coopman have ownership interest (including patent)
in WO2016/188911. The authors declare no potential conflicts of interest.
Funding
This work was supported by a public grant overseen by the French National Research Agency (ANR)
as part of the “Investissements d’ Avenir” program (reference: ANR-10-LABX-53-01), SIRIC
Montpellier Cancer Grant INCa_Inserm DGOS 12553, INSERM, INSERM Transfert, University of
Montpellier, the ‘Labex Mablmprove’, the CANCEROPOLE GSO (2014-E12), the associations
‘Ligue Régionale du Gard’, ‘Ligue Régionale de I’Herault’, ‘Ligue Régionale de la Charente
Maritime’, ‘GEFLUC’, FRM ‘Fondation pour la Recherche Médicale’, and ARC ‘Association pour la
Recherche sur le Cancer’.

23



Authors' contributions

YA, HM, PR, SG, IT, NP, FBM, NTC, NB, TC, PM, ELC designed the experiments and prepared the
manuscript. YA, HM, VLM, LBA, DD, OA, RG, MJ, AP, JSL, FB, INT, HAM, LM, HD, BR, NP, FB,
INT, AP, HAM, FBM, ED, TB, FL performed the experiments. AT, WJ, SDM, MP, CT, NB, HAM,
IFA, JJP, MJ, INT, AP, ED, NP, FB provided material and analyzed the data. YA, HM, VLM, PR, SG,
NB, AP, TC, PM, ELC analyzed data and proofread and finalized the manuscript.

Acknowledgements

We thank Charles Vincent (Animal Facility, IRCM, Montpellier, France) for in vivo studies. We thank
the “Réseau d’Histologie Expérimentale de Montpellier” (RHEM) histology facility for processing our
animal tissues. We thank Claude Sardet (IRCM, Montpellier, France), Eric Julien (IRCM, Montpellier,
France), Martine Cerutti (Baculovirus and Therapy — UPS 3044 — Montpellier, France), Jean-Marie Piot
and Thierry Maugard (University of La Rochelle, France) for helpful discussions and support. We thank

Samuel Sevestre (IRCM, France) for his help in the biodistribution studies.

24



References
Bianchini G, Balko JM, Mayer IA, Sanders ME, Gianni L. Triple-negative breast cancer:
challenges and opportunities of a heterogeneous disease. Nat Rev Clin Oncol. 2016;13(11):674-
90.
Schmid P, Adams S, Rugo HS, Schneeweiss A, Barrios CH, Iwata H, et al. Atezolizumab and
Nab-Paclitaxel in Advanced Triple-Negative Breast Cancer. The New England journal of
medicine. 2018.
Vignon F, Capony F, Chambon M, Freiss G, Garcia M, Rochefort H. Autocrine growth
stimulation of the MCF 7 breast cancer cells by the estrogen-regulated 52 K protein.
Endocrinology. 1986;118(4):1537-45.
Foekens JA, Look MP, Bolt-de Vries J, Meijer-van Gelder ME, van Putten WL, Klijn JG.
Cathepsin-D in primary breast cancer: prognostic evaluation involving 2810 patients. Br J
Cancer. 1999;79(2):300-7.
Ferrandina G, Scambia G, Bardelli F, Benedetti Panici P, Mancuso S, Messori A. Relationship
between cathepsin-D content and disease-free survival in node-negative breast cancer patients:
a meta-analysis. Br J Cancer. 1997;76(5):661-6.
Glondu M, Liaudet-Coopman E, Derocq D, Platet N, Rochefort H, Garcia M. Down-regulation
of cathepsin-D expression by antisense gene transfer inhibits tumor growth and experimental
lung metastasis of human breast cancer cells. Oncogene. 2002;21(33):5127-34.
Vetvicka V, Benes P, Fusek M. Procathepsin D in breast cancer: what do we know? Effects of
ribozymes and other inhibitors. Cancer Gene Ther. 2002;9(10):854-63.
Laurent-Matha V, Maruani-Herrmann S, Prebois C, Beaujouin M, Glondu M, Noel A, et al.
Catalytically inactive human cathepsin D triggers fibroblast invasive growth. J Cell Biol.
2005;168(3):489-99.
Beaujouin M, Prebois C, Derocq D, Laurent-Matha V, Masson O, Pattingre S, et al. Pro-
cathepsin D interacts with the extracellular domain of the beta chain of LRP1 and promotes

LRP1-dependent fibroblast outgrowth. J Cell Sci. 2010;123(Pt 19):3336-46.

25



10.

1.

12.

13.

14.

15.

16.

17.

18.

Berchem G, Glondu M, Gleizes M, Brouillet JP, Vignon F, Garcia M, et al. Cathepsin-D affects
multiple tumor progression steps in vivo: proliferation, angiogenesis and apoptosis. Oncogene.
2002;21(38):5951-5.

