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BACKGROUND AND AIM

The immune system is an interactive network, including lymphoid organs, cells,
humoral factors, and cytokines, which works synergistically in host defense from
pathogens, such as viruses, bacteria, fungi, and parasites, and other foreign molecules.
The immune system is divided into two parts, named the innate and the adaptive
immunity, which differ in speed and specificity of response (1). The innate immune
response is a rapid but non-specific response, which serves as first line of defense
against many common microorganisms. The innate immune system is composed of
physical barriers, chemical and microbiological barriers, but it also includes cellular
components, such as monocytes, macrophages, and neutrophils. However, in the case
that the innate response fails to eliminate microorganisms and resultant infections, the
adaptive immune system is activate through the specific cytokines (1, 2). The adaptive
immune response is a second, more specific, line of defense against pathogens and takes
several days to even weeks to develop. Compared to the innate response, adaptive
immunity has immunologic "memory" of pathogenic organisms, involving antigen-
specific recognition. The adaptive immunity involves specialized cells, named B and T
lymphocytes. B lymphocytes are responsible for humoral immunity, through the
production of antibodies, while T lymphocytes are involved in the cell-mediated
immunity. Although the innate and adaptive immune systems have unique functions,
their components interact and work together to protect the body from infection and
disease (1, 2). A disruption of this orchestrated process leads immunedeficiencies,

allergy, autoimmune disease and tumors (3).



Primary immunodeficiencies (PIDs) are genetic disorders causing severe defects

in different components of immune system (4) (Figure 1).
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Figure 1: Genetic defects leading Immunedeficiencies.

Patients affected with PIDs are highly susceptible to severe and recurrent
infections and immune reconstituting treatments are only therapeutic approach, which
ensures these patients a long-term survival (5). Nowadays, more than 200 well
characterized genetic immunedeficiencies have been identified thanks to the advances in
molecular genetics and immunology. PIDs are classified according to the component of
the immune system that is primarily involved, including T, B, natural killer (NK) cells,
phagocytic cells, and complement proteins. PIDs are often associated with various
autoimmune manifestations (6). Even though, for a long time autoimmunity and

immune deficiency have been considered two opposite extremes of immune function,



they represent intertwined phenomena that reflect inadequate immune function (7,8). In
these cases, the autoimmunity does not seem to be related to a defect of tolerance to
self-antigens, but rather to a persistent stimulation as a result of the inability to eradicate
foreign antigens (9). In addition, patients affected with particular forms of PID show an
increased susceptibility to cancer. In particular, a high cancer susceptibility has been
reported for some types of PIDs, including ataxia-telangiectasia (AT) and other DNA
repair deficiencies, common variable immunodeficiency (CVID), Wiskott-Aldrich
syndrome (WAS), selective IgA deficiency (IgAD), and hyper IgM syndromes (HIGM).
Within PIDs, the Severe combined immunodeficiency diseases (SCIDs) represent a
spectrum of illnesses with similar clinical manifestations, which can be divided into
several categories on the basis of the presence or absence of T cells, B cells and Natural
Killer (NK) cells. These are relatively rare diseases, collectively occurring in 1:100.000
live births. Without immune reconstitution by hematopoietic stem cell transplantation or
gene therapy, these patients die of infections before 1 year of age. Fortunately, the bone
marrow transplantation (BMT) HLA-identical donor (RID) is the optimal treatment for
patients affected with SCIDs (10). To date, more than 20 different genetic defects
involved in the pathogenesis of SCID in humans have been identified (11, 12).
Typically, patients with SCID show a severe defect in T-cell differentiation and a direct
or indirect impairment of B-cell development and function. On the basis of the
involvement of different cell lines in the pathogenesis of the disease and of the
subsequent different clinical phenotypes, SCIDs have been till now classified according

to the presence or absence of T, B, and NK cells (Table 1).



Pathogenetic
mechanism

SCID form Phenotype  Transmission  Gene defect

ADA deficiency TBNK DA
AR
S+ -
PNP deficiency TB NK PNP

Accumulation of
toxic metabolites

ARTEMIS, Defective V(D)J
KU70/80 recombination
DNA PK-cs, TBNK AR ’;I;VZE%?;SKZZ)?O and DNA
DNAligaselV ! double-strand
deficiency break repair

Increased
apoptosis

Reticular
Dysgenesis

T'B'HNK- AR AK 2

TAPI1/TAP2,
MHC I deficiency TBNK TAPASIN . _
AR Defectlve. antigen
MHC 1T low _+ + HLA-DR, HLA-DP, presentation
deficiency T BNK HLA-DQ, HLA-DM,
HLA-DO

Defective  actin

DOCK 8

-+ +
deficiency TB NK AR bOCKs

polymerization

OS: Omenn syndrome; CID: combined immunodeficiency; HIES: hyper IgE syndrome.

Table 1: SCIDs classification according the molecular alterations and T, B, NK phenotype.



Most of the pathogenic mechanisms underlying SCIDs are related to molecular
alterations of genes selectively expressed in hematopoietic cells. However, during the
last years new non-hematopoietic causative genes of novel forms of SCIDs, involving
organs different from immune system, have been identified. A prototype of SCID not
primarily related to hematopoietic cell abnormality but rather to an intrinsic thymic
epithelial cell defect is the Nude/SCID syndrome, identified in humans for the first time
in 1996. This syndrome represents the human equivalent of the nude murine phenotype,
described by Flanagan in 1966. In humans as in mice and rats (13), the Nude/SCID
phenotype results from alterations of the FOXNI gene (known in rats as Whn) (14, 15).
The identification of this phenotype contributed to unravel important issues of T-cell
ontogeny.

In the future, further studies on PIDs will continue to unravel novel molecular
and cellular mechanisms regulating development and function of several components of
immune system and the complex mechanisms involved in autoimmunity and in immune
surveillance against pathogens and tumoral cells.

In this context my PhD program has been focused to the study of some
Immunological disorders, in order to identify new scenarios in pathogenesis and
therapeutic approaches.

This thesis reports the results obtained during my PhD course in “Human Reproduction,
Development and Growth” (XXVI Cycle) from 2011 to 2014. During the past 3 years,
my research has been focused in the study of the following lines of research:

v" functional role of FOXNI1 transcription factor in the T-cell ontogeny;



role of common gamma chain (yc) (X-SCID causing gene) in cell cycle
progression and survival of continuous and primary human malignant cell line,
clarifying its involvement in leukemogenesis;

forms of immunedeficiencies leading autoimmunity and cancer;

rare genetic syndrome involving immune system.



CHAPTER1

“FOXNI1 and T-cell development”

The thymus is a complex organ with a central role in the immune system, since it is
crucially required for T-cell differentiation and repertoire selection. This organ is
organized in two lobes, each one divided in two main regions: a cortical and the dark
cortical area, with a high number of lymphoid cells and epithelial cells, cortical thymic
epithelial cells (cTECs); a light medullary area with a low number of mature T cells,
named medullary TECs (mTECs), Hassall’s bodies (HB), macrophages, dendritic cells
(DCs), B lymphocytes, and rarely myoid cells. Eventually, there is a transitional area,
named cortico-medullary junction (CMJ), characterized by abundant blood vessels (16).
These regions provide appropriate cellular interactions, cytokines and chemokines
necessary to induce the fully thymocyte development. An important feature of the
thymic microenvironment is its 3D organization, consisting of an ordered architecture
of TSCs, that represents a heterogeneous mixture of distinct cell types, including
cTECs, mTECs, fibroblasts, endothelial cells, DCs, and macrophages (17). The
requirement for the 3D-supporting stroma appears to be unique to the T-cell
development, as the in vitro differentiation program of other hematopoietic lineages,
including B and NK cells, does not require a 3D structure (18). This 3D configuration of
the thymus maximizes the interactions between thymic components, allowing
intercellular cross-talk integral to the development of both T cells and TSCs (19).

The thymic T-cell development consists of several process that require the
dynamic relocation of developing lymphocytes within multiple environments of the

thymus (20). The developmental pathway is divided into three subsequent steps, as



defined by peculiar immunophenotypic patterns: the CD4 CD8 double negative (DN)
stage, the CD4'CDS8" double positive (DP) stage, and the CD4 CD8" or CD4'CD8"

single positive (SP) stage (Figure 2).
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Figure 2: T-cell development and lympho-stromal crosstalk. Bone marrow HSCs enter into the
thymus through CMJ, thanks to CCL19/CCL21, in embryonic thymus, and by interaction between P-
selectin and its cognate ligand PSGL-1 in adult thymus. Following, IL-7 signals drive the relocation of
DN thymocytes from the cortex to the subcapsular region. DP thymocytes bearing TCR and capable of
binding to self-MHC ligands are positively selected. This process is regulated by Pssr6 and b5t, which are
expressed in cTECs. Developing thymocytes are relocated from cortex to the medulla by chemotactic
attraction between CCR7 and the ligands CCL19/CCL21, expressed on the mTECs. Into medulla,
dendritic cells and Aire-expressing mTECs eliminate self-reactive thymocytes through the negative
selection.

In mice, an immature single positive (ISP) CD8'CD4 cell may be detected
between the DN and DP stages. From the early T-cell lineage progenitor (ETP) stage to

the double-negative 3 (DN3) stage, T-cell differentiation is independent from the TCR,
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but is strictly dependent on the migration through the distinct thymic structures (21) and
by the expression levels of specific transcription factors.

The DN cell thymocytes show the potential to differentiate into B, T,myeloid, NK, and
dendritic cells (DCs) (22, 23, 24) and exhibit a high proliferative ability. The
upregulation of a number of genes involved in the process, including genes needed for
rearrangement and/or expression of the pre-TCR signaling complex components allows
the transition to DN2 phase (25). The thymocytes at DN2 stage are fully responsive to
IL-7 and SCF due to the high expression of /L-7Ro and c-kit. Moreover, the genes
which favor the myeloid, NK, and dendritic fate, so-called T-cell antagonists, as PU.1,
stem-cell leukemia (SCL also known as TALI), GATA binding protein-2 (GATA-2),
and CCAAT-enhancer binding protein a (C/EBPa) are silenced before that B or yo
selection takes place (Figure 2) (26). During this phase only a few transcription factors,
including the zinc-finger transcription factor, the tumor suppressor factor B-cell
lymphoma/leukemia 11b (BCL-11b) (27), basic helix-loop-helix (bHLH) transcription
factors alternative (HEBalt) (28), and, more transiently, glioma-associated oncogene 2
(GLI-2), a transcription factor involved in the sonic hedgehog signaling (29), are
expressed. The DN2 thymocytes don’t completely lost, the ability to differentiate into
NK cells, DCs, or macrophages (30, 31).

The following DN2 to DN3 stage transition requires the expression of different
arrays of genes, as Runt-related transcription factor 1-Core binding factor f (Runx1-
CBFp) complexes, the transcription factor Myb, GATA-3, and Bcl-11b, which allow
full TCRP gene rearrangement in thymocytes, that become competent to undergo f-
selection (32, 33). Several important events occur during the DN2/3 transition, as the

induction of recombinase activating gene-1 (Rag-1) and Rag-2, the upregulation of pre-
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Ta (pTa), and the rearrangement of TCRS and y. CD3¢ and IL-7Ra (CD127) are also
upregulated at this phase (34) along with the turn-on of the Ick tyrosine kinase
implicated in the pre-TCR and TCR signaling (35). At this point, T-cell precursors lose
their capability to follow a non-T-cell fate choice (36). The cells overcoming 3-selection
express the pre-TCR complex on their surface and reach the DN3 stage (37). At the
DN3 stage, pre-TCR signaling results in the downregulation of CD25, pTa, Rag-1, and
Rag-2, which leads to the appearance of DN4 cells. These cells are fully committed to
the afy T-cell lineage (38). After B-selection, the thymocytes, which have properly
rearranged TCRp chains, show a burst of proliferation and a subsequent upregulation of
CD8 and then CD4. At this point, the cells become double positive (DP). Eventually,
DP cells rearrange TCRa gene, leading to TCRa assembly into a TCR complex. The
newly generated DP thymocytes are localized in the cortex and express low levels of the
TCRap complex. This DP population consists of T cells with an unselected repertoire
(39, 40). Following that, positive and negative selections take place. In the cortex, the
DP thymocytes interact through their TCR with peptide-MHC complexes expressed by
stromal cells, as cTECs and dendritic cells (41). When TCR interacts with low-avidity
with the peptide-MHC ligands, DP thymocytes receive survival signals. This process,
referred to as positive selection, allows “productive” T cells to potentially react to
foreign antigens, but not to self-antigens. Lately, positively selected DP thymocytes are
ready to differentiate into SP cells, that is, CD4+CDS§ or CD4 CDS8" and relocate into
the medulla. At this site, newly generated SP thymocytes are further selected by the
medullary stromal cells, including autoimmune regulator- (AIRE-) expressing mTECs
(42). The cells which are reactive to tissue-specific self antigens are deleted, thus

avoiding autoimmunity. SP thymocytes egress from the thymus as recent thymic
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emigrants (RTEs), naive cells expressing the CD62 ligand (CD62L), also known as
lymphocyte- (L-) selectin, CD69, and the CD45RA isoform (43).

Of note, the immature thymocytes journey through the thymus has also the
additional effect of promoting the differentiation of thymic stromal precursors into
mature thymic epithelial cells, thus playing an important role in the formation of the

thymic microenvironment (44, 45).

1.1 “FOXNT1: a critic developmentally-regulated transcription factor involved in T-
cell ontogeny”

Thymus anlagen arises as bilateral structures from the third pharyngeal pouch in the
embryonic foregut (20, 46). The seeding with lymphoid progenitor occurs as early as
embryonic day 11.5 in mice and the eighth week of gestation in humans (47, 48). In
both human and mice, the primordial thymic epithelial cells are yet incompetent to fully
support T-cell development and this essential capacity is dependent on the
transcriptional activation of the FOXNI gene in the thymic epithelium (49).

FOXNI gene, spanning about 30 kb, is localized on chromosome 17 in human
and on chromosome 11 in mice. The gene is composed of nine exons, one of which
(exon 1) is non-coding. Human and mouse FOXNI genes show identical genomic
structures, with the same number, location, phase and size of introns (49). The genes
located next to FOXNI are also identical in both species. FOXNI has two alternative
first exons that show tissue specificity, suggesting the existence of two different
promoter sequences. FOXNI gene encodes for a member of the forkhead/winged helix
class proteins, a large family of transcriptional factors implicated in a variety of cellular

processes (50, 51). Of note, more than 100 members of this family have been identified.
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FOXNI acts through its target genes to regulate the differentiation of epithelial
cells, after activation through phosphorylation, that promotes its nuclear translocation.
Into the nuclei it interacts with DNA as a monomer through its forkhead box (52, 53).
The signaling pathways that promotes FOXNI expression is mainly the wingless (Wnt)
proteins (54) and bone morphogenetic proteins (BMPs) (55) in both autocrine and
paracrine fashions (56) During embryogenesis, FOXNI is expressed in several
mesenchymal and epithelial cells, including those of the liver, lung, intestine, kidney
and urinary tract (57). In adult life, FOXNI is mainly expressed in the thymus and skin
epithelial cells, playing a critical role in differentiation and survival of these epithalia
(58, 59, 13).

Maturation of the thymic epithelial meshwork during thymic organogenesis
occurs in two genetic stages (60, 61). The first stage involves FOXNI-independent
induction and outgrowth of the thymic epithelial anlage from the third pharyngeal
pouch. Through studies on animal models carrying molecular alterations distinct genes,
the key role of several transcription factors involved in the thymus organogenesis and
TEC-sublineage specification process have thus far been identified (62). In particular,
several genes, including 7hx/ (63), Paxl, Pax3, Pax9 (64, 65, 66), Hoxa3 (67), Eyal,
and Six/ (68) have been shown to play a central role in the thymus ontogeny. The
second FOXNI-dependent genetic step involves epithelial patterning and differentiation,
as precursor epithelial cells differentiate into mature and functional cTECs and mTECs
from the same bipotential TEC progenitor (69, 70). It has been reported, that FOXNI is
differentially expressed during the TE-lineage specification, since it is expressed in all
TECs during the prenatal life, but not in all TECs postnatally, indicating that the gene is

highly developmentally regulated. In keeping with this, a different role of FOXNI in
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pre-natal and post-natal life has been documented. In the fetal stage, FOXNI mainly
regulates TEC patterning. Since both cTECs and mTECs arise from the same bipotential
TEC progenitors and FOXNI1 regulates the process of differentiation, it is
straightforward to conclude that both mTECs and ¢TECs are equally FOXN1-dependent
during fetal thymic organogenesis (71). However, in the postnatal thymus, mTECs with
the keratin type K5" and K14", which are similar to epithelial stem cell markers and
exhibit activity in the skin and mammary gland epithelial progenitor cells, were more
sensitive to loss of FOXNI; while cTECs are keratin type K8 and K18, which the
same as mature epithelial markers and as terminally differentiated epithelial cells in the
apical layer of stratified squamous epithelium of the skin, were not sensitive to loss of
FOXNI.
Moreover, recent reports highlighted a central role for Foxnl in TECs homeostasis in
the adult thymus and its necessary role for the functionality and survival of adult TEC
progenitors (72), expressing K5™ and K14" markers. This role in adult thymus seems to
be exerted in cooperation with other stem cell-related genes, such as p63. Of note, the
transcription factor p63, encoding for multiple isoforms (73), drives the proliferation of
TEC progenitors (74). Of note, it has been hypothesized that p63 and Foxnl could act
synergistically through the formation of a p63-Foxnl regulatory axis aimed at
regulating TECs homeostasis. However, the molecular mechanism through which the
proliferation regulator p63 and differentiation regulator Foxnl collaborate in this axis
are still unclear.

In the skin, FOXNI regulates cell growth and differentiation and it is primarily
expressed in the first suprabasal layer that contains keratinocytes in the early stages of

differentiation, leaving the cell cycle and initiating terminal differentiation (75). In the
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hair follicle, FOXNI expression is restricted to a specific compartment, the
supramatrical region (75), where the cells stop to proliferate and begin terminal
differentiation (76). Of note, high levels of FOXNI mRNA were found in co-culture of
skin cells along with hematopoietic precursor cells (HPCs), suggesting a role of human
skin in supporting the human T-cell development (77).

These data have been published as Reviews on Frontiers Immunology and

International Reviews of Immunology, for the manuscripts see below.
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INTRODUCTION

T cell ontogeny is a sophisticated process, which takes place within the thymus through a
series of well-defined discrete stages. The process requires a proper lympho-stromal inter-
action. In particular, cortical and medullary thymic epithelial cells (cTECs, mTECs) drive T cell
differentiation, education, and selection procasses, while the thymocyte-dependent signals
allow thymic epithelial cells (TECs} to maturate and provide an appropriate thymic microan-
vironment. Alterations in genes implicated in thymus organogenesis, including Thx 1, Pax1,
Pax3, Pax9, Hoxa3, Eyal, and Six1, affect this well-orchestrated process, leading to dis-
ruption of thymic architecture. Of note, in both human and mice, the primordial TECs are
yet unable to fully support T cell development and only after the transcriptional activation
of the Forkhead-box n1 (FOXN1) gene in the thymic epithelium this essential function is
acquired. FOXNT is a master regulator in the TEC lineage specification in that it down-
stream promotes transcription of genes, which, in turn, regulate TECs differentiation. In
particular, FOXNT mainly regulates TEC patterning in the fetal stage and TEC homeostasis
in the post-natal thymus. An inborn null mutation in FOXNT leads to Nudefsevere com-
bined immunodeficiency (SCID} phenotype in mouse, rat, and humans. In Foxn1~/~ nude
animals, initial formation of the primordial organ is arrested and the primordium is not col-
onized by hematopoietic precursors, causing a severe primary T cell immunodeficiency. In
humans, the Nude/SCID phenotype is characterized by congenital alopecia of the scalp,
eyebrows, and eyelashes, nall dystrophy, and a severe T cell immunodeficiency, inherited
as an autosomal recessive disorder. Aim of this review is to summarize all the scientific
information so far available to better characterize the pivotal role of the master regulator
FOXN1 transcription factor in the TEC lineage specifications and functionality.

Keywords: Foxn1 gene, TECs, thymus gland, immunodeficiency, Nude/SCID

THE THYMUS ARCHITECTURE: REQUIREMENT OFA3D
STRUCTURE FOR A PROPER LYMPHO-EPITHELIAL

The thymus is the primary lymphoid organ with the unique func-
tion to produce and to maintain the pool of mature and functional
T cells. This process is strictly dependent on specialized func-
tions of thymic stromal cells (TSCs) and requires the thymus
peculiar tridimensional (3D) architecture, which allows a proper
intercellular cross talk (1). For along time, the difficulty in the iso-
lation and characterization of the thymic cellular components has
limited studies on the peculiar role of individual stromal compo-
nents. Novel experimental tools, including stromal cell isolation by
phenotype-based cell sorting (2), dissociation and reaggregation
of stromal cell subsets (3, 4), or global gene expression analysis
and the evaluation of the pattern of self-antigen expression within
the individual thymic epithelial cells (TECs) subset (5 ), allowed to
acquire important knowledge on the cellular and molecular basis
of thymus organogenesis and TECs functionality.

The recent discovery of disease models associated to genetic
alterations of molecules implicated in thymus specification and
TECs differentiation, provided new and conclusive insights regard-
ing the pathways, the genes, and the molecular mechanism
governing these processes and stromal functionality.

CROSSTALK

The thymus provides the microenvironment essential for the
development of T cells. T cell progenitors originate in the bane
marrow, enter into the thymus (6, 7) and, through a series of
well defined and coordinated developmental stages, differentiate,
undergo selection process, and mature into functional T cells.
The steps in this process are tightly regulated through a complex
network of transcriptional events, specific receptor-ligand inter-
actions, and sensitization to trophic factors, which mediate the
homing, proliferation, survival, and differentiation of developing
Teells (1,8, 9).

The thymus is organized in two lobes, which are already present
in mice at 21 days of thymic organogenesis and is completely
organized at 1 month of post-natal life. The lobes are divided
in three areas: a cortical and the dark cortical area, with a high
number of lymphoid cells and epithelial cells, cortical thymic
epithelial cells (¢TECs); a light medullary area with a low number
of mature T cells, named medullary TECs (mTECs), Hassall’s bod-
ies (HB), macrophages, dendritic cells (DCs), B lymphocytes, and

www.frontiersin.org
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rarely myoid cells, Eventually, there is a transitional area, named
cortico-medullary junction (CMJ), characterized by abundant
blood vessels (10},

The unique function of the thymus in the establishment and
maintenance of the T cell pool is intimately linked to this peculiar
thymus architecture and to the specialized functions of the TSCs.

LYMPHO-EPITHELIAL CROSS-TALK REQUIRED FOR
THYMOCYTE AND TECs DIFFERENTIATION

An important feature of the thymic microenvironment is its
3D organization, consisting of an ordered architecture of TSCs,
that represents a heterogeneous mixture of distinct cell types,
including ¢TECs, mTECs, fibroblasts, endothelial cells, DCs, and
macrophages (11). Among these stromal elements, TECs are the
most abundant cell types, which form a delicate 3D cellular
network spanning throughout both the thymic cortex and the
medulla. The requirement for the 3D-supporting stroma appears
to be unigue to the T cell development, as the in vitro differenti-
ation program of other hematopoietic lineages, including B and
NK cells, does not require a 3D structure (12).

Thymocyte development is not a cell-autonomous process, and
the transition to the next stage in development relies on the proper
interaction of HSCs with thymic stroma, The 3D configuration
of the thymus maximizes this interaction, allowing intercellular
cross-talk integral to the development of both T cells and TSCs
(13). Paralleling the T cell precursor proliferation and differentia-
tion program, immature TECs undergo a developmental sequence,
resulting in the establishment of mature ¢TECs and mTECs orga-
nized in this 3D network. Several studies on mutant mice with
an abnormal organization of thymic epithelium substantiated the
concept that a reciprocal signaling between thymocytes and TSCs
is required, not only for the production of mature T cells but
also for the development and organization of the thymic microen-
vironment in a bi-directional fashion (14, 15). Mice showing a
blockage of the T cell development process, in the absence of T
cell receptor (TCR)-expressing cells, have a defective organiza-
tion of the thymic medulla, as well (16, 17). Of note, under this
condition, thymic medullary organization can be restored by the
addition of mature T cells, which follows stem cell transplanta-
tion (17, 18). In adult CD3etg26 mice, lacking intra-thymic T
cell precursors, a severe alteration of the cortical thymic archi-
tecture has been documented (19), even though a restoration of
the architecture and TEC development in these mice can occur.
Recently, the injection of either fetal or adult T-committed pre-
cursors into adult CD3etg26 mice leads to the reconstitution of
thymic microenvironment, as indicated by thymocyte differen-
tiation, organization of functional cortical and medullary areas,
and generation of Foxp3™ Ty and Aire™ mTECs (20). These
data suggest that adult TECs maintain the receptivity to cross talk
with thymocytes despite a prolonged absence of T cell precursors.
Moreover, the absence of both thymocytes and of the 3D frame-
work may result in changes of the keratin genes expression, thus
inducing the ¢TECs and mTECs to undergo a de-differentiation
process and to reacquire the precursor K57 K8" cellular pheno-
type. Taken together, these findings suggest that signals from early
CD47CD8™ DN T cell precursors and/or their immediate prog-
eny provide necessary signals to promote the formation of the

thymic cortex, while, later in ontogeny, the differentiation of TECs
into a medullary phenotype are clearly dependent on the presence
of CD4TCD8~ and CD4~CD8&" single positive (SP) thymocytes
(21-23). However, the precise molecular nature of the signals pro-
vided by developing thymocytes, which lead to the generation of
the thymic stromal compartment are still incompletely defined.

Eventually, a better understanding of the developmental process
through which a normal thymus structure is built, is essential
for a better comprehension of the intimate mechanisms which
take place within the thymus to promote the T cell development
in vivo. This knowledge may also be useful in designing future
therapeutic strategies, as alterations of the thymus structure and
function may result in serious health consequences, including
immunodeficiency or autoimmunity.

mTECS AND cTECS ARE SPECIALIZED CELLS PLAYING A
DIFFERENT ROLE IN THE T CELL EDUCATION PROCESS

T cell ontogeny is a sophisticated process, which takes place
through discrete stages during which developing thymocytes
dynamically relocate in different thymic areas, following a cortico-
medullary gradient.

The initial colonization of the thymus anlagen by migrant lym-
phoid progenitors occurs at an early stage, embryonic day 11.5
(E11.5) in mice and 8 week of gestation in humans (24, 25). Stud-
ies documented that chemokines CC ligand (CCL)21 and CCL25
play a major role in the early stage of fetal thymus colonization
(26, 27). Indeed; mice deficient for these chemokines or for the
cognate receptors, showed a significant reduction in the number
of thymocytes compared to normal mice (28). In post-natal thy-
mus, lympheid progenitor cells through their cell surface adhesion
molecules, such as platelet-selectin glycoprotein ligand 1, inter-
act with P-selectin, expressed on the TECs, and thanks to this
interaction they are allowed to migrate from the blood into the
thymic parenchyma, in correspondence of the area around the
CM] [Figure 1; (29)].

Entered thymocytes started to intensely proliferate and to
acquire T cell hallmarks. In this phase, T cell proliferation and
differentiation are triggered by a potent combination of signals
provided by cTECs. Delta-like 4 (DL4), which is an essential, non-
redundant ligand for Notch1 during thymic T cell development,
and IL-7 are critically involved in the activation of signaling path-
ways, leading to the proliferation and migration of thymocytes
(30-32). In particular, these intra-thymic ligands induce the devel-
opment of DN CD257 cells, which migrate toward the subcapsular
region of thymic cortex (33). Several chemokine receptors have
been suggested to guide the migration of immature thymocytes,
such as CXCR4, CCR7, and CCR9 [Figure 1; (34)]. In the thymic
cortex DN thymocytes begin V(D)] rearrangement of their TCRp
gene. Successfully rearranged TCRP protein, assembled with the
pre-TCRa chains, forms the pre-TCR complex. Membrane expres-
sion of pre-TCR complex, along with the Delta-Notch interaction,
provides the signal necessary to induce the expression of the co-
receptors CD4 and CD8, as well as V-] rearrangement of the TCRa
genomic region. Subsequently, DP thymocytes with a functional
TCR-ap receptor are generated [Figure 1; (35)].

Thymic cortex is also the area where takes place the positive
selection of DP thymocytes. Positive selection is the process by
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rnarrow HSCs enter into the thymus through CMJ, a process mediated by
CCL12 and CCL25 in the embryonic thymus and by the interaction betwean
P-selectin and its cognate ligand PSGL1 in adult thymus. Stmulation by L7
allows the relocation of DN thymocytes from the cortex to the subcapsular
region. DP thymocyles beafing TCR and capable of binding 1o self-MHC

ligands are positively selected. This process is regulated by Pssr6 and bbt,
which are expressed in cTECs. Developing thymocytes are rélocated from
cortex to the medulla by chemotactic attraction between CCR7 and the
ligands CCL1%CCL21, expressed on the mTECs. Into medulla, self-reactive
thymocytes are deleted through the negative sslection, 3 process mediated
by dendritic cells and Aire-expressing mTECs

which developing thymocytes, that recognize and bind with mild
avidity peptide-major histocompatibility complex on ¢TECs sur-
face, get a rescue signal through their TCR and are allowed to
further maturate to the CD4TCD8~ or CD4~CD8' SP stage.
Only a small fraction (1-5%) of DP cells survive to positive selec-
tion. By contrast, the majority of DP cells, that bind with too low
affinity to MHC complex, are programed to undergo death by
neglect (36, 37).

Cortical thymic epithelial cells have a crucial role in the posi-
tive selection process of T cells within thymus cortex (38). Recent
studies have found that cTECs exclusively express a specific form
of proteasome, referred as thymoproteasome, which contains a
peculiar catalytic subunit, the B5-thymus (B5t) (39). A5t subunits
exhibit an unique peptidase activity, compared to other p5 sub-
units found in common immunoproteasome, which leads to the
production of a set of self-peptides with a high affinity for class 1
MHC molecules (40). Moreover, fi5t-deficient mice show a severe
decrease in the number of CD8™ SP thymocytes, but no alteration
in the CD4" number or in the thymic architecture. In addition, the
small fraction of CD8™ T cells, positively selected by f5t-deficient
cTECs, show altered immune responses toward several stimuli.

Taken together these results suggest that the thymoproteasome is
essential for the production of self antigens involved in the positive
selection of functional CD4~CD8™ T cells (41).

As for the positive selection of CD4™ T cells, two other pro-
teins predominantly expressed in cTECs, the lysosomal protease
Prss16 and Cathepsin L, have been demonstrated to be essential to
generate an immunocompetent repertoire of CD47CD8™ T cells
[Figure 1; (42, 43)].

TCR engagement by peptide-MHC complex also triggers the
expression of the chemokine receptor CCR7 in positively selected
thymocytes. Thanks to the chemotactic attraction between CCR7
and its ligands, CCL19 and CCL21, expressed on the mTECs,
developing thymocytes are relocated from cortex to the medulla
[Figure 1; (44, 45)].

In order to create a repertoire of mature T cells able to recognize
foreign antigens and, at the meantime, to ignore self antigens, SP
thymocytes have to undergo the negative selection process in the
thymic medulla. Both mTECs and DCs, play a pivotal role in this
last stage of thymocyte development, which is critical to establish
the central tolerance and, eventually, to prevent autoimmunity. In
contrast to ¢TECs, mTECs are characterized by a high expression
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of clustered tissue-restricted autoantigens (TSAs), the so called
promiscuous gene expression (46). To date, the autoimmune reg-
ulator (AIRE) transcription factor represents the only molecule,
so far identified, which contributes to the mTECs function and,
in particular, to the molecular regulation of the promiscuous gene
expression [Figure 1; (47)]. However, not all TSAs are regulated
in an AIRE-dependent manner, suggesting that other molecular
mechanisms, such as epigenetic mechanisms, may be involved in
mTECs function regulation. TSAs associated with class [T MHC
molecules are presented directly by mTECs or indirectly by DCs
to developing thymocytes (48). T cells which recognize with a high
avidity self antigens are deleted. Remarkably, only a few number
of mTECs express a given TSAs (about 50-500 per thymus), and
lead to apoptosis by negative selection of a few thymocytes (37, 49,
50). A possible explanation is that the high motility of thymocytes
within the thymic medulla duringa period of 4-5 days, allows each
of them to interact with mTECs (51). DCs play a similar role in
the negative selection process, They are attracted in the thymic
medulla by the chemaochine XCL1 (lymphotactin), produced by
mTECs in an AIRE-dependent manner. Differently from mTECs,
DCs are not able to produce TSAs and the TSAs expressed mostly
derive from the phagocytosis of apoptoticmTECs (52,53). mTECs
and DCs not only contribute to the establishment of central toler-
ance through the deletion of self-reactive T cells, but, also, through
the generation of regulatory T cells (Tregs) (54, 55, 65, 153), which
act in the periphery by suppressing autoreactive T cells, which have
escaped to the process of the central tolerance.

A body of evidence documents that the expression of an autore-
active TCR leads ta the entry of the thymocyte into the T g lineage.
Tregs, that are about 5-10% of peripheral T cells CD47, constitu-
tively express the CD25 molecule and share several immunological
features, in humans and mice (56, 57). These cells specifically
express the transcription factor FOXP3 (Foxp3 in mice) that
plays a pivotal role in Tegs differentiation and function (58). The
Foxp3 promoter region and the conserved non-coding sequence 2
(CNS2) (known as TSDR, the Tyy-specific-demethylated-region)
are fully methylated in immature thymocytes (59, 155). At the
beginning of Ty, development, an appropriate TCR/CD28 signal
is needed to make available the Foxp3 promoter through shift of
the Protein Inhibitors of Activated STAT 1 (PIAS1), a signal cas-
cade, which results in the NF-kB-mediated transcription of genes
playing a role in Teey differentiation (60, 61).

THYMIC FORMATION: NEW INSIGHTS IN EPITHELIAL
LINEAGES SPECIFICATION
In the mouse, mTECs and ¢TECs originated from the third pha-
ryngeal pouch endoderm and the thymus anlage are located next to
that of the parathyroid. The expression of Forkhead-box transcrip-
tion factorn1 (Foxnl1) approximately at E11.5 is crucial for the sub-
sequent epithelial differentiation, since in its absence, the coloniza-
tion of the anlage by T cell progenitors from the bone marrow fails
(62) and the subsequent T cell development and TECs formation is
aborted, resulting in a severe immunodeficiency (63, 64, 66, 154).
The maturation process of TECs during thymic organogen-
esis could be divided in two genetic phases. The first stage is
independent from the Foxnl expression and consists in the induc-
tion and outgrowth of the thymic epithelial anlage from the third

pharyngeal pouch, through the expression of genes including the
Eyal and Six (67), Hoxa3 (68), and Thbx1 (69, 70). During the sec-
ond genetic phase, epithelial patterning and differentiation take
place and the Faxnl expression drives the immature epithelial cells
to differentiate into functional cTECs and mTECs (71).

FOXN1-INDIPENDENT GENETIC STAGE OF TEC
DIFFERENTIATION

In the first phase of the thymus organogenesis an interaction
between epithelial and mesenchymal cells occurs, while at the
later phase lympho-epithelial interaction predominates (72). In
mice, at about E10.5 the mesenchymal cells are able to respond
to the endodermic signals, which induce the development of
the primordial thymic epithelium (73, 74). Subsequently, at
about E12.5, the thymic rudiment is colonized by progenitors
come from the fetal liver, thus resulting in a tight epithelial-
thymocyte interaction within the mesenchymal derived capsule.
This thymic rudiment contains the EpCam™ Plet1 + epithelial pop-
ulation (72, 75), which includes a common thymic epithelial
precursor (TEPC), from which both ¢TECs and mTECs will be
subsequently generated (72, 76).

Through studies on animal models carrying molecular alter-
ations of distinct genes, the key role of several transcription factors
involved in the thymus organogenesis and TEC-sublineage spec-
ification process, have thus far been identified (77). In particular,
several genes, including Thx1 (69, 70), Paxi, Pax3, Pax9 (78-80),
Hoxa3 (68), Eyal, and Six1 (67) have been shown to play a central
role in the thymus ontogeny. Indeed, their molecular alteration
affects this well-archestrated process, leading to disruption of the
thymic architecture. Abnormalities of the paired box (Pax) family
transcription factors Pax1 or Pax9 result in a blockage of the thy-
mus organogenesis (79, 81). Mutations in the Hox transcription
factor family member, Hoxa3, expressed on both thymic epithe-
lium and mesenchymal cells, result in athymia (68). Furthermore,
the homozygous loss of Thxl, related to the DiGeorge syndrome
phenotype, leads to thymic a/hypoplasiain humans (69, 82), while
mice heterozygous for a null allele of Thx! show a mild pheno-
type without thymus anomalies (83). Therefore, the expression
of Tbxl both in the pharyngeal core mesoderm and in the pha-
ryngeal endoderm is required for a proper thymus development.
However, it remains to be elucidated whether the expression of
Tbx1 in the TECs occurs and whether the gene participates in the
TECs development (4).

FOXN1-DEPENDENT GENETIC STAGE OF TEC
DIFFERENTIATION

In both humans and mice, the primordial TECs are yet unable to
fully support T cell development and only after the transcriptional
activation of the FOXNT gene in the thymic epithelium this essen-
tial function is acquired. FOXN/ is a master regulator in the TEC
lineage development in that it promotes down-stream the tran-
scription of genes implicated in the thymus organogenesis and
TECs full differentiation.

Forkhead-box nl transcription factor belongs to the FOX tran-
scription factor family implicated in a variety of biochemical and
cellular processes, including development, metabolism, aging, and
cancer (84, 85). During the post-natal life, Foxnl is selectively
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expressed only in thymic and skin epithelia, where it regulates
the expression of several molecular targets to maintain the bal-
ance between growth and differentiation (86, 87). The signals
required for FOXNI expression, and its activity, are still unclear,
even though the wingless (Wnt) proteins (858) and bone mor-
phogenetic protein (BMP) signaling have been shown to regulate
FOXNI expression (89). Even though the complete pattern of
FOXNI expression over the time and its role are not yet com-
pletely defined, studies on mouse and human model of gene
alterations enormously helped unravel important issues on its role.
Mutations in Foxnl gene lead to alymphoid cystic thymic dysge-
nesis due to a defective TECs differentiation process (63, 90). In
both mice and humans FOXNI abnormalities lead to a hairless
phenotype (87, 154).

In the FoxnI-dependent step of thymus organogenesis, precur-
sor epithelial cells differentiate into mature and functional ¢cTECs
and mTECs from the same bi-potential TEC progenitor (4,72,76).
It has been reported, that Foxnl is differentially expressed during
the TE-lineage specification, since it is expressed in all TECs dur-
ing the pre-natal life, but not in all TECs postnatally, indicating
that the gene is highly developmentally regulated. There is a body
of evidence documenting different effects of Foxnl expression in
mTEC and ¢TECs. Particularly, studies on K5- and K18-CreERT-
mediated Foxnl-deleted mouse models suggested that during the
post-natal life, the loss of Foxnl affected mTECs, characterized by
the expression of K5 and K14 keratins type. Conversely, the loss
of Foxnl did not affect ¢TECs, which express the keratins K8 and
K18 (91, 92). Taken together, these data suggest that ¢TECs and
mTECs are not equally Foxnl-dependent in the post-natal life.

Recent reports highlighted a central role for Foxnl in TECs
homeostasis in the adult thymus and its necessary role for the
functionality and survival of adult TEC progenitors (92), express-
ing K57 and K147 markers. This role in adult thymus seems to
be exerted in cooperation with other stem cell-related genes, such
as p63. Of note, the transcription factor p63, encoding for multi-
ple isoforms (93), plays a pivotal for the development of stratified
epithelia of several tissues, such as epidermis, breast, prostate, and
thymus (94). In the thymus, the pé3 protein drives the prolifera-
tion of epithelial progenitor cells (94, 95). Therefore, it has been
hypothesized that p63 and Foxn1 could act synergistically through
the formation of a p63-Foxnl regulatory axis aimed at regulating
TECs homeostasis, However, the molecular mechanism through
which the proliferation regulator p63 and differentiation regulator
Foxnl collaborate in this axis are still unclear.

FOXN1-MEDIATED GENE EXPRESSION FOR TEC
DIFFERENTIATION

Forkhead-box nl is directly or indirectly implicated in the tran-
scriptional regulation of a panel of genes involved in thymus
development and function.

Paxl is a key regulator of TEC differentiation/survival balance.
PaxI is expressed in the third pharyngeal pouch from E9.5 dur-
ing the thymus ontogeny, while in the post-natal thymus only in
<TEC (96). Even though the regulation of PaxI is still unclear,
from E11.0 its expression requires Hoxa3 (68). Of note, the loss
of Hoxa3 impairs the intrinsic ability of the neural crest cell pop-
ulation to differentiate and/or to lead to the differentiation of the

tissues of pharyngeal arch and pouch. Indeed, in Hoxa3 mutant
mice the thymus is absent and thyroid hypoplasia has been docu-
mented (68). Moreover, the first step of thymus development is the
expansion of mesenchymal neural crest in the posterior part of the
third pharyngeal pouch. Prior to this event, in the Hoxa3 mutant
embryos a marked reduction in Pax! expression has been shown.
Similarly, PaxI mutant mice also show thymic hypoplasia, suggest-
ing a role for Hoxa3 in maintaining Pax! expression in these cells
(68). In the thymic primordium, Paxi expression is under the con-
trol of Faxn!(71). This finding indicates that Foxn1 and Hoxa3 are
both involved in the network of molecular signals that regulates
Pax] expression, thus demonstrating the existence of a molecular
and/or functional interaction between Hoxa3 and Foxn1 |Figure 2;
(71)]. In keeping with this, Hoxa3 "/~ Pax1~/~ compound mutant
mice display a few phenotypic hallmarks of the Foxn1™® mouse
model, which expresses low-dose of Foxnl, such as hypomorphic
post-natal thymus, and reduced levels of MHC class 11 expres-
sion on the TECs surface (80). These data suggest two alternative
hypothesis: Hoxa3 may regulate Foxnl, which, in turn, regulates
Pax] expression in the thymic primordium, in a Faxnl-dependent
manner, or Hoxa3 and Foxnl induce Pax] expression in the third
pharyngeal pouch and in early thymus primordium.

1t has also been shown that Foxnl regulates the expression of
CCL25 and DIl4 (Figure 2). These genes play a pivotal role in the
thymocyte development, since CCL25 regulates the colonization
of the fetal thymus (97), while the Notch ligand DIl4 is involved in
the commitment of hematopoietic progenitors to the T cell lineage
(30). In both early fetal TEC and in the post-natal thymus, DIl4
expression is directly related to the Foxnl expression (71). Fur-
thermore, these molecules are absent in the Foxnl null thymus,
even though there is evidence indicating that their expression may
occur in a Foxnl-independent manner in TECs (98, 99). Eventu-
ally, in a recent report it has been shown that Foxnl is upstream
of dll4a and ccl25a expression in medaka fish, thus confirming the
relationship with this transcription factor (100),

THE HUMAN NUDE/SCID PHENOTYPE: A MODEL OF THYMIC
MICROENVIRONMENT DISRUPTION AND FAILURE OF THE T
CELL DEVELOPMENT

The Nude/severe combined immunedeficiency (SCID) pheno-
type represents the prototype of thymic architecture disruption
due to alterations of the FOXNI, which is the master regulator of
TE-lineage specification (71).

In humans, as in mice and rats, mutations in the “nude” Foxnl
gene induce the hairless phenotype, associated with a rudimen-
tary thymus gland (T cell related primary immunodeficiency).
The human Nude/SCID phenotype (MIM 601705; Pignata Guar-
ino Syndrome) was first identified in 1996, after more than 30 years
from the initial mouse description, in two sisters originated from
a small community with a high grade of inbreeding, who showed
congenital alopecia of the scalp, eyebrows, and eyelashes, nail dys-
trophy, and a severe T cell immunodeficiency, inherited as an
autosomal recessive disorder (154). This phenotype was associ-
ated with a C792T transition in the FOXNI gene, which resulted
in the nonsense mutation R255X in the exon 4 (formerly exon
5), with a complete absence of a functional protein similar to the
previously described rat and mouse Foxnl mutations (101-103),
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FIGURE 2 | The thymus organogenesis. The thyrmus organogenesis s
characterized by two genetic phases. The first stage is independent from
the Foxnl expression (1} and consists in the induction and outgrowth of
the thymic epithelial anlage from the third pharyngeal pouch, through the
expression of genes including the Eya’, Six, Hoxa3, and Thx 1. Hoxa3 and
Eyal are also required in neural crest cells (NCCs). In the phase 2, Foxnl

regulates the expression of CCL25, Dil4, and Hoxa3, necessary for the
thymocytes and TECs differentiation. During this step, cTECs (expressing
K& and K18 keratin type} and mTECs {expressing K5 and K14 keratin type)
originate from the same bi-potential TEC progenitor. The crosstalk between
TECs and developing thymocytes is required to generate fully mature TECs
and functional T cells

In the absence of Foxnl expression, thymic development is
halted at a rudimentary stage. As a consequence, in the affected
patients the thymic lobe is still present but intra-thymic lym-
phopoiesis is completely blocked (63, 104) leading to severe pri-
mary T cell immunodeficiency (105-107) and to death in early
childhood from severe infections (105, 108112, 154). Foxnl is
also involved in morphogenesis and maintenance of the 3D thymic
micro-structure, which is necessary for a fully functional thymus
{113, 114). In fact, evidence is available that in an in vitro 2D
culture system consisting of a monolayer of mouse bone mar-
row stromal OP9 cells it is possible to generate mature T cells,
only if these cells are transduced with the Notch ligand Delta-
like 1 (OP9-DL1) (115, 116), whose pathway exerts a pivotal and
necessary role in promoting the induction of T cell-lineage com-
mitment (1 17-119). Of note, in all these co-culture systems, the
stromal cells are enforced to overexpress Notch ligands, and their
expression by TECs seems to be maintained only in a 3D thy-
mus structure (120). In human Nude/SCID, the T cell defect is

characterized by the absence of proliferative response to the com-
mon mitogens and a severe blockage of the T cell differentiation
{154). Recent studies revealed the presence of some circulating
T cells of non-maternal origin in patients carrying alterations of
FOXNTI gene. These cells have been shown to be predominantly
double-negative af T cells (CD37CD4~CD8~, DN) and to exhibit
a regulatory like T cell phenotype (FoxP3™), This finding raised
important issues regarding the site of differentiation of these cells.
One hypothesis is the persistence of a thymic rudiment, which
allows a partial T cell development (109). Alternatively, a T cell
differentiation, even though partial and ineffective to result in a
productive immunity, could occur at an extra-thymic site. In both
pre-natal and post-natal life, the TCRBV spectratype repertoire in
Nude/SCID patients is oligoclonal, thus confirming the immatu-
rity of the process and, at the same time, that developmental events
do take place at some extent (111, 112).

For many years, the human counterpart of the nude mouse phe-
notype has been erroneously considered the DiGeorge syndrome,
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which occurs spontaneously and is mainly characterized by thymic
hypo/aplasia and a mild T cell defect. However, several lines of
evidence argue against the analogy between these two disorders.
In fact, the DiGeorge syndrome is often associated with neona-
tal tetany and major anomalies of great vessels. These defects are
due to malformation of the parathyroid and heart, derived from
a major embryologic defect in the third and fourth pharyngeal
pouch from which the thymus primordium emerges. In addition,
in this syndrome hairlessness is missing and gross abnormalities
of skin annexa are not found. Children with DiGeorge syndrome
may also have lymphopenia, with a mild reduction of T cells, that
are however usually responsive to common mitogens.

In Nude/SCID patients, skin is tighter than usual and is charac-
terized by basal hyperplasia and dysmaturity. Alopecia is primitive
in nature, in that it can be observed at birth and persists after bone
marrow transplantation, thus ruling out the acquired nature of the
disorder. In keeping with this, in athymic mice, completely lacking
body hair, restoration of the thymus did not lead to hair growth;
indicating a direct participation of FOXN1 to hair follicle develop-
ment (87). The most frequent phenotypic alteration affecting the
nails is koilonychia (“spoon nail”), characterized by a concave sur-
face and raised edges of the nail plate, associated with significant
thinning of the plate itself; canaliform dystrophy and a transverse
groove of the nail plate (Beau line) may also be observed (121).
However, the most specific phenotypic alteration is leukonychia,
characterized by a typical arciform pattern resembling a half-moon
and involving the proximal part of the nail plate. These alter-
ations of digits and nails were also reported in a few strains of
nude mice. Of note, nail dystrophy has also been observed in het-
erozygous subjects carrying FOXNT alterations (121). FOXN1 is
known to be selectively expressed in the nail matrix, where the
nail plate originates, thus confirming that this transcription factor
is involved in the maturation process of nails and suggesting nail
dystrophy as an indicative sign of heterozygosity for this molecular
alteration (121).

Autoptical study of a fetus homozygous for R255X muta-
tion revealed multiple-site neural tube defects, including anen-
cephaly and spina bifida. This finding may help explaining the
high rate of mortality in utero observed in the population where
the first patients were identified (105). Intriguingly, the other
forms of SCID become clinically evident only during the post-
natal life, when the protection of the newborn transferred from
the mother immune system declines. This observation, suggests
that other causes different from immunodeficiency, are respon-
sible for the high rate of mortality in urero and led to consider
the Nude/SCID mutation and anencephaly causally related. Of
note, in a recent study, the mouse Foxnl gene was found to be
expressed also in epithelial cells of the developing choroids plexus,
a structure filling the lateral, third and fourth ventricles of the
embryonic brain (105). Moreover abnormality in the develop-
ment of corpus callosum were also found in another FOXNI
mutated fetus even in the absence of anencephaly, indicating that
the transcription factor may play a role as a co-factor in the brain
ontogeny (105),

Altogether these findings suggest that FOXN1 may also be
implicated as co-factor in the development of vital systems
required for a proper fetus development, thus explaining the

mortality in the first trimester in fetuses carrying the genetic
alterations, which is not justified by the SCID per se.

FOXN1 MUTATION PREVENTS THE PRE-NATAL T CELL
DEVELOPMENT IN HUMANS

It is now clear that FOXNI acts as a transcription factor impli-
cated in the differentiation of thymic and skin epithelial cells, even
though many of its molecular targets still remain to be discov-
ered. Most of the knowledge so far available has been achieved in
humans in the post-natal life, while little is known about FOXN1
role during the pre-natal life.

Of note, other FOX family members, including Foxg! and
Foxmb, are important during embryogenesis, being involved
in a variety of biological processes (122). Approximately 50%
of Foxql™~ murine embryos die in utero, thus suggesting the
requirement of this gene during embryogenesis (122), Similarly,
Foxm1b is important during liver regeneration {124).

Studies on thymus organogenesis revealed that Foxnl is
expressed in all TECs during fetal stages. OF note, Faxnl =/~
mice showed undifferentiated TECs responsible for a blockage
of thymopoiesis and severe immunodeficiency (125). Recently,
the identification of a human FOXNI™'~ fetus gave the unique
opportunity to study in humans the T cell development in utero,
in the absence of a functional thymus. Vigliano et al. documented a
total blockage of the CD4™ T cell maturation and a severe impair-
ment of CD8" cells, with an apparent bias toward TCRy8 " cells
(112). In this case in the congenital absence of the thymus was
due to R255X missense mutation in the FOXN1 gene. In particu-
lar, it has been reported that in the absence of FOXN1 a few not
functional CD8™ cells, mostly bearing TCRy8 in the absence of
CD3, presumably of extra-thymic origin could develop in both
humans and mice (126—118). Further analysis of the fetal RNA,
performed to evaluate the variable-domain B-chain (VP) fami-
lies’ usage among T lymphocytes, revealed that the generation of
TCR diversity occurred at some extent in the FOXNI~/~ fetus,
but was abnormal. Thus, these data provided a further evidence
of the crucial role for FOXN1 in the early pre-natal stages of T
cell development and not in the B and NK-cell differentiation,
these populations being normally present in the Nude/SCID fetus
(112). A similar impairment of the T cell differentiation with a
selective blockage of CD4 differentiation but not of CDS8, was
detected in murine models characterized by the absence of the
nuclear high-mobility group (HMG) box protein TOX (107).

The identification of a limited number of CD8" cells bear-
ing the TCRy suggests that this cell population may develop at
extra-thymic sites in a FOXNI-independent manner, even though
they are unable to sustain a productive immune response into the
periphery. Indeed, evidence exists indicating that T cells may also
differentiate at extra-thymic sites, as intestine and liver (129—133).
Of note, the majority of thymus-derived T lymphocytes bears the
aff chains of TCR and a few of them express the yb heterodimer
(134), while the T cell pool developed outside the thymus is char-
acterized by a higher proportion of TCRyd™ T cells expressing the
CDB8aa homodimer, instead of the CD8ap (135, 136). Moreover,
also DN T cells (CD3*CD4 CD8™ ) and lymphocytes expressing
CD7 and CD2 in the absence of CD3 (CD2TCD3CD7™) are
generally considered of extra-thymic origin (125-137).
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In spite of the well documented knowledge on the role of the
primary lymphoid organ to foster T cell development, some still
unsolved issues in human athymic conditions indicate that an in-
depth information of the overall process is still to be achieved and,
in particular, the involvement of different tissues in T cell ontogeny
must be definitively clarified. Since FOXN1 is selectively expressed
in the thymus and skin, one possibility to explain the presence of
the few non-functional CD8 " TCRy8 ™" cells in Nude/SCID fetus is
that skin epithelial cells could play a partial role in T cell ontogeny,
as already shown in in vitro models (138, 139).

THYMUS TRANSPLANTATION: A PROMISING TREATMENT
TO ATHYMIC DISORDERS

Forkhead-box nl deficiency is a very rare immunodeficiency with
unfortunately poor chance of curative treatments. Recently, thy-
mus transplantation has emerged as a promising treatment for
children affected with congenital athymia (140-143), as that
observed in complete DiGeorge anomaly and in FOXN I deficiency.
Conceptually, the thymus transplant seems to be in principle the
more appropriate therapeutic strategy, taking into account that
bone marrow transplantation performed in one child with FOXN1
deficiency, failed to induce a long-term sustained immune recon-
stitution. In particular, in this patient no reconstitution of the
naive T cell pool was observed (144).

Thymus transplantation has been first used in children affected
with complete DiGeorge anomaly, with excellent clinical and
immunologic results (141). In order to achieve immune recon-
stitution, cultured post-natal allogeneic thymus tissue slices were
transplanted into the quadriceps muscles of the athymic host
(145). The migration of host bone marrow stem cells to the donor
graft allow them to develop into naive T cells, which then emi-
grate out of the engrafted thymic tissue into the peripheral blood.
Thymopoiesis is observed in biopsies of the transplanted thymus
within 2 months of transplantation (140) and naive T cells are
detected in the peripheral blood approximately 3-5 months after
transplantation (146, 147), Taking advantage from this previous
experience, a few years ago an allogeneic thymus transplantation
has been used for the first time in two unrelated infants with
Nude/SCID phenotype due to a deficiency of the transcription
factor FOXNI (111}, The clinical phenotype of the two subjects
was characterized by the absence of naive T cells, total alope-
cia, nail dystrophy, and severe infections, as disseminated Bacillus
Calmette—Guérin in subject 1 and severe respiratory infections
in subject 2. Molecular analysis, performed to confirm the clin-
ical suspect of the Nude/SCID phenotype, revealed the presence
of a homozygous R255X mutation in the FOXNI gene in subject
1, the same of that previously described (107), and a homozy-
gous R320W novel missense mutation in the subject 2. Moreover,
subject | showed, like a small percentage of complete DiGeorge
patients, referred as atypical complete DiGeorge, circulating oligo-
clonal T cells of non-maternal origins, which were predominantly
double-negative T cells, and a T cell proliferative response to PHA
within the normal range. Because of that, before thymus trans-
plantation subject 1 have required immunosuppression regimen
to prevent graft rejection. Differently, immunosuppression was not
used for the subject 2, who had, like typical complete DiGeorge
patients, very few T cells (141, 146).

Results obtained with thymus transplantation were encourag-
ing in both FOXN1-deficient subjects, and led to a full T and B
cell reconstitution and functional rescue. Indeed, both subjects
developed naive T cells, diverse TCR repertoires and an i vitro
proliferative T cell responses against different antigens. Eventually
they reached normal serum Ig levels with generation of protective
antibady specific titers. Of note, HLA matching for class 1 and 11
did not seem to interfere with T cell counts after thymus transplan-
tation, being subject 2 transplanted without any HLA matches.
However, CD8™ T cell number, although apparently functional,
was disproportionally low compared to CD4" T cells (111). A
poor CD8 recovery has also been described in complete DiGeorge
patients, who underwent HLA-mismatched thymic transplanta-
tion (141, 148), Possible explanations are that the phenomenon is
related to the HLA mismatch between host hematopoietic precur-
sors and allograft thymic epithelia or to alterations in the thymic
graft due to transplantation procedures.

