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Abstract

Regulatory T CD4"Foxp3" (Treg) cells are a cellular subset involved in the
maintenance of immune self-tolerance and homeostasis but, as a double-edged
sword, they can also suppress anti-tumor immune response and favor tumor
progression. Therefore, Foxp3™ Treg cells represent a primary target for cancer
immunotherapy, which finally aims at restoring the ability of the immune
system to detect and destroy cancer cells. The tumor microenvironment has
been reported to contain a "rich milieu” of molecules able to increase the
recruitment of Foxp3* Treg cells to the tumor site. Compelling experimental
evidence has shown an increased percentage of Foxp3™ Treg cells in the tumor
microenvironment of subjects with different tumors, including breast cancer
(BC). Moreover, their abundant presence in tumor infiltrates leads to reduced
survival in cancer subjects and inversely correlates with clinical response of
BC to therapy. The transcription factor Foxp3 plays a critical role in regulating
the development and the immunosuppressive function of Treg cells and up to 8
different Foxp3 splicing variants have been described in human subjects, but
their role and function still remain elusive. Recently, it has been found that
among all the different Foxp3 splicing forms, those containing the exon2
(Foxp3E2) are necessary for the induction and establishment of the suppressive
phenotype of Treg cells. The aim of this thesis was to evaluate the role of
Foxp3E2" Treg cells in the context of tumor growth, dissecting whether
increased immunosuppression observed in BC subjects, could be secondary to
the preferential accumulation of Foxp3E2" Treg cells. In conclusion, the
evaluation of the number of Foxp3E2™ Treg cells in BC tumors could represent
a prognostic assay for the assessment of tumor progression, severity and
prognosis. In addition, Foxp3E2" Treg cells could be pharmacological targeted
in order to inhibit their immunosuppressive activity in the tumor
microenvironment, thus sustaining anti-tumor immune response and reducing

tumor progression.



Background

1. Breast cancer

Breast cancer (BC) is the most commonly diagnosed cancer and the leading
cause of death among women (Bray F, 2018). The etiology of BC comprises
multiple risk factors that mainly include age, family history, reproductive
factors (timing of menarche and menopause, number and timing of
pregnancies), hormonal factors and life style (diet, smoking, alcohol
consumption), but it is also influenced by genetic and environmental factors (Li
J, 2018). Indeed, several studies have identified many genes involved in BC
development, confirming that mutations of both oncogenes and anti-oncogenes
play key roles in BC initiation and progression (Sever R, 2015). The most well-
known genes associated with BC are BRCAL and BCRA2 that have a pivotal
role in maintaining DNA integrity; indeed, their mutations significantly
increase lifetime risk of BC developing (King MC, 2003), estimating BC
penetrance of 60% for BRCA1 and 55% for BRCA2 (Mavaddat N, 2013). In
addition to the BRCA1 and BRCA2 genes, several other genetic alterations
have been associated with an increased risk of developing BC. Among these,
many genes are involved in the maintenance of DNA fidelity, such as TP53
coding for p53, an essential checkpoint protein of cell cycle and PTEN,
engaged in blockage of cell-cycle progression in G1 phase and implicated in
the process of DNA repair. Other genes are involved in the signal transduction
pathways controlling cell growth and differentiation, such as Myc and ERBB2
(Risom T, 2020; Perou CM, 2000). All these genes and many others may
contribute to the pathogenesis of BC, for this reason new technologies, such as
next-generation sequencing (NGS) or development of novel bioinformatics

approaches, are becoming fundamental in order to improve clinical practice.



1.1 Breast cancer classification

BC is considered a highly heterogeneous disease characterized by several
pathological features at histopathological, molecular and clinical level, which
can differently impact on the clinical courses and responses to therapy (Cancer
Genome Atlas Network, 2012). According to the histopathological evaluation,
BC classification is based on the site from which the tumor originates: ductal
carcinoma and lobular carcinoma which originate from the internal lining
epithelium of the ducts or from the lobules that surround the ducts with milk,
respectively. Another classification is established on the basis of abnormal
proliferative activity of neoplastic cells in the breast tissue. More specifically,
it is classified as carcinoma in situ when limited to the epithelial component of
the breast tissue or invasive (infiltrating) carcinoma when it has invaded the
stromal tissue. Invasive ductal carcinoma (IDC) and invasive lobular
carcinoma (ILC) are most common types of BC and accounts for 72-80% and
5-15% respectively of all invasive BCs (Arps DP 2013; Guiu S, 2014).
Furthermore, histopathologic features of BC also include other factors that
reflect aggressiveness and progression of tumor such as the tumor
differentiation grade and lymph node status. In this context, American Joint
Commission of Cancer (AJCC) and the Union for International Cancer Control
(UICC) have developed an established tool for classification of solid tumors
known as TNM system (Sawaki M, 2019), devised by Pierre Denoix between
1943 and 1952 (Denoix P, 1946). TNM system classifies solid tumor cancers
on the basis of the size of the primary tumor (T), regional lymph nodes that are
involved in the lesion (N) and spreading of distant metastasis (M). A further
prognostic and predictive tool, used in association with TNM system, is the
Nottingham histological grading (NHG) that evaluates the level of
differentiation and the proliferative grade of tumor cells (Todd JH, 1987). The
NHG is expressed as grades between I-111, with I which is a well-differentiated
tumor and Il identified as poorly differentiated. Nowadays, TNM and NHG



index represent the fundamentals prognostic tools used in diagnostic and
clinical practices for the choice of BC treatment (Rakha EA, 2014; Park YH,
2011; Frkovic-Grazio S, 2002).

1.2 Hormone-Receptor expression in breast cancer

Even though histopathological classification provides key information related
to the clinical behavior of BC, in the last decades new approaches have been
considered to explain the molecular basis for heterogeneity of BC. This
molecular classification, introduced by Perou et al. in 2000 (Perou CM, 2000),
identifies different classes of BC through the expression of hormone receptors
(HR), including estrogen receptor (ER), progesterone receptor (PR) and human
epidermal growth factor receptor 2 (HER2), by immunohistochemistry (IHC)
staining and the fluorescence in situ hybridization (FISH) technique. Therefore,
BCs are stratified according to ER expression status as luminal (ER+) and non-
luminal (ER-) tumors. Luminal tumors are further subdivided into luminal A
that are HR positive (ER+\PR+), HER2 negative and with low levels of the
proliferation marker Ki-67 expression, and luminal B which is hormone-
receptor positive (ER+\PR+), HER2 positive or HER2 negative but with high
levels of Ki-67. Luminal A cancers grow slowly and have the best prognosis in
contrast with Luminal B cancers that generally grow faster and have a worsen
prognosis. Molecular subtyping is essential for BC management and treatment,
since different molecular subtypes lead to different prognosis and therapeutic
options. Actually, molecular classification has been already approved for clinic
use and it has been shown to have prognostic value and to be predictive of the

response to chemotherapy.



2. Dual role of immune system in cancer: “concomitant immunity”
y y

The role of immune system during tumor development was initially studied
through murine models showing that progressive growth of a primary tumor
suppressed the development of a newly implanted tumor, through a mechanism
involving the immune system, a phenomenon also known as concomitant
immunity (CI) (Ruggiero RA, 1989; North RJ, 1977). Specifically, North and
colleagues, in animal tumor models, found that during the growth of
immunogenic tumors, two different subset of suppressor T lymphocytes are
sequentially generated. The first class, corresponding to CD8" T lymphocytes,
appears during the early stages of tumor growth and is characterized by the
ability, upon passive transfer, to suppress delayed-type hypersensitivity (DTH)
reaction against tumors antigens in tumor-immunized recipients. On the
contrary, the other T lymphocytes subset appears later on during tumor growth
and has been identified, in adoptive transfer experiments, as made of CD4* T
lymphocytes able to suppress “concomitant” immunity” against tumors (Di
Giacomo, 1986). More recently, a clear evidence of the presence of cancer
immunosurveillance comes from several studies showing the presence of
tumor-infiltrating lymphocytes (TILs) in tumor of cancer patients (Savas P,
2016; Dadmarz R, 1995; Ruffell B, 2012). Specifically, several investigations
have shown that high frequency of TILs in a primary tumor correlates with
good prognosis for disease-free and overall survival in large cohort of cancer
patients, supporting the notion that immune system cells control cancer growth
and invasion (Galon J, 2006; Hanahan D, 2011). However, according to
concomitant immunity theory, it has been observed that immune system has a
dual role since it protects not only the host against tumor development but it
also has the ability to favor tumors that are either poorly recognized by the
immune system or that have acquired mechanisms to evade immune effector
functions. Therefore, in order to describe more appropriately the dual host-

protective and tumor-promoting roles of the immune system, the new "cancer



immunoediting™ hypothesis has been introduced, which explains the complex
interaction between immunity and cancer, describing how tumor
microenvironment can induce tumor cells to deceive immunosurveillance
(Dunn GP, 2002). The cancer immunoediting process involves three sequential
phases: 1) the elimination phase in which the immune system tries to destroy
the developing-tumor; 2) the equilibrium phase in which the immune system
promotes the generation of tumor cell variants with increased capacity to
escape immune system attack and in which a continuous sculpting of tumor
cells produces cells resistant to immune effector cells; 3) the escape phase in
which the immunologically sculpted tumor expands in an uncontrolled manner

in the immunocompetent host (Figure 1).
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Figure 1. The Three Phases of the Cancer Immunoediting Process: elimination,
equilibrium and escape. The innate and adaptive immune cells try to eliminate the
developing-tumor in the elimination phase. Whether this process is not successful, tumor
cells enter in the equilibrium phase in which the tumor cells and the host immune system
are in balance: the immune system inhibits proliferation of immune sensitive tumor cells
variants and remaining resistant tumor cells acquire mutations that protect them from
immune detection, creating an immunosuppressive tumor microenvironment. These
variants may eventually evade the immune system by a variety of mechanisms and
become clinically detectable in the escape phase

2.1 Elimination phase

Elimination phase corresponds to the initial theory of tumor
immunosurveillance. It is the phase in which immune system recognizes and
eradicates the developing tumor cells. This phase occurs when the cell intrinsic
tumor suppressor mechanisms failed and it needs the combined action of the
innate and adaptive immune response. In recognition step, innate immune cells
such as Natural Killer cells (NK), Natural killer T (NKT) cells as well as



macrophages and dendritic cells (DCs) are the first cells recruited and/or
activated by pro-inflammatory cytokines produced by tumor cells. The
activation of innate immune cells, such as NK and NKT, promotes the release
of interferon-gamma (IFN-y) which in turn induces tumor cells death
(Shankaran V, 2001) and the production of chemokines such as CXCL10,
CXCL9 and CXCL11, which block the formation of new blood vessels and
tumor cell proliferation. Thus, tumor apoptotic bodies are engulfed by dendritic
cells that migrate to tumor-draining lymph nodes, resulting in antigen
presentation to naive T CD4" cells, which in turn facilitates the development of
cytotoxic CD8" T cells. Tumor antigen-specific CD4" and CD8" T cells reach
the primary tumor site, where the clonal expansion of T cells (CTLs) eliminate
the remaining tumor antigens-expressing tumor cells, also selecting tumor cells

with a reduced immunogenicity.

