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Simple Summary: Triple-negative breast cancer is an aggressive type of breast cancer with limited 

treatment options. Immunotherapy, which helps the immune system fight cancer, has shown promise, 

but not all patients respond well. Recent research suggests that bacteria found within tumors may 

influence cancer progression and treatment resistance. In this study, we investigated whether 

Staphylococcus aureus, a common bacterium, can survive inside breast cancer cells and affect their ability 

to evade immune detection. We found that S. aureus increases the levels of a protein called PD-L1, which 

helps cancer cells escape immune attack. This discovery suggests that bacteria may play a role in making 

cancer more resistant to immunotherapy. Understanding these interactions could lead to new treatment 

strategies that target both cancer cells and bacteria to improve patient outcomes. 

Abstract: Triple-negative breast cancer (TNBC) is an aggressive breast cancer subtype with limited 

treatment options. While immune checkpoint inhibitors (ICIs) targeting PD-1/PD-L1 have shown 

clinical benefit, response rates remain variable, and mechanisms of resistance are not fully 

understood. Emerging evidence suggests that the tumor microbiome can influence immune 

responses and therapy outcomes. This study investigates the role of Staphylococcus aureus in 

modulating PD-L1 expression and immune evasion in TNBC. We examined the internalization, 

persistence, and functional impact of S. aureus in three TNBC cell lines (MDA-MB-468, MDA-MB-

231, MDA-MB-453) and the non-tumorigenic MCF-12A breast epithelial cell line. Bacterial uptake 

and intracellular survival were assessed using an optimized gentamicin protection assay, colony-

forming unit quantification, and transmission electron microscopy for up to seven days. Flow 

cytometry was used to analyze PD-L1 and TLR2 surface expression, while western blot assessed 

STAT1 activation. Cells were infected with viable S. aureus or treated with the TLR2 agonists S. aureus 

lipoteichoic acid and Pam3CSK4, a synthetic triacylated lipopeptide that specifically activates TLR2, 

alone or in combination with IFN-γ. Our findings demonstrate that S. aureus invades and persists 

within breast cells in a subtype-dependent manner. Notably, intracellular S. aureus, in the presence 

of IFN-γ, induces PD-L1 expression, contributing to immune checkpoint regulation. The degree of 

PD-L1 upregulation varied across TNBC subtypes, with MDA-MB-468 (basal-like) and MDA-MB-231 

(mesenchymal stem-like) cells exhibiting the highest response. In MDA-MB-231 cells, which express 

high levels of TLR2, TLR2 agonists enhanced PD-L1 expression independently of IFN-γ. Across all 
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cell lines, TLR2 agonists in combination with IFN-γ further increased PD-L1 expression, suggesting 

a synergistic effect between bacterial signaling and inflammatory pathways. These findings provide 

evidence that S. aureus modulates immune checkpoint pathways in TNBC, potentially contributing 

to immune evasion and ICI resistance. This highlights the need for further investigation into 

microbial influences on tumor progression and suggest that targeting bacterial interactions may 

enhance immunotherapy efficacy in TNBC. 

Keywords: Triple-negative breast cancer (TNBC); Staphylococcus aureus; Intracellular bacteria; 

Bacterial internalization; PD-L1 expression; Toll-like receptor 2 (TLR2); Immunotherapy; Host-

pathogen interaction; Bacterial persistence; Tumor microenvironment. 

 

1. Introduction 

Triple-negative breast cancer (TNBC) is an aggressive subtype defined by the absence of 

estrogen receptor, progesterone receptor, and human epidermal growth factor receptor 2 expression. 

Lacking targeted therapies, TNBC is associated with high recurrence rates and poor prognosis [1]. 

Molecular subtyping has further classified TNBC into biologically distinct groups, including basal-

like (BL1 and BL2), mesenchymal, and luminal androgen receptor subtypes [2,3], each differing in 

proliferation rates, immune infiltration, and drug responsiveness. 

Immunotherapy targeting the PD-1/PD-L1 immune checkpoint pathway has emerged as a 

promising approach for TNBC, particularly in patients with high PD-L1 expression [4,5]. PD-1, an 

immune checkpoint receptor on T cells, interacts with PD-L1 and PD-L2 to suppress immune 

responses, allowing tumor cells to evade immune detection [6,7]. Immune checkpoint inhibitors 

(ICIs) block this interaction, restoring T cell function and enhancing antitumor immunity [8]. In 

TNBC, PD-L1 expression is particularly elevated in basal-like and metastatic tumors [9], making ICIs 

such as pembrolizumab viable treatment options. However, response rates remain variable, and 

resistance mechanisms—such as alterations in the interferon-gamma (IFN-γ)/JAK-STAT pathway—

pose significant challenges [10,11]. Identifying factors that modulate PD-L1 expression in TNBC is 

crucial for understanding immune evasion and improving therapeutic outcomes. 

Recent studies have reported the presence of bacteria in breast tissue, including breast tumors 

[12-23]. Our meta-analysis of 11 studies using 16S rRNA sequencing on 1,260 fresh breast tissue 

samples identified Proteobacteria, Firmicutes, Actinobacteriota, and Bacteroidota as dominant phyla, with 

Staphylococcus and Corynebacterium frequently detected [24]. Notably, analysis of bulk RNA-

sequencing data from The Cancer Genome Atlas Breast Cancer (TCGA-BRCA) cohort revealed that 

high Staphylococcus abundance was associated with proliferation-related gene expression programs 

and a 4.1-fold increased mortality risk. While microbial influences on tumor progression and therapy 

responsiveness are well recognized in high-biomass tumors such as colorectal and oral cancers 

[25,26], the role of bacteria in breast cancer remains poorly understood. Murine studies suggest that 

intracellular bacteria may promote metastasis [17,27-31], but their impact on immune infiltration and 

therapy responsiveness in TNBC is unclear. 

Staphylococcus aureus, a facultative intracellular pathogen, can persist within host cells, evading 

immune surveillance and antibiotic treatment. Although traditionally considered extracellular, S. 

aureus has been detected within epithelial and immune cells, raising concerns about its potential role 

in cancer pathophysiology. Previous studies suggest that S. aureus toxins can modulate tumor cell 

proliferation and apoptosis [32], while heat-killed S. aureus and its α-hemolysin toxin have been 

shown to upregulate PD-L1 expression through Toll-like receptor 2 (TLR2) signaling in other cancer 

models [30,33]. However, whether S. aureus directly modulates immune checkpoint pathways in 

human TNBC remains unknown. 

In this study, we investigated the internalization, persistence, and functional impact of S. aureus 

in human breast cells, including three TNBC cell lines—MDA-MB-468 (basal-like 1), MDA-MB-231 

(mesenchymal stem-like), and MDA-MB-453 (luminal androgen receptor)—as well as the non-
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tumorigenic MCF-12A breast epithelial cell line. Using an optimized gentamicin protection assay and 

advanced imaging techniques, we assessed bacterial uptake and intracellular survival. We further 

examined the effects of intracellular S. aureus on host cell viability, proliferation, and immune 

checkpoint regulation, with a particular focus on PD-L1 expression, a key immunomodulatory 

protein in TNBC. Our results indicate that TLR2 activation by S. aureus enhances PD-L1 expression 

in a cell line-dependent manner, linking bacterial infection to immune evasion mechanisms. These 

findings suggest a potential role for S. aureus in modulating TNBC immune responses and highlight 

the need for further investigation into microbial influences on tumor progression and therapy 

resistance. 

2. Materials and Methods 

2.1. Reagents 

Interferon gamma (IFN-γ) was purchased from BioLegend (San Diego, CA, USA, Cat# 570204). 

Purified S. aureus lipoteichoic acid (LTA) (Cat# tlrl-pslta) and the synthetic TLR2 agonist Pam3CSK4 

(Cat# tlrl-pms) were obtained from InvivoGen (San Diego, CA, USA). 