Functionality of the thymic allograft has been assessed for
the first time through signal joint (sj) and DRJB T cell recep-
tor rearrangement excision circle (TREC) analyses (109). The
siBTREC represents a ratio between early and late preducts of
TCR rearrangements, which directly correlate with thymic output
and provide an indirect measurement of thymocyte division-
rate (149—151). The sj/BTREC ratio quantification, conducted
in subject 1 with R255X mutation, was very low during the
peri-transplant period and comparable to those observed in
healthy children at 2.5 years post-transplant. Of note, 4 years post-
transplantation a decrease of si/BTREC ratio associated with a
reduction in siTREC levels and in the number of naive cells
were found, suggesting the decline in thymic allograft output
(109). This decline might be due to the reduced longevity of
the thymus allograft or to peripheral homeostasis of the T cell
pool maintenance following its replenishment. Overall, the thy-
mus transplantation seems to be a promising curative strategy
for subjects with athymia due to FOXNI deficiency or com-
plete DiGeorge syndrome in the perspective of long-term clinical
benefit.

CONCLUSION

The integrity of the thymic epithelial architecture allows the
growth, the differentiation, and TCR repertoire selection of imma-
ture T cells, thus originating fully mature and functional T cells.
Of note, the failure to generate or to maintain the proper 3D
thymic architecture leads to severe immunodeficiency or autoim-
munity. The unique function of the thymus in the establish-
ment/maintenance of the T cell pool is related not only to the
peculiar 3D structure, but also to the specialized functions of the
thymic stroma. Indeed, lympho-stromal interactions within the
multicellular thymic microenvironment play a crucial role in the
regulation of the T cell development. Moreover, these interactions
are based on a bilateral crosstalk between stromal cells and trav-
eling thymocytes, which, in turn, are able to provide important
signals for the TECs differentiation.

Thymus organogenesis and T cell development are sophisti-
cated biological processes, which require the activation of a wide
panel of genes. There is evidence that the master regulator of
the thymus development is the Foxnl gene, since it is required at
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multiple intermediate stages of the TE-lineage specification either
in the fetal and adult thymus, through the direct or indirect regu-
lation of genes involved in the thymus development and function.
These genes include Paxl, Hoxa3, CCL25, Dil4, p63.

Studies on the animal and human model of the Nude/SCID
phenotype have provided an enormous contribution in identify-
ing the crucial role of Foxnl to drive the thymus development,
even though many issues regarding the transcriptional regula-
tion of the TECs specification and homeostasis still remain to be
solved. The development in vitro of cellular models of TEC lineage
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ARTICLE

FOXN1 in Organ Development and Human Diseases

Loredana Palamaro, Rosa Romano, Anna Fusco, Giuliana Giardino,
Vera Gallo, and Claudio Pignata

Department of Translational Medical Sciences, “Federico Il” University, Naples, Italy

FOXN1 gene belongs to the forkhead box gene family that comprises a diverse group of “winged-
helix” transcription factors that have been implicated in a variety of biochemical and cellular pro-
cesses, such as development, metabolism, aging and cancer. These transcription factors share the
common property of being developmentally regulated and of directing tissue-specific transcrip-
tion and cell-fate decisions. Foxn1 is selectively expressed in thymic and skin epithelial cells, where
it acts through its molecular targets to regulate the balance between growth and differentiation.
In particular, Foxn1 is required for thymic epithelial patterning and differentiation from the initial
epithelial thymic anlage to a functional cortical and medullary thymic epithelial cells (TECs) mesh-
work necessary for the crosstalk with the lymphoid compartment. A mutation in FoxNT generates
alymphoid cystic thymic dysgenesis due to defective TECs, causing primary T-cell immunodefi-
ciency, named Nude/SCID syndrome, and leads to a hairless “nude” phenotype in both mice and
humans. This immune defect represents the first example of a Severe Combined Immunodeficien-
cies (SCID) phenotype not primarily related to an abnormality intrinsic of the hematopoietic cell,
but rather to a peculiar alteration of the thymic epithelia cell. This review focuses on the key role
of FOXN1 in cell development and its clinical implication in humans.

Keywords FOXN1, immunodeficiency, Nude/SCID, skin, thymus

FOXNI gene belongs to the forkhead gene family that comprises a diverse group of
“winged-helix” transcription factors that have been implicated in a variety of bio-
chemical and cellular processes, such as development, metabolism, aging and can-
cer [1, 2]. It was first well characterized both in mouse and humans by Schropp et al.
in 1997. First designated as winged helix nude gene, because of the presence in its
sequence of a forkhead domain (Whn), it has been then renamed forkhead box n1
(FOXN1). The human FOXNI gene is localized on chromosome 17q11-12, spanning
about 30kb and being closely linked to the neurofibromatosis-1 gene [3]. Similarly to
the mouse Foxnl gene, it contains eight coding exons and two different first exons,
exons la and 1b, that undergo to alternative splicing to either of two splice acceptor
sites of the exon 2, located upstream of the initiation codon. Exon la and exon 1b do
not contribute to the protein sequence but, interestingly, they are under the control of
two promaoters, which confer FOXNI gene tissue specificity, in that the promoter 1a is
active both in thymus and skin and the promoter 1b only in the skin [3, 4].

FOXNI gene encodes an evolutionarily high conserved forkhead/winged helix
transcription factor [5], which contains 648 amino acids and exerts an 85% homology
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between rodents and humans [3]. Structural characteristics of the protein include a
transcriptional activation domain, encoded by exons 8-9 and a forkhead DNA bind-
ing domain, encoded by three exons (5-7), this structure being peculiar of the fork-
head/winged helix transcription factors [3]. The presence of the transactivation do-
main in FOXN! C-terminal region has been first proven by Brissette et al. [6] and
then confirmed by the study of Schuddekopf et al., in which it was shown that the
domain consists of approximately 50 amino acids between aa 511 and 563, rich of
acidic residues [7]. Using site-directed mutagenesis, the authors replacing aspartic
acid residues with alanine, found that these acidic residues are essential for the trans-
activation activity of the protein. Notably, not only the structural integrity of the amino
acidic sequence, but also the physical proximity of both domains are essential for
FOXNI transcriptional activity [8].

Postnatally, Foxnl gene is mainly expressed in thymic epithelial cells (TECs), some
keratinocyte populations and hair follicles, where it acts through its moelecular targets
to regulate the balance between growth and differentiation [6, 9, 10]. Tt exerts its func-
tion after activation through phosphorylation that promotes its nuclear translocation
[11-13]. Into the nuclei, it interacts with DNA as a monomer through its forkhead box,
but the target genes and the specific biochemical mechanism of interaction with the
promoter regions remain to be elucidated [3, 14].

The molecular mechanisms by which FOXN1 expression and activity are regulated
are not fully understood, even though evidence suggests that FOXN1 expression is
strongly regulated by wingless (Wnt) proteins [15], a family of secreted glycoproteins
that play a role in the cell-fate specification [16], and bone morphogenetic protein
(BMP) signaling, required for a normal thymus development [17], in both autocrine
and paracrine fashion (Figure 1) [15]. Foxn1 target genes have not been completely
identified due to technical difficulties in isolating physiologically intact TECs at differ-
ent stages of the differentiation process, even though growing evidence is now avail-
able documenting that several genes are molecular target of Foxn1 (Figure 1), includ-
ing Notch ligands, DLL-1 and DLL-4[18] and the chemokines, CCL25and CXCLI12[19].

@\ /@
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FIGURE 1. FOXNI1 regulators and target genes. FOXN1 expression is regulated by wingless (Wnt)
proteins, sonic hedgehog (Shh) and bone morphogenetic protein (BMP) signalings. Several genes
are molecular target of Foxnl, including Notch ligands, Delta like ligand- (DLL-)1 and DLL-4, the
chemokines CCL25 and CXCL12 and the fibroblast growth factor receptor (FGFR).
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Moreover, it has been documented that FOXN1 up-regulates the expression level of fi-
broblast growth factor receptor (FGFR), which are able to regulate the differentiation
of thymic epithelia and thymopoiesis, as well [16].

Even though the complete pattern of FOXN1 expression and its role are not yet
completely unraveled, the knowledge of the prominent role of FOXN1 came out from
studies on nude mouse and the human equivalent model determined by gene alter-
ations. Mutation in Foxn I generates alymphoid cystic thymic dysgenesis due to defec-
tive TECs [5, 9] and leads to a hairless phenotype in both mouse and humans [10].

THE ROLE OF FOXN1 IN THE THYMUS

The thymus provides a specialized microenvironment for the development and selec-
tion of mature T cells bearing the T-cell receptor (TCR) complex [19, 20]. The thymic
microenvironment is composed primarily of an integrated meshwork of TECs or-
ganized in three-dimensional (3D) architecture. TECs are differentiated in cortical
(cTECs) and medullary epithelial cells (mTECs), required for promoting most stages of
the thymocyte differentiation [21]. The intrathymic development of T cells consists of
discrete phases that require a dynamic relocation of developing lymphocytes within
multiple architectural structures of this organ. In the T-cell developmental pathway,
hematopoietic progenitor cells (HPCs) emigrate from the bone marrow to the 3D thy-
mus, where the developing T-cell precursors, namely, thymocytes, interact with TECs
and other thymic stromal cells (TSCs). Thymocytes relocate within the organ, prolifer-
ate and acquire lineage specification. At molecular level, TCR rearrangement occurs
resulting in the emigration from the thymus of a fully differentiated mature T cell [22,
23].

In particular, the epithelial cell-autonomous gene Foxn! is required for thymic ep-
ithelial patterning and differentiation from the initial epithelial thymic anlage to a
functional ¢cTEC and mTEC meshwork during crosstalk with the lymphoid compart-
ment. In particular, the development and maturation of TEC subsets during the thy-
mus organogenesis occurs through two genetic stages [9, 24], first stage being Foxnl-
independent and under the control of genes such as Hoxa3 [25] and Thx1 [26], during
which induction and outgrowth of the thymic epithelial anlage from the third pharyn-
geal pouch take place. In Foxn I-dependent step, precursor epithelial cells differentiate
into mature and functional cTECs and mTECs from the same bipotential TEC progen-
itor [24, 27-29]. Of note, Foxn1 is expressed in all TECs during embryogenesis, but not
in all TECs of the adult thymus [30], indicating that the gene is strictly developmentally
regulated. However, studies on K5- and K18-CreERT-mediated Foxni-deleted mouse
models have revealed that Foxn! plays a different role in mTEC and ¢TECs. In partic-
ular, during the postnatal life, mTECs, expressing keratins type K5 and K14, which are
similar to epithelial stem cell markers and exhibit progenitor activity in the skin and
mammary gland [31, 32], are affected in the case of loss of Foxn1. Conversely, cTECs,
whose markers are the keratins K8 and K18 expressed in terminally differentiated ep-
ithelial cells in the apical layer of stratified squamous skin epithelium, are not sensitive
to the loss of Foxn1 [33]. Thus, this evidence suggests that ¢cTECs and mTECs are not
equally Foxni-dependent and ¢TECs are insensitive to Foxnl missing. Since Foxn1 is
widely expressed during embryogenesis, its expression in the adult thymus reveals the
presence of TEC progenitors [34], expressing K57/K14" markers, which support TEC
homeostasis in the adult thymus.

Of note, a new component of proteasome, the A5-thymus (A5t) subunit, selectively
expressed in the ¢cTECs has been identified. g5t subunit leads to the production of
peptides presented by class T MHC molecules, thus playing a pivotal role in generating
the immunocompetent CD4-CD87 T cells. In murine ¢TECs, the expression of g5t is
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strictly dependent on Foxnl, which might regulate 85t transcription. These data are
in keeping with the central role of this transcription factor in the stroma functionality
[35].

Additionally to the well-defined role of the Foxn1 to regulate the thymic epithelial
patterning and differentiation, it has recently been demonstrated that Foxn1 is also in-
volved in the 3D thymic microstructure morphogenesis and maintenance [36], which
is very important for the functionality of the thymus.

Eventually, Foxnl must be considered as a prime downstream mediator of agents
or pathways also capable to induce thymic involution or rebound. Normal aging is ac-
companied by thymic invelution, reduced thymocyte output and reduced expression
of Foxn1 [37, 38]. It has been shown that the progressive loss of Foxnl causes accel-
erated premature thymic involution, with gross and microanatomic changes similar
to age-related involution [38]. Furthermore, intrathymic injection of Foxnl ¢cDNA to
aged mice increased thymic size and thymocyte numbers [38]. Consistent with these
results, down-regulation of Foxnl occurs early in thymic involution [37], while trans-
genic overexpression of Foxn1 delays this process [39].

Of note, most of the pathogenic mechanisms underlying a primary T-cell disorder
are related to molecular alterations of genes selectively expressed in hematopoietic
cells. However, since the differentiation process relies on a proper crosstalk among
thymoeytes and thymic microenvironment, a severe T-cell defect may also be due to
an alteration of the stromal component of the thymus [40].

THE ROLE OF FOXNT IN THE SKIN

FOXNI1 gene expression in the skin, as also seen in the thymus [9], is restricted to ep-
ithelial derived cells [41]. Using in sitie hybridization and a murine model in which a
beta-galactosidase reporter gene was placed under the control of the wild-type Foxnl
promoter, Foxn I gene was found to be expressed since Day 13 of gestation in the nasal
region of mice. Then, Foxnl expression becomes detectable in developing whisker
pads, nail primordial, hair follicles of eyebrows and the epidermis of mouth, nose, ears
and tail. At last, Foxnl expression involves the entire skin, particularly interfollicular
epidermis and hair follicle [41]. A detailed analysis of the Foxnl expression in mouse
skin has revealed a specific pattern of expression, suggesting its involvement in the
regulation of cell growth and differentiation.

In the interfollicular epidermis, which is composed by four cell layers (basal,
spinous, granular and cornified), Foxn1 is mainly expressed within the nucleus of the
cells in the first suprabasal layer. Its expression in these cells corresponds to the onset
of terminal differentiation, having the cells left the cell cyele and started the full pro-
gram of differentiation [41]. However, Foxnl expression has been found, along with
Ki-67 expression, also in rare cells in the basal layer. These findings allow to speculate
that the double positive cells (Foxnl™ Ki-677) could be markers of the very first stage
of terminal differentiation, being daughter cells of transient amplifying keratinocytes,
which are committed to differentiate and are just leaving the cell cycle and the basal
layer [42].

In the hairfollicle, Foxn1 is expressed in the supramatrical region. In particular, dur-
ing hair follicle morphogenesis, its most prominent expression has been detected in
the precursor cells of the inner root sheath and hair shaft, in the outer root sheath and
in the periphery of the matrix [41, 43]. All these cells derive from the matrix cells af-
ter hair bulb formation and are characterized by the end of proliferation, in order to
achieve their terminal differentiation [44]. After hair follicle formation, a cycle con-
sisting of three phases takes place: anagen, hair follicle growth; catagen, hair follicle
regression; telogen, resting period. Notably, Foxnl expression is strongly dependent
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on the phase of hair cycle. Indeed, the gene transcript was easily found only during
anagen, while it was poorly or not at all detectable in the two further phases [43].

As far as concerned FOXN1 function in the skin, its role, its target genes and the
molecular mechanism of action still remain to be fully clarified. The observation that
Foxnl is mainly expressed in the keratinocytes of the first suprabasal layer, together
with the findings that nu/nu mouse keratinocytes showed a much higher susceptibil-
ity compared to wild-type keratinocytes to the growth-arresting effect of phorbol ester
12-O-tetradecanoyl-13-acetate (TPA), allows to speculate that FOXN1 is a key tran-
scription factor involved in the regulation of keratinocytes growth and differentiation
[6]. In addition, an increased proliferation and an impaired keratinocyte differentia-
tion have been found in interfollicular epidermis, hair follicle and urothelium of mice,
which overexpress Foxnl in terminally differentiating cells [45]. Strong evidence sug-
gests that Foxn|1 is involved in keratinocyte differentiation through regulation of target
genes, such as protein kinase C (PKC) and protein kinase B (AKT). Indeed, mouse ker-
atinocytes, missing functional Foxn1, showed an up-regulation of PKC activity, while
the overexpression of Foxn1 led to the suppression of PKC activation and inhibition of
keratinocyte differentiation [46]. In addition, evidence indicates that PKC is a potent
inhibiter of human hair follicle growth in vitro [47-49]. Janes et al. have investigated the
function of FOXNI in the regulation of interfollicular epidermis by means of cultures
of primary human epidermal keratinocytes. They found that FOXN1 was responsible
of initiation of keratinocyte differentiation but it was not sufficient to induce the final
stages of terminal differentiation. Indeed, in the reconstituted human epidermis only
differentiating cells of the spinal layer could be detected, while cells of the granular
and cornified layers are lacking. Moreover, using microarrays analysis, approximately
30 genes have been identified, which are up-regulated following FOXN1 activation
during keratinocyte ditferentiation. Among these genes, the serine/threonine kinase
Akt is able to trigger the later stages of differentiation, leading to the development of
the granular and cornified layers. Together all these findings allow to hypothesize that
while FOXN1 promotes the early stage of keratinocyte differentiation, the increasing
levels of AKT and its subsequent activation may bring to completion the process of ter-
minal differentiation [50]. In keeping with this, keratinocytes from nude mice express
lower level of keratin 1 (a marker of the early stages) [6], whereas overexpression of
Foxnl increases the expression keratin 1 [45, 51]. The acidic hair keratin 3 (mHa3), the
murine ortholog of the human acidic hair keratin 3 and Foxn1 are coexpressed in the
same anatomic structure. Reduced levels of mHa3 and other hair keratins were found
in nude mice epidermis [4, 43] and transfection of FOXN1 in HeLa cells (tumoral cells
derived from human cervical carcinoma) induces a high expression of mHa3, mHb3
and mHb5, hair keratins normally not expressed in this cell line [8].

Furthermore, it has been demonstrated, by using an engineered-keratin-5-driven
Foxnl (K5-Foxnl) transgenic (Tg) mouse, that Foxnl provides the necessary cues to
transfer the pigment from melanocytes to keratinocytes of the hair shaft cortex, this
effect being mediated by Fgf2 [52]. The Foxnl-null nude mouse completely lacks pig-
mentation in the hair cortex, while the K5-Foxn! Tg confers ectopic acquisition of the
pigmentation in hair cortical cells.

CLINICAL IMPLICATIONS OF FOXNT MUTATION IN HUMANS:
THE NUDE/SCID MODEL

The absence of FOXN1 transcription factor results, both in mice and humans, in con-
genital athymia and hairlessness. In man, the phenotype has been described in asso-
ciation with a C792T homozygous transition in the FOXN1 gene, which resulted in the
nonsense mutation R255X in the exon 4 (formerly exon 5), with a complete absence of
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FIGURE2. Hallmarks of the human Nude/SCID phenotype. (A) Alopecia of the scalp, eyebrows and
eyelashes. Nail dystrophy patterns: (B) leukonychia, (C) koilonychias and (D) canaliform dystrophy.

a functional protein [53], or with a C987T (R320W) transition in the exon 6, resulting
in a missense mutation of the DNA binding domain [54]. In particular, the genetic al-
teration of the transcription factor, inherited as an autosomal recessive disorder, leads
to a severe T-cell immunodeficiency, congenital alopecia of scalp, eyebrows and eve-
lashes (Figure 2A). This phenotype, referred to as Nude/SCID (MIM 601705; Pignata
Guarino Syndrome), was described for the first time in humans in 1996 in two sisters
originating from a small community in the south Ttaly [55]. This immune defect repre-
sents the first example of a Severe Combined Immunodeficiencies (SCID) phenotype
not primarily related to an abnormality intrinsic of the hematopoietic cell, but rather
to a peculiar alteration of the TEC [40, 55-57].

This phenotype is widely accepted as the human equivalent of the similar murine
phenotype, reported for the first time by Flanagan in 1966 [58]. Over the time, the Di-
George syndrome (DGS), similarly characterized by thymic hypo/aplasia with sub-
sequent impaired thymocyte development, was erroneously considered the human
counterpart of nude mouse phenotype. The molecular defect responsible for the DGS
is a 22q11.2 region deletion in which Thx1, the gene putatively responsible for the
athymia, is located. A DGS-like phenotype could also be due to other molecular de-
fects, such as the deletion of a critical region on chromosome 10p13/14 [59, 60]. More-
over, the CHARGE syndrome, due to mutations in the CHD7 gene encoding for a chro-
modomain helicase DNA-binding protein, shares considerable phenotypic overlap
with DGS [61]. The spectrum of DGS defects is very heterogeneous and, in most cases,
the phenotype is mild [62]. In the majority of patients with DGS, referred to as “par-
tial,” the T-cell pool is usually normal or, in very few cases, low normal, and T cells
are only rarely poorly responsive to common mitogens, while patients affected with
the “complete” form of the disease (accounting for 0.5%-1.5% of patients) have a se-
vere T-cell immunodeficiency, with a naive T-cell pool and mitogen responsiveness
usually absent [63-65]. Thus, even though the Nude/SCID and a few DGS share the
absence of the thymus, by a clinical and immunological point of view there are several
differences, which lead to consider these disorders two completely distinct entities.
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By contrast, Nude/SCID patients exhibit a quantitative and qualitative T-cell defect
much more severe than that observed in DGS. The Nude/SCID immune deficiency is
characterized by a severe blockage of the T-cell differentiation and absence of prolif-
erative response to the common mitogens [55]. Naive T cells are lacking in the periph-
eral blood, as a consequence of the absence of a T-cell differentiation process. In DGS,
differently from Nude/SCID patients, CD47CD45RA™ naive cells are usually found,
suggesting that a certain level of thymic functionality is still present also in the com-
plete forms of the syndrome. The comparison of the clinical phenotype of the two syn-
dromes reveals that in DGS hairlessness is missing and gross abnormalities of skin an-
nexa are lacking, differently from Nude/SCID. As above described, the transcription
factor FOXNI1 is also expressed in the epithelial cells of the skin, where it participates
to the homeostasis between growth and differentiation. This evidence argues in favor
of the essential role of FOXN1 in T-cell development and leads to suggest that skin
might express a major role as an alternative primary lymphoid organ. In keeping with
this, it has been recently documented that in the absence of thymic cellular epithe-
lial elements, skin-derived keratinocytes and fibroblasts seeded on the 3D scaffold, by
mimicking the configuration of the thymus, are able to support the differentiation of
stem cells into T-cell precursors [66].

By taking advantage of the congenital athymia, the human Nude/SCID phenotype
was used as disease model to investigate the development of the T-cell compartment
in the absence of a functional thymus. The results obtained from these studies revealed
the presence of some circulating T cells of non-maternal origin in patients carrying al-
terations of FOXN1, thus raising important questions regarding the site of differentia-
tion of these cells. These cells have been shown to be predominantly double-negative
(CD4negCD8neg, DN) «p T cells and to exhibit a regulatory-like T-cell phenotype
(FoxP37). One hypothesis was that a thymic rudiment could persist, allowing a partial
T-cell development, but with alterations in positive/negative selection, as suggested
by the expansion of DN « g and FoxP3™ T cells [67]. Further evidence indicates that
the TCRBV spectra-type repertoire in Nude/SCID patients is oligoclonal in both pre-
natal and postnatal life [54, 68]. Further studies aimed at characterizing the phenotype
of lymphocytes in the Nude/SCID model in human prenatal life revealed that FOXN1
alteration leads to a total blockage of CD4™ T-cell maturation and severe, but not to-
tal, impairment of CD8" cell differentiation, with an apparent trend toward a 36 T-cell
production. This finding thus suggested a crucial role of this gene in the early prenatal
stages of the T-cell ontogeny in humans [68]. Of note, different mutations in the same
gene lead to different immunological phenotypes. No circulating T cells were found
in a patient with the C987T (R320W) substitution identified in the exon 6 of the hu-
man FOXNI1 gene, resulting in a missense mutation of the DNA binding domain [54].
These partially divergent features raise intriguing arguments about the role of FOXN1
in the T-cell development, which deserve further exploration using mouse models and
comparative structural studies [4, 8, 9].

To date, there is no curative therapeutic approach for Nude/SCID syndrome. Bone
marrow transplantation has been performed in one child with the Nude/SCID pheno-
type due to FOXN1 deficiency but without the production of the naive T-cell pool and
long-lasting immunological reconstitution [69]. This would be expected given the ab-
sence of a functional thymus and to the necessary role of the FOXN1 transcription fac-
tor for a proper T-cell development. Thus, because of the athymia in FOXN1 deficiency,
an attempt to use thymus transplantation was chosen to obtain an immune reconsti-
tution. Remarkably, naive T cells with a diverse TCR repertoire were generated, which
paralleled the normalization of T-cell proliferative responses and Ig levels. This ther-
apeutic intervention was also useful to achieve the clearance of the ongoing dissemi-
nated infections [54]. Of note, in one patient undergone to thymus transplantation, it
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has been described, for the first time, an unusual leukoderma, which the authors hy-
pothesized as related to FOXN1 deficiency [70]. Upon transplantation of FOXN1 com-
petent thymic epithelia, also the peripheral pool of FoxP3™ T cells normalized, while
the number of circulating DNe g T cells remained constantly high up to 6 years after
transplantation [67]. This finding raises the question about the origin of DNe g T cells
in that their reduced sjTREC levels, used as a marker of thymic functionality, suggest
that they were not produced after transplantation [67], and that they probably did not
require a functional thymus to develop. The evidence that other sites, alternative to
the thymus, could sustain T-cell development and differentiation also derives from the
identification, in a Nude/SCID fetus, of a limited number of CD87 cells, not expressing
the CD3 and bearing TCRy 8, thus suggesting an extrathymic origin for these cells [68].

Nude/SCID phenotype is also characterized by nail abnormalities. Nail dystrophy
in mice and humans is a feature of the syndrome. In man, also heterozygous gene
alterations are associated with minor ectodermal anomalies, as well. Leukonychia
or koilonychia (“spoon nail”) are the more frequent abnormalities, the former being
characterized by the typical arciform pattern resembling a half-moon and involving
the proximal part of the nail plate (Figure 2B), the latter being characterized by a con-
cave surface and significant thinning of the nail plate (Figure 2C) [71]. Also canaliform
dystrophy and a transverse groove of the nail plate (Beau line) are observed, but less
frequently (Figure 2D) [71]. These features are in keeping with the observation that
FOXNI1 is expressed in the nail matrix, thus being involved in the nail maturational
process [41, 72]. Therefore, nail dystrophy could be considered an important sign to
recognize heterozygous subjects [71, 73].

It should be noted that recently, multiple-site neural tube defects including anen-
cephaly and spina bifida have been reported in a human fetus homozygous for the
mutation R255X [74]. However, the analysis of a second Nude/SCID fetus did not re-
veal any gross abnormality in the central nervous system (CNS) anatomy but only the
absence of the carpus callosum and cavum septi pellucidi (CSP), and an enlargement
of the interhemispheric fissure, Of note, FOXN1 is expressed in murine epithelial cells
of the developing choroids plexus in the embryonic brain [74], thus suggesting a pos-
sible role of FOXN1 in the development of the CNS in a similar fashion to other FOX
family members, such as FoxP1, that helps Hox proteins regulate the genes, control-
ling the motor-neuron diversification [75, 76]. However, these variable abnormalities
reported in the Nude/SCID phenotype suggest that FOXN1 may be implicated as a co-
factor in the development of vital systems required for a proper fetus development.
This would explain the high mortality rate during the first trimester of pregnancy re-
ported among consanguineous carriers of the mutation [74], which is not justified by
the SCID per se due to the maternal protection until the third month after birth.

CONCLUSIONS

The simultaneous occurrence of severe functional T-cell immunodeficiency and skin
abnormalities associated with FOXN1 alterations indicates that the factor exerts a crit-
ical role in the development and homeostasis of these epithelia and suggests shared
functions of the gene in both thymus and skin epithelium. Evidence is available show-
ing that a co-culture containing skin-derived cells and hematopoietic precursor cells
(HPCs), reconfigured in 3D arrangement, expressing high levels of FOXN1, reproduce
a thymus organoid able to generate mature and functional T cells from precursor cells
even in the absence of thymic cells [77]. This central role of FOXN1 in ensuring a proper
T-cell ontogeny is also indirectly sustained by the presence of functional T cells in DGS
but not in Nude/SCID.
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Despite the significant progress to date made, the detailed mechanism by which
FOXNI1 controls the T-cell differentiation process through intercellular cross-talk still
remains to be clarified. Most of the target genes regulated by FOXN1 are sill undefined,
also due to the technical difficulties to isolate intact TECs at different developmental
stages.

Additional knowledge in this field would be very helpful in conclusively defining
the role of FOXN1 in the biological process, in clarifying the intimate mechanisms of
FOXNI1 action and in the development of novel therapeutic strategies for congenital
disorders of immune system.
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1.2. The human NUDE/SCID phenotype: a model to study T-cell development

Recessive mutations in the FOXNI gene lead nude phenotype, described for the first
time in mice. This murine model was described by Flanagan in 1966, when
spontaneously appeared in the Virus Laboratory of Ruchill Hospital in Glasgow (UK)
(13, 51). Mice homozygous for the mutation “nude” are hairless, have retarded growth,
decreased fertility, and die by 5 months of life for infections. Thymus abnormality, or
even absence, is the hallmark of the nude phenotype. In fact, these animals develop a
profound T-cell deficiency and a severely impaired immune response of either cell-
mediated and, indirectly, humoral immunity (78). Today, nude mice are a widely use
model in immunology, dermatology, cosmetic, oncological and transplantation research
fields because of their defect in allo- or xeno-transplantation rejection due to the
absence of a functional immune system (79). In man, the prototype of an athymic
disorder has long been considered the DiGeorge’s Syndrome (DGS), even though main
features of athymic murine model and human disease, including immunological signs,
are not completely overlapping. The human counterpart of murine nude phenotype was
described for the first time in 1996 by our research group, as a novel form of SCID
caused by an intrinsic defect of the thymus (MIM 601705) in 2 patients born to
consanguineous parents originating from a small community in southern Italy. The
hallmarks of this human novel clinical phenotype are ectodermal abnormalities, as
alopecia and nail dystrophy (80), and a profound T-cell defect (51). Of note, the nail
dystrophy can be observed also in subjects carrying the genetic alteration in
heterozygosity. The most frequent nail alteration is the koilonychia (spoon nail),
characterized by a concave surface and raised edges of the nail plate, associated with

significant thinning of the plate itself; a canaliform dystrophy associated to a transverse
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groove of the nail plate (Beau line) may also be found (80). The first described human
FOXNI mutation was a C792T transition in exon 5, resulting in the nonsense mutation
R255X (13). This mutation lies upstream of the DNA binding and trans-activation
domain of this transcription factor, so that translated protein, if any, would be
completely non-functional, similar to the previously described rat and mouse Foxnl
mutations (81).

Recently, the identification of a human Fi OXNI” fetus gave the unique
opportunity to study in humans the T-cell development in utero, in the absence of a
functional thymus. Vigliano et al., documented a total blockage of the CD4" T-cell
maturation and a severe impairment of CD8" cells, with an apparent bias towards
TCRy3" cells. In this case, the congenital absence of the thymus was due to R255X
missense mutation in the FOXNTI gene (82). In particular, it has been reported that, in
the absence of FOXNI, a few not functional CD8" cells could develop, mostly bearing
TCRyd in the absence of CD3. Further analysis of the fetal RNA, performed to evaluate
the variable-domain B-chain (V) families’ usage among T lymphocytes, revealed that
the generation of TCR diversity occurred at some extent in the FOXNI™" fetus, but was
abnormal. Thus, these data provided a further evidence of the crucial role for FOXN1 in
the early prenatal stages of T-cell development and not in the B- and NK-cell
differentiation, these populations being normally present in the Nude/SCID fetus (82).
A similar impairment of the T-cell differentiation with a selective blockage of CD4
differentiation but not of CD8, was detected in murine models characterized by the
absence of the nuclear high-mobility group (HMG) box protein TOX (15).

The identification of a limited number of CD8" cells bearing the TCRyS suggests

that this cell population may develop at extrathymic sites in a FOXNI-independent
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manner, even though they are unable to sustain a productive immune response into the
periphery. Indeed, evidence exists indicating that T cells may also differentiate at
extrathymic sites, as intestine and liver (83, 84, 85). Of note, the majority of thymus-
derived T lymphocytes bears the aff chains of TCR and a few of them express the yo
heterodimer (86), while the T-cell pool developed outside the thymus is characterized
by a higher proportion of TCRy8" T cells expressing the CD8ao. homodimer, instead of
the CD8af (87). Moreover, also DN T cells (CD3'CD4 CDS8") and lymphocytes
expressing CD7 and CD2 in the absence of CD3 (CD2'CD3 CD7") are generally
considered of extrathymic origin (87, 88), suggesting the existence of extrathymic sites
of thymus-independent and FOXNI-independent T lymphopoiesis.

These data have been published as Reviews on Clinical and Developmental

Immunology, for the manuscript see below.
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Primary immunodeficiencies (PIDs) are disorders of the immune system, which lead to increased susceptibility to infections, T-cell
defects, which may affect T-cell development/function, are approximately 11% of reported P1Ds. The pathogenic mechanisms are
related to molecular alterations not only of genes selectively expressed in hematopoietic cells but also of the stromal component
of the thymus that represents the primary lymphoid organ for T-cell differentiation. With this regard, the prototype of athymic
disorders due to abnormal stroma is the Nude/SCID syndrome, first described in mice in 1966, In man, the DiGeorge Syndrome
(DGS) has long been considered the human prototype of a severe T-cell differentiation defect. More recently, the human equivalent
of the murine Nude/SCID has been described, contributing to unravel important issues of the T-cell ontogeny in humans. Both
mice and human diseases are due to alterations of the FOXNI1, a developmentally regulated transcription factor selectively ex-

pressed in skin and thymic epithelia.

1. Introduction

Primary immunodeficiencies (PIDs) are severe disorders of
the immune system in which patients cannot produce a pro-
per protective immune response, leading to an increased
susceptibility to infections. Nowadays, more than 200 well-
characterized genetic immune deficiencies have been iden-
tified thanks to the advances in molecular genetics and
immunology. P1Ds are classified according to the component
of the immune system that is primarily involved including
T, B, natural killer (NK) lymphocytes, phagocytic cells, and
complement proteins [1].

Primary T-cell defects are rare disorders, accounting for
approximately 11% of reported PIDs [2]. These diseases may
be considered true experiments of the nature in that the
recognition of the molecular mechanisms underlying their
pathogenesis led to clarify the phases of the T-cell differenti-
ation process and the physiological mechanisms of the T-cell
responses. Studies in this field led to unravel the checkpoints,
which play a pivotal rele in these processes, which mostly rely
on a proper intercellular interaction between thymocytes and
the thymic microenvironment.

2. T-Cell Development and Thymus

The thymus is the primary lymphoid organ that supports T-
cell differentiation and repertoire selection |3, 4]. The intra-
thymic development of T cells consists of several phases
that require a dynamic relocation of developing lymphocytes
within multiple architectural structures of this organ. As
shown in Figure 1, these steps are (1) the entry of lymphoid
progenitor cells into the thymus, (2) the generation of CD4*
CD8" double positive (DP) thymocytes in the cortex, (3) the
positive selection of DP thymocytes in the cortex, and (4) the
interaction of positively selected thymocytes with medullary
thymic epithelial cells (mTECs) to complete the thymocyte
maturation and, eventually, the export of mature T cells from
the thymus [5].

Thymus anlagen arises as bilateral structures from the
third pharyngeal pouch in the embryonic foregut [6, 7]. The
interaction of the epithelial component with the lymphoid
progenitor takes place as early as embryonic day 11.5 in mice
and at the eighth week of gestation in humans [8, 9].

At an early stage, these precursors have both lymph-
oid and myeloid potential [10, 11] and are characterized by
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Fioure 1: Steps of T-cell development. The lymphoid progenitor cell goes into the thymus through the cortico-medullary junction. DN
thymocytes (CD4-CD8-) migrate across the subcapsular region and then the outer cortex. Interaction between DN cells and ¢TECs
generates DP thymocytes (CD3*CD4*CD8*). Positively selected thymocytes interact with mTECs to complete the maturation process. In
the medulla, self-reactive thymocytes are deleted, 5P (CD3*CD4%or CD3*CD8") thymocytes are generated, and, eventually, the export of

mature T cells from the thymus takes place.

the expression of the CC-chemokine receptor 9 (CCR9), that,
along with the CCR7, plays a central role in this precocious
stage of thymus colonization. At this stage of differentiation,
lymphoid cells also express the stem- and progenitor-cell
markers KIT (also known as CD117), the stem-cell antigen-1
(SCA-1), and the growth-factor-receptor tyrosine kinase type
3 (FLT3) [12-14].

Following the entry into the thymus through the cor-
ticomedullary junction, lymphoid progenitor cells begin
their commitment toward the T-cell lineage. The devel-
opmental pathway is traditionally divided into three sub-
sequent steps, as defined by peculiar immunophenotypic
patterns: the CD4 CD8  double negative (DN) stage, the
CD4*CD8* double positive (DP) stage, and the CD4-CDg"
or CD4'CD8  single positive (SP) stage. In mice, an immat-
ure single positive (ISP) CD8*CD4~ cell may be detected
between the DN and DP stages. This population can be
easily distinguished from the mature SP cell by the high lev-
els of expression of T-cell receptor (TCR) § and CD3 and the
low level of CD24 (heat stable antigen, HSA). DN cells in
mice can be further subdivided based on the expression

of CD44 and CD25 in the following populations: CD44*
CD25 (DN1), CD44*CD25* (DN2), CD44 CD25*(DN3),
and CD44 CD25 (DN4) [15].

From the early T-cell lineage progenitor (ETP) stage
to the double-negative 3 (DN3) stage, T-cell differentiation
is independent from the TCR and is dependent on the
migration through the distinct thymic structures [16]. These
phases are regulated by the expression levels of specific trans-
cription factors and by a fine tuned interplay between them
(Figure 1).

At the beginning, ETPs and DN2 cells exhibit a high pro-
liferative capability. Differently, at the DN3 stage, when a
fully rearranged TCR occurs, the proliferation stops. In the
initial thymocyte development till the DN3 stage, Notch-
mediated signals play a pivotal role [17, 18] also supported
by signals delivered through the interleukin-7 receptor (IL-
7R) [19, 20].

The immature thymocytes journey through the thymus
has also the additional effect of promoting the differentiation
of thymic stromal precursors into mature thymic epithelial
cells, thus playing an important role in the formation of
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Froure 2: Differential gene expression profile, which modulates the discrete stages of the T-cell development. The lymphoid progenitors,
entering into thymus and expressing the markers of HSCs, are primed to Notch and 1L-7 signaling until DN stage. During the transition
DN1/DN2, immature thymocytes lose multilineage potential through the downregulation of genes involved in the differentiation towards
other cellular lineages, as PU.1, TALL, GATA-2, and C/EBPa. At the DN2 stage, Myb, GATA-3, HEBalt, GLI-2, and Bcl-11b are upregulated.
At the DN3 stage, the genes required for a proper TCR assembly as Rag-1, Rag-2, and pTa are expressed, thus leading to the S-selection.
Following p-selection check-peint, DIN4 cells are fully committed to the TCRag" T-cell lineage.

the thymic microenvironment [21-24]. In particular, thymo-
cytes during the DN1-DN3 stages participate to the differ-
entiation process of TEC precursor cells into cortical TECs
(cTECs).

The DN1 cell thymocytes keep the potential to differenti-
ate into B, T, myeloid, NK, and dendritic cells (DCs) [25-27).
The transition to DN2 is characterized by the upregulation
of a number of genes involved in the process, including genes
needed for rearrangement and/or expression of the pre-TCR
signaling complex components (Figure 2) [28]. At this stage,
the thymocytes lose the multilineage potential due to silenc-
ing of genes involved in the differentiation towards other
cellular lineages. Nevertheless, this potential is not com-
pletely lost, since cells with the DN2 phenotype can still
differentiate into NK cells, DCs, or macrophages under cer-
tain circumstances [29, 30].

DN2 stage T cells are fully responsive to IL-7 and SCF
due to the high expression of IL-7Ra and c-kit. The DN2
stage is characterized by the upregulation of CD25 molecule
(interleukin-2 receptor a, IL-2Ra} and CD90 (Thy-1) [28].
Moreover, the genes which favor the myeloid, NK, and
dendritic fate, so-called T-cell antagonists, as PU.1, stem-cell
leukemia (SCL also known as TAL1), GATA binding protein-
2 (GATA-2), and CCAAT-enhancer binding protein «
(C/EBPa) are silenced before that § or yé selection takes
place (Figure 2) [31]. During this phase only a few transcrip-
tion factors, including the zinc-finger transcription factor,
the tumor suppressor factor B-cell lymphoma/leukemia 11b
(BCL-11b) [32], basic helix-loop-helix (bHLH) transcrip-
tion factors alternative (HEBalt) [33], and, more transiently,
glioma-associated oncogene 2 (GLI-2), a transcription factor
involved in the sonic hedgehog signaling [34], are expressed
(Figure 2).

The following DN2 to DN3 stage transition requires the
expression of different arrays of genes, as Runt-related tran-
scription factor 1-Core binding factor f (Runx1-CBFf) com-
plexes, the transcription factor Myb, GATA-3, and Bcl-11b,
which allow full TCRS gene rearrangement in thymocytes,
that become competent to undergo p-selection [35-37].
Several important events occur during the DN2/3 transition,
as the induction of recombinase activating gene-1 (Rag-1)
and Rag-2, the upregulation of pre-Ta (pTa), and the re-
arrangement of TCRS and y. CD3¢ and IL-7Ra (CD127) are
also upregulated at this phase [38] along with the turn-on of
the Ick tyrosine kinase implicated in the pre-TCR and TCR
signaling [39]. At this point, T-cell precursors lose their
capability to follow a non-T-cell fate choice [28].

The cells overcoming p-selection express the pre-TCR
complex on their surface and reach the DN3 stage [40].
Thereafter, the E-proteins E2A and HEB play a crucial role
in several processes and are required for the progression of
the T-cell development. In fact, these proteins are involved
in the TCR gene rearrangement [41], in conferring the com-
petence to undergo f-selection, and in the arrest of thymo-
cyte proliferation at the DN3 stage [42].

At the DN3 stage, pre-TCR signaling results in the down-
regulation of CD25, pTa, Rag-1, and Rag-2, which leads to
the appearance of DN4 cells. These cells are fully committed
to the aff T-cell lineage [43, 44]. After f-selection, the thymo-
cytes, which have properly rearranged TCRf chains, show a
burst of proliferation and a subsequent upregulation of CD8
and then CD4. At this point, the cells become double positive
(DP). Eventually, DP cells rearrange TCRa gene, leading to
TCRa assembly into a TCR complex.

The newly generated DP thymocytes are localized in the
cortex and express low levels of the TCRaf complex. This
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DP population consists of T cells with an unselected reper-
toire [45, 46|. Following that, positive and negative selections
take place. In the cortex, the DP thymocytes interact through
their TCR with peptide-MHC complexes expressed by stro-
mal cells, as ¢TECs and dendritic cells [47]. When TCR
interacts with low-avidity with the peptide-MHC ligands, DP
thymocytes receive survival signals. This process, referred to
as positive selection, allows “productive” T cells to potentially
react to foreign antigens, but not to self-antigens [5]. Lately,
positively selected DP thymocytes are ready to differentiate
into SP cells, that is, CD4*CD8 or CD4 CD8" and relocate
into the medulla. At this site, newly generated SP thymocytes
are further selected by the medullary stromal cells, including
autoimmune regulator- (AIRE-) expressing mTECs. The
cells which are reactive to tissue-specific self antigens are
deleted, thus avoiding autoimmunity [5]. SP thymocytes
egress from the thymus as recent thymic emigrants (RTEs),
naive cells expressing the CD62 ligand (CD62L), also known
as lymphocyte- (L-) selectin, CD&9, and the CD45RA iso-
form. These RTE cells are fully mature T cells that exert
proper functional capabilities of cell-mediated immunity
[48-50].

3. Pathogenetic Mechanisms of T-Cell Defects

Most of the pathogenic mechanisms underlying primary T-
cell disorders are related to molecular alterations of genes
selectively expressed in hematopoietic cells. However, since
the differentiation process requires a crosstalk among thymo-
cytes and thymic microenvironment, a severe T-cell defect
may also be due to alteration of the stromal component of
the thymus.

T-cell disorders include a wide spectrum of disorders that
affect T-cell development and/or function. The severity of the
T-cell defect varies a lot ranging from the syndrome of severe
combined immunodeficiency (SCID), characterized by a
complete absence of T-cell functions to combined immun-
odeficiency disorders, in which there are a low number of
T cells whose function is not adequate [51].

SCIDs comprise a heterogeneous group of monogenic
disorders characterized by a virtual lack of functional peri-
pheral T cells. To date, more than 20 different genetic defects
involved in the pathogenesis of SCID in humans have been
identified [52, 53]. Typically, patients with SCID show a
severe defect in T-cell differentiation and a direct or indirect
impairment of B-cell development and function. On the
basis of the involvement of different cell lines in the patho-
genesis of the disease and of the subsequent different clinical
phenotypes, SCIDs have been till now classified according
to the presence or absence of T, B, and NK cells (Table 1).
Impaired survival of lymphocyte precursors is observed
in reticular dysgenesis (RD) and in adenosine deaminase
(ADA) deficiency. In RD the mutations of the adenylate
kinase 2 gene (AK2) result in increased apoptosis of myeloid
and lymphoid precursors. As a consequence, patients with
RD show marked lymphopenia and neutropenia [54, 55].
ADA deficiency is characterized by the accumulation of
high intracellular levels of toxic phosphorylated metabolites
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Tasre 1: SCIDs classification. SCIDs have been so far classified ac-
cording to the presence or absence of T, B, and NK cells, as a conse-
quence of different molecular defects.

;;';:ﬂﬂ;;?e Gene defect Form of SCID
T-B-NK- Adenylate kinase Reticular dysgenesis
Adenosine deaminase ADA deficiency
T-B*NK- IL-2Ry SCID-X1
Jak3 SCID-AR
T-B*NK* IL-7Ra IL-7Ra deficiency
T B NK* Rag-1 or Rag-2 artemis Opens:-synson

Artemis deficiency

of adenosine and deoxyadenosine that cause apoptosis of
lymphoid precursors in the bone marrow and thymus |56,
57].

The majority of SCIDs in human subjects derive from
alterations of the cytokine-mediated signaling apparatus.
SCID-X1 represents the most common form of SCID and is
caused by mutations of the IL-2 receptor y gene (IL-2Ry),
which encodes for the common y-chain (y-c) shared by
cytokine receptors, including those for IL-2, 1L-4, IL-7, IL-9,
IL-15, and IL-21. Patients usually have few or no T and NK
cells but a nermal or elevated number of B cells which fail to
produce immunoglobulins normally [58]. y-c also plays ef-
fects on cell cycle control and participates to the growth of
tumaoral cells, as well |59, 60]. Defects of JAK3, an intra-
cellular tyrosine kinase physically and functionally coupled
to y-¢, result in a syndrome whose immunologic phenotype
is undistinguishable from that of SCID-X1 [61]. Mutations
in the gene encoding for the a-chain of the IL-7R abrogate
T lymphocyte development but leave B and NK cell develop-
ment intact [62]. Mutations in critical genes needed for the
expression of pre-T-cell receptor, as Rag-1 and Rag-2, result
in a functional inability to form antigen receptors through
genetic recombination, compromising the production of
functional T cells. These proteins recognize recombination
signal sequences and introduce a DNA double-stranded
break, permitting V, D, and | gene rearrangements [63, 64].
Lymphocyte phenotype differs from those of patients with
SCID caused by y-¢, Janus kinase-3 (Jak-3), IL-7Ra, or ADA
deficiencies in that they lack both B and T lymphocytes since
pre-TCR and pre-B-cell receptor (BCR) share similar molec-
ular mechanisms requiring Rag-1 and 2 expression [65].
Defects of pre-TCR and pre-BCR expression might also
reflect mutations in genes that encode proteins involved in
nonhomologous end-joining (NHE]) and DNA repair and,
in particular, Artemis, DNA protein-kinase catalytic subunit
(DNA-PKcs), Cernunnos/XLE and DNA ligase IV [65-
69]. In all these diseases, the generation of both T and
B lymphocytes is severely compromised. However, it should
be noted that a functional T-cell defect may also be due
to infections [70, 71| or during the reconstitution phase
following stem cell transplantation [72].

It is noteworthy that all the genes whose alterations lead
to the above mentioned forms of SCID selectively impair
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the lymphocyte functionality and the ability of these cells
to proceed in the developmental pathway. In some cases, as
in the case of TrkA mutation [73], the gene has pleiotropic
effects resulting in complex multisystemic disorders associ-
ated to immunodeficiency.

4, The Murine Model of Athymia: nu/nu Mice

The first example of SCID net primarily related to a hemato-
poietic cell abnormality but rather to an intrinsic thymic
epithelial cell defect is the Nude/SCID phenotype, whose
identification contributed to unravel important issues of
T-cell ontogeny.

The “nude” phenotype, identified for the first time in
mice, results from inactivating mutations in a single gene,
originally named winged-helix-nude (whn) and recently
known as forkhead box n1 (foxnl) [74]. This murine model
was described by Flanagan in 1966, when spontaneously ap-
peared in the Virus Laboratory of Ruchill Hospital in Glas-
gow (UK) [75-77]. Mice homozygous for the mutation
“nude” are hairless, have retarded growth, decreased fertility,
and die by 5 months of life for infections. The hairlessness is
due to the coiling of the incomplete hair shafts in the dermis
caused by the absence of free sulfhydryl groups in the mid-
follicle region [78]. The “nude” foxn! gene does not affect
the growth of hair follicles, but the epidermal differentiation
process, regulating the balance between proliferation and dif-
ferentiation of keratinocytes in the hair follicle 79, 80]. The
“nude” mice are affected by severe infertility and show small
ovaries with low egg counts in the females and no motile
sperm in the males [78]. This condition may be the result
of changes in hormonal status, as demonstrated by altered
serum levels of estradiol, progesterone, and thyroxine [81].
The thymus is absent at birth [82] and there are very few
lymphocytes in the thymus dependent areas of the spleen and
lvmph nodes [83].

Since the abnormal, or even absent, thymus is the hall-
mark of the “nude” phenotype, these animals develop a pro-
found T-cell deficiency and a severely impaired immune
response of either cell-mediated and, indirectly, humoral
immunity, In “nude” mice, when the thymus is present in the
first days of life, it reveals no normal structure, consisting of a
thymic rudiment composed of vesicles or canaliculi delim-
ited by epithelial-like cells, with no trace of lymphoid cells.
By the day 14, the “nude” thymus is much smaller compared
to the normal [84].

Nu/nu mice show lymphopenia and also low immuno-
globulin levels. In the absence of normal T cells originated
from the thymus, the development of the antibody forming
cells is delayed, although “nude” mice do not lack precursors
of antibody forming cells. This indicated that antibody form-
ing cells may mature in the absence of the thymus, albeit at a
slower rate [85]. In “nude”™ mice lymph nodes, the outer cor-
tex with primary nodules and the medullary cords are nor-
mal. In the spleen sections {rom the nuw/nu mice, the pro-
portion of red to white pulp is greater than normal and, in
same cases, an unusually high number of megakaryocytes are
seen in the red pulp. In some spleens, Malpighian follicles,
although present, are fewer and smaller than in controls and

a depletion of lymphocytes is constant in the close proximity
of the central arteriole in the thymus-dependent area. The
depletion in the splenic thymus-dependent areas is not as
prominent as in the lymph nodes [83]. In man, the prototype
of an athymic disorder has long been considered the
DiGeorge’s Syndrome (DGS), even though main features of
athymic murine model and human disease, including immu-
nological signs, are not completely overlapping.

5. The Athymic DiGeorge Syndrome

The DGS, along with velocardiofacial syndrome and con-
otruncal anomaly face syndrome, is frequently associated
to a common heterozygous intrachromosomal deletion in
22q11.2. However, a DGS-like phenotype can have alterna-
tive etiologies, including maternal diabetes, fetal alcohol syn-
drome, and teratogenesis, even though the melecular mech-
anisms underlying these forms are still unknown [86]. DGS
has an estimated incidence of 1 in 4000 live births [87, 88]
and, thus, it is the most common microdeletion syndrome in
humans and the second most common chromosomal disor-
der after Down'’s syndrome. The deletion is due to a meiotic
nonallelic homologous recombination between flanking 250
kilobases (kb), mapping in 22q11.2 chromosomal region and
consisting in low-copy repeats/segmental duplications in the
termed LCR22 [89, 90]. Although most cases of DGS occur as
de novo deletions, approximately 5% of cases are inherited as
an autosomal dominant trait [91-93]. In the 90% of patients,
a hemizygous 3 Mb deletion, containing about 30 genes [89,
90, 94, 95|, is found, whereas approximately 8% of patients
carry a smaller deletion of 1.5 Mb, encompassing 24 genes
[96], even though no difference in the clinical presentation is
appreciable in the smaller deletion [86].

The main features of this syndrome are mild facial dys-
morphism, submucous cleft palate, velopharyngeal insuffi-
ciency, speech delay, recurrent infections, variable immun-
odeficiency secondary to thymic aplasia or hypoplasia, and
cardiac anomalies [97, 98]. Most of the patients have learning
disabilities and behavioral disorders, including schizophrenia
in some cases [99-102]. Children with the DGS, according to
the aplasia or hypoplasia of the thymus, are classified as com-
plete or partial DGS. The “complete” form represents a small
percentage of patients, accounting to the 0.5% of all patients.
These patients show a severe cambined immunodefciency
phenotype with near absent T lymphocytes. The majority of
patients have a “partial” phenotype and an immune defect
usually manifesting as mild to moderate T lymphocytopenia.
The T-cell proliferation is usually normal or in very few cases
low normal. These patients have been reported to have a
moderate increase of the number of infections than predicted
on the basis of the immunological impairment, suggesting
that anatomical defects, gastroesophageal reflux, allergies,
cardiac disease, and poor nutrition may also contribute to
recurrent infections [ 103]. [t should be underlined that never
“partial” DGS patients have severe infections as reported in
SCID and, moreover, T-cell proliferation is usually normal.
A moderate CD4 lymphocytopenia with low to normal
CD8 T lymphocytes is usually found. An age-related de-
crease of T lymphocytes is also seen in DGS patients. TCR
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repertoire analysis in 22q11.2 deletion patients has shown
significant oligoclonal peaks and Vf family dropouts when
compared to controls. In a study of nine patients with a
negative infectious history, a decreased diversity in CD4" and
CD8* TCR repertoire, using both flow cytometric and third
complementarity determining region (CDR3 spectratyping)
fragment analysis, has been documented [104]. In another
study, the spectratyping showed alterations in the repertoire,
which, however, improved over the time [105].

Immune deficiency in these patients seems to be associ-
ated to an increased incidence of autoimmune diseases | 106—
108], in particular cytopenias | 109, 110], arthritis [111], and
endocrinopathies [112].

The chromosomal region usually deleted contains several
genes, which may be candidate of the DGS phenotype. TBX1,
which belongs to the family of T-box transcription factors,
which share a common DNA binding domain is called “T-
box” [113]. A specific role for Tbxl in DGS and thymus
development came out from the peculiar expression pattern
in both the third pharyngeal pouch endoderm and the ad-
jacent mesenchyme and not in the neural crest cells [114].
Furthermore, the homaozygous loss of Thx! causes thymic
hypoplasia, as well [96, 115-117]. Of note, mice heterozy-
gous for a null allele of Thx! demonstrate only a mild pheno-
type without thymus anomalies | 1 18]. Thus, evidence would
suiggest, at least in mice, that gene dosage of Thxl is crucial
in the pathogenesis of DGS. However, in the same region
there are other genes potentially implicated in the pathogen-
esis of DGS, such as Crkl, which encodes an adaptor pro-
tein implicated in growth factor and adhesion molecule
signaling. Homozygous Crkl gene deletion results in multiple
defects in neural crest derivatives including aortic arch
arteries, thymus, and craniofacial structures [96] and in pre-
natal death. However, the deletion at the heterozygous state
does not cause any clinical sign, thus indicating that a com-
bination of gene alterations is needed for the full expressivity
of the phenotype [119].

6. The Human Nude/SCID Phenotype

The human equivalent of the “nude” murine phenotype was
first described in two sisters in 1996, after more than 30 years
from the initial mouse description and, subsequently, associ-
ated to FOXN1 gene alterations.

