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Abstract 

Endotoxin tolerance (ET) is an adaptive phenomenon that arises from the sustained exposure 

of immune cells, such as macrophages, to endotoxins, such as lipopolysaccharide (LPS). 

Initially, when macrophages are activated by LPS, they produce inflammatory mediators that 

drive the primary immune response. However, this response is significantly diminished during 

the establishment of ET, creating an immunosuppressive environment. Such an environment 

can facilitate the development and progression of malignant conditions, including cancer.  

Our research focused on the interactions between immune cells and the tumor 

microenvironment under ET conditions. Through comprehensive in vivo and in vitro studies 



employing various research techniques, we have demonstrated that interactions between 

endotoxin-tolerant macrophages (MoET) and cancer cells contribute to a pro-tumorigenic 

condition. Notably, we observed that MoET adapt a pro-tumorigenic, immunosuppressive M2 

phenotype (CD163 expression). These macrophages involves distinct metabolic pathways, not 

depending solely on glycolysis and oxidative phosphorylation. Furthermore, our in vivo 

findings revealed macrophage infiltration within tumors under both ET and non-ET conditions, 

highlighting the suppressed immune landscape in the presence of ET. These findings suggest 

that ET plays a pivotal role in shaping tumor-associated immune responses and that targeting 

ET pathways could offer a novel and promising therapeutic approach for cancer treatment. 

Introduction 

It is known that when primed with endotoxin, macrophages are more reactive and produce 

higher levels of inflammatory mediators upon subsequent stimulation, whereas endotoxin-

tolerant macrophages have a blunted response and lower production of these mediators [1]. The 

effect of endotoxin-treated macrophages on cancer development has been explored [2,3], with 

interesting findings showing that endotoxin-tolerant macrophages create favourable conditions 

for tumour progression. It is much less known however, how such endotoxin-tolerant 

macrophages respond to contact with cancer cells. 

One of the expected effects of endotoxin tolerance is a switch of macrophage polarization. 

Macrophage polarization refers to the process by which macrophages adapt to different 

functional states in response to various signals from their environment, including pathogen 

associated molecular patterns (PAMPs), such as bacterial endotoxin [2]. These states are 

broadly categorized into two main phenotypes: M1 (classically activated) [3,4] and M2 

(alternatively activated) macrophages [5,6]. Each phenotype plays a distinct role in immune 

responses, inflammation and tissue homeostasis. Recognizing macrophage polarization is 

essential because it provides insight into the immune system's balance between pro-

inflammatory and anti-inflammatory responses. This understanding is critical for developing 

targeted therapies for various conditions, including infections, chronic inflammatory diseases 

and cancer.  

To identify macrophage polarization, various markers and factors indicative of different 

macrophage phenotypes can be assessed. These include cytokines, enzymes, surface markers 

and the production of reactive oxygen species (ROS). Each of these elements plays a role in 

distinguishing between different macrophage states. It is well known that interleukin (IL) 6, 



tumour necrosis factor (TNF) α and IL-1β are produced in high levels by M1 macrophages and 

are key indicators of the pro-inflammatory state [7]. They drive inflammation and help recruit 

other immune cells to sites of infection [8] or injury [9]. Enzymes such as inducible nitric oxide 

synthase (iNOS) [10,11] and cyclooxygenase-2 (COX-2) [12] are directly involved in the 

metabolic activities and responses of macrophages. For instance, iNOS catalyzes nitric oxide 

production, which plays a role in pathogen killing and inflammation [13], but can also 

contribute to tissue damage if overproduced, while COX-2 generates pro-inflammatory 

prostaglandins [14,15]. Reactive oxygen species, generated by various sources including 

NADPH oxidase, play a role in pathogen destruction and tissue damage, further amplifying the 

inflammatory response[16,17]. These enzymatic activities provide insights into the functional 

roles of macrophages in inflammation and tissue repair that surface markers alone cannot 

reveal. Finally, surface markers, such as CD80 and CD163 complement cytokine and 

enzymatic markers by providing additional specificity for identifying M1 and M2 

macrophages. CD80 marks the pro-inflammatory M1 state [18], while CD163 is a hallmark of 

the anti-inflammatory M2 state [19,20].  

This study aims to determine whether endotoxin tolerance triggers a shift in macrophage 

polarization and metabolism, focusing on evaluating the response of endotoxin-tolerant 

macrophages upon contact with cancer cells in vitro.  

Materials and methods 

Experimental animals 

Female BALB/c mice of 6 – 8 weeks old were purchased from the Mossakowski Medical 

Research Centre of the Polish Academy of Sciences (Warsaw, Poland) and allowed to 

acclimatize for 14 days before experimentation. The animals were housed individually in 

polycarbonate cages within a controlled environment. The room was maintained at a consistent 

relative humidity of 50 ± 10% and a temperature of 24 ± 1°C, with a 12-hour light-dark cycle, 

where lights were turned on at 7:00 a.m. Food and water were provided ad libitum. All 

procedures were approved by the Local Bioethical Committee for Animal Care in Bydgoszcz 

(Poland; permission no. LKE 50/2022) 

Preparation of lipopolysaccharide (LPS) solution 



Lipopolysaccharide (LPS) from Escherichia coli (strain O111:B4, Sigma-Aldrich) was 

dissolved in sterile phosphate-buffered saline (PBS) and was applied at a final concentration 

of 100 ng/mL for the experiments. 

