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Toll-like receptor 2 promotes breast cancer progression and resistance to 
chemotherapy
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ABSTRACT
Cancer stem cells (CSCs) are the main drivers of disease progression and chemotherapy resistance in 
breast cancer. Tumor progression and chemoresistance might then be prevented by CSC-targeted 
therapies. We previously demonstrated that Toll-like Receptor (TLR)2 is overexpressed in CSCs and fuels 
their self-renewal. Here, we show that high TLR2 expression is linked to poor prognosis in breast cancer 
patients, therefore representing a candidate target for breast cancer treatment. By using a novel mam
mary cancer-prone TLR2KO mouse model, we demonstrate that TLR2 is required for CSC pool maintenance 
and for regulatory T cell induction. Accordingly, cancer-prone TLR2KO mice display delayed tumor onset 
and increased survival. Transplantation of TLR2WT and TLR2KO cancer cells in either TLR2WT or TLR2KO hosts 
shows that tumor initiation is mostly sustained by TLR2 expression in cancer cells. TLR2 host deficiency 
partially impairs cancer cell growth, implying a pro-tumorigenic effect of TLR2 expression in immune cells. 
Finally, we demonstrate that doxorubicin-induced release of HMGB1 activates TLR2 signaling in cancer 
cells, leading to a chemotherapy-resistant phenotype. Unprecedented use of TLR2 inhibitors in vivo 
reduces tumor growth and potentiates doxorubicin efficacy with no negative impact on the host immune 
system, opening new perspectives for the treatment of breast cancer patients.
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Introduction

Breast cancer (BC) is the most prevalent tumor in women, and 
its incidence is progressively increasing.1 Remarkable advances 
in diagnosis and adjuvant and neoadjuvant treatments have 
improved patient outcomes. However, BC is still the first cause 
of cancer-associated mortality in women in more than 100 
countries.1 More than 30% of patients experience local or distal 
relapse after surgery, and about 80% of deaths occur in patients 
whose BC progressed to metastatic disease despite treatment.2

Although endocrine and HER2-targeted therapies are com
monly used for estrogen receptor (ER)- and HER2-positive 
early BCs, respectively, systemic chemotherapy with anthracy
clines or cyclophosphamide is the cornerstone of treatment for 
triple negative (TN) BC, high-risk luminal cancers, and 
advanced BC. Neoadjuvant chemotherapy using 
a doxorubicin-based schedule has recently become a common 
therapeutic option for operable BC.3 However, the emergence 
of chemoresistance is a common event that often leads to 
treatment failure and metastasis.4

Resistance to chemotherapy can be attributed to several 
cancer-cell-intrinsic mechanisms, including altered drug 
absorption, efflux, or metabolism, the increased activation of 
pro-survival pathways, enhanced DNA repair, and tumor 
stemness.4 Furthermore, many chemotherapeutic drugs induce 

the release of several molecules by dying or injured cancer cells. 
One class of molecules released or exposed on the cell surface 
following chemotherapy-induced cell death is represented by 
damage-associated molecular patterns (DAMPs), which are 
a wide-ranging group of biomolecules that include (but are 
not limited to) High Mobility Group Box (HMGB)1, ATP, 
Heat Shock Protein (HSP)70 and HSP90, Calreticulin, and 
Annexin A1. Such DAMPs can act as signals by interacting 
with pattern recognition receptors (PRRs), leading to func
tional alterations in cells composing the tumor microenviron
ment (TME).5 Physiologically, PRRs are expressed in immune 
cells and promote inflammatory responses.6 In this scenario, 
dying or injured cancer cells release or expose on their surface 
DAMPs that help recruiting and activating cells of the immune 
system, including dendritic cells (DCs) that engulf them and 
initiate an adaptive immune response against the tumor. This 
type of cell death is called immunogenic cell death (ICD). 
However, some DAMPs may switch immune cells toward an 
anti-inflammatory response, depending on the type of cell 
death that induced their release, with which kinetic (acute vs 
chronic), and the PRR they engage.7,8 Therefore, surviving 
tumor cells can exploit TME alterations induced by cancer 
cell death to stimulate their survival and proliferation, resulting 
in cancer progression.4,9 In addition, several PRRs have 
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recently been observed in cancer cells as well, where they can 
activate pro-tumor pathways, and thus act as a double-edge 
sword in cancer.6,10

We have previously demonstrated that BC cells express 
Toll-like receptor (TLR)2, a PRR playing a key role in the 
survival and self-renewal of cancer stem cells (CSCs). CSCs 
are a small population of cancer cells able to self-renew, 
differentiate into all the cell lineages that form the tumor 
bulk and initiate the metastatic cascade.11,12 Breast CSCs 
are resistant to most current therapies, including che
motherapy, being thus responsible for local or distal relapse 
after treatment.13–15 Therefore, high levels of CSCs in 
breast tumors are associated with poor prognosis.16 TLR2 
activation in breast CSCs is autocrinally induced by the 
secretion of the DAMP HMGB1, which leads to the activa
tion of the NF-κB, AKT, and MAPK pathways and the 
subsequent production of Interleukin (IL)-6, tumor growth 
factor (TGF)-β, granulocytic-colony stimulating factor 
(G-CSF), and vascular endothelial growth factor 
(VEGF).6,13 IL-6 and TGF-β induce STAT3- and Smad3- 
pathway activation in CSCs, promoting their survival, pro
liferation, self-renewal, and invasion.13

Besides being actively secreted by CSCs,13 HMGB1 can be 
released into the TME as a consequence of treatment with 
chemotherapeutic drugs, including doxorubicin and taxanes, 
that induce ICD.17 High HMGB1 levels have been associated 
with clinical progressive disease during neoadjuvant che
motherapy in TNBC patients.18 We therefore hypothesize 
that ICD-inducing chemotherapy triggers the release of 
HMGB1 that, engaging TLR2, fosters the appearance of CSC- 
related features, including chemoresistance. TLR2 inhibition 
may therefore prevent the tumor-promoting effect of HMGB1, 
thus preserving the anti-tumor function of ICD-inducing 
chemotherapy.

Herein, we show that TLR2 promotes BC growth and 
chemoresistance, mainly via tumor cell-intrinsic mechan
isms, and that its inhibition improves the efficacy of dox
orubicin in preclinical models of BC. This study therefore 
identifies TLR2 as a new potential target for combined 
therapies.

Materials and methods

Cell cultures

MDA-MB-231 and 4T1 cell lines were purchased from 
American Type Culture Collection (ATCC) in 2018, ali
quoted, frozen, and then used within 10 passages after 
resuscitation in DMEM or RPMI 1640 (ThermoFisher 
Scientific) 10% FBS (Sigma-Aldrich), respectively. TUBO 
cell line was derived from a BALB-neuT primary tumor 
and cultured in DMEM 20% FBS.19 WT-874, WT-879, 
WT-880, KO-C26, KO-M26, and KO-E26 cell lines were 
derived, as described in the study of Liu and Chen,20 from 
mammary tumors isolated from C57Bl6-neuT mice either 
TLR2 wild-type (neuT-TLR2WT) or TLR2 knock-out (neuT- 
TLR2KO), respectively, and cultured in DMEM-F12 
(ThermoFisher Scientific) with 20% FBS. All cells were 
negative for mycoplasma.21

Meta-analysis using patient databases

The prognostic value of TLR2 mRNA expression in the 
5-y-relapse-free (RFS) and overall survival (OS) of patients 
with BC, either treated with chemotherapy or not, was ana
lyzed using the 32 breast cancer transcriptomic datasets avail
able through the open access online software Kaplan-Meier 
Plotter.22 Patients were stratified into two groups according 
to TLR2 expression using the “auto select best cutoff” function. 
Removal of redundant samples, exclusion of biased arrays and 
proportional hazard assumptions check were included in qual
ity control. Hazard ratios and p-values obtained with each 
dataset, either considering all patients or separating them by 
molecular subtype, were merged with Fisher’s method23 from 
the metap package (https://CRAN.R-project.org/package= 
metap).