The human Nude/SCID is an autosomal recessive disor-
der [120], whose hallmark is the T-cell immunodeficiency
due to the complete absence of the thymus. This immunod-
eficiency presents in a quite similar fashion to the classical
SCID phenotype, thus being more severe than DGS. Along
with the severe infections, other features of the syndrome
are ectodermal abnormalities, as alopecia and nail dystrophy
[121]. Of note, the nail dystrophy can be observed also in
subjects carrying the genetic alteration in heterozygosity.
The most frequent nail alteration is the koilonychia (spoon
nail), characterized by a concave surface and raised edges
of the nail plate, associated with significant thinning of the
plate itself; a canaliform dystrophy associated to a transverse
groove of the nail plate (Beau line) may also be found
(Figure 3). However, the most specific phenotypic alteration
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is leukonychia, characterized by a typical arciform pattern
resembled to a hall-moon and involving the proximal part
of the nail plate. These alterations of digits and nails have
also been reported in a few strains of “nude” mice. FOXN1
is known to be selectively expressed in the nail matrix where
the nail plate originates, thus confirming that this transcrip-
tion factor is involved in the maturation process of nails
and suggesting nail dystrophy as an indicative sign of hetero-
zygosity for this molecular alteration [121].

Interestingly, additional studies have also reported on
anomalies of brain structures, suggesting a potential role
of this transcription factor in brain embryogenesis, as also
suggested by its expression in epithelial cells of the develop-
ing choroids plexus, a structure filling the lateral, third, and
fourth ventricles. However, the severe neural tube defects,
including anencephaly and spina bifida, have been only in-
constantly reported, thus probably indicating that the genetic
alteration represents a cofactor and is not sufficient per se to
alter brain embryogenesis. The anomalies of brain structure
have been considered potentially responsible for the high rate
of mortality in utero observed in the geographic area with the
high frequency of FOXN1 alteration [122].

Prenatal alteration of the FOXN! gene in humans pre-
vents the development of the T-cell compartment as early as
at 16 weeks of gestation | 123]. By contrast, stem cells, B, and
NK lymphocytes are normal. CD4* cells are more affected
than CD8" cells, even though the latter are also profoundly
reduced. No CD4*CD45RA" naive cells can be usually found
[123]. CD8 cells coexpressing CD3 are very scarce and a
few CD3*CD8*CD45RA* naive cells can be detected [123].
Overall, a substantial reduction of T cells bearing TCRa/3, but
not of lymphocytes expressing TCRyd, is observed [123].
TCR gene rearrangement, although altered, occurs to some
extent, suggesting the possibility of an extrathymic and
FOXN1-independent site of differentiation. However, it
should be emphasized that these few T cells, which escape the
blockage, are unable to sustain a productive immune res-
ponse into the periphery.

Taken together, the data so far available underline the
crucial role of FOXN1 in the early prenatal stages of T-cell
ontogeny in humans [123].

7. Role of FOXN1 in Immune System

FOXN1 belongs to the forkhead-box gene family that com-
prises a diverse group of “winged helix” transcription factors
implicated in a variety of cellular processes: development,
metabolism, cancer, and aging [124]. These transcription
factors share the common property of being developmentally
regulated and of directing tissue specific transcription and
cell fate decisions. While during embryogenesis FOXNT is ex-
pressed in several mesenchymal and epithelial cells, including
those of the liver, lung, intestine, kidney, and urinary tract,
later, its expression is confined to skin and thymus epithelia,
where FOXN1 is absolutely required for the normal differen-
tiation of hair follicles and TECs.

FOXNI gene, spanning about 30kb [125, 126], is an
epithelial cell-autonomous gene and is highly conserved in
sequence and function in rodents and humans. Interestingly,
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Fiaure 3: Nail dystrophy patterns in subjects carrying heterozygous mutations in FOXN1 gene: (a) koilonychias, (b) canaliform dystrophy,

and (c) leukonychia.

an extensive screening of cDNA clones obtained from skin
cells revealed the presence of two different noncoding first
exons [126], the exons la and 1b, that undergo to alternative
splicing to either of two splice acceptor sites of the exon 2,
located upstream of the initiation codon. This suggests the
presence of two distinct promoters of exons laand 1b [125].
The alternative usage of the exon la or 1b seems to direct the
tissue specificity [126], in that promoter la is active in thy-
mus and skin, while promoter 1b is active only in skin.

The molecular mechanisms by which FOXNI expression
and activity are regulated are only incompletely understood.
It is suggested that FOXN1 might, subsequently, upregulate
the expression of fibroblast growth factor (FGF) receptors,
which in turn modulate the thymic stroma differentiation
and thymopoiesis [127]. In vitro exposure of thymic epithe-
lial cells to some Wnt proteins is sufficient to upregulate
FOXN1 protein expression in both an endocrine and par-
acrine fashion [128]. Wnts belong to a large family of se-
creted glycoproteins that have important roles in cell-fate
specification [ 127].

The prenatal thymus development, the maintenance of
a proper thymic microenvironment, and the efficient T-cell
production require an appropriate crass-talk between thy-
mocytes and thymic stromal cells [12]. Postnatally, the thy-
mic involution results in dramatically reduced T-cell genera-
tion in an age-dependent fashion [129].

Indeed, recent evidence has implicated both TEC- and
hematopoietic stem cell- (HSC-) intrinsic defects in invelu-
tion of the organ |130-133]. Foxn! is expressed in all TECs
during initial thymus organogenesis and is required for the
initial phase of their differentiation [75, 134, 135]. Foxnl
exerts an important role [136] in inducing both cortical and
medullary differentiation [137, 138]. Although foxnl has
long been studied, most of the studies thus far available are
restricted to fetal differentiation process, while its postnatal
role in the mature thymus still remains to be fully elucidated.

However, it is largely unknown whether the role of foxnl
in the thymus and skin is identical. One important difference
is that foxnl is invelved in morphogenesis of the three-
dimensional thymic microstructure, which is important for
the functionality of the thymus [139]. Moreover, the differ-
entiation of the immature epithelial cells into functional
¢TECs and mTECs is foxn1-dependent. In particular, foxn]

mainly regulates TEC patterning in the fetal stage [140] and
TEC homeostasis in the postnatal thymus [141]. TECs are
implicated in either thymus organogenesis or in most stages
of maturation of thymocytes [142, 143]. The inborn null
mutation in foxn! [76] causes a differentiation failure in
TECs thereby halting thymic development at a rudimentary
stage. The thymic lobar architecture is still present but the
epithelial cells lack the ability to induce the entrance of hema-
topoietic precursor cells (HPCs) into the epithelial cluster
and thus preclude the generation of thymocytes [ 144]. These
results argue strongly for a failure in thymocytes-epithelial
crosstalk, thus, explaining the blockage of thymic lympho-
poiesis [75, 136]. The organ is, therefore, an alymphoid two-
dimensional (2D) rudiment with a cystic structure |72, 82,
120, 123].

Because of the significant expression levels of FOXN1 in
skin elements, keratinocytes have been successfully used to
support a full process of human T-cell development in vitro,
resulting in the generation of mature T cells from HPCs. This
finding would imply a role for skin as a primary lymphoid
organ [145].

8. Conclusion and Future Research

Primary T-cell defects are rare disorders, accounting for ap-
proximately 11% of reported PIDs. These disorders include
a wide spectrum of diseases that affect T-cell development
and/or function. The pathogenic mechanisms are mostly
related to molecular alterations of genes selectively expressed
in hematopoietic cells. However, they can also be due to alter-
ations of the stromal component of the thymus, which is the
primary lymphoid organ that supports T-cell differentiation
and repertoire selection. In this organ, the dynamic reloca-
tion in multiple architectural structures requires the cross-
talk between thymocytes and thymic microenvironment.
The Nude/SCID syndrome results from inactivating muta-
tions in the gene encoding the FOXN1 transcriptional factor
selectively expressed in skin and thymic epithelia. In mice
and humans its alteration leads to thymic agenesia and
severe T-cell deficiency. The Nude/SCID immunodeficiency
is much more severe than DGS, indicating that the FOXNI
expression is absolutely required for an efficient production
of mature T cells. The studies on the human Nude/SCID
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phenotype greatly contributed to unravel important issues of
the T-cell ontogeny and, in the near future, may help define
potential extrathymic and thymus-independent sites of dif-
ferentiation in man.
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1.3. Molecular evidence for a thymus-independent partial T-cell development in a
FOXNI/ athymic human fetus
Genetic alterations of FOXNI gene are responsible in humans, mice and rats of the
Nude/SCID phenotype, characterized by athymia and severe blockage of T-cell
ontogeny. By taking advantage of the opportunity to study tissue samples from a human
Nude/SCID fetus, we addressed the issue of defining the role of the gut as alternative
site of T-cell ontogeny in a thymus-independent and FOXN1-independent fashion.
Recently, we demonstrated the role of the gut as alternative site of T-cell
ontogeny in a thymus-independent and FOXN1-independent fashion. In our study we
demonstrate that, in the absence of the thymus, a few rare T lymphocytes are detectable
in the cord blood, even though a complete blockage of the CD4" population was
documented (82). In the Nude/SCID fetus, most of the rare CD3" cells were CD4 and
CD8 double negative. A novel population of T cells with similar phenotypic
characteristics, CD3"B220°CD4CDS’, exhibiting an impaired proliferative response
but producing cytokines and expressing high levels of CD25. In the Nude/SCID,
similarly to the control fetus, a CD3'CD7 CD2" population was found, suggesting that
the differentiation of this population is FOXN1-independent. In human fetal gut, within
the CD3'CD7" population a proportion of these cells is able to develop into CD3" T
cells presumably in a thymus-independent manner (88). The identification of CD7"
lymphoid-restricted progenitors in the fetal bone marrow (89) indicates that the CD7
expression and lymphoid commitment occur before the migration to the thymus. Thus
far, it has been shown that T-cell precursors and thymus-independent NK-cell
th

precursors start to express the CD7 molecule in fetal liver and bone marrow since the 5

week of gestation (90). Later, CD7" cells migrate to the thymus where they undergo to
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a series of maturational stages eventually developing into fully mature T cells (91). In
the absence of the thymus, it is plausible that this population could represent
extrathymic originated NK-cell precursor as suggested also by the co-expression of the
CD2 molecule. In the epithelium of the small intestine, lymphocytes expressing CD7
and CD2 but not CD3 have already been documented (91). However, the expression of
CD7 in the absence of the CD2 marker is generally considered a commitment toward
the T-cell lineage. Of note, in the Nude/SCID and the control fetuses, a CD3 CD7 CD2’
population was identified, thus supporting the hypothesis that this precursor
differentiates toward the T-cell rather than NK-cell lineage. There is also evidence
indicating that the majority of the CD3°CD7" population express the CD8aa. homodimer
and that these cells represent the precursors of the CD3" mature cell population (88). Of
note, in mice the expression of the CD8ao homodimer has only been documented on
extrathymically derived IELs (87). However, whether cells expressing the CD8 oo
homodimer are really locally produced in the intestine or rather they require a functional
thymus to be generated is still controversial. In support of a thymus-independent
process, in nude mice the presence of TCR'CD8aa "T-IELs has been reported and
interpreted as a demonstration of a local T-cell differentiation process in the gut.
However, these CD8aa T-IELs are much lower in nude mice than in euthymic mice
(93). In keeping with this, neonatal thymectomy leads in mice, to a decrease of such
cells, similarly to what observed in the Nude mice (94). In our athymic human model
we found a negligible number of cells expressing the CD8ao homodimer, thus
indicating the requirement of an intrathymic step of differentiation for these cells.
Differently, we previously documented in the Nude/SCID human fetus a considerable

number of CD3&CD8a TCRy3™ cells, which also comprises cells with the CD8aol
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heterodimer (82). Under certain circumstances, IELs may express only a partial CD3
complex bearing rare message of the & chain although the T-cell commitment is
established by the presence of pTa transcript (95). Moreover, a number of studies have

shown that the TCRs of extrathymically derived T cells are made of either aff or yd
heterodimers, but the TCR\(S+ cells are prominent (96). In our study, a definitive

demonstration of the local production of T lymphocytes in the intestine in a thymus-
independent manner came out from the observation that in the Nude/SCID, CD3" cells
and a few CDS8" cells were detected in the fetal intestine and CD3e transcript was
documented, thus indicating that the process does not require the FOXN1 transcription
factor. In particular, CD3" cells appeared as aggregates in the intestinal crypts. Intestinal
T lymphocytes also exhibited a CD45RA" naive phenotype. As expected, CD4" cells
were absent in either intestine or liver of the Nude/SCID fetus.

The hallmark of the T-cell ontogeny is the TCR gene rearrangement process,
characterized by distinctive patterns of gene expression, such as RAG1 and 2 in
lymphocytes of both T- and B-cell lineages, which are responsible for the DNA
cleavage (97). This process results, in T lymphocytes, in V(D)J recombination.
Another T lineage specific marker is the pTa expression, in that mature and immature B
cells, myeloid cells, NK cells and pluripotent stem cells are pTa negative. This
molecule associates with the mature TCR a-chain allowing rearrangement of the a-
chain gene (98). The expression of the surrogate TCR chain pTa is upregulated during
the DN3 stage of the T-lymphocyte development, along with the expression of the RAG
genes (99) pTa-expression is also found in pro-T cells at extra-thymic sites of the T cell
development (100). Also in I[ELs RAG1 and pTa mRNAs are expressed, thus indicating

an ongoing TCR gene rearrangement locally in the intestine (101). We found that the
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relative expression of RAG1 and RAG2 was approximately 50% of the control and pTa
was expressed, as well, accounting for 10% of the control. Although RAGI and RAG2
enzymes are highly expressed also in pro-B and pre-BIl cells, providing the
rearrangement of B-cell antigen receptor gene (102), the expression of the pTa gene
implies an active process of a thymus-independent T-lymphopoiesis in the intestine in
our model. Moreover, we previously documented that in the Nude/SCID cord blood the
generation of TCR diversity toke place but was consistently impaired with 2 Vf
families that represented more than 60% of the whole TCR. In this study, we found that
the spectratype of intestinal T cells paralleled the cord blood spectratype in that all the
families expressed in the CBMC were also expressed in the intestine. This finding
indicates that, in the absence of the thymus, the development of intestinal lymphocytes
only expressing a limited repertoire occurs as an active process in a thymus-independent
fashion. The expression of the aEB7 integrin CD103 helps direct above originated
lymphocytes to migrate into the intestine through cognate interaction with the specific
E-cadherin ligand expressed on epithelial cells (103, 104). In this study, the absence of
CD103 marker in the intestine further would suggest that the intestinal lymphocytes
were not elsewhere originated cells migrated into the intestine.

In humans, alterations of the FOXNI transcription factor does not interfere with
the production of B and NK cells. The normal presence of stem cells, B and NK cells in
the Nude/SCID intestine, parallels the relative presence of these cells in the cord blood
(105). In contrast, the absence of NK cells in both Nude/SCID and control fetal liver
tissues would indicate that NK cell presence in the liver occurs at a later fetal age.
Eventually, these findings confirm that at 16 weeks of gestation the development of

mature B and NK cells is a thymus-independent process.
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To conclude, our results represent the first formal demonstration that an
extrathymic lymphopoiesis in the absence of the thymus and in a FOXN1-independent
manner occurs in humans, even though it is not sufficient per se for a productive
immune response in the peripheral blood.

These data have been published as Article on PlosOne, for the manuscript see below.
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Introduction

The thymus supports a proper T cell ontogeny due o the

presence of spedalized epithelial cells, resulting i the expon of
naive CIMIRA™ CDG2LT T cells that follows the recnitment of

progenitors fram bone marrow [ 1]

Evidence indicates that T cells may alkso differentare at
extrathymic sites, as iestine and lver [2-6], where T cell
populations may arise from preexisting precursor cells |7.8], even
thongh it still remains to be demonsteated if the process is fully
thymus-independent. In favor of a thymic ndependent differen-
tiation process there is the evidence that a few T cells can be
detected o the periphery in nude mice [9-11]. The T cell pool
developed outside the thymus exhibits o peculiar phenotype 2]
akhough not univocal in the different sp(-'rirs. In fact, in mice,
extrathymic T cells often exhibit the CD8as homodimer, while in
rats they may be CD8xf [12]. In human fetal intestine, T cells are
characterized by a higher proportion of TCRY8™ and CDBaxx™
cells [13]. In addition, (D4 and CD& double negative T cells
(CDICD4CDA) solated from the intestine are  generally
considered of extrathymic origin [13]. In the epithelium of the
small intestine, lymphocytes may also express CD7 and CD2 in
the absrnce of C13 (CDZTCDECDTTL Ta humans, the expres
sion of RAG m the gt indicates that at this site a gene
rearrangement process may take place, suggesting an  active
Iymphaopoiesis [14].

PLOS ONE | www.plosone.org

FOXNL & a developmentally regulated wranseription factor,
selectively expressed in epithelial cells of the skin and thymus,
where it plays a necessary role for T lymphopoiesis [15-17] by
inducing a proper epithelial cell differentiation and endothelial
cell/ thymic mesenchyme communication network [18]. FOXN]
mutations lead to athymia |1920] and result, in hwmans, n a
SCID phenorype, referred as the human equivalent of the mice
Nude/SCID syndrome |21-24]. During early prenatal life in
humans, homogygous FOXNT mutation leads w0 a complete
hlockage of the CD4T T cell matration, while a few
CDBx"TCRYE cells, not expressing CD3e molecule and not
able o respond o a mitogenic simulation, are found [25], thus
suggesting an extrathymic site of lymphopoiesis for these cells.

Here we studied the eole of the intestine and liver as extrathymic
sites of m_\mus-indq)ende'm and F()XNL-irxk’[rudenz 3 I}mpho—
poiesis it a FOXN1 * athymic human ferus. We found the

presence of a few T cells with a peculiar phenorype, indicative of

the thymusindependent vmphopoiesis,

Results and Discussion

Detection of extrathymically derived T lymphocytes in
the cord blood of FOXNT ' fetus

The ferus analyzed in the present study was identified during a
genetic counseling offered o beterozvgous couples at risk for
Nude/SCID disease, originated in the same geographic area
where the first patients were idenified [26]. The specific defect
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(R255X mutation in the FOXNI gene) was searched on chorionic The absence of CD4 molecule, would argue against the
villi by direct sequending, possibility thar the CD3™ DA™ cells were dendritic cells (1)
In the absence of the thymus, tew ymphocytes in CB co-espress |29]. Mareover, since the CD3 CD8x™ cells were analyzed setting
CDTED2T (12% of O3 gated lvmphocytes) in the FOXN] 7 the gate on lymphoid cells, this would rule out the possibility that
fetus, as compared w the conrrol (17.2%) (Figure 1AL This they were DICs of myeloid orgin. In addition, the CD3 CD8a”
population also comprises NK cells. cells are unlikely to be NK cells, in that they should express the
Extrathymic derived inraepithelial lymphocytes (1Els) are CDE with a dim mrensiry instead of a CDE with a brighe intensity,
difficult o be univocally characrerized, in that in mice they as. in T cells, smilarly 1o what found in Nude/SCLD fers,

preferentially bear TCRyd and express the CDBax |11.27,28), In the FOXNI ferus, most of the rare G137 cells were CD4
while in rats they express the CD8xf heterodimer |12). We and CDA double negarive (56.2% of CDS™ gated lymphocytes) as
previously described that in the FOXN1 7 CBMUCs, most of the compared o the conmrol [(£.2% of CD37 gared hmphocyw
CDE" cells were G137 [25], thus we looked ar the 1822 cells Figure 1A). A novel population of T cell with a similar
om CD3° gated lymphocytes. These cells were 1.3% in the phenotvpe, CD3B220'™CIM CDB ™, has alo been identified

FOXNT © CBMCs and much more represented in the conwal in a mu/ne mouse, suggesting an extrathymic origin |30],

[21.7%) (Figure 1A), Our data are in Bavor of a thymic dependence We previously documented in the FOXNI " human fetus a
of such cells, In nude mice, a number of TORTCD&x3™ T 1ELs, considerable number of C13e CDBa " TCRYS™ cells, which also
lowver than what found in euthymic mice, has also been reporied comiprises cells with the CD8af hererodimer [25]. 1ELs may
J11]. express only a partial CD3 complex bearing rare message of the £

FOXN1* B skin
§ fibroblasts thymus  cord blood
e} WT WT WT  FOXNT+

I
== [
L ]

¥
control
c 1.2 4
TFTrCr—— g 1 - B e ndT,
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Figure 1. Detection of extrathymically derived T lymphocytes in the cord blood of FOXN1 ™'~ human fetus. (A} Flow cytometry analysis
of CBMCs from WT (left dot plots) or FOXM1™"" (right dot plots) fetuses (16 weeks of gestation). CD7 and CD2 together with the CD8x and CD8f
expression patterns for the gated C045°CD37 cells are shown. CDBx and CD4 expression is shown for the gated CD45"°C03" cells. Numbers indicate
the frequency of the cells within the gate. Experiment was repeated two times. Data were obtained by gating first on viable cells and later on CD45"
cells. (B) RT-PCR analysis of CO3« expression in CBMCs. The expression of CO3« transcript in human skin fibroblasts (negative control), human thymus
(pasitive control), CBMCs from WT or FOXN1 ™'~ fetuses is shown. Blanck, no cDMA. f-actin was used as loading control. Representative results from
three independent experiments are shown. (C) Quantitative real-time PCR showing the expression of mRNAs encoding CD3c (relative to [Facting in
skin fibroblasts (negative control), thymus (positive control) and CBMCs from WT or FOXN1 ™'~ fetuses (16 weeks of gestation). Representative results
from two independent experiments are shown.

doi;10.1371/journal pone 0051786 g001
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chain although the T cell commitment is established by the
presence of pla wanseript [31,32). Thus, we evaluared the
median fluorescence intensity (MFIL) of CID3 signal, which was
much lower in the FOXNI ' fetus than in the control (213
versus 1275 ML, respectively), in keeping with the already
reported dim signal in the same FOXN1 ' ferus [25]. The
presence in the FOXNI™' fetus of G137 cells, was however
confirmed by the presence of the CD3e transcript (Figure 1B). It
should be noted that mRNA expression is almost equivalent in
both FOXNT ' cells and wild type (Figure 1C). Thus, we cannot
exclude that CD3 " cells are really CD3e '™ cells,

Extrathymic sites of B-, NK- and T-lymphopoiesis in
FOXN1 '~ SCID human fetus

Since in humans, intestine and liver are considered the main
organs for extrathvmic ]\Mg:ll)apcmm 2], we characterized the
lymphocytes in these tissues. As expected on the TOVRNK*
phenotype of the human Nude/SCID [21], CD347 cells and B
cells (CD20) were normal in tissue sections (Figure 2A). The CDSG
marker for NK cells revealed the presence of few and spread
pashiw cells in the intestine sections but not in the liver (Figure
2A). Eventually, these findings confirm that, ar 16 weeks of
gestation, the development of matmee B and NK cells & a thymus-
independent process. Moreover, also the morphology of intestine
and liver sections, evaluared through H&E staining, was normal
(Figure 2B).

Within FOXN1 " intestine tissue, CD3™ cells were spread in
the mucosa with a trend w aggregare i the crypts while in the
comtrol they fmnexicharam‘gﬁea{FwEB} In the liver of
both FOXNT " and control, CD3® cells were present burt spreacd
(Figure 2B). Accordingly w what found in CB, D47 cells were
abernt i cither ineewive and lhex of the FOXNI~/- fietus,
differendy fom the control (Figure 2B A few CDE™ cells were
detected in the FOXNI™" inrestine similirly 0 te contml
(Figure 2B). Quantification in 3 random fields of the positive cells
stained as in Figure 2B, confirmed the absence of GD4” cells and
the presence of few CDE” cells in both tissues of the FOXNI 7
ferus {19623 in FOXNI ™" intestine versus 27.4+2 in WT
intestine; p = 0.05; 98+2 i FOXNI 7 liver versus 146+ 4 in
W liver). No double positive (CIMTCDET) thymocytes were
tound by confocal microscopy in the FOXNI 7 iatestine (Figure
2¢0, When CD7" cells were also stained for CD3, a fow
CD3 CD7” cells were detected in the intestine, even though the
majority of them co-expressed both molecules (Figure 213, In the
FOXNI " fetus we demonsrated the presence of the (D3e
rranscript through RT-PCR. amplification of mrestinal mRNA
(Figure 2E). 'The quantitative PCR analysis revealed that the
amount of this molecule in the intestine of FOXN1 7~
even higher than in the control (Figure 2F). Taken together these
data suggrest that a local production of T lymphocytes takes place
in the intestine and liver in a thymus- and FOXNI-independent
manner, even though we cannot completely exclude an early
cotribution of a thymus primordiam to the production of T cells.

Cells with naive phenotype can develop in the
FOXN1™" human athymic fetus

The CDASRA molecule and the L-Selecan CDGE2L are
considered markers of Recent Thymic Emigrants (RTE), thus
being the hallmark of naive lmphocytes, In FOXNT 7 CBMCs,
3.3% of G457 gared cells coexpressed CD3 with a dim
intensity, and the CD4RA, differently from the conerol, n whom
this population was 35.9%. almost all expressing C1)3 with hright
imtensity (Fipure 3AL On CD45 gared cells, only a negligible
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fers was.

of Thymus

aumber cosexpressed the CD3 and CIG2L markers (0.8%), as

to the 10.8% of the contral (Figare 3B). In FOXN1 7~
CBMCs, 228% of CDT cells co-expressed both CDG2L and
CIM5RA, similarly to the control (Figure 3C). The analysis of
CD27 associated with CID45RA, as a farther marker of a naive cell
phenotype [33,34], revealed the presence of CD27°CD45RA™
cells (13.4% of CD3™ gated cells) in FOXN1 ™ CBMGs (Figure
3D The immunolluorescence co-staining of CIM5RA and CD3
molecules revealed in the intestine of the FOXNI ' fewus the
presence of cells co-expressing both maolecules (Figure 3E). This
finding mdicates thar mestinal T lmphocyies also exhibic a naive

Identification of intestinal de novo lymphopoiesis in the
FOXN1 /" athymic fetus

TCR gene rearrangement occurs at the T cell precursor stage
and results in a functional antigen receptor. The process requires
RAGT and RAG2 recombination activity, which results in pTa
production, The fate of pTa-espressing itors was found to
nchxieaﬂ&ﬂaaﬂmlﬁiwlhhamexdude&NLm
thymic deadritic cells [32). The expression of the surrogate TCR
chain pTa i upregulated during the DN3 stage of the T
lymphocyte development, along with the expression of the RAG
genes, pla expression is also found i opro-T cells ar extrathymic
sites of the T cell development in Nude mice [33]. Alo in [Els
RAG 1 and pTa mRNAs are expressed, thus indicating an ongning
TCR gene rearrangement locally in the intestine |14.36). In the
FOXNL " fems, the relative expression of RAG] and RAG2
mBRNA was 47.5 and G8A% of the control, respectively (Figure
4A), whereas pTa even though to a lesser extent, is detectable,
accounting for 20.0% of the control (Figure 4A), thus suggesting
that in the absence of the thymus the rearrangement occoues in the
FOXNL " intestine, but the process is only limited to few T cells.
These resulis, along with the CD3& expression, suggesi the
presence of a de novo intestinal production of T cells. While
RAG and RAG2 enzymes are highly expressed also in pro-B and
pre-BII cells, the expression of the pTa ik in favor of a thymus-
independent T-lymphopoiesis.

In this stucly, we found thar the TCR repertoire of FOXNL
mtestinal ymphocytes paralleled the CBMOCs spectrarype; which
was consistently impaired [25]. A statisgeally significant quanti-
tarive correlation was found in the contribution of all V§ families
to the TCR repertoire (r = 0.78; p < 0.001), but of VA14, which
sepresented the only tamily, with an intestinal expresion higher
than 10% of the wital mRNA, not being expressed at all in
CBMCs (Figure 4B) The lower expression of the pTa i the
FOXNL " intestine, s corpared to the contral, along with the
altered TOR specrratyping, suggest that only a partdal T cell
ontogeny occurs i the intestne; limited to very few families and
resulting in a limited repertoire, generated in a thymus-indepen-
dent fashion.

T cells localized in the epithelium of skin, gur, lung and allograft
tissues are characierized by the expression of the xEf7 megrin
CDI03, which s mwolved in directing previously  stimulated
lymphocytes, above originated, o epithelial cells. [37). No
CDITCIH0ET cells were detected in both FOXNT ' fes CB
0.3% of CIM57 gatwed cells) {l"lgl.\w SAJ, and at the immunohis-
sochemical evaluation of FOXNI ™ intestine tissue (not shown),
suggesting thar intestinal T cells in the FOXNI " ferus were
locally produced. Mareover, in the FOXN1T™ CBMCs, most of
T cells didn’t express the CDM5RO) activarion marker (Figure 5B,
ndicaring thar they had nor previously encountered any antigen.

In conclusion, although there is sill the possibiliy that a thymus
anlage contributes o produce the few T cells observed in the
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Figure 2. ldentification of lymphocytes at extrathymic sites of differentiation in a Nude/SCID human fetus. (A, B} Immunohistochemical
detection of lymphocytes at extrathymic sites of differentiation in FOXN1™'" human fetus (16 weeks of gestation). (A) Stem cells, B cells and NK cells
were detected by immunohistochemical stain for CD34 (brown), CO20 (brown) and CDS6 (brown) in intestinal and liver sections obtained from a
FOXN1™'~ human fetus (16 weeks of gestation) or an aged-matched control fetus. In CD34 and CD20 stained intestine sections from WT and
FOXN1™'~ fetuses original magnification was 100x. (B) As negative control intestinal sections from FOXM1 ™"~ fetus were counterstained with
hematoxylin and with the isotype control (primary antibody omitted) by DAB. As positive control, hyperplastic lymph node sections were stained for
€03 (brown) by DAB. Intestinal or liver sections of FOXN1™~ human fetus were counterstained with hematowylin and eosin (H&E).
Immunohistochemical analysis of intestinal or liver sections of a FOXN1 ™~ human fetus and an aged-matched control fetus using ant-CD3
staining to mark T cells, anti-CD4 staining to mark T helper cells and anti-CO8 staining to mark cytotoxic T cells. DAB, 200x. Representative results
from two independent experiments with two distinct samples are shown. (C, D) Confocal microscopy of FOXN1™' 7 intestinal sections. () Labeling
with anti-human C04 red) and antkhuman CO8 (green). (D) Labeling with anti-human CB7 (green) and anti-human C03 (red). Representative results
from three independent experiments are shown. (E) RT-PCR analysis of CD3z intestinal expression. CD3c transcript expression in human skin
fibroblasts {pegative control), intestinal lymphooytes from WT or FOXN1 ™~ fetuses is shown. Blanck, no cDNA. fFactin was used as loading control.
Representative results from three independent experiments are shown. (F) Quantitative real-time PCR showing the expression of mRNAs encoding
CD3¢ (relative to fractin in skin fibroblasts (negative contral), thymus (positive contml) and intestinal tissue of control and FOXN1™ fetuses (15
weeks of gestation). Representative results from two independent experiments are shown.

doi:10.137Vjournal pone D081 786 .gDO2

FOXNI

patients, our results support the hypothesis thar '
cells do matare at extrathvmic sites with an alernative hmpho
it nvolving the same molecules implicated n
imtrathymic development, as pTa and RAGs Ths process in

prOCEss,

humans is thymus- and FOXN|-independent. In summary, we
document that a few T lymphocytes with a peculiar phenorype
may develop in a thymus- and FOXN [-independent manner, We
also report on the presence of restinal CD3™ and CDE™, bur not
CD4 cells, a few of them showing a naive phenotype. The
expression of CDEze pTa, RAGI and RAG2 transcripts in the
and TCR
indlicates that in humans a |).uI"Li|l I cell OROEenY occurs at

intestine gene rearrangement, although abnormal,

PLOS ONE | www.plosone.org

extrathymic sites i the Nude/SCIHD phenorype in a FOXNI-

midependent manner.

Materials and Methods

Fetus samples
Cord blood [CB) from the FOXNI
cordocentesis at 16 weeks of gestation. Experiments using CB or

fetns was obhmined by

fetal tisue samples were approved by the Instimtional Echical
Committee for Biomedical Actvines “Carlo Romane™ ar the
“Federico [T University of Naples. Age-matched CB cells from
the CEINGE bank were used as control. Fetus parents provided
written informed consent.
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Figure 3. Lymphocytes with naive phenotype in cord blood and intestine. Flow cytometry of CBMCs from normal and FOXNT™ ~ fetuses
matched for gestational age (16 weeks of gestation). Dot plots show the expression pattern of the naive cell markers. (4) Frequencies of CEMCs
expressing both CD45RA and CD3 markers. (B) Frequencies of CBMCs expressing both CD62L and CD3 markers. (C) Frequencies of CEMCs
coexpressing CD4SRA and CD62L markers. (D) Frequencies of CBMCs coexpressing CD45RA and CD27 markers. Experiment in (A), (B, (C) and (D) was
repeated two times. Data were obtained by gating first on viable cells and later on C045" cells (A and B) or finally also on CD3" (C and D}, (E) Confocal
microscopy of fetal intestinal sections labeled with arti-human €03 (red) and anti-human CD45RA (green). Representative results from three
independent experiments with two samples are shown,
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Figure 4. Local production of T cells in the FOXN1~"" human intestine. (A) Quantitative realtime PCR showing the expression of mRMAs
m{nim,; RAGT, RAGZ and pTx (relative to fi-actin) in skin fibroblasts (negative control), thymus (positive control) and intestinal tissue of control and
FOXN1™ "~ fetuses (16 weeks of gestation), (B) Comparison of TCR Vi-region usage between intestinal lymphocytes (black bars) and CBMCs (white

bars) from the FOXN1™'~ fetus. Experiments were
doi:10.1371journal pone 0081786 9004

Cell-surface staining and flow cytometry

In flow cviomerry, FITC-, phycoerythein (PEr, allophyocyanin-
cyanine 7 (APC-CyT)-, peridia chlorophyll prowin (PeeC Py or PE-
Cy7-coupled Abs were used on CB woward C1M5 (2D1), CD7 (M-
T701), CD2 (RPA-2.10), €D3 (UCHT1), CD8x (8K-1), CD8p
(28T8.5HT), CD4 [L200), CDG2L SK11), CD45RA [HILOO),
CD27 (L128) CIM5RO (WCHLA), G103 (Ber-ACTH) from BD
Pharmingen, San Diego, CA or Beckman Coulter, Brea, CA.
FACSCanto 11 fow cvtometer and FACSDiva sofiware (BD
Binscience, San Jose, CA) were used. For each !arnpk. negative
controds were stained with irrelevant Ahs conjugared with the same
fluorachrome |58]. The “fluorescenee-minus-one”™ (FAICY) controls
have also been uased o define pm’isﬂly the cells that have
fluorescence above background levels. Briefly, the samples have
been stained with all of the reagents except one [38].

PLOS ONE | www.plosone.org

repeated three times in (A} and two times in (B).

Histology

Tarestine and liver tissue samples from a 16 weeks FOXNT 7
fetus or control were embedded i OCT compound  and
snapfrozen i liquid nitrogen or paraffinembedded. The blocks
were cut o serial -pm sections and mounted onm microscope
slides for H&E saining and immunohistochemistry  analyuis.
Immunodetections were performed by means of a Ventana
automat [ Ventana Medical Svstems, Hlkirch, France),

Immunohistochemistry

Tissue sections staining was performed on Benchmark XT
platformn. (Ventana Medical  Systems) with  pre-diluted  CD34,
CDh2o, CD56, D3, CD4 (Ventana-Confirm), CD8 (Cell
Marque), 140 CD103 (Beckman Coulter, Brea, CA), 1:50
CIMIRA [Dako, Denmark) and 1:25 CDGE2L Abs (Abeam,
Cambridge, UK). Hear antgen rerieval was performed in buffer
(CCL, Ventana) following the manufacturer instructions. The
shidles were ncubated with primary Abs ar 37° for 32 mmn (CD34,
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Figure 5. Expression on T lymphocytes from FOXN1 '~ and contrel fetuses of the integrin CD103 and the CD45RO activation
marker. (A, B) Flow cytometry of CBMCs from normal and FOXN1™'™ fetuses matched for gestational age (16 weeks of gestations). Dot plots show
the frequency of CB103"CD3" on CD45" gated CBMCs (A) and CDM5RO” on CD3" gated CEMCs (B).

doi:10.1371/journal pone 0081 786.g005

CD20, CD56, CDI, CD4 and CDB) or for 60 min (CIM5RA,
CD103; CDA2L). Primary Ab was omitted for negative control.
Nuclei were counterstained with hemaroxylin, The reaction was
detected by the wliraView Universal DAR Derection Kit. which
utilizes a cockeall of enzyme labeled secondary Abs thar locates the
bound primary Ab. The comples is then visualized with hydrogen
peraxide substrate and 3, 3" -diaminobenzidine rerahydeochloride
(DAB) chromogen, which produces a dark brown precipitie
readily detected by light microscopy. Images were acquired by a
mjrm&cope (DM 2500; Leica, Crermany) at magnification 200 x or
100 =

Confocal microscopy

Tissue samples were blocked with pormal goat serum before
staiming and then treated with 150 of PerCP-labeled C1D3 [BD
Pharmingen, San Diego. CA) and 1100 of FITC-labeled
CD4RA Abs (BD Pharmingen, San Diego, CA) or 1:50 of PE-
labeled CIM (Beckman Coulter, Brea, CA) and 150 FITC-labeled
CD8 [Beckman Coulter, Brea, CA) or 1:50 APC-labeled CID3

PLOS ONE | www.plosone org

(Beckman Coulter, Brea, CA) and FITCAabeled CD7 (Beckman
Couleer, Brea, CA). Images were acquired by a confocal
microscope (LSM 510, Zeiss, Germany ).

RNA and RT-PCR

Total RNA was solaied from normal human skin fibrobilases,
normal human tymus, CB mononuclear cells (CBMOCs) or
intestinal frozen fisue using TR1zol reagent Invitrogen, Carlsbad,
CA) and the Phase-lock gel columns (Eppendorf) by standard
procedures. RNA was reverse manmseribed by SuperSeript 11
reverse transcription (lovitrogen, Carlsbad, CAL RT-PCR was
performed wsing Taq polymerase Roche, Germany). The
following primers were used o amplify CD3: (forward) 5'-
GATGCAGTOGGGUACTCACT-Y and  (reverse)  5'-
TTGGGGGUAAGATGG TAATG-3' ), or f-actin: (forward) 5
GACAGGATGUAGAAGGAGA - anl (reverse) 5=
TTGUTGATCCACATCTGUTG-3". To avold amplification of
penomic DINA| the reverse primer for C1}3e was located on the 3-
4 pxons junction.
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Evaluation of TCR [i-chain variable region (V)

spectratyping

TCR CDR3B sequencing of wral mRNA solated from intestine
of the FOXNI " or control fetuses was pedormed afier TOR -
chain amplific with a common reverse primer (GBS primer)
and 27 different forward primers [TCR VB gene family primers).
PCR products were run on a CECQ) 8000 autematic capillary
sequencer (Beckman Coulrer, Brea, CA) and fractionated on the
size of the CDR3 M@mkﬁsﬂammlyudnugtlﬂczm
software (Beckman Coulter, Brea, CA), which also gives the
]mtmuﬂemmhmmnf:mgle&nulymﬂ;euul’t‘tk
repertoire.

Quantitative real-time PCR

Real-time PCR was performed using the SYBR green detection
reagent and analyzed with the Light Cyclerd480 system (Roche,
Germany), Genes were normalized to Practin as housckeeping
gene and the relative RNA don data were
analyzed using the 2° mmﬂnd[SQ}. Tlrfoh:mmgpnmm
were used 1o amplify fracin: (forward) 5'-GACAGGATGUA-
GAAGGAGAT-3'  and  (reverse)  5'-TTGCTGATCCA-
CATCIGCTG-3; or CD3e: (forward) 5-GATGCAGFCGGG-
CACTCACT-3' and (reverse) 5'-TTGGGGGCAAGATGGT-
AATG-3'y or RAGL (forward) 5'-CATCAAGCCAACCTTIC-
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1.4. A “thymic organoid” leads to differentiation toward T-lineage committed cells
in vitro

The thymus capability to lead differentiation of hemopoietic stem cells (HSCs) into T
lymphocytes is mediated by specialized TECs. The three-dimensional organization of
thymic stromal cells maximizes the interaction of developing thymocytes with TECs,
allowing intercellular cross-talk required to development of both T cells and TECs
(106).

A remarkable number of similarities are shared between the epithelial and
stromal cells of the thymus and keratinocytes and fibroblasts of the skin. Both thymic
and skin epithelial cells selectively express the FOXNI1 transcription factor, which plays
a critical role in differentiation and survival of these specialized cells (107, 108).
Hassall corpuscles, a product of medullary thymic epithelial cells, contain keratins
identical to those in the stratum corneum of skin. In addition, keratinocytes express
many of same keratins expressed in TECs (109). Moreover, the Notch pathway is
shared between thymic stroma and skin elements, since it plays an important role in
regulating epidermal differentiation, in early stages of thymocyte maturation and T-cell
lineage commitment (110). By contrast, a profound difference between thymus and
skin is the architecture of each organ, in that the skin epithelial cells are organized in a
two-dimensionally (2D) oriented fashion differently from epithelial cells of the thymus,
which are organized in a 3D configuration (111).

By taking advantage from the similarities shared between keratinocytes and
thymic epithelial cells (TECs), we used human keratinocytes seeded with human
fibroblasts on a 3D poly(e-caprolactone) scaffold, by mimicking the 3D configuration of

the thymus, to verify the ability of these cellular elements, spatially arranged as
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described, to reproduce in vitro a microenvironment able to replace TECs in supporting
HSCs differentiation.

The ex vivo reproduction of thymus microenvironment, positively selected
CD34" HSCs (>80%) were seeded in the scaffold and maintained in culture for 5 weeks
in the presence of pro-lymphopoietic cytokines, including IL-7 and IL-15, as well as
Flt-3 ligand. Subsequently, we performed an immunophenotypic analysis at different
time-point to observe developmental changes that occurred when CD34" HSCs were
induced to differentiate in the composites, by using flow cytometry to detect expression
of surface antigens critic for T-cell development, such as CD7, CDla, CD3 and CDS§
CD4. Of note, it has been shown that, at that the earliest stages of T-cell development,
thymic precursors express CD7 surface antigen (112), since Notch signaling pathway
induces the differentiation of multipotent haematopoietic progenitors into
CD7'CD34"CD45RA" early T-cell precursors (113). Subsequently, the expression of
CDla" represents a critical stage to T-cell commitment and the cell population
CD7'CDla" has been previously identified as early T cells (114). At the next
developmental stage, the pre-T cells express CD4, but not yet CD3 and CDS, and are
thought to be CD4 immature single-positive cells. Eventually, the expression CD4 and
CDS is required to generate double-positive, which then mature in single positive CD4
or CD8 cells (115). In the multicellular biocomposite, we observed de novo generated
CD7" cells by the third week of culture. At the fifth week of culture, these cells acquired
the CDla marker. In addition, we detected in culture CD4 immature single-positive
cells, not yet expressing CD3 and CD8 markers. Taken together, these data
demonstrated that in the “thymic organoid”, containing skin-derived elements in the

absence of thymic stroma, in presence of IL-7, IL-15 and Flt3-ligand, HSCs did start
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differentiating and that the process was also directed toward a T-cell lineage
commitment. To confirm T-cell lineage specification, the expression levels of selected
T-lineage specific genes, including TAL-1, Spi-B, RAGI/2 and PTCRA, do not
expressed in keratinocytes or in fibroblasts, were studied by real-time PCR.

Of note, at early stage of T-cell development, the cells express at high levels
many genes (Sfpil (PU.1), Tall (SCL), 1d2, Cebpa, Bcll 1a) functionally implicated in
non-T cell hematopoietic differentiation programs (116, 117, 118), while genes
necessary for T-cell gene expression program are downregulated, thus implying a
multilineage differentiation potential of early thymocytes. Following, the
downregulation of these molecules is strongly correlated with the activation of T-cell
gene expression program, whose hallmarks are the expression of Spi-B, which is
downregulated during the early stages of T-cell development (DN1 and DN2) and
upregulated at DN3 stage, and the genes involved in the T-cell receptor re-arrangement,
such as RAG1/2 and PTCRA (119, 120, 121). Our data showed both down-regulation of
TALI and up-regulation of Spi-B in the multicellular composite, consistently with the
loss of the multilineage differentiative potential. In addition, PTCRA and RAG2
expression was found at the third week of the culture, suggesting recombination
activity. These molecular events were not observed in the control systems and are
consistent with the immunophenotypic data, supporting an ongoing process.

In conclusion, our results indicate that, the “thymic organoid”, containing skin-
derived elements in the absence of thymic stroma, leads to HSCs differentiation and
toward a T-cell lineage commitment in the presence of IL-7, IL-15 and FIt3-ligand,

even though fully mature single-positive T cells were not generated in the system.
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Abstract

In humans, the thymus is the primary lymphoid organ able to support the development of T cells
through its three-dimensional (3D) organization of the thymic stromal cells. Since a remarkable
number of similarities are shared between the thymic epithelial cells (TECs) and skin-derived
keratinocytes and fibroblasts, in this study we used human keratinocytes seeded with fibroblasts
on the 3D poly s-caprolactone scaffold to evaluate their ability to replace TECs in supporting T-cell
differentiation from human haematopoietic stem cells (HSCs). We observed that in the multicellular
biocomposite, early thymocytes expressing CD7-CD1a*, peculiar markers of an initial T-cell
commitment, were de novo generated. Molecular studies of genes selectively expressed during
T-cell development revealed that TAL1 was down-regulated and Spi-B was up-regulated in the cell
suspension, consistently with a T-cell lineage commitment. Moreover, PTCRA and RAG2 expression
was detected, indicative of a recombinant activity, required for the generation of a T-cell receptor
repertoire, Our results indicate that in the multicellular biocomposite, containing skin-derived
elements in the absence of thymic stroma, HSCs do start differentiating toward a T-cell lineage
commitment. In conclusion, the construct described in this study exerts some properties of a
lymphoid organoid, suitable for future clinical applications in cell-based therapies.

Keywords: HSC differentiation, PCL scaffold, skin, T-cell development, thymopoiesis

Introduction

T-cell development is characterized by discrete stage-specific
differentiation of haematopoietic progenitor cells occurring
within the thymus. At the beginning of the process, hasmat-
opoietic stem cells (HSCs) and multipotent or lineage-specific
progentor cells are characterized by the expression of the
CD324 marker. In humans, the thymus is the primary lymphoid
organ that exerts the unique property of supporting the devel-
opment of fully mature and self-tolerant T cells (1). The process
is intimately linked to the specialized functions of thymic stromal
cells (TSCs) and to the thymus architecture (2). Genetic altera-
tions leading to abnormal development of the thymic structures

profoundly impair the T-cell differentiation process both in mice
and humans (3, 4). An important feature of the thymic microen-
vironment is its 3D organization, consisting of an ordered archi-
tecture of TSCs, which may be epithelial or mesenchymal in
origin, through which the developing thymocytes migrate and
mature (5). This 3D configuration maximizes the interaction of
developing thymocytes with the supporting stromal cells, allow-
ing a proper intercellular cross-talk integral to the development
of both T cells and TSCs (6).

A remarkable number of similarities are shared between the
epithelial and stromal cells of the thymus and keratinccytes
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and fibroblasts of the skin. Both thymic and skin epithelial
cells selectively express the FOXN1 transcription factor,
which plays a crtical role in differentiation and survival of
these specialized cells (3, 7. B). Gene alterations of this
transeription factor lead to a complete blockage of the
development of cell-mediated immunity also in humans (4, 8,
9). Furthermore, the Notch pathway is shared between thymic
stroma and skin elements, where it plays an important role
in regulating epidermal differentiation (10). Similarly, within
the thymus, the Notch pathway is necessary for T-cell lineage
commitment and early stages of thymocyte maturation (11).
In addition, keratinocytes express many of the kerating
similarly to thymic epithelial cells (TECs) (12), Moreover,
human keratinocytes are easier fo isolate than TECs.
Furthermore, it has been documented that murine TECs can
function as epidermal and multipotent hair follicle stem cells
when exposed to an inductive skin microenvironment (13). By
contrast, a major difference between thymus and skin is the
architecturs of each organ, in that the skin spithelial cells are
mostly distributed along a basement membrane differently
from epithelial cells of the thymus, which are organized in a
3D configuration.

The ex vivo reproduction of microenvironments of the native
tissue through approaches based on the use of porous and
biodegradable matrices has been proven useful to repair or
replace tissues damaged at a molecular or functional level (14).
This approach has been successful in achisving the regenera-
tion of many tissues, such as skin (15), cornea (16), blood ves-
sels (17) and in the bone replacement process (18, 19).

Optimal scaffold materials should exert the properties of
excellent biccompatibility, suitable microstructure, control-
lable biodegradability and suitable mechanical properties to
sustain and facilitate a proper intercellular connection (20, 21).
Scaffold surfaces need to be organized to allow optimal cell-
cell contact, growth, maintenance of morpholegy and viability
over time to meet the demands of the specific application (22).

In congenital immunclogical disorders and, in particular, in
athymic disorders, a scaffold mimicking the 3D structure of
primary lymphoid organs may be potentially used for the dif-
ferentiation of haematopoietic cell precursors and, eventually,
allows the re-setting of immunological response through func-
tional or molecular manipulation of precurser cells. In keeping
with this, it has been recently documented that a 3D tantalum-
coated carbon matrix is able to support the development of
functional T cells from haematopoietic precursor cells in the
context of a heterogeneous multicellular systam (23), aven
though the capability of the system to ensure a complete pro-
cess, resulting in mature type T cells, is still under debate (24).

In this study, we verified the hypothesis regarding whether
cellular elements of the skin, spatially arranged in a 3D poly-
caprolactone (PCL) architecture, can support in the absence
of thymic components the survival of HSCs and their differan-
tiation into T-ineage committed cells.

Methods

Preparation and characterization of porous scaffolds

The 3D porous scaffolds were developed by adapting the
phase inversion and salt leaching technigue reported in

previous works (25). Scaffold morphology was preliminarily
investigated via field emission scanning electron microscope
(FESEM; Quanta FEG200, FEl). Specimens wers fractured
using a razor blade along preferential directions, parallel
and perpendicular to the surface. Transverse and longitu-
dinal sections were covered by a thin chromium layer (ca.
20nm) by automatic sputtering (Emitech K575X) to afford a
more efficient electron conductivity of the scaffold surface.
The porosity was assessed in terms of pore size, shape and
spatial distribution by images at different magnifications and
fixed working distance (10mm). To obtain a guantitative esti-
mation of the scaffold porosity, three different methods were
used: weight measurements by a gravimetric method, 2D
image analysis (2D-1A) and mercury intrusion porosimetry
(MIP). The porosity was obtained by theoretical conditions
as previously described (26). The 2D-1A evaluation of poros-
ity features (porosity degree, pore size and spatial distribu-
tion) was performed by dedicated software (ImageJ 1.38b;
NIH Freeware; Mational Institutes of Health, Bethesda, MD,
USA) (27). The porosity degree was evaluated from the total
surface area of counted pores, whereas the pore sizes were
derived. Means and standard deviations of pore fraction
and size were determined on 10 different scanning electron
microscopy (SEM) images. Porosity measurements by MIP
were assessed to estimate the really interconnected pores
and their specific pore surface. A marcury surface tension of
480 mN m' and a contact angle of 141.38° wers used, while
a pressure gradient from 400 Pa up to 200 KPa was intruded
to exactly count either micropores or macropores according
o the Washburn equation. Means and standard deviations
were determined by testing three different samples.

Cell cultures

Normal human epidermal keratinocytes (Clonstics, Lonza)
were cultured in supplemented keratinocyte growth
medium (KGM-Gold BulletKit, Lonza) as previously
described (28). The cultures were incubated at 37°C in
an atmosphere supplemented with 5% CO,, with the cell
culture media changed daily. Normal human dermal fibro-
blasts (Clonetics, Lonza) were grown in fibroblast growth
medium (FGM-2 BulletKit, Lonza) and 10% foetal bovine
serum (Gibco, Invitrogen Ltd, Paisley, UK), supplemented
with 100U mi™" penicillin and 100 pg mi" streptomyecin
(Lonza, Basel, Switzerland). The cultures were incubated
at 37°C in an atmosphere supplemented with 5% CO,, with
the cell culture media changed daily.

PBMCs were obtained from normal donors of heparinized
peripheral blood by Ficoll-Hypaque (Biochrom AG, Berfin,
Germany) density-gradient centrifugation. CD34* HSCs
wers isolated by incubating 1-2x10° PBMCs in 300 pl of
PBE with 100 pl of CD34 (QBEND 10)-conjugated magnetic
beads (Multisort beads; Miltenyi Biotec, Bologna, ltaly), fol-
lowed by incubation for 30min at 4-8°C. After incubation, the
cells were washed with ice-cold PBE (PBS/0.5% BSA/SmM
EDTA) and processed through a column placed in a mag-
netic field and the target cells retained. After washing the
column tharoughly with ice-cold PBE, the targst cells were
recovered by removing the magnetic field and flushing the
column with 1ml of PBE. CD34* cells were then labelled with
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Fig. 1. Qualitative and quantitative investigations of PCL scaffold morphology. Scanning electron micrographs of macropores (cross-section in
the square) (A) and micropores (B). (C) Cumulative distribution of pore surface and volume estimated by 2D-1A and MIP techniques, respec-

tively. Scale bar: 20 and 300 pm.

a CD34-FITC-conjugated antibedy for 15-20min at room tem-
perature, The purity of the isolated haematopoietic progenitor
cells was evaluated by flow cytometry.

Cell sesding

The PCL scaffolds were incubated in a solution of 100 pg mi-'
rat tail collagen | (BD Biosciences, San Josg, CA, USA) in
PBS for 30min at 37°C and rinsed twice in PBS (Cambrex,
Charles City, IA, USA). Keratinocytes and fibroblasts were
added to each matrix and incubated for 1h at 37°C in a
humidified 5% CO, atmosphere to aliow cell attachment to
the composite surface. Non-adherent cells were removed
by transferring the matrices to new 24-well plates. Culture
medium was added to each matrix and consisted of a 111
mix of the fibroblasts and keratinocytes media previously
described. The constructs were then cultured for 6 days, and
the medium was changed every other day. On day 7, 1x 10°
normal CD34* H3Cs were addad to each matrix and the unit

was cultured in Iscove's modified Dulbecco's medium (Gibco,
Invitrogen Lid) with 10% heat-inactivated foetal bovine serum
(Gibeo, Invitragen Ltd), 20ng ml" IL-7 (Invitrogen Ltd), 20ng
mil-' IL-15 (Invitrogen Ltd), 100ng ml~' Fit2-ligand (Millipore,
Billerica, MA, USA) and penicillin/streptomycin. One-half of
the medium was aspirated and replaced three times weekly
and the culture was maintained for 4-5 weeks.

Prolifsration assay

To determine the biological effect of the PCL scaffold on in
situ cell proliferation, peripheral blood cells were sesded in
two different constructs: cell culture in 96-well tissue culture
plates (BD Biosciences) in the absence of PCL scaffold and
in the presence of PCL scaffold. Morsover, the cells were
seeded on the different constructs at a density of 200 000
cells per well and cultured for 4 days in triplicate wells follow-
ing 8 pg ml~" of PHA (Biochrom AG) stimulation. At the end
of the culture period, the cell proliferation was assessed with
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3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay (Promega,
Madison, WI, USA). MTS reagent (20 pl per well) was added at
37°C for 4h and the light absorbance at 490 nm was recorded
using a microplate reader (Epoch multivolume spectropho-
tometer system). The background absorbance at 490nm
was corrected by subtracting the average absorbance of the
control wells without cells from each well to estimate cellular
functionality.

SEM analysis

As for the investigation of biohybrid scaffold, cells were
fixed for 2h in 2.5% glutaraldehyde sclution and dehydrated
with sequential washes in 50, 70, 80, 90 and 100% ethanol.
The samples were air dried overnight before the chromium
sputtering. In this case, the accelerating voltage of the FESEM
equipment (Quanta FEG200, FEI) was set at 5kV, reducing
the vacuum level into the chamber (LV or low vacuum mode),
so preventing any negative interaction of electron beam with
the cellular bodies.