Induction of endotoxin tolerance and breast cancer in mice 

Mice were injected with LPS 50 µg/kg i.p. for three consecutive doses to induce endotoxin 

tolerance, and on the day 4 along with the LPS injection the mice were inoculated with 2.5 × 

104 4T1 cells s.c. on the right mammary gland. The mice were then monitored daily to 

document the tumour growth. After approximately 3 weeks the mice were sacrificed by 

overdosing them with Ketamine and the tumour tissues were obtained for further analysis.   

Immunohistochemical analysis 

The breast tumour tissues were obtained and fixed with 10% formalin for 24h. Samples were 

routinely processed, and 5-µm thick sections were stained using Mayer’s hematoxylin and 

eosin (HE) and prepared for immunohistochemistry. The primary antibody MAC387 (sc-

66204, monoclonal, host: mouse, Santa Cruz), was titrated according to the manufacturer’s 

recommendations: 1:200 for MAC387.  Briefly, after dewaxing–rehydration, tissue sections 

were exposed to antigen retrieval; then, sections were cooled at room temperature for 20 min 

before being soaked into 3% H2O2 for 12 min. Slides were rinsed twice in PBS, pH 7.4, 

followed by serum blocking with normal goat serum. Incubation with primary antibody was 

carried out overnight at 4 °C. After being washed twice in PBS, pH 7.4, the slides were 

incubated for 30 min with a biotinylated goat anti-rabbit, IgG antibody. Afterwards, a avidin–

biotin complex (ABC) peroxidase kit (Vectastain, Elite, ABC-Kit PK-6100, Vector Labs, 

Burlingame, CA, USA) and 3′3′-diaminobenzidine (DAB) system (DAB-Kit-SK4100, Vector 

Labs) were used for the detection of antigen–antibody reactions. Nuclei were counterstained 

with Mayer’s hematoxylin. For negative controls, the primary antibodies were replaced by 

rabbit or goat serum, or Balb/c ascitic fluid at corresponding concentrations. All the images 

were captured using Nikon Eclipse E800.  

 

Cell culture  

The murine macrophage cell line RAW 264.7 was sourced from the European Collection of 

Authenticated Cell Cultures (Salisbury, UK), while the breast cancer cell line 4T1 was obtained 

from the American Type Culture Collection (Manassas, VA, USA). All cell lines were cultured 



in high-glucose Dulbecco's Modified Eagle's Medium (DMEM), supplemented with 10% fetal 

bovine serum (FBS), 100 μg/mL streptomycin, and 100 IU/mL penicillin (all from Merck, 

Darmstadt, Germany). Cell cultures were maintained at 37°C in a humidified atmosphere with 

5% CO2 and sub-cultured every 2 – 3 days. Adherent 4T1 cells were detached using 0.25% 

trypsin-EDTA solution (Merck) upon reaching 70 – 80% confluency, while RAW 264.7 cells 

were detached by gentle scraping. 

Induction of endotoxin tolerance in RAW 264.7 macrophages 

RAW 264.7 macrophages were seeded in a 24-well plate at a concentration of 2 × 105 cells/well 

in 2 mL of DMEM medium supplemented with 10% FBS and pre-incubated for 24 h. The cells 

were then maintained in the following three conditions: non-tolerant macrophages (MoNT), 

tolerant macrophages (MoET), or macrophages treated only once with LPS for 24h (MoLPS), 

which were used as a positive control. To obtain MoET cells, RAW 264.7 cells were stimulated 

for 24 h with 100 ng/mL of LPS, followed by a wash with PBS and further culturing in a similar 

dose of LPS-containing media for another 24 h. Finally, the media was removed and the cells 

were directly lysed with PureZOL™ RNA Isolation Reagent (Bio-Rad, Hercules, CA, USA). 

The samples were then collected and stored at -80°C for future gene expression analysis. 