Pranjol MZI, Gutowski NJ, Hannemann M, Whatmore JL. Cathepsin D non-proteolytically
induces proliferation and migration in human omental microvascular endothelial cells via
activation of the ERKI1/2 and PI3K/AKT pathways. Biochimica et biophysica acta.
2017;1865(1):25-33.

Hasilik A, von Figura K, Conzelmann E, Nehrkorn H, Sandhoff K. Lysosomal enzyme
precursors in human fibroblasts. Activation of cathepsin D precursor in vitro and activity of
beta-hexosaminidase A precursor towards ganglioside GM2. Eur J Biochem. 1982;125(2):317-
21.

Benes P, Vetvicka V, Fusek M. Cathepsin D--many functions of one aspartic protease. Critical
reviews in oncology/hematology. 2008;68(1):12-28.

Masson O, Bach AS, Derocq D, Prebois C, Laurent-Matha V, Pattingre S, et al
Pathophysiological functions of cathepsin D: Targeting its catalytic activity versus its protein
binding activity? Biochimie. 2010;92(11):1635-43.

Khalkhali-Ellis Z, Hendrix MJ. Two Faces of Cathepsin D: Physiological Guardian Angel and
Pathological Demon. Biology and medicine. 2014;6(2).

Wolf M, Clark-Lewis I, Buri C, Langen H, Lis M, Mazzucchelli L. Cathepsin D specifically
cleaves the chemokines macrophage inflammatory protein-1 alpha, macrophage inflammatory
protein-1 beta, and SLC that are expressed in human breast cancer. The American journal of
pathology. 2003;162(4):1183-90.

Hasan L, Mazzucchelli L, Liebi M, Lis M, Hunger RE, Tester A, et al. Function of liver
activation-regulated chemokine/CC chemokine ligand 20 is differently affected by cathepsin B
and cathepsin D processing. Journal of immunology. 2006;176(11):6512-22.

Laurent-Matha V, Huesgen PF, Masson O, Derocq D, Prebois C, Gary-Bobo M, et al.

Proteolysis of cystatin C by cathepsin D in the breast cancer microenvironment. FASEB J. 2012.

26



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Maynadier M, Farnoud R, Lamy PJ, Laurent-Matha V, Garcia M, Rochefort H. Cathepsin D
stimulates the activities of secreted plasminogen activators in the breast cancer acidic
environment. Int J Oncol. 2013;43(5):1683-90.

Vetvicka V, Vetvickova J, Hilgert I, Voburka Z, Fusek M. Analysis of the interaction of
procathepsin D activation peptide with breast cancer cells. Int J Cancer. 1997;73(3):403-9.
Derocq D, Prebois C, Beaujouin M, Laurent-Matha V, Pattingre S, Smith GK, et al. Cathepsin
D is partly endocytosed by the LRP1 receptor and inhibits LRP1-regulated intramembrane
proteolysis. Oncogene. 2012;31(26):3202-12.

Siintola E, Partanen S, Stromme P, Haapanen A, Haltia M, Maehlen J, et al. Cathepsin D
deficiency underlies congenital human neuronal ceroid-lipofuscinosis. Brain. 2006;129(Pt
6):1438-45.

Anantaraju HS, Battu MB, Viswanadha S, Sriram D, Yogeeswari P. Cathepsin D inhibitors as
potential therapeutics for breast cancer treatment: Molecular docking and bioevaluation against
triple-negative and triple-positive breast cancers. Molecular diversity. 2016;20(2):521-35.
Freiss G, Vignon F, Rochefort H. Characterization and properties of two monoclonal antibodies
specific for the Mr 52,000 precursor of cathepsin D in human breast cancer cells. Cancer Res.
1988;48(13):3709-15.

Saadoun H, Lamy PJ, Thezenas S, Pouderoux S, Bibeau F, Montels F, et al. Prognostic impact
of the inclusion of uPA/PAI-1 tumor levels in the current adjuvant treatment decision-making
for early breast cancer. Future Oncol. 2014;10(2):195-209.

du Manoir S, Orsetti B, Bras-Goncalves R, Nguyen TT, Lasorsa L, Boissiere F, et al. Breast
tumor PDXs are genetically plastic and correspond to a subset of aggressive cancers prone to
relapse. Molecular oncology. 2014;8(2):431-43.

Webb B, Sali A. Comparative Protein Structure Modeling Using MODELLER. Current
protocols in bioinformatics. 2014;47:5 6 1-32.

Bourquard T, Landomiel F, Reiter E, Crepieux P, Ritchie DW, Aze J, et al. Unraveling the
molecular architecture of a G protein-coupled receptor/beta-arrestin/Erk module complex.
Scientific reports. 2015;5:10760.

27



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Gyorffy B, Lanczky A, Eklund AC, Denkert C, Budczies J, Li Q, et al. An online survival
analysis tool to rapidly assess the effect of 22,277 genes on breast cancer prognosis using
microarray data of 1,809 patients. Breast cancer research and treatment. 2010;123(3):725-31.
Turtoi A, De Pauw E, Castronovo V. Innovative proteomics for the discovery of systemically
accessible cancer biomarkers suitable for imaging and targeted therapies. The American journal
of pathology. 2011;178(1):12-8.