Flow cytometry

At defined time points (0, 1, 2, 3and 4 weeks), the cells cultured
on each PCL construct were extracted from the scaffolds by
aspiration of the medium and flushing of the matrices. Cells were
exposed to directly conjugated mouse anti-human monoclonal
antibodies to assess HSCs with CD34-APC (BD Biosciences)
and CD45-APC-Cy7 (BD Biosciences), and lymphocyte pre-
cursors with CD7-PE (Immunclogical Sciences, Rome, ltaly),
CD1a-FITC (Dako), CD3-PerCP (BD Biosciences), CD4-PE
(BD Biosciences) and CD8-PECy7 (Beckman Coulter). The
cells were incubated with directly labelled antibody clones at
4°C in the dark for 30min, washed and re-suspended in 100mil
of PBS. The events in the displayed graphs and contour plots
were gated by forward and side scatter to exclude dead cells.
For analysis of early thymocyte subsets with CD7, CD3, CD4
and CD8, T-cell precursors were identified by gating on wiable
CD45* dim cells. Analytical flow cytometry was performed
using a BD FACS Cantao Il flow cytometer (BD Biosciences).
Subsequent data processing and preparation for presentation
were done using BD FACSDiva software.

Real-time PCR

The cells cultured on each PCL construct were extracted from
the scaffold by aspiration of the medium and flushing of the
matrix at different time points. RNA extraction was performed
using RealTime ready Cell Lysis Kit (Roche Applied Science,
Mannheim, Germany) according to the manufacturer's instruc-
tions. Total RNA was reverse transcribed using the Transcriptor
High Fidelity cDNA Synthesis Kit (Roche Applied Science)
according to the manufacturer's protocol using random hexa-
meric primers. Amplification of the complementary DNAs was
performed using the SYBR Green and analyzed with the Light
Cycler480 (Roche, Branchburg, NY, USA) under the follow-
ing conditions: 5min of denaturation at 94°C followed by 55
cycles for 6 s of annealing at 62°C and 5min of extension at
72°C. Real-time PCR utilized specific primers to amplify lkaros,
TAL1, Spi-B. PTCRA and RAG2Z (Table 1). B-actin was usad
as a reference gene. A dissociation procedurs was performead

to generate a melting curve for confirmation of amplification
specificity. The ratio of the target gene expression in experi-
mental/control (‘fold change in target gene'/fold change in ref-
erence gene') was determinad using the AACt mathod (29).

Results

Synthesis and characterization of the PCL scaffold

A preliminary evaluation of the PCL scaffold architecture was
performed by FESEM microscopy. A typical bimodal poros-
ity, induced by the preparation technique, was obtained as
clearly illustrated in Fig. 1(A and B). Larger pores (macropo-
res) ranging from 100 to 300 pm (Fig. 1A) due to the extrac-
tion of the sedium chioride crystals were strictly coupled with
smaller pores (micropores) ranging from 1 to 20 pm (Fig. 1B)
ascribable to phase inversion mechanisms by solvent/non-
solvent exchange. The estimation of porosity through gravi-
metric method revealed a porosity degree of 94.6 £ 0.8%. The
porosity value calculated by 2D-1A was 82+ 4% and under-
estimated the total macroporosity. As indicated in Fig. 1, this
analysis further offered a quantitative estimation of the pore
size in terms of the average pore radius (APR) of micropores
and macropores. The cumulative distribution of pore surface
area (Fig. 1C) clearly evidenced a bimodal population of
pores with statistical modes of 117 and 4.5, respectively. In
particular, a macropore APR resulted equal to 117.6+11.4,
coherently with the average size of the used porogen par-
ticles, while a micropore APR equal to 4.5+0.8 is in agree-
ment with the SEM evidence. Itis noteworthy that the bimodal
porosity represents a key parameter that generally concurs
with the interconnection of pores. MIP data confirmed a high
fraction of fully interconnected pores, exceeding 90%.

The PCL scaffold does not interfere with the in vitro
proliferative capability of PBMCs

To ensure that the scaffold composition did not alter cell physi-
ology in cell culture, we evaluated PBMC proliferation follow-
ing PHA stimulation. Cell cultures were performed in 96-well
tissue culture plates in the absence or presence of a PCL
scaffold, for 4 days. The PBMC proliferation in the presence of
the scaffold was comparable to that achieved in the absence
of the scaffold either in the presence or absence of PHA stimu-
lation (Fig. 2). These results indicate that the PCL scaffold did
not interfere with the cellular proliferation, thus indicating that
the composite did not have any cytotoxic effect on blood cells.

Table 1. PCR primers for amplification of T-cell lineage-
related genes

Primers
Genes Sense Anti-sense
Ikaros tcccaagtiicagggaagga acgactctgtcactctiggagcet
TAL1 tctgaagcaaggoggtggac ggaagaccgtgcegiciica
Spi-B tegeectggaggetgeac cceccictgaatcagggta
FPTCRA catcctgggagectitggt ccggtgtccecectgagag
RAGZ cctgaagccagatatggte gtgcaaticacagcotgggct
B-actin gacaggatgcagaaggagat ttgctgatccacatetgetg
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Fig. 2. The PCL scaffold does not interfere with the proliferative
capability of blood cells. PBMCs were cultured directly on the com-
posite at a density of 200 000 cells per well. The abscrbance was
expressed as a measure of the cell proliferation on the PCL scaffold
without stimulation or following 8 pg mi-' PHA stimulation for 4 days.
Data represent the mean + SD from three independent experiments
performed in duplicate

The composite provides an appropriate environment to
allow an optimal cell-cell interaction by mimicking the 3D
configuration of the thymus

To reproduce in vitro the thymic microenvironment, previously
expanded fibroblasts and keratinocytes were seeded
together onto artificial 3D PCL scaffolds. The structure of
the composite, after cell seeding and cell infiltration of the
PCL scaffold, was studied by SEM of the surface. In such
a construct, each cell type was capable of interacting with
both the material and with each other, as depicted in Fig. 3.
Fibroblasts and keratinocytes adhered and were organized
spatially on the surface of inner pores of the material (Fig. 3A).
Moreover, as shown in Fig. 3(B), a strong interaction of
keratinocytes with fibroblasts occurred, resulting in skin cell
occupancy of overlapping sites on the scaffold. In particular,
a continuous layer of well attached cells to the upper surface
of the scaffold was evident. Fibroblasts grew as adherent
cells on the surface of the material, thanks to their stretching
filopodi that spanned adjacent matrix components, forming
focal adhesions with the matrix (Fig. 3C and D). Figure 3(D)
shows in detail the cellular adhesion to the material through
thin filopodi. Therefore, this characteristic is most important
for our system in that it ensures a stable interaction essential
to reproduce an in witro ‘organoid’. Furthermore, each cell
type was capable of interacting with material (Fig. 3E) and
with each other (Fig. 3F) after 3 weeks of culture.

Keratinocytes and fibroblasts seeded on the 3D scaffold
support the survival of HSCs and their differentiation into
T-lineage committed cells

In this organoid, positively selected CD34* HSCs (>80%)
were seeded in the scaffold and maintained in culture for 5
weeks in the presence of prolymphopoietic cytokines IL-7
and IL-15, as well as Fit-3 ligand. The PCL scaffold without
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skin elements or culture without the PCL scaffold were used
as controls. The cell viability was evaluated by flow cytometric
analysis of the pan-leucocyte CD45 marker. Figure 4 shows
the behaviour of CD45* cells in the different composites
during the 5 weeks of culture. In the keratinocytes/ffibroblasts/
PCL scaffold, the survival of CD45* cells was higher than in
the other composites. In particular, in this setting, CD45* cells
represented 70% of cell suspension after 4 weeks of culture,
whereas in the control cultures without PCL, no viable CD45*
cells ware detected at this time.

To evaluate the importance of the keratinocytes and fibro-
blasts on the maintenance and differentiation of CD34, cells,
the cells harvested from the constructs were analyzed by flow
cytometry during the 5 weeks of culture. As shown in Fig. 5(A)
and (B), the CD34" cells decreased during the cultures. In the
keratinocytes/fibroblasts/PCL scaffold, these cells were more
represented during the culture and persisted longer than in
the control cultures.

Figure 5(C) shows the behaviour of CD34* HSCs com-
pared with that of CD45* in the keratinocytesffibroblasts/PCL
scaffold. Differently from HSCs, CD45* cells persisted in the
culture at least for 5 weeks, thus suggesting that in the pres-
ence of the multicellular biocomposite, re-arranged in a 3D
configuration, stem cells undergo a differentiation process.

Animportant step in the establishment of an effective in witro
systemn for human T lymphopoiesis is the immunophenotypic
characterization of the early stages of T-cell development. To
address this issue, we performed a temporal analysis of early
developmental changes that occurred when CD34* HSCs
were induced to differentiate in the composites, Of note,
CD7 expression is considered to be one of the earliest cell
surface markers known to appear during T lymphopaoiesis
(30). During the development process in the keratinocytes/
fibroblasts/PCL biocomposite, the cslls expressed the CD7
molecule after 3 weeks of culture (up to 65% of the wiable
CD45*-gated cells). Interestingly, this expression profile per-
sisted till the fifth week of culture only in the keratinocytes/
fibroblasts/PCL scaffold (Fig. €B). Differently, these early dif-
ferentiated cells were much less represented in all the con-
trol cultures and disappeared by the fourth week. Of note,
in the absence of keratinocytes, in spite of the fibroblasts
seeded in the 3D scaffold, no CD7* cells were generated.

The transition from CD7*CD1a to CD7+*CD1a* of early thy-
mocytes is peculiar to an initial T-cell commitment. As shown
in Fig. 6(C), the CD1a molecule was expressed at the fifth
week of culture only on cells cultured in the keratinocytes/fibro-
blasts/PCL scaffold, accounting for B5% of the viable CD45+-
gated cells, differently from the controls. The evaluation of
the CD3 expression on cells developed in the in witro system
revealed the absence of this marker in the first 5 weeks of cul-
ture (Fig. 6D), thus ruling out the presence of contaminating
mature T cells. When the expression of CD4 and CD8 mark-
ers was evaluated in our system, only the presence of single-
positive CD4 cells was detected at the third week of culture in
the keratinocytes/fibroblasts/PCL scaffold, accounting for 10%
of the viable CD45*-gated cells. Interestingly, these cells per-
sisted until the end of the culture. In the control systems, the
CD4* cells were detected only at the third week, but they dis-
appeared by the fourth week of culture. No single-positive CD8
or double-positive CD4 and CD8 cslls were dstected (Fig. 6E).
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Fig. 3. Representative scanning electron micrographs of keratinocytes and fibroblasts co-cultured on the PCL
2hand processed for SEM imaging. Each cell type was capable of interacting with the material and with ea
els A, C and E, respectively. Scale ba
re as follows: panels A and E: x800; panel F: x1600; panels B and C: x3000; panei D: x6000

high-magnification SEM images of the pan
blast, K: keratinocyte. Original magnific

These data suggest that the 3D scaffold colonized with
both keratinocytes and fibroblasts promoted HSC commit-
ment to the T-cell lineage as evidenced by the emergence of
de nove generated CD7+, CD1a* and CD4* cells.

To confirm that in the 3D PCL scaffold seeded with keratino-
cytes and fibroblasts, stem cells underwent to a T-cell linage
differentiation process, the expression of selected Tineage-
specific genes, not expressed in keratinocytes or in fibro-
blasts, were studied by real-time PCR. It is generally agreed
that earliest thymic immigrants with T-cell potential also retain
the potential to become distinct haematopoietic cell types,
such as NK cells, dendritic cells or monocytes. As T-cell
precursors differentiate into T cells, they gradually lose the

20 um
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.

scaffold. The cells were fixed for
ch ether: The panels B, D and F show
rs: 100 pm (A and E), 40 pm (B, C and F) and 20 pm (D). F, fibro-

plasticity to become NK or dendritic cells. At this point, the
genes required for alternative lineages commitment, such
as JAL7T and lkaros are down-regulated. Simultaneously,
T-cell lineage-specific genes, such as Spi-B, PTCRA and
RAG1/2, are up-regulated (31). As shown in Fig. 7(A), lkaros
expression was only barely detectable in the keratinocytes/
fibroblasts/PCL scaffold at the third week of culture in a com-
parable manner than in the control system without keratino-
cytes. The relative expression of TALT decreased during the
culture in the keratinocytes/fibroblasts/PCL and it was not
exprassed in the control system (Fig. 7B).

During the T-cell development, Spi-B is expressed at a
lower extent at an earlier stage and is up-regulated at the
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Fig. 4. The muiticellular biocomposite supports the survival of HSCs
over time in long-term cultures. Percentages of CD45-positive cells
in the presence of PCL scaffold/keratinocytes/ffibroblasts (closed dia-
monds), PCL scaffold (ciosed squares) and medium alone (closed
triangles) during the 5 weeks of culture. Measuremenis were made
at 1, 2, 3, 4 and 5 weeks of culture. At these defined time points,
the cells were extracted from the PCL scaffold by aspiration of the
medium and flushing of the matrix. Data represent the mean + SD
from three independent experiments.

DN3 stage (32). As shown in Fig. 7(C), Spi-B was up-reg-
ulated at the fifth week of culture in the keratinocytesffibro-
blasts scaffold, differently from the control system where
Spi-B was not expressed at all. These data paralleled the
immunophenotypic data of the CD7 and CD1a expression.
As for the PTCRA gene, it was highly expressed at the third
week of culture in the keratinocytes/fibroblasts/PCL scaffold
and was down-regulated at the fifth week of culture (Fig. 7D).

RAGZ2 plays a pivotal role in the initiation of the
re-arrangement of antigen-binding domains of the T-cell
receptor, being up-regulated at the DN2 stage (33). Only in
the keratinocytesffibroblasts scaffold was RAGZ expression
detectable at either the third and fifth weeks of culture and
was comparable to the expression in PBMCs (Fig. 7E).
Differently, in the control system, RAG2 relative expression
was barely detectable during the culture.

Discussion

In this work, the capability of skin cellular elements,
reconfigured in a 3D arrangement, to support the survival of
HSCs and their differentiation into Tineage committed cells
has been documeanted. We observed that, in the absence of
thymic cellular epithelial elements, skin-derived keratinocytes
and fibroblasts seeded on the PCL scaffold, by mimicking
the 3D configuration of the thymus, provide an appropriate
environment to allow an optmal cell—cell interaction, able to
support HSC commitment to the T-cell lineags.

The 3D organization is unique to TECs, in that in other
organs, epithelial cells are ‘polarized’ and placed on a
basal lamina, forming sheets of cells lining internal and
external surfaces (34, 35). The peculiar 3D organization
of TECs creates a proper microenvironment, which allows
thymocyte migration and a tight lymphostromal interaction (5,
36). Foetal TSC monolayer cultures are not able to support
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T lymphopoiesis, thus indicating that the 3D structure is
required (34).

Recently, a thymic organoid has beenenginesred by seeding
a tantalum-coated carbon matrix with thymic murine stroma
(37). This composite was able to generate mature functional
T cells from bone marrow-derived haematopoietic progenitor
cells. In this study, for tissue engineering, a differant material,
the PCL, has been chosen because it is a biocompatible
structure with a high surface areafvolume ratio due to its high
porosity, thus being an ideal scaffold. In addition, the bimodal
population of pores is strongly desired to assure efficient
nutrient transport and waste removal within the scaffald. In
addition, cell growth and migration are also favoured thanks to
a higher surfacefvolume ratio (38), Our findings are in keeping
with previous observations, which indicate that PCL scaffolds
are suitable in guiding cell growth and in facilitating the
synthesis of extracellular matrix, thus leading to the formation
of functional tissues and surrogate organs (39).

Because skin-derived keratinocytes share several simi-
larities with TECs, our data demonstrate that these cells, in
the absence of thymic cellular elements, can replace TEC
functionality in supporting the T-cell differentiation process.
We observed that in the multicellular biocomposite, CD7*
cells were de novo generated by the third week of culture.
Subsequently, at the fifth week of culture, these cells also
expressed the CD1a marker. Furthermore, CD4 immature
single-positive cells, not yet expressing CD3 and CD8 mark-
ers, were detected during the culture. These findings are in
keeping with the observation that thymic precursors, at the
sarliest stages of T-cell development, first acquire the CD7
marker (30). However, thess cells along with T cells can also
give rise ta NK and myeloid precursors (40). The transition
to the CD7*CD1a* stage is considered peculiar to a Tcell
commitment. At the next developmental stage, the pre-T cells
express CD4, but not yet CD3 and CD8, and are thought io
be CD4 immature single-positive cells. Later in the differentia-
tion process, the cells express CD4 and CDB and are referred
to double-positive celis that subssquently maturs in single-
positive CD4 or CD8 cells (41).

In this study, through the evaluation of the expression pat-
terns of genes selectively expressed in the haematopoistic
component of the multicellular biocompesite, we confirmed
that an in vifro de novo generation of cells committed toward
the T-cell lineage occurred. Of note, TALT was down-regu-
lated and Spi-B up-regulated in the cell suspension, consist-
ently with the loss of the multilineage differentiative potential.
Moreover, PTCRA and RAGZ2 expression was dstectable at
the third week, indicative of a recombination activity. These
molecular events were not observed in the control systems
and are consistent with the immunophenoctypic data, sup-
porting an ongoing T-cell differentiation process. It is known
that at early stages of this process, the cells initially express
TAL1, which sustains the lineage plasticity. These cells, there-
fore, retain the potential to become other haematopoietic
cell types (42, 43). The down-regulation of this molecule is
strongly correlated with the activation of T-cell gene expres-
sion program, whose hallmark is the expression of Spi-B and
the genes involved in the T-cell receptor re-arrangement,
such as RAG1/2 and PTCRA (33). Eventually, the cells are
committed to a T-cell fate (44).
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Fig. 5. Keratinocytes and fibroblasis seeded on the 30 scaffold support HSC survival. Representative flow cytometry data for CD34 (gated on
CD45* cells) cell staining (A) and guantification of CD34* cells cultured on PCL scaffold/keratinocytes/fibroblasts in comparison with the control
systems (B). Measurements were made at 0, 1, 2, 2 and 4 weeks of culture. Error bars represent the standard deviation of three indepandent
experiments. (C) Behaviour of CD34* HSCs and CD45- cells in the PCL scaffold/keratinocytesffibroblasts system. Measurements were made at
0,1, 2, 3. 4 and 5 weeks of culture. Error bars represent the standard deviation of three independent expeniments.

Our data, indicating that keratinocytes are able io sustain
the process, are not surprising because epithelial and stro-
mal cells of the thymus and skin-derived keratinocytes share
a remarkable number of similariies. Of note, keratinocytes
express FOXNT, a developmentally regulated transcription
factor, selectively expressed in epithelial cells of the thymus

and skin, where it plays a critical role in cell differentiation and
survival resulting in T lymphopoiesis (7, 45). FOXNT is also
expressed in all TECs during initial thymus organogenssis and
is required for the initial phase of their differentiation (46-48).
Genetic alterations of FOXNT lead to athymia (49, 50) and
result in humans in & SCID phenotype associated with skin
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Fig. 8. Keratinocytes and fibrobiasts seeded on the 3D scaffold support HSC differentiation into T-lineage committed cells. (A) Gating straiegy
for the detection of the investigated cell subsets. (B-E) Representative flow cytometry data for CD45, CD7, CD1a, €D3, CD4 and CDB staining
of cells cultured on PCL scaffold/keratinocytes/ffibroblasts in comparison with the control systems at different time points. Numbers indicate the
frequency of the cells within the gate. Measurements were made at 0, 1, 2. 3, 4 and 5 weeks of culture. Results shown are representative of at

least three independent experiments.

annexa abnormalities, referrad as the human equivalent of the
mouse nude/SCID syndrome (4, 51, 52). This athymic condition
is more severe than that observed in the other athymic condi-
tions represented by the DiGeorge syndrome, which is only
characterized by a moderate reduction of T cells, which are in
several aspects functional (53). DiGeorge patients, differently

from nude/SCID ones, have circulating naive cells, thus sug-
gesting that ectopic thymus anlage or additional structures
may contribute to lymphopoiesis. Our data lead us to argue
that skin and, in particular, keratinocytes may play such a role
thanks to the FOXN1 expression. Of note, prenatal alteration of
the FOXNT gene in humans prevenis the development of the
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T-cell compartment, in particular leading to a complete block-
age of the CD4* Tcell lineage maturation (2).

In conclusion, our results indicate that, in a multicellular bio-
composite containing skin-derived elements in the absence
of thymic stroma, H5Cs do start differentiating and that the
process is also directed toward a T-cell lineage commitment
in the presence of IL-7, IL-15 and Fit3-ligand. However, the
maturation process does not lead to the production of fully
mature singls-positive T cells. This suggests that additional
factors or molecular manipulations should be used to repro-
duce a TEC-like surrogate envircnment. The in vitro re-build

of an envirenment capable of reproducing tissue features of
primary lymphoid organs is of valuable help for future thera-
peutic strategies for patients affected with congenital haema-
tologic and immunologic disorders.
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1.5. In vitro reprogramming of human fibroblasts in medullary Thymic Epithelial
Cells (m TECs)

By taking advantage from the similarities shared between keratinocytes and TECs, we
used keratinocytes seeded with fibroblasts on a 3D poly(e-caprolactone) scaffold to
replace TECs in supporting HSCs in vitro differentiation. Although a T-cell
commitment was achieved, we couldn’t generate fully mature T cells. To reproduce a
microenvironment capable to support a full T-cell differentiation, our further approach
was to develop in vitro mTECs from human fibroblasts by nuclear reprogramming
technology.

Embryonic stem (ES) cells, derived from the inner cell mass of mammalian
blastocysts, have the ability to grow indefinitely while maintaining pluripotency. The
human ES cells, because of their combined ability to proliferate indefinitely and to
differentiate in different somatic cells, are suitable for various purposes, including
understand disease mechanisms, to screen effective and safe drugs, and to treat patients
of various diseases and injuries, such as juvenile diabetes and spinal cord injury.
However, ethical controversies does not allow the use of human embryos to derive

human ES cells. In addition, it is difficult to generate patient- or disease-specific ES

84



cells, which are required for their effective application. To circumvent these issues the
pluripotent phenotype has been induced in somatic cells by using nuclear
reprogramming (122).

Yamanaka and Takahashi demonstrated that induced pluripotent stem cells
(1IPSCs) can be generated from mouse embryonic fibroblasts (MEFs) and adult mouse
tail-tip fibroblasts by the retrovirus-mediated transfection of four transcription factors,
namely Oct3/4, Sox2, c-Myc, and KlIf4 (123). Mouse iPS cells are indistinguishable
from ES cells in morphology, ability to proliferate, gene expression, and ability to
generate teratoma. Furthermore, when transplanted into blastocysts, mouse iPSCs can
give rise to adult chimeras, which are competent for germ-line transmission. These
results demonstrated that pluripotent stem cells can be generated from somatic cells by
the combination of a small number of factors physiologically expressed in pluripotent
cells.

The reprogramming of adult cells is a striking methodology that allows to obtain
pluripotent stem cells, but this method have some limitation, including the Currently,
the delivery of factors for iPS induction can either be achieved with integrating or non-
integrating methods, which differ for safety and efficiency (Table 2). The retroviral and
lentiviral vectors show high reprogramming efficiency, but the resulting iPSCs have
randomly distributed viral transgene insertions, thus increasing tumor formation risk.
On the other hand, the transient expression methods, such as adenovirus, plasmid and
cell penetrating protein, are of low efficient but they are safe and preserve the genomic

integrity of iPS cells (124, 125).
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Method of Delivery method Percentage of publications*  Refs (disease modelling)
reprogramming

Integrating
Viral® Retrovirus 76% 37.49.50.59,62-67.
71-73.76.77.95-134
Lentivirus 20% 38.51.59.61,66-70.72.74,
99,104.131.135-138
Non-viral Tranzposon (excizable) - -
Non-integrating
Viral* Adenovirus - -
Sendai virus - -
Non-viral mRNA - -
miRNA = =
Small molecules - -
Episomal vectors 4% 124.139.140
Protein - -

*Approximate calculation was performed by Pubmed advanced searching on dizesse modelling studies thet uzed iP5 cellz over
the past § years. "National requlations surrounding the uze of retroviruses. lentiviruses and Sendai viruses vary among countries
{for example, in the USA retrovirally-derived cell lines are considered virus-fres after two passages. whereas in parts of Europe
thesa cell lines can never leave bio-safety level Il laboratories).

Table 2: Methods of factor delivery for nuclear reprogramming (125).

Human wild-type skin fibroblasts (600000 total cells) have been reprogrammed by
introducing 3 episomal vector containing cDNA of human Oct3/4, Sox2, Klf4 and L-

Mpyc (Figure 3) and by using electroporation.
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Figure 3: Maps of episomal vector containing of human Oct3/4, Sox2, Kif4 and L-Myc.

Fibroblasts trasfected have been plated on mitomycin C-treated feeder cells MEFs in a
six-well plates, with Fibroblasts Medium Culture without Gentamicin. The next day, the
medium has been replaced with new Fibroblasts Medium Culture enriched with

Gentamicin. At the 4™ day, the medium for primary hES cell culture (hESC medium),
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supplemented with FGF2 (10 ng/ml), SB431542 (2uM), PD0325901 (0.5 uM),
Valproate (500 uM), has been used. hESCs medium has been replaced every 2 days and
the molecule have been added until 14 days after trasfection. ES-like colonies first
became visible approximately on 20 days after post-transfection, with a well delimited
and tightly packed structure. The cells forming the colonies show large nuclei and scant

cytoplasm (Ratio 1/1) (Figure 4).

FP4 cl16 p5

Figura 4: iPSCs clone. A representative clone is showed in the figure. The clone shows the peculiar ES-
like clone morphology, namely well delimited and packed, round shape distinct from fibroblasts

background, and cells forming the colonies with large nuclei and scant cytoplasm.

The iPSCs clones have been picked until 20 days after trasfection, have been amplified,
on feeder layer of BJI-FGF2 fibroblasts treated with mytomic-C, and freeze by using
CryoStor MCS10 reagent, after 5 passages. It has been obtained 10 iPSCs clones.
Moreover, every 2 weeks the mycoplasma test has been performed.

The characterization of iPSC lines, using a standard series of Quality Control Assays, is
necessary to confirm the pluripotency of iPS clones obtained by reprogramming of
somatic cells. The Quality Control Assays include: morphology, alkaline phosphatase
labeling, pluripotency marker expression, in-vitro embryoid body and in-vivo teratoma

differentiation, karyotype analysis, and eventually the direct differentiation.
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Concerning the Quality Control, the iPS clones obtained exhibited the peculiar ES-like
clone morphology, as showed in the figure 4. In addition, the Alkaline Phosphatase
staining have been performed on iPSCs clones to proof pluripotent properties of these
cells, since Alkaline Phosphatase activity is a qualitative marker of pluripotent cells.
The color purple indicate a positive staining for Alkaline Phosphatase, suggesting the

presence of pluripotent cells in culture (Figure 5).

Figure 5: Alkaline Phosphatase staining of iPSCs after passaging. Purple staining identify
iPSCs, since high Alkaline Phosphatase can be detected in pluripotent stem cells.

However, additional Quality Control Assays have to be performed to provide
conclusive evidence of iPSC lines pluripotency.

The future approach will be to differentiate iPSCs into mTECs though the
addition of a culture medium enriched with key factors for the differentiation, produced
under physiological circumstances during thymic organogenesis in humans. This in

vitro model of mTECs will help further clarify the central role of the FOXNI
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transcription factor in the Nude/SCID syndrome (the prototype of athymic syndrome
and T-cell defect) pathogenesis and explore the possibility to replace TECs with

FOXN1-expressing keratinocytes.

1.6. Conclusive remarks
The thymus is the primary lymphoid organ with the unique function to produce and to
maintain the pool of mature and functional T cells, through the functions specialized of
thymic stromal cells (TSCs) and peculiar 3D architecture, which allows a proper
intercellular cross talk. The discovery of disease models associated to mutations of
genes implicated in T-cell development, thymus specification and TECs differentiation,
provided new and conclusive insights regarding the pathways, the genes, and the
molecular mechanism governing these processes and stromal functionality. The studies
on both murine and human Nude/SCID phenotype greatly contributed to unravel
important issues of the T-cell ontogeny and in particular of the role of FOXNI in this
process. In spite of the well documented knowledge on the role of the thymus to drive
T-cell development, some still unsolved issues in human athymic conditions indicate
that an in-depth information of the overall process is still to be achieved and, in
particular, the involvement of different tissues in T-cell ontogeny must be definitively
clarified.

The development in vitro of cellular models of TEC lineage differentiation, by
using the technology of nuclear reprogramming, will be certainly useful to better
characterize the discrete stages of the TECs differentiation and the molecular

mechanism involved in the process. Eventually, the in vitro re-build of a thymic
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environment capable to reproduce tissue features of primary lymphoid organs (77)
could be a promising and valuable tool for the treatment of congenital athymia,
including FOXN1 deficiency, along with the thymus transplantation, which is emerged

as a potential treatment for these disorders.

91



CHAPTERII

“X-linked Severe Combined Immunodeficiency due to mutations of yc”

X-SCID is the most common form of SCID, accounting for approximately half of all
cases and it is the main form of TB'NK’, in which T cells and NK cells are absent or
profoundly diminished in number, whereas B-cell number is normal. X-SCID is
generally fatal unless any treatment aimed to immune system reconstitution. Nowadays,
the only treatment for X-SCID is bone marrow transplantation (BMT) from an HLA-
matched related donor, which confers to children affected by SCID at least a 70%
chance of cure. Moreover, the use of a not fully HLA-matched donor increases the
immunologic complication such as graft-versus-host disease (GVHD) associated with a
potential long-term decline in immune cell function. X-SCID has recently been
successfully treated by gene transfer therapy to hematopoietic stem cells, but serious
adverse events have also occurred. In two different gene transfer clinical trials for X-
SCID, immunological reconstitution has been observed, thus implying the clinical
feasibility of introducing a therapeutic gene into hematopoietic stem cells (126).
Unfortunately, leukemia occurred in five patients enrolled in the trials, suggesting that
insertional mutagenesis and occurrence of the oncogenesis are adverse effect of gamma-
retroviral gene transfer treatment. The discovery of the X-SCID disease gene has led to
increased appreciation of the immunologic characteristics of this form of SCID and

elucidation of molecular responses of lymphocytes to cytokines.
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2.1. The yc-signaling and spontaneous or induced cell proliferation

The cytokine receptors are classified into five families on the bases of extra- and intra-
cellular domains structure affinity: the cytokine receptor superfamily, interferon
receptor family, tumor necrosis factor (TNF) receptor family, tumor growth factor
(TGF), B receptor family and IL-8 receptor family (127). The cytokine receptor
superfamily is the largest family, including the receptors for IL-6, IL-11, Oncostatin-M
(OSM), Ciliary Neurotrophic Factor (CNTF) and Leukemia Inhibitory Factor (LIF)
containing the common gpl130 (128), the receptors for IL-3, IL-5 and granulocyte,
macrophage colony, stimulating factor (GM-CSF) sharing the common [ subunit, and
eventually the receptors for IL-2, IL-4, IL-7, IL-9, IL-15, IL-21 and Growth Hormone
Receptor (GH-R) sharing the common yc element (127). The IL2RG, localized to
chromosome X(ql3, encodes a yc transmembrane protein, the transducing component
shared by the cytokine receptor superfamily (129). The yc is expressed in lymphocytes
and also in other cell types. It is clear that yc cytokines regulate several aspects of
immune activation. These molecule plays an important role in supporting survival,
proliferation and effector functions of activated immune cells. Of note, regulation of cell
survival and cell apoptosis is a delicate teamwork and a balanced act of all yc-dependent

cytokines is of crucial importance (Figure 6) (130).
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Cytokine produced by:
I-2: T cells IL-4: T cells, IL-7: stromal cells, IL-9: T cells IL-15: monocytes, IL-21: CD4* Tcells  TSLP: stromal cells,
and DCs NKT cells, epithelial cells DCs and epithelial and NKT cells epithelial cells,
easinophils and fibroblasts cells fibroblasts, mast
and mast cells cells and basephils
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Receptor expressed by:
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Figure 6: The yc-dependent cytokines and their receptors (131).

The biological effects of cytokines are mediated through interaction with specific
receptors, that leads to phosphorylation of intracellular proteins. Members of the
cytokine receptor superfamily do not have intrinsic kinase activity, but the interaction
with the specific ligands induces the recruitment of intracellular protein kinases. The
tyrosine kinases that couple extracellular cytokine binding to intracellular
phosphorylation of protein substrates, and eventually to cell growth and differentiation,
are members of the Janus-associated kinase (JAK) family. Thus far, four distinct
members of the JAK family are known in humans: JAK1, JAK2, JAK3 and Tyk2.
Members of the /L2RG superfamily physically are associated with JAK1 and JAK3
(132).

Several signaling pathways are elicited by JAK1/JAK3 activation in members of the
cytokine receptor superfamily. First, the phosphorylated cytokine receptor may
associate with the adaptor SHC, which is itself phosphorylated and binds to Grb2. Grb2
may thus anchor to Sos, the Ras guanine nucleotide exchanging factor. Membrane
translocation of the Grb2/Sos complex catalyzes the conversion of inactive GDP-bound

Ras to the active GTP-bound state, leading the activation of Raf-1 mitogen-activated
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protein kinase (MAPK) and eventually in the induction of immediate-early genes (c-fos,
c-jun) (133). Subsequently, the JAK activation by yc-dependent cytokines leads to the
binding and phosphorylation of insulin receptor substrates (IRSs) (134). The activation
of IRS induces the binding of its SH2 domain to the p85 subunit of
phosphatidylinositol-3-kinase (PI3K) and the catalytic activity of the pl110 subunit of
PI3K. In addition, to promote PI3K activation, IRS recruits Grb2 to allow an increased
Ras/raf-1 signaling pathway. Following, to elicit a proper JAK signaling transduction,
the phosphorylation of the class of transcription factors known as signal transducers and
activators of transcription (STATSs) is required. The STATs family comprises a group of
cytoplasmic proteins, involved in several functions, including the regulation of the gene
expression, cell differentiation, survival and apoptosis. Seven mammalian STATSs
(STAT1, STAT2, STAT3, STAT4, STATS5a, STATSb and STAT6) have been
characterized, so far (135). The STAT proteins, containing SH2 and SH3 domains, may
undergo JAK-mediated phosphorylation in a tyrosine residue. Following cytokine
interaction with receptor and triggering of the JAK-mediated signaling pathway, STATs
may interact with the cytokine-receptor complex by binding via their SH2 domain to the
phosphotyrosine of the cytokine receptor chain. In addition, following STATS
phosphorylation, homo- or hetero-dimerization occurs, by binding of the SH2 domain of
one STAT molecule to the phosphotyrosine of the second STAT. The specificity of the
response to cytokines is largely dependent on the particular combination of STATSs
recruited by the different signal-transducing chains of the cytokine receptor. The
differences in the STATs binding residues of the various cytokine receptors result in

recruitment of specific STATs. The dimerization of STATSs induces translocation of the
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proteins into the nucleus, where they bind to consensus sequences in the enhancer
elements of the promoter regions of target genes, leading to gene transcription.

A potential role of yc in GH-R signaling has been proposed on the basis of the
impairment of various GH-induced events in yc deficient conditions. First, the signal
transduction properties of GH-R in B-cell lines from X-SCID patients, following GH
stimulation, is abnormal, in that GH stimulation fails to induce phosphorylation on
tyrosine residues of several proteins, including STATS molecule (136). Previously, it
has been reported on a patient affected with X-SCID, short stature and peripheral GH
hypo-responsiveness, an abnormal protein phosphorylation that normally occurs
following GH-R stimulation. Of note, in this patient the immunological reconstitution
through bone marrow transplantation paralleled the restoring of GH-R functionality,
which resulted in a normal production of Insuline Growth Factor-I (IGF-I). GH is an
important regulator of somatic growth, cellular metabolism, fertility and immune
function. GH-R consists of a transmembrane protein that contains two motifs and an
extracellular domain (137). It remains to be further elucidated whether the yc
involvement is required for the expression of the biologic effects of GH and its
intermediate molecules on cell growth in either physiological or pathogenic conditions.

The ability of yc to regulate cell cycle progression has been long debated. The
gene therapy trials have been proved as an efficace alternative approach to cure X-SCID
patients carrying mutations of yc, but the lymphoproliferation documented in 5 out of 20
patients enrolled into the two different trials (138), suggested that retroviral insertional
mutagenesis could occur and play a role in oncogenetic transformation. In 2 cases it was

associated with an insertional mutagenesis in LMO2 oncogene (139). Of note,
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lymphoproliferation event has not been observed in gene therapy trials for SCID due to
ADA deficiency (140), raising the possibility that yc could be oncogenic per se.
In keeping with this hypothesis, overexpression of yc transduced through a lentiviral
vector into stem cells in murine model of X-SCID led to T-cell lymphomas and thymic
hyperplasia in a third of the cases. Intriguingly, no common integration site was found
between the mice, which developed T-cell lymphomas. In these mice, differently from
humans treated with gene therapy for X-SCID, the expression levels of the protein was
elevated, thus implying that the amount of the protein may be crucial for the yc control
of cell cycle. These results suggest that insertional mutagenesis may not be the only
cause of leukemogenesis and that the expression levels of yc could influence the cell
cycle progression directly or its effect being mediated by cytokines signaling pathway.
On the light of the previous observations, to define an intrinsic mitogenic
property of yc dependent on the amount of the protein, we used in vitro cellular models
containing different amounts of yc. In particular, EBV-transformed B-cells (BCLs) from
normal subjects, cells transduced with lipid vector containing non-targeting short
interfering RNA (siRNA), BCLs transduced with siRNA to knockdown yc expression
and BCLs from X-SCID patients were used. Our results indicate that silencing of yc
induces a substantial decrease of protein amount in BCLs, demonstrating a direct
involvement of yc in self-sufficient growth of BCLs in a concentration dependent
manner. We, also, found that the amount of constitutively activated JAK3 parallels the
extent of yc expression. This finding is intriguing, in that constitutively active or
hyperactive JAK proteins have crucial roles in hematopoietic malignancies, by
promoting oncogenic transformation (141). In particular, JAK overexpression can be

considered as one of the main biologic events leading to the constitutive activation of
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the JAK/STAT pathway that contributes to oncogenesis. In lymphoid cells, the
involvement of the JAK/STAT pathway in several cellular processes, such as
proliferation and protection from apoptosis, has also been well documented (142). We
found that yc silencing also inhibits GH-induced cell proliferation. In this context, it is
known that the activation of JAKs and STATSs represents a prominent biochemical event
during GH-dependent proliferation of lymphoid cell lines and STATS is considered a
transforming agent in lymphoma and other cell types (143), therefore we found that the
reduction of yc amount also inhibits STATS activation and its subsequent nuclear
translocation, which follows GH-R perturbation. Of note, it should be mentioned that
experimental studies document a role for GH in the initiation and/or promotion of
tumorigenesis, raising the possibility that patients treated with GH might be at increased
risk of cancer (144). Moreover, a putative role of GH as a cofactor in tumor growth is
plausible, since several carcinomas express GH-R (145). In animal models, GH increase
the incidence of leukemia and solid tumors, and in humans, at supraphysiological doses,
it can promote lymphoproliferative events (146). In conclusion, these data demonstrate
a direct relationship between the amount of yc expression and its role in cell cycle
progression. These data add new evidence for a possible intrinsic mitogenic role of yc
related to its cellular amount. This biologic effect could be direct, thus related to the
molecule per se, or indirect and mediated by the participation to cytokine-receptors

signaling.
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2.2. The yc promotes cell cycle progression and survival in human continuous
malignant cell lines
Tumor cells exhibit the aberrant ability to proliferative without control due to mutations
affecting genes involved in cell cycle progression, a tightly regulated process (147).
Moreover, the impairment of apoptosis is a critical step in cancer development (148,
149), and BCL-2 family proteins play a pivotal role in promoting tumor cell survival
(150, 151). Cytokines that signal through receptors sharing the yc lead to transition into
the cell cycle and thus proliferation (131). The entry of cells into the cell cycle is
controlled by an ordered expression/activation of cyclins (152). In addition IL-2R,
through vyc, appears to activate a variety of downstream signaling pathways that
converge on the regulation of Bcl-2, including PI3K and MAPK activation and
transcription of the c-myc gene (153). In turn, c-myc cooperates with STATS to induce
the expression of cyclin D-type and to promote proliferation (154, 155, 156).
In the light of these observations, we studied the involvement of yc in these important
biological process crucial for tumor progression and growth, to verify its direct role in
tumorigenesis.

To determine whether yc deficiency had an effect on cell survival we examined
BCLs from healthy donors and X-SCID patients. The percentage of live cells was
determined using trypan blue staining in the absence or presence of anti-Fas to trigger
programmed cell death. In unstimulated X-SCID BCLs there was an increase in the
percentage of cell death. Following stimulation with anti-Fas, control and X-SCID
BCLs showed a higher and comparable degree of cell death. Programmed cell death is
mainly mediated by activation of several caspases (157). These molecules exist as pro-

forms that are activated by cleavage by the upstream caspase in the cascade (157). In
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unstimulated X-SCID BCLs the low viability was not a caspase-dependent process,
since the presence of the cleaved protein was observed only following anti-Fas
stimulation. Caspase-independent cell death has been attributed to mitochondrial
damage (158), which can be regulated by Bcl-2 family members (159, 160). Bcl-2 and
Bcl-XL operate as critical components in a complex network to integrate information
and make ultimate life/death decisions. Since the yc-dependent cytokines promote cell
survival by up-regulating the antiapoptotic factor Bcl-2 (161) and Bcel-XL (162), the
expression of Bcl-2 and Bcl-XL in control and X-SCID BCLs was evaluated. In yc-
deficient cells, the expression of Bcl-2 and Bel-XL was greatly decreased as compared
with the control. These findings indicate that yc is required for cell survival and is
dispensable for Fas induced cell death. Moreover, the evaluation of molecular
expression of BCL-XL in unstimulated cells through quantitative real-time PCR,
revealed that in the X-SCID cells, BCL-XL mRNA was 35% of the control. However,
evidence exists that autophagy can plays an active role in cell death, by contributing to
cell death in unfavorable settings such as nutrient or growth factors deprivation (163). In
keeping with this, probably yc could have a role in the autophagy process.

Subsequently, to define whether the effect of yc on cell cycle progression is a
peculiarity of lymphoblastoid cells or a more general phenomenon involved in cell
growth of malignancies of hematopoietic cell lineages, we evaluated whether yc
expression could interfere in cell cycle progression in neoplastic cells. We first
examined the expression of the molecule in cell lines obtained from hematopoietic
tumors, such as Molt-4, Raji, Rj225 and K-562. The protein was expressed
predominantly in the K-562 and to a lesser extent in the Molt-4, Raji and Rj225 in a

decreasing order. In X-SCID BCLs, yc expression was completely undetectable. The
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expression of yc was also evaluated in primary leukemic samples from patients with
ALL, by quantitative real-time PCR. /L-2Ry mRNA levels was greatly increased in
leukemic cells as compared with the control. Moreover, to determine whether the
expression levels of yc correlated with the self-sufficient growth in malignant cell lines,
we examined the proliferation activity of cells under serum-deficient conditions. This
was first evaluated by comparing the CFSE dilution profile, upon trypan blue exclusion
assay, of several malignant cells. After 5 hours of serum-free culture, some variations in
the rate of proliferation among the lines were already evident. K-562 had a high
proliferation rate, compared with the other cell lines, while no proliferation was
observed in X-SCID BCLs. Moreover, the proliferation of these cell lines was also
assessed by 3H-thymidine incorporation assay. The data were in keeping with the
results of CFSE experiments and a statistically significant relationship between yc
expression and spontaneous cell growth was documented in the examined cell lines (R =
0.98, p <0.05).

In the light of these findings, we hypothesized that the inhibition of yc
expression in hematopoietic malignant cell lines might have a direct effect on
proliferation of these cells. Short interfering RNA (siRNA) was used to knockdown the
molecule in these cell lines. Efficiency and specificity of targeted siRNA sequences
were confirmed by Western Blot analysis on total lysates and quantitative real-time
PCR on mRNA. The results of western blot assay revealed that at 96 hours following
the transfection, cells transduced with siRNA had less yc protein than the correspondent
cells transduced with the control negative siRNA. In addition, a decrease of the /L-2Ry
mRNA was observed in all cell lines, revealing a knockdown efficiency of

approximately 85%. In X-SCID cells, /IL-2Ry mRNA was undetectable. Moreover, yc
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knockdown led to a significant decrease of proliferation. In particular, yc-silencing
reduced cell proliferation of Rj225, K-562, Molt-4 and Raji, as compared with control
siRNA cells. Taken together, these data confirm that yc plays a key role in the
proliferation of these malignant cell lines.

Alterations in cell cycle machinery, mainly in the regulation of G1/S phase, are known
to be associated with the development of solid tumors as well as hematological
malignant diseases (164). To examine the mechanisms by which yc regulates cell cycle
progression, we examined whether different amounts of the molecule were able to
influence the transcription of genes selectively involved in cell cycle. Of note, cyclins
are the key regulators of cell cycle progression (152). In particular, during the GO to G1
phase transition, cyclins D1, D2 and D3 are the first molecules to be induced. Cyclin A2
gets activated during the transition from G1 to S phase and B type cyclins are detected
during G2 exit and mitosis phase (165). Namely, cyclins A2 and B1 have been
implicated in the pathogenesis of cancer and are overexpressed in several tumors (166,
167). Evidence indicates that these cyclins are key components of the cell-cycle
machinery (168) and, in particular, cyclin A is expressed at high levels in hematopoietic
stem cells and is essential for their proliferation (169). In our study, we observed that
the expression of A2 and BI1 cyclins strongly paralleled the proliferative capability of
malignant cell lines. Interestingly, a positive correlation between the amount of yc and
the expression of cyclins A2 and B1 was also found. Taken together these data indicate
that the higher is the rate proliferation of a certain cell line the higher is the expression
of both yc and cyclins A2 and B1, thus confirming their involvement in the process in a
concentration dependent fashion. We also found an increased expression of all D-type

cyclins in those cell lines that proliferated mostly, K-562 and Molt-4, whereas they were
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not expressed in the other cell lines, but D1 found in Rj225. D-type cyclins are strongly
expressed in many malignancies. Overexpression of cyclin D1 protein was documented
in many forms of cancer, including breast cancer (170), while overexpression of cyclin
D2 was noted in a wide range of B cell malignancies, such as B cell chronic
lymphocytic leukemia (171). Like the other D cyclins, cyclin D3 is rearranged and the
protein is overexpressed in several human lymphoid malignancies. It was documented
that knockdown of cyclin D3 inhibits the proliferation of acute lymphoblastic leukemia
cells (172). However, while A and B type cyclins seem to be vital and necessary
components of cell cycle progression (169), D-type cyclins may be dispensable for
proliferation under certain circumstances, in that different cell types are sensitive to
cyclin D knockdown at a different extent (173). This would suggest that they regulate
cell cycle in a cell-type specific manner and that there are alternative mechanisms
allowing cell cycle progression in a cyclin D-independent fashion (173). Anyway, a
critical role for oncogenic transformation of D-type cyclins is a well established feature.
In conclusion, these data indicate that yc is strongly implicated in cell cycle progression
of hematopoietic malignancies in a similar fashion to the role played in control
lymphoblastoid cells, as previously described. This biologic effect is strictly dependent
on the expression level of the molecule and can be abolished by gene knockdown. Of
note, a direct correlation between the amount of yc expression and the proliferative
capability of the malignant cell lines and the regulatory elements of cell cycle
progression, A and B cyclins, was found, implying the direct involvement of the
molecule in this biological process.

These data have been published as Article on International Immunology, for the

manuscript see below.
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Abstract

The y-chain (yc) is a transducing element shared between several cytokine receptors whose alteration
causes X-linked severe combined immunodeficiency. Recently, a direct involvement of yc in self-
sufficient growth in a concentration-dependent manner was described, implying a direct relationship
between the amount of the molecule and its role in cell cycle progression. In this study, we evaluate
whether yc expression could interfere in cell cycle progression also in malignant hematopoietic cells.
Here, we first report that in the absence of yc expression, lymphoblastoid B-cell lines (BCLs) die at
a higher extent than control cells. This phenomenon is caspase-3 independent and is associated to
a decreased expression of the antiapoptotic Bcl-2 family members. By contrast, increased expression
of yc protein directly correlates with spontaneous cell growth in several malignant hematopoietic cell
lines. We, also, find that the knockdown of yc protein through short interfering RNA is able to
decrease the cell proliferation rate in these malignancies. Furthermore, an increased expression of all
D-type cyclins is found in proliferating neoplastic cells. In addition, a direct correlation between the
amount of yc and cyclins A2 and B1 expression is found. Hence, our data demonstrate that the amount
of the yc is able to influence the transcription of genes involved in cell cycle progression, thus being

directly involved in the regulatory control of cell proliferation of malignant hematopoietic cells.

Keywords: cell proliferation, cytokines, gamma chain, SCID

Introduction

The common y-chain (yc) gene localized to chromosome
Xg13 encodes a transmembrane protein which is a transduc-
ing element shared by the receptors for IL-2, IL-4, IL-7, IL-9,
IL-15 and IL-21 (1). Deficiency in the expression or function
of the yc causes the X-linked severe combined immunodefi-
ciency (X-SCID), characterized by the complete absence of
both T and NK lymphocytes and normal B-cell number (2). It
is known that the cytokines that act through the yc are gener-
ally growth factors (3). Upon cytokine interaction, IL-2R acti-
vates numerous downstream signaling molecules, including
Janus kinases (JAK) and signal transducers and activators of
transcription (STAT). In particular, STAT5, which is directly
phosphorylated and activated by JAK3 (4), seems to play
a major role in cell proliferation (5-7). yc signaling cytokines
promote proliferation in T-cell acute lymphoblastic leukemia
(ALL), thus implying a synergistic effect of these cytokines on
tumor growth (8). It was also reported that IL2AG cooperates
with LMOZ2 in inducing hematopoietic tumors in X-SCID
patients enrolled in gene therapy trials (9, 10).

Recently, we documented a direct relationship between the
amount of yc expression and its role in cell cycle progression.
In particular, using lymphoblastoid B-cell lines (BCLs), we de-
scribed a direct involvement of yc in self-sufficient growth in a
concentration-dependent manner. Furthermore, the yc amount
correlated with the amount of constitutively activated JAK3,
while a reduction of yc protein expression resulted in reduced
STATS nuclear translocation in BCLs (11). This finding led to
hypothesize that yc, through the modulation of genes related
to growth signaling and cell cycle control, under certain cir-
cumstances plays a role as potential oncogene in tumor
growth. However, whether yc is implicated in anti-apoptotic
mechanism or directly involved in promoting cell signaling of
cell cycle progression is not clear.

Cell cycle progression is a highly organized and regulated
process that controls cell proliferation (12). Cytokines that sig-
nal through receptors sharing the yc lead to transition into the
cell cycle and thus proliferation (3). The entry of cells into the
cell cycle is controlled by an ordered expression/activation of
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cyclins (13). IL-2R through yc appears to activate a variety of
downstream signaling pathways that converge on the regula-
tion of Bcl-2 (6), including PI3K and MAPK activation (14)
and transcription of the c-myc gene (6). In turn, c-myc coop-
erates with STATS to induce the expression of cyclin D and to
promote proliferation (15-17). It is clear that alterations in
Bel-2 levels exert potent effects on cellular survival and,
namely. Bcl-2 overexpression can be tumorigenic (18). More-
over, yc is required for a wide range of signaling inputs that
induce cell proliferation through cyclin D3 expression (19).

To define whether the effect of yc on cell cycle progression
is a peculiarity of lymphoblastoid cells or a more general phe-
nomenon involved in cell growth of malignancies of hemato-
poietic cell lineages, in this study, we evaluated whether yc
expression could interfere in cell cycle progression in neoplas-
tic cells. We also investigated whether the effect of yc is medi-
ated by A2, B1, D1, D2 and D3 cyclins and is required for
a proper activation of these cyclins in cell cycle progression.

Methods

Cell cultures

PBMCs were obtained from X-SCID patients and healthy
donors by Ficoll-Hypague (Biochrom, Berlin, Germany) den-
sity gradient centrifugation (20). Lymphoblastoid B-cell lines
(BCLs) were generated by EBY immortalization of patients
and healthy donors PBMC using standard procedures. The
human T-ALL cell line (Molt-4), the chronic myelogenous leu-
kemia cell line (K-562), Burkitt lymphoma cell line and its iso-
genic derivatives (Raji and Rj225) were grown in RPMI-1640
(Lonza, Verviers, Belgium) supplemented with 10% fetal bo-
vine serum (FBS; Gibco, Carlsbad, California), 2 mmol L~
L-glutamine (Gibco), and 50 pg mi~' gentamycine (Gibco)
and cultured at 37°C, 5% CO2. Serum starvation was used
to synchronize tumor cells in the GO/G1-phase of the cell
cycle. The cells were incubated in medium without FBS for
24 h. In self-sufficient growth experiments, cells were cul-
tured in DMEM/F12 (Lonza) without FBS and supplemented
with 2 mmol L™ L-glutamine,

Primary leukemic cell lines, consisting of ALL cells, were
obtained from aspirated bone marrow of three patients. Nor-
mal bone marrow cells were obtained from healthy donors
and used as control cells.

Cell proliferation assays and cell survival
Cells were plated in triplicate at 1 x 10° viable cells/well
in 96-well plates (BD Biosciences, San Jose, CA), in 200 pl
of complete medium for 4 days. Culiures were pulsed with
0.5 pCi *H-thymidine for 8 h before harvesting and the incor-
porated radiocactivity measured by scintillation counting. Cell
proliferation was also analyzed by the CFSE dilution assay.
Cells (1 x 10°%) were resuspended in 1 ml PBS-10% FBS
and labeled with 1.7 pM CFSE (Molecular Probes, Leiden,
Netherlands). After 2 min in the dark at room temperature,
cells were washed in FBS and PBS. After 6 h, cells were an-
alyzed on a FACSCalibur flow cytometer using CellQuest
software (BD Biosciences).

Cell viability was determined using trypan blue staining.
Cell survival was evaluated following stimulation with anti-
Fas mAb (400 ng ml~'; Upstate, Lake Plasid, NY) for 6 h,

Western blot analysis

Stimulated or unstimulated cells were washed with ice-cold
PBS (Cambrex, Charles City, 1A) and lysed in 100 pl of lysis
solution containing 20 mM Tris (pH 8), 137 mM NaCl, 1%
Nonidet P-40, 10 mM EDTA, 1 mM phenylmethylsulfonylfluor-
ide, 1 mM sodium orthovanadatum (Na3vO4), 5 ug ml~' leu-
peptin and 5 ug ml~" aprotinin on ice for 45 min. The cell
lysates were stored at —80°C until processing. Proteins were
separated on 12% SDS-PAGE. The membranes were then
washed three times in wash buffer and incubated overnight
at 4°C with the specific primary Abs for IL-2Ry (Santa Cruz,
Santa Cruz, CA), caspase-3 (Cell Signaling, Danvers, MA),
Bcl-2, Bel-XL and beta-actin (Santa Cruz). Immune com-
plexes were detected using the appropriate anti-rabbit or
anti-mouse peroxidase-linked Abs. ECL kit (Amersham Bio-
sciences, Brussels, Belgium) was used for visualization.

Densitometric analysis was performed after background
egualization through the ImageJ software.

SiRNAs and transfection

The validated chemically modified oligonucleotides used as
short interfering RNA (siBRNA) for IL2RG or random non-
silencing nuclectides with no known specificity siRNA, used
as negative control, were obtained from Invitrogen (Paisley,
UK). These siBRNAs were transfected at a concentration of
200 pmol/1 % 10° cells in a six well plate for 96 h. The trans-
fection was performed by the lipid vector Lipofectamine 2000
kit (Invitrogen), according to the manufacturer's instructions.
Preliminary experiments were performed to establish the si-
lencing efficiency by testing two different oligonucleotides
obtained from Invitrogen. The amount of protein expression
reduction was calculated as follows: 1 — (OD.gna X 100/
ODmmm\ S\HNA)-

Real-time quantitative reverse transcriptase PCR analysis

Total RNAs were extracted using TRIzol reagent (Invitrogen) in
accordance with the manufacturer’s instructions. RNA was re-
verse transcribed in the presence of SuperScript 11 RT (Invitro-
gen) and oligo(dT) primers (Invitrogen) at 50°C for 50 min and
then at 85°C for 5 min to inactivate the enzymes. Amplification
of the cDNAs was performed using the SYBR Green and ana-
lyzed with the Light Cycler480 (Roche, Branchburg, NY). Pri-
mers are listed in Table 1. The PCR conditions comprised an
initial denaturation at 94°C for 5 min, followed by 35 cycles at
62°C for 20 s and 72°C for 5 min. A dissociation procedure
was performed to generate a melting curve for confirmation
of amplification specificity. The results were normalized to
beta-actin. The relative levels of gene expression are repre-
sented as —ACt = (Ctgene — Cligterence) @nd the fold change
in gene expression was calculated by the 2 44" method
(where Ct is cycle threshold), as previously described (21).

