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INTRODUCTION

BREAST CANCER

Epidemiology

Breast cancer (BC) is the most frequently diagnosed cancer and represents the second
leading cause of cancer-related deaths among women worldwide. It’s estimated that

one in eight to ten women will get breast cancer during their lifetime. (1)

Incidence and mortality vary in different regions of the world, with a higher rate and
a lower lethality in the West compared to the East. (1,2) Incidence of breast cancer has
increased in recent years worldwide. This trend reflects a significant increase
compared to previous decades, driven by numerous factors including changes in
lifestyle, aging populations, and improved diagnostic capabilities. High-Income
Countries (HICs) have the highest incidence of breast cancer, but advancements in
screening and treatment have led to higher survival rates. (3) This change is
attributable to the combination of greater population awareness, an increase in early
detection, timely diagnosis, and effective treatment strategies. Conversely, in Low-
and Middle-Income Countries (LMICs), while incidence rates are also rising, the
mortality rates remain disproportionately high due to limited access to quality

healthcare services. (3)

In Europe, breast cancer covers about 30% of all female tumours, representing the
neoplastic condition with the highest prevalence among women. (4) Specifically, in
Italy, 834,200 women are estimated to live after a breast cancer diagnosis. In 2023,
there were an estimated 55,900 new cases of breast cancer among women. Concerning
mortality, in 2022 there were approximately 15,500 deaths attributed to the disease,

however data indicates a 6% decrease in breast cancer mortality from 2007 to 2019.
)
Thanks to the introduction of mammographic screening campaigns and increased

awareness among women, the majority of malignant breast tumours are now diagnosed

at an early stage. (5) At this stage, surgical treatment can often be more conservative,



and the adopted therapy more effective, leading to remarkably high 5-year survival
rates, currently around 88% in Italy. (5) However, the lifetime risk of recurrence in
these treated patients, considered disease-free, is around 20-30%. Indeed, in Italy,
approximately 37,000 women live with a diagnosis of metastatic breast cancer. (5)
Only 6-7% of these cases are metastatic at diagnosis, whereas in most scenarios,
advanced breast cancer represents a recurrence of the disease after treatment for an

initial form of breast cancer. (6)

Metastatic breast cancer is a condition that is not curable by definition. Despite that,
overall survival for patients with metastatic disease has significantly increased in
recent years due to diagnostic and therapeutic advances, availability of new anticancer
drugs, improved supportive therapies and better integration of systemic and local

therapies. (7)

Figure 1 - Breast cancer, deaths per 100.000 (2021)

Risk factors

Breast cancer is a multifactorial disease and, as such, presents multiple associated risk
factors. The number of risk factors of breast cancer is significant and includes both

modifiable factors and non-modifiable factors. (8)

Concerning non-modifiable factors, female sex, older age, family history, genetic
mutations, ethnicity, reproductive factors, previous history of breast cancer or other

breast disease and previous radiation therapy are the most crucial factors playing a role



in breast cancer development. (8) The risk of developing breast cancer increases with
age. The probability of developing breast cancer is 2.3% up to the age of 49 (1 in 43
women), 5.4% between 50 and 69 years old (1 in 18 women), and 4.5% in the 70-84
age group (1 in 22 women). This correlation appears to be linked to the continuous
endocrine proliferative stimulation of the mammary epithelium, combined with
progressive DNA damage and the accumulation of epigenetic alterations that disturb
the balance between oncogene expression and tumour suppressor genes. Reproductive
factors, related to an increased estrogen exposure, also play a role as risk factors: long
duration of the fertile period, nulliparity, a first full-term pregnancy after the age of
30, not breastfeeding, and hormonal factors including the use of estrogen-progestin
both for contraceptive purposes and as hormone replacement therapy during
menopause may increase the risk of breast cancer. Genetic factors are equally
important, both in terms of family history and heredity. Although most breast cancers
are sporadic, 5%-7% are hereditary, a quarter of which are due to mutations in two
genes: BRCA-1 and BRCA-2. Other genes that may play a role are ATM, PALB2,
p53, PTEN, STK11/LKB. (5,6)

Many modifiable factors also play a role in increasing breast cancer development risk.
Among them we can find hormonal replacement therapy (HRT), insufficient vitamin
supplementation, drugs, but biggest role is played by various lifestyle factors,
consequently linking breast cancer risk also with socioeconomic status. These include
dietary factors such as high consumption of animal fats and processed food, low
consumption of vegetable fibres, high alcohol consumption, smoking, low physical
activity. Metabolic factors like obesity and metabolic syndrome also contribute to

increase the risk of develop breast cancer.

Classifications

Histological classification

Most breast cancers are carcinomas, arising from the epithelial component of the
breast, which consists of the cells that line the lobules and terminal ducts. Within the
large group of carcinomas, there are many diverse types of breast cancer identified

based on their pathological features and invasiveness.



Ductal carcinoma in situ (DCIS) is a non-invasive or pre-invasive breast cancer, which
develops inside of pre-existing normal ducts, but has high potential to become invasive
cancer, so early and adequate treatment is important in preventing the patient from

developing an invasive cancer. (9,10)

Infiltrating breast cancer have cancer cells that invade and spread outside of the normal
breast lobules and ducts, growing into the surrounding breast stromal tissue. They have
the potential to spread to other sites of the body, such as the lymph nodes or distant
organs. Based on the tissue and cell types involved, invasive breast cancers are further
divided into Invasive Ductal Carcinoma (IDC), now defined as Non-Special Type
(NST), and Invasive Lobular Carcinoma (ILC). IDC is the most common type of breast
cancer representing about 80% of all breast cancers. It is characterized by a large
diversity in terms of cancer cell morphology and the presence of tubular or glandular
structures. ILC is the second most common type of breast cancers and accounts for
approximately 10-15% of all breast cancers. It is characterized by a small diversity of
cancer cells, very frequent expression of steroid receptors and extremely rare
overexpression of the Her-2 receptor. ILC and IDC show similarities and differences,
both regarding clinical, molecular and genetic features, thus presenting different
prognoses and treatment options. Rare types of breast cancers include inflammatory
breast cancer, Paget disease of the breast, angiosarcoma of the breast, phyllodes

tumour etc. (9,10)

Metastatic breast cancers are late-stage tumours which have spread to other organs in
the body. Metastases from breast cancers can be found in lymph nodes and/or in distant
sites such as the lung, liver, bone, and brain. Patients may initially be diagnosed with
metastatic disease (de novo), or they may develop metastases after receiving initial
treatment (recurrent). Approximately 30% of the women diagnosed with early-stage
breast cancer will develop a metastatic form of the disease. Indeed, even after primary
tumour treatment, microscopic tumour cells or micro-metastases may remain in the
body, which allows the cancer to return and disseminate. Recurrence risk is not clearly
understood and not fully predictable as it depends on different features, largely
depending on the unique molecular biology of the tumour and the stage at the time of

the original diagnosis. (9,10)
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Immunohistochemical classification

Routinely determined elements of the pathomorphological examination are
insufficient to predict the clinical course of breast cancer, which makes it difficult to
make appropriate therapeutic decisions. The diverse clinical course of cancers with

similar morphological characteristics is due to their molecular heterogeneity. (10)

Breast cancer encompasses a heterogeneous and phenotypically diverse group of
diseases. Several biological subtypes exist and show distinct behaviours and
therapeutic targets, differing significantly in prognosis as well as in responses to
therapy. The current biological classification of invasive breast tumours is based on
the immunohistochemical (IHC) assessment of estrogen and progesterone receptors
(ER and PgR) expression, Ki67 proliferation marker, and HER2/neu receptor. The
combined evaluation of such IHC biomarkers allows to identify four subtypes of breast

tumours, with different clinical behaviours, prognosis, and response to treatments. (10)

Luminal A-like tumours account for about 40% of all breast cancers and show positive
ER and/or PR, no HER2 and low levels of Ki-67 expression. They are low-grade, slow

growing, and tend to have the best prognosis.

Luminal B-like account for less than 20% of all breast cancers, is ER and/or PR
positive, HER2 negative and presents elevated levels of Ki-67. They grow faster than

luminal A and their prognosis is worse.

HER2-enriched makes up 15-20% of all breast cancers, can be either ER/PgR negative
or positive, and it is characterized by a high HER2 expression. They grow faster than
luminal cancers and have a generally worse prognosis however, they can be

successfully treated with targeted therapies aimed at the HER2 protein.

Triple-negative breast cancer (TNBC) accounts for approximately 20% of all breast
cancers, and is characterized as ER-negative, PgR-negative and HER2-negative. This
subtype is more common in women with BRCA1 gene mutations as well as among
women younger than 40 years of age and African American and usually behaves more

aggressively than other types. (10)
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Table 1 - IHC classification

BC subtype HR HER2 Ki67 Frequency
Luminal A-like + - l 40%
Luminal B-like + - ) ~20%
HER2-enriched + + ) 15-20%
TNBC - - T ~20%

Anatomopathological classification

TNM is the most used classification for breast cancer staging. This histopathological

examination assesses the size of the primary tumour (T), the condition of the axillary

lymph nodes (N) and the presence of distant metastasis (M). Its 8th edition, published

in 2018, includes further prognostic factors such as tumour grade, ER/PgR expression,

HER2 expression/amplification and multigenic tests. Correct assessment of all

elements of the TNM classification makes it possible to determine the stage of cancer,

which is the most important prognostic factor. (10,11)

Table 2: TNM classification of breast cancer, 8" edition (AJCC).

TO/Tis T1 T2 T3 T4
L]
=
g TO: No primary tumour <2cm >2cm > 5cm Any size,
= Tis: confined to ducts extension to the
= <5cm _
or lobules chest wall/skin
NO N1 N2 N3
3 . . .
S No lymph nodes 1-3 axillary 4-9 axillary | Infra- or supraclavicular
z metastasis lymph nodes lymph nodes lymph nodes or > 10
axillary lymph nodes
-§ MO M1
s
g No distant metastasis Evidence of distant metastasis
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Prognostic and predictive factors

Breast cancer presents numerous prognostic factors such as axillary lymph nodes
status, tumour size, patient age, histologic grade and subtype, proliferation rate (Ki67),
hormone receptors (HR) status, human epidermal growth factor receptor 2 (HER2)
expression/amplification, gene expression profiles and tumor infiltrating lymphocytes
(TILs). Ki67, HR, HER2 expression, gene expression profiles and TILs have also
shown a predictive role for different type of systemic therapies such as chemotherapy,

endocrine therapy, target therapy and immunotherapy.

Therapy principles

Breast cancer therapy is a multifaceted approach aimed either at eradicating cancer or
chronify the disease, respectively for early and advanced breast cancers. The choice of
therapy depends on several factors, including the type and stage of cancer, HR and
HER?2 status, patient global health, and preferences. Therapeutic choices comprehend
surgery, radiotherapy and systemic treatments, including chemotherapy, endocrine

therapy, target therapy and immunotherapy.

METASTATIC BREAST CANCER

Metastatic breast cancer (mBC) represents the condition where the disease has grown
beyond mammary gland and regional lymph-nodes and has spread to other organs. In
6-7% of cases, breast cancer presents as metastatic already at diagnosis, however, most
of mBC patients have experienced disease recurrence after treatment for an initial form
of breast carcinoma. (5) Although survival rates of mBC have dramatically improved
over the past decades, this disease still represents an incurable condition with a median
overall survival (OS) of 3 years and a 5-year survival of only 25%. (12,13) Recurrent
mBC patients are much more difficult to treat since they have usually already received
very potent adjuvant therapies. De novo mBC show a better 5-year survival rate
compared to recurrent disease (44% vs 21%). Despite that, in recent years the
landscape of mBC has undergone profound advancements leading to a progressive
prolongation of progression-free survival (PFS) and, in some cases, also of overall

survival (OS) particularly in de novo mBC. These results indicate that the increasing
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concept of metastatic breast cancer as a chronic disease controlled by sequential

therapies over a prolonged period is realistic, at least for certain subgroups. (1,6)

Generally, systemic therapy is the first therapeutic choice in metastatic breast cancer
and locoregional therapy (e.g., surgery, radiotherapy) can be added in specific
situations (such as primary, symptomatic bone, or brain metastases). (14) Nowadays,
the treatment of advanced breast cancer aims to chronify the disease rather than aiming
for a cure, maintaining quality of life and palliation of symptoms. Such treatment
involves the use of long-term systemic therapies, with drug selection based on the
evaluation of biological parameters and tumour characteristics, as well as the psycho-
physical condition of the woman and the previous treatments received. (5) Because of
potential heterogeneity between primary tumour and metastasis and even between
metastases, gain of a therapeutic target is important for choice of therapy. For this
reason, if clinically feasible, biopsy of the first metastatic site is recommended to

verify breast cancer histology and determine again the tumour biology. (14)

HR+/HER2- metastatic breast cancer and CDK4/6i

HR-+/HER2- mBC accounts for approximately two thirds of all mBC and show the
better outcomes between other subtypes. (13,15) Endocrine therapy has been the
preferred option for HR-positive disease for years, even in the presence of visceral
disease, unless there is visceral crisis or concern/proof of endocrine resistance. (13) In
recent years the addition of cyclin-dependent kinase 4/6 inhibitors (CDK4/61) to
hormonal therapy in HR positive and HER2 negative mBC has played a relevant role
in increasing therapeutic success, becoming the standard-of-care. (7) Approved drugs
of'this class (Palbociclib, Ribociclib and Abemaciclib), when combined with hormonal
therapy, have shown to double progression free survival (PFS) both in the first line
and subsequent lines compared to exclusive hormonal therapy, while maintaining an
acceptable toxicity profile. Treatment with Palbociclib associated with Fulvestrant
resulted also in longer OS than treatment with Placebo associated to Fulvestrant. (16—

22)

Cyclin-dependent kinase 4 and 6 (CDK4/6) are two serine/threonine kinases

modulated by D-type cyclins (D1, D2, and D3). (23) They play key roles in cell
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proliferation mainly by controlling the G1 (pre-DNA synthesis) to S (DNA synthesis)
cell cycle checkpoint. (24) Dysregulation of D-cyclin-dependent kinase 4/6-
retinoblastoma (Rb) pathway has been frequently observed in cancer, including breast
cancer. Particularly, CDK4/6 have been identified as key drivers of proliferation in
HR-positive BC, justifying the use of CDK4/6i in these patients. (24—26) Upon
activation by mitogenic signalling pathways, cyclins D associate with CDK4 or CDK6.
Cyclin D-CDK4/6 complexes are able to phosphorylate Rb proteins (p110, p107 and
p130). The hyperphosphorylation of Rb Ilimit promotes dissociation of the
transcriptionally repressive Rb-E2F complex, reducing the affinity for E2F. This leads
to release of E2F transcription factors, that are free to reach the nucleus and activate
genes required for entry into S phase and DNA replication, promoting cell cycle

progression. (23,24,27,28)

