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1. ABSTRACT

Triple-negative breast cancer (TNBC) is the most aggressive breast cancer
subtype, accounting for 15-25% of all breast cancer cases. It is
characterised by marked molecular heterogeneity, high metastatic
potential, and the absence of effective targeted therapies due to the lack of
estrogen receptor (ER), progesterone receptor (PR), and HER2 expression.
Tumour progression is sustained by a dynamic bidirectional crosstalk
between cancer cells and the tumour microenvironment (TME), while the
scaffold protein RACKI1 coordinates signalling pathways involved in
tumour cell survival, migration, and invasion.

The anti-tumour activity of the plant-derived extract A1 was evaluated in
the mesenchymal-like TNBC cell lines MDA-MB-231 and SUM-159PT,
using complementary 2D and 3D in vifro models. Cell viability was
assessed by MTT, CellTiter-Glo® and LIVE/DEAD assays, while wound
healing, Transwell migration and Matrigel invasion assays were
performed to evaluate migratory and invasive capacities. RACK1 protein
expression was analysed by Western blotting. Tumour-immune crosstalk
was investigated through Transwell assays measuring THP-1 monocytes

recruitment toward tumour conditioned media.

Al reduced TNBC cell viability in a dose-dependent manner and markedly
impaired migration and invasion in both cell lines. These effects were
associated with a significant downregulation of RACKI1 expression.
Moreover, conditioned media from Al-treated TNBC cells significantly
reduced THP-1 monocytes recruitment, suggesting that Al impairs
tumour-derived paracrine signalling involved in TME communication. In
3D spheroids models, Al effectively suppressed spheroids viability and
markedly inhibited invasive outgrowth and branching structures,
confirming its anti-invasive activity in a more physiologically relevant

setting.



These findings demonstrate that Al simultaneously targets multiple
hallmarks of TNBC progression by reducing tumour cells survival,
invasion, and TME crosstalk. The associated downregulation of RACK1
further supports its potential role as a molecular mediator of A1 activity.
Overall, Al emerges as a promising candidate for the development of
novel adjuvant therapeutic strategies against TNBC, warranting further

mechanistic studies and in vivo validation.



SOMMARIO

Il carcinoma mammario triplo-negativo (TNBC) rappresenta il sottotipo
piu aggressivo di carcinoma mammario, costituendo il 15-25% di tutti 1
casi di tumore al seno. E caratterizzato da una marcata eterogeneita
molecolare, un elevato potenziale metastatico e dall’assenza di terapie
mirate efficaci, a causa della mancata espressione del recettore per gli
estrogeni (ER), del recettore per il progesterone (PR) e di HER2. La
progressione tumorale ¢ sostenuta da un dinamico crosstalk bidirezionale
tra le cellule tumorali e il microambiente tumorale (TME), mentre la
proteina scaffold RACKI1 coordina diversi pathway di segnalazione
coinvolti nella sopravvivenza, migrazione e invasione delle cellule

tumorali.

L’attivita antitumorale dell’estratto vegetale A1 ¢ stata valutata nelle linee
cellulari di TNBC a fenotipo mesenchimale MDA-MB-231 e SUM-
159PT, utilizzando modelli in vitro 2D e 3D complementari. La vitalita
cellulare ¢ stata valutata mediante saggi MTT, CellTiter-Glo® e
LIVE/DEAD, mentre i saggi di wound healing, migrazione in Transwell e
invasione con Matrigel sono stati impiegati per valutare la capacita
migratoria e invasiva. L’espressione della proteina RACKI1 ¢ stata
analizzata mediante Western blot. La comunicazione tra tumore e sistema
immunitario ¢ stata indagata attraverso saggi Transwell per valutare il

reclutamento di monociti THP-1 verso il terreno condizionato tumorale.

A1 ha dimostrato di ridurre la vitalita delle cellule TNBC in maniera dose-
dipendente e ha marcatamente compromesso migrazione € invasione in
entrambe le linee cellulari. Questi effetti sono stati associati ad una
significativa downregulation dell’espressione di RACKI. Inoltre, il
terreno condizionato proveniente da cellule di TNBC trattate con Al ha
ridotto in maniera significativa il reclutamento dei monociti THP-1,

suggerendo che Al alteri la segnalazione paracrina tumore-derivata



coinvolta nella comunicazione con il TME. Nei1 modelli di sferoidi 3D, A1l
ha efficacemente soppresso la vitalita degli sferoidi e ha marcatamente
inibito I’invasivita e la formazione di strutture ramificate, confermando la

sua attivita anti-invasiva in un contesto piu fisiologicamente rilevante.

Questi risultati dimostrano che Al agisce simultaneamente su molteplici
hallmark della progressione del TNBC, riducendo la sopravvivenza,
I’invasione e il crosstalk con il TME delle cellule tumorali. La
concomitante downregulation di RACK1 supporta ulteriormente il suo
possibile ruolo come mediatore molecolare dell’attivita di Al. Nel
complesso, Al emerge come un candidato promettente per lo sviluppo di
nuove strategie terapeutiche adiuvanti contro il TNBC, meritando ulteriori

studi meccanicistici e di validazione in vivo.



2. INTRODUCTION
2.1. Breast cancer
2.1.1. Epidemiology of breast cancer

Breast cancer (BC) is a heterogeneous disease with variable morphologic
features, prognosis, and response to therapy. In females, BC is the most
prevalent malignancy worldwide and has the greatest rates of cancer-
related death (Nascimento et al., 2020). According to GLOBOCAN data,
2.3 million new cases and 670.000 deaths from BC occurred globally in
2022, representing 25% of new cases and 15.5% of BC-related deaths
among women, which are expected to undergo an increase of respectively
38% and 68% within 2050 (Kim et al., 2025). Additionally, the highest
incidence of BC is observed in women aged 50 to 69, with no difference
between low-income, resource-limited nations, and high-income,
developed ones, such as Canada, USA and some European nations

(Obeagu et al., 2024).

2.1.2. Stratification of breast cancer

Advancements in oncology have led to the creation of diverse stratification
systems designed to map the intricate drivers of breast malignancy. These
systems aim to categorize tumours more precisely, thereby optimizing
clinical trial designs and tailoring therapeutic interventions to individual

patient needs (Taherian-Fard et al., 2014).

BC can involve every cell of the mammary gland and develop into
different histopathological and morphological subtypes, which are
characterized by different treatment strategies. Based on the histological
patterns, namely origin, cellular morphology, and invasiveness, the

tumour is classified into non-invasive forms, where malignant cells remain



restricted to the epithelial structures of the breast (carcinoma in situ), and
invasive forms. In the latter, uncontrolled growth of cancerous cells
enables them to breach the ductal boundaries and extend into the
surrounding stromal tissue. Both in situ and invasive tumours are further
divided into ductal or lobular types, depending on their site of origin
within the breast. Ductal carcinoma in situ (DCIS) coincides with the
malignant transformation of the epithelial cells within the milk ducts,
which do not invade the surrounding stroma. The disease progresses to
invasive ductal carcinoma (IDC) when the cells penetrate the tissue. More
atypical is the lobular carcinoma in situ (LCIS), a malignancy arising
within the lobules (collections of milk-producing glands), which can
evolve into invasive or infiltrating lobular carcinoma (ILC) when the
cancerous cells penetrate the lymphatic system and distant organs. Beyond
these types, inflammatory BC (IBC) is characterized by the systemic
involvement of the mammary lymphatic system and overlying skin, while
metastatic BC (MBC) occurs when the disease spreads beyond the primary
site to distant organs, most commonly lungs, liver, bones, and brain. It is
important to highlight that almost 90% of cancer-related deaths are caused
by the ability of the tumour to colonize distant organs and produce

metastasis (Figure 1) (Sarvari et al., 2022).



Histological Subtypes of Breast Cancer
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Figure 1. Overview of BC subtypes based on histological features (Sarvari
etal, 2022).

It has been demonstrated that morphological characteristics and
clinicopathological patterns are insufficient to predict the actual course of
the disease. Improvement of prediction of an individual’s response to
therapy is, therefore, carried out studying molecular targets, which are
functionally involved in some aspects of the malignancy. The
identification of such markers enables a further classification of BC into
Luminal A, Luminal B, HER2-enriched, Normal-like, Basal-like, and
Claudin-low (Guido et al., 2020). The genes are responsible for the
expression of estrogen receptor (ER), progesterone receptor (PR), HER2
(Human epidermal growth factor receptor 2), and cell proliferation

regulator (Ki-67) (Nascimento et al., 2020).

Accounting for 40% of BC cases, Luminal A carcinomas are defined by

ER/PR positivity, a lack of HER2 expression, and low levels of Ki-67.
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Due to their low-grade nature and low expression of proliferation-related
genes, these tumours typically offer the most favourable prognosis, with
minimal relapse rates and maximal overall survival (OS) rates. Despite
this, they are characterized by a vast landscape of genetic mutations, most
notably involving PIK3CA (Guido et al., 2020). Luminal B tumours
represent 25% of all BC diagnoses, and it can be further categorized into
Luminal B (HER2-): ER+, PR-, HER2- and high levels of Ki-67, and
Luminal B (HER2+): ER+, HER2+ and any levels of PR, and Ki-67
(Nascimento et al., 2022). From a genomic perspective, the mutational
landscape shifts in this subtype: while PIK3CA mutations are less
prevalent, there is a marked increase in TP53. However, Luminal B
subtype is not only more proliferative but also carries a greater propensity
for distant metastasis, in particular to bone, liver, and lungs (Guido et al.,

2020).

Human Epidermal Growth Factor Receptor 2 (HER2) serves as a critical
regulator of cellular growth, proliferation, and differentiation (Guido et
al., 2020). 15% to 20% of newly diagnosed BC cases are represented by
HER2-enriched subtype, with a genetic profile defined as: ER-, PR-,
HER2+, and high levels of Ki-67 (Nascimento et al., 2022). This
malignancy arises from the overexpression of HER2, resulting in more
aggressive disease progression, greater likelihood of metastasis, and

poorer survival outcomes (Guido et al., 2020).

Although the Normal-like subtype mimics the biomarker expression of
Luminal A (specifically the ER+/PR+/HER2- phenotype with low Ki-67
levels), it represents a distinct clinical entity. In fact, data suggest a
prognostic discrepancy between the two, where Normal-like tumours
often exhibit slightly less favourable outcomes compared to the superior

survival rates typical of the Luminal A subtype (Sarvari et al., 2022).
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Basal-like BCs, which account for 10-20% of all cases, are characterized
by the lack of ER, PR, and HER2 expression, and of their associated
genetic signatures, resulting in a substantial overlap with Triple-negative
BC (TNBC). However, it is important to note that “Basal-like” and
“Triple-negative” are not strictly synonymous, as the two classifications
do not always perfectly coincide; indeed, only 70-80% of TNBC cases are
categorized as basal-like BCs (Dass et al., 2021). Various studies highlight
that the basal phenotype is marked by a significantly accelerated
metastatic onset and a shortened metastasis-free interval compared to non-
basal cohorts, thus predicting an aggressive clinical course and poor
prognostic indices. In this particular case, liver, brain and lung metastasis
are related to a poorer prognosis, while bone and superficial nodes
metastasis align with a better survival rate (Luck et al., 2008). At the
molecular level, the genomic profile of Basal-like BC frequently reveals
TP53 mutations, resulting in the loss of p53-mediated tumour suppression,
alongside significant upregulation of the PI3K/Akt signalling pathway
(Guido et al., 2020).

Lastly, Claudin-low BC is characterized by the absence of ER, PR, and
HER2 expression, and can thus be categorized within TNBC. This
subtype, however, is distinguished by low E-cadherin expression, as well
as low expression of mucin-1, epithelial cell adhesion molecule (EpCAM),
and claudins, in addition to minimal expression of proliferation-associated
genes such as Ki-67 and luminal markers. On the other hand, these
tumours are highly enriched in epithelial-mesenchymal transition (EMT)-
associated genes, such as VIM and ZEB1. Moreover, they display an
elevated expression of markers associated with immune cell infiltration
(including CD14 and CD79b) and stem cell-like features, alongside a

characteristic downregulation of tight junction proteins (Dass et al., 2021).
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A summary of the histopathological and molecular classification of BC is

provided in Figure 2.
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Figure 2. Classification of BC into intrinsic molecular subtypes based on
receptor expression and key biological features (Dass et al., 2021).

Since 2018, the clinical staging of both DCIS and invasive carcinoma has
been defined according to the TNM staging system, as revised in the 8th
edition of the American Joint Committee on Cancer (AJCC) guidelines.
This scheme categorizes BC based on the dimensions of the primary
tumour (T0-T4), the extent of regional lymph node involvement (NO-N3),
and the presence of distant metastases (M0-M1). These parameters are
further synthesized to assign a global stage ranging from 0 to IV (Figure
3). Alongside TNM staging, histological grading further characterizes

(G1-G4) based on decrescent cellular

tumour aggressiveness

differentiation, providing additional prognostic information (7aherian-
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Fard et al., 2014). These staging methods are foundational tools for
clinical assessment to establish a direct correlation between the physical
progression of the disease and long-term survival outcomes, and to tailor
therapeutic interventions to the specific needs of the patient (Teichgraeber

etal, 2021).

Stage 0 Stage | Stage Il Stage Il Stage IV
Moninvasive ductal Invasive ductal Invasive ductal Invasive ductal Metastatic breast
carcinoma in situ {DCIS) carcinoma carcinoma carcinoma cancer
.
.
. . ; Vel

Cancer cells in breast Cancer in breast Cancer in breast Tumor =5cmin Tumor of any size
duct have not spread to tissue. Tumor <2 cm tissue. Tumor 2-5 cm diameter. Cancer has spreading into the chest
breast tissue in diameter in diameter spread to lymph nodes wall and to distant organs

Figure 3. Visual representation of TNM staging of BC (adapted from
BioRender.com).

2.1.3. Hallmarks and risk determinants of breast cancer

BC is defined by a distinct set of hallmarks, summarized in Figure 4,
including chronic proliferative signalling, the evasion of growth
suppressors, and resistance to programmed cell death (apoptosis). The
malignancy is further driven by genomic instability, metabolic
dysregulation, and the ability to bypass immune detection while inducing
angiogenesis and tissue invasion. Central to this progression is the role of
epigenetic alterations, which are foundational drivers that confer
oncogenic properties across the entire spectrum of cancer hallmarks,
influencing everything from metabolic reprogramming to inflammatory

signalling (Sarvari et al., 2022).
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Epigenetics and the Hallmarks of Breast Cancer
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Figure 4. Schematic overview of the major hallmarks of BC and their
defining characteristics (Sarvari et al., 2022).

BC is the result of various internal and external factors, which include
genetic, environmental, and behavioural components. The comprehension
of these risk factors is essential for the early detection of the malignancy,
which is associated with a better prognosis. The individual’s genetic
predisposition to BC reflects a combination of personal and family history,
which both lead to a higher likelihood to develop the disease. In addition,
BRCA gene mutations further increase the risk, as BRCA1 and BRCA2
function as tumour suppressors; consequently, their alteration results in a
loss of cancer regulation. However, only 5-10% of BC cases can be
attributed to genetic mutations and family or personal history, and roughly
1 in 500 people overall experience BRCA mutations. Crucial for the
development of BC is the personal exposure to both endogenous (e.g.
hormonal replacement therapy — HRT) and exogenous estrogen (e.g. late

menopause), which is known to stimulate breast cells proliferation,
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thereby increasing the likelihood of malignant transformation. Additional
risk factors worth mentioning include large breasts, which are denser and
contain more milk ducts, glands and connective tissue that may be
implicated in cancer, as well as overweight and obesity, which are
characterized by increased estrogen production. In order to prevent and
reduce the risk of BC, a healthy lifestyle — including a balanced diet and
regular exercise, along with limiting alcohol consumption and smoking —
as well as wundergoing regular mammograms and screenings, is

recommended (Obeagu et al., 2024).