Statistical analysis

MedCalc for Windows was used to analyze the data. The
correlations between thymidine incorporation and yc expres-
sion and between cyclins and yc expression were obtained
using the Pearson’s correlation. P < 0.05 values were con-
sidered statistically significant.

105



Table 1. Primers used for real-time qRT-PCR

Gene Primers sequence 5'-3’
BekXL 5 -GTAAACTGGGGTCGCATTGT-3
5'-TGCTGCATTGTTCCCATAGA-3’
Cyclin D1 5 -AGGTCTGCGAGGAACAGAAGTG-3'
5'-TGCAGGCGGCTCTTTTIC-3'
Cyclin D2 5 -CTGTGTGCCACCGACTTTAAGTT-3'
5 -GATGGCTGCTCCCACACTTC-3
Cyclin D3 5'-GCAGCGCCTTTCCCAACT-3"
5 -TCAAAAGGAATGCTGGTGTATGTATC-3
Cyclin A2 5'-CTGCTGCTATGCTGTTAGCC-3'
5 -TGTTGGAGCAGCTAAGTCAAAA-3'
Cyclin B1 5 -CGGGAAGTCACTGGAAACAT-3'
5-AAACATGGCAGTGACACCAA-3
IL-2Ry 5 -TGCTAAAACTGCAGAATCTGGT-3'
5'-AGCTGGGATTCACTCAGGTTTG-3'
Beta-actin 5'-GACAGGATGCAGAAGGAGAT-3'
5 -GACAGGATGCAGAAGGAGAT-3'
Results

Deficiency in the expression of yc impairs cell survival

yc-dependent cytokines have important functions related to
cellular survival (3). To determine whether yc deficiency had
an effect on cell survival, we examined BCLs from healthy
donors and X-SCID patients. The percentage of live cells
was determined using trypan blue staining in the absence or
presence of anti-Fas to trigger programmed cell death (22).
In unstimulated X-SCID BCLs, there was an increase in the
percentage of cell death, accounting for 25% as compared
with 7% of control BCLs. Following 6 h of stimulation with
anti-Fas, control and X-SCID BCLs showed a higher and
comparable degree of cell death (32 and 36%) (Fig. 1A).
Data on BCLs viability was confirmed by Pl staining (data not
shown). The increase of cell death observed is directly re-
lated to the lack of yc expression, since the neutralization of
vc-dependent cytokines, as IL-2 or IL-4, did not modify the ef-
fect of yc on cell viability of normal cells (data not shown).
Programmed cell death is mainly mediated by activation
of several caspases (23). These molecules exist as pro-
forms that are activated by cleavage by the upstream
caspase in the cascade (23). Western blot analysis with anti-
bodies to the cleaved/activated form of caspase-3 revealed
the presence of the cleaved protein only following anti-Fas
stimulation (Fig. 1B), thus indicating that in unstimulated
X-SCID BCLs the low viability was not a caspase-dependent
process. Caspase-independent cell death has been attrib-
uted to mitochondrial damage (24), which can be regulated
by Bel-2 family members (25, 26). Bcl-2 and Bel-XL operate
as critical components in a complex network to integrate in-
formation and make ultimate life/death decisions (27). Since
the yc-dependent cytokines promote cell survival by up-
regulating the antiapoptotic factor Bel-2 (28) and Bel-XL (29),
the expression of Bcl-2 and Bcl-XL in control and X-SCID
BCLs was evaluated. In yc-deficient cells, the expression of
Bcl-2 and Bel-XL was greatly decreased as compared with
the control (Fig. 1B). These findings indicate that yc is re-
quired for cell survival and is dispensable for Fas-induced
cell death. Moreover, the evaluation of molecular expression
of Bel-XL in unstimulated cells, through quantitative real-time
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Fig. 1. Deficiency in the expression of yc has effect on cell survival.
(A) BCLs were cultured in the absence or presence of 400 ng ml™
anti-Fas for 6 h. The percentage of cell death was evaluated through
trypan blue staining. Filled bars indicate BCLs from X-SCID patients;
open bars BCLs from healthy donors (CTR). Data are expressed as
mean (+SD) of six experiments. (B) BCLs were either cultured in
medium alone or stimulated with anti-Fas. After 6 h, whole cell
extracts were prepared, caspase-3, Bcl-2 and Bel-XL expression was
determined by westem blotting. (C) mRNAs extracted from unstimu-
lated cells were reverse transcribed and analyzed for the expression
of BekXL by gRT-PCR. Data were normalized to beta-actin.

PCR, revealed that in the X-SCID cells Bcl-XL mRBNA was
35% of the control (Fig. 1C).

Correlation between yc expression and cell proliferation in
malignant hematopoietic cell lines

Our previous studies demonstrated that yc exerts a role in
cell cycle progression on BCLs in a concentration-dependent
manner (11). Ta explore the potential oncogenic role of yc,
we first examined the expression of the molecule in cell lines
obtained from hematopoietic tumors, such as Molt-4, Raji,
Rj225 and K-562. Synchronization of tumor cells in the GO/
G1-phase of the cell cycle was accomplished by 12 h serum
starvation. Western blot analysis revealed different yc expres-
sion levels among these cell lines. The protein was expressed
predominantly in the K-562 and to a lesser extent in the Molt-
4, Raji and Rj225 in a decreasing order. In X-SCID BCLs, vc
expression was completely undetectable (Fig. 2A). Densito-
metric analysis is shown in the histogram in Fig. 2(B). The ex-
pression of yc was also evaluated in primary leukemic cell
lines from three patients with ALL through quantitative real-
time PCR. IL-2Ry mRNA levels were increased in leukemic
cells as compared with the control (Fig. 2C).

Moreover, to determine whether the expression levels of
yc correlated with the self-sufficient growth in malignant cell
lines, we examined the proliferation activity of cells under se-
rum-deficient conditions. This was first evaluated by com-
paring the CFSE dilution profile, upon trypan blue exclusion

106



162 Common y chain in cell cycle progression

" X-8CID  Rj225 K562 Molt4 Raji

oy e D R S e

(42 kDa)

B
6
2 5
it
-]
3
28
Eg 2
E 1
0
X-8CID Rj225 K-562 Molt-4 Raji
C e
i
£ 4
F
=4 4
% 3
2
g
04
CTR ALL-1 ALL-2 ALL-3

Fig. 2. Difterent yc expression levels in malignant cell lines. (A) X-SCID
BCLs, Burkitt lymphoma cell line (Raji), the chronic myelogenous
leukemia cell line (K-562), the human T-ALL cell line (Malt-4) and
Raji isogenic derivative (Rj225) were lysed and immunoblotted for yc
and beta-actin, as a loading control. (B) Densitometric analysis of the
above western blot. ImageJ program was used fo generate the data.
Data are representative of six distinct expenments. (C) Primary
leukemic cell lines, consisting of ALL cells, and control cells were
analyzed for the yc expression by gRT-PCR. Histogram shows the
relative gene expression as IL-2Ry/actin fold increase.

assay, of malignant cells. After 5 h of serum-free culture,
some variations in the rate of proliferation among the lines
were already evident. As shown in Fig. 3(A and B), 20.19%
of K-562 retained the dye, indicating a high proliferation rate,
compared with 40.65% of Molt-4, 45.2% of Raji and 58.64%
of Rj225. No proliferation was abserved in X-SCID BCLs
(Fig. 3A and B). CFSE experiments, at longer time paints,
were also performed in order to exclude a delayed entry into
the cell cycle in the absence of yc. We found that longer
time points were not discriminative as well, since neoplastic
cells reach a plateau at 24-72 h of culture (data not shown).
Moreover, the proliferation of these cell lines was also
assessed by *H-thymidine incorporation assay after 4 days
of culture, K-562 exhibited significantly higher thymidine in-
corporation (3851 + 576 cpm) than Molt-4 (2224 + 167
cpm), Raji (2167 = 562 cpm) and Rj225 (1534 = 115 cpm).
As expected, there was no proliferation in X-SCID BCLs
(Fig. 3C). These data were in keeping with the results of
CFSE experiments. A statistically significant relationship

between yc expression and spontaneous cell growth was
documented in the examined cell lines (R = 0.98, P < 0.05)
(Fig. 3D).

In the light of these findings. we hypothesized that the inhi-
bition of yc expression in hematopoietic malignant cell lines
might have a direct effect on proliferation of these cells. siRNA
was used to knockdown the molecule in these cell lines. Effi-
ciency and specificity of targeted siRNA sequences were
confirmed by western blot analysis on total lysates and guanti-
tative real-time PCR on mRNA. As shown in Fig. 4(A and B),
the results of western blot assay revealed that at 96 h follow-
ing the transfection, cells transduced with siRNA had less yc
protein than the correspondent cells transduced with the con-
trol negative siRNA. In this representative experiment, yc-
silencing reduced the amount of the protein in Rj225, K-562,
Molt-4 and Raji by 80, 53, 62 and 32%, respectively. In addi-
tion, a decrease of the IL-2Ry mRNA was observed in all cell
lines, revealing a knockdown efficiency of ~85% in this ex-
periment. In X-SCID cells, IL-2Ry mRNA was undetectable
(Fig. 4C). Moreover, as shown in Fig. 4(D), yc knockdown led
to a significant decrease of proliferation. In particular, yc-
silencing reduced cell proliferation of Rj225 by 40%, K-562
by 58%, Molt-4 by 45% and Raji by 50%, as compared with
control siRNA cells (Fig. 4D). Taken together, these data con-
firm that yc plays a key role in the proliferation of these malig-
nant cell lines.

Effect of yc en molecular mechanisms of cell cycle
progression in malignant hematopoietic cell lines

To examine the mechanisms by which yc regulates cell cy-
cle progression, we examined whether different amounts of
the molecule were able to influence the transcription of
genes selectively involved in cell cycle. Of note, cyclins are
the key regulators of cell cycle progression (13). In particu-
lar, during the GO to G1 phase transition, cyclins D1, D2
and D3 are the first molecules to be induced. Cyclin A2 gets
activated during the transition from G1 to S phase and B
type cyclins are detected during G2 exit and mitosis phase
(30). In several kinds of malignant tumors, cyclins are over-
expressed (31). Therefore, in all the above described cell
lines, quantitative real-time analysis was performed to exam-
ine the effect of yc on the expression of cyclin A2, B1, D1,
D2, D3 genes. As shown in Fig. 5(A), K-562 exhibited an
up-regulation of o-type cycling to a similar extent of Molt-4,
while these genes were not expressed in Raji and X-SCID
BCLs. In Rj225, only the cyclin D3 mRNA was up-regulated.
Interestingly, we found that cyclins A2 and B1 were unde-
tectable in X-SCID BCLs and reached a maximal expression
in K-562 (Fig. 5B). In Moalt-4, Rj225 and Raji, the levels of
the cyclins A2 and B1 were lower than in K-562 (Fig. 5B).
A direct correlation between cyclins A2 and B1 and yc ex-
pression was found (P < 0.05) (Fig. 5C and D). These data
are consistent with the direct correlation previously shown
between functional and molecular data of yc amount.

Discussion

Our results first indicate that in the absence of yc expres-
sion, BCLs die at a higher extent than control cells. This
phenomenon is not related to abnormalities of regulatory
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Fig. 3. Relationship between yc expression and spontansous cell growth in malignant cell lines. (A) X-SCID BCLs, Raji, K-562, Molt-4 and Rj225
were cultured in the absence of serum and stained with 1.7 uM CFSE. After 6 h of culture, cells were analyzed by flow cytometry. Histograms show
CFSE profiles 6 h following the start of culture. Solid black peaks represent the start of the culture. (B) Percentages of CFSE positive cells were
obtained in the indicated cell lines by flow cytometry. Graphical representation of the mean (=3SD) of percentage of CFSE positive cells for the three
experiments conducted. (C) After starvation, X-SCID BCLs, Rj225, K-562, Malt-4 and Raji were cultured in serum-free medium for 4 days and pulsed
with 0.5 pCi :‘H—thymidine for 8 h. Data represent mean (=8D) of six experiments. (D) Correlation between thymidine incorporation and yc
expression in malignant cells. A posttive correlation was demonstrated by the Pearson correlation coefficient (R = 0.98, P < 0.05).

mechanisms of apoptosis, in that, in non-stimulated cells,
the absence of yc does not induce an increase of the acti-
vated form of caspase-3 that represents the central execu-
tioner molecule in the development of programmed cell
death process. Hallmark of non-caspase-mediated cell death
is the mitochondrial damage (24), which can be regulated by
Bcl-2 family members (25). The yc-dependent cytokines pro-
mote cell survival by up-regulating the antiapoptotic Bcl-2
and Bcl-XL factors. In keeping with this, we found a de-
creased expression of Bcl-2 and Bel-XL in yc-deficient cells.
Of note, this effect was related to the lack of yc per se and
not a secondary effect of unfunctional yc-dependent cyto-
kines IL-2 or IL-4, in that neutralization of these cytokines did
not modify cell viability of normal cells. As for the mechanism
of non-caspase-mediated apoptosis, there is evidence indi-
cating that autophagy may play an active role in cell death
under unfavorable settings, such as nutrient or growth factors
deprivation (27). However, whether yc is implicated in the
autophagy process still needs to be addressed.

In spite of a wide number of studies on the molecular
interactions and functions of yc, the precise role of this mole-
cule in cell biology is still far from being clear. It has recently
been documented a direct relationship between the amount
of yc expression and the proliferative capability of control

lymphoblastoid cells (11), implying a direct involvement of
vc in self-sufficient growth in a concentration-dependent
manner., Moreover, it was previously reported that /IL2RG
cooperates with LMO2 in inducing hematopoietic tumors by
studies of insertional mutagenesis in mice (32), thus giving
a potential explanation to lymphoproliferative disorders oc-
curring during gene therapy trials for X-SCID (9, 10). It is
noteworthy that, differently from X-SCID, no clonal lympho-
proliferation has been reported, to date, in patients receiving
gene therapy for ADA deficiency (33), despite the observa-
tion of a similar frequency of integration sites near LMOZ2
and other proto-oncogenes (34). Furthermore, a recent
study, based on an experimental model of gene transfer in
yc—{— mice, documented that yc overexpression could exert
oncogenic properties by itself (35).

In this study, we observed that the amount of yc protein ex-
pression in several malignant cell lines directly correlates with
spontaneous cell growth. We, also, found that the knockdown
of yc molecule through siRNA is able to decrease the cell
proliferation rate in these malignancies. thus confirming a di-
rect involvement of the molecule as a key player in cell cycle
progression.

The cancer is a multistep process that requires mutations
of multiple molecules implicated in the biochemical signaling
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Fig. 4. Effect of yc siRNA transtection on the expression level of protein and cell proliferation of malignant cell lines, (A) Western blot analysis of
yc and beta-actin protein expression in Rj225, K-562, Molt-4 and Raji transfected with yc siRNA or transfected with negative control sIRNA after
96 h of transtection. (B) Densitometric analysis of the above western blot. Imaged program was used to generate the data. Data were equalized
for the background. Results are representative of five distinct experiments. (C) IL-2Ry mRNA transcript evaluated by quantitative real-time PCR.
Relative mRNA expression was determined using beta-actin control. (D) The proliferation of Rj225, K-562, Molt-4 and Raj transfected with yc
siRNA or transfected with negative control siRNA was evaluated through *H-thymidine incorporation assay. Data represent mean (*+3D) of five

distinct experiments,

events of cell proliferation, thus providing growth advantage
to the malignant cell (36). It is known that constitutive activa-
tion of JAK3 has been observed in a spectrum of lymphoid
malignancies (37). In particular, JAK overexpression can be
considered as one of the main biclogic events leading to
the constitutive activation of the JAK-STAT pathway that con-
tributes to oncogenesis (38). It has been demonstrated that
the amount of constitutively activated JAK3 parallels the ex-
tent of yc expression (11). Moreover, STAT molecules and,
in particular the nearly identical STATS A and B (39), have
been demonstrated to directly participate in tumor develop-
ment and progression. STATS participates in oncogenesis
through up-regulation of genes encoding cell cycle regula-
tors, such as cyclins (40). Alterations in cell cycle machinery,
mainly in the regulation of G1/S phase, are known to be as-
sociated to the development of solid tumors as well as he-
matological malignant diseases (31). In this context, a direct
involvernent of cyclins in malignant cell growth has been well
documented and a correlation between the extent of cyclins
expression/activation and the rate of proliferation has been
found. Namely, cyclins A2 and B1 have been implicated in
the pathogenesis of cancer and are overexpressed in sev-
eral tumors (41, 42). Evidence indicates that these cyclinsg
are key components of the cell-cycle machinery (43) and, in
particular, cyclin A is expressed at high levels in hematopoi-

etic stem cells and is essential for their proliferation (44). In
our study, we observed that the expression of A2 and B1
cyclins strongly paralleled the proliferative capability of ma-
lignant cell lines. Interestingly, a positive correlation between
the amount of yc and the expression of cyclins A2 and B1
was also found. Taken together, these data indicate that the
higher is the rate proliferation of a certain cell line the higher
is the expression of both yc and cyclins A2 and B1, thus
confirming their involvement in the process in a concentra-
tion-dependent fashion.

We also found an increased expression of all D-type
cycling in those cell lines that proliferated mostly, K-562 and
Molt-4, whereas they were not expressed in the other cell
lines, but D3 found in Rj225. p-type cyclins are strongly
expressed in many malignancies, Overexpression of cyclin
D1 protein was documented in many forms of cancer, in-
cluding breast cancer (45), while overexpression of cyclin
D2 was noted in a wide range of B-cell malignancies, such
as B-cell chronic lymphocytic leukemia (46). Like the other
D cyclins, cyclin D3 is rearranged and the protein is overex-
pressed in several human lymphoid malignancies. It was
documented that knockdown of cyclin D3 inhibits the prolif-
eration of ALL cells (47). However, while A- and B-type
cyclins seem to be vital and necessary components of cell
cycle progression (44), D-type cyclins may be dispensable
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for proliferation under certain circumstances, in that different
cell types are sensitive to cyclin D knockdown at a different
extent (48). This would suggest that they regulate cell cycle
in a cell type-specific manner and that there are alterna-
tive mechanisms allowing cell cycle progression in a cyclin
D-independent fashion (48). Anyway, a critical role for onco-
genic transformation of o-type cyclins is a well-established
feature.

Our data indicate that yc is strongly implicated in cell cy-
cle progression of hematopoietic malignancies in a similar
fashion to the role played in control lymphoblastoid cells, as
previously shown. This biologic effect is strictly dependent
on the expression level of the molecule and can be abol-
ished by gene knockdown. Of note, a direct correlation be-
tween the amount of yc expression and the proliferative
capability of the malignant cell lines and the regulatory ele-
ments of cell cycle progression, A and B cyclins, was found.

Maoreover, we documented that the IL-2Ry mBNA was also
highly expressed in primary leukemic cells, thus confirming
a direct involvement of the yc in tumor growth. Our data
could provide the basis to develop in the near future new
therapeutic strategies targeting this molecule in cancer ther-
apy. Moreover, this information may also help understand
undesired side effects of gene therapy trials.
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2.3. yc over-expression in B-precursor acute lymphoblastic leukemia primary cell
lines from pediatric patients: implication in leukemia cell cycle progression and
survival.

In our previous studies, we observed that yc exerts a role in either spontaneous or GH-
induced cell cycle progression, depending on the amount of the protein expression
(174). Moreover, we documented an over-expression of yc protein in continuous
malignant hematopoietic cell lines, and a direct correlation between its expression and
spontaneous cell growth. In addition, an increased expression of all D-type cyclins and a
direct correlation between the amount of yc and cyclins A2 and B1 expression was
noted, thus implying a critical regulatory role of yc on cell proliferation of continuous
malignant hematopoietic cells (175).

Of note, it is well known that yc-receptors play a role in T-cell development and
function, Under physiological circumstances, and in T-cell Acute Lymphoblastic
Leukemia (T-ALL) leukemogenesis (176, 177).

In order to evaluate whether yc-receptors are involved in biology of specific type
of leukemia, and not only in T-ALL, analyzed the yc expression profile and yc-signaling
in different types of leukemia. We evaluated the yc expression in yc primary cells of
Chronic Myeloid Leukemia (CML), Acute Myeloid Leukemia (AML), B-precursor
Acute Lymphoblastic Leukemia (B-pre ALL), and T-ALL. We also investigated the
potential mechanisms by which yc exerts its role in leukemia development and
progression.

Particularly, we evaluated the expression levels of /L-2Ry mRNA in primary cells
derived from bone marrow of 39 newly diagnosed patients with CML, AML, B-pre

ALL and T-ALL, and control, by performing quantitative Real-Time PCR. We selected
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only newly diagnosed patients to avoid interpretation bias due to wuse of
chemotherapeutic agents. As show in Figure 7A, IL-2Ry mRNA expression was
increased in leukemic cells (mean + SE = 1,74 + 0,21) as compared with the control. In
addition, /L-2Ry was predominantly expressed in lymphoblastic leukemia cells (mean +

SE =2,62 + 0,4) (Figure 7B).
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Figure 7: IL2Ry mRNA expression was increased in leukemia cells. Total RNA from leukemic cells
and controls was extracted and reverse transcribed. The expression levels of I/L2GR were analyzed by
qRT-PCR in leukemia cells from AML, CML, ALL patients and controls. (B) /L2GR mRNA amount
was mainly increased in ALL cells. The relative gene expression is a ratio /L2Ry/ B-actin fold change.
Each histogram represents the mean + SE.
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yc-signaling cytokines play a central role in T-cell development and in the
mitogenic potential of primary T-ALL cells (176), suggesting the implication of yc-
signaling in this leukemia subtype. Differently from what expected, we found a higher
expression of /L-2Ry mRNA in B-pre ALL (mean + SE = 2,92 + 0.5) than in T-ALL
cells (mean + SE = 1,80 + 0,3 ) (Figure 8). These data suggest a still unappreciated role

of yc in B-pre ALL cells.
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Figure 8: IL2Ry mRNA expression was higher expression in B-pre ALL than in T-ALL cells. The
expression levels of /L2GR were analyzed by qRT-PCR. The relative gene expression is a ratio /L2Ry/ B-
actin fold change. Each histogram represents the mean + SE.
The master regulator proteins of cell cycle progression are the cyclin-cdk complexes, an
evolutionarily conserved family of proline-dependent serine/threonine kinases (178).

In ALL abnormal expression and function of cell cycle proteins has already been
documented (179), and, in particular, in B-cell malignancies of D-type cyclins (180)

under control of PI3-AKT signaling pathways, the latter being, in turn, regulated by yc.

In keeping with this, we investigated the potential regulation of cell cycle progression
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process promoted by yc in B-pre ALL cells, by evaluating expression pattern of D-type
cyclins through Real-Time PCR.

The results showed that D-type cyclins were expressed at higher extent in B-pre
ALL cells than controls, as shown in figure 3. In particular, all the three cyclins were
over-expressed in the B-pre ALL (D1 cyclin: mean + SE = 21.90 + 2.8; D2 cyclin:

mean + SE =5.18 + 0.80); D3 cyclin mean + SE =3.22 + 0.61) (Figure 9).
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Figure 9: DI, D2 and D3 cyclins expression levels were increased in B-pre ALL cells. Analysis of D-
type cyclins expression using qRT-PCR revealed up-regulation of all D cyclins. The mRNA levels were
expressed relative to B-actin expression levels. Each histogram represents the mean + SE.

We next correlated the expression levels of cyclins D1, D2, D3 with yc. As
shown in Figure 4, a direct correlation between yc and cyclins D2 (R = 0.82) and D3 (R
= 0.76) expression was found, while no correlation between yc expression and cyclin

D1 was observed (Figure 10).
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Figure 10: Relationship between /L2Ry and cyclins D1, D2 , D3 expression levels. A direct
positive correlation between /L2Ry and cyclins D2 and D3 was found, as demonstrate by value
of Pearson correlation coefficient (cyclin D2: P = 0.82; cyclin D3: P = 0.76). Any correlation
between /L2Ry and cyclins D1 was found.

Cancer development and progression mainly relies on the ability of tumor cells
to escape apoptosis more than their normal counterparts (181). Apoptosis is regulated
by BCL-2 family members, including BCL-2, BCL-XL, BAX, BAD (182). In keeping
with this, an abnormal expression or function of BCL-2 family proteins has been well
documented in human cancer, leading to programmed cell death evasion, and
chemotherapy resistance (183). Noteworthy, yc is also implicated in regulating genes
involved in this biological process through the activation of PI3-K/AKT signaling

pathway (184).
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To investigate the mechanisms by which yc promotes survival in B-pre ALL
leukemic cells, we evaluated the expression level of the anti-apoptotic BCL-XL by
quantitative real-time PCR. We observed that in primary B-pre ALL leukemic cells,
BCL-XL mRNA was 57% than control (mean + SE = 0.57 + 0.12) (Figure 11), thus
suggesting the presence of alternative mechanisms of the pro-survival effect of yc.

Recent evidence suggests that autophagy favours cell survival in response to
multiple stresses, including hypoxia, nutrient deprivation, and other events occurring in
the primary tumor microenvironment (185, 186, 187). BCL-2 family proteins are also
involved in autophagy. Indeed, they are able, through their BH3-like domain, to bind
and inhibit the activation of BECLIN-1, an important mediator of autophagy,

Therefore, by using quantitative Real-Time PCR, we observed that the
expression level of BECLIN-1 mRNA was increased (mean + SE =4.73 + 0.71) in B-
pre ALL leukemic cells as compared with the controls (Figure 11), suggesting a

putative role of yc in promoting cell survival in B-pre ALL via autophagy.
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Figure 11: yc promote leukemia cell survival via autophagy through the up-regulation of BECLIN-1.
BCL-XL and BECLIN-1 mRNA expression was analyzed using qRT-PCR. BCL-XL mRNA was 57% of
controls. BECLIN-1 expression was greatly increased. The mRNA levels were expressed relative to -
actin expression levels. Each histogram represents the mean + SE.
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Western Blot analysis on total lysates obtained from four B-pre ALL patients,

confirmed the overexpression of BECLIN-1, as compared with normal control (Figure

12).
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Figure 12: Western Blot analysis revealed over-expression of BECLIN-1 in B-pre ALL, as
compared with control. Whole cell extracts were prepared from B-pre ALL cells and, BECLIN-1
expression was determined by western blotting. Densitometric analysis of the above western blot
was performed by using ImagelJ program.

The regulatory role of a number of cytokines, such as interleukins and colony-
stimulating factors, on the survival, the growth, the differentiation and the apoptosis in

leukemic cells, both in vitro and in vivo, has been documented (188). Of note, by using

of knock-out strategy or through the neutralization of cytokines yc-receptors, the
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clinical implication of yc-dependent signaling has been shown, suggesting that the
increasing or decreasing of this cascade could be helpful in cancer treatment (131).

Our results showed that /L2RG was over-expressed in leukemia cells, as compared with
controls. In particular, we observed that /L2ZRG mRNA was mainly increased in ALL
cells. Moreover, we found a predominant up-regulation of /L2RG expression levels in
B-pre ALL cells, differently from what expect, because it is well documented the role of
yc-signaling cascade in physiological T-cell development and evidence of involvement
of yc in biology of T-ALL are available (176). Our data demonstrate, for the first time, a
selective over-expression of /L2ZRG mRNA in B-pre ALL cells, suggesting a specific
role of molecule in this leukemia type.

Tumor cells exhibit the aberrant ability to proliferative without control due to
mutations affecting genes involved in cell cycle progression, a tightly regulated process
(146). The passage through the early G1 and late G1 phase of cell cyle represents a
critic check-point that irreversibly directs the cells to undergo one cell division (189).
D-type cyclins are important regulators of this process (190) and their abnormal
activation or overexpression contribute to pathogenesis of lymphoproliferation (191).
The overexpresssion of D-type cyclins in B-cell malignancies has been reported (192).
In addition, in ALL alterations in cyclins DI, D2 and D3 have been documented (193,
194, 195). Eventually, it has been shown that activation of cyclin D-type expression is
dependent upon induction of PI 3-kinase/Akt kinase, an important signaling pathways
downstream yc. In our study, we observed that cyclins D1, D2, D3 mRNA expression
levels were up-regulated in B-pre ALL, as compared with controls. In particular, cyclins
DI mRNA was mainly increased. Interestingly, a direct positive correlation between the

amount of yc and the expression of cyclins D2 and D3 was also found. These data
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demonstrate not yet documented role of yc in promoting cell cycle progression of B-pre
ALL cells through up-regulation of cyclins D2 and D3 expression.

The impairment of apoptosis is a critical step in cancer development (148), and
BCL-2 family proteins play a pivotal role in promoting tumor cell survival (150). It has
been documented that BCL-XL protein is expressed at high levels in childhood ALL
(196, 197). Of note, the yc signaling pathway leads to selective induction of anti-
apoptotic (Bcl-2 and Bcel-xL) gene expression (162). Differently from what expect, we
found a reduced mRNA BCL-XL level, as compared with controls. This finding
suggested that B-pre ALL cells, over-expressing yc, are able to escape cell death
through alternative mechanisms.

The high proliferation rate of cancer cells requires continuous source of energy
and nutrient, but the tumor microenvironment is not able to supply these essential need
for cancer cell survival (198). Under these conditions, the cancer cells undergo a
shortage of nutrients, thus activating alternative metabolic processes to escape this
stress and maintain their survival. Of note, several studies reported on a critical role of
autophagy in protecting cells against a shortage of nutrients, through removal and
recycling of damaged molecules and organelles, but the exact molecular and
biochemical mechanism by which cancer cells obtain energy sources in condition of
lack of external nutrients remains to be elucidate (199, 200). However, evidence
indicates that the predominant role of autophagy in cancer cells is to confer stress
tolerance, which allows tumor cell survival (201).

As for speculated wheatear autophagy activation occurred in B-pre ALL cells,

we evaluated BECLIN-1 mRNA levels and protein amount in B-pre ALL cells and we

120



found a prominent up-regulation of BECN-1 mRNA levels and protein expression in B-
pre ALL cells, as compared with controls, which suggested autophagy activation..

Beclin-1, a part of a class III phosphatidylinositol-3-kinase (PI(3)K) complex,
participates in autophagosome nucleation (202). Beclin-1 is activated by a number of
proteins (AMBRA1, UVRAG and Bif-1) (203, 204, 205), promoting the activation of
the PI(3)K protein (Vps34) and the formation of autophagosomes, while its autophagy-
promoting ability is suppressed by antiapoptotic Bel-2 family members through direct
binding of BH3-domain-only.

Of note, the decreased expression of BCL-XL in our leukemic cells, and thus the
absence of inhibitory effect exerted by this protein on BECN-1, consistent with up-
regulation of BECN-1 expression, supported our hypothesis of autophagy activation.

In conclusion, we documented for the first time a selective up-regulation of
IL2RG expression in B-pre ALL cells. Moreover, we demonstrated a direct correlation
between mRNA levels of /L2RG and cyclins D2 and D3, thus implying a role of yc in
promoting cell cycle progression in B-pre ALL cells by transcriptional regulation of
these genes. Eventually, we reported on the regulation of B-pre ALL cells survival
through the activation of autophagy, as suggested by BECN-1 increased expression,
even though additional evidence of occurrence of this process as well as the
characterization of the role of yc in autophagic cell survival have to be provided.

The identification of critical role of yc in pathophysiology should contribute to develop
more innovative and effective therapies, aimed to inhibit proliferative and pro-survival

effects activated by yc-receptors.
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2.4. yc transducing element as a functional link between endocrine and immune
system.

Immune and endocrine systems participate to an integrated network of soluble
mediators that communicate and coordinate responsive cells to achieve effector
functions in an appropriate fashion (139). Several evidences demonstrate the existence
of a previously unappreciated relationship between distinct elements, such as GH-R and
yc and their signaling pathways. Crosstalk between receptor signaling systems is now
emerging as an important and exciting area of signaling research. The impairment of
various GH-induced events in yc deficiencies suggests a potential interaction between
GH-R pathways and yc, indicating a further functional link between endocrine and
immune system with potential implication of the molecule in the cell cycle progression
and control. The existence of shared molecular mechanisms of transduction between
immune and endocrine systems is well documented in several autoimmune disorders
characterized by both endocrine and immune features (206, 207, 208). GH-R pathways
and yc interaction leads to the activation and intranuclear translocation of STAT5b
protein. The signals mediated by STATs generally play a central role in the control of
important cellular events such as cell proliferation, differentiation and apoptosis (71),
even though the overall role of the STAT molecules in GH-R signal transduction has
not been fully elucidated. The overall signal transduction properties of GH-R in X-
SCID patients and control BCLs following GH stimulation, have been recently
elucidated. In particular, after GH stimulation no phosphorylation of STATS protein
was observed in yc negative patients cell lines in contrast to the control cells, in which a
prompt activation of STATS occurred. Of note, reconstitution of XSCID cells with WT

yc gene corrected the functional and biochemical abnormalities resulting in an
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appropriate nuclear translocation of STATS. These findings strongly support an
essential role of yc in GH-R signaling. Of note, a colocalization of GH-R and yc has
been documented. Even though a physical interaction between the two proteins may be
possible, any physical association has not yet been documented (136). Currently, studies
are ongoing to identify potential physical interactions between the two proteins.
Moreover, evidence suggests that both GH-induced and spontaneous cell cycle
progression and cell growth are strongly dependent on yc expression. Whether the
participation of yc to the GH-R confers some additional properties to the receptor in
hematopoietic cell differentiation and functioning remains to be elucidated.

The evidence of this relationship have been published as Review on Current Signal

Transduction Therapy, for the manuscript see below.
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Abstract: The family of type | eytokines, including IL-2, IL-4, IL-7, IL-9, IL-15 and [L-21, shares common transducing
element the common cytokine receptor yc. The receptors containing yc exert prominent mitogenic effects and play an
important role in several immunological functions and in supporting cell survival. The yc-dependent cytokine receptors
use the Janus Kinase (JAK)/Signal transducer and activator of transcription (STAT) signaling pathway to mediate gene
activation or repression. The Growth Hormone (GH) is a peptide of 191 amino acids and 22 kDa molecular weight,
produced by the adenohypophysis, that regulates many important functions, as control of cellular metabolism, immune
functions, fertility and somatic growth. Of note, the existence of a previously unappreciated functional interaction
between yc and Growth Hormone receptor (GH-R) has been recently documented. The impairment of various GH-
induced events in patients affected with severe combined immunodeficiencies due to yc defects suggests a potential
functional interaction between GH-R pathways and ve, indicating a further link between endocrine and immune system
with potential implication of the molecule in the cell cycle progression and control. GH-R pathways and yc interaction
leads to the activation and intranuclear translocation of STAT5b protein. Moreover, evidence suggests that both GH-
induced and spontaneous cell cycle progression and cell growth are strongly dependent on the amount of yc expression.
To date, the regulation of cell survival and apoptosis can be considered a delicate teamwork and a proper functionality of
ye-dependent cytokines on the whole seems to play prominent roles, as revealed by the profound impact thai their
abnormal function can have on the homeostasis of the immune system.

Keywords: Cell growth, yc, GH, GH-R, JAKs, STATs.

INTRODUCTION

The cytokines and growth factors are important regulator
elements. They transduce signals to the nucleus though
specific cell-surface receptors and the process ultimately
results in the activation of transcription factors [1].
Cytokines can be considered structurally distinct ligands
binding different classes of receptors [2]. The cytokine
receptors could be classified on the bases of capability to
recognize different ligands through their extra- and intra-
cellular  domains  structure: cytokine receptor class |1
superfamily, interferon receptor family, tumor necrosis
factor (TNF) receptor family, tumor growth factor (TGF)-p
receptor family and 1L-8 receptor family [3]. These
cytokines exert an important role in immunology, in that
they are involved in initiating innate immunity, orchestrating
adaptive immune mechanisms and constraining immune and
inflammatory responses [2].

The common cytokine receptor y chain (yc) was first
discovered as a component of the IL-2 receptor, which is the
prototypical member of the cytokine receptors sharing ye.
IL2RG gene encoding ye is localized to chromosome Xql3
[4,5]. Mutations in this gene are responsible for the X-linked
Severe Combined Immunodeficiency (X-SCID). SCIDs
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represent a wide spectrum of illnesses, which differ in either
the qualitative or quantitative alterations of T-, B- and
Natural Killer- (NK-) cells [6-11] and the X-SCID represents
the most common form of SCID, accounting for 40-50%
of all cases SCID. In particular, this form of SCID is
characterized by the complete absence of both T and NK
lymphocytes, whereas B cell number is normal [5].

The receptors containing yc element exert mitogenic
effects and regulate lymphoeyte development and function
[12]. To date, the regulation of cell survival and apoptosis
can be considered a delicate teamwork and a proper
functionality of yc-dependent cytokines on the whole seems
to play prominent roles, as revealed by the profound impact
that their abnormal function can have on the homeostasis of
the immune system [13].

Of note, the existence of a previously unappreciated
functional interaction between yc and GH-R has been
documented. This interaction leads to the activation and
intranuclear translocation of STATS5b protein [14]. This
relationship was suggested by an initial serendipitous
observation on a patient affected with X-SCID, who showed
during the follow up a severe impairment of body growth
and after the exclusion of a GH deficiency [15,16] was
suspected to have an idiopathic short stature and peripheral
insensitivity to GH [17,18], similarly to what happens in the
presence of GH-R mutation [19]. In this patient, mutational
analysis of a few candidate genes. functionally related to
short stature and potentially to the immune defect, as GH-R

©2013 Bentham Science Publishers
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itself, JAK2 and STATS failed to reveal any further
alteration that could explain the GH-R unresponsiveness
(171

This review focuses on the yc as a common transducing
element shared between several cytokines and growth
hormone receptors, indicating a further functional link
between endocrine and immune system with potential
implication of the molecule in the cell cycle progression and
control.

THE RECEPTORS SHARING yC ELEMENT AND
INTRACELLULAR TRANSDUCTION SIGNALING

One important family of type I cytokines is the common
cytokine receptor yc family, including IL-2, 1L-4, IL-7, IL-9,
1L-15 and IL-21 [3], which plays important roles in
immunological functions and in supporting cell survival
(Table 1).

IL-2 is a glycoprotein secreted by activated T
lymphocytes. which, in turn, stimulates the development of
regulatory T (Tg,,) cells and peripheral T cell tolerance [20],
as well as the proliferation and apoptosis of activated T cells,
with an autocrine effect [21]. Moreover, it promotes the
increase of NK cell cytolytic activity and immunoglobulin
production by B cells [22].

IL-4 is secreted by T lymphocytes and is required for the
development and function of T helper 2 (Th2) cells. In
addition, IL-4 also plays a pivotal role in allergy and
immunoglobulin class switching. Indeed, a role for IL-4
in B cell Ig class-switch to IgG1 and IgE has been described
[23].

IL-7 regulates survival, development and homeostasis of’
T lymphocytes, both in humans and mice [24.25]. Indeed,
alterations of the IL-7-induced signaling apparatus
profoundly affects T cell development, as observed in
patients with X-SCID [26], as well as in patients with SCID
due to mutations in Janus kinase 3 (JAK3) [27], or by
mutations in /L7RA [28]. Moreover, IL-7 is also required for
the development of B cells only in mice [29].

Activated CD4" T cell population is able to produce 1L-9,
which induces the activation of epithelial cells, B cells,
eosinophils and mast cells [30], even though the molecular

Romano et al.

mechanism activated by this cytockine in T cell remains to
be elucidated.

1L-15 induces differentiation of NK cells and is essential
for their functionality [31,32]. Defects in IL-15-mediated
signaling result in the failure of NK cell development, as
reported in X-SCID and JAK3-deficient SCID patients [29].
Furthermore, 1L-15 is essential for the homeostatic
proliferation of memory CD8™ T cells [25]

Recently a new member of yc sharing cytokine receptors,
the IL-21R has been identified [33]. IL-21 has broad actions
that include promotion of the terminal differentiation of B
cells to plasma cells, cooperation with IL-7 or IL-15 to
drive the expansion of CD8™ T cell populations and an action
as a pro-apoptotic factor for NK cells, as well as for
incompletely activated B cells [25,33]. In addition, it has
been reported that the IL-21 promotes the development
of type 1 diabetes mellitus [33] and systemic lupus
erythematosus (SLE) in animal models [34].

The yc-dependent cytokine receptors use the Janus
Kinase (JAK)/Signal transducer and activator of
transcription (STAT) signaling pathway to mediate gene
activation or repression [35] (Fig. (1)). The JAK/STAT
pathway is one of pleiotropic cascades used by mammalian
cells to transduce intracellular signals necessary to the
development and homeostasis [36]. The binding of the
ligand to the specific receptor and the subsequent receptor
subunits dimerization leads to the recruitment of JAKs
kinases into close proximity of receptors, allowing their
trans-phosphorylation and activation. The activated JAKs
initiate the intracellular signal transduction through the
phosphorylation of tyrosine motifs present in the receptor
cytoplasmic domains and in receptor-associated proteins.
Four distinet members of JAK family are known in humans:
JAKI, JAK2, JAK3 and Tyk2, while seven STAT proteins
(STATs) have been identified, named STATI, STAT2,
STAT3, STAT4, STATS5a, STATS5b and STATe6 [37].
STATs contain a tyrosine residue and also SH2 and SH3
domains that undergo JAK-mediated phosphorylation [38].

All ye-dependent cytokine receptors are able to activate
JAK1 and JAK3 proteins, particularly JAK3, which
selectively associates with y¢ [39] and can phosphorylate
only STAT3 and STATS molecules. Differently, JAK1 can

Table 1.  The Biological Roles of Cytokine Receptors Sharing the yc Element

Cytokine Biological Roles

IL-2 Stimulates the development of T, cells. peripheral T cell tolerance, proliferation and apoptosis of activated T cells.
Increases NK cell evtolvtic activity and immunoglobulin production by B cells

IL-4 [ Stimulates the development and function of Th2 cells and is implicated in immunoglobulin class switching

IL-7 Regulates survival. develog and h is of T lymphocytes both in humans and mice

IL-9 ‘ Induces the activation of epithelial cells, B cells. eosinophils and mast cells

IL-15 Regulates differentiation and functionality of NK cells and is essential for the homeostatic proliferation of memory CD8 T cells

IL-21 Promotes terminal differentiation of B cells to plasma cells and. by cooperating with IL- 15, drives the expansion of CD8’ T cell
populations. Acis as a pro-apoptotic factor for NK cells
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Fig. (1). Intracellular transduction signaling apparatus involving the yc molecule. The yc-dependent cytokine receptors use JAKs kinase
signal transducer and STAT proteins to activate the transcription of selected genes that exert mitogenic effects and regulate lymphocyte

development, function and survival, such as cyclins, Bel2/BelXL, p53.

phosphorylate STATI, STAT3 and STATS, but only in the
presence of an activated JAK3 [40]. Phosphotyrosine-
containing motifs in receptor cytoplasmic domains act
as docking sites for many signaling proteins, including
STATs.

Several molecules are able to activate STAT proteins,
including interferons, interleukins and growth factors and
hormones. In particular, interferons (IFN)-w/f and IFN-y
lead to a STATI-mediated anti-viral and anti-bacterial
response, growth inhibition, apoptosis and stimulation of
tumor suppression [37]. STAT3 is mainly activated by IL-6
and epidermal growth factor (EGF) and is involved in
mitogenesis, survival, anti-apoptosis and oncogenesis [41].
STAT% is predominantly stimulated by IL-12 and is involved
in Thl development in humans. This molecule is also
activated by 1L-23 in murine cells and. additionally, by IFN-
o in human cells, being recruited to type 1 IFN receptor
through interaction with STAT2 [37]. STAT6 molecule is
activated by IL-4 and participates in Th2 development.
STAT5a and STATSb are involved in prolactin and growth
hormone signaling [42]. STAT3 and STATS have been
demonstrated to directly participate in tumor development
and progression [43,44].

STATs are activated by phosphorylation of conserved
tyrosine residue. This event leads to the dissociation of
STATs from the receptor, dimerization and acquisition of a
high-affinity DNA-binding activity. After the activation,
STATs translocate to the nucleus, where they bind to gene
promoters and activate transcription of genes involved in cell
proliferation, differentiation and survival [3637.45]. In

addition, has been reported the role of STATs molecules in
tumor development and progression [46].

Of note, STATs play important roles in oncogenesis by
up-regulation of genes encoding apoptosis inhibitors and cell
cycle regulators, namely oncogenes, such as Bel-xL, Mcl-1,
cyelins D1/D2, and ¢-Myc [47]. It has been also documented
a constitutive activation of STAT3 or STATS in tumor cells
resistant to chemotherapeutic agents, that exert their effect
on cell apoptosis machinery [43].

Recently, it has also been shown that the inhibition
of cytokine-JAK/STAT signaling may be useful for
homeostasis and the prevention of chronic inflammation or
autoimmunity [48.49]. Proteolysis, dephosphorylation and
interaction with inhibitory molecules termed protein
inhibitors of activated STATs (PIAS) are responsible for
the constitutive inhibitory mechanisms of STATs [50].
Suppressors Of Cytokine Signaling (SOCS) proteins are
inhibitory molecules, which down-regulate the receptor
expression, by rapid MAPK or PKC-dependent modification
[51].

The development of drugs specifically targeting the
JAK-STAT regulators or the motifs implicated in such
intermolecular interactions might be a potential novel
pharmacological therapeutic approach in the therapy of
neoplastic disorders.

Recently, we documented that yc is implicated in the
control of cell proliferation of malignant hematopoietic cells
[52]. Moreover, using of knock-out strategy or through the
neutralization of cytokines receptors involving yc in the
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signaling apparatus, an anticancer effect has been recently
documented [53.54]. This evidence 1s in keeping with a role
of yc as a cofactor in tumor growth. Future research
strategies might be designed to evaluate yc levels in different
primary leukemic cell lines, in order to compare the
amount of the molecule to the type of the tumor or to its
aggressiveness. Future studies might clarify whether the
levels of protein expression may be used as prognostic
factor.

BIOCHEMICAL PATHWAYS  INVOLVED IN
GROWTH HORMONE RECEPTOR SIGNALING

The GH is a peptide of 191 amino acids and 22 kDa
molecular weight, produced by the adenohypophysis, that
regulates many important functions such as control of
cellular metabolism, immune functions, fertility and somatic
growth [55-57]. GH and other mitogenic factors, including
hepatocyte growth factor in liver cells, basic fibroblast
growth factor in cartilage, epidermal growth factor in kidney,
estrogen receptors in the uterus, bone morphogenetic
proteins in various tissues, participate to a wide network of
well integrated signals [55]. The several functions mediated
by GH are activated following GH-R stimulation, the first
identified member of the cytokine receptor class |
superfamily, which includes receptors for Erythropoietin
(EPO), Granulocyte colony stimulating factor (G-CSF),
Granulocyte-macrophage colony stimulating factor (GMCSF),
IL-2-7,1L-9, IL-11, IL-12 and many other cytokines [58].

The members of the cytokine receptor superfamily 1 lack
intrinsic kinase activity, thus requiring the recruitment of
cytoplasmic tyrosine kinases to the intracellular signaling
apparatus [59,60]. In particular, JAK2 is required for a fully
functional GH-R-mediated pathway [61]. The receptor
structure consists of a transmembrane protein with two
motifs, an extracellular domain, which binds the ligand and
an intracellular domain associated to JAK2 [59].

After the phosphorylation of JAK2, the receptor itself
and several intracytoplasmic molecules are promptly
phosphorylated on tyrosine residues. Further signaling
proteins recruited to JAK2/GH-R complex and/or activated
in response to GH include: She proteins, that presumably lead
to the activation of Ras/mitogen-activated protein kinase
(MAPK) pathway [62], insulin receptor substrates, that have
been implicated in the activation of phosphatidylinositol-3-
kinase (PI3K) and the kinase AKT/protein kinase (PK)
B [63], phospholipases, that lead to the formation of
diacylglycerol and subsequent activation of PKC and a
variety of proteins involved in the regulation of the
cytoskeleton, including focal adhesion kinase, paxillin,
tensin, Crkll, c-Sre, ¢-Fyn, ¢-Cbl and Nck [64-66].

These observations imply that GH-R, as well as
other receptors, is able to integrate different pathways
differentially regulated. Several causes of one of these
pathways may cause features of altered GHR signaling [67].
It has been shown that different cell types as hepatocytes,
fibroblasts and myoblasts have different regulatory
mechanisms which lead to cell specific functions of GH [68].
In keeping with this, it has been observed a cell type-
restricted STATs activation [69]. STATS is not activated
following GH stimulation in human fibrosarcoma cells even
though these cells express the STATS protein [70], thus
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implying that a selectivity in the involvement of specific
STAT subset seems to be a general feature of GH-R signal
transduction.

Moreover, it has been documented that GH and 1GF-1 are
able to activate several pathways involved in the control of
cell survival and proliferation of lymphoid cells, directly or
indirectly through the production of IGF-1 [69]. Of note,
IGF-I activates a number of biologic effects, as induction of
cell growth, maintenance of cell survival by acting on the
Bel family members and induction of cellular differentiation
through still poorly characterized mechanisms [71]. Overall,
IGF-I inhibits apoptosis as well, thus acting as cell survival
factor [70]. Components of the IGF-I system may play a key
role in the deregulation of cell cycling or apoptosis in tumor
growth [72]. In keeping with this observation, it has been
documented that the treatment with GH may increase the
risk of developing hematopoietic malignancies, including
leukemias or lymphoma [68]. Moreover, evidence suggests a
potential role for the GH/IGF-I axis in the development of
cancer through the regulation of cell proliferation,
differentiation and apoptosis [73]. In addition, it has been
documented a positive correlation between circulating 1GF-1
and IGFBP-3 levels and the risk of developing cancer [74].
Particularly, IGF-1 is mitogenic per se and exerts an
important antiapoptotic effect, whereas IGFBP-3, which is
thought to inhibit growth through ligand sequestration, is
also supposed to have antiproliferative and proapoptotic
effects, thus interfering with tumor growth [74]. Nevertheless.
no conclusive data are available of the relationship between
the GH/IGF-I axis and the risk of developing cancer.

As matter of fact, progress in defining the pathogenic
implications of GH/IGF-I/IGF-I-R and downstream molecules
in neoplasia might lead to the development of novel
targeting strategies to fight those cancers that may be proven
responsive.

THE LINK BETWEEN yC AND GH-R PATHWAYS:
THE CONTROL OF CELL GROWTH

The impairment of various GH-induced events in yc¢
deficiencies suggests a potential interaction between GH-R
pathways and yc [14]. Particularly, an altered STATS
phosphorylation following GH-R stimulation in a patient
affected with X-SCID and peripheral GH hyporesponsiveness
with short stature and delaved bone age, has been described
[17]. Allogeneic bone marrow transplantation not only brought
along a fully competent immunological reconstitution, but
also caused a considerable improvement in linear growth and
restored basal and GH-induced levels of insulin growth
factor I (IGF-I) [75]. Afterwards, it has been reported an
abnormal signal transduction of GH-R in B cell lines (BCLs)
from X-SCID patients following GH stimulation. GH-R
activation fails to induce phosphorylation on tyrosine
residues of STATS and its nuclear translocation, thus no
functional effect is observed in these cells [14]. Of note,
TL2RG gene transduction of X-SCID cells with WT yc gene,
restored GH induced proliferation and STATS nuclear
translocation [14].

Finally, a direct role of yc in the regulation of cell cycle
progression and in the control of both GH-induced cell and
spontaneous growth has been proposed on the basis of ye
silencing experiments. Effects of GH stimulation in yc-
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silenced or X-SCID BCLs have been compared with control
BCLs. In ye-silenced or X-SCID BCLs, recombinant GH
induced proliferation at a much lower extent, while no
change in subcellular redistribution of STATS has been
observed. In control BCLs, GH stimulation determines a
rapid increase of nuclear amount of STATS and enhances
proliferation. Thus, the yc-silencing results in the severe
decline of self-sufficient growth in BCLs, as shown by
comparing the ability to proliferate of yc-silenced BCLs and
control cells [76]. In addition, the activation of JAK3 is a
downstream event of yc activation and a correlation between
ye amount and the extent of constitutive activation of JAK3
has been associated to autonomous cell growth and
malignant transformation of lymphoid cells [76]. Of note, a
relationship between yc expression and the amount of
constitutively activated JAK3 has been shown. In particular,
a higher constitutive activation of JAK3 was found in control
BCLs, whereas a decrease in phospho-JAK3 levels was
observed in ye-silenced and in X-SCID BCLs, despite a
comparable amount of the whole protein. Moreover, the
amount of constitutive JAK3 paralleled the amount of
ye [76]. These data suggest that both GH-induced and
spontaneous cell cycle progression and cell growth are
strongly dependent on ye expression.

Recently, clinical gene-therapy trials using ex-vivo
retroviral vectors, have been proven as a corrective therapeutic
approach for X-SCID in humans [77]. In particular,
immunological reconstitution has been documented in 17 out
of 20 patients enrolled in two distinct clinical trials through
gene therapy approach [77]. Unfortunately, 5 of these
patients developed a lymphoproliferative disorder [78]. Even
though it has been reported that retroviral integration of the
corrective IL2RG occurred near the locus of LMO2
oncogene and may have upregulated LMO?2 expression [79],
further studies documented that leukemogenesis was not
due to insertional mutagenesis and raised the possibility
that IL2RG may be oncogenic per se [80]. In addition,
proliferation and transformation of normal hematopoietic
and laeukemic cells has been observed with supra-
physiological doses of GH [81]. The risk of developing
cancer is determined by a combination of genetic factors and
environmental effects, in particular diet and lifestyle. There
is increasing evidence that the GH/IGF-I axis may provide a
link between these factors. GH and related signaling
molecules, through their implication in the regulation of
normal cell proliferation, differentiation and apoptosis, may
act as a cofactor in the overgrowth of cancer cells [73].
Therefore, the evidence that these molecules may be
implicated in the control of tumor progression highlights the
need to go further in a detailed understanding of the
mechanisms underlying the process aimed to identifying new
potential therapeutic targets.

CONCLUSIONS

Immune and endocrine systems participate fo an
integrated network of soluble mediators that communicate
and coordinate responsive cells to achieve effector functions
in an appropriate fashion [68]. Several evidences demonstrate
the existence of a previously unappreciated relationship

between distinct elements, such as GH-R and yc and their
signaling pathways. Crosstalk between receptor signaling
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systems is now emerging as an important and exciting area
of signaling research.

The impairment of various GH-induced events in yc
deficiencies suggests a potential interaction between GH-R
pathways and yc, indicating a further functional link between
endocrine and immune system with potential implication of
the molecule in the cell cycle progression and control, The
existence of shared molecular mechanisms of transduction
between immune and endocrine systems is well documented
in several autoimmune disorders characterized by both
endocrine and immune features [82-85]. GH-R pathways
and yc interaction leads to the activation and intranuclear
translocation of STATSb protein. The signals mediated by
STATs generally play a central role in the control of
important cellular events such as cell proliferation,
differentiation and apoptosis [46]. even though the overall
role of the STAT molecules in GH-R signal transduction has
not been fully elucidated. The overall signal transduction
properties of GH-R in X-SCID patients and control BCLs
following GH stimulation, have been recently elucidated. In
particular, after GH stimulation no phosphorylation of
STATS protein was observed in yc negative patients cell
lines in contrast to the control cells, in which a prompt
activation of STATS occurred. Of note, reconstitution of X-
SCID cells with WT ye gene corrected the functional and
biochemical abnormalities resulting in an appropriate nuclear
translocation of STATS. These findings strongly support an
essential role of yc in GH-R signaling. Of note, a co-
localization of GH-R and yc has been documented. Even
though a physical interaction between the two proteins
may be possible, any physical association has not vet
been documented [14]. Currently, studies are ongoing
to identify potential physical interactions between the
two proteins. Moreover, evidence suggests that both
GH-induced and spontaneous cell eycle progression and
cell growth are strongly dependent on yc expression.
Whether the participation of y¢ to the GH-R confers some
additional properties to the receptor in hematopoietic cell
differentiation and functioning remains to be elucidated.
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2.5. Conclusive remarks

Immune and endocrine systems participate to an integrated network of soluble
mediators that communicate and coordinate responsive cells to achieve effector
functions in an appropriate fashion (139). Evidence documented that both GH-induced
and spontaneous cell cycle progression and cell growth are strongly dependent on yc
expression (184), suggesting the interplay between endocrine and immune system and
the main role of yc to regulate cell proliferation and growth.