2.2 Equilibrium phase

Equilibrium is the longest phase of immunoediting and it can last even many
years. It is characterized by a delicate balance between the elimination of
tumor cells by the immune system and the production of new tumor variants
cells that are resistant to immune response. In this context, the lymphocytes
and IFN-y put an immune selection pressure on tumor cells: they kill tumor
variants from original tumor but promote proliferation of new variants of
cancer cells with non-immunogenic phenotype, sustaining their survival and
growth in tumor microenvironment. Recent studies have shown that tumor
environment in equilibrium phase displays high amount of pro-inflammatory
cells and low proportions of anti-inflammatory cells (Wu X, 2013), thus
suggesting that the equilibrium phase might represent a condition of tumor
“dormancy” in which outgrowth of occult tumors is specifically controlled by

immune system.



2.3 Escape phase

Escape phase is a crucial point of tumorigenesis, in which surviving tumor
cells variants, that have acquired the capability to escape to immunologic
detection and elimination, proliferate in an uncontrolled manner. These cells
are not only resistant to immune-mediated killing but they are able to induce an
immunosuppressive microenvironment tolerating or even fostering tumor
growth. Several mechanisms exist that lead to escape of cancer cells to immune
system control, including: the reduced immune recognition through
downregulation/loss of classical MHC class | expression; the exposure of self-
antigens toward which the immune system is already tolerant and the increased
survival, mediated by the expression of several anti-apoptotic molecules and/or
development of an immunosuppressive tumor microenvironment. Indeed, the
tumor microenvironment has been reported to contain a variety of tumor-
derived soluble factors which contribute to create a immunosuppressive milieu,
including different cytokines such as vascular endothelial growth factor
(VEGF), transforming growth factor-p (TGF-), IL-10 and immuno-regulatory
molecules such as indoleamine 2,3-dioxygenase (IDO), galectin and LAG-3. In
this immunosuppressive scenario, a key role is represented by the recruitment
at the tumor site of a T CD4" cell subset called Regulatory T cells (Tregs),
which express the transcription factor forkhead box (Foxp3). Specifically,
these cells are able to suppress anti-tumor immune responses and favor tumor
progression. Instead, the immunosuppressive molecules in the tumor milieu
increas the conversion of conventional CD4" T cells into Foxp3* Treg cells, the
recruitment of peripheral Treg cells to the tumor site and the expansion of
tumor-resident Treg cells. Supporting the evidence of an immunosuppressive
role of Treg cells in tumors is the finding showing that Treg cell removal from
tumor tissues results in an enhanced anti-tumor immune response (Shimizu J,
1999). For these reasons, Foxp3* Treg cells represent one of a primary target
cells for cancer immunotherapy, which finally aims at restoring the ability of



immune system to detect and destroy cancer cells, by overcoming the

mechanisms by which tumors can evade the immune response.

3. Regulatory T cells (Treg cells)

Several regulatory mechanisms are essential to maintain immune homeostasis,
to minimize deleterious inflammation caused by pathogens and immune
responses against self- and environmental antigens. These mechanisms are
regulated by different cellular subsets including Regulatory T (Treg) cells that
are key players in the maintenance of peripheral self-tolerance and immune
homeostasis. They represent 5-10% of CD4" T cells that constitutively express
the IL-2 receptor alpha chain (CD25). Besides CD25, they also express several
surface molecules: chemokine receptors like CCR4, CCR7 and CCR8 involved
in lymph node homing of naive Treg cells, selectins such as CD62L and
integrin such as CD103, negative co-stimulatory molecules, such as CTLA4
and PD1. In addition, several groups have shown that Treg cells are also
characterized by low levels of CD127 (IL-7 receptor a-chain) (Marini¢ I, 2006;
Liu W, 2006; Seddiki N,2006). Moreover, they are characterized by the
expression of the transcription factor Forkhead-box-P3 (Foxp3), that acts as a
master gene for cell-lineage commitment and developmental differentiation of
Treg cells (Fontenot JD, 2003; Miyara M, 2009; Walker MR, 2003). Foxp3 is
not only a lineage-specific transcription factor required for their differentiation
but is also crucial for their suppressive activity toward a wide range of cell
populations such as CD4" and CD8" T cells, B cells, NK, NKT, dendritic cells
(DCs), monocytes, and macrophages both in vivo and in vitro (Sakaguchi S,
2008; Ohkura N, 2013). As concerns the origin of Treg cells, they can originate
either in the thymus from immature CD4" precursors by the stimulation of self-
antigens and they are known as thymus-derived Treg (tTreg) cells or natural
Treg (nTreg) cells. Alternatively, they can be differentiated from naive CD4* T

cells upon antigen stimulation under certain conditions in peripheral tissues and
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they are known as peripheral Treg cells (pTregs). In addition, “induced” Treg
(iTreg) cells is the term used to describe Treg cells generated in vitro by the
culture of naive CD4" T cells upon T cell receptor (TCR) activation in the
presence of cytokines such as TGF-f and IL-2. During thymic development,
Treg cells are positively selected through their TCR affinity with self-peptides
presented on MHC class Il molecules by thymic stromal cells (Bensinger
SJ,2001; Aschenbrenner K, 2007). Thus, CD4" thymocytes bearing
upregulated CD25 become more sensitive to IL-2 signaling, which in turn
facilitates induction of Foxp3 and drives Treg cell fate and commitment (Lio
CW, 2008). Their thymic origin has been demonstrated in mice through
neonatal thymectomy experiments within 3 days after birth leading to
autoimmune damage of different organs and the presence of tissue-specific
autoantibodies in circulation (Sakaguchi S, 2008). In the periphery, Treg cells
can develop from naive CD4*Foxp3™ T cells (Tconv) upon chronic exposure to
antigens or/and in the presence of immune-regulatory cytokines including IL-
10, TGFB and IL-2 (Barrat F, 2002; Fu S, 2004; Zheng SG, 2007). More
specifically, I1L-2 activates the transcription of transcriptional factor STATS,
which binds several sites on the Foxp3 promoter to enhance Foxp3 expression,
establishing the genetic program driving Treg cell commitment. On the other
hand, Foxp3 cooperates with  other transcription factors and
coactivators/corepressors in order to bind the IL-2 promoter and halt its
transcription, rendering Treg cells hyporesponsive to classical TCR stimulation
and highly dependent on exogenous IL-2 for their maintenance and function.
Therefore, due to the constitutive expression of high-affinity IL-2R in Treg
cells, low concentration of IL-2 can promote their activation and proliferation.
Activated Treg cells can inhibit the differentiation and development of effector
T cells (Dowling MR, 2018), including autoreactive Thl and Th17 cells, by
reducing costimulatory signals, depleting IL-2 and secreting IL-10, so as to
regulate the immune balance between effector T cells and regulatory T

cells. Therefore, IL-2 pathway is a milestone for Treg cells development,
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homeostasis and survival, as demonstrated by several studies in which IL-2-
deficiency has been associated with autoimmune diseases (Yamanouchi J,
2007). Therefore, constitutively high expression of CD25, dependency on
exogenous IL-2 and TCR stimulation have all pivotal roles in controlling Treg
cell function and in the conversion of Tconv cells into Treg cells both in vivo
and in vitro (Yamaguchi T, 2013).

3.1 Foxp3 gene and its splicing variants

Foxp3 gene expression is necessary to confer Treg cell suppressive activity and
it is critical for Treg cell differentiation. Indeed, Foxp3 alterations result in
increased susceptibility to several autoimmune diseases, such as IPEX
syndrome (immune dysregulation, polyendocrinopathy, enteropathy, X-linked),
or immunopathology and allergy (Sakaguchi S, 2008; Bennett CL, 2001). The
Foxp3 gene, located on X chromosome at Xpl11.23, is well conserved in
mammalians and contains 11 coding exons and 3 non-translated exons. In
humans, several splicing isoforms of Foxp3 have been described (Miyara M,
2009; Ito T, 2008; Allan SE, 2005; Smith E, 2006) which identify different
phenotype and function of Treg cells (Roncador JD, 2003; Joly AL; 2018;
Krejsgaard T, 2008), in contrast with mouse Treg cells in which Foxp3 is only
expressed as a full length protein (Fontenot JD, 2005). Indeed, human Treg
cells express four Foxp3 isoforms: the full-length isoform (Foxp3all) and
shortened isoforms as a result of exclusion of either exon 2 (FoxpA2), exon 7
(Foxp3A7), or both exons 2 and 7 (Foxp3A2A7) from the Foxp3 transcripts
(Figure 2). Compared to full length Foxp3 which contains the sequences
involved in the interaction with retinoic acid-related orphan receptor o and yt
(RORa and RORyt), Foxp3A2 is unable to interact with RORa (Du J, 2008)
and RORyt (Zhou L, 2008) to inhibit Th17 cell function and development. A
third isoform has also been described, lacking both exon 2 and exon 7
(Foxp3A2A7); this isoform facilitates Th17 differentiation cells, differently

12



from the other two isoforms (Bennett CL, 2001). Recent study has
demonstrated that the different Foxp3 splicing variants are influenced by
different specific metabolic programs such as glycolysis, fatty acid oxidation
and mitochondrial oxidative phosphorylation in order to provide energy and
precursors to support Treg cells activity during immune responses (De Rosa V,
2015). In particular, it has been recently shown that the induction and
suppressive function of human iTreg cells tightly depended on glycolysis,
which controls the expression of Foxp3 splicing variants containing exon 2

(Foxp3E2), through the glycolytic enzyme enolase-1 (De Rosa V, 2015).

Repressor region ZnF  Zip Forkhead domain
= o2 >—¢
FOXp3 full length 8 [W‘l i % 2 w 3 '. g ond | Exon5 I xoni g an7 I Exon8 | Exon9 I[xon 10{ Exon 11 o

Foxp3 A2 _EXOM/\ Exond | Exond | Exon5 | ExonB | Exon7 I Exon 8 1 Exon 9 [Exon 10[ Exontl |
FOXp3 A7 Exon 1 : L 3 L Ex | Exon§ I Cxinz/\[ Exon8 | Exon9 IExon 10{ Exon 11 )

Foxp3 A2A7 | EM/\' Exon3 LExond | Exons 7Exon? /\[ Exon8 | Exong iExon101 Bon il

Krejsgaard T, 2008

Figure 2. Schematic representation of Foxp3 mRNA splicing variants.

