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Abstract
Increased proteolytic activity of cysteine cathepsins has long been known to facilitate malignant progression, and it has 
also been associated with tumor-promoting roles of myeloid-derived suppressor cells (MDSCs). Consequently, cysteine 
cathepsins have gained much attention as potential targets for cancer therapies. However, cross-talk between tumor cells 
and MDSCs needs to be taken into account when studying the efficacy of cathepsin inhibitors as anti-cancer agents. Here, 
we demonstrate the potential of the MDA-MB-231 breast cancer cell line to generate functional MDSCs from CD14+ cells 
of healthy human donors. During this transition to MDSCs, the overall levels of cysteine cathepsins increased, with the 
largest responses for cathepsins L and X. We used small-molecule inhibitors of cathepsins L and X (i.e., CLIK-148, Z9, 
respectively) to investigate their functional impact on tumor cells and immune cells in this co-culture system. Interactions 
with peripheral blood mononuclear cells reduced MDA-MB-231 cell invasion, while inhibition of cathepsin X activity by 
Z9 restored invasion. Inhibition of cathepsin L activity using CLIK-148 resulted in significantly increased CD8+ cytotoxic-
ity. Of note, inhibition of cathepsins L and X in separate immune or tumor cells did not promote these functional changes. 
Together, our findings underlie the importance of tumor cell–immune cell interactions in the evaluation of the anti-cancer 
potential of cysteine cathepsin inhibitors.
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Abbreviations
Cat	� Cathepsin(s)
CFSE	� Carboxyfluorescein succinimidyl ester
GM-CSF	� Granulocyte-macrophage colony-stimulating 

factor
IL	� Interleukin
MDSCs	� Myeloid-derived suppressor cells
PBMCs	� Peripheral blood mononuclear cells

PBS	� Phosphate-buffered saline
PG	� Prostaglandin

Introduction

Myeloid-derived suppressor cells (MDSCs) are recog-
nized as one of the most important drivers of cancer-related 
immune suppression [1]. Mouse models have provided valu-
able insights into the interactions between cancer cells and 
their microenvironment; however, with MDSCs, this infor-
mation has been clouded by differences between the human 
and mouse immune systems [2]. In mice, MDSCs can be 
extracted from spleen, bone marrow, and tumor tissues, 
while in humans, peripheral blood remains their preferred 
source. Studies on human MDSCs have thus been limited 
due to practical and ethical constraints, and they have mainly 
focused on evaluation of the effects of cancer treatments on 
the numbers and immunosuppressive activities of peripheral 
blood MDSCs [3, 4]. Furthermore, isolated MDSCs have 
a relatively short half-life ex vivo [5]. Those limitations 
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could be overcome by a reliable in vitro model that mimics 
MDSCs of human cancer patients.

Apart from immunosuppression, dysregulated proteolysis 
is another feature of tumor progression. Importantly, tumor-
infiltrating myeloid cells have been shown to overexpress 
peptidases that have distinct roles in tumorigenesis [6, 7]. 
The cysteine cathepsins (cat) are a family of papain-related 
lysosomal peptidases that comprise 11 members, including 
catB, L, K, S, and X, which have been identified as potential 
diagnostic and prognostic biomarkers in solid tumors and 
blood cancers [8]. Studies in mice have shown that catB, L, 
and S promote tumor-associated macrophage survival [9] 
and that catS supports their polarization to the pro-tumoral 
M2 type [10]. CatB facilitates MDSC expansion through 
the induction of tumor necrosis factor-α secretion [11], and 
MDSC-mediated tumor-cell resistance to chemotherapy 
through activation of the Nlrp3 inflammasome [12]. Taken 
together, these few studies have indicated that the cat provide 
myeloid cells with a tumor-promoting phenotype. However, 
the role of cat in human MDSCs has not been studied to 
date.

To provide better understanding of the role of cats in 
human MDSCs, we generated MDSCs from MDA-MB-231 
cells and CD14+ cells. With the use of specific inhibitors 
of catL and X, we investigated the implications of these 
peptidases in MDSC–tumor cell cross-talk. Importantly, we 
show that catL and X inhibition has significant functional 
consequences for reciprocal MDSC–tumor cell interactions.

Materials and methods

Cell lines

The PC-3 (CRL-1435), U-87 MG (HTB-1), MDA-MB-231 
(HTB-26), HOS (CRL-1543), and Raji (CCL-86) cell lines 
were all from ATCC and maintained in humidified chamber 
at 37 °C, 5% CO2. PC-3 cells were cultured in complete 1:1 
advanced DMEM and F12 (Gibco); U87 MG and HOS cells 
in complete advanced DMEM; and MDA-MB-231 and Raji 
cells in complete advanced RPMI 1640 medium (Gibco). 
Unless stated otherwise, the complete culture media were 
supplemented with 10% fetal bovine serum (Gibco), 100 U/
mL penicillin, 0.1 mg/mL streptomycin, and 2 mM l-glu-
tamine (Sigma-Aldrich). For co-culture experiments, U87 
MG, HOS, and PC-3 cells were gradually adjusted to growth 
in complete advanced RPMI 1640 medium.