Analysis of cytokine expression by Quantitative Real-Time PCR 

Total RNA was isolated from the samples by PureZOL™ RNA Isolation Reagent following the 

manufacturer’s protocol and the reverse transcription was performed using 1 μg of total RNA 

and iScript™ cDNA Synthesis Kit following manufacturer’s protocol. Real-Time PCR was 

performed in a final volume of 10 µL, with each reaction mixture consisting of cDNA, 

SsoAdvanced Universal SYBR Green Supermix and the PrimePCR™SYBR® Green Assay 

designed for IL-10 (Unique Assay ID: qMmuCED0044967), TNF-α (Unique Assay ID: 

qMmuCED0004141) and iNOS amplification. Amplification was carried out using the CFX 

Connect Real-Time PCR Detection System. For data normalization, the housekeeping gene 

GAPDH (Unique Assay ID: qMmuCED0027497) was used to ensure accuracy. The double 

delta Ct method (2−∆∆Ct) was employed for data analysis. To check for non-specific primer 

binding, a melt curve analysis was performed during each qPCR run. All reagents used in the 

analysis of cytokine expression were purchased from Bio-Rad (Hercules, CA, USA). 

Western blot analysis 



To analyse the expression of COX-2 and CD14, RAW 264.7 cells were seeded at a density of 

1 × 105 cells/well in 12-well plate and pre-incubated for 24h in 2mL of DMEM medium 

supplemented with 10% FBS. The three conditions of MoNT , MoLPS and MoET were maintained 

as described previously. Finally, the cells were washed with ice-cold PBS and lysed using 100 

μL of a 1 × RIPA buffer supplemented with 1% sodium dodecyl sulfate (SDS) and 0.5% 

protease inhibitor cocktail (all the reagents were procured from Merck). After mechanical 

homogenization, the lysates were centrifuged to remove cellular debris. The samples were then 

heated at 95°C for 5 min. Protein concentrations in the lysates were determined using the 

Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA), following 

the manufacturer's protocol. Lysates were diluted with sample buffer to a final concentration 

of 30 µg/mL, and 20 μL of each sample was subjected to SDS-PAGE on 4 – 20% precast 

polyacrylamide gels (Bio-Rad). Proteins were transferred to nitrocellulose membranes and 

immunoblotted with specific primary antibodies, followed by secondary antibodies conjugated 

to horseradish peroxidase (HRP). Immunoreactive bands were detected using the SuperSignal 

West Pico substrate (Thermo Fisher Scientific), and densitometric analysis was performed 

using Image Lab Software 5.2.1 (Bio-Rad). The details about the antibodies used in this 

research are provided in the Table 1.  

Table 1. List of the antibodies used for western blot analysis 

Primary Antibodies 

Protein Name Protein Symbol Cat. No. Source/ Isotope Company 

Cyclooxygenase 

2 
COX-2 #12282 Rabbit IgG 

Cell Signaling 

Technology 

(Danvers, MA, 

USA) 

CD14 CD14 #93882 Rabbit IgG 
Cell Signaling 

Technology 

Actin Actb 612657 Mouse IgG 

BD Bioscience 

(Franklin Lakes, 

NJ, USA) 

Secondary Antibodies 

Target Origin Type of conjugate Company 

Anti-Rabbit Goat IgG 

Peroxidase-

conjugated Anti-

Rabbit 

Sigma Aldrich 

Anti-Mouse Goat IgG 

Peroxidase-

conjugated Anti-

Mouse 

Jackson ImmunoResearch 

Laboratories, Inc. (West Grove, 

PA, USA) 

 



Preparation of conditioned media derived from 4T1 cancer cells 

To prepare the conditioned media, 4T1 cells were seeded at a density of 1 × 106 cells in a 75 

cm2 cell culture flask and were maintained in DMEM high glucose supplemented with 10% 

FBS till 70 – 80 % confluency was reached. The cells were then washed with PBS and 

maintained in DMEM high glucose supplemented with 1% FBS for 24h. Finally, the 

supernatant was collected, centrifuged and filtered to remove any cell debris. The conditioned 

media was then aliquoted and stored at -80°C for further use. 

Nitric oxide production analysis 

The Griess reagent (modified) (Sigma-Aldrich) was used according to the manufacturer’s 

protocol to evaluate nitric oxide production. The assay solution was prepared with ultrapure 

distilled water, with the analysis being conducted in the presence of standards ranging from 0.5 

– 65 μM of NO2
- . The Raw 264.7 cells were seeded at a density of 5 × 105 cells/well in 24-well 

plate and were maintained in the condition of MoNT , MoLPS and MoET. After the development 

of endotoxin tolerance, the cells were treated with the conditioned media at concentrations of 

10, 25 and 50% obtained from 4T1 cells (CM4T1 (10- 50%)) for 16h. After the treatment, the 

supernatants were collected, centrifuged to remove the cell debris and then mixed with an equal 

volume of Griess reagent. After 15 min, the absorbance was read using Synergy HT Multi-

Mode microplate reader (BioTek Instruments, Winooski, VT, USA) at 540 nm.  