3.2 Treg cell mechanism of suppression

Several studies have demonstrated that Treg cells suppress the activation and
expansion of several subsets of immune cells. Treg cell suppressive
mechanisms can be classified into different categories, according to their
modes of “action”: (i) suppression through cell-to-cell contact that includes

modulation of antigen-presenting cell (APC) maturation/function (ii)
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suppression by Kkilling of target cells, or (iii) suppression by
contact-independent mechanisms, mediated by the release of inhibitor
cytokines (Figure 3). The contact-dependent mechanism of suppression is
mediated by several accessory molecules expressed on Treg cell surface,
including Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4), programmed cell
death 1 (PD-1), Glucocorticoid-induced TNF receptor-related protein (GITR)
and lymphocyte activation gene 3 (LAG3). The key role of such molecules in
the control of Treg cell function has been demonstrated by the findings
showing that CTLA-4 deficiency abrogates Treg cells-suppressive function and
causes severe autoimmune diseases, similarly to what observed during Foxp3
deficiency (Sakaguchi S, 2008; Huang CT, 2004; Sharpe AH, 2007).
Specifically, CTLA4 acts by downregulating or preventing the upregulation of
CD80 and CD86 (the main costimulatory molecules) on APC, or inhibiting T
cell activation, since it competes for CD28 in binding to CD80/86, interfering
with the ability of T cells to form stable conjugates with APC cells (Schildberg
FA, 2016). Similarly, to CTLA4, LAG-3 interacts with MHC class Il on APC
cells, causing an inhibitory signal that suppresses dendritic cells maturation and
immunostimulatory capacity (Huang CT, 2004). While CTLA4 dampers T
cells function during priming phase of their activation, PD1 expression is
induced after T cells activation and its main role is to limit the activity of T
cells in peripheral tissues during an inflammatory response, trough inhibition
of molecules that are involved in T cell activation, proliferation and migration
(Freeman GJ, 2000; Chemnitz JM, 2002). Other cell-surface molecules
implicated in cell-to-cell suppressive functions of Treg cells are CD39 and
CD73, two ectoenzymes that hydrolyze extracellular ATP to AMP. CD39 thus
regulates immune T cell suppression by the downstream production of
adenosine acting via the A2A receptor, which inhibits T cell proliferation.
(Deaglio S, 2007; Borsellino G, 2007). In addition, Treg cells have been shown
to act also by cytolysis against B cells, NK cells, monocytes and T cells

through the release of perforin and granzyme A, similarly to NK cells and
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CD8" cytotoxic T lymphocytes (Grossman WJ, 2004). One
contact-independent mechanism by which Treg cells suppress T cell-mediated
Immune responses is through the secretion of immunosuppressive cytokines,
such as TGF-p, IL-10, and IL-35. These cytokines are involved in inhibition of
differentiation, proliferation, and activation of T effector cells, as they suppress
pro-inflammatory cytokine production by T effector cells and promote the
conversion of activated Tconv to cells into regulatory T cells, by inducing the
expression of Foxp3. More precisely, TGF-f plays a critical role in
maintaining peripheral tolerance and it is fundamental to the generation and
maintenance of Treg cells (Freudenberg K, 2018), while IL-10 downregulates
the expression of MHC-II and co-stimulatory molecules (CD80/CD86 and
CD28) (Mittal SK, 2015; Saraiva M, 2010). Additionally, 1L-10 reduces the
release of pro-inflammatory cytokines by mast cells and macrophages and

suppress their function and activation (Mosser DM, 2008).
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Figure 3. Schematic representation of Treg cells suppression mechanisms.
Targeting of dendritic cells (DC) through downregulation of costimulatory molecules
on their surface mediated by Treg cells, leading to abrogated signals to effector T cells;
Metabolic disruption includes cytokine deprivation or cyclic AMP-mediated inhibition;
Competition for critical cytokines or direct disruption of effector cell engagement with
APCs; Cytolysis that acts by direct cytotoxic effect through the production of
Granzyme B and Perforin and consequent apoptosis of effector T cells or APCs;
Production of inhibitory cytokines, including IL-10, IL-35, and TGF-p.

3.3 Treg cells in breast cancer

The fundamental functions of Treg cells, engaged in suppressing abnormal or
excessive immune responses against self/environmental antigens, is
demonstrated by a plethora of diseases and pathological conditions
characterized by Treg cell alterations. In particular, it is well known that
alterations of Treg cells play a key role in the development of multifactorial
autoimmune diseases, such as type 1 diabetes (T1D), rheumatoid arthritis,

systemic lupus erythematosus and multiple sclerosis which afflict 10% of the
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population worldwide (Cooper GS, 2009). Treg cell defects found in these
autoimmune diseases concern both their suppressive function and number. In
multiple sclerosis, Treg cells display an impaired in vivo and in vitro
proliferative capacity that correlates with the clinical state of the disease, whit
increasing disease severity associated with a decline in Treg cell expansion
(Carbone F, 2014). On the contrary, an increased Treg cell number has instead
been found in several types of cancers, including lung, ovarian, gastric, breast
and pancreatic cancers (Salama P, 2009). In this context, tumors recruit,
expand, differentiate, and activate Treg cells by multiple mechanisms, which
result in the suppression of the tumor immunosurveillance. Indeed, several
studies have demonstrated that the frequency of Treg cells is increased in the
peripheral blood, tumor microenvironment and among tumor-infiltrating
lymphocytes (TILS) in subjects with different types of cancer, including breast
cancer (Liyanage UK, 2002; Perez SA, 2007). More specifically, the increased
presence of Treg cells in breast tumor biopsies is associated with an invasive
cancer phenotype and diminished relapse-free as well as overall survival (Bates
GJ, 2006; Ohara M, 2009), due to Treg-mediated suppression of anti-tumor
immunity. Treg cells play a central role not only in tumor progression, through
the suppression of antitumor immunity, but also in the development of tumor
resistance to immunotherapies, such as immune checkpoint inhibitors (ICls),
contributing to tumor growth and expansion. Indeed, most immunotherapies
for BC treatment involve the manipulation of key immune checkpoints that
regulate the adaptive immune system and are highly expressed by Treg cells,
including CTLA4, PD1, and PD-L1. On the other hand, several studies have
demonstrated that beneficial effects of different anti-cancer therapies are
associated with the downregulation or ablation of Treg cells in BC. While the
silencing of immune checkpoint molecules has no significant effect on tumor
progression, its combination with Treg cells depletion by anti-CD25 antibodies
suppress tumor growth in mouse breast cancer models (Liu Y, 2011). The

suppressive function and higher recruitment of Treg cells in the tumor in BC
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subjects depends on environmental factors, tumor-derived products and locally
produced cytokines that can influence Treg cells biology, identity and function

in order to inhibit anti-tumor immune response, thus favoring tumor growth.
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Aim of the study

Compelling experimental evidence has shown an increased percentage of
tumor-infiltrating lymphocytes (TILs) in the tumor microenvironment of
subjects with different tumors, including BC. Moreover, the Treg cells
abundance in tumor infiltrates leads to reduced survival in cancer subjects and
inversely correlates with clinical response of BC to therapy (Liyanage UK,
2002; Perez S, 2007). In this context, the transcription factor Foxp3 plays a
critical role in regulating the development and the immunosuppressive function
of Treg cells. Until now, 8 different Foxp3 splicing variants have been
described in human subjects, but their specific role and function still remain
uncleared. Recently, it has been found that the Foxp3 splicing forms containing
the exon2 (Foxp3E2) are necessary for the induction and establishment of the
suppressive phenotype of Tregs (De Rosa V, 2015). In particular, Foxp3E2
inhibition has been linked to the generation of "defective” Treg cells, which are
not able to efficiently suppress immune T cell responses. The aim of this thesis
is to evaluate the role of Foxp3E2* Treg cells in the context of tumor growth,
dissecting whether increased immunosuppression, observed in BC subjects,

could be secondary to the preferential accumulation of Foxp3E2* Treg.
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Materials and Methods

1. Subjects and study design

The study was approved by the Institutional Review Board of the Universita
degli Studi di Napoli “Federico I1I”. Between June 2016 and January 2021,
Breast Cancer (BC) subjects were enrolled by our clinician collaborator at
Instituto Nazionale Tumori — IRCCS “Fondazione G. Pascale”. Peripheral
blood was obtained from BC and healthy subjects (HS) after they signed a
written informed consent approved by institutional review boards. All blood
samples were collected at 9:00am into heparinized Vacutainers (BD
Biosciences) and were processed within the following 4 hours. Demographic
and clinical characteristics of study cohorts are shown in Table 1. All subjects
were naive-to-treatment and with definite clinicopathological parameters
evaluated for each subject included age, tumor size, tumor-node-metastasis
(TNM) stage, Ki-67 index, estrogen receptor (ER) and progesterone receptor
(PR) status and human epidermal growth factor receptor 2 (HER2) status. For
each subject, a detailed past medical history was recorded to exclude intake of
steroids and/or antihistamine drugs in the 2 months preceding the enrolment
and previous diagnosis of chronic inflammatory, immune or other neoplastic
diseases. All tissue and blood samples from ER*PR* BC subjects were
collected prior to chemotherapy, radiotherapy, endocrine therapy or any other
treatment that could affect the immune state. All patients underwent to breast
cancer surgery or core needle biopsies, collected with ultra-sound guidance.
BC subjects were classified in immunohistochemically defined surrogate
molecular subtypes, according to the recommendations of St. Gallen
International Breast Cancer Conference (Rageth CJ, 2019). HS were matched
for age, body mass index, and sex and had no history of inflammation,
endocrine, or autoimmune disease. The ethnic distribution among the groups

was comparable, with all participants being Caucasian.
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Table 1. Clinical characteristic of 35 BC subjects.

Variables N. of patients (%)
BC subjects 35
Age at diagnosis, mean = SD, year 54 (£6)

Tumor staging

Tl 20 (54)
T2 12 (34)
T3 2(6)
T4 1(3)

Lhymph Nodes metastasis

0 23 (66)
1-3 9(26)
>4 3(8)
Histological grading

I 2(6)
I 25(71)
I 8(23)

Immunohistochemical markers

ER positive 35(100)
PR positive 35(100)
HER?2 overexpression 0

Ki-67 positive 35(100)

Molecular subtype
Luminal A 25 (71)
Luminal B 10 (29)




2. Immunohistochemistry

Immunohistochemical staining was performed on slides from formalin-fixed,
paraffin embedded tissues to evaluate the expression of CD3, CD8 and Foxp3
markers in Fibroadenoma and Breast cancer tissues. Paraffin slides were de-
paraffinized in xylene and rehydrated through graded alcohols. Antigen
retrieval was performed with slides heated in 0.01 M citrate buffer (pH 6.0) in
a bath for 20 minutes at 97°C. After antigen retrieval, the slides allow to cool.
The endogenous peroxidase was inactivated with 3% hydrogen peroxide was
inactivated with 3% hydrogen peroxide. After protein block (BSA 5% in PBS
1x), every slide was incubated with specific primary antibodies: CD3 (anti-
CD3 rabbit monoclonal Ab, clone 2GV6, Verdana), CD8 (anti-CD8 rabbit
monoclonal Ab, clone CAL66, Verdana) and Foxp3 (anti-Foxp3 rabbit
monoclonal Ab, clone D2W8E, Cell Signaling). The sections were incubated
for 1 hour with Novocastra Biotinylated Secondary Antibody (HRP-
conjugated) and visualized with DAB chromogen. Finally, the sections were
counterstained with hematoxylin and mounted. CD3, CD8 and Foxp3 positive
nuclei were counted evaluating at least five fields at 400x magnification. All

sections were evaluated in a blinded fashion by 2 investigators.