Philibert P, Stoessel A, Wang W, Sibler AP, Bec N, Larroque C, et al. A focused antibody
library for selecting scFvs expressed at high levels in the cytoplasm. BMC Biotechnol.
2007;7:81.

Robin G, Martineau P. Synthetic customized scFv libraries. Methods Mol Biol. 2012;907:109-
22.

Baldwin ET, Bhat TN, Gulnik S, Hosur MV, Sowder RC, 2nd, Cachau RE, et al. Crystal
structures of native and inhibited forms of human cathepsin D: implications for lysosomal
targeting and drug design. Proc Natl Acad Sci U S A. 1993;90(14):6796-800.

Weiner GJ. Building better monoclonal antibody-based therapeutics. Nature reviews Cancer.
2015;15(6):361-70.

Nimmerjahn F, Ravetch JV. Translating basic mechanisms of IgG effector activity into next
generation cancer therapies. Cancer Immun. 2012;12:13.

Hristodorov D, Fischer R, Joerissen H, Muller-Tiemann B, Apeler H, Linden L. Generation and
comparative characterization of glycosylated and aglycosylated human IgG1 antibodies.
Molecular biotechnology. 2013;53(3):326-35.

Zhao X, QuJ, Sun Y, Wang J, Liu X, Wang F, et al. Prognostic significance of tumor-associated
macrophages in breast cancer: a meta-analysis of the literature. Oncotarget. 2017;8(18):30576-
86.

Safarzadeh E, Orangi M, Mohammadi H, Babaie F, Baradaran B. Myeloid-derived suppressor
cells: Important contributors to tumor progression and metastasis. Journal of cellular

physiology. 2018:233(4):3024-36.

28



39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Tarig M, Zhang J, Liang G, Ding L, He Q, Yang B. Macrophage Polarization: Anti-Cancer
Strategies to Target Tumor-Associated Macrophage in Breast Cancer. Journal of cellular
biochemistry. 2017;118(9):2484-501.

Scodeller P, Simon-Gracia L, Kopanchuk S, Tobi A, Kilk K, Saalik P, et al. Precision Targeting
of Tumor Macrophages with a CD206 Binding Peptide. Scientific reports. 2017;7(1):14655.
Souza-Fonseca-Guimaraes F. NK cell-based immunotherapies: awakening the innate anti-
cancer response. Discovery medicine. 2016;21(115):197-203.

Steel JC, Waldmann TA, Morris JC. Interleukin-15 biology and its therapeutic implications in
cancer. Trends in pharmacological sciences. 2012;33(1):35-41.

Huang L, Liu Z, Chen S, Liu Y, Shao Z. A prognostic model for triple-negative breast cancer
patients based on node status, cathepsin-D and Ki-67 index. PloS one. 2013;8(12):e83081.
Vetvicka V, Vetvickova J, Fusek M. Anti-human procathepsin D activation peptide antibodies
inhibit breast cancer development. Breast cancer research and treatment. 1999;57(3):261-9.
Nimmerjahn F, Gordan S, Lux A. FcgammaR dependent mechanisms of cytotoxic, agonistic,
and neutralizing antibody activities. Trends in immunology. 2015;36(6):325-36.

Fuxe J, Karlsson MC. TGF-beta-induced epithelial-mesenchymal transition: a link between
cancer and inflammation. Seminars in cancer biology. 2012;22(5-6):455-61.

Georgoudaki AM, Prokopec KE, Boura VF, Hellqvist E, Sohn S, Ostling J, et al.
Reprogramming Tumor-Associated Macrophages by Antibody Targeting Inhibits Cancer
Progression and Metastasis. Cell reports. 2016;15(9):2000-11.

Gabrilovich DI, Nagaraj S. Myeloid-derived suppressor cells as regulators of the immune
system. Nature reviews Immunology. 2009;9(3):162-74.

Ito R, Takahashi T, Katano I, Ito M. Current advances in humanized mouse models. Cellular &

molecular immunology. 2012;9(3):208-14.

29



FIGURE LEGENDS
Fig. 1. Cath-D is eligible for antibody-mediated targeted therapy in TNBC
(A) Kaplan-Meier curves of recurrence-free survival according cath-D mRNA expression in
TNBC. n=255 patients with TNBC; HR=1.65 [1.08-2.53], P = 0.019, log-rank test.
(B) Detection of extracellular and cell-surface cath-D in TNBC by proteomics. A TNBC biopsy
and its paired normal breast tissue were biotinylated followed by protein digestion. The corresponding
glycoprotein fractions containing proteins that are located either in the extracellular matrix or at the
exterior face of the plasma membrane were analyzed by proteomics.
(C) Detection of extracellular cath-D in a TNBC TMA. Cath-D was monitored in a TMA by IHC
using a monoclonal anti-human cath-D (C-5; sc-377127) antibody. Scale bar, 50 um (left panel). Higher
magnifications of the boxed regions showing extracellular cath-D (right panel). Scale bar, 10 um.
(D) Quantification of extracellular cath-D in a TNBC TMA. n= 123 samples.
(E) Detection of membrane-associated cath-D at the cancer cell surface in a TNBC TMA. Scale
bar, 50 um (left panel). Higher magnifications of the boxed regions showing perimembranous cath-D
(right panel). Scale bar, 20 um.
(F) Quantification of membrane-associated cath-D at the cancer cell surface in a TNBC TMA.
n=123 samples.
(G) Detection of cath-D in normal breast tissue. Scale bar, 50 pm (left panel). Higher magnifications
of the boxed regions (right panel). Scale bar, 20 um.
(H) Quantification of extracellular and membrane-associated cath-D in a normal breast TMA.

