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A B S T R A C T

The complex heterogeneity of tumor microenvironment (TME) of triple-negative breast cancer (TNBC) presents a 
significant obstacle to cytotoxic immune response and successful treatment, building up one of the most hostile 
oncological phenotypes. Among the most abundant TME components, tumor-associated macrophages (TAMs) 
have pivotal pro-tumoral functions, involving discordant roles for the nuclear factor kappa-B (NF-κB) tran-
scription factors and directing to higher levels of pathway complexity.

In both resting macrophages and TAMs, we recently revealed the existence of the uncharacterized NF-κB p65/ 
p52 dimer. In the present study, we demonstrated its enhanced active nuclear localization in TAMs and validated 
selected immune target genes as directly regulated by dimer binding on DNA sequences.

We demonstrated by ChIP-qPCR that p65/p52 enrichment on HSPG2 and CSF-1 regulatory regions is strictly 
dependent on macrophage polarization and tumor environment.

Our data provide novel mechanisms of transcriptional regulation in TAMs, orchestrated by the varied and 
dynamic nature of NF-κB combinations, which needs to be considered when targeting this pathway in cancer 
therapies.

Our results offer p65/p52, together with identified regulatory regions on genes impacting macrophage 
behavior and tumor biology, as novel molecular targets for TNBC, aimed at modulating TAMs functions towards 
anti-tumoral phenotypes and thus improving cancer treatment outcomes.

1. Introduction

Triple-negative breast cancer (TNBC) is the most hostile breast 
cancer (BC) subtype, lacking expression of estrogen receptor (ER), 
progesterone receptor (PR), and human epidermal growth factor re-
ceptor 2 (HER2), and representing a major cause of female mortality [1]. 
TNBC is a heterogeneous subgroup comprising about 10–15 % of breast 
cancer and exhibiting high levels of malignancy and invasiveness [1,2]. 
To date, the use of combined chemo- and immuno-therapy has enhanced 
treatment efficacy, although most patients develop primary or acquired 
resistance [2].

The tumor microenvironment (TME) of TNBC is extremely diversi-
fied [3], comprising cancer cells, tumor-associated macrophages 

(TAMs), soluble factors, and cancer-associated fibroblasts (CAFs), all 
embedded in the transformed extracellular matrix (ECM), with lower or 
absent CD8+ T cells, playing a central role in antitumor immune 
response [4,5]. All TME components work dynamically to promote 
expansion of cancer cells by producing ECM, binding factors, and 
enzymatic modifiers [6]. In this complex scenario, TAMs, characterized 
by functional plasticity, can switch their polarization state and exhibit 
pro-tumoral or anti-tumoral functions. This cell population cannot be 
categorized into binary states like classically activated M1 or alterna-
tively activated M2, but displays remarkable diversity and plasticity, 
leading to its classification into different subsets based on transcrip-
tional landscape, functional properties, and cell surface markers [7]. 
Among them, M2-like subsets have critical roles in tumor progression by 
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promoting angiogenesis, extracellular matrix remodeling, immune 
suppression, induction of Epithelial-Mesenchymal Transition (EMT), 
formation of pre-metastatic niches, and drug-resistance [8]. In TNBC, 
these subsets are determinants for cytotoxic T cell exclusion (immune 
desert phenotype) [9], so their high density correlates with a lower 
survival rate [10].

A growing number of studies focused on targeting both negative 
regulators of TAMs pro-tumoral activities, depleting macrophages or 
blocking their recruitment, and activator of TAMs antitumor efficacy, in 
order to reprogram them towards an anti-tumor phenotype or increase 
their phagocytic activity. Although some of these compounds are 
currently undergoing clinical trials for breast cancer, in combination 
with conventional chemotherapy or radiotherapy, gaining a deeper 
understanding to be translated into more effective strategies remains a 
challenge [11,12].

Multiple efforts to unravel the complexity of macrophages have 
highlighted key transcription factors (TFs) that orchestrate the reprog-
ramming of TAMs. Among these, the nuclear factor kappa-light chain 
enhancer of activated B cells (NF-κB) family stands out as a master 
regulator of macrophage plasticity [13].

In vertebrates, the five NF-κB proteins (p50/NF-κB1, p52/NF-κB2, 
p65/RelA, RelB, and c-Rel) can form up to 15 distinct combinations of 
homo- or heterodimers, with 12 exhibiting the ability to bind DNA with 
either redundant or specific transcriptional activities [14–16]. Stimu-
lation by various signals triggers the degradation of the inhibitory IκB 
proteins, resulting in the rapid nuclear translocation of NF-κB dimers 
[17]. Once in the nucleus, these dimers bind to specific DNA sequences 
known as κB sites, which are located within the regulatory regions of 
target genes [15,18]. Members of the Rel protein family (RelA, RelB, and 
c-Rel) possess the DNA binding transcriptional activation domain (TAD), 
allowing p50 and p52 subunits to form activating NF-κB dimers only 
when paired with Rel proteins [19]. The most common of these is the 
heterodimeric p65-p50 complex, a key effector of the canonical NF-κB 
activation pathway [20]. In contrast, the non-canonical pathway in-
volves the phosphorylation and processing of NF-κB2/p100, which 
promotes the preferential formation of RelB-p52 heterodimer [21].

Many studies focused on the canonical NF-κB pathway and its 
constitutive activation is a commonly observed phenomenon in TNBC 
[22]. This pathway is crucial in the TME, playing a significant role in 
regulating tumor growth, survival, and resistance to therapy, and also 
enhancing the antitumor effects and immunosuppressive functions of 
different cells [23] and thus predicting the prognosis of breast cancer 
[24,25]. Instead, very little is known about the non-canonical pathway 
of NF-κB activation, although it predicts poor survival and resistance to 
therapy [26].

NF-κB is among the main regulators of TAMs function, playing 
essential and intricate roles in their polarization states. In fact, dysre-
gulated NF-κB modules can both enhance macrophage polarization to-
wards an M2-like phenotype, exacerbating pro-tumoral functions within 
the TME [13,23], or directly regulate the M1-like phenotype polariza-
tion, exerting tumor suppressor functions. In this direction, non- 
canonical RelB/p52 complexes are activated by autophagy in different 
cancer types, promoting TAMs M1 repolarization [27] while nuclear 
enrichment of the p50/p50 homodimers inhibits M1 activation by 
blocking the expression of inflammatory cytokines [28,29]. These 
apparently discordant activities suggest the existence of complex levels 
of NF-κB network organization.