2.2. Breast Cell Lines 

MDA-MB-468, MDA-MB-231, MDA-MB-453 and MCF-12A were obtained from American Type 

Culture Collection (ATCC, Manassas, VA, USA). MDA-MB-231, MDA-MB-468, and MDA-MB-453 

were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco, Thermo Fisher Scientific, 

Waltham, MA, USA; Cat# 12430062) supplemented with 10% fetal bovine serum (FBS) (Gibco, 

Thermo Fisher Scientific; Cat# 26140079) and 1% penicillin-streptomycin (Gibco, Thermo Fisher 

Scientific; Cat# 15140122). MCF-12A cells were maintained in a 1:1 mixture of DMEM and Ham's F12 

(Gibco, Thermo Fisher Scientific; Cat# 11765054) supplemented with 20 ng/mL human epidermal 

growth factor (Sigma-Aldrich, St. Louis, MO, USA; Cat# 01-107), 100 ng/mL cholera toxin (Sigma-

Aldrich; Cat# C8052), 0.01 mg/mL bovine insulin (Sigma-Aldrich; Cat# 16634), 500 ng/mL 

hydrocortisone (Sigma-Aldrich; Cat# H0888), 5% heat-inactivated horse serum (Sigma-Aldrich; Cat# 

H1138) and 1% penicillin-streptomycin. 

2.3. Labelling of S. aureus with eFluor 450 

The Staphylococcus aureus ATCC 25923 reference strain was initially cultured on Tryptone Soya 

Agar (TSA) (Oxoid, Thermo Fisher Scientific; Cat# CM0131). Colonies were then inoculated into 35 

mL of Tryptone Soya Broth (TSB) (Oxoid, Thermo Fisher Scientific; Cat# CM0129) in 50 mL tubes and 

incubated overnight at 37°C under aerobic conditions with agitation (180 rpm). For fluorescent 

labeling, the overnight culture was adjusted to a concentration of 1.0 × 10⁹ colony-forming units per 

millilitre (CFU/mL), pelleted by centrifugation at 3,200 × g for 10 minutes, and washed three times 

with sterile, protein-free phosphate-buffered saline (PBS). The bacterial pellet was resuspended in 

750 µL of 10 µM eBioscience Cell Proliferation Dye eFluor 450 (Invitrogen, Thermo Fisher Scientific, 

San Diego, CA, USA; Cat# 65-0842-90) (according to the protocol provided with the kit) and incubated 

at 37°C in the dark for 30 minutes with gentle agitation. Excess dye was quenched by incubating the 

labeled bacteria in DMEM containing 10% FBS for 10 minutes, followed by two additional PBS 

washes. 

For infection, a bacterial suspension was prepared at McFarland standard 0.5, corresponding to 

approximately 1.5 × 10⁸ CFU/mL, and diluted in DMEM to achieve the desired multiplicity of 

infection (MOI) before being added to the cells. 

2.4. Gentamicin Protection Assay 

Breast cell lines were seeded at 1.5 x 105 cells per well in 12-well plates and incubated overnight 

at 37°C in 5% CO2. The following day, cells were washed with Dulbecco’s Phosphate-Buffered Saline 
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(DPBS) (Gibco, Thermo Fisher Scientific; Cat# 14190144) and infected with eFluor 450-labelled or 

unlabelled S. aureus in DMEM supplemented with 10% FBS, without antibiotics, at MOIs of 10, 50, or 

200 for 2 hours at 37°C in 5% CO₂. To minimize photobleaching, infections were performed in the 

dark. 

Following infection, cells were washed three times with sterile DPBS, incubated in DMEM 

supplemented with 10% FBS and 200 µg/mL gentamicin (Gibco, Thermo Fisher Scientific; Cat# 

15750060200) for 1 hour, followed by two washes with DPBS to eliminate extracellular bacteria. Cells 

were then incubated in their respective maintenance medium supplemented with either 50 µg/mL 

gentamicin for 24-hour experiments, or 5 µg/mL gentamicin for experiments longer than 24 hours.  

To verify the efficacy of gentamicin in eliminating extracellular bacteria, a minimum inhibitory 

concentration (MIC) assay was conducted following established protocols [34]. 

2.5. Measurement of S. aureus Internalization by Flow Cytometry  

Breast cell lines were infected with unlabelled or eFluor 450-labelled S. aureus at MOIs of 10, 50 

and 200 bacteria per cell. At 24- or 48-hours post-infection, the cells were detached using TrypLE 

Express Enzyme without phenol red (Gibco, Thermo Fisher Scientific; Cat# 12604021), centrifuged at 

300 × g for 5 minutes, and washed twice with DPBS. 

To distinguish viable from dead cells, 100 µL of ViaDye Red Fixable Viability Dye (Cytek 

Biosciences, Fremont, CA, USA, Cat# R7-60008) at a dilution of 1:100,000 in protein-free PBS was 

added. Cells were incubated in the dark for 20 minutes, followed by two washes with DPBS. 

A minimum of 30,000 single-cell events per sample were acquired using a Cytek Aurora spectral 

flow cytometer (Cytek Biosciences). Cells that were positive for ViaDye Red Fixable Viability Dye 

were excluded from analysis. The percentage S. aureus-positive cells were determined by comparing 

eFluor 450 fluorescence intensity to that of cells infected with unlabelled bacteria. The intracellular 

bacterial load was quantified as the eFluor 450 geometric mean fluorescence intensity (GMFI). All 

analyses were preformed using FlowJo v10.10.0 (BD Biosciences, San Jose, CA, USA).  

2.6. Clearance of Viable Intracellular S. aureus 

To assess bacterial clearance, breast cell lines infected with S. aureus at MOIs of 50 and 200 were 

harvested daily for 7 days. Cells (3 x 104) were lysed with 200 µL of 1% Triton X-100 for 5 minutes. 

The lysate was serially diluted in sterile PBS, plated onto TSA and incubated at 37°C for 24 hours. 

After incubation, the number of CFUs were counted, and bacterial concentration was calculated as 

CFU/mL using the formula: CFU/mL = (number of colonies × dilution factor) / volume plated (mL). 

At each time point, uninfected lysed cells were used as negative controls. 

2.7. Transmission Electron Microscopy 

Transmission electron microscopy (TEM) was used to confirm the presence and morphology of 

intracellular S. aureus within MDA-MB-231 cells. Cells were infected with a MOI of 200 and collected 

at 24 hours and 7 days post-infection. A total of 5 x 105 cells were fixed in 800 µL of 4% 

paraformaldehyde and 1.25% glutaraldehyde in PBS with 4% sucrose, pH 7.2 for at least 24 hours at 

4oC. Following fixation, cells were washed twice with PBS containing 4% sucrose for 10 minutes each, 

and then post-fixed in 2% osmium tetroxide for 1 hour on a rotator. Dehydration was performed 

using a graded ethanol series (70%, 95% and 100% ethanol, three changes of 20 minutes each), 

followed by 30 minutes in propylene oxide.  

For resin infiltration, cells were incubated in a 1:1 mixture of propylene oxide and resin for 1 

hour, followed by overnight incubation in 100% resin, and an additional 4-hour change in fresh 100% 

resin. Cells were then embedded in fresh resin and polymerized at 60°C for at least 48 hours. 

After processing, 1 µm sections were cut using an ultramicrotome, stained with toluidine blue, 

and examined by brightfield microscopy to identify suitable regions for TEM imaging. Ultrathin 

sections (70 nm) were then cut, mounted on copper grids, and stained with 4% uranyl acetate and 
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lead citrate. Imaging was performed using a Tecnai G2 Spirit 120kV TEM, and images acquired using 

an AMT digital camera with V7.0.1 software. 