n=50 samples.

Fig. 2. Characterization of the anti-cath-D F1 and E2 antibodies

(A) Binding of F1 and E2 to pro-cath-D secreted from MDA-MB-231 cells. Sandwich ELISA in
which pro-cath-D from conditioned medium of MDA-MB-231 cells was added to wells pre-coated with
anti-pro-cath-D M2E8 mouse monoclonal antibody in the presence of increasing concentrations of F1
(left panel) or E2 (right Panel). Binding of F1 and E2 to pro-cath-D was revealed with an anti-human
Fc HRP-conjugated antibody. The ECso values are shown.
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(B) Binding of F1 and E2 to pro-cath-D secreted from MDA-MB-231 cells at acidic pH. Sandwich
ELISA was performed as described in (A) but at different pH values (7.5-5.5).

(C) Molecular docking of the scFv F1 and E2. Ribbon representation of the scFv F1 (magenta) and
scFv E2 (green) interface with the contact surface of mature cath-D (upper panels). Docking model in
which the space-filled view of protruding L1 CDR inserts into cath-D catalytic site (bottom panels).
(D) Competitive ELISA. Sandwich ELISA was performed as described in (A) with InM F1 or E2 and
increasing concentrations of scFv F1, E2 or IR (negative scFv).

(E) Immunoprecipitation of GST-cath-D isoforms with F1 and E2. GST-cath-D isoforms were
immunoprecipitated with F1, E2, or E12, and detected by immunoblotting using the relevant antibodies
(left panels). Mr, relative molecular mass (kDa). Schematic representation of the human 52-kDa pro-
cath-D sequence (right panel). The 4-kDa cath-D pro-fragment, 14-kDa light, and 34-kDa heavy mature
chains are indicated. The intermediate 48-kDa form (not shown) corresponds to the non-cleaved 14 +

34 kDa chains. The catalytic aspartate 33 and 231 (red) are shown.

Fig. 3. The anti-cath-D F1 and E2 antibodies accumulate in MDA-MB-231 tumor xenografts,
reduce tumor growth in vivo and improve survival.

(A) SPECT/CT analysis. MDA-MB-231 cells were xenografted subcutaneously in the right flank of
nude mice. When tumor volume reached 150 mm?, mice received one intra-peritoneal injection of '7’Lu-
F1 or ""Lu- E2. Representative SPECT/CT images at 24, 48 and 72 hours post-injection of '""Lu- F1
(left panels) and """Lu- E2 (right panels). * shows tumors.

(B) Tumor growth. MDA-MB-231 cells were subcutaneously injected in nude mice. When tumor
volume reached 50 mm?®, mice were treated with F1 (n=6) or E2 (n=6) (15mg/kg), or NaCl (CTRL;
n=8) three times per week for 32 days. Mice were sacrificed when tumor volume reached 2000 mm?.
Tumor volume (in mm?®) is shown as the mean = SEM. *** P<0.001 for F1; ** P=0.002 for E2
(mixed-effects ML regression test).

(C) Mean tumor volumes at day 55. ***  P=0.0005 for F1; ** P=0.0026 for E2 (¢ test); mean =+
SEM.

(D) Kaplan-Meier survival analysis. *** P=0.0005 for F1; **, P=0.0016 for E2.
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Fig. 4. Anti-cath-D antibody-based therapy prevents macrophage recruitment within MDA-MB-
231 tumor xenografts

(A) Tumor growth. When MDA-MB-231 tumor xenografts reached a volume of 50 mm?, nude mice
were treated with F1 (n=9), E2 (n=9), or rituximab (CTRL; n=9) (15mg/kg) for 28 days (day 16-44). At
day 44, all mice were sacrificed. ***  P=0.001 for F1; ** , P=0.002 for E2 (mixed-effects ML regression
test).

(B) Mean tumor volume at day 44. n=9 for CTRL; n=9 for F1; n=9 for E2. ***_ P=0.0001 for F1; **,
P=0.0012 for E2 (Student’s ¢ test); mean = SEM.

(C) Representative images of F4/80 immunostaining in MDA-MB-231 tumor cell xenografts from
CTRL- (rituximab), F1- and E2-treated mice. Scale bars, 100 pm.