In line with this idea, our recent findings have revealed the existence 
of a previously uncharacterized NF-κB p65/p52 interaction in nuclear 
extracts of macrophages and TAMs, suggesting that this dimer may play 
a role in DNA binding and transcriptional regulation [30].

In the present study, we further extended our findings, demon-
strating the enhanced presence of active NF-κB p65/p52 signaling 
modules in TAMs and identifying target genes that are directly regulated 
by p65/p52 binding to specific regulatory sequences.

Our results shed light on the intricate interplay among NF-κB 

signaling pathways and TAMs plasticity, highlighting the dynamic na-
ture of transcriptional regulation in response to external stimuli deriving 
from TME.

2. Materials and methods

2.1. Cell lines and treatments

Human breast cancer cell line MCF-7, human TNBC cell line MDA- 
MB-231, and human monocytic leukemia cell line THP-1 were ob-
tained from ATCC. Cells were cultured in RPMI-1640 (Sigma-Aldrich, St. 
Louis, MO, USA) medium supplemented with 10 % fetal bovine serum 
(FBS) (Gibco, Waltham, MA, USA), 100 U/mL penicillin (Gibco), and 
100 mg/mL streptomycin (Gibco) at 37 ◦C in a humidified incubator 
with 5 % CO2.

Tumor-conditioned medium (TCM) was obtained from MDA-MB-231 
and MCF-7 cancer cell lines as previously described [30]. MDA-MB-231 
and MCF-7 were cultured in 10 % v/v FBS RPMI 1640 medium. 
Approximately 2 × 105 cells per mL were grown to 80 % of confluence, 
and the supernatants were harvested and centrifuged for 5 min at 500 ×g 
to remove suspended cells, then filtered (70 μm) and collected.

Undifferentiated macrophages were obtained by treating THP-1 cells 
(plated at a density of 3 × 105 cells per mL in a 6-well plate) with 100 
ng/mL of the phorbol 12-myristate 12-acetate (PMA) (P8139; Sigma- 
Aldrich) for 24 h. Adherent THP-1 cells were left in fresh medium cul-
ture for 48 h before treatments.

Undifferentiated macrophages were maintained in Mφ state, M2- 
activated with IL-4 (20 ng/mL, 130–093-921; Miltenyi Biotec, Ber-
gisch Gladbach, Germany), or polarized towards tumoral phenotype 
(TAM) with the addition of TCM (half of total volume) for 24 h or 48 h as 
previously described [30]. Undifferentiated macrophages were pre- 
activated to TAM phenotype for 16 h and then treated with 50 nM of 
N4-[2-(4-phenoxyphenyl)ethyl]-1,2-dihydroquinazoline-4,6-diamine 
(QNZ) (EVP4593, 481406; Calbiochem, San Diego, CA, USA) or 
dimethyl sulfoxide (DMSO) (Sigma-Aldrich) for 48 h.

2.2. Immunofluorescence analysis

M2 macrophages and TAMs were washed twice in PBS (Euroclone, 
Pero, Milan, Italy) and fixed in 4 % paraformaldehyde (PFA) for 20 min. 
Then, samples were blocked with 5 % of bovine serum albumin (BSA)- 
PBS + 0.3 % Triton X-100 (Sigma-Aldrich) for 1 h at RT and incubated 
overnight at 4 ◦C with primary human antibodies anti-p65 (1:50, 
D14E12; Cell Signaling Technology, Danvers, MA, USA) and anti-p52 
(1:50, sc-7386; Santa Cruz Biotechnology, Dallas, Texas, USA) in 1 % 
BSA-PBS + 0.1 % Triton X-100. The secondary antibodies were diluted 
1:200 in 1 % BSA-PBS and incubated for 2 h at RT: rabbit-Alexa Fluor 
594 (A-11012, Invitrogen), mouse-Alexa Fluor 647 AffiniPure (715-605- 
150, Jackson, ImmunoResearch, Cambridge, UK). Nuclei were coun-
terstained with DAPI (1:1,000, Sigma-Aldrich) for 10 min.

2.3. Image acquisition and processing

Confocal images were acquired by Olympus' PLAPON 60× OSC2 
super-corrected objective lens. Sequential 0.3 μm thick Z-stacked sec-
tions were imaged through the entire sample and used to create 
maximum intensity projections (MIPs). All images of the same experi-
ment were acquired with constant laser intensity and processed with Fiji 
(National Insitute of Health). Pearson's correlation coefficient (PCC) 
analysis was performed by Co-loc2 plugin-in of Fiji, with Costes 
threshold regression. Pearson's coefficient above a threshold higher than 
0.3 in the nuclei was considered positive for colocalization of p65 and 
p52 proteins.
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2.4. Gene expression analysis

Total RNA was isolated with TRizol (Invitrogen, Carlsbad, CA, USA), 
according to the manufacturer's protocol. RNA quantity was measured 
spectrophotometrically with the Nanodrop 100 System (Rockford, IL, 
USA). RNA (1 μg) was converted to cDNA by High-Capacity cDNA 
Reverse Transcription Kit (Applied Biosystem, Foster City, CA, USA) and 
quantitative real-time polymerase chain reaction (qRT-PCR) was carried 
out using the SensiFAST SYBR Hi-ROX Kit (Meridian Bioscience, Cin-
cinnati, OH, USA). The fold change of each target gene was evaluated by 
ΔΔCt relative expression analysis. The primer sequences are provided in 
Table S1.

2.5. siRNA transfection

Undifferentiated macrophages (plated at a density of 3.5 × 105 cells 
in a 6-well plate) were transfected with 50 μM of siRNA (Horizon Dis-
covery, Dharmacon, Lafayette, CO, USA) or 800 ng of esiRNA (Sigma- 
Aldrich). Transfection was performed in 1 mL of Opti-MEM Reduced 
Serum Media (Gibco) using 1.2 μL of Lipofectamine 2000 (Invitrogen), 
and after 5 h macrophages were polarized towards TAM phenotype. At 
the end of the established time point of 72 h, total protein lysate and 
RNA from each experimental condition were collected. The catalog 
number of each siRNA is provided in Table S2.