2.8. Cytotoxicity and Inhibition of Proliferation 

Breast cells were infected with S. aureus at MOIs of 10, 50 and 200 for 2 hours. Uninfected cells 

served as controls. Following infection, cells were washed twice with sterile DPBS and incubated in 

DMEM supplemented with 10% FBS and 200 µg/mL gentamicin for 1 hour, following by 2 washes 

with DPBS and incubation with gentamycin 50 µg/mL for 2 hours. Cells were washed twice with 

DPBS, detached using TrypLE and counted. Cell counts were normalised to uninfected cells. 

To assess the effect of S. aureus infection on cell proliferation, infected cells were seeded at a 

density of 3.3 × 10³ cells per well in 96-well plates (Corning Incorporated, NY, USA; Cat# 3696). Cells 

were then incubated in the respective maintenance media supplemented with 5 µg/mL gentamicin 

for 5 days and cell proliferation was assessed using a crystal violet staining assay, as previously 

described [35]. Proliferation of infected cells was compared to the uninfected controls. 

S. aureus exoproteins were prepared as previously described [36]. Briefly, conditioned TSB from 

15-hour S. aureus cultures was centrifuged at 4,000 × g for 10 minutes at 4°C to remove bacterial cells 

and filtered through a 0.22 µm Acrodisc syringe filter (Pall Corporation, Port Washington, NY, USA; 

Cat# 4525). Exoproteins were then concentrated using Pierce Protein Concentrators PES with a 3 kDa 

molecular weight cutoff (Thermo Fisher Scientific; Cat# 88512), and total protein content was 

quantified using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific; Cat# 23225). Serial 

dilutions of the exoproteins were prepared in the respective maintenance media supplemented with 

5 µg/mL gentamicin. Cells were seeded at a density of 3.3 × 10³ cells per well in 96-well plates. The 

following day, the culture media was replaced with S. aureus exoproteins, and cells were treated for 

5 days. Cell proliferation was assessed using a crystal violet staining assay, as previously described 

[35]. Proliferation in exoprotein treated cells was compared to untreated controls. 

2.9. Expression of Cell Surface Markers Determined by Flow Cytometry 

Cells were infected with various MOIs of unlabeled S. aureus as described previously. Following 

infection, both infected and uninfected control cells were treated with IFN-γ and incubated for 24 or 

48 hours. In parallel, cells were also treated with TLR2 agonists for 24 hours, with or without IFN-γ, 

to evaluate the impact of TLR2 activation on cellular responses. As part of the control conditions, a 

subset of uninfected cells was maintained with and without IFN-γ treatment. The surface expression 

levels of PD-L1 and TLR2 were then measured by flow cytometry. 

At the designated time points, 3 × 10⁵ cells from each group were harvested, washed twice with 

PBS, and stained with 100 µL of ViaDye Red Fixable Viability Dye (1:10,000 dilution). After staining, 

cells were washed twice with PBS and resuspended in ice-cold FACS buffer (1% FBS and 0.05% 

sodium azide in PBS). 

To reduce non-specific antibody binding, cells were incubated with Human BD Fc Block (1:50 

dilution; BD Pharmingen, San Jose, CA, USA; Cat# 564220) for 10 minutes at room temperature. Cells 

were then washed with FACS buffer prior to antibody staining. 

Cells were stained in a final volume of 60 µL with the following antibodies, which were titrated 

before use to determine optimal dilution: PD-L1, Brilliant Violet 421 anti-human CD274 (1:20 dilution; 

BioLegend, San Diego, CA, USA; Cat# 329714); TLR2, PE/Cyanine7 anti-human CD282 Antibody 

(1:20 dilution; BioLegend; Cat# 309722). Cells were incubated in the dark at 4°C for 30 minutes, 

followed by fixation with 4% paraformaldehyde for 10 minutes. Cells were then washed twice with 

FACS buffer before flow cytometry analysis. 

Flow cytometry was performed using the Cytek Aurora spectral flow cytometry, acquiring a 

minimum of 30,000 events per sample. Autofluorescence was controlled by including unstained cell 

controls containing unlabelled bacteria. Heat killed cells (60°C for 5 minutes) containing unlabelled 

bacteria served as a positive control for the live/dead Viability Dye. Single-stained controls (cells with 
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unlabelled bacteria) were used for compensation and background correction. Marker expression was 

quantified using the GMFI. All analyses were preformed using FlowJo v10.10.0. 

2.10. Western Blot 

MDA-MB-468 and MDA-MB-231 were infected with S. aureus at MOI 50, while MDA-MB-453 

and MCF-12A were infected at MOI 200, to maximize infection efficiency while maintaining high cell 

viability. After 24 hours, the cells were washed three times with cold DPBS and lysed using RIPA 

Lysis and Extraction Buffer (Thermo Fisher Scientific; Cat# 89900) supplemented with Halt Protease 

Inhibitor Cocktail (Thermo Fisher Scientific; Cat# 78438) and Halt Phosphatase Inhibitor Cocktail 

(Thermo Fisher Scientific; Cat# 78420). Lysates were homogenized by passage through a 26-gauge 

needle, and insoluble debris was removed by centrifugation at 17,000 × g for 15 minutes at 4°C. Total 

protein concentrations were determined using Pierce BCA Protein Assay Kit. Protein amounts of 30 

µg and 40 µg were used for p-STAT1 and STAT1 detection, respectively. Proteins were separated by 

SDS-PAGE on 4–15% Mini-PROTEAN TGX Stain-Free Protein Gels (Bio-Rad Laboratories, Hercules, 

CA, USA; Cat# 4568084) and transferred onto 0.2 µm polyvinylidene difluoride (PVDF) membranes 

(Bio-Rad Cat# 1704156) using the Trans-Blot Turbo Transfer System (Bio-Rad). Membranes were 

blocked with 5% skim milk for at least 1 hour then incubated overnight at 4°C with primary 

antibodies at 1:1000 dilution in TBST with 0.1% skim milk powder. Primary antibodies were STAT1 

monoclonal antibody (Thermo Fisher Scientific; Cat# MA5-15129, clone C.146.9), phospho-STAT1 

(Tyr701) monoclonal antibody (Thermo Fisher Scientific; Cat# 33-3400, clone ST1P-11A5). After three 

washes with TBST, membranes were incubated for 1 hour with 1:1000 goat anti-mouse (H+L)-HRP 

conjugated secondary antibody (Bio-Rad; Cat# 1721011) and 1:10,000 Precision Protein StrepTactin-

HRP conjugate (Bio-Rad; Cat# 1610380) in TBST supplemented with 1% skim milk powder. Detection 

was performed using Clarity Western ECL Blotting Substrate (Bio-Rad; Cat# 1705060) on a ChemiDoc 

Gel Imaging System (Bio-Rad). Image Lab Software v6.0.1 (Bio-Rad) was used for band 

quantification, with -actin as the loading control for normalization [37]. 

2.11. Statistical Analysis 

Statistical analyses were performed using Prism 10 for macOS (Version 10.4.0 (527), 23 October 

2024; GraphPad Software Inc., La Jolla, CA, USA). 

3. Results 

3.1. Different Breast Cell Lines Exhibit Varying Capacity to Internalize S. aureus 

We investigated the internalization of S. aureus ATCC 25923 across triple-negative breast cancer 

(TNBC) cell lines with distinct molecular subtypes: MDA-MB-468 (basal-like 1), MDA-MB-231 

(mesenchymal stem-like), and MDA-MB-453 (luminal androgen receptor), as well as the non-

tumorigenic MCF-12A breast epithelial cell line [2,38]. 