Alterations of the /L2RG gene leads to X-linked Severe Combined Immunodeficiency
(X-SCID), which is characterized by an absence of T cells and natural killer cells.
Patients with X-SCID have a normal number of B cells but these are non-functional.
Gene therapy trials, as new therapeutic approach for X-SCID, have been performed
leading to immunological reconstitution but, unfortunately, the occurrence of leukemia
was documented in few patients (139). In 2 cases it was associated with an insertional
mutagenesis in LMO2 oncogene. In mice, it has been reported that /L2RG cooperates
with LMO2 in inducing hematopoietic tumors (210). Of note, no clonal
lymphoproliferation has been reported, in patients receiving gene therapy for ADA
deficiency, despite the integration sites near LMO2 (140). Moreover, overexpression of
ye, in X-SCID mice, led to T-cell lymphomas and thymic hyperplasia with no common
integration site documented. These results suggested that insertional mutagenesis was
not the only cause of leukemogenesis, raising the possibility that /L2RG is oncogenic
per se.

In this context, we demonstrated that yc exerts a role in either spontaneous or GH-
induced cell cycle progression, and this regulatory effect depends on the amount of

protein expression (174). Moreover, we documented an over-expression of yc protein in
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continuous malignant hematopoietic cell lines, and a directly correlation between the
amount of molecule with spontaneous cell growth was found. In addition, an increased
expression of all D-type cyclins and a direct correlation between the amount of yc and
cyclins A2 and B1 expression was documented, thus implying a critical regulatory role
of yc on cell proliferation of continuous malignant hematopoietic cells (175).

Recently, we found a predominant and selective up-regulation of /L2RG expression
levels in B-pre ALL cells, differently from what expect because it is well documented
the role of yc-signaling cascade in physiological T-cell development and evidence of
involvement of yc in biology of T-ALL are available (176). Moreover, exploring the
potential mechanism by which yc regulates leukemia proliferation and survival in B-pre
ALL cells, we observed that the yc promoted cell cycle progression through the
upregulation of D-type cyclins, while it allowed cell survival via autophagy, as
suggested by the up-regulation of BECLIN-1 in B-pre ALL cells.

The new knowledge on the molecular basis of leukemogenesis will allow the
definition of new scenarios either to identify novel prognostic biomarkers or to develop
new therapeutic strategies for human hematological malignancies. Currently, several
studies exploring the role of several genes and proteins involved in leukemogenesis are
available. The results came out from our studies will give a great contribution in this
field by unraveling still unidentified mechanisms involved in the pathogenesis of
leukemia and potential novel clinical implications. In particular, the evidence that yc
plays a role in the growth, cell cycle progression and cell proliferation in primary
malignant cell lines will be useful at identifying specific drugs targeted to the molecule
that could exert some beneficial effect on the tumor growth and progression of the

disease through the modulation of the yc expression and activation. Moreover, the
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selective up-regulation of yc expression in specific subtypes of leukemia could be a

valuable tool for innovative therapeutic approach for B-pre ALL.
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CHAPTER I1I

“Predisposition to cancer and autoimmunity associated with PIDs”

Immunedeficiencies are genetic or acquired diseases showing predisposition to severe
infections, but also, in certain circumstances, autoimmunity and cancer, caused to
abnormal functionality of immune system.

The increased risk of developing malignancy of patients with
immunodeficiencies is caused to a defective immunity towards cancer cells. The overall
risk for children with congenital immunodeficiency to develop tumor is approximately
4-25% (211). The type of malignancy is highly dependent on the primary
immunodeficiency, the age of the patient and probably viral infection, suggesting that
different pathogenetic mechanisms are implicated in each case. Of note, non-Hodgkin’s
lymphomas predominate (60% of cases) (211). Nevertheless, only a few studies
regarding the incidence of malignancy in primary immunedeficiencies, the
histopathological types and prognosis are so far available. It has been documented that
the median age of diagnosis is 7.1 years with a male predominance, due to an increased
frequency of X-linked disorders. Moreover, it has been shown that the diseases more
often associated with tumor were CVID, WAS, A-T and SCID (212).

The immune system has the peculiar ability to monitor and control infections
from non-self pathogens while maintaining tolerance to self-antigens. The establishment
and maintenance of the mechanism self-tolerance is a necessary ability of adaptive
immunity. Breakdown of either central or peripheral tolerance can lead to
autoimmunity. In PIDs the occurrence of autoimmunity represents a failure of immune

system in responding to non-self pathogens and simultaneously a vigorous reaction to
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self-antigens. Of note, studies of several monogenic human immune disorders and
animal models have shown that the impaired functionality of the immune system can
provoke breakdown of central and peripheral tolerance and consequently the

development of autoimmune disease.

3.1. Ataxia telangiectasia

Ataxia telangiectasia (A-T) is a rare autosomal recessive disorder characterized by
progressive  neurological dysfunction, especially affecting the cerebellum,
oculocutaneous telangiectasia, immunodeficiency, high incidence of neoplasms and
hypersensitivity to ionizing radiations (213, 214). A-T is associated with mutations in
the ATM gene, spanning 150 kb of genomic DNA and encoding for a 370-kDa
serine/threonine (215). ATM plays a key role in the control of various cellular processes
such as DNA repair, cell cycle progression, gene transcription, protein synthesis and
degradation, and apoptosis. A-T may be considered a prototype of the DNA repair
defect syndromes, since the disease shows the typical consequences of defects in the
DNA damage response (DDR): degeneration of specific tissue affecting particularly the
nervous and immune systems, chromosomal instability, and sensitivity to specific
DNA-damaging agents. However, the neuronal degeneration in A-T is only partially
due to defective DNA damage response DDR (216). In fact, it has been proposed a new
role of ATM in maintaining the reducing power of the cellular environment, acting as
redox sendor. Furthermore, recent studies highlight the role of ATM in modulating
mitochondrial homeostasis. Of note, a fraction of ATM localizes to the mitochondria

and can be activated by mitochondrial dysfunction in the absence of DNA damage
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(217). Since the high rate of transcription and translation in neurons creates a stressful
environment, neuronal genomic and mitochondrial DNA are constantly attacked,
suggesting that the mitochondrial dysfunction and the increase in mitochondrial reactive
oxygen species may contribute to the A-T phenotype.

To date, only supportive care aimed to halt the progressive neurodegeneration is
available for the treatment. Recently, an improvement of neurological signs during
short-term treatment with oral betamethasone has been reported. In A-T, and in several
neurodegenerative disorders, an inappropriate apoptosis seems to play an important
pathogenic role. In this contest, studies showed that Glucocorticoids (GCs) were able to
enhance apoptosis in inflammatory and immune cells, whereas, at the same, time they
seem to protect tissues in which the inflammation takes place (218, 219). GCs were
capable to diffusing into the Central Nervous System (CNS) by crossing the blood-brain
barrier (BBB), where they exerted effects on the suppression of inflammation or as
antioxidant and protected post-mitotic neurons from apoptosis. Eventually, GCs
potentially also played a role in modulating synaptic plasticity, reducing the impact of
disability (220).

However, the molecular and biochemical mechanisms by which the steroid
produces such effects have not yet been elucidated. A better understanding of the
mechanisms of action of GCs in the brain is needed, because in A-T during the initial
phase of cell loss, the neurological impairment may be rescued by interfering the
biochemical pathways. This would open a new window of intervention in this so far
non-curable disease.

These data have been published as Review on European Journal of Neurology, for the

manuscript see below.
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open a new window of intervention in this so far non-curable disease.

2 Introduction

Ataxia telangiectasia (A-T) is a rare autosomal reces-
sive disorder that affects several body systems and tis-
sues leading to a complex and severe phenotype [1.2].
The hallmark of A-T is the progressive neurclogical
dystunction characterized by uncoordinated and ataxic
movements &5 a result of eerebellar atrophy or dysfunc-
tion [3]. Other features of A-T include telangiectasia,
immune and endocrine dysfunctions, cellular radiosen-
sitivity. genomic instability, premature aging, and pre-
disposition to cancer [3.4]. The prognosis for survival is
poor, and death usually occurs during about the second
or third decade of life predominantly caused by the pro-
gressive neurodegeneration, pubmonary failure with or
without identifiable pneumonia, or cancer [5]. Cur-
rently, there is no effective treatment for A-T. but only
supportive care aimed to halt progressive neurodegen-
erative changes. In a recent study. we reported on the
amelioration of neurological signs, assessed by Scale
for the Assessment and Rating of Ataxia (SARA), dur-
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ing short-term treatment with oral betamethasone [6,7].
Far from being 4 definitive therapeutic approach, this
observation makes us able to argue that. during the
initial phase of cell loss; biochemical and functional cer-
ebellar abnormalities may still be modified, by interfer-
ing the biochemical pathways.

As for the intimate mechanism implicated in such
beneficial effect of the betamethasone, no conclusive
information is available. The central issue is to clarify
whether this improvement is. related to the peripheral
effect of the drug or rather to an effect of the drug on
the central nervous system (CNS) performance activ-
ity. On peripheral blood mononuclear cells, an effect
of betamethasone on radical oxygen species (ROS)
production has been documented [8], and evidence
indicates that steroids may cross the blood—brain bar-
rier (BBB). In this review., we will focus on new
aspects of pathophysiology and their implication in
understanding the mechanism of action of betametha-
sone in A-T.

ATM defect and A-T pathogenesis

A-T is associated with mutations in the ATM gene
encoding for a 370-kDa serine/threonine kinase, which
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shares sequence similarities with the catalytic subunit
of phosphatidy] inositol-3 kinase. The ATM gene is
large, spanning 130 kb of genomic DNA and encod-
ing a ubiguitously expressed transcript of approxi-
mately 13 kb [9). The classic form of A-T results from
the presence of two truncating ATM mutations, lead-
ing to toial loss of function of the ATM protein,
whereas milder forms are associated with a leaky
splice site ATM mutation or with mis-sense muta-
tions. The presence of these latter alterations may
allow some expression of mutant ATM with a degree
of residual kinase activity [10].

ATM plays a key role in the control of vanous cel
lular processes such as DNA repair. ocll cycle progres-
sion, gene tramscription, protein synthesis and
degradation, and apoptosis (Fig. 1). The disease may
be considered a prototype of the DNA repair defect
syndromes. In fact, ATM represents the central com-
ponent of the signal transductton pathway responding
to double-strand DNA breaks (DSBs) caused by IR,
endogenous and exogenous DNA-damaging agents
(Fig. 1) [11]. A-T demonstrates the typical conse-
guences of defects in the DNA damage reponse
(DDR): degeneration of specific tissue affecting partic-

ularly the nervous and immune systems, chromasomal
nstability, and sensitivity to specific DNA-damaging
agenis. However, the neuronal degeneration in A-T is
only partially due to defective DNA damage response
DDR [12] and recognizes a complex pathogenesis. It
has been recently proposed that ATM also acts as a
redox sensor. ATM activation may derive directly
from oxidative stress or DNA damage induced by oxi-
dative stress. In the first case, a disulfide bridge s
formed between cysteine (C299]) residues in an ATM
dimer [13], whilst in the second case an active mono-
mer forms from an inactive dimer [14]. This evidence
suggests a role of ATM in signaling other than direci
DNA damage. Furthermore, recent studies highlight
the role of ATM in modulating mitochondnial homeo-
stasis. A fraction of ATM localizes o the mitochon-
dria and can be activated by mitochondrial
dysfunction in the absence of DNA damage [15]. The
high rate of transeription and translation in neurons
creates a stressful environment, where neuronal geno-
mic and mitochondrial DNA are constantly attacked.
Mitochondrial dysfunction has been found to be
implicated in a significant number of neurclogieal
diseases, including Parkinson's disease, Huntington’s
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Figure 1 Following the induction of double-strand DNA breaks (DSB), A-T mutated (ATM ) is acuvated, and a portion of nuclear

ATM binds to the DSB sites. Activated ATM 15 then able 10 phosphorylae substrates that are involved in a series of events including
cell cyele checkpoint acuvation and apoptosis. ATM-dependent phosphorylation of p53 and Chk2 can inhibit the cell cvele at various.
phases. ATM also phosphorylates NBSE, which is involved in the intra-S-phase checkpoint. ATM plays a key role also in maintaining
the reducing power of the cellular environment epregulating pentose phosphate pathway (PPP), which converts glucose-6-phosphate to

ribose-3-phosphate. In this process, glicose-f-phosph

dehydrogenase (GEPD) and 6-phosphogluconate delyydragenase (6PGD)

reduce NADP 1o NADPH. High levels of ROS, under normal conditions, activate ATM, which, in turn, promotes G6PD activity,
thus restoring the redox state of the cells. Oxidative stress contributes to the accumulation of DNA damage, leading to ATM activa-
tion, However. ATM oxidation directly induces its actvation in the absence of 1SBs.
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disease, Alzheimer's disease, amyotrophic lateral scle-
rosis, and various peripheral neuropathies, as well as
the normal aging process [16,17). These findings sug-
gest that the mitochondrial dysfunction and the
increase in mitochondnal reactive oxygen species may
contribute to the A-T phenotype.

DNA repair defect, and neurodegeneration

A-T provides a well-characterized example of the
relationships that exist between repair defects and
neurodegenerative disease.

The high rates of transcription and translation in
neurons are associated with high rates of metabolism
and mitochondral activity. The amount of oxygen
consumed by the brain relative to its size far exceeds
that of other organs. This high activity creates a
stressful environment where neuronal genomic and
mitochondrial DNA are constantly attacked by dam-
aging metabolic. by-products, primarily ROS [18].
Because neurons are post-mitotic cells and, in case
they are irreversibly damaged, they cannot be
replaced, they should survive as long as the organism
does. Thus, they have elaborated, stringent defense
mechanisms to ensure their longevity [19], such as
DDR, an elaborate signaling network activated by
DNA damage [20,21]. Genetic deficiencies in enzymes
that detect or repair DNA damage can induce the
apoptosis of specific neuronal populations or further
sensitize them to genotoxic stresses [22]. Accumulation
of DNA damage in nearons is one of the major forms
of damage invelved in brain aging and neurodegener-
ation. Many neurodegenerative syndromes result from
defective DNA strand break responses. However, the
disease-specific hallmarks of A-T with regard to the
onset and course of neurodegeneration likely reflect
selective DDR requirements in the specific areas of
CNS [23]. ATM signaling functions predominantly in
recently post-mitotic neurons [24] to frigger apoptosis
of cells, which have experienced excess DNA damage
during brain development. A failure to do this may
result in the establishment of genetic lesions that even-
tually’ result in cell loss and neurodegeneration [25].
According to this model, in the absence of ATM,
damaged neurons survive and populate the Purkinje
neuron layer, only to degenerate later as a result of
DNA damage experienced during their development.

Autoptical and bioptical studies show atrophy of
the cerebellar folia, widespread loss of Purkinje cells,
granuke cell loss, and significant thinning of the molec-
ular layer of the cerebellum. Purkinje cells have
abnormally smooth dendntes with reduced arbaoriza-
tions, and they are often displaced in the molecular
layer of the cerebellum [26]. Because basket cell

B 2012 The Author(s)

Betamethasone therapy in Ataxia Telangiectasia = 3

interneurons are present in the cerebellum, it is likely
that the Purkinje cell layer, initially formed, is later
followed by progressive degeneration. Even though
the neurodegenerative phenotype in younger A-T
patients is restricted to Purkinje and gramule cells of
the cerebellum, it broadens considerably with age and
may extend to the basal ganglia. This widespread
degeneration results in a progressivé decline in neural
function [23].

ATM and oxidative stress

ATM appears to be involved in the response to oxida-
tive stress [27], possibly acting as a sensor of ROS
[13,28]. The generation of ROS can arise either from
toxic insults or from normal metabolic processes. The
overproduction of oxidants andjor dysfunction of
endogenous antioxidant defenses result in oxidative
stress—induced injury with damage to all the major
classes of biological macromolecules, such as nucleic
acids, proteins, lipids, and carbohydrates [29]. In
mammalian cells, several defense mechanisms against
oxidative damage have been documented [30,31]: The
first one is based on low molecular weight antioxi-
dants or protein scavengers [32] such as glutathione,
which appears in both its oxidized (GSSG) and
reduced (GSH) forms [32]. The second one includes
antioxidant ‘enzymes like superoxide dismutases,
S0D1 and SOD2, glutathione peroxidase, catalase
[29], and cytochrome p450 reductase [33].

The CNS is particularly vulnerable to oxidative
stress due to the high rate of metabolism, the dispro-
portionately low levels of oxidative defense mecha-
nisms, and the high content of easily oxidized
substrates. In this context, an increased and unop-
posed ROS production can lead to neurotoxicity
resulting in neural damage and eventually cell death
[29]. Evidences support the direct relationship between
excessive ROS production and the pathogenesis of A-
T [34]. ATM ™/~ cells exhibit high concentrations of
ROS and hypersensitivity to agents that induce oxida-
tive stress [32], and A-T lymphoblasts reduce glutathi-
one more slowly than normal cells after glutathione
depletion induced by oxidative stress [35]. However,
other works failed to identify an impaired GSH bio-
synthesis in cultured A-T celk [36,37]. Moreover,
recent studies have documented the presence of high
levels of oxidative damage in patients with A-T [8.38],
confirming previous observations In mouse models
[39]. We also observed in a group of patients with A-
T the existence of an inverse correlation between the
degree of cerebellar atrophy and GSH levels [8]. Fur-
thermore, in ATM-defictent mice, the overexpression
of SODI exacerbated certain features of the A-T
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phenotype [40]. These observations suggest that the
impaired response to ROS in A-T cells might influ-
ence neuronal survival [41].

ATM deficiency causes oxidative damage to pro-
teins and lipids in brain, testes, and thymus, genomic
instability and hypersensitivity to IR and other treat-
ments that generate ROS [34]. A recent study shows
that ATM oxidation directly induces its activation in
the absence of DSBs [42], confirming that ATM acts
as sensor of ROS in human cells [42].

ATM plays a key rolk in maintaining the reducing
power of the cellular environment upregulating pen-
tose phosphate pathway (PPP), which converts glu-
cose-6-phosphate to ribose-3-phosphate [41]. In this
process, glucose-6-phosphate dehydrogenase (G6PD)
and 6-phosphogluconate dehydrogenase (6PGD)
reduce NADP to NADPH [43]. High levels of ROS,
under normal conditions, activate ATM, which, in
turn, promotes GO6PD activity, thus restoring the
redox state of the cells. In patients with A-T, this
feedback might be compromised, leading to the accu-
mulation of ROS [41] Similar to ATM-deficient cells,
GoPD-deficient cells are more sensitive to apoptosis
induced by IR [44].

It has been observed that ATM activation increases
GOPD favoring the interaction between heat shock
protein (HSP) 27 and G6PD [4]1]. ATM in fact
induces serine 78 phosphorylation of HSP27 and
mediates G6PD activation. It is possible that this
phosphorylation increases HSP27 affinity for G6PD
increasing, in turn, its activity.

A-T and steroid therapy

Currently, there is no effective treatment for A-T. A
single case report pointed out that steroids produced
in a child a short<term improvement in ataxia [45].
Recent clinical reports extended this clinical observa-
tion and documented a clear-cut beneficial effect of
such therapy that was inversely correlated with the
extent of cerebellar atrophy. This beneficial effect was
also inversely correlated with the age of the patients
|8]. Of note, this effect was strictly drug dependent, in
that the drug withdrawal paralleled the worsening of
the neurological signs [6). A recent double-blind, ran-
domized, placebocontrolled crossover trial has con-
firmed the previous observations [46]. Intriguingly,
during the short steroid tnal, a paradoxical effect on
the proliferative response to mitogen stimulation was
documented, differently to what expected on the basis
of the drug-induced immune suppression [7]. This
finding would potentially imply a direct effect of beta-
methasone on the intimate altered pathogenetic mech-
anism in A-T [7].

However, as for the intimate mechanism implicated
in such beneficial effect of the betamethasone, no con-
clusive information is available.

Peripheral effects of glucocorticoids

Most of the biologic effects of glucocorticoids (GCs)
have been studied in white blood eells and, in particu-
lar, in lymphocytes. Different mechanisms of action
have been described to explain GC therapeutic effects:
the classical genomic mechanism of action mediated
by the GC/GC receptor (GR) complex and non-geno-
mic effects mediated by the cytoplasmic or membrane-
bound GC/GR complex. The genomic mechanism
may result in transrepression or transactivation [47]
(Fig. 2). As for the transrepression (Fig. 2), GC/GR
complex directly or indirectly interacts with transcrip-
tion factors, including NF-KB, NF-AT, and AP-]
[48], thus resulting in the down-regulation of well-
defined tarpget genes [49]. Through this mechanism,
GCs inhibit the synthesis of T-helper type | cytokines
and, in particular, interleukin (IL)-2 [50], thus explain-
ing the potent anti-inflammatory properties of these
drugs, GCs also act, to a lesser extent, on the down-
regulation of chemokine secretion and the expression
of costimulatory molecules from immune and endo-
thelial cells [51].

GCs seem to act downstream the TCR signal trans-
duction pathway and, in particular, on the calcium
signaling induced by inositol 14, 3-triphosphate (IP3)
[52]. It has been shown that low doses of dexametha-
sone on immature T cells (1-10 nM) induece the inhi-
bition of Lck, thus altering calcium flux and the
expression of IP3 receptor. In conclusion, these events
eventually lead to the inhibition of the TCR-mediated
signaling, thus explaining the inhibitory effect on cell
activation [52]. By contrast, GCs seem to exert moder-
ate effects on the survival, proliferation, and function-
ality of B cells [51].

Differently to this process, through a fransactivation
mechanism (Fig. 2), GC/GR complex directly interacts
with molecular targets as GC-regulated genes, Follow-
ing the interaction of GCs with GR, GRs migrate into
the nucleus and, subsequently, bind to GC-responsive
element (GRE), thus modulating the transcription of a
variety of genes including GC-induced leucine zipper
(GILZ) and GC-induced TNFR family-related (GITR)
[53,54], which are the major biomarkers of GC-induced
gene transcription. GILZ is a 137-amino-acid leucine
zipper protein rapidly induced by GCs implicated in the
modulation of activation-induced cell death [54,535],
through inhibition of NF-kB translocation and activa-
tion. Tt is also able to regulate T lymphocyte activity,
including T-cell survival [55.56].
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Figwre 2 The classical. genomic mechanism of glucocomeoid action can be divided imo two processes: ‘transrepression’ and ‘rransact-
vaton”. Transrepression is the molecular mechanism by which GC/GR complex directly or indirectly interacts with transeription fac-
tors. including NF-KB, NF-AT, and AP-1, thus resulting in the down-regulation of well-defined target genes. In particular, through
this mechanism, GCs inhibit the synthesis of T-helper type | evtokine. Transactivation is referred to the molecular mechanmsm by
which GC/GR complex directly interacts with GC-regulated genes. (GCs bind and induce GR actvauon, followed by the GR translo-
caton to nucleus and subseguent binding o GCresponsive element (GRE), thus modulatng the trapscription of a vanety of genes
inclading CiC-induced levcine zipper (GILZ) and GC-induced TNFR family-related (GITR ) molecules, which are biomarkers of the

GCuinduced gene transcription.

GC effects on CNS

Neuroprotection

In the brain, the biologic function of GCs relies on
their ability to access brain targets [57]. Data are
dvailable indicating that cortisol and corticosterone
are capable of diffusing from plasma into the CNS by
crossing the BBB and blood—cerebrospinal fluid bar-
rier (BCSFB) [37]. However, the anatomical complex-
ity of the brain enormously complicates the studies in
the brain aimed at defining in detail gene targets of
GC/GR complex [58]. Receptor binding and immuno-
cytochemistry studies reveal that different regions of
CNS do express GR, although the pattern of expres-
sion varies amongst the areas. GCs have been docu-
mented to exert neuroprotective, anticonvulsive, and
anxiolytic properties [59]. GCs also have effecis on the
behavior mediated by non-genomic mechanisms [60].
Under physiological conditions, moderate increases m
GCs have been shown to modulate cognition patterns,
as well [539.61).

In several neurodegenerative disorders, inappropriate
apoptosis seems to play an important pathogenic role.
(Cs exhibit a prominent role in the regulation of apap-
tosis, even though the modulatory effect occurs through

® 2012 The Autnars

opposite mechanisms under different circumstances.
GCs enhance apoptosis in inflammatory and immune
cells, whereas they seem to protect tissues in which the
inflammation takes place from apoptotic death [62,63].
GCs promote apoptosis by inducing proteasome activ-
ity. GCs have been shown to protect neurons from
apoptosis through a mechanism involving the cyclin-
dependent kinase inhibitor p2IWafl/Cipl molecule
[62]. p2I1Wafl/Cipl is upregulated and phosphorylated
by GCs under the control of PI3-Akt kinase, eventually
leading to the activation and cytoplasmic transfocation
of p21 Wafl/Cipl [62]. This modulatory pathway repre-
sents a novel antiapopiotic mechanism, which. in par-
ticular, exerts its effects on post-mitotic neurons, thus
implying a direct role of p21 Wafl/Cipl as a molecular
target of GC-induced neuroprotection [62]. Caspase-3
participates in the process, as well, being inhibited by
p2I'Wafl/Cipl [62].

GCs. also act on neurological functions by upregu-
lating HSP27 in the cerebellum [64] This molecule
bhelongs to the family of HSPs, which are small molec-
ular weight proieins acting as molecular chaperones
involved in the regulation of actin polymerization,
thermotolerance, and eell growth [65]. HSPs have a
proteciive function after exposure io several ceflular
insults, such as ROS. Synthesis of such proteins is

1
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induced by GCs [64], and the resistance of the brain
to stress-like elevations in corticosterone levels seems
mediated by this mechanism [64]. The cerebellum is
the principal site of induction of HSPs, and in partic-
ular HSP27, which seems to have a unique role in
adapting neurons [66].

In conclusion, GCs act as inducers of protective
systems against several insults in the brain. Several
lines of evidence support the hypothesis that such
mechanisms might have some site-directed specificity
in the brain.

Synaptic plasticity

Plasticity refers to the ability of the CNS to reorga-
nize itself’ over the time [67]. The main mechanism
includes functional changes or alterations in the num-
ber or location of synapses between neurons [68].
Under physiological conditions, moederate increases in
GCs have been shown to modulate synaptic plasticity
and cognition patterns [69]. GRs exert their effects at
the membrane, where they modulate the conductance
of specific ion channels, which, in turn, modulate
neuronal excitability [70]. GC injections in mice cause
a dose-dependent effect on dendritic spine dynamics,
increasing spine turnover within brain cortex [71].
Accordingly, a reduction in endogenous GC activity
causes a substantial reduction in spine turnover rates
[71]. However, chronic GC excess leads to abnormal
loss of stable connections that were established early
in life [71].

Synaptic plasticity requires brain-derived neuro-
trophic factor (BDNF) secretion and TrkB activation
[72]. Trk receptors are involved in newronal survival
and differentiation [73,74]. Acute administration of
dexamethasone promotes TrkB activation in the CNS
in vivo, the effect not being mediated by BDNF. The
activation of Trk receptors by GCs requires a genomic
action of GR [73]. Also in the neurons, in addition to
the genomic mechanism, GRs may also act in extra-
nuclear areas, as the dendritic spine and axon terminal
to induce the spinogenesis, or to modulate locally the
synaptic transmission.

In a recent study, through functional magnetic
imaging, an increase in the activation in relevant
cortical areas has been shown to be coupled to
changes in the motor performance in A-T patients
treated with betamethasone [76]. This observation
suggests that in patients with A-T, steroid treat-
ment could improve motor performance facilitating
cortical compensatory mechanisms. Changes in
clusters of activation in response to motor tasks or
sensory stimuli, related to the improvement in
motor performance, have also been described dur-

ing the rehabilitation of patients with different
brain injuries, such as focal resection of the cortex
or hemispherectomy [77] or stroke [68]. This ability
to promote brain remodeling, reducing the impact
of disability, has been related to the neuronal plas-
ticity [68].

Conclusion

Currently, there is no effective treatment for A-T.
Recent studies reported on the improvement of neuro-
logical signs during short-term treatment with oral
betamethasone [6,745]. As for the mechanism under-
Iying this effect of corticosteroids on neuroclogical
symptoms in A-T, no definitive explanation 5 cur-
rently available.

In this review, a possible mechanism implicated in
the beneficial effect of steroids has been discussed on
the basis of the pathogenesis, in particular, the GC
effects on the suppression of inflammation or as an
antioxidant through the activation of several biochem-
ical pathways.

In several neurodegenerative disorders, and in par-
ticular in A-T, an inappropriate apoptosis seems to
play an important pathogenic role. Studies show that
GCs are able to enhance apoptosis in inflammatory
and immune cells, whereas, at the same, time they
seem to protect tissues in which the inflammation
takes place [62,63]. GCs have been shown to protect
post-mitotic neurons from apoptosis through a mech-
anism involving the cyclin-dependent kinase inhibitor
p2I1Wafl /Cipl molecule [62]. Of note, ATM signaling
appears to function predominantly in immature,
recently post-mitotic neurons [24].

Even though steroids are not curative and cannot
be proposed for long-term therapies due to the side
effects, it is noteworthy that betamethasone studies
highlighted that during the clinical course of the dis-
ease, there is a phase when neurological impairment
may be rescued at some extent. This observation will
open novel therapeutic strategies.
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3.2. Autoimmunity and PIDs: a focus on APECED

Tolerance represents a state of immunologic non-responsiveness in the presence of a
particular antigen. In this context, T-cell tolerance is crucial for the generation of a
proper T-cell repertoire, able to respond to a huge number of foreign antigens, but
preventing autoimmune reactions. The generation of appropriate self-tolerant the T-cell
repertoire is exerted at two levels: (1) central tolerance (development and selection of T-
cells in the thymus) and (2) peripheral tolerance (deletion, anergy of mature T-cells in
lymphoid and non-lymphoid organs) (221). The intrathymic central tolerance is the
mechanism by which T cells binding self-antigenswith high avidity, potentially
autoreactive lymphocytes, are eliminated through the negative selectionprocess (221,
222, 223, 224). Autoreactive lymphocytes that have escaped negative selection are
deleted in the periphery through the mechanisms of the peripheral tolerance (221).
Within the thymicmedulla negative selection ismediated bymTECs andmedullary DCs
(mDCs).Mature mTECs display a peculiar phenotype, characterized by the high surface
expression of CD40, CD80, CD86, andMHC class II, which favors an efficient
thymocyte deletion. The prominent process in inducing the negative selection is
represented by the broad expression of tissue-specific antigens (TSA).This high
expression by mTECs of genes encoding TSA, normally found in the periphery, is
driven by the transcription factor autoimmune regulator (AIRE) (222, 223, 224, 225).
These TSA include, among other tissues, proteins restricted to the pancreas, stomach,
eye, salivary gland, muscle, and thyroid (226, 227, 228, 229). However, AIRE doesn’t
regulate the expression of all TSA genes by mTECs. Surprisingly, only 1-2% of
mTECs express a given TSA, making it very difficult to understand how a low number

of mTECs is able to delete a so huge number of clonotypes (228). It has been
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hypothesized that during a 4- to 5-day period the high motility of thymocytes allows
them to make a huge number of interactions with mTECs (230). mDCs have a similar
role, even though they acquire TSA mostly through the uptake of apoptotic mTECs.
Alternatively, they migrate from the periphery into the thymus (231).

Some of the thymocytes that recognize self-MHC-peptide complexes with high
affinity express Foxp3 and mature as Tregs, which are able to suppress autoreactive T
cells in the periphery (232, 233). To mature into Tregs, the precursor cell must bind
self-antigens with high avidity. In the mouse model, it has been shown that strong and
not weak interactions between TCR and agonist peptide lead to the development of
Foxp3" Tregs with regulatory properties (234, 235). However, there is evidence
suggesting
the involvement of additional factors inthenatural differentiation of Tregs (236). Of
note, two mechanisms to suppress self-reactive thymocytes have been proposed:
triggering of co-stimulatory molecules and the activation of Fas signaling pathway. In
particular, it has been shown that the co-stimulatory molecules such as CD40, CD8O0,
and CD86, which are expressed by mTECs and mDCs, play a pivotal role in clonal
deletion (237, 238). Indeed, exposure of DP thymocytes to anti-TCR monoclonal
antibody (mAb) fails to induce thymocytes death, but not in the presence of APCs
(239). In the presence of APCs expressing B7 molecules, a crucial co-stimulatory
factor, which interacts with thymocyte CD28 receptor, DP thymocytes undergo
apoptosis using anti-TCR and anti-CD28 mAb in vitro. Furthermore, it has been
observed in SP thymocyte cultures that the exposure to high concentration of anti-TCR
mAb is able to induce apoptosis through a high-level TCR signaling in the absence of

co-stimulation (240). This effect is abolished in Fas-Ipt/lpr cells (241), carrying
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homozygous mutation of Fas, a member of the tumor necrosis factor receptor
superfamily. Thus, the strong TCR ligation leads to apoptosis in a Fas-dependent
manner in the absence of costimulatory signals (241). On the contrary, moderate-avidity
TCR binding requires interactions with co-stimulatory molecules to induce apoptosis
and, therefore, under these circumstances, cell death is induced by a Fas-independent
mechanism.

The alteration of this orchestrated process leads to autoimmune diseases. Particularly,
the prototype of a genetically determined failure of central tolerance leading to
autoimmunity is APECED, caused by mutations in AIRE gene. APECED is a rare
disease (OMIM 240300) (242) with a complex clinical phenotype discovered over
decades (243). Patients with APECED have a highly variable pattern of destructive
autoimmune reactions toward different endocrine and nonendocrine organs mainly
involving parathyroid glands, adrenal cortex, gonads, pancreatic beta cells, gastric
parietal cells, and thyroid gland. Moreover, ectodermal abnormalities are frequently
present. The main ectodermal manifestations in APECED are dental enamel hypoplasia,
pitted nail dystrophy, and alopecia. Keratopathy, vitiligo, and calcification of the
tympanic membranes can also be described. Furthermore, autoimmunity in APECED
may involve the gastrointestinal system, leading to autoimmune gastritis,
malabsorption, and autoimmune hepatitis (244). The classical clinical diagnosis is
primarily based on the presence of two of the three most common clinical features:
chronic mucocutaneous candidiasis (CMC), chronic hypoparathyroidism (CH), and
Addison disease (AD) (245).The presence of only one component is sufficient for the

diagnosis if a sibling is affected (246). Autoantibodies for type 1 IFN (IFN-w» and IFN-
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o) may be considered as a specific and sensitive diagnostic tool for APECED (247). Of
note, the APECED varies in the severity and number of disease components.

So far, over 60 different mutations of the AIRE gene have been documented in
APECED patients (248). Some different mutations have been found to be peculiar
of specific geographic areas.

However, the great variability of APECED phenotype implies the participation
of several disease-modifying genes and environmental factors to the disease phenotypic
expression. In the near future, total exome sequencing could be a good perspective from
which to analyze genetic variations involved in inheritance and clinical expression of
autoimmune diseases.

These findings have been published as Review on International Reviews of Immunology

and Expert Review Clinical Immunology, for the manuscript see below.
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The thymus is a specialized organ that provides an inductive environment for the development of
Tcells from multipotent hematopoietic progenitors. Self-nonself discrimination plays a key role in
inducing a productive immunity and in preventing autoimmune reactions. Tolerance represents
a state of immunologic nonresponsiveness in the presence of a particular antigen. The immune
system becomes tolerant to self-antigens through the two main processes, central and periph-
eral tolerance. Central tolerance takes place within the thymus and represents the mechanism
by which T cells binding with high avidity self-antigens, which are potentially autoreactive, are
eliminated through so-called negative selection. This process is mostly mediated by medullary
thymic epithelia cells (mTECs) and medullary dendritic cells (DCs). A remarkable event in the pro-
cess is the expression of tissue-specific antigens (TSA) by mTECs driven by the transcription factor
auteimmune regulator (AIRE). Mutations in this gene result in autoimmune polyendocrinopathy
candidiasis ectodermal dystrophy (APECED), a rare autosomal recessive disease (OMIM 240300).
Thus far, this syndrome is the paradigm of a genetically determined failure of central tolerance and
autoimmunty. Patients with APECED have a variable pattern of autoimmune reactions, involving
different endocrine and nonendocrine organs. However, although APECED is a monogenic disor-
der, itis characterized by a wide variability of the clinical expression, thusimplying a further role for
disease-modifying genes and environmental factors in the pathogenesis. Studies on this polyre-
active autoimmune syndrome contributed enormously to unraveling several issues of the molec-
ular basis of autoimmunity. This review focuses on the developmental, functional, and molecular
events governing central tolerance and on the clinical implication of its failure.

Keywords AIRE, autoimmune diseases, autoimmunity, central tolerance, susceptibility genes

Recent evidence suggests that systemic autoimmunity and immunodeficiency can
be strictly linked. One of the mechanisms is related to the decreased ability of immune
system to clear the infections in patients with immunodeficiencies, which cause per-
petual immune-system activation and, eventually, autoimmunity. Systemic autoim-
munity is due to combined effect of multiple genetic variations, infections, and im-
munoregulatory factors that, along with a predominant autoimmune phenotype, may
also lead to an increased susceptibility to infections. In the light of this novel point of
view, the overlap of clinical manifestations suggests thatimmunodeficiency should be
considered in the presence of autoimmunity and vice versa [1].
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Growing evidence has been accumulated indicating that autoimmune phenom-
ena occur in patients suffering from primary immunodeficiencies (PID), and the
molecular and cellular mechanisms that interconnect these conditions begin to
be elucidated. The study of rare single-gene disorders associated with significant
autoimmunity certainly and greatly contributed to the overall comprehension of the
pathophysiology of the complex and intimate mechanisms underlying autoimmune
disorders [2].

In this regard, monogenic autoimmune diseases, such as autoimmune polyen-
docrinopathy candidiasis ectodermal dystrophy (APECED), immunodysregulation,
polyendocrinopathy and enteropathy X-linked (IPEX), autoimmune lymphoprolif-
erative syndrome (ALPS), and interleukin (IL) 2 receptor «-chain (IL-2RA, CD25)
deficiency, offer a unique model to unravel many aspects of the development,
homeostasis, and function of the immune system as well as of the balance between
autoimmunity and immunodeficiency. Under these conditions, central or peripheral
tolerance, which normally prevents the survival, expansion, and activation of autore-
active T cells, thus protecting the system from autoimmune diseases, are impaired.

As a paradigm of abnormal peripheral tolerance, ALPS is a disorder characterized
by nonmalignant lymphoproliferation, increased risk of lymphoma, and autoimmu-
nity, often manifesting as multilineage cytopenias [3, 4]. The most common genetic al-
terations are heterozygous germline mutations in the gene encoding the TNF receptor-
family member Fas (CD 95, Apo-1) [5-9], somatic Fas mutations and mutations in the
genes encoding Fas-ligand (FASLG), caspase 10 (CASP10) and caspase 8 (CASP8), and
NRAS and KRAS [10, 11].

IPEX s a further example of failure of the peripheral tolerance, characterized by im-
mune dysfunction, polyendocrinopathy, enteropathy, and X-linked inheritance [12,
13]. This syndrome is caused by mutations in the forkhead box P3 (FOXP3) gene lo-
cated in the short arm of chromosome X (Xq11.23-Xq13.3). This gene consists of 11 ex-
ons, which encode a protein of 431 amino acids, and serves as a lineage specification
factor of regulatory T lymphocytes (Tregs) [14-16]. FOXP3 plays a crucial role in the
generation of Tregs. Tregs are a thymus-derived cell subset [17], which plays a central
role in the regulation ofimmune responses to self-antigens, allergens, and commensal
microbiota as well as immune responses to infectious agents and tumors. A defective
Treg function is associated with autoimmunity, allergy, and immunodeficiency [18,
19]. In contrast, an increased Treg function has been associated with malignancies
[20-23].

In a few IPEX-like cases, alterations of other molecules involved in the generation
of Tregs, such as the IL-2RA, have been reported [24, 25].

Although ALPS, IPEX, and IL-2RA deficiency are examples of genetic alterations
that greatly contributed to a better understanding of the role of peripheral tolerance
mechanisms, most of the current knowledge on the pathogenesis of autoimmunity
also arises from the discovery of genetic models of abnormal central tolerance. In this
review, we focus our attention on the paradigmatic genetic alterations resulting in the
failure of central tolerance.

THYMIC DEVELOPMENT AND INTRATHYMIC SELECTION

The thymus is a specialized organ that provides an inductive environment for the
development of T cells from multipotent hematopoietic progenitors [26-28] and T-
cell repertoire selection, which promotes differentiation of thymocytes expressing T-
cell receptors (TCR) with intermediate affinity and/or avidity for self-peptide-MHC
complexes and allows intrathymic removal of thymocytes that express TCR with high
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affinity for self-antigens. These two processes, respectively known as positive and neg-
ative selection, are required to ensure a high degree of self-tolerance.

On entering the thymus, immature thymocytes promote the differentiation of pre-
cursor thymic epithelial cells (pTECs) into cortical TECs (¢TECs) and medullary TECs
(mTECs), playing an important role in the formation of the thymic microenvironment
[29-31]. The passage of thymocytes through discrete thymic microenvironments to-
gether with the interaction with different types of stromal cells and antigen presenting
cells (APCs) has an important role in the survival and fate choices of developing T cells.

On the basis of the different immunophenotypic patterns, T-cell development can
be divided into three subsequent steps: the CD4~CD8 DN stage, the CD4"CD8"
double-positive (DP) stage, and the CD4-CD8" or CD4*CD8" single-positive (SP)
stage (Figure 1A). The DN1 thymocytes are multipotent cells in that they may still dif-
ferentiate into B, T, myeloid, natural killer (NK), and dendritic cells (DCs) [32-34]. The
DN2 thymocytes lose the multilineage potential even though, under certain circum-
stances, they can still differentiate into NK cells, DCs, or macrophages [35, 36]. DN2
to DN3 transition requires the expression of a different array of genes, which allows
full TCRS gene rearrangement in thymocytes, which become competent to undergo
B-selection [37, 38]. The induction of recombinase activating gene-1 (RAG-1) and
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FIGURE 1. Thymic development and intrathymic selection. (A) The thymus is a specialized organ
that provides an inductive environment for the development of T cells from multipotent hematopoi-
etic progenitors, The intrathymic development of T cells consists of several phases that require
a dynamic relocation of developing lymphocytes within multiple architectural structures of this
organ. These steps are the entry of lymphoid progenitor cells into the thymus; the generation of
CD47CD8" double positive (DP) thymocytes in the cortex; the positive selection of DP thymocytes
in the cortex and the interaction of positively selected thymocytes with medullary thymic epithe-
lial cells (mTECs) to complete the thymocyte maturation; and, eventually, the export of mature T
cells from the thymus. (B) Positive and negative selections are crucial for the creation of a T-cell
repertoire able to respond to a huge number of foreign antigens, preserving, at the same time, the
tolerance to self-antigens expressed in the various tissues. During positive selection (top panel) DP
thymocytes, which do not get a rescue signal through TCR, are programmed to undergo “death by
neglect” or apoptosis. Within the thymic medulla, negative selection (bottom panel) is mediated
by mTECs and medullary DCs. The prominent process in inducing the negative selection is rep-
resented by the broad expression of tissue-specific antigens (TSA). T cells binding self-antigens
with high avidity, potentially autoreactive lymphocytes, are eliminated through the negative
selection process.
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RAG-2, the upregulation of pre-Te (pTw), and the rearrangement of TCRS and y also
occur during the DN2/3 transition. T-cell precursors in this stage lose their capability
to follow a non-T-cell fate choice [39]. The cells overcoming S-selection express the
pre-TCR complex on their surface and reach the DN3 stage [40]. Pre-TCR signaling
downregulates CD25, pTw, RAG-1, and RAG-2, leading to the DN4 stage. DN4 cells are
fully committed to the o T-cell lineage [41, 42].

After f-selection, the thymocytes, which have properly rearranged TCRS chains,
show a burst of proliferation and a subsequent upregulation of CD8 and then CD4. At
this point the cells become DP. Eventually, DP cells rearrange TCRe gene, leading to
TCRa assembly into a TCR complex. This DP population, with an unselected reper-
toire, must undergo the positive selection [43, 44] to continue intrathymic develop-
ment. DP thymocytes positively selected are induced to differentiate into SP cells and
to migrate into medulla, where self-reactive thymocytes are deleted through negative
selection.

Thereafter, SP thymocytes, with an appropriate TCR repertoire, leave the thymus as
recent thymic emigrants (RTE), naive cells expressing the CD62 ligand (CD62L), CD69,
and the CD45RA isoform. These RTE cells are fully mature T cells that exert proper
functional capabilities of cell-mediated immunity [45-47].

POSITIVE AND NEGATIVE SELECTION

Self-nonself discrimination plays a key role in inducing a productive immunity and
in preventing autoimmune reactions. Altering this balance will result in immunodefi-
ciency or autoimmunity. In this context, positive and negative selections are crucial for
the creation of a T-cell repertoire able to respond to a huge number of foreign antigens,
preserving, at the same time, the tolerance to self-antigens expressed in the various
tissues [48].

DP thymocytes, in order to increase the ability to get through positive selection, re-
arrange the TCRw locus in a sequential manner, during a process referred to as recep-
tor editing. After 3 days, DP thymocytes, which do not get a rescue signal through TCR,
are programmed to undergo “death by neglect” or apoptosis (Figure 1B). Only about
5% of DP is able to bind a MHC ligand with mild avidity getting a signal that induces
DP maturation to the CD4™ CD8~ or CD4-CD8™ SP stage [49-51] and triggers the ex-
pression of chemokines that direct the T cell through the subsequent maturation step
within the thymic medulla [52, 53].

Tolerance represents a state of immunologic nonresponsiveness in the presence of
a particular antigen. The intrathymic central tolerance is the mechanism by which T
cells binding self-antigens with high avidity, potentially autoreactive lymphocytes, are
eliminated through the negative selection process (Figure 1B) [48, 54-57]. Autoreactive
lymphocytes that have escaped negative selection are deleted in the periphery through
the mechanisms of the peripheral tolerance [48, 58].

Within the thymic medulla negative selection is mediated by mTECs and medullary
DCs (mDCs). Mature mTECs display a peculiar phenotype, characterized by the high
surface expression of CD40, CD80, CD86, and MHC class 11, which favors an efficient
thymocyte deletion. The prominent process in inducing the negative selection is repre-
sented by the broad expression of tissue-specific antigens (TSA) [59-62]. This high ex-
pression by mTECs of genes encoding TSA, normally found in the periphery, is driven
by the transcription factor autoimmune regulator (AIRE) [59, 63-67]. These TSA in-
clude, among other tissues, proteins restricted to the pancreas, stomach, eye, salivary
gland, muscle, and thyroid [59, 63, 68-70]. However, AIRE doesn't regulate the expres-
sion of all TSA genes by mTECs. Surprisingly, only 1-2% of mTECs express a given TSA,
making it very difficult to understand how a low number of mTECs is able to delete a
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so huge number of clonotypes [65, 67, 71]. It has been hypothesized that during a 4- to
5-day period the high motility of thymocytes allows them to make a huge number of
interactions with mTECs [72, 73]. mDCs have a similar role, even though they acquire
TSA mostly through the uptake of apoptotic mTECs. Alternatively, they migrate from
the periphery into the thymus [74-76].

Some of the thymocytes that recognize self-MHC-peptide complexes with high
affinity express Foxp3 and mature as Tregs, which are able to suppress autoreactive
T cells in the periphery [64, 77-79]. To mature into Tregs, the precursor cell must bind
self-antigens with high avidity [80]. In the mouse model, it has been shown that strong
and not weak interactions between TCR and agonist peptide lead to the development
of Foxp3™ Tregs with regulatory properties [81-83]. However, there is evidence sug-
gesting the involvement of additional factors in the natural differentiation of Tregs [84].

Ofnote, two mechanisms to suppress self-reactive thymocytes have been proposed:
triggering of co-stimulatory molecules and the activation of Fas signaling pathway. In
particular, it has been shown that the co-stimulatory molecules such as CD40, CD80,
and CD86, which are expressed by mTECs and mDCs, play a pivotal role in clonal dele-
tion [85, 86]. Indeed, exposure of DP thymocytes to anti-TCR monoclonal antibody
(mAb) fails to induce thymocytes death, but not in the presence of APCs [87]. In the
presence of APCs expressing B7 molecules, a crucial co-stimulatory factor, which in-
teracts with thymocyte CD28 receptor, DP thymocytes undergo apoptosis using anti-
TCR and anti-CD28 mAb in vitro [88]. Furthermore, it has been observed in SP thy-
mocyte cultures that the exposure to high concentration of anti-TCR mAb is able to
induce apoptosis through a high-level TCR signaling in the absence of co-stimulation
[88]. This effect is abolished [89] in Fas-Ipr/lpr cells [90], carrying homozygous mu-
tation of Fas, a member of the tumor necrosis factor receptor superfamily. Thus, the
strong TCR ligation leads to apoptosisin a Fas-dependent manner in the absence of co-
stimulatory signals [89, 90]. On the contrary, moderate-avidity TCR binding requires
interactions with co-stimulatory molecules to induce apoptosis and, therefore, under
these circumstances, cell death is induced by a Fas-independent mechanism.

MOLECULAR BASIS OF THE CENTRAL TOLERANCE

Mouse and Human Models of Impaired Central Tolerance

To explain the huge number of tissue-specific proteins detected in the thymus, many
studies have been till now conducted, in both mice and humans, to unravel the iden-
tity of peripheral self-antigen-producing cells within the thymus. Recent reports have
shown that both in humans and mice, self-antigen expression in the thymus is re-
stricted to mTECs [59, 91] and, in particular, to mTECs forming the Hassal corpuscle
(HC). The molecular mechanisms governing self-antigen expression by mTECs of HC
and the function of HC in the negative selection process remains to be clarified. Studies
in human thymus show that mTECs in HC express CD30-L, a membrane-associated
glycoprotein involved in T-cell signaling. Interestingly, CD30-deficient mice show a
gross defect in negative but not positive T-cell selection [92].

Studies have shown that a reduced expression of a specific TSA by mTECs may be
associated with the development of that specific autoimmune disorder. For example,
susceptibility to type 1 diabetes (T1D) in humans has been strongly linked to polymor-
phisms in variable number of tandem repeats (VNTRs) within insulin promoter, which
correlate with the level of mRNA expression within the thymus. A reduced thymic in-
sulin expression may reduce the efficacy of clonal deletion promoting an increased
escape of insulin-specific T cells. In addition, the variability of insulin expression lev-
els in the thymus, when compared to the pancreas, also implies that insulin expres-
sion is regulated differently in these two organs [93]. Low expression of insulin in the
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thymus of nonobese diabetic (NOD) mice has also been reported [94] and may play a
role in diabetes susceptibility in this mouse strain. A point mutation in the CHRNAI
gene, encoding the «-subunit of the muscle acetylcholine receptor has recently been
described in a subset of patients with myasthenia gravis. These mutations are able to
prevent the interferon (IFN) regulatory factor 8 binding to the CHRNA1 gene, reducing
its transcription in mTECs [95].

Negative selection of autoreactive thymocytes may also be impaired by alterations
in TSA-specific mRNA processing. For example, in the mouse model of autoim-
mune encephalomyelitis, mRNA splicing deletes the expression of proteolipid protein
peptide-specific thymocytes, thus leading to autoimmunity [96, 97].

Genetic alterations of thymocytes may also lead to autoreactive T-cell escape. It is
well documented that the strength of signaling transduced by TCR upon binding of
self-peptide MHC complex plays a key role in clonal deletion. For example, SKG mice,
characterized by a point mutation in the C-terminus of the SH2-domain of ZAP-70,
develop rheumatoid arthritis (RA)-like disease. Mutations in ZAP-70, in fact, result
in reduced TCR signaling, thus limiting the deletion of the arthritogenic thymocytes
[98]. A reduced thymic negative selection may also derive from a dysregulation of the
pathways inducing apoptosis in the thymocytes. For example Nur77 is a pro-apoptotic
molecule implicated in the thymocyte negative selection. In Nur77-deficient mice, au-
toreactive thymocytes are resistant to apoptosis, and reduced expression of Nur77 has
been reported in a number of autoimmune disease [99].

Aberrant development of mTECs may also impact the efficacy of negative selection.
For example, AIRE expression in the thymus requires cross-talk between developing
thymocytes and stromal cells, and this process is dependent on an organized thymic
microenvironment [100, 101]. A higher incidence of autoimmune phenomena, includ-
ing autoimmune cytopenias [102, 103] autoimmune arthritis [104], and autoimmune
endocrinopathies [105], can be observed in DiGeorge syndrome (DGS) [106, 107] in
which abnormal thymic development may result in impaired expression of AIRE and,
potentially, of other transcription factors that regulate expression of organ-specific
antigens in the thymus resulting in defective central tolerance [100, 108]. However, it
should be mentioned that in DGS autoimmunity may also be explained by exagger-
ated chronic inflammatory responses, “bystander” activation of autoreactive T cells
and “molecular mimicry” [109]. Thymic abnormality in DGS may also impair the gen-
eration of Tregs. Evidence is available showing that patients with DGS have signifi-
cantly lower Treg counts compared with healthy controls [110]. The decreased counts
and proportions of Tregs in patients with developmental thymic hypoplasia suggest
that the generation and maintenance of the FoxP3 Treg pool, at least in children, is
directly related to thymic function rather than peripheral production [110].

Finally, a paradigmatic example of genetic alteration of central tolerance is the mu-
tation of the AIRE gene. The AIRE gene maps in humans to chromosome 21¢22.3, and
was cloned in 1997 by two independent research groups [111, 112]. It consists of 14
exons spanning 11.9 kb of genomic DNA [113] and encodes a 58-kDa protein [111].

Three different isoforms of AIRE protein can be generated by alternative splicing.
However, a unique combination of domains, common to transcriptional regulators
and chromatin-binding proteins, has been identified. The N-terminal region shows a
6-helix structure with high similarity to a caspase-recruitment domain (CARD) [114].
This CARD domain is required for oligomerization of AIRE [115, 116]. Moreover, AIRE
contains an Sp100, AIRE1, NucP41/75, DEAF1 (SAND) domain [117] important for
AIRE transactivation capacity and subcellular localization [118]. The C-terminal re-
gion contains 2 plant homeodomain PHD- type zinc fingers [119]. Mutations in the
PHD domains lead to a severe decrease of AIRE transcriptional activation capacity
[120-122]. In particular, disease-causing missense mutations in PHD1 domain have
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been shown to abolish E3 ligase activity [123]. Other structural features include a con-
served nuclear localization signal and 4 LXXLL motifs or nuclear receptor interaction
domains [124]. AIRE protein is mainly localized in the cell nucleus, within nuclear
bodies distributed near to nuclear speckles [120], suggesting the involvement of AIRE
in the regulation of gene transcription,

The precise molecular mechanisms underlying AIRE function remain to be clari-
fied. The large number and chromosomal clustering [125] of the AIRE-regulated gene
suggest that it does not act as a conventional DNA-binding transcription factor, but as
a coactivator in a large transcriptional complex. Moreover, recent studies on human
embryonic kidney 293T cells have demonstrated that AIRE interacts with a large set of
binding partners [126]. The proteins could be divided into 4 major functional classes:
nuclear transport, chromatin binding/structure, transcription, and pre-mRNA pro-
cessing [126]. The first protein reported to bind to AIRE was CREB-binding protein
(CBP) [127]. CBP is important for transcription initiation and histone and nonhistone
protein acetylation. Its interactions with AIRE may lead to promotion of gene tran-
scription through histone acetylation and the recruitment of chromatin-transcription
factors [115, 128, 129]. Other AIRE partners have been identified, such as DNA protein
kinase (DNA-PK) and SP-RING domain protein inhibitor of activated STAT1 (PIAS1)
(Figure 2) [130, 131]. DNA-PK deficiency in the stromal compartment leads to de-
creased TSA expression in mTECs, thus resulting in autoantibody production [122,
130]. AIRE also binds and recruits the positive transcription elongation factor b (P-
TEFb) complex to RNA polymerase I, eventually targeting gene promoters and en-
hancing the transcription-elongation process [132]. The ability of AIRE’s PHD1 finger
domain to bind histone 3 molecules with unmethylated lysine at position 4, generally
associated with repressed genes, indicates a possible epigenetic control of the AIRE
target genes [133, 134]. Itis plausible that AIRE recruitment of all its co-transcriptional
partners to TSA gene promoters activates the expression of the large number of TSA in
mTECs [135].