The expression levels of TLR2 across BC molecular subtypes 
were obtained from the transcriptomic datasets collected in the 
MetaGxBreast R package,24 and PAM50 subtyping was per
formed through the molecular subtyping function of the gen
efu R package (“pam50” model).25 Since the log-rank tests were 
two-sided, one-sided p-values were obtained with the two2one 
function from the metap package, taking the hazard ratio into 
account, before applying Fisher’s method. A total of 32 datasets 
had a probe for TLR2 and allowed the inference of the mole
cular subtype. TLR2 mRNA expression levels in BC patients 
that responded to adjuvant chemotherapy and those that did 
not were analyzed using the datasets and tools available;22,26 

patients who relapsed within 5 y of treatment were compared 
with patients who did not, excluding those censored before the 
5 y had passed.

The correlation between TLR2 expression and a CSC sig
nature was computed using the transcriptomic datasets in 
MetaGxBreast and the cor.test function in R, collapsing the 
expression of CSC markers16 with single sample GSEA (GSVA 
R package).27 Correlations’ p-values were merged similarly to 
log-rank survival tests’ p-values. A total of 33 datasets had 
probes for TLR2 and for the CSC signature.

Mice

Mice were bred and maintained under saprophytic and patho
gen-free conditions at the animal facility of the Molecular 
Biotechnology Center and treated in accordance with EU and 
institutional guidelines, with the approval of the Animal Care 
and Use Committee of the University of Turin and the Italian 
Ministry of Health (authorizations N° 107/2020-PR and 500/ 
2017-PR).

NeuT-TLR2WT mice were generated by crossing male BALB- 
neuT19 with C57Bl6 female mice, and then backcrossing 
neuT male offspring with C57Bl6 mice for 12 generations. NeuT- 
TLR2WT males were then crossed with B6.129-Tlr2tm1Kir/J female 
mice (The Jackson Laboratory), and the Tlr2Het offspring 
intercrossed to obtain neuT-TLR2KO mice. Mice were screened 
with primers to neuT (Fwd: 5’-GTAACACAGGCAGATGTA 
GGA-3’; Rev: 5’-ATCGGTGATGTCGGCGATAT-3’), Tlr2 (Fwd: 
5’-CTTCCTGAATTTGTCCAGTACA-3’; RevWT: 5’-GGGCCA 
GCTCATTCCTCCCAC-3’; RevTlr2tm1Kir5’-GAAACGGAATGTT 
GTGGAGT-3’), and β-casein (Fwd: 5’-GATGTGCTCCAG 
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GCTAAAGTT-3’; Rev: 5’-AGAAACGGAATGTTGTGGAGT-3’), 
according to Jackson Laboratory website protocols. Tumor growth 
was monitored twice per week with a caliper (N = 21 neuT- 
TLR2WT and N = 22 neuT-TLR2KO mice) until all 10 mammary 
glands displayed a tumor, or a tumor exceeded 10 mm mean 
diameter.

1 × 106 WT-874, WT-879, WT-880, KO-C26, KO-E26, and 
KO-M26 cells were injected orthotopically into the fourth 
mammary gland of 8-week-old syngeneic C57Bl6 mice either 
TLR2WT or TLR2KO or in NOD/SCID/IL-2 receptor gamma 
chain deficient (NSG, Charles River Laboratories) female mice 
(N = 6 per group). Cells were dissociated from 5 to 6 mm mean 
diameter tumors explanted from neuT-TLR2WT (N = 4) and 
neuT-TLR2KO (N = 4) mice, using the protocol described in 
the study of Lanzardo et al.28 Then, 1 × 104 or 1 × 105 cells were 
injected orthotopically into the fourth mammary gland of 
8-week-old C57Bl6 mice (N = 16). Tumor growth was mon
itored twice per week by caliper. All mice were culled when the 
WT-874 tumors reached 10 mm in mean diameter.

1 × 104 4T1 cells were transfected with a pool of TLR2- 
specific or scrambled siRNAs, injected orthotopically, 24 hours 
later, into 6-week-old female BALB/c mice (Charles River 
Laboratories), and tumor growth was monitored. In the ther
apeutic model, 1 × 104 4T1 cells were injected orthotopically 
into 6-week-old female BALB/c mice (N = 40). When the 
tumors reached 2 mm mean diameter, mice were blindly ran
domized into four groups, which received intratumor and 
intraperitoneal (i.p.) injections of the vehicle (control); 50 µg 
CU-CPT22 (Tocris Bioscience, Cat#4884) intratumorally and 
vehicle i.p. (CU-CPT22-treated); 3 mg/Kg doxorubicin 
(Sigma-Aldrich, Cat#D1515) i.p. and vehicle intratumorally 
(doxorubicin-treated); or 50 µg CU-CPT22 intratumorally 
and 3 mg/Kg doxorubicin i.p. (CU-CPT22 + doxorubicin- 
treated) twice per week. When control tumors reached 
10 mm mean diameter, mice were culled, tumors removed 
and processed for FACS, and lungs fixed in 4% formaldehyde, 
paraffin embedded, sectioned into four sections spaced by 
50 µm and H&E stained. Pictures were acquired using 
a Nikon SMZ1000 stereomicroscope (Mager Scientific) and 
metastases counted with ImageJ.28

Ex vivo T regulatory cell (Treg) analysis

Blood of tumor-bearing neuT-TLR2WT mice was collected and 
processed, and T cells were activated as in the study of Conti 
et al.,29 and either treated or not with 20 µg/ml peptidoglycan 
from S. aureus (PGN-SA; InvivoGen, Cat#tlrl-pgns2) or 10 µg/ 
ml HMGB1 (Sigma-Aldrich, Cat#SRP6265). The percentage of 
Tregs was analyzed 6 d later by FACS.

FACS analysis

Single-cell suspensions were obtained from fresh primary 
tumors, spleens, and heparinized blood as in the study of 
Conti et al.30 1 × 106 cells were treated with Fc-receptor blocker 
(BD Bioscience, Cat#01245B) and stained for 20 min at 4°C 
with anti-mouse CD45-VioGreen (Cat#130-110-803), CD11b- 
FITC (Cat#130-110-803), CD3-FITC (Cat#130-119-135), 
CD4-APC-Vio770 (Cat#130-119-134), CD8-VioBlue 

(Cat#130-123-865), CD49b-PE (Cat#130-123-702), B220-PE- 
Vio770 (Cat#130-123-702), γδ TCR-PE/Cy7 (Cat#130-123- 
290), CD19-PE (Cat#130-123-272), Gr1-VioBlue (Cat#130- 
102-830), F4/80-PE-Vio770 (Cat#130-118-320) and MHC-II- 
APC (Cat#130-102-139) from Miltenyi Biotec, and CD44-PE 
(Cat#103007), CD24-PE/Cy7 (Cat#101822), Sca1- 
AlexaFluor647 (Cat#122518), CD206-PE (Cat#141706), CD4- 
PE/Cy7 (Cat#100528), GITR-PE (Cat#126310), TLR2-PE 
(Cat#148604) and CD25-APC (Cat#101910) from Biolegend, 
the Aldefluor kit (Stem Cell Technologies, Cat#01700) or the 
anti-FoxP3-FITC kit (eBioscience, Cat#10191071-5775-40).31 

At least 50,000 CD45+ events were acquired per sample on BD- 
FACSVerse and analyzed with FlowJO10.5.3. Cells were gated 
according to their physical parameters, and dead cells were 
excluded following propidium iodide (Sigma-Aldrich, 
Cat#P4864) or LIVE/DEAD™ Fixable Violet Dead Cell Stain 
Kit 450 nm (Thermo Fisher Cat#L34963,) staining. The CD45+ 

leucocytes and CD45− cells were gated, and cell populations 
analyzed as follows: NK: CD3− CD49b+; CD4+ T cells: CD3+ 

CD49b− CD4+; CD8+ T cells: CD3+ CD49b− CD8+; γδ TCR+ 

T cells: CD3+ CD49b− γδ TCR+; Tregs: CD3+ CD4+ CD25high 

GITR+ Foxp3+; B cells: CD3− B220+; MDSCs: CD11b+ Gr1+; 
M1 macrophages: CD11b+ F4/80+ MHC-II+ CD206−; M2 
macrophages: CD11b+ F4/80+ CD206+;32,33 CSCs: CD45− 