(D) Quantification of F4/80" macrophages. Percentage (mean + SEM) of positive pixel relative to the
total pixels; n = 9 for rituximab (CTRL); n=9 for F1; n=9 for E2; *** P<0.0001 for F1; **, P=0.0063
for E2 (Student’s #-test).

(E) Linear regression analysis of F4/80* macrophages and tumor volumes. R>=0.1553; *, P=0.0464,

n=27.

Fig. 5. Anti-cath-D antibody-based therapy prevents M2-like macrophage and MDSC
recruitment, and triggers anti-tumor response via NK cell activation in MDA-MB-231 xenografts
(A) Tumor growth. Nude mice bearing MDA-MB-231 tumors of 50 mm? were treated with F1 (n=9),
F1Fc (n=8), or rituximab (CTRL; n=9) (15mg/kg) for 35 days. At day 54, mice were sacrificed. *,
P<0.001 for F1 versus CTRL; P=0.077 for F1Fc versus CTRL; P=0.069 for F1 versus F1Fc (mixed-
effects ML regression test).

(B) Mean tumor volumes at day 54. Mean = SEM; *, P=0.011 for F1 versus CTRL; P=0.231 for F1Fc
versus CTRL, P=0.189 for F1 versus F1Fc (Student’s #-test).

(C) TAM recruitment. The percentage of F4/80° CD11b" TAMs was quantified by FACS and
expressed relative to all CD45" immune cells (n=9 for CTRL; n=9 for F1; n=8 for F1Fc); *, P = 0.044
for F1 versus CTRL; P=0.3 for F1Fc versus CTRL (Student’s z-test).
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(D) Linear regression analysis of TAM and tumor volumes. R?=0.5425; *** P<0.0001; n=26.

(E) Quantification of CD206 mRNA expression. Total RNA was extracted from MDA-MB-231 tumor
xenografts at the end of treatment, and CD206 expression analyzed by RT-qPCR and shown relative to
F4/80 (n=9 for CTRL; n=9 for F1; n=8 for F1Fc); P=0.05 for F1 versus CTRL; P=0.04 for F1Fc versus
CTRL (Student’s ¢-test).

(F) MDSC recruitment. The percentage of Grl* CD11b" MDSCs was quantified by FACS analysis
and expressed relative to all CD45" cells (n=9 for CTRL; n=9 for F1; n=8 for F1Fc); **, P=0.008 for
F1 versus CTRL; P=0.079 for F1Fc versus CTRL (Student’s #-test).

(G) Linear regression analysis of MDSC and tumor volumes. R*=0.23315; *, P=0.0125; n=26.

(H) Quantification of 7TGF mRNA expression. Total RNA was extracted from MDA-MB-231 tumor
cell xenografts at the end of treatment and 7GFf expression analyzed by RT-qPCR. Data are relative to
RPS9 expression (n=9 for CTRL; n=9 for F1; n=8 for F1Fc); **, P=0.009 for F1 versus CTRL; P=0.1
for F1Fc versus CTRL (Student’s #-test).

() NK recruitment. The percentage of CD49b" CD11b" NK cells was quantified by FACS and
expressed relative to all CD45" cells (mean + SEM; n=9 for rituximab (CTRL); n=9 for F1; n=8 for
F1Fc); P=0.7 for F1 versus CTRL; P=0.8 for F1Fc versus CTRL; P=0.8 for F1 versus F1Fc (Student’s
t-test).

(J) Quantification of /L-15 mRNA expression. Total RNA was extracted from MDA-MB-231 tumor
cell xenografts at the end of treatment and /L-15 analyzed by RT-qPCR. Data are the mean + SEM
expression level relative to RPS9 expression (n=9 for rituximab (CTRL); n=9 for F1; n=8 for F1Fc. **,
P=0.0013 for F1 versus CTRL; P=0.365 for F1Fc versus CTRL; *, P=0.0127 for F1 versus F1Fc
(Student’s #-test).

(K) Linear regression analysis of 7L-15 mRNA level and tumor volumes. R?=0.3693; ** P=0.0013;
n=26.

(L) Quantification of granzyme B mRNA expression as in (B). *** P=0.0002 for F1 versus CTRL;
** P=0.0011 for F1Fc versus CTRL; **, P=0.0076 for F1 versus F1Fc (Student’s z-test).

(M) Quantification of perforin mRNA expression as in (B). *, P=0.033 for F1 versus CTRL; *,

P=0.0294 for F1Fc versus CTRL; P=0.386 for F1 versus F1Fc (Student’s ¢-test).
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(N) Quantification of 7JFNy mRNA expression as in (B). *** P<0.0001 for F1 versus CTRL;

P=0.0513 for F1Fc versus CTRL; **, P=0.0078 for F1 versus F1Fc (Student’s ¢-test).