Increased cyclin D-CDK4/6 activity can occur through several mechanisms.
Overexpression of D-type cyclins, mutation or amplification of CDK4/6, loss of cyclin
D-CDK4/6 negative regulators and oncogenic signalling pathways that promote cyclin
D-CDK4/6 activity have shown to play a role in enhancing this pathway in breast
cancer. (23,24)

CCNDI (encoding cyclin-D1 protein) amplification is seen in up to 35% of breast
cancer cases, while his overexpression has been seen to occur in approximately 50%
of breast cancers. (29,30) CCND1 is a transcriptional target of the ER, one of the most
important mechanism responsible for overexpression of cyclin D in breast cancer is
estrogen receptor activation that bind directly to the CCND1 promoter, enhancing the
cyclin D1 expression and modulating the mitosis process. In addition, also the RAS-
RAF-MEK-ERK pathway and the HER2-PI3K-AKT axis play a significant role in
regulating cyclin D1 expression. This explains how amplification and overexpression
of CCND1 oncogene is more frequent within luminal A (29%), luminal B (58%), and
HER2 enriched (38%) subtypes. Similarly, CDK4 gene amplification, frequently
demonstrated in breast cancer, has been observed more specifically in 14% of luminal

A, in 25% of luminal B, and in 24% of HER2 enriched tumours. (23)

Endocrine therapy, hallmark of HR+ breast cancer, inhibits activation of this pathway,

while CDK4/6 inhibitors trigger cell cycle arrest in Rb protein-competent cells. (25)
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Figure 2 - signalling pathway of CDK 4/6-Cycle D complex and mechanism of action of
CDK 4/6i. (31)

Recent evidence suggests that CDK4/6i alter tumour cell biology in other ways apart
from blocking cell cycle progression, interacting with non-canonical CDK4/6
substrates, given that RB is the canonical CDK4/6 substrate. It has been demonstrated
that CDKs 4 and 6 directly phosphorylate dozens if not hundreds of other proteins, and
that CDK4/6 inhibition can thus impact tumour cell biology in an Rb-independent
manner. Some notable examples include the FOXMI transcription factor, key
metabolic enzymes including 6-phosphofructokinase and pyruvate kinase M2, the

signal transduction protein IRS2, the deubiquitinase DUB3, and the ubiquitin ligase
adaptor SPOP. The consequences of inhibiting the phosphorylation of these substrates
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are far-reaching and have been shown that they include modulation of tumour cell
senescence, cellular metabolism, invasion and metastasis, and immunogenicity.

(32,33)

Prolonged exposure of cancer cells to CDK4/61 has been shown to induce not only
quiescence, but also a senescence-like phenotype in some cells. This transition from
quiescence into senescence has been termed geroconversion and can also be described
as senescence after growth arrest (SAGA). Unlike quiescent cells, that are temporary
exit from cell cycle, senescent cells will not return to the cell cycle and are generally
refractory to other proliferation-inducing signals. (33) CDK4/61 induces a phenotype
that reproduces many of the morphological hallmarks of cellular senescence, a similar
condition, but not an exact phenocopy compared to classical senescence induced by
DNA damage. Induced changes include cellular enlargement, increased beta-
galactosidase activity, and development of senescence-associated heterochromatin
foci. (32) In addition, CDK4/6 inhibition upregulates a transcriptional program for
cytokines and chemokines secretion known as senescence-associated secretory
phenotype (SASP). SAPS has seen to influence the immune response: on one hand, it
can induce the recruitment of immune cells that will mediate tumour clearance or
promote paracrine senescence, on the other hand, it can create an immunosuppressive

and protumourigenic environment. (33)

It has long been recognized that cell division is coordinated with metabolic state. A
high number of non-Rb targets for CDK4/6 have been identified in the metabolic
machinery. Among CDK4/61 effects on metabolism we can find different alterations
of glycolytic and oxidative metabolism. These changesets leads to a stress response
with an increase in reactive species of oxygen (ROS). CDK4/6 inhibition also depletes
the antioxidants NADPH and glutathione. Increasing ROS and depleting antioxidants

are known factors implicated in cancer cell autophagy and apoptosis. (32,33)

Moreover, CDK4/61 have shown important effects on non-tumoral cells within the
tumoral microenvironment (TME), that can impair or enhance tumour responses to
therapy. (33,34) For instance, CDK4/6 pathway regulates both proliferation and
senescence in fibroblasts and a recent study demonstrated that CDK4/6 inhibitor-

treated fibroblasts develop a senescent phenotype characterized by secretion of a large
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number of pro-inflammatory cytokines. Hence, cancer-associated senescent
fibroblasts may have the potential to enhance tumour growth by both directly

stimulating tumour cells and also suppressing anti-tumour responses. (32)

Conversely, CDK4/6 inhibitors may have effects on specific lymphocyte populations
that can potentiate anti-tumour immunity. The immunomodulatory activity of
CDK4/61 is due to their interaction both with tumour cells and immune cells and
includes increased tumour antigen presentation, promotion of immunogenic cell death,
activation of effector T cells, depletion of immunosuppressive Treg, induction of T-
cell memory formation, increase in B and NK cells and reduction of Myeloid-Derived

Suppressor Cells (MDSCs) infiltration. (35,36)

After CDK4/61 treatment number of CD3+ cells recruited into the tumour mass
increases, as well as cancer cells’ processing and presentation of tumour neoantigens
on Major Histocompatibility Complex (MHC) Class I molecules. (32—34) It is possible
that CDK4/6 inhibitor-induced enhancement of tumour cell antigen presentation is one
component of the senescent phenotype. (32) CDK6 inhibition enhances the nuclear
translocation and activity of Nuclear Factor of Activated T cell (NFAT) family
members, resulting in increased IL2 levels and increased expression of interferon-
stimulated genes including those encoding for the antigen presentation machinery. In
addition, CDK4/6 inhibitors reduced the activity of DNA methyltransferase, an E2F

target protein which promotes cytotoxic T cell-mediated tumour inhibition. (32,37)

Moreover, CDK4 is necessary for the development of CD4+ FOXP3+ Treg cells.
CDK4/61 suppress the proliferation of immunosuppressive regulatory T cells more
than other T cell subsets, resulting in a decreased number of these cells in TME.
(32,33) These changesets enhances the immunogenicity of the tumour cells,

potentially shifting the immune balance in favour of an anti-tumour immune response.

(32)

Finally, CDK4/6 inhibitors have been shown to inhibit the proliferation of bone
marrow hematopoietic stem and progenitor cells. And endothelial cell proliferation
and angiogenesis are CDK4/6 dependent phenomena, but the effects of CDK4/6

inhibition on tumour angiogenesis are not known. (32)
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CDK4/6i resistance and predictive factors

Despite the clinical benefit that CDK4/61 offer to HR+/HER2- advanced breast cancer
patients, the development of resistance remains a critical challenge in these patients.
(37) Pharmacological resistance to this class of drugs is not fully understood yet.
Several mechanisms have been described as possible drivers of resistance to CDK4/64i,
however, many cases of resistance find no explanation in the molecular mechanisms
studied so far. Among the described mechanism we can find loss of function of Rb,
PTEN loss, FATI1 loss, overactivation of CDK2, aberrant cyclin E signalling,
increased activity of CDK4/6, alteration of the MET-FAK/CDK2 or c-myc/miR-29B-
3p/CDKG6 axis, activation of tyrosine kinase receptor signalling (such as RAS, FGFR2,
HER?2). (38) Moreover, early data suggest that insulin-like growth factor 1 receptor
(IGF-1R) amplification may be associated with resistance to CDK4/6 inhibition. (38)
Recently, also deregulated immune related pathways were found to be associated with
CDKA4/61 resistance such as: deregulation of INF signalling, high PD-L1 expression,
MDSCs recruitment. (35,37,39-43)

LIPIDS IN BREAST CANCER

Lipids biology in cancer cells

Lipids are involved in numerous cellular processes, many of which are linked to the
oncogenic process. Triglycerides are mainly used for energy storage as they serve as
an independent source for fatty acids (FAs) oxidation, which plays a critical role in
promoting cell proliferation and tumour growth. Phosphoglycerates, sterols, and
sphingolipids contribute to the structural components of cellular membranes,
modulating their fluidity and forming lipid rafts involved in specific signal
transduction pathways. Nevertheless, lipids also act as important metabolic signalling

messengers and steroid hormones such as estrogen, progesterone and testosterone. (44)

Cancer cells high metabolism requires, in addition to an increase in glucose, glutamine
and amino acid, the reprogramming of lipid metabolism. (45) Uptake, anabolism, and
catabolism of lipids are increased in these cells to meet their multiple needs. Moreover,

evidence is emerging that altered lipid metabolism, interfering with numerous
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signalling pathways, plays a leading role in promoting tumour cell survival, growth,
proliferation, differentiation, immune escape, and migration, thereby supporting

cancer development in a changing and hostile environment. (44,46,47)

It has been known from decades that cancer cells largely rely on glucose for energy
production and can use glucose more efficiently compared to normal cells, even in the
presence of normal levels of oxygen, as described in Warburg effect. (44) However, it
is now established that glucose is preferentially used by cancer cells as a carbon source
for anabolic processes. While lipids play a fundamental role as energy sources, in order
to face cancer cells’ high energy request. (47) FA metabolism plays a pivotal role in
cancers. The body obtains FAs through endogenous synthesis, primarily occurring in
the liver, adipocytes, and lactating breast tissues, and from dietary intake providing
exogenous FAs as free molecules or complexed with proteins in lipoproteins. While
non-tumour cells rely more on exogenous sources, with limited endogenous FAs
synthesis, in tumour cells one key aspect of lipid metabolism changesets is the
upregulation of FAs synthesis. This is driven by the increased activity of key enzymes
such as FASN (fatty acid synthase), ACC (acetyl-CoA carboxylase). Also, cancer cells
show enhanced lipolysis and higher levels of FAs uptake through the upregulation of
adipose triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL) and
monoacylglycerol lipase (MAGL). (44) Fatty acid oxidation is also increased to assists
cancer cells to not only sustain their rapid proliferative rate but also offer a vital energy
source during conditions of metabolic stress and increased ATP demand such as

hypoxia, cell invasion, resistance to anoikis. (47—49)

In cancer cells we also assist to cholesterol and cholesterol ester synthesis
upregulation. (44) These lipids are vital for cancer cells to feed membrane production,
essential process for cell proliferation and migration. In addition, they play a role in
balancing membrane lipid content in order to protect cells from lipotoxicity and
endoplasmic reticulum stress, preventing lipid peroxidation and ferroptosis. (50) In
fact, saturated FAs are toxic to cells at prominent levels. SCDI1 (steaoryl-CoA
desaturase 1), overexpressed along with FASN in lipogenic tumours, has a key role in
protecting cells from lipotoxicity, desaturating a substantial fraction of saturated FAs.

(51) Moreover, membrane lipid composition changes, especially regarding content of
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cholesterol and phospholipids containing saturated FAs, are known to dramatically
alter membrane function and membrane fluidity. Membrane fluidity alterations have
shown to stimulate metastasis formation and to alter the uptake of certain
chemotherapeutics such as doxorubicin, thus influencing drug resistance. Chemo
resistant cancer cells exhibit decreased fluidity in their lipid bilayers, hindering the
uptake of chemotherapeutic agents through passive diffusion or endocytosis.

(44,47,52)

Furthermore, membrane lipids are not uniformly distributed but, depending on their
biophysical properties, tend to cluster into specific microdomains: lipid rafts. Lipid
rafts are overall enriched in sphingolipids and cholesterol, and, depending on their
specific lipid composition, they create optimal biophysical conditions for certain
signalling proteins to be recruited and to cluster, acting as platforms for growth factor
or cell death receptor signalling. For instance, cholesterol-rich lipid rafts allow the
accumulation of tyrosine kinase receptors such as HER2 and IGF-1, thus enhancing
oncogenic signalling. Lipids can also regulate signalling through post-translational
modifications of proteins, as it happens with prenylation or palmitoylation of

important oncogenes like EGFR and RAS, essential to their localization and function.

Another key role of lipids in cancer cells is balance of oxidative stress that characterize
these cells due to oncogenic transformation, altered metabolism, deregulated redox
homeostasis and hypoxia. Increased ROS levels have been shown to contribute to
tumorigenesis, however an excess of ROS can induce cell death. Involved mechanisms
comprehend degradation of lipid hydroperoxides by GPX4 (glutathione peroxidase 4),
balancing membrane relative degree of saturation (through FAS activation, membrane
monodesaturation mediated by SCD, MUFAs up taking and incorporating into
membrane PLs, PUFA incorporation into TAGs), maintaining antioxidant levels

(through FAO derived NADPH as well as FSP1-driven ubiquinone recycling). (47)

Moreover, lipids-inducted signalling alteration occurs also in the TME. In hypoxic,
acidic, and nutrition-deficient TMEs, not only cancer cells, but also cancer associated
cells, tend to rely on lipids for storage of energy, cellular building blocks for membrane
formation, and sources of signalling molecules. Abnormally regulated lipids in the

TME can dramatically influence tumorigenesis, subsequent cancer development, and
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metastasis formation. (46)

Moreover, lipids function as precursor for important extra- and intra-cellular signals,
such as oxylipins, LPa, ceramide and sphingosine-1-phosphate, DAG, PIPs, able to
functionally influence cells in the TME. For instance, altered lipid metabolism reduces
levels of the pro-apoptotic signals and increases the levels proliferative factors within
the TME. Lipids are also able to influence the TME in an immunosuppressive
direction, thus enhancing cancer cells immune escaping. It has been shown that in
endothelial cells, acetyl-CoA produced through FAO is essential for de novo
nucleotide synthesis. In this way, FAO drives pathological angiogenesis in vivo. (53)
Finally, cancer cells have shown to generate lipid-enclosed microvesicles able to

convey signals in distant sites and playing a role in metastases establishment. (47)
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Figure 3 - Main mechanisms by which lipids contribute to cancer biology. (47)

Lipid metabolism in breast cancer

It is nowadays recognised that lipids play an essential role in the physiopathology of
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many cancers, included breast cancer. This has been hypothesized for decades, due to
the well-documented association between overweight and breast cancer reported since
1976. In these reports, obese BC patients exhibited significantly larger and more
invasive tumours, along with lower survival rates compared to the control group. (54)
Elevated BMI, obesity and metabolic syndrome are nowadays recognized as risk

factors, as well as negative prognostic factors, for breast cancer. (6)

Excess of adipose tissue, especially in postmenopausal women where it represents the
main source of circulating estrogens synthesis, represents a risk factor for breast cancer
leading to excessive hormonal stimulation of the mammary gland. (6) Metabolic
syndrome is a clinical condition characterized by the presence of at least three of the
following factors: abdominal obesity, altered glycaemic metabolism (diabetes or
prediabetes), elevated lipid levels (cholesterol and/or triglycerides), and high blood
pressure. (6) Insulin resistance, correlated to being overweight and leading to increased
blood insulin levels, is also linked to certain cancers, including breast cancer. Indeed,
insulin acts on the membrane receptor of IGF-1, activating intracellular signalling
pathways fundamental for neoplastic growth and described among drug resistance
mechanisms. (9) Dyslipidaemia, defined as imbalanced blood lipid levels and strongly
linked to obesity, may also contribute to breast cancer development as well as poorer
outcome and drug resistance. (44) Indeed, dietary cholesterol has been associated with

an increased risk to develop BC for many years. (55)

While much attention has always been given to metabolic disorders such as obesity
and metabolic syndrome, recently many studies are exploring changes in lipid
metabolism within tumour cells to understand their association with tumorigenesis,

prognosis, and treatment efficacy.