Reactive oxygen species (ROS) production analysis 

The level of ROS in MoNT , MoLPS and MoET treated with CM4T1 (50%) was analysed using the 

H2DCFDA (Sigma-Aldrich) staining, followed by flow cytometry analysis. The RAW 264.7 

cells were seeded at a density of 5 × 105 cells/well in 6 well plate and pre-incubated for 24h in 

DMEM supplemented with 10% FBS. Then, the cells were stained with 20 µM H2DCFDA 

followed by incubation for 30 min in the dark at 37°C. After that, the cells were washed with 

PBS twice, and stimulated for 24h with CM4T1 (50%). After the stimulation, the cells were 

harvested, washed thrice with PBS, and the fluorescence was detected by flow cytometry using 

BriCyte E6 (Mindray, Shenzhen, China) at an excitation wavelength of 488 nm and an emission 

wavelength of 525 nm. The data was presented as the ratio of the geometric mean of 

stimulated/control cells.  

Surface markers analysis 



To analyse the effect of cancer on the polarization of MoET, the flow cytometry was performed 

using fluorescein isothiocyanate (FITC)-labelled anti-CD80 monoclonal antibody and 

allophycocyanin (APC)-conjugated anti-CD163 monoclonal antibody (Sony Biotechnology 

Inc., San Jose, CA, USA) staining. In this experiment, co-culture of 4T1 and RAW 264.7 cells 

(MoNT, MoLPS and MoET) was performed using well inserts of 0.4 µm of pore size 

(SARSTEDT). The RAW 264.7 cells were seeded at the density of 2 × 105 cells/well in 24-well 

plate for 24h. The macrophages were then stimulated to obtain the MoNT, MoLPS and MoET. 

After the stimulation, the media was removed, the cells were washed once with PBS and the 

co-culture inserts were placed gently in the wells. The 4T1 cells were then seeded at a 

concentration of 0.03 × 106 cells/insert. After 24h, the inserts were removed and the monolayer 

of the macrophages was washed with ice-cold PBS and then harvested by gentle scraping in 1 

mL of PBS. After collecting the cells, three more washes with PBS and 10 min-lasting 

incubation with Mouse Seroblock FcR (Bio-Rad, Hercules, CA, USA) were performed. 

Following the incubation, staining with anti-CD80 and anti-CD163 antibodies was performed 

in the dark for 30 min. The cells were then washed again with PBS thrice to remove any 

unbound antibodies and were finally suspended in 500 µL of PBS. The analysis was performed 

using BriCyte E6 flow cytometer (Mindray, Shenzhen, China).  

Cell viability analysis 

To assess the viability of RAW 264.7 cells after exposure to various concentrations of CM4T1, 

an MTT assay (3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide; Sigma 

Aldrich) was conducted. The cells were plated in 96-well plates at a density of 3 × 10³ cells per 

well and pre-incubated for 24 hours in DMEM supplemented with 10% FBS. Following the 

pre-incubation, the cells were treated with CM4T1 in 1% FBS/DMEM at concentrations of 10%, 

25%, 50%, and 75% for 24 and 48 hours. After treatment, the cells were rinsed with PBS and 

incubated with a red phenol-free medium containing 0.5 mg/mL of MTT solution for 3 hours 

at 37°C. Once incubation was complete, the medium was removed, and 100 μL of DMSO was 

added to dissolve the formazan crystals. The plate was then placed on an orbital shaker for 15 

minutes to ensure thorough mixing. Optical density was measured at 570 nm, with 630 nm as 

the reference wavelength, using a Synergy HT Multi-Mode Microplate Reader (BioTek 

Instruments, Winooski, VT, USA). The viability of the CM4T1-treated cells was expressed as 

a percentage relative to cells incubated in complete DMEM medium containing varying 

concentrations (10%, 25%, 50%, or 75%) of conditioned media supplemented with 1% FBS.  



Single Cell Energetic Metabolism by Profiling Translation Inhibition (SCENITH) 

To analyse the metabolic profile of RAW 264.7 macrophages, the SCENITH was performed 

by seeding the macrophages at a density of 3 × 105 cells/well in 6-well plate for 24h. To obtain 

MoET cells the macrophages were primarily stimulated with LPS for 24h and then challenged 

again for 2h. MoLPS cells were treated once with LPS for 2h. Then MoNT, MoLPS and MoET cells 

were stimulated with CM4T1 (50%)  for 4h. Finally, the cells were harvested and seeded in the 96-

well plate at a density of 3 × 104 cells/well. Cells in each condition were then either treated 

with inhibitor of glycolysis, 2-Deoxy-D-glucose (2-DG) (100 mM) (Sigma-aldridge) or 

inhibitor of oxidative phosphorylation (OXPHOS) (Sigma-aldridge), Oligomycin (2 µM) or 

both 2-DG and Oligomycin for 20 min at 37°C. After the metabolic inhibitors, cells were 

treated with puromycin (Sigma-aldridge) 10 µg/mL for 30 min at 37°C. The cells were then 

washed in PBS supplemented with 2% FBS thrice and then incubated in Fc blockade (BioXcel) 

anti-mouse/CD16/CD32 solution for 15 min at 37°C followed by washing with PBS twice. 