(Reeoteton |

FIGURE 2. AIRE's PHDI finger domain is preferentially recruited to histone 3 molecules with un-
methylated lysine at position 4, indicating a possible epigenetic control of the AIRE target genes.
On target gene regulatory regions, AIRE recruits a number of partners, which could be divided into
4 major functional classes: nuclear transport, chromatin binding/structure, transcription, and pre-
mRNA processing. AIRE binds and recruits the positive transcription elongation factor b (P-TEFb)
complex to RNA polymerase Il enhancing the transcription-elongation process. AIRE also inter-
acts with CREB-binding protein (CBP), leading to promotion of gene transcription through his-
tone acetylation and recruitment of chromatin-transcription factors. AIRE may also interact with
the DNA-dependent protein kinase (DNA-PK) complex and protein inhibitor of activated STAT1
(PIAS1). DNA-PK phosphorylates AIRE and collaborates with AIRE in the formation of chromatin
loops. PIAS1 is involved in the nuclear organization of chromatin.
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AIRE has also been detected in peripheral lymphoid tissues, such as lymph nodes
and spleen, and in other tissues, though at a lower degree than in thymic stromal cells.
It is likely that in the periphery, AIRE also contributes to the process of immune toler-
ance by inducing TSA’s gene expression [136-139].

The murine Aire gene has been mapped to chromosome 10, revealing a structural
organization and sequence homology to its human ortholog [140, 141]. Animal mod-
els of Aire”/~ have been an important tool in furthering our understanding of how
Aire prevents autoimmunity. Aire”/~ mice present several autoimmune manifesta-
tions, mononuclear infiltrates in multiple organs, and the presence of autoantibodies
against several tissues [63, 116, 142]. Differently from the human counterpart, Aire™/~
mice do not develop Candida infections [143].

Along with the central tolerance network, several other peripheral mechanisms are
capable of contributing to the control and regulation of the immune system and, pre-
sumably, to the clinical expression of the disease. An additional mechanism involved
in controlling the reactivity to self-antigens in the periphery is also represented by NK-
cell activity. Studies show that resting or cytokine-induced NK cells are able to inhibit
activation and/or proliferation of autoreactive clones, as well [144-147].

An example of the association of AIRE alterations with immunodeficiency and au-
toimmunity is Omenn syndrome [100, 148]. AIRE expression in the thymi of 2 Omenn
syndrome patients and 1 T-B~NK™ shows profound reduction of AIRE mRNA and
protein compared to a normal control subject. Moreover, there was no detectable
mRNA for the self-antigens insulin, cytochrome P450 1A2, or fatty acid-binding pro-
tein in the immunodeficient patients. The authors concluded that deficiency of AIRE
expression occurs in severe inmunodeficiencies characterized by abnormal T-cell de-
9 velopment and suggested that in Omenn syndrome, the few residual T-cell clones that
= develop may escape negative selection and thereafter expand in the periphery, caus-
5 ing massive autoimmune reactions [100].

5

som by Prof Claudio Pignata on 11/06/1

The Human Phenotype Associated with AIRE Gene Mutations: APECED

APECED is a rare disease (OMIM 240300) [111, 112] with a complex clinical phe-
notype discovered over decades [149]. Patients with APECED have a highly variable
pattern of destructive autoimmune reactions toward different endocrine and nonen-
docrine organs mainly involving parathyroid glands, adrenal cortex, gonads, pancre-
atic beta cells, gastric parietal cells, and thyroid gland. Moreover, ectodermal abnor-
malities are frequently present. The main ectodermal manifestations in APECED are
dental enamel hypoplasia, pitted nail dystrophy, and alopecia. Keratopathy, vitiligo,
and calcification of the tympanic membranes can also be described. Furthermore, au-
toimmunity in APECED may involve the gastrointestinal system, leading to autoim-
mune gastritis, malabsorption, and autoimmune hepatitis [150]. The classical clini-
cal diagnosis is primarily based on the presence of two of the three most common
clinical features: chronic mucocutaneous candidiasis (CMC), chronic hypoparathy-
roidism (CH), and Addison disease (AD) [151]. The presence of only one component
is sufficient for the diagnosis if a sibling is affected [152]. Autoantibodies for type 1
IFN (IFN-w and IFN-a) may be considered as a specific and sensitive diagnostic tool
for APECED [121, 153, 154]. The APECED varies in the severity and number of disease
components. In most patients, CMC precedes the other immune disorders appear-
ing by the age of 5 years, usually followed by CH and later by AD [155]. The complete
triad develops in up to two-thirds of patients [151, 152]. As mentioned above, further
clinical or latent autoimmune endocrine diseases may be associated [151]. The au-
toimmune manifestations most likely result from destruction of the target organ by
cellular and antibody-mediated attack [152]. In particular, autoantibodies to parathy-
roid, adrenal glands, and type I IFN are hallmarks of APECED [121, 153]. The molecular
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basis of the increased susceptibility to CMC in APECED patients is still poorly under-
stood. Recently, a role of the autoantibodies against the Th17-related cytokines IL-22,
IL-17A, and IL-17F has been described in the pathogenesis of the CMC [156, 157]. In
particular, IL-17F and IL-22 secretion seems to be significantly decreased in response
to Candida albicans in APECED patients [156]. Life expectancy depends on the sever-
ity of the disease. The overall mortality of patients with APESED is high, but it widely
varies on the basis of the clinical spectrum. The most dangerous autoimmune mani-
festations are fulminant necrotizing hepatitis, severe malabsorption, and tubulointer-
stitial nephritis [158]. Suboptimal hormonal substitution or inadequate management
of addisonian crisis may also increase the mortality risk [159]. Furthermore, patients
with long-lasting oral candidiasis are at increased risk of esophageal squamous cell
carcinoma [160].

Disease-targeted therapy is not currently available and the treatment mainly re-
lies on hormone replacement and caring for clinical symptoms. So far, immuno-
suppressant therapy has been considered only for potentially fatal disease, such as
hepatitis, nephritis, or severe malabsorption [161]. In our series of patients with child-
hood onset APECED, the clinical spectrum widely varies between patients suffering
only occasional episodes of mild oral candidiasis and stable hypoparathyroidism and
patients exhibiting complex phenotypes with life-threatening events [162, 163]. Most
of them are well controlled with only hormonal replacement therapy. Experimental
immunomodulatory treatment of Aire knockout mouse targeting T and B cells might
open the perspective of a similar strategy also in humans [164, 165].

Although rare, APECED has been reported worldwide [150] with a wide variabil-
ityinits incidence. The estimated prevalence in some genetically isolated populations
is relatively higher (1:9000 in the Iranian Jews [166], 1:25000 in Finns [152, 167], and
1:14.400 in Sardinians [168]. It is also quite frequent in Norway [154] and Italy [162].
Even though the most frequent mode of inheritance is autosomal recessive, an Ital-
ian family with autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy
harbored a missense (G228W) mutation in the exon 6 in heterozygosity, indicating a
dominant pattern of inheritance [169].

So far, over 60 different mutations of the AIRE gene have been documented in
APECED patients [70]. Some different mutations have been found to be peculiar
of specific areas. R257X is the most common mutation among Finnish and other
European patients [170-172], 1094-1106del113 (or 967-979del13 bp) is the most com-
mon mutation in British [173], Irish [174], North America [175, 176], and Norwegian
patients [154], and the Y85C mutation is more frequent among Iranian Jews [120]. In
Italy APECED shows an increased prevalence in various regions, in particular in Sar-
dinia, Apulia, and the Venetian area. Moreover, both in Sardinia and Apulia peculiar
mutations of AIRE have been identified: the mutation R139X on exon 3 in Sardinia
[177,178] and the mutation W78R on exon 2 in Apulia [179]. In the Veneto region, AIRE
mutations (R257X on exon 6 and 8) were different from the other Italian regions but
similar to that identified in Finnish and Anglo-Saxon patients [180]. A typical mutation
has been recently identified also in Sicily (R203X on exon 5) [181, 182]. The patients
from Campania showed high frequency of mutations in the region of exon/intron 1
[162]. No AIRE gene mutations specific to Calabria have been found in patients with
APECED. Only mutations similar to those found in patients from Apulia and Sicily
were identified [183].

As mentioned above, although APECED is a monogenic disorder, it is character-
ized by a wide variability in clinical expression, each patient showing a different pat-
tern of affected organs and autoantibody specificities. In the largest reported series of
91 Finnish patients, a wide variation of the clinical phenotype and course of APECED
has been documented [150]. Later on, many other authors confirmed this phenotypic
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heterogeneity among several populations [162, 167, 168, 171, 174, 176, 180, 184] buta
precise genotype-phenotype correlation is still lacking. Of note, the clinical features
vary not only among patients from different families but also among siblings carry-
ing the same murtation [162]. Such variability strongly suggests that disease-modifying
genes, environmental factors, as well as immune system dynamics may play a role in
modulating clinical expression of the syndrome.

More recent analyses revealed effects of additional geneticloci, in particular the hu-
man leukocyte antigen (HLA) complex, on certain disease manifestations of APECED
[70, 185]. Associations with specific HLA haplotypes have been found for trait com-
ponents like alopecia, AD, and T1D in patients with APECED. These haplotypes are
those associated with the common, non-APECED-related forms of the specific dis-
order. However, only a weak association has been observed between the HLA type
and autoantibody specificities in APECED patients, suggesting that in APECED the
HLA alleles do not have a strong influence on autoantibody formation [185]. To
date, there are only few studies on the functionality of peripheral immunological
tolerance mechanisms in patients with APECED. An impairment of CD47CD257
Tregs in adult APECED patients has been reported [186]. However, the reduction in
circulating Tregs might also be secondary to the chronic fungal infection in these
individuals.

Recently, several genetic, environmental, and molecular factors potentially impli-
cated in the phenotypic variability of APECED were investigated in two siblings af-
fected with APECED. They were characterized by an extremely different phenotypic
expression despite an identical mutation of AIRE (IVS1 + 1G=C; IVS1 + 5delG mu-
tation) [162]. In particular, the younger sister had a mild form of the syndrome, while
the older male developed a severe phenotype exhibiting an accelerated phase involv-
ing parathyroid, thyroid, oral mucosa, skin, liver, adrenal glands, bowel, and stomach,
culminatingin alife-threatening posterior encephalopathy syndrome never described
before in the context of APECED [163]. So far, there is no evidence that the severity of
the disease is influenced by sex in that, unlike other autoimmune diseases, APECED
affects in equal manner males and females. The sibs were compared for exposure to
infectious triggers (rubella, Epstein Barr virus, cytomegalovirus, toxoplasma, varicella
zoster virus, parvovirus B19, herpes simplex virus, and parainfluenza virus) [187, 188],
autoantibodies profile, mechanisms of peripheral tolerance (Fas-induced apoptosis,
number of TCD47CD257 regulatory cells, and NK activity) and HLA haplotype. The
results suggested that differences in the exposure to common triggering infectious
agents or functionality of mechanisms governing peripheral tolerance were not in-
volved in the clinical variability between the two sibs. However, there is the possibility
that the difference in the genetic pattern between the two siblings could be respon-
sible for the high variability in the clinical course. In fact, for APECED, as for other
mendelian disorders, the interplay between multiple genetic, epigenetic and environ-
mental factors certainly play a role in phenotypic variability of APECED. As APECED
represents a paradigmatic example of monogenic disease with a very heterogeneous
clinical expression, other complex autoimmune diseases are characterized by a strong
genetic inheritance although not related to a single gene mutation.

Autoimmune thyroid disease (AITD) is an example of complex interaction be-
tween genetic, epigenetic, and environmental factors. Epidemiological data, includ-
ing family and twin studies, revealed a strong genetic susceptibility with a positive
family in about half of the patients. Moreover, genetic anticipation, which is com-
mon in mendelian diseases, has been documented in cohorts of AITD families [189].
Taken together, these observations suggest that the inheritance of an “at-risk” geno-
type creates a susceptible background predisposing to development of AITD. How-
ever, AITD is characterized by an extreme variability in the clinical expression even
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when familial inheritance is well documented. To unravel the intrinsic mechanisms
of the genetic influence and the modulation of clinical expression in AITD, several
genes, mainly involved in the cross-talk between APCs and T cells in the immuno-
logical synapse, have been studied. Main susceptibility genes are summarized in
Table 1. These genes can be divided as follows: immunological synapse genes (HLA-
DR, cytotoxic T-lymphocyte antigen-4 [CTLA4], lymphoid tyrosine phosphatise non-
receptor [PTPN22], and B lymphocyte surface immunoreceptor [CD40]) (Figure 3), T-
regulatory gene (FOXP3, IL-2RA), and thyroid-specific genes (thyroglobulin and TSH
receptor [TSHR]).

Studies on all these genes have revealed that, although several polymorphic vari-
ations of all the cited genes have been identified and linked to AITD, most of them
have only a weak effect on the increased genetic susceptibility to develop the dis-
ease. Familial clustering in complex autoimmune diseases does not necessarily mean
that the disease is genetic in nature. Familial clustering can also be stochastic, or
result from a combination of shared extrinsic and intrinsic factors. On the other
hand, it is possible that in monogenic disease, an interplay between multiple genetic
and molecular factors may be involved in modulating the clinical expression of the
disease.

FIGURE 3. Immunological synapse. A summary view of the key ligand pairs and signaling
molecules that are involved in T-cell recognition. CD80/CD86 is stimulatory peptide-MHC
molecule; CD48/CD59, ICAM1, LFA1, CD2, CD28, CD3, CD4/CD8, and CD45 are activating/co-
stimulatory molecules; CTLA-4 is an inhibitory molecule; and CD43 and CD44 do not con-
tribute to signaling. The arrow indicates converging signals that lead to T-cell activation. APC,
antigen-presenting cell; CD44/45, cell-surface glycoproteins; CTLA4, cytotoxic T-lymphocyte anti-
gen 4; FOXP3, forkhead box P3; ICAMI, intercellular adhesion molecule 1; LFAl, leukocyte
function-associated antigen 1; PISK, phosphatidylinositol 3-kinase; SHP2, SRC homology 2-
domain-containing protein tyrosine phosphatase 2; TCR, T-cell receptor; T reg, regulatory T-cell;
ZAP70, & -chain-associated protein 70.
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TABLE 1. Susceptibility genes for autoimmune thyroid disease (AIDT)

Candidate gene Chromosome Function
Human leukocyte antigen 6p21 Located on professional antigen-presenting
(HLA)-DR cells (APCs) and involved in presenting
peptides to lymphocytes
Cytotoxic T-lymphocyte 2q33 Negative regulation of T-lymphocyte activation
associated protein 4 (CTLA4)
Protein tyrosine phosphatase 1p13 Lymphoid-specific intracellular phosphatase
non receptor 22 (PTPN22) involved in regulating the T-cell receptor
signaling pathways
B-lymphocyte surface 20q Expressed primarily on B cells and other APCs;
immunoreceptor (CD 40) important role in B-cell activation and
antibody secretion
T-regulatory gene (FOXP3) Xpll.23 Key gene for the differentiation of T cells into
natural Treg cells
Interleukin 2 receptor ¢-chain 10p15 Element of the high-affinity IL2 receptor,
(IL2RA) involved in IL2 signaling; present on many
T-cell subsets; regulator of Treg cells
Thyroid-stimulating hormone 14g31 G-protein-coupled receptor with a central role
receptor (TSHR) in controlling thyroid cell metabolism
Thyroglobulin (Tg) 8q24 Involved in the production of the thyroid
hormones thyroxine (T4) and
triiodothyronine (T3)
CONCLUSIONS

Recent evidence indicates that systemic autoimmunity and immunodeficiency can be
strictly linked. The discovery of genetic diseases caused by alterations of genes im-
plicated in the tolerance mechanisms enormously contributed to our understanding
of the molecular basis of human autoimmune disorders, generally and appropriately
considered as multifactorial diseases. The paradigm of the genetically determined
alteration of central tolerance is related to mutations of the AIRE transcription fac-
tor. This disease gave a huge amount of information on the functional and molecular
events that lead to the elimination of self-reactive T-cell clones within the thymus. The
elucidation that TSA are broadly expressed by mTECs also helped in understanding
the mechanism by which autoimmunity may also paradoxically be associated with an
immunodeficiency status. However, the great variability of APECED phenotype im-
plies the participation of several disease-modifying genes and environmental factors
to the disease phenotypic expression. Since these elements are presumably patho-
genetically relevant in inducing nonmonogenic autoimmune disorders, such as AITD,
and to explain the autoimmune susceptible background, which is very impressive in
certain families, studies of these monogenic models of disease may help unravel the
pathogenesis of autoimmunity. In the near future, total exome sequencing could be
a good perspective from which to analyze genetic variations involved in inheritance
and clinical expression of autoimmune diseases.
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Alterations of the autoimmune
regulator transcription

factor and failure of central
tolerance: APECED as a model

Expert Rev. Clin. Immunol. 9(1), 43-51 (2013)

Self-nonself discrimination plays a key role in inducing a productive immunity and in preventing
autoimmune reactions. Central tolerance within the thymus and peripheral tolerance in peripheral
lymphoid organs lead to immunaologic nonresponsiveness against self-components. The central
tolerance represents the mechanism by which T cells binding with high avidity to self-antigens
are eliminated through the so-called negative selection. Thymic medullary epithelial cells and
medullary dendritic cells play a key role in this process, through the expression of a large number
of tissue-specific self-antigens involving the transcription factor autoimmune regulator (AIRE).
Mutations of AIRE result in autoimmune polyendocrinopathy candidiasis ectodermal dystrophy,
a rare autosomal recessive disease (OMIM 240300), which is the paradigm of a genetically
determined failure of central tolerance and autoimmunity. This review focuses on recent advances

in the molecular mechanisms of central tolerance, their alterations and clinical implication.

Kevworos: AIRE » autoimmunity » autoimmune polyendocrinopathy candidiasis ectodermal dystrophy
« central tolerance ¢ phenotypic variability e susceptibility genes

The thymus represents the central organ of
immunologic self-nonself discriminarion.
Within the thymus, developing thymocytes
undergo positive and negative selecrion, resule-
ing in mature T cells that are able to successfully
recognize a wide range of foreign antigens and,
at the same rime, able 1o ignore self-antigens.
Potentially, autoreactive naive T cells, which suc-
ceed in reaching the periphery, are funcrionally
suppressed by several mechanisms, in a process
known as peripheral rolerance. Breakdown of
the central or peripheral tolerance leads to the
development of destructive autoimmune reac-
tions and, paradoxically, in a few circumstances
also to immunodeficiency, as seen in experimen-
tal conditions regarding alteration of the tran-
scription factor autoimmune regulator (AIRE)
protein or FOXP3. Recent evidence suggests
that systemic autoimmunity and immuno-
deficiency can be surictly interconnected. In
immunodehciencies, the decreased or abolished
Cﬂpa(it.\’ ()f thf ilnmulll‘ Ny\tcm to L’lt‘ur infﬂ(—
tions causes a continuous immunological stimu-
lation and activation, which represents one of
the potential mechanisms that eventually leads

o autoimmunity. Dysregulation of immuno-
regulatory facrors combined ro mulriple generic
variations is responsible for systemic autoim-
munirty. In a few cases, along with a predomi-
nant autoimmune phcnmypc‘. an increased
susceptibility to infections is also present 1.
Several studies have reported evidence indicat-
ing that autoimmune phenomena occur in patients
affected with primary immunodeficiencies, and
have focused on the molecular and cellular mech-
anisms underlying these conditions, in order to
elucidate the link between autoimmunity and
immunodeficiency. On the other hand, studies on
genetic autoimmune disorders are also extremely
useful for our understanding of the pathophysi-
ology of the intimare mechanisms that lead
autoreactive clones to escape clonal deletion 123,
Currently, unique models, which help unravel
many aspects of the development, homeostasis
and regulatory properties of the immune system,
are the monogenic autoimmune disorders and,
in particular, autoimmune polyendocrinopathy
candidiasis ectodermal dystrophy (APECED),
immunodysregulation, polyendocrinopathy
and enteropathy X-linked (IPEX), autoimmune
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lymphoproliferative syndrome and IL-2 receptor @-chain
(IL-2RA, CD25) deficiency.

Impairment of central or peripheral tolerance, which normally
prevents the survival, expansion and activation of autoreactive
T cells, thus protecting from auroimmune diseases, is the main
pathogenetic mechanism responsible for these conditions. Since
an important contribution to our understanding of autoimmunicy
was given by generic models of abnormal central tolerance, in
this review, the authors focus on APECED pathogenesis, a
paradigmatic example of a discase due to the failure of central
tolerance.

Functional & molecular mechanisms governing the
central tolerance

Positive & negative selection

Tolerance represents a state of immunologic nonresponsiveness
in the presence of a particular antigen. The immune system is
able ro discriminare berween self- and nonself-antigens. This
property is fundamental to induce a productive immunity and
to prevent autoimmune reactions, Altering this balance will resule
in immunodeficiency or autoimmunity. Immune rolerance 1o
self-anrigens is acquired through two main processes: central
and peripheral tolerance (4. Central tolerance takes place within
the thymus through the negative sclection process, which occurs
subsequently to the positive one. Eventually, the tolerance o
selFantigens expressed in various tissues is acquired [4].

T-cell precursors originate in the bone marrow, like
B lymphocytes, but, unlike these cells, complete their develop-
ment within the thymus. After entering the thymus, immarure
lymphocytes make a commirment to the 0y T-cell lineage, rear-
ranging first the T-cell recepror (TCR)B chain and then the
TCRa chain in a sequential manner. Ar this stage, developing
double-positive (DP) thymocytes, expressing both CD4 and
CDB8 on the cell surface, with funcrional TCR can be positively
selected by peptide-MHC in the thymic cortex. The majority
of DP thymocytes do not receive a rescue signal through TCR
and, therefore, undergo “deach by neglect’ or apoprosis. Only
approximately 5% of DP cells are able to bind an MHC ligand
with mild avidity, inducing their maruration to the CD4*CD§
or CD4 CD8* single-positive (SP) cells (Feve 1) (5], Positively
selected DP cells trigger the expression of chemokines thar direct
the T cells through the subsequent maturation step wichin the
thymic medulla (6. Here, the last stage of T-cell development
takes place, the so-called negative selection, a fundamental pro-
cess to establish central tolerance. This process enables T cells
binding self-antigens with high avidity, porentially autoreactive
lymphocytes, 1o be eliminated (Ficume 1) [4.7]. Subsequently, thanks
to the mechanisms of peripheral tolerance, autoreactive lym-
phocytes thar have escaped negative selection are deleted in the
periphery (4]

Within the thymic medulla, thymic medullary epithelial
cells (MTECs) and medullary dendritic cells (mDCs) play a
central role in the establishment of self-tolerance through the
negative selection process [8]. Both cellular types, express-
ing the costimulatory molecules, CD40, CD80, CD86 and

MHC class 11, are able to favor an efficient thymocyte deletion.
mTECs express a thousand genes, the so-called ‘promiscuous
gene expression’, including dssue-specific selFantigens (TSAs),
normally present only in specialized peripheral organs 91, This
high expression by mTECs of genes encoding TSAs is driven
by AIRE f10-12]. TSAs include, among other tissues, proteins
restricted to the pancreas, stomach, eye, salivary gland, muscle
and thyroid [10.13.14]. These MHC-restricted self-antigens are
presented by mTECs to developing T cells. Thymocytes that
recognize self-antigens with high affinity/avidity are deleted
115]. Remarkably, not all TSAs seem to be regulated by AIRE,
since the expression of some of them, such as acid decarboxy-
lase (GADG7), is not altered in AIRE deficiency. In fact, AIRE
controls TSAs™ gene expression to variable degrees, some genes
being strongly dependent on its activity, while others weakly or
not at all dependent, such as C-reactive protein and GADG7,
Although no definitive explanation for this phenomenon is avail-
able, cerrainly, further genetic and/or epigenetic mechanisms
might be involved in the regulation of the complex promiscuous
gene-expression process in mTECs. Unfortunartely, o dare, they
still remain unraveled, in spite of the increasing knowledge of the
AIRE mechanism of action. It is surprising thar a low number
of mTECs are able to delete such a huge number of clonorypes,
since only a few mTECs express a given TSA [1112]. A possible
explanation is that during a 4- to 5-day period, there is a high
morility of thymocytes, allowing a huge number of interactions
with mTECs [16]. mDCs have a similar role, alchough the expres-
sion of self-antigens on the cell surface is mosily dependent on
the phagocyrosis of apoprotic mTECs (17s).

Some of the thymocytes, which bind selt-MHC-pepride
complexes with high affinity, express Foxp3, and through a yer
unknown mechanism escape negarive selection and differenti-
ate into Tregs, which play an imporrant role in the peripheral
tolerance suppressing autoreactive T cells in the periphery [19.20).

Triggering the costimulatory molecules and the subsequent
activation of Fas signaling pathway represents the commonly
accepted mechanism to explain the deletion of self-reacrive
thymocytes within the thymus (21). Indeed, the costimulatory
molecules expressed by mTECs and mDCs, such as CD40,
CD80 and CD86, are involved in the process (211, Moreover, B7
molecules, which interact with thymocyte CD28 receptor and
are expressed by antigen presenting cells, also represent a crucial
costimulatory factor (23], Indeed, studies have shown thar expo-
sure of DP thymocytes to anti-TCR moneclonal antibody (mAb)
fails to induce thymocyte death, but notin the presence of antigen
presenting cells or in the combined presence of anti-TCR and
anti-CD28 mAb sn vitro [23). Furthermore, it has been observed
in SP thymocyte cultures that the exposure to high concentrations
of anti-TCR mAbs is able to induce apoprosis through high-level
TCR signaling in the absence of any costimulation (23], Thus, in
this condition, the strong TCR ligation leads to apoptosis in a
Fas-dependent manner [24]. This effect is abolished in Fas-lpr/lpr
cells (2], carrying homozygous mutation of Fas. Moderate-avidity
TCR binding with costimulatory molecules induces cell death in
a Fas-independent manner,
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AIRE

In humans, the AIRE gene maps to chromosome 21922.3 and has
been cloned simultancously in 1997 by two independent research
groups (2526, It consists of 14 exons spanning 11.9 kb of genomic
DNA 27 and encodes a 545 amino-acid protein with a molecular
weight of approximarely 58 kDa [2s].

The AIRE protein is mainly localized in the cell nucleus, within
nuclear bodies distributed near to nuclear speckles 257, suggesting
the involvement of AIRE in the regulation of gene transcription.
This hypothesis has also been confirmed by structural character-
istics of the protein. Three different isoforms of AIRE protein,
generated by alternative splicing, have been identified. These dif-
ferent isoforms show a unique combination of domains, common
to transcriptional regulators and chromatin-hinding proteins. The
N-terminal region shows a six-helix strucrure with high similar-
ity to a caspase-recruitment domain (29}, which is necessary for
AIRE oligomerization and localization ro promyelocyric leuke-
mia nuclear domains [30], Moreover, AIRE contains a Sp100,
AIRE1, NucP41/75, DEAF1 (SAND) domain 131 important for
AIRE rransactivation capacity and subcellular localization (321,
The C-terminal region contains two plant homeodomain PHD-
type zinc fingers [33], which, if mutated induce a severe decrease
of AIRE transcriptional activation capacity (34]. Other structural
fearures include a conserved nuclear rargeting signal, four LXXLL
motifs or nuclear receptor interaction domains, which are found
on coactivators of nuclear receprors and proline-rich regions and
are also associated to transcription regulation (35).

In order to study the function of AIRE, transgenic mouse mod-
els were generared. The murine Aire gene has been mapped ro
chromosome 10. It shows a strict similarity of the genetic sequence
and structural organization with the human ortholog 6], Studies
of Aire knockour mice (Aire”) have proved ro be an important
tool in furthering our understanding of how Asre prevents auto-
immunity. The gene-expression profile of mTECs from Aire”
has shown a reduced expression of many TSAs, compared with
wild-type mice. Accordingly, Afre’ mice show several autoim-
mune manifestations, lymphocytic infilerates in multiple organs
and autoantibodies against several peripheral organs and tissues,
including the salivary gland, retina, pancreas, stomach, ovary
and thyroid [37]. However, Airé” mice do not exhibit increased
suscepribility to Candida infections (3]

Nevertheless, the precise molecular mechanisms that AIRE
uses to regulate transcription remain to be clarified. AIRE acts
as a coactivator in a large transcriptional complex, since the vast
majority of A/RE-regulated genes are arranged in chromosomal
clusters (391, Moreover, recent studies have demonstrated that
AIRE binds a large array of partners (Ficvne 2) [40], AIRE's partners
could be divided into four major functional classes: nuclear trans-
port, chromatin binding/structure, transcription and pre-mRNA
processing factors [40]. The first protein reported 1o bind 1o AIRE
was CREB-binding protein (411, CREB-binding protein acety-
lates both histone and nonhistone proteins and is important for
the initiation of transcription. After its interactions with AIRE,
histone acetylation and recruitment of chromatin transeription
factors may promote gene-transcription activation [42.43). AIRE’s

(&) Positive selection

(B) Negative selection

Figure 1. Positive and negative selection of developing

tes. (A) Positive selection of DP thymocytes, which bind
with intermediate-affinity self-antigens presented by mTECs and
mDCs. (B) Negative selection of SP thymocytes binding with
high-affinity self-antigens.
DP: Double positive; mDC: Medullary dendritic cell; mTEC: Thymic
medullary epithelial cell; SP: Single positive.

other partners have been idenrified, such as DNA protein kinase
(DNA-PK) and SP-RING domain protein inhibitor of activated
STAT1 (PIASI) (44.451. DNA-PK is a serine/threonine kinase acri-
vared by dsDNA breaks, which plays a key role in VD] recom-
bination (16). DNA-PK deficiency in the stromal compartment
leads to decreased TSA expression in mTECs, thus resulting in
autoantibody production (441, AIRE also binds and recruits the
positive transcription elongation factor b (P-TEFb) complex to
RNA polymerase 1. It represents a key element enhancing the
transcription—elongation process [47). It is plausible thar AIRE
recruitment of all its cotranscriptional parmers to TSA gene pro-
maters, which are otherwise silenced, activates the expression of
the large number of TSA in mTECs (4s).

Accumulating evidence suggests that Aire may also play a
role in the proper differentiation of the thymic medullary epi-
thelium. Aire has been shown to be able to induce apoprosis
in end-stage terminally differentiated mTECs (K5-K8') (a1
Stellate K5* mTECs are normally eliminared by Aire’s proa-
poptotic activity before completion of their terminal differ-
entidtion, and only an absence of Aire would reveal the full
program of mTEC terminal differentiation ending with the
globular KS-K8°. Aire may also promote mTECs’ differentia-
tion program, Evidences suggest that lack of Aire in mTECs
results in an arrest of the differentiation program, with the cells
remaining at the premature stage just before terminal differen-
tiation. The Aire” mTECs lack the transcriptional activity for
Aire-dependent TSA genes (50).
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Figure 2. Autoimmune regulator’s partners in the transcription regulation of

tissue-specific self-antigens.
TSA: Tissue-specific self-antigen.

The AIRE gene is also expressed in peripheral lymphaid tis-
sues, such as lymph nodes and spleen, at a lower degree than in
thymic stromal cells, Recent studies have identified a population
of extrathymic Aire-expressing cells in lymph nodes, correspond-
ing to a subset of activated dendritic cells, which express TSAs and
tolerogenic molecules. Presumably, also in the periphery, AIRE
conrributes ro the process of immune tolerance by inducing TSAs'
gene expression [1551).

Alrerarions of AIRE expression have also been detecred in
paricnrswith immunodcﬁcie:ncy and auroimmunity [46]. A severe
reduction of AIRE mRNA and protein has been found in the
thymus of rtwo Omenn syndrome parients and one parient with
T-B-NK' SCID. In addition, there was no detectable mRNA
for the self-antigens insulin, CYP450 1A2, or farty acid-binding
protein in the immunodeficient patients. These findings led the
authors to argue that deficiency of AIRE expression occurs in
severe immunodeficiencies, characterized by abnormal T-cell
development, and suggested that in Omenn syndrome, the few
residual T-cell clones may have escaped negative selection and,
thereafter, may evenrually have expanded in the periphery, thus
causing massive autoimmune reactions [52.

Central tolerance failure: the APECED model

APECED represents the prototypic disease of immune dysregu-
lation, classified as a type IV immunodeficiency (s3], It is a rare
autosomal recessive disease (OMIM 240300) caused by mura-
tions in the AIRE gene [25.26) with a complex elinical phenotype
discovered over decades.

Although rare, APECED has been reported worldwide (54 with
awide variability in its incidence. Epidemiologic data show a high
prevalence in certain genetically isolated populations, such as
Iranian Jews (1:9000) (ss), Finns (1:25,000) (s6] and Sardinians
(1:14.400) (571. It is also quite frequent in Norway [ss1 and ltaly
159), So far, more than 60 different types of mutations in the
AIRE gene have been reported in APECED patients [14). Different
mutations have been found to be peculiar to specific areas. In
Italy, an increased APECED prevalence has been found in vari-
ous regions, in particular in Sardinia, Apulia and in the Venetian
area. Furthermore, in both Sardinia and Apulia, two peculiar
mutations of A/RE have been identified: the muration R139X

on exon 3 in Sardinia (60} and the W78R
mutation on exon 2 in Apulia (61]. In the
Vencto region, differing from the other
Italian regions, A/RE mutations (R257X
on exon 6 and 8) were similar to that iden-
tified in Finnish and Anglo-Saxon partients
[62]. Recently, a typical muration has
also been identified in Sicily (R203X on
exon 5) [631. The patients from Campania
show a high frequency of murtations in the
exon/intron 1 junction [39].

APECED is characterized by destructive
autoimmune reactions against endocrine
and nonendocrine tissues and, frequently,
ectodermal rissues. However, a high vari-
able clinical expression has been well docu-
mented. Parathyroid glands. adrenal cortex; gonads, pancreatic p
cells, gastric parietal cells and thyroid glands are mainly involved
in the pathelogic process. A few ectodermal manifestations in
APECED are dental enamel hypoplasia, pitted nail dystrophy
and alopecia, Furthermore, the gastrointestinal system may also
be involved, leading ro auroimmune gastritis, malabsorption and
autoimmune hepatitis (54, The clinical diagnosis requires the
presence of ar least two of the three most common clinical fea-
tures, the classical rriad: chronic mucocurancous candidiasis
(CMC), chronic hypoparathyroidism (CH) and Addison’s dis-
ease (AD) 641, However, if a sibling has already been diagnosed,
the presence of even one component is sufficient for the diagnosis
16s], Molecular analysis of the AIRE gene is necessary to confirm
the diagnosis and., in addition, can be helpful in those cases
with atypical clinical presentation. Another specific and sensitive
diagnostic tool for APECED, recently discovered, is represented
by autoantibodies (autoAbs) neutralizing cytokines, in particu-
lar, type | interferons (IFN-0 and IFN-0t) and Thi7-related
cytokines (IL-17A, IL-17F and 1L-22), which emerge in an early
phase of the disease, even before any clinical manifestation (65).
Organ-specific auroAbs are not used in the diagnostic procedure
because of their later appearance, generally at the meantime of
the correspunding autoimmune manifestation. Moreover, they
are detected in 8-66% of APECED patients and are mostly
not APECED-specific, but specific to the individual disease (7]
In most patients, CMC precedes the other immune disorders
appearing by the age of 5 years, usually followed by CH and larer
by AD (es]. While a elear autoimmune pathogenesis underlies
the endocrine disorders pathology, which results from destruc-
tion of the targer organ by the cellular and antibody-mediated
artack (65], the molecular basis of CMC and of the increased
susceptibility to infections in APECED patients is still poorly
understood. Indeed, autoAbs to parathyroid, adrenal glands and
type I interferons are hallmarks of APECED (3469, Therefore,
the high prevalence and early appearance of anticytokine auto-
Abs is very suggestive of a role in the pathogenesis of immuno-
deficiency. Recent studies have described a role of the autoAbs
against [L-22, IL-17A and IL-17F cytokines in the pathogenesis
of CMC ro711. CMC is a clinical feature shared by distiner
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genetic diseases affecting the differentiation or funcrionality of
Th17 lymphocytes, such as hyper-IgE syndrome. Remarkably,
autoAbs against Th17-related cytokines have also been found in
rare thymoma patients presenting with CMC. Of note, in the
vast majority of thymomas, the neoplastic mTECs fail to express
AIRE [721. In APECED pariems, 1L-17F and 11.-22 secretion,
in particular, seems to be significantly reduced in response to
Candida albicans [0). All these findings allow us to speculate that
CMC in APECED is also essentially autoimmune in nature and
related to the development of an autoimmune response towards
the IL-17 and 1L-22 producing cells 73]

The current model of discase pathogenesis of APECED is
based on the transgenic mouse models that showed impaired
negative selection of autoreactive thymocytes in an Aire-deficient
thymus. Aire deficiency in mTECs impaired the expression of a
wide array of self-tissue specific antigens, which are not presented
to differentiating T lymphocyres. As a consequence, potentially
autorcactive T cells do not undergo negative selection and are
exported to the periphery. Here, the naive autoreactive lympho-
cytes must also escape peripheral tolerance mechanisms ro
become dangerous.

Recent studies have highlighted some discrepancices in this
pathogenetic model. In facr, it cannor explain the reason by which
the organs affecred are limited mainly to endocrine and ecto-
dermal tissues, while AIRE controls the expression of thousands of
peripheral antigens in the thymus. In addition, it should be nored
thar the first autoAbs to emerge in APECED patients are those
against cytokines and not autoAbs implicated in organ-specific
auroimmunity. Norably, cytokine antigens are nor expressed by
mTECs and are, therefore, not AIRE dependent (661. According to
the current model, breaking of peripheral tolerance mechanisms
is also required ro activare naive and auroreactive T cells reaching
the periphery. All these steps need a period of time, which con-
trasts with the early onser of CMC, CH and AD, also taking into
account the delay between initial autoimmunization and clinical
manifestation, which appear only after almost a toral destruction
of the parathyroids or adrenal correx occurs [71]. To explain these
discrepancies, the authors have hypothesized a novel pathogentic
model of ‘active intrathymic autoimmunization’, which alludes
at additional roles for AIRE beyond regulating TSA expres-
sion [73]. According to this model, AIRE deficiency impairs the
thymic microenvironment, leading to the formation of tertiary
lymphoid tissue. Thymus thus becomes a site of immunization
where cytokines are presented in an immunologic manner o T
and B cells. Neutralizing autoantibodies against cytokines and
activated autoreactive T-cells are then released directly from the
thymus. After thymic export, they are already able to attack their
targets [73]. Moreover, activated autoreactive T-cells against para-
thyroids and adrenal glands could be generated carly because of
the presence of parathyroid and adrenal antigens in the normal
thymus. Indeed, parathyroids and thymus share the same embryo-
logical origins and it is not rare to find ectopic parathyroid tissue
within the thymus. Concerning adrenal auro-antigens, several
studies have reported the presence of paracrine glucocorticoid
activity in the thymus. These auto-antigens should be presented

by mDCs in the tertiary lymphoid infilcrates. To date, cell types
and mechanisms responsible for this process remain unraveled.
The two pathogenetic models are not mutually exclusive, but can
coexist, the novel model explaining the earlier and most prevalent
manifestations, such as autoAb responses, CMC, CH and AD
(and probably gonadal failure too), and the current one explaining
the later clinical features, such as diabetes, thyroid discase among
others. Nevertheless, further studies are necessary to validate both
the current and the emerging models of discase pathogenesis in
APECED.

Phenotypic variability & genetic susceptibility

Partients affected with APECED usually show a variable clinical
phenotype, in spite of the fact that APECED is a monogenic dis-
order. Many authors have confirmed this phenotypic and course
heterogeneity among several populations, first documented in the
largest reported series of 91 Finnish patients [54,565759]. A precise
genotype—phenotype correlation is still lacking. Notably, the clini-
cal variability is both interfamilial and intrafamilial, the clinical
features varying not only among patients from different families
bur also among siblings carrying the same mutation (59, Different
genetic and nongenetic factors, including modifier genes, chance
and environmental interactions, as well as immune system dynam-
ics, have a key role in modulating the clinical expression of the syn-
drome, even in the same family, thus explaining the intrafamilial
and interfamilial variabilicy.

Additional genetic loci, in particular the HLAs, have been
shown to be related to cerrain phenotypic manifestations of
APECED [1475]. In particular, specific HLA haplotypes have
been found ro be associated to alopecia, AD and autoimmune
thyroiditis in APECED patients. However, the HLA alleles do not
have a strong influence on autoantibody formarion, since only a
weak association has been observed between the HLA type and
the autoantibody specificities in APECED patients [75). Several
peripheral mechanisms of tolerance are also involved in the con-
trol and regulation of immune response, thus influencing the
clinical expression of the disease. Natural killer cell activiry repre-
sents an additional mechanism of peripheral rolerance involved in
controlling the reactiviry to self-antigens in the periphery. To date,
because of the few studies, not much is known on the functional-
ity of these immunological tolerance mechanisms in patients with
APECED. Recently, a defect of CD4'CD25" Tregs in APECED
parients has also been reported [76]. It should be pointed out that
a reduction of Tregs in APECED patients could also be observed
as a secondary effect of chronic fungal infection in these indi-
viduals. On the contrary, in a recent study, an imbalance of the
[L-7-1L-7R pathway leading to a loss of CD8" T-cells homeostasis
has been documented in APECED patients, The abnormalities do
not seem to be related to the inflammation itself. The decrease of
CD127 and CD5 surface expression, along with increased levels
of perforin in CD8RA cells, seems to be crucial in the breakdown
of the rolerance in APECED parients [77).

Recently, two siblings affected with APECED, carrying the
same mutation of AIRE (IVS] + 1G>C; IVS] + 5delG muta-
tion), were investigated in order to detect genetic, environmental
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and molecular factors potentially responsible of the intrafamilial
phenotypic variability of APECED. Indeed, they were charac-
terized by an extremely different phenotypic expression despite
the identical mutation (59). The younger sister, in particular, had
a mild form of the syndrome, while the older male developed
a severe phenotype exhibiting an accelerated phase involving
parathyroid, thyroid, oral mucosa, skin, liver, adrenal glands,
bowel and stomach, culminating in a life-threatening posterior
encephalopathy syndrome never described before in the context
of APECED 1751. APECED, different from the other autoimmune
diseases, shows the same incidence berween males and females
and, so far, there is no evidence thar the severity of the disease
is influenced by sex. Exposure to infectious triggers (rubella,
Epstein—Barr virus, cytomegalovirus, toxoplasma, varicella zos-
ter virus, parvovirus B19, herpes simplex virus and parainfluenza
virus) (9], autoantibody profile, mechanisms of peripheral roler-
ance (Fas-induced apoptosis, number of TCD4*CD25* regula-
wry cells and natural killer activity) and HLA haplotype were
compared in the two siblings. The clinical variability observed
between the two siblings is not related o the differences in the
exposure to infectious agents or funcrionality of mechanisms
governing peripheral tolerance. This evidence suggests that the
phenotypic variability of APECED may derive from the inter-
action between multiple generic, epigenetic and environmental
factors.

Expert commentary & five-year view

Recent evidence indicares thar systemic autoimmunity and
immunodeficiency can be strictly linked. Molecular mechanisms
involved in central rolerance, along with those in peripheral toler-
ance, play a crucial role in the establishment and maintenance of
in]munc SC]{'(()IC[’Z[‘IEC, Pfe\fnring alltﬂimm]lni[y an{i pr‘)mo[ing
the proper function of immune system, The study of genetic
discases caused by alterations of genes implicated in the roler-
ance mechanisms give an enormous contribution to the eluci-
dation of the molecular basis of human autoimmune disorders,

generally considered as multifactorial diseases. APECED rep-
resents a paradigmatic example of monogenic disease due ro
mutations of the autoimmune regulator AIRE, which leads to
central tolerance failure. This disease has been extremely useful
for our understanding of the functional and molecular events
that lead to the elimination of self-reactive T-cell clones within
the thymus. Experimental evidence indicates that AIRE acts
as a transcription factor, which upregulates the expression of
TSA in mTECs allowing the negative selection of porentially
autoreactive T-cells. The recent discovery of autoAbs directed
towards Th17-related cytokines suggested an additional role for
AIRE, which leads to argue a parallel pathogenetic hypothesis
for APECED that also explains CMC pathogenesis, represent-
ing a puzzle to date. Moreover, evidence thar 1L-22 and 1L-17F
are crucial in protection against CMC infection has important
therapeuric implications. The elucidation that TSAs are broadly
expressed by mT'ECs also helped understand the mechanism by
which auroimmunity may also be paradoxically associated with
an immunodeficiency status. However, much more remains ro
be learned about the role of AIREs and its precise mechanism of
action, Further studies are needed o improve our understand-
ing of the molecular mechanisms of central tolerance involving
the AIRE protein, This furure research is not only important
for the basic understanding, but may also have important clini-
cal and therapeutic implicartions. Indeed, additional proteins
or pathways may be identified, which could be used as diag-
nostic tools or as a target of novel therapeuric interventions to
prevent autoimmuniry.
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* Immune self-tolerance represents a state of immunologic nonrespensiveness against the organism's own compenents. It is a
fundamental property of the immune systermn, which prevents autoimmunity,

self-antigens with high avidity and are eliminated.

Central tolerance mechanisms are the processes through which immune self-tolerance is established within the thymus.
Negative selection is considered the man mechanism involved in central tolerance, by which potentially autoreactive T-cells bind

Autoimmune regulator protein acts as a transcription factor, which regulates the promiscuous thymic expression of tissue-specific

self-antigens by thymic medullary epithelial cells and antigen presenting cells.

Autoimmune polyendocrinopathy candidiasis ectodermal dystrophy (APECED) is the result of mutations in the AIRE gene and represents

the prototypic monogenic disease due to a failure of the central tolerance mechanisms.

The pathogenetic mechanisms of APECED are, however, not completely understood. Recent evidence has shown a presumptive role of

autoantibodies anti-Th17-related cytokines in APECED pathogenesis.

additional roles for autoimmune regulator protein.

diagnostics and therapeutics.

The novel theory leads us to hypothesize a new pathogenesis based on an ‘active intrathymic autoimmunization’, which alludes at

Further studies are required to define in detail APECED pathogenesis, which could have remarkable clinical relevance, both in
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3.3. Conclusive remarks

The abnormal functionality of the immune system leads to immunedeficiencies, genetic
or acquired diseases showing predisposition to severe infections, which in certain
circumstances may also cause autoimmunity and cancer. The prototype of PIDs
associated with predisposition to cancer and autoimmunity are, respectively, A-T and
APECED diseases.

A-T is considered a DNA repair defect syndromes, associated to degeneration of
specific tissue affecting particularly the nervous and immune systems, chromosomal
instability, and sensitivity to specific DNA-damaging agents. Recently, an improvement
of neurological signs during short-term treatment with oral betamethasone has been
reported, even though the molecular and biochemical mechanisms by which the steroid
produces such effects have not yet been elucidated. A better understanding of the
mechanisms of action of GCs in the brain is needed and it should open a new window of
intervention in this so far non-curable disease.

It is known that the systemic autoimmunity and immunodeficiency can be
strictly linked. The discovery of genetic diseases caused by alterations of genes
implicated in the tolerance mechanisms enormously contributed to our understanding of
the molecular basis of human autoimmune disorders, generally and appropriately
considered as multifactorial diseases. The paradigm of the genetically determined
alteration of central tolerance is related to mutations of the AIRE transcription factor.
This disease gave a huge amount of information on the functional and molecular events
that lead to the elimination of self-reactive T-cell clones within the thymus. The

elucidation that TSA are broadly expressed by mTECs also helped in understanding the

177



mechanism by which autoimmunity may also paradoxically be associated with an

immunodeficiency status.
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CHAPTER 1V

“Rare Genetic Syndromes involving Immune System”

4.1. SCID-Like phenotype associated with an inhibitory autoreactive
immunoglobulin

The SCIDs, irrespectively of the individual genetic form, show abnormal T cell-related
functions, thus overall compromising a normal, productive immune response in all
effector tasks (249). Severe impairment of T-cell function, however, may also be
acquired and induced by viruses, such as the human immunodefi ciency virus (HIV)
(250), but no autoreactive anti-lymphocyte antibody capable of inducing a SCID-like
phenotype has been previously described.

For the first time, our group described the autoreactive anti-lymphocyte antibody
capable of inducing a SCID-like phenotype in 3-year-old patient with a phenocopy of
T B" NK" -SCID. The patient shows inhibition of normal peripheral mononuclear cell
(PBMC) proliferation after stimulation with phytohemagglutinin (PHA), which could be
due to inhibitory autoantibody in our patient, as a consequence of hyperimmune
dysregulation.

Importantly, we have documented a novel pathogenetic mechanism due to an
inhibitory anti-lymphocytic autoantibody in a SCID-like phenotype, resulting in total T-
cell activation deficiency associated with autoimmunity.

The data have been published as Case Report on Journal of Investigational Allergology

& Clinical Immunology, for the manuscript see below.
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In our case, the clinical and histological features were
compatible with a diagnosis of Sweet’s syndrome. A reaction
to azathioprine was suspected due to the temporal relationship
between drug administration and onset of lesions and the
resolution of signs and symptoms after withdrawal. Recurrence
after an oral challenge confirmed the suspected diagnosis of
azathioprine-induced Sweet's syndrome. In the second episode
the symptoms resolved sooner, presumably due to a shorter
exposure to the drug.

The first convineing case of azathioprine-induced Sweet’s
syndrome was reported by Stapleton in 2003, Since then, only
6 cases with a plausible link to the use of azathioprine have
been described. In 2 of these, the causal relationship was not
firmly established because an oral challenge was not performed
and the underlying diseases (myasthenia gravis and Crohn's
disease) might have been responsible for the reactions reported.
The other 4 reports were associated with inflammatory
bowel disease [4-7]. In all of these cases, azathioprine was
strongly implicated as the causal agent as there was a well-
defined temporal relationship, resolution of lesions after drug
discontinuation. and a new eruption after the reintroduction of
azathioprine. In none of the cases were allergy tests carried out.

To the best of our knowledge, there are no reports of
azathioprine-induced Sweet’s syndrome associated with
microscopic polyangiitis in the literature.

The pathogenesis of Sweet’s syndrome is unknown. It
has been defined as a type-III hypersensitivity phenomenon.
although there is new evidence that suggests the involvement
of other mechanisms, including elevated granulocyte
colony-stimulating factor [8]. associations with determined
histocompatibility (Bw54)[9]. and a possible role of
antineutrophil cytoplasmic antibodies in the activation of
neutrophils [10].

We emphasize the importance of evaluating azathioprine
as a possible, though uncommon, cause of Sweet’s syndrome
and of replacing it with a non-purine analog treatment if the
invalvement of azathioprine is confirmed.
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Severe combined immunodeficiency (SCID) includes a
number of distinct entities that share several clinical hallmarks
such as life-threatening infections and intractable diarrhea [1].
rapidly leading to growth failure and malnutrition. The clinical
course is severe and patients usually die before the second year
of life unless a stem cell transplantation is performed. SCID 1s
currently classified into several groups based on the presence
or absence of the major lymphocyte cellular components T, B
or natural killer (NK) cells. with each group being suggestive
of 1 or more genetic causes [1]. However, irrespectively of the
individual genetic form, T cell-related functions are constantly
abnormal, thus overall compromising a normal, productive
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Figure. A, Inhibition (%) of normal peripheral mononuclear cell (PBMC) proliferation after stimulation with phytohemagglutinin (PHA, 8 pg/mL). B, [3H]
thymidine incorporation by normal PBMCs stimulated with PHA, (8 pg/mL) and incubated with scalar concentrations (0%, 1.25%, 2.5%, 5%, and 10%)
of normal human serum or serum from a patient with severe combined immunodeficiency (SCID). Each point represents the mean (SD), (n=3). C, Effect of
native and heat-inactivated serum on proliferative response by normal PBMCs stimulated with PHA (8 pg/mL). Values are expressed as mean (SD) (n=3).
D, Inhibition by patient’s immuneglobulin (Ig) G of proliferative response by normal PBMCs stimulated with PHA (8 pg/mL). Negative control: fetal calf
serum (FCS). Bars show means (SD). *Statistically significant difference (P<.05) compared to cultures containing purified control IgG fraction. E, Increase
in the percentage of major lymphocyte subsets in patient during treatment with azathioprine (AZ) and corticosteroids. The horizontal lines indicate the
period of immunosuppressive treatment with AZ (dotted line) and corticosteroids (solid line}, Cpm indicates counts per minute,
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immune response in all effector tasks [2]. Severe impairment
of T-cell function, however. may also be acquired and induced
by viruses. such as the human immunodeficiency virus (HIV) [3].
To date. no autoreactive anti-lymphocyte antibody capable of
inducing a SCID-like phenotype has been described.

We report on a 3-year-old patient with a phenocopy of Ty
B* NK* SCID. The patient was born at 42 weeks of gestation
to healthy. unrelated parents. At 6 months of age the child was
hospitalized because of chronic diarrhea, dystrophic features. and
febrile seizures. At 8 months of age. the immunological evaluation
revealed decreased immunoglobulin (Ig) G serum levels
(<47 mg/dL) and normal IgA and IgM. Moreover, the patient
had autoimimune hemolytic anemia. At the time of the study.
lymphocytes were 3x10%L, with 34.5% of CD3* cells, 25.5% of
CD4* cells. 15.3% of CD8" cells, 4% of CD19* cells. and 15%
of CD567CD3- cells. Severe lymphoceyte functional impairment,
in the absence of infection by HIV or any other viruses. was
noted. The proliferation assays using phytohemagglutinin
(PHA. 8 ng/mL) was performed as previously described [4]. The
patient’s peripheral blood mononuclear cells (PBMCs) exhibited
absent proliferative response to PHA (mean [SD] of 768 [61]
counts per minute [cpm] vs 104649 [21743] cpm in controls).
Over the 3-year follow-up. the patient’s PBMC proliferative
response ranged between 300 and 8095 cpm. To identify a
potential inhibitory factor. the patient’s serum was added to
PBMC:s from 5 healthy controls. A significantly higher inbitory
effect was noted in the patient’s serum (53% [10%]) compared to
that of the contrels (12% [5%]) (Figure A). To define the potency
of the inhibitory effect. scalar doses (0%. 1.25%. 2.5%. 5%. and
10%) of the patient’s serum and the normal serum were used to
produce a dose-response curve. A linear increase in inhibition was
observed, with maximum inhibition being reached at the 10%
concentration (23729 [2701] epm vs 67050 [6638] epm in the
presence of the control serum) (Figure B). Serum heat inactivation
did not abolish the inhibitory effect on the proliferative response
to PHA in the control PBMCs. in that the inhibition was 47%
(compared to 51% for native serum) (P>.05) (Figure C). thus
ruling out a role of the complement in the phenomenon.

To evaluate whether the inhibitory effect in the patient’s
serum was attributable to an anti-lymphocyte autoantibody,
affinity-purified IgG from both the patient’s and the control serum
was tested for the inhibitory property. Significant inhibition of
the proliferative response of normal PHA-stimulated PBMCs
was seen in the former but not in the latter case (46 204 [473] cpm
vs 100778 [8988] cpm: P<.05). The inhibition in the presence
of the patient’s IgG fraction was comparable to that observed
with the patient’s serum (P>.05) (Figure D).

Thereafter. a progressive decline in CD4* cells, resulting
in a typical lymphocytopenic (0.5x10%L) T B* NK* form of
SCID, was observed. A similar phenotype is generally due to
an impairment in the T-cell differentiation process, resulting in
a severe reduction in peripheral T-cell pool size associated with
molecular alterations of genes implicated in T-cell ontogeny
and function [5]. The prototype of severe T-cell defects, in
which NK cells are also often compromised. is related to
mutations of the /L-2Ry gene. However. in our case. such gene
alterations were ruled out. Two episodes of bronchopneumonia
and an interstitial pneumopathy oceurred despite intravenous
IgG replacement therapy and antibiotic treatment. Autoreactive

© 2012 Esmon Publicidad

antibodies toward smooth muscle and red and white blood
cells were detected. The patient also developed severely
progressive active autoimmune hepatitis, which was diagnosed
according to the scoring system established by the International
Autoimmune Hepatitis group [6] and treated with azathioprine
(1.5 mg/kg/d) and corticosteroids. Diarrhea, autoimmunity.
and liver disorders are usually deseribed in relation to T*
oligoclonal B-Omenn syndrome [7] and Ty B* IL-7Ra
deficiency [8]. Even though these genetic defects were not
ruled out, since at the time of evaluation this information was
not available. the clinical and immunological features in our
patient are quite different from those seen in these syndromes.
At 4 years of age the patient died of disseminated interstitial
pneumopathy while the search for an HLA-matched donor
was still underway. During this period a paradoxical effect
of immunosuppression on cell subsets was noted in that, as
depicted in Figure E, there was an increase in CD3" cells from
42.0% to 60.9% and in CD4" cells from 28.0% to 46.3%. By
contrast, CD19* and CD8" cells did not change significantly.

Our data indicate a direct role of the antibody as a negative
regulator of T-cell function. However. it is also possible that the
inhibitory autoantibody in our patient was the consequence of
hyperimmune dysregulation rather than of the T-cell defect. whose
genetic alteration still remains to be identified. A similar serum
inhibitory effect has also been described in epilepsy. leading to
moderate T-cell dysfunction associated with impairment of other
immunological cell activities and a decrease in the C4 complement
component [9]. However, this functional lymphocyte defect
was not as severe as that reported in our patient. Although the
functional defect observed in our case may theoretically be related
to viral-induced anergy [10]. no viral infection was documented
and the functional defect was completely differently from that
observed in viral-induced anergy.