3. Tissue samples preparation

Dissected tumor fragments from fresh surgical from BC subjects were directly
transferred in GentleMACS C tubes (Miltenyi Biotec) containing calcium- and
magnesium-supplemented HBSS with 0.5 mg/mL Collagenase IV (Sigma), 50
ng/mL DNAse | (Worthington), 2% FBS and 10% BSA. Tissue dissociation
was made on a GentleMACS Octo Dissociator with Heaters (Miltenyi Biotec),
by performing the program “h_tumor 01 03" twice. After an incubation of 10
minutes at 37°C, another round of dissociation by “h_tumor 01 03 program it
was made. Single cell suspensions were obtained by disrupting the fragments
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with a syringe plunger over a cell strainer, washing with cold HBSS. Then,
cells were pelleted through a 40% isotonic Percoll solution, and finally

centrifuged over a Lympholyte density gradient.

4. Cell purification

Peripheral blood mononuclear cells (PBMCs) from HS and BC subjects were
isolated after Ficoll-Hypaque gradient centrifugation (GE Healthcare).
Peripheral Treg (CD4"CD25%) and Tconv (CD4'CD25") cells were purified
(90-95% pure) from PBMCs of HS and BC subjects by using the The
CD4*CD25" Regulatory T Cell Isolation Kit (Miltenyi Biotec).

5. Flow cytometry, proliferation and CFSE staining

Freshly isolated PBMCs from HS and BC subjects were surface stained with
the following mAbs: APC-H7—-conjugated anti-human CD4 (RPA-T4), PerCP-
Cyb.5-conjugated anti-human CD197/CCR7 (150503), BB515-conjugated
anti-human CD45RA (HI100), BV421-conjugated anti-human CD279/PD-1
(EH12.1), BV510 conjugated anti-human CD62L (DREG-56) and PE-Cy7—
conjugated anti-human CD8 (RPA-T8) all from BD Biosciences. Thereafter,
cells were washed, fixed, and permeabilized (Anti-Human FOXP3 staining Set
PE; eBioscience) and stained with following mAbs: PE-conjugated anti-human
FOXP3 from eBioscience (PCH101) that recognizes all splicing variants of
FOXP3 (through an epitope of the amino terminus of FOXP3), and PE-
conjugated anti-human FOXP3 from eBioscience (150D/E4) that recognizes
FOXP3E2 through an epitope present in the exon 2 only, APC—conjugated
anti-human CD152/CTLA-4 (BNI3) (from BD Biosciences) and Alexa Fluor
647—conjugated antibody to ribosomal protein S6 phosphorylated at Ser235
and Ser236 (D57.2.2E) (from Cell Signaling). Cells were analysed with
FACSCanto Il (BD Biosciences) and FlowJo software (Tree Star).
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For T cell proliferation and suppression assays, CD4*CD25" T cells (90-95%
pure) (2 x 10* cells per well) from HS and BC subjects were purified by
magnetic cell separation CD4*CD25" Regulatory T Cell Isolation Kit (Miltenyi
Biotec). The fluorescent dye CFSE was used at a concentration of 1 pg/ml
(Invitrogen). Flow cytometry analyzing CFSE dilution was performed by
gating on CD4"CD25 CFSE" cells from HS and BC subjects stimulated for 72
hours in round-bottomed 96-well plates (Corning Falcon) with anti-CD3/anti-
CD28 mAb coated beads (0.2 bead per cell; Thermo-Fisher) alone or cultured
with pTreg cells from HS and BC subjects, respectively.

6. Statistical analysis

Statistical analyses were performed using GraphPad program (Abacus
Concepts). Results were expressed as mean + s.e.m.; a P value < 0.05 was
indicative of statistical significance. The nonparametric Mann-Whitney U-test
and the Wilcoxon matched-pairs signed-rank test were used. We used two-
tailed test for all analyses. To evaluate the relationship between the percentage
of Foxp3E2" Treg cells in BC subjects and the percentage of proliferation
marker Ki-67 in tumor cells, we computed the nonparametric Spearman rank

correlation.
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Results

1. Accumulation of CD4* T cells in tumor-infiltrating leukocytes within

breast cancer tissue

Immune surveillance and immune tolerance are essential mechanisms in the
maintenance of immune homeostasis. However, in tumor tissues this balance is
often disrupted and defective, allowing tumour cells to evade from attack by
the immune system resulting in their continuous proliferation and growth.
Indeed, during tumor development, cancer cells promote the recruitment in the
tumour tissues of different immune cells, predominantly CD8" T lymphocytes
and FoxP3" Tregs, which are the main mediators of immune surveillance and
immune tolerance, respectively. In order to define the composition of immune
infiltrate in BC tissues, we performed immunohistochemistry (IHC) analysis on
paraffined breast cancer tissue. Specifically, we evaluated the percentage of the
main subsets of tumor-infiltrating lymphocytes (TILS) in breast cancer tissue as
compared to breast fibroadenoma (BF), known as a benign lesion in breast
tissue. We performed in parallel immunostaining for CD3, CD8 and for Foxp3
(Figure 4A) and we found that in BF tissue CD8 subset was the predominant
type of T cells (Figure 4B) among CD3* T cells. On the contrary, in BC tissue,
we observed a reduced percentage of CD8" cells and a significant recruitment
of Foxp3* cells (Figure 4C). In addition, since CD8" exhibit antitumor effects
and Treg cells negatively regulate immune responses, we calculated the ratio of
CD8" : Foxp3* cells (rather than the absolute number) within the tissues in
order to define the balance between pro-tumour and anti-tumour immune
response. As expected, the CD8 : Foxp3 ratio was lower in BC tissue as
compared to BF (Figure 4D), thus suggesting that Treg cells from BC,
differently from those derived from BF, are directly involved in promoting

tumor progression by suppressing anti-tumor immune response; whereas in
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fibroadenoma the immune system is “surveilling” the lesion mainly thought

CD8 T cell cytotoxic activity.
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Figure 4. Increased CD4*Foxp3* T cells in infiltrated breast tumors. (A)
Immunohistochemical staining showing the stromal distribution of CD3* (left panel),
CD8" (central panel) and Foxp3* (right panel) cells in tumor infiltrating-lymphocytes
(TILs) from a single section of paraffined BF tissue (upper panels) and BC tissue
(bottom panels). Magnification, 400x. Scale bar, 200 um. Cumulative data showing
percentage (%) of (B) CD8*, (C) Foxp3* cells and (D) Foxp3 : CD8 ratio values,
normalized on CD3* cells from 15 different sections of BF (n=15) and BC (n=15)
tissues. (B-D) Statistical analysis was performed by using Mann-Whitney U-test (two
tails) (mean + s.e.m.); *P <0.05, **P < 0.01.
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2. Increased percentage of CD4*Foxp3E2* Treg cells in Breast Cancer

Treg cells variably to infiltrate human BC and their frequency in the tumor
microenvironment (TME) have clinical significance for BC prognosis and
survival. To characterize the composition of T cell subsets resident in primary
human breast tumors, we evaluated the frequency of Tumor infiltrating
lymphocytes (TILs) in freshly-resected BC tissue from untreated BC subjects,
also by multi-color flow cytometry analysis (FACs) (Figure 5A). We also
found that among CD45" cells, BC tissues were characterized by an increased
percentage of CD4" T cells as compared to BF tissues (Figure 5B and 5C),
where we observed a higher percentage of CD8* T cells (Figure 5B and 5D).
Moreover, CD4"Foxp3* Treg cell frequency was significantly increased in BC,
compared to BF (Figure 5B and 5E). In addition, recent data have shown that a
novel functionally distinct subpopulation of Treg cells expressing the Foxp3
Exon 2 (Foxp3E2) splicing variant, exhibit the strongest suppressive function
(De Rosa, 2015). Therefore, we asked whether the immunosuppressive milieu
characterizing tumors could be secondary to a predominant occurrence of Treg
cells expressing Foxp3E2* compared to Foxp3all* in the TME. To this aim, we
evaluated the expression of Foxp3 full length and Foxp3 Exon2 in TILs from
all the above-mentioned experimental groups, using two different antibodies
that recognize all splicing variants of Foxp3 (Foxp3all) and Foxp3 containing
Exon2 (Foxp3E2), respectively. FACS analysis showed a higher percentage of
Foxp3E2* Treg cell population in BC tissue compared to BF tissue (Figure 5B
and 5F). Furthermore, in order to evaluate the predominant immune response
in BC we compared the CD8 : Foxp3 ratios in BC and BF tissues and we
confirmed that it was significantly lower in BC tissue compared to BF tissue
(Figure 5G). These data suggest that while in BF probably a great number of
these lesions are resolved in tissue repair or are in an equilibrium phase with
the surrounding tissue, in BC subjects there is a whole inversion of the

immunological infiltrate, being Treg cells populations most represented during
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the tumor escape. Interestingly, Treg cells exhibit a higher level of the
Foxp3E2 splicing variant which characterizes and defines a highly immune

suppressive population, able to play a key role in immune suppression and
promote tumor escape from immune system control.
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Figure 5. Increased CD4%, CD4*Foxp3all’ and CD4"Foxp3E2* frequency from TILs of BC
compared to BF. (A) Schematic representation of the experimental procedure used to obtain cell
homogenate from freshly surgical BF and BC for flow cytometry analysis. (B) Flow cytometry
analyzing the expression of lymphocytes, CD45*, CD4*, CD8*, CD4'Foxp3all* and CD4*Foxp3E2*
cells in TILs from BF (upper panels) and BC (lower panels). Numbers in the plots indicate percentage
(%) of positive cells; one representative experiment out of #=15 and #»=20 independent experiments for
BF and BC, respectively. Cumulative data showing percentage (%) of (C) CD4*, (D) CDS§*, (E)
CD4*Foxp3all®, (F) CD4*Foxp3E2* cells and (G) CDS : Foxp3all ratio values, from TILs of BF (»#=15)
and BC (#=20). (C-G) Statistical analysis was performed by using Mann-Whitney U-test (two tails)
(mean + s.e.m.); *P < 0.05.
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3. Treg cells expressing Foxp3E2 exhibit a stronger suppressive phenotype
than Foxp3all Treg cells