Sca1+, CD45− CD44+ CD24− and CD45− Aldefluor+.30 Cell 
lines were characterized by staining with anti-mouse HER2 
(Ab4, Cat#OP16, Calbiochem), α smooth muscle actin-FITC 
(Abcam Cat#ab8211), CD44-PE, CD24-PE/Cy7, Sca1- 
AlexaFluor647, TLR2-PE (Biolegend, Cat#148604 and 
Cat#392306), Aldeafluor, Oct-4 (Abcam Cat#ab19857), 
Musashi-1 (Abcam Cat#ab52865) or cytokeratin (CK)19- 
FITC (Abcam Cat#ab15463), followed by either rabbit anti- 
mouse Ig-PE (Cat# R043901), swine anti-rabbit Ig-FITC 
(Cat#F0205) from Dako or goat anti-rabbit IgG-PE (Thermo 
Fisher, Cat# P-2771MP). For the staining of intracellular pro
teins, cells were fixed and permeabilized with the BD Cytofix 
Cytoperm kit (BDBioscience, Cat# BD 554714). Tumor cells 
were either treated with 5 or 0.2 µM doxorubicin, 15 µM 
docetaxel (Hikma) or 12.5 µM cisplatin (Sandoz) and/or with 
5 µM CU-CPT22 or 10 µg/ml of the HMGB1 inhibitor BOX-A 
(HMGBIotech, Cat#HM-014) or 8 µM of the NF-κB inhibitor 
BAY 11–7082 (Sigma-Aldrich, Cat#B5556) for 48 hours, or left 
untreated, and then stained with AnnexinV-Apoptosis Kit- 
APC (eBioscience, Cat#88-8007-72).34 To analyze NF-κB acti
vation, cells were either treated with 5 µM doxorubicin and/or 
5 µM CU-CPT22 for 48 hours or starved in serum-free med
ium for 4 hours and then stimulated for 30 min with or without 
10 µg/ml HMGB1. Cells were fixed with 4% formaldehyde and 
90% methanol (Sigma-Aldrich), permeabilized and stained for 
30 min at 4°C with Alexa Fluor 647-conjugated anti-pNF-κB 
p65-S536 (Cell Signaling Technology, Cat#4887).13

3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyl Tetrazolium 
Bromide (MTT) assay

5 × 103 cells were cultured overnight in 96-well plates, and 
scalar doses of either docetaxel, cisplatin, CU-CPT22 or dox
orubicin, alone or with 5 µM CU-CPT22, were then added. 
Viability was measured 48 hours after by MTT (0.5 mg/ml; 
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Sigma Aldrich, Cat#M2128).30 The combined effect of doxor
ubicin and CU-CPT22 was determined as in the study of She 
et al.,35 by Bliss independence analyses, using the equation: 
C = (A + B) − (A × B), where A and B are the fractional growth 
inhibitions of doxorubicin and CU-CPT22, respectively, at 
a given dose. “Delta Bliss” scores (the difference between the 
observed growth inhibition and the Bliss expectation at the 
same dose) of the different doses were summed to generate 
a Bliss score. Bliss score = 0: additive effect, Bliss score > 0: 
synergy, Bliss score < 0: antagonism.

Tumorsphere-generation assays

Tumorspheres were generated from cell lines or cells disso
ciated from tumors.13 Dissociated tumorspheres were trans
fected with a pool of TLR2-specific (MSS216272, MSS216273, 
MSS280579) or scrambled (Cat#12935110) siRNAs using 
Lipofectamine 2000 (all from ThermoFisher Scientific). 
Twenty-four hours later, cells were treated with 20 µg/ml PGN- 
SA or 10 µg/ml HMGB1 or left untreated. After 4 d, contrast 
phase images were acquired (10X) and the number of spheres 
counted (4X) using Zeiss Axio Observer or Leica DMi1 
inverted microscope connected to DC120 digital camera.30

ELISA

Supernatants of cells treated with 5 µM or 0.2 µM doxorubicin 
or left untreated were harvested after 48 hours, and HMGB1, 
IL-6, TGF-β and VEGF were quantified using ELISA (IBL 
International GmbH, Cat#ST51011 and R&D Systems, 
Cat#DY406, DY1679, DY493).

RNA extraction and real-time quantitative PCR (qPCR)

Total RNA was isolated from siRNA-transfected tumor
spheres, 48 hours after transfection, using TriZol 
(ThermoFisher Scientific) according to the manufacturer’s 
instructions. RNA quality was assessed with the Agilent 2100 
Bioanalyzer and quantified with a NanoDrop 2000 
Spectrophotometer (ThermoFisher Scientific). Genomic DNA 
contaminations were removed with a DNA-free kit (Ambion), 
RNA was retrotranscribed with RETROscript reagents 
(Ambion), and qPCRs were carried out using gene-specific 
primers (QuantiTect Primer Assay; Qiagen), SYBR green, and 
a 7900HT RT-PCR system (Applied Biosystems). Quantitative 
normalization was performed on the expression of GAPDH. 
The expression levels in siTLR2-transfected tumorspheres rela
tive to siSCR-transfected tumorspheres were calculated using 
the comparative ΔCt (threshold cycle number) method and 
reported as fold changes, as in the study of Conti et al.13

Magnetic resonance imaging

MR images were acquired at 7.1 T on a Bruker Avance300 
spectrometer equipped with the Micro2.5 microimaging probe 
at room temperature. T2W morphological images were 
acquired using a standard RARE (Rapid Acquisition with 
Refocused Echoes) sequence with the following parameters: 
TR = 4000 ms, TE = 40.57 ms, RARE factor = 24, flip 

angle = 180°, number of averages = 4, FOV = 30 mm x 
30 mm, slice thickness 1 mm, matrix size 256 x 256, and spatial 
resolution = 0.117 × 0.117 mm/pixel. Diffusion-Weighted MR 
Images (DWI-MRI) were acquired using Spin Echo sequences 
with TE = 27 ms, TR = 750 ms, number of averages = 1, 
FOV = 30 x 30 mm, slice thickness = 1 mm, matrix size 128 x 
128, spatial resolution = 0.234 × 0.234 mm/pixel. Six different 
B-values were used (0, 150, 250, 500, 755, and 1000 s/mm2). 
Apparent diffusion constant (ADC) maps were calculated by 
fitting DW-MRI signal intensity as a function of B-values using 
Bruker ParaVision360 software.36 ADC maps were obtained by 
superimposing the ADC values of the tumor ROI onto T2w 
MRI (Fiji-Image software).

Statistical analysis

Statistical significance was evaluated using GraphPad8 soft
ware. Differences in tumor-free mice and survival were ana
lyzed using Mantel-Cox log-rank test. Differences in sphere 
formation, FACS and ELISA data, and tumor multiplicity were 
analyzed using two-tailed unpaired Student’s t test (with 
Welch’s correction for samples with different variance) and 
non-parametric Mann–Whitney or Kruskal–Wallis test when 
the distribution calculated using Shapiro-Wilk or Kolmogorov 
Smirnov test was not normal. Differences in cell viability and 
tumor growth were analyzed using two-way ANOVA with 
Bonferroni posttest. P < 0.05 was considered significant.

Results

TLR2 expression is linked to poor prognosis in BC patients

To investigate whether TLR2 expression correlates with prog
nosis in BC patients, we performed a meta-analysis on public 
gene-expression data from human breast tumors.22,26 Patients 
with high TLR2 expression showed significantly lower RFS 
(Figure 1a) and a trend in decreased OS (Figure 1b) than 
those with low TLR2, suggesting that TLR2 may play a role 
in BC progression, as also confirmed by a meta-analysis in 32 
individual datasets (Supplementary Table 1, Fisher’s collapsed 
p-value = 6.35 x 10−9). We did not find a significant difference 
in survival analyzing each BC subtype separately, probably due 
to the lower statistical power in smaller sets of samples. 
However, using an extensive set of transcriptomic data (33 
datasets from the MetaGxBreast database24), we observed that 
TLR2 displays higher expression in the most aggressive Basal- 
like subtype with respect to the other subtypes (one-sided 
Wilcoxon signed-rank test p-value <0.05 in 27/33 datasets; 
data not shown).