In conclusion. we have documented a novel pathogenetic
mechanism due to an mhibitory anti-lymphocytic autoantibody
in a SCID-like phenotype. resulting in total T-cell activation
deficiency associated with autoimmunity. This complex phenotype
represents a phenocopy of the congenital forms of SCID.
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It is well known that aspirin and other nonsteroidal anti-
inflammatory drugs (NSAIDs) can trigger bronchospasm in

J Invesnig Allergol Clin Immunel 2012; Vol. 22(1): 63-79

susceptible individuals as a result of inhibitory cyclooxygenase
(COX) activity. Paracetamol (acetaminophen) is a weak
inhibitor of this pathway, but in some patients with NSAID
idiosyncrasy. high doses of paracetamol can also provoke
bronchospasm.

Although in recent years several epidemiological studies
have reported an increased risk of asthma in relation to
paracetamol use [1,2], to our knowledge. no cases of selective
bronchospasm induced by paracetamol have been published.

‘We report the case of a patient who developed bronchospasim
after paracetamol intake.

A 19-year-old woman was referred to our hospital because
she had experienced 8 to 10 episodes of dyspnea within 10
minutes of taking paracetamol over the previous 3 years:
this had not occurred with any other NSAIDs (metamizole,
ibuprofen). The patient also had a clinical history of rhinitis
associated with contact with cats and bronchospasm after
exercise.

Skin prick tests to aeroallergens showed positivity for
Alternaria alternata and for Olea europaea pollen. Total
immunoglobulin (Ig) E was 41 kU/L and specific IgE to
Alrernaria alrernara and cat dander was 3.47 kU/L and
0.23 kU/L, respectively. Spirometry showed mild ventilatory
alteration and the bronchodilator response was positive (>12%
increase in forced expiratory response in the first second [FEV ]).

With a diagnosis of rhinitis and asthma with Afrernaria
alternara sensitization. we performed a study with paracetamol
with the patient’s consent. The prick test (10 mg/mL) and
intradermal test (1 mg/mlL) to paracetamol were negative.
An oral challenge test with paracetamol (100-250-500 mg)
and acetylsalicylic acid (ASA) (500 mg) was carried out on
different days. Spirometry was performed at baseline and 10
minutes after the intake of placebo and the above-mentioned
drugs. The challenge was considered positive when there
was a decrease of over 12% in FEV, compared to baseline.
Salbutamol inhalation was used to evaluate bronchial
reversibility after the paracetamol challenge.

Ten minutes after the administration of 500 mg of
paracetamol the patient presented bronchospasm and a
significant decrease in spirometric values. which returned
to baseline after salbutamol inhalation. There were no other
systermic or cutaneous symptoms. The administration of 500 mg
of ASA did not induce any changes (Table).

To our knowledge this is the first report that confirms
the induction of bronchospasm by paracetamol without the
involvement of other NSAIDs.

The mechanism by which paracetamol induces
bronchospasm in our patient is unclear.

NSAIDs have the ability to induce bronchospasm by
inhibiting COX-1, and paracetamol 1s a weak inhibitor of
this enzyme. The fact that high doses of ASA did not induce
bronchospasm in the patient makes it highly unlikely that
paracetamol acts in this pathway. We also failed to demonstrate
specific IgE by means of skin tests,

While a neurogenic mechanism has been implicated as
responsible for airway inflammation [3]. some authors. based
on experimental studies, have more recently suggested that
the activation of specific receptors expressed on sensorial
neurons could induce inflammation in the airways. In this

© 2012 Esmon Publicidad
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4.2. A novel mutation of IL2Rp associated to an atypical Imnmunedeficiency
Interleukin-12 (IL-12) 1is involved in cellular immune responses against
intracellular pathogens by promoting the generation of T naive in T helper 1 (Thl)
cells and by increasing interferon-gamma (IFN-gamma) production from T and
natural killer (NK) cells. A defective induction of a Thl response may lead to a
higher risk of infections, and, in particular, infections due to typical and atypical
Mycobacteria. We report on the case of a girl with suffering from recurrent
bronchopneumonia associated with very high serum IgE levels, who exhibited a
profound impairment of the Thl generation associated with a novel mutation in
the exon 5 of the IL-12R B1 gene (R156H). Our data suggest that in children with
severe and recurrent infections, even in the absence of a mycobacterial infection,
functional and/or genetic alterations of the molecular mechanisms governing
Th1/Th2 homeostasis might be responsible for an atypical immunodeficiency and,
therefore, should be investigated in these patients.

The data is being published as Clinical Report on American Journal of Medical

Genetics, for the manuscript see below.
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Abstract

-

Interleukin-12 (IL-12) is invelved in cellular immune responses against intracellular pathogens by promoting the
generation of 1 naive in 1 helper 1 (Th1) cells and by increasing interfercn-gamma (IFN-gamma) production from |
and natural killer (NK) cells. A defective induction of a Th1 respense may lead o a higher risk of infections, and, in
particular, infections due to typical and atypical Mycobacteria. We repornt on the case of a girl with suffering from
recurrent bronchopneumonia associated with very high serum Igk levels, who exhibited a profound impairment of
the Th1 generation associated with a hovel mutation in the exon S of the IL-12R 31 gene (R156H). Our data
suggest that in children with severe and recurrent infections, even in the absence of a mycobacterial infection,
functional and/or genetic alterations of the melecular mechanisms governing Th1/Th2 homeostasis might be
respensible for an atypical immunodeficiency and, therefore, should be investigated in these patients,

Keywords: Immuncdeficiency, IL-12/1-12 receptor, Recurrent pneumaonia

.

Background

Primary congenital immunodeficiencies encompass a
wide spectrum of distinct clinical entities, which differ
in either pathogenetic mechanism or clinical features,
Recently, several novel syndromes with unusual phe-
notypes have been described [1,2]. However, in a num-
ber of patients suffering from severe and sometimes
life-threatening infections, in which an immunological
disorder is suspected, the underlying genetic defect re-
sponsible for the immunodeficiency still remains to be
elucidated [3]. Recently, a higher susceptibility to intra-
cellular pathogens and, in particular, atypical mycobac-
terial and salmonella infections has been described in
patients with genetic alterations of the IL-12 receptor
(IL-12R) [4-9]. IL-12 stimulates cellular immune res-
ponses against intracellular pathogens by promoting the
generation of T naive in T helper 1 (Thl) cells and by
increasing inl:erl'emn—gamma {(IFN-gamma) productian
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from T and natural kiler (NK) cells, Induction of a
Thl response and cell cycle progression mostly relies
on the expression of a high affinity IL-12R, consisting
of Bl and B2 chains [10-15]. A few genetic alterations
of Bl chain have already been reported in patients suf-
fering of mycobacterial infections [5,6].

Case presentation

A 8-year-old girl was referred to the our Department be-
cause of a history of recurrent pneumonia (4 episodes
over 2 years), At the age of 4 years and 8 months she
had suffered from the first episode of middle lobar bron-
chopneumonia requiring hospitalization. In that occa-
sion the total IgE serum levels were 3350 kU/L One
month later, she was hospitalized for a second broncho-
pneumonia episode interesting both lungs followed by
persistent cough for more than a month, These episodes
were responsive to antibiotic therapy. Subsequently, she
had suffered from 2 additional bronchopneumonia epi-
sodes in distinct lung area, successfully treated with par-
enteral antibiotic therapy. Conventional x-ray and high
resolution computed tomography of the chest revealed
multiple focal consolidations in both lungs, confirmed

& 7017 Poamaro el ai; licemee Boked Central Lid This & 30 Open Adcess arficie distibuted under the terms of the Creatwe
Commens Aot on License (ntd ceatvecommons argAcemses iy L0]L wiich permits wresticied wse, dstribaton, and
sepraducion ) any medium, peovided the onging wark s prapesy cited
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by magnetic resonance imaging [16]. Acid resistant ba-
cillus was not found in the sputum examination. In
one occasion, Haemophilus influenzae was isolated on
sputum culture. Weight and height growth was in the
normal range. No infections in other organs were
reported The routine immunological evaluation revealed
normal 1gG and IgA, but very high serum IgE levels
(= 2000 kU/l), confirmed in several occasions during
the 2 years follow-up. Specific IgE toward Dermato-
phagoides farinae and pteronyss, olive, herb vitriol and
Parietaria judaica were detected. Prick test were posi-
tive (ponf=03 =04 em) for Dermatophagoides farinae
and pteronyss, hair of dog, Parietaria and olive, thus
confirming a multiple sensitivity, The patient showed a
proper antibody specific response as demonstrated by
the presence of IgG antibody serum levels, tested by
immuno-enzymatic method, against B-hepatitis, paro-
titis and German measles viruses. Serum IgG. IgA e
IgM levels were always in the normal range. The im-
munophenotype valuation revealed normal number and
percentage of the lymphocyte subpopulations studied
(Table 1).

The patient’s family history was notable for the pres-
ence of allergic disorders in both lineages. In particular,
her mother and grandmother had a history of allergic
rhinitis, while her father had urticaria. A maternal aunt
died at 2 years of age by whooping-cough and a mater-
nal uncle died at 16 months by a severe not better speci-
fied respiratory infection. A paternal aunt and her
daughter had a history of allergic rhinitis.

We first determined the proliferative response of
PBMC to CD3 cross-linking, that mimics in vivo antigen
exposure, performed at optimal (1 ng/ml) or suboptimal

Table 1 Immunoneclogical parameters

e

Lymphocyte subpopulations % nmm
o3 7 2956
CO30R 42 16128
o4 393 1509
he 3032 1159
chie LR 43776
€056 34 13056
CD4-C08-TCR affi+ 23 8832
C04-C08-TCR gid+ 13 HaaR
specific antibody responses g IgM
E-hepatitis vins Frasent Abserit
Faratidis virs Frasent Absent
Ceman measles vins Fresent Absent
Proliferative response to Patient Control
mitogens stimulation [mean + SE) Imean + SE)
FrA + iona 22458+ 11013 32159 4+ 27858
D3 x-L 800 + 68 25500 + 3000

Page 2 of 4

(0.3 ng/ml) antibody concentration. The proliferation
at the maximal dosage was significantly lower in the
patient than in the controls (mean + SE were:
800 £ 68 cpm and 29500+ 3000 cpm in the proband
and controls, respectively). Since a proper immune re-
sponse to pathogens requires a Thl induction and this
process determines up-regulation of the expression of
the [L-12R B2 chain, we evalusted mRNA expression of
this molecule after mitogen stimulation of PBMC
in vitro. No expression of IL-12R P2 transcript was
found in patient’s cells (Figure 1A), differently from the
controls, TL-12R Bl was expressed at normal levels
(Figure 1B).

At molecular level, gene sequencing of IL-12R 2 gene
revealed a missense mutation (G to A) at nucleotide 531
in the exon 5 in heterozygosity, resulting in the substitu-
tion of arginine (CGT) with histidine (CAT) in the extra-
cellular domain of the receptor at the same aminoacid
position 156 (designed R156H) (Figure 2). The mutation
was not a polymorphism since was not found in 100
chromosomes from unrelated individuals, This G to A
transition creates a new restriction site for Ndel enzyme
{data not shown).

Discussion

The case here reported indicates that alterations of the
induction of a proper Thl response may be associated
with an atypical immunodeficiency characterized by high
susceptibility to infections. The functional response of
lymphocytes to 1L-12 depends on the expression of a
high affinity IL-12 receptor on Thl and NK cells. The
high atfinity receptor for 1L-12 consists of two subunits,

PATIENT

+ [L-12Rj2

* [L-12RfI

+B-ACTIN

Figure 1 mRNA expression of IL-12R (2 chain after mitogen
stimulation of PBMC in vitro. (A} Mo expression of IL-128 B2
rranscript was found in patients cells, differertly from the cantrals.
B! 1L-120 B 1 was expressed at nomal levels

L
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INTRACELLULAR DOMAIN

el &

el .

PATIENT

L the receptar at the same aminaacid position 156 (desianed K155H)

o )

Figure 2 gene sequencing of IL-12ZR B2 gene. At molecular level gene sequencing of IL-12R B2 gene revealed a missense mutation (G to A at
nuclatide 537 in the exan 5 in heterazygasity, rmaulting in the substitution of ainine (CGT) with histidine (CAT) in the extracellular domain of

PR

CDNA b

+ DESCRIBED MUTATION SITES

Pl and (32, closely refated to the cytokine receptor glyco-
protein (gp) 130 [1L17]. The complete IL-I2R is
thought to be associated with the development, being
expressed on human naive T cells during differentiation
to Thl but not to Thl. Therefore, the expression of
these molecules is generally considered as a marker of
Thl dominated response [11-13,16], Thi cells produce
IFN-gamma and IL-2 and, predominantly, promote cell
mediate immune responses against intracellular patho-
gens [18,19], In a previous study, we provided evidence
of altered 1L-12/IL-12R signaling in patients with very
high IgE levels, suggestive of an impaired Thl induction
[20]. A defective nduction of a Thl response in patients
may lead to a higher risk of infections, thus worsening
the overall outcome of patients with very high IgE levels.
In the case herein deseribed a genetic alteration of the
IL-12R Bl has been found in heterozygosity. Whether
this alteration is really responsible for the phenotype
remains to be definitively demonstrated with further
molecular and functional studies. However, it should be
noted that patients with homozygous alterations of the
same gene have already been reported, being affected
with a more severe clinical phenotype and selective sus-
ceptibility to mycobacterial infections [5.6]. Based on
this clinical observation, we suggest that a better under-
standing of the molecular mechanisms governing Thi/
Th2 homeostasis may help recognize novel clinical phe-
notypes of atypical immunodeficiencies.

Consent

Written informed consent was obtained from the parents
of the patient for publication of this Case report and any
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4.3. De novo 13q12.3q14.11 deletion involving BRCA2 gene in a patient with AT-
like phenotype.

Deletion of the long arm of chromosome 13 is a rare condition characterized by a wide
range of clinical features, including developmental delay and intellectual disability,
growth retardation with microcephaly, hypotonia, trigonocephaly, facial dysmorphism,
limb defects such as hypoplastic or absent thumbs and anogenital anomalies (251). The
clinical phenotype varies according to the location and size of the deletion. Involvement
of the critical band 13q32 causes three major phenotypes (252). Distal deletions are
closely associated with the more severe phenotypes, whereas proximal deletions cause
fewer anomalies, but include retinoblastoma (253). Alterations of the ZIC2 gene, which
maps on the critical 13q32 region, have been associated with holoprosencephaly (HPE)
(254).

Our group report on an atypical syndrome, due to a de novo deletion of
chromosome 13, which leads to a novel clinical phenotype characterized by
immunodeficiency with elevated IgM levels, mild and transient cerebellar ataxia,
increased frequency of chromosomal breaks, telangiectasia and freckles associated with
microcephaly, developmental delay, facial dysmorphisms, skeletal anomalies, and
spontaneous fractures. Array-comparative genomic hybridization (CGH) defined a
12Mb deletion on chromosome 13q12.3-q14.11, which includes the BRCA2 gene.

The data is being published as Clinical Report on American Journal of Medical

Genetics, for the manuscript see below.

189



CLINICAL REPORT

AMERICAN JOURNAL OF

medical genetics

De novo 13q12.3—q14.11 Deletion Involving BRCAZ2
Gene in a Patient With Developmental Delay, Elevated
IgM Levels, Transient Ataxia, and Cerebellar
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We report on a child with a de novo deletion of approximately
12 Mb detected through array comparative genomic hybridiza-
tion (CGH). The deletion involved chromosome bands 13q12.3—
13q14.11 and determined the loss of >50 genes. A second
deletion on chromosome 12p11.3p11.22 of 43-167 kb, including
about 12 genes, was unlikely of clinical relevance because inher-
ited from the asymptomatic father. The child had developmental
delay, dysmorphisms, and many features reminiscent of ataxia-
telangiectasia (A-T), as cerebellar ataxia, oculocutaneus telan-
giectasia, and recurrent upper airway infections. Atraumatic
fractures of the metatarsus were noted. Moreover, this is a
rare case of 13q deletion syndrome associated with peripheral
blood white cells radiosensitivity to bleomycin, reminiscent of
what previously reported on X-ray hypersensitivity of fibroblasts
from patients with alterations of this chromosome. The immu-
nological evaluation revealed increased IgM serum levels and a
low proliferative response to mitogens, PHA, and CD3 cross-
linking (CD3 XL). After 12 years of age only a mild dysmetria
persisted, while the proliferative response to mitogens became
normal by 9 years of age. © 2012 Wiley Periodicals, Inc.

Key words: 13q deletion; array-CGH; rare genetic syndromes;
psychomotor retardation; hypotonia; radiosensitivity; cerebellar
hypoplasia

INTRODUCTION

Deletion of the long arm of chromosome 13 is a rare condition
characterized by a wide range of clinical features, including devel-
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opmental delay and intellectual disability, growth retardation with
microcephaly, hypotonia, trigonocephaly, facial dysmorphism,
limb defects such as hypoplastic or absent thumbs and anogenital
anomalies [Allderdice et al., 1969; Grace et al., 1971]. The clinical
phenotype varies according to the location and size of the dele-
tion. Involvement of the critical band 13q32 causes three major

Grant sponsor: Un Vero Sorriso Onlus.

TProfessor of Pediatrics.

*Correspondence to:

Claudio Pignata, MD, PhD, Department of Pediatrics, Unit of
Immunology, “Federico II" University, via S. Pansini 5-80131, Naples,
Ttaly. E-mail: pignata@unina.it

Article first published online in Wiley Online Library
(wileyonlinelibrary.com): 17 August 2012

DOI 10.1002/ajmg.a.35556

2571

190




2572

AMERICAN JOURNAL OF MEDICAL GENETICS PART A

phenotypes [Brown et al., 1995]. Distal deletions are closely asso-
ciated with the more severe phenotypes, whereas proximal dele-
tions cause fewer anomalies, but include retinoblastoma [Kivela
etal,, 2003]. Alterations ofthe ZIC2gene, whichmaps on thecritical
13¢32 region, have been associated with holoprosencephaly
(HPE)[Brown et al,, 2001].

We report on a novel clinical phenotype characterized by
immunodeficiency with elevated IgM levels, mild and transient
cerebellar ataxia, increased frequency of chromosomal breaks,
telangiectasia and freckles associated with microcephaly, develop-
mental delay, facial dysmorphisms, skeletal anomalies, and sponta-
neous fractures. Array-comparative genomic hybridization (CGH)
defined a 12 Mb deletion on chromosome 13q12.3—q14.11, which
includes the BRCA2 gene.

CLINICAL REPORT

The proband is a 17-year-old Caucasian male referred to our
Immunodeficiency Center at the age of 3.3 years because of the
presence of recurrent upper airway infections, mild ataxia, cuta-
neous telangiectasia, and developmental delay. He was the second
child of three healthy children of nonconsanguineous parents. The
family history was unremarkable. He was born at term after an
uncomplicated pregnancy by cesarean. His birth weight was 2.5 kg.
Fetal movements were reported as normal. A developmental delay
was observed since the first months of life. The child was able to sit
up and walk at 14 and 18 months, respectively. At the age of
27 months, he could pronounce 10 words. On 20 months of age,
his neurological exam showed mild dysmetria and gait ataxia,
muscle hypotonia, trunk titubation, and developmental delay.
Brain CT obtained at 24 months of age revealed moderate enlarge-
ment of cisterna magna ventricular system due to cerebellar vermis
hypoplasia. During the follow-up, brain magnetic resonance imag-
ing (MRI), performed at 10 years of age, confirmed the moderate
hypoplasia of the caudal part of the cerebellar vermis with dilatation
of adjacent cerebrospinal fluid spaces. Electroencephalography
was normal.

At 3.3 years of age, the physical examination revealed a height of
94 cm (25-50th centile), weight of 12.5 kg (10th centile}, and head
circumference of 48.1ecm (<5th centile). Dysmorphic features
included long face with sparse hair, hypotelorism, dental abnor-
malities, high palate with hypertrophic gums, oculocutaneous
telangiectasia, and facial freckles (Fig. 1A,C,D). Mild ligament
hyperlaxity of upper limbs, clinodactyly of the 5th finger on
both hands, asymmetry of the lower limbs, and dorsal scoliosis
were also noted.

Since theage of 3 months, the patient had recurrent and frequent
episodes of wheezing. The ear-nose-throat evaluation revealed
bilateral transmission hearing loss. Ophthalmologic examination
was normal and negative for retinoblastoma signs.

Routine metabolic assays, as serum amino acids, urine organic
acids, acylcarnitine, and serum alfa-fetoprotein levels were
normal. Fragile X CGG repeated test was normal. Peripheral
blood white cells were initially radiosensitive to bleomycin, while
thereafter, at 11 years of age, they were found resistant to
clonogenic survival assay (CSA). Ataxia-telangiectasia mutated
(ATM) and meiotic recombination 11(Mrell) protein levels

were normal and no point mutations in the ATM gene were
found.

During the long neurological follow up a progressive improve-
ment of gross and fine motor performances was noted. Tendon
reflexes were normal. After 12 years of age, cerebellar ataxia dis-
appeared, but a mild dysmetria and adiadochokinesia persisted.
The developmental delay was characterized by impairment of
cognitive and speech skills, motor stereotypies, and obsessive
behavior. A mild to severe mental retardation was confirmed by
Wechsler Intelligence Scale for Children (WISH-R) (1Q 40). At the
ageof 17, apainful swelling of the left foot, persisting after treatment
with steroids and anti-inflammatory, was observed. An X-ray of
the foot revealed the presence of sequential atraumatic fractures
of the I11, IV, and V metatarsus (Fig. 1B).

METHODOLOGY AND RESULTS
Cytogenetic and Molecular Genetics

Karyotype was performed by standard GTG banding at 550 bands
resolution (ISCN 2009). Array-CGH was performed with a 44 K
whole-genome oligonucleotide microarray Agilent Technologies
(Santa Clara, CA) following the manufacturer protocol. Array data
were visualized using the Genome Workbench standard edition
ver. 5.0 Agilent Technologies (Santa Clara, CA) and compared
with the human genome reference sequence hgl9 (Feb. 2009).

Real-time quantitive PCR was performed to confirm array-CGH
data. We designed a set of primers and probe specific for the exon 8
of gene ARNTL2 (ref seq NM_020183.3), provided by the Roche
Diagnostics Universal probe Library software (http://www.
universalprobelibrary.com). Amplification was performed in a
total volume of 20 ul containing 2X TagMan Universal PCR
Master mix (P/N 4324018, Applied Biosystems, Foster City,
CA), 1X RNaseP kit (20X, VIC dye, P/N 4316844), 0.2uM
of forward and reverse (5- cgatgecctatgtgacaatg and 5'-
ceecctetgettctaagtaatte) and 0.1uM UPL probe #46. For each
sample a triplicate mix was prepared and aliquoted in three differ-
ent tubes. The thermal cycling conditions were: 2 min at 50°C,
10min at 95°C, followed by 40 cycles 15sec 95°C and 1 min
60°C. The PCR was performed on a 7500 fast apparatus
(Applied Biosystems, Foster City, CA). The number of gene copies
was determined using the comparative delta Ct method.

G-banded chromosomal analysis on peripheral blood lympho-
cytes indicates normal karyotype. Whole genome array-CGH
revealed an interstitial deletion at 13g12.3—q14.11 with breakpoints
at31,955,213and 43,918,723 bp (Fig. 2) and a43—167 kb deletion at
12p11.3-p11.22 between 27,182,294 and 27,826,732bp. About
50 genes are located in the 13q deleted region (National Center
for Biotechnology Information, hgl9, Fig. 2D) and 12 genes in the
12p11.3. The 12p deletion was confirmed by real time PCR centered
on exon 8 of the ARNTL2 gene and showed to be inherited from the
asymptomatic father.

Immunological Evaluation

Theimmunological evaluation revealed increased IgM serum levels
(between 240-528 mg/dl, normal range 60—234), with a progressive
decrease in the first 7 years of life to stabilize at ~300 mg/dl, well
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FIG. 1. Proband phenotypic features. A: Noted long face, hypotelorism, teeth abnormalities, and hypertrophic gums; 4 years of age. B: Conspicuous

callus repair of the distal diaphysis of the third I; advanced

lidation of pi fracture of the base of the fifth metatarsal; recent

diaphyseal fractures of the distal third of the fourth
and ear abnormalities.

above the normal upper limit (Fig. 3). IgG and IgA levels were
always normal. The patient had normal counts of total white blood
cells and lymphocytes. The immunophenotype, evaluated by flow
cytometry, revealed normal CD3+, CD44, CD84, CD56+,
CD3 + HLA-DR+ cells even though the number of CD3 + CD4-
CD8- (DN) increased over the time up to 15%. CD194-cells were in
nermal range and no significant alterations were observed during
the follow up. Normal percentages of memory (CD19+ CD27 +
IgM+) and switched memory (CD19+ CD27+ IgM—) were
found, representing 14 and 33% of CD194 cells, respectively.
Similarly, naive (CDI19+IgD+1gM+) and transitional
(CD19 4 CD27 — IgD+) B cells were within the normal range,
representing the 50 and 38%, respectively. As expected, mature
B cells (CD19 + CD20 —IgGG+) were absent into the peripheral
blood (Fig. 4). To exclude that the immunological derangement

with no rep

callus. C: High-arched palate at 17 years of age. D: Telangiectasias

was due to the chromosome 12 alteration, Ig levels and B cell
number were measured in the father. Both determinations were
normal (IgG 9.13g/dl, IgA 2.32g/d], IgM 1.56 g/dl; CD19 11%,
CDI19 + IgD + IgM+6.2%, CD19 + CD27 + IgM+ 3.7%, CD19 +
CD27 + IgM— 3.1%, CD19+ CD27 — IgD+ 3.7%). Autoantibod-
ies to anti-thyroglobulin (TGB-Ab), anti-thyroid peroxidase
(TPO-Ab), anti-nuclear (ANA), anti-double stranded DNA
(dsDNA), and anti-transglutaminase were all negative. The pro-
liferative response to mitogens, PHA, and CD3 cross-linking (CD3
XL), was evaluated by thymidine uptake from cultured cells pulsed
with 0.5 uCi [*H] thymidine (Amersham International) 8 hr before
harvesting. The response to CD3 XL was abnormal in the first
9 years of life, corresponding to 1.5-11% of the control (Fig. 3B).
The response to PHA was initially low, corresponding to 23—-53% of
the control, but variable over the time and became normal by 5 years
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FIG. 2. Array-CGH analysis. A: Aray-CGH on chromosome 13. On the y-axis the log ratio is reported [log, intensity of [Cy5 fluorocrome/Cy3

fluorocrome] ). Expected values are from — 1to — 0.7 for a deletion, O for normal, and 0.5 to 1 for a duplication, Distances from the centromere 13q are
reported on the left scale. B:The genes involved in the 13q12.3—q14.11 deletion as shown by the UCSC genome browser [ http://genome.ucsc.edu/,
release hg19). C: Theideogram of chromosome 13. Green bar indicates the deleted region in our patientand the black bars three partially overlapping

patients reported in the literature.

of age. The responses persisted normal thereafter. To better define
the pathogenesis of the elevated IgM levels, the invitro evaluation of
class switch recombination (CSR) was studied. CD40 triggering
induced a normal B cell proliferation. Moreover, B cells exerted the
capability to make the in vitro isotype switch. Bence-Jones protei-
nuria revealed a prevalence of kappa light chain with a kappa/
lambda ratio of 10. In keeping with this finding, cell surface IgM
kappa/lambda evaluation revealed a 2.8 ratio. However, no increase
of kappa or lambda light chains was found in the serum.

DISCUSSION

We report on a 17-year-old boy carrier of a 12 Mb deletion on 13q
with a complex clinical phenotype, characterized by a transient
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cerebellar ataxia with a mild cerebellar atrophy, elevated IgM levels
with transient inmunodeficiency. Psychomotor and speech delay,
cutaneous telangiectasia and freckles, dysmorphic features, skeletal
abnormalities, and spontaneous fractures were also noted. The
patient also carried a 12p11.3 deletion unlikely to be of clinical
relevance because inherited from the asymptomatic father. In fact,
normal serum Ig levels and B cell number were documented in the
father.

Three patients partially overlapping the deletion here described
arereported (Fig. 2C) [ Drummond-Borget al., 2002; Ballarati et al.,
2007; Quélin et al., 2009]. Patient 1 shared with our case mental
retardation and cerebellar hypoplasia. Skeletal abnormalities were
present in both patient 1 and 2. None reported data on immune
response and radiosensitivity.
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FIG. 3. Immunological evaluation during the long term follow-up. A: A progressive decrease of IgM levels was noted in the first 7 years of life. Thereafter
IgM levels remained persistently high. B: An abnormal response to PHA and CD3 XL was noted in the first years of life. The proliferative response to

these mitogens became normal by 5 and 9 years of age, respectively.
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FIG. 4. Blood B cell subsets by flow citometry. A: Naive B cells (IgD + IgM-+] represent the 50% of CD18 + cells, B: Transitional B celis (CD27-1g0 +,
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are also IgD+.

In the patient here described, elevated IgM levels were the
immunological hallmark of the syndrome, initially associated
with reduced proliferative response to mitogens. The genetics of
hyper IgM comprise a heterogeneous group of antibody disorders
consisting of five sub-types, characterized by impaired CSR, due to
different molecular abnormalities |Kracker et al., 2010]. It should
be noted that in our case the initial evaluation of CSR revealed a
normal IgG production thus indicating the overall integrity of the
CSR B cell machinery. The pathogenesis of some cases is still
unknown and, indeed, under certain circumstances it may involve
the DNA repair mechanisms. It has been reported that fibreblasts
from patients affected with a still molecularly undefined hyper IgM
show an increased radiosensitivity, even though less marked than
that of patients suffering of other DNA repair defects, suchas A-Tor
Artemis deficiency [Péron etal., 2007 |. Moreover, B cell lymphoma
and leukemia have been reported in these patients, strongly sug-
gesting a DNA repair defects. It is interesting to note thatin our case
blood cells were initially found radiosensitive and later during the
follow up they were normal to CSA. So far, in none of the reported
cases of hyper IgM syndrome the chromosomal aberration herein
described has been reported.

As for the radiosensitivity initially observed in the patient here
described and not found later during the follow-up, no conclusive
explanation is available. Of note an increased cytotoxic effect of X-
irradiation has already been documented in patients carrying
alterations of chromosome 13, as deletions, trisomy, inversion,
or translocation [Nove et al., 1981], being referred to the Rb locus
and never in the region of the deletion here described. Thus far,
several genes have been associated to altered cellular radiosensi-
tivity, as ATM, p53, BRCA1, BRCA2, DNA-PK |McKinnon and
Caldecott, 2007]. Since BRCAT and BRCA2 genes are essential in
preserving the integrity of the genome and it is not clear whether
alterations of these genes in heterozygosity may affect the function-
ality, one possibility is that under certain circumstances, as child-
hood rapid growth, the haploinsufficiency for these genes may
unmask an increased radiosensitivity. Our patient, initially classi-
fied as A-T, had some features reminiscent of diseases due to DNA

repair defects, and, on the other hand A-T patients may show
increasedlevels of IgM. This finding presumably indicates a chronic
antigenic stimulation, since in these patients CSR regularly occurs,
as revealed by the ability to produce IgG class antibodies. BRCA1
and BRCA2 proteins are also involved in the repair of DSB by
homologous recombination (HR) and their alteration confers high
risk for breast and ovarian cancer [Barwell et al., 2007]. Of note,
BRCA2 is also intimately related to Fanconi Anemia (FA), in that
BRCAZ biallelic mutations have recently been identified in group
D1 FA (FANCD1) patients. BRCA?2 interacts with FA proteins and
belongs to a complex functional network, which includes ATM,
Rad3 related (ATR) proteins, and BRCAI [Wang, 2007] all impli-
cated in DSB.

In conclusion, we describe for the first ime a novel clinical
phenotype due to a de novo 13q deletion, characterized by elevated
IgM levels, transient cerebellar ataxia, mimicking some featuresof a
milder A-T clinical phenotype, which is part of a more complex
disease, consisting of mental retardation, dysmorphic features,
skeletal abnormalities, and spontaneous bone fractures. As sup-
ported by several reports including a fetus showing a de novo
mosaic deletion of 13q13.3 [Widschwendter et al., 2002], showing
cerebellar hypoplasia and microcephaly associated with multiple
abnormalities, we localize the critical chromosomal segment
responsible for cerebellar development at 13q13.3.
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4.4. Conclusive remarks

The description of new clinical phenotype and novel genetic syndrome involving the
immune system, opens new scenarios in the molecular mechanisms underlying the
Immune response.

Our group have documented for the first time a novel pathogenetic mechanism
due to an inhibitory anti-lymphocytic autoantibody in a SCID-like phenotype, resulting
in total T-cell activation deficiency associated with autoimmunity. Therefore, we
reported on severe impairment of T-cell function which was not acquired and induced
by viruses.

Of note, we documented an interesting case of children with severe and recurrent
infections, even in the absence of a mycobacterial infection, functional and/or genetic
alterations of the molecular mechanisms governing Th1/Th2 homeostasis might be
responsible for an atypical immunodeficiency and, therefore, should be investigated in
these patients.

Eventually, we described a novel clinical phenotype characterized by
immunodeficiency with elevated IgM levels, mild and transient cerebellar ataxia,
increased frequency of chromosomal breaks, telangiectasia and freckles associated with
microcephaly, developmental delay, facial dysmorphisms, skeletal anomalies, and
spontaneous fractures, with the chromosomal deletion 13q12.3—q14.11, which includes
the BRCA2 gene.

Taken together, these findings demonstrate that important issues on

immune system activity and function have to be elucidated.

196



TECHNOLOGIES

§ Cells and cell cultures

Cord blood (CB) from the FOXN12/2 fetus was obtained by cordocentesis at 16 weeks
of gestation. Peripheral Blood Mononuclear cells (PBMC) were obtained from patients
and healthy donors by Ficoll-Hypaque (Biochrom) density gradient centrifugation.
Leukemia cells were obtained from the bone marrow of newly diagnosed patients, with
high leukemia involvement (85-100%), affected by Chronic Myeloid Leukemia (CML),
Acute Myeloid Leukemia (AML), B-precursor Acute Lymphoblastic Leukemia (B-pre
ALL) and T-ALL, by using Ficoll-Hypaque (Biochrom) density gradient centrifugation.
Normal bone marrow cells were obtained from healthy donors and used as control cells,
through the same procedure.

Keratinocytes were isolated by incubation of skin fragments in HBSS (Ca2” Mg2" free)
containing 0.75% sodium bicarbonate, 100 mM HEPES (Gibco) supplemented with 25
pg/ml Gentamicin with Dispase II (20 mg/ml, Roche). Subsequent removal of
epidermal sheet with tweezers, followed by incubation for 10 min at 37°C in 0.05%
Trypsin and 0.5 mM EDTA (Gibco). Trypsin-EDTA were stopped adding the same
volume of Fetal Bovine Serum (FBS). Cells were filtered through double layer gauze
sterilized and then washed with DMEM containing 10% FBS. 5 x 10° keratinocytes
were plated in 100 mm dish pre-treated with collagen coating solution containing HBSS
with 100 pg/ml BSA, 20 mM HEPES pH 6.5, 30 ug/ml bovine type I collagen isolated
from dermis (Nutacon). Cells were grown in supplemented Keratinocyte-SFM medium
with 30 pg bovine pituitary extract and 0.2 ng/ml human rEGF (Gibco) and 100 IU/ml
Penicillin and 100 pg/ml Streptomycin. The cultures were incubated at 37°C in the
atmosphere supplemented with 5% CO,, with the cell culture media changed daily.
Fibroblasts were isolated by mincing of dermal skin fragments and were grown in
Dulbecco’s modified Eagle’s medium (Invitrogen) and 10% FBS (Gibco),
supplemented with 100 U/ml Penicillin and 100 pg/ml Streptomycin (Invitrogen). The
cultures were incubated at 37°C in the atmosphere supplemented with 5% CO,, with the
cell culture media changed daily. Moreover, keratinocytes and fibroblasts were

passaged fewer than 5 times before use in experiments.
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CD34" hematopoietic stem cells were isolated by incubating 1-2 x 10® PBMCs in 300 pl
of PBE with 100ul of CD34 (QBEND 10)-conjugated magnetic beads (Multisort beads,
Miltenyi Biotec), followed by incubation for 30 min at 4-8°C. After incubation, the cells
were washed with ice-cold PBE (PBS/0.5% bovine serum albumin/5 mM EDTA) and
processed through a column placed in a magnetic field and the target cells retained.
After washing the column thoroughly with ice-cold PBE, the target cells were recovered
by removing the magnetic field and flushing the column with 1 ml of PBE. CD34" cells
were then labeled with a CD34-FITC conjugated antibody for 15-20 min at room
temperature.

B lymphoblastoid cell lines (BCLs) were generated by EBV immortalization of patients
and healthy donors PBMC using standard procedures.

The human continuous T-acute lymphoblastic leukemia cell line (Molt-4), the chronic
myelogenous leukemia cell line (K-562), Burkitt lymphoma cell line and its isogenic
derivatives (Raji and Rj225) were grown in RPMI-1640 (Lonza, Verviers, Belgium)
supplemented with 10% fetal bovine serum (FBS; Gibco), 2 mmol/L L-glutammine
(Gibco), and 50 pg/ml gentamycine (Gibco), and cultured at 37°C, 5% CO2. Serum
starvation was used to synchronize tumor cells in the GO/G1-phase of the cell cycle.
The cells were incubated in medium without FBS for 24 hours. In self-sufficient growth
experiments, cells were cultured in DMEM/F12 (Lonza) without FBS and supplemented

with 2 mmol/L L-glutammine.

§ Reprogramming of human fibroblasts and iPSCs culture, cleaning and passage
Human wild-type skin fibroblasts (600000 total cells) have been reprogrammed by
introducing 3 episomal vector containing cDNA of human Oct3/4, Sox2, Klf4 and L-
Myc (Figure 6) and by using electroporation.

Fibroblasts trasfected have been plated on mitomycin C-treated feeder cells MEFs in a
six-well plates, with Fibroblasts Medium Culture without Gentamicin. The next day, the
medium has been replaced with new Fibroblasts Medium Culture enriched with
Gentamicin. At the 4™ day, the medium for primary hES cell culture (hESC medium),
supplemented with FGF2 (10 ng/ml), SB431542 (2uM), PD0325901 (0.5 uM),
Valproate (500 uM), has been used. hESCs medium has been replaced every 2 days and

198



the molecule have been added until 14 days after trasfection. Subsequently, the clones
were culture

The 1PSCs clones have been picked, by cutting around the colonies with a needle
mounted on ImL siringe, until 20 days after trasfection. Of note, the first day of the first
two passage was used Rock-Inhibitor to favor clones attachment. To amplify the
colonies, they were cut into square pieces of 200um and they were plated on BJ1-FGF2
feeder layer. The colonies were cleaned from differentiated parts by cutting with a
needle and the debris were removed by aspirating the medium culture, which was
replace with the new one. After the 5™ passage, the clones were cleaned, detached with

Dispase (Img/mL) and freeze by using CryoStor' "CS10 solution.

§ Alkaline phosphatase staining

The culture medium was aspirate from iPS cell culture plates to fix by adding ethanol
95% just to cover the cells. Following, the plates were washed 3 times with PBS 1X.
BCIP/NBT substrate solution was added so as to cover the cells, for 10 minutes at 37°C

5% CO,. The plates were washed 3 times with PBS 1X and dried at RT.

§ Histology

Intestine and liver tissue samples from a 16 weeks FOXNI17/" fetus or control were
embedded in OCT compound and snapfrozen in liquid nitrogen or paraffin-embedded.
The blocks were cut into serial 5-mm sections and mounted onto microscope slides for
H&E staining and immunohistochemistry analysis. Immunodetections were performed

by means of a Ventana automat (Ventana Medical Systems).

§ Immunohistochemistry

Tissue sections staining was performed on Benchmark XT platform (Ventana Medical
Systems) with pre-diluted CD34, CD20, CD56, CD3, CD4 (Ventana-Confirm), CD8
(Cell Marque), 1:40 CD103 (Beckman Coulter, Brea, CA), 1:50 CD45RA (Dako,
Denmark) and 1:25 CD62L Abs (Abcam, Cambridge, UK). Heat antigen retrieval was
performed in buffer (CC1, Ventana) following the manufacturer instructions. The slides
were incubated with primary Abs at 37u for 32 min (CD34, CD20, CD56, CD3, CD4
and CD8) or for 60 min (CD45RA, CD103, CD62L). Primary Ab was omitted for
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negative control. Nuclei were counterstained with hematoxylin. The reaction was
detected by the ultraView Universal DAB Detection Kit, which utilizes a cocktail of
enzyme labeled secondary Abs that locates the bound primary Ab. The complex is then
visualized with hydrogen peroxide substrate and 3, 39-diaminobenzidine
tetrahydrochloride (DAB) chromogen, which produces a dark brown precipitate readily
detected by light microscopy. Images were acquired by a microscope (DM 2500; Leica,
Germany) at magnification 200X or 100X.

§ siRNA transfection

The validated chemically modified oligonucleotides used as siRNA for IL2RG or
random non-silencing nucleotides with no known specificity siRNA, used as negative
control, were obtained from Invitrogen (Paisley, UK). These siRNAs were transfected
at a concentration of 200 pmol/1x10° cells in a six well plate for 96 hours. The
transfection was performed by the lipid vector Lipofectamine 2000 kit (Invitrogen,
Paisley, UK), according to the manufacturer’s instructions. Preliminary experiments
were performed to establish the silencing efficiency by testing two different
oligonucleotides obtained from Invitrogen (Paisley, UK). The amount of protein
expression reduction was calculated as follows: 1- (ODgjrna X 100 / ODcontrol sirNa)- In
self-sufficient growth experiments, BCLs were cultured in Dulbecco modified Eagle

medium (DMEM)/F12 without FBS and supplemented with 2 mM/L L-glutamine.

§ Proliferative assay

Cell proliferation was analyzed by the CFSE dilution assay. Cells (1x10°) were
resuspended in 1 ml PBS-10% FBS and labeled with 1.7 uM CFSE (Molecular Probes).
After 2 min in the dark at room temperature, cells were washed in FBS and PBS. After
6 hours cells were analyzed on a FACSCalibur flow cytometer using CellQuest
software (BD Biosciences).

Cell viability was determined using trypan blue staining. Cell survival was evaluated
following stimulation with anti-Fas mAb (400 ng/ml; Upstate) for 6 hours.

Cell proliferation was also analyzed by the thymidine incorporation assay.

For the evaluation in vitro of proliferative response to mitogens of PMBC and CBMC,

cells were stimulated with phytohaemagglutinin (PHA; 8 pg/ml), concanavalin A
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(ConA; 8 pg/ml), pokeweed (PWM, 10 pg/ml) (Difco Laboratories), phorbol-12-
myristate-13-acetate (PMA; 20 ng/ml) and ionomycin (0.5 mM) (Sigma Chemical Co).
CD3 cross-linking (CD3 X-L) was performed by precoating tissue culture plates with 1
and 0.1 ng/ml purified anti-CD3 monoclonal antibody (Ortho Diagnostic).

Cells were plated in triplicate at 1x10° viable cells/well in 96-well plates (BD
Biosciences), in 200 pl of complete medium for 4 days. Cultures were pulsed with 0.5
uCi *H-thymidine for 8 hours before harvesting and the incorporated radioactivity
measured by scintillation counting.

In a few experiments complement components were inactivated through heating of
serum samples at 56° C for 30 min before use. The percentage of inhibitory activity in
the sera was calculated from the formula: (cpm of PHA-stimulated cultures containing
5% tested serum/cpm of PHA-stimulated cultures containing 5% FCS) x 100. Patients
and normal IgG were purified using a protein G column according to the vendor’s

instructions (Pharmacia Biotech).

§ Reagents, western blot and immuneprecipitation

The enhanced chemiluminescence (ECL) kit was purchased from Amersham
Biosciences. The Abs anti-yc, anti-JAK3, anti-beta-actin, anti-Bcl-2, anti-Bcl-XL, anti-
histone 3 (H3), anti-phosphotyrosine, anti-STATS, anti-STAT4, anti-BECLIN-1 were
purchased from Santa Cruz Biotechnology. The Ab anti-caspase 3 was purchased from
Cell Signaling Technology. Acrylamide and bisacrylamide were obtained from
Invitrogen. Prestained molecular mass standards were obtained from Bio-Rad. Except
where noted, other reagents were from Sigma-Aldrich.

Stimulated or unstimulated cells were washed with ice-cold phosphate buffer saline
(PBS; Cambrex, Charles City, IA) and lysed in 100 pl of lysis solution containing 20
mM Tris (pH 8), 137 mM NaCl, 1% Nonidet P-40, 10 mM EDTA, 1 mM
phenylmethylsulfonylfluoride, 1 mM sodium orthovanadatum (Na3VO4), 5 pg/ml
leupeptin and 5 pg/ml aprotinin on ice for 45 min. The cell lysates were stored at -80°C
until processing. Proteins were separated on 12% SDS-PAGE. The membrane was
then washed three times in wash buffer and incubated 1 h at room temperature or
overnight at 4°C with the specific Ab. The membrane was then washed three times and

an appropriate IgG HRP-conjugated secondary Ab was used for the second incubation.
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After further washings, the membrane was developed with ECL-developing reagents,
and exposed to x-ray films according to the manufacturer’s instructions (Amersham
Biosciences).

For immunoprecipitation, lysates were normalized for either protein content or cell
number and precleared with protein G agarose beads (Amersham Biosciences). The
supernatant was incubated with 2 microg/ml anti-JAK3 or polyclonal serum, followed
by protein G agarose beads. The immunoprecipitates were separated on density
gradient gels, followed by Western blotting. Proteins were detected using antibody for
phosphotyrosine.

Densitometric analysis was performed after background equalization through the

Image] software.

§ Confocal microscopy

After appropriate stimulation, as indicated, cells were fixed in 4% paraformaldehyde in
0.1 M phosphate buffer (pH 7.0) for 30 min at room temperature and centrifuged in a
Shandon Cytospin III (Histotronix) onto a glass slide and permeabilized by incubation
in a 0.2% Triton X-100 solution for 20 min. BCLs were incubated for 1 h at room
temperature with rabbit anti-STATS5 Ab in PBS containing 1% BSA. After four
washings for 5 min in PBS, the cells were incubated for 1 h at room temperature with
FITC-conjugated donkey anti-rabbit IgG (Pierce) in PBS. After washing in PBS, the
glass slides were mounted under a coverslip in a 5% glycerol PBS solution. The slides
were analyzed by laser scanning confocal microscopy using a Zeiss LSM 510 version
2.8 SP1 Confocal System (Zeiss). At least 100 cells per condition were analyzed in
each experiment to determine the rate of STATS nuclear translocation.

Intestine and liver tissue samples were blocked with normal goat serum before staining
and then treated with 1:50 of PerCP-labeled CD3 (BD Pharmingen, San Diego, CA) and
1:100 of FITC-labeled CD45RA Abs (BD Pharmingen, San Diego, CA) or 1:50 of PE-
labeled CD4 (Beckman Coulter, Brea, CA) and 1:50 FITC-labeled CD8 (Beckman
Coulter, Brea, CA) or 1:50 APC-labeled CD3 (Beckman Coulter, Brea, CA) and FITC-
labeled CD7 (Beckman Coulter, Brea, CA). Images were acquired by a confocal
microscope (LSM 510, Zeiss, Germany).
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§ PCR and quantitative real-time PCR analysis

Total RNA from leukemic samples and controls was extracted using TRIzol reagent
(Invitrogen, Carlsbad, CA), according to the manufacturer’s instructions. RNA was
reverse transcribed by Transcriptor First Strand cDNA Synthesis Kit (Roche, Germany).
The qPCR reactions were performed in duplicate. The amplification of the cDNAs was
performed using the SYBR Green and analyzed with the Light Cycler480 (Roche
Applied Systems, Germany). The primers used are listed in Table 1. Cycling conditions
comprised an initial denaturation at 94°C for 5 min, a phase of annealing/extension for
each gene, as follow: 50 cycles at 62°C for 5s (IL2RG); 40 cycles at 62°C for 7s
(Cyclin D1); 50 cycles at 62°C for 3 s (Cyclin D2); 40 cycles at 62°C for 7 s (Cyclin
D3); 40 cycles at 62°C for 7 s (BCL-XL); 45 cycles at 62°C for 5 s (BECLIN-1), 55
cycles at 62°C for 5sm 35 cycles at 62°C for 20 s (IKAROS, TALI1, SPIB, PTCRA,
RAG2, CyclinAl and CyclinB1) and 72°C for 5 min. A dissociation procedure was
performed to generate a melting curve for confirmation of amplification specificity. The
relative levels of gene expression are represented as -ACt=(Ctgene-Ctreference) and the fold

change in gene expression was calculated by the 274

method (where Ct is cycle
threshold), as previously described.

To evaluate /L-12Rf2 chain expression, RNA was reverse transcribed into cDNA using
ExpandTM Reverse transcriptase according to the manufacturer's protocol (Boehringer
Manneheim). The cDNA was PCR amplified (94°C, 1 minute; 55°C, 1 minute; 72°C,1
minute for 30 cycles) using specific primers for IL-12RPB2: sense primer
GGAGAGATGAGGGACTGGT and antisense primer TCACCAGCAGCTGTCAGAG.

To monitor the amount of RNA, B-actin mRNA expression was used. PCR products

were separated in a 1% agarose gel and viewed after ethidium bromide staining.

§ Flow cytometry analysis

At defined time-points (0, 1, 2, 3 and 4 w), the cells cultured on each of the PCL
construct were extracted from the scaffolds by aspiration of the medium and flushing of
the matrices. Cells were exposed to directly-conjugated mouse anti-human monoclonal

antibodies (mAbs) to asses hematopoietic stem cells with CD34-APC (BD Biosciences),
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CD45-APC-Cy7 (BD Biosciences), and lymphocyte precursors with CD7-PE
(Immunological Sciences), CD1a-FITC (DAKO), CD3-PerCP (BD Biosciences), CD4-
PE (BD Biosciences), CD8-PECy7 (Beckman Coulter). The cells were incubated with
directly-labelled antibody clones at 4°C in the dark for 30 min, washed and resuspended
in 100 ml PBS. The events in the displayed graphs (Figure 4, 5B, 5C) and dot plots
(5A, 5D, 5E, 5F, 5G) were gated by forward and side scatter to exclude dead cells. For
analysis of early thymocyte subsets with CD7, CD3, CD4 and CD8 T-cell precursors
were identified by gating on viable CD45+ cells. Analytical flow cytometry was
performed using a BD FACS Canto II flow cytometer (BD Biosciences). Subsequent
data processing and preparation for presentation was done using BD FACSDiva
software.

In flow cytometry of CBMCs, FITC-, phycoerythrin (PE)-, allophyocyanincyanine 7
(APC-Cy7)-, peridin chlorophyll protein (PerCP)- or PECy7-coupled Abs were used on
CB toward CD45 (2D1), CD7 (MT701), CD2 (RPA-2.10), CD3 (UCHT1), CD8a (SK-
1), CD8b (2ST8.5H7), CD4 (L200), CD62L (SK11), CD45RA (HI100), CD27 (L128),
CD45RO (UCHL-1), CD103 (Ber-ACT8) from BD Pharmingen, San Diego, CA or
Beckman Coulter, Brea, CA. FACSCanto II flow cytometer and FACSDiva software
(BD Bioscience, San Jose, CA) were used. For each sample, negative controls were
stained with irrelevant Abs conjugated with the same fluorochrome. The ‘‘fluorescence-
minus-one’’ (FMO) controls have also been used to define precisely the cells that have
fluorescence above background levels. Briefly, the samples have been stained with all

of the reagents except one.

§ Preparation and characterization of porous scaffolds

3D porous scaffolds were developed by adapting the phase inversion and salt leaching
technique. Scaffold morphology was preliminary investigated via FESEM Microscopy
(Quanta FEG200, FEI). Specimens were fractured using a razor blade along preferential
directions, parallel and perpendicular to the surface. Transverse and longitudinal
sections were covered by a thin chromium layer (ca. 20 nm) by automatic sputtering
(Emitech K575X) to afford a more efficient electron conductivity of the scaffold
surface. The porosity was assessed in terms of pore size, shape and spatial distribution

by images at different magnifications and fixed working distance (WD=10 mm). To
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obtain a quantitative estimation of the scaffold porosity, three different methods were
used: weight measurements by gravimetric method (GM), 2D image analysis (2D-1A)
and mercury intrusion porosimetry (MIP). The porosity was obtained by theoretical
conditions. The 2D-IA evaluation of porosity features (porosity degree, pore size and
spatial distribution) was performed by a dedicated software (ImageJ 1.38b; NIH
Freeware; National Institutes of Health, Bethesda). The porosity degree was evaluated
from the total surface area of counted pores whereas the pore sizes were derived.
Means and standard deviations of pore fraction and size were determined on 10
different SEM images. Porosity measurements by MIP were assessed to estimate the
really interconnected pores and their specific pore surface. A mercury surface tension
of 480 mN/m and a contact angle of 141.38° were used, while a pressure gradient from
400 Pa up to 200 KPa was intruded to exactly count either micro and macropores

according to the Washburn equation.

§ Scanning Electron Microscopy (SEM)

As for the investigation of biohybrid scaffold, cells were fixed for 2 h in 2,5%
glutaraldehyde solution and dehydrated with sequential washes in 50%, 70%, 80%, 90%
and 100% ethanol. The samples were air-dried overnight before the chromium
sputtering. In this case, the accelerating voltage of the FESEM equipment (Quanta
FEG200, FEI) was set at 5 kV, reducing the vacuum level into the chamber (LV or Low
Vacuum mode), so preventing any negative interaction of electron beam with the

cellular bodies.

§ Cytogenetic analysis

Karyotype was performed by standard GTG banding at 550 bands resolution (ISCN
2009). Array-CGH was performed with a 44 K whole-genome oligonucleotide
microarray Agilent Technologies (Santa Clara, CA) following the manufacturer
protocol. Array data were visualized using the Genome Workbench standard edition
ver. 5.0 Agilent Technologies (Santa Clara, CA) and compared with the human genome

reference sequence hgl9 (Feb. 2009).
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§ Statistical analysis

Microsoft Excel and MedCalc were used for data analysis. The correlations between
gene expression was obtained using the Pearson’s correlation. All measurements were
expressed as the mean + SE. A value of p< 0.05 values was considered statistically

significant.
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SUMMARY

The immune system is an interactive network, including lymphoid organs, cells,
humoral factors, and cytokines, which works synergistically in host defense from
pathogens, such as viruses, bacteria, fungi, and parasites, and other foreign molecules.
A disruption of this orchestrated process leads immunedeficiencies, allergy,
autoimmune disease and tumors (3).

Primary immunodeficiencies (PIDs) are genetic disorders causing severe defects
in different components of immune system. Nowadays, more than 200 well
characterized genetic immunedeficiencies have been identified thanks to the advances in
molecular genetics and immunology. PIDs are classified according to the component of
the immune system that is primarily involved, including T, B, natural killer (NK) cells,
phagocytic cells, and complement proteins. Within PIDs, the Severe combined
immunodeficiency diseases (SCIDs) represent a spectrum of illnesses with similar
clinical manifestations, which can be divided into several categories on the basis of the
presence or absence of T cells, B cells and Natural Killer (NK) cells. These are
relatively rare diseases, collectively occurring in 1:100.000 live births.

In this context, my PhD program has been focused to the study of some Immunological
disorders, in order to identify “New Scenarios in Pathogenesis and Therapeutic
Approaches”.

Particularly, my research has been focused in the study functional role of
FOXNT1 transcription factor in the T-cell ontogeny, through the new strategy to develop
an in vitro thymic organoid and the setting-up of the first phase of in vitro models

generation to study this transcription factor by using reprogramming technology.
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Moreover, my research effort has been devoted to characterization of the role of
vc in cell cycle progression and survival of continuous and primary human malignant
cell line, clarifying its involvement in leukemogenesis and the molecular mechanism by
which this protein promotes tumor growth.

In addition, I gave a contribution to better define the mechanisms underlying the
pathogenesis of forms of immunedeficiencies leading autoimmunity and cancer,
respectively APECED and A-T.

Eventually, I participated to description of new clinical phenotype and novel
genetic syndrome involving the immune system, opening new scenarios in the
molecular mechanisms underlying the immune response.

These results obtained during my PhD program could be useful both in the clinical

practice and in the basic research of immunedysregulation.
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