2.6. SDS-PAGE and western blots

TAMs were washed in PBS and lysed in RIPA buffer (50 mM Tris-HCl 
pH 7.5, 150 mM NaCl, 1 % Nonidet P-40, 0.5 % sodium deoxycholate, 
0.1 % SDS, 1 mM EDTA) supplemented with 1 × Protease and Phos-
phatase Inhibitor Cocktail (PIC) (Sigma-Aldrich) for 30 min in ice and 
centrifugated for 15 min at 12,000 ×g at 4 ◦C. Protein concentration was 
evaluated with Bradford (Bio-Rad, Hercules, California, USA) protein 
assay against a standard of BSA. An equal amount of proteins (10 μg) 
were separated by SDS-PAGE and transferred onto nitrocellulose mem-
branes (Amersham Biosciences, Amersham, UK). Membrane blocking 
was performed in TBS 0.01 % (v/v) Tween-20 (Sigma-Aldrich) with 5 % 
(w/v) non-fat dry milk (Applichem, Ottoweg, Darmstadt, Germany) for 
1 h at RT. Primary antibodies were incubated overnight at 4 ◦C: anti-p65 
(1:1,000, D14E12; Cell Signaling Technology), anti-p52 (1:100, sc-7386; 
Santa Cruz Biotechnology), anti-p50 (1:100, sc-8414; Santa Cruz 
Biotechnology), and anti-Vinculin (1:1,000, 4650; Cell Signaling Tech-
nology). Incubation of the membranes with HRP-conjugated anti-mouse 
(1:10,000, 315–035-003; Jackson, ImmunoResearch) or anti-rabbit 
(1:5,000, 111–035-144; Jackson, ImmunoResearch) was carried out at 
room temperature for 1 h. Chemiluminescence of protein bands was 
detected using the ECL Advance Western Blotting Detection Kit (Amer-
sham Biosciences), acquired by ChemiDoc (Bio-Rad) instrument, and 
analyzed by densitometric analysis with the Fiji software.

2.7. Plasmids

Genomic human DNA was purified from THP-1 cells using the 
DNeasy Blood & Tissue kit (Qiagen, Valencia, CA). The HSPG2_R1-R4 
and CSF-1_R1-R2 genomic regions (human hg38 version) were ampli-
fied by PCR using the High-Fidelity MyFi DNA polymerase (Meridian 
Bioscience). The primer sequences are provided in Table S3. PCR 
products were purified from agarose gel using the QIAquick Gel 
Extraction Kit (Qiagen) according to the manufacturer's instructions. 
Purified products were cloned in the pGL3-promoter vector (Promega, 
Madison, WI, USA) upstream of the SV40 promoter. The luciferase 
constructs obtained were used for the luciferase reporter assay. The pRL- 
TK vector (Promega) was used for the constitutive expression of wild- 
type Renilla luciferase, and the pGL3-basic vector (Promega) was used 
as a negative control.

2.8. Luciferase reporter assay

Undifferentiated macrophages (plated at a density of 1.5 × 105 in a 
12-well culture plate) were cotransfected with luciferase constructs and 
pRL-TK vector. A ratio of 350 ng of total DNA to 0.7 μL of Lipofectamine 
2000 (Invitrogen) in 0.5 mL of Opti-MEM Reduced Serum Media (Gibco) 
was used for each experimental condition. Macrophages were then 
polarized towards TAM phenotype and after 48 h luminescence was 
measured using Dual-Luciferase Reporter Assay (Promega) according to 
the manufacturer's protocol. The luciferase activity in transiently 
transfected TAMs was normalized to Renilla control and compared to 
empty pGL3-promoter vector.

2.9. ChIP-qPCR analysis

Chromatin cross-linking was performed with disuccinimidyl gluta-
rate (DSG) and formaldehyde. 12 × 106 M2 macrophages and TAMs 
were fixed with 1.5 nM of DSG (Thermo Fisher Scientific, Waltham, 
Massachusetts, USA) for 45 min with gentle agitation at RT, and then 
with 1 % Formaldehyde (Sigma-Aldrich) for 12 min with gentle agita-
tion at RT. Quenching was performed with 125 mM of Glycine for 5 min 
with gentle agitation at RT. M2 macrophages and TAMs were washed 
twice with PBS, harvested by gentle scraping in PBS, and pelleted for 5 
min at 3,000 rpm at 4 ◦C. Fixed cells were lysed in 1 mL of Nuclei Lysis 
buffer (50 mM Tris-HCl pH 8.1, 10 mM EDTA, 1 % SDS) supplemented 
with 1× PIC for 10 min in ice, and then sonicated in a water bath son-
icator (M220, Covaris, Woburn, Massachusetts, USA) to obtain frag-
ments ranging from 200 to 400 bp, with the following setting: peak 
power:75.0; duty factor:10.0; cycle/burst:250; time: 900 s. Sheared 
chromatin was pelleted for 10 min at 14,000 rpm at 4 ◦C and then the 
supernatant was collected and diluted 10× in dilution buffer (16.7 mM 
Tris-HCl pH 8.1, 1.2 mM EDTA,167 mM NaCl, 0.01 % SDS, 1.1 % Triton 
X-100). Samples were pre-cleared to remove non-specific binding on 
beads with paramagnetic protein G beads (Invitrogen) for 2 h on a 
rotating platform at 4 ◦C. 1 % of the total volume was conserved as Input 
DNA, while collected samples were equally split and incubated on a 
rotating platform at 4 ◦C overnight with the following primary anti-
bodies: anti-p65 (D14E12; Cell Signaling Technology), anti-p52 (sc- 
7386; Santa Cruz Biotechnology) and normal IgGs (12–370; Milli-
poreSigma) at a concentration of 1 μg per 1 × 106 cells. Samples were 
conjugated to paramagnetic protein G beads for 4 h on a rotating plat-
form at 4 ◦C. Thereafter beads were sequentially washed for 5 min on a 
rotating platform at 4 ◦C with the following buffers: low salt (20 mM 
Tris-HCl pH 8, 150 mM NaCl, 2 mM EDTA pH 8, 1 % Triton X-100, 0.1 % 
SDS), high salt (20 mM Tris-HCl pH 8, 500 mM NaCl, 2 mM EDTA pH 8, 
1 % Triton X-100, 0.1 % SDS), low salt, and twice in TE buffer (10 mM 
Tris-HCl pH 8, 1 mM EDTA pH 8). Beads and Input DNA were resus-
pended in elution buffer (10 mM Tris-HCl pH 8, 1 mM EDTA pH 8, 1 % 
SDS) and incubated overnight at 65 ◦C, with gentle agitation, and then 
ChIP samples were recovered from beads. ChIP and Input DNA were 
diluted 1:2 in TE buffer and reverse crosslinked with RNaseA (0.2 mg/ 
mL) for 1 h at 37 ◦C following Proteinase K (0.2 mg/mL) incubation for 
1 h at 55 ◦C. ChIP and Input DNA were purified with Phenol:Chloroform 
extraction (Ultrapure Phenol:Chloroform:Isoamyl Alcohol, Invitrogen) 
and ethanol precipitation. Samples were resuspended in 50 μL of Milli-Q 
water and qPCR was performed using SensiFAST SYBR Hi-ROX Kit. Data 
were normalized as a percent of the input method. The primer sequences 
are provided in Table S3.