Next, to assess whether Foxp3E2" Treg cell subset in BC subjects display a
different immunophenotype than Foxp3all Treg cells, we compared the
expression pattern of several Treg cell-associated markers in these two distinct
Treg cell subsets. (Figure 6A and 6C). We found that the level of suppressive
markers such as CTLA4 and PD1, of the proliferative marker Ki-67 and the
phosphorylation of S6 (downstream target of the metabolic checkpoint kinase
mTOR) were significantly higher in the Foxp3E2" subset compared to
Foxp3all* subset in BC tissue (Figure 6D), but not in BF (Figure 6B). On the
contrary, the expression of migratory markers such as CCR7, CCR8 and cell
adhesion molecule CD62L did not increase in Foxp3E2" Treg population
compared to Foxp3all subset both in BC and BF tissues (Figures 6B and 6D).
These results indicated that tumor microenvironment is enriched of Treg cells,
most of which express Foxp3E2 splicing variant compared to BF, with a higher
suppressive phenotype, elevated proliferative and metabolic activity, thus
contributing to immune suppression which sustains tumor growth and

progression.
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Figure 6. Increased levels of Treg cell-lineage markers in Foxp3E2* cells from TILs of
BC subjects. (A, C) Flow cytometry analyzing the expression of CD4*Foxp3all* and
CD4*Foxp3E2* cells in TILs from BF (upper panels) and BC (lower panels). (B, D) Flow
cytometry analyzing the expression of specific Treg cell-lineage markers gated on
CDA4*Foxp3all* cells (full lines) and CD4*Foxp3E2* cells (empty lines) from TILs of BF
(upper panels) and BC (lower panels). (A-D) Numbers in the plots indicate percentage (%)
of positive cells; one representative experiment out of n=15 and n=20 independent

experiments for BF and BC, respectively.
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4. Peripheral Treg cells from BC patients exhibit a stronger immune

suppressive phenotype compared to healthy subjects

Subsequently, we evaluated whether peripheral Foxp3all™ and Foxp3E2" Treg
cells from BC subjects could display different immune phenotype also in the
peripheral blood, by FACS analysis. Flow-cytometric analysis of peripheral
blood mononuclear cells (PBMCs) showed higher frequency of peripheral Treg
cells, evaluated as both CD4"Foxp3all* and CD4*Foxp3E2* cells, in BC
subjects when compared to HS (Figure 7A and 7C). We next compared the
expression of Treg cell-associated markers in both cellular subsets. We found
that both CD4"Foxp3all* and Foxp3E2" Treg cells from BC subjects showed
an increased expression of CD45RA (a surface marker of naive Treg cells),
CTLA4, PD1, Ki-67, p-S6, CCR7, CCR8 and CD62L, when compared to HS
(Figure 7B and 7D). In addition, we found an increased expression of CTLA4,
PD1, Ki-67 and p-S6 in Foxp3E2" Treg cells as compared to Foxp3all* Treg
cell counterpart from BC subjects (Figure 7E), indicating a higher suppressive,
proliferative and metabolic phenotype of Foxp3E2" Treg cells rather than
Foxp3all™ Treg cells in peripheral blood of BC. Taken together our data show
that BC subjects display also in the peripheral blood an increased frequency of
Treg cells, characterized by higher expression of chemokine receptors and
suppressive markers, especially Treg cell subset expressing Foxp3E2, in line
with an increased homing of Treg cells at the tumor site.
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Figure 7. Increased Foxp3E2* cells and enhanced expression of Treg cell-specific
markers in Foxp3E2* cells from BC subjects compared to HS. (A, C) Flow cytometry
analyzing the expression of CD4*Foxp3all* (upper panels) and CD4*Foxp3E2* (lower panels)
cells in freshly isolated PBMCs from BC subjects and HS. (B, D) Flow cytometry analyzing
the expression of specific Treg cell-lineage markers gated on CD4*Foxp3all* cells (full lines)
and CD4*Foxp3E2* cells (empty lines) in freshly isolated PBMCs from BC subjects
compared to HS. (A-D) Numbers in the plots indicate percentage (%) of positive cells; one
representative experiment out of n=30 independent experiments for BC subjects and HS. (E)
Cumulative data showing percentage (%) of CTLA4*, PD1*, Ki-67*, p-S6* cells gated on
CD4*Foxp3all* (full column) and CD4*Foxp3E2* (empty column) in freshly isolated PBMCs
from BC subjects (n=30). (E) Statistical analysis was performed by using Mann-Whitney U-
test (two tails) (mean * s.e.m.); *P <0.05; **P < 0.01; ***P <0.001
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5. Percentage of Foxp3E2* Treg cells correlates with tumor aggressiveness
of tumor cells

In order to corroborate whether Foxp3E2 expression could represent a
prognostic marker for BC progression, we evaluated the correlation between
the percentage of Foxp3E2" Treg cells with Ki-67 expression (one of the main
parameters used for BC prognosis and aggressiveness) in BC cells. Correlation
analysis revealed a direct and significant correlation between these parameters
in TILs (Figure 8A) as well as in PBMCs (Figure 8B) from BC subjects.
These results suggest that an increase of Foxp3E2 expression in Treg cells is

associated with a more aggressive tumor.

A B
r=0926 r=0566
p =<0.0001 p=003
80 - 65-
70
° $ 55-
L v
560 B
RS S 45+
50 T
40 T T T T T 1 35 T T T 1
4 5 6 7 8 9 10 3 4 5 6 7
% of Foxp3E2"* cells % of Foxp3E2" cells

Figure 8. Correlations between Foxp3E2*Treg cells and percentage of Ki-67* tumor cells
evaluated in TILs (A) and PBMCs (B) from BC subjects (n= 15); correlation has been
computed using the nonparametric Spearman rank correlation.
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6. Peripheral Treg cells from BC subjects display a stronger suppressive
ability than Treg cells from healthy subjects

Next, we asked whether an increased frequency of Treg cells in peripheral
blood from BC subjects was associated with their higher suppressive function
in vitro. In particular, we assessed in in vitro co-culture experiments the ability
of pTreg cells from BC and HS to suppress the proliferation of CD4*CD25" T
cells labelled with the division-tracking dye 5,6-carboxyfluorescein-diacetate-
succinimidyl ester (CFSE). We found that pTreg cells from BC showed an
increased suppressive ability on CD4"CD25 T cells proliferation at all the
different ratios analysed when compared to Treg cells obtained from HS
(Figure 9A and 9B). This data revealed that Treg cells from BC subjects not
only show a higher immunosuppressive phenotype but also display a stronger
suppressive activity, which is possibly due to their elevated expression of
Foxp3E2* splicing variant.
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Figure 9. Increased suppressive capacity of Treg cells from BC subjects compared to
HS. Proliferation of CFSE-labeled CD4*CD25  cells from HS (n=30) and BC (n=30)
stimulated for 72 hours with anti-CD3/anti-CD28 mAbs (0.2 bead per cell) alone or in the
presence of pTreg cells from HS and BC subjects at a ratio of 16:1, 8:1, 4:1 and 2:1 (above
plots), respectively. (A) Representative FACS plots of proliferation of CFSE-labeled
CD4*CD25 cells. Numbers in plots indicate percentage of CFSE dilution in CD4*CD25
cells from HS and BC cultured alone (top left); numbers above bracketed lines indicate
percentage of CFSE dilution in CD4*CD25 cells cultured with pTreg cells from HS and
BC subjects. (B) Percentage (%) of Treg cell suppression in HS (black line) and BC (red
line) in above mentioned conditions. (A, B) Data are from thirty independent experiments.

(B) Statistical analysis

was performed by using Wilcoxon paired (two tails) (mean +

s.e.m.). *P <0.05, **P <0.01, ***P < 0.001.
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Discussion

Breast cancer is a highly heterogeneous tumor and it is often induced by
genetic and epigenetic changes in genes that regulate the main functions of the
mammary epithelial cells. Several intrinsic tumor-suppressor mechanisms, that
induce senescence or apoptosis of neoplastic cells, are involved in preventing
tumor development and progression (d'Adda di Fagagna F, 2003; Pistritto G,
2016). Contextually, the immune system is recognized as an extrinsic tumor-
suppressor mechanism that can eliminate transformed- epithelial breast cancer
cells and limit their growth when they escape intrinsic tumor suppression
process (Schreiber RD, 2011; Vesely MD, 2011). Indeed, several clinical
studies have shown that a huge infiltration of TILs in several cancers correlates
with a good clinical outcome and increased survival (Wang K, 2016; Nguyen
N, 2016). On the other hand, since cancer originates and evolves within the
context of self-tissues, the immune mechanisms of dominant and recessive
tolerance to self-antigens operate concurrently to constrain the development of
an anti-tumor adaptive immune response, previously described as “concomitant
immunity” (North RJ, 1977; Di Giacomo A, 1986). The balance between
antitumor immunity and tumor-promoting inflammation is under the control of
CD8" and CD4"Foxp3* T cell responses that significantly influence the clinical
outcome, as they represent the main mediators of immune surveillance and
immune tolerance, respectively. Thus, it is conceivable that a crosstalk among
tumoral microenvironment, cancer cells and TILs exists, and it is able to either
condition or promote tumor growth and development. Specifically, in BC, the
presence or the absence of the Estrogen Receptors (ER) seems to correlate with
different immune responses (West NR, 2013). Indeed, it has been shown that
estrogen is able to convert CD4"CD25  Tconv cells into CD4"CD25" Treg
cells, increasing the expression of Foxp3, thus expanding Treg cells both in
vivo and in vitro (Tai P, 2008). In this study, we analysed the asset of adaptive

immunity in benign and malignant lesions such as Breast Fibroadenoma (BF)
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and Breast carcinoma (BC), respectively. We found that while in BF the main
adaptive immune response is mediated by CD8 cytotoxic T cells, which are
highly effective at surveilling transformed cells, in BC we found a prominent
recruitment of Foxp3* Treg cells that provide an advantage to tumor growth by
inhibition of antitumor immune response in tumor-bearing hosts. Moreover, we
found that in tumor microenvironment the vast majority of Treg cells express
the Foxp3 splicing form containing exon2 (Foxp3E2) when compared to BF
counterpart, in line with the finding showing that a E2 marks a Treg cell
population with a highly efficient suppressive function (De Rosa V, 2015).
Indeed, in the comparison between Foxp3E2* Treg cells with Foxp3all® Treg
cells, we found a significant increase in the expression of the main suppressive
markers only in the E2 subset from BC patients, while this increase was not
evident in healthy subjects. These data suggested a selective induction of
Foxp3E2-expressing Treg cells with enhanced suppressive activity only at the
tumor site. In addition, Foxp3E2 Treg cells from BC display also an advanced
proliferative rate and higher metabolic activity when compared to Foxp3E2
Treg cells from BF, as evidenced by their higher levels of Ki-67 and p-S6,
respectively. The mechanism underlying Treg cell enrichment in the tumor
milieu remains to be elucidated, but Treg cell trafficking from peripheral
tissues to cancer tissue and vice-versa represents an important process to
improve the immunosuppressive scenario characterizing tumor settings.
Interestingly, we found that in addition to tumor setting, also in the peripheral
blood an increased frequency of Foxp3E2* Treg cells has been observed in BC
subjects as compared to HS. The higher immunosuppressive phenotype of
peripheral Foxp3E2 Treg cells from BC is confirmed by the increased
expression of CTLA4 and PD1, as well as the higher proliferative rate and
enhanced metabolic activity. Furthermore, both Foxp3all and Foxp3E2 Treg
cells in peripheral blood from BC show an increased expression of migratory
markers and cell adhesion molecules compared to HS. This could be probably