2.2. Triple-negative breast cancer (TNBC)

Triple-negative BC (TNBC) stands out as the most aggressive and
heterogeneous subtype of BC, representing 10-20% of new early
diagnoses (Nedeljkovi¢ et al., 2019). It disproportionately affects a
younger demographic, specifically women under 40, and exhibits a
notably higher incidence among African women (27% of diagnoses,
Dogan et al., 2012). Moreover, TNBC 1is characterized by a poor
differentiation, a high proliferative rate, high incidence of distant
metastasis, mainly to the lung and the brain, and a poor OS (Nedeljkovi¢
et al., 2019). In particular, the prognosis for TNBC remains particularly
severe: within five years from the initial diagnosis, the mortality rate
reaches 40%, reflecting a significantly shorter survival window compared
to other subtypes. Furthermore, the clinical course is often characterized
by high recurrence levels (affecting 25% of surgical patients) and a strong
propensity for systemic spread. Indeed, nearly half of the patients develop
distant metastases, after which median survival is typically restricted to
just 13 months. Moreover, TNBC cases exhibit an earlier onset of relapse
compared to non-TNBC cases, generally occurring within 19 to 40

months. Once a recurrence is identified, the prognosis becomes
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exceptionally critical, with a 75% mortality rate observed just three

months after the event (Yin et al., 2020).

2.2.1. TNBC classification

Characterizing the distinct molecular profiles and specific driver
mutations — including oncogenes and tumour suppressors — within each
subtype offers vital insights into the heterogeneous nature of TNBC,
ultimately guiding the design of personalized therapeutic strategies. In
fact, evidences suggest that TNBC cases are characterized by distinct
response profiles when subjected to traditional neoadjuvant

chemotherapy.

Based on the histological patterns, TNBC is classified into invasive ductal
carcinoma of no special type (90%) and special histological types (10%),
which include metaplastic, medullary, invasive lobular, apocrine, and
adenoid cystic carcinoma (Zhao et al., 2020). From the genetic
perspective, TNBC commonly shows mutations of the TP53 gene and the
suppression of the BRCA1 gene, which results in an aggressive tumour
biology and a poor prognosis. Hence, a low prevalence of DCIS is
typically observed, consistent with a model of rapid tumour development
that bypasses the in-situ stage (Dogan et al, 2012). However, the
histological features are insufficient to establish an efficient treatment

strategy (Zhao et al., 2020).

TNBC genetic profile allows the stratification of the disease into six
distinct subtypes (Figure 5): basal-like 1 (BL-1), basal-like 2 (BL-2),
mesenchymal (M), mesenchymal stem-like (MSL), immunomodulatory
(IM), and luminal androgen receptor (LAR). This classification is the key
for the identification and establishment of personalized and targeted

treatment options for every TNBC individual (Dass et al., 2021).
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BL-1 and BL-2 subtypes exhibit closely related gene expression profiles
associated with cell division as well as cell cycle advancement. In
particular, BL-1 cases share an abnormal expression of genes related to
cell cycle and DNA-repair regulation (high amplification of PIK3CA and
deletion of BRCA2, PTEN, TP53). BL2 subtype, instead, is characterized
by an abnormal activation of growth factor signalling pathways, such as

Wnt/B-catenin and EGFR (Yin et al., 2020).

M and MSL subtypes, instead, are characterized by an elevated expression
of genes associated with extracellular receptor interaction, cell motility
and cell differentiation pathways. In particular, the M subtype is
characterized by the upregulation of several crucial signalling pathways,
including those governing cell motility (actin-regulated) and extracellular
matrix interactions. Additionally, it exhibits significant activation of
differentiation pathways, such as Wnt, and TGF-f. Due to these unique
features, this subtype is frequently identified as metaplastic BC.
Conversely, the MSL subtype shows a low expression of proliferation-
related genes, while high levels of stemness-related genes and

angiogenesis-related receptors PDGFR and VEGFR are detected.

The elevated expression of immune cell-associated genes and signal
transduction pathways sets the IM subtype apart from the rest, closely
resembling medullary carcinoma. Specifically, the Th1/Th2, NK cell, B-
cell receptor, and T-cell receptor signalling pathways are consistently
upregulated in this subgroup, reflecting the dense infiltration of immune
cells (TILs — Tumour Infiltrating Lymphocytes) within the tumour

microenvironment (TME).

Lastly, the LAR subtype is significantly distinct from other TNBC
subtypes; in fact, despite the absence of ER, this subgroup exhibits high
expression of hormone-related signalling pathways, including steroid

synthesis and androgen/estrogen metabolism. In this case, the mutational
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landscape is characterized by frequent mutations in PIK3CA, PTEN and
TP53 genes, which are under investigation as candidate therapeutic targets

(Yin et al., 2020).

TNBC Molecular Subtypes
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Figure 5. Schematic representation of the original molecular
classification of TNBC by Lehman et al, 2011 (created with
BioRender.com).

2.2.2. TNBC treatment strategies

The currently available treatment options for TNBC — chemotherapy,
surgery, and radiotherapy — expose patients to considerable side effects,
high resistance rates, and frequent recurrence (Emara et al., 2025).
Standard regimens are typically based on anthracyclines and taxanes,
though anthracycline-free protocols may be preferred in lower-risk
patients or where cardiotoxicity is a concern. Bisphosphonates are
additionally recommended for operable BC patients with low estrogen
levels, particularly those at higher risk of relapse or therapy-induced bone
loss (Pinilla et al., 2022). Although approximately 20% of patients

achieve a pathologic complete response (pCR) following neoadjuvant
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chemotherapy, OS in TNBC remains significantly lower than in non-

TNBC cases (Nedeljkovic et al., 2019).

Recent clinical efforts have focused on targeting specific kinases,
including non-RTKs (non-receptor tyrosine kinases) such as mTOR,
PI3K, and AKT, and RTKs such as EGFR and VEGFR (Emara et al.,
2025), with individual gene aberrations grouped according to relevant
signalling pathways including PDGF/VEGF, PI3K/AkKT/mTOR, and
JAK/STAT3. Among these, the PI3K/AkT/mTOR pathway stands out as
one of the most promising therapeutic targets, being commonly
upregulated across TNBC subtypes. Clinical evidence indicates that
adding the AKT inhibitor ipatasertib to paclitaxel extends OS from 16.2
to 23.1 months and progression-free survival (PFS) from 4.9 to 9 months,
while capivasertib shifts median PFS from 3.7 to 9.3 months in biomarker-
positive patients. Regarding EGFR, the integration of panitumumab into
anthracycline/taxane regimens increased pCR rates by over 25%, and a
comparable improvement was observed with the anti-VEGF antibody
bevacizumab, although the latter failed to provide an OS benefit and was
associated with a higher incidence of severe adverse events. In contrast,
results for JAK/STAT3 and MEK inhibitors have been largely
disappointing in clinical settings, despite promising preclinical activity.
More encouraging outcomes have been achieved by incorporating
immunotherapy — particularly agents targeting PD-1 and PD-L1 — into
neoadjuvant regimens (Zhao et al., 2020), a topic explored in greater detail
in the following sections. Finally, natural compounds such as curcumin
have also shown broad inhibitory activity against tumour progression,
acting simultaneously on RTK activation, expression, and ligand
production, as well as on downstream non-RTK signalling cascades

(Emara et al., 2025). Table 1 provides an overview of the novel targeted
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agents currently being explored for each TNBC subtype, based on the

characterizing genetic alterations.

TNBC subtype

BL1

MSL

Molecular and
genetic featuers

Abnormal expression of
cell cycle and DMNA-
repair regulation genes

Abnormal activation of
signalling pathways

Elevated expression of
immune cell-associated
genes and signal
transduction pathways

Upregulation of cell
motility pathways (actin-
regulated) and
extracellular matrix
interactions

Low expression of
proliferation-related
genes, high levels of
stemness-related genes,
overexpression of
angiogenesis-related
receptors PDGFR and
VEGFR

High expression of
hormone-related
signalling pathways,
steroid synthesis and
androgen/estrogen
metabolism

Therapeutic
strategies

1 Cell proliferation
1 DNA damage response

1 TP&3
L EGFR
L MET

1 Immune signalling

LEMT
lwnt
L PI3K
1 mTOR
1 scr
LTGFR
LIGF1R
1 Motch

LEMT
Lwnt
1 MAPK
L Rac

1 PI3K
1 mTOR
1 scr

1 PDGF

1 AR signalling
L Foxal
1 ERBB4

Treatment
options

Mitosis inhibitors
(Paclitaxe!, Docetaxel,
Mab-Paclitaxel)
Cytostatics (Carboplatin,
Cisplatin)

PARP inhibitors
(Claparib)

DHNA synthetic inhibitors
(Doxorubicin)

Cytostatics (Carboplatin,
Cisplatin)

PARP inhibitors
(Claparib)

Growth Factor inhibitors
(Bevacizumab,
Trastuzumab)

mTOR inhibitors
(Rapamycin)

Cytostatic (Carboplatin,
Cisplatin)

PARP inhibitors
{Olaparib)

Immune checkpoints
inhibitors (Ipilimumab)

Growth Factor inhibitors
(Bevacizumab,
Trastuzumab)

mTOR inhibitors
{Rapamycin)

PI3K inhibitors (Idelasilib)
Scr inhibitors (Dasatinib)

Growth Factor inhibitors
{Bevacizumab,
Trastuzumab)

mTOR inhibitors
{Rapamycin)

PI3K inhibitors (Idelasilib)
MAPK inhibitors
(Trametinib)

Scr inhibitors (Dasatinib)

Monsteroidal
antiandrogens
(Bicalutamide)

mTOR inhibitors
(Raparmycin)

PI3K inhibitors (Idealisib)

Table 1. Comprehensive overview of therapeutic approaches and their
corresponding molecular targets according to BC subtype (created with

Canva.com).
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Despite these advances, approximately one-third of early-stage patients
show limited response to initial treatment and experience poor long-term
outcomes. TNBC cells tend to develop alternative molecular pathways that
render RTK and non-RTK inhibitors largely ineffective as monotherapies,
underscoring both the insufficiency of currently available options and the
urgent need for subtype-specific biomarker identification and personalized

therapeutic strategies (Pinilla et al., 2022; Emara et al., 2025).

2.3. Tumour microenvironment (TME)

As previously described, the clinical management of TNBC remains a
significant challenge due to its resistance to conventional cytotoxic
therapies. This has shifted therapeutic interest toward the stromal
compartment, particularly focusing on the role of the innate immune
system within the TME (Steenbrugge et al, 2018). In fact, growing
evidence suggests that BC onset and progression are closely linked to
inflammatory processes, which drive the recruitment of both innate and
adaptive immune cells — including B cells, T cells, eosinophils, and
macrophages — into malignant tissue (Stewart et al., 2012). This diverse
cellular landscape further allows for the categorization of BC into three
distinct spatial patterns: "cold" tumours which lack an immune infiltrate,
"hot" tumours where immune and malignant cells are integrated, and
"compartmentalized" tumours where the immune population remains
spatially sequestered from the cancerous tissue (Zhao et al., 2020).
However, the immune landscape of TNBC is far from uniform. Based on
immunogenomic profiling of 386 TNBC patients, Xiao and colleagues
(2019) identified three distinct microenvironment phenotypes: the
"immune-desert" cluster, characterized by low immune cell infiltration;
the "innate immune-inactivated" cluster, dominated by resting innate

immune cells and non-immune stromal cells; and the "immune-inflamed"
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cluster, defined by abundant adaptive and innate immune cell infiltration.
Whereas the latter is regarded as a "hot tumour" phenotype, the first two
are collectively classified as "cold tumours" (Xiao et al.,, 2019). Thus,
rather than being uniformly hot or cold, TNBC encompasses a spectrum
of immune phenotypes, a distinction with direct implications for the

design of immunotherapeutic strategies (Zhu et al., 2021).

The TME is a multifaceted network composed of immune cells, cancer-
associated fibroblasts, cytokines, blood vessels, and other stromal
components, which collectively orchestrate conditions that favour tumour
initiation, progression, immune evasion, and treatment response (Zhang et
al., 2025). Among the diverse immune populations residing within the
TME, tumour-associated macrophages (TAMs) represent the predominant
infiltrating immune cell type and have been closely associated with poor
prognosis and drug resistance in BC. TAMs largely originate from bone
marrow-derived monocytes that are recruited to the TME through
inflammatory cytokines secreted by cancer cells, where they differentiate
into macrophages under the influence of colony-stimulating factor 1 (CSF-
1) (Wang et al., 2021). Macrophages are now recognized as highly plastic
cells involved in a broader range of functions, including clearance of
senescent cells, tissue remodelling, wound healing, promotion of cell
proliferation and angiogenesis, and immunosuppression (Espinoza-
Sanchez et al., 2017). Moreover, high CD68 expression — a marker of
macrophage infiltration — was significantly associated with reduced
recurrence-free survival, higher tumour grade, and lymph node
involvement, confirming macrophages as an independent indicator of
disease aggressiveness (Ward et al., 2015). Consistent with this expanded
understanding, several BC studies demonstrated that preventing immune
cells recruitment to the tumour site results in reduced tumour size and

decreased metastatic dissemination (Espinoza-Sanchez et al., 2017).
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In the context of oncogenesis, TAMs are generally categorized into two
divergent phenotypes: classically activated (M1) and alternatively
activated (M2) macrophages. M1 macrophages mediate potent anti-
tumour responses through robust phagocytic activity and the secretion of
pro-inflammatory cytokines, including TNF-B, IL-la, and IL-1p.
Typically stimulated by lipopolysaccharides (LPS) and IFN-y and
phenotypically identified by CD80 and CD86 expression, they activate
other immune cells and promote immune-mediated tumour destruction
(Zhang et al., 2025). Conversely, the M2 phenotype — driven by IL-4 and
IL-13 — promotes an immunosuppressive and pro-tumourigenic milieu
through the expression of CD206 and CD163 and the production of
arginase-1, IL-10, and TGF-B (Xu et al, 2022) (Figure 6). These
mediators suppress T cell activity, promote tumour growth and metastasis,
reduce drug efficacy, and impair immune surveillance, ultimately enabling

tumour cells to evade immune detection (Zhang et al., 2025).

M1
Macrophage
PMA/ IFN-y/ LPS \ gt
Tumour
—"Good Prognosis”
1 Migration

=

PMA/ IL-4/1L-13

——"“Poor Prognosis”
1. Metastasis
2. Recurrence
3. Treatment Resistance

Figure 6. Schematic diagram distinguishing M1 and M2
macrophage polarization states and their respective functions within
the tumour microenvironment (TME) (Ward et al., 2015).
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To exploit this dynamic, tumour cells have developed two main strategies.
The first relies on the upregulation of "do not eat me" signals — such as
CDA47 and CD24 — which engage inhibitory receptors on macrophages and
suppress phagocytosis. The second involves the active reprogramming of
macrophages toward the M2 phenotype through immunosuppressive
cytokines such as IL-10 and CSF-1. In TNBC, this latter mechanism is
particularly prominent: TNBC cells display a stronger capacity to induce
M2 differentiation compared to non-TNBC cells, and these tumours
exhibit greater TAMs infiltration correlating with poorer survival.
Notably, the oncogene MCT-1, highly expressed in TNBC, stimulates 1L-
6 secretion, which in turn drives M2 polarization. Once established, TAMs
actively contribute to tumour growth, angiogenesis, invasion, and immune

suppression (Hao et al., 2023).

The spatial organization of immune cells within the TME adds a further
layer of complexity, representing one of the most clinically relevant
dimensions of TNBC heterogeneity. Multiple studies confirm that the
spatial architecture of the TME — rather than the mere presence of immune
cells — ultimately determines the functional outcome of the anti-tumour
immune response and the likelihood of benefit from immune checkpoint
inhibition. Building on this complexity, the local TME exerts a strong
influence on macrophage behaviour, influencing their polarization and
functional output in a manner dictated by tumour type, tissue context, and
surrounding stromal cells. Within the TNBC microenvironment, cytokine-
mediated communication operates through both autocrine and paracrine
circuits, often intertwined in self-reinforcing bidirectional loops between
neoplastic cells and TAMs (Valeta-Magara et al., 2019). Cancer cells
autonomously sustain their mesenchymal and stem-like phenotypes
through autocrine signalling mediated by IL-8, GRO-a, GRO-f, and IL-

la, while simultaneously shaping macrophage behaviour via paracrine
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release of IL-6, M-CSF, and CCL2. Reciprocally, TAM-derived factors
such as TGF-f, IL-10, and IL-1p act on TNBC cells in a paracrine manner,

promoting EMT, immune evasion, and metastatic dissemination (Pe et al.,

2022).