Then, the surface staining with live cell staining dye (Invitrogen) was performed for 20–30 min 

at 4°C, followed by washing in PBS. After the surface staining, fixation and permeabilization 

of these cells was performed using FOXP3 Fixation and Permeabilization Buffer 

(Thermofisher eBioscience kit) according to the manufacturer’s protocol. Finally, the 

intracellular staining with anti-puromycin antibody (MERCK) was performed for 1h. Cells 

were then washed with permeabilization buffer twice, resuspended in PBS and stored at 4°C 

till the analysis.  

Results 

Macrophages infiltration in tumour tissue is prominent in Endotoxin tolerant mice 

Since it is unknown whether endotoxin-tolerant macrophages are able to infiltrate the tumor, 

we conducted this analysis in the mice with and without endotoxin tolerance. 

Morphologically, the tumours, arised in treated mice, were consistent with tubular carcinoma 

high grade. The tubular differentiation was minimal, with occasional small lumina. Individual 

neoplastic cells have oval vesicular nuclei and a fairly extensive amount of cytoplasm. The 

anisocytosis and anisokaryosis were consistent. Within the interstitium the fibroblasts 

proliferation made a fine support stroma, with some vacuolated macrophages  associated and 

very few scattered neutrophils and small lymphocytes. Aberrant mitosis were occasionally 

found. 



The immunohistochemical analysis of the tumour sections in both the groups of mice were 

observed to be infiltrated with few macrophages, located mostly in the fine stromal support 

(Fig 1). 

 

 

Fig 1. Immunochemical analysis of macrophage infiltration into breast cancer parenchyma (red 

arrow) and stroma (MAC387, 40X) in mice with cancer (a) and mice with ET and cancer (b). 

The analysis was performed in 6 individuals per group. 

Considering that macrophages infiltrate tumors in both endotoxin-tolerant and non-tolerant 

mice, we continued our research on macrophages using an in vitro model of endotoxin 

tolerance. 

Insight into the initiation and amplification of inflammation in response to single and 

prolonged endotoxin priming 



In this research we exposed macrophages to endotoxin as we described in our previous paper 

[21] to get endotoxin-tolerant cells, which we verified by analysing IL-6 and TNF-α 

expression. After the initial exposure to endotoxin, we observed a significant increase 

(p<0.001) in mRNA expression of both cytokines; however, this effect was evidently 

diminished with subsequent treatments of LPS (Fig. 2a-b). These changes observed are in 

parallel to the results of protein expression levels of TNFα and IL-6 observed also in our 

previous studies (Fig 2c-d). 

 

Fig. 2. The mRNA expression of TNF-α (a) and IL-6 (b) in response to RAW 264.7 

macrophages priming with endotoxin and of the TNF-α (c) and IL-6 (d) levels in culture media 

from macrophages primed with endotoxin. MoLPS – macrophages treated with LPS once; MoET 

– endotoxin tolerant macrophages; MoNT – untreated macrophages. Asterisks indicate 

significant differences between corresponding groups of cells as indicated (*** p < 0.001). 

Having endotoxin tolerant (ET) cells, we decided to analyse CD14 and COX-2 to understand 

the underlying mechanisms. CD14 is crucial for the initial detection of endotoxins and the 



subsequent activation of macrophages, leading to cytokine production. COX-2 is involved in 

the later stages of inflammation, where it synthesizes pro-inflammatory prostaglandins.  

CD14 showed a downregulation trend in MoET that was not found to be significant (Fig 3b). 

However, MoET cells exhibited significantly lower production of COX-2 when compared to 

MoLPS (p<0.05) (Fig. 3c).  

 

 

Fig.3. Expression of CD14 (b) and COX-2 (c) in endotoxin-treated RAW 264.7 macrophages. 

The levels of both proteins in the cell lysates were analysed by immunoblotting relative to β-

actin content (a). MoLPS – macrophages treated with LPS once; MoET – endotoxin tolerant 

macrophages; MoNT – untreated macrophages. Asterisks indicate significant differences 

between corresponding groups of cells as indicated (* p < 0.05 and *** p < 0.001 ). 

Our research demonstrated that exposure of macrophages to endotoxins significantly affects 

factors involved in inflammation, and notably, this effect evolves over time.  



Cancerogenic environment leads to a reduction in nitric oxide production by endotoxin-

tolerant cells 

Since it is known that cancer can significantly affect inflammation, we decided to investigate 

the effects of endotoxin and endotoxin tolerance in the context of cancer.  

To further analyse new factors related to inflammation, we evaluated the production of nitric 

oxide (NO), which has been known to be regulated by similar pro-inflammatory signalling 

pathways, such as COX-2 involving nuclear factor (NF) κB[22,23]. In this experiment, we 

wanted to analyze nitric oxide production in response to endotoxin exposure and then check it 

within a pro-carcinogenic environment. We observed a significantly inhibition of iNOS activity 

in MoET after prolonged stimulation with LPS when compared to MoLPS (p<0.001) (Fig. 4a). 