2.10. Statistical analysis

GraphPad Prism 9 (La Jolla, California, USA) was used for statistical 
analysis. Data are presented as mean ± standard error of mean (SEM) 
from at least three independent experiments. The statistical significance 
was assessed by the one-way ANOVA with Tukey correction for gene 
expression analysis and unpaired two-tailed Student's t-test for 
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comparisons between two sets of data. p-values <0.05 (*), 0.01 (**), 
0.001 (***), 0.0001 (****), ns: non-significant.

3. Results

3.1. Activation of the NF-κB p65/p52 signaling module in TAMs

A key indicator of the NF-κB signaling activation is the nuclear 
translocation of homo- or heterodimers of NF-κB subunits, which can 
form up to 15 possible combinations [14].

We previously showed the existence of atypical p65/p52 complexes 
in nuclear extracts from THP-1 derived macrophages and TAMs, and 
observed an enrichment of both subunits in the nucleic protein fractions 
of TAMs [30].

To clearly visualize their subcellular distribution in different polar-
ization states, we now performed immunofluorescence/confocal mi-
croscopy analysis. A qualitative evaluation disclosed a more evident 
nuclear signal for both p65 and p52 in TAMs, compared to a primarily 
cytoplasmic distribution with mild nuclear localization in M2 macro-
phages (Fig. 1a). We further quantified the colocalization between 

nuclear p65 and p52 by calculating the Pearson's correlation coefficient 
(PCC). We observed a significant increase in the percentage of nuclei 
with positive p65 and p52 colocalization (cut-off of r > 0.3) in TAMs 
compared to M2 macrophages (Fig. 1b), with an average moderate index 
(PCC of r > 0.5) [31] (Fig. 1c).

These findings further prove the existence of a consistent p65/p52 
nuclear association in TAMs, suggesting that these complexes are likely 
transcriptionally active.

3.2. Transcriptional modulation of p65/p52 target genes in TAMs

To investigate p65/p52-mediated gene regulation in TAMs, we 
checked for experimental available data on p65 and p52 co-occupancy 
in the “ChIP-Atlas: Peak Browser” database (https://chip-atlas.org/pea 
k_browser) visualized on the IGV genome browser, restricting our 
search on regulatory regions of genes known to influence macrophage 
polarization, inhibition of macrophage recruitment to tumors, and im-
mune checkpoint. This analysis generated a list of putative p65/p52 
target genes (PTGs), including CSF-1, LILRB1, TNFAIP3, IL4R, TGFB1, 
CCL5, and HSPG2 (Fig. S1).

Fig. 1. p65/p52 nuclear colocalization. a Immunofluorescence analysis of p65 and p52 proteins in M2 macrophages, MφTAMMDA-MB− 231 TCM, and MφTAMMCF-7 TCM 

showing p65 in red, p52 in green, and colocalization dots in yellow. Nuclei were counterstained with DAPI. Scale bars represent 5 μm. b Quantitative p65 and p52 
colocalization with Pearson's correlation coefficient (PCC) analysis using a cutoff of r > 0.3 to indicate positive colocalization. c Average Pearson's correlation 
coefficient. At least 90 cells were examined for each condition. Error bars represent ±SEM. Student's t-test was used to analyze the differences between M2 mac-
rophages and TAMs; * p < 0.05, ** p < 0.01, n = 3 for each experimental groups.
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Among the identified genes, CSF-1, TGFB1, and HSPG2 exhibited 
multiple regions for p65/p52 binding (Fig. S1 a-b-e).

Subsequently, we evaluated possible transcriptional changes of PTGs 
in untreated Mφ macrophages, M2 macrophages, and TAMs. Results 
unveiled a significant over-expression of CSF-1, LILRB1, and TNFAIP3 
mRNA in both TAM subtypes, when compared to both Mφ and M2 

macrophages. In contrast, we observed a moderate induction of IL4R in 
MφTAMMCF-7 TCM compared to Mφ, and of CCL5 and TGFB1 compared to 
M2 macrophages (Fig. 2a).

We then asked whether the NF-κB family of TFs could be responsible 
for PTGs upregulation in TAMs. Thus, we assessed PTGs responsiveness 
to the general inhibitor of NF-κB transcriptional activation N4-[2-(4- 