Among the soluble mediators driving these circuits, IL-6, IL-8, and IL-1
family members occupy a central position. IL-6 production is markedly
elevated in TNBC compared to hormone receptor-positive lines and has
been broadly associated with unfavourable prognosis, stemness, and
chemoresistance. Its signalling is inherently self-reinforcing: macrophage-
derived IL-6 amplifies cytokine release from neighbouring tumour cells,
which in turn drives further M2 polarization through STAT3 activation,
consolidating a pro-tumorigenic feedforward loop. Interestingly, IL-6 also
suppresses CCL22 expression in cancer-conditioned macrophages — a
chemokine that would otherwise attract Tregs through CCR4 engagement,
thereby limiting anti-tumour immunity (Pe et al., 2022). In parallel, IL-8
and GRO chemokines — produced by both cancer cells and activated
macrophages — collectively sustain mesenchymal and CSC-like
phenotypes via JAK/STAT3 activation, with GRO-a and GRO-B
emerging as the most potent inducers of these programmes. M2-polarized
macrophages further amplify this axis by secreting elevated levels of IL-8
and GRO chemokines, establishing an IL-8/GRO/STAT3 feedforward
loop that operates through both cell-intrinsic hyperactivation and TAM-
derived paracrine signals (Valeta-Magara et al., 2019). Crosstalk between
TNBC cells and macrophages additionally triggers an early ROS elevation
within tumour cells, which activates NF-«kB and drives upregulation of IL-
la, IL-1B, and IL-8. IL-1a acts as a central node within this network:
secreted IL-l1a engages IL-1R1 in autocrine and paracrine manners,
activating MAPKs/AP-1, NF-«B, PI3K/Akt, and JAK/STAT3 cascades
and promoting metastasis through the ERK1/2-ZEBI-VIM pathway,
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while NF-«xB further amplifies IL-1a, IL-1p, and IL-8 expression in a self-
sustaining loop. Hence, these findings delineate a bidirectional crosstalk
in which macrophage-induced cytokine upregulation enhances TNBC
metastatic potential, while tumour-derived signals reciprocally shape
macrophage polarization and infiltration (Hao et al., 2023; Espinoza-

Sanchez et al., 2017).

A second major axis governing the TNBC-TAM crosstalk converges on
CCL2 and STATS3 signalling. TNBC cells constitutively secrete elevated
levels of CCL2, CCLS5, and G-CSF, driving monocyte recruitment and
activation. In the context of tumour dissemination, CCL2 acts as a central
orchestrator of a pro-metastatic immune axis. In particular, tumour and
stromal cells at the target organ create a chemokine gradient that
selectively attracts CCR2-high inflammatory monocytes toward
pulmonary metastatic sites, where they facilitate tumour cell extravasation
through local VEGF release and subsequent endothelial destabilization,
before differentiating into metastasis-associated macrophages that sustain
colonization (Qian et al., 2011). Upstream, STAT3 directly binds the
CCL2 promoter to drive its transcription, and is itself activated by IL-
6/STATS3 signalling, which simultaneously polarizes macrophages toward
an immunosuppressive M2 phenotype secreting IL-10 and TNF-3. Beyond
CCL2 regulation, STAT3 intersects with NF-xB, Akt, and p38 to further
amplify tumour-promoting signals, establishing a complex feedforward
network in which TAM-derived factors enhance EMT, stemness, and
macrophage recruitment, while TNBC cell-derived signals reciprocally
shape macrophage behaviour (Zhang et al., 2025). To better illustrate this
regulatory network, the main pathways governing JAK/STATS3 signalling

in the TME are summarized in Figure 7.
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Figure 7. Schematic representation of JAK/STAT3 pathway regulation in
the TME, highlighting the key upstream activators and downstream
effectors (Valeta-Magara et al., 2019).

Finally, within TNBC the infiltration of TAMs is closely linked to the
upregulation of HIF-la under hypoxic conditions, which promotes
angiogenesis, immunosuppression, and Treg recruitment within the TME.
Targeting HIF-1a in combination with standard chemotherapy is currently
being explored as a strategy to improve clinical outcomes in TNBC
patients (Padzinska-Pruszynska et al., 2024). Taken together, these
observations confirm that cancer aggressiveness is strongly shaped by
tumour-stroma communication, with M2-polarized TAMs representing
key contributors to the aggressive features and poor prognosis of BC.
Given the considerable intra- and inter-tumoral genetic heterogeneity that
has limited effective therapeutic strategies, the mechanisms governing this
crosstalk may represent a consistent set of prognostic and therapeutic

targets for TNBC treatment (Espinoza-Sanchez et al., 2017).
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2.4. Immunotherapy

The 1neffective outcomes associated with standard interventions
underscore the urgent necessary of developing new targeted therapies. A
major medical breakthrough has been achieved with the introduction of
targeted immunotherapy in patients exhibiting programmed cell death
ligand 1 (PD-L1) expression (roughly 20% of cases), where combining
immune checkpoint inhibitors with chemotherapy has markedly improved
prognostic outcomes. The expression of PD-L1 within the TME is subject
to complex, reciprocal regulation between neoplastic cells and
macrophages, where TAMs undergo functional reprogramming and
polarization shifts driven by PD-1/PD-L1 signalling. In TNBC, key
inflammatory mediators, including IFN-y, TGF-B, and prostaglandin E2
(PGE2), trigger different signalling pathways including PI3K/Akt/mTOR
cascade, which significantly upregulate PD-L1 expression on the surface
of TAMs. Simultaneously, the pharmacological inhibition of PD-L1 via
aPD-L1 therapy effectively impairs the polarization of TAMs into the M2
phenotype, while further suppressing the EMT and the acquisition of
stemness features in TNBC cells. This multi-level inhibition ultimately
results in reduced tumour migration and attenuated angiogenesis. Within
this therapeutic landscape, pembrolizumab has emerged as a central agent,
and clinical evidence indicates that it significantly improves both pCR and
event-free survival (EFS) — by 13.6% and 7.7%, respectively — whether
administered as a monotherapy or in combination with standard
chemotherapy across early and advanced TNBC stages. Notably, the
combination of pembrolizumab with niraparib (a PARP inhibitor) has
demonstrated encouraging anti-tumour efficacy in the metastatic TNBC
setting, with particular regard for patients carrying BRCA mutations (Zhao
et al,, 2020). Based on these outcomes, both the EMA and FDA have

approved pembrolizumab in combination with chemotherapy as a
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neoadjuvant regimen, followed by continued adjuvant pembrolizumab for
patients with high-risk, early-stage TNBC (Padzinska-Pruszynska et al.,
2024). Similarly, the anti-PD-L1 monoclonal antibody atezolizumab,
when combined with nab-paclitaxel, demonstrated significant activity,
particularly in the subgroup of patients with PD-L1-positive immune cell

infiltration (Zhao et al., 2020).

Likewise, the inhibition of the CCL2/CCR2 axis can effectively reduce
monocyte influx. Clinical interest has focused on agents like carlumab, a
human monoclonal antibody designed to deplete TAM populations and
decrease post-chemotherapy recurrence. Furthermore, the CSF-1/CSF-1R
signalling pathway plays a critical role in the differentiation, migration,
and survival of the monocyte-macrophage lineage. In TNBC, where
elevated CSF-1 levels correlate with higher histological grades,
pharmacological blockade of this pathway offers a valid therapeutic route
to suppress TAM-mediated immune evasion. However, CSF-1R targeted
therapy with lacnotuzumab in co-administration with carboplatin and

gemcitabine did not demonstrated better results than chemotherapy alone.

An alternative and promising therapeutic approach focuses on the direct
depletion of TAMs within the TME. In this context, bisphosphonates —
most notably clodronate — have demonstrated significant efficacy in
reducing tumour progression, angiogenesis, and metastatic spread, by
selectively inducing macrophage apoptosis. Similarly, current research is
focused on strategies to enhance the phagocytic activity of macrophages.
In BC, malignant cells frequently circumvent this immune mechanism by
overexpressing anti-phagocytic molecules, such as CD47 protein, which
allow them to evade detection by M1 macrophages. The use of anti-CD47
antibodies, particularly when conjugated with chemotherapy, has

demonstrated significant efficacy in inhibiting tumour progression and in
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restoring the capacity of macrophages to identify and eliminate neoplastic

cells.

Another explored therapeutic strategy involves disrupting the signalling
pathways that drive M2-like macrophage differentiation. In TNBC, this
phenotypic shift can be achieved through the administration of Toll-like
receptor (TLR-3 and TLR-7) agonists, which act as potent
immunomodulators that promote the repolarization of macrophages
toward a pro-inflammatory M1 phenotype, thereby restoring their anti-
tumour activity. Furthermore, the induction of the M1 profile can be
facilitated by targeting the PI3K/Akt/mTOR axis. The use of specific PI3K
inhibitors effectively disrupt this signalling cascade, which is a key driver

of M2-associated immunosuppression.

A critical consideration in the development of these therapies is the
physiological role of macrophages in maintaining tissue homeostasis.
Consequently, the non-selective or uncontrolled depletion of TAMs risks
disrupting the broader immune ecosystem, potentially compromising the
overall efficacy of the host's immune response. Thus, targeting TAMs as
a monotherapy is often insufficient to achieve a robust anti-tumour effect,
because neoplastic cells frequently activate compensatory signalling
pathways to bypass therapeutic pressure and foster drug resistance.
Therefore, a comprehensive understanding of the TME equilibrium is
essential to optimize the clinical efficacy of immunotherapies while
minimizing off-target toxicity and associated risks (Padzinska-Pruszynska

etal., 2024).

2.5. RACK1

RACKI1 (Receptor for Activated C Kinase 1) is a 317-amino acid
scaffolding protein encoded by the GNB2L1 gene, with an apparent
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molecular weight of 36 kDa on SDS-PAGE. It belongs to the WD-repeat
protein family, conserved across prokaryotes and eukaryotes,
characterized by peptide motifs of 40-60 amino acids terminating with a
Tryptophan-Aspartate (WD) dipeptide. These repeats fold into a [-
propeller structure that serves as a versatile docking platform for multiple
protein complexes. Given the centrality of WD-repeat proteins in signal
transduction, structural modifications to this scaffold can destabilize
essential regulatory pathways with significant clinical consequences.
RACKT1’s three-dimensional architecture (Figure 8) is closely related to
that of G subunits, organized as a seven-bladed B-propeller in which each
blade consists of a four-stranded antiparallel B-sheet. Multiple binding
surfaces arise from this arrangement, enabling RACKI1 to engage
molecular partners through both constitutive and stimulus-dependent
interactions. This structural versatility underlies its primary role as a
scaffolding protein involved in cell proliferation, transcription, protein
synthesis, and neuronal function. Beyond platform assembly, RACK1
actively shuttles binding partners to specific intracellular compartments
and modulates the enzymatic activity of its interactors, either promoting
or suppressing their function (Adams et al., 2011). Given this functional
diversity, RACK1 expression levels carry particular biological and clinical

relevance (Buoso et al., 2017).
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Figure 8. Structure of Human RACKI. The 317-amino acid sequence is
organised to illustrate the seven canonical WD40 repeats (WDI-WD?7),
each characterised by conserved flanking dipeptide motifs beginning with
GH (Glycine-Histidine) and terminating with WD (Tryptophan-Aspartic
acid). Individual repeats are colour-coded to reflect their corresponding

domains within the established three-dimensional structure of the protein
(Adams et al., 2011).

2.5.1. RACKI1 in breast cancer

In oncology, RACKI1 expression is dysregulated across multiple cancer
types — including pulmonary adenocarcinoma, hepatocellular carcinoma,
and metastatic melanoma — promoting proliferation, invasion, and
metastasis in breast and prostate cancer models (Buoso et al., 2017). In BC
specifically, a direct correlation exists between aberrant RACKI
expression and high tumour proliferation rates, supported by its strong
positive association with Ki67 and HER-2, the latter aligning RACK1 with
more aggressive, high-grade disease phenotypes (Buoso et al., 2020, Cao
et al., 2010). Large-scale evidence from a systematic review and meta-
analysis encompassing 22 studies and over 3,000 patients confirmed that
RACKI1 overexpression associates with reduced OS, disease-free survival,

and recurrence-free survival across multiple malignancies. Critically, high
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RACK1 expression was also significantly linked to lymph node
involvement — a finding of particular relevance in BC, where lymphatic
invasion represents a primary driver of metastatic spread (Wang et al.,
2023). Stable overexpression of RACK 1 in low-invasiveness BC cell lines
accelerates proliferation, reduces cell doubling time, and enhances
migratory and invasive capacity in vitro, while in vivo evidence further
connects RACKI1 to the development of paclitaxel chemoresistance
(Buoso et al., 2020). Collectively, these findings position RACKI as an
active contributor to BC aggressive behaviour, with potential utility in risk

stratification and prognostic assessment.

2.5.2. RACKI1 as a signalling scaffold

Beyond its structural roles, RACKI1 operates through two functionally
distinct but interconnected mechanisms that collectively sustain tumour
cell proliferation and invasive capacity. As an integral component of the
40S ribosomal subunit, RACKI1 governs cap-dependent mRNA
translation by recruiting PKCPII to the translational machinery, enabling
the ribosome to respond directly to PKC-Raf-ERK1/2 signals and linking
growth factor stimulation to accelerated protein synthesis (Adams et al.,
2011; Buoso et al., 2020). Outside the ribosome, RACKI1 functions as a
cytosolic scaffold that assembles multiprotein complexes integrating
extracellular stimuli across several oncogenic pathways (Figure 9).
(Adams et al., 2011). Through its constitutive association with PKCPII,
RACKI1 facilitates proximity-based phosphorylation of downstream
substrates including JNK, while its recruitment of PDE4D5 to the FAK
complex enables spatially restricted cAMP hydrolysis near focal
adhesions, coordinating their turnover during directional migration
(Yarwood et al., 1999). Critically, RACK1 also suppresses Src-family

kinase activity under basal conditions, stabilizing E-cadherin-mediated
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intercellular junctions. At the same time, IGF-1-driven dissociation of
RACK1 from Src restores kinase activity, triggering downstream
PI3K/Akt signalling and the cytoskeletal remodelling associated with the
transition to a migratory, mesenchymal phenotype (Neasta et al., 2016).
These dual roles position RACKI as a central node linking translational
reprogramming, PKC-mediated signalling, and PI3K/Akt-driven invasion
— providing the mechanistic rationale for investigating its downstream
effectors, including pAkt, vimentin, and E-cadherin, as readouts of

RACK1-dependent invasive behaviour in TNBC cells (Yang et al., 2026).
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Figure 9. Schematic representation of RACKI-related core signalling
interaction network (Yang et al., 2026).

2.5.3. RACKI1 in migration, focal adhesions and EMT

RACKI1 acts as a key integrative scaffold linking extracellular matrix-
derived signals with growth factor-mediated pathways to regulate
adhesion, migration, and metastatic progression. The pro-migratory

capacity of this complex is further amplified through downstream
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effectors: RACK1 overexpression significantly increases the pool of
active GTP-bound RhoA without altering its total levels, placing the
RhoA/Rho kinase pathway as a principal effector of RACKI1-mediated
motility (Adams et al., 2011). Simultaneously, RACK1 engages the PI3K
pl10a catalytic subunit, activating the PI3K/Akt/Racl axis, enhancing
FAK phosphorylation, and triggering downstream cascades critical for

tumour cell survival and invasion (Buoso et al., 2020; Cao et al., 2010).