due to the sustained production of cytokines/chemokines secreted by tumor
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cells, which in turn can favour Treg cell recruitment. Interestingly, Treg cells
both in tumor tissue and peripheral blood from BC subjects display a naive
phenotype, as evidenced by the high level of CD45RA expression, which has
been previously shown to correlate with efficient suppressive activity of Treg
cells (Seddiki N, 2006; Valmori D, 2005; Fritzsching, B., 2006). Existing
evidence suggests that Treg cell depletion or interference with their suppressive
mechanisms can result in enhanced anti-tumor immunity with a clear
therapeutic potential (Selby MJ, 2013; Kurose K, 2015). The introduction of
immunotherapy has revolutionized the treatment of several cancer types,
shifting the focus from cytotoxic therapies toward treatments that can boost
anti-tumor immune responses. To this end, the identification of new predictive
biomarkers and cellular targets, such as Foxp3E2-expressing Treg cells, which
could help to stratify patients and guide the therapeutic decision, is urgently
needed. Furthermore, recent experimental studies have highlighted that even
metabolic inhibitors can also have effects on Treg cells in cancer therapy. In
this context, a recent study from our group has demonstrated the crucial role of
glycolysis in the induction of human inducible Treg cells (iTreg), by
modulating the expression of Foxp3E2 splicing variants, through the glycolytic
enzyme enolase-1 (De Rosa V, 2015). In particular, it has been demonstrated
that Foxp3-E2 was indispensable for the regulatory function of iTreg since
iTreg cells generated in the presence of siRNA-E2 displayed less suppressive
ability than iTreg cells generated in the presence of control siRNA with a
scrambled sequence (siRNA-Scr). The reason why Treg cells expressing a
specific Foxp3 isoform containing exon 2 (FOXPE2) have a greater
suppressive capacity is still unknown and the possible molecular mechanism
underlying this phenomenon is the subject of extensive scientific
investigations. Thus, therapeutic strategies designed to target for example
glycolytic metabolism, enolase-1 or Treg cells which express high levels of
Foxp3E2 are an intense area of research, as they can directly impact on Treg

cell function, thus sustaining tumor immune response. The pharmacological
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action of glycolytic enzyme inhibitors, could therefore have a novel meaning in
the light of their capability to “selectively” modulate Treg cell specific

reprogramming in the tumor milieu.
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Conclusions and future perspectives

Data produced in our laboratory has previously demonstrated a functional role
of the exon 2 in the regulation of Foxp3-related suppressive function. Since
increased Treg cell suppressive activity has been linked to a poor
immunological response and represents a critical mechanism of immune
evasion by tumors (Zhou Y, 2017; Liu C, 2019), the aim of this thesis was to
evaluate whether increased immunosuppression observed in BC subjects with
poor prognosis could be secondary to the induction of Treg cells with stronger
suppressive activity, with specific Foxp3 splicing variants which account for
stronger immunosuppressive function. In conclusion, our study suggests
Foxp3E2 Treg cell population has a fundamental impact in immune
suppressive context of breast cancer and could be considered a novel target for
the depletion of tumor-resident Treg cells. These cells would therefore
represent a promising tool for the immunotherapy. Moreover, we believe that
the study of Foxp3E2" Treg cells could be clinically relevant for BC
management, with high numbers correlating with a poorer prognosis. This
could be of great innovation for early decisions in BC therapy, correlating the
frequency of Foxp3E2" Tregs and clinico-pathological data including age,
nodal status, tumour size, grade, and human epidermal growth factor receptor 2
(HER2) and estrogen receptor (ER) status. In the next future, we aim at
understanding the precise molecular mechanisms that preferentially induce the
Foxp3E2 splicing variant in the tumor context, through the analysis of the main

processes that influence Treg cell development, homeostasis and trafficking.

41



List of publications

Carbone F, Bruzzaniti S, Fusco C, Colamatteo A, Micillo T, De Candia P,
Bonacina F, Norata GD, Matarese G. Metabolomics, Lipidomics, and
Immunometabolism. 2021. Methods Mol Biol. 2285:319-28.

Palma C, La Rocca C, Gigantino V, Aquino G, Piccaro G, Di Silvestre D,
Brambilla F, Rossi R, Bonacina F, Lepore MT, Audano M, Mitro N, Botti G,
Bruzzaniti S, Fusco C, Procaccini C, De Rosa V, Galgani M, Alviggi C, Puca
A, Grassi F, Rezzonico-Jost T, Norata GD, Mauri P, Netea MG, de Candia P,
Matarese G. Caloric Restriction Promotes Immunometabolic Reprogramming
Leading to Protection from Tuberculosis. Cell Metab. 2021. 33:300-18.

Li X, Colamatteo A, Kalafati L, Kajikawa T, Wang H, Lim JH, Bdeir K,
Chung KJ, Yu X, Fusco C, Porcellini A, De Simone S, Matarese G, Chavakis
T, De Rosa V, Hajishengallis G. The DEL-1/B3 integrin axis promotes
regulatory T cell responses during inflammation resolution. 2020. J Clin Invest.
130:6261-77.

Colamatteo A, Carbone F, Bruzzaniti S, Galgani M, Fusco C, Maniscalco GT,
Di Rella F, de Candia P, De Rosa V. Molecular Mechanisms Controlling
Foxp3 Expression in Health and Autoimmunity: From Epigenetic to Post-
translational Regulation. 2020. Front Immunol. 10:3136.

Colamatteo A, Micillo T, Bruzzaniti S, Fusco C, Garavelli S, De Rosa V,
Galgani M, Spagnuolo MI, Di Rella F, Puca AA, de Candia P, Matarese G.
Metabolism and Autoimmune Responses: The microRNA Connection. 2019.
Front Immunol. 10:1969.

de Candia P, Prattichizzo F, Garavelli S, De Rosa V, Galgani M, Di Rella F,
Spagnuolo MI, Colamatteo A, Fusco C, Micillo T, Bruzzaniti S, Ceriello A,
Puca AA, Matarese G. Type 2 Diabetes: How Much of an Autoimmune
Disease? 2019.Front Endocrinol. 10:451.

Natalini A, Fusco C, Micillo T, Di Rosa F. T cell memory in Capri: A
successful course organized by the EFIS-EJI Ruggero Ceppellini Advanced
School of Immunology founded by Serafino Zappacosta. 2019. Eur J Immunol.
49:361-363.

Carrizzo A, Procaccini C, Lenzi P, Fusco C, Villa F, Migliarino S, De Lucia
M, Fornai F, Matarese G, Puca AA, Vecchione C. PTX3: an inflammatory
protein modulating ultrastructure and bioenergetics of human endothelial cells.
2019. Immun Ageing. 16:4.

42



References

Allan SE, Passerini L, Bacchetta R, Crellin N, Dai M, Orban PC, Ziegler SF,
Roncarolo MG, Levings MK. The role of 2 FOXP3 isoforms in the generation
of human CD4" Tregs. 2005. JCI. 115:3276-84.

Arps DP, Healy P, Zhao L, Kleer CG, Pang JC. Invasive ductal carcinoma with
lobular features: a comparison study to invasive ductal and invasive lobular
carcinomas of the breast. 2013. Breast Cancer Res Treat. 138:719-26.

Aschenbrenner K, D'Cruz LM, Vollmann EH, Hinterberger M, Emmerich J,
Swee LK, Rolink A, Klein L. Selection of Foxp3+ regulatory T cells specific
for self antigen expressed and presented by Aire+ medullary thymic epithelial
cells. 2007. Nat Immunol. 8:351-58.

Barrat FJ, Cua DJ, Boonstra A, Richards DF, Crain C, Savelkoul HF, de Waal-
Malefyt R, Coffman RL, Hawrylowicz CM, O'Garra A. In vitro generation of
interleukin  10-producing regulatory CD4(+) T cells is induced by
immunosuppressive drugs and inhibited by T helper type 1 (Th1l)- and Th2-
inducing cytokines. 2002. J Exp Med. 195:603-16.

Bates GJ, Fox SB, Han C, Leek RD, Garcia JF, Harris AL, Banham AH.
Quantification of regulatory T cells enables the identification of high-risk
breast cancer patients and those at risk of late relapse. 2006. J Clin Oncol.
24:5373-80.

Bennett CL, Brunkow ME, Ramsdell F, O'Briant KC, Zhu Q, Fuleihan RL,
Shigeoka AO, Ochs HD, Chance PF. A rare polyadenylation signal mutation of
the FOXP3 gene (AAUAAA-->AAUGAA) leads to the IPEX syndrome. 2001.
Immunogenetics. 53:435-39.

Bennett CL, Christie J, Ramsdell F, Brunkow ME, Ferguson PJ, Whitesell L,
Kelly TE, Saulsbury FT, Chance PF, Ochs HD. The immune dysregulation,
polyendocrinopathy, enteropathy, X-linked syndrome (IPEX) is caused by
mutations of FOXP3. 2001. Nat Gen. 27:20-21.

Bensinger SJ, Bandeira A, Jordan MS, Caton AJ, Laufer TM. Major
histocompatibility complex class Il-positive cortical epithelium mediates the

43



selection of CDA4(+)25(+) immunoregulatory T cells. 2001. J Exp Med.
194:427-38.

Borsellino G, Kleinewietfeld M, Di Mitri D, Sternjak A, Diamantini A,
Giometto R, Hopner S, Centonze D, Bernardi G, Dell’Acqua ML, Rossini PM,
Battistini L, Rotzschke O, Falk K. Expression of ectonucleotidase CD39 by
Foxp3+ Treg cells: hydrolysis of extracellular ATP and immune suppression.
2007. Blood. 110:1225-32.

Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global
cancer statistics 2018: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. 2018. CA: A CA Cancer J Clin.
68:394-424.

Cancer Genome Atlas Network. Comprehensive molecular portraits of human
breast tumours. 2012. Nature. 490:61-70.

Carbone F, De Rosa V, Carrieri PB, Montella S, Bruzzese D, Porcellini A,
Procaccini C, La Cava A, Matarese G. Regulatory T cell proliferative potential
is impaired in human autoimmune disease. 2014. Nat Med. 20:69-74.

Caridade M, Graca L, Ribeiro RM. Mechanisms Underlying CD4" Treg
Immune Regulation in the Adult: From Experiments to Models. 2013. Front
Immunol. 18; 4:378

Chemnitz JM, Parry RV, Nichols KE, June CH, Riley JL. SHP-1 and SHP-2
associate with immunoreceptor tyrosine-based switch motif of programmed
death 1 upon primary human T-cell stimulation, but only receptor ligation
prevents T-cell activation. 2002. J Immunol. 173:945-54.

Cooper GS, Bynum ML, Somers EC. Recent insights in the epidemiology of
autoimmune diseases: improved prevalence estimates and understanding of
clustering of diseases. 2009. J Autoimmun. 33:197-207.

d'Adda di Fagagna F, Reaper PM, Clay-Farrace L, Fiegler H, Carr P, Von
Zglinicki T, Saretzki G, Carter NP, Jackson SP. A DNA damage checkpoint
response in telomere-initiated senescence. 2003. Nat. 426:194-8.

Dadmarz R, Sgagias MK, Rosenberg SA, Schwartzentruber DJ. CD4+ T

lymphocytes infiltrating human breast cancer recognise autologous tumor in an
MHC-class-11 restricted fashion. 1995. Cancer Immunol Immunother. 40:1-9.