Fig. 2. p65/p52 putative target genes (PTGs). a Gene expression analysis of PTGs was evaluated in untreated and treated macrophages by qRT-PCR. Error bars 
represent ±SEM. One-way ANOVA and Tukey correction were used to evaluate the differences between means; * p < 0.05, ** p < 0.01, *** p < 0.001. n = 4 for each 
experimental group. Immunofluorescence analysis of p65 and p52 proteins in b MφTAMMDA-MB− 231 TCM and c MφTAMMCF-7 TCM treated with QNZ, compared to 
control DMSO. p65 was stained in red and p52 in green. Nuclei were counterstained with DAPI. Scale bars represent 5 μm. Gene expression analysis of NF-κB PTGs by 
qRT-PCR in d MφTAMMDA-MB− 231 TCM and e MφTAMMCF-7 TCM treated with QNZ, compared to control DMSO. Error bars represent ±SEM. Student's t-test was used to 
analyze the efficacy of QNZ treatment for each gene, compared to the control treatment; * p < 0.05, ** p < 0.01, *** p < 0.001. n = 3 for each experimental group.
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phenoxyphenyl)ethyl]-1,2-dihydroquinazoline-4,6-diamine (QNZ). 
Immunofluorescence analysis confirmed that QNZ was able to prevent 
the nuclear translocation of both p65 and p52 subunits, compared to 
control DMSO treatment (Fig. 2b–c). Gene expression analysis 
(Fig. 2d–e) showed significant downregulation of LILRB1 and TGFB1 
mRNA in QNZ-treated TAMs, compared to those treated with DMSO, 
along with downregulation of known NF-κB target genes (IL-6, IL-1b, 
RELA (p65), NF-κB2 (p52), and HSPG2 [30,32]). Surprisingly, CSF-1 
showed differential transcriptional modulation in response to QNZ in 
different TAMs subtypes, as we observed CSF-1 mRNA upregulation in 
treated MφTAMMDA-MB− 231 TCM (Fig. 2d), and downregulation in 
MφTAMMCF-7 TCM (Fig. 2e). Additionally, TNFAIP3 was significantly 
upregulated in MφTAMMCF-7 TCM upon NF-κB inhibition.

Thus, among genes of PTGs list, our results confirmed CSF-1, LILRB1, 
TGFB1, and HSPG2 as TAM activated and NF-κB target genes (TGs), to 
be further investigated for specific p65/p52 regulation.

3.3. Exclusion of p50 subunit involvement in the regulation of most 
selected TGs in TAMs

P50 is the most common heterodimerization partner of p65 in the 
canonical NF-κB signaling pathway, principally culminating in upregu-
lating gene expression, and whose activation is widely observed in TNBC 
[22]. However, p50 can also form homodimers with inhibitory effects 
[33].

To inquire about p50 subunit involvement in transcriptional changes 
observed in TAMs, we analyzed CSF-1, LILRB1, TGFB1, and HSPG2 
mRNA levels following the silencing of p50. Western blot analysis on 
total protein extracts confirmed a significant reduction of p50 protein 

levels in both MφTAMMDA-MB− 231 TCM and MφTAMMCF-7 TCM (Fig. 3a–b). 
In these conditions, no significant variation was observed for the mRNA 
expression of all the analyzed targets in MφTAMMDA-MB− 231 TCM (Fig. 3c) 
while significant changes were observed only for TGFB1 and CSF-1 in 
MφTAMMCF-7 TCM (Fig. 3d). In particular, the reduction of p50 down-
regulated TGFB1 and upregulated CSF-1 mRNAs in MφTAMMCF-7 TCM, 
indicating positive and negative regulatory actions on these genes, 
respectively.

These results suggest that neither the canonical p65/p50 hetero-
dimer nor the inhibitory p50/p50 homodimer is involved in the regu-
lation of the selected TGs in MφTAMMDA-MB− 231 TCM. Instead, they 
highlight dynamic interactions involving p50 on TGFB1 and CSF1 pro-
moters in MφTAMMCF-7 TCM.

3.4. Differential regulation of TGs by p65 and p52 in breast cancer 
environments

Based on the results obtained from p50 silencing, we inquired if p65 
and p52 could be the main NF-κB actors involved in the transcriptional 
regulation of TGs. Thus, we downregulated p65 or p52 protein in both 
TAMs using siRNAs. As shown in Fig. 4a–b, western-blot analysis 
confirmed a consistent and specific reduction of each subunit of the 
complex in TAMs, as silencing of p65 didn't affect p52 protein levels, and 
vice versa. Both p65 and p52 silencing produced a significant down-
regulation of CSF-1, LILRB1, TGFB1, and HSPG2 mRNA in MφTAMMDA- 

MB− 231 TCM (Fig. 4c), while a similar effect was observed only for CSF-1 
and LILRB1 mRNA in MφTAMMCF-7 TCM (Fig. 4d). On the other hand, in 
MφTAMMCF-7 TCM, we observed a significant downregulation of TGFB1 
mRNA only in p65 silenced MφTAMMCF-7 TCM, and no significant 

Fig. 3. p50 downregulation in TAMs. Western blot analysis of p50 protein was performed in a MφTAMMDA-MB− 231 TCM and b MφTAMMCF-7 TCM transfected with p50 
siRNA, compared to control siRNA (ctrl siRNA). P50 protein level was normalized on the Vinculin protein level. Error bars represent ±SEM. Student's t-test; * p <
0.05. n = 4 for each experimental group. Gene expression analysis of TGs was evaluated by qRT-PCR in c MφTAMMDA-MB− 231 TCM and d MφTAMMCF-7 TCM transfected 
with p50 siRNA, compared to control siRNA. Error bars represent ±SEM. Student's t-test was used to analyze the mRNA level of each gene after p50 downregulation, 
compared to control siRNA; * p < 0.05. n = 4 for each experimental group.
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variation of HSPG2 mRNA was observed in MφTAMMCF-7 TCM after both 
p65 and p52 silencing (Fig. 4d).

These findings indicate that both p65 and p52 cooperate in regu-
lating the selected TGs in MφTAMMDA-MB− 231 TCM. However, the specific 
regulation of TGFB1 by p65 and its previously observed modulation by 
p50 suggest that canonical NF-κB signaling predominantly governs its 
expression in MφTAMMCF-7 TCM.

3.5. Expanding p65/p52 binding site analysis on HSPG2 and CSF-1 
regulatory regions

We then asked if transcriptional regulation of TGs occurred through 
direct binding of p65/p52 to their regulatory regions, or by indirect 
regulation of a common downstream target gene.

To address this, we extended our in silico analysis of p65/p52 binding 
to specific regulatory elements of the HSPG2, CSF-1, TGFB1, and LILRB1 
genes. Using the UCSC Genome Browser Database (https://genome. 
ucsc.edu) we included ENCODE annotation data [34] identifying p65/ 
p52 peaks in annotated promoter and enhancer regions. These regions 
are characterized by DNase I Hypersensitivity peaks and histone modi-
fications, as H3K4Me3, H3K4Me1, and H3K27Ac marks. Additionally, 
we used the “JASPAR Transcription Factor Binding site database” [35] 
and the “ReMap Atlas of Regulatory Regions” [36], to analyze both 
predicted and validated transcription factor binding sites through 
functional assays.