RACKI1 promotes FAK autophosphorylation at Tyr397 upon integrin
clustering, generating a docking site for Src-family kinases; efficient Src
recruitment additionally requires RACK1 phosphorylation at Y246 by Src
itself, establishing a feed-forward loop of mutual activation. The resulting
phospho-RACK1-Src-FAK trimeric complex drives targeted substrate
phosphorylation at focal adhesions and invadopodia, promoting filopodia
and lamellipodia extension at the leading edge that characterize directional
cancer cell migration (Buoso et al., 2020, Ullah et al., 2021). Upstream of
this signalling complex, RACK1 additionally coordinates early focal
adhesion assembly through sequential interaction with vinculin and
paxillin at spreading initiation centres (SICs), transient structures that
precede focal adhesion maturation. This process displays clear phenotypic
heterogeneity: in mesenchymal-like cells, SIC-mediated adhesion depends
on localized protein translation and RhoA activity, whereas in epithelial
cells RACKI1 functions predominantly as a ribosomal translational
regulator (Figure 10). This distinction reflects the broader translational
shift associated with EMT, in which RACK1 relocates from the ribosome
to focal adhesion complexes where it scaffolds invasion-competent
signalling (Buoso et al., 2020). Consistent with this, RACK1 extends its
pro-invasive influence through stabilization of the vimentin-FAK
association required for three-dimensional invasion, and directly

facilitates EMT by modulating the expression of mesenchymal markers —

36



including N-cadherin, vimentin, MMP-2, and MMP-9 — while suppressing
E-cadherin (Ullah et al., 2021). The hormonal regulation of RACKI1
provides an additional layer of control over this migratory programme: in
TNBC cells, NF-kB and GR act synergistically at the RACK1 promoter,
where the co-presence of a GRE and a c-Rel binding site allows cortisol
to suppress and androgen signalling to induce RACKI transcription,
thereby modulating the amplitude of downstream FAK/Src and PI3K/Akt-
driven invasion (Masi et al., 2020). Taken together, these mechanisms
establish RACK1 as a multifunctional regulator of the cytoskeletal
remodelling, phenotypic plasticity, and transcriptional reprogramming

that underlie the invasive and metastatic behaviour of TNBC cells.
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Figure 10. Context-dependent roles of RACKI at the focal adhesion
complex in epithelial and mesenchymal cancer cells. (A) In the epithelial
profile, RACKI1 associates with the 408 ribosomal subunit within the FA
complex reflecting its predominant function as a translational regulator
in this cellular context. (B) In the mesenchymal profile, RACK dissociates
from the ribosome and instead engages RhoA at the focal adhesion,

coordinating cytoskeletal remodelling and directional invasion (Buoso et
al., 2020).
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2.5.4. RACKI1 in TNBC

Within the TNBC context, elevated RACKI1 expression negatively
correlates with OS and contributes to the establishment of multiple BC
hallmarks. RACKI1 intersects with integrin/Src/FAK, PI3K/AKT,
ERK/MAPK, and RhoA/Rho signalling cascades, collectively shaping the
invasive phenotype of TNBC (Tian et al., 2023). Its expression is
positively regulated by the PI3K/Akt/NF-xB axis, which sustains the
transcription of pro-tumourigenic cytokines and chemokines, including
IL-2, IL-4, IL-6, and IL-12 (Masi et al., 2020). More broadly, EMT also
represents a particularly relevant downstream programme, with RACK1
facilitating mesenchymal transition by modulating N-cadherin, vimentin,
MMP-2, and MMP-9 expression while suppressing E-cadherin (Cao et al.,
2009). In TNBC, RACKI1 overexpression further upregulates CD147,

amplifying MMP-2 activity and invasiveness in vitro and in vivo.

At the receptor level, RACKI1 bridges IGF-1R and B1 integrin signalling
to promote migratory and proliferative responses (Duff et al., 2017).
Consistent with the centrality of this axis in TNBC, IGF-1 and IGF-2
represent the most potent inducers of mammosphere formation and cancer
stem cell (CSC) maintenance in TNBC cells (Figure 11) (Lee et al., 2022).
Stable RACK1 knockdown across TNBC cell lines — including MDA-
MB-231 — consistently reduces colony-forming capacity, contracts the
CD44(high)/CD24(low) stem-like subpopulation, impairs mammosphere
formation, and diminishes tumourigenic capacity in vivo, establishing
RACKI1 as a determinant of the chemoresistant BCSC compartment (Jia
et al., 2025). In sum, these observations imply that RACK1 targeting
would be most impactful in the most aggressive, treatment-resistant TNBC

phenotypes (Ullah et al., 2021).
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Figure 11. Regulation of cancer stem cell self-renewal by the
insulin/IGF signalling pathway in TNBC. Upon pathway activation
(right panel), ligand binding to the insulin receptor (IR) and IGFIR
triggers IRS2-mediated PI3K recruitment. The resulting shift in MYC
phosphorylation status increases MYC stability and transcriptional

activity, sustaining the self-renewal programme of the cancer stem cell
compartment. This mechanism identifies the IIS/PI3K/GSK3p/MYC axis
as a key determinant of stemness maintenance in TNBC (Lee et al., 2022).

2.5.5. RACKI1 in TME

RACKI also functions as a molecular interface between innate immune
regulation and TME dynamics, with its expression in monocytes and
macrophages controlled by the opposing actions of glucocorticoids and
androgens. In monocytes, DHEA-derived androgens upregulate both
RACKI and the dominant-negative GRf isoform, amplifying the release
of pro-inflammatory cytokines including TNF-o and IL-8. With
physiological ageing, declining DHEA and rising cortisol progressively
suppress RACK1 transcription, impairing PKCBII anchoring and blunting

cytokine responses — establishing a molecular substrate for endocrine-
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driven immunosenescence. In the TME, disruption of androgenic balance
similarly dismantles the RACK1-PKCBII signalling required for anti-
tumour macrophage activation, shifting the balance toward an
immunosuppressive, tumour-permissive state (Corsini et al., 2016, Racchi
etal.,, 2017). TAMs represent the primary cellular context through which
this immune dysregulation manifests, supporting cancer cell invasion
through ECM-remodelling enzymes such as MMP-2 and MMP-9 and pro-
inflammatory mediators (Figure 12) (Buoso et al., 2020).
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Figure 12. Schematic representation of the involvement of RACKI in BC-

related TME and tumour progression, where RACK favours proliferation
and EMT (adapted from Buoso et al., 2020).

Clinical evidence from oral squamous cell carcinoma demonstrated a
strong positive correlation between tumour RACKI expression and
stromal M2 macrophage density, with a high M2/M1 ratio significantly
associating with worse OS. Mechanistically, high RACKI1 sustains
phospho-NF-kB p65 levels that control transcription of IL-6, CSF2,
CXCL10, and CXCL2, limiting monocyte infiltration while promoting

progressive M2 polarization. RACKI1 depletion conversely upregulates
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both M1 (phospho-ERK, c-Jun, phospho-NF-kB) and M2 (PPARy,
STAT3) pathway components simultaneously (Dan et al., 2020). At the
molecular level, RACK1 directly binds the AFl domain of PPARy,
preventing its proteasomal degradation. This RACKI1-PPARy axis is
particularly relevant in TNBC, where PPARy independently exerts
antiproliferative and pro-apoptotic effects, suggesting that RACKI-
mediated PPARYy stabilization may influence tumour biology in both
immune and malignant cell compartments (Jiang et al., 2025; Gionfriddo
et al., 2020). Finally, RACKI directly engages the common 3 subunit (Bc)
of the IL-3/IL-5/GM-CSF receptor family, bridging cytokine stimuli to
intracellular enzymatic machinery. The stability of these complexes
depends on the RACKI1-Src interaction, whose dysregulation within the
TME amplifies the aberrant cytoskeletal remodelling and hyperactivated
Src signalling associated with metastatic dissemination (Cox et al., 2002).
Collectively, RACKI1 exerts a dual function in the TME, simultaneously
limiting macrophage infiltration and promoting M2 polarization, thereby
establishing a chronically immunosuppressive microenvironment
permissive to tumour progression (Dan et al, 2020). This positions
RACK1 as a multidimensional regulator spanning macrophage
polarization, cytokine signalling, and antigen presentation — making it a

compelling target for precision cancer immunotherapy (Yang et al., 2026).
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3. AIM OF THE THESIS

The present work aims to investigate the potential anti-tumour activity of
the plant-derived extract A1 against triple-negative breast cancer (TNBC),
an aggressive breast cancer subtype characterised by a high metastatic
propensity and a well-documented resistance to standard therapeutic

strategies.

The study was initially directed towards assessing the anti-tumoral
potential of Al in MDA-MB-231 and SUM-159PT cell lines in both 2D
and 3D models, the latter better reproducing the architecture and
microenvironment of solid tumours. Accordingly, the effects of A1 on cell
viability and migration were evaluated, as these represent key processes
involved in TNBC progression and metastasis. The anti-metastatic
properties of Al were subsequently examined using 3D spheroid invasion
assays. Within this context, the role of the scaffold protein RACKI1 was
also explored, given its established involvement in signalling pathways

governing cell motility and invasiveness.

Finally, this work intended to extend the investigation beyond the tumour
cell compartment, addressing the role of Al within the tumour
microenvironment (TME). Specifically, we assessed whether this extract
could modulate immune cell recruitment and macrophage polarization,
two processes that critically shape the pro- or anti-tumour nature of the

TME.
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4. MATERIALS AND METHODS
4.1. Cell culture

In vitro experiments were carried out on MDA-MB-231 and SUM-159PT
TNBC cell lines (ATCC and Biovit respectively) and THP-1 monocytes
(ATCCO).

MDA-MB-231 cells (Figure 13) belong to the Mesenchymal molecular
subtype and are widely regarded as a prototypical model of highly
glycolytic BC. In fact, they display elevated extracellular acidification
rates (ECAR) and reduced oxygen consumption rates (OCR) relative to
luminal cell lines, a pattern consistent with a predominant reliance on
aerobic glycolysis for ATP production (Farhadi et al., 2022; Urra et al.,
2018). Despite this predominantly glycolytic phenotype, mitochondria
retain an essential functional role in MDA-MB-231 cells, particularly in
supporting migration and metastasis through mechanisms that involve
overexpression of PGC-1a, increased mitochondrial biogenesis, and fatty
acid oxidation (FAO)-driven Src signalling. Indeed, OXPHOS activity has
been shown to increase concomitantly with metastatic potential in BC, and
invasive metastatic cells specifically favour mitochondrial respiration to
elevate ATP levels. Taking advantage of the metabolic plasticity of MDA-
MB-231 cells, Urra et al. (2018) demonstrated that glucose substitution
with galactose generates oxidative subpopulations that rely predominantly
on OXPHOS, with glutaminolysis as the principal route for mitochondrial
respiration. This suggests that these cells retain the capacity to flexibly
reprogram their energy metabolism in response to nutrient availability
(Urra et al., 2018). Consistent with a pro-metastatic metabolic profile,
MDA-MB-231 lactate secretion is particularly prominent and reflects not
only high glycolytic flux but also the capacity of MDA-MB-231-
conditioned medium to drive pro-tumorigenic reprogramming of TAMs in

the TME, including enhanced VEGF secretion (Dias et al., 2023).
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Figure 13. Phase-contrast micrograph of MDA-MB-231 cells grown in a
monolayer culture. The cell line exhibits a typical spindle-shaped,
mesenchymal morphology with elongated cytoplasmic extensions, which
aligns with its classification as a Mesenchymal TNBC subtype. Image

courtesy of ATCC (HTB-26™), (Retrieved from
https://www.atcc.org/products/htb-26).

SUM-159PT (Figure 14) is a TNBC cell line established from the primary
tumour of a 71-year-old patient diagnosed with anaplastic carcinoma,
classified within the Mesenchymal molecular subtype and exhibiting a
spindle-like morphology in culture (Barnabas & Cohen, 2013; Conner et
al., 2023). The line harbours a mutant p53, a heterozygous PIK3CA
mutation resulting in an H1047L substitution in the kinase domain of
pl10a, and a G12D activating mutation in KRAS, placing SUM-159PT
among those lines with constitutively active RAS/PI3KCA signalling.
Aligned with its origin, the cell line is ER and PR negative, and the p16
gene is deleted, consistent with loss of a key brake on CDK4-mediated Rb
phosphorylation and consequent uncontrolled cell cycle progression
(Barnabas & Cohen, 2013). From a proliferative standpoint, SUM-159PT
cells display significantly higher proliferation rates compared to MDA -
MB-231, while with regard to migratory behaviour, SUM-159PT cells
migrate rapidly in 2D assays at speeds comparable to MDA-MB-231.
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SUMI159PT

Figure 14. Phase-contrast micrograph of SUM-159PT cells in a high-
confluency monolayer culture. This TNBC cell line displays a
predominantly mesenchymal phenotype, characterized by spindle-shaped
cells with elongated cytoplasmic extensions alongside minor clusters of
rounder, epithelial-like cells (Barnabas & Cohen, 2013).

Despite this pronounced migratory and invasive activity in vitro, SUM-
I159PT xenografts display only intermediate tumorigenicity in
immunocompromised mice and poor spontaneous metastatic
dissemination to both the lungs and the liver. This discrepancy
underscores the limited predictive value of single in vitro motility metrics
for in vivo metastatic outcome (Conner et al., 2023). Morphologically, the
study carried out by Westcott and colleagues (2015) demonstrates that the
SUM-159PT cell line is an intrinsically heterogeneous population
comprising both “trailblazer” and opportunist subpopulations.
Particularly, only the “trailblazer” subpopulation possesses the
autonomous capacity to initiate collective invasion by extending long
cellular protrusions into the extracellular matrix, while the opportunist
majority remains non-invasive unless physically guided by trailblazer-led
channels (Figure 15). Critically, none of the TNBC cell lines tested by
Westcott and colleagues contained a 100% pure population of invasive
spheroids, meaning that in SUM-159PT culture a significant fraction of
spheroids will be composed predominantly of opportunist cells incapable

of autonomous invasion (Westcott et al., 2015). In contrast, MDA-MB-
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231 cells are classified as a constitutively mesenchymal line, characterized
in 3D culture by a pronounced invasive behaviour, which may account for
their more robust collective invasion across the spheroid population

phenotype (Holliday & Speirs, 2011; Chavez et al., 2010).

In situ cancer Invasion

Opportunist cell

Trailblazer cell

@D - Traibblazer cell === Basement
membrane

. = Opportunist cell §« = Stroma

Figure 15. Model of the commensal interplay between “trailblazer” and
opportunist subpopulations. This diagram highlights a cooperative
invasion strategy where a small fraction of “trailblazer” cells (green)
breaks through the basement membrane. By doing so, they carve out
pathways that pave the way for the collective migration of non-invasive
opportunist cells (red) into the surrounding stroma (Westcott et al., 2015).

The THP-1 cell line (Figure 16) is a human acute monocytic leukemia cell
line originally isolated from the peripheral blood of a one-year-old male
patient, which has been extensively adopted as an in vitro model to study
monocyte and macrophage functions, signaling pathways, and responses
to immunomodulatory stimuli. In the undifferentiated state, THP-1 cells
display morphological and functional properties resembling primary
human monocytes, including expression of pattern recognition receptors
such as Toll-like receptors and responsiveness to LPS-induced NF-«B

activation (Chanput et al., 2014).
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Figure 16. Morphological changes of THP-1 cells during PMA-induced
differentiation. (A) Untreated, wild-type THP-1 human monocytes
maintained in suspension culture, exhibiting their characteristic round,
non-adherent morphology. (B) THP-1 cells following PMA treatment (M0
macrophages). The cells show a distinct shift toward an adherent
phenotype, characterized by cell flattening, spreading, and the extension
of cytoplasmic processes (images captured with Motic® AE2000 Series
Inverted Microscope equipped with a Moticam 1080 BMH digital camera,
4x objective).

Differentiation into a macrophage-like phenotype is most commonly
achieved through stimulation with phorbol-12-myristate-13-acetate
(PMA), enabling the acquirement of a range of features characteristic of
primary monocyte-derived macrophages, including cell adherence,
increased phagocytic capacity, and surface expression of differentiation-
dependent markers such as CD14, CD36, TLR-2, and CR3. Importantly,
PMA-differentiated THP-1 macrophages are capable of polarization
toward both M1-like and M2-like phenotypes (Figure 17) using the same
stimuli applied in vivo, with IFN-y combined with LPS driving M1
activation and IL-4 driving M2 polarization, confirming that this model

recapitulates the plasticity of primary macrophages (Chanput et al., 2014).
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Figure 17. Representative images of THP-1 cells differentiated into M0,
M1 and M2 macrophage subsets. MO macrophages were generated via
PMA treatment alone, serving as a baseline for subsequent polarization
into the elongated, pro-inflammatory M1 state and alternatively activated
M2 phenotype (adapted from Mazan et al., 2024).