Fig. 6. The anti-cath-D F1 antibody inhibits tumor growth of TNBC PDXs

(A) Cath-D expression in TNBC PDXs. Total cath-D expression was determined in whole cytosols
from five TNBC PDXs by sandwich ELISA with immobilized anti-human pro-cath-D M2ES8 antibody
and anti-human cath-D M1G8 antibody coupled to HRP. Total cath-D expression was quantified also in
MDA-MB-231 tumor xenografts.

(B) Cath-D expression in TNBC biopsies. Total cath-D expression was assessed in whole cytosols
from TNBC biopsies as described in (A); n = 41.

(C) Expression of cath-D in the PDX B1995 and B3977. Cath-D expression in the PDX B1995 (left
panel) and PDX B3977 (right panel) primary tumors was monitored by IHC using a monoclonal anti-
human cath-D (C-5; sc-377127) antibody. Scale bar: 25 um. Insets, high magnification of the boxed
regions.

(D) Average passage duration for the first three passages in the five TNBC PDXs.

(E) Therapeutic effects of F1 in mice engrafted with PDX B1995 or PDX 3977. Mice were engrafted
with PDX B1995 (left panel) or PDX B3977 (right panel) and when tumor volumes reached 150 mm?>,
mice were treated with F1 (15 mg/kg) or NaCl (CTRL) three times per week. Mice were sacrificed when
tumor volume reached 2000 mm? and the corresponding tumor growth curves were stopped. Tumor
volume (in mm?) is shown as the mean = SEM; For B1995 PDX: n=7 for CTRL; n=7 for F1. **%*,

P<0.001 for F1. For B3977 PDX: n=10 for CTRL; n=10 for F1. *, P=0.022 for F1.
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LEGENDS TO SUPPLEMENTARY FIGURES

Figure S1. Cath-D expression in different BC subtypes. Total cath-D expression was determined in
159 whole cytosols from primary BC biopsies (HR/HER2" (n=38); HR/HER2" (n=38); HR'/HER2"
(n=42); HR/HER" (n=41)) by sandwich ELISA with the immobilized anti-human pro-cath-D M2ES8

antibody and the anti-human cath-D M1G8 antibody coupled to HRP. HR= ER + PR. Mean + SEM.

Figure S2. Schematic overview of the biotinylation method used for the identification of accessible
proteins in TNBC samples

The technique involves the biotinylation of TNBC biopsies by immersion in the chemically modified
biotin solution. Proteins are then solubilized and biotinylated proteins are captured on the streptavidin
material. After their enrichment, these proteins can be analyzed using HPLC chromatographic
separation, MS analysis, selection of a particular mass (peptide), and fragmentation (MS/MS). MS/MS
yields a pattern that delivers the sequence of the peptides and contributes to protein identification. The
putative biomarkers discovered by this method require subsequent validation, for instance by

immunohistochemistry.

Figure S3. Representative image of cath-D expression in TNBC biopsies
Cath-D expression was monitored by IHC using a monoclonal anti-human cath-D (C-5; sc-377127)
antibody in TMA. Staining is prominent in breast cancer cells and is also detected in the tumor stroma.

Scale bar, 100 pm.

Figure S4. Generation of anti-cath-D human scFv fragments by phage display
(A) Enrichment of anti-cath-D polyclonal scFv fragments by phage display. ScFv phages specific
for human mature 34+14-kDa cath-D were selected and enriched in four bio-panning rounds, and

analyzed by ELISA using a HRP-labeled anti-M13 antibody. BSA, negative antigen.



(B) Selection of anti-cath-D monoclonal scFv fragments by ELISA. ELISA performed using
bacterial culture supernatants of the best scFv clones (5 out of 400 screened clones) and recombinant
human mature 34+14-kDa cath-D and 52-kDa pro-cath-D. Binding of the scFv clones to cath-D was
detected with a HRP-labeled anti-Myc antibody. BSA, negative antigen; IR, irrelevant scFv from the
screen.

(C) Purification of the anti-human cath-D scFv fragments. His-tagged anti-cath-D scFv fragments
were purified using TALON resin, resolved by 12% SDS-PAGE and stained with Coomassie blue.

(D) Binding of purified anti-cath-D monoclonal scFv antibodies to human cath-D from MDA-MB-
231 cells. Binding of purified anti-cath-D scFv antibodies to secreted pro-cath-D and cellular cath-D
from MDA-MB-231 cells was assayed by ELISA using an anti-His HRP-conjugated antibody (left
panel). BSA, negative antigen; IR, irrelevant scFv; n=3. Right panel, a whole cell lysate (10 pg) and
conditioned medium (80 pul) from MDA-MB-231 cells were analyzed by 12% SDS-PAGE and
immunoblotting using a polyclonal anti-mouse cath-D (sc-6486) antibody that cross-reacts with human
cath-D (52-, 48- and 34-kDa isoforms). Mr, relative molecular mass (kDa).