Isolation of peripheral blood mononuclear cells

Collection of the peripheral blood mononuclear cells 
(PBMCs) for purpose of the study was approved by The 
National Medical Ethics Committee of the Ministry of 

Health, Republic of Slovenia, under the designated number 
0120-279/2017-3. The human PBMCs were isolated from 
the blood of healthy volunteer donors by differential den-
sity gradient centrifugation, at the Blood Transfusion Cen-
tre of Slovenia, following the institutional guidelines. The 
PBMCs were maintained in complete advanced RPMI 1640 
medium. CD14+ monocytes and CD8+ T cells were isolated 
from the PBMCs using positive magnetic bead selection and 
MACS LS separation columns (Miltenyi Biotec), according 
to manufacturer protocol.

Selection of optimal tumor cell line for in vitro 
generation of human myeloid‑derived suppressor 
cells

PC-3, MDA-MB-231, and U87 MG cells were seeded at 
2 × 105 cells/well, and HOS cells at 1.5 × 105 cells/well, in 
2 mL complete medium. They were left to adhere for 24 h 
prior to addition of CD14+ monocytes (2 × 106 cells/1 mL). 
After 1-day medium was refreshed, and following 72 h of 
co-culture cells were harvested. To isolate the pure MDSC 
populations, the collected cells were separated using 
CD11b+ magnetic beads and then counted and analyzed by 
flow cytometry (Attune NxT; Thermo Fischer Scientific). As 
reported, MDA-MB-231 cells do not express CD11b marker 
[13]. For the controls, CD14+ cells were stimulated with 
1000 U/mL GM-CSF (R&D Systems) or 1000 U/mL GM-
CSF plus IL-4 (Miltenyi Biotec), without and with 1 µM 
prostaglandin PGE2 (Tocris Bioscience).

T cell suppression assay

To evaluate the immunosuppression of the MDSCs, CD8+ 
T cells were labeled with 0.2 µM carboxyfluorescein suc-
cinimidyl ester (CFSE) (Invitrogen) for 15 min at 37 °C. 
The labeled CD8+ T cells were then resuspended in com-
plete media supplemented with IL-2 (Bachem) and added to 
the purified MDSCs or tumor cells at 1:4 or 1:2 ratio. The 
T cells were activated by anti-CD3/CD28 antibody-coated 
magnetic beads (Dynabeads human T-activator; Thermo Fis-
cher Scientific) and left to proliferate for 72 h. The T-cell 
proliferation was analyzed with the FlowJo software, version 
7.6.5 (TreeStar), and is expressed as percentages of T-cell 
proliferation in the presence of the MDSCs relative to T-cell 
proliferation in their absence.

Transwell assay

To determine whether CD14+ monocytes require contact 
with tumor cells to become suppressive, MDA-MB-231 
tumor cells (0.5 × 105 cells/well in 0.5 mL) were seeded in 
24-well culture plates. The next day, 4 × 105 CD14+ cells 
together with 1.6 × 105 CFSE-labeled CD8+ T cells were 
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placed either on the top of the microporous membranes 
of the transwell inserts, which physically separate CD14+ 
cells from tumor cells, or they were layered directly onto the 
tumor cells. Dynabeads were used to activate the T cells, and 
their proliferation was assessed by flow cytometry. The data 
were analyzed using the FlowJo software.

Flow cytometry

For flow cytometry analysis of the cell phenotypes, cells 
were washed with FACS buffer (2% FBS, 2 mM EDTA, in 
PBS, pH 7.4) and incubated with fluorochrome-conjugated 
primary antibodies and FcR blocking reagent (Miltenyi Bio-
tec) for 30 min at 4 °C. The cells were then washed with 
PBS and analyzed by flow cytometry (Attune NxT). Four-
color cell-surface staining was performed, using the follow-
ing antibody panel: HLA-DR FITC (AC122), CD14 PE-Vio 
770 (TÜK4), CD33 APC (REA775) (Miltenyi Biotec), and 
CD11b V450 (ICRF44) (BD Biosciences). For detection of 
STAT3 phosphorylation, cells were fixed and permeabilized 
with ice-cold methanol and incubated at − 20 °C for 20 min. 
Cells were washed with PBS and incubated with primary 
rabbit anti-phospho STAT3 (Tyr705) antibodies (1:100; 
9145; Cell Signaling Technology) for 1 h at 4 °C. Sam-
ples and isotype controls were incubated with Alexa Fluor 
488-conjugated anti-rabbit secondary antibodies (1/500; Inv-
itrogen) in dark for 30 min at room temperature, and staining 
was analyzed by flow cytometry (Attune NxT).