Specific culture media were employed to meet the nutritional requirements
of each cell line. MDA-MB-231 cells were cultured in DMEM high
glucose (#D5671, Sigma-Aldrich) enriched with 10% Fetal Bovine Serum
(FBS, #ECS5000L, Euroclone), Penicillin and Streptomycin 100 pg/mL
(#P0781, Sigma-Aldrich) and L-glutamine 100 pg/mL (#G7513, Sigma
Aldrich). The SUM-159PT line, instead, was maintained in DMEM/F12
medium (#D8437, Sigma-Aldrich) enriched with 10% FBS, 5 ug/mL
Insulin (#SLCN8992, Sigma-Aldrich), 5 pg/mL Hydrocortisone (#H0888,
Sigma-Aldrich), 100 pg/mL Penicillin/Streptomycin, and 25 mM HEPES
(#H3375, Sigma-Aldrich) to ensure stable pH buffering. Finally, THP-1
cell line was cultured in RPMI (#R8758, Sigma-Aldrich) enriched with
10% FBS, Penicillin and Streptomycin 100 pg/mL and L-glutamine 100
pg/mL. Phenol red was present in all media as a pH indicator to monitor
metabolic acidification. All cultures were kept at 37°C in a humidified 5%

CO2 atmosphere to simulate physiological conditions.

Both SUM-159PT and MDA-MB-231 cells were detached from the flask
using 1 mL of Trypsin/EDTA 0.05% (#13924, Sigma-Aldrich), counted

using a Biirker chamber, and seeded in a different vessel based on
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experiments at density of 90-95% confluence within 24 hours. To generate
3D spheroids, both SUM-159PT and MDA-MB-231, were detached and 1
x 10* cells were seeded in 100 puL/well onto a dedicated Nunclon Sphera
96-U bottom plate (Thermo Scientific, #174925). To promote cell
aggregation, the plate was centrifuged at 200 xg for 15 minutes at 25°C

and subsequently incubated for 72 hours in a 5% CO- atmosphere.

4.2. Al preparation

The powder was weighed using an OHAUS Pioneer™ analytical balance
(OHAUS Corporation, Parsippany, NJ, USA) with a readability of 0.0001
g, and then resuspended in culture media for MDA-MB-231 or SUM-
159PT to obtain a final concentration of 3.96 mg/mL. The resulting
mixture was vortexed for 2 minutes to ensure complete homogeneity, and
subsequently sonicated in a pre-heated ultrasonic water bath (Emerson
Branson 1800 ultrasonic bath) at 35°C and 30 Hz for 5 minutes. The
sample was then placed on a tube rotator for 30 minutes, followed by
centrifugation (Centrifuge NEYA 16R) for 10 minutes at 4500 rpm at room
temperature (RT). Finally, the supernatant was filtered through a 0.22 pm
PVDF syringe filter (#9913-2504, Whatman Uniflo™, Cytiva) and
adequately diluted in fresh medium to obtain the desired final treatment

concentrations.

4.3. MTT assay for cell viability (2D)

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay is a colorimetric method widely employed to assess cell
viability and proliferation. The MTT dye undergoes an enzymatic reaction
within the mitochondria, where it is reduced to formazan, a water-

insoluble compound that precipitates as violet crystals. Since formazan
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formation depends on cellular metabolic activity, the absorbance of the
dissolved crystals is directly proportional to the number of viable cells. In
particular, bot MDA-MB-231 and SUM-159PT were seeded in a 96-well
plate at a confluence of 80%, and treated with crescent A1 concentrations

(0.028, 0.074, 0.22, 0.66 and 1.98 mg/mL) for 24 and 72 hours.

Stock aliquots of MTT (5 mg/mL; Sigma-Aldrich) were prepared in 1X
PBS and stored at -20°C protected from light. For each assay, medium was
vacuumed and a 1 mg/mL MTT working solution was added to each well,
then cells were incubated at 37°C for 1 hour in the dark. Subsequently, 70
ul of DMSO (#D8418, Sigma-Aldrich) was added to each well to
solubilize the formazan crystals. Absorbance was measured at 570 nm
using a Synergy LTEK WNO-Microplate reader (BioTek® Instruments,
Winooski, VT, USA).

4.4. Wound healing assay

The wound-healing assay was performed to evaluate the capacity of Al
treatment to inhibit the in vitro migration of MDA-MB-231 and SUM-
159PT cells. Every plate was dedicated to a specific time point; t24 hours,
t48 hours and t72 hours. On the next day, the confluence was checked and
Al treatment was prepared as described in the previous section. The
monolayer of cell was mechanically scratched using a sterile 200 pL
pipette tip, and each well was washed twice with sterile 1X PBS to remove
cellular debris and non-adherent cells. Then, two wells were dedicated to
control groups (CTRL1 and CTRL2) and 750 pL of fresh medium were
added. The remaining wells were dedicated to the six treatment conditions
(0.028, 0.074, 0.22, 0.44, 0.66 and 1.98mg/mL), and the correct Al
dilution was added in each of them, in a final volume of 750 pL. At 0

hours, three representative fields of view were captured using a Motic®

50



AE2000 Series Inverted Microscope equipped with a Moticam 1080 BMH
digital camera, 4x objective for each scratch. Plates were then incubated
at 37°C in a humidified atmosphere containing 5% CO2. After 24 hours,
the dedicated plates were removed from the incubator, placed into ice, and
the wells were washed with 400 pL of 1X PBS and then blocked with 400
uL of ice-cold methanol 8% for 30 minutes. A schematic workflow of the
assay is provided by Figure 18. Subsequently, each well was stained using
400 pL of 1% Crystal Violet (#V5265, Sigma-Aldrich) for 20 minutes at
room temperature on the bench, and finally rinsed with H2O to remove
excess dye. The same process was replicated with the other plates once 72
hours treatment time-point was reached. At last, three representative
images for each scratch were acquired to evaluate wound closure and,
consequently, the migratory capacity of the cells. Image analysis was
conducted using ImageJ software (NIH, Bethesda, MD, USA). To ensure
precision, the scratch area was manually delineated with the Freehand
Selection tool, and the area was quantified using the Measure function.
For each well, the area was calculated as the average of three
representative fields. The migration rate was expressed as the percentage

of wound closure, calculated using the following formula:

(Area;, — Areay)
X

% Wound closure = 100

Areaq,

Where tx represents the 24 or 72-hour time point. This normalization
allowed for a comparative analysis of migration efficiency between

control groups and Al-treated SUM-159PT and MDA-MB-231 cells.
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Figure 18. Schematic representation of the wound healing assay used to
evaluate cell migration. (A) A scratch is created in a confluent cell
monolayer, and (B) wound closure is monitored over time in control and
Al-treated cells (created with BioRender.com).

4.5. Transwell® invasion assay

To investigate the ability of Al to inhibit cell invasion, a Transwell®
invasion assay was performed using both SUM-159PT and MDA-MB-231
cells. A schematic representation of the assay mechanism is provided by
Figure 19, outlining the process from cell seeding to invasion through the

protein matrix.

On day 0, 24-well cell culture inserts (8 um pore size, PET membrane,
#PTEP24 hours48, Merck/Millipore) were placed into a 24-well plate
under sterile conditions. The invasion barrier was prepared using
Corning® Matrigel® High Growth Factor Basement Membrane Matrix
(#356237, Corning®). After completely defrosting on ice at 4°C, Matrigel
was diluted with ice-cold sterile water to obtain a final working solution
with a concentration of 0.2 mg/mL. To avoid premature polymerization,
all handling steps were performed on ice using pre-cooled pipette tips. A
volume of 50 pL of the diluted Matrigel was applied to each insert,
ensuring a uniform coating and preventing air bubble formation. The

coated inserts were then stored at 4°C overnight.
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On day 1, Al solution was prepared and appropriately diluted in free-
serum SUM-159PT and MDA-MB-231 media supplemented with 0.1% of
bovine serum albumin (BSA, #A6588, PanReac AppliChem), in order to
achieve the final concentration of 0.22 mg/mL and 0.66 mg/mL. At this
point, equilibration of the Matrigel layer was achieved by adding 40 pL of
incomplete SUM-159PT and MDA-MB-231 media supplemented with
0.1% of BSA to each insert of the control groups, and 40 pL of diluted A1
to the target inserts. The plate was subsequently incubated for 1 hour at

37°C to ensure complete solidification of the matrix.

After the incubation period, SUM-159PT and MDA-MB-231 cells were
detached using ImL of Trypsin/EDTA 0.05%, which was then neutralized
using SmL of respective incomplete media supplemented with 1% of BSA.
Cells were then centrifugated at 200 xg for 5 minutes at room temperature,
and resuspended in their respective incomplete media containing 0.1% of
BSA. Accordingly, the entire procedure was conducted using free-serum
media containing BSA, so as to avoid introducing exogenous growth
factors from FBS that might interfere with the directionality of the
chemotactic gradient. Moreover, a serum-free medium is required in the

upper chamber to drive chemotaxis toward the lower chamber.

Cell invasion was initiated by seeding 1 x 10° cells in 100 pL per insert in
duplicate. To stimulate migration, the lower chamber was filled with 600
pL of conditioned medium (CM), which served as a chemoattractant due
to its high concentration of cell-secreted growth factors. This medium was
previously collected from SUM-159PT and MDA-MB-231 cultures at
80% confluence (48 hours post-feeding), filtered (0.45 um), and stored at
-20°C. The MW24 was incubated for 5 hours at 37°C in a 5% CO:

atmosphere to promote invasion.
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Figure 19. Schematic workflow of the Transwell® Invasion Assay
(created with BioRender.com).

Following the 5-hour incubation, the plate was placed in an ice bath, and
non-invading cells and residual Matrigel were meticulously removed from
the upper surface of the membrane using cotton-tipped applicators to
ensure the exclusive quantification of invaded cells. The inserts were then
rinsed by immersion in 1 mL of 1X PBS. For fixation, the membranes
were fixed with ice-cold 70% ethanol for 15 minutes, followed by air-
drying. Finally, the inserts were immersed in 600 pL. of Hoechst solution
1 pg/mL (3334233258, Sigma-Aldrich, #14530) in 1X PBS for 10
minutes, maintained under dark conditions to prevent photobleaching.
Excess dye was removed through three sequential washes in 1mL of 1X
PBS. Invaded cells lying on the lower surface of the membrane were
imaged using a Zeiss Axio Vert2 Al fluorescence microscope with a 10x
objective (Carl Zeiss, Oberkochen, Germany). To ensure a statistically
robust representation of the invasive process, 14 independent fields of
view (FOVs) were systematically captured per insert. As depicted in
Figure 20, the acquisition pattern integrated 4 central, 5 left, and 5 right
frames. This comprehensive mapping strategy was employed to achieve
full membrane coverage, thereby minimizing sampling bias and ensuring

an accurate assessment of invasive potential across experimental groups.
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Figure 20. Schematic representation of the field of view (FOV)
acquisition strategy. All acquired frames maintain identical dimensions
despite their schematic representation for layout clarity.

Fluorescence images of Hoecst-stained nuclei were analysed using ImageJ
software. For each image, a threshold was applied to isolate nuclei from
the background, and automatic nuclei counting was performed using the
"Analyze Particles" function. Counts from all fields were summed to
obtain a total nuclei count (XN) per condition. This value was normalised
to the corresponding control, and the percentage of invasion (or migration,
for THP-1-derived macrophages; see following sections) was calculated
as follows:

SN
Invasion (or Migration) Index (%) = (%) x 100
CTRL

The protocol was subsequently adapted and applied to THP-1 cells to
assess the migratory and invasive behaviour of monocytes toward tumour
cells, and to investigate whether treated tumour cells exhibited a reduced
secretion of chemoattractant factors, thereby impairing their ability to
recruit monocytes. Since THP-1 cells differ from SUM-159PT and MDA -
MB-231 cells in terms of invasive and migratory potential, the protocol
was adjusted accordingly, with changes primarily concerning the
migration timeframe, which was extended from 5 to 24 hours. Moreover,

150,000 cells were seeded in a final volume of 200 pL, including
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Matrigel’s fraction, without the addition of any treatment in the upper
chamber. Prior to seeding in the inserts, cells were serum-starved for 24
hours in serum-free medium to minimize background migration and
ensure that the observed chemotactic response was solely attributable to
the stimuli present in the conditioned medium placed in the lower
chamber, which was collected from tumour cells 24 hours after treatment
with 0.22, 0.44, and 0.66 mg/mL. This timepoint was chosen to balance
the presence of treatment-modulated secreted factors against the potential
confounding contribution of apoptosis-derived mediators, which are
known to independently influence immune cell recruitment (Schimek et
al., 2022). Before use, all collected media were centrifuged at 2000 xg for
5 minutes at 4°C to remove cellular debris. A conditioned medium from
untreated tumour cells was included as a control group to establish
baseline chemotactic activity. Additionally, to exclude the possibility that
serum components present in the collected medium could drive monocyte
migration, fresh medium supplemented with 0.66 mg/mL of treatment was
included as an additional control, without prior cell exposure. Cell fixation
with ethanol, Hoechst staining, and image acquisition and analysis were
performed following the same procedure described for the preceding

Transwell® invasion assay.

In a complementary experimental setup, the lower chamber was instead
loaded with MDA-MB-231 cells seeded directly (1.2 x 10° cells in 800 pL
in each well of the MW24 plate) and exposed to the same treatment
concentrations (0.22, 0.44 and 0.66 mg/mL). This approach was intended
to capture a more dynamic secretory environment, as opposed to the static
condition provided by pre-collected medium, while also minimising

potential artefacts arising from medium collection and storage.

The same assessment was employed to evaluate the migratory capacity of

PMA-induced MO macrophages towards MDA-MB-231 conditioned
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medium. To this end, THP-1 cells were seeded in P60 Petri dishes and
treated with PMA (#27924, PubChem) at a concentration of 10 ng/mL for
24 hours to induce their differentiation into MO macrophages. On the
following day, differentiated macrophages were detached with
Trypsin/EDTA 0.05%, counted, and resuspended in serum-free culture
medium to eliminate any confounding chemotactic signals derived from
serum components. Cells were then seeded directly into 24-well
Transwell® inserts (8 um pore size), and 800 pl of conditioned medium
was added to the lower chamber as chemoattractant. Three experimental
conditions were tested: one well received conditioned medium from
untreated MDA-MB-231 cells; a second well received conditioned
medium derived from MDA-MB-231 cells previously treated with A1l at
a concentration of 0.44 mg/mL; and a third well served as a positive
control (CTRL+), in which LPS from Escherichia coli (O127:B8) at a
concentration of 1 pg/mL (#L3129, Sigma-Aldrich) was added to the
lower chamber as a known macrophage chemoattractant. The final steps,
including insert washing, cell fixation and staining, and image acquisition

and analysis, were performed as previously described.

4.6. CellTiter-Glo® 3D assay

Cell viability was assessed using the ATP-based CellTiter-Glo® 3D Cell
Viability Assay (Promega, Madison, WI, USA), a bioluminescent method
specifically designed for 3D culture models. This assay relies on the
quantification of intracellular ATP, a marker of metabolically active cells
whose levels are directly proportional to the number of viable cells present

in the sample.

The CellTiter-Glo® 3D reagent was stored at -30 to -10°C, aliquoted to

avoid repeated freeze-thaw cycles, and thawed overnight at 4°C before
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use, followed by equilibration at room temperature for 30 minutes. The
assay was performed according to the manufacturer’s instructions. Briefly,
following treatment eight spheroids per condition (untreated spheroids and
treated ones with 0.028, 0.074, 0.22, 0.66 and 1.98 mg/mL for 24 and 72
hours) were pooled into a single tube, centrifuged at 200 xg for 5 minutes,
and washed once in 1X PBS before being transferred to a 96-well plate.
An equal volume of CellTiter-Glo® 3D reagent relative to the PBS was
then added to each well. The plate was protected from light and gently
agitated for 25 minutes at room temperature to induce spheroid lysis and
release of intracellular ATP. Under these conditions, the luciferase
enzyme contained in the reagent catalyses the oxidation of luciferin in the
presence of ATP, generating a luminescent signal proportional to the
amount of ATP present, and therefore to the number of viable cells
(Figure 21). Following an additional 25-minute incubation at room
temperature to stabilise the luminescent signal, luminescence was

recorded using a Synergy LTEK WNO-Microplate reader.