TLR2 deletion hinders HER2-driven mammary 
carcinogenesis

To study the role of TLR2 in mammary carcinogenesis and 
progression, we generated neuT-TLR2WT and neuT-TLR2KO 

mice, which carry the activated rat HER2/neu oncogene 
under the MMTV promoter and spontaneously develop 
mammary tumors. Tumor onset was significantly delayed in 
neuT-TLR2KO mice (Figure 1c), which displayed significantly 
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Figure 1. TLR2 correlates with poor prognosis in BC patients, and its deletion hinders HER2-driven mammary carcinogenesis and affects CSCs (a, b) Kaplan–Meier plots 
displaying (a) RFS and (b) OS in BC patients from all the datasets included in the KMPlotter website, stratified according to TLR2 mRNA expression (N = 4929 and 
N = 1728 in A and B, respectively). (c) Tumor-free survival, (d) OS, (e) mean tumor multiplicity of neuT-TLR2WT (N = 21) and neuT-TLR2KO (N = 22) mice. (f) Mean tumor 
volume of C57Bl6 mice injected orthotopically with 1 x 104 or 1 x 105 cells dissociated from tumors explanted from 4 neuT-TLR2WT (solid lines) or 4 neuT-TLR2KO (dashed 
lines) mice. (g-i) FACS analysis of (g) Aldefluor+ (h) CD44+ CD24− and (i) Sca1+ CSCs in tumors explanted from neuT-TLR2WT or neuT-TLR2KO mice. Representative density 
plots are shown. Graphs show mean ± SEM of the percentage of CSCs from among CD45− cells (each dot represents a mouse). N = 6 per group. (l) Sphere-generating 
ability (number of tumorspheres generated every 103 plated cells) of cells dissociated from the tumors of neuT-TLR2WT (N = 6) and neuT-TLR2KO (N = 10) mice. Results 
come from at least 3 independent experiments. (c-d) Log-rank Mantel-Cox, (e) Mann Whitney, and (g-j) unpaired Student’s t tests with Welch’s correction.
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higher survival (Figure 1d) and a decrease in tumor multi
plicity compared to neuT-TLR2WT mice (Figure 1e). This was 
accompanied by a lower frequency of CSCs functionally 
defined as tumor-initiating cells, as demonstrated by the 
inability of cells dissociated from four different neuT- 
TLR2KO tumors to generate progressively growing masses 
when injected orthotopically at different amounts (either 1 x 
105 or 1 x 104 cells) in syngeneic mice. Cells dissociated from 
four different neuT-TLR2WT tumors gave rise to tumors with 
a 100% penetrance at both dilutions (Figure 1f). Moreover, 
the lower frequency of CSCs in neuT-TLR2KO tumors was 
confirmed by the lower percentage of cells stained with the 
Aldefluor reagent, which measures the activity of aldehyde 
dehydrogenase 1, typically increased in breast CSCs,15 and of 
cells displaying the prototypical breast CSC phenotype CD44+ 

CD24−15 or expressing Sca1, a marker of CSCs in the neuT 
mouse model,37,38 observed in neuT-TLR2KO than in neuT- 
TLR2WT tumors (Figure 1g-i and Supplementary Fig 1a). 
Likewise, cells purified from neuT-TLR2KO tumors generated 
significantly fewer tumorspheres than those from neuT- 
TLR2WT (Figure 1j), confirming that TLR2 promotes CSC 
survival and self-renewal, and plays a key role in HER2- 
driven mammary carcinogenesis.

TLR2 deletion alters Treg frequency without affecting 
other immune cell populations

Since TLR2 is expressed in many immune cells including 
neutrophils, myeloid-derived suppressor cells (MDSC), mono
cytes, DCs, macrophages, NK cells, T (including Treg), and 
B lymphocytes,6 we assessed the percentage of the main 
immune cell types in the tumors, blood, and spleens from 
neuT-TLR2KO and neuT-TLR2WT mice at the experimental 
endpoint. The FACS gating strategy used is reported in 
Supplementary Fig 1b. While no significant differences were 
observed in most of the myeloid and lymphoid populations 
(Figure 2a-f) in tumors, blood, and spleens, and in intratumor 
macrophage polarization (Figure 2g), significantly lower Treg 
frequency was found in the tumors, blood, and spleens from 
neuT-TLR2KO mice (Figure 2h-j). Since in the neuT mouse 
model the amount of Treg cells can positively correlate with 
tumor progression,39 and we have observed an enhanced 
tumor progression in neuT-TLR2WT mice as compared to 
neuT-TLR2KO (Figure 1c-e), we analyzed the presence of 
Tregs in tumor-free TLR2WT and TLR2KO mice, to exclude 
that the observed difference in this cell population was due to 
variations in tumor burden and not to the expression of TLR2. 
Significantly lower levels of circulating Tregs were found in 
tumor-free TLR2KO than in TLR2WT mice (Figure 2k), suggest
ing that TLR2 can influence Treg expansion, regardless of the 
presence of cancer cells. Moreover, in TLR2WT mice, about 
50% of Tregs and only 10% of effector T cells were positive for 
TLR2 staining, with Tregs expressing higher TLR2 levels (mea
sured as MFI) than effector CD4+ T cells (Figure 2l). 
Interestingly, when circulating T cells from tumor-bearing 
TLR2WT mice were activated in the presence of TLR2 activa
tors, PGN-SA or HMGB1, the percentage of Tregs significantly 
increased (Figure 2m), suggesting that TLR2 may directly 
promote Treg expansion.

TLR2KO BC cells display impaired tumorigenic properties

To dissect the contribution of cancer and host cell TLR2 
signaling to tumor progression, we generated cell lines from 
the primary tumors of neuT-TLR2WT and neuT-TLR2KO mice, 
named WT-874, WT-879, WT-880, and KO-M26, KO-E26, 
and KO-C26, respectively. WT-874, WT-879, WT-880 express 
TLR2, which as expected is absent in KO-M26, KO-E26, and 
KO-C26 cells (Supplementary Fig 2a). All these cells express 
HER2 and the luminal marker cytokeratin 19 (CK19) but are 
negative for the basal marker alpha smooth muscle actin (α- 
SMA) (Supplementary Fig 2a). In vitro, TLR2WT cells displayed 
a slightly higher proliferation and lower basal apoptosis as 
compared to TLR2KO cells (Supplementary Fig 2b, c).

We performed orthotopic cross transplantation of WT-874 
and KO-M26 cells into TLR2WT and TLR2KO mice. Tumor 
onset and progression correlated to the presence of TLR2 in 
cancer cells. Indeed, WT-874 cells generated tumors in 100% of 
mice, regardless of the recipient mouse genotype, while KO- 
M26 cells generated tumors in only 20% and 30% of TLR2WT 

and TLR2KO mice, respectively (Figure 3a). Moreover, the 
tumors generated by KO-M26 cells remained very small 
(mean volumes at sacrifice <1.5 mm3), regardless of the geno
type of the receiving mice (Figure 3b). The tumors generated 
by WT-874 cells injected into TLR2KO mice were significantly 
larger (mean volumes at sacrifice: 127 mm3), and even signifi
cantly bigger tumors were generated by the WT-874 cells 
injected into TLR2WT mice (mean volumes at sacrifice: 
500 mm3) (Figure 3b). Similar results were obtained using KO- 
E26 cells (Supplementary Fig 3).

To confirm the TLR2 tumor-cell-intrinsic effects, 4T1 cells 
were silenced for TLR2 and injected into syngeneic BALB/c 
mice. TLR2 silencing significantly impaired tumor growth 
compared to control cells (Figure 3c). Moreover, 
a transplantation experiment performed in NSG mice indi
cated that the decreased tumorigenic ability of TLR2KO BC 
cells is maintained in immunodeficient mice. Indeed, KO- 
M26, KO-E26, and KO-C26 cells generated smaller tumors 
than WT-874, WT-879 and WT-880 cells (Figure 3d). These 
results, and the observations on Tregs, strongly suggest that 
TLR2 expressed in BC cells promotes BC growth, and that host 
TLR2-expressing cells provide a partial contribution to tumor 
progression.