Confocal microscopy

For the confocal microscopy, 2 × 104 cells in PBS were 
seeded onto 12-well microscope slides and left to adhere 
for 30 min at 37 °C. The cells were then fixed with 10% for-
malin for 20 min, permeabilized with 0.1% Triton X-100 in 
PBS for 5 min, and blocked with 3% bovine serum albumin 
in PBS for 30 min. Goat anti-catX (AF934; R&D Systems) 
and rabbit anti-LAMP-1 (SAB3500285; Sigma-Aldrich) 
antibodies were diluted 1:100 and incubated with the cells 
for 1 h at room temperature. Fluorochrome-labeled second-
ary antibodies (dilution, 1:1000; Invitrogen) were incubated 
for 30 min at room temperature. Slides were mounted using 
ProLong Gold Antifade Reagent with DAPI (Cell Signaling 
Technology). Images were captured with confocal micro-
scope (LSM 710; Carl Zeiss) and exported using the ZEN 
2012 SP1 black edition software, version 8.1 (Carl Zeiss).

MDA‑MB‑231/peripheral blood mononuclear cell 
co‑cultures

To evaluate the role of the cat in MDSC–tumor cell 
interactions, the MDA-MB-231 cells were seeded at 
7.5 × 105 cells/10 mL in T75 cell culture flasks and left for 

24 h prior to addition of the PBMCs (20 × 106 cells/5 mL per 
flask). Where applicable, the catX inhibitor Z9 [14], the catL 
inhibitor CLIK-148 [15], or their combination was added to 
the cell co-cultures at the final concentrations of 10 µM and 
1 µM, respectively, with DMSO (0.1%) used as the control. 
We also tested the impact of inhibitors and DMSO on PBMC 
viability and concluded they were not cytotoxic at indicated 
concentrations (data not shown).

Conditioned medium collection

After 72 h of MDA-MB-231/PBMC co-culture, the adher-
ent cells were washed and left in serum-free medium for 
24 h. Next, the conditioned medium was collected and con-
centrated tenfold using ultrafiltration tubes (cutoff, 10 kDa; 
Amicon) at 4000 ×g for 15 min. The concentrated condi-
tioned medium was aliquoted and stored at − 80 °C until 
further use.

Cell lysate preparation

For the protein expression analysis using Western blotting, 
the cells were lysed in RIPA buffer [150 mM NaCl, 50 mM 
Tris, 1% Nonidet P-40, 0.5% Na-deoxycholate, 0.1% Na-
dodecyl sulfate (SDS), 0.004% Na-azide, pH 8.0] with added 
protease and phosphatase inhibitor cocktail (Thermo Scien-
tific). The cell lysates were freeze-thawed, sonicated, and 
centrifuged at 16,000 ×g at 4 °C for 15 min. The protein con-
centrations in the collected supernatants were determined 
using kits (DC-Protein Assay kits; Bio-Rad Laboratories), 
according to the manufacturer instructions.

Western blotting

Aliquots of the cell lysates containing 15–30 µg total protein 
were resolved by SDS-PAGE (12% Tris–glycine gels) and 
transferred onto nitrocellulose membranes using a dry blot-
ting system (iBlot 2; Thermo Fisher Scientific). The mem-
branes were blocked with 5% nonfat dried milk, in Tris-
buffered saline with 0.05% Tween-20 for catX and L, and 
in PBS with 0.05% Tween-20 for pSTAT3, STAT3, catS, B, 
and legumain, for 1 h at room temperature. The antibodies 
(and their dilutions) were: goat anti-catX (1:1000; AF934; 
R&D Systems); goat anti-catS (1:1000; AF1183; R&D Sys-
tems); mouse anti-catL (1:5000; C4618; Sigma-Aldrich); 
sheep anti-catB (1:2500; prepared at Jozef Stefan Institute); 
mouse anti-legumain (1:200; sc-133234, B-8; Santa Cruz 
Biotechnology); mouse anti-pSTAT3 (1:500; sc-5086, B-7; 
Santa Cruz Biotechnology); and mouse anti-STAT3 (1:500; 
sc-8019, F-2; Santa Cruz Biotechnology). After washing, 
the membranes were incubated with the horse-radish per-
oxidase (HRP)-conjugated secondary antibodies: anti-mouse 
(1:5000; Jackson Immunoresearch), anti-sheep (1:5000; 
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Jackson Immunoresearch), anti-rabbit (1:5000; Jackson 
Immunoresearch), and anti-goat (1:2500; Santa Cruz Bio-
technology). SuperSignal West Dura Extended Duration 
Substrate (Thermo Scientific) was used for detection, and the 
images were acquired on G:Box system (Syngene). The band 
intensities were quantified using the GeneTools software. 
When needed, the membranes were stripped with stripping 
buffer (100 mM 2-mercaptoethanol, 2% SDS, and 62.5 mM 
Tris/HCl, pH 5.7) for 1 h at 65 °C.