Breast cancer is strongly associated with the biological function of FA metabolism
owing to the abundant presence of adipocytes in breast tissue. (48) However, breast
cancer consists of a group of heterogeneous subtypes in which different pathways
dysregulation are involved. Many important pathways have been described as
responsible of lipid metabolism alteration. Particularly, regarding HR+ breast cancers,
it has been reported that the estrogen (ER) and progesterone (PR) receptor pathways

has a key role in lipid metabolism alterations. For instance, de novo FAS and FA
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transportation rate are also modulated based on hormone status and show increased
levels in HR+ tumours compared to HR- ones. HR status is also related to lipid
membrane modulation. Moreover, it has been shown that FASN, in turn, regulates the

ER signalling pathway in mammary carcinoma cells. (56)

Lipids have been seen to play a role also in many drug resistance mechanisms,
representing possible candidates as predictive biomarkers. For instance, numerous
studies demonstrate that changes in the lipid composition of cellular membranes, as
well as changes in FA metabolism, are linked to chemotherapy resistance. (52,56—60)
Concerning endocrine therapy, resistant BC cell line models, compared to isogenic
sensitive lines, show SREBP1-driven upregulation of genes involved in lipid, notably
cholesterol, biosynthesis and targeting of SREBP has demonstrated to be effective in
reducing the growth of these resistant cell lines. (61,62)

Lipidomic as biomarker in breast cancer

The potential for lipids as biomarkers has come to the forefront thanks to great
advances in technologies enabling the quantitative analysis of complex lipids,
including mass spectrometry-based lipidomics. Lipidomics is a new omics approach
which studies the lipid profile of a cell, tissue, or organism. In recent years, several
publications are providing initial data on potential roles of studying lipid profiles in
breast cancer, such as: differentiating breast carcinoma from healthy tissues and
differentiating subtypes of breast carcinoma (63—68), distinguishing breast cancer
patients from healthy controls (65,69—74), highlighting tumours with increased
metastatic potential and worse prognosis (75-77), providing insights for the
development of therapeutic targets (78—88), predicting response to radiotherapy (89)
and chemotherapy (90,91). However, nowadays few of these markers are currently
being used in the clinic and the role of lipidomic studies in other settings, such as

CDKA4/61 treatments in HR+ metastatic breast cancer, have still to be explored.

IMMUNE SYSTEM IN BREAST CANCER

Immune system in cancer

Cancer immune surveillance refers to the process by which the immune system
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monitors, recognizes, and eliminates newly formed tumour cells. This process
involves three critical phases: elimination, equilibrium, and escape, through which
tumour development progresses. One of the recognized hallmarks of cancer is its
ability to evade immune surveillance. Cancer cells not only develop mechanisms to
suppress the immune response but can also manipulate the immune system to support
tumour growth. However, the mechanisms behind this process are not yet fully

understood. (92)

Several types of immune cells such as lymphocytes, macrophages, and neutrophils,
infiltrate the TME in response to the tumour presence. However, tumour infiltrate
composition plays conflicting and seemingly counterintuitive roles in creating a
tumour-antagonizing or tumour-promoting environment. In the elimination phase,
immune cells can control and eliminate cancer cells, but later in the escape phase they
often contribute to cancer development. Indeed, inflammatory cells and cytokines
found in tumours tent to contribute to promote immunosuppression, rather than
effective antitumour responses. The paradoxical role of immune cells is due to
functional plasticity of myeloid and lymphoid cells, whose phenotype changes based
on the stimuli they receive within the TME. (92)

The most well characterized mechanisms by which breast cancer cells evade the
immune response include the expression of immune inhibitory costimulatory receptors
(such as PD-1, CTLA-4, LAG-3), the secretion of tumour-derived immunosuppressive
factors (TGF-p, IL-10, IDO) and the infiltration of suppressive immune cells (Tregs,
MDSCs, TAMs) into the TME. This creates an immunosuppressive environment that
can, in turn, influence tumour-associated cells, both immune and stromal cells,
affecting their capability to fight cancer cells and giving them the power to enhance

tumour cells’ survival and proliferation. (92)

T cells dysfunctional states

It is now well recognized that an efficacy immune state is a key factor for successful
antitumour immunity. (93) However, it is also demonstrated that the
immunosuppressive TME can induce dysfunctional states in T cells. High numbers of

tumour-specific functionally hyporesponsive T cells in the TME have been reported,
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resulting in failure of cancer cells elimination and counteraction of tumour
progression. Senescence and exhaustion of T cells are two dominant dysfunctional

states, which represent a challenging issue for antitumour immunity. (94)

Senescent and exhausted T cells comprise different subpopulations and their actual
definitions remain confusing since both states share several phenotypic and functional
characteristics, such as defective proliferative activity, impaired cytotoxic activity, and
increased cell cycle arrest. However, each state has unique molecular and
developmental signatures, such as surface molecules, cytokines, and transcriptional

profiles. (94)

T-cell exhaustion was initially described in chronic viral infections with increased
expression of a panel of inhibitory receptors (IR), including PD-1, CTLA-4, Tim-3,
LAG-3, BTLA, TIGIT, CD244 (2B4), and CD160. (94) Exhausted T cells are
incapable of proliferating and show impaired cytotoxicity and effector cytokine

production, including IL-2, TNF, and IFN-y. (95).

Cellular senescence was first described as a biological process in cells with a finite
lifetime and low rate of proliferation after extensive serial passages in vitro.
Senescence also occurs in human T cells with aging, as well as in chronic viral
infections and diverse types of cancers. (94) Cellular senescence processes are
triggered by telomere shortening (replicative senescence) and/or damage signals
(premature senescence), including oxidative stress, cell culture stress, DNA-damaging
chemotherapeutic agents, and mitogenic oncogenes. Senescent T cells present a high
expression of SA-B-Gal, dramatically downregulated expression of the costimulatory
molecules CD27 and CD28, and high expression of additional senescence-associated
markers, including Tim-3, CD57, CD45RA and KLRG-1. (94,95) Similar to exhausted
T cells, senescent T cells do not proliferate after TCR stimulation due to the loss of
several key molecules involved in the TCR signalling machinery. Additionally, they
exhibit upregulation of cell cycle regulatory genes (such as pl6, p21, and p53),
displaying cell cycle arrest. (94) Furthermore, far from being dysfunctional, senescent
T cells retain robust capacity to produce effector cytokines as they acquire a unique
senescence-associated secretory phenotype (SASP), producing high amounts of

proinflammatory cytokines, such as IL-2, IL-6, IL-8, TNF, and IFN-y. In contrast,
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senescent T cells also secret the suppressive cytokines IL-10 and TGF-B and show

reduced expression of the effector molecules perforin and granzyme B. (95)

Increased senescent and exhausted T cells have been found in both the circulation and
tumour sites in a variety of cancers, including breast cancer. Exhaustion in TILs,
emerging evidence indicates that cancer cells themselves can directly induce T-cell
exhaustion during cross talk. (94) Concerning senescence, recent studies have
demonstrated that both tumour-derived Treg cells and multiple types of tumour cells
can directly trigger T-cell senescence. Additionally, senescent T cells can directly
suppress other immune cells in the TME thanks to their unique SASP secretion.
(96,97) The growing body of evidence strongly suggests that that T-cell senescence is
an alternative novel mechanism utilized by malignant tumours for immune evasion.

(94)

It has been shown that untreated breast tumours exhibit an accumulation of CD8+ and
CD4+ senescent T cells in peripheral blood. These cells were also found to infiltrate

tumours as well as tumour-draining lymph nodes, both invaded and non-invaded. (95)

Immune infiltrate as a biomarker

Lymphocytic infiltrate has proven to be a strong prognostic and predictive indicator in
several types of cancers, included breast cancer. However, the composition of tumour
infiltrate can exhibit a wide range of phenotypes, and it has been demonstrated that

specific TIL subtypes possess distinct prognostic and predictive value.

For instance, high levels of PD1+ or FOXP3+ TILs as well as increased levels of
exhausted T cells are positively associated with a poor prognosis (94,95), while higher
levels of CD8+ TILs predict a good prognosis. (98) High levels of CD8+ TILs alone,
CD83+ DCs, CD20+ B cells, and CXCL13- producing CD4+ follicular helper T cells
(Tfh) have all be correlated with pathological complete response (pCR) in BC patients.
(92)

Furthermore, initial data demonstrates that T cell senescence/exhaustion profiles in
cancer patient are altered by antitumoral therapies, and these modifications could

predict response to therapy. For instance, neoadjuvant chemotherapy appears
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correlated to reduced expression of exhaustion markers in T cells and increased levels
of CD25- CD127- CD4+ T and CD8+ T cells, demonstrating its ability to stimulate
the immune system against cancer. This induced immune activation of seems to be
correlated with clinical response. (95,99,100) Concerning CDK4/61, one preclinical
study shows that CD8+ TILs from CDK4/6i-treated mice express lower levels of

exhaustion markers compared to not treated mice. (101)

LIPID METABOLISM AND IMMUNE STATUS

A link exists between lipid metabolism and T cell immune status: evidence shows the
importance of lipid metabolism in the functioning of the immune system. (47) It’s
demonstrated that lipids, such as cholesterol and FAs, play a crucial has a role in
controlling T cell differentiation, survival, and effector functions. (102) Dysregulated
lipid metabolism in cancer cells can disrupt immune cell activation, infiltration, and

effector functions, thereby facilitating immune evasion. (45,103)

TILs require nutrients found within the TME to support proliferation and
differentiation. Increasing evidence shows that malignant tumour cells and
neighbouring cells can establish nutrient-deprived conditions, through competitive
uptake of glucose, amino acids, glutamine, fatty acids and other metabolites or growth
factors, thus functionally impairing immune cells in the TME. (94,104) In addition to
nutrient consumption, metabolites produced by cancer cells, such as lactate, glutamine,
PGE2, arginine, tryptophan, FAs, cholesterol, oxysterols also have a deleterious effect
on immune function. (104) Hence, the functionality of T cells will not only be affected
by their intrinsic metabolic alterations, but also by the unfavourable metabolic milieu
within the TME. (93) Metabolic reprogramming represents one of the critical factors
controlling the development of both exhausted and senescent T cells in the TME.

(94,104)

T cells rely on lipid metabolism to function properly. Particularly, effector T cells need
to expand their energy sources to meet their increased energy and ATP demands. (47)
However, a lipid enriched TME is not sufficient to fulfil the energy needs of effector
T cells. Moreover, certain T cells, especially CD8+, lack the ability to synthesize all

the necessary enzymes for complete catabolism of different types of FAs. As a result,
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lipotoxicity increases, leading to T cells exhaustion. (105) Additionally, cholesterol
and FAs are vital sources for cell membranes necessary for immune cell proliferation,
they play a key role in immune cells differentiation, and they can directly affect the
function of immune cells, for example inhibiting TCR signalling and thus impairing T

cell proliferation and cytokine production. (47,104)

Furthermore, it has been shown that high levels of cholesterol in the TME promote the
expression of exhaustion markers, such as suppressive immune checkpoints of T cells,
including PD-1, LAG-3, and TIM-3, protecting tumour cells from immune
surveillance. (106) PD-1, PD-L1, CTLA4, IDO1, CD96, TIGIT, LAG-3, and PVR
have also shown higher expression levels in cancer cells with high FA metabolism-
related genes expression. (48) PI3K/Akt/mTOR signalling, often activated in breast
cancers cells and involved in lipids metabolism control, has been seen to promote the
expression of PD-L1. (107,108) PD-1/PD-L1 expression is also induced by AMPK
pathway, hyperactivated during scarcity of energy sources, that negatively regulates
gluconeogenesis, lipid, and protein synthesis and involved in T cells senescence
induction. (107) In turn, inhibitor receptors play a role in lipid metabolism. PD-1
engagement promotes FAO and lipolysis (104), while it suppresses glycolysis and
oxidative phosphorylation. CTLA-4 signalling inhibits glycolysis as well. (94)

Accumulated free FAs in cancer cells, cancer and tumour-associated cells preferential
anaerobic metabolism, and consequent high levels of lactate, low pH and hypoxia can
increase ROS production. (104) (94) The increased oxidative stress leads to damage
to cellular components, including DNA, proteins, and lipids and can enhance the
secretion of immunosuppressive cytokines in the TME such as IL-10 and TGF-p.

(48,109,110)

Effector immune cell grow rapidly and require lipids formed by fatty acid synthesis to
build cell membranes during proliferation, while memory immune cells grow slowly
and biosynthesis needs relatively little, so during memory formation, T cells revert to
oxidative phosphorylation and become increasingly dependent on mitochondrial FAO,
which plays an essential role in the generation and maintenance of memory T cell.