TLR2 promotes CSC self-renewal and its inhibition impairs 
cell viability

We then exploited TLR2WT and TLR2KO cell lines to character
ize the tumor-cell-intrinsic pro-carcinogenic effects of TLR2. 
When cultured in tumorsphere-forming conditions, WT-874 
cells generated significantly more tumorspheres than KO-M26 
and KO-E26 (Figure 4a). Moreover, the percentage of Aldefluor+ 

cells was significantly higher in WT-874 than in KO-M26 and 
KO-E26 cells, both when cultured in 2D conditions and as CSC- 
enriched P1 tumorspheres (Figure 4b). Similarly, a higher fre
quency of cells expressing the CSC markers Musashi-1,40 Oct4,41 

Sca1, and CD44+CD24− was measured in WT-874, WT-879 and 
WT-880 cells than in KO-M26, KO-E26, and KO-C26 cells 
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Figure 2. TLR2 deletion alters Treg cell frequency without affecting other immune populations. FACS analysis of immune cells in tumors (N ≥ 6 per group), blood (N = 5 
neuT-TLR2KO and 6 neuT-TLR2WT) and spleens (N ≥ 3 per group) from neuT-TLR2KO and neuT-TLR2WT mice. Graphs show mean ± SEM of the percentage of (a-c) 
lymphocytes and myeloid cells from among CD45+ cells, (d-f) CD4+ and CD8+ from among CD3+ T cells, (g) M0, M1, M1/M2 and M2 from among total tumor 
macrophages, (h-j) Tregs from among CD4+ T cells. Each dot represents a mouse. (k) FACS analysis of peripheral Tregs in TLR2KO and TLR2WT mice. Graphs show mean ± 
SEM of the percentage of Tregs from among CD4+ T cells (N = 8 per group). (l) FACS analysis of TLR2 expression on Tregs and CD4+ CD25− cells from TLR2WT mice. 
Graphs show mean ± SEM of the percentage of TLR2+ cells and of TLR2 MFI (N = 8 per group). A representative density plot of Treg staining on CD4+ T cells and 
representative histograms of isotype control Ab or TLR2 staining on Treg and CD4+ CD25− effector T cells are shown. (m) FACS analysis of Tregs from TLR2WT mice upon 
ex vivo stimulation of blood T lymphocytes with TLR2 activating ligands. Graphs show mean ± SEM of the percentage of Tregs from among CD4+ cells. Each dot 
represents a mouse (N = 5 per group). Results come from at least 3 independent experiments. Unpaired Student’s t test with Welch’s correction.
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(Supplementary Fig 2d-g), indicating that TLR2 is involved in 
CSC self-renewal. Moreover, TLR2 induces the secretion of pro- 
tumoral cytokines, since, compared to KO-M26 or KO-E26 cells, 
WT-874 produced significantly higher amounts of TGF-β, IL-6, 
and VEGF (Figure 4c-e), which are responsible for triggering 
a pro-tumoral loop that promotes CSC self-renewal, prolifera
tion, and invasion.13

Several mouse and human BC cell lines, including TUBO, 
4T1, and MDA-MB-231, express TLR2 (figure 4f). We there
fore assessed the effect of TLR2 activation on their tumor
sphere-generation ability. Murine HER2+ TUBO and TNBC 
4T1 cells were stimulated with PGN-SA or HMGB1. Under 
these stimuli, TUBO and 4T1 cells generated significantly more 
spheres and expressed higher levels of the CSC marker Sca1 
than control cells (Figure 4g, h and Supplementary Fig 4). This 
effect was TLR2-dependent, as was not observed in TLR2- 
silenced cells (Figure 4g, h). PGN-SA and HMGB1 also 
increased tumorsphere generation in human TNBC MDA- 
MB-231 cells (Figure 4i). Moreover, in both TUBO and 4T1 
tumorspheres, TLR2 silencing with specific siRNAs decreased 
the mRNA level of the CSC markers Sca1, Nanog,41 and 
Musashi-140 as compared to what observed in scrambled 
siRNA-transfected tumorspheres (Figure 4j), confirming that 
TLR2 promotes BC stemness, as we previously demonstrated.13 

As an independent indication of the relationship between 

TLR2 and CSC activity, we analyzed 33 BC transcriptomic 
datasets and reported that TLR2 expression positively corre
lates with a published breast CSC signature16 in most of them 
(Figure 4k; Pearson correlation, Fisher’s merged p-value across 
33 datasets: 1.4 × 10−38).

Finally, the effect of TLR2 pharmacological inhibition 
on BC cell viability was assessed. Indeed, the TLR2 inhibitor 
CU-CPT22 dose-dependently impaired WT-874, TUBO, 4T1, 
and MDA-MB-231 cell viability (Figure 4l), while it was inef
fective on KO-M26 or KO-E26 cells (not shown). Overall, these 
results demonstrate that TLR2 signaling promotes breast CSC 
self-renewal and that its inhibition affects BC cell viability.

TLR2 mediates resistance to doxorubicin

High TLR2 expression in BC patients correlates with 
a significantly impaired response to chemotherapy, as che
motherapy-treated BC patients with TLR2high tumors showed 
lower RFS than patients with TLR2low tumors (Figure 5a), and 
TLR2 expression is significantly higher in non-responder than 
responder patients (Figure 5b). Accordingly, WT-874, WT-879 
and WT-880 cells were more resistant to doxorubicin than KO- 
M26, KO-E26, and KO-C26 cells, which showed lower viability 
(Figure 5c) and significantly higher apoptosis (Figure 5d) in 
response to doxorubicin. Similar results in terms of viability 

Figure 3. TLR2KO BC cells display impaired tumorigenicity. (a) Tumor-free survival and (b) mean tumor volume of TLR2WT and TLR2KO mice (N = 6 per group, from 2 
independent experiments) injected orthotopically with 1 × 106 WT-874 or KO-M26 cells. (c) Mean tumor volume of BALB/c mice orthotopically injected with 1 × 104 4T1 
cells left untreated (N = 5), transfected with scrambled siRNAs (N = 7) or siRNAs to TLR2 (N = 7). (d) Mean tumor volume of NSG mice injected orthotopically with 1 × 106 