Lyse Cell
\ Ultra-Glo™

COOH + rLuciferase Light

HO 5 N !

+ O

Luciferin

Figure 21. Scheme of the bioluminescent reaction's mechanism (adapted
from CellTiter-Glo® 3D Cell Viability Assay technical manual).

4.7. Cell Viability Assessment by LIVE/DEAD Staining (3D)

After spheroid formation (described in section 4.1.), cell viability was
evaluated using the LIVE/DEAD™ Cell Imaging Kit (Thermo Fisher
Scientific), based on Calcein AM and propidium iodide (PI) staining,

following the manufacturer’s protocol. In this case, spheroids were stained
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after a 72 hours treatment with A1l at 0.22 and 0.66 mg/mL. After the
addition of the staining solution, spheroids were imaged after a 20-minute
incubation using a Zeiss Axio Vert2 Al fluorescence microscope. To
quantify cell death, fluorescence signals for Calcein AM (Ex = 485 nm,
Em = 530 nm) and PI (Ex = 535 nm, Em = 620 nm) were measured using
a Synergy Multi-Mode Microplate Reader with an integration time of 10
seconds. Cell death was expressed as the PI/Calcein AM fluorescence

ratio.

4.8. 3D spheroids invasion assay

To investigate whether A1l treatment reduces cell invasion, a 3D spheroid
invasion assay was performed within a complex protein matrix, as this
model closely mimics the structural and microenvironmental architecture
of a solid tumour, providing a more physiologically relevant context
compared to traditional 2D assays. An overview of the experimental

workflow, from spheroid formation to imaging, is provided in Figure 22.

Spheroids from both MDA-MB-231 and SUM-159PT cell lines were
generated as previously described in Section 4.1. After the 72-hour
incubation, the Al treatment was prepared, and two spheroids per
condition were selected for treatment. Starting from a stock solution of
3.96 mg/mL, Al was diluted in fresh medium and subsequently mixed
with ice-thawed Corning Matrigel using cold tips on ice, at a ratio of 55
pL of diluted treatment to 45 pL of Matrigel, so as to reach a final
concentration of 3 mg/mL in the mixture. From each well to be treated, 50
uL of medium were removed, and 100 pL of the Matrigel + treatment
mixture was added, bringing the final volume to 150 puL per well.
Treatment concentrations were calculated accounting for all dilution steps,
including the Matrigel addition and the residual medium in the well,

yielding the following final concentrations in the well: 0.028, 0.074, 0.22,
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0.44, 0.66, and 1.98 mg/mL. Two control groups were also included in the
experiment design. Plates were then centrifuged at 200 xg for 15 minutes
at 25°C. Images were acquired at TO and T72 using a Motic® AE2000
Series Inverted Microscope equipped with a Moticam 1080 BMH digital

camera.
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Figure 22. Schematic overview of the 3D spheroid invasion assay protocol
(adapted from cellomaticsbio.com).

The images were then analysed with ImageJ software, where manual
segmentation with the Freehand Selection tool in F1JI was chosen over
automated thresholding algorithms to achieve maximum precision. In
particular, the net invasive area of each spheroid was determined by
measuring both the Core Area (the compact central body at 72 hours) and
the Total Area (the entire surface covered by the spheroid at 72 hours,
inclusive of all peripheral invasive protrusions). Figure 23 shows the
manually traced contours used to delineate the Core Area and Total Area

of spheroids at 72 hours.
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Figure 23. Representative image of a spheroid showing the boundaries
used to define the Core Area (blue) and the Total Area (yellow), which
includes the peripheral invasive protrusions.

The Invasive Area was then determined by subtracting the Core Area from
the Total Area, thereby isolating the surface area covered only by the
invasive protrusions. Finally, the Invasion Index (%) was calculated using

the following equation:

) Invasion Area ¢,
Invasion Index (%) = ( ) 00
Total Area 4

Where tx represents the 72-hour timepoint. These quantitative parameters
allowed for a precise comparison between treated and untreated spheroids,
effectively determining the potential of A1 to impair tumour cell invasion
in vitro. Following treatment, spheroids were collected and centrifuged at
200 xg for 10 min at 4°C using a Thermo Scientific MicroCL 17R

centrifuge to obtain a pellet for subsequent western blot analysis.

4.9. Apricell Technology (3-in-1 Plate)

The Apricell 3-in-1 Plate (Apricell Biotechnology) is a hydrogel-based
microfluidic-integrated culture device specifically designed for 3D cell
culture. Its hydrogel inserts are fabricated by replica molding of 3D-

printed microfeatures and incorporate U-shaped microwells that ensure
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efficient and reproducible spheroid formation. Each well is subdivided
into four distinct quadrants, each containing six microstructures, allowing
the simultaneous generation of six spheroids per quadrant (Figure 24).
Both MDA-MB-231 and SUM-159PT cells were seeded into the
Cell/ECM Loading Zone of each insert compartment. Unattached cells
remaining in the channel after seeding were washed out by adding medium
at the Cell/ECM Loading Zone and removing it from the Secondary
Reservoir, repeating the procedure three times. Spheroid formation was

subsequently monitored by inverted microscopy.

Following 72 hours of treatment (A1 at a concentration of 0.22 mg/mL),
the medium was gently aspirated from the Media Reservoir and an ECM
hydrogel solution (Corning®) was introduced into the Cell/ECM Loading
Zone. The plate was then incubated for 2-5 minutes under a laminar flow
hood to allow the hydrogel to fill the entire microchannel network and
microwells of each compartment. After cross-linking, pre-warmed fresh
culture medium was added to both the Media Reservoir and the Cell/ECM
Loading Zone. Once embedded within the ECM hydrogel, cells at the
spheroid periphery began to invade through the interconnecting
microchannels. Invasion was monitored daily under bright-field
microscopy and invasion length within the ECM was tracked
longitudinally over time. Images were acquired using a Zeiss Axio Vert2
Al inverted microscope, and spheroid volume was quantified with ImageJ

software.
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Figure 24. Microfluidic-integrated culture plate for 3D tumoroid array
generation in MDA-MB-231 and SUM-159PT TNBC cells. (A) Top-view
of the microwell arrays and homogenous size of the tumoroids within a
quadrant. (B) Side-view schematic of the tumoroid generation insert. Each
insert includes the tumoroid formation and drug delivery modules
(adapted from Seyfoori et al., 2025).

4.10. Evaluation of THP-1 Cell Health Status upon LPS Treatment
by Western Blot Analysis

To evaluate THP-1 cell health status upon LPS treatment, monocytes were
seeded in 6-well plates at a density of 1.5 x 10° cells per well in a final
volume of 1.3 mL. The following day, an LPS (#L3126, Sigma-Aldrich)
stock solution was prepared at 1 mg/mL in sterile Milli-Q water, from
which an intermediate working solution at 10 pg/mL was obtained. Cells
were stimulated with LPS at final concentrations of 10 ng/mL or 100
ng/mL. For each condition, cells were harvested at two time points after

LPS stimulation, 1.5 and 3 hours, alongside untreated and DMSO controls.

Samples fractionation:

At each time point, cells were collected and subjected to subcellular
fractionation to separate cytosolic and nuclear compartments. Briefly, cell
suspensions were centrifuged at 100 xg for 5 min at room temperature, and
the resulting pellet was washed once in 1 mL of cold 1X PBS before a
second centrifugation under the same conditions. Pellets were then

resuspended in 150 pL of fractionation buffer supplemented with protease
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inhibitors (1:1000, #PCC1010, Sigma-Aldrich) and homogenized in a
glass-glass Dounce homogenizer with approximately 20 strokes on ice.
Homogenates were centrifuged at 400 xg for 5 minutes at 4 °C; the
resulting supernatant, corresponding to the cytosolic fraction, was
collected, while the pellet (nuclear fraction) was resuspended in 100 pL of
fractionation buffer with protease inhibitors (1:1000). Both fractions were
sonicated twice at 30 Hz for 10 seconds, with a 5 seconds rest interval on
ice between pulses to prevent sample overheating, and stored at -20 °C
until further processing. Western blot analysis was then carried out as

described in Section 4.12.

4.11. Indirect Co-culture of MDA-MB-231 and THP-1 cells for

Macrophage Polarization Assessment by Flow Cytometry

To model the paracrine crosstalk between tumour cells and macrophages,
an indirect co-culture system was employed, in which MDA-MB-231 cells
and THP-1-derived macrophages were physically separated by a 0.4 pm
pore Transwell® polycarbonate membrane cell culture inserts in 6-well
plates (#3412, Costar, Corning Inc.), allowing exclusively soluble factor-
mediated communication while preventing direct cell-to-cell contact. In
particular, this assay was carried out to assess the ability of TNBC cell-
secreted signals to influence the polarization of MO macrophages into M1

and M2 subtypes.

On day 1, 3 x 10° MDA-MB-231 cells were seeded onto a 6-well plate
(#30006, SPL Life Sciences) in a final volume of 2.5 mL. Subsequently,
6 x 10° THP-1 cells were seeded in a final volume of 1.2 mL into 0.4 um
Transwell® polycarbonate membrane cell culture inserts in 6-well plates,
and 2.5 mL of fresh medium were added to each well. Following the

protocol described by Mazan and colleagues (2023), THP-1 cells were
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immediately treated with PMA at a final concentration of 10 ng/mL to
induce their differentiation into MO macrophages. Both plates were then

incubated for 24 hours (Figure 25).

,: THP-1, Taa /
PMA | ! {
24 h 24 h
fresh
medium
without PMA

Figure 25. Schematic overview of the PMA-induced differentiation of
THP-1 monocytes into M0 macrophages (adapted from Mazan et al.,
2023).

On day 2, an A1 stock solution was prepared at a final concentration of
3.96 mg/mL, and three wells containing MDA-MB-231 cells was treated
at a final concentration of 0.44 mg/mL in 2.5 mL, following a wash with
I X PBS. At this point, differentiation of THP-1 cells into MO macrophages
was considered complete, and the medium containing PMA was aspirated
from the inserts and replaced with 1.2 mL of fresh medium. The inserts
were then transferred into the wells in which MDA-MB-231 cells had been
previously seeded, establishing the indirect co-culture. The plate was then

incubated for a further 24 hours.

On day 3, the plate was removed from the incubator, the supernatant
collected from each well, centrifuged at 1200 xg for 5 minutes at 4°C to

remove cellular debris, and stored at -80°C for subsequent analysis.
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Sample preparation for flow cytometric analysis:

Each insert was washed with 500 pL of 1X PBS, and adherent MO
macrophages were detached by incubation with 400 puL of Trypsin/EDTA
0.05% for one minute. Trypsin/EDTA was then inactivated by the addition
of 1 mL of fresh medium, and the cells were centrifuged using a Thermo
Scientific MicroCL 17R centrifuge at 150 xg for 5 minutes. The
supernatant was discarded and the pellet resuspended in 100 pL of 1X
PBS, followed by a second centrifugation under the same conditions. After
discarding the supernatant, the pellet was resuspended in 10 pL of Fc
blocker solution (#553142, Fc Block™ clone 2.4G2, BD Biosciences) at
0.5 pg/uL using filtered pipette tips, and incubated on ice for five minutes

to minimise non-specific antibody binding.

Subsequently, 50 pL of antibody/FACS buffer mix was added to each
sample for extracellular surface marker staining. BB700-conjugated rat
anti-mouse CD86 (#742145, clone PO3, BD OptiBuild™) and PE-
conjugated rat anti-mouse CD206 (#568273, clone Y17-505, BD
Pharmigen) antibodies were each diluted 1:100 (0.5 pL per antibody) in a
mix composed of equal volumes of FACS buffer and Brilliant Stain Buffer
(#566349, BD Biosciences), to a final volume of 50 pL. Five staining
conditions were prepared: one sample of unstained and one double-stained
(CD86 + CD206) cells from the control group, one sample of double-
stained cells from the treated group, and single-stained samples for CD86
and CD206 individually from two additional treated samples. In addition,
an unstained wild-type THP-1 sample (undifferentiated monocytes) was
included as a reference control to allow gating discrimination between
monocytes and macrophages based on their distinct scatter profiles, and to
confirm that PMA-induced differentiation had been successfully achieved.

All samples were incubated for 30 minutes on ice.

66



Cells were then fixed: samples were centrifuged at 200 xg for five minutes
at 4°C, the supernatant discarded, and the pellet resuspended in 100 pL of
FACS buffer supplemented with 1% paraformaldehyde (PFA, #P6148
Sigma-Aldrich) resuspended in Milli-Q H>O. Samples were incubated for
15 minutes on ice, after which 300 uL of FACS buffer were added to each
tube to achieve an optimal cell concentration for cytofluorimetric

acquisition.

4.12. Western blot (WB) analysis

Sample preparation:

Following treatment, spheroids were collected and centrifuged at 200 xg
for 10 min at 4°C using a Thermo Scientific MicroCL 17R centrifuge. The
resulting pellets were lysed in homogenization buffer containing 50 mM
Tris-HCI (pH 7.4), 150 mM NaCl, 5 mM EDTA, and 1% Triton X-100,
supplemented with a protease and phosphatase inhibitor cocktail

(#PCC1010, Sigma-Aldrich) at a 1:1000 dilution.

Cell lysates were incubated on ice for 20 minutes and subsequently
sonicated three times at 30 Hz for 10 seconds using an Emerson Branson
1800 ultrasonic bath. Total protein concentration was determined using
the Bradford assay (Quick Start™ Bradford 1X Dye Reagent, Bio-Rad,
#5000205), with BSA used as standard. Absorbance was measured at 595
nm using a Synergy LTEK WNO-Microplate reader. To prepare samples
for Western blotting, cell lysates were mixed with 4X sample buffer
(#1610747, Bio-Rad) supplemented with 10% p-mercaptoethanol
(#M3148, Sigma-Aldrich), followed by heat denaturation at 95°C for 2

minutes.
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Sodium Dodecyl Sulphate — PolyAcrylamide Gel Electrophoresis (SDS-
PAGE):

Protein analysis was carried out via Sodium Dodecyl Sulfate-
Polyacrylamide Gel Electrophoresis (SDS-PAGE). The gel was prepared

in two distinct sections:
10% Running Gel (10 mL final volume):

e 4.6 mL Ultrapure water (Milli-Q H20)

e 26 mL, 40% Acrylamide/Bis-acrylamide solution (#A7168,
Sigma-Aldric)

e 25mlL, 1.5 M Tris-HCI (pH 8.8)

e 0.1 mL, 10% Sodium Dodecyl Sulfate (SDS)

e 0.1 mL, 10% Ammonium Persulfate (APS)

e 30 uL TEMED (#T9281, Sigma-Aldrich)

5% Stacking Gel (6 mL final volume):

e 3.79 mL Ultrapure water (Milli-Q H>O)

e 1.33mL, 40% Acrylamide/Bis-acrylamide solution
e (0.75mL, 1.0 M Tris-HCI (pH 6.8)

e 0.06 mL, 10% Sodium Dodecyl Sulfate (SDS)

e 0.06 mL, 10% Ammonium Persulfate (APS)

e 15ulL TEMED

After the addition of TEMED, the resolving gel solution was poured
between the glass plates and allowed to polymerize. To obtain a flat gel
surface, a layer of propan-2-ol was carefully added to the top of the gel.

Polymerization was carried out between two glass plates separated by a 1
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mm spacer and assembled in a Mini-PROTEAN II system (Bio-Rad). Once
polymerization of the resolving gel was complete, the propan-2-ol was
removed and TEMED was added to the stacking gel solution, which was
subsequently poured on top of the resolving gel. An appropriate comb was
inserted to create the sample wells. After complete polymerization, the gel
was mounted in the electrophoresis apparatus and the comb was carefully
removed. Protein samples (10-20 pg per lane) were then loaded into the
wells. Electrophoresis was performed for approximately 1.5 hours using a
PowerPac™ Basic Power Supply (Bio-Rad, Hercules, CA, USA).
Samples were initially run at 100 V through the stacking gel and
subsequently at 130 V once they entered the resolving gel.