(E) Anti-human cath-D monoclonal scFv cross-react with mouse cath-D. Binding of anti-cath-D
scFv antibodies to cath-D from mouse embryonic fibroblasts (MEFs) was monitored by ELISA using
an anti His HRP-conjugated antibody (left panel). BSA, negative antigen; n=3. Right panel, whole
mouse embryonic fibroblast lysate (25 ug) was analyzed by 12% SDS-PAGE and immunoblotting using
a polyclonal anti-mouse cath-D (sc-6486) antibody against the mouse cellular cath-D 48- and 34-kDa

isoforms. Mr, relative molecular mass (kDa).

Figure S5. Selectivity of F1 and E2 towards pro-cath-D
Indirect ELISA was performed with recombinant human pro-cath-D, pro-cathepsin E, pepsinogen A and

pepsinogen C. BSA, negative antigen. RTX, rituximab (negative control antibody).

Figure S6. Biodistribution analysis of anti-cath-D F1 and E2 human antibodies
Nude mice bearing subcutaneous MDA-MB-231 tumor cell xenografts received one injection of '""Lu-
F1 (upper panel) or ""Lu- E2 (lower panel). The percentage of injected activity per gram of tissue
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(%IA/g tissue; mean £ SD) was determined in healthy organs and tumors at 24, 48, 72 and 96 hours

post-injection.

Figure S7. Effect of the F1 and E2 antibodies on mouse weight
Mean mouse weight during F1 and E2 treatment. Mice from Fig. 6A were weighted during F1, E2 or

rituximab (CRTL) treatment (15mg/kg three times per week for 28 days); n=9 per group.

Figure S8. Effect of F1 and E2 on tumor cell proliferation, apoptosis, and angiogenesis in MDA-
MB-231 tumor cell xenografts

(A) Ki67 immunostaining. Representative images in tumors from CTRL- (rituximab), F1- and E2-
treated mice. Scale bars, 100 pm.

(B) Quantification of Ki67. Percentage (mean £ SEM) of Ki67-positive cells relative to total cell
number (n=9 for rituximab (CTRL); n=9 for F1; n=9 for E2).

(C) Activated caspase 3 immunostaining. Representative images in tumors from CTRL- (rituximab),
F1- and E2-treated mice. Scale bars, 100 um.

(D) Quantification of activated caspase 3. Percentage (mean + SEM) of activated caspase 3-positive
pixels relative to total pixels (n=9 for rituximab (CTRL); n=9 for F1; n=9 for E2).

(E) CD31 immunostaining. Representative images in tumors from CTRL- (rituximab), F1- and E2-
treated mice. Scale bars, 100 um.

(F) Quantification of CD31. Percentage (mean + SEM) of CD31" cells/field (n=9 for rituximab

(CTRL); n=9 for F1; n=9 for E2).

Figure S9. Binding of F1Fc to pro-cath-D secreted from MDA-MB-231 cells

Sandwich ELISA in which pro-cath-D from conditioned medium of MDA-MB-231 cells was added to
wells pre-coated with the anti-pro-cath-D M2E8 mouse monoclonal antibody in the presence of F1Fc
(1pg/ml) or F1 (1pg/ml). Binding of F1Fc and F1 to pro-cath-D was revealed with an anti-human Fc

antibody conjugated to HRP. RTX, rituximab (negative control antibody).



SUPPLEMENTARY METHODS

Materials.

The anti-M13 mouse monoclonal antibody conjugated to HRP (27942101) was from GE Healthcare.
The anti-mouse cath-D goat polyclonal antibody (sc-6486), and the anti-c-Myc mouse monoclonal
antibody (9E10) conjugated with HRP were purchased from Santa Cruz Biotechnology. The anti-human
Fc goat polyclonal antibody conjugated to HRP (A0170), the anti-His mouse monoclonal antibody
conjugated to HRP (A7058), and bovine serum albumin (BSA) were purchased from Sigma Aldrich.
Recombinant human pro-cath-D, pro-cathepsin E, pepsinogen A and pepsinogen C were purchased from

R&D Systems.

Cell lines and ELISA

Mouse embryonic fibroblasts were kindly provided by Dr Christoph Peters (University of Freiburg,
Germany). Cells were cultured in DMEM with 10% fetal calf serum (FCS, GibcoBRL). For indirect
ELISA, 96-well plates were coated with recombinant human pro-cath-D, pro-cathepsin E, pepsinogen
A and pepsinogen C (160 ng/well) at 4°C overnight. After washing in PBST, F1, E2, or rituximab (5
ug/ml, 500 ng/well) was added at 4°C for 2h and interactions revealed with a goat anti-human Fc

antibody conjugated to HRP (1/2000, 355 ng/well).