WT-874, WT-879, WT-880, KO-C26, KO-M26 or KO-E26 cells (N = 6 per group from two independent experiments). (a) Log-rank (Mantel-Cox) of KO-M26 cells injected 
into TLR2WT and TLR2KO mice vs WT-874 cells injected into TLR2WT mice. (b) two-way ANOVA test.
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Figure 4. TLR2 promotes breast CSC self-renewal and its inhibition impairs cell viability. (a) Representative images of tumorspheres (Magnification 10X), and graph showing 
sphere-generating ability (number of tumorspheres generated every 103 plated cells) of WT-874, KO-M26, and KO-E26 cells cultured for 5 d in tumorsphere-forming conditions. 
(b) Means ± SEM of the percentage of Aldefluor+ cells in WT-874, KO-M26, and KO-E26 cells cultured for 5 d in 2D or tumorsphere-forming conditions. (c-e) ELISA of TGF-β, IL-6 
and VEGF released into the supernatant of WT-874, KO-M26, KO-E26 cultured for 48 hours in 2D conditions. (f) Representative FACS histograms of TLR2 (dark gray) and control 
(light gray) staining on TUBO, 4T1 and MDA-MB-231 cells. (g, h) Tumorsphere-generating ability of TUBO and 4T1 cells transfected with a pool of scrambled siRNAs (siSCR) or 
siRNAs to TLR2 (siTLR2) treated, 24 hours after transfection, with PGN-SA or HMGB1 for 4 d. (i) Tumorsphere-generating ability of MDA-MB-231 cells treated with PGN-SA or 
HMGB1 for 5 d. (j) Relative expression by qPCR of TLR2, Sca1, Nanog and Musashi-1 mRNA in TUBO and 4T1 tumorspheres transfected with siTLR2 as compared to those 
transfected with siSCR (gray dotted line). (k) Plot indicating the correlation between TLR2 expression, and a CSC signature computed with ssGSEA for each of the BC transcriptomic 
datasets comprised in MetaGxBreast. X axis shows the value of Pearson’s correlation, y axis represents correlation’s significance. Red dots label datasets with a p-value<0.05, 
showing that significant tests are skewed toward positive values. (l) Concentration-dependent cytotoxicity of CU-CPT22 (50 to 0.02 µM) on WT-874, TUBO, 4T1 and MDA-MB-231 
cells, evaluated using MTT after 48 hours of treatment. The graph shows log(inhibitor) vs. response – variable slope (four parameters) non-linear regression of data from three 
independent experiments, calculated with GrapPad8 software. All graphs report data from 3 independent experiments. Student’s t test.
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Figure 5. TLR2 promotes BC resistance to doxorubicin. (a) Kaplan–Meier plots displaying 5-y RFS of chemotherapy-treated BC patients stratified according to TLR2 
mRNA expression (N = 78). (b) TLR2 mRNA expression levels in the tumors from BC patients that relapsed (non-responders; N = 221) or not (responders; N = 256) within 
5 y of adjuvant chemotherapy. (c) Concentration-dependent cytotoxicity of doxorubicin (50 to 0.02 µM) on WT-874, WT-879, WT-880, KO-M26, KO-E26 and KO-C26 cells, 
evaluated by MTT after 48 hours of treatment. The graph shows log(inhibitor) vs. response – variable slope (four parameters) non-linear regression of data from three 
independent experiments, calculated using GrapPad8 software. (d) WT-874, WT-879, WT-880, KO-M26, KO-E26 and KO-C26 cells were treated with doxorubicin for 
48 hours and analyzed using Annexin-V/propidium iodide FACS staining. The graph shows means ± SEM of the % of Annexin-V+ from three independent experiments. 
(e) Concentration-dependent toxicity of doxorubicin (50 to 0.02 µM) alone or combined with 5 µM CU-CPT22 on WT-874, TUBO, 4T1 and MDA-MB-231 cells, evaluated 
via MTT after 48 hours of treatment in three independent experiments. (f) Analysis of the effect of the combination of doxorubicin and CU-CPT22 on BC cell lines. Bliss 
score > 0: synergistic effect; Bliss score = 0: additive effect; Bliss score < 0: antagonistic effect. (g) ELISA analysis of HMGB1 released into the supernatant by BC cells that 
were treated with doxorubicin for 48 hours or left untreated. The graph shows means ± SEM of HMGB1 concentration from ≥2 independent experiments. (h) FACS 
analysis of p65 NF-κB phosphorylation in WT-874, KO-M26 and KO-E26 cells treated with HMGB1 for 30 minutes or left untreated. The means ± SEM of mean 
fluorescence intensity (MFI) from three independent experiments are reported. (i, j) WT-874, TUBO, 4T1 and MDA-MB-231 cells were treated for 48 hours with or without 
doxorubicin, CU-CPT22 or a combination of both. (i) Graphs of FACS analysis of p65 NF-κB phosphorylation. (j) Annexin-V/propidium iodide analysis of cell apoptosis. All 
graphs report the means ± SEM of the percentage of positive cells from three independent experiments. Student’s t tests.
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and apoptosis were obtained using docetaxel, which – as dox
orubicin – can induce ICD42 (Supplementary Fig 5a, c). On the 
contrary, treatment with cisplatin, which is reported not to 
induce ICD,42 impaired the viability and induced apoptosis of 
TLR2WT and TLR2KO cells to a similar extent (Supplementary 
Fig 5b, c). Interestingly, TLR2 inhibition with CU-CPT22 
increased the sensitivity of HER2+ (WT-874 and TUBO) and 
TN (4T1 and MDA-MB-231) BC cells to doxorubicin 
(Figure 5e). Significantly, the two drugs in combination exerted 
synergistic activity, as calculated using the Bliss independence 
model (figure 5f). To dissect the mechanisms involved in TLR2- 
dependent resistance to ICD-inducing drugs, we analyzed the 
supernatants of doxorubicin-treated cells and found that dox
orubicin induced the release of HMGB1, which may activate 
TLR2, in all BC cells tested, with higher amounts released by 
KO-M26 and KO-E26 cells, which is in line with their higher 
sensitivity to doxorubicin (Figure 5g). Treatment with HMGB1 
induced an increase in the phosphorylated form of the TLR2 
downstream signal transducer p65 NF-κB in WT-874 cells but 
not in KO-M26 and KO-E26 cells (Figure 5h). As expected, 
doxorubicin increased phospho-NF-κB in WT-874, TUBO, 
4T1, and MDA-MB-231 cells, while TLR2 inhibition with CU- 
CPT22 significantly reduced it. The addition of CU-CPT22 to 
doxorubicin-treated cells significantly reduced phosphorylated 
NF-κB in all cell lines (Figure 5i and Supplementary Fig 6a). 
Moreover, doxorubicin treatment induced the release of the 
NF-κB-regulated cytokine IL-6, which was abolished by adding 
CU-CPT22 (Supplementary Fig 7A). Since NF-κB inhibits 
apoptosis and promotes cell survival,6 treatment with CU- 
CPT22 slightly induced apoptosis of WT-874, TUBO, 4T1, 
and MDA-MB-231 cells (Figure 5j and Supplementary 
Fig 6b). Of note, the level of apoptosis induced by CU-CPT22 
was similar to the basal apoptosis observed in TLR2KO cells 
(Supplementary Fig 2c) and to that induced by siRNA- 
mediated TLR2 silencing in WT-874 cells (Supplementary 
Fig 6c). Most importantly, the addition of CU-CPT22 signifi
cantly improved doxorubicin apoptotic effect in WT-874, 
TUBO, 4T1, and MDA-MB-231 cells (Figure 5j and 
Supplementary Fig 6b). Of note, treatment of MDA-MB-231 
cells with doxorubicin, alone or combined with CU-CPT22, 
increased the release of HMGB1 and other DAMPs that can 
potentially bind TLR2, such as HSP70, HSP90, Morgana 
(CHORDC1), HSP60, and Heat shock cognate 71 kDa protein 
(HSC70)43 (Supplementary Fig 7b), confirming the potential 
capability of doxorubicin to induce TLR2 activation on cancer 
cells. The effects of CU-CPT22 were not due to off-target 
mechanisms, as CU-CPT22 treatment did not exert any activity 
on KO-M26 or KO-E26 cells (Supplementary Fig 8a, b). 
Interestingly, CU-CPT22 increased doxorubicin-induced apop
tosis to a similar extent as treatment with the NF-κB inhibitor 
BAY 11–7082 (Supplementary Fig 8c) and HMGB1 antagonist 
BOX-A (Supplementary Fig 8d).

These results demonstrate that TLR2/NF-κB signaling, 
which is activated by doxorubicin-induced HMGB1 release, is 
involved in chemoresistance, and that TLR2 inhibition 
restores BC cell sensitivity to doxorubicin.

Treatment with a TLR2 inhibitor potentiates doxorubicin 
anti-cancer effects in vivo

To verify whether TLR2 inhibition exerts an antitumor effect 
in vivo, we treated 4T1 tumor-bearing BALB/c mice with two 
different doses of CU-CPT22 (10 or 50 µg) intratumorally, twice 
per week, starting when tumors reached 2 mm in mean dia
meter. Both CU-CPT22 doses significantly reduced tumor 
growth, and treatment at 50 µg significantly reduced the number 
of spontaneous lung metastases (Supplementary Fig 9). We then 
analyzed whether CU-CPT22 potentiates the activity of doxor
ubicin. 4T1 tumor-bearing mice were treated with doxorubicin, 
with and without CU-CPT22 (50 µg), twice per week. Both 
doxorubicin and CU-CPT22, administered as single treatments, 
significantly reduced tumor growth compared to control mice 
(Figure 6a). However, the combination of the two drugs induced 
a statistically significant reduction in tumor growth compared to 
the two single treatments (Figure 6a). Moreover, mice treated 
with CU-CPT22 + doxorubicin showed significantly fewer lung 
metastases than control or doxorubicin-treated mice 
(Figure 6b). Mice underwent MRI at the experimental end 
point to better characterize the effects of the combination treat
ment. T2w morphological axial and coronal MR images were 
acquired at B0 = 7 T. As shown in the representative T2w axial 
images, a significant decrease in tumor volume occurred upon 
treatment with CU-CPT22 + doxorubicin (Figure 6c, upper). 
The MRI quantification of tumor volume showed decreases of 
38 ± 2%, 47 ± 10%, and 75 ± 16% in mice treated with CU- 
CPT22, doxorubicin, or both, respectively, compared to control 
mice (Figure 6d). ADC-MRI maps, which report the degrees of 
freedom of water, were obtained using DWI-MRI. False color 
representative axial ADC maps of the tumor region (superim
posed onto morphological T2w MR images) are reported in 
Figure 6c (lower) for control mice and mice treated with dox
orubicin and CU-CPT22 simultaneously. A significant higher 
ADC value, an indication of decreased cellularity, was observed 
in CU-CPT22 + doxorubicin-treated mice than in control mice, 
while no significant effect was detected in mice treated with 
doxorubicin or CU-CPT22 alone (Figure 6e). 
A cytofluorimetric analysis of tumors showed that the combina
tion of CU-CPT22 and doxorubicin induced a statistically sig
nificant decrease in Sca1+ and CD44+ CD24− CSCs compared to 
tumors from mice treated with doxorubicin alone, demonstrat
ing that CU-CPT22 impairs CSC survival also in vivo (figure 6f, 
g). Moreover, the combined therapy induced a significant 
increase in tumor-infiltrating CD8+ T cells and a decrease in 
Tregs (Figure 6h, i), while no significant differences in CD4+ T, 
NK cells, and Ly6C+ monocytic MDSCs were observed 
(Figure 6j-l). Of note, CU-CPT22, alone or combined with 
doxorubicin, induced a significant reduction in Ly6G+ granulo
cytic MDSCs (Figure 6m). Despite not inducing variations in the 
total macrophage population (Figure 6n), the combined treat
ment also significantly decreased M2 while increasing M1 
macrophages (Figure 6o). Overall, these data indicate that treat
ment with TLR2 inhibitor enhances the efficacy of doxorubicin, 
reducing breast tumor growth and metastatic dissemination and 
restoring an immunocompetent TME.
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Figure 6. TLR2 inhibition increases doxorubicin anti-cancer activity in vivo. BALB/c mice were orthotopically challenged with 1 × 104 4T1 cells. When the tumors reached 2 mm in 
diameter, the mice were treated i.p. with 3 mg/kg doxorubicin and intratumorally with 50 µg CU-CPT22, or the vehicle alone as a control (N = 7 per treated groups and N = 10 per 
control group). The treatment was repeated twice per week. Graphs show (a) mean tumor volume, and (b) the number of spontaneous lung metastases per square mm measured 
in lungs. (c-e) T2w and DWI axial MR images of mice were acquired at the end point of the treatment. (c) Representative T2w axial images and false color representative axial ADC 
maps of the tumor region (superimposed on morphological T2w MR images) of control and doxorubicin + CU-CPT22-treated mice. (d) Tumor volume was measured by manually 
drawing ROIs in the tumor for all axial slices covering the entire tumor (Fiji-ImageJ free software). Decrease of volume in the treated mice was reported as the percentage of the 
volume of control mice (mean ± SD). (e) Mean ± SD of ADC values from the tumors of treated mice. (f-o) FACS analysis of (f) Sca1+ and (g) CD44+ CD24− cells from among CD45−, 
(h) CD8+ T cells, (j) CD4 + T cells, (k) NK cells, (l) monocytic MDSCs, (m) granulocytic MDSCs, and (n) macrophages from among CD45+ leucocytes and (i) Tregs from among CD4+ 