Protein transfer to membrane:

Following electrophoretic separation, proteins were transferred onto a
nitrocellulose (NC) membrane using the Trans-Blot Turbo System (Bio-
Rad, Hercules, CA, USA). Protein transfer was performed with the Trans-
Blot Turbo Midi Transfer Pack (#1704159, Bio-Rad), a pre-assembled
system optimized for rapid and efficient semi-dry blotting. The transfer
sandwich was assembled inside the cassette in the following order, from
cathode to anode: a transfer buffer-soaked sheet, the NC membrane pre-
equilibrated in transfer buffer, the gel, and a second transfer buffer-soaked
sheet. Transfer was carried out using the Mixed Molecular Weight
program (1.3 A, 25 V) for 7 minutes, following the manufacturer’s

recommendations.

Membrane blocking and protein incubation;

Following protein transfer, membranes were rinsed with Milli-Q water and

stained using Ponceau S solution (AdvanStain Ponceau, #R-03021-D050,
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Advansta) for total protein normalization, according to the manufacturer's
instructions. After staining, membranes were blocked for 30 minutes at
room temperature (RT) in 1X TBS-T containing either 5% BSA or 3%
milk, depending on the target protein. Following the blocking step,
membranes were cut according to the molecular weights of the proteins of
interest and incubated overnight at 4°C with the appropriate primary

antibodies. The following primary antibodies were used:

e Mouse monoclonal anti-RACK1 antibody (B-3) (#sc-17754, Santa
Cruz Biotechnology), diluted 1:1000 in 5% BSA.

e Anti-Lamin A/C primary antibody (4C11, #47778S, Cell Signaling
Technology), diluted 1:1000 in 3% milk.

o Anti-NF-kB p105/p50 primary antibody (D4P4D, #13586S, Cell
Signaling Technology), diluted 1:1000 in 5% BSA.

After primary antibody incubation, membranes were washed three times
for 10 minutes each with 1X TBS-T and subsequently incubated for 1 hour
at RT with species-specific horseradish peroxidase (HRP)-conjugated
secondary antibodies diluted in 1X TBS-T. In particular, the following

secondary antibodies were used:

e Anti-mouse secondary antibody (#1706516, Bio-Rad), diluted
1:2000 in 5% BSA (RACK1), and 1:3000 in 3% milk (Lamin A/C).

e Anti-rabbit secondary antibody (#1706515, Bio-Rad), diluted
1:10000 in 5% BSA (NF-«B p50).

Following secondary antibody incubation, membranes were washed three

times for 10 minutes each with 1X TBS-T prior to signal detection.
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Immunoblot image acquisition:

Antigen-antibody complexes were visualized by chemiluminescence by
incubating the membranes with the WesternBright Enhanced
Chemiluminescence (ECL) HRP substrate (Advansta Inc., San Jose, CA,
USA) for 1 minute, and the resulting chemiluminescent signal was
captured using a ChemiDoc™ MP Imaging System. Band intensities were
quantified using ImageJ software (W. Rasband, Research Service Branch,
National Institute of Mental Health, National Institutes of Health,
Bethesda, MD, USA) and normalized to the corresponding loading

controls.

Statistical analysis:

Statistical analyses were performed using GraphPad Prism version 10
(GraphPad Software, San Diego, CA, USA). Differences among
experimental groups were evaluated by analysis of variance (ANOVA)
followed by the appropriate post hoc tests, while comparisons between
two groups were assessed using a Dunnett’s test when applicable. A p-
value < 0.05 was considered statistically significant. All experiments were
conducted in three independent biological replicates to ensure the

reproducibility and reliability of the results.
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5. RESULTS

5.1. Impact of Al on cell viability, migration, and invasion in 2D

TNBC models

The cytotoxic potential of natural extract A1 was evaluated in TNBC
cellular models using the MDA-MB-231 and SUM-159PT cell lines. The
MTT assay revealed a marked reduction in cell viability in both cell lines
(Figure 26A, B) thus identifying 0.22 mg/mL as the first concentration to
exhibit relevant cytotoxic activity. Specifically, Al treatment at a
concentration of 0.22 mg/mL led to a decrease in viability of 35-40% in
MDA-MB-231 cells after 24 hours (Figure 26A), whereas SUM-159PT
cells showed a smaller reduction of 20-30% under the same conditions
(Figure 26B). At a concentration of 0.66 mg/mL, both cell lines displayed
a comparable degree of cytotoxicity at 24 hours, with viability decreasing
to approximately 60. This effect was markedly more pronounced after 72
hours in both lines, with viability dropping below 20% in MDA-MB-231
cells and below 30% in SUM-159PT cells. This indicates that, the
cytotoxic effect of Al is potentiated over time in indicating a time-

dependent potentiation of the cytotoxic effect of Al across both TNBC

models.
MDA MB 231
1504 150+
-+ 24h - 24h
2 72h < 720
= 100 100 e——3
g g o kX
o * % o
8 ol
2 s Kk 2 504 \\*,**
8 Xr# S \"\ %ok k
LN
0-— T T T T T 0 T T T T T T
N R S Y S 0 A D & P
V2 AR LA A ST, L -
& " 7 N KGN G SN
A Al (mg/ml) B A1 (mg/ml)

Figure 26. Effect of A1 on cell viability in TNBC cell lines analysed with
MTT assay. Cell viability of 2D (A) MDA-MB-231 and (B) SUM-159PT
TNBC cells after treatment with increasing concentrations of A1 (0.028-
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1.98 mg/mL) at 24 hours (black lines) and 72 hours (grey lines), expressed
as percentage of viable cells normalized to untreated controls (0 mg/mlL).
Significant reductions in viability were observed from 0.22 mg/mL
concentration (blue and green rectangles). Data represent mean £ SEM
from three independent experiments performed in quadruplicate;
Statistical analysis was performed with one-way ANOVA followed by
Dunnett's multiple comparisons test (**p < 0.01, ***p < 0.001).

To investigate the anti-migratory capacity of Al, a 2D wound healing
assay using both MDA-MB-231 and SUM-159PT cell lines was
performed. Al exhibited a strong inhibition of cellular migration in both
cell lines (Figures 27A and 28A). The two lowest concentrations tested
(0.028 and 0.077 mg/mL) did not affect wound closure area compared to
controls, whereas 0.22 mg/mL was identified as the lowest effective
concentration capable of significantly impairing wound closure already at
24 hours post-treatment. Higher concentrations exerted a markedly more

pronounced inhibitory effect.

However, a 72-hour endpoint was also included to assess whether the
inhibitory effect was sustained over time. In MDA-MB-231 cell line 0.22
mg/mL reduced wound closure to 50% after 24 hours (Figure 27B). By
72 hours, the wound had closed by 85%, indicating that, while 0.22 mg/mL
delays cell motility, complete and persistent inhibition of migration
requires higher concentrations. A marked difference was observed
between the 0.22 and 0.66 mg/mL conditions, with 0.66 mg/mL almost
completely preventing wound closure, whereas cells treated with 0.22
mg/mL retained a substantial migratory capacity by 72 hours. A similar
significant reduction was observed with 0.44 mg/mL Al, whereas the
highest concentration tested (1.98 mg/mL) significantly arrested
migration, resulting in wound closure of 4% and 0% at 72 hours,
respectively. Importantly, this impaired wound closure strongly correlates

with the marked reduction in cell viability and density observed at these
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higher concentrations (Figure 26A), which is also visually reflected by

the sparse monolayer in the brightfield images (Figure 27A).
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Figure 27. Al treatment significantly reduces cell migration. (A) MDA-
MB-231 cells migration by scratch wound healing assay, performed as
described in materials and methods. MDA-MB-231 cells were cultured
without (CTRL) or with different Al concentrations (0.028 - 1.98 mg/mL)
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and subsequently migration was analysed at 24 and 72 hours. The image
is a representative result. (B) Value bars in the graph represents the mean
+ SEM of three independent experiments, in duplicate. The analysis was
performed by two-way ANOVA with Dunnett’s multiple comparisons test
with *p < 0.05, **p < 0.01, and Bonferroni’s test with #p < 0.05 A1 0.22
mg/mL vs 0.66 mg/mL. Scale bar = 100 um.

A consistent inhibitory trend was also observed in SUM-159PT cells
(Figure 28B). Treatment with 0.22 mg/mL resulted in a wound closure of
49% at 24 hours and 58% at 72 hours. At 0.66 mg/mL, wound closure
reached only 12%, while at the highest concentration tested (1.98 mg/mL),
the wound area even increased. This value reflects extensive cell
detachment and death rather than a decrease in active migration, directly
correlating with the drastic reduction in cellular density observed at 72
hours (Figure 28A). Overall, these results demonstrate that Al inhibits
both cell viability and migratory capacity in MDA-MB-231 and SUM-
159PT TNBC cell lines in a time-dependent manner. The lowest effective

concentration identified across both assays was 0.22 mg/mL.
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Figure 28. Al treatment significantly reduces cell migration. (A1) SUM-
159PT cells migration by scratch wound healing assay, performed as
described in materials and methods. SUM-159PT cells were cultured
without (CTRL) or with different A1 concentrations (0.028 - 1.98 mg/mlL)
and subsequently migration was analysed at 24 and 72 hours. The image
is a representative result. (B) Value bars in the graph represents the mean
+ SEM of three independent experiments, in duplicate. The analysis was
performed by two-way ANOVA with Dunnett’s multiple comparisons test
with **p < 0.01, ***p < 0.001 and ****p < 0.0001, and Bonferroni’s test
with #p < 0.05 A1 0.22 mg/mL vs 1.98 mg/mL. Scale bar = 100 um.
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Since migration and invasion represent sequential and closely related steps
in the metastatic cascade, we next investigated Al effect on the invasive
capacity of TNBC cells using a Matrigel-coated Transwell® assay, which
reproduces the physical barrier that tumour cells must overcome during
tissue invasion in vivo. As demonstrated in Figure 29, control groups of
both cells efficiently invaded the matrix, with an average of 2900 invading
cells in MDA-MB-231 (Figure 29A) and 480 in SUM-159PT (Figure
29B) — consistent with the respective invasive behaviour previously
described. In contrast, a 5 hours treatment with A1 reduced the number of
invading cells in both lines (Figure 29C). In particular, treatment with
0.22 mg/mL Al reduced invasion to 54% in MDA-MB-231 cells, and to
78% in SUM-159PT cells. The higher dose (0.66 mg/mL) produced a
more pronounced effect, reducing invasion to 37% in MDA-MB-231 and
to 47% in SUM-159PT. Although 0.66 mg/mL substantially impaired
invasion in both cell lines, MDA-MB-231 cells displayed higher
sensitivity to the lower concentration, showing a marked reduction already
at 0.22 mg/mL. Conversely, SUM-159PT cells required the higher dose to
achieve a comparable degree of invasion inhibition, suggesting cell line-

specific differences in responsiveness to Al treatment.
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Figure 29. Transwell® invasion assay after five hours of migration.
Representative fluorescence images of invading nuclei (Hoecst) in (A)
MDA-MB-231 and (B) SUM-159PT cells treated with increasing
concentrations of Al. (C) Quantification of invasion, expressed as
percentage relative to control. Value bars in the graph represents the
mean £ SEM of three independent experiments, in duplicate. The analysis
was performed by one-way ANOVA with Dunnett’s multiple comparisons
test with **p < 0.01, ***p < 0.001, and Bonferroni’s test with #p < 0.05
Al 0.22 mg/mL vs 0.66 mg/mL. Scale bar = 100 um.
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Taken together, these results confirm that A1 markedly impairs the
invasive capacity of TNBC cells, along with its anti-migratory and
cytotoxic effects thus prompting further investigation in 3D model. This
further analysis is necessary as 3D models more closely mimic the in vivo
tumour microenvironment compared to conventional 2D monolayer
cultures, providing a more physiologically relevant context in which to

validate these findings.

5.2. Impact of A1 on 3D spheroids viability and invasion

To assess the ability of Al to affect cell viability within a 3D, compact
cellular mass that better recapitulates the in vivo physiological conditions,
the CellTiter-Glo® and the LIVE/DEAD assays were performed on both
MDA-MB-231 and SUM-159PT spheroids.

The first assay (Figure 30) provided a complete overview of A1 cytotoxic
effect at different concentrations on MDA-MB-231 and SUM-159PT
spheroids. A noticeable reduction in spheroid viability was observed in
both cell lines at 24 hours, with a significant decrease starting from 0.22
mg/mL (Figure 30A and C), reaching 65% in MDA-MB-231 cells and
55-60% in SUM-159PT cells. This inhibitory effect became markedly
more pronounced at 72 hours in both cell lines (Figure 30B and D), with
viability dropping to approximately 45% at 0.22 mg/mL and below 25%
at 0.66 and 1.98 mg/mL in both cell lines.
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Figure 30. Cell viability on 3D spheroids of MDA-MB-231 and SUM-
159PT treated with Al. Cell viability analysis was assessed using the
CellTiter-Glo® assay after treatment with different concentrations of Al
(from 0.028 to 1.98 mg/mL) after 24 and 72 hours in (A-B) MDA-MB-231,
and (C-D) SUM-159PT. Value bars in the graph represents the mean +
SEM of three independent experiments, in duplicate. The analysis was
performed by two-way ANOVA with Dunnett’s multiple comparisons test
with *p < 0.05, **p < 0.01, ***p < 0.001.

Complementing the quantitative data obtained from the CellTiter-Glo®
assay, the LIVE/DEAD assay offered a qualitative perspective of cell
viability within the 3D spheroid structure. Specifically, control spheroids
from both cell lines displayed a compact morphology with a
predominantly green signal (living cells), confirming a high baseline
viability. Treatment with Al, instead, induced a clear increase in PI-
positive staining (dead cells) accompanied by a corresponding reduction
and fragmentation of the Calcein-AM signal, indicating progressive loss

of cell viability. This effect was already evident at 0.22 mg/mL and
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became more pronounced at 0.66 mg/mL, where spheroids also showed a
loss of structural compactness, particularly in MDA-MB-231 cells
(Figure 31A). These results are consistent with the cytotoxicity data
previously obtained through the MTT and ATP-based viability assays,
further supporting the anti-tumour activity of Al in TNBC spheroid

models.
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Abo 0.22 mg/ml

Abo 0.66 mg/ml
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CTRL | ‘4
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Abo 0.66 mg/ml

Figure 31. Cell death analysis in MDA-MB-231 and SUM-159PT 3D
spheroids treated with Al. Representative fluorescence microscopy
images of 3D spheroids treated with Al in MDA-MB-231 (4) and SUM-
159PT (B) TNBC cells.



These findings confirm that the cytotoxic activity of A1, initially observed
in 2D assays, is successfully translated to a 3D spheroid model, reinforcing
its relevance as a potential anti-tumour agent in a more physiologically

representative context.

We next investigated whether Al could also influence the invasive
behaviour of MDA-MB-231 and SUM-159PT cells cultured as 3D
spheroids. For this purpose, a 3D spheroids invasion assay was performed,
and a direct correlation between Al treatment and the formation of
invasive protrusions emerged. After 72 hours, control MDA-MB-231
spheroids (CTRL) showed a marked invasive phenotype, as evidenced by
the formation of branching structures into the extracellular matrix (Figure
32A). Conversely, SUM-159PT control spheroids displayed a
proliferative phenotype (Figure 33A), characterized by a group of cells
expanding outward from the spheroid core into the adjacent matrix,
indicating migratory capacity. Treatment with Al progressively
suppressed this invasive front. Indeed, at lower concentrations (0.028
mg/mL and 0.074 mg/mL), no inhibitory effect was detected, with
branching structures still clearly observable, similar to control. By
contrast, a concentration of 0.22 mg/mL results in a partial decrease in the
peripheral invasive front, but the effect is more notable at 0.66 and 1.98
mg/mL where the outer invasive front is no longer visible. To corroborate
the qualitative observations, a quantitative image analysis was performed
(Figure 32B and 33B). Our data showed a marked reduction starting from
the intermediate concentrations and minimal invasion detected at 1.98
mg/mL. Interestingly, a lower invasive behaviour was observed in SUM-
159PT spheroids compared to their MDA-MB-231 counterparts, a finding
that aligns with the previously reported data by Westcott et al. (2015).
Hence, the difference in invasive capacity between the two lines likely

reflects the degree of intratumoral heterogeneity with respect to invasion
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competence, with SUM-159PT spheroids being functionally constrained
by the limited proportion of “trailblazer” cells capable of initiating

collective invasion.