ScFv antibody fragment screening by phage display

The Husc I library uses a single framework optimized for high level expression (1). The diversity was
restricted to five amino acids (Y,N,D,G,S) and was introduced in five CDRs (VH-CDR1, VH-CDR2,
VL-CDRI1, VL-CDR2, VL-CDR3) at the positions corresponding to the most contributing residues of
the paratope (2). In addition, eight VH-CDR3 loop lengths (7-14 residues according to Kabat’s CDR3
definition) were introduced in the library using the same five-amino acid code at positions 2-7
(depending on the loop length). The size of the resulting synthetic library was 3x10°. The antigen was
commercial cellular mature (34 + 14-kDa) human cath-D. The negative antigen was BSA. The scFv

selection from the Husc I library was performed as described previously (1). Wells of 96-well plates



(Nunc Maxisorp) were coated with 100ng/well of mature cath-D or BSA in PBS (pH 7.4) at 4°C
overnight. After washes (PBS/0.1% Tween; PBST), non-specific binding sites were blocked with 1%
gelatin/PBST. The phage population was enriched in cath-D-specific binders using four successive bio-
panning rounds, as described previously, using the anti-M 13 antibody (1). scFv genes were sub-cloned
as a pool into the pET23NN vector, and transformed in BL21(DE3)/pLysS bacteria. Colonies (total 400)
were picked in 96-well micro-titer plates to produce scFv by auto-induction and lysed, as described
previously (1). Wells of 96-well plates were coated with 100ng/well of recombinant cellular mature
human (34 + 14-kDa) cath-D, 52-kDa pro-cath-D or BSA at 4°C overnight. After washes (PBST), and
blocking (1% gelatin/PBST), whole bacterial lysate containing monoclonal scFv was added at 4°C for
2h. Revelation was done using the anti-c-Myc antibody conjugated to HRP. Positive clones were
sequenced using T7 (5° TAATACGACTCACTATAGG 3’) and T7-term (5°
CCGCTGAGCAATAACTAGC 3’) primers (Eurofins Genomics). scFv antibody fragments were
cloned in the PET23NN vector and His-tagged anti-cath-D scFv were purified from E. coli cytoplasm
(1) using TALON-cobalt columns, according to the manufacturer’s protocol. Wells of 96-well plates
were coated with conditioned medium or cell lysate from MDA-MB-231 cells, cell lysate from MEF
cells, or BSA at 4°C overnight. After washes (PBST), and blocking (1% gelatin/PBST), whole bacterial
lysate containing purified monoclonal scFv was added at 4°C for 2h. Revelation was done using the
anti-His antibody conjugated to HRP. To produce conditioned medium and cell lysates, cells were grown
to 90% confluence in DMEM medium with 10% FCS. Conditioned medium was removed and
centrifuged at 800 x g for 10min. Cells were lysed by thawing-freezing cycles in PBS, and then
centrifuged at 14,000 rpm at 4°C for 20min. Human IgG1 A were constructed from the scFv (F1, F1Fc,
E2 and E12) sequences using gene synthesis, expressed in the Chinese hamster ovary (CHO) cell line

and purified on protein-A HiTrap columns (GE Healthcare) by Evitria AG.

ELISA
For indirect ELISA, 96-well plates were coated with recombinant human pro-cath-D, pro-cathepsin E,

pepsinogen A and pepsinogen C (160 ng/well) at 4°C overnight. After washing in PBST, F1 or E2 (5



pg/ml, 500 ng/well) was added at 4°C for 2h and interactions revealed with a goat anti-human Fc

antibody conjugated to HRP (1/2000, 355 ng/well).

Biodistribution

For biodistribution experiments, 48 mice were xenografted with MDA-MB-231 cells. When tumors
reached a volume of about 150 mm?, mice received one intraperitoneal injection of 2 MBq of '""Lu-F1
or ""Lu-E2 solution (200 MBg/mg of antibody) and were sacrificed at 24, 48, 72 or 96h post-injection,
bled and dissected. Blood and other healthy organs were weighed. The radioactivity uptake in tumors
and organs was measured using a gamma-well counter. The percentage of injected activity per gram of

tissue (%IA/g), corrected for the radioactive decay, was calculated.

Immunohistochemistry

MDA-MB-231 tumor xenografts were collected and fixed in 10% neutral buffered formalin for 24h,
dehydrated, and embedded in paraffin. For immunostaining, xenograft sections (4-um thick) were
deparaffinized, rehydrated and subjected to heat induced antigen retrieval by immersion in a water bath
with sodium citrate buffer (pH 6) for KI-67 detection, or with EDTA buffer (pH 9) for CD31 and cleaved
caspase 3 detection. Immunohistochemistry was performed using a Dako autostainer (Dako, Glostrup,
Denmark). After neutralization of endogenous peroxidase activity, sections were incubated with anti-
CD31 (Abcam, Ab28364), anti-KI-67 (clone SP6, Spring Bioscience, M3064) or anti-cleaved caspase
3 (clone ASP175, Cell signaling, 9661) antibodies for 30min. All antibodies were visualized using the
Envision® system (Dako). Diaminobenzidine (Dako) was used as chromogen and sections were lightly
counterstained with hematoxylin. Immunostained sections were digitalized with the NanoZoomer slide
scanner (Hamamatsu) at the MRI facility. KI-67 and cleaved caspase 3 staining were analyzed with the
Aperio Imagescope software. Anti-CD31 staining was analyzed by counting twenty fields per tumor

section.
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Figure S3. Representative image of cath-D expression in TNBC biopsies
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