To determine the cat activities, the cell lysates and 
concentrated conditioned medium were incubated with 
10 µM DCG-04 (gift from Prof. Bogyo, Stanford Univer-
sity), for 60 min at room temperature. The samples were 
then denaturated, resolved by SDS-PAGE, and blotted as 
described above. The DCG-04 biotinylated probe was 
detected with HRP-conjugated streptavidin (1:5000; Jack-
son Immunoresearch).

Real‑time cell invasion and migration assays

The invasion and migration of the MDA-MB-231 cells were 
monitored using a real-time cell analyzer (xCELLigence; 
ACEA Biosciences) as described before [16]. Briefly, mem-
branes of CIM-plate were coated with fibronectin (10 µg/
mL; BD Biosciences) at the bottom and layered with 
Matrigel (1 mg/mL; Corning Life Sciences) or fibronectin 
at the top for invasion and migration, respectively. Subse-
quently, the lower compartments were loaded with complete 
medium, and CIM-plates were assembled. Serum-starved 
MDA-MB-231 cells were plated in the top chambers 
(40,000 cells/well) in serum-free medium. Impedance was 
monitored for 48 h at 15-min time interval, and the data were 
analyzed using the RTCA software, version 1.2.1 (ACEA 
Biosciences).

Cytotoxicity assay

Antigen-specific cytotoxic CD8+ cells were obtained by 
stimulation of the PBMCs with bacterial superantigens: 
Staphylococcus enterotoxins-A (Sigma-Aldrich), -B (Sigma-
Aldrich), and -E (Toxin Technology) [17]. Briefly, PBMCs 
from MDA-MB-231 cell co-cultures were pulsed with a 
cocktail of Staphylococcus enterotoxins-A, -B, and -E (0.1, 
0.2, 0.1 µg/mL, respectively) for 1 h and then resuspended 
in complete medium containing 200 U/mL IL-2, at a cell 
density of 2 × 106 cells/mL. The cells were left to proliferate 
for 5 days to 7 days, with the medium and IL-2 refreshed 
every second day.

In the cytotoxicity assays, the expanded CD8+ cells were 
used as the effector cells, and Raji cells were used as the 
target cells. First, Raji cells were incubated with the Staphy-
lococcus enterotoxin cocktail for 45 min and labeled during 
the last 15 min with CFSE (0.2 µM). Meanwhile, different 

concentrations of effector cells were plated in 96-well U-bot-
tomed plates. Next, the target cells (1 × 104) were added 
to the effector cells and centrifuged at 300 ×g for 1 min. 
After 3 h, the cells were collected, washed with cold PBS, 
and incubated on ice with the cell viability dye 7-aminoac-
tinomycin D (7-AAD; Sigma-Aldrich), for 10 min. Target 
cell lysis was determined using the FlowJo software as the 
proportion of 7-AAD and CFSE-positive events relative 
to the total CFSE-positive cells. The data are expressed as 
lytic activity (LU (40%)/107 cells), calculated according to 
Eq. (1):

where T is the number of target cells and X40% is the E:T 
ratio required to lyse 40% of the target cells [18].

Statistics

Statistical analysis was performed using GraphPad Prism 
6, and the data were evaluated using Student’s t tests or 
ANOVA. p < 0.05 was considered to be indicative of statis-
tical significance.

Results

MDA‑MB‑231 cells promote generation 
of myeloid‑derived suppressor cells from human 
monocytes in a contact‑dependent manner

Several protocols to establish in vitro MDSCs from healthy 
human PBMCs have been introduced using either combina-
tions of cytokines [19–21], tumor-cell-conditioned media 
[22], or co-culture with tumor cells [23–25]. We used the 
latter approach, as it is particularly useful to study reciprocal 
interactions between the tumor cells and the MDSCs.