To distinguish intracellular from extracellular bacteria, we employed an optimized gentamicin 

protection assay (Figure S1). S. aureus was labeled with eFluor 450, enabling flow cytometry and 

fluorescence microscopy for bacterial tracking. The eFluor 450 labeling did not affect bacterial 

viability (Figure S1a), and bacterial sensitivity to antibiotics was confirmed via a minimum inhibitory 

concentration (MIC) assay (Figure S1b). The elimination of viable extracellular bacteria was validated 

using propidium iodide staining, which selectively labeled dead extracellular bacteria (Figure S1c). 

Transmission electron microscopy (TEM) further confirmed the intracellular localization of S. aureus 

(Figure S1d). The presence of viable intracellular bacteria was verified by plating lysed cell contents 

on agar 24 hours post-infection, which resulted in colony formation (Figure S1e). No colonies were 

detected in the culture media, confirming elimination of viable extracellular bacteria. 

To assess internalization efficiency, breast cell lines were infected with eFluor 450-labeled S. 

aureus at multiplicities of infection (MOI) of 10, 50, and 200, and the proportion of viable cells 
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harboring intracellular bacteria was quantified via flow cytometry 24 hours post-infection (Figure 1, 

Figure S2). Unlabeled S. aureus at comparable MOI did not significantly alter cellular 

autofluorescence (Figure S2). 

Higher MOI correlated with an increased percentage of infected cells (Figure 1b, Table S1) and 

greater eFluor 450 GMFI (Figure 1c, Table S2), indicating a higher intracellular bacterial burden per 

cell. This trend was consistent across all cell lines, suggesting that S. aureus internalization is a general 

feature of both malignant and non-malignant breast epithelial cells in this model. However, 

internalization efficiency varied among cell lines, with MDA-MB-468 and MDA-MB-231 exhibiting 

the highest intracellular burdens at 24 hours post-infection (Figure 1b and Figure 1c). 

 

Figure 1. Internalization of S. aureus in triple-negative breast cancer and non-cancerous breast cell lines (a) 

Representative flow cytometry scatter plots depicting the percentage of viable eFluor 450-positive cells, 

indicating intracellular S. aureus, in MDA-MB-468, MDA-MB-231, MDA-MB-453, and MCF-12A cell lines at 24 

hours post-infection. Cells were incubated with eFluor 450-labeled S. aureus for 2 hours at multiplicities of 

infection (MOIs) of 10, 50, and 200, followed by washing and gentamicin treatment to eliminate extracellular 

bacteria. (b) Quantification of the percentage of infected cells across the different cell lines, highlighting 

differences in S. aureus internalization efficiency. (c) Geometric mean fluorescence intensity (GMFI) of eFluor 

450 in infected cells, representing the intracellular bacterial burden per cell. Statistical comparisons were 

performed using a mixed-effects model with Tukey’s multiple comparisons test. Data are presented as 

individual values with standard deviations (SD) from at least three independent experiments. Different letters 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 April 2025 doi:10.20944/preprints202504.0823.v1

https://doi.org/10.20944/preprints202504.0823.v1


 8 of 23 

 

indicate statistical significance (p < 0.0001) between groups. Detailed statistical analyses are provided in Table 

S1. (d) Correlation between the percentage of infected cells and intracellular bacterial burden at MOIs of 10, 50, 

and 200, demonstrating a dose-dependent relationship between S. aureus internalization and bacterial load per 

cell. 

At MOI 10, an average of 68% of MDA-MB-468 and 54% of MDA-MB-231 cells were infected, 

whereas MCF-12A and MDA-MB-453 exhibited significantly lower internalization rates (9% and 

0.4%, respectively) (Figure 1c). At MOI 50 and 200, nearly all MDA-MB-468 and MDA-MB-231 cells 

were infected (>90%), while MCF-12A and MDA-MB-453 maintained significantly lower 

internalization rates (p < 0.0001) (Figure 1b, Table S1). 

GMFI analysis, which estimates bacterial load per cell, revealed that MDA-MB-468 had a 

significantly higher GMFI than MDA-MB-231 across all MOIs, indicating a greater intracellular 

bacterial burden (p < 0.0001 for all) (Figure 1c, Table S2). MDA-MB-231 exhibited significantly higher 

GMFI than both MCF-12A and MDA-MB-453 (p < 0.0001 for all). Notably, despite MDA-MB-453 

showing significantly lower susceptibility to S. aureus internalization (Figure 1b), its GMFI remained 

comparable to MCF-12A across all MOIs (Figure 1c). 

The intracellular bacterial load per cell increased in parallel with the percentage of infected cells 

across all MOIs tested, highlighting a dose-dependent relationship between S. aureus internalization 

and intracellular burden (Figure 1d). 

Overall, these findings highlight cell line-specific differences in S. aureus susceptibility and 

intracellular bacterial burden, with MDA-MB-468 and MDA-MB-231 demonstrating the highest 

bacterial uptake. 

3.2. Intracellular S. aureus Clearance Varies in a Cell Line-Dependant Manner 

Next, we evaluated intracellular S. aureus persistence by quantifying colony-forming units 

(CFUs) over seven days post-infection following treatment at MOI 50 (Figure 2a) and MOI 200 (Figure 

2b). While bacterial loads declined across all cell lines, the clearance rate varied significantly. 

At MOI 50, MDA-MB-231 exhibited the slowest clearance (slope: -0.86, 95% CI = -0.92 to –0.80), 

followed by MCF-12A (slope: -1.29, 95% CI = -1.41 to -1.18), MDA-MB-453 (slope: -1.38, 95% CI = -

1.74 to –1.02), and MDA-MB-468, which showed the most rapid bacterial clearance (slope: -2.07, 95% 

CI = -2.29 to -1.86) (Figure 2a). A similar trend was observed at MOI 200, where MDA-MB-231 again 

exhibited the slowest clearance (slope: -0.66, 95% CI = -0.73 to -0.59), followed by MCF-12A (slope: -

1.06, 95% CI = -1.18 to -0.94), MDA-MB-453 (slope: -1.29, 95% CI = -1.48 to -1.11), and MDA-MB-468, 

which demonstrated the fastest bacterial clearance (slope: -2.22, 95% CI = -2.74 to -1.70) (Figure 2b). 

Notably, while viable S. aureus was completely cleared from MDA-MB-231 by day 6 at MOI 50, viable 

bacteria persisted beyond day 7 at MOI 200. 

Together, these findings indicate that intracellular S. aureus clearance is cell line-dependent, with 

some breast cancer cells exhibiting prolonged bacterial persistence, suggesting potential implications 

for intracellular bacterial survival and tumor microenvironment interactions. However, the 

relationship between internalization and clearance rates varied across cell lines, highlighting the 

complexity of bacterial-host interactions in breast cancer and epithelial cells. 
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Figure 2. Intracellular viable S. aureus clearance in triple-negative breast cancer and non-cancerous breast 

epithelial cell lines. (a) Persistence of viable intracellular S. aureus at MOI 50 and MOI 200 was assessed by 

quantifying colony-forming units (CFUs) from cell lysates over 7 days. A pseudocount of 1 was added to indicate 

the absence of bacterial growth. Bacterial clearance rates were estimated using simple linear regression, and two-

tailed t-tests were performed to compare slopes between cell lines. All data are presented as mean ± SD of three 

replicates. 

3.3. Intracellular S. aureus Exists in Multiple Forms within Breast Cell Lines 

To characterize the intracellular morphology of S. aureus in MDA-MB-231 cells, we performed 

TEM at 24 hours and 7 days post-infection (Figure 3). 

At 24 hours post-infection, S. aureus was detected in both the cytoplasm and phagosomes (Figure 

3a). In the cytoplasm, S. aureus was observed in three primary forms: (i) intact bacteria (Figure 3a), 

(ii) degraded bacteria (Figure 3a), and (iii) cell wall-deficient L-form bacteria (Figure 3b). Within 

phagosomes, bacteria exhibited two distinct morphologies: (i) those with partially detached cell walls 

(Figure 3a), and (ii) those with intact cell walls (Figure 3b). 