MDA-MB-231

A CTRL1 CTRL 2 0,028 0,074

t=0

7 -
& . '1.~‘—-t"_' :
+ T g
5

t=72h

® | & o

"

0,44 0,66 1,98

2

*

0,22
~lo|le|l@|®

®

t=72h

B MDA-MB-231
*
| *
| *
%
25— ——
= CTRL
2 20 =1 0.028
>
() =1 0.
2 151 I 0.074
= B3 0.22
% 10 B3 044
v
=
Z 5] 1 B 066
= 1.98
0_

T
72

Time (hours)

Figure 32. Effect of Al on spheroid invasive morphology. (A) MDA-MB-
231 spheroids embedded within an extracellular matrix were monitored
by brightfield microscopy immediately after embedding (T0) and
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following a 72 hours exposure to Al, with untreated samples (CTRL)
included for comparison. (B) The extent of spheroid invasion was
measured across a range of Al concentrations. Value bars in the graph
represents the mean = SEM of four independent experiments, in duplicate.
The analysis was performed by one-way ANOVA with Dunnett’s multiple
comparisons test with *p < 0.05. Scale bar = 100 um.
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Figure 33. Effect of Al on spheroid invasive morphology. (4) SUM-159PT
spheroids embedded within an extracellular matrix were monitored by
brightfield microscopy immediately after embedding (T0) and following a



72 hours exposure to Al, with untreated samples (CTRL) included for
comparison. (B) The extent of spheroid invasion was measured across a
range of A1 concentrations. (B) Quantitative analysis of spheroid invasion
at increasing concentrations. Value bars in the graph represents the mean
+ SEM of three independent experiments, in duplicate. The analysis was
performed by one-way ANOVA with Dunnett’s multiple comparisons test
with *p < 0.05 and **p < 0.01, and Bonferroni’s test with #p < 0.05 Al
0.22 mg/mL vs 0.66 mg/mL. Scale bar = 100 um.

These results were further confirmed by the Apricell 3-in-1 Plate model
(Figure 34), where spheroids were treated only with A1l at the optimal
concentration of 0.22 mg/mL. In both MDA-MB-231 (Figure 34A) and
SUM-159PT spheroids (Figure 34B), the control conditions showed
numerous cells dispersed within the channel surrounding the spheroid
core, consistent with an invasive phenotype. Following treatment with A1l
(0.22 mg/mL), spheroids of both cell lines displayed a more compact,
rounded morphology, with fewer cells detaching from the core and
migrating into the surrounding channel. These observations closely align
with the concentration-dependent inhibition of invasion described above,
further supporting the quantitative analysis that demonstrated a
progressive reduction in invasive and proliferative behaviour upon Al

treatment in both cell lines.
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Figure 34. 3D invasion in MDA-MB-231 and SUM-159PT TNBC cells
with Apricell technology. Representative brightfield images showing
spheroid invasion/proliferation of (1) MDA-MB-231 and (B) SUM-159PT
cell lines at 72 hours, in control conditions (CTRL) and following
treatment with A1 (0.22 mg/mL).

5.3. Impact of A1 on RACKI1 expression in TNBC cell lines

Considering the central role of RACKI1 as a scaffold protein involved in
the regulation of cell proliferation and migration of TNBC cells, we next
investigated whether A1 treatment could modulate its expression in MDA -
MB-231 and SUM-159PT cell lines. The western blot analysis showed a
noticeable reduction of RACKI expression in treated cells compared to
the untreated control groups after 24 hours (Figure 35). In particular, both
cell lines undergo a significant reduction starting from the lowest
concentration tested (0.22 mg/mL). A more pronounced and statistically
robust decrease was observed at 0.66 and 1.98 mg/mL, reaching a near-
complete suppression of RACK1 expression at the highest dose. This
analysis correlates with previous viability and migration data, and
confirms the ability of Al to impair key oncogenic processes in TNBC,

further supporting its relevant anti-tumour activity.
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Figure 35. Western blot analysis of RACKI. To evaluate whether Al
treatment affects RACKI protein levels, MDA-MB-231 (4) and SUM-
159PT (B) cells were treated with increasing concentrations of Al (0.22,
0.66, and 1.98 mg/mL) for 24 hours, and RACKI expression was assessed
by western blot analysis. Value bars in the graph represents the mean +
SEM of three independent experiments, in duplicate. The analysis was
performed with Dunnett’s multiple comparisons test with *p < 0.05 and
*Ep < 0.001.

5.4. Effect of A1 on THP-1 recruitment towards TNBC-conditioned

medium

To verify that THP-1 cells were responsive to LPS stimulation, cells were
treated with two different LPS concentrations (10 and 100 ng/mL), and
activation of the NF-«B signalling pathway was assessed by western blot.
As shown in Figure 36, nuclear translocation of NF-kB p50 was detected
following LPS treatment at both concentrations, using Lamin as a nuclear
loading control. It is evident that nuclear p50 levels increased following
LPS treatment, with the highest concentration (100 ng/mL) inducing a

significant increase in the p5S0/Lamin ratio compared to the control.
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This confirmed that THP-1 cells correctly recognized and responded to the
stimulus, supporting the assumption that THP-1 cells were not only viable
but fully functional, providing a reliable basis for the subsequent migration

assays.
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Figure 36. LPS induces nuclear translocation of NF-kB subunits p50
and p65. Western blot analysis of nuclear (1) NF-xB p50 and (B) NF-kB
p035 protein levels after 1.5 hours of treatment with LPS 10 ng/ml or LPS
100 ng/ml. Lamin was used as a nuclear loading control. Data represent
a single experiment (n = 1 per condition), no statistical analysis was
performed due to the absence of biological replicates.

Then, a Transwell® invasion assay was performed to assess THP-1

recruitment towards the lower chamber, which contained conditioned
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medium from control and A1-treated conditions. The conditioned medium
was previously collected from the wound healing assays and used to
specifically assess the contribution of paracrine signalling mediated by
tumour cell-secreted soluble factors, which is independent of direct cell-
cell contact. For this assay, only the Al concentrations previously shown
to exert a biologically relevant effect were included (0.22, 0.44, and 0.66
mg/mL). The lowest concentrations (0.028 and 0.074 mg/mL) were
excluded as they had no detectable effect, whereas the highest
concentration (1.98 mg/mL) was excluded due to excessive cytotoxicity.
In the MDA-MB-231 setting (Figure 37A), representative images of
Hoecst-stained invaded THP-1 cells showed a visibly dense population of
nuclei in the control condition, which progressively decreased with
increasing A1 concentrations, becoming markedly sparse at 0.44 and 0.66
mg/mL. This qualitative observation was confirmed by quantification
(Figure 37B), with THP-1 invasion reduced from 100% in the CTRL
condition to 55%, 41%, and 36% at 0.22, 0.44, and 0.66 mg/mL Al,

respectively, indicating a clear inhibitory effect.
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Figure 37. Representative fluorescence microscopy images of Hoecst-
stained THP-1 nuclei after 24 hours of migration. (A) Al reduces THP-
1 invasion towards MDA-MB-231 cells conditioned medium. (B)
Quantification of THP-1 invasion, expressed as percentage relative to
CTRL (set at 100%). Value bars in the graph represents the mean + SEM
of four independent experiments, in duplicate. The analysis was performed
by one-way ANOVA with Dunnett’s multiple comparisons test with ****p
< 0.0001. Scale bar = 100 um.

A similar trend was observed in the SUM-159PT setting (Figure 38A),
although the magnitude of the reduction was less pronounced compared to
MDA-MB-231. Representative images showed a comparatively modest

decrease in the density of invaded THP-1 nuclei across increasing Al
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concentrations. Quantitatively (Figure 38B), invasion percentages
decreased from 100% in the control condition to 74%, 67%, and 63% at
0.22,0.44, and 0.66 mg/mL A1, respectively. Taken together, these results
show that A1 treatment reduces THP-1 recruitment towards both TNBC
cell lines, with a more pronounced inhibitory effect observed in the MDA -

MB-231 model compared to SUM-159PT.
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Figure 38. Representative fluorescence microscopy images of Hoecst-
stained THP-1 nuclei after 24 hours of migration. (1) Al reduces THP-
I invasion towards SUM-159PT cells conditioned medium. (B)
Quantification of THP-1 invasion, expressed as percentage relative to
CTRL (set at 100%). Value bars in the graph represents the mean £ SEM
of four independent experiments, in duplicate. The analysis was performed
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by one-way ANOVA with Dunnett’s multiple comparisons test with **p <
0.01 and ***p < 0.001. Scale bar = 100 um.

Comparable results were obtained by directly seeding MDA-MB-231 in
the lower chamber, an experimental setup that further confirmed our
previous findings. Specifically, a clear reduction was observed, with THP-
1 cell recruitment progressively decreasing at 0.22 mg/mL and becoming
drastically suppressed at the higher concentrations of 0.44 and 0.66
mg/mL (Figure 39). These findings should be considered preliminary, as
they are based on initial experiments and require further validation with

additional biological replicates.
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Figure 39. Representative fluorescence microscopy images of Hoecst-
stained THP-1 nuclei after 24 hours of migration. (A) Al reduces THP-
I invasion towards TNBC cells. (B) Quantification of THP-1 invasion,
expressed as percentage relative to CTRL (set at 100%). Data represent a
single experiment (n = 1 per condition);, no statistical analysis was
performed due to the absence of biological replicates. Scale bar = 100
um.

We next investigated the effect of A1 on THP-1-derived macrophages
(MO) to define if the treatment also reduced the recruitment of polarized
macrophages. For this experiment, only MDA-MB-231 cells were used,
as this cell line had shown the most consistent responsiveness to Al
treatment in the previous assays. Additionally, only an intermediate Al

concentration (0.44 mg/mL) was tested, and this choice was based on the
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relevant anti-invasive effect observed at this concentration in earlier
experiments, combined with the absence of significant cytotoxicity. To
assess macrophage recruitment, THP-1-derived macrophages were
exposed to fresh medium supplemented with LPS (1 ug/mL), used as a
positive control, or to conditioned medium from untreated MDA-MB-231
cells (CTRL). Both control conditions induced a comparable degree of
macrophage migration, indicating that tumour-derived factors attract
macrophages as effectively as the LPS stimulus. When compared to both
controls, representative images (Figure 40A) revealed a significantly
lower number of migrated macrophages in the presence of conditioned
medium from Al-treated MDA-MB-231 cells (0.44 mg/mL).
Quantification of nuclei counts confirmed this observation, showing a
reduction in macrophage migration to 42% relative to control upon
treatment with A1 at 0.44 mg/mL (Figure 40B). These data suggest that
Al treatment of MDA-MB-231 cells reduces their ability to recruit
macrophages, in addition to its previously observed anti-invasive effect on
tumour cells themselves. As this experiment was performed once, these
findings should be considered preliminary and would require confirmation

in independent replicates.
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Figure 40. Recruitment of MO0 macrophages by MDA-MB-231-
conditioned medium and effect of Al treatment. (A) Representative
fluorescence microscopy images of Hoecst-stained M() macrophage nuclei
that migrated through the Transwell® membrane in response to
conditioned medium (CM) from untreated and treated MDA-MB-231
cells. (B) Quantification of macrophage migration, expressed as
percentage relative to control (CTRL+ and CTRL set as 100%). Data
represent a single experiment (n = I per condition), no statistical analysis
was performed due to the absence of biological replicates. Scale bar =
100 um.

5.5. Effect of A1 on M0 macrophage polarization

Lastly, to determine whether A1 treatment influences the polarization state
of THP-1-derived MO macrophages, cells were analysed by flow
cytometry for the expression of CD86 (M1-like marker) and CD206 (M2-
like marker). Gates for CD86+ and CD206+ populations were defined

within the P3 gate, and background positivity was assessed using an
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unstained control (Figure 41), which showed 4.24% of events within the
CD86 gate and 2.23% within the CD206 gate, reflecting the contribution

of autofluorescence and non-specific signal to each gate.
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Figure 41. Unstained control for flow cytometric analysis of M0
macrophage polarization markers. Dot plot showing background
positivity within the CD86 and CD206 gates in the absence of antibody
staining, used to correct for autofluorescence and non-specific signal in
the corresponding stained samples.

In the untreated control (Figure 42A), 5.99% of events fell within the
CD86 gate and 3.73% within the CD206 gate. Following Al treatment
(Figure 42B), the proportion of CD86+ events increased markedly to
13.42% of the total P3 population, representing a marked increase relative
to the untreated control and reflecting a visible expansion of the CD86+

population in the corresponding dot plot. The CD206+ population, by
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contrast, remained small in both conditions, increasing only marginally
from 3.73% in the control to 4.08% in treated cells. Taken together, these
preliminary data indicate that Al treatment may promote a shift of MO
macrophages toward a CD86-dominant, M1-like phenotype, without a

comparable induction of CD206 expression.
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Figure 42. Flow cytometric analysis of CD86 and CD206 expression in
control and Al-treated M0 macrophages. (1) Dot plots showing CD86+
and CD206+ populations, expressed as a percentage of the P3 gate, in
untreated (control) and (B) Al-treated (0.44 mg/mL) MO macrophages.
Al treatment increased the proportion of CD86+ events compared to
control, while the CD206+ population remained comparable between the

two conditions.
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6. DISCUSSION AND CONCLUSION

The therapeutic management of TNBC remains an outstanding clinical
challenge due to its intrinsic aggressiveness, high propensity for metastatic
dissemination, and the lack of targeted therapeutic options. Consequently,
the identification of novel compounds capable of simultaneously targeting
tumour cell aggressiveness and TME is of considerable therapeutic

interest.

In the present study, we demonstrated that the natural extract Al exerts a
broad anti-tumour activity across two distinct TNBC cell models,
effectively disrupting multiple hallmarks of tumour progression, including
cell wviability, migration, invasion, and macrophage recruitment.
Furthermore, our findings suggest that these biological effects are strictly
associated with a marked downregulation of the scaffolding protein
RACKI, a well-established master regulator of signalling pathways that
drive cancer progression and metastatic cell motility. Beyond its direct
inhibitory effects on tumour cells, Al also targets tumour-immune
interactions within the stroma. Conditioned medium derived from Al-
treated TNBC cells significantly compromised THP-1 monocyte
recruitment, suggesting that Al actively modulates the secretome of
tumour cells by downregulating specific tumour-derived chemoattractants
involved in monocyte trafficking. Given that tumour-associated
macrophages (TAMs) are major promoters of tumour progression,
angiogenesis, immune suppression, and secondary dissemination, limiting
their recruitment into the neoplastic niche may represent an additional,
crucial mechanism contributing to the overall anti-tumour activity of Al.
Furthermore, our preliminary experiments demonstrated a direct reduction
in mature macrophage recruitment, alongside an intriguing phenotypic
shift of resting MO macrophages toward a CD86-positive, M1-like anti-

tumour configuration. Although these immunological observations require
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further validation in independent biological replicates, they raise the
compelling hypothesis that Al not only suppresses intrinsic tumour
aggressiveness but may also reprogram the surrounding stroma to foster a
more anti-tumour immune microenvironment. Several limitations should
nevertheless be acknowledged. First, the molecular mechanisms linking

A1l treatment to RACK 1 downregulation remain to be elucidated.

Future studies should determine whether A1 directly regulates RACK1
transcription, protein stability, or upstream signalling pathways
controlling 1its expression. Second, the immunological findings are
preliminary and require confirmation using additional biological replicates
together with a broader characterization of macrophage polarization
through complementary markers and cytokine profiling. Finally, although
3D spheroid models provide a substantially improved representation of
tumour biology compared with two-dimensional cultures, in vivo
validation will be essential to determine whether the anti-tumour and
immunomodulatory effects of Al translate into reduced tumour growth

and metastatic dissemination.

In conclusion, this study demonstrates that A1 exerts a multi-target anti-
tumour activity against TNBC by simultaneously impairing cell
proliferation, migration, invasion, and tumour-associated macrophage
recruitment while reducing RACK1 expression. The ability of A1 to retain
these effects in advanced three-dimensional models further supports its
potential therapeutic relevance. Collectively, these findings identify A1 as
a promising natural compound deserving further mechanistic investigation
and in vivo validation, with RACKI1 emerging as a potential molecular

mediator of its anti-cancer activity.
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