The MDA-MB-231 breast cancer and U-87 glioblastoma 
tumor cell lines induced the generation of immunosuppres-
sive MDSCs from CD14+ cells. In contrast, neither the HOS 
osteosarcoma nor the PC-3 prostate cancer cell line evoked 
any immunosuppressive MDSC activity. To ensure that 
the suppressive effects were indeed mediated solely by the 
MDSCs generated, the tumor cell fraction (CD11b− cells) 
was also tested for T-cell proliferation. Interestingly, PC-3 
tumor cells showed potent reduction of T-cell prolifera-
tion, while the other three cell lines did not (Fig. 1a). As 
the MDA-MB-231 cells induced the MDSCs with the most 
potent immunosuppressive activity (illustrated in Fig. 1b), 
they were adopted as the model cell line.

Additionally, we asked whether the growth factors 
and cytokines released by MDA-MB-231 cells into 
the culture medium would suffice to invoke the MDSC 

(1)LU (40%)∕107 cells = 107∕
(

T × X40%

)

,
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immunosuppression. However, in the present model, 
the CD14+ cells that were physically separated from the 
tumor cells by the transwell insert membranes showed no 
suppressive activity, which suggested that direct contact 
between the tumor cells and the CD14+ cells was neces-
sary for MDSC generation (Fig. 1c).

Myeloid‑derived suppressor cells 
generated by MDA‑MB‑231 cells are distinct 
from cytokine‑induced myeloid‑derived suppressor 
cells, macrophages, and dendritic cells

As MDSCs share their immunosuppression with other reg-
ulatory myeloid cell types, specifically dendritic cells and 

Fig. 1   Immunosuppressive potential of the in  vitro generated mye-
loid-derived suppressor cells (MDSCs). a The CD11b-positive 
(CD11b+) and -negative (CD11b−) cell fractions were isolated from 
tumor cell/CD14+ cell co-cultures and added to activated carboxyflu-
orescein succinimidyl ester CFSE-labeled T lymphocytes at different 
ratios (CD11b+/− cells:CD8+ cells, 1:4, 1:2). T-cell proliferation was 
assessed after 72 h by flow cytometry. Data are mean ± standard error 
of the means. *p < 0.05, indicating significant reduction in T-cell pro-
liferation in comparison with fresh CD14+ cells. b Representative 
T-cell proliferation when the T cells were cultured alone, with fresh 
CD14+ cells, with MDSCs (isolated from co-cultures with MDA-
MB-231 tumor cells), or with MDA-MB-231 tumor cells (ratio 1:4) 
(as indicated). Proliferation of activated CD8+ cells (black line) was 

100% (solid gray, resting CD8+ cells). Fresh CD14+ cells were incu-
bated with CD8+ cells as an additional control to exclude intrinsic 
immunosuppressive effects of CD14+ cells. c Representative T-cell 
proliferation as T cells alone (i) in comparison with when cultured 
with CD14+ cells in direct contact with (ii) or physically separated 
from (by transwell insert membrane) (iii) the MDA-MB-231 tumor 
cells. Only CD14+ cells that were in direct contact with tumor cells 
reduced T-cell proliferation. d Confirmation of cell purity after isola-
tion of CD11b+ cells (MDSCs). After each separation, the purities of 
the isolated cell populations were around 95% and 90% for CD14+ 
cell and CD11b+ cells, respectively, as assessed by flow cytometry. 
Gray, isotype control; black, antibody-stained cells
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macrophages, confirmation of their distinct phenotypic fea-
tures was required. Expression of the consensus cell-surface 
markers was evaluated for MDA-MB-231-derived MDSCs 
in comparison with cytokine-derived MDSCs, dendritic 
cells, and macrophages.

For each of these cell types, the CD14+ CD11b+ cells 
were analyzed for HLA-DR versus CD33 expression. The 
high proportions of cells with the CD14+ CD11b+, HLA-DR 
low, and CD33+ phenotype indicated effective generation 
of MDSCs from the MDA-MB-231 tumor cell co-cultures 
(Fig. 2).

Activation of the transcriptional factor STAT3 was then 
investigated, as another hallmark that indicates bona-fide 
MDSC generation (Fig. 3). The STAT3 protein was below 
the limit of detection in fresh CD14+ cells; however, its 
expression was significantly increased after co-culture with 
the MDA-MB-231 cells. Of note, phosphorylation of STAT3 
in the MDA-MB-231 cells also increased after co-culture 
with PBMC (Supplementary Figure 1).

Cysteine cathepsins are up‑regulated 
during myeloid‑derived suppressor cell generation 
from monocytes

Having successfully established in vitro MDSC model, we 
turned our attention to the role of the cat in MDSC function. 
The protein expression levels were evaluated for MDSCs 
that were isolated from five different PBMC donors, using 
Western blotting (Fig. 4a, samples 1*–5*), and compared 
to the fresh CD14+ cells from the same donors (Fig. 4a, 
samples 1–5). CatB and S were both up-regulated, and the 
stronger bands in low molecular weight range indicate their 
increased processing (Fig. 4). The most striking differences, 
however, were seen for catL protein expression, which was 
not detected in the fresh monocytes, but it was abundant in 
the isolated MDSCs.