(93,104).
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Moreover, FAO can regulate the balance between effector and regulatory T cells. In
regulatory T cells, FAO is mainly used to provide energy, while in effector T cells it
is inhibited. (104) FOXP3, the essential regulator of Treg development and function,
promotes FA uptake and FAO and enhances Treg resistance to lipotoxic environments

to allow for expansion. (111)

The aberrant accumulation of lipid metabolites in tumour-infiltrating myeloid cells,
including MDSCs, DCs and TAMs, has been shown to skew these cells towards
immunosuppressive and anti-inflammatory phenotypes via metabolic reprogramming.
FAs accumulation in monocytes, as well as cancer cells inducted cholesterol efflux
from macrophages, leads to macrophages reprogramming to the M2 phenotype, known
to have an anti-inflammatory and pro-tumoral phenotype. (44,47,104) Those cells
mainly rely on FA oxidation as its source of energy. (112) Lipid accumulation in DCs
and macrophages impairs their pivotal role of MHC expression and antigen
presentation to T cells. (113) Indeed, it has been observed a relationship between
increased lipid levels in tumour-infiltrated DCs and the immunosuppression of
antitumour T cells. (44) Cancer-associated adipocytes and fibroblast markers
(respectively IL-6 and FAP) increased levels have also been detected in breast cancer
and are thought to exacerbate these cancer—stroma interactions, releasing pro-
inflammatory cytokines and FAs and transferring FAs to breast cancer cells, thus

leading to increased cell proliferation and migration. (48,56)
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THESIS OBJECTIVES

As described in the introduction, HR+/HER2- mBC patients have demonstrated
significant benefits from CDK4/6i-based therapy, showing a substantial increase in
PFS and OS compared to the previous standard of care. However, patients are destined
to undergo disease progression due to drug resistance. Various mechanisms have been
reported to play a role in CDK4/6i resistance, however, none of them are used as tools
in clinical practice. This underlines the importance of identifying new and more
effective biomarkers to allow the early detection of patients who are unlikely to have
a prolonged benefit from this treatment, identify mechanism of resistance to CDK4/61,

and find rescue treatment strategies for these patients.

Based on these premises, an observational, prospective, and translational study was
initiated at the A.O.U. Maggiore della Carita in Novara. This study aims to identify
new prognostic biomarkers in patients with HR+/HER2- advanced breast cancer
undergoing treatment with CDK4/6 inhibitors. The data presented in this thesis are

from a preliminary analysis of this study.

Evidence demonstrates that lipid metabolism alteration and dysfunctional T cell states,
such as T cell senescence and exhaustion, can have a key role in tumorigenesis,
progression and response to treatments in breast cancer patients, thus representing
valid candidates as prognostic and predictive markers for these patients. Seen this, the
study’s objective is to evaluate the possible prognostic and/or predictive role of
lipidomic profile and immunophenotypic T cell characterization in the peripheral

blood of HR+/HER2- mBC patients.

31



MATERIALS AND METHODS

STUDY DESIGN AND SETTING

The study from which the presented data are taken is an observational, prospective,
and translational study. It has been, and continues to be, conducted as a single centre
study at the A.O.U Maggiore della Carita in Novara. The biological samples required
for the research have been analysed at the UPO-CAAD (Center for Autoimmune and

Allergic Diseases) in Novara.

ELIGIBILITY CRITERIA

Inclusion Criteria
Only patients able to meet the following criteria were included in the study:

e Capability and willingness to read, understand and sign the informed consent
form prior to the initiation of any study-related procedure.

e Age> 18 years.

e Pathologically documented diagnosis of HR+/HER2- metastatic breast
cancer.

e Indication for treatment with endocrine therapy (ET) and CDK4/6 inhibitors

(Abemaciclib, Ribociclib, Palbociclib), according to standard of care.

Exclusion Criteria

The only exclusion criterion for this study concerns subjects with psychological,
familial or social conditions that could contraindicate compliance and adherence to the

proposed therapies.

RECRUITMENT AND DATA COLLECTION

During an initial or periodic follow-up visit, patients who met the inclusion and

exclusion criteria were identified and, after a preliminary evaluation, were invited to
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participate in the study. Upon receiving the appropriate information, consenting
patients provided written consent to join the initiative. Subsequently, clinical
evaluations and blood sample collections were conducted before the initiation of
CDK4/6i-based therapy. The blood samples were delivered and processed at the UPO-
CAAD Research Laboratory. No additional non-routine visits or procedures were

conducted.

Clinical evaluation

The baseline clinical evaluation included personal data, anthropometric data,
physiological anamnesis, pharmacological anamnesis, and medical history, including
oncological history and any other past or concurrent illnesses. During follow-up visits,
any treatment changes such as treatment cessation or modification were evaluated. At
the time of reassessments, the type of treatment response was assessed and defined as
complete response, partial response, stable disease, or progressive disease based on

standardized criteria such as Response Evaluation Criteria in Solid Tumors (RECIST).

Peripheral blood analysis

At the time of collection, approximately 30 ml of blood were drawn and collected into
EDTA-containing tubes. The material was maintained at room temperature and
delivered to the immuno-oncology laboratory at the University Center for
Translational Research on Autoimmune and Allergic Diseases (UPO-CAAD) in

Novara. From sample collection to processing, no more than 24 hours elapsed.

The samples underwent the following analyses:

e Density gradient centrifugation using Ficoll/Hypaque to collect serum and
peripheral blood mononuclear cells (PBMCs) from blood samples.
o PBMCs were used for flow cytometric analysis to characterize the
senescent and exhausted phenotype of CD3+ T lymphocytes.
o Serum was used for lipidomic profiling using LS-MS/MS technology

to assess the lipidomic profile of the patients.
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T cell characterization

Quantitative and qualitative evaluation of senescent and exhausted CD3+ lymphocytes
of peripheral blood was conducted for each blood sample. After obtaining peripheral
venous blood, PBMCs were isolated using a density gradient centrifugation method.
The isolated cells were then stained and incubated with a viability dye and specific
fluorochrome-conjugated antibodies targeting surface markers associated with T cell
senescence and exhaustion. Following staining, the cells were washed and analysed

for T-cell phenotyping using Fluorescence-Activated Cell Sorting (FACS) with the

latest version of FlowJo software.
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Figure 4 - FACS (Fluorescence-Activated Cell Sorting)

The expression of the following surface markers was evaluated by FACS analysis:
- (D4 and CD8 are transmembrane glycoproteins that serves as a co-receptor
for the T cell receptor (TCR) and respectively define the T helper and the T
cytotoxic phenotype.
- CD28 is a co-stimulatory molecule found on T cells, it provides essential

signals for T cell activation and survival when it binds to its ligands.
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(CD80/CD86) on APCs. It is usually unexpressed by senescent T cells, while
exhausted T cells express it on their surface.

- PDI1 (Programmed cell death protein 1) is an inhibitory receptor able to
reduce T cell activity after binding its ligands (PD-L1 and PD-L2)
maintaining immune tolerance and prevent autoimmunity. It is a key
regulator of T cell exhaustion.

- TIGIT (T cell immunoreceptor with Ig and ITIM domains) is an inhibitory
receptor expressed on T cells, it binds to its ligands (CD155 and CD112) to
inhibit T cell activation and proliferation, contributing to anti-tumor immunity
suppression. It is expressed in exhausted T cells.

- LAG3 (Lymphocyte-activation gene 3) is an inhibitory receptor that binds to
MHC class II molecules and negatively regulates T cell proliferation and
activation. It contributes to T cell exhaustion.

- (D57 is a marker found on a subset of NK cells and T cells, particularly those
with a history of repeated activation. It is associated with terminal
differentiation and cellular senescence in T cells, indicating a less proliferative
but cytotoxic phenotype.

- KLRGI (Killer cell lectin-like receptor G1) is an inhibitory receptor that binds
to E-cadherin on target cells and delivers inhibitory signals that reduce cell
proliferation and cytotoxicity. KLRGI1 expression is associated with T cell

exhaustion and senescence.

Overall, exhausted T Iymphocytes have been identified as CD4+/CD8+
CD28+PDI+TIGIT+LAG3+ cells, while senescent T lymphocytes as CD4+/CD8+
CD28-CD57+KLRG1+ cells.

Lipidomic profiling

Lipidomic analysis was performed for baseline blood samples using an untargeted LS-
MS/MS (liquid chromatography—tandem mass spectrometry) based approach. This is
a powerful analytical technique used to comprehensively characterize the lipid
composition of biological samples, allowing for the identification and quantification
of hundreds of different circulating lipids in both absolute and relative terms. This type

of analysis offers valuable insights to overcome the current limitations of standard

35



prognostic and predictive technologies, defining a new field for personalized medicine

application.

After obtaining peripheral venous blood, serum was isolated using a density gradient
centrifugation method. Subsequently, lipids were extracted from the serum samples
and injected into a liquid chromatography system capable of separating lipids based
on their physicochemical properties such as polarity, hydrophobicity, and size. After
this, tandem mass spectrometry was performed to further characterize individual lipid
species. Following chromatography, tandem mass spectrometry (MS/MS) was
performed to further characterize individual lipid species. This technique selects
specific lipid ions of interest (precursor ions) and fragments them into smaller ions
(product ions) using collision-induced dissociation (CID) or other fragmentation
methods. Analysis of the fragmentation patterns allows for the identification and
quantification of lipid species based on their head group and fatty acid composition.
The acquired MS/MS data were then processed and analysed using specialized
software tools.

Mobile phase
Mass spectrometer

Injection valve
Autosampler — -
e Detector
EP I I | Quadrupoles
|J Lenses
Q1 Q2
Sample tray
\z. I —
—— i ¢ A
Analytical column Electrospray
Collision cell

Figure 5 - LS-MS/MS (liquid chromatography—tandem mass spectrometry)

36



DATA MANAGEMENT AND STATISTICAL ANALYSIS

The data were collected and stored in an electronic database in a pseudonymized

manner. Each patient was assigned a unique code, which was used to correlate clinical

and laboratory data in compliance with privacy regulations. The database contained

information obtained from clinical evaluations, medical records, and laboratory

analyses, including:

Personal data: patient code, gender, date of birth;
Anthropometric data: weight, height, BMI;

Physiological anamnesis: smoking, alcohol use, dietary habits, menopausal

status;
Pharmacological anamnesis;
Medical history

o Oncological history: date of first breast cancer diagnosis, disease stage
at diagnosis, date of metastatic disease diagnosis, sites of metastatic
disease, histological type, tumour grading, ER/PgR/Ki67/HER2
expression levels, BRCA mutation, prescribed oncological treatment
(drugs, start date, therapy line), eventual prior oncological treatments,

endocrine resistance;

o Other past or concurrent relevant illnesses;
Total cholesterol, HDL, LDL, triglycerides, insulin, glucose, HOMA-IR index
evaluated at TO and T1;
Date of eventual progressive disease or death;
Eventual time and cause of treatment cessation or modification;

Last contact date.

Endocrine sensibility was defined as either de novo mBC recurrent disease without

previous adjuvant ET for early BC, or recurrent disease occurring at least 12 months

after adjuvant ET end date. Primary endocrine resistance was defined as either disease

recurrence during the first 2 years of adjuvant ET for eBC or disease progression
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within the first 6 months of first line ET for mBC. Secondary endocrine resistance was
defined as disease recurrence at least 2 years after the start of adjuvant ET and within
12 months from end date of adjuvant ET, or disease progression after 6 months of first

line ET in case of mBC.

Laboratory data at baseline included:

e Biochemical profile, including total cholesterol, HDL, LDL, triglycerides,
insulin, glucose;
e Senescent and exhausted T cells levels, both expressed as a percentage;

e Lipidomic profile.

The prognostic role of serum lipids and circulating T cells populations was evaluated
by assessing their association with progression-free survival (PFS), overall survival
(OS), and overall response rate (ORR). Rresults at an alpha level of 0.05 were then
selected to be fitted in multivariable models accounting for age at diagnosis (younger
than 65 years versus older), and presence of visceral disease (yes versus not). Kaplan-
Meier survival curves, log-rank test, and Cox’s proportional hazard regression were
performed for survival analysis. Logistic regression was performed to assess the

association with ORR.

To better identify biomarkers associated with early progression, clinical benefit rate
(CBR) was also evaluated. Clinical benefit rate was defined as the percentage of
patients who achieved a complete response, a partial response, or a stable disease at
six months after the starting of treatment. In addition, a potential correlation between
the lipidomic profile and metastatic sites, distinguishing between bone/soft tissue
metastases and visceral metastases, will be examined. The distribution of circulating
biomarkers according to CBR and metastatic sites was assessed by means of Mann

Whitney U test, and Kruskal-Wallis test as appropriate.

Expression levels of markers on T cells has been evaluated and compared between

patients of two groups

- PD/death: patients who experienced PD or death during CDK4/6i treatment.
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- response/SD: patients who did not experience PD or death during CDK4/61

treatment.

Firstly, CD3+ T lymphocytes were considered altogether, then CD4+ T helper and
CD8+ T cytotoxic lymphocytes levels were evaluated separately. The frequency T-
cell subtypes, categorized based on treatment response (response/SD vs PD/death),

was assessed using Mann Whitney U and Wilcoxon matched-pairs rank test.

Spearman’s correlation test between serum lipids and circulating T cells was
performed to investigate the link between patients lipidic profile and host’s antitumor
immunity. Normally distributed data were presented as mean and Standard Deviation
(SD). For descriptive purposes, baseline characteristics were defined as categorical
variables and reported as values and percentages. Data analyses were performed using
Graph Pad prism v.8 and FlowJo 10.9.0. and R software, v1.4 All reported P values

were two-tailed and P < 0.05 was considered statistically significant.

ETHICAL CONSIDERATIONS

This study was conducted in accordance with the protocol and with the following
consensus ethical principles derived from international guidelines including the
Declaration of Helsinki and Council of International Organizations of Medical
Sciences (CIOMS) international ethical guidelines, applicable ICH Good Clinical

Practice (GCP) guidelines and applicable laws and regulations.
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RESULTS

PATIENTS CHARACTERISTICS

A total of 63 patients have been enrolled in the study from 2021 to today.

All the enrolled patients were female (n = 63; 100%), with a mean and median age of
66 and 69 years, respectively (range 38-87 years). Most patients were postmenopausal

(n=52, 83%), while only few were premenopausal (n=11, 17%).