Compared to our previous analysis, based on the “ChIP-Atlas: Peak 
Browser” database (Fig. S1e), we identified some additional p65/p52 
binding regions. As shown in Fig. 5a, when looking at p65 (RELA) and 
p52 (NFKB2) binding sites on HSPG2 regulatory elements, we found 
three different regions with overlapping or very closed RELA and NFKB2 

peaks (HSPG2_R1–3-4), and one harboring only RELA binding site 
(HSPG2_R2) which had been already validated in vitro for its activity in 
transcription of HSPG2 in prostate cancer cells [37]. The identified re-
gions reside in distinct regulatory areas, as shown in the ReMap density 
panel. HSPG2_R1 is located in an upstream enhancer (chr1:21,957,107- 
21,957,409); HSPG2_R2-R3 in a promoter region upstream and down-
stream the TSS (chr1:21,939,575:21,939,823 and chr1:21,927,522- 
21,927,704, respectively); HSPG2_R4 is located in the first intron, in a 
downstream enhancer (chr1:21,909,534-21,909,930).

We generated constructs able to assess differences in promoter ac-
tivity by inserting the above identified sequences upstream of the CMV 
promoter in a luciferase reporter pGL3 vector.

Results disclosed that HSPG2_R3 and R4 significantly increases 
luciferase activity, with a distinct pattern of activation between M2 
macrophages and TAMs. In particular, HSPG2_R3 specifically enhanced 
promoter activity in M2 macrophages, while HSPG2_R4 in both TAMs, 
compared to control vector (Fig. 5b).

To confirm the direct p65/p52 binding on HSPG2_R3 and HSPG2_R4 
regions in M2 macrophages and TAMs, we performed ChIP-qPCR assays.

P65 possesses a transactivation domain and binds the DNA elements, 
while p52 does not [19]. Sheared chromatin was then immunoprecipi-
tated with p65 and p52 antibodies, along with control IgG, following an 
adapted two-step cross-linking (see Material and Methods), and qPCR 
analysis was performed to detect the predicted p65/p52 binding se-
quences. The amplification of p65 and p52 positive (NFKIB) and nega-
tive (alpha-satellite) targets (Fig. S2a–b), was assessed to verify the 
specific p65 and p52 enrichment, compared to control IgG. Results 
showed that p65 binds the HSPG2_R3 region in M2 macrophages and the 
HSPG2_R4 region in MφTAMMDA-MB− 231 TCM (Fig. 5c). Furthermore, p52 
enrichment showed a similar behavior with significant enrichment in 

Fig. 4. p65 and p52 downregulation in TAMs. Western blot analysis of p65 and p52 protein was performed in a MφTAMMDA-MB− 231 TCM and b MφTAMMCF-7 TCM 

transfected with p65 and p52 siRNA, compared to control siRNA (ctrl siRNA). P65 and p52 protein levels were normalized on the Vinculin protein level. Error bars 
represent ±SEM. Student's t-test was used to analyze p65 or p52 silencing efficacy compared to control siRNA; * p < 0.05, ** p < 0.01, *** p < 0.001. n = 5 for each 
experimental group; n = 4 for p52 MφTAMMDA-MB− 231 TCM. Gene expression analysis of TGs was evaluated by qRT-PCR in c MφTAMMDA-MB− 231 TCM and 
d MφTAMMCF-7 TCM transfected with p65 and p52 siRNA, compared to control siRNA. Error bars represent ±SEM. Student's t-test was used to analyze the mRNA level 
of each gene after p65 or p52 downregulation, compared to control siRNA; *p < 0.05, **p < 0.01. n = 5 for each experimental group.
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Fig. 5. HSPG2 regulatory elements. a In silico analysis of HSPG2 on the UCSC Genome Browser showed four regulatory regions with RELA (p65) and NFKB2 (p52) 
binding sites, as shown in the lower panel (JASPAR 2022 TFBS and ReMap density tracks). b The luciferase assay of the HSPG2 regulatory regions was performed in 
M2 macrophages and TAMs. Data represents firefly/renilla luminescence. Error bars represent ±SEM. Student's t-test: *p < 0.05, **p < 0.01, ***p < 0.001. n = 4 for 
each experimental group. ChIP-qPCR analysis of c p65 and d p52 was performed in M2 macrophages and TAMs on HSPG2_R3 and HSPG2_R4 regulatory regions. 
Quantitative PCR data is presented as a percentage of the input chromatin control, compared to control IgG. Student's t-test was performed to compare the antibody 
enrichment to IgG. ns = not significant enrichment of antibody compared to control IgG; *p < 0.05 were none reported. Student's t-test was also performed to 
compare the antibody enrichment between the two regulatory regions: *p < 0.05, **p < 0.01, ***p < 0.001. n = 4 for each experimental group.
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the HSPG2_R3 region in M2 macrophages and in HSPG2_R4 in 
MφTAMMDA-MB− 231 TCM(Fig. 5d). Consistent with previous results from 
p65 and p52 silencing, no significant enrichment of both p65 and p52 
was observed in MφTAMMCF-7 TCM for both analyzed HSPG2 regions 
(Fig. 5c–d).

For the CSF-1 regulatory elements, our in silico analysis identified 
two distinct regions (CSF-1_R1 and CSF-1_R2) within the promoter, both 
containing overlapping p65 and p52 binding sites. Both regions reside 
upstream of TSS (chr1:109,910,324-109,910,608 and 
chr1:109,910,606-109,910,955) in a high density ReMap area (Fig. 6a). 
Luciferase assay showed differential promoter activities in TAMs in the 
presence of two regions, while no significant variation was observed in 
M2 macrophages (Fig. 6b). Specifically, CSF-1_R2 enhanced promoter 
activity in MφTAMMDA-MB− 231 TCM, whereas CSF-1_R1 was actively 
enhancing the reporter gene transcription in MφTAMMCF-7 TCM, sug-
gesting a fine CSF-1 transcriptional regulation. We performed ChIP- 
qPCR analysis of p65 and p52 binding to these regulatory regions, 
finding that both proteins bind CSF-1_R2 in MφTAMMDA-MB− 231 TCM and 
CSF-1_R1 in MφTAMMCF-7 TCM (Fig. 6c–d). Differently, in M2 macro-
phages p65 bound to both CSF-1 regulatory regions (Fig. 6c), while p52 
showed no significant enrichment (Fig. 6d).