Previous studies have shown that aspartic endopeptidase 
legumain acts as a pro-catL convertase [26]. Accordingly, 
here legumain was shown to coincide with de-novo catL 
expression. Accumulation of the catX pro-form was also 
seen for these MDSCs (Fig. 4a), and its active form was also 
increased (Fig. 4b). For catX we also performed immunoflu-
orescence staining to indicate its distribution across different 
types of myeloid cells (Supplementary Figure 2). These data 
suggest that catL may play important role in regulation of 
key MDSC functions. In addition to protein expression anal-
ysis, we evaluated catL and X activity in MDSCs samples 
generated without and with catL inhibitor CLIK-148, using 
activity-based probe DCG-04 (Supplementary Figure 3).

With the knowledge that catL acts as a pro-catX con-
vertase [27], we focused on catL and X to determine how 

inhibition of their individual proteolytic activities, or of 
both, influenced the tumor cell–MDSC interactions.

Differential impact of cathepsin L and cathepsin X 
inhibition on tumor cell invasion in the presence 
of peripheral blood mononuclear cells

Next, we exploited the generation of MDSCs from MDA-
MB-231 cells to study the immune cell–tumor cell inter-
actions in a MDA-MB-231/PBMC co-culture. The effects 
of PBMCs and catL and/or catX inhibitors on the MDA-
MB-231 cell invasion were examined in real-time assays 
(Fig. 5). Importantly, neither the PBMCs nor the cat inhibi-
tors were present during the invasion assays. Contrary to 
expectations, the co-culture of the MDA-MB-231 cells 
with PBMCs markedly reduced the MDA-MB-231 cell 
invasion. However, this invasion was not affected further 
with the addition of the catL inhibitor CLIK-148. Notably, 
the catX inhibitor Z9 increased the intrinsic invasion of the 
MDA-MB-231 cells, and the combination of both of these 
inhibitors (i.e., CLIK-148 plus Z9) showed an even greater 
increase. Additional analyses were performed where the 
MDA-MB-231 cells were treated with the catL and/or catX 
inhibitors without PBMCs. In this case, no significant dif-
ferences were seen for the invasion of the MDA-MB-231 
cells between different inhibitor treatments (Supplementary 
Figure 4a).

Several cat can degrade the extracellular matrix and 
might contribute to the observed differences in invasion. 
We examined the activities of the secreted cat in the culture 
medium using a pan-cat activity-based probe, DCG-04 [28]. 
No differences in the profiles of the secreted active cat were 
observed between the DMSO control of the MDA-MB-231 
cell/PBMC co-cultures and those treated with the catL and/
or catX inhibitors (Supplementary Figure 4b). Furthermore, 
the migration assays gave similar results to the invasion 
assays, suggesting that it was unlikely that the differences 
in intracellular degradation of Matrigel were responsible for 
changes in the invasion profile (Supplementary Figure 4c).

Differential impact of cathepsin L and cathepsin X 
inhibition on CD8+ T‑cell cytotoxicity in the presence 
of tumor cells

Following investigation of the functional impact of the 
immune cells on the tumor cells, we asked whether the 
properties of the immune cells were also differentially 
modulated in the presence of the tumor cells and the cat 
inhibitors. Therefore, CD8+ cells from PBMC/MDA-
MB-231 cell co-cultures that were treated with DMSO or 
the cat inhibitors were assayed for cytotoxicity. Interest-
ingly, the catL inhibitor CLIK-148 potently augmented 
the CD8+ cell cytotoxicity, while the cytotoxicity was not 
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changed for the Z9-treated cells, compared to the DMSO 
control (Fig. 6a). The combination of both of these cat 
inhibitors showed the same CD8+ cell cytotoxicity as for 
CLIK-148 alone (Fig. 6a). Again, the cat inhibitors were 

not present during the course of experiment, which meant 
that the intrinsic changes to the cytotoxic cells during co-
culture period accounted for the different behaviors of the 
immune cells.