Nearly half of the enrolled patients were healthy weight, with a BMI between 18,5 and
25 (n=32, 51%). Overweight, defined as BMI comprised between 25 and 30, and
obesity, defined as BMI greater than 30, represented 25% and 19% of the total,
respectively (n=16; n=12). Only 3 patients were underweight, with a BMI lower than
18,5 (5%).

Some patients presented with comorbidities and concomitant chronic treatments.
Among these, we evaluated those that could affect variables considered in the study,
such as lipid metabolism and immune system functionality. Seventeen percent had a
previous diagnosis of cancer (n=11), ten percent had a diagnosis of diabetes and took
antidiabetic medications chronically (n=6), eight percent were affected by

dyslipidaemia and were treated with statins (n=5).

Table 3 - Patient general characteristics

Characteristic Number of patients % of patients
Enrolled patients 63 100%

Sex

Female 63 100%

Male 0 0%

Age

< 65 years 26 41%

> 65 years 37 59%
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Menopausal status

Post-menopausal 11 17%
Pre-menopausal 52 83%
BMI

Underweight (< 18,5) 3 5%
Healthy weight (18,5-25) 32 51%
Overweight (25-30) 16 25%
Obesity (> 30) 12 19%
Comorbidities

Diabetes mellitus 6 10%
Dyslipidaemia 5 8%
Another cancer 11 17%
Concomitant chronic treatments

Anditiabetics 6 10%
Statins 5 8%

All patients presented with ER+/HER2- advanced breast cancer. Among them, 57%
had a recurrent mBC (n=36), 37% de novo mBC (n=23), and 6% non-operable locally
advanced breast cancer (n=4). Most of the metastatic patients presented with a single
metastatic site (n=25, 40%), while 22% (n=14), 29% (n=18) and 10% (n=6) of the
patients showed 2, 3 or 4 metastatic sites, respectively. However, patients with more
than one metastatic site represented 60% of the total (n= 38). Patients with or without
visceral disease were 32 (51%) and 31 (49%), respectively. The most common
metastatic site was bone (n=39, 62%), followed by lymph nodes (n=32, 51%), soft
tissues (n=13, 21%), lung (n=13, 21%), liver (n=12, 19%) and brain (n=3, 5%)).
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Table 4 - Metastatic breast cancer characteristics

Characteristic Number of patients % of patients
Enrolled patients 63 100%
Presentation

Recurrent 36 57%
De novo 23 37%
LA 4 6%
Number of metastatic sites

1 25 40%
2 14 22%
3 18 29%
4 6 10%
Visceral vs non visceral disease

Visceral disease 32 51%
Non visceral disease 31 49%
Metastatic sites

Bone 39 62%
Lymph nodes 32 51%
Soft tissue 13 21%
Lung 13 21%
Liver 12 19%
Brain 3 5%
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Regarding tumour characteristics, the most prevalent histopathological type was
invasive ductal carcinoma (n=44, 70%), followed by invasive lobular carcinoma
(n=14, 22%). ER expression ranged from 5% to 100%, with an average and median
value of 87% and 95%, respectively. Indeed, most of the patients showed a high ER
expression, defined as expression level greater than 50% (n=58, 92%). Only few
patients demonstrated an intermediate (n=4, 6%) or low (n=1, 2%) ER expression,
defined as between 10% and 50% or lower than 10%, respectively. Regarding HER2
status, the number of patients with HER2-negative disease (n=30, 48%), defined as 0
at immunohistochemistry (IHC), was similar to those with HER2-low expression,
defined as IHC 1+ or 2+ with a negative FISH (n=32, 51%). For only one patient this
information was missing. Tumour characteristics assessment was performed on

metastatic disease biopsy for most of patients (n=48, 76%).

Table 5 - Biologic and molecular features

Characteristic Number of patients % of patients
Enrolled patients 63 100%
Histology

CDI 44 70%

CLI 14 22%

Other subtypes 5 8%

ER expression

Low (<10%) 1 2%
Intermediate (10-50%) 4 6%
High (>50%) 58 92%

HER?2 status

Negative (IHC 0) 30 48%
Low (IHC 1+ or 2+/FISH-) 32 51%
NA 1 2%
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All enrolled patients received a CDK4/6i-based treatment, comprising a CDK4/6i
among Abemaciclib (n=23, 37%), Ribociclib (n=15, 24%), and Palbociclib (n=25,
40%). Endocrine therapy was chosen based on endocrine sensibility and menopausal
status of the patient, according to clinical practice guidelines. Most of the patients were
post-menopausal, while 11 (17%) were premenopausal and were therefore treated with
ovarian function suppression (OFS) in addition to ET. Most patients were endocrine
sensible (n=39, 62%), while 6 (10%) and 18 showed primary and secondary (29%)
endocrine resistance, respectively. Most patients received aromatase inhibitors (Als),

(n=43, 68%), fewer patients received Fulvestrant (n=20, 32%)).

CDK4/6i-based treatment represented first line therapy for the majority of patients
(n=50, 79%), only few patients had already received other treatments for mBC (13,
21%). Regarding previous oncological treatments, 29 (46%) patients had been treated
with previous chemotherapy (n=29, 46%), either in the (neo)adjuvant or metastatic
setting. At the time of data cutoff, most patients were still on treatment with CDK4/61
(n=37, 59%). Disease progression, death, and drug toxicity were reasons for treatment
discontinuation in 20 (32%), 3 (5%), and 3 (5%) patients, respectively. Overall, 11

deaths were observed during the study observation period (17%).

Table 6 - CDK4/6i treatment

Characteristic Number of patients Percentage of patients
Enrolled patients 63 100%
CDK4/6i

Palbociclib 25 40%
Abemaciclib 23 37%
Ribociclib 15 24%
Associate ET

Al 43 68%
Fulvestrant 20 32%
OFS

Yes 11 17%
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No 52 83%

Hormone resistance

No 39 62%
Primary 6 10%
Secondary 18 29%

Treatment line

First 50 79%

Subsequent 13 21%

Previous CT

Yes 29 46%

No 34 54%

Current status

CDK4/61 ongoing 37 59%
CDK4/61 stopped 26 41%
- b 20 32%
- Death 3 50,
- Toxicity 3 50,
Death 11 17%
LIPIDOMIC ANALYSIS

Untargeted LS-MS/MS-based lipidomic analysis was performed from blood samples
of 30 enrolled patients. Four samples were excluded for low output quality, and the
concentration of 1139 circulating lipids was obtained for the remaining 26 samples.
Of them, 14 were from patient who experienced PD or died during study observation.
Overall, 9 lipids showed a statistically significant association with an increased risk of
PFS event: phosphatidylcholine (PC.0.36.4), lyso-phosphatidylcholine (LPC.0.26.1),
phosphatidylethanolamines (PE.P.38.1.PE.P.20.0 18.1, PE.P.40.5.PE.P.18.0 22.5),
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sphingomyelins (SM.44.4.30, SM.44.2.20.SM.18.1.20.26.1), N-acylethanolamine
(NAE.18.1), lysophosphatidylinositol (LPI.18.1) and diacylglycerol (DG.30.5).

Table 7 - Cox regression univariate analysis of circulating lipids

Variable N |Neventf HR |Lower HR|Upper HR| p-value
PC.0.36.4 26 14 1.10 1.03 1.18 0.006
SM.44.4.30 26 14 1.25 1.04 1.50 0.013
LPC.0.26.1 26 14 1.25 1.04 1.50 0.017
NAE.18.1 26 14 1.27 1.04 1.56 0.021
PE.P.38.1.PE.P.20.0_18.1 26 14 3.16 1.18 8.48 0.022
LPI.18.1 26 14 1364.31 1.53 1215303.27  0.037
PE.P.40.5.PE.P.18.0_22.5 26 14 2.78 1.01 7.67 0.049

Cox regression multivariate analysis was performed and six out of nine associations
remained significant after adjustments for age at diagnosis and presence of visceral
disease (VD). Results showed that high serum concentrations of sphingomyelin (SM
44:4;30 HR 1.28 [1.05 — 1.55]), phosphatidylethanolamine (PE P-38:1 HR 3.16 [1.18
- 8.48]), N-acylethanolamine (NAE 18:1 HR 1.27 [1.04 - 1.56]) and
phosphatidylcholines (PC O-36:4 HR 1.10 [1.03 - 1.18], LPC O-26:1 HR 1.25 [1.04 -

1.50]) were associated with poorer PFS.

Table 8 - Cox regression multivariate analysis of circulating lipids

Variable N |Neventf HR |Lower HR |[Upper HR| p-value
PC.0.36.4 26 14 1.14 1.03 1.25 0.009
Age >65 vs <65 26 14 0.51 0.13 2.02 0.337
VD vs non VD 26 14 0.73 0.20 2.73 0.640
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SM.44.4.30 26 14 1.29 1.04 1.61 0.020

Age >65 vs <65 26 14 1.46 0.45 4.67 0.527
VD vs non VD 26 14 0.94 0.26 3.47 0.929
LPC.0.26.1 26 14 1.25 1.04 1.51 0.017
Age >65 vs <65 26 14 1.66 0.52 5.34 0.394
VD vs non VD 26 14 1.07 0.30 3.81 0.913
NAE.18.1 26 14 1.36 1.07 1.73 0.011
Age >65 vs <65 26 14 2.33 0.66 8.20 0.187
VD vs non VD 26 14 0.86 0.23 3.20 0.826
PE.P.38.1.PE.P.20.0_18.1 26 14 3.23 1.18 8.84 0.023
Age >65 vs <65 26 14 1.49 0.48 4.59 0.492
VD vs non VD 26 14 1.06 0.32 3.53 0.920
SM.44.2.20.SM.18.1.20.26.1 26 14 1.52 1.02 2.27 0.039
Age >65 vs <65 26 14 1.88 0.57 6.19 0.302
VD vs non VD 26 14 1.05 0.31 3.58 0.941

To assess whether significant lipids were able to identify prognostic subgroups, we
stratified patients according to different cutoff of lipids concentrations (i.e. median,
tertiles, quartiles) and derived Kaplan-Meier survival curves. Notably, five out of six
lipids were able to identify groups of patients with statistically significant and

clinically relevant differences in PFS.
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Figure 6, 7, 8, 9 — Kaplan-Meier curves of circulating lipids statistically significantly
associated with PFS.
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T CELL CHARACTERIZATION

Blood samples from 44 patients were collected for T cell characterization. After
exclusion of 4 samples due to low lymphocytes viability, downstream analysis were
performed for the remaining 36 samples. Among these patients, 13 developed PD or

died due to breast cancer during follow-up.

T cells were isolated from peripheral blood and immune phenotyping was conducted

to identify cells who showed senescence or exhaustion features.

No statistically significant differences between the two groups were observed when
comparing levels of senescence or exhaustion profiles, nor when comparing levels of
individual senescent or exhaustion markers both in CD3+ T cells or CD3+CD8+

cytotoxic lymphocytes.
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Senescent T lymphocytes (CD3+)

Mann-Whitney test (SD=23; PD=13)

CD3+CD28- CD3+CD28-CD57+KLRG1+
ns
100 50
B0 40
60 30 °
= B —
40 204 *3* *°
2 :
204 104 4 . =5
g : * 5,
0- 0__'7'_._7_-_
5D PD
p=0.47867 p=0.1167

Senescent-like T lymphocytes (CD3+)

Mann-Whitney test (SD=23; PD=13)

CD3+CD28-CD57+ CD3+CD28-KLRG1+
ns 80
60 ns
* 60 .
40+ % .
22 . R 404
| e ¥ st iy
20 IR, 8 20 :.:: Y
E : (] . : L] L] : ': L] : .
Gl E2E _ga e
sD  PD sD  PD
p=0.3570 p=04345

Exhausted T cytotoxic lymphocytes (CD8+)

Mann-Whitney test (SD=23; PD=13)

cDs+CD28+ CD8+CD28+LAG3+PD1+TIGIT+
40 ns 0.4 Ha
- ‘ 0.3 .
-} ..
$ 20 . : ™ Y :. = 0.24 L]
i s
» * 0.1
10 :.:.: .® ‘ -
0=—r 1 W
sD  PD
p=0.3240 pro,1563

50



Exhausted-like T cytotoxic lymphocytes (CD8+)

Mann-Whitney test {SD=23; PD=13}
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Figure 10, 11, 12, 13, 14, 15, 16, 17 — Mann-Whitney test, CD3+ T lymphocytes and CD8+

T cytotoxic lymphocytes characterization
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No statistically significant differences in levels of senescent CD4+ T lymphocytes and
in expression levels of senescent markers on T helper were found comparing the two
groups. However, higher level of exhausted T helper lymphocytes, defined as
CD4+CD28+PD1+LAG3+TIGIT+ T-cells, have been observed in the PD/death group
compared to response/SD group (0.05 + 0.07 vs 0.14 £ 0.15, p= 0.0066). Moreover,
considering exhaustion markers separately, T helper lymphocytes expressing PD1+
have showed higher levels in the PD/death group compared to response/SD group
(0.91£0.47 vs 1.83 £1.22, p=0.0117). Other exhaustion markers (LAG3, TIGIT) did

not show different expression in the two groups, when evaluated separately.
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Senescent T helper lymphocytes (CD4+)

Mann-Whitney test (SD=23; PD=13)
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Figure 18, 19, 20, 21 — Mann-Whitney test, CD4+ T helper lymphocytes characterization

At the survival analysis high frequency of CD3+ T lymphocytes expressing TIGIT
(HR 1.25 [1.01 - 1.53]) and of PD1+ T helper lymphocytes (HR 1.99 [1.18 - 3.34])
were associated with statistically significant increased risk of PD or death. Other two
populations showed a similar trend but were not statistically significant at an alpha

level of 0.05 : exhausted T helper lymphocytes (CD4+CD28+LAG3+PD-1+TIGIT+) and



Table 9 - Cox univariate analysis of T cell populations

Population N | Nevent | HR Lower HR | Upper HR | p-value
CD4+CD28+PD-1+ 33 10 1.99 1.18 3.34 0.010
CD3+CD28+TIGIT+ 33 10 1.25 1.01 1.53 0.037
CD4+CD28+LAG3+PD-1+TIGIT+ 33 10 43.68 0.87 2194.01 0.059
CD3+CD28+PD-1+ 33 10 1.36 0.99 1.88 0.059

Cox regression multivariate analysis was performed and, after age and visceral
metastases adjustments, significant associations remained as such for

CD4+CD28+PD-1+ and CD3+CD28+TIGIT+ T lymphocytes.