T cells and (o) M1, M2, M1/M2 or M0 polarized macrophages among the macrophage population in the tumors. Graphs show means ± SEM of the percentage of positive cells 
(N ≥ 4). Each circle represents a mouse. Student’s t test or Mann–Whitney test. In (a), two-way ANOVA analysis.
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Discussion

Chemotherapy is still the main option for TNBC and 
metastatic BC patients, with neoadjuvant and adjuvant che
motherapy becoming mainstays for treating early BC. 
However, chemoresistance is common in both advanced and 
early BC, and about 30% of early-stage BC patients relapse 
despite treatment.3,44 Therefore, the development of combined 
treatments to counteract chemoresistance and strengthen anti- 
cancer activity is an urgent medical need.

Since breast CSCs are chemotherapy-resistant and involved 
in tumor relapse,15 we have previously sought genes that play 
a key role in breast CSC survival. We identified TLR2 as being 
overexpressed in breast CSCs and as playing a role in their self- 
renewal.13 Herein, we have analyzed TLR2ʹs role in mammary 
carcinogenesis by generating genetically modified mice that, to 
our knowledge, represent the only model of HER2-driven 
mammary carcinogenesis on a TLR2KO background. 
Although the carcinogenic process was not completely abol
ished, TLR2KO mice displayed delayed tumor onset and 
decreased tumor multiplicity, suggesting a contribution of 
TLR2 to BC development. The HER2 transgene acts as 
a potent tumor driver in neuT mice, not allowing to fully 
appreciate the contribution of TLR2 in affecting tumor growth. 
Moreover, we cannot exclude that the constitutive deletion of 
TLR2 may activate compensatory mechanisms that cannot be 
observed upon acute inhibition of TLR2. Indeed, while treat
ment of several BC cell lines with the TLR2 inhibitor CU- 
CPT22 dose-dependently decreased their viability, the cell 
lines generated from neuT-TLR2KO tumors displayed only 
a slight decrease in cell viability as compared to their 
TLR2WT counterpart. The generation of a conditional, tissue- 
specific TLR2KO mouse model might contribute to better elu
cidate the role of TLR2 in tumor progression.

However, data from BC patients, whose tumors express 
higher TLR2 levels than adjacent normal tissue and in which 
Wang et al. demonstrated that high tumor TLR2 expression, 
assessed by qPCR, is associated with poor OS and unrespon
siveness to endocrine therapy in the luminal B subtype,45 are in 
line with what was observed in our preclinical model. 
Significantly, several genetic alterations that result in increased 
TLR2-signaling-pathway activation, including mutations that 
generate constitutively active forms of TLR2 and amplifications 
in TLR2 downstream effector IRAK1 (observed in 23.8% of 
patients), have been identified in BC patients.46 In this study, 
we observed a significant association between high TLR2 
expression and poor RFS in BC patients but not with OS. It 
should be noted that all the microarray datasets we analyzed 
are from the tumor bulk, where the expression of TLR2 in 
cancer and immune cells cannot be distinguished. The analysis 
of single-cell RNA sequencing datasets would allow to better 
correlate TLR2 expression on cancer cells and patients’ 
outcome.

The role of TLR2 is, at least partly, mediated by its ability to 
promote breast-CSC self-renewal, as suggested by the higher 
frequency of cells that express typical breast CSC markers38 

and the enhanced CSC-enriched tumorsphere-generating abil
ity of BC from TLR2-expressing mice compared to their neuT- 
TLR2KO counterparts. Indeed, we have previously 

demonstrated that TLR2 stimulation in breast CSCs leads to 
the activation of the MyD88/NF-κB and AKT pathways, which 
promote the secretion of several cytokines and growth factors, 
such as TGF-β and IL-6.13 These cytokines promote CSC 
survival, self-renewal, and invasion via the autocrine activation 
of the STAT3 and Smad3 pathways,6,13,47 in accordance with 
data that show increased TLR2 expression in BC cell lines 
endowed with metastatic potential.48 However, CSC self- 
renewal and differentiation are controlled by a complex inter
play among different signaling pathways, including those 
shared with normal stem cells, such as the Notch, Wnt, and 
Hedgehog pathways.12 Therefore, TLR2 is one of the many 
players that support CSCs. Future experiments aimed at ana
lyzing the tumorigenic potential of the putative CSC fraction 
isolated from neuT-TLR2WT or neuT-TLR2KO tumors could 
further demonstrate the impact of TLR2 deletion on cancer 
stemness. Nevertheless, our transplantation experiments con
firmed that in cancer cells, TLR2 signaling mediates pro- 
tumorigenic effects as, unlike TLR2WT BC cells, TLR2KO BC 
cells have a poor ability to generate tumors when injected into 
both immunocompetent and NSG mice. Moreover, host-cell 
TLR2 also contributes to tumor progression, as TLR2KO mice 
represented a more hostile environment than TLR2WT mice for 
the growth of TLR2+ BC. This suggests that TLR2 expression in 
immune cells may contribute to their immunosuppressive 
activity. In fact, several research groups have demonstrated 
that TLR2 stimulation in MDSCs induces their accumulation 
in the TME and lymphoid organs49 and the production of IL-6 
and IL-10, which polarize M2 macrophages and favor meta
static dissemination.50,51 Moreover, TLR2 has been shown to 
promote Treg proliferation both directly, through the TLR2- 
MyD88-NF-κB axis,52,53 and indirectly, via the activation of 
dysfunctional DCs that produce IL-6 and IL-10.54 Fittingly, we 
observed a decrease in both tumor-infiltrating and peripheral 
Tregs in tumor-bearing neuT-TLR2KO, compared to neuT- 
TLR2WT mice. This decrease was not due to the lower tumor 
burden characteristic of neuT-TLR2KO mice, since healthy, not 
neuT, TLR2KO mice showed a lower percentage of circulating 
Tregs than TLR2WT mice. We confirmed in vitro that TLR2 
activation in T cells promotes the expansion of Tregs, which 
expresses higher TLR2 levels than effector CD4+ T cells, sug
gesting that TLR2 plays an important role in Treg biology. 
However, TLR2 deficiency did not affect the percentages of 
other immune cell populations, whether in the tumor or per
iphery. Nevertheless, further studies are required to demon
strate their functional integrity.