Fig. 2   CD14+ cells from the 
co-cultures with the MDA-
MB-231 tumor cells show typi-
cal myeloid-derived suppressor 
cell (MDSC) phenotype, and 
are distinct from other myeloid 
populations. Representative 
dot plots for the phenotype 
comparisons. a MDA-MB-
231-generated MDSCs 
according to gating for CD14+ 
CD11b+ expression. b HLA-DR 
and CD33 expression for the 
cytokine-induced MDSCs (i), 
macrophages (ii), dendritic cells 
(iii) and MDA-MB-231-gen-
erated MDSCs (iv). Cells in 
quadrant Q1 correspond to the 
MDSC phenotype
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Fig. 3   Myeloid-derived suppressor cells (MDSCs) generated from the 
MDA-MB-231 tumor cell/CD14+ cell co-cultures express pSTAT3. a 
Representative Western blotting of phosphorylated STAT3 (pSTAT3) 
and total STAT3 (STAT3) expression in nonstimulated CD14+ cells 

(left) and MDSCs (right) from three different donors. GAPDH 
expression was used as the loading control. b Flow cytometry anal-
ysis of pSTAT3 in MDSCs. Gray line, isotype control; black line, 
pSTAT3 antibody-stained cells. MFI: median fluorescence intensity

Fig. 4   Expression of selected cysteine cathepsins in the MDA-MB-
231-generated myeloid-derived suppressor cells (MDSCs) compared 
to the untreated fresh monocytes from the same donors. a Repre-
sentative Western blotting for expression of legumain and cathepsins 
L (top left), B, S (bottom left), and X (top right) in MDSCs shows 
increased protein levels and processing, of cathepsin B and S. Simi-
lar to cathepsin B, the pro-form and active form of cathepsin X was 
increased. Lanes 1-5, cell lysates from fresh untreated CD14+ cells; 

lanes 1*–5*, MDSC lysates from matching donors. GAPDH was used 
as the loading control. b Semi-quantitative analysis of the levels of 
cathepsins S (catS), B (catB), and X (catX) expression relative to the 
untreated fresh monocytes (MDSC samples normalized for GAPDH 
loading control and their matched untreated CD14+ control samples). 
Only the samples with bands detected for both fresh monocytes and 
MDSCs were compared
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In addition, CD8+ cells from an allogenic donor were 
used, with an overnight incubation in conditioned medium 
harvested from inhibitor-treated co-cultures of PBMCs and 
MDA-MB-231 cells. The next day, the cytotoxicities were 
measured (Fig. 6b). These matched the data from the previ-
ous experimental setup.

Discussion

Here, we have developed an in  vitro model of human 
MDSCs from co-cultures of tumor cell line MDA-MB-231 
with human donor CD14+ cells, to investigate the role of 
cysteine peptidases cats L and X in MDSC–tumor cell 
interactions.

To the best of our knowledge, the MDA-MB-231 cell 
line has not yet been shown to generate functional human 
monocytic MDSCs. Jiang et al. used MDA-MB-231 cells in 
co-culture with CD33+ myeloid progenitors from peripheral 
blood; however, their focus was on immature MDSCs (i.e., 
CD45+ CD13+ CD33+ CD14− CD15−) [29]. Interestingly, 
in a canonical study by Lechner et al., MDSCs were gener-
ated from cells of every tumor type, except for breast cancer 
[23]. This discrepancy with the present study might well be 
explained by differences in the experimental setup. Genera-
tion of MDSCs by the glioblastoma U-87 cell line was not 

surprising, as this had already been shown by Rodrigues 
et al. [25]. However, Rodrigues et al. concluded that the 
U-87 cell line generated poorly immunosuppressive MDSCs, 
which might be attributed to the assay they used for immu-
nosuppressive activity (i.e., apoptosis induction, instead of 
T-cell proliferation). In line with other studies [25, 30], we 
established the need for the close proximity of the CD14+ 
cells and the tumor cells in order to generate MDSCs.

We demonstrated that MDA-MB-231-generated MDSCs 
express the typical MDSC surface phenotype. In compari-
son with fresh CD14+ cells, CD14 surface expression was 
down-regulated in MDA-MB-231-generated MDSC (data 
not shown). This observation is in agreement with Rodri-
gues et al. [25], Lechner et al. [31], and Casacuberta-Serra 
et al. [19], but contrary to the findings of Mao et al. [30]. In 
conclusion, the differences between in vitro MDSC models 
appear to be not only due to variations in experimental pro-
tocols and characterization strategies, but also to the inherent 
MDSC heterogeneity and plasticity [32, 33]. Indeed, in vitro 
generated MDSCs can be phenotypically and functionally 
similar, yet not identical [31].