44



De Rosa V, Galgani M, Porcellini A, Colamatteo A, Santopaolo M, Zuchegna
C, Romano A, De Simone S, Procaccini C, La Rocca C, Carrieri PB,
Maniscalco GT, Salvetti M, Buscarinu MC, Franzese A, Mozzillo E, La Cava
A, Matarese G. Glycolysis controls the induction of human regulatory T cells
by modulating the expression of FOXP3 exon 2 splicing variants. 2015. Nat
Immunol. 16:1174-84.

Deaglio S, Dwyer KM, Gao W, Friedman D, Usheva A, Erat A, Chen JF,
Enjyoji K, Linden J, Oukka M, Kuchroo VK, Strom TB, Robson SC.
Adenosine generation catalyzed by CD39 and CD73 expressed on regulatory T
cells mediates immune suppression. 2007. J Exp Med. 204:1257-65.

Denoix P. Enquéte permanente dans les centres anticancéreux [Ongoing
investigation in cancer centers]. 1946. Bull Inst Natl Hyg. 1:12-7.

Di Giacomo A, North RJ. T cell suppressors of antitumor immunity. 1986.
The production of Ly-1-,2+ suppressors of delayed sensitivity precedes the
production of suppressors of protective immunity. J Exp Med. 164:1179-92.

Dowling MR, Kan A, Heinzel S, Marchingo JM, Hodgkin PD, Hawkins ED.
Regulatory T Cells Suppress Effector T Cell Proliferation by Limiting Division
Destiny. 2018. Front Immunol. 30;9:2461.

Du J, Huang C, Zhou B, Ziegler SF. Isoform-specific inhibition of ROR alpha-
mediated transcriptional activation by human FOXP3. 2008. J Immunol.
180:4785-92.

Dunn GP, Bruce AT, Ikeda H, Old LJ, Schreiber RD. Cancer immunoediting:
from immunosurveillance to tumor escape. 2002. Nat Immunol. 3:991-98.

Fontenot JD, Gavin MA, Rudensky AY. Foxp3 programs the development and
function of CD4"CD25" regulatory T cells. 2003. Nat Immunol. 4:330-36.

Fontenot JD, Rudensky AY. A well adapted regulatory contrivance: regulatory
T cell development and the forkhead family transcription factor Foxp3. 2005.
Nat Immunol. 6:331-37.

Freeman GJ, Long AJ, lwai Y, Bourque K, Chernova T, Nishimura H, Fitz LJ,
Malenkovich N, Okazaki T, Byrne MC, Horton HF, Fouser L, Carter L, Ling
V, Bowman MR, Carreno BM, Collins M, Wood CR, Honjo T. Engagement of

45



the PD-1 immunoinhibitory receptor by a novel B7 family member leads to
negative regulation of lymphocyte activation. 2000. J Exp Med. 192:1027-34.

Freudenberg K, Lindner N, Dohnke S, Garbe Al, Schallenberg S, Kretschmer
K. Critical Role of TGF-p and IL-2 Receptor Signaling in Foxp3 Induction by
an Inhibitor of DNA Methylation. 2018. Front Immunol. 9:125.

Fritzsching B, Oberle N, Pauly E, Geffers R, Buer J, Poschl J, Krammer P,
Linderkamp O, Suri-Payer E. Naive regulatory T cells: a novel subpopulation
defined by resistance toward CD95L-mediated cell death. 2006. Blood.
108:3371-8.

Frkovic-Grazio S, Bracko M. Long term prognostic value of Nottingham
histological grade and its components in early (pTINOMO) breast carcinoma.
2002. J Clin Pathol. 55:88-92.

Fu S, Zhang N, Yopp AC, Chen D, Mao M, Chen D, Zhang H, Ding Y,
Bromberg JS. TGF-beta induces Foxp3 + T-regulatory cells from CD4 + CD25
- precursors. 2004. Am J Transplant. 4:1614-27.

Galon J, Costes A, Sanchez-Cabo F, Kirilovsky A, Mlecnik B, Lagorce-Pages
C, Tosolini M, Camus M, Berger A, Wind P, Zinzindohoué F, Bruneval P,
Cugnenc PH, Trajanoski Z, Fridman WH, Pagés F. Type, density, and location
of immune cells within human colorectal tumors predict clinical outcome.
2006. Science. 313:1960-4.

Grossman WJ, Verbsky JW, Barchet W, Colonna M, Atkinson JP, Ley TJ.
Human T regulatory cells can use the perforin pathway to cause autologous
target cell death. 2004. Immunity. 21:589-601.

Guiu S, Wolfer A, Jacot W, Fumoleau P, Romieu G, Bonnetain F, Fiche M.
Invasive lobular breast cancer and its variants: how special are they for
systemic therapy decisions? 2014. Crit Rev Oncol Hematol. 92:235-57.

Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. 2011.
Cell. 144:646-74.

Huang CT, Workman CJ, Flies D, Pan X, Marson AL, Zhou G, Hipkiss EL,
Ravi S, Kowalski J, Levitsky HI, Powell JD, Pardoll DM, Drake CG, Vignali
DA. Role of LAG-3 in regulatory T cells. 2004. Immunity. 21:503-13.

46



Ito T, Hanabuchi S, Wang YH, Park WR, Arima K, Bover L, Qin FX, Gilliet
M, Liu YJ. Two functional subsets of FOXP3" regulatory T cells in human
thymus and periphery. 2008. Immunity. 28:870-80.

Joly AL, Seitz C, Liu S, Kuznetsov NV, Gertow K, Westerberg LS, Paulsson-
Berne G, Hansson GK, Andersson J. Alternative Splicing of FOXP3 Controls
Regulatory T Cell Effector Functions and Is Associated With Human
Atherosclerotic Plaque Stability. 2018. Circ Res. 122:1385-94.

King MC, Marks JH, Mandell JB; New York Breast Cancer Study Group.
Breast and ovarian cancer risks due to inherited mutations in BRCA1 and
BRCAZ2. 2003. Science. 302:643-46.

Krejsgaard T, Gjerdrum LM, Ralfkiaer E, Lauenborg B, Eriksen KW,
Mathiesen AM, Bovin LF, Gniadecki R, Geisler C, Ryder LP, Zhang Q, Wasik
MA, Odum N, Woetmann A. Malignant Tregs express low molecular splice
forms of FOXP3 in Sézary syndrome. 2008. Leukemia. 22:2230-39.

Kurose K, Ohue Y, Wada H, lida S, Ishida T, Kojima T, Doi T, Suzuki S,
Isobe M, Funakoshi T, Kakimi K, Nishikawa H, Udono H, Oka M, Ueda R,
Nakayama E. Phase la Study of FoxP3+ CD4 Treg Depletion by Infusion of a
Humanized Anti-CCR4 Antibody, KW-0761, in Cancer Patients. 2015. Clin
Cancer Res. 21:4327-36.

Lio CW, Hsieh CS. A two-step process for thymic regulatory T cell
development. 2008. Immunity. 28:100-11.

Li J, Humphreys K, Ho PJ, et al. Family History, Reproductive, and Lifestyle
Risk Factors for Fibroadenoma and Breast Cancer. 2018. JNCI Cancer Spectr.
2:pky051.

Liu C, Chikina M, Deshpande R, Menk AV, Wang T, Tabib T, Brunazzi EA,
Vignali KM, Sun M, Stolz DB, Lafyatis RA, Chen W, Delgoffe GM, Workman
CJ, Wendell SG, Vignali DAA. Treg Cells Promote the SREBP1-Dependent
Metabolic Fitness of Tumor-Promoting Macrophages via Repression of CD8+
T Cell-Derived Interferon-y. 2019.Immunity. 51:381-397.e6.

Liu W, Putnam AL, Xu-Yu Z, Szot GL, Lee MR, Zhu S, Gottlieb PA,
Kapranov P, Gingeras TR, Fazekas de St Groth B, Clayberger C, Soper DM,

47



Ziegler SF, Bluestone JA. CD127 expression inversely correlates with FoxP3
and suppressive function of human CD4+ T reg cells. 2006. J Exp Med.
203:1701-11

Liu Y, Tuve S, Persson J, Beyer I, Yumul R, Li ZY, Tragoolpua K, Hellstrom
KE, Roffler S, Lieber A. Adenovirus-mediated intratumoral expression of
immunostimulatory proteins in combination with systemic Treg inactivation
induces tumor-destructive immune responses in mouse models. 2011. Cancer
Gene Therapy. 18:407-18.

Liyanage UK, Moore TT, Joo HG, Tanaka Y, Herrmann V, Doherty G, Drebin
JA\, Strasberg SM, Eberlein TJ, Goedegebuure PS, Linehan DC. Prevalence of
regulatory T cells is increased in peripheral blood and tumor microenvironment
of patients with pancreas or breast adenocarcinoma. 2002. J Immunol.
169:2756-61.

Marini¢ I, Gagro A, Rabati¢ S. Regulatory T cells. 2006. Acta Med Croatica.
60:447-56.

Mavaddat N, Peock S, Frost D, Ellis S, Platte R, Fineberg E, Evans DG, lzatt
L, Eeles RA, Adlard J, Davidson R, Eccles D, Cole T, Cook J, Brewer C,
Tischkowitz M, Douglas F, Hodgson S, Walker L, Porteous ME, Morrison PJ,
Side LE, Kennedy MJ, Houghton C, Donaldson A, Rogers MT, Dorkins H,
Miedzybrodzka Z, Gregory H, Eason J, Barwell J, McCann E, Murray A,
Antoniou AC, Easton DF. Cancer risks for BRCA1l and BRCA2 mutation
carriers: results from prospective analysis of EMBRACE. 2013. J Natl Cancer
Inst. 105:812-22.

Mittal SK, Roche PA. Suppression of antigen presentation by IL-10. 2015.
Curr Opin Immunol. 34:22-7.

Miyara M, Yoshioka Y, Kitoh A, Shima T, Wing K, Niwa A, Parizot C, Taflin
C, Heike T, Valeyre D, Mathian A, Nakahata T, Yamaguchi T, Nomura T, Ono
M, Amoura Z, Gorochov G, Sakaguchi S. Functional delineation and
differentiation dynamics of human CD4+ T cells expressing the FoxP3
transcription factor. 2009. Immunity. 30:899-911.

Mosser DM, Zhang X. Interleukin-10: new perspectives on an old cytokine.
2008. Immunol Rev. 226:205-18.

Nguyen N, Bellile E, Thomas D, McHugh J, Rozek L, Virani S, Peterson L,
Carey TE, Walline H, Moyer J, Spector M, Perim D, Prince M, McLean S,

48



Bradford CR, Taylor JM, Wolf GT; Head and Neck SPORE Program
Investigators. Tumor infiltrating lymphocytes and survival in patients with
head and neck squamous cell carcinoma. 2016. Head Neck. 38:1074-84

North RJ, Kirstein DP. T-cell-mediated concomitant immunity to syngeneic
tumors. I. Activated macrophages as the expressors of nonspecific immunity to
unrelated tumors and bacterial parasites. 1977. J Exp Med. 145:275-92.