By day 7 post-infection, intracellular S. aureus persisted in MDA-MB-231 cells in four distinct 

states: (i) intact bacteria within the cytoplasm (Figure 3d), (ii) L-form bacteria within the cytoplasm 

(Figure 3d), (iii) intact bacteria enclosed in phagosomes (Figure 3e), and (iv) fully degraded bacteria 

within phagosomes (Figure 3f). Notably, we observed bacterial division within phagosomes (Figure 

3e), suggesting that S. aureus is capable of intracellular replication. 

Collectively, these findings indicate that S. aureus adopts diverse intracellular morphologies 

within mesenchymal-like TNBC MDA-MB-231 cells. While some bacteria are sequestered and 

degraded within phagosomes, others persist in the cytoplasm, including L-forms, which may 

facilitate long-term survival and immune evasion within host cells. 
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Figure 3. Morphology of intracellular S. aureus in TNBC Cells. Transmission electron microscopy images of 

intracellular S. aureus in MDA-MB-231 cells at 24 hours (a–c) and 7 days (d–f) post-infection. (a) S. aureus within 

the cytoplasm (white arrowhead), appearing as dense, spherical structures with a well-defined cell wall, 

characteristic of Gram-positive cocci. Some intact bacteria are enclosed within a phagosome (green arrowhead), 

where a visible separation between the inner cytoplasmic membrane and the thick peptidoglycan layer suggests 

bacterial adaptation to the intracellular environment. The surrounding host cytoplasm contains intracellular 

vacuoles and membrane compartments, indicative of potential bacterial containment within a phagosomal or 

vacuolar compartment. Degraded bacterial remnants dispersed in the cytoplasm (orange arrowheads) suggest 

partial bacterial degradation. (b) S. aureus enclosed within a phagosome (blue arrowhead), maintaining its 

characteristic coccoid shape and thick peptidoglycan layer, indicative of intracellular persistence. (c) L-form S. 

aureus (red arrowhead) within the cytoplasm, distinguished by an irregular shape and the absence of a rigid cell 

wall. This morphotype suggests bacterial adaptation to intracellular stress, potentially facilitating immune 

evasion and antibiotic resistance. (d) A mixture of bacterial morphotypes 7 days post-infection, including intact 

coccoid bacteria (white arrowhead), L-forms (red arrowhead), and partially degraded bacteria (orange 

arrowhead), highlighting the diverse survival strategies of intracellular S. aureus. (e) Intact S. aureus (blue 

arrowhead) and actively dividing bacteria within a phagosome (purple arrowheads), indicating ongoing 

bacterial replication despite the intracellular environment. (f) Degraded bacterial remnants within a phagosome 

(orange arrowheads), suggesting host-mediated bacterial breakdown, though complete clearance appears 

incomplete. These images illustrate the morphological diversity of S. aureus within TNBC cells, emphasizing 

bacterial adaptation, survival, and persistence over time. 

3.4. S. aureus Induces Cell Line-Dependant Cytotoxicity and Inhibition of Proliferation of Breast Cell Lines 

Given the observed differences in S. aureus internalization and clearance among cell lines, we 

next assessed its impact on cell viability and proliferation at MOIs of 10, 50, and 200. Cell viability 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 April 2025 doi:10.20944/preprints202504.0823.v1

https://doi.org/10.20944/preprints202504.0823.v1


 11 of 23 

 

was determined by cell counting post-infection, while long-term effects on proliferation were 

assessed using a crystal violet assay over five days, with uninfected cells serving as controls. 

At 2 hours post-infection (Figure 2a), MOI 200 significantly reduced cell numbers across all cell 

lines (p < 0.01). MDA-MB-468 exhibited the highest susceptibility (~80% reduction), followed by 

MDA-MB-231 (~50% reduction). In contrast, MDA-MB-453 and MCF-12A were less affected, with 

approximately 87% and 80% viability, respectively, suggesting lower susceptibility to S. aureus-

induced cytotoxicity. At MOI 50, MDA-MB-468 and MDA-MB-231 showed a significant decline in 

cell numbers (p < 0.0001), whereas MDA-MB-453 and MCF-12A remained unaffected, indicating 

resistance to moderate bacterial loads. At MOI 10, no significant reduction in viability was observed 

across any of the cell lines, suggesting that lower infection burdens do not acutely impair survival. 

To assess the long-term impact of S. aureus infection, we monitored cell proliferation over five 

days (Figure 2b). At MOI 10 and 50, all cell lines exhibited proliferation rates comparable to 

uninfected controls, suggesting tolerance to lower bacterial burdens. However, at MOI 200, 

proliferation was differentially affected. While MDA-MB-453 and MCF-12A maintained their growth 

rates, MDA-MB-231 exhibited an approximate 20% reduction (p < 0.0001), and MDA-MB-468 showed 

a striking 70% decrease (p < 0.0001), consistent with its higher susceptibility to bacterial-induced 

cytotoxicity. These differences in long-term growth correlated with the initial bacterial burden and 

cell line-specific responses to infection. 

To further investigate the inhibitory effects on proliferation, we assessed whether S. aureus 

exotoxins (Figure 3c) or purified lipoteichoic acid (LTA) (Figure S3) contributed to growth 

suppression. The half-maximal inhibitory concentration (IC50) of S. aureus exotoxin varied widely 

among these cell lines, highlighting differential sensitivity. The IC50 values were 3.3 g/mL (95% CI: 

3–3.5 g/mL) for MDA-MB-468, 10.0 g/mL (95% CI: 8.7–11.4 g/mL) for MDA-MB-231, 33.2 g/mL 

(95% CI:31-35.4 g/mL) for MDA-MB-453, and 54.5 g/mL (95% CI: 51.4–57.4 g/mL) for MCF-12A. 

In contrast, purified S. aureus LTA (1–50 µg/mL) had no significant effect on cell proliferation across 

all tested cell lines (Figure S3). 

 

Figure 4. Cytotoxicity and inhibition of proliferation induced by S. aureus infection and exotoxins in breast cell 

lines. (a) Viability of breast cells 2 hours post-infection with viable S. aureus at MOIs 10, 50, and 200. (b) Long-
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term effects of S. aureus infection on cell proliferation measured using crystal violet assay, normalizing to 

uninfected cells. One-way ANOVA with Tukey’s multiple comparisons test was performed to compare between 

infected cells with different MOIs (10, 50, and 200) and uninfected cells (MOI 0) within each cell line. Data 

represent the mean ± SD from at least three independent experiments. Statistical significance: **p < 0.01; ***p < 

0.001; ****p < 0.0001. (c) Dose-dependent cytotoxicity of total S. aureus exotoxins in breast cells after 5 days using 

crystal violet assay normalizing to uninfected cells. IC50 values for each cell line are indicated in the figure.  

3.4. S. aureus Infection Enhances IFN-γ-Induced PD-L1 Expression in a Breast Cell Line-Dependent 

Manner 

PD-L1 is a key immune checkpoint regulator and a critical target for immunotherapy in TNBC. 

IFN-γ is a well-established inducer of PD-L1 expression, and previous studies have demonstrated 

that bacterial components, such as heat-killed S. aureus, can enhance IFN-γ-producing lymphocytes 

and upregulate PD-L1 expression in TNBC models [39-43]. Based on these previous reports, we 

investigated whether live S. aureus infection influences PD-L1 regulation in breast cancer cells by 

modulating IFN-γ signaling. 