Table 10 - Cox multivariate analysis of T cell populations

Population N N event HR Lower HR Upper HR p-value
CD4+CD28+PD-1+ 33 10 2.06 1.16 3.66 0.013
VD vs non VD 33 10 0.90 0.20 4.09 0.889
Age >=65 vs <65 33 10 0.74 0.20 2.77 0.657
CD3+CD28+TIGIT+ 33 10 1.27 1.02 1.58 0.013
VD vs non VD 33 10 1.34 0.32 5.51 0.688
Age >=65 vs <65 33 10 0.59 0.15 2.28 0.439

Next patients were stratified according to arbitrary cutoffs (i.e. median, tertiles,
quartiles) in the frequencies in lymphocytes that showed significant association in
previous analysis: exhausted T helper lymphocytes, exhausted-like T helper
lymphocytes expressing PD1 and T cells expressing the exhaustion marker TIGIT. All
of them showed a statistically significant correlation with poorer PFS when present in

high circulating levels.
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Figure 22, 23, 24 — Kaplan-Meier curves of T lymphocyte populations significantly
associated with PFS.
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LIPIDOMIC PROFILE AND IMMUNOPHENOTYPE
CORRELATION

Preliminary analysis of a potential correlation between results obtained from lipidomic

analysis and T cell characterization was conducted. Spearman’s correlation test was

performed to assess a possible association between lipids and T cell populations that

were statistically significant in previous analyses. A moderate correlation was found
for PD1+ T helper lymphocytes with NAE 18:1 (R=0.56, p=0.05) and PE P-38:1
(R=0.66, p=0.017).
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Figure 25 - Spearman’s correlation test, PD1+ T helper lymphocytes association with NAE

18:1 and PE P-38:1
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DISCUSSION

PROGNOSTIC ROLE OF LIPIDOMIC PROFILE

Lipids have demonstrated to play a key role, not only in tumorigenesis and tumour
growth, but also in increasing aggressiveness and metastatic potential of cancers, as
well as influencing different drug resistance mechanisms in a wide variety of cancers,
including breast cancer. Therefore, lipid profile represents a possible candidate as a

prognostic and predictive biomarker for breast cancers patients.

Phospholipids (PL) are an essential and ubiquitous class of lipids, serving as key
components of cell membrane lipid bilayers and participating in various metabolic and
signaling pathways. Phosphatidylcholine (PC) and phosphatidylethanolamine (PE) are
the most dominant phospholipids in the majority of biological membranes. (114)
Increased phospholipid metabolism has been reported in breast cancer tissue.
Particularly, higher levels of PC and PE or their precursor molecules (PCho and
phosphoethanolamine) have been detected in tissue samples from breast cancer
patients compared with healthy tissue. The same association has been observed in
breast cancer cell lines. (115-118) Moreover, significant difference in serum
phospholipids content was found, especially PC and PE, between breast cancer
patients and cancer-free individuals. These lipids are apparently specific products of
tumor cells released into the blood stream. (119) Lysophosphatidylcholines (LPC) has
been detected in a relevant abundance in blood microvescicles from BC patients
compared to controls. Moreover, high concentrations of specific LPC and PC species
have been associated with shorter overall survival. (120) LPC/PC ratio was found to
be higher in breast cancer tissues compared to healthy tissue. (121) According to
literature we found increased levels of specific circulating phospholipids to be
correlated to a poorer PFS in a cohort of patients treated with CDK4/6i-based
treatment. In particular, greater levels of PC.0.36.4, PE.P.38.1.PE.P.20.0 18.1 and
LPC.0.26.1 have been associated with an increased risk of PD.

Dysregulation of sphingolipids (SL) homeostasis has been seen to play a critical role

in the development and progression of cancer. (122) Sphingomyelin (SM) is one of
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the most abundant SL in biological membranes, where it plays important structural
roles and regulates numerous signalling pathways. Sphingomyelins have been detected
in higher levels in blood microvescicles from BC compared to controls. (120)
Moreover, total levels of SM, as well as all some specific SM species were found in
significantly higher levels in breast cancer tissues than in normal breast tissue. (122)
Ceramides are precursor of SM, they are known to promote Fas-mediated apoptosis
through interaction with key molecules in the Fas-FasL pathway, such as Bak, Bax,
and Bcl-2. Higer levels of sphingomyelin synthases, the enzyme responsible to SM
synthesis by converting ceramides (Cer) into SM, have been associated with higher
BC aggressivity, promoting cancer cell proliferation by suppressing a Cer-associated
apoptotic pathway, and cancer cell migration and invasiveness by enhancing EMT
through the activation of TGF-B/Smad signalling pathway. Higher levels of
sphingomyelinases, the enzyme catalyzing the hydrolysis of SM regenerating Cer, as
well as increased Cer levels, have been correlated to less BC aggressivity.
Sphingomyelinases have also been seen to play an essential role for the efficacy of
chemotherapy and radiotherapy, and many studies have also linked these enzymes
with drug resistance. (122) Indeed, SL metabolism in dox-resistant MCF-7 cells has
been seen to be oriented toward the downregulation of Cer and the concomitant
increase in SM. (90) In line with what has been described in literature we found higher
levels of circulating SM.44.4.30 to be associated with a higher risk of PD, therefore

correlating with a poorer PFS.

Fatty acids have been observed to be associated with a poorer prognosis in breast
cancer, as well as to play a role in many drug resistance mechanisms. (91) Within the
class of fatty acyl lipids, the N-acylethanolamines (NAEs) have garnered attention as
a family of bioactive fatty acid amides with roles in diverse biological processes,
probably including cancer-involved processes. Altered NAE levels have been reported
in various forms of cancer. Increased expression of NAE receptors has been detected
in breast cancer, and an association between NAE receptors and cancer outcome has
also been described. Finally, they have also been associated with resistance to
anticancer drugs. (123) We found higher levels of NAE 18:1, also known as N-
Oleoylethanolamine (OEA), to be associated with worse PFS. OEA is the amide of

oleic acid and ethanolamine and acts mostly activating PPAR-a nuclear receptors,
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moreover, it also works as an agonist for GPR119 receptor, and TRPV1 channel, as

well as a ceramidase inhibitor.

PROGNOSTIC ROLE OF T CELLS EXHAUSTION

Exhausted T lymphocytes are T cells incapable of proliferating showing an impaired
functionality. Their cytotoxicity and effector cytokine production are deficient.
Therefore, we can deduce their ability to control tumor cells to be impaired as well. In
addition, exhaustion profiles have been seen to be altered by antitumoral therapies.
Inhibition of CDK4 and CDK6 has been demonstrated to increase PD-L1 protein
levels by impeding cyclin D-CDK4-mediated phosphorylation of speckle-type POZ
protein (SPOP) and thereby promoting SPOP degradation and PD-L1 expression.
(124)Deregulated immune related pathways, including high PD-L1 expression, were
found to be associated with CDK4/61 resistance. PD-L1 acts as the ligand of PD-1, a
key regulator of T cell exhaustion. Increased exhausted T cells have been found in
both the circulation and tumour sites in a variety of tumours, including breast cancer.
Moreover, patients with elevated levels of exhausted T cells have been found to be
associated with a poorer prognosis. Our results, according to literature, show a
correlation between circulating exhausted and exhausted-like T lymphocytes levels
with a worse response to CDK4/6i-based treatment and a poorer prognosis. In
particular, higher levels of circulating exhausted T helper lymphocytes were found in
blood sample from patients who experienced PD compared to patient whose disease
remained stable or responded to therapy. A similar association was found for T helper
lymphocytes expressing the exhaustion marker PD-1. Moreover, greater levels of these
two populations as well as higher levels of circulating T cells expressing the
exhaustion marker TIGIT, were associated with a poorer PFS. Therefore, we found
that patients with elevated levels of exhausted/exhausted-like T cells have a higher risk
to experience PD during CDK4/6i-based treatment compared to those showing lower
levels. Moreover, seen the described role of PD-1/PD-L1 pathway in CDK4/6i
resistance, we can hypothesise that increased levels of circulating exhausted and
exhausted-like T helper lymphocytes, both expressing PD-1, can be involved in
CDK4/61 resistance. Our results also shed a light on the potential benefits of
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combination treatment with CDK4/6 inhibitors and PD-1/PD-L1 immune checkpoint

blockade in breast cancer patients, currently in study in different clinical trials.

LIPIDS AND IMMUNOPHENOTYPE CORRELATION

It has been described that lipids can influence the anti-tumoral immune response,
enhancing an immunosuppressive environment. Among other mechanisms, lipids can
facilitate immune escape by promoting the expression of exhaustion markers. In turn,
inhibitory receptors expressed on the surfaces of exhausted lymphocytes play a key
role in lipid metabolism of tumour cells. We found that exhausted-like T helper
lymphocytes expressing PD1 are moderately associated with NAE 18:1 and PE P-38:1
blood levels. Our preliminary results, in accordance with the literature, show a

connection between lipid metabolism and T cell dysfunctional states.

LIMITS OF THE STUDY

Our study presents few noteworthy limitations, which will be addressed in the final

analysis of the study.

Firstly, when evaluating lipidomic profiles, it is important to consider that plasma lipid
content is strongly influenced by various potential confounding factors, such as diet,
concurrent metabolic pathologies like obesity, dyslipidaemia, metabolic syndrome,
and concomitant chronic treatments such as statins. It is well known that a greater
BMI, as well as higher levels of circulating cholesterol and triglycerides predict a
worse prognosis in breast cancer patients. In contrast, statin use has been associated
with a better prognosis in breast cancer patients in terms of decreased risk of breast
cancer recurrence. (125,126) Therefore, adjusting our results for BMI and statin could

be useful to better confirm observed associations.

In addition, our study considered both endocrine-sensitive and endocrine-resistant
diseases together. However, it is recognized that patients with endocrine-resistant
tumours are more likely to experience early PD and show worse OS. Moreover, it has
been observed that lipid content, particularly total phospholipids, as well as PC and

PE, differ between hormone-sensitive and highly hormone-resistant breast cancer cell
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lines. (114) Therefore, stratification based on hormone sensitivity could help avoid

confounding factors.

Finally, evaluating biomarkers using serum samples is surely advantageous since it
does not require invasive procedures, resulting in an easy, non-painful cheap
procedure, and allows to assess a whole body scenario. However, tissue samples have
the advantage of directly analysing the biological characteristics of tumor tissues
compared to serum samples that can introduce various confounding factors.
Furthermore, tumour-released exosomes provide a more specific source of cancer-
associated lipids than whole serum while not requiring invasive procedures. Therefore,
as a future prospective assessing lipidomic and T cells profiles on tissue samples and

circulating microvescicles could serve to have a more tumour specific visual.
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CONCLUSIONS

Despite notable advances obtained in breast cancer care, treating advanced disease
remains a medical challenge. In this setting more effective prognostic and predictive
biomarkers are needed to better predict disease behaviour and response to therapy and

allow better treatment individualization.

Results obtained from our research support the hypothesis that plasma lipidomic
profiling and circulating T lymphocytes characterization could represent valid
methods to assess prognosis and treatment benefit in advanced HR+/HER2- breast
cancer patients treated with CDK4/6i. Lipidic and T cell profiling may help to
recognize patients with a poorer outcome and allow the early detection of patients who

are unlikely to have a prolonged benefit from this treatment.

These results warrant further validation in future studies to allow the implementation
of serum lipidic profile and circulating T cells as novel biomarkers to guide treatment

choices in advanced HR+/HER2- breast cancer.

62



BIBLIOGRAPHY

10.

11.

12.

Harbeck N, Gnant M. Breast cancer. The Lancet. 2017 Mar;389(10074):1134—
50.

Roheel A, Khan A, Anwar F, Akbar Z, Akhtar MF, Imran Khan M, et al. Global
epidemiology of breast cancer based on risk factors: a systematic review. Front
Oncol. 2023 Oct 10;13.

World Health Organization. Global breast cancer initiative implementation
framework: assessing, strengthening and scaling up of services for the early
detection and management of breast cancer: executive summary. 2023;

Linee guida CARCINOMA MAMMARIO IN STADIO PRECOCE. AIOM.
2023;

I NUMERI DEL CANCRO IN ITALIA 2023. AIRTUM. 2023;
Linee guida CARCINOMA MAMMARIO AVANZATO. AIOM. 2023;

Gennari A, André F, Barrios CH, Cortés J, de Azambuja E, DeMichele A, et al.
ESMO Clinical Practice Guideline for the diagnosis, staging and treatment of
patients with metastatic breast cancer. Annals of Oncology. 2021
Dec;32(12):1475-95.

Lukasiewicz S, Czeczelewski M, Forma A, Baj J, Sitarz R, Stanistawek A.
Breast Cancer-Epidemiology, Risk Factors, Classification, Prognostic Markers,
and Current Treatment Strategies-An Updated Review. Cancers (Basel). 2021
Aug 25;13(17).

Feng Y, Spezia M, Huang S, Yuan C, Zeng Z, Zhang L, et al. Breast cancer
development and progression: Risk factors, cancer stem cells, signaling
pathways, genomics, and molecular pathogenesis. Genes Dis. 2018
Jun;5(2):77-106.

Smolarz B, Nowak AZ, Romanowicz H. Breast Cancer-Epidemiology,
Classification, Pathogenesis and Treatment (Review of Literature). Cancers
(Basel). 2022 May 23;14(10).

Cserni G, Chmielik E, Cserni B, Tot T. The new TNM-based staging of breast
cancer. Virchows Arch. 2018 May;472(5):697-703.

Miglietta F, Bottosso M, Griguolo G, Dieci MV, Guarneri V. Major
advancements in metastatic breast cancer treatment: when expanding options
means prolonging survival. ESMO Open. 2022 Apr;7(2):100409.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Cardoso F, Senkus E, Costa A, Papadopoulos E, Aapro M, André F, et al. 4th
ESO-ESMO International Consensus Guidelines for Advanced Breast Cancer
(ABC 4). Annals of Oncology. 2018 Aug;29(8):1634-57.

Cardoso F, Costa A, Norton L, Senkus E, Aapro M, André F, et al. ESO-ESMO
2nd international consensus guidelines for advanced breast cancer (ABC2). The
Breast. 2014 Oct;23(5):489-502.

DeSantis CE, Ma J, Gaudet MM, Newman LA, Miller KD, Goding Sauer A, et
al. Breast cancer statistics, 2019. CA Cancer J Clin. 2019 Nov;69(6):438-51.