Ohara M, Yamaguchi Y, Matsuura K, Murakami S, Arihiro K, Okada M.
Possible involvement of regulatory T cells in tumor onset and progression in
primary breast cancer. 2009. Cancer Immunol Immunother. 58:441-47.

Ohkura N, Kitagawa Y, Sakaguchi S. Development and maintenance of
regulatory T cells. 2013. Immunity. 38:414-23.

Park YH, Lee SJ, Cho EY, Choi Y, Lee JE, Nam SJ, Yang JH, Shin JH, Ko
EY, Han BK, Ahn JS, Im YH. Clinical relevance of TNM staging system
according to breast cancer subtypes. 2011. Ann Oncol. 22:1554-1560.

Perez  SA, Karamouzis MV, Skarlos DV, Ardavanis A, Sotiriadou
NN, Iliopoulou EG, Salagianni ML, Orphanos G, Baxevanis CN, Rigatos
G, Papamichail M. CD4*CD25" regulatory T-cell frequency in HER-2/neu
(HER)-positive and HER-negative advanced-stage breast cancer patients. 2007.
Clin Cancer Res.13:2714-21.

Perou CM, Sgrlie T, Eisen MB, van de Rijn M, Jeffrey SS, Rees CA, Pollack
JR, Ross DT, Johnsen H, Akslen LA, Fluge O, Pergamenschikov A, Williams
C, Zhu SX, Lenning PE, Bgrresen-Dale AL, Brown PO, Botstein D. Molecular
portraits of human breast tumours. 2000. Nature. 406:747-52.

Pistritto G, Trisciuoglio D, Ceci C, Garufi A, D'Orazi G. Apoptosis as
anticancer mechanism: function and dysfunction of its modulators and targeted
therapeutic strategies. 2016. Aging. 8:603-19.

Rageth CJ, O'Flynn EAM, Pinker K, Kubik-Huch RA, Mundinger A, Decker
T, Tausch C, Dammann F, Baltzer PA, Fallenberg EM, Foschini MP, Dellas S,
Knauer M, Malhaire C, Sonnenschein M, Boos A, Morris E, Varga Z. Second
International Consensus Conference on lesions of uncertain malignant potential
in the breast (B3 lesions). Breast Cancer Res Treat. 2019. 174:279-296

Rakha EA, Soria D, Green AR, Lemetre C, Powe DG, Nolan CC, Garibaldi
JM, Ball G, Ellis 10. Nottingham Prognostic Index Plus (NPI*): a modern

49



clinical decision making tool in breast cancer. 2014. Br J CanceR. 110:1688-
97.

Risom T, Wang X, Liang J, Zhang X, Pelz C, Campbell LG, Eng J, Chin K,
Farrington C, Narla G, Langer EM, Sun XX, Su Y, Daniel CJ, Dai MS, Léhr
CV, Sears RC. Deregulating MYC in a model of HER2* breast cancer mimics
human intertumoral heterogeneity. 2020. J Clin Invest. 130:231-246.

Roncador G, Brown P, Maestre L, Hue S, Martinez-Torrecuadrada J, Ling KL,
Pratap S, Toms C, Fox B, Cerundolo V, Powrie F, Banham A. Analysis of
FOXP3 protein expression in human CD4"CD25* regulatory T cells at the
single-cell level. 2005. Eur J Immunol. 35: 1681-91.

Ruffell B, Au A, Rugo HS, Esserman LJ, Hwang ES, Coussens LM. Leukocyte
composition of human breast cancer. 2012. Proc Natl Acad Sci U S A.
109:2796-801.

Ruggiero RA, Bustuoadad OD, Bonfil RD, Sordelli DO, Fontan P, Meiss RP,
Pasqualini CD. Antitumor concomitant immunity: a possible metastasis
control mechanism. 1989. Medicine. 49:277-81.

Sakaguchi S, Yamaguchi T, Nomura T, Ono M. Regulatory T cells and
immune tolerance. 2008. Cell. 133:775-87.

Salama P, Phillips M, Grieu F, Moris M, Zepts N, Joseph D, Platell C,
lacopetta B. Tumor-infiltrating FOXP3+ T regulatory cells show strong
prognostic significance in colorectal cancer. 2009. J Clin Oncol. 27:186-192.

Saraiva M, O'Garra A. The regulation of IL-10 production by immune cells.
2010. Nat Rev Immunol. 10:170-81.

Sawaki M, Shien T, Iwata H. TNM classification of malignant tumors (Breast
Cancer Study Group). 2019. Jpn J Clin Oncol. 49:228-31.

Savas P, Salgado R, Denkert C, Sotiriou C, Darcy PK, Smyth MJ, Loi S.

Clinical relevance of host immunity in breast cancer: from TILs to the clinic.
2016. Nat Rev Clin Oncol. 13:228-41

50



Schildberg FA, Klein SR, Freeman GJ, Sharpe AH. Coinhibitory. Pathways in
the B7-CD28 Ligand-Receptor Family. 2016- Immunity. 44:955-72.

Schreiber RD, OIld LJ, Smyth MJ. Cancer immunoediting: integrating
immunity's roles in cancer suppression and promotion. 2011. Science;
331:1565-70.

Selby MJ, Engelhardt JJ, Quigley M, Henning KA, Chen T, Srinivasan M,
Korman AJ. Anti-CTLA-4 antibodies of IgG2a isotype enhance antitumor
activity through reduction of intratumoral regulatory T cells. 2013. Cancer
Immunol Res. 1:32-42.

Shankaran V, lkeda H, Bruce AT, White JM, Swanson PE, Old LJ, Schreiber
RD. IFNgamma and lymphocytes prevent primary tumour development and
shape tumour immunogenicity. 2001. Nature. 410:1107-11.

Seddiki N, Santner-Nanan B, Martinson J, Zaunders J, Sasson S, Landay A,
Solomon M, Selby W, Alexander Sl, Nanan R, Kelleher A, Fazekas de St
Groth B. Expression of interleukin (IL)-2 and IL-7 receptors discriminates
between human regulatory and activated T cells. 2006. J Exp Med. 203:1693-
700.

Seddiki N, Santner-Nanan B, Tangye SG, Alexander SI, Solomon M, Lee S,
Nanan R, Fazekas de Saint Groth B. Persistence of naive CD45RA+ regulatory
T cells in adult life. 2006. Blood. 107:2830-8

Sever R, Brugge JS. Signal transduction in cancer. 2015. Cold Spring Harb
Perspect Med. 5:a006098.

Sharpe AH, Wherry EJ, Ahmed R, Freeman GJ. The function of programmed
cell death 1 and its ligands in regulating autoimmunity and infection. 2007. Nat
Immunol. 8:239-45.

Shimizu J, Yamazaki S, Sakaguchi S. Induction of tumor immunity by
removing CD25+CD4+ T cells: a common basis between tumor immunity and
autoimmunity. 1999. J Immunol. 163:5211-18.

Smith EL, Finney HM, Neshitt AM, Ramsdell F, Robinson MK. Splice

variants of human FOXP3 are functional inhibitors of human CD4+ T-cell
activation. 2006. Immunol. 119:203-11.

51



Tai P, Wang J, Jin H, Song X, Yan J, Kang Y, Zhao L, An X, Du X, Chen X,
Wang S, Xia G, Wang B. Induction of regulatory T cells by physiological level
estrogen. 2008. J Cell Physiol. 214:456-64.

Todd JH, Dowle C, Williams MR, Elston CW, Ellis 10, Hinton CP, Blamey
RW, Hayhbittle JL. Confirmation of a prognostic index in primary breast cancer.
1987. Br J Cancer. 56:489-92.

Valmori D, Merlo A, Souleimanian NE, Hesdorffer CS, Ayyoub M. A
peripheral circulating compartment of natural naive CD4 Tregs. 2005. J Clin
Invest. 115:1953-62.

Vesely MD, Kershaw MH, Schreiber RD, Smyth MJ. Natural innate and
adaptive immunity to cancer. 2011. Annu Rev Immunol. 29:235-71.

Walker MR, Kasprowicz DJ, Gersuk VH, Benard A, Van Landeghen M,
Buckner JH, Ziegler SF. Induction of FoxP3 and acquisition of T regulatory
activity by stimulated human CD4'CD25 T cells. 2003. J Clin Invest.
112:1437-43.

Wang K, Xu J, Zhang T, Xue D. Tumor-infiltrating lymphocytes in breast
cancer predict the response to chemotherapy and survival outcome: A meta-
analysis. 2016. Oncotarget. 7:44288-44298.

West NR, Kost SE, Martin SD, Milne K, Deleeuw RJ, Nelson BH, Watson PH.
Tumour-infiltrating FOXP3(+) lymphocytes are associated with cytotoxic
immune responses and good clinical outcome in oestrogen receptor-negative
breast cancer. 2013. Br J Cancer. 108:155-62.

Wu X, Peng M, Huang B, Zhang H, Wang H, Huang B, Xue Z, Zhang L, Da
Y, Yang D, Yao Z, Zhang R. Immune microenvironment profiles of tumor
immune equilibrium and immune escape states of mouse sarcoma. 2013.
Cancer Letters; 340:124-33.

Yamanouchi J, Rainbow D, Serra P, Howlett S, Hunter K, Garner VE,
Gonzalez-Munoz A, Clark J, Veijola R, Cubbon R, Chen SL, Rosa R,
Cumiskey AM, Serreze DV, Gregory S, Rogers J, Lyons PA, Healy B, Smink
LJ, Todd JA, Peterson LB, Wicker LS, Santamaria P. Interleukin-2 gene
variation impairs regulatory T cell function and causes autoimmunity. 2007.
Nat Genet. 39:329-37.

52



Yamaguchi T, Kishi A, Osaki M, Morikawa H, Prieto-Martin P, Wing K, Saito
T, Sakaguchi S. Construction of self-recognizing regulatory T cells from
conventional T cells by controlling CTLA-4 and IL-2 expression. 2013. PNAS.
110:E2116-25.

Zheng SG, Wang J, Wang P, Gray JD, Horwitz DA. IL-2 is essential for TGF-
beta to convert naive CD4+CD25- cells to CD25+Foxp3+ regulatory T cells
and for expansion of these cells. 2007. J Immunol. 178:2018-27.

Zhou L, Lopes JE, Chong MM, lvanov Il, Min R, Victora GD, Shen Y, Du J,
Rubtsov YP, Rudensky AY, Ziegler SF, Littman DR. TGF-beta-induced Foxp3
inhibits T(H)17 cell differentiation by antagonizing RORgammat function.
2008. Nature. 453:236-40.

Zhou Y, Shao N, Aierken N, Xie C, Ye R, Qian X, Hu Z, Zhang J, Lin Y.

Prognostic value of tumor-infiltrating Foxp3+ regulatory T cells in patients
with breast cancer: a meta-analysis. 2017. J Cancer. 8:4098-4105.

53



	tesi_ Frontespizio e index.pdf
	PhD Thesis_Clorinda Fusco_XXXIII cycle_revisione Luglio 2021