3.6. Analysis of p65/p52 binding on regulatory regions of TGFB1, and 
LILRB1

When looking at TGFB1 locus we similarly found two p65/p52 
binding sites, one nearby of the TSS (TGFB1_R1, chr19:41,353,746- 
41,353,895) and another in the first intron (TGFB1_R2, 
chr19:41,351,420-41,351,617).

ChIP-qPCR analysis performed on these regions demonstrated p65 
enrichment at TGFB1_R2 in both M2 macrophages and TAMs (Fig. 7a), 
with no significant enrichment of p52 observed (Fig. 7b).

For LILRB1, a single p65/p52 binding site was identified in the first 
intron (chr19:54,616,876-54,617,208) (Fig. S1d). ChIP-qPCR analysis 
revealed significant p65 enrichment (Fig. 7c) in this regulatory region 
for both M2 macrophages and TAMs, whereas p52 (Fig. 7d) did not show 
significant binding.

4. Discussion

TAMs are key components of the intricate interplay between cancer 
cells and the immune system. Understanding their crosstalk within the 
TME is becoming crucial to develop targeted therapies that can disrupt 
pro-tumoral signaling and promote anti-tumor immune responses.

NF-κB pathways are among the main determinants of TAMs polari-
zation states [13,23] and also recognized actors of tumor initiation and 
progression.

Given this evidence, a large number of global NF-κB inhibitors have 
been developed and some have entered clinical trials. The principal 
reason for their limited efficacy is often due to their severe dose-limiting 
toxicities, caused by the lack of selectivity in inhibiting NF-κB patho-
genic activity without disrupting its essential physiological functions.

One challenge is that most of the research has always paid attention 
to known NF-κB pathways, principally the canonical (p65/p50) [25] and 
less extensively the non-canonical one (p52/RelB) [38], thereby missing 
some levels of pathway complexity.

Moreover, a strategy to selectively target NF-κB pro-tumoral activity 
in TAMs has never been explored.

We recently demonstrated the existence of a previously unexplored 
NF-κB p65/p52 dimerization in nuclear extract of BC associated TAMs 
[30]. It is well known that nuclear accumulation is a crucial event for 
NF-κB dimers activation, as it enables their access to DNA and conse-
quent transcriptional modulation.

In this study, we aimed to characterize p65/p52 subcellular distri-
bution, by the means of immunofluorescence and colocalization studies. 
We were able to further demonstrate the presence of colocalization spots 

indicative of active nuclear p65/p52 dimers in macrophages. Addi-
tionally, we revealed increased dimers accumulation in nuclei of TAMs 
associated with TNBC (MφTAMMDA-MB− 231 TCM) and adenocarcinoma BC 
(MφTAMMCF-7 TCM), compared to M2 differentiation state. This suggests 
that exposure to the tumoral secretome triggers the activation of the NF- 
κB p65/p52 signaling module.

Consequently, we hypothesized that the heightened NF-κB p65/p52 
activation in TAMs could play a role in shaping their distinct tran-
scriptomic profiles, thereby influencing their unique functional prop-
erties and behaviors of TAMs in the context of cancer progression.

So we focused on genes known to be involved in the processes of 
TAM polarization, immune escape, and acquired drug resistance, all 
specific hallmarks of TNBC [39]. Using an in silico approach, we iden-
tified genes with overlapping p65 and p52 binding sequences within 
their regulatory regions. This analysis pinpointed CSF-1, LILRB1, 
TNFAIP3, IL4R, TGFB1, CCL5, and HSPG2 genes as candidate genes for 
p65/p52 transcriptional regulation (PTGs).

In support of this hypothesis and consistent with our previous find-
ings on HSPG2 [30], CSF-1, LILRB1, and TNFAIP3 mRNA levels showed 
upregulation in TAMs exposed to both TNBC and BC environments, 
concomitant to p65/p52 nuclear enrichment, while a milder induction 
was also observed for IL4R, CCL5 and TGFB1 in MφTAMMCF-7 TCM. 
However, when assessing gene responsiveness to the general NF-κB in-
hibitor QNZ in TAMs, only LILRB1, TGFB1, and CSF-1 were confirmed as 
novel NF-κB targets, similar to HSPG2 [30] and to the already known 
IL1b, IL6, NFKB2 (p52) and RELA (p65) target genes [32].

The new candidates genes play distinct and prominent roles in 
TAMs/tumor crosstalk. Specifically, heparan sulfate proteoglycan 2 
(HSPG2) is one of the most represented tECM molecules that sequester 
proteins, growth factors, cytokines, and enzymes via its attached hep-
aran sulfate (HS) chain [40]. Our previous data on TNBC biopsies 
showed a distinctive stromal deposition of HSPG2 by TAMs in high cell 
density areas and surrounding tumor islands where TAMs are highly 
infiltrated [30], mimicking a physical shield that could exclude CD8+ T 
cell and thus representing a molecular link between ECM regulation by 
NF-κB in TAMs. On the other hand, CSF-1 is involved in macrophage 
recruitment, differentiation, and polarization towards M2-like TAMs 
[41] while LILRB1 is associated with the inhibition of phagocytosis of 
cancer cells, binding the tumoral HLAI, acting as a myeloid checkpoint 
[42]. Of note, both CSF-1 and LILRB1 have been exploited as promising 
targets for myeloid cell reprogramming in pre-clinical and clinical trials 
[12]. Finally, TGF-β is involved in ECM remodeling, pathological 
fibrosis, and immunosuppression by promoting the expansion of regu-
latory T cells [43].

Among the candidate genes, CSF-1 showed peculiar NF-κB respon-
siveness, that varied depending on the BC environment. This specific 
hallmark points to a finely context-dependent nature of NF-κB pathway 
activity and its downstream effects on gene expression, in line with the 
dynamic and adaptable nature of TAMs in response to their microenvi-
ronment [7].

Unfortunately, the extracellular signaling molecules leading to the 
formation of atypical p65/p52 dimer remains unknown. Our data sug-
gest taking in consideration possible feedback interplay among regu-
lated ECM related proteins such as HSPG2 and TGF-β and differential 
NF-κB TFs dimerization.