Besides its role in breast carcinogenesis, TLR2 also plays 
a role in BC chemoresistance, as we observed that high TLR2 
expression correlates with low RFS in chemotherapy-treated 
BC patients. Furthermore, the deletion or pharmacologic inhi
bition of TLR2 increases the sensitivity of several BC cell lines 
to doxorubicin. This mechanism of chemoresistance is 
mediated by the release of TLR2-activating DAMPs, such as 
HMGB1, following doxorubicin-induced ICD. Despite our 
study lacks the analysis of total NF-kB by WB due to technical 
issues, the increase of phospho-NF-κB in TLR2WT but not in 
TLR2KO cells treated with HMGB1 for 30 minutes, a time 
window insufficient to induce de novo NF-κB production, 
supports the role of NF-κB activation downstream to the 
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HMGB1/TLR2 axis. Although HMGB1 can also bind other 
receptors such as RAGE and TLR4,6 we did not observe 
HMGB1-dependent NF-κB phosphorylation in TLR2KO BC 
cells, and TLR2 inhibition or silencing was sufficient to inhibit 
HMGB1 activity.13 Thus, TLR2-activation induces the produc
tion of IL-6, a well-known promoter of survival, growth, and 
proliferation in both immunosuppressive and cancer cells,55,56 

thus protecting cells from apoptosis. Indeed, high HMGB1 
levels correlate with poor response to neoadjuvant chemother
apy in TNBC patients,18 and HMGB1 protects BC cells from 
chemotherapy and promotes metastasis formation.57 

Moreover, other DAMPs that can activate TLR2 may be 
released into the TME following ICD-inducing 
chemotherapy,6,7,43 and indeed we observed the release of 
HSP70, HSP90, HSP60, and HSC70 from doxorubicin-treated 
MDA-MB-231 cells. Other chaperones, such as Morgana, are 
known to be constitutively released from MDA-MB-231 cells 
and to signal through TLR2.43 Interestingly, TLR2 activation 
may also be induced by bacteria. Specific microbiota have 
recently been found in mammary glands, with normal and 
neoplastic samples showing alterations in amount and 
composition.58 Neoadjuvant chemotherapy changes breast 
microbiota composition, inducing an increase in 
Pseudomonas aeruginosa, a potential TLR2 activator that 
stimulates BC cell proliferation.59 Moreover, many chemother
apy-treated patients suffer from opportunistic infections from 
Gram-positive bacteria, with the commensal bacteria diffusing 
to the tumor, which could further activate TLR2.60 Therefore, 
the administration of TLR2 inhibitors in combination with 
chemotherapy might not only impair the pro-inflammatory 
and pro-tumorigenic activity of HMGB1 and other DAMPs 
but may also counteract some of the detrimental effects of 
breast dysbiosis. Further experiments are needed to confirm 
this hypothesis.

Our in vivo therapeutic experiments have demonstrated 
that treatment with the TLR2 inhibitor CU-CPT22 
enhances the capability of doxorubicin to hamper BC pro
gression, potentiating its anti-cancer effects and decreasing 
metastatic dissemination. The combination of doxorubicin 
and TLR2 inhibition significantly decreased the frequency 
of Sca1+ and CD44+ CD24− cells in the tumors. Moreover, 
MRI analysis identified a significant reduction in tumor 
volume (about 75%) in mice treated with doxorubicin in 
combination with CU-CPT22 as compared to control mice. 
Further insights into tumor features have been gained by 
using DWI-MRI to obtain ADC maps that report the 
degree of freedom of water, which is a technique that is 
extensively applied to assess increases in cellularity during 
tumor growth.36 Treatment with doxorubicin and CU- 
CPT22 caused an increase in water freedom, suggesting 
a lowering of cellularity because of tumor regression.

Significantly, although TLR2 is expressed in immune cells, no 
detrimental alterations in the immune system were observed in 
mice treated with CU-CPT22 and in TLR2KO mice, which sup
ports the safety and feasibility of TLR2 targeting. Indeed, innate 
and acquired immune responses are well preserved in the absence 
of TLR2,61 and phase I clinical trials with TLR2-targeted therapies 
showed initial promising results in hematological 
malignancies.62,63 Importantly, anthracyclines, including 

doxorubicin, can induce ICD in cancer cells, leading to the pro
motion of an anti-tumor immune response.64 Besides HMGB1, 
the main DAMPs that mediate this response are Annexin A1, 
ATP, and calreticulin, alongside several cytokines released by 
cancer cells that contribute to immune-stimulation.65 Therefore, 
it should be emphasized that the determinants of immune stimu
lation in doxorubicin-induced ICD are diversified, and the inhibi
tion of the HMGB1-TLR2 axis on immune cells could not be 
sufficient to halt the anti-tumor immune response. Moreover, it 
has been shown that the expression of TLR4, another HMGB1 
receptor, on DCs is required for the induction of a tumor-specific 
T cell response, while lack of TLR2 did not affect it.66 Conversely, 
TLR2 activation on MDSCs has been demonstrated to promote 
pro-tumoral inflammation, while TLR4 was not involved in this 
mechanism.50 Moreover, activation of TLR2 can lead to the 
expansion of Tregs, thus suppressing anti-tumor immunity in 
vivo.52,53 Therefore, TLR2 and TLR4 appear to trigger opposite 
mechanisms in a cell-type-dependent manner, with TLR2 being 
dispensable for anti-tumor activity of DCs but required for pro- 
tumor activity of MDSCs and Tregs, and TLR4 being dispensable 
for pro-tumor activity of MDSCs but required for antitumor 
activity of DCs. Nevertheless, the anti-tumor vs pro-tumor effects 
resulting from TLR2 engagement are a complex matter of 
debate,67 with TLR2 agonists having been reported as successful 
adjuvants for anti-cancer immunotherapy,68 and TLR2 inhibitors 
(monoclonal antibodies or small-molecule inhibitors) successfully 
used in clinical trials for the treatment of acute myeloid leukemia 
and myelodysplastic syndrome.62,63 In our 4T1-based mouse 
model, doxorubicin alone did not induce any significant changes 
in the proportion of immune cell populations infiltrating the 
tumor (except for a decrease in M2-polarized macrophages), 
while CU-CPT22 alone and even more when combined with 
doxorubicin significantly reduced Tregs, granulocytic MDSCs, 
and M2 macrophages while increasing CD8+ cytotoxic T cells 
and M1 macrophages. These results suggest that the pro-tumor 
function exerted by TLR2 stimulation on cancer cells and 
immune-suppressive cells may hinder the capability of doxorubi
cin to generate an anti-tumor immune response. Conversely, the 
addition of CU-CPT22 unleashes the full immunogenic potential 
of doxorubicin-induced ICD, leading to a remodeling of the TME. 
Of note, similar results were observed when blocking the TLR2 
ligand HMGB1 in a 4T1 tumor model, which improved the 
efficacy of immune checkpoint inhibitors.69 The combined treat
ment with doxorubicin and CU-CPT22 was more effective than 
doxorubicin monotherapy in hindering 4T1 tumor progression 
in vivo, but tumor growth was not completely abolished. This 
could be due to the 4T1 intrinsic features that might lead to an 
underestimation of the potential effect of the combined protocol 
proposed. Indeed, the 4T1 model is quite resistant to several 
combined therapies and immunotherapies, and the combination 
of cyclophosphamide/doxorubicin with anti-PD-1 or anti-PD-L1 
antibodies showed no, or very limited, increase in anti-tumor 
effect.70,71

The results so far obtained and described in this manuscript 
demonstrate that TLR2 plays a role in BC chemoresistance 
(Figure 7), although it cannot be considered a master regulator 
of BC onset and progression. Its targeting may enhance BC cell 
vulnerability to standard therapies, similarly to what is 

e2086752-14 A. DI LORENZO ET AL.



observed in BC using immune checkpoint inhibitors.70,71 In 
conclusion, our data add fresh knowledge on the complex role 
played by TLR2 in cancer and contribute with a slightly pro
vocative view to the scientific debate on the opportunity of 
using either TLR2 agonists or inhibitors in cancer therapy.
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