We first assessed baseline PD-L1 expression across our panel of breast cell lines using flow 

cytometry (Figure 5a). PD-L1 levels were highest in MDA-MB-231, followed by MCF-12A, while 

MDA-MB-468 and MDA-MB-453 exhibited low or undetectable expression. Upon IFN-γ stimulation, 

all cell lines demonstrated a significant increase in PD-L1 expression (p < 0.0001 for all) (Figure 5b), 

consistent with previous reports [39-43].  

As shown in Figure 5b, notably, the magnitude of IFN-γ-induced PD-L1 upregulation was 

highest in MDA-MB-468 cells, followed by MCF-12A and MDA-MB-453, all of which have lower 

baseline PD-L1 levels compared to MDA-MB-231. In response to IFN-γ, PD-L1 expression in MDA-

MB-468 increased 11-fold at 24 hours (p < 0.0001) and 17-fold after 48 hours (p < 0.0001). MCF-12A 

exhibited a 5-fold increase at 24 hours (p < 0.0001), while MDA-MB-453 showed a 4.3-fold increase at 

24 hours and 4.6-fold increase at 48 hours (p < 0.0001). In contrast, MDA-MB-231 cells, which have 

highest baseline PD-L1 levels, exhibited a 1.4-fold increase at 24 hours and a 1.6-fold increase at 48 

hours (p < 0.0001). 

Next, we examined whether S. aureus infection alone induces PD-L1 expression (Figure 5b). 

Across all cell lines, S. aureus infection for 2 hours did not significantly alter PD-L1 levels at 24- or 48-

hours post-infection, regardless of bacterial load. However, when assessing whether S. aureus 

infection potentiates IFN-γ-induced PD-L1 expression, we observed distinct cell line-dependent 

effects. In MDA-MB-468 and MDA-MB-231, S. aureus infection significantly enhanced IFN-γ-induced 

PD-L1 expression. In MDA-MB-468, IFN-γ stimulation of S. aureus-infected cells resulted in a 1.9-fold 

increase at 24 hours and a 2.9-fold increase at 48 hours relative to IFN-γ-only controls (Figure 5b, 

Table S3). Similarly, in MDA-MB-231, S. aureus infection potentiated IFN-γ-induced PD-L1 

expression in a dose-dependent manner. At 24 hours, PD-L1 levels increased by 1.4-fold (p = 0.008) 

and 1.5-fold (p < 0.0001) for MOI 50 and MOI 200, respectively, compared to IFN-γ-only controls. At 

48 hours, these increases were 1.1-fold (p = 0.012) and 1.4-fold (p < 0.0001), respectively (Figure 5b, 

Table S4). Notably, the enhancement was more pronounced in MDA-MB-468 than in MDA-MB-231 

(Table S3, Table S4). 

In contrast, S. aureus infection did not significantly enhance IFN-γ-induced PD-L1 expression in 

MDA-MB-453 or MCF-12A (Figure 5b, Tables S5–S6). This aligns with our previous observations that 

these cell lines exhibited lower susceptibility to S. aureus internalization and bacterial load (Figure 

1d). 

To determine whether the potentiating effect of S. aureus on IFN-γ-induced PD-L1 expression 

was sustained in MDA-MB-231, we measured PD-L1 levels six days post-infection (Figure 5c, Table 

S7). While IFN-γ continued to upregulate PD-L1, the additive effect of S. aureus infection was no 

longer observed. This finding is consistent with our earlier results showing a decline in intracellular 

bacterial load over time, potentially reducing the impact of S. aureus on IFN-γ-mediated PD-L1 

upregulation. 
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Collectively, these findings suggest that S. aureus infection can enhance IFN-γ-induced PD-L1 

expression in a cell line-dependent manner. This effect was observed in MDA-MB-231 and MDA-

MB-468 but not in MDA-MB-453 or MCF-12A, highlighting a potential role for intracellular bacteria 

in modulating the tumor immune microenvironment.  

 

Figure 5: PD-L1 surface expression and the impact of intracellular S. aureus in breast cell lines (a) Baseline PD-

L1 expression in three TNBC cell lines (MDA-MB-231, MDA-MB-468, and MDA-MB-453) and the non-cancerous 

epithelial cell line (MCF-12A), shown as histograms and geometric mean fluorescence intensity (GMFI). 

Unstained controls are shown as dashed lines, and PD-L1-stained cells as solid lines, with corresponding GMFI 

values displayed to indicate relative expression levels. (b) PD-L1 expression across breast cell line with and 
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without IFN-γ (5 M) stimulation. MDA-MB-468 cells were infected at MOI 5, MDA-MB-231 and MDA-MB-453 

at MOI 50 or 200, and MCF-12A at MOI 200, based on optimal infection rates with minimal cytotoxicity. PD-L1 

expression was analysed at 24 h and 48 h post-infection. (c) Long-term (7-days) post-infection PD-L1 expression 

in MDA-MB-231. Cells were infected with S. aureus and then cultured for 6 days without IFN-γ before 

stimulation with 5 M IFN-γ for 24 hours. (d) Schematic overview of the experimental design. One-way ANOVA 

with Tukey’s multiple comparisons was used for statistical analysis. Statistics for relevant comparison were 

presented in the figures, and full statistics for all comparisons can be found in Table S3-S7. Data represent the 

mean ± SD from at least three independent experiments. Statistical significance: p > 0.05; *p < 0.05, ** p < 0.01, *** 

p < 0.001, ****p < 0.0001.  

3.5. S. aureus Enhances IFN-γ-Induced PD-L1 Expression via STAT1 Activation 

To investigate whether S. aureus infection enhances JAK/STAT pathway activation, leading to 

increased PD-L1 expression, we performed western blot analysis of total STAT1 and phosphorylated 

STAT1 (p-STAT1) in infected and uninfected breast cell lines, with and without IFN-γ stimulation 

(Figure 6, Figure S6). 

STAT1 protein levels remained stable across all conditions for each cell line (Figure 6a, 6b). 

However, p-STAT1 was undetectable in untreated and S. aureus-infected cells, indicating a lack of 

STAT1 activation in the absence of IFN-γ stimulation (Figure 6a, 6c). Upon IFN-γ stimulation, p-

STAT1 levels increased in all tested cell lines compared to untreated controls. Notably, in IFN-γ-

treated conditions, S. aureus-infected cells exhibited a further increase in p-STAT1 levels, with a 2.0-

fold and 1.8-fold increase in MDA-MB-468 and MDA-MB-231, respectively, compared to uninfected 

IFN-γ-treated controls (Figure 6c). In contrast, S. aureus infection did not further enhance IFN-γ-

induced p-STAT1 expression in MDA-MB-453 or MCF-12A—cell lines that also failed to show an 

increase in IFN-γ-mediated PD-L1 expression in response to S. aureus. 

These findings suggest that S. aureus infection can potentiate IFN-γ-induced PD-L1 expression 

in breast cell lines through enhanced STAT1 activation, further supporting a role for intracellular S. 

aureus in modulating immune checkpoint regulation. 

 

Figure 6. S. aureus infection enhances IFN-γ-induced STAT1 phosphorylation in breast cell lines. (a) Western 

blot analysis of total STAT1 and phosphorylated STAT1 (p-STAT1(Y701)) expression in breast cell lines treated 

with or without IFN-γ, following S. aureus infection at MOI 50 for MDA-MB-468 and MDA-MB-231 and at MOI 
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200 for MDA-MB-453 and MCF012A. Cells were infected with S. aureus for 2 hours and then treated with 5 M 

IFN-γ for 24 hours. Total protein was extracted and analyzed for p-STAT1, STAT1, and β-actin as a loading 

control. (b) Total STAT1 levels remain unchanged across all conditions. (c) Quantification of relative p-STAT1 

levels shows a significant increase with IFN-γ treatment, which is further enhanced in S. aureus-infected MDA-

MB-468 and MDA-MB-231 treated with IFN-γ. Data represent mean ± SD from two to three independent 

experiments. Statistical significance: p > 0.05; **p < 0.01, ****p < 0.0001. 