Supporting the idea of a dynamic dimer composition, we demon-
strated a distinct pattern of NF-κB members' contributions to the tran-
scriptional regulation of TGs associated to different cancer secretomes.

By performing independent and selective subunit silencing, we found 
that p65 and p52 proteins were major contributors to the transcriptional 
changes of all selected targets in MφTAMMDA-MB− 231 TCM. Additionally, 
luciferase assays and ChIP analysis specifically mapped p65 and p52 
binding sites on the analyzed (HSPG2_R4 and CSF-1_R2) regulatory re-
gions, thus corroborating a predominant and direct role for p65/p52 
module activation at least for these genes.

Conversely, in MφTAMMCF-7 TCM we observed a more complex NF-κB 
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Fig. 6. CSF-1 regulatory elements. a In silico analysis of CSF-1 on the UCSC Genome Browser showed two regulatory regions with overlapped RELA (p65) and NFKB2 
(p52) binding sites, as shown in the lower panel (JASPAR 2022 TFBS and ReMap density tracks). b The luciferase assay of the two CSF-1 regulatory regions was 
performed in M2 macrophages and TAMs. Data represents firefly/renilla luminescence. Error bars represent ±SEM. Student's t-test: *p < 0.05. n = 4 for each 
experimental group. ChIP-qPCR analysis of c p65 and d p52 was performed in M2 macrophages and TAMs on CSF-1_R1 and CSF-1_R2 regulatory regions. Quan-
titative PCR data is presented as a percentage of the input chromatin control, compared to control IgG. Student's t-test was performed to compare the antibody 
enrichment to IgG. ns = not significant enrichment of antibody compared to control IgG; *p < 0.05 were none reported. Student's t-test was also performed to 
compare the antibody enrichment on the two regulatory regions: *p < 0.05, **p < 0.01. n = 4 for each experimental group.
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activity. Specifically, TGFB1 regulation predominantly depended on p65 
and p50, indicating a reliance on canonical signaling. More compel-
lingly, CSF-1 showed both positive regulation by p65 and p52, and 
negative regulation by p50. This dual regulation suggests the involve-
ment of both the activating p65/p52 module and the inhibitory p50/p50 
dimer [33].

Finally, HSPG2 expression resulted to be independent of selected NF- 
κB members in MφTAMMCF-7 TCM, suggesting other regulatory mecha-
nisms or transcription factors downstream of the NF-κB signaling 

pathway playing more direct roles in its modulation.
In line with these results, no specific enrichment was found for p65 

or p52 by ChIP in the HSPG2 regulatory regions in MφTAMMCF-7 TCM.
These data, together with the differential enrichment of p65/p52 on 

HSPG2_R3 only in M2 macrophages, demonstrate that activation of 
distinct regulatory regions is strictly dependent on cell polarization state 
and on the pathological context driving it, allowing a fine-tuned HSPG2 
transcriptional regulation.

This can be easily extended at least to CSF-1 gene regulation. In fact, 

Fig. 7. TGFB1 and LILRB1 regulatory elements. ChIP-qPCR analysis of a p65 and b p52 was performed in M2 macrophages and TAMs on TGFB1_R1 and TGFB1_R2 
regulatory regions. Quantitative PCR data is presented as a percentage of the input chromatin control, compared to control IgG. n = 3 for each experimental group. 
ChIP-qPCR analysis of c p65 and d p52 was performed in M2 macrophages and TAMs on the LILRB1 p65/p52 binding site. Quantitative PCR data is presented as a 
percentage of the input chromatin control, compared to control IgG. n = 3 for each experimental group. Student's t-test was performed to compare the antibody 
enrichment to IgG. ns = not significant enrichment of antibody compared to control IgG; *p < 0.05 were none reported. Student's t-test was also performed to 
compare the antibody enrichment on the regulatory region: *p < 0.05, **p < 0.01.
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our luciferase reporter and ChIP data showed exclusive activation of 
CSF-1_R1 with p65/p52 enrichment in MφTAMMCF-7 TCM while the same 
effect was selective for CSF1_R2 in MφTAMMDA-MB− 231 TCM and any re-
gion showed significant effects in M2 macrophages.

Our data highlight a new role for NF-κB p65/p52 in orchestrating 
pro-tumoral mechanisms within TAMs. Developing novel tools that 
specifically target the p65/p52 complex, which regulates several 
targetable genes TAMs, could enhance the efficacy of current therapy.

The proven existence of active alternate p65/p52 dimers provides a 
crucial link between the canonical and non-canonical NF-κB pathways, 
allowing for the integration of signals from the TME and deeply defining 
the regulation of genes involved in tumor progression. Our results point 
out a more complex interplay among NF-κB family members in TAMs, 
indicating a continuum between canonical and non-canonical pathways 
states, strictly dependent on specific gene context and external signals. 
Although there are still limited studies on this topic, challenging pieces 
of evidence exist and are indeed in line with this observation. Consistent 
with our case, the alternate p65/p52 dimer has been shown to form 
upon lymphotoxin b receptor (LTbR)-activated non-canonical signaling 
to prolong the canonical response to Toll-like receptor 4 (TLR4) in 
mouse fibroblasts and intestinal epithelial cells [44]. Conversely, in 
mouse macrophages, this mechanism was prevented in a negative 
feedback loop by which p65/p52 triggers a hyperactive NfκbIa pro-
moter, causing late IκBa production and reducing late p65/p50 and 
RelA/p52 activities, thus limiting the negative effects of prolonged 
macrophage triggering [45]. Our findings suggest that disruptions in cell 
type-specific control of NF-κB cross-talks, resulting in sustained p65/p52 
nuclear activity, may contribute to the pro-tumoral behavior of TAMs, 
thus opening new directions to approach TAMs reprogramming through 
NF-κB modulation.

Despite the general inherent limitations of molecular investigations 
and the need for a major understanding of the physiological role of NF- 
κB pathways crosstalk, our results unveil the first evidence of unex-
plored p65/p52 dimer activity in TAMs.

This novel molecular target, along with identified regulatory regions 
on known genes impacting macrophage behavior and tumor biology, 
might now be exploited to develop novel targeted therapeutic strategies 
aimed at modulating TAMs functions towards anti-tumoral phenotypes, 
improving cancer treatment outcomes.
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