MDSCs are usually associated with increased invasive 
behavior of tumor cells [34–37]. Therefore, our finding 
that the presence of PBMCs reduced tumor cell inva-
sion appeared counterintuitive. However, this finding is 
not definite as MDA-MB-231 control lacked vehicle in 

Fig. 5   Intrinsic invasion of the MDA-MB-231 cells is modulated in 
the presence of peripheral blood mononuclear cells (PBMCs) and 
the cathepsin L/X inhibitors. MDA-MB-231 cells were co-cultured 
with PBMCs and treated with the cathepsin L inhibitor CLIK-148 
or the cathepsin X inhibitor Z9, or the combination of both, for 72 h. 
DMSO-treated co-cultures and MDA-MB-231 cells without PBMCs 
and inhibitors added served as controls. a PBMCs suppressed MDA-
MB-231 cell invasion. Treatment with the cathepsin X inhibitor 
(Z9) partially, and in combination with cathepsin L inhibitor even 
more so (COMB), restored the invasion of the MDA-MB-231 cells, 

while treatment with the cathepsin L inhibitor alone had not effects 
(CLIK148). Data are mean ± standard error of the mean for three 
independent experiments, each performed in triplicate (n = 9). b Rep-
resentative curves of MDA-MB-231 cell invasion through Matrigel, 
driven by the serum gradient between the upper and lower compart-
ments. The two vertical lines show the time interval used for deter-
mination of cell index. c Statistical significance of the differences 
between the different treatments. ns, not significant; *p < 0.05; 
**p < 0.01; ***p < 0.001; ****p < 0.0001
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comparison to MDA-MB-231/PBMC control. Neverthe-
less, we also observed that PBMC increased the levels 
of phosphorylated STAT3 in the MDA-MB-231 cells. As 
reported by Banerjee et al., STAT3 in MDA-MB-231 cells 
might act in a tumor-suppressive manner [38].

The cat are regarded as promising targets for cancer 
treatments [14]. However, before their inhibitors can be 
translated into clinical practice, a more detailed under-
standing is needed of the role of the cat in the complex 
tumor microenvironment. Remarkably, few studies have 
focused on the effects of cat inhibition on cell types other 
than tumor cells. Recently, concerns were raised regard-
ing the use of catB, L, S, and X inhibitors as anti-tumor 
agents, as Edgington-Mitchell et al. [7] reported increased 
osteoclast formation in the presence of cat inhibitors, 

which might exacerbate MDSC-mediated cancer to bone 
metastasis.

Importantly, catX inhibition reverted the suppressive 
effects of the PBMCs on MDA-MB-231 cell invasion. Fur-
thermore, combined inhibition of catX and L here led to 
even greater increases in MDA-MB-231 cell invasion. An 
explanation for this additive effect might be that under catL 
inhibition, conversion of pro-catX to active catX is abro-
gated, and thus contributes to an even lower overall catX 
activity.

While inhibition of catX activity changed the intrinsic 
invasion of the MDA-MB-231 cells, down-regulation of catL 
activity resulted in enhanced cytotoxicity of the CD8+ T 
cells. On the other hand, catL is a known activator of the 
pore-forming protein perforin in T cells, and its inhibition 

Fig. 6   Cytotoxicity of CD8+ cells from peripheral blood mononuclear 
cells (PBMC)/tumor cell co-cultures is modulated by cathepsin L 
inhibition. a PBMCs from co-cultures with MDA-MB-231 (without 
and with cathepsin L, cathepsin X inhibitors) were stimulated with 
Staphylococcus enterotoxins, and the CD8+ cells were left to expand. 
To test their cytotoxicity, they were plated with target Raji cells at dif-
ferent ratios (CD8+ cells:Raji, 1:0.625, 1:1.25, 1:2.5, 1:5, 1:10, 1:20; 
as indicated). After 2.5  h, the target-cell viability was determined 
using flow cytometry. Left: Killing curves. Data are means ± stand-

ard errors from one of the two independent experiments performed 
in duplicate. Right: Data expressed as lytic activities. *p < 0.05. b 
Staphylococcus enterotoxin-reactive CD8+ cells were expanded from 
an allogenic donor and incubated overnight with conditioned medium 
from cathepsin inhibitor or DMSO-treated tumor cell/PBMC co-cul-
tures. Cytotoxicity was assayed the day after (as above). The addi-
tional control was CD8+ cells incubated in fresh cell culture medium 
(n = 4)
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has been shown to decrease their cytotoxicity in vitro [39]. 
The dual effects of cat inhibitor have been reported before; in 
a study by Yan et al. [40] treatment of regulatory T cells with 
a catS inhibitor alone was shown to enhance their immuno-
suppressive activity, but under the same conditions, addition 
of tumor-cell-conditioned medium reverted this effect and 
contributed to enhanced CD8+ T-cell immunity.

Taken together, in vitro models for validation of potential 
targets in cancers often lack the complexity of the immune-
cell component. Herein, we show that catL and X are impor-
tant for distinct functional changes to the tumor cells and 
immune cells, respectively, which might only be revealed 
through the tumor cell–immune cell co-culture system. All 
in all, our data underline the need for careful examination 
of cysteine peptidase inhibitors in the context of tumor 
cell–immune cell interactions, to better predict their impact 
on tumor progression in vivo.
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