Finn RS, Martin M, Rugo HS, Jones S, Im SA, Gelmon K, et al. Palbociclib and
Letrozole in Advanced Breast Cancer. N Engl J Med. 2016 Nov
17;375(20):1925-36.

Hortobagyi GN, Stemmer SM, Burris HA, Yap YS, Sonke GS, Hart L, et al.
Overall Survival with Ribociclib plus Letrozole in Advanced Breast Cancer. N
Engl J Med. 2022 Mar 10;386(10):942—50.

Slamon DJ, Neven P, Chia S, Fasching PA, De Laurentiis M, Im SA, et al.
Overall Survival with Ribociclib plus Fulvestrant in Advanced Breast Cancer.
N Engl J Med. 2020 Feb 6;382(6):514-24.

Im SA, Lu YS, Bardia A, Harbeck N, Colleoni M, Franke F, et al. Overall
Survival with Ribociclib plus Endocrine Therapy in Breast Cancer. N Engl J
Med. 2019 Jul 25;381(4):307-16.

Sledge GW, Toi M, Neven P, Sohn J, Inoue K, Pivot X, et al. MONARCH 2:
Abemaciclib in Combination With Fulvestrant in Women With HR+/HER2-
Advanced Breast Cancer Who Had Progressed While Receiving Endocrine
Therapy. J Clin Oncol. 2017 Sep 1;35(25):2875-84.

Johnston SRD, Harbeck N, Hegg R, Toi M, Martin M, Shao ZM, et al.
Abemaciclib Combined With Endocrine Therapy for the Adjuvant Treatment
of HR+, HER2-, Node-Positive, High-Risk, Early Breast Cancer (monarchE). J
Clin Oncol. 2020 Dec 1;38(34):3987-98.

Turner NC, Slamon DJ, Ro J, Bondarenko I, Im SA, Masuda N, et al. Overall
Survival with Palbociclib and Fulvestrant in Advanced Breast Cancer. New
England Journal of Medicine. 2018 Nov 15;379(20):1926-36.

Piezzo M, Cocco S, Caputo R, Cianniello D, Gioia G Di, Lauro V Di, et al.
Targeting Cell Cycle in Breast Cancer: CDK4/6 Inhibitors. Int J Mol Sci. 2020
Sep 4;21(18).

Hamilton E, Infante JR. Targeting CDK4/6 in patients with cancer. Cancer
Treat Rev. 2016 Apr;45:129-38.



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Kwapisz D. Cyclin-dependent kinase 4/6 inhibitors in breast cancer:
palbociclib, ribociclib, and abemaciclib. Breast Cancer Res Treat. 2017
Nov;166(1):41-54.

O’Leary B, Finn RS, Turner NC. Treating cancer with selective CDK4/6
inhibitors. Nat Rev Clin Oncol. 2016 Jul;13(7):417-30.

Schwartz GK, Shah MA. Targeting the cell cycle: a new approach to cancer
therapy. J Clin Oncol. 2005 Dec 20;23(36):9408-21.

Arnold A, Papanikolaou A. Cyclin D1 in Breast Cancer Pathogenesis. Journal
of Clinical Oncology. 2005 Jun 20;23(18):4215-24.

Chen P, Lee N V, Hu W, Xu M, Ferre RA, Lam H, et al. Spectrum and Degree
of CDK Drug Interactions Predicts Clinical Performance. Mol Cancer Ther.
2016 Oct;15(10):2273-81.

Cancer Genome Atlas Network. Comprehensive molecular portraits of human
breast tumours. Nature. 2012 Oct 4;490(7418):61-70.

Zhou FH, Downton T, Freelander A, Hurwitz J, Caldon CE, Lim E. CDK4/6
inhibitor resistance in estrogen receptor positive breast cancer, a 2023
perspective. Front Cell Dev Biol. 2023 Mar 22;11.

Goel S, DeCristo MJ, McAllister SS, Zhao JJ. CDK4/6 Inhibition in Cancer:
Beyond Cell Cycle Arrest. Trends Cell Biol. 2018 Nov;28(11):911-25.

Klein ME, Kovatcheva M, Davis LE, Tap WD, Koff A. CDK4/6 Inhibitors: The
Mechanism of Action May Not Be as Simple as Once Thought. Cancer Cell.
2018 Jul;34(1):9-20.

Goel S, DeCristo MJ, Watt AC, BrinJones H, Sceneay J, Li BB, et al. CDK4/6
inhibition triggers anti-tumour immunity. Nature. 2017 Aug 24;548(7668):471—
5.

Zhang S, Xu Q, Sun W, Zhou J, Zhou J. Immunomodulatory effects of CDK4/6
inhibitors. Biochim Biophys Acta Rev Cancer. 2023 Jul;1878(4):188912.

Deng J, Wang ES, Jenkins RW, Li S, Dries R, Yates K, et al. CDK4/6 Inhibition
Augments Antitumor Immunity by Enhancing T-cell Activation. Cancer
Discov. 2018 Feb;8(2):216-33.

Lee JS, Hackbart H, Cui X, Yuan Y. CDK4/6 Inhibitor Resistance in Hormone
Receptor-Positive Metastatic Breast Cancer: Translational Research, Clinical
Trials, and Future Directions. Int J Mol Sci. 2023 Jul 22;24(14):11791.

Asghar US, Kanani R, Roylance R, Mittnacht S. Systematic Review of
Molecular Biomarkers Predictive of Resistance to CDK4/6 Inhibition in
Metastatic Breast Cancer. JCO Precis Oncol. 2022 May;(6).



39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

De Angelis C, Fu X, Cataldo ML, Nardone A, Pereira R, Veeraraghavan J, et
al. Activation of the IFN Signaling Pathway is Associated with Resistance to
CDK4/6 Inhibitors and Immune Checkpoint Activation in ER-Positive Breast
Cancer. Clin Cancer Res. 2021 Sep 1;27(17):4870-82.

Schuster EF, Xiao H, Lopez-Knowles E, Kilburn L, Rimawi M, Wheeler DA,
et al. Abstract PS5-01: Biomarkers of resistance to palbociclib in ER+ primary
breast cancer in the PALLET trial. Cancer Res. 2021 Feb
15;81(4 Supplement):PS5-01-PS5-01.

Ma CX, Gao F, Luo J, Northfelt DW, Goetz M, Forero A, et al. NeoPalAna:
Neoadjuvant Palbociclib, a Cyclin-Dependent Kinase 4/6 Inhibitor, and
Anastrozole for Clinical Stage 2 or 3 Estrogen Receptor-Positive Breast Cancer.
Clin Cancer Res. 2017 Aug 1;23(15):4055-65.

Pandey K, Lee E, Park N, Hur J, Cho Y Bin, Katuwal NB, et al. Deregulated
Immune Pathway Associated with Palbociclib Resistance in Preclinical Breast
Cancer Models: Integrative Genomics and Transcriptomics. Genes (Basel).
2021 Jan 25;12(2).

Hurvitz SA, Martin M, Press MF, Chan D, Fernandez-Abad M, Petru E, et al.
Potent Cell-Cycle Inhibition and Upregulation of Immune Response with
Abemaciclib and Anastrozole in neoMONARCH, Phase II Neoadjuvant Study
in HR+/HER2- Breast Cancer. Clin Cancer Res. 2020 Feb 1;26(3):566—80.

Zipinotti dos Santos D, de Souza JC, Pimenta TM, da Silva Martins B, Junior
RSR, Butzene SMS, et al. The impact of lipid metabolism on breast cancer: a

review about its role in tumorigenesis and immune escape. Cell Communication
and Signaling. 2023 Jun 27;21(1):161.

FuY, Zou T, Shen X, Nelson PJ, Li J, Wu C, et al. Lipid metabolism in cancer
progression and therapeutic strategies. MedComm (Beijing). 2021 Mar
24;2(1):27-59.

Yu W, Lei Q, Yang L, Qin G, Liu S, Wang D, et al. Contradictory roles of lipid
metabolism in immune response within the tumor microenvironment. J Hematol
Oncol. 2021 Nov 6;14(1):187.

Butler LM, Perone Y, Dehairs J, Lupien LE, de Laat V, Talebi A, et al. Lipids
and cancer: Emerging roles in pathogenesis, diagnosis and therapeutic
intervention. Adv Drug Deliv Rev. 2020;159:245-93.

Tang Y, Tian W, Xie J, Zou Y, Wang Z, Li N, et al. Prognosis and Dissection
of Immunosuppressive Microenvironment in Breast Cancer Based on Fatty
Acid Metabolism-Related Signature. Front Immunol. 2022 Mar 31;13.



49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

van Weverwijk A, Koundouros N, Iravani M, Ashenden M, Gao Q,
Poulogiannis G, et al. Metabolic adaptability in metastatic breast cancer by
AKR1B10-dependent balancing of glycolysis and fatty acid oxidation. Nat
Commun. 2019 Jun 20;10(1):2698.

Yang WS, Kim KJ, Gaschler MM, Patel M, Shchepinov MS, Stockwell BR.
Peroxidation of polyunsaturated fatty acids by lipoxygenases drives ferroptosis.
Proceedings of the National Academy of Sciences. 2016 Aug 23;113(34).

Minville-Walz M, Pierre AS, Pichon L, Bellenger S, Fevre C, Bellenger J, et al.
Inhibition of Stearoyl-CoA Desaturase 1 Expression Induces CHOP-Dependent
Cell Death in Human Cancer Cells. PLoS One. 2010 Dec 16;5(12):¢14363.

Rysman E, Brusselmans K, Scheys K, Timmermans L, Derua R, Munck S, et
al. De novo Lipogenesis Protects Cancer Cells from Free Radicals and
Chemotherapeutics by Promoting Membrane Lipid Saturation. Cancer Res.
2010 Oct 15;70(20):8117-26.

Schoors S, Bruning U, Missiaen R, Queiroz KCS, Borgers G, Elia I, et al. Fatty
acid carbon is essential for ANTP synthesis in endothelial cells. Nature. 2015
Apr 9;520(7546):192—-7.

ABE R, KUMAGAI N, KIMURA M, HIROSAKI A, NAKAMURA T.
Biological Characteristics of Breast Cancer in Obesity. Tohoku J Exp Med.
1976;120(4):351-9.

Li C, Yang L, Zhang D, Jiang W. Systematic review and meta-analysis suggest
that dietary cholesterol intake increases risk of breast cancer. Nutr Res. 2016
Jul;36(7):627-35.

Taborda Ribas H, Sogayar MC, Dolga AM, Winnischofer SMB, Trombetta-
Lima M. Lipid profile in breast cancer: From signaling pathways to treatment
strategies. Biochimie. 2024 Apr;219:118-29.

Weber P, Wagner M, Schneckenburger H. Cholesterol Dependent Uptake and
Interaction of Doxorubicin in MCF-7 Breast Cancer Cells. Int J Mol Sci. 2013
Apr 16;14(4):8358-66.

Peetla C, Bhave R, Vijayaraghavalu S, Stine A, Kooijman E, Labhasetwar V.
Drug Resistance in Breast Cancer Cells: Biophysical Characterization of and

Doxorubicin Interactions with Membrane Lipids. Mol Pharm. 2010 Dec
6;7(6):2334-48.

Peetla C, Bhave R, Vijayaraghavalu S, Stine A, Kooijman E, Labhasetwar V.
Drug Resistance in Breast Cancer Cells: Biophysical Characterization of and

Doxorubicin Interactions with Membrane Lipids. Mol Pharm. 2010 Dec
6;7(6):2334-48.



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Hoy AJ, Nagarajan SR, Butler LM. Tumour fatty acid metabolism in the context
of therapy resistance and obesity. Nat Rev Cancer. 2021 Dec 20;21(12):753—
66.

Hultsch S, Kankainen M, Paavolainen L, Kovanen RM, Ikonen E, Kangaspeska
S, et al. Association of tamoxifen resistance and lipid reprogramming in breast
cancer. BMC Cancer. 2018 Dec 24;18(1):850.

Nguyen VTM, Barozzi I, Faronato M, Lombardo Y, Steel JH, Patel N, et al.
Differential epigenetic reprogramming in response to specific endocrine

therapies promotes cholesterol biosynthesis and cellular invasion. Nat
Commun. 2015 Nov 27;6(1):10044.

Eghlimi R, Shi X, Hrovat J, Xi B, Gu H. Triple Negative Breast Cancer
Detection Using LC-MS/MS Lipidomic Profiling. J Proteome Res. 2020 Jun
5;19(6):2367-78.

Eiriksson FF, Nehr MK, Costa M, Bédvarsdottir SK, Ogmundsdottir HM,
Thorsteinsdottir M. Lipidomic study of cell lines reveals differences between
breast cancer subtypes. PLoS One. 2020;15(4):¢0231289.

Jin Y, Fan S, Jiang W, Zhang J, Yang L, Xiao J, et al. Two effective models
based on comprehensive lipidomics and metabolomics can distinguish BC
versus HCs, and TNBC versus non-TNBC. Proteomics Clin Appl. 2023
May;17(3):€2200042.

Tokareva AO, Chagovets V V, Starodubtseva NL, Rodionov V V, Kometova
V'V, Chingin K8, et al. [Lipidomic markers of breast cancer malignant tumor
histological types]. Biomed Khim. 2022 Nov;68(5):375-82.

Santoro AL, Drummond RD, Silva IT, Ferreira SS, Juliano L, Vendramini PH,
et al. In Situ DESI-MSI Lipidomic Profiles of Breast Cancer Molecular
Subtypes and Precursor Lesions. Cancer Res. 2020 Mar 15;80(6):1246-57.

Kang HS, Lee SC, Park YS, Jeon YE, Lee JH, Jung SY, et al. Protein and lipid
MALDI profiles classify breast cancers according to the intrinsic subtype. BMC
Cancer. 2011 Oct 27;11:465.

Wolrab D, Jirasko R, Peterka O, Idkowiak J, Chocholouskova M, Varnkova Z,
et al. Plasma lipidomic profiles of kidney, breast and prostate cancer patients
differ from healthy controls. Sci Rep. 2021 Oct 13;11(1):20322.

Cao B, Yang S, Yan L, Li N. Comprehensive serum lipidomic analyses reveal

potential biomarkers for malignant breast cancer: A case-control study. Cancer
Biomark. 2023;37(4):289-97.