Therefore, in the next phase of the research, we examined, the production of nitric oxide (NO) 

by MoET cells when stimulated with conditioned medium derived from cancer cells at a 

concentration from 10 to 50% (Fig. 4b). We found that MoET cells stimulated with CM4T1 

produced significantly lower concentrations of NO compared to MoLPS at corresponding doses 

of CM (p<0.001) (Fig 4b).  

Fig. 4. The mRNA expression of iNOS in endotoxin-treated RAW 264.7 macrophages (a). 

Level of NO produced by endotoxin-treated macrophages stimulated with conditioned medium 

derived from 4T1 cancer cells (b). MoLPS – macrophages treated with LPS once; MoET – 

endotoxin tolerant macrophages; MoNT – untreated macrophages; CM4T1 (10 - 50%) – conditioned 

media from 4T1 breast cancer cells. Asterisk (*) represents the significance against the MoLPS 

treated with CM4T1 (10 – 50%) (** p < 0.01 and *** p < 0.001) and hash (#) represents the 

significance against the MoNT treated with CM4T1 (10 – 50%) (# # # p < 0.001).  



The cancerous environment enhances the capacity of endotoxin-tolerant cells to produce ROS 

in response to endotoxin, more so than in cells treated with LPS alone 

As nitric oxide production and oxygen species (ROS) are involved in the the primary 

inflammatory response, we decided to investigate ROS production in the MoET when they are 

in contact with a cancerous environment. In our study, we observed that conditioned medium 

from cancer cells does not affect MoNT ROS production. However, a higher level of ROS 

production was observed in MoLPS cells stimulated with CM4T1 at a concentration of 50% in 

comparison with MoNT (p < 0.001), and this increase was even more pronounced in MoET cells 

(p < 0.001). The CM4T1 at 50% was used as a stimulant, as this represented a moderate 

concentration, neither excessively high nor too low (Fig. 5). 

Fig 5. Intracellular level of ROS production in RAW 264.7 macrophages treated with LPS and 

cultured in conditioned medium from cancer cells. Flow cytometry analysis of ROS production 

is represented as MFI on Y axis of the graph. MoLPS – macrophages treated with LPS once; 

MoET – endotoxin tolerant macrophages; MoNT – untreated macrophages; CM4T1 50% - 

Conditioned media obtained from 4T1 cells. Asterisks indicate significant differences between 

corresponding groups of cells as indicated (*** p < 0.001).  



Breast cancer influences the expression of surface markers on endotoxin-tolerant 

macrophages, shifting them towards an M2 phenotype 

In our previous study, the MoET cultured alone were observed to be majorly M1 phenotype due 

to the increased expression of CD80[21]. Since in this research we identified numerous 

functional changes in the macrophages exposed to endotoxin only once compared to those that 

develop endotoxin tolerance, we decided to assess their surface markers related to their 

phenotype. Here we evaluated the impact of breast cancer cells on these macrophages in a co-

culture model. When co-cultured with 4T1 cells, MoET cells showed significantly lower 

expression of CD80 compared to MoNT cells (p<0.05) and MoLPS cells (p<0.01) (Fig.6), and 

almost similar to the expression of CD80 in monoculture of MoNT. Interestingly, a significant 

increase in the expression of CD163, almost 10-fold, was observed in the MoET cells during co-

culture with 4T1 cancer cells in comparison with MoNT (p<0.001) and MoLPS (p<0.01) (Fig 6).  

 

Fig 6. Evaluation of the phenotype of the RAW 264.7 macrophages (M1 and M2 markers) 

when co-cultured with 4T1 breast cancer cells. The % events of the M1 cells are plotted on the 

left Y-axis and the M2 cells are plotted on the right Y-axis. MoLPS – macrophages treated with 

LPS once; MoET – endotoxin tolerant macrophages; MoNT – untreated macrophages. Asterisk 

(*) represents the significant differences in the corresponding groups as indicated (* p < 0.05, 

** p < 0.01 and *** p < 0.001).  



Endotoxin-tolerant macrophages demonstrate a greater increase in survival capacity in the 

presence of 4T1 cells compared to macrophages treated with LPS only once 

To further assess the effect of cancer on endotoxin-tolerant macrophages, we studied the effect 

of the conditioned media derived from 4T1 cancer cells (at a concentration of 10, 25, 50 and 

75%) on the following types of macrophages: MoNT, MoLPS and MoET (Fig 7). MoET cells, when 

stimulated with the CM4T1, exhibited statistically significant increased survival capacity when 

compared to MoNT and MoLPS at both 24 (Fig 7a) and 48h (Fig 7b). Though there was a dose 

dependent decrease in the cell viability at 48h the viability % still remained >50% in case of 

MoET cells stimulated with CM4T1 (50%) and was significantly higher when compared to MoNT 

(p<0.01) and MoLPS (p<0.001). 