3.6. TLR2 Agonists Upregulate PD-L1 Expression in Breast Cell Lines 

To assess the impact of TLR2 activation on PD-L1 expression in breast cell lines, we treated the 

cells with purified S. aureus lipoteichoic acid (LTA) and the synthetic TLR2 agonist Pam3CSK4, both 

in the presence and absence of IFN-γ (Figure 7). 

We first measured TLR2 expression in the breast cell lines by flow cytometry (Figure 7a, Figure 

S5). Among the tested cell line, MDA-MB-231 exhibited the highest baseline TLR2 expression, 

followed by MCF-12A, MDA-MB-468, and MDA-MB-453. To determine whether IFN-γ, a known PD-

L1 inducer, also modulates TLR2 levels, we measured TLR2 levels after 24 hours of treatment with 

5 µM IFN-γ. As shown in Figure 7b, IFN-γ treatment led to a modest increase in TLR2 expression 

across all cell lines. Notably, MDA-MB-231 cells, which had the highest baseline TLR2 levels, 

exhibited the most pronounced response with a 1.2-fold increase (p = 0.004). In contrast, the other cell 

lines—MDA-MB-468 (1.1-fold, p = 0.02), MDA-MB-453 (1.1-fold p = 0.02), and MCF-12A (1.1-fold, p 

= 0.03)—showed only modest increases, consistent with their lower baseline TLR2 expression.  

Next, we examined whether TLR2 activation influences PD-L1 expression. In the absence of IFN-

γ, stimulation with 30 µg/mL (but not 1 µg/mL) LTA or 1 µg/mL Pam3CSK4 modestly increased PD-

L1 expression in MDA-MB-231 (1.1-fold and 1.3-fold, respectively; p = 0.0097 and p < 0.0001), whereas 

the other cell lines exhibited minimal to no response (Figure 7b). This suggests that TLR2-mediated 

PD-L1 induction, independent of IFN-γ, primarily occurs in TLR2-high cells, consistent with previous 

findings in head and neck cancer cell lines [33]. 

In the presence of IFN-γ, both 30 µg/mL LTA and 1 µg/mL Pam3CSK4 modestly increased PD-

L1 expression across all cell lines (p < 0.05) (Figure 7b). The greatest increase was observed in MDA-

MB-453 (1.3-fold for both LTA and Pam3CSK4) and MCF-12A (1.3-fold for both), while a more 

modest increase was seen in MDA-MB-231 (1.1-fold and 1.2-fold) and MDA-MB-468 (1.1-fold and 

1.2-fold). These results indicate that TLR2 signaling enhances IFN-γ-driven PD-L1 upregulation in 

both TNBC and non-malignant breast epithelial cells. 

Overall, these findings suggest that S. aureus-derived LTA and synthetic TLR2 agonists can 

modulate PD-L1 expression, with IFN-γ further amplifying this effect. The observed synergy 

highlights a potential role for bacterial infections in promoting immune evasion in TNBC. Further 

studies are needed to elucidate the downstream mechanisms and functional consequences of this 

interaction. 
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Figure 7. Baseline TLR2 expression and TLR2 agonist-induced PD-L1 upregulation in breast cell lines. (a) 

Representative flow cytometry histograms of baseline TLR2 expression in breast cell lines. Unstained controls 

are shown as dashed lines, and TLR2-stained cells as solid lines, with corresponding GMFI values displayed to 

indicate relative expression levels (b) TLR2 GMFI in cell lines following 24-hour treatment with 5 µM IFN-γ. (c) 

PD-L1 GMFI in cell lines following 24-hour treatment with 1 µg/mL or 30 µg/mL purified S. aureus LTA or 1 

µg/mL Pam3CSK4, with or without 5  µM IFN-γ-stimulation. Statistical analysis was performed using one-way 

ANOVA with Tukey’s multiple comparisons test. Data are presented as mean ± SD from at least three 

independent experiments. Statistical significance: p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 

4. Discussion 

Our study demonstrates that S. aureus can invade and persist within TNBC cells, potentially 

influencing key tumor-associated pathways. Using an optimized gentamicin protection assay and 

advanced imaging techniques, we confirmed that S. aureus is not only internalized but remains viable 

within TNBC cells. This persistence suggests a possible role for intracellular bacteria in tumor 

progression and immune evasion. Notably, we identified that S. aureus modulates PD-L1 expression 

through TLR2 signaling in a cell line-dependent manner, providing a mechanistic link between 

bacterial infection and immune checkpoint regulation in TNBC. 

The internalization rates and intracellular burden of S. aureus varied notably among the breast 

cell lines tested, with MDA-MB-468 and MDA-MB-231 exhibiting significantly higher uptake 

compared to MDA-MB-453 and MCF-12A. This variability underscores the importance of cellular 

context in bacterial-host interactions, as emphasized in recent studies [44]. The mechanisms 

underlying S. aureus internalization into cancer cells remain incompletely understood, though surface 

receptors are known to play a pivotal role in facilitating bacterial entry and survival. Differences in 

surface receptor expression—particularly integrins (α5β1, αvβ5), TLRs, particularly TLR2, and the 

EGFR—are implicated in bacterial adhesion and uptake in non-professional phagocytic cells [45-50]. 

EGFR has been shown to mediate bacterial internalization in osteoblasts and promote bacterial 
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clearance, indicating a dual role in both processes [47]. This may explain why MDA-MB-468 cells, 

which are characterized by high EGFR and low TLR2 expression, displayed efficient bacterial uptake 

and rapid clearance in our study [51-54]. TLR2, which recognizes bacterial LTA, enhances 

internalization and modulates immune responses [46,50]. Elevated TLR2 levels may prolong bacterial 

survival by suppressing reactive oxygen species and promoting immunosuppressive cytokine release 

[55]. This dual function underscores TLR2’s pivotal role in both microbial recognition and immune 

modulation. Consistent with this, MDA-MB-231 cells—characterized by high TLR2 expression—

exhibited increased bacterial uptake and prolonged intracellular survival. In contrast, MDA-MB-453 

and MCF-12A cells, which have lower TLR2 expression, demonstrated minimal bacterial 

internalization and reduced persistence, further supporting the association between TLR2 levels and 

bacterial behavior. Additional receptors, including CD36 [56], extracellular adherence proteins (Eap) 

[57], and autolysin (Atl) [58], further facilitate S. aureus adhesion and invasion. In summary, the 

variability in S. aureus internalization and persistence is closely linked to the receptor landscape of 

each cell type. While certain receptors like TLR2, EGFR, and integrins play key roles, this process is 

not mediated by a single receptor alone. Instead, multiple receptors likely act in coordination to 

facilitate bacterial adhesion, entry, and intracellular survival. Understanding how mammalian cells—

including cancer cells, particularly those of the breast—internalize bacteria is of great importance. 

This complex interplay warrants further investigation to uncover the underlying mechanisms and 

potential therapeutic implications. 

Electron microscopy at 24 hours and 7 days post-infection revealed diverse bacterial 

morphotypes, suggesting multiple survival strategies. Intact bacteria persisted in both the cytoplasm 

and phagosomes, indicating intracellular viability, aligning with previous reports of five-day 

intracellular S. aureus persistence in monocyte phagosomes [59]. Additionally, we identified S. aureus 

L-forms, which lack a rigid cell wall [60]. These forms, previously detected in breast tumors [19], may 

enhance immune evasion and antibiotic resistance by reducing metabolism and energy consumption 

[61-64]. The presence of degraded bacterial remnants suggests incomplete bacterial clearance, while 

dividing bacteria indicate active intracellular replication, underscoring the complexity of S. aureus-

TNBC interactions and their potential implications for immune modulation and therapy resistance. 