71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Silva AApR, Cardoso MR, Rezende LM, Lin JQ, Guimaraes F, Silva GRP, et
al. Multiplatform Investigation of Plasma and Tissue Lipid Signatures of Breast
Cancer Using Mass Spectrometry Tools. Int J Mol Sci. 2020 May
20;21(10):3611.

Chen X, Chen H, Dai M, AiJ, Li Y, Mahon B, et al. Plasma lipidomics profiling
identified lipid biomarkers in distinguishing early-stage breast cancer from
benign lesions. Oncotarget. 2016 Jun 14;7(24):36622-31.

Lv W, Yang T. Identification of possible biomarkers for breast cancer from free
fatty acid profiles determined by GC-MS and multivariate statistical analysis.
Clin Biochem. 2012 Jan;45(1-2):127-33.

Vatten LJ, Bjerve KS, Andersen A, Jellum E. Polyunsaturated fatty acids in
serum phospholipids and risk of breast cancer: A case-control study from the
janus serum bank in Norway. Eur J Cancer. 1993 Jan;29(4):532-8.

Nishida-Aoki N, Izumi Y, Takeda H, Takahashi M, Ochiya T, Bamba T.
Lipidomic Analysis of Cells and Extracellular Vesicles from High- and Low-
Metastatic Triple-Negative Breast Cancer. Metabolites. 2020 Feb 13;10(2):67.

Purwaha P, Gu F, Piyarathna D, Rajendiran T, Ravindran A, Omilian A, et al.
Unbiased Lipidomic Profiling of Triple-Negative Breast Cancer Tissues
Reveals the Association of Sphingomyelin Levels with Patient Disease-Free
Survival. Metabolites. 2018 Jul 13;8(3):41.

Hosokawa Y, Masaki N, Takei S, Horikawa M, Matsushita S, Sugiyama E, et
al. Recurrent triple-negative breast cancer (TNBC) tissues contain a higher
amount of phosphatidylcholine (32:1) than non-recurrent TNBC tissues. PLoS
One. 2017;12(8):e0183724.

Hilvo M, Denkert C, Lehtinen L, Miiller B, Brockmoller S, Seppanen-Laakso
T, et al. Novel theranostic opportunities offered by characterization of altered

membrane lipid metabolism in breast cancer progression. Cancer Res. 2011
May 1;71(9):3236-45.

Kuhajda FP, Pizer ES, Li JN, Mani NS, Frehywot GL, Townsend CA. Synthesis
and antitumor activity of an inhibitor of fatty acid synthase. Proc Natl Acad Sci
U S A. 2000 Mar 28;97(7):3450-4.

Ueda SM, Mao TL, Kuhajda FP, Vasoontara C, Giuntoli RL, Bristow RE, et al.
Trophoblastic neoplasms express fatty acid synthase, which may be a
therapeutic target via its inhibitor C93. Am J Pathol. 2009 Dec;175(6):2618—
24,

Gruslova A, McClellan B, Balinda HU, Viswanadhapalli S, Alers V, Sareddy
GR, et al. FASN inhibition as a potential treatment for endocrine-resistant breast
cancer. Breast Cancer Res Treat. 2021 Jun;187(2):375-86.



82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Corominas-Faja B, Cuyas E, Gumuzio J, Bosch-Barrera J, Leis O, Martin AG,
et al. Chemical inhibition of acetyl-CoA carboxylase suppresses self-renewal
growth of cancer stem cells. Oncotarget. 2014 Sep 30;5(18):8306—16.

Sethunath V, Hu H, De Angelis C, Veeraraghavan J, Qin L, Wang N, et al.
Targeting the Mevalonate Pathway to Overcome Acquired Anti-HER2
Treatment Resistance in Breast Cancer. Mol Cancer Res. 2019
Nov;17(11):2318-30.

Cai D, Wang J, Gao B, LiJ, Wu F, Zou JX, et al. RORY is a targetable master
regulator of cholesterol biosynthesis in a cancer subtype. Nat Commun. 2019
Oct 11;10(1):4621.

Cai D, Zhang X, Chen HW. A master regulator of cholesterol biosynthesis
constitutes a therapeutic liability of triple negative breast cancer. Mol Cell
Oncol. 2020;7(2):1701362.

Baylor Breast Care Center. A Phase II Single Arm Trial of Adding Simvastatin
to Dual Anti-HER2 Therapy in Patients With HER2-Positive Metastatic Breast
Cancer.

Mario Negri Institute for Pharmacological Research. Neoadjuvant Zoledronate
and Atorvastatin in Triple Negative Breast Cancer (YAPPETIZER).

National Cancer Institute. Phase II Trial to Evaluate the Efficacy of the FASN
Inhibitor, TVB-2640, in Combination With Trastuzumab Plus Paclitaxel or
Endocrine Therapy in Patients With HER2+ Meta-static Breast Cancer
Resistant to Trastuzumab-Based Therapy.

Lee H, To NB, Kim M, Nguyen YTK, Cho SK, Choi HK. Metabolic and
lipidomic characterization of radioresistant MDA-MB-231 human breast cancer
cells to investigate potential therapeutic targets. J Pharm Biomed Anal. 2022
Jan 20;208:114449.

Shammout ODA, Ashmawy NS, Shakartalla SB, Altaie AM, Semreen MH,
Omar HA, et al. Comparative sphingolipidomic analysis reveals significant
differences between doxorubicin-sensitive and -resistance MCF-7 cells. PLoS
One. 2021;16(10):e0258363.

Hilvo M, Gade S, Hyotyldinen T, Nekljudova V, Seppénen-Laakso T, Sysi-Aho
M, et al. Monounsaturated fatty acids in serum triacylglycerols are associated
with response to neoadjuvant chemotherapy in breast cancer patients. Int J
Cancer. 2014 Apr 1;134(7):1725-33.

Bates JP, Derakhshandeh R, Jones L, Webb TJ. Mechanisms of immune evasion
in breast cancer. BMC Cancer. 2018 Dec 11;18(1):556.

Thommen DS, Schumacher TN. T Cell Dysfunction in Cancer. Cancer Cell.
2018 Apr 9;33(4):547-62.



94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Zhao Y, Shao Q, Peng G. Exhaustion and senescence: two crucial dysfunctional
states of T cells in the tumor microenvironment. Cell Mol Immunol. 2020
Jan;17(1):27-35.

Ramello MC, Nuifiez NG, Tosello Boari J, Bossio SN, Canale FP, Abrate C, et
al. Polyfunctional KLRG-1+CD57+ Senescent CD4+ T Cells Infiltrate Tumors
and Are Expanded in Peripheral Blood From Breast Cancer Patients. Front
Immunol. 2021;12:713132.

Ye J, Ma C, Hsueh EC, Eickhoff CS, Zhang Y, Varvares MA, et al. Tumor-
derived yd regulatory T cells suppress innate and adaptive immunity through
the induction of immunosenescence. J Immunol. 2013 Mar 1;190(5):2403—-14.

Montes CL, Chapoval Al Nelson J, Orhue V, Zhang X, Schulze DH, et al.
Tumor-induced senescent T cells with suppressor function: a potential form of
tumor immune evasion. Cancer Res. 2008 Feb 1;68(3):870-9.

Yu X, Zhang Z, Wang Z, Wu P, Qiu F, Huang J. Prognostic and predictive value
of tumor-infiltrating lymphocytes in breast cancer: a systematic review and
meta-analysis. Clin Transl Oncol. 2016 May;18(5):497-506.

Massa C, Karn T, Denkert C, Schneeweiss A, Hanusch C, Blohmer JU, et al.
Differential effect on different immune subsets of neoadjuvant chemotherapy
in patients with TNBC. J Immunother Cancer. 2020 Nov;8(2).

Rodriguez 1J, Bernal-Estévez DA, Llano-Ledn M, Bonilla CE, Parra-Lopez CA.
Neoadjuvant chemotherapy modulates exhaustion of T cells in breast cancer
patients. PLoS One. 2023;18(2):¢0280851.

Lelliott EJ, Kong IY, Zethoven M, Ramsbottom KM, Martelotto LG, Meyran
D, et al. CDK4/6 Inhibition Promotes Antitumor Immunity through the
Induction of T-cell Memory. Cancer Discov. 2021 Oct;11(10):2582-601.

Liu X, Hartman CL, Li L, Albert CJ, Si F, Gao A, et al. Reprogramming lipid
metabolism prevents effector T cell senescence and enhances tumor
immunotherapy. Sci Transl Med. 2021 Mar 31;13(587).

Lyssiotis CA, Kimmelman AC. Metabolic Interactions in the Tumor
Microenvironment. Trends Cell Biol. 2017 Nov;27(11):863-75.

Xia L, Oyang L, Lin J, Tan S, Han Y, Wu N, et al. The cancer metabolic
reprogramming and immune response. Mol Cancer. 2021 Dec 5;20(1):28.

Manzo T, Prentice BM, Anderson KG, Raman A, Schalck A, Codreanu GS, et
al. Accumulation of long-chain fatty acids in the tumor microenvironment

drives dysfunction in intrapancreatic CD8+ T cells. J Exp Med. 2020 Aug
3;217(8).



106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Ma X, Bi E, Lu Y, Su P, Huang C, Liu L, et al. Cholesterol Induces CD8+ T
Cell Exhaustion in the Tumor Microenvironment. Cell Metab. 2019 Jul
2;30(1):143-156.¢5.

Yang L, Li A, Lei Q, Zhang Y. Tumor-intrinsic signaling pathways: key roles
in the regulation of the immunosuppressive tumor microenvironment. J
Hematol Oncol. 2019 Nov 27;12(1):125.

Crane CA, Panner A, Murray JC, Wilson SP, Xu H, Chen L, et al. PI(3) kinase
is associated with a mechanism of immunoresistance in breast and prostate
cancer. Oncogene. 2009 Jan 15;28(2):306—12.

Gao Y, Song Z, Jia L, Tang Y, Wang C, Zhao X, et al. Self-amplified ROS
production from fatty acid oxidation enhanced tumor immunotherapy by
atorvastatin/PD-L1 siRNA lipopeptide nanoplexes. Biomaterials. 2022
Dec;291:121902.

Khan S, Shukla S, Sinha S, Meeran SM. Role of adipokines and cytokines in
obesity-associated breast cancer: Therapeutic targets. Cytokine Growth Factor
Rev. 2013 Dec;24(6):503—13.

Howie D, Cobbold SP, Adams E, Ten Bokum A, Necula AS, Zhang W, et al.
Foxp3 drives oxidative phosphorylation and protection from lipotoxicity. JCI
Insight. 2017 Feb 9;2(3).

SuP, Wang Q, Bi E, Ma X, Liu L, Yang M, et al. Enhanced Lipid Accumulation
and Metabolism Are Required for the Differentiation and Activation of Tumor-
Associated Macrophages. Cancer Res. 2020 Apr 1;80(7):1438-50.

Herber DL, Cao W, Nefedova Y, Novitskiy S V, Nagaraj S, Tyurin VA, et al.
Lipid accumulation and dendritic cell dysfunction in cancer. Nat Med. 2010
Aug;16(8):880-6.

Mistry DAH, French PW. Circulating Phospholipids as Biomarkers of Breast
Cancer: A Review. Breast Cancer (Auckl). 2016 Jan 13;10:BCBCR.S40693.

Kim HY, Lee KM, Kim SH, Kwon YJ, Chun YJ, Choi HK. Comparative
metabolic and lipidomic profiling of human breast cancer cells with different
metastatic potentials. Oncotarget. 2016 Oct 11;7(41):67111-28.

de Certaines JD, Larsen VA, Podo F, Carpinelli G, Briot O, Henriksen O. In
vivo 31P MRS of experimental tumours. NMR Biomed. 1993;6(6):345-65.

Mimmi MC, Finato N, Pizzolato G, Beltrami CA, Fogolari F, Corazza A, et al.
Absolute quantification of choline-related biomarkers in breast cancer biopsies

by liquid chromatography electrospray ionization mass spectrometry. Anal Cell
Pathol (Amst). 2013;36(3—4):71-83.



118.

119.

120.

121.

122.

123.

124.

125.

126.

Podo F. Tumour phospholipid metabolism. NMR Biomed. 1999
Nov;12(7):413-39.

Hradec J, Kankovd H, Dufek P. Alterations of phosphatidylcholine
concentrations in the serum of patients with mammary cancer. Oncol Rep. 1998
Mar 1;

Buentzel J, Klemp HG, Kraetzner R, Schulz M, Dihazi GH, Streit F, et al.
Metabolomic Profiling of Blood-Derived Microvesicles in Breast Cancer
Patients. Int J Mol Sci. 2021 Dec 17;22(24).

Silva CL, Perestrelo R, Sousa-Ferreira I, Capelinha F, Camara JS, Petkovi¢ M.
Lipid biosignature of breast cancer tissues by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry. Breast Cancer Res
Treat. 2020 Jul 15;182(1):9-19.

Corsetto PA, Zava S, Rizzo AM, Colombo I. The Critical Impact of
Sphingolipid Metabolism in Breast Cancer Progression and Drug Response. Int
J Mol Sci. 2023 Jan 20;24(3):2107.

Mock ED, Gagestein B, van der Stelt M. Anandamide and other N-
acylethanolamines: A class of signaling lipids with therapeutic opportunities.
Prog Lipid Res. 2023 Jan;89:101194.

Zhang J, Bu X, Wang H, Zhu Y, Geng Y, Nihira NT, et al. Cyclin D-CDK4
kinase destabilizes PD-L1 via cullin 3-SPOP to control cancer immune
surveillance. Nature. 2018 Jan 4;553(7686):91-5.

Manthravadi S, Shrestha A, Madhusudhana S. Impact of statin use on cancer
recurrence and mortality in breast cancer: A systematic review and meta-
analysis. Int J Cancer. 2016 Sep 15;139(6):1281-8.

Fichtali K, Bititi A, Elghanmi A, Ghazi B. Serum Lipidomic Profiling in Breast
Cancer to Identify Screening, Diagnostic, and Prognostic Biomarkers. Biores
Open Access. 2020 Jan 1;9(1):1-6.

JERST Firmato digitalmente da Alessandra

o Gennari

$* | Data: 21.06.2024 11:08:15 CEST

E!!:. = Organizzazione: UNIVERSITA' DEGLI STUDI
' DEL PIEMONTE ORIENTALE/01943490027



		2024-06-21T11:08:15+0200
	IT
	Alessandra Gennari