 

Fig 7. Viability of RAW 264.7 cells stimulated with conditioned media (CM) obtained from 

4T1 at the concentration 10, 25, 50 and 75% for 24h (a) and 48h (b). Assessment of cell viability 

was done my colorimetric assay of MTT. The non-stimulated cells (which is represented as 

100%) are used as the control to evaluated the percentage viability. Asterisk (*) represents the 

significance between MoET and MoLPS stimulated with the corresponding concentration of 

conditioned medium (10-75%) (* p < 0.05, ** p < 0.01 and *** p < 0.001). Hash (#) represents 

the significance of MoET  against the MoNT  stimulated with the corresponding concentration of 

conditioned medium (# p < 0.05, # # p <0.01 and # # # p < 0.001).  

Endotoxin tolerance macrophages tend to have pronounced glycolytic activity 



In this experiment, we decided to investigate the metabolic profile of these macrophages. 

SCENITH technique provides a way of measuring the dependence of cells on different 

metabolic pathways (glycolysis or oxidative phosphorylation). We observed a significant 

decrease in protein translation in RAW264.7 MoNT (p <0.001) when treated with 2DG an 

inhibitor of glycolysis, when compared to the control cells not treated with the inhibitors 

(Baseline), indicating that these cells rely heavily on glycolysis for protein production (Fig. 

8a). Conversely no significant decrease was observed in MoLPS and MoET. 

Interestingly, when treated with Oligomycin (an inhibitor of oxidative phosphorylation) MoNT 

(p <0.05), MoLPS (p <0.05) and MoET (p <0.001) exhibited a significant increase in the protein 

translation when compared to their respective baseline. This indicates that these ET 

macrophages do not strictly depend on OXPHOS and therefore, involvement of other metabolic 

pathway, such as the fatty acid oxidation or glutaminolysis has to be taken under consideration. 

Interestingly, MoET treated with Oligomycin produced significantly higher protein when 

compared to MoLPS (p<0.001). This finding suggests the activation of compensatory 

mechanisms that enhance protein production. Furthermore, this implies that endotoxin-tolerant 

macrophages respond differently to OXPHOS inhibition, possibly due to metabolic 

reprogramming associated with their tolerance state. Similarly, MoNT, MoLPS and MoET when 

treated with CM4T1 produced similar results as on treatment with 2DG (p<0.001) alone. 

However, when treated with oligomycin only MoNT (p< 0.01) and MoET (p<0.001) showed a 

prominent increase in the protein translation when compared to their respective baseline (Fig. 

8b). We also observed that MoLPS and MoET when stimulated with CM4T1 at a concentration of 

50% also exhibited increased protein production when treated with Oligomycin than the MoLPS 

and MoET alone (p<0.001) (Fig 8c).  



 

Fig 8. Evaluation of the metabolic activity of the RAW 264.7 macrophages (MoNT, MoLPS and 

MoET) stimulated with conditioned media (CM) obtained from 4T1 at a concentration of 50% 



by treating them with inhibitors Oligomycin, 2DG and puromycin. MoNT – untreated 

macrophages; MoLPS – macrophages treated with LPS once; MoET – endotoxin tolerant 

macrophages. Flowcytometry was used to assess the protein translation MFI in MoNT, MoLPS 

and MoET not stimulated with CM4T1 50% (a), MoNT, MoLPS and MoET stimulated with CM4T1 50% 

(b) and Comparison of translation MFI on treatment with oligomycin between MoNT, MoLPS 

and MoET stimulated with or without CM4T1 50% (c). Asterisk (*) represents the significance of 

MoET against the MoLPS (* p < 0.05, ** p < 0.01 and *** p < 0.001) and hash (#) represents the 

significance of MoET against the MoNT (# p < 0.05, # # p <0.01 and # # # p < 0.001).  

Overall, these findings illustrate the complex interplay between metabolic pathways and 

protein synthesis in different macrophage phenotypes. They highlight the reliance on glycolysis 

for protein production in MoNT, MoLPS and MoET macrophages while suggesting that endotoxin 

tolerance allows for alternative metabolic adaptations. These metabolic shifts could provide 

tolerant macrophages with greater flexibility in adapting to LPS and different environmental 

challenges. Furthermore, the significant protein synthesis observed in response to oxidative 

phosphorylation inhibition underscores the potential for metabolic reprogramming in 

macrophages, particularly in the context of endotoxin tolerance, which may influence their 

functional roles in the tumour microenvironment. 

Discussion 

Endotoxin tolerance (ET) occurs when the immune system becomes less responsive to 

inflammatory signals induced by endotoxins following prolonged or repeated exposure[24,25]. 

Although commonly observed in conditions such as chronic infections, sepsis, or repeated 

medical treatments involving endotoxin exposure [26–28], ET remains a poorly studied 

phenomenon. Our previous study revealed that endotoxin-tolerant macrophages foster a 

cancer-friendly environment [21]. This study aims to further explore the impact of cancer cells 

on macrophages, specifically focusing on macrophage infiltration into tumors and functional 

changes in endotoxin-tolerant macrophages within the tumor microenvironment. 