We observed cell line-dependent cytotoxicity, with MDA-MB-468 being the most sensitive, 

followed by MDA-MB-231, MCF-12A, and MDA-MB-453. S. aureus influences tumor biology 

variably, promoting or inhibiting tumor growth depending on the cancer type and bacterial 

components involved [32]. Virulence factors such as fibronectin-binding protein A and LTA promote 

tumor proliferation through TLR/NF-κB and IL-8 signaling [65,66], while exotoxins such as α-

hemolysin and staphylococcal enterotoxin B exert anti-proliferative effects [67,68]. In murine TNBC 

cells, α-hemolysin induces apoptosis and suppresses tumor growth [30]. Our findings reveal that 

high bacterial loads induce cytotoxicity in MDA-MB-468 and MDA-MB-231, likely due to bacterial 

invasion disrupting Ca²⁺ homeostasis and toxin release [69]. Despite initial cytotoxicity, all cell lines 

recovered within 7 days. MDA-MB-231 demonstrated superior recovery, while MDA-MB-468, 

despite high infection rates, only regained viability after 7 days, suggesting cytotoxicity was driven 

primarily by extracellular toxins rather than intracellular bacterial burden. 

Staphylococcus is one of the most abundant genera identified in breast tissues [24], but the 

viability of intracellular bacteria and their impact on immune modulation remain unclear. 

Components such as α-hemolysin and LTA upregulate PD-L1 expression in TNBC and head and 

neck cancers [30,33,70]. Our findings show that viable S. aureus enhances IFN-γ-induced PD-L1 

expression in a MOI-dependent manner, with MDA-MB-468 exhibiting the highest induction, 

followed by MDA-MB-231. This aligns with reports that high MOI infections activate distinct 

immune pathways, including the type I IFN pathway [71]. In contrast, MDA-MB-453 and MCF-12A, 

which had low bacterial uptake, showed no changes in PD-L1 expression with or without IFN-γ, 

suggesting a dependence on intracellular bacterial presence. 

Mechanistically, S. aureus significantly elevated IFN-γ-induced PD-L1 expression via STAT1 

activation in MDA-MB-231 and MDA-MB-468. Similar mechanisms have been reported in ovarian 
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and TNBC tumors [72,73]. S. aureus influences IFN-γ signaling through JAK/STAT via TLRs, 

including TLR9 in dendritic cells [74] and TLR2 in combination with STAT3 in inflammatory 

conditions [25]. Using the TLR2 agonists Pam3CSK4 and S. aureus LTA, we found that MDA-MB-231, 

which expresses high baseline TLR2 levels, exhibited moderate PD-L1 upregulation, with a more 

pronounced effect when combined with IFN-γ. In contrast, TLR2 stimulation alone was insufficient 

to induce PD-L1 expression in MDA-MB-468, MDA-MB-453, and MCF-12A, likely due to their lower 

basal TLR2 levels. Notably, IFN-γ treatment upregulated TLR2 expression across all breast cell lines, 

and co-treatment with IFN-γ and TLR2 agonists significantly enhanced PD-L1 expression. These 

findings underscore the importance of IFN-γ-mediated TLR2 upregulation in sensitizing cells to 

bacterial ligands. Our findings were consistent with previous reports that showed Pam3CSK4, and 

heat-killed S. aureus were sufficient to induce PD-L1 upregulation in head and neck cancer and 

dendritic cells with high TLR2 expression, even in the absence of IFN-γ [33,75]. These findings 

suggest that TNBC tumors within chronically inflamed microenvironments may exploit TLR 

signaling to sustain PD-L1 expression, potentially enhancing immune evasion. 

Despite the insights provided, several limitations should be noted. Our in vitro models do not 

fully recapitulate the tumor microenvironment, including immune-stromal interactions. Studying a 

single bacterial species in select TNBC cell lines limits generalizability, while high MOIs, though 

necessary for consistent intracellular infection, may overestimate the impact of S. aureus on PD-L1 

expression. Future studies incorporating patient-derived organoids or murine models will be critical 

for validating these findings in a more physiologically relevant context. 

Despite these limitations, our study has important translational implications. The differential 

bacterial uptake and immune modulation across TNBC subtypes highlight the need for personalized 

bacterial profiling in immunotherapy. Targeting bacterial interactions with TLR2 could offer novel 

strategies for modulating PD-L1 expression. However, whether S. aureus-driven PD-L1 upregulation 

is sufficient to promote immune evasion in vivo remains unclear. Future research should explore the 

relationship between S. aureus colonization, PD-L1 expression, and immune infiltration in clinical 

TNBC specimens. 

Given distinct molecular subtypes of TNBC, our findings suggest that S. aureus may 

differentially modulate PD-L1 expression, particularly in basal-like and mesenchymal TNBCs. This 

could enhance ICI responsiveness in PD-L1-low tumors but may also contribute to adaptive immune 

resistance. Understanding how bacterial infection influences immune evasion and treatment efficacy 

is crucial for optimizing immunotherapy strategies. 

Finally, targeting the tumor microbiome represents a promising adjunct strategy for TNBC 

treatment. The impact of antibiotics, probiotics, or microbiome modulation on immune checkpoint 

regulation in TNBC remains largely unexplored. While antibiotics remain the primary strategy for 

bacterial clearance, their impact on tumor-associated bacteria is complex. Broad-spectrum antibiotics 

significantly alter gut microbiota composition [76], which in turn can affect systemic immune 

responses [77]. Clinical studies in other cancer types suggest that antibiotic use is associated with 

poorer outcomes in patients receiving ICIs (reviewed in [78]). However, some pooled analyses of 

randomised controlled trials have failed to demonstrate reduced ICI efficacy in antibiotic users [79]. 

Prospective studies evaluating the impact of antibiotics on ICI efficacy are needed to validate 

antibiotic-mediated mechanisms of ICI refractoriness. Emerging research suggests that modulating 

the microbiome through probiotics or fecal microbiota transplantation may enhance ICI efficacy by 

promoting beneficial immune interactions. Studies have demonstrated that a diverse gut 

microbiome, particularly enriched with Akkermansia muciniphila and Bifidobacterium species, correlates 

with improved responses to immunotherapy [80]. However, whether similar microbiome-driven 

immune modulation applies to TNBC remains unexplored. Understanding how bacterial infection 

influences immune evasion and treatment efficacy is crucial for optimizing immunotherapy 

strategies. A deeper understanding of the tumor-microbiome-immune axis could pave the way for 

integrating microbiome-targeted interventions with immunotherapy to improve patient outcomes.  
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5. Conclusions 

Our study identifies S. aureus as a previously unrecognized modulator of immune checkpoint 

regulation in TNBC via TLR2-mediated PD-L1 upregulation. These findings suggest that 

intratumoral bacteria contribute to immune evasion and therapy resistance, highlighting microbial 

targeting as a potential strategy to enhance TNBC immunotherapy. 

This study is the first to explore viable intracellular S. aureus’ impact on TNBC subtypes and PD-

L1 regulation. We demonstrated that S. aureus uptake and clearance vary across TNBC and non-

cancerous cell lines, influenced by receptor expression and immune signaling pathways. Our findings 

underscore the importance of bacterial-tumor interactions in immune modulation and therapy 

resistance, offering potential therapeutic targets to disrupt bacterial persistence and immune 

checkpoint regulation in TNBC. 

Future studies should determine whether modulating bacterial populations or blocking TLR2 

signaling can enhance responses to immune checkpoint inhibitors in TNBC patients. Understanding 

the role of the tumor-associated microbiome in shaping immunotherapy outcomes may lead to 

precision oncology approaches integrating microbiome-targeted strategies with existing treatments. 
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