Macrophages are known to play a pivotal role within the tumor microenvironment and are also 

key cells in endotoxin tolerance [29,30]. While endotoxin tolerance is typically linked to 

immunosuppression and changes in macrophage function [31,32], its impact on macrophage 

infiltration into tumors remains unclear. Our findings show that tumor sections from tumor-

bearing mice exhibited macrophage infiltration in both endotoxin-tolerant and non-tolerant 

groups, suggesting that ET does not prevent macrophage migration to the tumor site. However, 



the functional state of these infiltrating macrophages under ET conditions remained uncertain. 

Therefore, we examined the behavior and characteristics of both endotoxin-tolerant (ET) and 

non-tolerant macrophages under controlled conditions, allowing for a detailed analysis of 

functional changes, including cytokine production, metabolic shifts, and surface marker 

expression, particularly in the context of cancer cell interactions. 

Using an in vitro ET model, we delved into macrophage-cancer cell interactions. We observed 

that ET macrophages had reduced nitric oxide (NO) production and iNOS activity when 

exposed to cancer cell-conditioned medium, compared to normal and LPS-treated 

macrophages. This reduction in NO, which has a dual role in tumor biology promoting tumor 

growth at low levels and exerting cytotoxic effects at higher concentrations [33,34], suggests 

that ET macrophages create a tumor-favoring environment by limiting NO’s cytotoxic potential 

[35]. In contrast, ET macrophages showed a significant increase in reactive oxygen species 

(ROS) production when stimulated with cancer cell-conditioned medium, pointing to an 

activation of oxidative stress pathways. This elevated ROS production aligns with tumor-

promoting activities, as ROS can induce DNA damage and enhance cancer cell survival and 

metastasis [36–38]. 

These findings, i.e. increased ROS production (typically associated with pro-inflammatory M1 

macrophages) alongside reduced NO levels (often linked to anti-inflammatory M2 

macrophages) complicate the classification of ET macrophages as either M1 or M2. To further 

clarify, we examined surface markers, finding a shift in ET macrophages co-cultured with 

cancer cells, characterized by decreased CD80 expression and increased CD163 expression, 

suggesting an M2-like phenotype. This supports the view that tumor-associated macrophages 

(TAMs) often polarize toward an M2 phenotype, promoting immune suppression and tumor 

progression [39–41]. Additionally, ET macrophages displayed a blunted inflammatory 

response, with lower expression of pro-inflammatory cytokines like TNF-α and IL-6, 

reinforcing the notion that endotoxin tolerance shifts macrophages away from the M1 

phenotype typically induced by single LPS exposure. 

The paradox of increased ROS and decreased NO production in ET macrophages becomes 

more compelling when integrated with our SCENITH findings. Our SCENITH analysis 

revealed that ET macrophages are metabolically flexible, utilizing not only glycolysis but also 

pathways like fatty acid oxidation and glutaminolysis, especially when oxidative 

phosphorylation (OXPHOS) was inhibited. This metabolic adaptability may account for the 



elevated ROS production, possibly as a byproduct of heightened metabolic activity in response 

to tumor signals, while downregulating NO production due to reprogramming of metabolic 

pathways. 

Together, these findings indicate that the metabolic and functional adaptations in ET 

macrophages—highlighted through SCENITH and the analysis of ROS and NO production—

equip them to support tumor growth dynamically, deviating from typical macrophage 

polarization patterns. This interplay between metabolic flexibility, ROS production, and NO 

regulation underscores the need to consider both metabolic and functional changes when 

studying macrophage behavior within the tumor microenvironment. 

To further investigate ET macrophages’ role in the tumor microenvironment, we examined their 

survival in tumor-associated stress conditions. We found that ET macrophages, often linked to 

an immunosuppressive phenotype (e.g., M2 polarization), displayed enhanced survival in 

cancer cell-conditioned media, indicating resilience to metabolic and inflammatory stresses 

common in tumors, such as nutrient deprivation or hypoxia. This suggests that ET not only 

modifies macrophage function but also confers a survival advantage, potentially allowing these 

cells to persist and impact the tumor’s immune landscape in ways that non-tolerant 

macrophages cannot. This insight into ET macrophage persistence could shed light on their 

roles in chronic inflammation and cancer progression. 

In conclusion, our findings suggest that conditions leading to endotoxin tolerance (ET) result 

in, on one hand, a change in the phenotypic characteristics of macrophages, and on the other 

hand, a shift in how they respond to cancer cells. The capacity of ET macrophages for tumor 

infiltration, ROS production, NO modulation, and metabolic adaptability highlights a 

functional reprogramming that may enhance their pro-tumor activity. These adaptations 

emphasize the complex relationship between inflammation, metabolic pathways, and tumor 

biology, suggesting new potential targets for therapeutic intervention. 
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